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Abstract

Reduced nicotinamide adenine dinucleotide (NADH)ypla pivotal role in the electron-transfer chain
of biological system. Analysis of many biologicalarkers is based on the detection of the
enzymatically generated NADH. In this paper, a gmeshydrogen peroxide (#D,) biosensor,
fabricated by carbon nanotubes (CNTs)/tetrathiafieive (TTF)/horseradish peroxidase (HRP), was
applied for detecting the NADH in a buffer contaigpimethylene blue (MB) at low operating potential
of - 0.3 V {s. Ag/AgCl). Since the NADH could be oxidized by MB® telease bD,, the
electrochemical biosensor enables to detect the NADthe MB buffer. And the low working
potential made the biosensor avoid the interferenoe other electroactive substances. Linear
response ranges from L to 790uM, with a sensitivity of 4.761A mM™ and a detection limit of
1.53 uM were obtained under the optimum conditions. Theppsed sensor provided a promising
approach for sensitively detecting the NADH.

Keyword: modified electrode, carbon nanotubes, hydrogeoxide, biosensor, NADH

1. Introduction

It is generally known that the reduced nicotinamatienine dinucleotide (NADH) and its
oxidized form, nicotinamide adenine dinucleotideAQN), are very common and important
biomolecules in the living cells. As a pair of enmy cofactors, the redox couple NADH/ NAplay
an essential part in the process of complex enzgmedctions of more than 300 dehydrogenases [1,
2]. Besides, the NADH/NAD coenzymes have been widely used in the applicatioenzyme
activity assays for the diagnosis of diseases agdschemia and neoplasia [3], as well as the study
of dehydrogenase-based biosensors and biofuel [¢ellS]. And some scientists have found that
NADH is beneficial for the therapy of Parkinsonisehse, Alzheimer’s disease, and depression etc
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[6, 7]. Thus, developing high accuracy approachetetect the concentration of NADH has attracted
extensive attention.

Nevertheless, the direct electrochemical oxidabNADH to NAD" at a bare solid electrode
is slow and highly irreversible. And the reactiowgeeds only at high overpotentials accompanying
with the side products of methyl, propyl and benadctants that would strongly adsorb onto the
electrode surface [8-10]. Recently, some technebdor detecting NADH have been developed,
including chemiluminescence [11], photoelectroclstmi [12], electrochemiluminescence [13],
colorimetry [14] and electrochemical assay [10, T%lereinto, electrochemical approaches would be
the most prospective way due to their high spatficapid response and straightforward operation
[10]. The amperometric detection method for detamg NADH has been studied previously based
on the employment of methylene blue (MB) [3] or &thylphenazinium methosulfate as electron
mediators [9]. It is well known that the oxidizedBVcan react with NADH, and the resulting
reduced MB then reacts with,@ produce hydrogen peroxide ®$) (Eq. (1-2)) [11].

H++NADH+ MBOXidiZEd — NAD++ MBreduced (1)

MBreduced + O2 = MBoxidizeat H20- (2)
However, due to the good water-soluble of MB, theme some difficulties in immobilizing method
for preventing from the loss of mediators [3]. Amtiog to the equations, it is feasible to determine
the amount of NADH through indirect detection ofQ4 in the aqueous solution containing MB.
More importantly, HO, probes are always allowed to work at a relatiVely operating voltage [16,
17], which could overcome the bottlenecks of higlerpotentials and avoid the interference from
some common electroactive substances.

In this paper, a novel 4, biosensor is fabricated for detecting the conegiain of NADH.
The biosensor was fabricated by casting the canmmmotubes (CNTs)/tetrathiafulvalene (TTF)
composite substrate and horseradish peroxidase )(HRPthe electrode. The composite of
CNTs/TTF was simply fabricated according to theuboity of TTF in ethanol solution. Because of
the combination of carbon-based nanomaterial andiat, biosensors based on the hybrid would
show excellent conductivity and electron transBesides, the manufacturing cost of this hybrid is
much lower than the hybridization of carbon matsread noble metals [18, 19]. In order to achieve
the sensitive detection of NADH, the water-solullIB is dissolved in an aqueous solution instead
of directly modified on the electrode, as showrFig. 1. Under the optimum working voltage, the
amperometric detection method of NADH using theeadsded HO, biosensor has characteristics of
simple preparation, good stability, high sensiyivahd low detection limit.

Fig. 1.

2. Experimental

2.1 Reagents

Horseradish peroxidase (HRP, Type ¥B50 units/mg solid), tetrathiafulvalene (TTF, 97%),
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bovine serum albumin (BSA98%), carbon nanotubes (CNTs, >8% carboxylic asittionalized),
glutaraldehyde solution (GA, 25 wt% in water), osan (medium molecular weight), reduced
nicotinamide adenine dinucleotide (NADE97%), methylene blue (MB), hydrogen peroxide
solution (HO,, 3 wt% in HO) and phosphate buffer saline (PBS, pH 7.4) wemehased from
Sigma-Aldrich. All chemicals used in the study wearrgalytical reagent grade and without further
purification. And all aqueous solutions were preplawith ultrapure water (>18 fMcm).

2.2 Apparatus

Surface topography and structure characterizatwase obtained by a JSM-7800F field
emission scanning electron microscope (SEM, JEOU., Lfapan) operating at 3 kV. All
electrochemical measurements including cyclic voitetry (CV), electrochemical impedance
spectroscopy (EIS) and amperometric measurmentse werried out in a conventional
three-electrode system controlled by the electnmita work station of CHI 660E (CH Instruments,
USA). The modified glass carbon (GC, 5 mm in dianetlectrode was used as the working
electrode. The platinum (Pt) wire and Ag/AgCI (se@ékn 3 M KCI) were selected as the counter
electrode and reference electrode, respectivelg dimperometric measurements and CV curves
were carried out in the 0.1 M PBS solution contagndifferent concentration sample, and the
response current was acquired by comparing thegehaalue between the steady-state current and
background current. In addition, the EIS was takethe solution of 5 mM KFe(CN)}/KsFe(CN)
within a frequency range of 100 kHz to 1 Hz.

2.3 Preparation of CNTSTTF/HRP M odified Electrode

Before the modification, GC electrode was succespolished by 0.8im and 0.05um alumina
slurry and dried for 2 hours. The mixture solut@CNTs and TTF was obtained by adding 1.5 g
CNTs into 1 mL 0.05 M TTF ethanol solution and imeesl for 24 hours. Next, gL mixture
solution were dropped onto the surface of prette&€ electrode and dried at the room temperature.
Here, the CNTs/TTF composite modified electrode whtsined by the precipitation of TTF on the
sidewalls of CNTs. For comparison, GC/CNTs and QCVSEJTTF electrodes were also prepared
with the same procedure.

For the fabrication of HRP-based enzyme electrtiue,catalytic ink was firstly prepared by
blending 1pL HRP (4 ULL) and 1puL BSA (10 mg mCY). Then the adsorbed CNTs/TTF film
electrode was subsequently coated with the biogatdiRP layer and stored at 4 °C refrigerator for
1 hour. Following this, 21L GA (5 wt%) and 2uL chitosan was dropped onto the surface of
CNTs/TTF/HRP sensitive film in order to improve th®bility of fabricated biosensor. Then, the
electrode was allowed to dry at 4 °C refrigerator évernight. Regarding the reversibility and
stability test of the biosensor, detailed explanaiare in the Sl section.

3. Results and discussion



3.1 Characterization and electrochemical analysis

In this work, a simple method was introduced to whiize CNTs/TTF composite on the
electrode as electron transfer shuttle between &if@e center and electrode surface. The modified
electrode of CNTs/TTF/HRP was expected to mainthe electrocatalytic properties of HRP and
have ability to detect low concentration 0§®4. And the HO, biosensor would be further used to
study the ectrocatalytic oxidation of NADH in theepence of MB. Prior to the reactions, various
composites were characterized by CV, EIS and SEkgearch their electrochemical and structure
properties.

Fig. 2A showed the SEM image of CNTs, which wasnfbwbvious stereoscopic tubular
structure with large specific surface area. As shaowfig. 2B that the TTF was densely attached on
the sidewalls of CNTSs to build the CNTs/TTF compesiructure. Combining CNTs with TTF could
not only facilitate the electron transfer betweanyene activity center and electrode surface, ad al
increase the amount of immobilized enzymes becatigkeir three-dimensional reticulated space
structure, and then improve the performance ofdrisasrs.

Fig. 2.

Additionally, EIS measurements achieved in the RB{E/Fe(CN)> solution were chosen to
further confirm the immobilization of TTF and HRR,that the results were able to demonstrate the
electrolyte/charge transfer resistancegRR of corresponding electrodes. Fig. 3A displayed th
fitting curves of EIS tests about different eleds. According to Nyquist plots, the intercepts of
semicircles represented the Rlue which was determined by the test solutiowl, the diameters of
the semicircles reflected theifhat was straightly associated with the modifiednpounds on
electrodes. It could be observed that thedues of all electrodes were similar (abouthecause
of the same electrolyte. On the contrary, theoRdifferent electrodes varied greatly based on the
difference of modified materials. Among them, theRlue of bare GC electrode was fitted as 29.3
Q which was higher than that of 155for GC/CNTSs electrode (curve b), indicating theTSNould
act as the good electron transfer interface betwleeIkIS probe and the electrode. Besides, because
of the successful immobilization of TTF on the aod of CNTs, the curve ¢ showed larger diameter
of 39.62 Q. Furthermore, the largest®f 108.1 Q for GC/CNTsS/TTF/HRP (curve d) directly
indicated the presence of HRP, in that enzymes weaneconductive and hindered the redox probe’s
access to the electrode surface [20].

The electrochemical performance of GC/CNTs/TTF/H&&ctrode was investigated by CV
curves measured in the 0.1 M PBS solution satunai#dN, at a scan rate of 100mV*.sThe results
of bare GC electrode (curve a), a GC/CNTs elect(odeve b), a GC/CNTs/TTF electrode (curve c)
and GC/CNTs/TTF/HRP modified GC electrode (curvevdje all shown in Fig. 3B. Obviously, in
comparison to other electrodes without HRP, the @Os/TTF/HRP electrode showed a pair of
stable and well-defined redox peaks, which coultaberibed to the electron transfer between the
HRP and electrode substrate [21]. And the anodak p®tential () and cathodic peak potential
(Epc) were located at - 0.28 V and - 0.144% Ag/AgCl, respectively. Moreover, Fig. 3C showeé th
CV curves of GC/CNTs/TTF/HRP electrode in the 0.1PBS solution at the scan rate from 10 mV
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s to 100 mV &. It could be seen that the redox peak potentia alenost unchanged with the
increasing scan rate, while there were correspgniticreases in both oxidation and reduction peak
currents. There was also a linear proportionalégeen redox peak current and scan rate, as shown
in Fig. 3D. Furthermore, it was clear that the eadd oxidation peak current were almost as large as
that of reduction peak under the same scan ratsowistrating the redox progress of HRP
immobilized on the CNTs/TTF electrode substrate veagersible and surface-controlled. As a result,
the CNTs/TTF modified electrode could lead to mbifeP molecules loading and rapid electron
transfer rate between the active center of enzynteedectrode. On the one hand, CNTs have the
properties of porous structure, high electricaldiantivity good biocompatibility and large surface
area [22-25]. On the other hand, TTF as the electransfer mediator yields lower oxidation
potential and lower toxicity than ferrocene derives, Meldola blue etc [26]. Coupling with the high
solubility of TTF in the ethanol, the TTF can spfaiforwardly separate out on the sidewalls of CNTs
with the volatilization of ethanol in mixture soloh to form CNTs/TTF composite. Thus, the
CNTs/TTF composite would have promising applicaiiothe field of biosensors.

Fig. 3.
3.2 Detection of H,O, on GC/CNTYTTF/HRP electrode

Electrocatalytical activity of enzyme electrode wistly study by CV test in the 0.1 M PBS
buffer with different concentration of 8. Fig. 4A exhibited the results in the absencegw) and
in the presence of increasing® concentration (curves b-d) at a scan rate of 180sth It was
obvious that well-defined redox peaks 0$Q4 were obtained and the reduction peak currents
increased dramatically upon the addition @Ok which was a typical representation of the catalyt
reduction of HO,. This indicated that the GC/CNTs/TTF/HRP electrosleowed excellent
electrocatalytical activity for pD,. The reaction mechanism of the immobilized HRPaxls HO,
could be interpreted by the following cycles [28]:2

HRP + H,0, — Compound /+ H,0O 3)
Compound /+ € — Compound 7/ 4)
Compound //+ € — HRP (5)

HRP is oxidized to the first intermediate (Compoumnd via the reaction with bD,. Compound I
shows catalytic activity, and then obtains one tebec from the electrode to form a second
intermediate (Compoundl ). Subsequently, Compound is reduced to HRP by accepting another
electron from electrodes. Hence, the reductioneturwill increase in the presence ofQ. %° It
could be seen that the reduction of0d started at negative potentials and reached a noemiat
about - 0.3 Vvs. Ag/AgCl, indicating that the GC/CNTs/TTF/HRP elexte had a low working
potential for monitoring the reduction of,&,. Because background currents influenced readings,
the operation of the sensor at low potential wadyaically desirable to reduce the electrochemical

interferences and achieve high selectivity; therefa low operating potential of - 0.3 V was chosen
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to demonstrate the applicability of this bioserfsordetecting HO..

Furthermore, amperometric i—t curve is the regulatllized technique to assess the detection
limits and linear ranges of electrochemical sensbh® amperometric responses of the assembled
sensor were investigated by successive droppi idto PBS buffer with an operating potential of
- 0.3V, as shown in Fig. 4B. It was clear that tBsponse current increased with the addition of
H,0,, and the time of reaching steady-state currentgoia was short which demonstrated that the
biosensor possessed the quick response to the taayecule. The calibration curve showed linear
relationship of response current versus the corateot of HO, in a large concentrations ranging
from 100uM to 350 mM with a correlation coefficient of 0.996=16) (Fig. 4C). From the slope of
the resulting curve, a detection limit of i was estimated at a signal-to-noise ratio of NES).
Besides, the Michaelis—Menten constant, Kprovides an indication of the enzyme-—substrate
kinetics and is generally used to evaluate theobioll activity of the immobilized enzyme [29].
According to the Lineweaver—Burk equation, the Kf the GC/CNTs/TTF/HRP electrode was
calculated as 0.49 mM, which was lower than othgbJtdensors [30-33]. In short, the biosensor
displayed high sensitivity accompanied by a lowspeolevelallowing convenient detection of
micromolor concentrations and thus creating coodgifor the further detection of NADH.

Fig. 4.
3.3 Determination of NADH with H,0, biosensor

According to Eqg. (1-2), the MB has ability to oxddi NADH at the same time transforming to
its reduction state, and then the reduced MB caelact with Q to produce HO,. Hence,
determining the concentration of NADH throughQd biosensors is a novel way to avoid high
working potential and improve anti-interferenceligdpand detecting accuracy.

Similarly, CV and amperometric i-t curve were uatll to evaluate the effect for detecting
NADH through CNTs/TTF/HRP sensitive thin film moed HO, biosensor. In the 0.1 M PBS
solution that containing 0.5mM MB, the oxidationagecurrent and reduction peak current both
increased with the addition of NADH (0-0.6 mM), whiwas exhibited in Fig. 5A. That is to say,
NADH is firstly oxidized to NAD by MB when it is added into the solution; as ailethe oxidation
current rise up. Then, the reduction of @cur in the presence of the reduced MB; at theesame,
H,0; is produced and the reduction current increastofgh there were peak potential shifts that
may caused by the presentence of MB, little negainfluences occurred for electrocatalytical
activity of the biosensor. Moreover, Fig. 5B demtomed the amperometric responses with
successive injection of NADH into the backgrountlson under an applied potential of - 0.3 V. The
current of the enzyme electrode increased withattgition of NADH and rapidly reached a steady
state, indicating the practicability of determiniNgDH through HO, biosensor in the PBS solution
with MB. Calibration curve that derived from ampeetric data was shown in Fig. 5C. In this figure,
two linear ranges were shown: one fromuM to 90 uM with a correlation coefficient of 0.996 and
a sensitivity of 4.761A mM™, and the other from 90M to 790uM with a correlation coefficient of
0.990 and a sensitivity of 24A mM™. And the detection limit was estimated as Jub8 (S/N=3).

The reversibility of the proposed biosensor hachbieeestigated, which demonstrated the excellent
6



performance of the ¥#D, biosensor. As described in Fig. S1, the currehtesamaintained 91% of its
initial activity after five days at a specific candration of NADH. Furthermore, Fig. S2 showed the
current tendencies was stable by repeated measotemih the particular concentration gradient.
In addition, to investigate the effect of some gassinterfering matters for detecting NADH, the
selectivity and anti-interference ability of the @BITS/TTF/HRP electrode were evaluated by
adding some interfering substances like uric adid)(and glucose. As exhibited in Fig. 5D, there
was little current disturbance with successive tdiUA and glucose, while the well-defined signal
response could be obtained with different concéintraof NADH as before. This result proved that
interfering species had little effect for determmiNADH at this working potential. And the
fabricated biosensor displayed good anti-interfeeeability and selectivity. Comparing with other
amperometric NADH biosensor in the Table 1, th®Hbiosensor modified by CNTs/TTF/HRP
sensitive film had excellent properties for detenimg the concentration of NADH with low
operating potential, low detection limit, wide larerange as well as good anti-interference ability.

Fig. 5.

Table 1.

4. Conclusion

In this study, a kKO, biosensor modified by the CNTs/TTF/HRP sensitin tfilm was
proposed to detect the concentration of NADH atva dperating potential of - 0.3 V. The fabricated
CNTs/TTF composite exhibited three-dimensionalcrgéited space structure, leading to more HRP
molecules loading and rapid electron transfer rabte biosensor showed excellent electrocatalytic
properties for HO, and provided a large linear concentration rangeO8fuM to 350 mM as well as
a detection limit of 1QuM. In the presence of MB, the response currentdétermining NADH was
linearly proportional to the concentration of NADHR the range of 1M to 790 uM with a high
sensitive of 4.761A mM™ and a low detection limit of 1.58M (S/N=3). In addition, the low
working potential made the biosensor overcome thk bverpotentials for the oxidation of NADH
and avoid the interference from other electroacBubstances. The new strategy for detecting
NADH in the presence of MB through CNTs/TTF/HRP nfied H,O, biosensor would have wide
application prospects.
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Figure and Table L egends

Fig. 1. Schematic diagram of detecting NADH by the biosenso
Fig. 2. SEM images (A) CNTs and (B) CNTs/TTF compositegtmes.

Fig. 3. (A) EIS of various modified electrodes. Bare GQ, (&C/CNTs (b), GC/CNTs/TTF (c) and
GC/CNTs/HRP (d). The Randles equivalent circuitdusefit the EIS data. (B) CV curves of various rified
electrodes in 0.1 M PBS solution saturated with®IC/CNTs (a), GC/CNTs/TTF (b) and GC/CNTS/TTF/HRP
(c). The potential scan rate was 100 mV ) CV curves of GC/CNTs/TTF/HRP electrode afedént scan
rates: 10 mV$(a), 20 mV & (b), 30 mV & (c), 40 mV & (d), 50 mV & (e), 60 mV & (f), 70 mV §' (g), 80
mV s* (h), 90 mV & (i) and 100 mV $ (j). (D) Plot of the relationship between redoxabeurrent densities
and scan rates from 1 mV §0 100 mV &. All CV curves were run in the PBS solution sateidawith N.

Fig. 4. (A) CV curves of GC/CNTs/TTF/HRP electrode in tABS solution with different concentration of
H,O,: 0OmM (a), 1mM (b), 5mM (c) and 10mM (d). The scate was 100 mV'5 (B) Amperometric it curve
of the biosensor by successivly adding differemtocemtration of HO, to the PBS solution. Operating potential:
-0.3 V. (C) Calibration curve between current amel tconcentration of }D,.

Fig. 5. (A) CV curves of CNTs/TTF/HRP modified B, biosensor in the PBS buffer containing MB with
different concentration of NADH: OmM (a), 0.1mM (i§).3mM (c) and 0.6mM (d). The scan rate was 100 mV
s'. (B) Amperometric i-t curve of the CNTs/TTF/HRP dified H,O, biosensor by successively adding
different concentration of NADH to the base solnti@perating potential: -0.3 V. (C) Calibration eair
between current and the concentration of NADH. Ab)perometric response of the CNTs/TTF/HRP modified
H,0, biosensor with the subsequent addition UA, glu@sk NADH.

Table 1. Comparison of GC/CNTs/TTF/HRP electrode with othperometric NADH biosensors.

12



Table 1.

Comparison of GC/CNTs/TTF/HRP electrode with otii@perometric NADH biosensors.

Working electrode Potential (V) Linear range (uM) Limit of detection (uM) Reference

Au(111)/MB/graphene 0.74% Ag/AgCl) 1-264 0.3 [3]
GC/CNTs/FAD*/polyXa? 0.15 {/s. Ag/AgCl) 5-170 1 [15]
GClgraphene 0.5/6. SCE™®) 50-1400 20 [34]
GCICR-GO® 0.45 s. Ag/AgCI) 40-800 10 [35]
GC/PAF*nano-zrQ° 0.4 {/s. SCE) 1-100 1 [36]
SPES/PB’ - 0.05 {/s. Ag/AgCI) 1-100 0.5 [37]
GCIGNS® 0.4 {/s. Ag/AgCl) 45-360 15 [38]
carbon ink/Cg0, nanosheet 0.1 {s. Ag/AgCl) 10-100 4.25 [39]
GC/chitosan/CNTs - 0.05 ¢5s. Ag/AgCl) 10-100 4 [40]

GC/CNTS/TTF/HRP - 0.3 {s. Ag/AQCl) 10-790 153 this work

! Flavin adenine dinucleotide
2 Poly xanthurenic acid
% Chemically reduced graphene oxide
* Poly (acid fuchsin)
® Zirconia nanotubes
® Screen-printed electrodes
" Prussian blue
8 Graphite nanosheet
® Cobalt oxide nanosheet
19 saturated calomel electrode
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Highlight

® Detecting the NADH in the buffer containing methylene blue through a H,0,
biosensor modified with carbon nanotubes (CNTS)/tetrathiafulvalene
(TTF)/horseradish peroxidase (HRP) sensitive thin film in the buffer containing
methylene blue.

® \Wide linear range, high sensitivity and low detection limit for determining
NADH.

® A low operating potential of — 0.3V (vs. Ag/AgCI) with excellent selectivity and
anti-interference ability.



