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Abstract
A superior NADH sensing platform was constructed based on porous PtAg nanoshells supported on reduced graphene
oxide (PtAg/rGO) in the absence of any enzymes and redox mediators. The PtAg/rGO composite was prepared via one-
step reduction combined with galvanic replacement reaction. The as-made PtAg/rGO assembles multiple structural
advantages of coherent conductive matrix, rich electroactive sites, and high specific surface area, accompanied by the
unique alloying effect. The PtAg/rGO possesses adequate active reaction sites and fluent electron transport pathway
towards the electrocatalytic NADH oxidation, thus presenting significantly increased oxidation current and negative shift
of 330 mV in applied potential relative to the bare GCE. By virtues of the outstanding electrocatalytic activity, PtAg/
rGO exhibits effective amperometric detection of NADH at 0.15 V within a wide linear concentration range of 2–
2378 μM, a high sensitivity of 92.62 μA mM−1 cm−2, low detection limit of 0.2 μM, and long-term detection over
2500 s. Moreover, the as-constructed biosensors can achieve accurate NADH detection in human serum samples,
indicating its promising application feasibility in fundamental and clinic research.
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Introduction

As an important coenzyme in the human body, NADH partic-
ipates in hundreds of enzymatic reactions concerning over 300
dehydrogenases. The precise, convenient, and fast NADH
quantification has attracted increasing research interests.
Recently, the electrochemical method has been wildly devel-
oped for NADH detection, benefiting from the high accuracy,
outstanding sensitivity, rapid response, good portability, as

well as convenient operation [1, 2]. However, the electro-
chemical quantification of NADH possesses several inherent
weaknesses. The direct electron transfer of NADH at bare
electrode is kinetically sluggish, highly irreversible, and ac-
companied by requiring large activation energy and high ap-
plied potentials [3]. Moreover, the electrochemical NADH
oxidation is usually associated with side reactions due to the
required high overpotential [4]. The high overpotential and
production of the by-product lead to the rapid surface passiv-
ation of electrode owing to the adsorption of intermediates and
oxidation products. Until now, the electrochemical quantifica-
tion of NADH faces two prominent challenges to realize the
practical application. The decrease of the overpotential for
NADH oxidation and the optimization of the electron transfer
during the electrochemical reaction are the first challenges to
be solved. The secondary challenge is the achievement of
excellent selectivity and long-term stability for the application
in real samples.

Considerable efforts have been devoted to reduce the high
overpotential by improving the electron-transfer kinetics of
NADH oxidation [5]. The modification of electrodes with ap-
propriate electrocatalysts can accelerate the electron transport
and enhance the efficiency of the NADH electrocatalytic
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oxidation [6]. With the rapid development of nanotechnology,
mounting nanomaterials were designed and applied as the
electrocatalysts for NADH detection. Platinum-based
nanomaterials have been deemed as remarkable electrocatalysts
with the intrinsic advantages of fast electron transfer, impres-
sive electrochemical stability, and excellent biocompatibility
[7]. But the monocomponent Pt is especially sensitive to the
fouling from absorbed intermediates in the NADH oxidation
reaction. The strategy of alloying Pt with other transition metals
is regarded as an effective tactic to optimize its electrocatalytic
performances, which can prevent the adsorption of the interme-
diates species on Pt atoms by forming adsorbents on the sec-
ondary metal atoms [8, 9]. Among the transition metals, Ag is
specially considered as excellent candidate because of its favor-
able electronic structure [10] and specific anti-poisoning prop-
erty in some electrooxidation process [9]. Especially, Ag pre-
sents similar lattice constant to Pt, which benefits the rational
arrangement of hetero-atoms in PtAg alloy [11]. The synergistic
effect between hetero-atoms in PtAg alloy can improve the
geometric and electronic structure of the electrocatalysts, acti-
vating the surface active sites as well as further meliorating the
catalytic performance [8]. Xu et al. prepared the supported hol-
low PtAg nanodendrites with high performance for
electrooxidation of formic acid [8]. The synergistic effects be-
tween Pt and Ag play a crucial role in the dramatic performance
improvement.

In view of improving the electrooxidation kinetics of
NADH, the conductive catalyst supports is supposed to be
another efficient approach to facilitate the electron transfer
and catalytic durability of Pt-based catalysts. As a two-
dimensional carbon crystal with one atom thickness, reduced
graphene oxide (rGO) represents a typical class of ideal
hosting substrates with an extraordinary π-conjugated struc-
ture [7, 12, 13], which features various attractive merits in-
cluding superior electrical conductivity, strong affinity, large
surface area, and high stability [14]. Govindhan reported the
highly sensitive NADH detection based on the Au
nanoparticles/rGO nanocomposite [15]. Compared with Au
nanoparticles, the Au nanoparticles/rGO biosensor presented
much higher catalytic current density and lower working po-
tential. Roushani et al. constructed an electrochemical sensing
platform based on Pt/Fe3O4/rGO, which showed excellent
sensing performance towards NADH. The synergistic effect
between Pt, Fe3O4, and rGO was believed to be the key factor
for outstanding sensing performance [12].

Furthermore, the additional improvements of sensing per-
formances can be achieved by engineering the morphology
and architecture of the nanocomposites in view of increasing
electrochemical active sites as well as facilitating the mass
transfer [16]. Hollow porous materials are proved to be one
class of preferable nanostructures with the virtues of high
specific surface area, more active sites, and unlimited mass
transport pathway. Based on the above considerations, porous

PtAg alloy nanoshells supported on reduced graphene oxide
(PtAg/rGO) were designed and prepared for the effective
quantitative detection of NADH in the current work. The elec-
tron transfer rate of NADH oxidation over PtAg/rGO was
significantly improved, resulting in the low working potential,
the high sensitivity, and wider linear range of NADH detec-
tion. The as-constructed sensors could boost the NADH oxi-
dation at as low as 0.15 V. The superior selectivity and long-
term durability of the PtAg/rGO-based sensors provide the
foundation for the practical application. The enhanced sensing
performance stems from the unique architecture and specific
composition of the PtAg/rGO nanocomposites. The combina-
tion of interconnected PtAg network shell and conductive
rGO substrate endows the PtAg/rGO nanocomposite with dis-
tinct structure superiorities of smooth channels, rich surfaces
area, alloying effect, and integral conductive matrix.
Consequently, the as-obtained PtAg/rGO could provide fluent
mass transport with more active sites to full contact with re-
action medium during electrochemical catalysis. The dual ef-
fects of integral interconnected PtAg network backbone and
conductive rGO substrate facilitates the unblocked electron
transport. Impressively, the reliability of the as-developed bio-
sensors was verified by the determination of NADH in human
serum samples by standard additionmethod, demonstrating its
promising application potential in NADH-related disease
diagnostics.

Experimental

Reagents and apparatus

All reagents were of analytical grade and used as received.
Chloroplatinic acid hexahydrate (H2PtCl6.6H2O), silver ni-
trate (AgNO3), and graphene oxide (GO) were obtained from
Aladdin Industrial Inc. Uric acid (UA) and ascorbic acid (AA)
were supplied by Sigma-Aldrich. 4-Acetamidophenol (AC)
was purchased from Macklin. Other chemicals were obtained
from Sinopharm Chemical Reagent Co. Ltd. Ultra-pure water
(18.2 MΩ cm) was used throughout.

The X-ray diffraction (XRD) patterns of the samples were
recorded on a Bruker D8 advanced X-ray diffractometer using
Cu Kα radiation (a step rate of 0.04 s−1). The microstructures
of the products were acquired on a JEM-2100 transmission
electron microscope. The elemental mapping images, high-
resolution TEM (HRTEM), and the selected area electron dif-
fraction (SAED) were obtained on scanning transmission
electron microscopy-energy-dispersive X-ray spectroscopy
(EDS) (JEM 2100F TEM equipped with a STEM unit). The
laser Raman spectrometer (Raman, Horiba) was applied to get
the Raman spectra. The surface elemental oxidation states of
the samples were revealed by X-ray photoelectron spectrom-
eter (XPS, PHI 5000). The thermogravimetric analysis (TGA)
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was performed on the TGA/DSC1/1600HT analyzer. The
Fourier transform infrared spectrum (FTIR) was observed
with a Vertex 70 FTIR spectrometer (Bruker, USA) in KBr
pellets. The I-V characteristics data were recorded on a
Solartron ModuLab XM electrochemical system. A CHI
760D electrochemical workstation (Shanghai CH
Instruments Co., China) was utilized to carry out all electro-
chemical measurements. A typical three-electrode system was
employed with a glassy carbon electrode (GCE, 4 mm in
diameter) as the working electrode, saturated Ag/AgCl elec-
trode as the reference electrode, and platinum foil as the coun-
ter electrode.

Preparation of PtAg/rGO composite

The silver-ammonia solution was prepared by mixing the
AgNO3 and diluted NH3.H2O (3%). After the AgNO3

(200 mg) dissolved in 5 mL water, NH3.H2O (3%) was added
into the solution dropwise until the precipitate disappeared
totally.

In a typical procedure, 100 mg of GO was dispersed in
50 mL H2O followed by sonication for 1 h to make sure the
full stripping of GO. Then, the fresh silver-ammonia solution
was added into the GO under stirring and kept at 50 °C for 2 h.
After raising the temperature to 95 °C, the glucose solution
(20 mgmL−1, 50 ml) was introduced to the solvent and kept at
95 °C for another 1 h. The product was washed several times
with deionized water and absolute ethanol for further use.

After the vacuum drying at 60 °C for 24 h, the as-prepared
product (7.2 mg) was dispersed in H2PtCl6 aqueous solution
(2 mM, 20 ml) at 30 °C for 1 h. The final PtAg/rGO sample
was obtained by etching precursor inNH3.H2O (28%) for 15min
at room temperature and rinsed several times with water.

Preparation of the modified electrodes

One milligram PtAg/rGO powder, 1.0 mg carbon, 200 μL
Nafion solution (0.5 wt.%), and 400 μL isopropanol were mixed
under sonication for 30 min to form uniform catalyst ink. The
working electrode was modified by dripping suitable amount of
catalyst ink on a polished GCE and then dried. For reference,
rGO and Ag/rGO modified electrodes were also prepared in the
similar way with the same amount of catalyst added.

NADH detection in human serum

Human serum samples were stored in a refrigerator before use.
The human serum was diluted 200 times by injecting 0.1 M
PBS (pH 7.4). Then, the solution was spiked with known
amounts of a standard NADH solution to obtain NADH con-
centrations of 20.0, 40.0, and 60.0 μmol L−1.

Results and discussion

Choice of materials

Pt-based nanostructures have been widely applied in the elec-
trochemical sensors because of their excellent electrocatalytic
activity and biocompatibility. However, the scarce reserve of
Pt, easy poisoning from intermediates, and the sluggish elec-
tron transfer kinetics limit their large-scale application. Some
effective strategies, including the formation of Pt-based alloy,
dispersion on conductive supports, as well as the reduction of
the Pt loading, are efficient way to overcome these disadvan-
tages [9]. Ag was selected as the secondary composition of the
Pt alloy due to the following reasons. First, Ag possesses a
similar lattice constant to that of Pt, which can facilitate the
rational arrangement of heteroatoms in the PtAg alloy [11].
Second, the d-band center of PtAg shifts upwards compared
with pure Pt. The favorable electronic structures of the PtAg
catalysts will alter the chemisorption capacity towards the
reactants, which is expected to improve the catalytic perfor-
mance [17]. Third, the Ag atoms could improve the anti-
poisoning ability and the thermodynamic stability of Pt-
based catalysts [17, 18]. Segregation of Ag atoms on the
PtAg alloy surface can reduce the number of neighboring Pt
atoms and decrease the adsorption sites of toxic intermediate
[17]. Besides, Ag has two distinct advantages, including ex-
cellent electrical conductivity and the relative low price.
Porous PtAg nanoshells were fabricated in view of increasing
the surface area and exposing more active sites. Moreover,
graphene-based materials were chosen as the conductive sup-
port to further enhance the electrocatalytic performances of
the PtAg alloy [14]. Compared with other graphene-based
materials, the reduced graphene oxide has several remarkable
merits of high conductivity, large specific surface area, and
outstanding chemical activity. According to the above consid-
erations, porous PtAg/rGO nanostructures have been devel-
oped as the catalysts with both high activity and stability for
NADH oxidation.

Characterization of the PtAg/rGO

The TEM characterizations demonstrated that the PtAg nano-
shells consist of continuous skeleton with uniform pores well
distributed on the surface. Figure 1a and b present the TEM
images of the Ag/rGO sample, from which the uniform spher-
ical nanostructure with no brightness contrast were observed
on the translucent nanosheet, demonstrating the solid nature of
the Ag particles. The PtAg particles were well dispersed on
the rGO nanosheets with the diameter mainly distributed
around 20 nm (20.5 ± 4 nm, n = 50) (Fig. 1c–e). The obvious
brightness contrast between the dark ligament shell and rela-
tively bright center revealed the hollow nature of the PtAg
nanoparticles. The well-distributed bright regions penetrating
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on the dark framework in Fig. 1e indicated the formation of
uniform pores throughout the PtAg nanoshells. The well-
resolved ordered fringes with lattice spacing of 0.231 nm in
Fig. 1f can be ascribed to the (111) plane of PtAg alloy [19].
The SAED image presents obvious diffraction rings assigned
to the (111), (200), (220), and (311) facets of PtAg alloy (the
inset of Fig. 1f). The elemental mappings clearly showed the
uniform distribution of Pt and Ag elements throughout the

entire nanostructure, demonstrating the good chemical homo-
geneity of PtAg alloy (Fig. 1g–i). The EDS result illustrated
that its composition is Pt66Ag34 (at %) (Fig. S1). The growth
mechanism of porous PtAg/rGO composite particles is illus-
trated in Fig. S2 [8, 10, 20].

XRD was used to examine the evolution process of crystal
structures during the preparation process. XRD of the GO, rGO,
and the final product are shown in Fig. 2a, which illustrates the

Fig. 1 TEM images of the Ag/
rGO composite (a, b) and PtAg/
rGO composite (c–f). The SAED
image of the PtAg/rGO (the inset
of Fig. 1f). Elemental mapping
images of the PtAg/rGO com-
posite (g–i)
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successful formation of PtAg/rGO composites after the glucose
reduction [21–23]. The detailed analysis of Fig. 2a can be seen in
the electronic supporting material (Fig. S3). As depicted in
Fig. 2b, all diffraction peaks of Ag/rGO can be indexed to Ag
and rGO without any parasitic phases. The diffraction pattern of
the resulting sample before NH3.H2O etching testified the forma-
tion of AgCl in galvanic replacement reaction. After dissolution
of AgCl in ammonia, the diffraction patterns of rGO were re-
served and one set of four diffraction peaks at 38.7°, 45.3°, 65.3°,
and 79.8° appear. The location of four peaks was just between
standard diffraction peaks of pure Pt and Ag with no other peaks
appeared, illustrating the formation of a homogeneous single-
phase PtAg alloy [23]. The XRD results revealed that GO, Ag/
rGO, PtAg-AgCl/rGO, and PtAg/rGO phases were involved in
the synthesis process and also verified that the final product was
PtAg/rGO composite.

As presented in Fig. S4, Raman spectrum was also applied
to confirm the formation of rGO in the PtAg/rGO composite
[24–27]. According to the TGA of the PtAg/rGO nanocompos-
ites, the metal loading of final product is about 78 wt.% (Fig.
S5) [9]. XPS of PtAg/rGO indicate that Pt0, Ag0, and rGO are
the dominated specie of PtAg/rGO [9]. The negative shift of Pt0

and Ag0 binding energies declares the strong electron transfer
between the conductive rGO nanosheets and the PtAg alloy
(Fig. S6) [28]. The disappearance of the characteristics of
oxygen-containing groups in the FTIR spectrum of PtAg/rGO
also manifest the successful reduction of GO by glucose (Fig.
S7) [29–31]. The I-V characteristics data were collected by the
two point probe technique to evaluate the conductivity of
PtAg/rGO. As shown in Fig. S8, the I-V curve exhibit Ohmic
characteristic and the conductivity of PtAg/rGO is calculated to
be 3.12 × 10−3 S cm−1.

Electrochemical sensing of NADH over PtAg/rGO

Along with the fascinating structure features of PtAg/rGO
composite, it is interesting to evaluate its electrocatalytic per-
formance towards NADH oxidation. Figure 3 exhibits the

cyclic voltammetric (CV) profiles of PtAg/rGOmodified elec-
trode in the absence/presence of 3 mM NADH in PBS
(pH 7.4), with those of bare CGE, rGO, and Ag/rGO included
for comparison. The current increased slightly after the addi-
tion of NADH over bare GCE, rGO, and Ag/rGO modified
electrodes (Fig. 3a–c), demonstrating that no strong electro-
chemical responses were produced from the NADH oxidation
at these electrodes. Furthermore, the oxidation peak was noted
at 0.57 V on bare CGE, while no typical oxidation peaks
appeared on rGO and Ag/rGO modified electrodes.

Among all these electrodes, a 4-fold increased current was
observed on PtAg/rGO with the lowest oxidation potential of
NADH at 0.24 V (Fig. 3d). Comparatively, the largest current
response and a ca. 330 mV reduction in oxidation peak poten-
tial were obtained on PtAg/rGOmodified electrode, illustrating
the greatly improved NADH oxidation. It is noted that this
anodic peak potential is also much lower than many reported
values of NADH electrooxidation [4, 15, 32, 33]. The increase
of current response and reduction of the overpotential in this
work were clearly related to the improved electron transfer
kinetics of NADH oxidation and the excellent electrocatalytic
effect of PtAg/rGO, which is considered to originate from the
high electron conductivity, abundant reactivity sites, and spe-
cific alloying effect.

The influence of the pH and the concentration of the electro-
catalytic material on the sensing performance were evaluated to
optimize the electrochemical test conditions. As displayed in Fig.
S9a, the pH has an important impact on the electrochemical
response. When the pH is less than 7.4, the electrochemical
response towards 0.5 mM NADH at 0.15 V increased with the
pH values. When increasing the pH value to 7.4, the PtAg/rGO-
based biosensors present the best sensitivity. However, the con-
tinuous increase of the pH over 7.4 leads to the significant de-
crease of the sensitivity. As a result, the pH of 7.4 was chosen for
the electrochemical test. The amount of the PtAg/rGO nanocom-
posites also affects the electrochemical response of the PtAg/
rGO-based biosensors. As displayed in Fig. S9b, the electro-
chemical response varied with the amount of PtAg/rGO

Fig. 2 XRD patterns of the resulting samples in the different preparation stages
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nanocomposites. The electrochemical response is continuously
increased when 0.3, 0.5, 0.7, 1, 1.5, 2, and 3 mg of PtAg/rGO
nanocomposites are used to prepare the catalyst ink, respectively,
which may result from the increased catalyst loadings. After
converting the electrochemical response to current density, it is
observed that the electrode modified by 0.7 mg PtAg/rGO ex-
hibits the largest sensitivity. The electrode modified by 1.0 mg
PtAg/rGO shows similar electrochemical response. However,
the electrodes modified by 2.0 mg and 3.0 mg catalyst present
less sensitivity, which may be due to the overlap of the active
sites caused by the excess usage of the electrocatalytic material.
According to these observations, 1 mg PtAg/rGO was added to
200 μL Nafion solution (0.5 wt.%) and 400 μL isopropanol to
prepare the catalyst ink.

The electrocatalytic behavior of PtAg/rGO towards NADH
oxidation was further explored by changing the scan rate. The
CV profiles of PtAg/rGOmodified electrode in the presence of
3 mM NADH in PBS (pH 7.4) at the scan rates of 25, 50, 75,
100, 125, 150 to 200 mV s−1 were recorded (Fig. S10a). The
peak currents from the NADH oxidation gradually enhanced
and the peak potential shifted positively with increasing the
scan rate. The linear dependence of anodic peak currents vs.
the square root of scan rate was observed with the linear equa-
tions j (μA cm−2) = (20.29 ± 2.68) ( )1/2 + 94.72 (R2 = 0.994,

n = 3) (Fig. S10b). The linear relationship suggests that the
electrochemical oxidation NADH over the PtAg/rGO is con-
trolled by the diffusion of electroactive species [34].

The amperometric response upon the successive additions
of NADH in PBS was carried out at 0.15 V to evaluate the
sensitivity of PtAg/rGO-based biosensors. As Fig. 4a illus-
trates, after the addition of NADH, the oxidation current in-
creased immediately and approached the maximum steady-
state current within 3 s. Moreover, the response currents on
PtAg/rGO are proportional to the concentration of NADH in
the concentration range from 2.0 to 2378 μM, the linear re-
gression equations is j (μA cm−2) = (92.62 ± 5.87) [NADH]
(mM) + 2.43, R2 = 0.991 (n = 3) with a high sensitivity of
(92.62 ± 5.87) μA mM−1 cm−2 (Fig. 4b). The detection limit
is estimated to be 0.2 μM (S/N = 3).

The selectivity, reproducibility, and durability for
NADH detection over PtAg/rGO

The selectivity, reproducibility, and durability of the as-
constructed PtAg/rGO biosensor were also carried out to eval-
uate its sensing performance. As shown in Fig. 5a, the inter-
ference effect of 5 mM AA, 5 mM AC, 5 mM UA, 5 mM
glucose and 5 mM H2O2, on current response of NADH over

Fig. 3 CVs of different electrodes in the PBS (pH 7.4) and PBS with 3 mMNADH solution at 50 mV s−1: a bare GCE, b rGO, c Ag/rGO, and d PtAg/
rGO modified electrodes
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PtAg/rGO, was monitored. The acceptable tiny electrochem-
ical signals from the typical interferents indicate the good
selectivity of the as-constructed sensing devices. The repro-
ducibility of sensors was estimated by comparing the current
responses of five different electrodes towards 0.5 mMNADH
at 0.15 V under the same condition. The averaged current
responses is (40.45 ± 1.32) μA cm−2 (n = 5) (Fig. 5b), demon-
strating the good reproducibility of the developed sensors.
One of the advantages of the PtAg/rGO-based sensor for
NADH detection is its highly long-term catalytic durability,
which is performed by testing the steady-state activity using
potentiostatic method. As displayed in Fig. 5c, a stable am-
perometric response can be observed with 0.5 mM NADH in
stirring PBS after continuously running for 2500 s under
0.15 V, indicating the high capability of long-term NADH
detection over PtAg/rGO. Besides, the resistance to the foul-
ing of the sensors has also been tested. As shown in Fig. S11,
the amperometric responses of PtAg/rGO modified electrodes
towards 0.5 mMNADH at 0.15 V was tested once a day. The

current density did not exhibit obvious change over 30 days,
which illustrates that the PtAg/rGO modified electrodes have
strong resistance to the fouling.

A comparison of the sensing performances of the PtAg/
rGO modified electrode with the previously reported NADH
sensors is shown in Table S1 [4, 15, 32, 33, 35]. Compared

Fig. 5 a Amperometric responses to the successive addition of 0.5 mM
NADH, 5 mM glucose, 5 mM AC, 5 mM AA, 5 mM UA, 5 mM H2O2,
and 0.5 mMNADH in 0.1M PBS (pH 7.4) at 0.15 V. b Column graph of
current responses of five PtAg/rGO modified electrodes in 0.1 M PBS
(pH 7.4) with 0.5 mM NADH at 0.15 V. c Amperometric currents of
PtAg/rGO in a stirring PBS (pH 7.4) with 0.5 mM NADH for 2500 s at
0.15 V

Fig. 4 a Amperometric current responses of the PtAg/rGO modified
electrode on successive addition of NADH into stirring PBS (pH 7.4) at
0.15 V. b Calibration plot of amperometric response vs. different NADH
concentrations at 0.15 V

Microchim Acta         (2020) 187:544 Page 7 of 9   544 



with the previous methods, the as-constructed sensors could
realize the NADH oxidation at the low working potential of
0.15 V without the aid of redox mediators and enzyme. The
electron-transfer kinetics of NADH oxidation over PtAg/rGO
was greatly optimized, which promotes the low working po-
tential, the high sensitivity, and wider linear range of NADH
detection. The outstanding selectivity, continuous durability
test over 2500 s, and excellent resistance to the fouling over
30 days of the sensors provides the precondition for the
NADH detection in the real sample. Such intriguing sensing
performances result from the unique hollow nanoporous ar-
chitecture, specific alloying effect, and the integral conductive
matrix. The continuous PtAg network shell and the effective
synergistic effect between PtAg alloy and rGO benefit the
rapid electron transfer during electrochemical oxidation of
NADH. The open channels and rich voids of hollow porous
structure provide unlocked mass transport route to reduce the
response time. Additionally, the large surface area from the
inner and outer surfaces supplies abundant active sites to im-
prove the sensing sensitivity.

Detection of NADH in human serum samples

To investigate the practical applicability of the PtAg/rGO biosen-
sors for the NADH determination, standard addition method was
carried out to determinate NADH concentrations in human se-
rum spiked PBS. The serum sampleswere diluted 200 timeswith
0.1 M PBS before measurement without any other pretreatment.
As shown in Table S2, a satisfactory result was obtained with
high recovery of NADH in the range of 96.5–97.0% and low
RSD values of 3.7–4.5%. Herein, the as-developed biosensor
presents the respectable reliability and applicability for determi-
nation of NADH in human serum samples.

Conclusions

Porous PtAg nanoshells supported on reduced graphene oxide
with interconnected skeleton and narrow pore distribution
were successfully fabricated through the facile one-step reduc-
tion of [Ag(NH3)2]

+ and GO, followed by the spontaneous
galvanic replacement reaction. The specific architecture and
the synergistic catalytic effect endow the PtAg/rGO nanocom-
posite with superior electrocatalytic activity towards NADH
oxidation without any enzyme and redox mediator.
Importantly, the proposed biosensors based on PtAg/rGO
showed extraordinary sensing performances towards NADH
detection, exhibiting low applied potentials, high sensitivity,
outstanding selectivity, wide linear range, and excellent long-
time durability. Inspiringly, the accurate detection of NADH
in human serum samples with good recovery was well accom-
plished over the as-constructed biosensors. The original strat-
egy described in current work not only provides superior

biosensors for NADH detection but also manifests the PtAg/
rGO as the great candidate in other fields with the advantages
of fast mass and electron transport, high surface area, and
unique structure stability.

In our opinion, the future direction of the electrochemical
NADH detection may continuously focus on the reduction of
the working overpotential and improvement of the electron
transfer kinetics. More sensors that realize the nanomolar
levels or even less of NADH measurement at much lower
potentials are required to be developed. Besides, the
nanomaterials with high biocompatibility are also encouraged
on the purpose of application in the bioassay.
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