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Catalase  and  amine-terminated
ionic liquid  were  immobilized
to GC/TiNnp  with  LBL  assembly
method.
First  a  thin  layer  of  NH2-IL  is cova-
lently  attached  to  GC/TiNnp  elec-
trode  using  electro-oxidation.
With  alternative  assemble  of  IL and
catalase  with  positive  and  negative
charged,  multilayer  was  formed.
Immobilized  catalase  shows  excel-
lent  electrocatalytic  activity  toward
H2O2 reduction.
Biosensor  response  is  directly  corre-
lated  to  the  number  of  bilayers.
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a  b  s  t  r  a  c  t

A  novel,  simple  and  facile  layer  by  layer  (LBL)  approach  is  used  for  modification  of  glassy  carbon
(GC)  electrode  with  multilayer  of catalase  and  nanocomposite  containing  1-(3-Aminopropyl)-3-
methylimidazolium  bromide  (amine  terminated  ionic  liquid  (NH2-IL))  and  titanium  nitride  nanoparticles
(TiNnp).  First  a thin  layer  of  NH2-IL is  covalently  attached  to GC/TiNnp  electrode  using  electro-oxidation
method.  Then,  with  alternative  self  assemble  positively  charged  NH2-IL and  negatively  charged  catalase
a sensitive  H2O2 biosensor  is  constructed,  whose  response  is directly  correlated  to  the  number  of  bilay-
eywords:
ayer by layer
atalase

L
itanium nitride nanoparticle
2O2

ers. The  surface  coverage  of  active  catalase  per  bilayer,  heterogeneous  electron  transfer  rate  constant
(ks) and  Michaelis–Menten  constant  (KM)  of immobilized  catalase  were  3.32  × 10−12 mol  cm−2,  5.28  s−1

and  1.1  mM,  respectively.  The  biosensor  shows  good  stability,  high  reproducibility,  long life-time,  and
fast  amperometric  response  with  the  high  sensitivity  of 380  �A  mM−1 cm−2 and  low  detection  limit of
100  nM  at  concentration  range  up to  2.1 mM.

© 2012 Elsevier B.V. All rights reserved.
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1. Introduction

The direct electron transfer between redox proteins/enzymes

and the electrode surface has received considerable attention
recently, because it can provide information about the electron
transfer mechanism of proteins in biological systems and bio-fuel
cells. Furthermore, it is also used in fabricating the third generation
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iosensors and bioelectronics devices [1].  Since redox centers are
eeply buried within the proteins molecules, the electron transfer
etween proteins and the electrode is difficult. Therefore, many
ubstrates were used to immobilize redox enzymes or proteins
n the electrode surfaces. Due to the poor adsorptive capacity of
nzymes onto the electrode surface, the selection of the immobi-
ization technique and supported matrix is the key step in the direct
lectron transfer kinetics of redox enzymes or proteins. In recent
ears, various methodologies such as physical adsorption, covalent
ttachment, layer-by-layer (LBL) assembly technique, entrapment
nd encapsulation have been developed for the immobilization of
nzymes on a suitable matrix for construction of biosensors [2,3].

Among various methods that have been used for immobilization
f enzymes, LBL technique has attracted much attention because of
ts simplicity in the procedure, precise control of film composition,
hickness, roughness and porosity, and employing numerous dif-
erent materials in the fabrication of films [4–6]. Therefore, the LBL

ethod has received considerable attention in the field of electro-
hemistry as a promising tool for the fabrication of nanostructures
lms with high organization at the nanoscale level and their appli-
ation in sensors and biosensors field [7,8]. This technique involves
n alternate adsorption of enzyme and electrolyte from solution
nto an electrode surface through electrostatic adsorption [9,10]
r covalent bond formation [11–13].  Biocompatible materials have
ong attracted increasing attention worldwide because of their
esirable properties and potential applications in biomedicine [14],
iosensor [15], biocatalysis [16] and bioelectronics [17]. Biocom-
atible nanomaterials can provide a favorable environment for
edox proteins and enzymes to realize direct electrochemistry and
o fabricate excellent biosensors and as a model for understanding
omplex electron-transfer mechanisms in biological systems [18].

In recent years ionic liquids (ILs) have been used in the
eld of electrochemistry and electroanalysis due to their unique
hysicochemical properties including higher ionic conductivity,
ider electrochemical windows, negligible vapor pressure, higher

hemical and thermal stability, good antifouling ability and good
iocompatibility [19–22].  ILs can serve not only as the suppor-
ing electrolyte in the electrochemical process [23] but also as the

odifier in the chemically modified electrodes [24]. ILs-based elec-
rochemical sensors and biosensors have been extensively reported
or the direct electron transfer of various redox enzymes [25,26]
nd detection of different compounds such as ascorbic acid [27],
opamine [28], H2O2 [24], glucose [29], oxygen [21] and nitrite
30].

The nanocomposites containing IL and different nanomateri-
ls such as gold nanoparticles [31], gold nanorods [32], carbon
anotubes [33,34],  carbon nanofibers [35], graphene nanosheets
36], Fe2O3 nanoparticles [37], CdS nanorods [38], TiO2-graphene
anocomposites [21] and CNTs-gold nanoparticles [39] were used

or the fabrication of the third generation of biosensors.
Titanium nitride (TiN) with physical, chemical, mechanical, and

lectrical properties such as high degree of hardness, chemical
tability, high thermal conductivity, chemical inertness and bio-
ompatibility has been used in various fields, such as pH sensitive
aterial [41], electrode for stripping voltammmetry measurement

42] electroanalytical applications [40], high surface area material
or catalytic processes [43], hydrogen storage, and supercapacitors
44]. However, it has not been reported the direct electrochemistry
f immobilized catalase onto TiNnp/IL nanocomposite system.

Amperometric H2O2 biosensors based on immobilization of
atalase on the electrode surfaces have attracted considerable
nterest due to their advantages in terms of simplicity, short

esponse time, high sensitivity and excellent selectivity [33,45–48].
or immobilization of catalase onto electrode surfaces, different
pproaches such as physical adsorption, entrapment and encapsu-
ation have been used. However, it is still a challenge for assembling
ca Acta 753 (2012) 32– 41 33

catalase and IL via LBL technique to study the direct electron trans-
fer.

In the present study we  report the fabrication, characterization
and analytical performance of a H2O2 biosensor based on LBL depo-
sition of NH2-IL and catalase onto titanium nitride nanoparticles
modified GC electrode. Direct electrochemistry and electrocatalytic
activity of immobilized catalase toward H2O2 was  investigated.
Finally, the applicability of the proposed biosensor for the analysis
of H2O2 concentration in real samples was demonstrated.

2. Experimental

2.1. Chemical and reagents

Catalase (EC 1.11.1.6) from bovine liver was purchased from
Sigma and used without further purification. 5 mg  mL−1 catalase
in phosphate buffer solution (PBS 0.1 M,  pH 7) was  stored at 4 ◦C
and pure nitrogen was  passed through the solution to avoid pos-
sible oxygen action during the experiments. The applied amine
terminated ionic liquid, 1-(3-Aminopropyl)-3-methylimidazolium
bromide (NH2-IL) was synthesized and characterized (as described
in next section). Titanium nitride nanoparticles (TiNnp) with aver-
age particle size 20 ± 5 nm and specific surface area of 80 m2 g−1

were purchased from Plasma Chem GmbH, Germany. Other chemi-
cals with analytical grade were purchased from Sigma or Merck and
used without further purification. The milk and bleaching cream as
real samples were provided from market and pharmacy.

2.2. Instrumentation

Electrochemical measurements were carried out with a
computer-controlled-Autolab modular electrochemical system
(Eco Chemie Ultecht, The Netherlands), driven with GPES software
(Eco Chemie) with a conventional three-electrode system. A GC
electrode modified with TiNnp, NH2-IL and catalase was used as
a working electrode, and a Pt wire and an Ag/AgCl/satd. KCl were
employed as auxiliary and reference electrodes, respectively. The
effective area of the electrode modified with TiNnp/NH2-IL was
determined as 0.125 cm2 from cyclic voltammograms of 10 mM
K4[Fe(CN)6] in buffer solution at pH 7. UV–Vis absorption spectra
were recorded with a Carry 1A UV-Vis spectrometer (Perkin-Elmer
instruments) on an indium tin oxide (ITO) glass electrode. The sur-
face morphology of modified electrodes was  characterized with a
Vega-Tesacn electron microscope.

2.3. Synthesis of amine-terminated IL

1-(3-Aminopropyl)-3-methylimidazolium bromide (NH2-IL)
was  synthesized based on the procedure reported in the litera-
ture [49]. Briefly, 3-bromopropylole amine hydrobromide (0.55 g,
2.5 mmol) and 1-methylimidazole (0.20 mL,  2.5 mmol) were added
to 12.5 mL  ethanol. The resulting colorless solution was refluxed
under nitrogen for 24 h. By recrystallization from ethanol, with
ethyl acetate as anti-solvent, the resulting turbid mixture was puri-
fied. Finally, the resulting white powder was  dried under vacuum
at 60 ◦C overnight. The synthesized IL was characterized by FT-IR
technique.

2.4. Preparation of the biosensor

The fabrication of GC/TiNnp/(catalase/NH2-IL)n biosensor con-
sists mainly of three steps: In the first step, 5 mg  of titanium

nitride was  dispersed in an aqueous solution (5 mL) and sonicated
for 30 min. 10 �L of the slurry was  dropped on the GC electrode
and dried at the room temperature. In the second step, the GC
electrode coated with TiNnp was immersed in 1 mM NH2-IL and



34 S. Saadati et al. / Analytica Chimica Acta 753 (2012) 32– 41

cess o

c
s
o
c
t
l

b
c
w
a
o
w
p
r
{
d
t
o

3

3
t

n
w
f
m
w
t
1
w
t
s
e

Scheme 1. The stepwise fabrication pro

ovalent attachment was performed by cycling the potential (15
cans) between 0.0 and 2 V (vs. Ag/AgCl/3 M KCl) at a scan rate
f 100 mV  s−1. During electro-oxidation of amine group, NH2-IL is
ovalenty attached to the surface of TiNnp/GC electrode. The elec-
rochemical oxidation of amino compounds (R-NH2) grafts organic
ayer on the electrodes surfaces [50].

In the last step, with immersing GC/TiNnp/NH2-IL in phosphate
uffer solution (PBS, pH 7) containing catalase (1 mg  mL−1) and
ycling the potential between −0.7 and 0.7 V (10 cycles), catalase
as assembled on this novel nanocomposite through ionic inter-

ction and GC/TiNnp/NH2-IL/catalase was obtained. For formation
f GC/TiNnp/NH2-IL/catalase/NH2-IL electrode, the second IL layer
as assembled through electrostatic interaction between IL with
ositive charge and catalase with negative charge. These steps were
epeated sequentially for (n − 1) times and the proposed biosensor
(NH2-IL)–catalase}n–TiNnp–GC was fabricated. The same proce-
ure was applied for multilayer formation of NH2-IL/catalase on
he ITO electrode. The process of the preparation biosensor based
n layer by layer assembly is illustrated in Scheme 1.

. Results and discussion

.1. Characterization of nanocomposite and direct electron
ransfer kinetics of immobilized catalase

In order to investigate the formation of nanocomposite, scan-
ing electron microscopy (SEM) images of GC electrode modified
ith TiNnp and NH2-IL before and after applying potential cycling

or covalent attachment of IL were recorded (Fig. 1 of supple-
ent). As it can be seen some parts of GC surface was covered
ith nanocomposite (Fig. 1A of supplement), while after cycling

he potential (15 scans between 0.0 and 2.0 V at scan rate
0 mV  s−1 in PBS, pH 7) a relatively uniform nanocomposite film

as immobilized onto GC surface (Fig. 1B of supplement). Fur-

hermore, SEM images of GC/TiNnp and GC/IL/TiNnp/catalase are
hown (Fig. 2 of supplement). As illustrated TiNnp with diam-
ter size 20 ± 5 nm and IL-film immobilized onto GC electrode
f the multilayers film on a GC electrode.

and after entrapment of catalase onto GC/IL/TiNnp a uniform
of nanobiocomposite immobilized onto electrode surface. The
electrochemical behavior of different electrodes was studied
by recording their cyclic voltammograms. Fig. 1 shows cyclic
voltammograms obtained for bare GC, GC/TiNnp/NH2-IL, GC/NH2-
IL/catalase and GC/TiNnp/NH2-IL/catalase modified electrodes in
PBS (pH 7).

As illustrated for GC and GC/TiNnp/NH2-IL no redox peaks
were observed at potential range 0.7 to −0.7 V. However well-
defined redox peaks were observed for GC/NH2-IL/catalase and
GC/TiNnp/NH2-IL/catalase modified electrodes. This result indi-
cates that IL film plays an important role in immobilization and
direct electron transfer of the catalase. Therefore, catalase can
bind to NH2-IL through electrostatic–ionic interaction. For immo-
bilized catalase onto IL film well nearly symmetric redox anodic
and cathodic peaks at −0.08 and 0.0 V vs. Ag/AgCl were observed.
This demonstrates that the presence of IL can facilitate the electron
transfer reaction between redox enzyme and electrode. Compared
to GC/NH2-IL/catalase for GC/TiNnp/NH2-IL/catalase the current
response was remarkably enhanced, indicating the addition of
TiNnp to the amine-terminated IL film further promotes the elec-
tron transfer rate of catalase. Therefore, the integration of TiNnp
and NH2-IL provides a remarkable synergistic effect for direct elec-
tron transfer of catalase. In the present study, the effect of IL and
TiNnp on direct electron transfer kinetics of catalase was  inves-
tigated. Cyclic voltammograms of GC/TiNnp/{(NH2-IL)–catalase}7
modified electrode at different scan rates are shown in Fig. 2. The
relationship between peak current and scan rate was found to be
linear (Inset “a” of Fig. 2), which indicates surface confined electron
transfer process. The peak-to-peak separation is about 100 mV  at
the scan rate below 100 mV  s−1, suggesting facile charge-transfer
kinetics over this range of sweep rate. On the other hand, it is found
that at the scan rate above of 1 V s−1, �Ep is increased by increasing
the scan rate (inset “b” of Fig. 2). The values of peak-to-peak poten-

tial separations are proportional to the logarithm of the scan rate
being higher than 2000 mV  s−1. According to the Laviron theory,
the transfer coefficient (˛) and the electron transfer rate constant
(ks) can be estimated by measuring the variation of peak potential
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ig. 1. Cyclic voltammetric response of bare GC electrode (a), GC/TiNnp/NH2-IL (b
0  mV  s−1.

ith scan rate [51]. The transfer coefficient and heterogeneous elec-
ron transfer rate constant are about 0.3 and 5.3 s−1, respectively.
his value for the electron transfer rate constant is comparable
o or higher than the apparent heterogeneous electron transfer
ate constant of catalase at pyrolytic graphite electrode (PGE)/gold
anoparticles (GNP) 1.387 s−1 [52], silk fibroin films 0.34 s−1 [53],
WCNTs modified GCE 1.07 s−1 [54] and nickel oxide nanoparticles

.7 s−1 [47].
The pH of the buffer solution affected the electrochemical

ehavior of the GC/TiNnp/{(NH2-IL)–catalase}7 modified electrode.

s it is shown (Fig. 3 of supplement), a stable and well-defined
edox peak was observed in different pH values, 1–12. Further-
ore, both reduction and oxidation peak potentials are shifted

oward the negative direction with increasing of the pH values.
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Quantitative analysis shows that the formal potential (E◦′) depends
linearly on the pH of solution, with a slope of −64.7 mV  pH−1 (the
correlation coefficient is 0.9982), which is close to the expected
value of −58.0 mV  pH−1 for the one-proton transfer coupled one-
electron-transfer reaction, written as:

Catalase-HemFe(III) + H+ + e− → Catalase-HemFe(II) (1)

3.2. Characterization of the GC/TiNnp–(NH2-IL/catalase)n

multilayers modified electrode
The build of the multilayer film was assessed by cyclic voltam-
metry, electrochemical impedance technique, and UV–Vis spec-
trometery. Fig. 3A shows representative cyclic voltammograms
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Fig. 3. (A) Cyclic voltammograms of GC/TiNnp/{(NH2-IL)–catalase}n with the number of bilayers (n) of 1–7 (from inner to outer) in pH 7 PBS and scan rate 100 mV  s−1. Insets:
plots  of peak current and surface concentration vs. number of bilayer. (B) Nyquist plots of GC (a) and GC/TiNnp/{(NH2-IL)–catalase}n with the bilayer number (n) of 1(b),
2(c),  3(d) and 4(e) in pH 7 PBS containing 10 mM of K4Fe(CN)6 + 10 mM K3Fe(CN)6 and 0.1 M KCl, inset: relationship between the electron transfer resistance (Ret) and the
number of bilayers. (C) UV–Vis spectra of ITO/TiNnp/{(NH2-IL)–catalase}7 modified electrode with the bilayer number (n) of 1–7 (from inner to outer) in pH 7 PBS. Inset (a)
plot  of absorbance values vs. bilayer number. Inset (b), absorbance spectrum of dissolved catalase in PBS, pH 7.
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ig. 4. (A) The 1st (a) and 250th (b) recorded cyclic voltammograms of GC/TiNnp/
L)–catalase}7 modified electrode (a) and after it kept at refrigerator for 7 days (b), 

or the electrodes made with one to seven bilayers of catalase/NH2-
L. As it can be seen, by increasing the number of bilayers both
eduction and oxidation peak currents are increased regularly.
he linear relationship between peak current and bilayer number
inset “a” of Fig. 3A) indicates the same amount of catalase con-
ained in each bilayer. The surface concentration of immobilized
atalase (� ) on the modified electrode for each bilayer was cal-
ulated by integration of the cyclic voltammetric curve and based
n Faraday’s equation, � = Q/nFA. The surface concentration of cata-
ase is 3.5 × 10−12 mol  cm−2 for GC/TiNnp/(NH2-IL/catalase)1 and is
ncreased to 7.2, 11, 14.2, 17.5, 20.5 and 23.5 × 10−12 mol  cm−2 for
C/TiNnp(NH2-IL/catalase)2–7, respectively. Regression analysis of

he surface concentration of catalase vs. the number of bilayers (1–7
ayers) yielded linear response; � (mol cm−2) = 3.32 (±0.2) × 10−12

layer number] + 0.61 (±0.02) × 10−12 (mol cm−2) and R2 = 0.9978.
t can be seen that � linearly depends on the number of bilayers
nd the increment of catalase per NH2-IL/catalase bilayers is 3.32
±0.2) × 10−12 mol  cm−2.

Electrochemical impedance spectroscopy (EIS) technique has
een proved to be an effective method for probing the features
f surface-modified electrodes. This technique has also been suc-
essfully used to characterize the formation of multilayer films
n different substrates [55]. In the present study, EIS was applied
o investigate the LBL deposition of catalase/IL multilayer film
n GC/TiNnp electrode. Fig. 3B illustrates the results of the elec-
rochemical impedance studies on GC/TiNnp/{(NH2-IL)–catalase}n

n = 1–4) in PBS, pH 7. The bare GC electrode exhibits an almost
traight line, which is characteristic of diffusion limited electro-
hemical process (not shown). After the assembly of TiNnp and
H2-IL on the electrode surface, a semicircle part of the impedance

pectrum (curve “a”) can be observed, due to the electron transfer
esistance of IL-film. When catalase was attached to IL modified
C electrode, the interfacial resistance increased highly (curve “b”)
ue to the nonconductive layer of catalase and IL. With increas-

ng the number of layers, the diameters of the semicircles increase.
his implies that the interfacial charge transfer becomes more and
ore difficult and the insulating layer (IL-catalase) on the electrode

urface becomes thicker and thicker. On the other hand, as illus-

rated in the inset of Fig. 3B a good linear relationship between
et and layer number is observed. These results indicate that NH2-

L/catalase multilayer films can be formed uniformly on TiNnp/GC
lectrode.
-IL)–catalase}7. (B) Recorded cyclic voltammograms of the fresh GC/TiNnp/{(NH2-
lyte was  PBS pH 7 and scan rate was 100 mV s−1.

UV–Vis spectroscopy is performed to characterize the depo-
sition and to build up the catalase-IL multilayer films. Since the
adsorption intensity is proportional to the concentration of the
deposited material, the structure of LBL films can be estimated.
Fig. 3C shows the absorption spectra of multilayer films {NH2-
IL/catalase}n with different number of bilayers, n = 1–7 on the ITO
electrode. The {NH2-IL/catalase}n films exhibit a soret absorption
band at 402 nm.  For catalase in pH 7 phosphate buffer solution
the absorption band at the same wavelength was observed (inset
“b” of Fig. 3C). These results indicate that no observable denatur-
ation of catalase is found when it was immobilized onto TiNnp/IL
film. The same absorption band has been observed for catalase
incorporated in nickel oxide nanoparticles [47] and polyacrylamide
hydrogel film [56]. Furthermore, it can be seen that the absorption
of catalase/NH2-IL multilayer films occurs at the same wavelength
with sequential immobilization. The linear increase of the intensity
of the absorption peak as a function of layers number (inset “a” of
Fig. 3C) indicates that regular and uniform catalase/NH2-IL film has
been successfully assembled layer-by-layer.

3.3. Stability of the GC/TiNnp/{(NH2-IL–catalase}n modified
electrode

Long term stability is one of the most important prop-
erties of sensors, biosensors and bioreactors. The stability of
GC/TiNnp/{(NH2-IL–catalase}7 modified electrode was investi-
gated by recording cyclic voltammograms and monitoring the
remaining amount of active substance after successive sweeps of
potential cycling. The peak height and peak potential of immobi-
lized film remained nearly unchanged and the amount of catalase
left on the electrode surface was  almost 95% of its initial value
after 250 successive cycles in electrolyte solution with a scan rate
of 100 mV  s−1 (Fig. 4A). In addition, no significant decrease can
be seen after replacing the electrolyte having been used for 250
repetitive cycles with fresh solution. The stability of the modi-
fied film was  investigated by recording cyclic voltammogram of
GC/TiNnp/{(NH2-IL–catalase}7 electrode in buffer solution (pH 7),
after storing it in a refrigerator (4 ◦C) for 7 days showing excel-

lent storage stability of the chemically modified electrode. The CV
peak potentials remained at the same position and the reduction
peak currents were decreased by only about 4% (Fig. 4B). Thus,
high stability of the modified electrode is related to the chemical
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L)–catalase}n modified electrode with the bilayer number (b) 1, (c) 3, (d) 5 and (e) 7
odified electrode in the absence of H2O2, in the same measurement condition. Ins

tability of nanocomposite film, the interaction between catalase
nd IL strong adsorption of catalase on nanocomposite. Therefore,
he GC/TiNnp/{(NH2-IL–catalase}7 modified electrode can be used
s a biosensor due to its long term stability and excellent electron
ransfer rate constant.

.4. Electrocatalytic reduction of H2O2 at
C/TiNnp/NH2-IL–catalase modified electrode

It has been reported that proteins and enzymes containing
he heme group such as horseradish peroxides, cytochrome C,
emoglobin and catalase have the ability to reduce H2O2 and O2

lectrocatalytically [57–63].  In this research electrocatalytic activ-
ty of the modified electrode toward reduction of hydrogen per-
xide was examined using cyclic voltammetry technique. Fig. 5A
hows the cyclic voltammetric response of GC/TiNnp/(NH2-IL
 presence of 0.4 mM H2O2. (a) Cyclic voltammogram of GC/TiNnp/(NH2-IL)–catalase
ot of catalytic current response vs. bilayers number.

–catalase)7 modified electrode to H2O2 reduction. As it is illus-
trated, the peak current is linearly increased with increasing H2O2
concentration. The linear regression equation for the concen-
tration ranged from 0.1 to 1.1 mM was I (�A) = 5.416 (±0.300)
[H2O2] mM − 0.0695 (±0.0040) (�A), R2 = 0.9995. The detection
limit is estimated to be 10 �M when the signal to noise ratio is
3.

The LBL assembly process toward formation of bilayers of
catalase/NH2-IL film onto GC/TiNnp electrode was  also confirmed
by electrocatalytic reduction of H2O2. Fig. 5B shows the cyclic
voltammetric responses of GC–TiNnp electrode modified with dif-
ferent numbers of catalase/NH2-IL bilayers in the presence of

0.4 mM H2O2. As it can be seen, the current response increases
with increasing the number of assembled NH2-IL/catalase bilay-
ers (voltammograms b–f), up to at least 7 (inset of Fig. 5B). These
results indicate that every bilayer contains the same amount of
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ctive enzyme and also shows the regular growing of the multilayer
ssembly.

.5. Amperometric response of GC/TiNnp/NH2-IL/catalase
odified electrode

Fig. 6 illustrates a typical current–time plot for the
C/TiNnp/(NH2-IL–catalase)7 biosensor upon the successive
ddition of H2O2 at −0.35 V. As it is shown with addition of 0.1 mM

chronoamperogram A) and 1 �M (chronoamperogram B) of H2O2,
he biosensor exhibits excellent response. The current response
f the biosensor is increased with increasing H2O2 concentration.
he enzyme electrode reached 95% of the steady state current

able 1
nalytical parameters of different H2O2 biosensors.

Modified electrode Linear range (mM)  Sensitivity (�A mM−1 cm−2)

CAT1–PAM2 0.4–0.8 – 

CAT-MC3 0.02–0.12 32 

CAT-SF4 0.003–0.158 940 

CAT-PNM5 0.002–0.035 2.9 

CAT/cysteine/Si sol–gel 0.001–0.03 16.1 

CAT-agarose 0.001–0.818 2.17 

CAT-SWCNTs6 0.7–1.1 – 

CAT-MWCNTs 0.01–0.1 3.3 

NF-MWCNTs–CAT-AuNPs7 1–5 

CAT-NiO8 0.001–1.0 15.9 

GCE/Graphen-NH2/AuNPs/CAT 3 × 10−4 to 0.6 13.4 

Sol–gel/chitosan/HRP9 5 × 10−6 to 1 × 10−4 – 

GC/MWCNTs/[bmim][PF6]10/CAT 5 × 10−6 to 1.7 × 10−3 – 

GC/AuNP-GO11/TCA12 10−4 to 2.3 – 

GC/MWCNTs/NiO/CAT 0.20–2.53 337.58 

SWCNT/HRP – 1.79 × 10−4

GC/NF/CAT/ERGO13 0.05–1.91 7.76 

HRP/Phz14 2 × 10−6 to 10−2 900 

GC/TiNnp/(catalase-IL)7 electrode 0.001–2.1 380 

 – catalase; 2 – polyacrylammide; 3 – methyl cellulose; 4 – silk fibroin; 5 – poly(N-isopro
anotubes; 7 – gold nanoparticles; 8 – nickel oxide; 9 – horseradish peroxidase; 10 –
hionine-conjugated catalase enzyme; 13 – electrochemically reduced graphene oxide; 1
uring successive addition (A) 0.1 mM and (B) 1 �M:  conditions −0.35 V constant
etric current vs. H2O2 concentration and linear calibration curve for determination

within 10 s. The enzyme electrode gave a linear response to H2O2
in the range from 1.0 �M to 2.1 mM.  The calibration plot over the
concentration range of 1–8 �M has a slope of 380 �A mM−1 cm−2

(sensitivity), correlation coefficient of 0.9991 and detection limit of
100 nM at the signal-to-noise ratio of 3. These results are promising
and indicate that the biosensor possesses high biological affinity
for H2O2. These analytical parameters are better than or at least
comparable with other catalase based H2O2 biosensors (Table 1).

The sensitivity of biosensor is directly correlated to the num-

ber of assembled bilayers of IL-catalase, indicating the ability
of the procedure to control the sensitivity of the enzyme-
based modified electrode. When the concentration of H2O2 was
higher than 2 mM,  a response plateau was  observed, showing the

 Detection limit (nM) � (×10−11 Mol  cm−2) ks (s−1) KM (mM)  Ref.

– 2.36 29 – [56]
2500 2.36 2.9 – [65]
– 6.27 0.337 – [53]
– 1.43 17 – [66]
400 – 4.8 – [67]
– 2.99 49.1 31.7 [68]
4000 – [62]
4000 2.4 80 1.7 [45]
– – 1.387 – [69]
600 – 3.7 0.96 [47]
50 0.333 2.34 2.81 [70]
2 – – 1.30 × 10−3 [71]
0.25 0.309 1.95 – [72]
10 – – 0.98 [73]
19 × 103 0.153 1.6 1.68 [74]
40 8 – – [75]
– 95.1 – – [76]
1 – – – [77]
100 nM 35 5.28 1.1 This work

pylacrylamide-co-3-methacryloxypropyltrimethoxysilane); 6 – single-wall carbon
 1-butyl-3-methylimidazolium hexafluorophosphate; 11 – graphene oxide; 12 –
4 – phenothiazine.
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Table 2
Determination of H2O2 in real samples using GC/TiNnp/IL/catalase modified electrode.

Sample no. Spiked
�M

Found
�M

Recovery (%)

1 (milk) 0.00 5.52(±0.20) –
10 15.96 (±0.40)a 102.86 (±2.5)
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[
[

2  (bleaching cream) 0.0 

10.0  

a The mean value for three measurements.

haracteristics of the Michaelis–Menten kinetic mechanism. The
pparent Michaelis–Menten constant (KM), which gives an indica-
ion of the enzyme–substrate kinetics, can be obtained from the
ineweaver–Burk equation [64],

1
Iss

= 1
Imax

+ KM

Imax
· 1

C
(2)

here Iss is the steady-state current after the addition of substrate,
 is the bulk concentration of the substrate and Imax is the maxi-
um  current measured under saturated substrate solution. KM can

e obtained by the analysis of the slope and intercept of the plot of
he reciprocals of the steady state current vs. H2O2 concentration.
he Michaelis–Menten constant of the system (KM) in this work
as found to be 1.1 (±0.1) mM,  implying that the GC/TiNnp/{(NH2-

L)–catalase}7 modified electrode exhibits a high affinity for H2O2.
lso the stability of GC/TiNnp/{(NH2-IL)–catalase}7 modified elec-

rode has been checked by monitoring the amperometric response
f 4 �M H2O2 for a period of 1000 s (Fig. 4 of supplement). It has
een found that the biosensor retained 97% of current response
fter 17 min. The good stability is attributed to the following
spects: the fabrication process is mild, no damage is made on the
nzyme molecules, and the interaction is strongly among IL, cata-
ase and TiNnp. Finally, the good biocompatibility of IL maintains
he biological activity of the enzyme immobilized on the electrode.

.6. Determination of H2O2 in real samples

In order to estimate the applicability of the methodology, the
odified electrode was tested by applying it to the measurement

f H2O2 concentration in real samples. In this case the proposed
iosensor was applied to the measurement of H2O2 concentration

n real samples (milk and bleaching cream). The milk sample diluted
 times with 0.2 M,  PBS (pH 7) prior to measurements. The cream
ample was provided from pharmacy and 1 mL  of it dissolved in
BS (pH 7) and after filtration it can be used for measurements. The
tandard addition method was adopted to demonstrate the possi-
ility of H2O2 detection in real samples. The obtained results were
iven in Table 2. It could be seen that there is a good agreement
etween the spiked and found values for detection of H2O2l. These
esults clearly indicate that the system presented in this work is
alid for the analysis of H2O2 in real samples.

. Conclusion

In summary, for the first time a multilayer film of cata-
ase and amine-terminated IL was successfully immobilized onto
C/TiNnp by layer by layer assembly method based on the elec-

rostatic attraction between positively charged IL and negatively
harged catalase. Combining the advantages of LBL assembly
echnique and IL based nanocomposite improve biosensor charac-
eristics such as minimizing protein denaturation and controlling

f film thickness. The linear and regular growth of the multilayer
lm was characterized by cyclic voltammetry, electrochemical

mpedance, and UV–Vis spectroscopy techniques. The {(NH2-
L–catalase}n–TiNnp–GC electrode demonstrated a well defined

[
[

[

58.77 (±0.60) –
67.97 (±0.70) 98.83% (±1.30)

direct CV response, for redox couple of catalase with electron trans-
fer rate constant (ks) of 5.28 s−1. The proposed biosensor showed
excellent electrocatalytic activity toward H2O2 reduction and the
catalytic response was  enhanced significantly by increasing the
number of bilayers, which indicated that the sensitivity was tun-
able by controlling the film thickness. At concentration range up to
2.1 mM,  the detection limit and sensitivity of the proposed biosen-
sor toward H2O2 reduction were 100 nM and 380 �A mM−1 cm−2,
respectively. These results indicated that the proposed layer by
layer technique is a very interesting method for the preparation
of bionanostructures with high molecular order. Due to synergic
effects of IL, TiNnp and catalase, the proposed biosensor exhibits
excellent performance such as high reproducibility, storage sta-
bility, short response time and wide linear range in comparison
to other catalase-based H2O2 biosensors. The prepared bionanos-
tructures can be applied for the fabrication of the effective third
generation biosensors, biofuel cells and bioelectronics devices.
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