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Dihydronicotinamide adenine dinucleotide (NADH) is an important enzyme in all living cells, which is
found to be abnormally expressed in cancer cells. Since it is redox-active, an electrochemical detection
methodwould be suitable formonitoring its concentration in biologicalfluids. Herewe present a strategy
for specific determination of NADH in real human serum by using RhIr@MoS2 nanohybrids based
microsensor. To implement the protocol, RhIr nanocrysrals are in-situ grown onto MoS2 interlayers
forming a nanohybrid structure (RhIr@MoS2). After being locally deposited on an electrochemical
microsensor, it could be used for the analysis of NADH. The developed RhIr@MoS2 nanohybrids based
microsensor possesses the ability for analyzingNADH at the applied potential of 0.07 V (much lower than
most reported values). The detection limit is evaluated as low as 1 nmol/L even in bovine serum albumin
(BSA)media. In addition, the sampling analysis of human serum from cancer patients and health controls
shows that the microsensor displays good diagnostic sensitivity and specificity, illustrating that this
developed detection technique is a relatively accurate method for measuring NADH in biological fluids.
The proposed electrochemical microsensor assay also owns the benefits of convenience, disposable and
easy processing, which make it a great possibility for future point-of-care cancer diagnosis.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Dihydronicotinamide adenine dinucleotide (NADH) is an
important enzyme found in all living cells, and its expression is
related to reactive oxygen species (ROS) including O2

� and H2O2

[1]. It has been reported that ROS regulates mitochondrial redox
metabolism, and the intracellular NADH levels would be declined
with elevating H2O2 concentration [2,3]. The previous discussion
indicates that H2O2 is overexpressed in cancer cells [4,5]. The
generated H2O2 can cause the depletion of intracellular NADH
resulting in lower concentration of NADH in cancer cells than that
in normal cells. Therefore, the monitoring of NADH levels in real
human blood is promising for cancer patients to be quickly
screened for metastasis or recurrence and may longer life
expectancy.
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The detection of NADH is mostly focused on fluorescence assay
and electrochemical sensors [6–8]. Between these two methods,
the electrochemical measurement of NADH is the predominating
method and has received considerable interest due to the redox-
activity of NADH [9–11]. Besides, it is difficult to distinguish
between NADH and reduced nicotinamide adenine dinucleotide
phosphate (NADPH) by using fluorescence, as they have similar
fluorescent properties [12,13]. Accordingly, electrochemical detec-
tion would be suitable for the analysis of NADH. Electrochemical
sensors also have the the advantages of economy, design flexibility
and ease for realizing the miniaturization and the integration, and
are expected to speed up the transition towards point-of-care
diagnostic devices [14–16]. However, the major challenge for
electrochemical sensing of NADH is about the high overpotential
formeasurements [17]. AlthoughNADH is a redox-activemolecule,
the oxidation of NADH is highly irreversible and requires
considerable overpotential, even up to 1 V at a bare metal
electrode. The use of such a high overpotential leads to the
fouling of electrodes and may suffer from interference [18].
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 2. Microsensor propotype fabricated by screen-printing technology (WE:
working electrode, CE: counter electrode and RE: reference electrode).
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To address these problems, new sensing materials with multi-
functions should be explored.

Graphene- like molybdenum disulfide (MoS2) is a two-dimen-
sional (2D)semiconductorwithsimilarultrathin layeredstructure to
graphene, and exhibitsfineproperties that dependon thenumberof
layers[19,20].Withinterestingindirect-to-directbandgaptransition
forMoS2material frombulk toultrathin structure, it owns the ability
to provide the high performance for an electrochemical sensor
system [21]. However, the ultrathin MoS2 becomes less stable in its
freestanding state, and would re-stack together. Therefore, it needs
to incorporate hetero-species into MoS2 interlayers to generate a
new 3D architecture [22]. Metal nanomaterial is a good candidate,
which is not limited to be a strut between MoS2 layers but also a
catalyst facilitating the reactions [23,24].

Herein, we propose the use of RhIr alloy nanocrystals in-situ
incorporation into ultra-thin MoS2 interlayers (defined as RhIr@-
MoS2 nanohybrid) not only to achieve structure controllable but
also to be responsible for catalyzing interfacial charge-transfer and
mass diffusion processes. Then, the developed RhIr@MoS2 nano-
hybrids are locally deposited onto screen printed sensor platform
to construct a disposable microsensor for NADH determination.

Theultra-thin2DMoS2used in thisworkwaspreparedbysolvent
exfoliation approach. After incorporation of RhIr nanocrystals onto
MoS2, a typical transmission electron microscopy (TEM) image
(Fig. 1a) shows that all the in-situ obtained nanocrystals are well
dispersed on the whole area of 2D MoS2, and no particle is
dissociated in the observation region. The selected-area electron
diffraction (SAED) image shown in inset of Fig.1a is comprisedwith
hexagonal diffraction spots and polycrystalline diffraction pattern.
The typical hexagonal diffraction pattern is obtained from the
single-crystal MoS2 domain, while the diffracted image of
polycrystalline taken in the diffraction system is composed of a
superposition of many small-sized RhIr domains. The scanning
transmission electron microscopy (STEM) combined with energy
dispersive X-ray spectrometry (EDS) analysis (Fig. 1b) reveals the
elemental composition of RhIr@MoS2 nanohybrids. From the
compositional line profiles, it could be seen that Rh, Ir, Mo and S
signals are obtained through the line drawn across the sample.
Among them, Mo and S atoms come from layered MoS2 material,
and Rh and Ir atoms belong to the introduced RhIr nanocrystals.
Both Rh and Ir lines have the maximum concentration at the
particles’ region. In addition, the similar line profiles obtained from
Rh and Ir reveal a homogeneous distribution of Rh and Ir atoms in
the nanocrystals. All of the results demonstrate that the RhIr alloy
nanocrystals are successfully deposited onto MoS2 surface.

In the synthesis ofRhIr@MoS2nanohybrids, there are also several
knacks in particular need attention. Firstly, the concentration of
metal precursors has considerable influence on the density and
distribution of RhIr nanocrystals in final nanohybrids. With the
[(Fig._1)TD$FIG]

Fig. 1. Characterizations of RhIr@MoS2 nanohybrids. (a) TEM image and SAED image (in
increasing of metal precursors, there are more and more nano-
crystals formed on MoS2 surface (Figs. S1a-c in Supporting
information). In addition, the reaction time for producing RhIr
nanocrystals shouldbestrictlycontrolled.Undera longreaction time
(about 30min), RhIr nanoaggregates with the diameter of about
40�50 nm are obtained, which is hard to anchor on the surface of
MoS2 (Fig. S1d in Supporting information). Furthermore, the
oleylamine synthesis strategy is chose for preparationof RhIr@MoS2
nanohybrids in this work. Oleylamine used in the synthesis is not
only for the preparation of RhIr, but also for the stabilization of ultra-
thin layered MoS2 [25]. Before the formation of RhIr nanocrystals,
MoS2 is firstly covered by a protective coating of oleylamine that
stabilizes the suspension, avoiding aggregation and oxidation
phenomena. Then, the synthesizedRhIr nanocrystals could be easily
deposited onto MoS2 surface forming nanohybrid structure.

After the RhIr@MoS2 nanohybrids with desired distribution and
morphology being produced, an electrochemical microsensor is
equipped and employed for NADH analysis. Fig. 2 displays the
configuration of designed microsensor, which is composed with a
three-electrode system, i.e., working, counter and reference
electrode. Three of the electrodes are screen printed on a
polyethylene terephalate (PET) substrate. The dimension of single
sensor is 8 [12_TD$DIFF]mm�38mm, and the diameter of working electrode is
1.2mm. The widths of both reference and counter electrodes
shown as two arcs in microsensor configuration are 0.7mm. The
distances betweenworking electrode and the two other electrodes
are 0.6mm. The center-to-center spacing between each two
conducting wires is 2mm. The counter electrode is printed with
carbon ink, and reference electrode is printed with Ag/AgCl ink.
With the assistance of an ink-jet printer, the prepared RhIr@MoS2
hybrid sensingmaterial is locally deposited onto the screen printed
microsensor platform. Therefore, the relatively lowmanufacturing
cost can make single-use and disposable microsensors a reality.
set), (b) STEM image and the corresponding elemental line profiles of RhIr@MoS2.
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Since RhIr@MoS2 nanohybrid is an integrated structure, each of
its components may possess different functions and exert diverse
effects during electrochemical sensing process. Firstly, electro-
chemical impedance measurement is carried out to study the
transport/diffusion ability of RhIr@MoS2 nanohybrids modified
microsensor. Generally, the depressed semicircle in high frequency
is related to the electron transfer resistance ([13_TD$DIFF]Rct), while the straight
line at low frequency is in correlationwith the diffusion process at
theelectrodesurface[26].Fig.3 showstheNyquistplotsofRhIr@MoS2
nanohybrids based microsensor, and the measurements on MoS2
based microsensor and blank microsensor are also conducted for
comparison. Obviously, the electrochemical impedance spectroscopy
(EIS) of blank microsensor displays a deformed semicircle, while the
semicircle is almost disappeared when MoS2 or RhIr@MoS2 is
introduced onto the electrode. The above results indicate that both
electron transfer and diffusion-controlled process over blank micro-
sensor has been altered to a typical diffusion-controlled process
arising frommodifiedmicrosensor. Inaddition, thediffusionprocess is
facilitated byRhIr nanocrystalswhich could be revealed from the slop
comparison of EIS curves at low frequency. Accordingly, the
introduction of ultra-thin 2D MoS2 into microsensor system could
accelerate the electron transfer at electrode interface, and then the
mass diffusion becomes the control step of reaction rate. Moreover,
integratingRhIrnanocrystalsonMoS2surfacecanfurtherspeedupthe
diffusion process of electrochemical reaction. Therefore, it can be
expected that RhIr@MoS2 nanohybrids are suitable for acting as
sensing material for the detection of NADH.

Representative cyclic voltammogram (CV) response of RhIr@-
MoS2 modified microsensor is firstly measured, and curves
recorded within 500 nmol/L and 1mmol/L of NADH are depicted
in Fig. S2a (Supporting information). From the comparison with
background, the obvious oxidation current is generated for both CV
curveswith the addition of 1mmol/L and 500 nmol/L NADH, and an
apparent oxidation peak at 0.07 V is observed. Such a lowoxidation
potential implies that the fabricated microsensor has a consider-
able capability to electrocatalytically oxidize NADH. The CV
responses of blank microsensor towards the same concentration
of NADH are also evaluated for comparison (Fig. S2b in Supporting
information). About 100 times higher current response is produced
by RhIr@MoS2 nanohybrids modified microsensor compared with
blank microsensor, and no obvious oxidation peak is generated
over blank microsensor.

For assessment the sensitivity of the fabricated microsensor,
amperometric measurements at applied potential of 0.07 V are
performed for different NADH concentration detection in both
mmol/L and nmol/L ranges. From Fig. S2c (Supporting informa-
tion), the linear current increase is produced in the concentration
of 1�20mmol/L and the coefficient of determination ([14_TD$DIFF]R2) is
estimated as 0.9739. Fig. S2d (Supporting information) displays the
[(Fig._3)TD$FIG]

Fig. 3. Nyquist plots of blank microsensor, MoS2 modified microsensor and
RhIr@MoS2 modified microsensor.
amperometric responses of RhIr@MoS2 nanohybrids based micro-
sensor sensing towards 5�100 nmol/L of NADH. The changed linear
relationship betweenmmol/L and nmol/L ranges could be ascribed
to the variation of mass transfer in different concentration ranges.

The differential pulse voltammetry (DPV) responses of NADH
in bovine serum albumin (BSA) buffer solution also have been
evaluated, and the results are shown in Fig. 4a. The background
response in BSA buffer solution is quite close to the response in PBS
solution, and almost overlaps with each other. With continuing
detection of different NADH concentrations in BSA solution, a
series of distinctive peaks are shown in the DPV measurements.
Notably, the ultra-low detection limit of 1 nmol/L NADH in BSA
buffer solution is obtained over the fabricated microsensor. We
have also compared our results with previous reports [27–31], and
the detailed comparison parameters are shown in Table S1
(Supporting information). Taking into consideration from either
applied potential or detection limit for NADH determination, the
explored RhIr@MoS2 nanohybrids based microsensor achieves a
comparative sensing performance. In addition, our developed
microsensor also possesses a good anti-interference capability in
the relatively complex BSA environment. The detection technique
also performs a good repeatability as shown in Fig. 4b. After
evaluation the DPV responses of seven fabricated microsensors
towards 1 [15_TD$DIFF]nmol/L NADH in BSA buffer solution, the standard
deviation is obtained as 11.62.

The practical applicability of developed RhIr@MoS2 nano-
hybrids based microsensor is finally demonstrated by analyzing
NADH in real human serum samples. A total of 40 samples are
tested, including 22 samples from cancer patients and 18 samples
from cancer-free individuals. And each of the measurements is
repeated three times to ensure the accuracy of results. As shown in
Fig. 4c, the NADH oxidation current generated from cancerous
cases is lower than that from noncancerous cases, which is
consistent with previous reports [32,33]. Among the 22 cancerous
cases, 5 of them produce the unusually high signals, and 2 of 18
noncancerous samples display the abnormal expression. According
to the test results, the diagnosis sensitivity of [16_TD$DIFF]77.3% and specificity
of [17_TD$DIFF]88.9% are acquired. From the sensing performance evaluation to
real human samples assay, the developed RhIr@MoS2 nanohybrids
based microsensor show the superiority in terms of sensitivity,
specificity and detection limit, illustrating that this developed
Fig. 4. (a) DPV measurements in BSA buffer solution, (b) repeatability evaluation,
(c) testing results of real human serum samples from cancer patients and cancer-
free individuals.
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detection technique is promising for measuring NADH in
biological fluids obtained from cancer patients.

In summary, RhIr alloy nanocrystals are successfully in-situ
grown on the surface of 2D MoS2 nanomaterial, and are used as
sensing material for the distinct detection of NADH. With local
deposition onto electrochemical microsensor, RhIr@MoS2 nano-
hybrids possess the ability to detectNADHat an ultra-lowpotential
of 0.07 V. Amperometric detections demonstrate that a consider-
able response is obtained in both nmol/L and mmol/L ranges. And
the detection limit is evaluated as 1 nmol/L even in the complex
BSA buffer environment. In addition, the real human serum
samples assay shows that 17 of 22 cancerous cases display the low
expression for NADH and 16 of 18 noncancerous samples reveal the
normally high expression for NADH. The favorable performance of
developed microsensor could be attributed to the assembled
nanohybrid, which can not only provide the effective transporta-
tion channels for detective molecules, but also allows to
specifically identifying NADH in body fluids.
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