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Coimmobilization of poly(azure A) (PAA) and poly(neutral red) (PNR) has been successfully performed
and further enhanced by a multi-walled carbon nanotubes (MWCNTSs) modified electrode. The PAA-
PNR/MWCNTSs hybrid composite is electroactive, pH-dependent, and stable in the electrochemical
system. It shows eletrocatalytic activity to nicotinamide adenine dinucleotide (NADH) and hydrogen
peroxide (H,O,) with high current response and low overpotential. By amperometry, it shows a high
sensitivity of 265.8 pA mM™* cm to NADH (Eapp. = +0.05 V). Linearity is estimated in a concentration
range of 1x10°-1.455x10" M with a detection limit of 1x107 M (S/N = 3). It shows a high sensitivity of
10.3 pA mM™ cm® to H,0; (Egpp. = -0.25 V) with a linear concentration range of 8x10-1.91x10° M and
15 a detection limit of 1x10® M (S/N = 3). By the result, it proves the coimmobilization and activity of PAA
and PNR can be effectively enhanced by MWCNTS, suggesting a bifunctional sensor for determination of
NADH and H,0..
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orientation, and accelerate the electron transfer between protein
1. Introduction and the electrode surface.® Generally, the electrodes were
modified with biomolecules films,** conducting polymers,*®
redox dyes'® and nanoparticles.” Conducting polymers and
nanomaterials’®*? have attracted great research interest in
biosensor due to their versatility of the physical and chemical
properties. In our studies, we ever used azine redox dyes to
immobilize flavin adenine dinucleotide on the electrode surface
and it has been noticed to reduce H,O, due to its good
electrocatalytic reduction property.??* It indicates that the
conducting polymers can be arranged as hybrid composites with
active species and their electrocatalytic properties can be further
enhanced. However, one might suffer the difficulty of polymer
chains disorder during the hybrid film formation. It is worthy to
study the hybrid film formation and consider the enhancement of
their electrocatalytic properties.

For two decades carbon nanotubes (CNTS) have been gaining
popularity due to their unique properties such as electronic,
metallic and structural characteristics.”2 CNTs have outstanding
ability to mediate fast electron transfer kinetics for a wide range
of electroactive species and show electrocatalytic activity towards
biologically important compounds such as NADH?* and H,0,.%
Recently, the fabrication of CNTs/conducting polymer
composites has gained great interest as the CNTs can improve the
electrical and mechanical properties of polymers®2” and it has
been demonstrated that the obtained CNTs/conducting polymer
possess properties of the individual components with a
synergistic effect.?*® Particularly, CNTs might play a role as a
template to immobilize conducting polymers especially for
75 different conducting polymers coimmobilization.

Reduced NADH and its oxidized form, NAD®, are very
20 important coenzymes that play an important role in the energy
production/consumption of cells of all living organisms. NADH

participates in a variety of enzymatic reactions via more than 300

dehydrogenases.! Thus, many studies have focused on the

fundamental scientific applications of the NADH reaction. It has
25 received considerable interest due to its very important role as a
cofactor in a whole diversity of dehydrogenase-based
bioelectrochemical devices such as biosensors, biofuel cells, and

bioreactors.>* However, direct oxidation of NADH at a

conventional solid electrode is highly irreversible, requires large
30 activation energy, and proceeds with coupled side reactions,
poisoning the electrode surface.”” In recent years, many
nanomaterials, especially various carbon nanomaterials,®*° have
been used widely to reduce the over-potential for NADH
oxidation and minimize the surface contamination effect without
the help of redox mediators.

The rapid and accurate determination of H,O, is of great
importance in  pharmaceutical, clinical, industrial, and
environmental analyses. Many techniques have been employed
for the determination of H,0,, such as titrimetry, photometry,
40 chemiluminescence, high performance liquid chromatography

and electrochemistry.”> Among these techniques, amperometric

enzyme-based biosensors have received considerable attention
due to its convenience, high sensitivity and selectivity.*? In order
to prepare excellent biosensors, many materials were employed to
45 improve the microenvironment around proteins, provide suitable
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solution (PBS) containing 2.5x10° M AA and 2.5x10* M NR by
consecutive cyclic voltammetry. Potential cycling was controlled
in the potential range of -0.8 ~ +0.8 V and scan rate of 0.1 Vs*
60 with 20 scan cycles. After this procedure, the PAA-PNR and

In the present investigation, azure A (AA) a phenothiazine
redox dye and neutral red (NR) a phenazine redox dye are
proposed to co-immobilize on electrode surface because they
have an amino group located on the heteroaromatic azine ring,
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makes them amenable to facilitate electropolymerization,® and
their good activities also have been gradually disclosed in the
literature.?2®%  The use of CNTs to improve the
coimmobilization of conducting polymers and the electrocatalytic
property is also studied.

In this work, a simple electrochemical synthesis of PAA and

PAA-PNR/MWCNTSs modified electrodes were prepared to study.

3. Results and discussion
3.1 Preparation and characterization of PAA-PNR/MWCNTSs
3.1.1 Preparation of PAA-PNR/MWCNTSs hybrid composite
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PNR hybrid composites using MWCNTSs-electrode is studied.
This hybrid composite can be easily prepared on electrode
surface through electropolymerization of AA and NR monomers
under suitable potential control. The hybrid composites are
electrochemically characterized and the electrocatalytic reactions
of NADH and H,0, are also investigated.

e PAA and PNR are used to modify electrode surface because both
of them are active for NADH oxidation. The coimmobilization of
PAA and PNR is arranged and expected for advanced activity in
this work. According to previous works,?3+-3” PAA and PNR can
be individually prepared on an electrode surface involving

70 electropolymerization of AA and NR monomers. This is the first
time to immobilize both PAA and PNR on electrode surface.

2. Experimental

PAA/MWCNTs

A A

2.1 Materials and apparatus

NADH, H,0,, azure A, neutral red, and MWCNTs were
purchased from Sigma-Aldrich (USA) and were used as received.
All other chemicals (Merck) used were of analytical grade (99%).
Double-distilled deionized water (> 18.1 MQ cm™) was used to
prepare all the solutions. All other reagents were of analytical
grade and used without further purification.

The hybrid composite of PAA-PNR/MWCNTs was
characterized by cyclic voltammetry, electrochemical impedance
spectroscopy, and amperometry. A glassy carbon electrode (GCE)
was purchased from Bioanalytical Systems (BAS) Inc., USA. All
GCEs were used with diameter of ¢ = 0.3 cm (exposed geometric
surface area of A 0.0707 cm? for all electrochemical
techniques except of amperometry (¢ = 0.6 cm; A = 0.2826 cm?)
because of the difference between CV equipment and
amperometry equipment. The sensitivity is calculated in the unit
of [(current response)/(analyte concentration*electrode surface
area)] so that no influence in the comparison. Electrochemical
experiments were completed by a CHI 1205a electrochemical
workstation (CH Instruments, USA) with a conventional three-
electrode setup containing a GCE, an Ag/AgCl (3 M KClI)
electrode, and a platinum wire as working, reference, and counter
electrode, respectively. The morphological characterization of
composite films was examined by means of SEM (S-3000H,
Hitachi). All electrochemical impedance spectroscopy (EIS)
experiments were examined in pH 7 PBS containing 5x10° M
Fe(CN)¢>™ . The applied potential was 5 mV and the frequency
range was analyzed in the range from 0.1 MHz to 0.1 Hz. The
buffer solution was entirely deaerated using nitrogen gas
atmosphere.

2.2 Fabrication of PAA-PNR and PAA-PNR/MWCNTSs
modified electrodes
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Fig. 1. Consecutive cyclic voltammograms of PAA, PNR, PAA-
75 PNR examined in pH 7 PBS containing 2.5x10* M AA
with/without 2.5x10* M NR using GCE (A — C) and
MWCNTs/GCE (A’ —C”). Scan rate = 0.1 Vs™. Insets of (C) and
(C’): the plots of peak current (l,a, lpas) V. scan cycle.
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s Fig. 1 shows the voltammograms for the electropolymerization
of AA and NR using bare GCE and MWCNTSs/GCE, respectively.
All experiments were taken in the potential range of -0.8—1.0 V
with 20 scan cycles and scan rate of 0.1 Vs, Fig. 1A and 1A’
depict the voltammograms of AA electropolymerization using a
ss GCE and MWCNTS/GCE. It shows a redox couple with increase

in the redox peak currents. The electropolymerization of

assembled AA was performed in pH 7 PBS by cyclic

The MWCNTs modified electrode was prepared with well-
dispersed MWCNTS suspension. The MWCNTs were dissolved
in N,N-dimethylformamide (1 mg ml™) with sonication for 30
minutes. By drop casting method, 10 ul of the suspension was
dropped on electrode surface and dried out in the oven at 40 C.
Consequently, it was transferred to have hybrid
electropolymerization of AA and NR in pH 7 phosphate buffer
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voltammetry. Fig. 1A and 1A’ is the typical set of cyclic
voltammogram obtained from the electropolymerization of AA
assembled on the GCE and MWCNTSs/GCE, respectively. The
cyclic voltammograms show that the cathodic current of AA
monomer decreased at about -0.25V while the cathodic current of
PAA increased at about -0.06 V, which means both of the
assembled AA could be electropolymerized to form conducting
polymer successfully. The two cyclic voltammograms are very
similar, indicating that the structure of PAA didn’t change on the
surface of MWCNTSs. Current response is the only difference
between two electropolymerization procedures using GCE and
MWCNTSs/GCE. The above results have a good agreement with
the previous work.*®

Fig. 1B and 1B’ depict the voltammograms of NR
electropolymerization using a GCE and MWCNTs/GCE. It shows
two redox couples with increase in the redox peak currents. The
electropolymerization of assembled NR was performed in pH 7
PBS by cyclic voltammetry. Fig. 1B and 1B’ is the typical set of
cyclic voltammogram obtained from the electropolymerization of
NR assembled on the GCE and MWCNTS/GCE, respectively.
Considering the electrochemical process, there are one anodic
peak at -0.54 V and one cathodic peak at -0.59 V for the first
cycle. The anodic peak at 0.7 V corresponds to the formation of
the radical cation dye. The anodic peak current at about 0.02 V
and the corresponding cathodic peak current at 0.08 V increase
with the number of potential cycles, indicating a successive
increase in the amount of the poly(neutral red) film. Therefore,
two redox couples are found at the formal potential of E,” = -
0.56 V and E;” = +0.05 V in the cyclic voltammogram of PNR
formation. Similarly, two significant redox couples are found at
the formal potential of E;” = -0.54 V and E;” = +0.05 V in the
case using MWCNTSs/GCE. It means the same electrochemical
processes of NR electropolymerization occur using both bare
GCE and MWCNTSs/GCE. Moreover, the higher current response
is found in the case using MWCNTSs/GCE. It indicates that higher
current response of NR electropolymerization can be enhanced by
MWCNTs. The corresponding results have a good agreement
with the previous works.?2%

As shown in Fig. 1C, the coimmobilization of PAA and PNR
were carried out in pH 7 PBS containing 2.5x10° M AA and 2.5x
10* M NR by consecutive cyclic voltammetry. The cyclic
voltammogram depicts the electropolymerization of AA and NR
on bare electrode surface. All peak currents are increasing as the
increase in the scan cycles. It exhibits three redox couples at the
formal potential of E;” = -0.58 V, E,* = -0.18 V, and E3” =
+0.02 V. However, the redox peaks enormously shift especially
the cathodic peak 1. This phenomenon might be caused by the
disorder of hybrid films formation. In order to overcome this
drawback, a strategy is proposed to enhance the
electropolymerization of PAA and PNR hybrid films using
MWCNTSs as an active and steric template. Fig. 1C* shows the
voltammogram of AA and NR electropolymerization using a
MWCNTs-electrode in the same solution. It exhibits significant
redox couples at the formal potential of E; = -0.53 V, E,Y" = -
0.15 V, and E;* = +0.05 V, corresponding to the related redox
couples of AA and NR electropolymerization. The corresponding
results have a good agreement with the previous works.?3%%
Furthermore, one can see that three redox couples have well

current development with less peak shift as the increase in scan

e0 cycles. It can be concluded that the hybrid films formation can be
improved by MWCNTSs. Insets of Fig. 1C and 1C’ present the
peak currents (lp,; and lp,3) development with scan cycles. Both
bare and modified electrodes have current increase at the redox
peaks. During 20 scan cycles, the MWCNTs-electrode shows

es higher current response and sharp increasing curve different from
bare electrode (Insets of Fig. 1C and 1C’). It indicates that
MWCNTSs provides more active space allowed PAA and PNR
coimmobilize on electrode surface result in well redox peaks with
high peak current and less peak shift. One can know that the

70 hybrid films formation of PAA and PNR can be improved by
MWCNTSs.

3.1.2 Characterization of PAA-PNR/MWCNTSs
composite by SEM, cyclic voltammetry, and EIS

75 Surface morphology of these modified electrodes was studied by
SEM. Fig. 2 shows the SEM images for (A) bare, (B) PAA, (C)
PNR, (D) PAA-PNR, (A”) MWCNTs, (B’) PAA/MWCNTS, (C°)
PNR/MWCNTs, and (D’) PAA-PNR/MWCNTs coated ITO
electrodes.

80
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PAA-PNR PAA-PNR/MWCNTs
Fig. 2. SEM images of (A) bare, (B) PAA, (C) PNR, (D) PAA-
PNR, (A’) MWCNTSs, (B”) PAA/MWCNTSs, (C’) PNR/MWCNTS,
and (D’) PAA-PNR/MWCNTSs coated ITO electrodes.
85

Fig. 2A—2D and 2A’—2D’ represent the images for various

This journal is © The Royal Society of Chemistry [year]
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modified electrodes “without” and “with” MWCNTSs. PAA, PNR
and PAA-PNR (Fig. 2B—2D) exhibit globular structures due to
the clusters formation in the electropolymerization process.
Particularly, PAA has bigger clusters among these materials.
Considering the AA electropolymerization, the voltammograms
(Fig. 1A and 1A’) show less increase in the redox peak currents.
It indicates the bigger PAA clusters formation might be easier
cause the termination of AA electropolymerization. Therefore, it
shows less increase in redox peak currents and big clusters in
SEM images.

It exhibits the fiber-like structure when MWCNTSs coated on
electrode surface (Fig. 2A’). Fig. 2B’ — 2D’ show the SEM
images for PAA/MWCNTs, PNR/MWCNTs, and PAA-
PNR/MWCNTSs, respectively. They show globular clusters and
fiber-like structure. By comparison, it exhibits more compact
morphological image when using a MWCNTSs-electrode to do the
electropolymerization of AA, NR, and both of them. One can
conclude that MWCNTS can enhance the immobilization of PAA,
PNR, and both of them.

To ascertain the hybrid composite successfully immobilized on
electrode surface, the PAA-PNR/MWCNTs modified electrode
was examined in pH 7 PBS and compared to the relative
modified electrodes. Fig. 3 shows the voltammograms of (a) PAA,
(b) PNR, (c) PAA-PNR, and (d) PAA-PNR/MWCNTs modified
electrodes examined in pH 7 PBS. The PAA-PNR/MWCNTSs
composite shows obvious three redox couples with smaller peak-
to-peak separation and higher current response. By comparison,
the current response of PAA-PNR/MWCNTS is several folds of
other modifiers. By the comparison of CV and SEM results, it
» indicates that PAA-PNR-MWCNTSs hybrid composite is more
reversible, active and compact in the related modifiers.

—
o
O
—
5
o
O
a-PAA
Zla
b-PNR O
Cc-PAA-PNR I4 HA
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Fig. 3. Cyclic voltammograms of (a) PAA, (b) PNR, (c) PAA-
and (d) PAA-PNR/MWCNTs modified electrodes
examined in pH 7 PBS. Scan rate = 0.1 Vs™. Inset: the scale-up
voltammograms of (a) PAA, (b) PNR, and (c) PAA-PNR.

The PAA-PNR/MWCNTs  composite  was  further
40 electrochemically characterized by EIS. EIS can give information

s Fig.  5A

on the impedance changes of the electrode surface during the
modification process. EIS spectra usually provide the semicircle
arc at higher frequencies correspond to the electron transfer
limited process or the electron transfer resistance (Re). One can

s easily determine Ry to understand the relationship between

impedance and modifiers on the electrode interface. Fig. 4 shows
the EIS spectra of (a) bare, (b) PAA/IMWCNTS, (c) MWCNTS, (d)
PNR/MWCNTs, and () PAA-PNR/MWCNTs modified
electrode examined in pH 7 PBS containing 5x10° M Fe(CN)>

s ’*. Curve (a) shows the EIS spectra of the bare GCE which

exhibits a straight line and a large semicircle arc (Re = 798.2 Q).
Curve (b)-(e) individually depicts a straight line with a smaller
depressed semicircle arc estimated in Ry = 119.2 Q, 73.2 Q, 71.2
Q, and 48.2 Q for (b) PAA/MWCNTS/GCE, (c) MWCNTSs/GCE,

s (d) PNR/MWCNTS/GCE, and (¢) PAA-PNR/MWCNTS/GCE,

respectively. They present a resistance of electrolytic solution (R)
about 90.8 Q. One can know that the modified electrodes exhibit
lower R, than that of bare GCE. This phenomenon indicates that
the electroactive species can lower the resistance of electron

e0 transfer and effectively enhance the activity on electrode surface.

Particularly, the PAA-PNR/MWCNTS/GCE shows relatively
lower resistance which is even lower than that of MWCNTSs/GCE.
It implies that the PAA and PNR are well immobilized on
MWCNTSs to form a compact and active hybrid composite result

es in low electron transfer resistance and high current response.

1000
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Fig. 4. EIS spectra of (a) bare, (b)) PAA-MWCNTS, (c) MWCNTS,
(d) PNR-MWCNTs, and (e) PAA-PNR/MWCNTs modified

70 electrode examined in pH 7 PBS containing 5x10° M Fe(CN)g>
Ia-

The influence of the scan rate and pH condition on the PAA-
PNR/MWCNTSs/GCE electrochemical response was also studied.
shows the cyclic voltammograms of PAA-
PNR/MWCNTs/GCE examined with different scan rate in pH 7
PBS. According to the obvious redox couples, it represents that
the PAA-PNR/MWCNTSs can be well immobilized on GCE and it
can show stable current response in the scan rate of 10 —1000

so mVs™. In the potential range of -0.8 V to +0.4 V, the PAA-

PNR/MWCNTs film exhibits three well-defined redox couples
with smaller peak-to-peak separation, indicating reversible and
fast electron transfer processes. Both anodic and cathodic peak

4 | Journal Name, [year], [vol], 00—00
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currents are directly proportional to scan rate (inset of Fig. 5A),
suggesting a surface controlled process in the electrochemical
system. The observation of well-defined and persistent cyclic
voltammetric peaks indicates that the PAA-PNR/MWCNTs/GCE
exhibits electrochemical response characteristics of redox species
confined on the electrode. The apparent surface coverage (I") was
estimated by following equation:

l, = "°F?vAT14RT @

where, 1, is the peak current of the PAA-PNR/MWCNTSs
composite electrode; n is the number of electron transfer; F is
Faraday constant (96485 C mol™); v is the scan rate (mV s%); A is
the area of the electrode surface (0.07 cm?); R is gas constant
(8.314 J mol™ K™); and T is the room temperature (298.15 K).
The anodic peak 1, 2, and 3 are used for the calculation of the
apparent surface coverage of NR, PAA, and PNR. Assuming a
two-electron process in the present case, the I” was calculated in
9.2x107%% mol cm™?, 5.9x107*° mol cm™?, and 1.1x10™° mol cm™
for PAA, NR, and PNR, respectively.

These values are several folds of that in previous works of
PAA, NR, and PNR.*" High surface coverage indicates that the
hybrid composite might be compact with more electroactive
species on electrode surface. One can conclude that MWCNTSs
25 provides more active sites to load more electroactive species.

Current
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Fig. 5. Cyclic voltammograms of PAA-PNR/MWCNTs/GCE
examined with (A) 10—1000 Vs™ (pH 7 PBS) and (B) pH 1—13
(scan rate = 0.1 Vs™). Insets are plots of peak current vs. scan rate
w0 and formal potential (E*) vs. pH.
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To ascertain the effect of pH, PAA-PNR/MWCNTSs/GCE was
examined in different pH solutions (pH 1 — 13). Fig. 5B presents
the PAA-PNR/MWCNTSs redox peaks which are shifted to more
negative potential as increasing pH value of solution. It shows
stable redox peaks in various pH conditions. This result is the
same even though PAA-PNR/MWCNTSs is repeatedly examined
and change testing order of pH condition. It indicates that PAA-
PNR/MWCNTSs hybrid composite is active and stable in wide pH
condition. The characteristic PNR redox couples (with formal
potential of E”; and E”’3) exhibit the significant slopes of -65.9
mV pH™ and -52.7 mV pH™ for redox couple 1 and redox couple
3, respectively. The PAA redox couple (E”,) is also pH-
dependent with a slope of -58.1 mV pH* with the increase of pH
value. These slopes are close to that given by the Nernstian
equation, suggesting a two-electron and two-proton transfer for
PAA, NR, and PNR redox processes. This phenomenon indicates
that both PAA and PNR redox processes are involving two-
proton and two-electron transfer processes in the electrochemical
system. It represents the electrochemical behaviours through the
reduction and oxidation states for PAA and PNR and the results
are also close to previous reports.?>*® As the result, the hybrid
composites can be stable and electroactive in the different pH
buffer solutions.

3.2 Electrocatalysis of NADH and H,0, at
PNR/MWCNTSs electrode

The electrocatalytic activity of the PAA-PNR/MWCNTS
electrode towards the oxidation of NADH and the reduction of
H,0, in pH 7 PBS was demonstrated.

Fig. 6A displays the CVs of PAA-PNR/MWCNTSs/GCE in pH
7 PBS containing different concentration of NADH (a—d). PAA-
PNR/MWCNTSs/GCE shows an obvious oxidation peak at about
+0.05 V with high peak current while bare GCE (a’) shows an
oxidation peak at +0.7 V for NADH. Fig. 6B displays the CVs of
PAA-PNR/MWCNTS/GCE in pH 7 PBS containing different
concentration of H,0, (a—d). PAA-PNR/MWCNTSs/GCE shows
two obvious reduction peaks at about -0.25 V and -0.55 V with
high peak current while bare GCE (a’) shows almost no reduction
peak in this potential range.

Table 1 shows the activity comparison of PAA-
PNR/MWCNTs compared with related modifiers for
electrocatalytic oxidation of NADH in pH 7 PBS. Most higher
net current response is found in PAA-PNR/MWCNTSs and it has
competitive lower overpotential in these series of modifiers. By
comparison, the sensitivity of PAA-PNR/MWCNTSs electrode
towards NADH is much higher than those of PAA and PNR. This
result proves that the activity of PAA and PNR can be enhanced
by MWCNTSs. It also means that the hybrid composite can
effectively alternate electrode interface result in good
electrocatalytic activity towards both NADH oxidation and H,0,
reduction. It is concluded that PAA-PNR/MWCNTS is active
with low overpotential and high current response, suggesting a
bifunctional sensor for determination of NADH and H,0,.

PAA-

This journal is © The Royal Society of Chemistry [year]
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Fig. 6. Cyclic voltammograms of PAA-PNR/MWCNTs/GCE
examined in pH 7 PBS containing (A) [NADH] = (a) 0 uM, (b) 1
M, (¢) 2 uM, and (d) 3 uM; (B) [H20;] = (a) 0 uM, (b) 1 uM, (c)
2 uM, and (d) 3 pM, respectively. Scan rate = 0.1 Vs (a’) is

3.3

Amperometric

response  of

composite to NADH and H,0,

Fig. 7A & B show amperometric

PAA-PNR/MWCNTSs

responses of PAA-

s PNR/MWCNTSs modified electrode with additions of NADH and
H,0, obtained by amperometry. They were carried out with
electrode rotation speed of 1000 rpm and individually applied

potential

at +0.05 V and

-0.25 V,

respectively. PAA-

PNR/MWCNTSs/GCE shows significant amperometric response
3 for NADH and H,O, addition spiked by micro-syringe. Insets of
Fig. 7 present the calibration curves, the regression equations are
obtained as Iyapn(pA) = 0.0751Cyapn(rM) + 4 and loo(HA) =

0.0029C,02(LM) + 27.7, with correlation coefficient of R

0.9947 and 0.9951, respectively. As the results, it provides linear
s concentration range of 1x10°-1.455x10° M with sensitivity of
265.8 pA mM™ cm and detection limit of 1x107 M (S/N = 3)
for NADH. In the case of H,O, reduction, it also provides linear
concentration range of 8x10-1.91x10° M with sensitivity of
10.3 pA mM* cm? and detection limit of 1x10° M (S/N = 3).

40

<C]50

0
0
[NADH]/uM

b

ot
o
o
o
*
X

y=0.0751x+4
R*=0.9947

1400 2800

voltammogram of bare electrode in the presence of target species.
Insets: the plots of peak current vs. species concentration.

Table 1. Activity comparison of PAA-PNR/MWCNTSs compared

with related modifiers for electrocatalytic oxidation of NADH in

pH 7 PBS.

Al,’/ Current
Modifiers Eors’ 7V Ipn”/uA 1, /uA uA  Ratio®
PAA 028 64 71 07 1
PNR 013 62 67 05 07
PAA-PNR 020 59 62 03 0.4
MWCNTSs 028 69 446 377 54
PAA/MWCNTS 0.04 137 245 108 15
PNR/MWCNTSs 0.04 175 28 105 15
PAA-PNR/MWCNTs  0.05 523 96.6 44.3 63

 The anodic peak potentail observed for NADH oxidaiton.
® The anodic peak current measured in the absence of 3 uM

NADH.

¢ The anodic peak current measured in the presence of 3 uM

NADH.

¢ Net current contribution (Aly, = I, —

lop) estimated from

anodic peak current in the blank (I,,) and anodic peak current in

the presence of NADH (l,,).

¢ Current ratio is estimated based on the net current contribution

of PAA for NADH oxidaiton.

=
3) [20uA
=
100
s5|B2bp
U E 5 /
it Wy =0.0029x +27.7
£ [ RrR=0.9951
—
O 70 1000 20002500
[H.0.]/uM

J1oua

| |
1200 1800 2400
Time/s

Fig. 7. Amperograms of PAA-PNR/MWCNTs/GCE examined
with additions of (A) NADH (E,yp,. = +0.05 V) and (B) H,0; (Eqpp.
= -0.25 V). Electrode rotation speed = 1000 rpm. Insets: (a) the

«s Steady-state current—response time of PAA-PNR/MWCNTs/GCE
to NADH and H,0,; (b) the calibration graph for NADH and
H,0,.

I
0 600

Table 2 presents the main performances of published data
so about NADH sensors based on different modified materials. By
comparison, the NADH sensor presented in this paper exhibits

6 | Journal Name, [year], [vol], 00—00
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one of the highest sensitivity with a low detection limit and very
low overpotential. A significant lower detection limit and a
higher sensitivity were reported for sensors based on MWCNTSs.
They might prove that the synergistic effect of obtained
s CNTs/conducting polymer possess properties of the individual
components similar to previous reports.?®*® Table 3 presents the
main performances of published data about H,O, sensors based
on different modified materials. It also shows competitive
performance with low applied potential (Eqy, = -0.25 V) and low
10 detection limit (1 pM) in the literature. Particularly, this hybrid
composite is so active indicating a bifunctional sensor for
determination of NADH and H,0,.
One can conclude that the active hybrid composite shows
competitive performance to other materials (Table 2 & 3). It has
1s the excellent ability to determine both NADH and H,O, due to
low detection limit, low working potential, and high current
response, suggesting as a bifunctional sensor to determine NADH
and H,0, in the biosensing system.

20 Table 2. Performance for sensing NADH with various materials
modified electrodes.

Eap” (V| gpp  Sensitivity
Modified materials Vs. M) (MAmM ™ Ref.
Ag/iAgel) M cm?)
PNR-FAD 0.10 10 215 [22]
Highly ordered
mesoporous carbon 0.25 161 %3 [38]
Chemically red_uced 045 10 268 [39]
graphene oxide
Graphite/PMMA 0.45 35 68 [40]
MWCNT/poly-Xa 0.45 0.1 2.2 [41]
polyluminol/MWCNTs  0.10 0.6 183.9 [42]
ERGO-PTH/GC 0.40 0.1 143 [43]
poly-
Xa/FAD/MWCNTSs 0.15 e 155 [44]
PAH/SPE 0.60 0.22 125.9 [45]
PAAPNRIMWCNTs 005 01 2658 1S
work

% Eqpp. = Applied potential.
® LOD = Limit of detection.

s Table 3. Performance for sensing H,O, with various materials
modified electrodes.

Eap” (V| opp  Sensitivity
Modified materials vs. (M) (MAmM ' Ref.
Ag/Agel) H cm?)
PMB/FAD® 045 01 1109 [21]

PNR-FAD® -0.45 0.1 5.4 [22]
poly-Xa/FAD/MWCNTs®  -0.3 100 60 [44]
Nanostructuregi Prussian 0.05 0.001 700 [46]

Blue
Conventional
(unstructured) Prussian 0.05 0.001  500-700 [46]
Blue®
Cerium c_mdeC 02 1 15 [47]
nanoparticles
Polymer/Pt nanoparticle 0.6  0.042 500 [48]
Carbon film/nano-Pt® 0.6 0.0075 56 [49]
Ensembles of nano-Pt¢ 0.5 0.0005 21 [50]
c This
PAA-PNR/MWCNT -0.25 1 10.3
work

®Eapp. = Applied potential.
PLOD = Limit of detection.
¢ Sensing of H,0, by its reduction.

20 ¢ Sensing of H,0, by its oxidation.

3.4 Interference study of the PAA-PNR/MWCNTSs composite

The PAA-PNR/MWCNTs modified electrode was studied with
the interference effect on amperometric determination of NADH
35 and HzOz.

It was examined in the presence of several interferants
including ascorbic acid, dopamine, uric acid, L-cysteine, and L-
cystine (Eqpp. = +0.05 V, -0.25 V). Fig. 8 shows the amperograms
of PAA-PNR/MWCNTS/GCE examined for NADH with

4 potential interferants. No much interference occurred in the
amperograms. One can conclude that the modified electrode can
avoid interference from most of interferants to be a good
electrocatalyst to determine NADH and H,0,.

This journal is © The Royal Society of Chemistry [year]
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a—NADH
b—NADH, )
c—Ascorbic Acid
d-Uric Acid
e—Dopamine
f-Glucose
g—Fructose
h—L-cysteine
i—Ascorbic Acid
j—Uric Acid
k—Dopamine

Current

| I |

300 600 900
Time/s
Fig. 8. Amperograms of PAA-PNR/MWCNTs/GCE examined
with additions of potential interferants (E,p = +0.05 V). (a)
1x10* M NADH, (b) 1x10* M NADH, (c) 1x10® M ascorbic
acid, (d) 1x10°® M uric acid, (e) 1x10® M dopamine, (f) 1x10° M
glucose, (g) 1x10° M fructose, (h) 1x10° M L-cysteine, (i) 1x10"
4 M ascorbic acid, (j) 1x10° M uric acid, and (k) 1x10° M
dopamine. Electrode rotation speed = 1000 rpm.

0 1200

3.5 Stability study of the PAA-PNR/MWCNTSs modified
electrodes

The reproducibility and stability of the sensor were evaluated.
Five PAA-PNR/MWCNTSs electrodes were investigated at +0.05
V to compare their amperometric current responses. The relative
standard deviation (R.S.D.) was 1.2%, indicating that the
preparation method was highly reproducible. Ten successive
measurements of NADH on one PAA-PNR/MWCNTSs electrode
yielded an R.S.D. of 2.7%, indicating that the sensor was stable.
The long-term stability of the sensor was also evaluated by
measuring its current response to NADH within a 7-day period.
The sensor was exposed to air and its sensitivity was tested every
day. The current response of PAA-PNR/MWCNTSs electrode was
approximately 90% of its original counterpart, which can be
mainly attributed to the chemical stability of PAA and PNR on
MWCNTSs

4. Conclusions

PAA and PNR hybrid films can be successfully prepared on
electrode surface and the coimmobilization can be further
enhanced by MWCNTSs. The PAA-PNR/MWCNTS electrode is
electrochemically characterized and examined as a novel NADH
sensor, which presents attractive analytical features such as high
sensitivity, low overpotential, low detection limit, strong stability,
and good reproducibility. This modified electrode also exhibits
activity towards H,0,. As the result, the PAA-PNR/MWCNTSs
electrode can be a high sensitive NADH sensor and used as a
bifunctional sensor to determine both NADH and H,0,. It
approaches the prospect for effective determination of NADH
and H,0, due to low overpotential, low detection limit, high
sensitivity, bifunction, and low cost.
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