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An improved D-amino acid biosensor was constructed based on covalent immobilization of D-amino acid
oxidase onto carboxylated mutliwalled carbon nanotube/copper nanoparticles/polyalinine hybrid film
electrodeposited on gold electrode. The biosensor exhibited an optimal response within 2 s at pH 8.0
and 30 �C when polarized at 0.09 V. There was a linear relationship between biosensor response (lA)
and D-alanine concentration ranging from 0.001 to 0.7 mM. The sensitivity of the biosensor was
54.85 lA cm�2 mM�1 with a lower limit of detection of 0.2 lM (signal/noise = 3). The enzyme electrode
was used 150 times over a period of 4 months. The biosensor measured the D-amino acid level in fruit
juices.

� 2013 Elsevier Inc. All rights reserved.
The level of amino acids in foods is used as a measure of their
nutritive value. Food materials contain large quantities of non-
natural substances of external origin that influence their digestibil-
ity to a considerable degree [1]. Foodstuffs are the most significant
sources of non-natural D-amino acids (DAAs).1 Racemization of the
naturally occurring L-form of amino acid into its D-form can decrease
the nutritional value of food products [2]. Modern food industry
technology applies a diverse range of procedures to modify the char-
acteristics of proteins to improve the flavor, consistency, and non-
perishability of food [3]. Heat and/or alkali treatment have been used
preferentially to manufacture the products possessing particular
characteristics, form, and function as they give rise to the DAA level
[4]. DAAs are found in commercial foodstuffs and alcoholic bever-
ages, which are generated during technological processing. The
DAA level in fruit juices elevates in association with microbial
growth in samples [5] because D-isomers of amino acids are common
constituents of the bacterial cell wall [6]. The presence of DAAs in
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proteins leads to a decrease in digestibility and the availability of
L-amino acids (LAAs). Changes in DAA level in the brain are associ-
ated with several neurological and psychiatric diseases and, thus,
have a major impact on the organism as a whole. Therefore, the
determination of DAAs in foodstuffs is very important.

Various analytical techniques have been employed for determi-
nation of DAAs, including high-performance liquid chromatogra-
phy (HPLC), gas chromatography [7–9], capillary electrophoresis
[7], spectrophotometry [10], and chiral HPLC based on two-
dimensional HPLC separations [11]. All of these methods are very
sensitive, reliable, and reproducible, but they are very expensive
and require time-consuming sample preparation, unportable and
specialized equipment, and trained persons to operate. Biosensors
overcome these problems, because they are comparatively more
simple, fast, responsive, and sensitive and are highly specific, accu-
rate, and portable after miniaturization; thus, they are suitable for
clinical, nutritional, biomedical, and pharmaceutical analysis [12].

A number of DAA biosensors have been reported based on
immobilization of D-amino acid oxidase (DAAO) onto Prussian Blue
(PB) film electrodeposited onto gold (Au) electrode [13] graphite
working electrode [14] gel matrix of hydroxyethyl cellulose [15],
polyethylenimine modified electrode [10], thin layer Plexi cell
[16], rhodonized carbon electrode [12], amine modified silica gel
[17], Teflon electrode matrix [18], Teflon membrane [19], eggshell
membrane [20], PB and single-walled carbon nanotubes (SWCNTs)
[21], Amberzyme oxirane support [22], poly(o-phenylenediamine)
and Nafion modified platinum–iridium disk electrode [23], and
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nickel hexacyanoferrate/polypyrrole/glassy carbon electrode [24].
In these biosensors, the immobilized DAAO electrode brings about
the stereospecific oxidative deamination of DAAs as follows:

d-Amino acidþ O2 þH2O !DAAO a� keto acidþ NH3 þH2O2 ð1Þ

The H2O2 generated is measured electrochemically, which is di-
rectly proportional to the concentration of DAAs. However, these
biosensors suffer from low stability, reusability, and sensitivity;
thus, they still need to be improved.

The use of nanomaterials in construction of enzyme electrodes
has led to improvement in their stability, reusability, sensitivity,
and anti-interference ability. Among the various metal nanoparti-
cles, copper nanoparticles (CuNPs) have attracted much attention
because of their catalytic and optical properties and high electrical
and heat conductivity [25].

Carbon nanotubes (CNTs) have also been employed to improve
the analytical performance of biosensors because of their distinc-
tive physical and chemical properties, which promote fast electron
transfer. Composite materials based on integration of CNTs with
some other nanomaterials possess properties of the individual
components with a synergistic effect. Due to its facile preparation,
high conductivity, and good environmental stability, a conducting
polymer has become the most attractive one for construction of
CNT-based composites [26]. Polyaniline (PANI) is one of the most
intensively investigated conducting polymers due to its excellent
stability in different solutions, good electronic properties, and
strong biomolecular interactions [27]. Thus, PANI/CNT composites
synthesized chemically or electrochemically have attracted inter-
est to improve the electrical conductivity, electrochemical capaci-
tance, and electrocatalytic properties of enzyme electrodes [28].

Here we describe the construction of an improved amperomet-
ric DAA biosensor by covalently immobilizing DAAO onto carbox-
ylated multiwalled carbon nanotube (c-MWCNT)/CuNPs/PANI/Au
electrode, its evaluation, and its application in measurement of
DAAs in fruit juices.

Materials and methods

Materials used

Sephadex G-100, DAAO from porcine kidney (EC 1.4.3.6, 0.05 U/
mg solid), and DEAE–Sephacel from Sigma–Aldrich (USA), D-alanine
(D-Ala), ferrous chloride, N-ethyl-N0-(3-dimethylaminopropyl)
carbodiimide (EDC), N-hydroxysuccinimide (NHS), and ferric chloride
from SRL (Mumbai, India), and c-MWCNTs from Intelligent Materials
(Panchkula, India) were used. All other chemicals used were of
analytical reagent (AR) grade. Gold wire and fruit juices of different
brands were purchased from the local market. Double distilled
water (DW) was used in all experimental studies.

Assay of free DAAO

The assay of free DAAO was carried out as described in Ref. [29]
with modification. It was based on quantification of H2O2, gener-
ated from oxidation of D-Ala catalyzed by DAAO, using a color reac-
tion consisting of 4-aminophenazone, phenol, and peroxidase as a
chromogenic system. The reaction mixture consisting of 0.7 ml of
Tris–HCl buffer (pH 8.0, 0.05 M), 0.1 ml of D-Ala solution
(0.1 mM), and 0.1 ml of DAAO solution (0.5 U/ml) was incubated
at 37 �C for 10 min. Then 1 ml of color reagent (50 mg of 4-amino-
phenazone, 100 mg of phenol, and 1.0 mg of horseradish peroxi-
dase in 100 ml of 0.4 M sodium phosphate buffer [pH 7.0] and
stored in the dark at 4 �C) was added and incubated in the dark
at 37 �C for 15 min to develop the color. A520 was read and H2O2

concentration was interpolated from its standard curve (A520 vs.
concentration of H2O2). One unit of DAAO is defined as the amount
of enzyme required to catalyze the formation of 1.0 lmol of H2O2

from oxidation of DAA per minute/milliliter under standard assay
conditions.
Construction of DAAO/c-MWCNT/CuNPs/PANI modified Au electrode

Preparation of CuNPs
After 50 ml of aqueous solution of NaBH4 (0.3 M) was added to

100 ml of aqueous solution of CuSO4 (0.4 M), the solution was
heated to 45 �C under continuous stirring. After 30 min, the solu-
tion was spilled out and filtered. The filtrate was washed three
times with absolute ethanol and acetone separately and finally
dried in a drying oven [30].
Characterization of CuNPs
The morphological characterization of CuNPs was carried out in

an ultraviolet (UV) spectrophotometer (model 1700 A, Shimadzu),
a transmission electron microscope (TEM, JEOL 2100 F) at Jawahar
Lal Nehru University (New Delhi, India), and an X-ray difractome-
ter (XRD, 122 Rigaku, D/Max2550, Japan) at Guru Jambheshwar
University (Hisar, India) on a commercial basis.
Electrodeposition of c-MWCNT/CuNPs/PANI onto Au electrode
The surface of an Au wire (2 cm � 1 mm) was polished manu-

ally by alumina slurry (diameter = 0.05 lm) with a polishing cloth,
washed thoroughly with DW, and then placed into ethanol, soni-
cated to remove adsorbed particles, and finally washed with DW
three or four times. c-MWCNTs (1.0 mg) were suspended into a
4-ml mixture of concentrated H2SO4 and HNO3 in a 3:1 ratio and
then ultrasonicated for 3 to 4 h to get its finely dispersed black-col-
ored solution. The dispersed c-MWCNT solution (0.1 ml) was
mixed into a mixture of 0.5 ml of 0.2 M EDC and 0.5 ml of 0.2 M
NHS (pH adjusted to 6.0) and kept at room temperature for 1 h.
Aniline (200 ll) was added to 25 ml of 1 M KCl (as electrolyte)
and electropolymerized onto the surface of cleaned Au electrode
by cyclic voltammetry, that is, by applying 20 successive polymer-
ization cycles from �0.15 to 0.30 V at a scan rate of 20 mV s�1 in a
potentiostat–galvanostat (model AUT83785, Autolab, manufac-
tured by Eco Chemie, The Netherlands). CuNP suspension
(200 ll) and 1.0 ml of EDC/NHS activated c-MWCNT suspension
were added to this 25 ml of 1 M KCl and electrodeposited onto
PANI modified Au electrode by applying 20 polymerization cycles
from �0.15 to 0.30 V at a scan rate of 20 mV s�1. The resulting c-
MWCNT/CuNPs/PANI modified Au electrode was washed thor-
oughly with DW to remove unbound matter and kept in a dry Petri
plate at 4 �C.
Immobilization of DAAO onto c-MWCNT/CuNPs modified Au electrode
c-MWCNT/CuNPs/PANI/Au electrode was dipped into 1.5 ml of

DAAO solution (0.5 U/ml) and kept overnight at 4 �C for immobili-
zation. The modified electrode with immobilized DAAO was
washed three or four times with 0.1 M Tris–HCl buffer (pH 8.0)
to remove residual unbound protein. The resulting DAAO/c-
MWCNT/CuNPs/PANI/Au electrode (i.e., enzyme electrode) was
used as working electrode and stored at 4 �C when not in use.
Scanning electron microscopy
The working electrode was characterized by scanning electron

microscopy (SEM) at different stages of its construction. The SEM
images of bare Au electrode, c-MWCNT/CuNPs/PANI/Au, and
DAAO/c-MWCNT/CuNPs/PANI/Au electrode were taken in a scan-
ning electron microscope (Zeiss EV040) at Jawahar Lal Nehru Uni-
versity, New Delhi.
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Cyclic voltammetry and testing of DAA biosensor
Cyclic voltammetry (CV) of c-MWCNT/CuNPs/PANI/Au elec-

trode with and without DAAO was recorded in a potentiostat–
galvanostat from �0.15 to 0.3 V versus Ag/AgCl as reference and
Pt wire as counter electrode in 25 ml of 0.05 M Tris–HCl buffer
(pH 8.0) containing 100 ll of 0.1 mM D-Ala.

Optimization of DAA biosensor

To optimize working conditions of the biosensor, effects of pH,
incubation temperature, time, and substrate (D-Ala) concentration
on biosensor response were studied. To determine the optimal pH,
the pH was varied between 5.0 and 10.0 at an interval of 0.5 pH
unit using the following buffers, each at a final concentration of
0.05 M: pHs 5.0 to 5.5 sodium succinate buffer, pHs 6.0 to 7.5 so-
dium phosphate buffer, and pHs 8.0 to 10.0 Tris–HCl buffer. Simi-
larly to determine the optimal temperature, the reaction mixture
was incubated at different temperature (15–50 �C) at an interval
of 5 �C. The effect of D-Ala concentration on biosensor response
was determined by varying the concentration of D-Ala in the range
0.001 to 1.0 mM. The current response (in lA) was recorded by
applying different potentials ranging from �0.15 to �0.3 V.

Application of DAA biosensor in fruit juices
DAA content of fruit juices was determined by the current bio-

sensor in the a similar manner as described above for its response
measurement under its optimal working conditions except that
D-Ala was replaced by fruit juice sample. The DAA content in fruit
juices was interpolated from the calibration curve between D-Ala
concentration and current (in lA) prepared under optimal assay
conditions of enzyme electrode (Fig. 1).

Storage stability of DAAO/c-MWCNT/CuNPs/PANI/Au electrode
The storage stability of the enzyme electrode was studied for

4 months by measuring its response weekly. The electrode was
stored dry at 4 �C, when not in use.

Results and discussion

Characterization of CuNPs

UV and visible spectra exhibited a strong absorbance peak at
600 nm, confirming the synthesis of CuNPs (Fig. 2A). A typical
TEM image of CuNPs showed the spherical shape of CuNPs with
an average size of 30 nm (Fig. 2B). The XRD patterns of CuNPs
showed the characteristic peak of CuNPs (Fig. 2C). The XRD peaks
of CuNPs corresponded well to the reflection of Cu (CCID file no.
Fig.1. Effect of D-Ala concentration on response of DAA biosensor based on DAAO/c-
MWCNT/CuNPs/PANI/Au electrode.
040836, cubic). Two main characteristic peaks for Cu at
2h = 43.3� and 50.4�, corresponding to Miller indexes 111 and
200, were observed. The peak positions were in good agreement
with literature values of face-centered cubic (fcc) Cu [31]. These
observations confirmed that the resultant particles were pure
CuNPs.

SEM studies of enzyme electrode

The SEM images of the surface of bare Au electrode, PANI/Au, c-
MWCNT/CuNPs/PANI/Au electrode, and DAAO/c-MWCNT/CuNPs/
PANI/Au electrode are shown in Fig. 3A–D, respectively. The SEM
image of bare Au electrode showed a smooth and featureless mor-
phology (Fig. 3A). Fig. 3B shows an SEM image of the fibrillar struc-
ture of PANI. Fig. 3C shows an SEM micrograph of c-MWCNT/PANI/
CuNPs/Au electrode that exhibited its uniform, homogeneous, and
cable-like morphology of the nano composite film, indicating that
c-MWCNTs and CuNPs were well dispersed over the PANI layer in
the hybrid film. After immobilization of enzyme on c-MWCNT/
CuNPs/PANI hybrid film, the enzyme electrode showed the spo-
radic appearance of globular/beaded structure on the hybrid film
(Fig. 3D), indicating that enzyme was successfully immobilized
on the surface of c-MWCNT/CuNPs/PANI composite film.

Construction of D-amino acid biosensor

Fig. 4 provides the schematic representation of construction of
enzyme electrode based on covalent immobilization of DAAO onto
c-MWCNTs decorated with CuNPs and electrodeposited on the
surface of Au electrode along with PANI. During construction of
enzyme electrode, DAAO was immobilized covalently onto
c-MWCNT/CuNPs/PANI/Au electrode through EDC/NHS activated
c-MWCNTs. The reaction includes the formation of an intermediate
ester (the product of condensation of the free –COOH groups of
c-MWCNT/CuNPs/PANI composite film and NHS). The active ester
intermediate reacts with the –NH2 groups on the surface of en-
zyme to yield the final amide bond, confirming the covalent immo-
bilization of enzyme on the surface of c-MWCNT/CuNPs/PANI
composite film. The cyclic voltammograms of c-MWCNT/CuNPs/
PANI/Au exhibited an enhanced current response, revealing that
c-MWCNT/CuNPs/PANI/Au composite film has a large effective sur-
face area and could provide composite matrix for faster kinetics.
Hence, the c-MWCNT/CuNPs/PANI acting as electron transfer
mediator helps in enhancing the biosensor response and, thus, in-
creases its sensitivity. This covalent coupling of the enzyme onto c-
MWCNT/CuNPs/PANI composite film does not allow the leaching
of the enzyme during repeated washing of the enzyme electrode
for its reuse. Earlier DAA biosensors suffered due to the leakage
of enzyme on account of noncovalent coupling of enzyme onto
the electrode [19,20,24].

Response measurements of DAA biosensor

The maximum response (current in lA) was observed at 0.09 V,
which is lower/better than earlier DAA biosensors based on thin
layer Plexi cell (0.45 V) [16] and nickel hexacyanoferrate/polypyr-
role/glassy carbon electrode (0.25 V) [24]; hence, subsequent stud-
ies were carried out at this voltage. The low working potential is
advantageous because it does not allow ionization of interfering
compounds. Amperometric response of DAAO/c-MWCNT/CuNPs/
PANI/Au was increased on the addition of 100 ll (0.1 mM) of
D-Ala at the applied potential (0.09 V). When D-Ala was added into
the buffer solution, the oxidation current rose steeply to reach a
stable value (Fig. 5). The sensor responded very rapidly, producing
95% of the steady-state current within 2 s, which is less time than
that needed for earlier biosensors based on eggshell membrane



Fig.2. (A) UV–visible spectra of CuNPs. (B) TEM image of CuNPs. (C) XRD pattern of CuNPs.

Fig.3. SEM images of bare Au electrode (A), PANI/Au electrode (B), c-MWCNT/CuNPs/PANI/Au electrode (C), and DAAO/c-MWCNT/CuNPs/PANI/Au electrode (D).
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(1 min) [20] and Teflon membrane (10–15 min) [22]. This faster re-
sponse can be attributed to the synergetic influence of c-MWCNT,
PANI, and CuNPs composite film, which provides an environment
for the enhanced electrocatalytic effect and a fast electron transfer
rate. The synergistic influence of c-MWCNT, PANI, and CuNPs con-
tributes to the excellent performance for the biosensor.



Fig.4. Schematic representation of chemical reactions involved in the fabrication of DAAO/c-MWCNT/CuNPs/PANI/Au electrode.

Fig.5. Cyclic voltammograms of the bare Au electrode (curve a) and the electro-
chemical deposition of c-MWCNT/CuNPs/PANI/Au electrode (curve b) in 0.05 M
Tris–HCl buffer (pH 8.0) with 0.1 mM D-Ala. Supporting electrolyte: 0.1 M KCl
solution; scan rate: 50 mV s�1.
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FTIR spectra

Fig. 6A shows Fourier transform infrared (FTIR) spectra for PANI,
c-MWCNT/CuNPs/PANI, and enzyme/c-MWCNT/CuNPs/PANI com-
posites. The spectrum for PANI (Fig. 6A, curve i) exhibited a clear
presence of benzoid at 1491.03 cm�1 and a quinoid ring vibration
at 1548.24 cm�1, indicating the oxidation state of emaraldine salt
of PANI. The strong band around 1139.61 cm�1 can be attributed
to B � N+ = Q (characteristic peak of PANI conductivity) and a mea-
sure of the degree of the delocalization of electrons [32]. The very
weak and broad band around 3435 cm�1 was assigned to the N–H
stretching mode of PANI. In the FTIR spectra of c-MWCNT and CuNPs
is a very broad peak at 3399.3 cm�1 that corresponds to the –OH
group present on c-MWCNTs. When PANI and c-MWCNT composite
was formed, no new absorption peak results, but peak shapes change
to some extent due to interaction between c-MWCNTs and PANI and
CuNPs (Fig. 6A, curve ii). The interaction between the c-MWCNTs
and PANI due to charge transfer may result in an increase in the
N–H stretching intensity. There was a shift in peak from 3435 to
3419 cm�1 and from 1491.03 to 1593.19 cm�1. The enzymes bind-
ing on c-MWCNT/CuNPs/PANI/Au electrode were indicated by the
appearance of additional absorption bands at 1647.5 and
1589.10 cm�1 (Fig. 6A, curve iii), which were assigned to carbonyl
stretch (amide I band) and –N–H bonding (amide II band), respec-
tively. In addition, a change in peak position was observed (1636
to 1647.5 cm�1 and 1570 to 1540 cm�1), indicating that the DAAO
was immobilized onto c-MWCNT/CuNPs/PANI composite film. The
successful covalent immobilization of enzyme onto c-MWCNT/CuN-
Ps/PANI composite film was indicated by the appearance of the
infrared absorption of the amide I and amide II [33].
Electrochemical impedance measurements

The Nyquist plot (Fig. 6B) displays electrochemical impedance
spectroscopy (EIS) studies of PANI/Au (curve a), c-MWCNT/CuNPs/
PANI/Au (curve b), and DAAO/c-MWCNT/CuNPs/PANI/Au (curve c)
in 0.05 M Tris–HCl buffer (pH 8.0) containing 5 mM K3Fe(CN)6/
K4Fe(CN)6 (1:1) as a redox probe. The RCT values for the PANI/Au,
c-MWCNT/CuNPs/PANI/Au, and DAAO/c-MWCNT/CuNPs/PANI/Au
electrodes were obtained as 475, 315, and 390 O, respectively. The
RCT of c-MWCNT/CuNPs/PANI/Au electrode (curve b) was lower than
that of PANI/Au electrode (curve a), revealing its decreased resis-
tance and high electron transfer efficiency. This means that the
c-MWCNTs and CuNPs inside the PANI matrix may lead to a faster
electron transport in the bulk film and charge transfer in the parallel
PANI film interface and c-MWCNT interface compared with that in
the originally pure PANI interface. This suggests that the c-MWCNTs
and CuNPs have an obvious improvement effect that makes the
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composite have more active sites for Faradaic reactions. This may
lead to enhanced conductivity of modified Au electrode due to lower
resistance and, thus, facilitates the charge transfer of the composite.
However, the RCT of DAAO/c-MWCNT/CuNPs/PANI/Au enzyme elec-
trode (curve c) increased compared with that of c-MWCNT/CuNPs/
PANI/Au electrode. This increase in RCT can be attributed to the fact
that most biological molecules, including enzymes, are poor electri-
cal conductors at low frequencies and cause hindrance to electron
transfer. These results also indicate the binding of enzymes onto c-
MWCNT/CuNPs/PANI composite.
Optimization of D-amino acid biosensor

The biosensor showed the optimal response at pH 8.0, which is
similar to that of earlier biosensors based on activated controlled
pore glass (pH 8.0) [19] and Amberzyme oxirane support (pH
8.0) [22] but higher than that of biosensors based on silica gel
(pH 5.3) [17], eggshell membrane (pH 7.0) [20], and PB and Nafion
layer (pH 7.4) [21] (Table 1). The biosensor response increases as
the incubation temperature increases up to 30 �C, after which it de-
clines rapidly because of the denaturation of enzyme (DAAO). The
optimal temperature of the current biosensor was comparable to
those of earlier DAA biosensors (Table 1). Hence, the subsequent
experiments were performed at 30 �C. There was a hyperbolic rela-
tionship between biosensor response and D-Ala concentration in
the range of 0.001 to 1.0 mM, and the response was constant after
0.65 mM. The linear plot reveals that enzyme electrode can work
well in DAA solution with a sensitivity of 54.85 lA/mM/cm2.

Evaluation of biosensor

Linearity
There was a linear relationship between the current (in lA) and

the D-Ala concentration in the range of 0.001 to 0.650 mM
(Table 1).

Detection limit
The detection limit of the current sensor was 0.2 lM (signal/

noise = 3), with the limit of quantification (LOQ = 10 (standard
deviation of response of biosensor/slope of calibration curve) being
0.03 lM, which is lower than those of earlier biosensors (Table 1).

Analytical recovery
Analytical recoveries of exogenously added 0.5 and 1.0 mM

DAAs in fruit juice by the current method were 98% and 97%,
respectively, showing the high reliability of the method (Table 2).

Precision
To check the reproducibility and reliability of the current DAA

biosensor, the DAA contents of the fruit juice in one run
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Table 2
Analytical recovery of added D-Ala in fruit juice, as measured by DAA biosensor based
on DAAO bound to c-MWCNT/CuNPs/PANI/Au electrode.

DAA added DAA (mM) (%) Recovery

– 0.95 100
0.5 1.44 98
1.0 1.92 97

Table 3
Within- and between-assay coefficients of variation for determination of DAA in fruit
juices, as measured by DAA biosensor based on DAAO bound to c-MWCNT/CuNPs/
PANI/Au electrode.

n Mean (mM) CV (%) Relative standard deviation (%)

Within assay (6)
1.22 1.25 3.4 3.41
1.31
1.26
1.28
1.25
1.19

Between assay (6)
1.38 1.305 4.5 4.57
1.32
1.35
1.29
1.28
1.21
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(within-batch) and after storage at �20 �C for 1 week (between-
batch) were determined. The results showed that the DAA values
of these determinations agreed with each other, and the within-
batch and between-batch coefficients of variation (CVs) were
3.4% and 4.5%, respectively (Table 3), showing the good reproduc-
ibility and reliability of the method.
Application of DAA biosensor

To study the accuracy of the current method, DAA levels in 25
fruit juices as determined by the current method (y) were com-
pared with those obtained by the standard chemical spectrophoto-
metric method (x). When the commercially available fruit juice
DAA values obtained by the current method were compared with
those obtained by the chemical spectrophotometric method, there
was a good correlation (r = 0.9768) with the following regression
equation: y = 0.9553x + 0.0268 (Fig. 7) with 3% bias [(average of
test measurement�average of reference method) � 100]. These re-
sults show high accuracy of the current method.
Interference study

The interference study of the current DAA biosensor was carried
out by comparing the amperometric response before and after add-
ing some interferents such as uric acid, ascorbic acid, glycine, glu-
cose, and uric acid along with 100 lM D-Ala in 0.05 M Tris–HCl (pH
8.0) at their physiological concentrations. The results showed neg-
ligible interference of these substances.
Stability and reusability of enzyme electrode

The stability of enzyme electrode was investigated by measur-
ing current response of the biosensor every week under its storage
at 4 �C. The enzyme electrode maintained 70% of its initial activity
even after 140 days of regular 150 uses (Fig. 8), indicating the bet-
ter stability of the current enzyme electrode than earlier enzyme
electrodes (stability 7–60 days) [19–22] (Table 1). This can be



Fig.7. Correlation between fruit juice values measured by the standard colorimetric
method (x axis) and those measured by the current method (y axis) employing the
DAA biosensor based on c-MWCNT/CuNPs/PANI/Au composite film.

Fig.8. Effect of storage at 4 �C on the response of DAAO/c-MWCNT/CuNPs/PANI/Au
electrodes.
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attributed to the covalent immobilization of DAAO onto the c-
MWCNT/CuNPs/PANI/Au electrode.
Summary and conclusion

An improved amperometric DAA biosensor was constructed by
covalent immobilization of DAAO onto c-MWCNT/CuNPs/PANI hy-
brid film modified Au electrode. The biosensor was highly specific,
more rapid (2 s response time), and sensitive (54.85 lA/mM/cm2),
with a detection limit of 0.2 lM and a broader working range
(0.001–0.650 mM), good reproducibility, and high storage stability
(140 days). It is concluded that the use of this hybrid film improves
the analytical performance of the DAA biosensor and could also be
employed for the improvement of other biosensors.
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