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exciting material for research due to its

fascinating physical properties, such as
1,2

I n recent years, graphene has become an

quantum electron transport, ~ a tunable
band gap,? high carrier mobility,"*** high
elastic behavior,® and excellent electroche-
mical properties’ that make it a promising
material for nanobioelectronic devices® '°
Graphene is a flat monolayer of carbon
atoms, tightly packed into a two-dimen-
sional (2
potential applications of graphene, an easy
and less toxic method for preparation at
large scale, is urgently needed. The very first
time, in 1958, Hummers reported the synth-
esis of graphite oxide using KMnO, and
NaNOs in concentrated H,S0,,'" but this
method involves many tedious steps and
requires explosive chemicals which gener-
ate highly toxic gases such as NO, and
N,O,. After this, a number of methods
came into existence, including mechanical
exfoliation,* chemical vapor deposition
(CVD),® plasma etching,'? solvothermal
synthesis,’® and chemical route'*'¢ for
the formation of graphene and reduced
graphene oxide. Among these, CVD is a
useful method to grow large and highly
ordered single and multilayered graphene,
but the large-scale production continues to
be a challenge. Moreover, it requires very
high temperature as well as metallic substrate
such as Ni, Cu, etc,'”” 2" which requires the
transfer of graphene on insulating substrates
to measure its transport properties. There is
thus a need to develop an easy synthesis
route that can be used for large-scale produc-
tion without using any substrates. Recently,
CNTs (both SWNTs and MWCNTSs) have been
explored for making different layers of gra-
phene with varying lengths from a few nano-
meters to micrometer range using oxidizing
chemical routes?** and plasma etching.?

D) honeycomb lattice. Realizing
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Multilayered graphene (MLG) is an interesting material for electrochemical sensing and

biosensing because of its very large 2D electrical conductivity and large surface area. We

propose a less toxic, reproducible, and easy method for producing functionalized multilayer

graphene from multiwalled carbon nanotubes (MWCNTs) in mass scale using only concen-

trated H,50,/HNO;. Electron microscopy results show the MLG formation, whereas FTIR and

XPS data suggest its carboxylic and hydroxyl-functionalized nature. We utilize this

functionalized MLG for the fabrication of a novel amperometric urea biosensor. This biosensor

shows linearity of 10—100 mg dL ", sensitivity of 5.43 A mg " dL cm 2, lower detection

limit of 3.9 mg dL~", and response time of 10 s. Our results suggest that MLG is a promising

material for electrochemical biosensing applications.

KEYWORDS: MWCNTs - graphene - biosensor - electron microscopy -

X-ray photoelectron spectroscopy

The functionalized graphene has been used
for various applications mainly in gas
sensors,”* chemical sensors,?® biosensors,”*°
supercapacitors,?’ batteries,?® etc. and in the
formation of a nanocomposite with poly-
mers/nanoparticles.?® 3"

We report a simple and reproducible
method for large-scale production of func-
tionalized multilayer graphene (MLG) from
MWCNTs by the chemical method using oxi-
dizing agents, namely, concentrated H,SO,4
and HNO3, that help in unzipping of MWCNTSs.
Extensive experimental studies with different
time intervals and with different concentra-
tions of these reagents have been performed
to obtain the optimum condition that provides
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an easy and large-scale production of MLG. Since
functionalized graphene has a large surface area, ex-
traordinary electronic transport behavior, good bio-
compatibility, and a carboxylic functional group that
makes it a useful material for biosensing and electro-
chemical applications.”**>3* Since most atoms of the
graphene sheets are exposed to the surface, slight
changes in the charge environment due to the adsorp-
tion of biomolecules provide significant changes in
their electrical properties which help in fabrication of more
sensitive sensors.* Moreover, graphene does not contain
the catalytic impurities such as Fe, Ni, etc.3* that are mostly
present in carbon nanotubes, and thus it reduces inter-
ference caused by these impurities and offers more
reproducible sensing response6~>°

Keeping the above in view, we have explored this
functionalized MLG for a novel urea biosensing appli-
cation employing an electrochemical technique. Urea
is an important analyte of clinical interest (normal level in
blood 15—40 mg/dL), its early detection can be helpful to
prevent various kidney diseases like renal failure, urinary
tract obstruction, hepatic failure, and nephritic syn-
drome.*® Here, a thin film of functionalized MLG has been
fabricated onto an indium tin oxide (ITO) substrate by
electrophoretic deposition (EPD) technique and has been
used to immobilize urease and glutamate dehydrogenase
(GLDH) using ethyl(dimethylaminopropyl)carbodiimide
and N-hydroxysuccinimide (EDC-NHS) chemistry for the
development of a novel amperometric urea biosensor.

RESULTS AND DISCUSSION

Morphological Characterizations of MLG. Scanning elec-
tron microscopy (SEM) has been done to characterize
surface morphology of MLG taken over the Si/SiO,
substrate. Figure Ta—f shows SEM micrographs at
different time intervals during the conversion process
of MWCNTs into MLG. After 6 h sonication of MWCNTSs
under H,S04/HNOs oxidizing agent, there is no sig-
nificant change observed in the surface structure of
MWCNTSs (Figure 1a). However, as we start vigorous
stirring at 80 °C, MWCNTs begin to unzip in the
graphene layer after a few minutes. So, we have tried
to analyze the SEM of this sample stirred at different
time intervals in Figure 1b—d. A sample collected after
20 min sonication is shown in Figure 1b. Figure 1b
exhibits evidence for the initiation of the unzipping
process and formation of MLG. It can be seen that some
of the MWCNTSs are still present, as shown by the arrows.
A similar feature is observed in the sample collected after
25 min (Figure 1¢), with the only difference being that the
concentration of MWCNTSs is reduced and most of the
nanotubes have been converted into MLG. Figure 1d—f
represents micrographs after quenching the ongoing
reaction for 30 min followed by filtering and washing
until neutral pH = 7.0 is reached. It gives clear evidence of
the conversion of all of the MWCNTSs into MLG. It seems

SRIVASTAVA ET AL.

(b)
MWCNTs

500 n( A—& /

S pm MLG

Figure 1. SEM micrograph at different time intervals during
the conversion process of MWCNTs into MLG. It gives
evidence for the conversion of all of the MWCNTs into a
graphene layer during acid oxidation treatment (a—f). (a)
Sonicated MWCNTs after 6 h at 50 kHz. (b,c) Micrographs at
different stirring times, which confirms the formation of
MLG, and (d—f) where all of the MWCNTSs have been conver-
ted into MLG.

that the individual graphene flakes stack together to form
larger size platelets when we quenched the reaction after
30 min (see Supporting Information Figure S1).

Figure 2 shows the transmission electron micro-
scopic (TEM, panels a—d) and selected area electron
diffraction (SAED, panel e) pattern of MLG, which
suggests the formation of MLG through unzipping of
MWCNTSs by action of the H,SO,/HNOs, where MWCNTSs
have an outer diameter ranging from 20 to 40 nm. Most
of the micrographs in Figure 2a are found to be MLG
(indicated by the arrows). The synthesized graphene
sheets show a tendency to stack into overlapped layers.
It can be seen from TEM analysis that resulting graphene
sheets not only show tendency to stack layers but also
tend to form larger graphene sheets derived from ag-
gregation of a few graphene layers. The brighter area in
Figure 2a corresponds to a thinner layer graphene,
whereas the darker area is made up of thicker layers.
Figure 2b—d represents the high-resolution TEM micro-
graph from a different region of MLG, where the graphitic
planes are clearly visible. Figure 2e represents the SAED
pattern of MLG. This SAED pattern indicates the hexago-
nal atomic structure and crystalline nature of the flakes. It
shows six sets of hexagonal spots with a rotational angle
around 6, 8, and 11° between different sets of layers.
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Figure 2. TEM image of functionalized MLG. (a) Thick and thin region of MLG has been observed. (b—d) HRTEM images of
MLG, where the graphitic planes are clearly visible. (€) SAED of MLG, which confirms the hexagonal atomic structure and

crystalline nature of the flakes.
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Figure 3. Raman spectra of pristine MWCNTs, after sonica-
tion and functionalized MLG. In this, D, G (G, and G,), and 2D
Raman bands of MWCNTs, MWCNTSs after sonication, and
MLG have been fitted using SpectraCalc software.

The six-layer stackings have also been confirmed by XRD
analysis (see Supporting Information Figure S2). The rota-
tional disorder is evident from the SAED pattern (Figure 2e),
which indicates that the flakes are randomly oriented.”’

AFM is a sensitive and flexible technique which is
used for measurement of the thickness of MLG. The
MLG suspension in dimethyl fluoride (DMF) is spin-
coated (5000 rpm) onto the Si/SiO, substrate followed
by drying at room temperature, and it has been used
for AFM analysis. The image and detailed explanation is
shown in Supporting Information, Figure S3.

Structural Characterizations of MLG. Raman spectroscopy
is a powerful tool to investigate the structural aspects of
carbon-based materials. In this study, the Raman spec-
trum has been recorded for all of the samples by exciting
the samples with an excitation wavelength of 514.5 nm.
Figure 3 represents the Raman spectrum of MWCNTSs,
MWOCNTSs after 6 h of sonication, and the functionalized
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TABLE 1. Peak Position and Full Width of Half Maxima

(fwhm) of D, G (G; and G;), and 2D Raman Bands of
MWCNTs, MWCNTSs after Sonication, and MLG

peak position (cm ") fwhm (em ™)

band MWCNTs after sonication ~ MLG ~ MWCNTs after sonication MLG

D 1347.5 13522 13622 675 1021 829
G 15781 1586.4 15956 50.1 68.2 62.7
G, 1617.8 1622.6 16269  30.2 55.7 2.1
2D 2694.2 27023 27072 785 86.5 720

MLG. In order to observe the peak position and full width
of half-maxima (fwhm) of D, G, and 2D Raman bands of
MWCNTs, MWCNTs after sonication, and MLG, these
bands have been fitted using SpectraCalc software. The
calculated peak positions along with the fwhm of all
observed bands (D, G;, G, and 2D) for MWCNTs,
MWCNTSs after sonication, and MLG are shown in Table 1.
In the spectrum (Figure 3), experimental data curve is
shown in green, whereas the fitted curves are shown in
black. The Raman spectra of pristine MWCNTSs reveal the
D band at 1342 cm ™' (due to disorder), the G band at
1580 cm™ ' (because of graphitic nature), and the 2D
band at 2698 cm ™' (second order of D band).**** The 2D
peak detected in the Raman spectra of all carbonaceous
materials, which is essentially the second harmonic of the
D band, comes out at ~2wp wavenumber position, when
sp>-bonded carbon atoms are present.*>** This 2D peak
reveals a strong dispersive character as a function of
excitation energy. The G band splitting into G; and G, can
be seen for all samples. This splitting in MWCNTs is due to
a change in the curvature of inner and outer cylinder
tubes of MWCNTs,** whereas splitting of the G band in
functionalized MLG perhaps occurs due to the presence
of functional groups, which may change the curvature of
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Figure 4. FTIR spectrum of MWCNTs, sonicated MWCNTSs,
and functionalized MLG. FTIR spectra reveal that both
sonicated MWCNTs and MLG have carboxyl functional
groups.

graphene layers. The attachment of functional group
introduces sp* character in MLG. The different peaks
positions (ie., D, Gy, Gy and 2D) of MWCNTs after
sonication and of MLG depict a shift at higher wavenum-
ber compared to MWCNTSs, which is shown in Table 1. The
changes in the crystallinity analyzed by comparing the
calculated fwhm values of all the bands are observed in
the spectrum. The fwhm of the D band for MWCNTSs is
found to be ~67.5 cm ™', whereas the fwhm for MWCNTSs
after sonication and MLG was enhanced up to 102.1 and
829 cm™', respectively. This enhancement shows the
disordered behavior of MLG due to the attachment of
functional groups as compared to MWNCTs. The fwhm of
the G, and G, bands for MWCNTSs are 50.1 and 30.2cm ™,
respectively, whereas MWCNTs after sonication and MLG
show that the fwhm of G, and G, are 68.2 and 55.7 cm ™
and62.7and 23.1cm ™, respectively. The fwhm of the 2D
band for MWCNTSs is around 785 cm ™', whereas the
fwhm after sonicated and MLG are at 86.5 and 72.0cm ™',
respectively.

Figure 4 shows the FTIR spectra of MWCNTSs, soni-
cated MWCNTs, and functionalized MLG. It can clearly
be seen that both sonicated MWCNTs and MLG have
more hydrophilic functional groups at the edge and on
the surfaces. However, none of these peaks are seen in
the case of MWCNTs, which exhibit the hydrophobic
nature of the functional groups. The peak at 1740 cm ™'
represents the stretching vibration of C=0 bonds of
the carboxylic acid group, whereas two other peaks at
2940 and 3620 cm ™' correspond to C—H and O—H
stretching modes of the carboxylic alcohol groups,
respectively. The peaks seen at 1250 and 1590 cm '
represent the C=0 and C=C stretching modes of MLG.
FTIR spectra, thus, clearly suggest that —COOH groups
are present within the MLG, which makes it a potential
material for different applications. There are two addi-
tional peaks such as C=C (asymmetric stretch) and
C=C observed at 2020 and 2160 cm ™", respectively.

XPS is a quantitative spectroscopic technique that
measures the elemental composition of the elements

Intensity (a.u.)
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Figure 5. XPS study of functionalized MLG. In the XPS
spectra, the peak at 284.2 eV is attributed to the presence
of a graphitic structure (C=C), whereas the peak at 288.9 eV
is assigned to the carbon 1s of the carboxylic group contain-
ing C=0.
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Figure 6. Cyclic voltammetry (CV) of ITO electrode (curve a),
MLG/ITO electrode (curve b), and Urs-GLDH/MLG/ITO bioe-
lectrode (curve c). The increase in the anodic current
obtained for the MLG/ITO (0.71 mA, curve b) compared to
bare ITO electrode (0.6 mA, curve a) indicates that a larger
surface area of MLG helps in large-scale redox conversion.

that exists within a material which gives complete in-
formation about the surface chemistry of a material.
Figure 5 represents XPS studies of carbon 1s spectra of
the functionalized MLG, and it is deconvoluted into three
species using Multipack software, version 7.0. In the XPS
spectra of the graphene layer, a peak obtained at 284.2 eV
is attributed to the presence of a graphitic structure (C=C)
.The peak obtained at 288.9 eV is assigned to the carbon
1s of the carboxylic group (C=0). A relatively small
intensity peak seen at 285.9 eV is due to the presence
of a C—O bond.* Therefore, both XPS and FTIR studies
confirm the formation of functionalized graphene.
Electrochemical Characterization. MLG/ITO electrode
and Urs-GLDH/MLG/ITO bioelectrode have been char-
acterized using the cyclic voltammery (CV) technique
using Autolab, a potentiostat/galvanostat (Eco Chemie,
Netherlands) with a three-electrode system in phos-
phate buffer (PBS) containing 5 mM {[Fe(CN)¢]* ~/*~.
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Figure 7. Cyclic voltammerty (CV) studies of the Urs-GLDH/
MLG/ITO bioelectrode as a function of scan rate (10— 100 mV/s).
Inset: redox peak current of Urs-GLDH/MLG/ITO bioelectrodes
as a function of the square root of scan rate. This result repre-
sents that, as we move toward a higher scan rate, anodic
potential shifts more toward the positive potential and the
cathodic peak potential shifts in the reverse direction.

Figure 6 shows the CV response obtained for ITO,
MLG/ITO, and Urs-GLDH/MLG/ITO electrodes in the po-
tential range of —0.75 to 0.75 V at a scan rate of 30 mV/s.
The increase in the cathodic current obtained for the
MLG/ITO (0.71 mA, curve b) compared to bare ITO
electrode (0.6 mA, curve a) indicates that a larger surface
area of MLG helps in large-scale redox conversion,
resulting in an increase in the redox current which also
reflects its enhanced electron transfer property. The
decrease in the anodic current obtained for the
Urs-GLDH/MLG/ITO electrode (0.52 mA, curve ) is
attributed to the hindrance caused by the macro-
molecular structure of enzymes indicating urease
and GLDH immobilization.

Figure 7 shows the cyclic voltammogram (CV) of the
Urs-GLDH/MLG/ITO electrode recorded at different
scan rates (10—100 mV/s). It can be seen that, as we
move toward a higher scan rate, anodic potential shifts
more toward the positive potential and the cathodic
peak potential shifts in the reverse direction. Besides
this, the redox peak currents show linear behavior with
the square root of the scan rate, v'’? (inset in Figure 7),
revealing it as a diffusion-controlled electron-transfer
process (egs 1 and 2).

I(Urs-GLDH/MLG/ITO)[A]
=221 x 10°[A] +9.92 x 10 >[As/mV]

x{scan rate(mV/s)}"/ (1
Ic(Urs-GLDH/MLG/ITO)[A]
= —1.07 x 10*[A] —6.99 x 10 >[As/mV]
x {scan rate(mV/s)}'/? (2)

The diffusion coefficient value (D) of the redox species
for the Urs-GLDH/MLG/ITO bioelectrode has been
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Figure 8. (a) CV response of the Urs-GLDH/MLG/ITO bioe-
lectrode as a function of urea concentration in the presence
of 30 uL of NADH and 70 uL of a-KG in PBS solution. (b)
Calibration curve between magnitude of the anodic peak
current (/) and urea concentration. It is found that the
magnitude of the current increases linearly as urea concen-
tration increases.

estimated from the slope of I, versus v"2 plot using
the Randel—Sevcik equation (eq 3)

Iy = (2.69 x 10°)n*2AD"2Cy'/? 3)

where [, is the peak current (/,; anodic and [
cathodic), n is electron stoichiometry, A is electrode
area (0.5 cm?), D is diffusion coefficient, C is concentra-
tion of the redox species (5 mM [Fe(CN)s]*"*7) in
mol/cm?®, and v is scan rate. The D value has been
obtained as 2.65 x 1078 cm?s™".

Electrochemical Response of the Urs-GLDH/MLG/ITO Bioelec-
trode. The responses of the Urs-GLDH/MLG/ITO
bioelectrode have been studied by the CV method
as a function of urea concentration. During the
biochemical reaction, urease (Urs) catalyzes decom-
position of urea into hydrogen bicarbonate (HCO5 ™)
and ammonium (NH, ") ions. It has been found that
ammonium ions simply diffuse into the solution.
Thus it is required to add GLDH as it catalyzes the
reaction among NH, ", a-KG, and NADH to create
NAD™ and L-glutamate. The electrons generated
during the biochemical reactions are transferred to
the electrode via an Fe(lll)/Fe(lV) redox probe ensu-
ing in a signal in the form of current.
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TABLE 2. Sensing Characteristics of the Urs-GLDH/MLG/ITO Bioelectrode along with Those Reported in Literature

bioelectrode detection range (linear) (mM) detection limit (mM)
Urs-GLDH/Zn0-Ch/ITO 0.8—16.6 0.49
Urs/PAPCP/ITO 0.16—5.02
Urs-PANi-nafion/Au 1-10 1
Urs-SWCNT/glassy carbon 0.1—1 (nonlinear) 0.1
MWCNT/silica 218 x 1072107
Ur-GLDH/MLG/ITO 1.66—16.6 0.6474

The biochemical reaction is as follows:

urease

(NH,),CO + 3H,0 =25 2NH,+ 4+ OH ™ + HCO; ~

NH4 " + o-ketoglutarate

+ NADH 2% _glutamate -+ NAD*

NADH — NAD" +2e~

The electrochemical response studies of the Urs-
GLDH/MLG/ITO bioelectrode obtained as a function of
urea concentration in the presence of 30 uL of NADH
and 70 uL of o-KG in PBS solution carried out using the
CV technique has been shown in Figure 8a.

The calibration curve has been fitted between the
urea concentration and the value of anodic peak current
(Figure 8b). It is found that the magnitude of the current
increases linearly as urea concentration increases (linear
range as 10—100 mg/dL) and obeys eq 4 as below

Io[A] = 5.899 x 10 *[A] 4-2.691
%10 "5[Amg ~'dL]
x{urea concentration(mgdL ")} (4)

The Urs-GLDH/MLG/ITO bioelectrode exhibits linearity as
10—100 mg/dL, lower detection limit of 3.9 mg/dL, with
the response time of 10 s. The sensitivity of the Urs-
GLDH/MLG/ITO bioelectrode has been estimated as 543
uAmg~" dL cm~2 with the regression coefficient of 0.997.
The shelf life of the Urs-GLDH/MLG/ITO bioelectrode has
been monitored by measuring electrochemical current
response with respect to time, with a regular interval of
1 week. It is observed that this bioelectrode retains about

EXPERIMENTAL DETAILS

Method of MWCNT Synthesis. MWCNTSs have been synthesized by
spray pyrolysis in a horizontal quartz tube furnace at ~900 °C using
xylene/ferrocene solution as a precursor. The optimum concentra-
tion of ferrocene in xylene used was 2 mg/mL. In this synthesis
process, xylene is used as a carbon source, whereas Ar was used as
a carrier gas at a flow rate of ~300 sccm. The other experimental
details have already been reported in our earlier reports.>*>>

Formation of Functionalized MLG from MWCNTs. Prior to starting the
graphene synthesis, MWCNTs are first treated with 5 M HCl to
remove the catalytic impurities and amorphous carbon. After
drying these purified MWCNTSs in oven at 80 °C, it was used for

SRIVASTAVA ET AL.

sensitivity response time (s) stability (days) ref
0.13 uA/mM cm 2 10 90 47
0.47 uA/mM cm 2 40 60 48
4.2 uA/mM cm 2 49
60 50
2.3 mV/mM em 2 25 60 51
32 uA/mM cm 2 10 40 present work

90% of the enzymes (Urs and GLDH) activity even after
about 6 weeks when stored in refrigerated conditions
(4 °C) after which the current response decreases to
85% in about 8 weeks. The effect of interferents on the
Urs-GLDH/MLG/ITO bioelectrode has been evaluated
by considering its CV response by adding normal
concentration of interferents (data not shown) like
cholesterol (5 mM), ascorbic acid (0.05 mM), uric acid
(0.1 mM), and glucose (100 mg/dL) along with urea
(1 mM) in phosphate buffer (50 mM, pH 7, 0.9% Nacl).
The response remains nearly the same except for uric
acid wherein there is an increase of about 7%. The
sensing performance of the Urs-GLDH/MLG/ITO bioe-
lectrode based urea biosensor is summarized in Table 2
along with those reported in the literature.

CONCLUSIONS

We have reported a new approach for large-scale
production of functionalized MLG simply using concen-
trated H,S0,/HNO; from MWCNTs. SEM and HRTEM
investigations have confirmed the synthesis of MLG,
whereas FTIR and XPS have represented its functionalized
behavior. This functionalized MLG has been successfully
utilized in urea biosensor application employing an
electrochemical technique, which suggests its potential
application in electrochemical sensing and biosensing
area. This biosensor shows linearity of 10—100 mg/dL,
sensitivity of 5.43 uAmg ™' dL cm ™2 lower detection limit
of 3.9 mg/dL, and response time of 10 s. The results of
these studies have implications toward the application of
this platform based on as synthesized graphene for
estimation of other clinically important bioanalytes such
as glucose, cholesterol, and triglycerides, etc.

chemical treatments. We have optimized the condition by varying
different stirring time intervals and with different concentrations of
these oxidizing agents which provide an easy and large-scale
production of MLG. In the first step of synthesis, these purified
MWCNTs are treated with concentrated H,SO4/HNO; (3:1) fol-
lowed by ultrasonication at 50 kHz, and the samples are char-
acterized at different time intervals. It has been observed that 6 h is
the optimum time. In the second crucial step, solution is stirred
vigorously at 80 °C. During the stirring process, the black color of
the solution slowly turns brown in 15 min. This brown color is the
evidence for the formation of graphene layers by unzipping
MWCNTs. If we continue stirring at this stage, the brown color
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turns yellow due to further breakage of graphene into very tiny
size soluble graphene oxide. As soon as the brown color is
observed, ongoing reaction is quenched by adding the distilled
water or ice to restrict further reaction. The brown solution is filtered
over a polytetrafluoroethylene (PTFE) membrane followed by wash-
ing several times with distilled water and finally dried at 80 °C over-
night to get the desired MLG. In this synthesis process, the yield
of MLG is found to be around 50% by weight of the starting
material MWCNTSs.

Fabrication of Functionalized MLG Thin Film Electrode. Thin film of
nanostructured MLG over an ITO electrode is formed by electro-
phoretic deposition technique (EPD).>* A very well dispersed stock
solution of MLG (50 mg dL™") in acetonitrile is prepared by
ultrasonication (50 W, 0.25 A) for about 1 h. Then, 100 uL of this
stock solution is dispersed in 10 mL of acetonitrile to make the
colloidal suspension of MLG. Its thin film is electrophoretically
deposited using a two-electrode cell by applying a DC voltage. In
order to get a surface charge on the MLG, 10°—10"* mol of
Mg(NOs),-6H,0 is added into the suspension as electrolyte for
EPD. A platinum foil (1 cm x 2 ¢cm) is used as the cathode and a
precleaned ITO-coated glass substrate having a sheet resistance of
30 Q cm™ ' as anode. The two electrodes, separated by 1 cm
placed parallel to each other, are dipped in the MLG colloidal
suspension. The film deposition is carried out onto the desired ITO-
coated glass plate (0.5 cm?) at 140 V for about 2 min. These films
are then removed from the suspension followed by washing with
deionized water and drying.

Covalent Immobilization of Urs and GLDH onto MLG/ITO Electrodes. All
of the chemicals, namely, urease (Urs), glutamate dehydrogen-
ase (GLDH), nicotinamide adenine dinucleotide (NADH), a-
ketoglutarate (a-KG), N-hydroxysuccinimide (NHS), and ethyl-
(dimethylaminopropyl)carbodiimide (EDC) have been procured
from Sigma-Aldrich (USA). Urs (10 mg/mL) and GLDH (1 mg/dL)
solutions are freshly prepared in phosphate buffer (50 mM, pH
7.0). The stock solution of urea (100 mg/dL) is prepared in
deionized water and is kept at 4 °C. This stock solution is used to
get different concentrations of urea by further dilution. EDC
(100 mg/mL), NHS (20 mg/mL), NADH (3.7 mg/dL), and a-KG
(47.5 mg/dL) are freshly prepared in doubly distilled water. Urs
and GLDH were covalently attached to the MLG/ITO electrode
by activating the COOH group of MLG using EDC as the coupling
agent and NHS as activator.>® The EDC-NHS-activated COOH
group attached with a NH, terminal of Urs and GLDH results in
the formation of a covalent amide bond (CO—NH). For COOH
activation, the MLG/ ITO electrode is first dipped in PBS contain-
ing 0.4 M EDC and 0.1 M NHS for 4 h at room temperature.
Further, 10 uL of bienzyme solution containing Urs (10 mg/mL)
and GLDH (1 mg/mL) in 1:1 ratio has been immobilized by
uniformly spreading on the activated electrode surface and
kept for about 6 h. The Urs-GLDH/MLG/ITO bioelectrode is then
washed with PBS buffer and is stored at 4 °C when not in use.
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