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Hybridization of poly(luminol) (PLM) and poly(neutral red) (PNR) has been successfully performed and

further enhanced by a conductive and steric hybrid nanotemplate using graphene oxide (GO) and multi-
walled carbon nanotubes (MWCNT). Morphology of PLM-PNR-MWCNT-GO mycelium-like

=

nanocomposite is studied by SEM and AFM and it is electroactive, pH-dependent, and stable in the

electrochemical system. It shows eletrocatalytic activity to NADH with high current response and low

overpotential. By amperometry, it shows a high sensitivity of 288.9 pA mM™' cm™ to NADH (Eqpp. = +0.1

V). Linearity is estimated in a concentration range of 1.33x10"-1.95x10* M with a detection limit of
1.33x10°° M (S/N = 3). Particularly, it also shows another linear range of 2.08x10-5.81x10™* M with a

o

sensitivity of 151.3 uA mM"' cm™. Hybridization and activity of PLM and PNR can be effectively

enhanced by MWCNT and GO, performing an active hybrid nanocomposite for determination of NADH.

1. Introduction

Reduced p-nicotinamide adenine dinucleotide (NADH) and its
oxidized form, NAD', are very important coenzymes that play an
20 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.' Many studies have
focused on the fundamental scientific applications of the NADH
reaction. Numerous analytical methods have been proposed for
»s NADH  detection, including colorimetry,2 fluorescence,’
enzymatic assay,’ high-performance liquid chromatography,’
clectrospray ~ ionization mass  spectrometry,’  capillary
electrophoresis,” and electrochemical assay.*® It has received
considerable interest due to its very important role as a cofactor
30 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 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 overpotential for NADH oxidation and minimize the
surface contamination effect without the help of redox mediators.
Since two decades carbon nanotubes (CNTs) have been
gaining popularity due to their unique properties such as
electronic, metallic and structural characteristics.'’ 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
s NADH and H,0,2**' Recently, the fabrication of
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CNTs/conducting polymer composites has gained great interest

as the CNTs can improve the electrical and mechanical properties

of polymers?®* and it has been demonstrated that the obtained

CNTs/conducting polymer possess properties of the individual
so components with a synergistic effect.”** Particularly, CNTs
might play a role as a template to immobilize conducting
polymers especially for different conducting polymers
hybridization.

Graphene oxide (GO) consists of a single atomic layer of
sp>-hybridized carbon atoms functionalized with mainly phenol,
hydroxyl, and epoxide groups on the basal plane and ionizable
carboxyl groups at the edges; it is obtained after treating graphite
with strong oxidizers. GO can form stable single-layer aqueous
dispersions due to the charge repulsion of the ionized edge acid
6 groups. As a derivatized graphite nanomaterial, GO features a

highly hydrophobic surface with non-oxidized polyaromatic
nanographene domains on the basal plane. The abundance of
highly conjugated structures on the surface of GO allows it to
adhere readily to conjugated materials through n— interactions,
¢s making GO function as a unique tethered 2D surfactant sheet.*'
Recently, many studies have confirmed that GO is a good
candidate for use as an advanced carbon material in
electrochemical applications.>**® Because CNTs and GO exhibit
many similar properties, while being structurally dissimilar, then
70 on covalent preparation of rGO/CNT composites provides
attractive building blocks for the development of nanocarbon
materials with potentially improved conductivity and catalytic
ability for electrochemical research.
Luminol (LM) has been widely used in chemiluminescence
75 detection,”  electrochemiluminescence,** as well as for
immunoassays using a flow injection system and liquid
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;' chromatography.*** As the polyluminol (PLM) film modified on 2.3 Fabrication of PLM-PNR and PLM-PNR-MWCNT-GO
3 the working electrode, it provides a reversible redox couple modified electrodes
4 involving electron transfer. Su'ch as previous works, this modiﬁﬁ?d The electropolymerization of luminol (LM) and neutral red (NR)
5 electroc.le also can b? applied to SE‘idy the electrocatalytlc o was carried out in pH 5.5 PBS containing 1.5x10° M LM and
6 s properties (1f biological ?51016(3“165 and t1.1e r§v§r51ble 1x10* M NR by consecutive cyclic voltammetry. Potential
7 NADH/ NA.D 'redc?x System. Th? electrocata.lytlc actlv%ty for cycling was controlled in the potential range of -0.7 ~ +0.6 V
8 NADH oxidation is 1m£)6roved using the hybrid composites of with scan rate of 0.1 Vs and 15 scan cycles. Both bare and
9 PLM and nanomaterlal.s. o ' ) MWCNT-GO modified electrodes were used to have the
10 I'n the present investigation, lumlnol' (LM) a versatile electropolymerization of LM and NR.
1 10 chemical and n.eutral .rc.ed (NR) a phenazine redox dye are The MWCNT-GO modified electrode was prepared by two
12 proposed tq co-immobilize on electrode surface.beftause they steps: firstly, the electrochemical reduction of graphene oxide
13 have an amino group l.ocated on the heterQaerazi?47Ti;1g, rnake.s (GO), then, the adsorption of MWCNT. GO-modified electrode
14 them amepa'b'le to facilitate electropolymerlzatlog, an.d their was prepared in the procedures: firstly, the GO solution (0.5 mg
15 good act:zél‘tsl‘fgswalso have been gradually dlSClo.Sed in the ) ) was prepared in 0.5 M sulfuric acid, then, electrochemical
16 15 htera.tu.re. o The use of GO and MWCNT to improve the reduction of GO was achieved by employing consecutive cyclic
17 hybrldlza.tlon of copductmg polymers and the electrocatalytic voltammetry in the potential range of 0 to -1.4 V (15 cycles, scan
18 property 18 also StUdl'?d- ) . rate = 0.05 Vs'). All MWCNT were carboxylic functionalized
19 In thl.s work, a 51mp¥e eléctrochemlcgl synthem.s of PLM and and well-dispersed in PBS (1 mg ml") with sonication for 10
20 PNR hybrid film formation is studied with an active MWCNT' 7s minutes. By drop-casting, 10 pl of the solution was dropped on
21 20 GO-electrodé. The .PLM'PNR‘MWCN'GO hybrid electrode surface and dried out in the oven at 40 T .
nanocomposite can be easily prepared on electrode surface Consequently, the MWOCNT-GO modified electrode was
22 through electropolymerization of LM and NR monomers using transferred to have hybrid electropolymerization of LM and NR
23 suitable arrangement of MWCNT and GO as an active and steric in pH 5.5 PBS containing 1.5x10° M LM and 1x10* M NR by
24 template.  The hybrid ~composites are electrochemically  consecutive cyclic voltammetry. After these procedures, the LM-
25 25 characterized and the electrocatalytic oxidation of NADH is also PNR and PLM-PNR-MWCNT-GO modified electrodes were
g? investigated. prepared to study.
gg 2. Experimental 3. Results and Discussion
30 2.1 Reagents and materials 3.1 Preparation and characterization of PLM-PNR-MWCNT-
31 Nicotinamide adenine dinucleotide (NADH), luminol (LM), ¥ GO hybrid composite
32 30 neutral red (NR), and multi-walled carbon nanotubes (MWCNT) Hybridization of PLM and PNR is studied due to their activities
33 were purchased from Sigma-Aldrich (USA) and were used as- and easy electropolymerization of monomers. However, the
34 received. All other chemicals (Merck) used were of analytical electropolymerization of two kinds of monomers might suffer the
35 grade (99%). Double-distilled deionized water (> 18.1 MQ cm'") difficulty of disorder of polymer chains. Fig. 1A shows the
36 was used to prepare all the solutions. All other reagents were of 4 consecutive cyclic voltammogram of LM and NR
37 35 analytical grade and used without further purification. A pH 5.5 electropolymerization using a bare GCE. Poor current
38 phosphate buffer solution (PBS) was prepared with 0.05 M development of redox peaks indicates that the hybrid
39 Na,HPO, and 0.05 M NaH,PO4 and adjusted to pH 5.5 by electropolymerization of LM and NR is not perfect. In our
40 phosphoric acid. strategy, MWCNT-GO was used as a conductive and steric
41 2.2 Apparatus and measurements ss substrate to enhance the hybrid electropolymerization of hetero-
42 monomers (LM and NR) on the electrode surface. Fig. 1B shows
43 @ The ~ PLM-PNR-MWCNT-GO  hybrid ~ composite  was the consecutive cyclic voltammogram of LM and NR
44 characterized by cyclic voltammetry, UV—visible spectroscopy, electropolymerization using a MWCNT-GO/GCE. The cyclic
45 SEM, AFM, and amperometry. A glassy carbon electrode (GCE) voltammogram depicts significant current development of LM
46 was purchased from Bioanalytical Systems (BAS) Inc., USA. All ,,, and NR electropolymerization at MWCNT-GO/GCE better than
47 GCEs were used with diameter of 0.3 cm (exposed geometric that of bare GCE. It exhibits three obvious redox couples with
48 s surface area of A = 0.0707 cm?) for all electrochemical formal potential of £, =-05V, EY, =0V, E¥; = +027 V,
49 techniques. Electrochemical experiments were completed by a related to NR, PNR (Redox couple 1 and 2) and PLM (Redox
50 CHI 1205a electrochemical workstation (CH Instruments, USA) couple 3), respectively. Good current development is recorded in
51 with a conventional three-electrode setup containing a GCE, an ; the plot of peak current vs. scan cycle (inset of Fig. 1B). Both
52 Ag/AgCl (3 M KCI) electrode, and a platinum wire as working, anodic and cathodic peak currents are increasing as the increase
53 so reference, and counter electrode, respectively. The buffer solution in the scan cycles. It indicates that MWCNT-GO can effectively
54 was entirely deaerated using nitrogen gas atmosphere. The enhance the hybrid electropolymerization of hetero-monomers
55 morphological characterization of composite films was examined (LM and NR). Considering the previous report,”’ a novel hybrid
56 by means of SEM (S-3000H, Hitachi) and AFM images were ; nanomaterial (GO-MWNT) was explored based on the self-
57 recorded with multimode scanning probe microscope (Being assembly of multi-walled carbon nanotubes (MWNTs) and
58 ss Nano-Instruments CSPM-4000, China). Indium tin oxide (ITO) graphene oxide (GO), which can drive positively charged horse
59 substrates were used in morphological analysis for convenience.
60
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radish peroxidise (HRP) immobilize onto GO-MWCNT by the
electrostatic interaction. So that, the phenomenon indicates the
conductive and steric MWCNT-GO structure can provide more
active sites to load the positively charged PLM and PNR,
s avoiding disorder of polymer chains. One can conclude that the
hybrid films formation of PLM and PNR can be improved by
MWCNT-GO.

A PLM-PNR

* PLM-PNR-MWCNT-GO *
< 2 4 3

Current

Tr00 ua

5 1
Scan cyéllc
T

-0.8 0.8

0.4 0 0.4
E/V vs.Ag|AgCl
10 Fig. 1 Consecutive cyclic voltammograms (A) bare GCE and (B)
MWCNT-GO/GCE examined in pH 5.5 PBS containing 1.5x107

M luminol and 1x10* M neutral red. Scan rate = 0.1 Vs™.

The experiment was designed to understand the spectra of
these materials in the solution by UV-Visible spectroscopy. Fig.
S1 shows the UV-Vis spectra of different materials and mixtures
prepared in pH 7 PBS. The UV-Vis spectrum of GO shows
absorption peak at 227 nm accompanied with a minor absorption
peak at 300 nm. The spectrum of MWCNT shows absorption
peak at 253 nm. The spectrum of their mixture exhibits
absorption peaks at 239 nm and 300 nm resulted from the
overlapping of GO and MWCNT spectra. NR shows absorption
peaks at 276 nm and 528 nm while LM shows absorption peaks at
218 nm, 300 nm, and 347 nm. The spectrum of their mixture
exhibits the absorption peaks (221 nm, 278 nm, 347 nm, and 531
nm) similar to their single spectrum. Furthermore, the spectrum
of LM, NR, MWCNT, and GO mixture also shows absorption
peaks at 221 nm, 278 nm, 347 nm, and 531 nm similar to their
single spectrum. These phenomena indicate that these materials
can be mixed stably to be a stable hybrid composite.

Different materials modified electrodes were prepared and
studied by cyclic voltammetry. Fig. 2 shows the voltammograms
of (a) PLM, (b) GO, (c) MWCNT, (d) PNR, and (¢) PLM-PNR-
MWCNT-GO modified electrodes. PLM shows a redox couple
with formal potential of £~ = +0.27 V while PNR shows two
redox couples of E” = -0.52 V and E” = +0.06 V. No obvious
redox couples can be found in GO and MWCNT. It means that no
electrochemical process for these species. PLM-PNR-MWCNT-
GO shows significant redox couples estimated with formal

S

o
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S

a0 potential of E; =-0.51 V, E¥, =0V, E”y = +0.26 V, related to

NR, PNR (Redox couple 1 and 2) and PLM (Redox couple 3),
respectively. It shows high redox peak current which is several
times of other modified electrodes. It indicates that PLM-PNR-
MWCNT-GO hybrid composite is more reversible, active and

4s compact among these modifiers. It also proves that the

immobilization of PLM and PNR can be successfully enhanced
by the high conductive and high steric MWCNT-GO structure.
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E/V vs. Ag|AgCl

so Fig. 2 (A) Cyclic voltammograms of different modifiers

containing (a) PLM, (b) GO, (c) MWCNT, (d) PNR, and (e)
PLM-PNR-MWCNT-GO modified GCEs examined in pH 7 PBS.
(B) Scale-up voltammograms of (a) PLM, (b) GO, (c¢) MWCNT,
and (d) PNR modified GCEs examined in pH 7 PBS. Scan rate =
0.1 Vs

Surface morphology of these modified electrodes was
studied by SEM and AFM. Fig. S2 shows the SEM images for (A)
GO, (B) MWCNT, (C) PLM, (D) PNR, (E) PLM-PNR, (F)
MWCNT-GO, (G) PLM-PNR-GO, and (H) PLM-PNR-
MWCNT-GO, respectively. Fig. S2A —D exhibit single materials
with unique structures of plane-like clusters (GO), steric clusters
(MWCNT), snowflake clusters (PLM), and globular-like clusters
(PNR), respectively. Fig. S2E shows large clusters indicating the
hybridization of PLM and PNR is poor and not easy to generate
nanocomposite without MWCNT-GO. Fig. S2F displays the
MWCNT-GO image before the hybridization of PLM and PNR
polymers. It shows small clusters indicating the electrochemical
reduction of GO and the adsorption of MWCNT to generate
MWCNT-GO on electrode surface is successfully and compactly.
Fig. S2G and H show the hybridization of PLM and PNR using
GO and MWCNT-GO, respectively. By comparison, PLM-PNR-
MWCNT-GO exhibits the structure of small fiber-like clusters.
Considering the previous report,® this phenomenon can be
explained by that MWCNT-GO can provide more steric structure
for the hybridization of PLM and PNR. They are further
considered in AFM images.
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Fig. 3 AFM images of (A) PLM-PNR, (B) MWCNT-GO, (C)
PLM-PNR-GO, and (D) PLM-PNR-MWCNT-GO coated ITO
electrodes.

Fig. 3 shows the AFM images of (A) PLM-PNR, (B)
MWCNT-GO, (C) PLM-PNR-GO, and (D) PLM-PNR-
MWCNT-GO, respectively. PLM-PNR shows less clusters
without obvious images might indicate the hybridization is poor

10 to generate hybrid films when compared to PLM-PNR-GO and
PLM-PNR-MWCNT-GO images. When MWCNT-GO was
immobilized on electrode surface (Fig. 3B) it shows the plane-
like and fiber-like structure. This phenomenon indicates that the
conductive and high specific surface area can be constructed by

1isour method. Particularly, PLM-PNR-MWCNT-GO shows
specific porous mycelium-like nanostructure indicating that PLM
and PNR nanofibers can be easily immobilized on MWCNT and
GO due to high conductive and high specific surface area. The
AFM images of these films show average diameter of 67.5 nm,

20 13.7 nm, 11.6 nm, and 17.8 nm for PLM-PNR, MWCNT-GO,

PLM-PNR-GO, and PLM-PNR-MWCNT-GO, respectively.

These modifiers are proved in nanocomposites with average

roughness of 6.5 nm, 20.3 nm, 192 nm, and 22.6 nm,

respectively. They display similar morphological properties in the
results of SEM and AFM. One can conclude that the mycelium-
like nanocomposite (PLM-PNR-MWCNT-GO) can be easily
prepared by that using a high conductive and high specific area

(MWCNT-GO) to enhance the hybridization of different

polymers (PLM and PNR).

30 The influence of the scan rate and pH condition on PLM-
PNR-MWCNT-GO/GCE electrochemical response was also
studied. Fig. 4A shows the voltammograms of PLM-PNR-
MWCNT-GO examined with different scan rate of 10 —500 mVs’
! It shows obvious three redox couples with small peak-to-peak

35 separation and higher current response. Obvious redox couples

represents that PLM-PNR-MWCNT-GO can be well immobilized

on GCE and it shows stable current response in the scan rate of

10—500 mVs™. PLM-PNR-MWCNT-GO has small peak-to-peak

separation indicating reversible and fast electron transfer

processes. Both anodic and cathodic peak currents are directly
proportional to scan rate (inset of Fig. 4A), suggesting a surface
controlled process in the electrochemical system. The observation
of well-defined and persistent cyclic voltammetric peaks
indicates that PLM-PNR-MWCNT-GO/GCE exhibits

45 electrochemical response characteristics of redox species

confined on the electrode. The apparent surface coverage (I') was

I
S

4

=3

estimated by following equation:

I,=n*FvAT/ART (1)
50
where, I, is the peak current of the PLM-PNR-MWCNT-GO
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
55 (8.314 T mol' K™"); and T is the room temperature (298.15 K).
Assuming a one-electron process for PLM and a two-electron
process for NR and PNR in the present case, the I was calculated
in 4.04x10”° mol cm 2, 1.43x10™ mol cm 2, and 1.36x10™" mol
cm ? for PLM, NR, and PNR, respectively.

60

PLM-PNR-MWCNT-GO

i R )
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o

Fig. 4 Cyclic voltammograms of PLM-PNR-MWCNT-GO/GCE
examined with (A) different scan rate: 10 —500 mVs' (pH 7
PBS) and (B) different pH: 1 — 13 (scan rate = 0.1 Vs™),

os respectively. Insets: the plots of peak current vs. scan rate and
formal potential (E%) vs. pH.

These values are several folds of that in previous works of

PLM, NR, and PNR.****4° Hjoh surface coverage indicates that

70 the hybrid composite might be compact with more electroactive
species on electrode surface. One can conclude that MWCNT-
GO provides more active sites to load more electroactive species.
To ascertain the effect of pH, PLM-PNR-MWCNT-GO/GCE was
examined in different pH solutions (pH 1 — 13). Fig. 4B presents

75 the PLM-PNR-MWCNT-GO 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 PLM-PNR-MWCNT-GO is repeatedly
examined and change testing order of pH condition. It indicates
s0 that PLM-PNR-MWCNT-GO hybrid composite is active and

4 | Journal Name, [year], [vol], 00—00
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stable in wide pH condition. The characteristic PNR redox
couples (with formal potential of E”, and E°,) exhibit the
significant slopes of -56.7 mV pH' (y = -56.7x — 127.4, R* =
0.997) and -51.8 mV pH' (y = -51.8x + 332.9, R* = 0.995) for
redox couple 1 and 2, respectively. The PLM redox couple (£5)
is also pH-dependent with a slope of -50.3 mV pH™' (y = -50.3x +
564, R* = 0.995). These slopes are close to that given by the
Nernstian equation, suggesting a two-electron and two-proton
transfer for NR and PNR redox processes.**’ For PLM redox
process, it is suggested as a one-electron and one-proton transfer
considered with previous result.*** It represents the
electrochemical behaviors through the reduction and oxidation
states for PLM, NR and PNR and the results are also close to
previous reports.***4%4 Ag the result, the hybrid composites can
be stable and electroactive in different pH buffer solutions.

3.2 Electrocatalysis of NADH and amperometric response at
PLM-PNR-MWCNT-GO electrode

The electrocatalytic activity of the PLM-PNR-MWCNT-GO
electrode towards the oxidation of NADH in pH 7 PBS was
investigated by cyclic voltammetry. Fig. 5 displays the
voltammograms of PLM-PNR-MWCNT-GO/GCE in pH 7 PBS
with/without 5x10* M NADH. PLM-PNR-MWCNT-GO/GCE
shows two obvious oxidation peaks at about +0.1 V and +0.33 V
for NADH. These two characteristic oxidation peaks are related
to PNR and PLM redox processes indicating that PLM and PNR
are active to NADH oxidation.

»
(e
(D]
$—
e
=
@)
J20ua
0.8  -0.4 0.8

0 0.4
E/V vs. Ag|AgCl

Fig. 5 Cyclic voltammograms of PLM-PNR-MWCNT-GO/GCE
examined in pH 7 PBS in the (a) absence and (b) presence of
5x10* M NADH.

In order to clarify the activity of the proposed PLM-PNR-
MWCNT-GO hybrid composite, different modifiers were used
for electrocatalytic oxidation of NADH. Fig. S3 shows the
voltammograms of (a) GCE, (b) PLM-MWCNT-GO, (c) PLM-
PNR-MWCNT, (d) PLM-PNR-GO, and (¢) PLM-PNR-

MWCNT-GO examined in pH 7PBS containing 1x10™* M NADH.

The proposed composite shows much higher current response in
the presence of NADH compared to other modifiers. The
activities of various modifiers are further evaluated by the anodic
peak potential (E,,) and net current response (Aly,) as shown in
Table S1. By comparison, the anodic peaks for NADH oxidation
are frequently found at about +0.15 V and +0.35 V,
corresponding to our previous PLM/MWCNT system.*
Moreover, these anodic peaks seem varying as different hybrid
composites. One can see that the PLM-PNR-MWCNT-GO can

o
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75

80

85

provide comparable anodic peaks at +0.144 V and +0.369 V
(with low overpotentail compared to bare GCE) and significant
current response (Aly,, = 18.5 pA and Al3 = 5.9 uA) for NADH
oxidation. One can conclude that the PLM-PNR-MWCNT-GO is
electroactive so that can be the candidate as a good
bioelectrocatalyst for NADH sensing.

Fig. 6A shows amperometric responses of PLM-PNR-
MWCNT-GO modified electrode with several additions of
NADH obtained by amperometry. They were carried out with
electrode rotation speed of 5000 rpm and individually applied
potential at +0.1 V. PLM-PNR-MWCNT-GO/GCE shows
significant amperometric responses for NADH additions spiked
by micro-syringe. Inset (a) of Fig. 6A shows low detection limit
of 1.33x10® M (S/N = 3) and short response time less than 10 s.
Inset (b) of Fig. 6A presents the calibration curve, it provides two
linear concentration ranges of 1.33x10°-1.95x10" M and
2.08x10-5.81x10* M. The sensitivity is estimated in 288.9 pA
mM™" em? and 151.3 pA mM™' em™ with the regression equations
OfINADH(},lA) = 204CNADH(MM) +0.1 (RZ = 0996) and INADH(MA)
= 10.7Crnapu(tM) + 1.9 (R* = 0.995), respectively. Two linear
concentration ranges might be caused by the modifier’s nature. In
our viewpoints, the PLM-PNR-MWCNT-GO has some kind of
concentration tolerance for NADH with specific linearity in the
low (1.33x10°-1.95x10™* M) and high (2.08x10-5.81x10"* M)
concentration ranges. Having above information, it would be
easier to compensate the electronic signal of NADH sensor for
practical fabrication.

A( y=10.7x+1.9
b R=0995 _~

< N
= >
54 ol
g~
3 Wy =20.4x+0.1
3 )

R™=0.996
0 200 400 600
[NADH]/uM

Current

ll A

T
2400 3000

P T T
600 1200 1800

Current

10s ]I HA

T T T
( 300 600 900 1200
Time/s

Fig. 6 Amperograms of PLM-PNR-MWCNT-GO/GCE examined
in pH 7 PBS containing (A) [NADH] = 1.33x10®—5.94x10* M
and (B) potential interferants: dopamine, uric acid, glucose,
fructose, lactose, galactose (1.33x 10° M for each addition).
Insets are the scale-up amperomogram and the calibration curve.

Table 1 presents the main performances of published data
about NADH sensors based on different modified materials. It
shows competitive performance in the literature. By comparison,
the NADH sensor presented in this paper exhibits one of the

This journal is © The Royal Society of Chemistry [year]
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highest sensitivity with low detection limit and low overpotential.
A significant lower detection limit and a higher sensitivity were
reported for sensors based on MWCNT. It might be caused by the
synergistic effect of obtained CNTs/conducting polymer possess
s properties of the individual components similar to previous
reports.lx‘23
One can conclude that the active hybrid composite shows
competitive performance to other materials (Table 1). It has the
excellent ability to determine NADH due to low detection limit,
10 low working potential, and high current response, suggesting as a
high sensitive NADH sensor.

Table 1. Performance for sensing NADH with various materials
modified electrodes.

~
@

Eapp.” (V) , Sensitivity
Modified materials VS. M) (LA mM! Ref.
n
Ag/AgCl cm'z)

polylumino/MWCNT 0.10 0.6 183.9 [46]
PNR-FAD 0.10 10 215 [49]
Highly ordered
0.25 1.61 93 [51]
mesoporous carbon
Chemically reduced
) 0.45 10 2.68 [52]
graphene oxide
Graphite/PMMA 0.45 3.5 68 [53]
MWCNT/poly-Xa 0.45 0.1 2.2 [54]
ERGO-PTH/GC 0.40 0.1 143 [55]
poly-Xa/FAD/MWCNT 0.15 171 155 [56]
PAH/SPE 0.60 0.22 125.9 [57]
PLM-PNR-MWCNT-
o 0.1 0.0133 2889  This work

w
o

=y
o

15 “ Eqpp. = Applied potential.
® LOD = Limit of detection.

3.3 Interference study of the PLM-PNR-MWCNT-GO
composite

20 The PLM-PNR-MWCNT-GO modified electrode was studied
with the interference effect on amperometric response for NADH.
It was examined in the presence of several interferants including
ascorbic acid, dopamine, uric acid, glucose, fructose, lactose, and
galactose (E,,, = +0.1 V). Fig. 6B shows the amperometric

2s response of PLM-PNR-MWCNT-GO with various interferants.
No interference occurred in the amperograms except of the case
of ascorbic acid. It was further applied to study the correlation
between current response and potential compared to bare
electrode by linear sweep voltammetry (LSV). Fig. S4A shows

30 the LSV voltammograms of PLM-PNR-MWCNT-GO examined
in the presence of ascorbic acid and NADH. It shows similar
oxidation peaks for ascorbic acid and NADH so that it is further

80

considered using a bare electrode. Fig. S4B shows the LSV
voltammograms of bare electrode examined in the presence of
ascorbic acid, NADH, and their mixture. Inset of Fig. S4B
presents the relationship between peak current and species. Good
correlation is found at +0.45 V, it is noticed that the current
response of AA+NADH mixture is almost two times of AA. This
information indicates that NADH can be determined more exactly
by inspection of ascorbic acid using a bare electrode. This
phenomenology might be explained by the overpotential of AA
and NADH. In our viewpoint, a bare GCE can show different
anodic peaks at +0.2 V and +0.45 V, corresponding to their
overpoentials for AA and NADH, respectively. Here we have two
conclusions: (i) one might gain the accumulated current response
in the voltammograms after scanning cross the overptential of all
electroactive analytes; (ii) the accumulated current responses at
+0.2 V and +0.45 V might provide the information about
NADH/AA ratio in the mixture. One can conclude that the
modified electrode can avoid interference from most of
interferants to be a good electrocatalyst to determine NADH.

3.4 Stability study of the PLM-PNR-MWCNT-GO modified
electrodes

The reproducibility and stability of the sensor were evaluated.
Five PLM-PNR-MWCNT-GO electrodes were investigated at
+0.1 V to compare their amperometric current responses. Ten
successive measurements of NADH on one PLM-PNR-MWCNT-
GO electrode yielded an R.S.D. of 2.1%, indicating that the
sensor was stable and highly reproducible. 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 stored
at 4 0 and its sensitivity was tested every day. The current
response  of PLM-PNR-MWCNT-GO  electrode  was
approximately 93% of its original counterpart, which can be
mainly attributed to the chemical stability of PLM and PNR on
MWCNT-GO.

4. Conclusions

PLM and PNR hybrid films can be successfully prepared on
electrode surface and further enhanced by MWCNT-GO. PLM-
PNR-MWCNT-GO shows specific mycelium-like nanostructure
indicating that PLM and PNR nanofibers can be easily
immobilized on MWCNT and GO due to high conductive and
high specific surface area. The modified 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, good stability,
and good reproducibility.
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