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a b s t r a c t

We demonstrated here the exploration of polyoxometalate (POM) coated magnetic Fe3O4/reduced
graphene oxide (POM@mrGO) composite as the versatile immobilization matrix for the electrochemi-
luminescence (ECL) agent Ru(bpy)32þ . The effective modification of Ru(bpy)32þ/POM@mrGO hybrid
simply involved using magnetic electrode showed 10-fold ECL intensity increase than that observed
for Ru(bpy)32þ/Nafion@mrGO to the same concentration of nicotinamide adenine dinucleotide (NADH),
which is largely due to POM's good electrocatalytic activity towards NADH oxidation. These findings
allowed the stable and ultrasensitive ECL detection of NADH as low as 0.1 nM. The good stability and high
sensitivity of the magneto-controlled ECL sensor enabled us to explore the feasibility of applying the
sensing platform to fabricating the ECL biosensors in which the NADH was produced from the
dehydrogenase-based enzymatic reaction in the presence of NADþ cofactor. With L-lactate dehydrogen-
ase as a model, a L-lactate biosensor was successfully constructed where we showed that the ECL
intensity of the biosensor increased with the increasing L-lactate concentration. Excellent performance of
the presented biosensor has been achieved including a wide linear range extended from 5.0�10�9 M to
5.0�10�4 M and an extremely low detection limit of 0.4 nM. Such sensing strategy combines enzymatic
selectivity with simple sensor preparation can be used as a new and biocompatible platform for
dehydrogenase-based ECL biosensing.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, Ruthenium (II) tris(bipyridine) (Ru(bpy)32þ)-based
electrochemiluminescence (ECL) sensors have been one of the
main focuses in the ECL field due to its great scientific and
technological importance to clinical analysis and biomolecule
detection (Lin et al., 2009; Bertoncello and Forster, 2009; Zhan
and Bard, 2007). It is believed that the immobilization of Ru
(bpy)32þ on a solid support can provide significant advances
compared with the solution-phase Ru(bpy)32þ ECL system, such
as reducing the consumption of expensive reagents and simplify-
ing the experimental design (Cao et al., 2013; Li et al., 2011).
Generally, a lot of efforts have been devoted to finding new and
effective strategies for the immobilization of Ru(bpy)32þ on a solid
electrode surface by embedding Ru(bpy)32þ in ion-exchangeable

polymer film (Zhang et al., 2006), in sol–gels (Deng et al., 2009),
and self-assembling monolayer (Sun et al., 2005), or by the
Langmuir–Blodgett technique (Moretto et al., 2010). However,
these ECL sensors are either expensive or complexed, and even
in most cases, the ECL responses are still subject to low stability
and sensitivity (Gao et al., 2007). From this regard, searching for a
solid-state ECL sensor with simplicity and speed as well as high
sensitivity and long-term stability has stimulated the development
of more efficient matrix for the immobilization of Ru(bpy)32þ .

Recently, quite a few nanomaterials, such as silica nanoparticles
(Yang et al., 2010), carbon nanotubes (CNTs) (Mao et al., 2010a), and
metal (Liu et al., 2009) or metal oxide (Mao et al., 2010b; Kim et al.,
2005) nanoparticles have been used for the fabrication of the solid-
state Ru(bpy)32þ ECL sensors. Among all the known immobilization
matrices, magnetic Fe3O4 nanoparticles have been brought into
sharp focus largely due to their low toxicity, biocompatibility, and
magnetic separation and modification which simply involves using
external magnetic fields (Kim et al., 2005; Liao et al., 2013).
Interestingly, the combination of magnetic nanoparticles and ECL
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reagents into one system are possible to simultaneously exhibit
their respective properties and fulfill their potential use in multi-
tasking applications, like e.g., ECL sensing and magnetic manipula-
tion. However, several unavoidable problems are associated with
pristine Fe3O4 nanoparticles, such as the possibility of self-
agglomeration thus resulting in the loss of magnetism and disper-
sibility, as well as the ease with which they are oxidized when
exposed to the atmosphere (Li et al., 2008). To overcome these
difficulties, a relatively simple immobilization method based on
ion-exchange of Ru(bpy)32þ in Nafion-stabilized Fe3O4 nanoparticles
has been demonstrated to be an efficient immobilization matrix to
increase the sensitivity and stability of the magneto-controlled
ECL sensor (Kim et al., 2005). More recently, Dong's group have
developed a novel bifunctional nanoarchitecture by combing the
magnetic Fe3O4 and luminescent Ru(bpy)32þ encapsulated in silica
nanoparticles (Zhang et al., 2007). With the protective layer of silica,
a stable magneto-controlled ECL sensor was successfully con-
structed and further applied to detect tripropylamine and poly-
amines. Though some progress has been made in this field, new and
efficient magnetic immobilization matrix are still needed to develop
more robust, sensitive and stable ones.

Graphene, ever since its discovery in 2004, has evoked inten-
sive attention due to its high carrier mobility, large specific surface
area and outstanding electric conductivity (Liang et al., 2011; Jahan
et al., 2012). With these amazing merits, graphene has been served
as an ideal support for a number of inorganic nanoparticles such as
gold nanoparticles (Hu et al., 2011), CdS nanocrystals (Wang et al.,
2011), Ag3PO4 nanospheres (Ao et al., 2013), and Fe3O4 nanopar-
ticles (Su et al., 2011; He and Gao, 2010; Chandra et al., 2010).
Besides the attractive magnetic properties of Fe3O4/graphene
composites, recent advances have also demonstrated that the
combination of magnetic Fe3O4 nanoparticles with graphene
sheets could efficiently avoid or decrease the self-aggregation
possibility of Fe3O4 particles and the stacking of individual
graphene sheets (He and Gao, 2010; Chandra et al., 2010). These
results consequently provide some distinguished properties such
as a larger surface area and a higher adsorption capacity for the
incorporated molecules. In a recent study, Ru(bpy)32þ solution was
dripped on the Nafion-functionalized magnetite/graphene com-
posites modified screen-printed electrode to obtain a solid-state
ECL sensor (Xu et al., 2013). With tripropylamine as the co-
reactant, the prepared ECL sensor displayed a better stability and
2.5-fold signal enhancement when the external magnet was
applied. As polyoxometalates (POMs) are proved to be suitable
inorganic building blocks for the construction of functional thin
films with negatively charged surface, POM-functionalized Fe3O4/
graphene might act as an optimum alternative to immobilize Ru
(bpy)32þ . Besides, functional films containing POMs can catalyze
the reduction of XO3� (X¼Cl, Br, I) and the oxidation of C2O4

� ,
adrenaline, and nicotinamide adenine dinucleotide (NADH)
(Li et al., 2012). As NADH controls the enzymatic activity of more
than 300 dehydrogenases, the functional films containing POMs
have promising applications in fabricating dehydrogenases-based
biosensors to determine a number of clinically important analytes
such as lactates, alcohols, and aldehydes.

Here we report the synthesis of POM coated Fe3O4/reduced
graphene oxide (POM@mrGO) composites and demonstrated their
use as versatile immobilization matrix of Ru(bpy)32þ for the first
time. The POM functional film on mrGO surface served as not only
the protective layer of Fe3O4 particles but also the anchoring sites
with multiple anionic moiety, to which Ru(bpy)32þ cations were
immobilized via a simple self-assembly strategy. Due to the
excellent electrocatalytic activity of POM toward NADH oxidation,
we explored the feasibility of applying them to fabricating a
magneto-controlled ECL sensor for NADH detection with large
response. On the basis of these findings, a model enzyme L-lactate

dehydrogenase (LDH) was then immobilized on the solid film to
expand its application in dehydrogenase-based biosensors.

2. Experimental

2.1. Materials and chemicals

Ru(bpy)3Cl2 �6H2O, NADH (disodium salt, trihydrate), NADþ ,
LDH (from bovine heart, 513 units mg–1), Nafion (5 wt%), and
L-lactate were purchased from Sigma-Aldrich. Ferric chloride (FeCl3),
sodium acetate (NaAc), ethylene glycol (EG), and H3PMo12O40 were
purchased from Sinopharm Chemical Reagent Co., Ltd. mrGO
composites were synthesized with our reported one-step solvother-
mal method (Jin et al., 2013) described in the Supporting
information. All the reagents were of analytical grade and used as
received. Double-distilled water was used throughout the study.

2.2. Apparatus

The morphology and size of the samples were analyzed with
scanning electron microscope (SEM, JEOL JSM-6700, Japan). X-ray
photoelectron spectroscopy (XPS) was performed on ESCALAB 250
multitechnique surface analysis system (Thermo Electron Co.,
USA). The software named XPS Peak (version 4.1) has been used
in the deconvolution process of XPS spectrum. Magnetic measure-
ments were carried out using a BHV-55 Vibrating sample magnet-
ometer. Photoluminescence (PL) spectra were recorded using a
Cary Eclipse fluorescence spectrophotometer (Varian Co., Ltd., U.S.
A.). Cyclic voltammograms (CVs) and ECL measurements were
monitored by a MPI-A multifunctional chemiluminescent analy-
tical system (Xi'an Remex Analyze Instrument Co., Ltd., China)
with the voltage of the photomultiplier tube set at 800 V. All the
electrochemical experiments were carried out in a conventional
three-electrode system comprised of a platinum wire auxiliary, a
saturated Ag/AgCl reference, and the magnetic glassy carbon
electrode (mGCE, 10 mm in diameter and 65 mm in length) with
an inserted glassy carbon (3 mm in diameter and 2 mm in depth)
working electrode. The mGCE was purchased from Tianjin Incole
Union Technology Co., Ltd. (Tianjin China).

2.3. Preparation of Ru(bpy)3
2þ/POM@mrGO hybrid

5 mg of H3PMo12O40 was firstly dissolved in 5 mL water and
then the pH of the solution was adjusted to 4.5 by using 1.0 M
NaOH under stirring. Afterwards, 25 mg of mrGO composites was
added into the above solution and the mixture was stirred for 1 h
at room temperature. POM@mrGO was thus obtained with mag-
netic separation and then redispersed in 5 mL water by hand-
shaking. After that, 60 mL of 0.1 M Ru(bpy)32þ aqueous solution was
added into the above suspension and stirred for another 1 h,
followed by magnetic separation and washing with water for
several times. Finally, the required Ru(bpy)32þ/POM@mrGO hybrid
was dried for later use. For comparison, Ru(bpy)32þ/Nafion@mrGO
hybrid was also synthesized following the discription in Suppor-
ting information.

2.4. Sensor construction

Prior to each modification, the mGCE was first polished with
polishing clothes and 1.0, 0.3, and 0.05 μm alumina slurry. After
successive sonication in ethanol and water, the electrode was rinsed
with water and allowed to dry at room temperature. 8 mg of the as-
prepared Ru(bpy)32þ/POM@mrGO or Ru(bpy)32þ/Nafion@mrGO
hybrid was dispersed in 200 mL water. After that, the pretreated
mGCE was immersed shallowly in 3 mL of the above suspension,
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nearly all the hybrid was assembled on the electrode surface in
3 min by magnetism without any fixing agent. Ru(bpy)32þ/
POM@mrGO hybrid modified mGCE (Ru(bpy)32þ/POM@mrGO–
mGCE) or Ru(bpy)32þ/Nafion@mrGO hybrid modified mGCE (Ru
(bpy)32þ/Nafion@mrGO–mGCE) was thus successfully constructed.
LDH was immobilized on the surface of Ru(bpy)32þ/POM@mrGO–
mGCE by a simple casting method to construct a biosensor. Brifely,
0.2 mg of LDH was dispersed in 1 mL 0.1 M pH 7.4 PBS. 6 μL of the
proposed solution was cast onto the surface of Ru(bpy)32þ/
POM@mrGO–mGCE, which was dried in air at room temperature
to form LDH-Ru(bpy)32þ/POM@mrGO–mGCE.

3. Results and discussion

3.1. Morphology and composition characterization

SEM image of mrGO composites suggested that the Fe3O4

nanospheres with a diameter range of 100–260 nm and rough
surface were densely and randomly planted on the rGO sheet,
where an individual Fe3O4 nanosphere was constructed with some
smaller nanoparticles (Fig. 1A). Such rough structure of Fe3O4

nanospheres could provide a large surface area to facilitate the
rapid mass diffusion and POM coating. After treated with
H3PMo12O40, one of the most typical POMs, an additional film
was found to be coated on the mrGO surface, suggesting the
successful formation of POM@mrGO hybrid as shown in Fig. 1B.
This POM functional film could perform dual roles: the protective
layer of Fe3O4 nanospheres to prevent the oxidation as well as the
anchoring sites to bond multiple cationic species such as Ru
(bpy)32þ due to the abundant anionic moieties on the surface.
The morphology of Ru(bpy)32þ/POM@mrGO hybrid was much
similar to that of the POM@mrGO hybrid (Fig. 1C) and the rough
surface gave superiority in potential application of enzyme load-
ing. The chemical composition of Ru(bpy)32þ/POM@mrGO hybrid
was ascertained by XPS analysis, as shown in Fig. 2. The peaks of
Fe, O, P, Mo, N, C, and Ru elements were successfully achieved,
demonstrating the constituent elements of the as-prepared hybrid
in accordance with mrGO, [PMo12O40]3� , and Ru(bpy)32þ . Consid-
ering the negative charge of [PMo12O40]3� and the postive charge
of Ru(bpy)32þ , electrostatic attractions between them may impulse
the formation of Ru(bpy)32þ/POM@mrGO hybrids.

3.2. Magnetic property analysis

Magnetization curves, as shown in Fig. 3A, were measured on
powder samples of mrGO (curve a) and Ru(bpy)32þ/POM@mrGO
(curve b) at 298 K. Both samples exhibited a nonlinear and
reversible behavior with an almost immeasurable magnetic hys-
teresis loop and negligible remanence effect, typical of a super-
paramagnetic character. The saturation magnetization of mrGO
and Ru(bpy)32þ/POM@mrGO was 83 and 70 emu g–1, respectively.
The strong magnetization (440 emu g–1) of both samples bene-
fitted form the high content of Fe3O4 particles planted on the

graphene sheets. Compared with mrGO, the relatively low satura-
tion magnetization of Ru(bpy)32þ/POM@mrGO could be attributed
to the successful attachment of the nonmagnetic Ru(bpy)32þ and
POM on mrGO. As demonstrated as inset of Fig. 3A, Ru(bpy)32þ/
POM@mrGO hybrid could be directed to specific locations when
manipulated by an external magnetic field, this advantage was in
favor of the magnetic field-driven separation and the magneto-
controlled modification onto electrode surface under an external
magnetic field.

3.3. Emission properties study

The emission spectrum of the as-prepared Ru(bpy)32þ/
POM@mrGO hybrid was compared with that of the POM@mrGO
and Ru(bpy)32þ aqueous solution (Fig. 3B). The maximum emission
peak of free Ru(bpy)32þ (curve a) was observed at about 610 nm
which resulted from the triple metal-to-ligand charge-transfer
state (Qian and Yang, 2007). On the contrary, the POM@mrGO
(curve b) was found to be nonemissive upon light excitation.
Judging from curve c in Fig. 3B, the Ru(bpy)32þ/POM@mrGO hybrid
gave rise to a similar emission peak at about 613 nm originating
from the characteristic emission of Ru(bpy)32þ (Qian et al., 2010).
Compared to the free Ru(bpy)32þ , the slight red shift phenomenon
for emission peak was further proving the strong electrostatic
interaction between Ru(bpy)32þ and [PMo12O40]3� . All the results
indicated that Ru(bpy)32þ was successfully incorporated which
could uphold its luminescence properties well.

3.4. Electrochemistry and ECL investigation

A magnetic electrode was used to accumulate Ru(bpy)32þ/
POM@mrGO hybrid onto the electrode surface, which made the
modification process simple, effective and reversible. CVs of Ru
(bpy)32þ/POM@mrGO–GCE in 0.1 M PBS (pH 7.4) at different scan
rates were shown in Fig. 4A. There was a couple of redox peaks in
the potential range from 0.5 to 1.2 V, which was attributed to the
one-electron redox reaction of Ru(bpy)32þ (Sun et al., 2007; Wang
et al., 2010). It was found that the anodic peak current was
proportional to the square root of scan rate (υ1/2) over the range
of 20–500 mV s–1 (inset of Fig. 4A), indicating that the immobi-
lized Ru(bpy)32þ contained in the hybrids on the electrode surface
underwent a diffusion-controlled process within the film (Du
et al., 2005; Zhang et al., 2007). Moreover, the difference between
the anodic and cathodic peak potentials (ΔEp) was 150 mV at the
scan rate of 100 mV s–1 and the ΔEp values became larger with
the increasing scan rate. These behaviors could be attributed to the
hysteresis of the Ru(III)/Ru(II) reactions in the adsorbed layer at
higher scan rates, showing that this electrochemical process was
quasi-reversible under the present conditions (Wu et al. 2013;
Li et al. 2012).

Fig. 4B showed CVs and corresponding ECL intensity–potential
curves (inset) of the Ru(bpy)32þ/POM@mrGO–mGCE in the absence
(curve a) and presence (curve b) of 0.2 mM NADH at a scan rate of
100 mV s–1 in 0.1 M pH 7.4 PBS. A pair of redox waves of Ru

Fig. 1. SEM images of the as-prepared mrGO (A), POM@mrGO (B), and Ru(bpy)32þ/POM@mrGO hybrids (C).
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(bpy)32þ existed and a very low ECL emission (816 a.u.) was
observed with the absence of NADH. After adding 0.2 mM NADH
into the electrolyte solution, in parallel, the oxidative peak current
of Ru(bpy)32þ significantly increased with the reductive current
decreased. About 1.7-fold peak current enhancement was obtained
owing to the presence of NADH. Accordingly, the ECL signal
increased considerably once the NADH was added and a strong
ECL signal with intensity as high as 9300 a.u. was given at the
NADH concentration of 0.2 mM (inset of Fig. 4B). In the presence of
the NADH, the ECL mechanisms of Ru(bpy)32þ/POM@mrGO could
be described by the following reaction scheme where an oxida-
tive–reductive sequence occurred (Chovin et al., 2006; Milutinovic
et al., 2011; Li et al., 2012):

NADH-NADHdþ þe� ð1Þ

RuðbpyÞ2þ3 =POM@mrGO-RuðbpyÞ3þ3 =POM@mrGOþe� ð2Þ

RuðbpyÞ3þ3 =POM@mrGOþNADH-RuðbpyÞ2þ3 =POM@mrGOþNADHdþ

ð3Þ

NADHdþ-NADdþHþ ð4Þ

RuðbpyÞ3þ3 =POM@mrGOþNADd-RuðbpyÞ2þn

3 =POM@mrGOþNADþ

ð5Þ

RuðbpyÞ2þn

3 =POM@mrGO-RuðbpyÞ2þ3 =POM@mrGOþhνECL ð6Þ

More specifically, NADH and the immobilized Ru(bpy)32þ could
be electrochemically oxidized on the electrode surface at their
respective potentials (reactions (1) and (2)). Meanwhile, NADH
could also be oxidized homogeneously by Ru(bpy)33þ (reaction
(3)). The radical cation NADHdþ was deprotonated to form a
highly reducing species NADd (reaction 4). In the next step, NADd
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was reacted with Ru(bpy)33þ/POM@mrGO to produce NADþ and
the excited state Ru(bpy)32þ*/POM@mrGO (reaction (5)). This
homogeneous electron transfer (reaction (5)) was exergonic
enough to populate the Ru(bpy)32þ*/POM@mrGO, while the initial
electron transfer from NADH to Ru(bpy)33þ/POM@mrGO could not
(Fukuzumi et al., 2003). Eventually, the excited Ru(bpy)32þ*/
POM@mrGO species came back to their ground state Ru(bpy)32þ/
POM@mrGO by emitting a photon (reaction (6)) and the ECL
intensity was then monitored simultaneously.

In order to identify the function of POM in the electrochemical and
ECL processes of Ru(bpy)32þ/POM@mrGO, the CVs (Fig. S1A) and ECL

intensity–potential curves (Fig. S1B) of Ru(bpy)32þ/Nafion@mrGO–
mGCE were acquired in 0.1 M pH 7.4 PBS in the absence (curve a)
and presence (curve b) of 0.2 mM NADH. Fig. S1A showed that the
electrochemical behaviors of Ru(bpy)32þ/Nafion@mrGO–mGCE had no
obvious difference with and without NADH. In addition, the ECL
intensity of the Ru(bpy)32þ/POM@mrGO–mGCE (curve b in inset of
Fig. 4B) was about 10-fold enhancement than that observed for Ru
(bpy)32þ/Nafion@mrGO–mGCE (curve b in Fig. S1B) to the same
concentration of NADH. The comparative study indicated that the Ru
(bpy)32þ/POM@mrGO hybrid could exhibit good electrocatalytic activ-
ity towards NADH oxidation while Ru(bpy)32þ/Nafion@mrGO could
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not, whichmight be attributed to the fact that the POM could decrease
the potential barriers of Eq. (1) (Li et al., 2012). Additionally, the large
surface structure of the POM@mrGO could also facilitate the diffusion
of NADH into the film and result in the large electrochemical and ECL
responses occurring on the electrode interface.

With NADH as the probe, we evaluated the sensitivity of the
prepared magneto-controlled ECL sensor. From Fig. 4C, we could see
that the ECL signal increased as the concentration of NADH in the
tested solution increased. Calibration curve was plotted on logarith-
mic axes to show a very wide dynamic range from 2.0�10�9 to
2.0�10�3 M with a regression equation of the form logIECL¼
4.8411þ0.2457log(cNADH/M) and the correlation coefficient R2¼
0.9942, where IECL was the ECL intensity and cNADH was the
concentration of NADH (Fig. 4D). The detection limit was estimated
to be 0.1 nM based on S/N¼3, which was 10-fold lower than the ion-
exchangeable sol–gel co-immobilized Ru(bpy)32þ-modified electrode
(Deng et al., 2009), 200-fold lower than that of the multilayer films
(LDH/PSS/Ru(bpy)32þ/PSS)n modified electrode (Choi et al., 2007),
and 3000-fold lower than that of Ru(bpy)32þ/CNTs-titania-Nafion
modified electrode (Zhang et al., 2012). The high sensitivity of the
presented sensor could be ascribed to the following advantages:
(1) POM@mrGO composites could immobilize a large amount of Ru
(bpy)32þ molecules on the basis of the considerable large surface area
of mrGO; (2) the presence of POM functional film could exhibit
excellent electrocatalytic ability to NADH oxidation and result in an
ECL signal enhancement occurring at the electrode interface (Li et al.,
2012). The stability of the ECL sensor was also studied. As shown in
inset of Fig. 4C, nearly no ECL decrease was observed under
continuous potential scanning for 28 cycles in 0.1 M pH 7.4 PBS
containing 0.2 mM NADH and the relative standard deviation (RSD)
was only 0.48%. The long-term stability of the ECL sensor was
investigated during one month. The results suggested less than
8.3% decrease in ECL response to 0.2 mM NADH over this period.
The surprising stability can be attributed to the long-term stability of
Fe3O4 with the protective layer to prevent oxidation and the super-
iority of the magnetic field-driven electrode modification strategy.

3.5. Application in dehydrogenase-based ECL biosensor

The good stability and high sensitivity of the presented ECL
sensor towards NADH enable us to explore the feasibility of
applying the sensing platform to fabricating the ECL biosensors
in which the NADH is produced from the dehydrogenase-based
enzymatic reaction in the presence of NADþ cofactor. Using LDH
as the model dehydrogenase, we demonstrated the use of Ru

(bpy)32þ/POM@mrGO hybrid as an electronic transducer for the
development of integrated ECL biosensor for L-lactate sensing. The
reaction of L-lactate catalyzed by LDH was illustrated as follows
(Zhang et al., 2012):

L-lactateþNADþ⇌
LDH

pyruvateþNADHþHþ

From the corresponding relationship between the regenerated
NADH and the consumed L-lactate according to the reaction
mechanism, the increased ECL response of NADH was used to
represent the increasing L-lactate concentration. Fig. 5A showed
the ECL responses of LDH/Ru(bpy)32þ/POM@mrGO–mGCE in 0.1 M
pH 7.4 PBS containing 5 mM NADþ at different concentrations of L-
lactate. As indicated, the ECL intensity increased as the concentra-
tion of L-lactate in the tested solution increased. The standard
calibration curve for L-lactate determination was shown in Fig. 5B.
The ECL intensity increased in a linear fashion for the L-lactate
concentration ranging from 5�10�9 M to 5�10�4 M with a
detection limit of 0.4 nM at S/N¼3. A linear equation of
logIECL¼4.9638þ0.2354log(cL-lactate/M) was obtained with the
correlation coefficient R2¼0.9790, where IECL was the ECL intensity
and cL-lactate was the L-lactate concentration. The analytical perfor-
mance of the proposal biosensor for L-lactate has been compared
with other sensors reported in the literatures. Characteristics such
as the linear range of the corresponding calibration graph, and the
limit of detection achieved are all summarized in Table 1. As can
be seen from Table 1, the proposal biosensor possessed a broader
linear range and a very low detection limit. Its sensitivity was
approximately 1000-fold higher than corresponding values
observed in most of the electrochemical or chemiluminescent
L-lactate biosensors, and even much higher than that of the
luminol-based ECL method, the detection limit of which was
down to 4 nM (Haghighi et al., 2011) or 2.4 μM (Martínez et al.,
2009).

The selectivity of the biosensor was evaluated by the comparison
of the sensing results of 40 mM of ascorbic acid (AA), 120 mM of
glucose, and 40 mM of uric acid (UA). As shown in inset of Fig. 5A, the
response signals to above three common interfering agents were
negligible compared with the blank solution while an obvious
increase in ECL response was observed for 0.5 mM L-lactate, attribut-
ing to the specific recognition force of LDH to L-lactate, which
suggested the biosensor possessed high selectivity. A series of six
successive measurements of 0.5 mM L-lactate on the same senor was
found to yield a good reproducible signal with a RSD of 5.1%. The
reproducibility of the biosensor was estimated by determining
0.5 mM L-lactate using six LDH/Ru(bpy)32þ/POM@mrGO–mGCEs
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Fig. 5. (A) Effect of L-lactate concentration on ECL intensity of the biosensor in 0.1 M pH 7.4 PBS containing 5 mM NADþ and 5.0�10�10 (a), 5.0�10�9 (b), 5.0�10�8 (c),
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prepared at the same condition. Six measurements from the batch
resulted in a RSD of 9.1%, indicating acceptable reproducibility.

3.6. Determination of L-lactate in serum samples

To test the accuracy of the proposed method, the L-lactate
biosensor was tested to determine the L-lactate concentration in
human serum samples of three healthy volunteers. The real
samples were diluted 1000 times with 0.1 M pH 7.4 PBS before
performing ECL measurements. The standard addition method
was followed, and the L-lactate concentration in real samples was
determined from the calibration curve. The L-lactate concentra-
tions in the serum samples were found to be 0.156, 0.232, and
0.183 mM, respectively. Control experiments were performed by
using a spectrophotometric method at a local hospital. As shown
in Table S1, the results obtained by our developed biosensor are in
accordance with those tested by hospital, demonstrating that the
presented biosensor can be used for monitoring L-lactate in human
serum samples.

4. Conclusions

The Ru(bpy)32þ/POM@mrGO hybrid has been prepared by a
facile approach for the fabrication of magneto-controlled ECL
sensor. The coated POM films might perform versatile roles in
the hybrid preparation and sensor performance: (1) protective
layer of Fe3O4; (2) anchoring sites for the immobilization of Ru
(bpy)32þ; and (3) electrocatalyst to the NADH oxidation. Benefit
from the versatile POM film and the large surface area of mrGO,
the magnetic field-driven modification of Ru(bpy)32þ/POM@mrGO
hybrid showed stable and large response to NADH oxidation. On
the basis of these findings, the surface-confined hybrid could be
applied as a transduction platform for the ECL biosensor with LDH
as a model dehydrogenase. The wide linear range and low
detection limit for L-lactate declared its great potential applica-
tions in dehydrogenase-based ECL biosensors. This work provides
a facile approach to immobilize ECL species within versatile
POM@mrGO support matrix as well as promotes the development
of magneto-controlled ECL biosensors directed to practical appli-
cation in analytical and bio-analytical field.
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