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Hydrogen Peroxide Biosensor with a Supramolecular Layer-by-Layer
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Conrado Camacho,” Juan C. Matias,” Roberto Cao,* Madyu Matos,” Belkis Chico,"
Javier Herndndez,* Maria A. Longo,® Maria A. Sanromén," and Reynaldo Villalonga*-'

Center for Enzyme Technology, University of Matanzas, Matanzas 44740, Cuba, Laboratory of
Bioinorganic Chemistry, Havana University, Havana 10400, Cuba, Department of Chemical Engineering,
University of Vigo, 36310 Vigo, Spain

Received January 25, 2008. Revised Manuscript Received June 5, 2008

A new sensor design is reported for the construction of an amperometric enzyme biosensor toward H,O,. It was
based in the supramolecular immobilization of alternating layers of horseradish peroxidase (either modified with
1-adamantane or 3-cyclodextrin-branched carboxymethylcellulose residues) on Au electrodes coated with polythiolated
B-cyclodextrin polymer. The analytical response of the electrodes, using 1 mM hydroquinone as an electrochemical
mediator, increases when the number of enzyme layers increases. The biosensor having three enzyme layers showed
a sensitivity of 720 uA/M cm? and a detection limit of 2 uM and retained 96% of its initial activity after 30 days
of storage. The host—guest supramolecular nature of the immobilization method was confirmed by cyclic voltammetry.

During the past few years, several covalent and physical
procedures have been employed to immobilize enzymes on
electrode surfaces in order to construct reliable, stable biosensor
devices.' Recently, we have described a novel supramolecular-
based approach for immobilizing adamantane-modified enzymes
and other proteins on metal electrodes capped with cyclodextrin
(CDs) derivatives.** This strategy, based on the ability of CDs
to form highly stable inclusion complexes with 1-adamantane
derivatives,® can be potentially exploited to increase the number
of enzyme molecules loaded on the electrode surface by the
formation of multiple layers of the biocatalysts via host—guest
interactions. In the present work, we describe an innovative
method for the preparation of an enzyme biosensor for H,O,
through the layer-by-layer supramolecular immobilization of
chemically modified horseradish peroxidase (HRP,EC 1.11.1.7,
H,0, oxidoreductase) forms on Au electrodes capped with a
polythiolated SCD polymer (pCD). H,O, was selected as a target
compound for this study because of its essential role as a mediator
in biology, medicine, and chemistry as well as its negative impact
as an environmental contaminant.” In addition, H,O, is a
byproduct of highly selective oxidases commonly employed in
biosensor design.®’

The approach used here to prepare the functionalized Au
electrode is based on its previous activation with pCD and the
further immobilization of the first enzyme layer by host—guest
associations with HRP modified with 1-adamantanyl residues
(HRP-ADA). The second layer was then prepared by coimmo-
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Figure 1. Layer-by-layer supramolecular immobilization of HRP-ADA
and HRP-CMC-CD on a pCD-coated Au electrode.

bilization of the enzyme, previously glycosidated with car-
boxymethylcellulose branched with mono-6-butylenediamino-
6-deoxy-f-cyclodextrin residues (HRP-CMC-CD), and further
layers were formed by the sequential coimmobilization of HRP-
ADA and HRP-CMC-CD forms (Figure 1). The enzyme electrode
prepared via supramolecular associations of HRP layers was
finally used to construct an amperometric biosensor for H,O».

pCD (MW = 1.3 x 10*, —SH content = 87 mol/mol polymer)
was synthesized by the polymerization of SCD with epichlo-
rohydrin as previously described'® and further functionalization
with thiol groups.'' HRP-ADA and HRP-CMC-CD were
respectively prepared by modification of the native enzyme (2
x 10° U/mg vs 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic
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Figure 2. Cyclic voltammograms of the enzyme electrodes at 50 mV/s
in 0.1 M sodium phosphate buffer at pH 7.0 containing 1.0 mM
hydroquinone in the presence 600 uM H>O,. Numbers on the arrow
represent the number of HRP layers on the electrode surface.

acid) with 1-adamantane carboxylic acid and SCD-branched
carboxymethylcellulose,'* as described elsewhere for xanthine
oxidase.* The HRP-ADA form retained 87% of its initial activity
after modification of 78% of the enzyme amino groups with
1-adamantane residues. However, HRP retained 73% of its
catalytic activity after the attachment of 1.6 mol of SCD-branched
carboxymethylcellulose polymer to the protein surface, as
determined by the colorimetric quantification of carbohydrates
in the conjugated enzyme by the phenol—sulfuric acid method.

To prepare the layer-by-layer enzyme electrode, a clean Au
disk electrode (A = 3.04 mm?) was dipped in an aqueous solution
of pCD (10 mg/mL) for 4 h and then exhaustively washed with
distilled water. The first enzyme layer was then immobilized by
dipping the modified electrode in a2 mg/mL HRP-ADA solution
in 20 mM sodium phosphate buffer (pH 7.0, 24 h, 4 °C). The
electrode was then washed with cool buffer solution and kept
at 4 °C until use. The second layer was similarly prepared by
using HRP-CMC-CD solution, and additional layers were
coimmobilized by the sequential incubation of the electrode in
HRP-ADA or HRP-CMC-CD solution.

Figure 2 shows the cyclic voltammograms of the enzyme
electrodes in the presence of 600 uM H>O, and using 1.0 mM
hydroquinone as electrochemical mediator.'*> A noticeable
electrochemical transformation of H,O, was observed after the
immobilization of the first HRP layer, when compared with the
electrodes coated only with the polythiolated SCD polymer. A
subsequent increase in the number of enzyme layers yielded an
increase in the cathodic current peaks, reaching a maximum

(11) Polymerized SCD (2 g) was dissolved in 20% (w/v) NaOH (50 mL), and
tosyl chloride (2 g) in CH3;CN (5 mL) was added. The system was stirred for 24 h,
neutralized with 2 M HCI, and kept at room temperature until a fine powder was
formed. The solid was filtered, repeatedly washed with 5 mM HCI, and dried at
60 °C under high vacuum overnight. The tosylated polymer was dissolved in
dried DMF (50 mL), and thiourea (6 g) was added. The reaction mixture was
stirred at 80 °C for 20 h, and then the solution was treated with 20% (w/v) KOH
under continuous stirring. The solution was further acidified with saturated KHSO4
solution and then concentrated in vacuum to about 15 mL. The mixture was
poured over cold acetone to precipitate the polythiolated polymer. The solid was
then filtered and finally dried with P>Os under vacuum. The product was
characterized by conventional NMR techniques.
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Figure 3. Effect of the number of HRP layer on the enzymatic activity
(A) and protein (B) immobilized on the electrode surface.

value when the third HRP layer was immobilized. Further
increases in the enzyme layers, by coimmobilization of the second
layer of HRP-CMC-CD, did not cause a significant change in
the bioelectrocatalytic transformation of H,O,. Similar behavior
was observed by determining the immobilized HRP enzymatic
activity (vs 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid))
as a function of the number of layers on the electrode surface
(Figure 3A).

In addition, the enzyme electrodes were sealed in evacuated
glass tubes containing 6 M HCI solution and incubated at 110
°C for 24 h. The hydrolyzed protein was further quantified by
amino acid analysis, showing a similar pattern with regard to the
number of enzyme layers (Figure 3B). These facts demonstrate
that the increased bioelectrocatalytic activity shown by the
multilayer electrodes was mediated by an increased number of
immobilized HRP forms as a result of the subsequent formation
of different enzyme layers on the metal electrode and not by
conformational changes in the protein structure that could yield
more active enzyme forms.

In the present biosensor, a polythiolated 3-CD polymer was
used to coat the gold electrode. This polymeric layer was alternated
with 3-CD-branched carboxymethylcellulose conjugated to HRP.
The presence of 5-CD favors the necessary permeability required
for the diffusion of the substrate and mediator.'* Nevertheless,
the presence of both polymers increases the enzyme—electrode
distance, a factor that can seriously affect the electron-transfer
rate."* This characteristic should explain why when modifying
the electrode with more than three enzyme layers no additional
increase in the analytical response nor in sensitivity was observed
(as can be seen below). On the contrary, within the first three
layers a greater amount of enzyme is present without a significant
loss in the electron-transfer rate. Additionally, a large number

(14) Villalonga, R.; Cao, R.; Fragoso, A. Chem. Rev. 2007, 107, 3088.
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Figure 4. Cyclic voltammograms of the enzyme electrode having three
layers of HRP at 50 mV/s in 0.1 M sodium phosphate buffer at pH 7.0
containing 1.0 mM hydroquinone in the absence (C) and the presence
of 600 uM H,O, before (A) and after (B) 24 h of incubation in a saturated
l-adamantane carboxylic acid solution.

of immobilized HRP layers should yield a low stable supramo-
lecular architecture at the electrode surface.

To confirm the supramolecular nature of this multilayer
assembly, the electrode containing three HRP layers was incubated
at 4 °C in 0.1 M sodium phosphate buffer at pH 7.0 saturated
with 1-adamantane carboxylic acid. It has been previously
demonstrated that 1-adamantane derivatives can form the most
stable inclusion complexes with CDs.® Consequently, the presence
of saturated 1-adamantane carboxylic acid in the incubation media
should disrupt possible host—guest interactions stabilizing the
multilayer enzyme architecture at the electrode surface.

Figure 4 shows that the cathodic current significantly decreased
after 24 h of incubation, suggesting that the enzyme derivatives
were released from the electrode surface in the presence of
l-adamantane carboxylic acid. This fact was confirmed by
detecting HRP protein molecules in the incubating solution, as
quantified by amino acid analysis. According to these facts, it
is clear that high concentrations of 1-adamantane carboxylic
acid can disrupt the host—guest association between the enzyme
layers and the pCD-coated Au electrode, supporting our
supramolecular-based hypothesis. However, the remaining bio-
electrocatalytic activity expresed after incubation of the electrode
in concentrated 1-adamantane carboxylic acid solution can be
justified by the multipoint nature of the immobilization strategy
employed, yielding stable supramolecular structures than cannot
be completely disrupted by the single 1-adamantane carboxylic
acid molecules.

In a control experiment, the multilayer electrodes were
incubated in 0.1 M acetic acid solution for 1 day at 4 °C. Under
these conditions, neither HRP activity, carbohydrates, nor protein
molecules (quantified by amino acid analysis) were detected in
the incubating solution, confirming the supramolecular im-
mobilization of the enzyme on the electrodes.

The functionalized electrodes prepared via layer-by-layer
host—guest associations were used in the construction of
amperometric biosensors for the quantification of H,O,. The
enzyme electrodes showed maximum analytical responses at
—50 mV and pH 7.0 when an optimized concentration of 1.0
mM hydroquinone was used as an electrochemical mediator.
These optimum conditions were then employed for further
experiments. Figure 5A shows the dynamic amperometric
response of the electrodes, characterized by a fast bioelectro-
catalytic response with 95% of the steady-state current being
achieved in about 10 s for H,O,. Linear relations between the
cathodic steady-state currents and H,O, concentration in the range
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Figure 5. (A) Dynamic amperometric response of the electrodes to
successive additions of aliquots of 25 mM H,O, solution. (B) Calibration
curves for the electrodes. Applied potential, —50 mV; stirring rate, 300
rpm; temperature, 25 °C; initial working volume, 20 mL; supporting
electrolyte, 0.1 M sodium phosphate buffer at pH 7.0 containing 1.0 mM
hydroquinone. Numbers in parentheses represent the number of HRP
layers on the electrode surface.

of 100 uM—3.9 mM were also observed for the electrodes (Figure
5B), with correlation coefficients of about 0.997 (n = 6).
Interestingly, the slope of the calibration curves, that is, the
sensitivity of the biosensors, increased when the number of HRP
layers increased. Electrodes containing one to three enzyme layers
showed sensitivity values of 98, 340, and 720 uA/M cm?,
respectively. Similar improvement was observed for the detection
limit of the biosensors, which showed values of 15 (layer 1), 6
(layer 2), and 2 uM (layer 3) for a signal-to-noise ratio of 3.
The value of Ky for the enzyme electrodes was not significantly
affected by the number of HRP layers on the surface, showing
an average value of 7.5 mM. On the contrary, Iyax increased
when the number of enzyme layers increased from 1 to 3, showing
Iviax values of 2.1, 13.7, and 21.2 uA, respectively.
According to these results, the electrode having three HRP
layers was employed for further studies. The reproducibility of
this electrode was determined with respect to HO, concentrations
of 125 and 600 «M, and the relative standard deviations were
3.7 and 8.4%, respectively (n = 10). This biosensor was also
very stable, retaining 96% of its initial electrocatalytic response
after 30 days of storage at 4 °C in 50 mM sodium phosphate
buffer at pH 7.0. This high stability suggests that the supramo-
lecular associations prevented the loss of the enzyme forms from
the electrode surface or that the presence of SCDs in the
microenvironment of the HRP derivatives improved their
functional stability as previously reported for other biocatalysts.'*
The selectivity of the biosensor was determined in the presence
of potential interfering substances, such as D-glucose, ethanol,



Letters

lactic acid, L-cysteine, ascorbic acid, L-tyrosine, acetic acid, and
citric acid. The cathodic current response obtained for each
possible interferant at 2.5 mM concentration in the presence of
600 uM H,0, was used as an indicator of biosensor selectivity,
in comparison with the reading alone. The electrocatalytic
response of the enzyme biosensor was significantly affected only
in the presence of ascorbic acid and L-cysteine, with decreases
in the cathodic current to about 78 and 91%, respectively.

In conclusion, this is the first report dealing with the preparation
of an enzyme electrode with a layer-by-layer architecture based
on supramolecular associations. Experiments are in progress to
explore the application of this approach in the construction of
multienzymatic biosensors.
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