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Abstract:

A robust amperometric sensor for B-nicotinamide adenine dinucleotide (NADH)
detection was developed through the organic complex formation with
ethylenediaminetetraacetic acid (EDTA) bonded on the polyethylenimine (PEl)/activated
graphene oxide (AGO) layer. The EDTA immobilized sensor probe (GCE/AGO/PEI-
EDTA) revealed a catalytic property towards NADH oxidation that allows for the highly
sensitive electrochemical detection of NADH at a low oxidation potential. Surface
characterization demonstrated that the negatively charged AGO acted as nanofillers in the
positively charged PEI matrix through the charge interaction. The immobilization of
EDTA on the polymer layer provided more surface area for NADH to interact with
through the enhanced chemical interlocking between them. We observed the strong
interaction between NADH and EDTA on the AGO/PEI layer using a quartz crystal
microbalance (QCM), X-ray photoelectron spectroscopy (XPS), and the calculation of the
minimized energy for complex formation. The dynamic range of NADH was determined
to be between 0.05 uM and 500 pM with a detection limit (LD) of 20.0 + 1.1nM. The
reliability of the developed sensor for biomedical applications was examined by detecting
NADH in tumorigenic lung epithelial cells using the standard addition method.
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1.

Introduction

B-Nicotinamide adenine dinucleotide (NADH) is a universal biological molecule found
in all living cells, and the functions of this metabolic cofactor have been attributed to the
transfer of hydrogen atoms and electrons from one metabolite to another in several
intracellular redox reactions, such as glycolysis, the Krebs cycle, and oxidative
phosphorylation (Bartlett, 2008). In addition to regulating bioenergetics and maintaining
mitochondrial function, the NADH-NAD" redox couple plays critical roles in multiple
biological reactions catalyzed by over 300 NADH-dependent dehydrogenases (Zhao et al.,
2011). The regulation of the intracellular concentration ratio of NADH and NAD" is also
essential for all cells to maintain numerous vital processes, and its changes have been
associated with alteration in energy metabolism under various pathophysiological
conditions, such as aging, cancer, Parkinson’s disease, diabetes, and epilepsy (Ying et al.,
2011; Lin et al., 2003; Allison et al., 2014; Belenky et al., 2007). Thus, it is important to
develop a robust biosensor for NADH or NAD™ detection.

In view of the importance of NADH monitoring, several methods to detect NADH have
been developed employing capillary electrophoresis, high performance liquid
chromatography, spectroscopy, and enzymatic cycling (Bartlett, 2008; Alvarez et al., 2000;
Kasischke et al., 2011; Xie et al., 2011; Zhou et al., 2011). Although these techniques allow
the determination of NADH, they are complicated, time consuming, and require
sophisticated equipment. Alternatively, the electrochemical method is advantageous and
frequently used, because it is considered to be selective, facile, reproducible, and has the
ability to be miniaturized for point of care applications. However, there are still many
challenges in the electrochemical detection of NADH due to its high polarization potential
and electrode fouling effects, which results in the adsorption of oxidation products of

NADH. There is also interference from easily oxidizable species present in real samples. To



improve the sensitivity and the selectivity of the sensor, considerable efforts have been
devoted to modify the probe with a variety of biomimetic, metallic and non-metallic
materials, which can effectively overcome kinetic barriers for the oxidation of NADH (Li et
al., 2015; Omar et al., 2016; Radoi et al., 2009; Lee et al., 2010). Despite the good
performances of those electrochemical sensors, there are still several shortcomings in their
sensitivities, reproducibilities, and fouling effects. Thus, we tried to develop a new NADH
sensor through the complex formation between NADH and a probe molecule, where EDTA
was a good candidate, because it has the many carboxylic acid and amine groups that can
interact with NADH molecule through the hydrogen bonding.

A stable polycation is one of good substrate to immobilize the EDTA molecule, because
they can improve the electrocatalytic activity and the stability by forming a composite layer
with nanocatalytic materials. Among these polycations including poly 3'-(2-
aminopyrimidyl)-2,2".5',2"-terthiophene  (APT), poly (amidoamine) (PAA), and
polyethylene imine (PEI) (Naveen et al., 2015; Samal et al., 2012), PEI has attracted
significant attention in the analytical, sensing, and biomedical fields due to its solubility in
water, neutral pH buffering capacity, and rich amine groups. Hence, we examined PEI as a
substrate polymer material, after enhancing the electrically conductivity using activated
graphene that was stably composited with the PEI. Graphene oxide (GO) was further
activated (AGO) with sonication offering a rich surface chemistry to enhance the
performance of the sensor probe. GO presents highly reactive oxygen functionalities on its
edge sites (Gong, 2013), demonstrating that GO is a good nanofiller for positively charged
polymer layers (Stankovich et al., 2006). Hence, we expect that the immobilization of
EDTA on the PEI/AGO layer provides an enhanced selectivity and sensitivity of the sensor

probe by improving the conductivity and the interaction with NADH.



In the present work, we constructed a novel EDTA-modified sensor probe (AGO/PEI-
EDTA). The formation of the nanocomposite of probe materials was characterized using
field emission scanning electron microscopy (FE-SEM), Raman spectroscopy, and XPS.
The complex formation between NADH and EDTA was confirmed by the calculation of the
minimized energy, XPS, and QCM. The analytical performance of the proposed sensor was
evaluated using cyclic voltammetery (CV), chronoamperometery, and EIS. Finally, to
evaluate the reliability of the sensor, NADH was detected in real samples. To the best of our
knowledge, this is the first report in which EDTA has been utilized to develop a sensor

probe for the detection of NADH directly in tumorigenic cell line and human serum.

2. Materials and methods

2.1 Reagents and instruments

B-nicotinamide adenine dinucleotide (NADH), polyethylenimine (PEI), dopamine (DA),
ascorbic acid (AA), uric acid (UA), catechol (CA), graphite, sulfuric acid (98%), aluminum
chloride, hydrogen peroxide (H,O,), ethylenediaminetetraacetic acid (EDTA), potassium
permanganate, sodium phosphate dibasic, sodium phosphate monobasic, HCI, Ks[Fe(CN)g]*"
8 [Ru(NHz3)s]Cls, KMnO,4, NaNOs, Dulbecco’s modified Eagle medium (DMEM), fetal
bovine serum (FBS), trypsin-EDTA, penicillin/streptomycin, PBS solution, human serum,
and the celLytic™ solution were obtained from Sigma-Aldrich (USA). A549 cells were
obtained from the Korean Cell Bank. All aqueous solutions were prepared in ultra-pure water
obtained from a Milli-Q water purification system (18M Q cm). All electrochemical
measurements were performed at room temperature using a conventional electrochemical cell
system. Modified glassy carbon with a geometric area of 0.07 cm?, an Ag/AgCl electrode (in
saturated KCI), and a platinum (Pt.) wire were used as the working, reference, and counter

electrodes, respectively. CVs were recorded using a Kosentech PT-1 model and an EG & G



PAR 273A model galvanostat. The impedance spectra were measured with the EG&G
Princeton Applied Research, PARSTAT 2630. The morphology of the composite was
confirmed by FE-SEM images, and XPS experiments were performed in KBSI (Busan) using
a VG Scientific ESCA Lab 250 XPS spectrometer coupled with a monochromatic Al Ka
source with charge compensation. For XPS analysis, we used XPSPEAKA41 software and the
peaks were fitted using the linear model as background subtraction. Raman spectroscopy was
performed using a WITec alpha 300 Raman microscope (WITec, Ulm, Germany) equipped
with an UHTS-300 spectrometer with an excitation wavelength of 531.9 nm. QCM
experiments were performed using a SEIKO EG&G model QCA 917 and a PAR model 263A
potentiostat/ galvanostat (USA).
2.2 Activation of GO

Graphene oxide (GO) was freshly prepared by following the reported method (Gong,
2013). Activation of GO (AGO) was performed by sonication for a certain amount of time (0
-15 hrs). It has been reported that edge plane defects could enhance the conductivity of GO
through facile electron transfer (Yuanet al., 2013). CV was employed in the solution phase,
and the maximum NADH response current was observed at 12 hrs. After12 hrs, the current
change was insignificant (data not shown).
2.3 Preparation of sensor probes
The GC electrode was cleaned using wet soft polishing cloth with alumina powders (0.5 and
0.03 mm, successively). After rinsing with water in each polishing step, the electrode was
subjected to sonication in ethanol and water for 1 min to remove the adsorbed residual
alumina particles and was then dried at ambient conditions. To prepare the AGO/PEI
nanocomposite, first 0.5mg/ml GO and PEI (50 wt. %) were dispersed with the aid of
ultrasonic agitation for 12 hrs and then, the AGO/PEI composite was ready for the

subsequent experiments. The electrode was modified by drop casting 10 pl of the AGO/PEI



nanocomposite on the GC electrode surface and allowing it to dry at room temperature.
Subsequently, the modified electrode was immersed in EDC/NHS solution containing EDTA
(10 mM) for 12 hrs for activation of carboxylic acid groups and immobilization of EDTA
onto the GCE/AGO/PEI layer. Finally, the GCE/AGO/PEI-EDTA sensor probe was
fabricated, and used for the NADH analysis.
2.4 Preparation of tumorigenic lung epithelial (A549) cell samples

The human tumorigenic lung epithelial (A549) cells were maintained in T75 cell culture
flasks containing Dulbecco’s modified Eagle medium (Sigma) supplemented with 10% fetal
bovine serum (Sigma) and 100 units/ml of penicillin/streptomycin (Gibco). The cells were
maintained in an incubator at 37°C in a 95% humidified atmosphere and 5% carbon dioxide.
The cells were passaged every 5-6 days, and the medium was renewed every two days. For
the extraction of NADH from cultured cells into the solution to be measured, the cultured
cells were washed with sterilized PBS two or three times to remove any remaining growth
media, and then they were lysed by adding 300 pL of CelLytic™ solution. For control
experiments, cell sample without treating with the CelLytic™ solution and only with the

CelLytic™ solution were used.

3. Results and Discussion
The schematic - representation of the construction of the GCE/AGO/PEI-EDTA
composite layer as well as, NADH detection are shown in Scheme 1. Prior to the formation
of the composite layer of PEI and GO, further activation of GO (AGO) by sonication was
expected to provide more edges, resulting in improvement in the performance of GO. After
the formation of the AGO and PEI composite, EDTA, an anionic molecule containing four
carboxylic groups, can be stably modified on the PEI/AGO surface, to exploit the

complexation with NADH or NAD". First, the electrode was modified by casting 10 pl of



the AGO/PEI suspension onto the GC electrode surface, and then the organic nano
composite was dried at room temperature. The GCE/AGO/PEI modified electrode was
incubated in an EDC/NHS solution containing EDTA (10 mM) for 12 hrs to form the amide
bond between NH; groups of PEI and —COOH groups of EDTA. The final sensor probe of
GCE/AGO/PEI-EDTA was thus fabricated and subsequently characterized by surface
analysis methods.
3.1 Surface characterization of the sensor probe
At first, to confirm the successful fabrication of the sensor probe, XPS analysis was
performed to elucidate the immobilization of EDTA on the GCE/AGO/PEI layer. Figure 1
shows the survey and the deconvoluted spectra for (i) GCE/AGO (ii) GCE/AGO/PEI and (iii)
GCE/AGO/PEI-EDTA modified surfaces. A deconvoluted C1s spectrum for AGO/PEI as
shown in Figure 1 b (ii), revealed the presence of C-C/C=C, C-O/C-0-C, and N-C=0 peaks
at 284.3, 285, and 285.4 eV, respectively. In the deconvoluted Cls spectrum for
GCE/AGO/PEI-EDTA as shown in Figure 1 b (iii), the C-C, and C-O peaks were shifted to
higher binding energy values at 284.5, and 284.8 eV. Though, the N-C=0 peak was remained
on the same position at 285.3eV (Fig. 1 b (iii)), but the intensity of the peak was increased.
Moreover, the C1s peak at 287.82 eV corresponding to O-C=0 of the EDTA is not observed
at the only AGO/PEI layer without EDTA. However, the peak corresponding the C1s
spectrum of AGO appeared at 288.85 eV (Figure 1 b (i)), which disappeared after covering of
the PEI on the AGO layer. This confirms that the C1s peak at 287.82 eV is indeed for the
EDTA layer. The deconvoluted N1s spectrum for the GCE/AGO/PEI as shown in Figure 1 ¢
(i), illustrated two peaks for -NH, and —NH at 398.25 eV and 398.55 eV, respectively. After
the immobilization of EDTA (Figure 1 c (ii)), the peaks of -NH,, —NH were shifted to higher
energy values at 398.62 and 398.65 eV, respectively, as a result of a protonated primary

amine nitrogen, -NH,"— (Naveen et al., 2015). Moreover, a C-N peak appeared due to the



hydrogen bonding between —NH, groups of PEI and -COOH groups of EDTA. The O1s
spectra of AGO/PEI modified GCE surface as shown in Fig. 1 d (ii) illustrated two peaks at
530.35 eV and 531.90eV for O-C=0 and C-N=0, respectively. After the immobilization of
NADH, the C-N=0 peak as shown in Fig. 1 d (iii) shifted to a lower energy value indicating
the higher electrostatic attraction. Also, another peak appeared at 535.15 eV (Fig. 1 d (iii))
corresponding to the C-O bond formation due to the added—COOH groups of EDTA, thus
showing the successful immobilization of EDTA. These XPS data adequately confirm the
successful attachment of PEI as well as EDTA immobilization.

The surface morphologies of the sensor probe were examined by FE-SEM. Figure S1 (a-
b) shows the images of (a) GCE/AGO/PEI and (b) GCE/AGO/PEI-EDTA layers of the
sensor probe. The AGO/PEI layer on the GCE displays a rough morphology after sonication
for a given amount of time. This indicates that the sheet structure of GO is well maintained
even after the mixing of GO and PEI, and it also provides a large surface area, which helps in
forming more active sites on the electrode surface. The GCE/AGO/PEI-EDTA layer exhibits
small clusters, which are due to the aggregation of EDTA by hydrogen bonding on the PEI
layer, indicating successful fabrication of the GCE/AGO/PEI-EDTA layer.

Prior to modifying the sensor probe, GO was activated by sonication to attain greater
edge surface area. The edge and basal plane defects in carbonaceous materials can be
confirmed by Raman spectroscopic peaks, which are characterized as D and G bands.
Previous reports suggest that the intensity ratio of (D/G) is often used as a means of
determining edge and basal planes or overall stacking behavior (Yuanet al., 2013). The
intensity ratio of (D/G) was increased by upto 12 hrs of sonication of GO, and it remained
unaffected at sonication times over 12 hrs (Figure S2). This could be attributed to the

formation of additional edge defects, which is termed activated GO.



CV and impedance spectroscopy were employed to characterize the surface conditions of
the bare and GCE/AGO/PEI-EDTA sensor probes in 4 mM [Fe(CN)g* and
[Ru(NHs)e]**solutions (Figure S3). A well-defined redox peak for the[Fe(CN)s]*"* couple
was observed for the bare electrode, while no obvious peak for the sensor probe was observed
(Figure S3 a (i, i1)). However, a well-defined peak was observed for the final sensor probe in
the [Ru(NH3)s]**solution (Figure S3 b (i, ii)), while the redox peak at the bare electrode was
smaller than that of the final sensor surface. Additionally, impedance spectroscopy was
performed at an open circuit voltage to monitor resistance variations at bare and sensor probe
surfaces. The Rct values for the bare and the sensor probes in a [Fe(CN)s]*" solution were
observed to be 0.6 kQ, and 7.9 kQ, respectively, (Fig. S3 c (i, ii)), while Rct values for the
bare GC and sensor probe were 45.2 kQ, and 4.6 kQ, respectively, in the [Ru(NH3)e]**
solution (Fig. S3 d (i, ii)). These results show that the sensor surface is covered with

negatively charged EDTA molecules.

3.2 Interaction between the sensor probe and NADH

To observe the sensing ability of the sensor probe towards NADH, CVs were recorded at
bare GCE, GCE/AGO, GCE/AGO/PEI and GCE/AGO/PEI-EDTA layers in PBS at a neutral
pH containing 500 uM NADH as shown in Figure 2 (a). As shown in the figure, the anodic
peak of NADH was enhanced at the GCE/AGO/PEI-EDTA modified surface due to the
complex formation between EDTA and NADH molecules through the hydrogen bonding. We
investigated the mechanism using the scan rate dependency test. The response current was
proportional to the square root of scan rate (Fig. S4), indicating that the diffusion controlled
process was involved in the NADH oxidation at the sensor probe. The linear relationship
between the current vs. NADH concentrations from 0.5 pM to 500 uM was observed at the
GCE/AGO/PEI-EDTA with a correlation coefficient of 0.998 as shown in inset (Fig.2 (b)),

demonstrating the excellent sensing performance of the proposed sensor probe.
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Furthermore, QCM analysis was performed to estimate the captured quantity of NADH
by the interaction of NADH with AGO, PEI, AGO/PEI and AGO/PEI-EDTA as shown in
Figure 2 (c). The interaction of NADH with AGO, PEI, and AGO/PEI (Fig.2 c (i, i, iii)) was
observed with an insignificant frequency change of (Af= 9.4, 19.7, 35 Hz) and the estimated
amount of physically adsorbed NADH was found to be 8.6, 18.3, and 34.71 ng, respectively,
based on a previously defined equation (Lee et al., 2010). However, a significant change in
the frequency (Af = 270 Hz) was observed for the AGO/PEI-EDTA/NADH interaction as
shown in Fig.2 ¢ (iv), which corresponds to a NADH mass change (Am) of 265.57 ng. These
results provide evidence for the high interaction of NADH with the EDTA layer, and hence
show the strong interaction as compared with the other layers.

To support our hypothesis about the complex formation between EDTA and NADH, at
first, their interaction was predicted by evaluating the calculation of the minimized energy
values using Chem3D pro 12.0, and it is suggested that the interaction occurred in three
different possible ways as shown in Figure 3 (a-c.). Fig.3 (a) shows the interaction of two
carboxylic acid groups of EDTA with two hydroxyl groups and a phosphate group of NADH
through three hydrogen bonds, showing a minimized energy value of -56.2301 kcal/mol. Fig.
3 (b) depicts the interaction of the two carboxylic acid groups of EDTA are with two
hydroxyl groups, a phosphate group, and an amine group of NADH through four hydrogen
bonds with a minimized energy value of -47.7688 kcal/mol. Fig. 3 (c) gives the minimized
energy value of -43.0798 kcal/mol through the formation of four hydrogen bonds. As shown
in Figure 3 (a), the complex formed at the minimized energy value of -56.2301 kcal/mol, is
more favorable compared to the others due to less steric hindrance.

In addition, XPS analysis was performed in detail to verify the complexation between
EDTA and the NADH and confirmed the binding energy shift of P-O, C=0, and C=N bonds

after the interaction between them. Fig. 3 (d) shows the survey spectra obtained for
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AGO/PEI-EDTA (i) before and (ii) after the NADH interaction with the probe. As shown in
Fig. 3 (d), a new phosphorus peak (P2p) appeared after the interaction of NADH with the
probe molecule which did not exist before. The additional evaluation for the interaction of
NADH with the EDTA modified sensor probe was performed using the deconvoluted spectra
of C1s, N1s, and O1s as shown in Fig. 3 (e-g). The C1s spectrum of AGO/PEI-EDTA (Fig. 3
(e)) shows four peaks at 284.35, 284.5, 285.3, and 287.8 eV, which correspond to C-C, C-O
or C-N, N-C=0, and O=C-O" bonds of the probe molecules, respectively. By the interaction
between NADH and EDTA molecules, the C-O (or C-N) and N-C=0 peaks were shifted
from 284.5 and 285.3 eV to 284.9 and 285.9 eV, respectively, and the "O-C=0 peak was also
slightly shifted from 287.8 eV to 286.85 eV as shown in Fig. 3 e (ii). The N1s peaks for
AGO/PEI/EDTA appeared at 398.6, 398.95, and 399.8 eV (Fig.3 (f-i)) corresponding to -
NHa, -NH, and N-C, respectively. The -NH, and -NH peaks of the EDTA modified probe
were shifted from 398.6 and 398.95 eV to 398.68 and 399.35 eV due to their involvement in
the interaction as shown in Fig. 3 (b). After the interaction between NADH and EDTA, the
N-C, N=C bonds of the NADH molecule leads to a shift in the peak at 399.8 eV to 400.65
eV. The Ols spectra of the EDTA modified sensor contains three peaks at 535.16 (C-O),
531.72 (O=C-N), and 530.94 eV (O=C-0O) as shown in Fig. 3 (g-i). The interaction of NADH
with the EDTA leads to a decrease of the C-O bond energy of EDTA. Therefore, the O1ls
binding energies for all three peaks were shifted from 535.16, 531.72 and 530.94 eV to 535.7,
531.85, and 531 eV, respectively. Additionally, a new peak appeared at 533.0 eV
corresponding to the P-O bond of NADH by the successful interaction between NADH and
the EDTA probe. These results are in agreement with the simulated energy diagrams Fig. 3
(a-c). Accordingly, the successful complex formation between EDTA and NADH was

demonstrated.

3.3 Optimization of the analytical parameters and interference studies
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To achieve optimal sensitivity, analytical parameters for the detection of NADH with the
proposed probe were optimized in terms of the GO-activation time, applied potential, pH, and
EDTA concentrations. The sensor probe showed an enhanced response with increasing GO-
activation time (in terms of sonication), and the maximum response was observed at 12 hrs.
Thus, 12 hrs was chosen as the optimal activation time (Figure S5 (a)). The effect of the
applied potential on the detection of NADH was also examined between 0.15 V to 0.45 V.
The response current elevated as the applied potential increased from 0.15 V to 0.4 V. The
maximum response was observed at 0.4 V, and no significant increase in the signal was
observed over 0.4 V (Figure S5 (b)). Hence, subsequent measurements were performed at this
potential. The effect of the pH of the solution being measured on the response was
investigated at the range of 5.0-8.0. The response current steadily increased from a pH of 5.0
to a pH of 7.4, it then decreased over 7.4. The interaction between EDTA-NADH provided
the maximum current response at this pH. Thus, pH 7.4 was selected as the optimal pH
(Figure S5 (c)), and subsequent experiments were performed at this pH. In addition, the effect
of the amount of EDTA attached on the sensor surface was also examined from 2 mM to 12
mM. The response current gradually increased as the concentration of EDTA increased from
2.0 to 10 mM, and it reached a steady state over 10 mM EDTA. No increase in the signal was
observed over this concentration due to the saturation. Thus, 10 mM EDTA was chosen for
subsequent experiments (Figure S5 (d)).

To assess the possibility of interference from common biomolecules on the proposed
biosensor, chronoamperometery was recorded in the presence of ascorbic acid (AA),
acetaminophen (AP), uric acid (UA), catechol (CA), and dopamine (DA). As shown in Fig. 4
(@), the sensor exhibited a clear amperometric response towards NADH (50 uM), while no-
noticeable signals were observed for AA (0.5 mM), AP (0.5 mM), UA (0.5 mM), CA (0.5

mM), and DA (0.5 mM). Although NADH is not a positively charged molecule, but as a
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result of the hydrogen bond formation between EDTA and NADH, the sensor showed an
excellent response to NADH. The diffusion of other charged species without enough
interaction sites for strong hydrogen bond formation with EDTA will be blocked at the
modified sensor probe surface. Therefore, no detectable response was observed for AA, AP,
UA, CA, and DA when they coexist in the same PBS solution. These results indicate that the
proposed sensor can be used for the selective detection of NADH without interference from
common molecules in body fluids.
3.4 Calibration plot, reproducibility and stability

Under the optimized conditions, amperometery was performed using the GCE/AGO/PEI-
EDTA sensor to detect NADH. Figure 4 (b) shows the subsequent amperometric response of
the sensor to the successive additions of NADH. A well defined response curve was observed
upon each successive addition of NADH solution, and the ‘calibration plot is linearly
proportional to the NADH concentration throughout the range of 0.05 uM to 500 uM (inset).
The linear regression equation of the calibration plot is expressed as follows: Ip (MA) =
0.0169 (£0.004) + 0.0013 (+0.002) [NADH][uM], with a correlation coefficient of 0.994
(RSD <4.1%, 95% confidence level, k=3, n=5). The detection limit was calculated based on
3s (where s is the standard deviation of the blank solution, n=10), and it was determined to be
20.0 £1.1 nM. The performance of constructed NADH biosensor was compared with other
reported works (Table S1), generally, the electrochemical methods exhibit a LD ranging from
0.1 to 250 pM. The spectroscopic techniques such as electrochemiluminescence, and UV-vis.
photometry show LD 5 fM, and 15.6 uM, respectively. In the present study as compared to
previous amperometric methods, the LD was calculated to be 0.02 uM which is about 5 times

more sensitive.

To demonstrate the reproducibility of the proposed sensor, five parallel measurements

were performedin PBS containing 200 uM of NADH. A relative standard deviation
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(RSD/coefficient of variation) of 2.39 % was achieved in the same surface area modified with
GCE/AGO/PEI-EDTA, which clearly shows that the sensor is remarkably reproducible. Five
different GCE/AGO/PEI-EDTA probes were also tested in a 200 pM NADH solution to
examine how the response current differs between electrodes. The variation in the current
was found 3.16% which indicates good sensor to sensor reproducibility. The accuracy of the
sensor was also verified through the standard addition method (Table S2). The storage
stability of the sensor probe was also evaluated at regular time intervals (in 200 uM NADH
solution once a week) for a duration of eight weeks. When the sensor probe was stored at 4°C
for eight weeks, the sensor maintained 92 % of its initial response. These results indicate that

the presented sensor possesses satisfactory stability, accuracy, and reusability.

3.5 Analysis of NADH in human serum and cultured tumorigenic cells

To assess the practical applicability of the proposed sensor in complex biological
matrices, the NADH concentration was analyzed in human serum and tumorigenic lung cell
samples. For serum sample analysis, chronoamperometric measurements of the five folds
diluted human serum were performed. The serum did not exhibit any chronoamperometric
response, indicating that the amount of NADH present in the serum was less than the
detection limit of sensor or it was not present in the sample. Afterwards, known amounts of a
standard NADH solution were spiked into the serum, and the amperometric responses were
recorded. As shown in Figure 5 (a), the response and a corresponding calibration plot were
obtained after exposing the sensor probe to the human serum sample into which different
amounts of a standard solution of NADH were injected. As depicted, the amperometric
response increased with increasing NADH concentrations, and a linear regression equation
could be expressed as Ip (MA) = 102.2 (£0.003) + 318.75 (+0.016) [NADH][uM], with a

correlation coefficient of 0.996. The amount of NADH in the serum sample was determined
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by the standard addition method (Table S2) and recoveries were observed in the range of
98.6-100.4% (RSD < 5%, n=5).

Additionally, we investigated the biomedical application of the proposed sensor using
tumorigenic cell samples. To extract NADH from cells, cultured A549 (3.0 x10° cells/ml)
cells were first exposed to CelLytic™ solution and then the lysed cell suspension was added
to the solution being measured (0.1 M PBS, pH = 7.4). The amount of NADH in the lysed
cell sample was determined by the standard addition method, and recoveries were observed in
the range of 97.8-100.7% (RSD < 5%, n=5) (Table S2). To further validate the results, lysed
cell samples were spiked with different concentrations of NADH, and the amperometric
responses were obtained (Figure 5 (b)). As shown in the figure, the amperometric response
increases with increasing NADH concentrations, and it shows a concentration level 380 nM
of NADH in the tumorigenic cell line. A linear regression equation can be expressed as
follows: Ip (MA) = 0.143 (£0.003) + 0.3794 (x0.005) [NADH][uM], with a correlation
coefficient of 0.999. These results clearly show that the proposed sensing system for the
detection of NADH in spiked human serum and tumorigenic cell samples is considered
acceptable, and hence, its promising analytical performance towards complex biological

sample analysis has been demonstrated.

4. Conclusions

In this study, a simple, highly sensitive, and selective biosensor was successfully
developed for the detection of NADH through the formation of complex with an EDTA probe
molecule. The sensor probe was characterized by FE-SEM, Raman spectroscopy, XPS, QCM,
and electrochemical methods. The complex formation between NADH and EDTA molecules
was confirmed by estimating the minimized energy, XPS, and QCM. The current responses

of the sensor toward negatively charged interfering species such as ascorbic acid, uric acid
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and catecholamine were remarkably eliminated. The proposed sensor was successfully
applied to detect NADH in human serum and tumorigenic cell samples. The analytical
performance of the proposed sensor for the detection of NADH was excellent in terms of
mitigating the over potential, resistance to fouling, sensitivity, selectivity, and reproducibility.
The results indicate that the proposed sensor holds considerable promise for various
biomedical applications and can be applied in the monitoring of the NADH level in clinical

analyses, toxicity tests, and pharmacological evaluations.
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Figure captions
Scheme 1. Schematic representation of the fabrication steps of the GCE/AGO/PEI-EDTA

sensor probe.

Figure 1: (a) XPS survey spectra of (i) AGO, (ii) AGO/PEI and (iii) AGO/PEI-EDTA. (b-d)

shows the deconvoluted peaks of C1s of (i, ii, and iii), N1s, and O1s for (ii) and (iii).

Figure 2: (a) CVs obtained for a 500 uM NADH solution with (i) bare GCE, (ii)) GCE/AGO,
(iii) GCE/AGO/PEI and (iv) GCE/AGO/PEI-EDTA surfaces. (b) Linear calibration plot of
current vs. NADH concentrations at GCE/AGO/PEI-EDTA sensor probe. (c) Shows the
QCM reponses of (i) AGO, (ii) PEI, (iii) AGO/PEI, and AGO/PEI-EDTA with NADH,

respectively.

Figure 3: (a-c) The minimized energy diagrams depicting the complex formation between
NADH and EDTA through hydrogen bonding. (d) XPS survey spectra of (i) GCE/AGO/PEI-
EDTA sensor probe, and (ii) after the interaction of NADH with the probe. (e) The
deconvoluted peaks of C1s for (i) and (ii) respectively. (f) The deconvoluted peaks of N1s,

and (g) O1s for (i) and (ii) respectively.

Figure 4: (a) Chronoamperometric response of the GCE/AGO/PEI-EDTA sensor probe

containing 50 uM NADH in the presence of potentially interfering molecules with the
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concentration of 0.5 mM (AA, AP, UA, CA, and DA). (b) Amperometric response obtained

at the GCE/AGO/PEI-EDTA probe for successive additions of NADH into the PBS solution.

Figure 5: (a) Standard addition plot and amperometric responses obtained with
GCE/AGO/PEI-EDTA for different volumes of spiked NADH in the serum sample (b)
Standard addition plot and amperometric responses obtained with the GCE/AGO/PEI-EDTA

sensor probe for different volumes of spiked NADH in the tumorigenic cell sample.
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Highlights:

1. A simple, highly sensitive, and selective biosensor was developed for NADH detection

using an EDTA complex as probe material.

2. The complex formation between NADH and EDTA molecules was confirmed by

estimating the minimized energy, XPS, and QCM.
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3. The analytical performance of the proposed sensor was excellent in terms of mitigating the

over potential, resistance to fouling, sensitivity, selectivity, and reproducibility.

4. The proposed sensor was successfully applied to detect NADH in human serum and

tumorigenic cell samples.
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