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Gold nanoparticles dispersed in 1-butyl-3-methylimidazolium hexafluorophosphate ionic liquid (Au-

BMI$PF6) were supported in chitin (CTN) chemically crosslinked with glyoxal and epichlorohydrin to

obtain a new supported ionic liquid phase (SILP) catalyst with high catalytic activity, and providing an

excellent environment for enzyme immobilization. This modified biopolymer matrix (Au-BMI$PF6-

CTN) was used as a support for the immobilization of the enzyme peroxidase (PER) from pea (Pisum

sativum), and employed to develop a new biosensor for rosmarinic acid (RA) determination in

pharmaceutical samples by square-wave voltammetry. In the presence of hydrogen peroxide, the PER

catalyzes the oxidation of RA to the corresponding o-quinone, which is electrochemically reduced at

a potential of +0.14 V vs. Ag/AgCl. Under optimized conditions, the resulting peak current increased

linearly for the RA concentration range of 0.50 to 23.70 mM with a detection limit of 70.09 nM. The

biosensor demonstrated high sensitivity, good repeatability and reproducibility, and long-term stability

(15% decrease in response over 120 days). The method was successfully applied to the determination of

RA content in pharmaceutical samples, with recovery values being in the range of 98.3 to 106.2%. The

efficient analytical performance of the proposed biosensor can be attributed to the effective

immobilization of the PER enzyme in the modified CTNmatrix, the significant contribution of the high

conductivity of the ionic liquid, the facilitation of electron transfer promoted by gold nanoparticles,

and the inherent catalytic ability of these materials.
Introduction

Nanotechnology is regarded as an emerging technology, intro-

ducing new dimensions to science and technology, and it has

multiple possible applications, involving various technological

areas including advanced materials, biotechnology and medicine,

electronics and scientific tools.1 Great attention has been given to

the application of nanostructured materials in biosensing

systems, especially metallic nanoparticles (NPs).2–5 The transi-

tion-metal NPs are playing an increasingly important role in the

development of biosensors due to their unique properties, such as

catalytic activity, high active surface area, size controllability and

chemical stability. These promising materials have been exten-

sively used in the construction of novel biosensors with enhanced

performance in terms of miniaturization, biocompatibility,

sensitivity, accuracy and stability.2–6

Ionic liquids (ILs) are liquid eletrolytes over a large range of

temperatures, possess high ionic conductivity and catalytic

ability, a large electrochemical window and high thermal and
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chemical stability.7 These materials, especially imidazolium-

derived salts, have proven to be suitable stabilizing agents for the

generation and stabilization of metallic NPs. The IL forms

a protective layer, which is probably composed of imidazolium

aggregates located immediately adjacent to the surface of the

metal NPs, promoting both steric and electronic protection

against aggregation/agglomeration.8,9 These metallic NPs stabi-

lized in ILs have been used as novel materials for the construc-

tion of biosensors and electrochemical sensors with high

analytical performance.9–12

More recently, a new technology, known as supported ionic

liquid phase (SILP) catalysis, has emerged as an attractive

alternative for the immobilization of catalytically active species

(e.g., metal complexes, metal NPs and enzymes).9,13–18 The SILP

catalysts form a new generation of heterogeneous catalysts,

which combine the advantages of ILs with those of heteroge-

neous supported materials. This class of materials reduces

considerably the amount of IL used and enables its reuse.13,17 It

can therefore be considered economically viable and environ-

mentally benign. The SILP catalysts are prepared by the covalent

attachment of the IL to the solid support surface or by simply

depositing the IL phases (containing a catalyst or being the

catalyst phase itself) onto the surface of the support, which is

generally a material with high porosity and/or large surface area,
Analyst, 2011, 136, 2495–2505 | 2495
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such as silica, a clay mineral and a polymer.9,13–18 In a study

conducted by our group,18 iridium NPs dispersed in 1-butyl-

3-methylimidazolium tetrafluoroborate (Ir-BMI$BF4) IL were

supported in montmorillonite (MMT), to obtain a new SILP

catalyst with high catalytic activity, and providing an excellent

environment for enzymatic immobilization. This modified clay

matrix (Ir-BMI$BF4-MMT) was used for the immobilization of

the laccase and polyphenol oxidase and successfully employed in

the construction of a bi-enzymatic biosensor for determination of

rutin by square-wave voltammetry (SWV), with a detection limit

of 30.9 nM.

Different methods of enzymatic immobilization have been

developed in order to improve or ensure the stability, selectivity

and catalytic activity of these biomolecules, as well as reduce

operating costs and enable reuse.19–21 The characteristics of

immobilized enzymes are controlled by the properties of both the

enzyme and the support matrix. Several polymers have been used

as the support material for immobilization of biocatalysts, such

as alginate,21–23 polyaniline,24,25 chitosan12,20,26,27 and chitin.20,28,29

Of these materials, chitin (CTN) is notable for its excellent

properties, such as chemical and physical stability, non-toxicity,

biodegradability, bioactivity and biocompatibility, as well as

high affinity with proteins, availability of reactive functional

groups for direct reactions with enzymes and for chemical

modifications.20,30–33 CTN is a structural biopolymer, which has

a role analogous to that of cellulose in terrestrial plants and

collagen in the higher animals.33 It is the most abundant natural

amino polymer on earth, and occurs in nature as an important

structural component in the exoskeleton of arthropods and in the

cell walls of fungi and yeast.32,33 Chemically, it is composed of

b(1 / 4) linked 2-acetamido-2-deoxy-b-D-glucose units

(or N-acetyl-D-glucosamine), forming a long-chain linear poly-

mer.20 Due to it providing an abundant resource with unques-

tionable advantages, CTN has attracted considerable attention

from researchers, and has been efficiently applied as a support

for the immobilization of enzymes.20,28,29,31

Enzymes have been extensively used in the development of

biosensors, in particular the oxidoreductases, such as the

peroxidases.25,26,28,29,34,35 Peroxidases (PER) constitute a class of

enzyme widely distributed in nature, and they can be easily

obtained from the cells of various plants, animals and microor-

ganisms. Most PER are heme proteins containing iron(III)

protoporphyrin IX as the prosthetic group. Through the reduc-

tion of hydrogen peroxide they catalyze the oxidation of a wide

variety of substrates, such as the phenolic compounds.34–37

Rosmarinic acid (RA), an ester of caffeic acid and 3,4-dihy-

droxyphenyllactic acid, is an important bioactive phenolic

compound, which is commonly found in plants of the families

Lamiaceae and Boraginaceae, which are used in the pharma-

ceutical and cosmetics industries. This phenolic compound

carries out several pharmacological activities, such as antioxi-

dant, anti-inflammatory, antimutagenic, antibacterial, antitu-

moral, hepatoprotective, cardioprotective and antiviral, besides

acting as an astringent.38–42 Thus, several analytical methods

have been applied for RA determination, including capillary

electrophoresis,39,40 high-performance liquid chromatog-

raphy,41,43,44 spectrophotometry,42 sensors and biosensors.45–47

The development of biosensors has proven to be an attractive

alternative to conventional methods, such as liquid
2496 | Analyst, 2011, 136, 2495–2505
chromatography, used for determination of phenolic compounds

in several types of the samples. Some advantages of biosensors,

relative to chromatographic techniques, are their fast response,

good selectivity, cost-effectiveness, simplicity of construction

and ease of surface renewal.

In this study, gold NPs dispersed in 1-butyl-3-methyl-

imidazolium hexafluorophosphate IL (Au-BMI$PF6) were sup-

ported in CTN chemically crosslinked with glyoxal and

epichlorohydrin to obtain a new SILP catalyst with high catalytic

activity, and providing an excellent environment for enzyme

immobilization. PER from pea (Pisum sativum) was immobilized

in the modified biopolymer matrix (Au-BMI$PF6-CTN) and

used to develop a novel biosensor for RA determination. Various

experimental conditions were investigated in detail to obtain the

best performance of the proposed method, such as the concen-

tration of PER used in the biosensor construction, electrolyte

support (buffer solution/pH), hydrogen peroxide concentration

in the electrochemical measurements and SWV parameters

(frequency, pulse amplitude and scan increment). The optimized

biosensor was then applied to RA quantification in pharma-

ceutical samples by SWV.

Experimental

Chemicals, solutions and samples

All reagents were of analytical grade, used without further

purification and all solutions were prepared with double-distilled

water. Phosphate buffer solution (0.1 M, pH 7.0) was used as the

supporting electrolyte. Rosmarinic acid (RA), guaiacol,

hydrogen peroxide, ascorbic acid, benzoic acid, gallic acid,

chlorogenic acid, esculetin, luteolin and rutin were purchased

from Sigma-Aldrich. A standard solution of RA (0.50 mM) was

prepared daily in phosphate buffer solution. Homogenate of pea

(Pisum sativum) was used as a source of PER. The pea grains

were purchased from a local producer in Florian�opolis (Santa

Catarina, Brazil), washed, chopped, and cooled in a refrigerator

at 4 �C. Gold(III) chloride trihydate (HAuCl4$3H2O, 99.9%) was

purchased from Aldrich and used as a precursor for the prepa-

ration of Au-BMI$PF6. CTN with an acetylation degree of

89.5% was purchased from Sigma Aldrich and used as the

support for Au-BMI$PF6, and for the enzymatic immobilization.

Epichlorohydrin and glyoxal, used for the crosslinking of chitin,

were obtained from Sigma. Graphite powder (Acheson 38,

Fisher Scientific) and Nujol (Aldrich) of high purity were used in

the preparation of the carbon paste. Three Brazilian pharma-

ceutical formulations containing RA (A, B and C ¼ syrup based

on spearmint extract (Mentha crispa L.)) were acquired from

a local drugstore in Florian�opolis (Santa Catarina, Brazil) and

analyzed using the proposed biosensor.

Instrumentation

The morphology and the electron diffraction of the Au-

BMI$PF6 and Au-BMI$PF6-CTN were observed on a JEOL

JEM-2010 electron microscope equipped with an energy-

dispersive X-ray spectroscopy system and a JEOL JEM-1200

EXII electron microscope operating at accelerating voltages of

120 kV. The X-ray diffraction (XRD) experiments were carried

out on a SIEMENS D500 diffractometer equipped with a curved
This journal is ª The Royal Society of Chemistry 2011
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graphite crystal using Cu-Ka R radiation (l ¼ 1.5406 �A).

Scanning electron microscopy (SEM) and electron dispersive

spectroscopy (EDS) analyses of the Au-BMI$PF6-CTN were

carried out using a JEOL model JSM 5800 with 10 and 20 kV.

The determination of PER activity was carried out using

a B572 spectrophotometer (Micronal), with a quartz cell (optical

path of 1.00 cm). The pH measurements were taken with

a Micronal B475 pH-meter using a combined glass electrode. A

Unique 1400A ultrasonic bath was used for preparation of the

solutions.

Electrochemical measurements, using SWV and cyclic vol-

tammetry (CV), were performed on an Autolab PGSTAT12

potentiostat/galvanostat (Eco Chemie, The Netherlands) con-

nected to data processing software (GPES, software version

4.9.006, Eco Chemie). A conventional three-electrode system was

used with a biosensor based on PER immobilized in the

Au-BMI$PF6-CTN matrix as the working electrode, a platinum

wire as the counter electrode and an Ag/AgCl (3.0 M KCl)

electrode as the reference electrode.
Crosslinking of the CTN using glyoxal and epichlorohydrin

Firstly, an excess of 4.0% (v/v) glyoxal solution prepared in

phosphate buffer solution (0.1 M, pH 7.0) was transferred to

a mass of 1.0 g CTN powder and mechanically stirred for 30 min

at room temperature. After this reaction time, the CTN was

washed with phosphate buffer solution (pH 7.0) to remove the

excess of glyoxal, and dried at room temperature.28,48 Then,

25.0 mL of 6.2 mM epichlorohydrin solution in phosphate buffer

(pH 7.0) was added to the CTN and mechanically shaken for

around 1 h at 50 �C. Subsequently, 7.0 mL of 0.1 M sodium

hydroxide solution was added and the solution was boiled for at

least 1 h. Soon after, the CTNwas filtered and washed with 0.1M

hydrochloric acid and 0.1 M sodium hydroxide solutions,

successively, to remove the excess of epichlorohydrin. Finally,

the CTN was extensively washed with water and phosphate

buffer solution (pH 7.0) to remove the excess of crosslinking

reagents.26,29,49 The chemically crosslinked CTN was dried at

room temperature and stored in an well aired place for subse-

quent use as the support for Au-BMI$PF6 and pea PER

immobilization.
Synthesis and characterization of Au-BMI$PF6

Initially, a solution was prepared by dissolving NaBH4 (9.25 mg,

250 mmol) in 0.5 mL of methanol, and subsequent dispersion in

0.5 mL of BMI$PF6 IL, 24 h before use. In a Schlenk tube, the

AuNPs precursor HAuCl4$3H2O (10 mg, 25 mmoL) dissolved in

0.5 mL of methanol and 0.5 mL of BMI$PF6 IL were stirred at

room temperature for 15 min, yielding a yellow solution. Then,

1-methylimidazole (0.005 mg, 0.06 mmol) was added in the

solution and stirred. Subsequently, the solution containing

NaBH4 (previously prepared) was also added to the solution in

a Schlenk tube, and a blue ‘‘solution’’ was obtained and dried

under reduced pressure.50 The Au NPs were isolated by centri-

fugation (3500 rpm) with the addition of acetone (5 mL) for

3 min and washed with acetone (3 � 15 mL) and dichloro-

methane (3� 15 mL), dried under reduced pressure and isolated.
This journal is ª The Royal Society of Chemistry 2011
The Au-BMI$PF6 samples thus obtained were prepared for

TEM and X-ray analysis.

The phase structures of the Au-BMI$PF6 were characterized

by XRD. For this analysis, the Au NPs were isolated as a fine

powder and placed in the sample holder. The diffraction data

were collected at room temperature in a Bragg-Brentano q–2q

geometry. The equipment was operated at 40 kV and 20 mA with

a scan range of between 20� and 90�. The diffractograms were

obtained with a constant step, D2q ¼ 0.05. The indexation of

Bragg reflections was obtained by a pseudo-Voigt profile fitting

using the FULLPROF code.51

The samples for transmission electron microscopy (TEM)

analysis were prepared by dispersion of the Au-BMI$PF6 at

room temperature and then collected on a carbon-coated copper

grid. The histogram of the Au NPs size distribution was obtained

from measurements of around 300 diameters and was repro-

duced in different regions of the Cu grid.52

Preparation and characterization of Au-BMI$PF6 supported in

crosslinked CTN

The biopolymeric suspension was prepared by dispersing 1.0 g of

CTN (previously crosslinked) in a 100 mL of distilled water, and

the pH of this suspension was adjusted to 9–10 by adding NaOH

solution. A further dispersion was carried out by ultrasonic

treatment for 15 min.53 For the preparation of the CTN

suspension containing Au NPs and IL, 10 mg of Au-BMI$PF6

(previously prepared) were added to 20 mL of CTN suspension,

and the mixture was dispersed by sonication for 15 min. The

suspension obtained, consisting of the Au NPs and IL supported

in CTN (Au-BMI$PF6-CTN), was isolated by centrifugation

(3500 rpm) for 3 min, washed with hexane (3 � 5 mL) and dried

under reduced pressure. The Au-BMI$PF6-CTN samples thus

obtained were prepared for TEM analysis, depositing the parti-

cles directly on the holey carbon film supported on a copper grid.

This material was also characterized by SEM and EDS analyses,

using a magnification of 1250�.

Obtainment of the PER and measurement of activity

The PER enzyme was obtained from pea (P. sativum) according

to the following methodology: 25 g of the pea grains were

homogenized in a blender with 100 mL of phosphate buffer

solution (0.1 M, pH 7.0) until total homogenization of the

extract, at low temperature (4 �C) to preserve the enzymatic

activity. The homogenate obtained was then rapidly filtered to

eliminate the solid tissue and stored in a refrigerator (4 �C) for
subsequent use as the PER source.28,29

The activity of PER present in the pea homogenate was

determined in triplicate by measuring the absorbance at 470 nm

of tetraguaiacol produced by the reaction between 0.2 mL of

plant homogenate, 2.7 mL of 50 mM guaiacol solution and

0.1 mL of 9.8 mM hydrogen peroxide solution in phosphate

buffer (0.1 M, pH 7.0) at room temperature.28,29

Immobilization of PER in Au-BMI$PF6-CTN matrix

The immobilization of the PER in the CTN matrix containing

Au-BMI$PF6 was performed through the following procedure:

aliquots (30–125 mL) of pea homogenate, containing 500 to
Analyst, 2011, 136, 2495–2505 | 2497
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2000 units of PER, were added to 20 mg of the modified CTN

matrix (Au-BMI$PF6-CTN), individually. A paste was obtained

after homogenization with a spatula (5 min) and then dried at

room temperature. The resulting material containing

Au-BMI$PF6 and PER immobilized in crosslinked CTN was

used for construction of the proposed biosensor.
Construction of the biosensor

Firstly, 140 mg of graphite powder (70%, w/w) and 20 mg of Au-

BMI$PF6-CTN containing 1500 units of PER (10%, w/w) were

homogenized for 15 min with a mortar and pestle. Subsequently,

40 mg of Nujol (20%, w/w) were added to the mixture which was

then homogenized for a total of 15 min. After complete

homogenization, the graphite paste obtained was compacted into

a plastic tip with 1.0 mm internal diameter. Finally, a copper wire

of dimensions 0.4 cm � 5.0 cm was introduced for the electrical

contact and the biosensor was then used as the working elec-

trode. The biosensors containing PER immobilized on cross-

linked CTN (without Au-BMI$PF6 supported) and free enzyme

were prepared following the same steps. The bare carbon paste

electrode (bare CPE) was prepared in a similar way by mixing

only graphite powder and Nujol in a mortar. The constructed

electrodes were stored at room temperature in a dry place when

not in use.
Electrochemical measurements

All SWV and CV measurements were performed at room

temperature (25 � 0.5 �C) in a glass electrochemical cell con-

taining a 10.0 mL aliquot of phosphate buffer solution

(0.1 M, pH 7.0) not deaerated, and successive additions of an RA

standard solution or a pharmaceutical sample were carried out

using a micropipette. The SWV measurements were carried out

applying a potential sweep between +0.50 and �0.20 V at

a frequency of 10–120Hz, pulse amplitude of 10–100mVand scan

increment of 1.0–10.0 mV, after successive additions of the ana-

lyte. The cyclic voltammograms were recorded by cycling the

potential between +0.65 and�0.60 V at a scan rate of 200mV s�1.

All measurements were registered vs. Ag/AgCl (3.0 M KCl), and

with a stirring time of 60 s to homogenize the solutions.
Fig. 1 XRD pattern for the Au-BMI$PF6.
Analysis of the pharmaceutical samples

The quantification of RA using the proposed biosensor was

performed by the method of standard addition. Aliquots of

50 mL of the pharmaceuticals samples (A, B and C¼ syrup based

on spearmint extract) were directly transferred to the electro-

chemical cell containing 10,0 mL of the supporting electrolyte

(phosphate buffer, 0.1 M, pH 7.0) and 50 mL of the hydrogen

peroxide solution (9.79 mM), and successive additions of RA

standard solution were carried out using a micropipette. After

each addition, the solution was stirred for 60 s and SWV

measurements were recorded by scanning the potential from

+0.50 to �0.20 V vs. Ag/AgCl at a frequency of 100 Hz, pulse

amplitude of 80 mV and scan increment of 8.0 mV. All

measurements were performed in triplicate and the quantifica-

tion was based on the current resulting from the RA.
2498 | Analyst, 2011, 136, 2495–2505
Results and discussion

Characterization of Au-BMI$PF6 and Au-BMI$PF6 supported

in CTN

The XRD analysis clearly identified crystalline Au in the Au-

BMI$PF6 sample and indicated that the mean diameter (dmz 11

� 0.3 nm) could be estimated from the XRD pattern by means of

the Debye-Scherrer equation calculated from full width at half-

maximum (fwhm) of the (111), (200), (220), (311) and (222)

reflection planes (Fig. 1).

The TEM analysis was performed with samples prepared using

Au-BMI$PF6 and Au-BMI$PF6-CTN. The Au-BMI$PF6

sample was shaken ultrasonically and then deposited on holey

carbon film supported by a copper grid, while the Au-BMI$PF6-

CTN sample was deposited directly onto this surface for analysis.

The grids were placed on filter paper to remove the excess

material and allowed to dry out for 2 h under high vacuum.

Finally, these TEM samples were examined using a JEM-2010

microscope operating at an accelerating voltage of 120 kV.

Bright field TEM observations were performed under slight

underfocus conditions (Df z �300 nm), and particle size

distributions of the Au NPs were determined once the original

negative had been digitalized and expanded to 470 pixels cm�1.

The TEM micrograph of Au-BMI$PF6 (Fig. 2-A) and Au-

BMI$PF6 supported in CTN (Fig. 2-B) was observed at 120 kV

with a magnification of 500 K and an underfocus of 500 nm,

where the AuNPs are represented by black points. As can be seen

in Fig. 2-B, the metallic NPs were heterogeneously distributed in

the modified CTN matrix. The particles display an irregular

shape, but evaluation of their characteristic diameter results in

a monomodal particle size distribution. The mean diameter

(dm z 11 � 0.3 nm) of the Au NPs dispersed in BMI$BF6 was

estimated from ensembles of 300 particles, found in an arbitrarily

chosen area of the enlarged micrographs. Fig. 2-C shows the

particle size distributions obtained, which can be reasonably well

fitted by a Gaussian curve.

The SEM analysis of Au-BMI$PF6-CTN confirmed the pres-

ence and dispersion of the Au-BMI$PF6 supported in the

crosslinked CTN matrix used for enzymatic immobilization.

Also, the metal distribution determined by SEM-EDS analysis

showed the presence of metal gold (data not shown).
This journal is ª The Royal Society of Chemistry 2011
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Fig. 2 TEM micrograph showing the Au NPs in (A) Au-BMI$PF6 and

(B) Au-BMI$PF6-CTN samples (Au NPs represented by the black

points) observed at 120 kV with a magnification of 500 K and an

underfocus of 500 nm. (C) Histogram illustrating the particle size

distribution.
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Crosslinked CTN containing Au-BMI$PF6 and immobilized

PER

The properties of immobilized enzymes are controlled by the

characteristics of both the enzyme and the support material.

CTN is an excellent support material for enzyme immobilization

because of its various characteristics including hydrophilicity,

biocompatibility, biodegradability and physicochemical

stability. Moreover, the presence of acetamido groups and free

amino and hydroxyl groups in CTN is highly advantageous for

making available distinctive biological functions and conducting

reactions to modify its chemical structure.20,28,30

Fig. 3 shows a proposed scheme for the immobilization of

PER on CTN crosslinked with glyoxal and epichlorohydrin.

Initially, the glyoxal was used for the activation of the amine

groups of the CTN (approximately 10.5%). Glyoxal induces

Schiff’s base formation between its aldehyde groups and amino

groups of the enzyme molecules. The subsequent addition of the

epichlorohydrin causes rupture of the epoxide ring linking

through the carbon atom and removal of the chloride atom. An

IL phase containing Au NPs was supported in the crosslinked

CTN, and subsequently the pea homogenate containing the PER

enzyme was added to this biopolymeric matrix. It is possible that

the PER is covalently immobilized and entrapped within the

interstitial space of the crosslinked CTN biopolymer providing

strong interactions and high stability. In addition, the cross-

linked CTN containing Au-BMI$PF6 forms a favorable micro-

environment around the enzymes, making this method more

efficient in terms of maintaining the stability and extending the

lifetime of these biomolecules.
Principle of the enzymatic process occurring on the biosensor

Reactions catalyzed by enzymes have been widely used in the

determination of various analytes in the pharmaceutical,
This journal is ª The Royal Society of Chemistry 2011
environmental and food areas.12,26,28,29,54–57 PER catalyzes the

oxidation of several phenolic compounds to the corresponding

quinones in the presence of hydrogen peroxide. The development

of biosensors based on PER from plant extract or tissue has been

reported in the literature26,28,29,54 and they showed high stability,

high enzyme activity, ease of obtainment and low cost in

comparison with electrodes constructed with purified enzymes.

Fig. 4 shows a scheme of the reaction involved in the oxidation

of RA catalyzed by PER on the electrode surface. Initially, RA in

contact with PER, in the presence of the hydrogen peroxide, is

oxidized to the corresponding o-quinone. Subsequently, the

quinone produced is electrochemically reduced on the biosensor

surface at a potential of +0.14 V vs. Ag/AgCl. The resultant

current obtained in the electrochemical reduction of o-quinone to

the initial compound (RA) is proportional to the analyte

concentration and was used for quantification of this phenolic

compound.
Voltammetric behavior of RA in the bare CPE and biosensors

An evaluation of the contribution of the components employed

in the construction of the biosensor was carried out. In previous

studies carried out by our group18,28 the best carbon paste elec-

trode composition was found to be the ratio 70 : 20 : 10% (w/w)

graphite powder:binder:modifier material. Therefore, this

carbon paste composition was used in the present study in the

construction of the biosensor using different modifier materials.

Fig. 5 shows the cyclic and square-wave voltammograms

obtained using the (a) bare CPE, (b) biosensor-PER (free

enzyme), (c) biosensor-PER-CTN, (d) biosensor-PER-Au-

BMI$PF6-CTN (c and d – immobilized enzyme).

The CV measurements (Fig. 5-A) were performed in phos-

phate buffer solution (0.1 M, pH 7.0) containing 48.7 mM

hydrogen peroxide and 0.75 mMRA. It can be observed that the

successive addition of material modifier to the carbon paste

causes significant changes in the behavior and performance of the

electrodes, leading to an improvement in the analytical response.

The background current observed in the response of the

biosensor (d) is due to the capacitance of the electrode, and was

attributed to the presence of the IL in the modified material

(Au-BMI$PF6-CTN). With the addition of IL and metal NPs to

the CPEs the rate of transfer charge increases, due to the higher

conductivity of the electrode containing these modifiers.

All SWV measurements (Fig. 5-B) were performed in phos-

phate buffer solution (0.1 M, pH 7.0) containing 48.7 mM

hydrogen peroxide and 16.80 mM RA. Through this study, the

contribution of each modifier material to the resulting currents

obtained using the biosensors for RA detection can be seen more

clearly. In relation to the bare CPE (a), the addition of PER to

the electrode (b) promotes an increase of approximately 35% in

the response due to the catalytic activity of the enzyme toward

RA oxidation. The response obtained using the biosensor (c),

which contains the immobilized PER in crosslinked CTN, was

24% higher than that of the electrode (b) containing free enzyme.

The biosensor (d) showed a peak current approximately 26%

higher than that of the electrode (c), due to the catalytic activity

of the immobilized PER, together with the facilitation of electron

transfer provided by the addition of the biopolymer modified

with AuNPs and IL. This investigation demonstrates the benefits
Analyst, 2011, 136, 2495–2505 | 2499

http://dx.doi.org/10.1039/c1an15047b


Fig. 3 Schematic illustration of Au-BMI$PF6 and PER immobilized on CTN crosslinked with glyoxal and epichlorohydrin.

Fig. 4 Schematic representation of the PER-catalyzed oxidation of RA

with its subsequent electrochemical reduction on the biosensor surface, in

the presence of hydrogen peroxide.
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of incorporating these modifiers, particularly the new modified

polymeric matrix containing Au NPs and IL, for the develop-

ment of biosensors with greater sensitivity. Besides the intrinsic

catalytic ability of the metallic NPs and IL, the presence of these

materials can also provide a suitable microenvironment for the

enzyme, allowing the direct transfer of electrons between the

immobilized enzyme and the electrode surface. This behavior is
2500 | Analyst, 2011, 136, 2495–2505
in agreement with studies performed with biosensors containing

Ir-BMI$BF4,
18 Pt-BMI$PF6,

11 Ag-BMI$PF6 and Au-

BMI$PF6.
12

Thus, considering that biosensor (d) presented the highest

analytical response in the study carried out, this electrode was

selected for the biosensor optimization and applied to the

determination of RA in real samples.
Optimization of the biosensor construction and experimental

conditions

Various experimental conditions were thoroughly investigated in

the optimization of the proposed method, in the search for the

best analytical response and peak definition, such as the

concentration of PER used in the biosensor construction, elec-

trolyte support (buffer solution/pH), hydrogen peroxide

concentration in the electrochemical measurements and the SWV

parameters (frequency, pulse amplitude and scan increment).

The effect of the concentration of PER in the preparation of

the electrode was investigated from 3.3 to 13.3 units of PER/mg

of carbon paste, using pea homogenate as the enzymatic source.

The best response was obtained with the use of 7.5 units of PER/

mg of carbon paste, and with a higher amount of PER a decrease

in the analytical response was observed. This result is consistent
This journal is ª The Royal Society of Chemistry 2011
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Fig. 5 (A) Cyclic and (B) square-wave voltammograms obtained using

the (a) bare CPE, (b) biosensor-PER (free enzyme), (c) biosensor-PER-

CTN, (d) biosensor-PER-Au-BMI$PF6-CTN (c and d – immobilized

enzyme) in phosphate buffer solution (0.1M, pH 7.0) containing 48.7 mM

hydrogen peroxide and (A) 0.75 mMRA at 200 mV s�1 and (B) 16.80 mM

of RA at frequency 100 Hz, pulse amplitude 80 mV and scan increment

8.0 mV. Inset: Current values for bare CPE and different biosensors.
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with another study conducted in our group, in which a biosensor

was constructed using PER obtained from corn.28 Therefore, the

enzymatic concentration of 7.5 units of PER/mg of carbon paste

was used to continue the optimization studies.

The use of an appropriate supporting electrolyte is extremely

important in electrochemical processes. A study to select the best pH

of the supporting electrolyte for the proposedmethodwas carriedout

using0.1Mphosphatebuffer solutionsunderdifferentpHconditions

(6.0, 6.5, 7.0, 7.5, and 8.0). The highest current intensity for RA

determination was obtained using phosphate buffer solution

pH7.0 and, consequently, this supporting electrolyte was selected for

the subsequent analyses. This result is in agreementwith other studies

using plant-derived PER reported in the literature.26,28,29,58

The hydrogen peroxide concentration (from 9.8 to 192.0 mM)

used in the electrochemical measurements and its influence on the

biosensor response were also investigated. The optimum

hydrogen peroxide concentration was found to be 48.7 mM.

Therefore, this concentration was selected for subsequent studies.

Finally, the SWV parameters were investigated and optimized

to obtain the best biosensor performance. The parameters and
This journal is ª The Royal Society of Chemistry 2011
ranges investigated were: frequency (10–120 Hz), pulse ampli-

tude (10–120 mV) and scan increment (1–10 mV). This study was

performed in phosphate buffer solution (0.1 M, pH 7.0) con-

taining 48.7 mM hydrogen peroxide and 4.93 mM RA, and the

best analytical response was obtained using a frequency of 60 Hz,

amplitude of 100 mV and scan increment of 5 mV. Thus, these

instrumental conditions were selected for all subsequent RA

determinations.
Stability, repeatability and reproducibility of the biosensor

The stability was investigated to evaluate the performance of the

biosensor and the efficiency of the enzyme immobilization. For

this study, the biosensor was tested for the determination of RA

at different intervals over a period of approximately 120 days

stored at room temperature. In relation to the response obtained

on the day of construction, a relative response of more than

96.1% was maintained during the first 30 days, and after a period

of 60 and 120 days the biosensor exhibited a relative response of

90.5 and 85.0%, respectively. These results are acceptable and

can be attributed to preservation of the integrity of the PER

which maintained its enzymatic activity due to its immobilization

in the Au-BMI$PF6-CTN matrix.

The repeatability study was carried out through ten successive

measurements by SWV, using the proposed biosensor in 4.93 mM

of RA in phosphate buffer solution (0.1 M, pH 7.0). The

biosensor showed a relative standard deviation (RSD) of 2.7%

for this study. The reproducibility of the analytical signal for RA

was observed using six biosensors constructed individually,

under the previously optimized conditions. An adequate repro-

ducibility was obtained, with an RSD of the current values of

4.9%.
Square-wave voltammograms and analytical curve

The construction of the analytical curve for RA was performed

using the proposed biosensor by SWV, under the previously

optimized experimental conditions, in the potential range of

+0.50 to �0.20 V vs. Ag/AgCl. The electrochemical reduction

of RA on the surface of the biosensor was obtained at a potential

of approximately +0.14 V vs. Ag/AgCl. The representation of

square-wave voltammograms used to obtain the calibration

curve for RA is shown in Fig. 6. The regression equation for the

analytical curve is as follows: �Di ¼ 1.75(�0.02) + 8.56(�0.03)

� 105 [RA], with a correlation coefficient (R) of 0.9993, where Di

is the resultant peak current (mA) and [RA] is the RA concen-

tration (M). The linear range obtained was 0.50 mM to 23.70 mM

of RA. The calculated limit of detection (LOD ¼ three times the

standard deviation of the intercept/slope) and limit of quantifi-

cation (LOQ ¼ ten times the standard deviation of the intercept/

slope) were found to be 70.09 nM and 0.23 mM, respectively.

This biosensor showed lower detectability for RA in

comparison to another biosensor previously developed by our

group.45 The biosensor constructed by Franzoi et al.45 was based

on laccase from Aspergillus oryzae and BMI$PF6 IL, and pre-

sented a linear range to RA concentrations of 0.99 mM to

65.40 mMwith a LOD of 0.19 mM. In addition, the biosensor that

we are now proposing is more sensitive than that another

biosensor45 (slope ¼ 5.63 � 105 mA M�1). Thus, the satisfactory
Analyst, 2011, 136, 2495–2505 | 2501

http://dx.doi.org/10.1039/c1an15047b


Fig. 6 Square-wave voltammograms obtained using the proposed

biosensor in (a) 48.7 mM hydrogen peroxide in phosphate buffer solution

(0.1 M, pH 7.0) and standard solutions of RA in the following concen-

trations: (b) 0.50 mM, (c) 0.99 mM, (d) 1.98 mM, (e) 4.93 mM, (f) 7.35 mM,

(g) 9.76 mM, (h) 12.10 mM, (i) 14.50 mM, (j) 16.80 mM, (k) 19.10 mM, (l)

21.40 mM, and (m) 23.70 mMat frequency 100 Hz, pulse amplitude 80 mV

and scan increment 8.0 mV. Inset: analytical curve of RA.

Fig. 7 Current response of the proposed biosensor obtained by SWV as

a function of RA concentration. Insert: Lineweaver–Burk plot of the

data.
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performance of the proposed biosensor can be attributed to the

good stability of the immobilized PER, high conductivity of the

IL and facilitation of the electron transfer by the Au NPs,

significantly improving the detectability of the electrode. A

notable contribution of the IL and Au NPs supported in CTN to

the analytical response of the biosensor can be seen in Fig. 5

(shown previously), confirming the capacity of these materials to

improve the detectability and sensitivity of this method.
Determination of the Michaelis–Menten constant

The apparent Michaelis–Menten constant (Kapp
m ), which gives an

indication of the enzyme–substrate kinetics, can be obtained

from the electrochemical version of the Lineweaver–Burk model

(double reciprocal).59 The parameter Kapp
m is inversely propor-

tional to the affinity of the enzyme for the substrate.60 To obtain

the Kapp
m value, the proposed biosensor (biosensor-PER-Au-

BMI$PF6-CTN) was employed in the determination of RA in

concentrations of 0.50 to 75.90 mM in phosphate buffer solution

(0.1 M, pH 7.0) containing 48.7 mM hydrogen peroxide at 25 �
0.5 �C. Fig. 7 shows the current response of the proposed

biosensor obtained by SWV as a function of RA concentration.

As can be seen, at high RA concentrations the resulting peak

current deviated from linearity and approached a constant value

reflecting the maximum rate of the enzymatic reaction under RA

saturation conditions, showing a characteristic of Michaelis–

Menten kinetic mechanism. The Kapp
m value was determined using

the Lineweaver–Burk plot (1/Di vs. 1/[RA]), where the intercept

with the x-axis is equal to –1/Kapp
m ,59 and a value of 54.8 mM was

obtained. This smallKapp
m value indicates that the biosensor-PER-

Au-BMI$PF6-CTN has high catalytic efficiency in the RA

determination. This study was also conducted with the biosensor

containing free enzyme (biosensor-PER – electrode ‘‘b’’ shown in

Fig. 5) and the biosensor containing immobilized enzyme in

crosslinked CTN (biosensor-PER-CTN – electrode ‘‘c’’ shown in
2502 | Analyst, 2011, 136, 2495–2505
Fig. 5), and the values of 407.4 mM and 263.0 mM were found,

respectively. The smaller Kapp
m value means that the immobilized

enzyme has higher enzymatic activity, even after the immobili-

zation process.59,61,62 Therefore, the results of this study showed

that the immobilization procedure promoted a significant

increase in the enzyme selectivity toward RA.
Interference, recovery study and analytical application

Some compounds with electroactive properties may be potential

interferents in terms of the analytical response when present in

the pharmaceutical samples under analysis. Thus, in this study,

using the proposed biosensor, the possibly interference from

various compounds present in the drug samples in the analytical

signal obtained in RA determination was investigated in detail.

The compounds investigated were ascorbic acid, benzoic acid,

esculetin, luteolin, rutin, chlorogenic acid and gallic acid. SWV

measurements were performed using solutions containing 4.93

mM of RA in phosphate buffer solution (0.1 M, pH 7.0) and

adding different concentrations of the above-mentioned

compounds. The ratios between the concentrations of RA and

each interfering compound were fixed at 1 : 1, 1 : 2, 1 : 3, 1 : 5

and 1 : 10. The interference study was performed in triplicate and

the results indicated that the compounds tested showed no

significant interference in the analysis, causing changes in the

analytical signal for RA of less than �3.0% for a concentration

ratio of 1 : 1 and less than�6.5% for ratios of 1 : 3 using luteolin,

rutin and chlorogenic acid and 1 : 10 using the other potentially

interfering compounds studied (Table 1). These results indicate

that this electrode was able to determine the amount of RA in the

presence of the potential interferents with good selectivity.

A recovery study and RA determination were performed with

the standard addition method, in triplicate, using three phar-

maceutical samples (A, B and C). Recovery measurements were

obtained by adding different standard concentrations (4.90, 9.71

and 14.40 mM) of RA to each pharmaceutical sample. The

percentage recovery values were calculated by comparing the

concentrations detected in samples with and without the addition
This journal is ª The Royal Society of Chemistry 2011
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Table 1 Study of potentially interfering compounds in quantification of RA using the proposed biosensor

Compound (C) Structure [RA]:[C]
Change in the analytical
signal of RA (%)a

ascorbic acid

1 : 1 1.11 � 0.1
1 : 5 3.70 � 0.2
1 : 10 5.55 � 0.1

benzoic acid

1 : 1 0.92 � 0.3
1 : 5 2.24 � 0.1
1 : 10 3.56 � 0.1

esculetin

1 : 1 0.35 � 0.2
1 : 5 3.85 � 0.2
1 : 10 6.47 � 0.1

luteolin

1 : 1 2.86 � 0.3
1 : 2 4.28 � 0.1
1 : 3 5.71 � 0.2

rutin

1 : 1 2.53 � 0.1
1 : 2 5.06 � 0.1
1 : 3 6.33 � 0.2

chlorogenic acid

1 : 1 1.45 � 0.2
1 : 2 2.90 � 0.1
1 : 3 5.80 � 0.2

gallic acid

1 : 1 2.11 � 0.1
1 : 5 3.74 � 0.2
1 : 10 5.20 � 0.1

a Mean � standard deviation; n ¼ 3.
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of known concentrations of the RA standard solution. The

recoveries of 98.4 to 106.3% obtained for these samples demon-

strate the satisfactory accuracy of the proposed biosensor

(Table 2). It can be clearly observed that the recovery results

obtained indicate an absence of matrix effects in the analysis.

In addition, to verify the efficiency of the biosensor developed,

these pharmaceutical samples were also used in the RA
This journal is ª The Royal Society of Chemistry 2011
quantification. The RA contents determined in samples A, B and

C were 1.77 � 0.001, 1.80 � 0.001 and 1.72 � 0.002 mM,

respectively. These contents of RA obtained using the biosensor

are consistent with the content specified on the label of the

pharmaceutical formulations (1.79 mM), with a relative error of

less than �3.9%, confirming the accuracy of the method

proposed in this study.
Analyst, 2011, 136, 2495–2505 | 2503
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Table 2 Recovery of RA in pharmaceutical samples using the proposed
biosensor

Samplea

RA (mM)

Recovery (%)cAdded Foundb

A 4.90 4.90 � 0.25 100.0
9.71 9.90 � 0.19 102.0
14.40 14.29 � 0.17 99.2

B 4.90 5.21 � 0.19 106.3
9.71 9.65 � 0.11 99.4
14.40 14.40 � 0.22 100.0

C 4.90 4.82 � 0.19 98.4
9.71 9.96 � 0.14 102.6
14.40 14.29 � 0.22 99.2

a A, B and C ¼ syrup based on spearmint extract. b Mean � standard
deviation; n ¼ 3. c Recovery ¼ (mean value found/added value) � 100.
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Conclusions

This paper describes the synthesis of a new SILP catalyst based

on Au NPs and IL (Au-BMI$PF6) supported in CTN chemically

crosslinked with glyoxal and epichlorohydrin, and its application

as an excellent matrix for enzyme immobilization. This modified

biopolymer matrix (Au-BMI$PF6-CTN) was used as a support

for the immobilization of the enzyme PER obtained from pea,

and employed to develop a new biosensor for RA quantification

in pharmaceutical samples by SWV. This biosensor exhibited

high sensitivity, adequate selectivity, and good reproducibility

and stability. In addition, the cost-effectiveness and simplicity of

the proposed biosensor makes it superior to other traditional

analytical methods used for phenolic compounds determination.

The efficient analytical performance of the proposed biosensor

can be attributed to the effective immobilization of the PER

enzyme in the modified CTN matrix, the significant contribution

of the high conductivity of IL BMI$PF6, the facilitation of

electron transfer promoted by Au NPs, and the inherent catalytic

ability of the IL and metallic NPs. A significant contribution of

these modifier materials was observed in the study described

herein, especially in relation to an increase in the current

responses obtained with the proposed biosensor compared to an

unmodified electrode. The results of this study show that the

proposed method offered good precision and accuracy for the

determination of RA in pharmaceutical formulations.
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