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Abstract Cysteamine core polyamidoamine G-4 dendron
branched with (3-cyclodextrins was chemisorbed on the sur-
face of Au electrodes and further coated with Pt nanoparticles.
Adamantane-modified glucose oxidase was subsequently
immobilized on the nanostructured electrode surface by supra-
molecular association. This enzyme electrode was used to
construct a reagentless amperometric biosensor for glucose,
making use of the electrochemical oxidation of H,O, generat-
ed in the enzyme reaction. The amperometric response of the
biosensor was rapid (6 s) and a linear function of glucose
concentration between 5 and 705 pumolL ', The biosensor
had a low detection limit of 2.0 pumolL ™", sensitivity of
197 mAmol ' Lem 2, and retained 94 % of its initial response
after storage for nine days at 4 °C.
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Introduction

The development of enzyme-based electrochemical biosen-
sors has received much attention because of their potential
use as highly selective analytical devices in chemical and
clinical laboratories, the food industry, environmental mon-
itoring, and other, related, fields [1]. In general, the devel-
opment and performance of enzyme biosensors are directly
linked to the strategy used to immobilize the protein on the
transducer surface, and to the physicochemical properties of
the materials used to design the electrodes [2].

Biosensor technology has been promoted by the use of
nanosized materials in the design of electrodes with novel
structures [3]. Hard nanomaterials, for example metal and
metal oxide nanoparticles [4, 5], graphene [6], and carbon
nanotubes [7], have been widely used to create reliable
biosensor surfaces. These developments have been sup-
ported by the unique properties of these nanomaterials, for
example high surface energy and surface-to-volume ratio,
the ability to reduce the protein—metal particle distance, high
electroconductivity and protein load capacity, the ability to
catalyze the electrochemical processes associated with sev-
eral compounds produced in enzyme-mediated reactions,
and the possibility of acting as electroconductive wires
between the enzyme and the electrode substrate [2].

Organic polymer-based nanomaterials, for example den-
drimers and dendrons, have been also used in biosensor de-
sign [8, 9]. These soft nanomaterials are monodisperse
macromolecules with a regular and highly branched three-
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dimensional structure. They have a high structural homoge-
neity, surface reactivity, and molecular host capacity [10],
which are important characteristics for multipoint immobili-
zation of enzymes on electrode surfaces. In addition, it has
been demonstrated that metal nanoparticles can be stabilized
in aqueous media by polyamidoamide (PAMAM) dendritic
structures—by interaction with primary amino groups on the
polymer surface and by association with amide and tertiary
amine groups in the cavities of the dendrimer [11, 12]. These
properties can be used to prepare stable hybrid nanomaterials
based on metal nanoparticles—-PAMAM dendritic structures
for suitable modification of electrode surfaces and further
construction of electrochemical enzyme biosensors [13, 14].

Functionalization of solid surfaces with enzymes and other
proteins is of crucial importance not only in biosensor tech-
nology but has also in the future development of advanced
biomaterials, biotechnological processes, and biologically in-
spired nanomaterials. Generally, proteins can be immobilized
on solid surfaces by covalent bonding, physical entrapment
and/or encapsulation, and adsorption. Although covalent at-
tachment and physical entrapment and/or encapsulation result
in greater stability, enzyme activity is often reduced by harsh
reaction conditions and the large distance between substrates
and enzymes. Enzymes are easily immobilized under mild
conditions by use of adsorption strategies, but the stability of
such adducts is low and the proteins can often be easily
released from the supports. An alternative approach to immo-
bilization of enzymes on solid supports is the formation of
multipoint supramolecular complexes based on the comple-
mentary host-guest properties of 3-cyclodextrin (CD) and 1-
adamantane derivatives [15]. Such supramolecular strategies
have previously been used for successful construction of
amperometric enzyme biosensors [16—18].

In this work, modification of gold surfaces with CD-
modified PAMAM dendron/Pt nanoparticles (PtNPs) was fol-
lowed by supramolecular immobilization of adamantane-
modified glucose oxidase (GO, EC 1.1.3.4) on the hybrid
nanomaterial. The rationale for this original approach is based
on the use of a thiol-containing CD-modified PAMAM den-
dron derivative as a permeable and stable coating material for
the electrode surface. This hyperbranched polymer has mo-
lecular receptor capacity because of branched CD moieties
favoring the formation of host—guest supramolecular com-
plexes with adamantane-modified enzymes. The PAMAM
dendron derivative also has the capacity to stabilize PtNPs,
enabling the preparation of an inorganic—organic hybrid nano-
material able to catalyze the transformation of H,O,, thus
enabling construction of a third-generation GO-based biosen-
sor for glucose. GO was selected as model enzyme because of
its importance in biosensor technology for glucose detection
[19] and because extensive studies have been conducted on
GO-based amperometric biosensors, thus enabling reliable
comparison of the performance of the new biosensor,
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designed by use of a hybrid nanomaterial and supramolecular
enzyme immobilization.

Materials and methods
Reagents and apparatus

Glucose oxidase, cystamine core PAMAM G-4 dendrimer,
and CD were purchased from Sigma—Aldrich (USA). Other
chemicals were analytical grade or higher.

Amperometric measurements were performed with a
dual-channel ultrasensitive Inbea amperometric detector
(Inbea Biosensores, Spain). The cyclic voltammetry (CV)
and the electrochemical impedance spectroscopy (EIS)
experiments were performed with a FRA2 pAutolab Type
IIT potentiostat/galvanostat. Data were acquired by use of
GPES ver. 4.9 and Frequency Response Analyser software
(Metrohm Autolab, The Netherlands). A conventional three-
electrode system was used in all electrochemical studies. A
gold disk (CHI Instruments, UK; 2.0 mm diameter) modi-
fied with the CD-PAMAM dendron—PtNPs hybrid nanoma-
terial and the enzyme was regarded as the working
electrode. An Ag/AgCI/KCI (3 molL™") electrode and a Pt
wire were used as reference and counter electrodes, respec-
tively. All the measurements with the modified electrode
were carried out at 25 °C in 0.1 molL " sodium phosphate
buffer at pH 7.0 (working volume 10 mL). Amperometric
measurements were accomplished in stirred solutions at
300 rpm. Glucose solutions (5.0 mmolL ") in 50 mmolL ™"
sodium phosphate buffer, pH 7.0, were freshly prepared.

Transmission electron microscopy (TEM) measurements
were performed with a Jeol (Japan) JEM-2100 microscope.
The surface of the nanostructured electrode was investigated
by high-resolution field-emission scanning electron microsco-
py (SEM) with a Jeol JSM-6335 F instrument. The morphol-
ogy of the gold-modified surface was studied by atomic-force
microscopy (AFM) with an SPM Nanoscope [lla multimode
microscope (Veeco Instruments, USA). Surface plasmon res-
onance (SPR) measurements were performed at a fixed wave-
length of 670 nm by means of a Springle Autolab-SPR
equipment from Metrohm Autolab. 'H NMR characterization
was performed with a Bruker Avance 500-MHz spectrometer
(Bruker BioSpin, Germany).

Synthesis of CD-modified cysteamine core PAMAM G-4
dendron (CD-PAMAM G-4)

Fifty milligrams of cystamine core PAMAM G-4 dendrimer
and 510 mg mono-6-O-tosyl CD (CDTs) were dissolved in
100 mL deoxygenated DMSO and the mixture was stirred at
room temperature under an N, atmosphere for four days. The
solution was then concentrated under vacuum to 5 mL, diluted



Supramolecular immobilization of glucose oxidase on gold

3775

with 150 mL distilled water and, finally, dialyzed against
distilled water by use of Amicon Ultra-15 centrifugal filter
units with Ultracel-10 membranes (Millipore, USA). Subse-
quently, the solution was concentrated to 20 mL and treated
with NaBH, solution (10 mmolL " final concentration) for
2 h with magnetic stirring. The mixture was then dialyzed and
concentrated by use of Amicon centrifugal filter units as
described above, yielding a CD-PAMAM G-4 solution of
4 mgmL~"' final concentration (yield 93 mg). The CD-
PAMAM G-4 dendron was characterized by ' H NMR in D,0.

Preparation of the GO-ADA/CD-PAMAM/PtNP/Au enzyme
electrode

First, GO was modified with 1-adamantanecarboxylic acid
(GO-ADA), as described elsewhere [16], then concentrated
by use of Amicon centrifugal filter units to a final concen-
tration of 5 mgmL ' in 50 mmolL ™" sodium phosphate
buffer, pH 7.0. A gold disk electrode was polished with
alumina powder (0.3 pm) then rinsed with double-distilled
water and immersed in an ultrasonic bath for 5 min. The
electrode was then dipped in boiling 8 molL™' KOH solu-
tion for 1 h, washed with distilled water, and immersed in
piranha solution for 30 min. It was then electrochemically
treated by cyclic voltammetry in 0.1 molL ™" H,SO4 solution
through twenty cycles between —0.2 Vand 1.85 V at a scan
rate of 100 mVs '. The cleaned gold surface was first
dipped into 10 mL 0.5 mgmL ™' CD-PAMAM G-4 aqueous
solution to coat the metal surface with a CD-branched
dendron derivative monolayer. After incubation for 2 h,
the modified electrode was washed several times with dis-
tilled water and subsequently dipped into 10 mL 10 mmol
L' H4PtCls solution. After incubation for 10 min with
continuous magnetic stirring, 1.0 mL 50 mmolL™' NaBH,
solution was added to cause PtNPs formation. The electrode
was kept in the stirred solution for 10 min, then exhaustively
washed with distilled water and finally coated with 20 uL
5 mgmL™' GO-ADA solution. Immobilization of the en-
zyme was accomplished by allowing the incubation to pro-
ceed for 2 h at 4 °C. Finally, the enzyme electrode was
washed with cold 50 mmolL™" sodium phosphate buffer
solution, pH 7.0, and kept at 4 °C in this solution until use.

Results and discussion
Preparation and characterization of the enzyme electrode

The strategy used to prepare the Au electrode surface func-
tionalized with the CD-branched PAMAM G-4 dendron—
PtNPs hybrid nanomaterial and its further use as support for
the supramolecular immobilization of GO-ADA is illustrated
schematically in Fig. 1.

First, cystamine core PAMAM G-4 dendrimer was
reacted with mono-6-O-tosyl-BCD to introduce molecular
receptor functionality at the dendrimer surface, using the
primary amino groups of the dendrimer shell as the branch-
ing point. The CD-modified cystamine core PAMAM G-4
dendrimer was then reduced with NaBH, to cleave the
disulfide bond at the dendrimer core. The resulting water-
soluble CD-branched cysteamine core PAMAM G-4 den-
dron contained an active thiol group which could be chem-
isorbed on the gold electrode surface.

This hyperbranched polymer derivative was character-
ized by '"H NMR (Fig. SI in the Electronic Supplementary
Material). It was observed that nine CD units were attached
to each PAMAM G-4 dendron molecule, because of modi-
fication of 28 % of the primary amino groups in the poly-
mer. This partial modification could be explained on the
basis of the steric hindrance caused by the bulky CD moi-
eties attached to the dendron surface. This prevented further
reaction of other mono-6-O-tosyl-fFCD molecules with the
remaining amino groups of the modified dendritic molecule.

The capability of this dendron derivative to act as a host
receptor for the supramolecular recognition of adamantane-
modified GO was evaluated by SPR measurements. Figure 2
shows the changes produced in the SPR signal of the gold
surface after sequential exposure to different cysteamine
core PAMAM G-4 dendron and GO derivatives. Incubation
with the two different cysteamine core PAMAM G-4 den-
dron derivatives (with and without CD attached) produced a
similar and noticeable increase in the SPR signal which was
barely affected by washing. This result suggested the thiol-
containing dendron derivatives were successfully chemi-
sorbed on the Au surface and the process was not signifi-
cantly affected by the presence of the branching CD
moieties at the surface of the dendritic structure.

Further, incubation of the Au surface coated with the CD-
modified dendron in the adamantane-modified GO solution at
pH 7.0 caused a further significant increase in the SPR signal
(sensogram a), thus demonstrating the interaction between the
functionalized enzyme molecules and the surface capped with
the CD-modified dendron. On the basis of on the presence of
bulky CD groups on the dendron surface, the contribution of
host—guest supramolecular association to the whole interac-
tion observed by SPR could be predicted. However, a similar
increase in the SPR signal was observed for the Au surface
coated with the cysteamine core PAMAM G-4 dendron after
incubation with native GO (curve b). It has been reported that
the primary and tertiary amino groups located on the surface
and in the cavity of PAMAM G-4 dendrimers have pK, values
0f9.0 and 5.8, respectively [20]. Thus, at pH 7.0, PAMAM G-
4 dendrimers can bear a positive charge by protonation of the
primary amines at the rim. Moreover, the isoelectric point of
native GO is 4.2 and, consequently,, it is negatively charged at
pH 7.0. As a consequence, GO is readily immobilized on the
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GO-ADA /CD-PAMAM/PtNP/Au
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Cysteamine core CD-PAMAM G-4
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2)NaBH;

CD-PAMAM /PtNP/Au

Fig. 1 Schematic diagram of the steps involved in preparation of GO-ADA/CD-PAMAM/PtNP/Au based enzyme biosensors

PAMAM G-4 dendron-coated Au surface by polyelectrostatic
interactions.

Loading of native GO on the Au surface coated with the
CD-modified dendron was less favored, according to the
low increase observed in the SPR signal (curve c). The
result led to modification of the primary amino groups with
the bulky oligosaccharide moieties at the surface of the
dendron, reducing the positive electrostatic field around this
polymer. It also caused noticeable steric hindrance which
reduced interaction of the dendron with the GO molecules.

I 300

Glucose oxidase
derivative

PAMAM dendron
derivative

T : T . T
0 10 20 30

Time (min)

Fig. 2 SPR sensogram recorded on Au surfaces upon successive

incubation with CD-PAMAM G-4 and GO-ADA (a), PAMAM G-4
and GO (b) and CD-PAMAM G-4 and GO (c)
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The CD-PAMAM G-4-coated gold surface was coated with
Pt nanoparticles. The procedure described in the “Materials
and methods” section produced small and spherically-shaped
Pt nanoparticles with an average size of 2.6+0.4 nm, as
revealed by TEM. As can be shown by SEM analysis
(Fig. 3), the dendron-modified gold surface was coated with
a stable three-dimensional arrangement of Pt nanoparticles in
which the protuberant nanostructures are combined with deep
nanoholes. The high density of Pt nanoparticles prevented
characterization of this surface by SPR measurements.

This modified Au surface was further used as support for
immobilization of the adamantane-modified GO derivative.
The changes on the topology and the electrochemical charac-
teristics of the Au surface after the different modification steps
were checked by AFM, EIS, and CV.

The tapping mode AFM images for different gold surfaces
are presented in Fig. 4. Characteristic flat topology was ob-
served for the unmodified gold surface; average roughness was
0.9 nm and average height was 3.2 nm (maximum 5.6 nm).

Coating with the CD-PAMAM dendron derivative yielded
a modified surface pattern with ellipsoidal nanostructures;
average roughness was 3.1 nm and average height 12.0 nm
(maximum 18.6 nm). After deposition of Pt nanoparticles on
the dendron-modified surface, a more irregular pattern was
observed with a higher density of protuberant nanostructures;
average and maximum height were 34.6 nm and 92.9 nm,
respectively, and average roughness of 15.1 nm was estimated
for the Pt nanoparticles-modified surface.

This surface was softened after immobilization of the en-
zyme derivative. In fact, the average roughness and height,
respectively, decreased to approximately 10.3 nm and 19.2 nm
after incubation in the GO-ADA solution. The maximum
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Fig. 3 Field-emission SEM image of the CD-PAMAM G-4/PtNP-
modified Au surface

height for the enzyme-coated surface was also reduced, to
approximately 61.7 nm. These results suggested the enzyme
molecules were homogeneously distributed over the entire
PtNP-coated surface, filling the nanoholes created by these
nanomaterials.

The effect of the different modification steps on the barrier
properties of the gold surface was evaluated by electrochem-
ical impedance spectroscopy in 0.1 molL™' KCI solution
containing 5 mmolL ™" [Fe(CN)s]*”*~ . Fig. 5 shows the
resulting Nyquist plots, with R,=118 ) for the bare gold
surface and a slope of 0.89 for the straight line observed over
the broad range of low frequencies. This was indicative of
rapid electron transfer for the [Fe(CN)g]*™ and [Fe(CN)g]*~

Fig. 4 Three-dimensional
AFM analysis of the Au surface
before (A) and after
modification with CD-PAMAM
(B), CD-PAMAM/P{NP (C)
and GO-ADA/CD-PAMAM/
PINP (D)

A

Fig. 5 Nyquist plots of bare Au (a), CD-PAMAM/Au (b), CD-
PAMAM/PtNPs/Au (c¢), and GO-ADA/CD-PAMAM/PtNP/Au (d)
electrodes in 0.1 molL™" KCI solution containing 5 mmolL ™' K;[Fe
(CN)6]-K4[Fe(CN)g] (1:1)

ions on the electrode surface. A small increase in the electron
transfer resistance, Re=195 €2, and linear behavior at low
frequencies with similar slope were observed for the electrode
surface coated with the CD-modified dendron derivative. This
was indicative of a low barrier effect of the dendron molecules
on the electron transfer process at the electrode surface, most
likely because of the permeable and polycationic nature of the
polyamidoamine polymer. Also, the Nyquist plots revealed
the electron-transfer resistance was reduced (R.=29 () after
modification with the highly conductive Pt nanoparticles.
However, as was expected, an opposite effect was evident
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after immobilization of adamantane-modified GO, which
resulted in a noticeable increase in the diameter of the semi-
circle at high frequency (R;=639 (). In addition, the slope of
the straight line at low frequencies also decreased to 0.58. This
higher resistance to electron transfer and diffusion-controlled
processes suggested high coverage of the electrode surface by
the non-conductive enzyme molecules.

The EIS results were confirmed by cyclic voltammetry for
the different electrode structures in 5 mmolL ™' [Fe(CN)]* "~
+0.1 molL™" KCl solution. As can be observed in Fig. 6, the
unmodified gold electrode had well-defined typical quasi-
reversible diffusion-limited patterns with AE=99 mV and i,/
i.=1.07. The electrochemical surface area of the bare elec-
trode was calculated, by use of the Randles—Sevcik equation,
to be 3.6 mm?. Coating with CD-PAMAM dendron derivative
caused a small decrease in both the anodic and cathodic peaks,
reducing the value calculated for the electrochemical surface
area to approximately 3.4 mm?. In addition, the AE and i,/i.
values were increased to 129 mV and 1.23, respectively.

A more reversible diffusion-limited pattern was observed for
the electrode after modification with Pt nanoparticles, with
larger anodic and cathodic peaks current values, AE=96 mV
and 7,/i.=1.10. Also, the metal nanoparticles slightly increased
the electrochemical surface area of the electrode to 3.7 mm?.
This voltammetric behavior is attributable to the presence of the
highly electroconducting Pt nanoparticles. The subsequent im-
mobilization of the enzyme derivative on the electrode surface
provoked a drastic decrease in the anodic and cathodic peak
current and in the electrochemical surface area (1.74 mm?). The
enzyme loading also affected the quasi-reversible behavior of
the [Fe(CN)s]* "~ electrochemical reaction at the electrode
surface, with AE=358 mV and i,/i.=1.26. These results again

i (HA)

-0.4 -0.2 0.0 0.2 0.4 0.6 0.8
E (V)

Fig. 6 Cyclic voltammograms recorded in 0.1 molL™" KCI solution
containing 5 mmolLﬂK3[Fe(CN)6]fK4[Fe(CN)(,] (1:1) at bare Au (a),
CD-PAMAM/Au (b), CD-PAMAM/PtNPs/Au (¢), and GO-ADA/CD-
PAMAM/PtNP/Au (d) electrodes. Scan rate 50 mVs '
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suggested high coverage of the electrode surface by the non-
conductive and bulky enzyme molecules.

Figure 7 shows the cyclic voltammograms recorded at the
enzyme-modified electrode in aerated 0.1 molL™' sodium
phosphate buffer solution, pH 7.0, at a scan rate of 50 mV
s~!, before and after addition of glucose. The peak observed in
the absence of glucose was because of the dissolved oxygen in
solution. Addition of glucose caused the appearance of anodic
and cathodic peaks suggesting that the H,O, formed in the
enzyme reaction can be electrocatalytically oxidized and re-
duced at the Pt nanoparticles-modified electrode surface.

It has recently been proposed that H,O, can be electrochem-
ically transformed at the Pt surface by the following mecha-
nisms [21]. For reduction, H,O, is first dissociated to adsorbed
OH on two oxide-free Pt sites in a non-electrochemical step.
Because adsorbed OH on Pt is not stable at low potentials, the
surface sites are rapidly regenerated in an electrochemical
reduction step, leaving free the Pt sites to dissociate other
H>0, molecules.

2Pt + H,0, — 2Pt(OH)
2Pt(OH) + 2H" + 2e~ — 2Pt(H,0)

For oxidation at sufficiently positive potentials, at which
oxygenated species are adsorbed on Pt sites, H,O, is first
oxidized on two OH-covered Pt sites to O, in a non-
electrochemical step. Because the oxide-free Pt surface is
not stable at high positive potentials, the reduced surface
sites are then electrochemically re-oxidized and become
available again to oxidize H,O,.

2Pt(OH) + H202 — 2Pt(Hzo) + Oz
2Pt(H,0) — 2Pt(OH) + 2H* 4 2¢~

b
10
a
0
3
~ 104
-20 4

T T T T T T T ¥ T ¥ T
-06 -04 02 0.0 0.2 0.4 0.6 0.8
E (V)

Fig. 7 Cyclic voltammograms recorded in 0.1 molL ™" sodium phos-
phate buffer, pH 7.0, at a scan rate of 50 mV's™', for a GO-ADA/CD-
PAMAM/PtNP/Au electrode before (a) and after (b) addition of
200 pmolL ™" glucose
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According to the cyclic voltammetric behavior at the GO
bioelectrode, it can be concluded that H,O, can be electro-
catalytically oxidized at potentials higher than +340 mV.
Electrocatalytic reduction of H,O, can also be observed at
potentials below +230 mV. These findings suggested that it
was feasible to design a mediatorless electrochemical bio-
sensor for glucose, able to work at low potentials, by using
the proposed electrode surface.

The GO-ADA/CD-PAMAM/PtNP/Au electrode was
further evaluated for amperometric quantification of glu-
cose. For this purpose, the optimum working conditions
were first evaluated and selected. Maximum amperometric
response toward glucose was achieved in buffer solutions
of pH 6.0-7.0. In addition, currents with poor signal-to-
noise ratios were obtained when the potential was below
+200 mV. The best results were achieved by detecting the
electrochemical oxidation of the enzymatically-produced
H,0, at potentials higher than +350 mV. To minimize
the undesirable effect of common interfering substances
during amperometric detection of glucose, the lowest an-
odic potential at which good signal-to-noise ratios were
observed was selected. Summarizing, further amperomet-
ric measurements were performed in 0.1 molL™" sodium
phosphate buffer of pH 7.0 at a constant potential of
+400 mV vs Ag/AgCl.

Under these conditions, the dynamic amperometric re-
sponse of the bioelectrode upon successive addition of
5.0 mmolL™" glucose is illustrated in Fig. 8 (curve a). For
control measurements, Au electrodes coated with PAMAM/
PINP (curve b), CD-PAMAM/PtNP (curve c), PINP (curve d)
and PAMAM (data not shown), on which equivalent activity of
native GO was immobilized under similar conditions, were
also checked. The GO-ADA/CD-PAMAM/PtNP/Au-based
biosensor had a rapid catalytic response, reaching 95 % of
the steady-state current in approximately 6 s. No significant
increase in the anodic current was observed for the GO/
PAMAM/Au electrode, demonstrating that PtNPs are needed
for electrocatalytic oxidation of H,O, at +400 mV. The am-
perometric responses of the control electrodes were signifi-
cantly lower, suggesting greater amount of immobilized active
enzyme on the GO-ADA/CD-PAMAM/PtNP/Au electrode,
probably as a result of host—guest and electrostatic interactions.

Biosensor response was a linear function of glucose con-
centration in the range 5 to 705 pmolL; the equation of the
plot was i, (mA)=7.1x¢ (glucose; molL™")+7x107 (n=10,
r=0.999). A similar range of linear response was observed for
the control GO/PAMAM/PtNP/Au electrode. However, a
shorter range (5-470 pumolL™") was observed for the GO/
CD-PAMAM/PtNP/Au biosensor. The equations describing
the linear response of these control biosensors were:

in(mA) = 2.4 x ¢(glucose; mol L™!) + 1 x 10~° (GO/PAMAM/P{NP/Au)
iy(mA) = 1.3 x ¢(glucose; mol L™!) + 6 x 107 (GO/CD — PAMAM/PtNP/Au)

The sensitivity of the GO-ADA/CD-PAMAM/PtNP/Au bio-
sensor was determined to be 197 mAmol ! Lcm_z, on the basis

a
4
34 b
<
=5
n 24
Cc
14
d
T T T T T T T T T T
0 4 8 12 16 20 24

Time (min)

Fig. 8 Amperometric responses recorded with GO-ADA/CD-
PAMAM/PtNP/Au (a), GO/PAMAM/PtNP/Au (b), GO/CD-
PAMAM/PtNP/Au (c), and GO/PtNP/Au (d) electrodes on successive
additions of 5.0 mmolL™" glucose. Eypp=1 400 mV

of the electroactive area of the gold electrode. Remarkably lower
sensitivity was obtained with the control enzyme electrodes—
66.7 mAmol 'Lem 2 and 36.1 mAmol 'Lem ? for GO/
PAMAM/PtNP/Au and GO/CD-PAMAM/PtNP/Au, respective-
ly. This result has indicated, again, lower enzyme loading on the
control biosensors. This suggests that enzyme immobilization
on the different Pt nanoparticle-modified surfaces followed be-
havior similar to that that deduced from the SPR experiments.

For the GO-ADA/CD-PAMAM/PtNP/Au biosensor the
detection limit for glucose was 2.0 umolL ™", calculated in
accordance with the 3Sy/m criterion, where m was the slope
of the linear calibration plot and S, was estimated as the
standard deviation (n=10) of signals corresponding to the
lowest glucose concentration which could be quantitatively
measured with the biosensor. In addition, the apparent
Michaelis—Menten constant of the biosensor for glucose
was estimated as Ky**=500 pmolL™', which was much
lower than that previously reported for Aspergillus niger
glucose oxidase at pH 5.6 (Ky=33 mmolL™") [22], indicat-
ing that the affinity of the substrate for the enzyme was not
worsened by using supramolecular immobilization and the
developed electrode structure.

@ Springer
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In Table 1 the analytical characteristics of the GO-ADA/
CD-PAMAM/PtNP/Au biosensor are compared with those
reported recently for other mediatorless glucose oxidase bio-
sensors. It is apparent the detection limit, sensitivity, and
apparent Michaelis—Menten constant are among the best
reported. They are only surpassed by biosensors using extreme
working potentials and which are, as a result, more susceptible
to interference by other analytes during glucose determination.

The good electroanalytical behavior of the GO-ADA/
CD-PAMAM/PtNP/Au biosensor could be assigned to the
large amount of immobilized enzyme, and the cooperative
contribution of several factors to maintaining the active
enzyme protein conformation on the electrode surface. In
particular, the supramolecular strategy used for GO immo-
bilization and the presence of metal nanoparticles should
eliminate structural deformation of the active globular en-
zyme on immobilization on the electrode surface. In addi-
tion, the presence of highly hydrophilic CD-PAMAM G-4
dendron units on that surface should contribute to keeping a
hydrophilic microenvironment around the enzyme. The oc-
currence of randomly arranged nanocavities on the Pt nano-
particles should also ensure a high loading of immobilized
enzyme in these nanoholes. It is also expected that such
nanostructures should protect the hydrophilic microenviron-
ment around the immobilized enzyme.

Measurement of the repeatability of measurement of
25 umolL ™" glucose with one GO-ADA/CD-PAMAM/
PtNP/Au electrode (n=10) yielded a relative standard

deviation (RSD) of 4.7 %. Electrode-to-electrode reproduc-
ibility was calculated from the responses obtained with ten
different GO-ADA/CD-PAMAM/PtNP/Au electrodes pre-
pared in the same manner for the same glucose concentration;
the RSD was 7.2 %.

The selectivity of the enzyme electrode was evaluated by
measuring the amperometric response for 25 pmolL™" glu-
cose in the presence of seven possible interfering substan-
ces. Fructose, galactose, sucrose, arabinose, cysteine, citric
acid, and caffeine at 100 umolL " did not cause significant
changes in the steady-state current signal obtained for glu-
cose. However, as expected, the amperometric response of
the biosensor toward glucose was affected by 2.1 % and
20 % after addition of uric acid and ascorbic acid, respec-
tively, at 2.5 pmolL ™.

Regarding the effect of biosensor storage time at 4 °C
under dry conditions on its amperometric response, it was
observed that the biosensor retained more than 94 % of its
initial activity after storage for 9 days. Longer storage times
resulted in gradual loss of biosensor activity; approximately
45 % of the initial amperometric response was retained after
one month. It should be also noted that the activity of the
biosensor was reduced to approximately 35 % by incubation
for 2 h in a saturated solution of 1-adamantane carboxylic
acid; this was indicative of disruption of the supramolecular
host—guest interactions between the modified enzyme mol-
ecules and the CD-branched dendron derivatives at the
electrode surface.

Table 1 Comparison of the analytical performance of the GO-ADA/CD-PAMAM/PtNP/Au biosensor with that reported previously for mediator-

less glucose biosensors

Electrode E (mV) Linear range D.L. Sensitivity Ky Ref.
( pmolLfl) ( ;.LmolLfl) (mAmol 'Lem 2) (mmolL ™)
Naf/lGO/MWNT/ALO;@Si0,/GCE —488° 17.5-800 17.5 127.0 0.5 [23]
GO/B-MWNT/GCE —490P 50-300 10.0 111.6 0.2 [24]
Naf/GO/Ag-Pdop@MWNT/GCE —496° 50-1100 17.0 438 4.56 [25]
GO/AuNPS/MWNT/PVA/GCE —400P 500-8000 200 16.6 - [26]
[GO/PDDA]5/[SDS-MWNT/PDDA],/ +600* 20-2200 10 5.6 5.15 [27]
MPS/Au/Ti/PET
GO/AuNPs/DMF/BMIMPF¢/GCE -800° 0.1-10° 0.1 595 0.0035 [28]
GO/PPyAA/AuNPs/GCE +600* 50-1.6x10* 50 14 1.83 [29]
Naf/GO/NP-Au -200° 10-2.2x10* 10 - - [30]
GO/PtNPs/MWNT/GCE +700* 0.25-10* 0.25 431 - [31]
GO/Au/GCE -550° 2.5-157.5 0.32 - 0.016 [32]
GO/PMB@Si0,/GCE —430° 10-1110 3.0 - 0.5 [33]
GO-ADA/CD-PAMAM/P{NPs/Au +400° 5-705 2.0 197 0.5 This work

* Ag/AgCl
®Qaturated calomel electrode

D.L., detection limit; Naf, Nafion; MWNT, multi-walled carbon nanotubes; CGE, glassy carbon electrode; B-MWNT, boron-doped MWNT; Pdop,
polydopamine; NPs, nanoparticles; PVA, poly(vinyl alcohol); PDDA, polydiallyldimethylammonium chloride; SDS, sodium dodecylsulfate; MPS,
3-mercapto-1-propanesulfonic acid; PET, poly(ethylene terephthalate); BMIMPF, 1-butyl-3-methylimidazolium hexafluorophosphate; PPyAA,
poly(pyrrole propylic acid); NP-Au, nanoporous Au; PMB, poly(methylene blue)
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Conclusions

A novel electrode surface involving gold coated with a PtNPs-
coated CD-branched cysteamine core PAMAM G-4 dendron
was used as support for immobilization of adamantane-
modified glucose oxidase, mainly by formation of host—guest
supramolecular associations. The enzyme electrode was eval-
uated for construction of a third-generation biosensor for glu-
cose. The biosensor was highly selective, with good sensitivity
and stability, a low detection limit, and a rapid electroanalytical
response to glucose. These results suggest the Au surface
modified with this inorganic—organic hybrid nanomaterial is
a useful basic electrode for preparing mediatorless, oxidase-
based, amperometric enzyme biosensors.
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