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ABSTRACT: Glassy carbon electrodes modified with single-walled Py

carbon nanotubes and a three-dimensional network of electro- Qs@nnz
polymerized Au nanoparticles capped with 2-mercaptoethanesulfonic .

acid, p-aminothiophenol, and 1-adamantanethiol were used as hybrid @

electrochemical platforms for supramolecular immobilization of a

synthesized artificial neoglycoenzyme of xanthine oxidase and f- ELEGTRO
cyclodextrin through host—guest interactions. The ensemble was  POLYMERIZATON
further employed for the bioelectrochemical determination of
xanthine. The biosensor showed fast amperometric response within
S s and a linear behavior in the 50 nM to 9.5 uM xanthine
concentration range with high sensitivity, 2.47 A/(M cm?), and very
low detection limit of 40 nM. The stability of the biosensor was
significantly improved and the interferences caused by ascorbic and
uric acids were noticeably minimized by coating the electrode surface
with a Nafion thin film.
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B INTRODUCTION to prepare synergic hybrid nanomaterials has demonstrated to

Electrochemical biosensors constitute one of the most rapidly constitute a successful strategy to construct electrochemical

evolving fields in chemistry. From an analytical point of view, interfaces with unique properties for the preparation of more

they allow the design of portable and affordable sensing devices efficient and robust biosensors.'

exhibiting high sensitivity and the characteristic specificity The synthesis of novel polyfunctionalized gold nanoparticles,
provided by biological recognition systems."” The successful bearing aniline moieties able to be electropolymerized to form
development of this technology is linked to the rational design electroconductive three-dimensional networks on electrodes, as
of novel electrode surfaces able to improve the speed of the well as their use for the preparation of molecularly imprinted
electrochemical processes associated with the analytical surfaces suitable for the construction of SPR biosensors, has
responses as well as the stable immobilization of the been recently reported.'*'* Furthermore, our group demon-

biomolecules preserving their three-dimensional active con-
formation. In this context, electroconductive nanosized
materials have been exhaustively employed to prepare novel
nanostructured surfaces with improved performance.”~” This
success relies on the unique properties of nanomaterials such as
high surface energy and surface-to-volume ratio, ability to
decrease proteins-nanomaterial distance, thermal stability, easy
functionalization and the possibility to act as electroconductive

strated recently the usefulness of such electropolymerized
nanostructures for the construction of enzyme electrochemical
biosensors. In this context, the preparation of metal surfaces
nanostructured with networks of Au nanoparticles function-
alized with boronic acid and PAMAM dendron moieties to
design amperometric biosensors toward hydrogen peroxide and
cathecol, respectively, were reported.">'® However, to the best

wires between the electrodes and the redox centers in some of our knowledge, the combined use of these electro-
biomolecules.® In particular, gold nanoparticles (AuNPs) and

carbon nanotubes (CNTs) have been at the central core of Received: June 1, 2012

novel advanced materials widely used in biosensor technol- Accepted: July 16, 2012

ogy.** " Furthermore, the combination of these nanomaterials Published: July 16, 2012
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Figure 1. Schematic display of the steps involved in the preparation of XO-CD/pAuNP/SWNT/GCE enzyme biosensors.

polymerized nanoparticle networks with other nanomaterials
has not been evaluated until now.

On the other hand, the use of host—guest supramolecular
interactions was previously proposed as a soft, reversible and
multivalence method for the immobilization of enzymes on
metal nanoparticles and surfaces taking advantage of the
complementary interaction of adamantane derivatives with /-
cyclodextrin  (CD)."”~"” This strategy was successfully
employed to construct stable enzyme biosensors.”’”>*

This work describes a novel approach for the construction of
a nanostructured electrode surface by electropolymerization of
polyfunctionalized Au nanoparticles on a glassy carbon
electrode (GCE) which was previously coated with single-
walled carbon nanotubes (SWNT). For this purpose, Au
nanoparticles modified with 2-mercaptoethanesulfonic acid, 1-
adamantanethiol, and p-aminothiophenol were synthesized and
further electropolymerized on the SWNT-coated GCE through
the formation of a bisaniline-cross-linked network. The
presence of pendant adamantane residues in this electro-
conductive matrix allows the subsequent supramolecular
immobilization of CD-based neoglycoproteins by formation
of the complementary host—guest inclusion complexes. As a
model system to demonstrate this proof of concept, we
prepared a CD-modified xanthine oxidase (XO, EC 1.17.3.2)
derivative which was employed as the target neoglycoprotein.
Moreover, an electrochemical enzyme biosensor for xanthine
based on this supramolecular design was constructed and
evaluated.

2. MATERIALS AND METHODS

2.1. Reagents. Xanthine oxidase (Type III, 1.3 U/mg), HAuCl,,
NaBH,, 2-mercaptoethanesulfonic acid, p-aminothiophenol, 1-ada-
mantanethiol, and CD were purchased from Sigma-Aldrich Co.
(USA). SWNT were from Wako Pure Chemical Industries, Ltd.
(Japan). All other chemicals were of analytical grade.

2.2. Apparatus and Electrodes. Electrochemical impedance
spectroscopy and cyclic voltammetry were performed using a FRA2
ptAutolab Type III potentiostat/galvanostat and data were acquired
using Frequency Response Analyzer and GPES Ver. 4.9 software,
respectively (Metrohm Autolab B.V., The Netherlands). Ampero-
metric measurements were carried out with a dual-channel ultra-
sensitive InBea potentiostat (InBea Biosensores S.L. Spain). A
conventional three-electrode system was employed for all electro-
chemical measurements. The working electrode was a glassy carbon
electrode (GCE, 3.0 mm diameter) coated with SWNT, the
electropolymerized network of Au nanoparticles and the immobilized
CD-enzyme derivative (XO-CD/pAuNP/SWNT/GCE). This elec-
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trode coated with a Nafion thin film (Naf/XO-CD/pAuNP/ SWNT/
GCE) was evaluated for biosensing xanthine. An Ag/AgCl/KCI (3 M)
and a Pt wire were used as reference and counter electrodes,
respectively.

High resolution transmission electron microscopy (HR-TEM)
measurements were performed with a JEOL JEM-3000 F microscope.
The surface morphology of the electrode surface was characterized
using high resolution field emission scanning electron microscopy
(FE-SEM) with a JEOL JSM-633SF electron microscope (JEOL Ltd.,,
Japan). FT-IR spectra were acquired with a Perkin-Elmer instrument.
Spectrophotometric measurements were performed using an Agilent
8453 UV/vis spectrophotometer (Hewlett-Packard, USA).

2.3. Electrochemical Measurements. All measurements with the
prepared bioelectrodes were carried out at 25 °C in 0.1 M sodium
phosphate buffer, pH 7.0 (working volume 10 mL). The solution was
stired at 300 rpm with a magnetic bar during amperometric
measurements, and 100 yM xanthine solutions in 50 mM sodium
phosphate buffer, pH 7.0, were freshly prepared.

2.4. Preparation of Nanomaterials. To prepare the adamantane-
caped Au nanoparticles, we dissolved 197 mg of HAuCl, in 50 mL of
deaerated DMSO. This solution was added dropwise to 50 mL of
deaerated DMSO containing 284 mg of NaBH,, 36 mg of 2-
mercaptoethanesulfonic acid, 11 mg of 1-adamantanethiol, and 8 mg
of p-aminothiophenol under vigorous stirring. The reaction mixture
turned deep brown immediately, but the reaction was allowed to
proceed for 24 h. The polyfunctionalized nanoparticles prepared in
this way were precipitated by adding 50 mL CH;CN, collected by
centrifugation and washed with S0 mL of CH;CN:DMSO (1:1 v/v),
50 mL of ethanol, and 50 mL of diethyl ether. The nanoparticles were
finally isolated by centrifugation and dried under N,.

SWNT were purified and partially oxidized by treatment with a
mixture of HNO;/H,SO, (3:1, v/v) during 2 h in an ultrasonic bath.
The treated nanotubes were centrifuged, washed with double distilled
water until neutral pH, and finally dried in vacuum under P,O.

These nanomaterials were characterized by FT-IR and HR-TEM.

2.5. Preparation of the Enzyme Electrode. The mono-6-
ethylenediamino-6-deoxy-f-cyclodextrin was obtained by treating the
corresponding mono-6-O-tosyl derivative®® with freshly distilled
ethylenediamine as reported previously.>* XO was covalently
glycosylated with this CD derivative via a carbodiimide-catalyzed
reaction (XO-CD) as previously described.”” The modified enzyme
contained an average of 12 mol of CD residues attached to each mol of
protein, as determined by the phenol-sulfuric acid assay.

To prepare the enzyme-modified electrode, a we polished bare GCE
to mirrorlike surface with alumina powder (0.3 #m), rinsed thoroughly
with double distilled water, successively washed with double distilled
water, anhydrous ethanol, and acetone in an ultrasonic bath, and dried
under N, before use.

Coating of the treated GCE was accomplished by depositing two 10
uL aliquots of a 0.4 mg/mL aqueous dispersion of SWNT on the
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electrode surface and allowing drying. The SWNT-modified electrode
was then dipped into a 2 mg/mL Au nanoparticles solution in 0.1 M
H,SO, and electropolymerization was accomplished by cycling the
potential 10 times between —0.35 and +0.85 V vs Ag/AgCl at a scan
rate of 100 mV/s, followed by applying a constant potential of 0.85 V
for 1 h. The electrode modified with the electropolymerized bisaniline-
cross-linked network of Au nanoparticles (pAuNP/ SWNT/GCE) was
exhaustively washed with 0.1 M H,SO, and double distilled water
before enzyme immobilization.

Subsequently, the pAuUNP/SWNT/GCE was dipped into a S mg/
mL XO-CD solution in 50 mM sodium phosphate buffer, pH 7.0, for 4
h. The enzyme-modified electrode (XO-CD/, 'pAuNP/SWNT/ GCE)
was finally washed with the same cool buffer, dried under nitrogen and
kept at 4 °C until use. A Nafion thin film-coated enzyme electrode
(Naf/XO-CD/pAuNP/SWNT/GCE) was also prepared by dropping
5.0 uL of a 0.5% (v/v) Nafion ethanolic solution on the surface of the
XO-CD/pAuNP/SWNT/GCE and dried, washed, and stored as
described above.

3. RESULTS AND DISCUSSION

3.1. Preparation and Characterization of the Nano-
structured Bioelectrode. The steps involved in the
preparation of the hybrid nanostructured enzyme electrode
are schematized in Figure 1. Polyfunctionalyzed AuNPs were
first synthesized by reducing AuCl,” ions with NaBH, in a
DMSO solution containing 1-adamantanethiol, 2-mercaptoe-
thanesulfonic acid and p-aminothiophenol in a 1.3:3.4:1 molar
ratio. Dark red and water-soluble nanoparticles were obtained
by applying this procedure.

HR-TEM analysis of the obtained nanoparticles showed
spherical geometry with an average diameter of 4.9 + 0.8 nm
(see the Supporting Information), which is similar to the size
reported for other polyfunctionalized Au nanoparticles bearing
other capping ligands.'>"%"?

Figure 2 shows an FT-IR spectrum of the polyfunctionalyzed
nanoparticles. The presence of aniline residues in the
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Figure 2. FT-IR spectrum of the polyfunctionalized Au nanoparticles.

nanomaterial was revealed by the broad and intense band
around 3460 cm™!, corresponding to the stretch vibration of
the N—H bonds. In addition, the presence of aniline moieties
was confirmed by the bands at 1630 and 1335 cm™},
corresponding to the N—H blending and C—N stretching,
respectively. This latter band is partially overlapped with the
large band appearing in the range of 1433 to 1385 cm™’, which
can be ascribed to the overlapped S=0O and C=C stretching
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vibrations and CH, blending, suggesting the presence of
sulfonate, aromatic and aliphatic groups in the modified
nanoparticles, respectively. The presence of sufonate residues
can be also supported by the intense stretching vibration band
of the S—O bonds at 1040 cm™", as well as by the stretching of
aliphatic C—H bonds at 2850 cm™'. On the other hand,
adamantane residues were confirmed by the C—H stretching
vibration at 2928 cm™' revealing the presence of a cyclic
aliphatic compound on the nanoparticles surface. Finally, the
formation of a covalent Au—S bond is supported by the
presence of the large band in the range of 500 to 750 cm ™" that
can be assigned to stretch the mode of C—S groups.”®

It should be highlighted that the employed synthetic
approach ensured the preparation of Au nanoparticles with
the appropriate characteristics allowing their use as structural
units for the electrochemical formation of the nanostructured
three-dimensional matrix. In fact, the growing of the metal
colloid in the mixture containing the thiol derivatives provided
the formation of small and spherical capped nanoparticles.
Furthermore, it should be mentioned that the used thiol
derivatives were specifically selected to confer some relevant
properties to the synthesized Au nanoparticles: solubility (2-
mercaptoethanesulfonic acid), polimerization ability (p-amino-
thiophenol) and capability to form inclusion complexes with
CDs (1-adamantanethiol).

The formation of host—guest complexes on the Au
nanoparticle surface with the CD-modified xanthine oxidase
derivative was confirmed by UV/vis spectrophotometry. Figure
3 shows the spectra of the polyfunctionalized AuNPs dissolved
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Figure 3. UV—vis spectra of 0.4 mg/mL solution of Au nanoparticles
in 50 mM sodium phosphate buffer, pH 7.0 (A) without and (B, C)
with (B) 0.5 mg/mL XO and (C) XO-CD.

in 50 mM sodium phosphate bufter pH 7.0 where the
occurrence of a plasmon resonance absorption band with a
maximum around 550 nm can be observed. The intensity of
this band was slightly affected after addition of native XO,
probably due to the electrostatic interaction of the enzyme with
the nanoparticles surface. However, the intensity of the
plasmon resonance band exhibited a significant increase when
XO-CD was added to the nanoparticle solution and the
maximum slightly shifted to around 552 nm. This effect could
be related to the association of the modified enzyme to the
metal nanoparticles surface through the formation of inclusion
complexes between the complementary adamantane and CD
residues. Similar plasmonic effects were previously reported for
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CD-coated Au nanogparticles after association with adamantane-
modified enzymes."

Polyfunctionalized Au nanoparticles were electropolymerized
on the surface of SWNT-coated GCE through two sequential
steps.”>™'¢ These steps involved first the formation of a
bisaniline-cross-linked network of nanoparticles by performing
cyclic voltammetric scans between —0.35 V and +0.85 V in 0.1
M H,SO,, and a further growing of the Au nanoparticle-based
polymer for 1 h at a constant potential of +0.85 V. Figure 4
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Figure 4. Cyclic voltammograms recorded in 0.1 M H,SO, at (A) a
bare GCE, (B) a SWNT-modified GCE, upon electropolymerization
of Au nanoparticles for (C) five and (D) ten potential cycles, and (E)
after polymer growing for 1 h at +850 mV. Scan rate: S0 mV/s.

shows the cyclic voltammograms recorded in 0.1 M H,SO,
solution upon the different electrode modification steps. As
expected, a remarkable larger background current was observed
at the SWNT-modified electrode in comparison with the bare
GCE, which can be attributed to the much larger active surface
area of nanotubes electrically connected to the electrode
surface.”® The repeated potential scanning in the Au nano-
particle solution produced a noticeable increase in the
background current as a consequence of the increase in the
electrochemical surface area caused by the generation of the
electropolymerized network of metal nanoparticles on the
electrode surface.

In addition, the appearance of an anodic peak at +0.380 V
and two cathodic peaks around +0.300 V and —0.130 V was
observed. The current intensity of these peaks increased when
the number of cycles increased, indicating the electrochemical
formation of bis-aniline condensation adducts.”” The current
intensity of these peaks, as well as the background current in
the cyclic voltammogram were larger after the second step of
electropolymerization performed during one hour at a fixed
potential of +0.85 V (voltammogram E), indicating the growing
of a dense three-dimensional electroconductive assembly of Au
nanoparticles on the electrode surface via bis-aniline linkages.

Figure 5 shows the FE-SEM image of the electrode surface
after the electropolymerization processes. A three-dimensional
nanostructured network of small and spherical Au nanoparticles
covering the SWNT-coated surface can be observed. It should
be noted that the electropolymerized matrix was composed of a
nonordered array of AuNPs-based protuberances of different
heights, separated by irregularly distributed nanoholes on the
SWNT-coated GCE surface. This topology ensures a high
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Figure S. Field-emission SEM image of the pAuNP/SWNT/GCE.

functionalized metal surface area on the electrode to favor the
further immobilization of the enzyme derivative.

To evaluate the potential bioanalytical use of this novel
nanostructured electrode surface, we employed a XO-CD
neoglycoenzyme as a probe of concept for constructing a
biosensor device toward xanthine. Electrochemical impedance
spectroscopy was performed in a 5 mM [Fe(CN)g]*73~
solution in 0.1 M KCI to evaluate the interfacial changes
occurring during the different functionalization steps. As it can
be seen in Figure 6, a noticeable decrease in the semicircle
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Figure 6. Nyquist plots of bare GCE (O), SWNT/GCE (A), pAuNP/
SWNT/GCE (X), and XO-CD/pAuNP/SWNT/GCE (@) in 0.1 M
KCl solution containing S mM K;[Fe(CN)4]/K,[Fe(CN),] (1:1).

diameter of the Nyquist plot occurred after modification of the
bare GCE with SWNTs and the subsequent electropolymeriza-
tion of Au nanoparticles, indicating the expected increase in the
electron transfer rate between the redox probe and the
nanostructured electrode surface. However, immobilization of
XO-CD caused a significant insulating effect on the electrode
surface with a remarkable increase in the R,, value for the
enzyme-modified electrode.

This effect suggested a high enzyme loading on the electrode
surface which is a desired attribute for biosensing purposes.
These results were confirmed by cyclic voltammentry in the
same working solution for the different electrode architectures
(Figure 7). Bare, SWNT, and Au nanoparticle-modified GCE

dx.doi.org/10.1021/am300983u | ACS Appl. Mater. Interfaces 2012, 4, 4312—4319



ACS Applied Materials & Interfaces

Research Article

300
150 -
-150
-300
T T T T T T
-200 0 200 400 600
E (mV)

Figure 7. Cyclic voltammograms recorded in 0.1 M KCI solution
containing S mM K;[Fe(CN),]/K,[Fe(CN)4] (1:1) at (A) bare GCE,
(B) SWNT/GCE, (C) pAuNP/SWNT/GCE, and (D) XO-CD/
pAuNP/SWNT/GCE. Scan rate: 50 mV/s.

showed well-defined typical quasi-reversible diffusion-limited
patterns with AE values of 90, 103, and 101 mV and i,/i. ratios
of 0.99, 1.03, and 1.01, respectively. Moreover, coating with
SWNT and further electropolymerization of the metal
nanoparticles increased the electrochemical surface area of the
GCE, as revealed by the higher peak currents obtained. By
using the Randles-Sevcik model, the electrochemical surface
area of the GCE was estimated to increase from 7.1 to 9.7 and
11.1 mm® after sequential modification with SWNT and
electropolymerized Au nanoparticles, respectively. This fact can
be justified by the electroconductive nature of both the SWNT
and the bisaniline cross-linked Au nanoparticle-based matrix.

Conversely, a larger separation between the anodic and
cathodic peaks, AE = 188 mV, and a noticeable decrease in the
peak currents with i,/i. = 0.93 was produced after the modified
electrode incubation in the XO-CD solution, indicating that the
immobilized enzyme behaved as a kinetic barrier. A noticeable
reduction to 3.9 mm? for the electroactive surface area was also
observed at the enzyme-modified electrode, suggesting a high
surface coverage with the XO-CD derivative in agreement with
the results obtained by electrochemical impedance spectrosco-
pY-

Figure 8A displays the cyclic voltammograms recorded at
pAuNP/SWNT/GCE functionalized with native (curve b) and
CD-modified XO (curve a) in 0.1 M sodium phosphate buffer,
pH 7.0, aerated solutions at a scan rate of 50 mV/s. The anodic
current significantly increased at both modified electrodes after
addition of 200 M xanthine, showing a peak current at +0.69
V corresponding to the enzymatic transformation of xanthine at
the electrode surfaces and the further oxidation of the produced
H,0,. However, the anodic peak current was 1.7-fold higher at
the XO-CD/pAuNP/SWNT/GCE (curve d) in comparison
with that recorded at the electrode modified with native XO
(curve c), suggesting a higher active enzyme loading on the
former bioelectrode. This fact should be related to the
occurrence of host—guest interactions between the adamantane
units at the AuNPs surface and the CD moieties attached to the
enzyme.

The contribution of these supramolecular interactions to the
overall immobilization process for XO-CD on pAuNP/SWNT/
GCE was evaluated by recording a cyclic voltammogram in a
200 uM xanthine solution after one hour incubation of the
enzyme electrode at 4 °C in 0.1 M sodium phosphate buffer pH
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Figure 8. Cyclic voltammograms recorded in 0.1 M sodium phosphate
buffer, pH 7.0, at a scan rate of 50 mV/s for: (A) XO-CD/, pAuNP/
SWNT/GCE and XO/pAuNP/SWNT/GCE without addition of
xanthine (curves a and b, respectively) and after addition of 200 uM
xanthine (curves d and c, respectively). (B) XO-CD/pAuNP/SWNT/
GCE and XO/pAuNP/SWNT/GCE in the presence of 200 uM
xanthine before (curves e and c, respectively) and after 1 h incubation
in saturated 1-adamantane carboxylic acid solution (curves g and f,
respectively).

7.0 saturated with 1-adamantane carboxylic acid. Since CDs
form highly stable inclusion complexes with adamantane
derivatives,” it was foreseen that the presence of saturated 1-
adamantane carboxylic acid in the incubation medium could
compete with the multiple host—guest interactions between the
immobilized enzyme and the adamantane-coated Au nano-
particles electropolymerized network at the GCE surface. As a
control, a pAuNP/SWNT/GCE modified with native XO was
also checked under the same conditions.

Figure 8B shows as the peak current measured at +0.69 V did
not significantly change for the XO/pAuNP/SWNT/GCE after
1 h incubation in the 1l-adamantane carboxylic acid solution,
suggesting that the activity of the native enzyme was not
affected by the incubation process.”>* However, a noticeable
decrease in the peak current was observed with the XO-CD/
pAuNP/SWNT/GCE after incubation, suggesting lower
amount of enzyme activity at the electrode surface. This effect
could be caused by the competitive interaction of 1-adamantane
carboxylic acid with the CD moieties attached to the enzyme
surface, then affecting the supramolecular association of the
enzyme with the adamantane moieties at the nanoparticles and

dx.doi.org/10.1021/am300983u | ACS Appl. Mater. Interfaces 2012, 4, 4312—4319
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Table 1. Comparison of the Analytical Characteristics of the Developed Biosensors with Those Previously Reported for Other

Electrochemical Xanthine Biosensors”

electrode E (mV) linear range (xM) detection limit (uM) sensitivity (mA/M) Ky (uM)
XO/gelatin/graphite®* -50° 4.5-40 45 210 30
XO/PB/PPy/Au-NPs/Au*’ -100° 1.0-20 0.19 432
XO/pTTCA/Au* -350” 0.5—-100 0.09 5.35
XO-CMC-CD/ADA-Au> +700" 300—10 400 200 025 9900
XO-ADA/pCD/Au** +700” 310—6800 150 0.40 2100
XO/MWNT/GCE* —400° 0.1-6 0.08
SG/XO/MWNT/GCE?® —400° 0.2—-10 0.1
XO/laponite/GCE®" +390° 0.039-21 0.01 6.54 64
X0/CaCO,—NPs/GCE* +550° 2-250 2.0 11.9
XO/HRP/CaCO,—NPs/GCE* -50° 0.4—50 0.1 2.8 127
XO/DWNT/CPE* +900" 2.0-50 44.1
XO/Pd—DPt/graphite -50° 1.5-70 LS 390 58.5
XO/ZnO-NPs/PPy/Pt"! +380” 0.8—40 0.8 13.5
XO/c-MWNT/PANI/Pt* +400” 0.6—58 0.6
XO/Fe;0,@APTES-PEG/SWNT/SPE* +600° 0.25-3.5 0.06 394 12.8
XO/Au-NPs/PVF/Pt*> +400° 2.5-560 0.75 091 393
XO/Pt-NPs/PVE/Pt*> +400° 2.0—660 0.6 1.67 286
XO/ox-graphite® +600° 0.1-0.7 0.1 04
XO/ZnO-NPs/CHIT/c-SWNT/PANI/Pt* +500” 0.1-100 0.1
XO-CD/pAuNP/SWNT/GCE (present work) +650° 0.05-9.5 0.04 178 32
Naf/XO-CD/pAuNP/SWNT/GCE (present work) +650° 0.05 9.5 0.04 152 38

“PB, Prussian Blue; PPy, polypyrrol; NPs, nanoparticles; pTTCA, poly-5, 2':5',2"-terthiophine-3-carboxylic acid; CMC-CD, cyclodextrin-branched
carboxymethylcellulose; pCD, polymerized CD; MWNT, multiwalled carbon nanotubes; CGE, glassy carbon electrode; SG, silica sol—gel; DWNT,
double-walled carbon nanotubes; CPE, carbon paste electrode; c-MWNT, carboxylated MWNT; PANI, polyaniline; APTES, (3-aminopropyl)-
triethoxysilane; PEG, monomethoxypolyethylene glycol; SPE, gold screen-printed electrode; PVF, polyvinylferrocene; ox-Graphite, oxidized

graphite; CHI, chitosan. bAg/AgCl. “Saturated calomel electrode.

releasing certain amount of enzyme molecules from the
electrode surface. However, further studies should be
performed to demonstrate this hypothesis.

Nevertheless, it should be stated that there are other forces
that should also contribute to the immobilization of XO-CD on
the surface of pAuNP/SWNT/GCE besides the commented
host—guest supramolecular interactions. The occurrence of
physical adsorption of the enzyme derivative on the exposed
SWNT-coated surface as well as electrostatic interactions with
the charged groups at the surface of the nanoparticle-based
matrix can play also a role in the overall enzyme immobilization
process.

3.2. Analytical Performance of the Nanostructured
Enzyme Electrode. The bioelectrode prepared through the
supramolecular approach was used to construct an ampero-
metric enzyme biosensor toward xanthine. The values to be
selected for the working pH and applied potential were
determined by checking the steady-state current and the signal-
to- noise ratio measured for 500 nM xanthine. According to the
obtained results (not shown), pH 7.0 and a detection potential
value of +650 mV vs Ag/AgCl were selected for further work. It
is well-known that the use of such a relatively high working
potential would yield remarkable interferences from other
electrochemically oxidizable substances such as ascorbic and
uric acids. To minimize such adverse effects, the use of a Nafion
thin film on the electrode surface was also evaluated'> which
would also serve to test the behavior of this well-known strategy
with complex nanostructured biointerfaces such as the one
developed in this work. Accordingly, the analytical character-
istics of both enzyme electrode architectures prepared without
(XO-CD/pAuNP/SWNT/GCE) and with Nafion coating
(Naf/XO-CD/ pAuNP/SWNT/ GCE) were evaluated.
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The XO-CD/pAuNP/SWNT/GCE enzyme electrode
showed a fast and sensitive response to successive additions
of xanthine, reaching 95% of the steady-state current in S s.
Regarding the Naf/XO-CD/pAuNP/SWNT/GCE, a similar
behavior was observed although the time of response was
increased to about 9 s (data not shown). Both the XO-CD/
pAuUNP/SWNT/GCE and Naf/XO-CD/pAuNP/SWNT/GCE
biosensors exhibited a linear dynamic range between 50 nM
and 9.5 uM fitting to the following equations:

i (mA) = 178c(xanthine/M)
+ 3 X 107°(XO-CD/pAuNP/SWNT/GCE)

i (mA) = 152¢(xanthine/M) + 2 X 10°(Naf/XO-CD
/pAuNP/SWNT/GCE)

with correlation coefficients of 0.999 and 0.997 (n = 10) and
sensitivities of 2.47 A/(M cm?) and 2.12 A/(M cm?) for the
XO-CD/pAuNP/SWNT/GCE and Naf/XO-CD/pAuNP/
SWNT/GCE biosensors, respectively. It is important to point
out that coating of the bioelectrode surface with the Nafion film
did not produce an important decrease in sensitivity. Moreover,
as it can be deduced from data compiled in Table 1, the
sensitivity of these biosensors ranks among the highest reported
for other amperometric xanthine biosensors.

The detection limit achieved with both biosensors was
calculated to be 40 nM, according to the 3SD/m criterion
where m is the slope of the linear calibration graph and SD is
the standard deviation for 10 different 50 nM xanthine
amperometric measurements. As can be deduced from data in
Table 1, this value is lower than most of those reported for
other xanthine biosensor designs providing detection limits in
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the nanomolar level, such as those using poly-52':5',2"-
terthiophine-3-carboxylic acid modified Au electrodes,”” multi-
walled carbon nanotubes coated GCE,*® and oxidized graph-
ite,” although slightly higher than that reported for laponite-
coated GCE.*!

The apparent Ky, values were estimated to be 3.2 yuM and 3.8
UM for the XO-CD/pAuNP/SWNT/GCE and Naf/XO-CD/
pAuNP/SWNT/GCE biosensors, respectively. It should be
highlighted that these apparent Ky; values were lower than
those reported for the XO biosensors summarized in Table 1.

As mentioned above, coating with Nafion only reduced the
sensitivity of the bioelectrode in about 14% while the detection
limit, the Ky, value and the range of linearity are similar to that
of the uncoated electrode, suggesting that coating with Nafion
did not significantly affect the electroanalytical performance of
the biosensor.

It should be noted that the control bioelectrode (XO/
pAuNP/SWNT/GCE) exhibited a poorer analytical perform-
ance: shorter linear range (1.3—9.5 uM), higher detection limit
(1.0 uM) and lower sensitivity (1.2 A/M cm?), than that
achieved with the biosensors prepared with the CD-modified
enzyme. Again these results suggested that native enzyme was
poorly loaded on the nanostructured electrode in comparison
with the modified enzyme, and that the formation of host—
guest supramolecular association was involved in the
immobilization of the XO-CD derivative. Comparing the
sensitivity of this control bioelectrode with that obtained with
XO-CD/pAuNP/SWNT/GCE, it could be deduced that the
contribution of the host—guest supramolecular associations
represented about 51% of the overall interactions involved in
the immobilization process, assuming that glycosylation of XO
with CD moieties did not affect the other contributing
interaction forces.

The repeatability of the measurements carried out with one
single XO-CD/pAuNP/SWNT/GCE or Naf/XO-CD/
pAuUNP/SWNT/GCE biosensor was checked for 500 nM
xanthine (n = 10), yielding relative standard deviation (RSD)
values of 3.9 and 5.2%, respectively. Moreover, the electrode-to-
electrode reproducibility was calculated from the responses of
ten different bioelectrodes prepared in the same manner toward
500 nM xanthine. The obtained RSD values were 6.7 and 8.6%
for the XO-CD/pAuNP/SWNT/GCE and Naf/XO-CD/
pAuUNP/SWNT/GCE biosensors, respectively. The slightly
higher RSD values observed for the Naf/XO-CD/pAuNP/
SWNT/GCE should be related to the additional step of Nafion
thin film formation during the preparation of the enzyme
electrodes.

The selectivity of the biosensors was evaluated in the
presence of eight possible interfering substances: glucose,
sacarose, ethanol, acetic acid, lactic acid, citric acid, uric acid,
and ascorbic acid. Figure 9 shows the influence of these
possible interfering compounds added at a 5.0 uM concen-
tration level on the amperometric signal measured for 500 nM
xanthine. As can be observed, the XO-CD/pAuNP/SWNT/
GCE biosensor showed excellent selectivity toward glucose,
sacarose, ethanol, acetic acid, lactic acid and citric acid, yielding
unaffected amperometric signals upon addition of these
substances. However, as expected, a significant increase in the
steady-state current was produced at the XO-CD/pAuNP/
SWNT/GCE biosensor after addition of a 10-fold higher
concentration of uric or ascorbic acid, showing the strong
interference of these substances on the amperometric measure-
ment for xanthine at the detection potential applied. Never-
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Interferants
5.0 uM

Xanthine g h

0.5uM l l
Naf/XO-CD/pAuNP/SWNT/GCE IZOO nA

Xanthine abcdef g h

0.5 uM

L

XO-CD/pAuNP/SWNT/GCE

Figure 9. Amperometric responses of the XO-CD/pAuNP/SWNT/
GCE and Naf/XO-CD/pAuNP/SWNT/GCE biosensors toward 500
nM xanthine upon addition of (a) glucose, (b) sacarose, (c) ethanol,
(d) acetic acid, (e) lactic acid, (f) citric acid, (g) uric acid, and (h)
ascorbic acid at a 5.0 M concentration level.

theless, the extent of these interferences was dramatically
decreased when the Naf/XO-CD/pAuNP/SWNT/GCE was
employed, as expected considering the electrostatic repulsion
between the negative charged Nafion thin film and the uricate
and ascorbate anions at the working pH.">

The long-term stability of the XO-CD/pAuNP/SWNT/GCE
and Naf/XO-CD/pAuNP/SWNT/GCE biosensors was eval-
uated by storing them at 4 °C under dry conditions and
periodical evaluation of their analytical response toward 500
nM xanthine (see the Supporting Information). The XO-CD/
pAuNP/SWNT/GCE biosensor retained high electroanalytical
activity during the first week. After that, the response was
progressively lost with time of storage according to a first-order
kinetics progress, showing about 65 and 54% of its initial
activity after 30 and 40 days of storage, respectively. The
stability showed by this biosensor could be associated with the
multivalence supramolecular strategy emgloyed to immobilize
the enzyme on the electrode surface.'®* In addition, it has
been largely demonstrated that the stability of enzymes can be
significantly improved by chemical glycosylation with CD
derivatives.'®

Interestingly, coating of the electrode with Nafion thin film
improved largely the biosensor stability keeping about 91% of
its electroanalytical activity after 40 days of storage. This fact
suggested that the Nafion film presumably avoided the release
of enzyme molecules from the electrode surface and preserved
their three-dimensional active structure during storage. Similar
results were previously described for other enzyme electrodes
coated with Nafion thin films.">

B CONCLUSIONS

The electropolymerization of polyfunctionalized Au nano-
particles bearing aniline, sulfonic acid, and adamantane residues
through the formation of bis-aniline linkages on SWNTs-
modified GCEs served as efficient electrode platforms to form
supramolecular host—guest complexes with CD-modified
enzymes. These electrode surfaces, exhibiting molecular
receptor capacity, were in particular employed as support for
the supramolecular immobilization of the glycoenzyme XO-
ADA and further construction of an amperometric biosensor
for xanthine. The enzyme electrode exhibited good sentitivity
and stability, a very low detection limit, as well as fast
electroanalytical response toward the analyte. In fact, the
analytical performance of the supramolecular enzyme immobi-
lization based biosensor ranked among the best achieved when
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compared with those previosly reported for other XO
electrochemical biosensors. Therefore, according to these
results, we can anticipate the use of this bisaniline-cross-linked
nanostructured network of metal nanoparticles on SWNT-
coated electrodes as an excellent strategy to prepare enzyme
biosensors with supramolecular architecture.
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Additional characterization of the nanoparticles and chro-
noamperometric and stability studies for the biosensors. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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