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A B S T R A C T

Although L-glutamate is an important biological analyte for the clinic diagnosis and food industry, rare capable
glutamate biosensor has been developed in the practical detection. The electrochemical biosensor is an advanced
technique due to its on-site and real-time concentration recognition, however, the unsatisfactory performance in
the glutamate detection blocks its production transfer. In this work, we proposed a novel screen-printed glu-
tamate biosensor chip fabricated in large-scale through designing a porous nanocubic Co3O4. This material is
prepared via a facile thermal oxidation strategy by using the cobalt hexacyanoferrate (CoHCF) as a precursor to
construct its regular geometric morphology. The obtained Co3O4 crystal is of both regular nanocubic outline and
abundant interconnected pores to generate high electrocatalysis on the glutamate enzymatic oxidation. It was
directly served as the screen-printing ink to fabricate a microchip which integrated all three-electrode compo-
nents. In detection, with loading a small amount of glutamate oxidation, this biosensor chip can still exhibit a
high sensitivity of 20.12 μAmM−1 cm−2, as well as a wide linear range from 10 to 600 μM and a low
LOD=10 μM. Besides, under a very low working potential of -0.2 V. Moreover, the biosensor chip possesses an
excellent anti-interference ability and usage stability to withstand more than 300 tests in 30 days.

1. Introduction

L-glutamate is one of the main excitatory neurotransmitters in the
central nervous system [1–3], which plays an essential role in various
neurological functions, therefore it can be served as an important
analyte in medicine and food analysis [4]. As reported, the glutamate
concentration in blood is closely related to the brain function [5–7]. It
has been demonstrated that chronically high level of extracellular
glutamate is excitotoxic and easily causes the neuronal cell death. In
addition, fluctuating glutamate levels for high frequency is associated
with many neurodegenerative diseases, such as Parkinson's and Alz-
heimer's, amyotrophic lateral sclerosis and ischemic stroke [6]. There-
fore, several analytical methods for the glutamate detection have been
continuously reported, including chromatography [8] and fluorescent
spectrometry [9] etc. However, most of these methods always require
some special and high-cost instruments with complex and time-con-
suming sample pretreatments, causing the difficulty in the on-site and
immediate analysis.

In order to simplify the detection process, the electrochemical bio-
sensor has attracted more and more research attentions on the gluta-
mate recognition due to its outstanding sensitivity and accuracy, as well
as low cost and portability. Since the first electrochemical biosensor

was delivered in 1962 [10], numerous novel electrode materials have
been developed to pursue better electrochemical biosensing perfor-
mance [11–13]. However, rare achievement can be harvested in the
technique transfer to the commercial biosensor device due to the un-
satisfactory reproducibility and stability of their applied materials and
preparation methods. Recent progress of the screen-printing technique
[14–16] provides a low-cost and stable platform through a large-scale
fabrication of the biosensor micro-chip to integrate the traditional three
electrodes into one. Usually, most researches just modify their electrode
materials on a bare screen-printed chip for studying, however, weak
interaction between the material and the chip substrate strongly re-
stricted the usage stability. Therefore, some work directly prepared the
nanomaterials based ink [11,17] for printing to address above issue. In
this case, the electrocatalysis of the printing material is the key to de-
termine the biosensing performance of the screen-printed chip.

Among various reported screen-printing materials, the nanos-
tructured metal oxide [18–20] shows the superior detection sensitivity
than others due to its high catalysis on the enzymatic oxidation reac-
tion. As reported, the Co3O4 nanoparticle [21–24] was advanced in
biosensing due to its superior electrocatalytic activity, specific surface
area and good biocompatibility. Its stable co-existence of both Co2+

and Co3+ in the unit cell can construct a natural electron transport
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channel, showing the excellent catalytic capacity to H2O2 produced
from the enzymatic oxidation of the glutamate oxidase (GMOx)
[25–27]. Hence, the glutamate concentration can be determined by the
current response according to the following reactions:

− + → − +L Glutamate O α Ketoglutarate H O
GMOx

2 2 2 (1)

2Co2++ H2O2 → 2Co3++ 2OH− (2)

Co3+ + e− → Co2+ (3)

Different with other detection targets, due to the high expense of the
GMOx, higher performance with a lower enzyme concentration is al-
ways desired for the wide and practical applications of the glutamate
biosensor [28]. In this case, the enhancement of the Co3O4 electro-
catalysis is highly expected to strengthen the biosensing signal [12,26].
Although various Co3O4 nanostructures have been developed, most
obtained crystals are of the low roughness and surface area to hardly
satisfy the printing requirement [27,28]. Therefore, rare literatures
directly adopt the Co3O4 as the screen-printing ink to fabricate the
biosensor chip.

In this work, we designed a porous Co3O4 nanocube material to
directly screen-print a novel ultrasensitive glutamate biosensor micro-
chip. As shown in Scheme. 1, this crystal architecture was achieved
through a facile and fast thermal oxidation method by using the cobalt
hexacyanoferrate (CoHCF) as a precursor. In addition to the large
specific surface area, the porous structure can benefit the immobiliza-
tion of more glutamate oxidase as well as the permeation of the target
into the inner pores, promoting the electron generation and transfer.
Therefore, the high electrochemical catalysis and conductivity are re-
flected. The Co3O4 crystals were further treated as a functional ink to
print a microchip involving the working, counter and reference elec-
trodes into one. Only using the small amount of GMOx, the as-prepared
biosensor chip can perform an ultrahigh sensitivity to the glutamate
detection, as well as the wide detection range and low detection limit
under a very low potential -0.2 V. Besides, this chip possesses the out-
standing selectivity and ultrahigh usage stability for 300-times test.

2. Experimental

2.1. Reagents and apparatus

All chemicals were of analytical purity and used without any further
purification. Potassium ferricyanide (Ⅲ) (K3[Fe(CN)6]·3H2O) and L-
Glutamate Oxidase (GMOx) from Streptomyces sp. (EC1.4.3.11, 5U

mg−1) were purchased from Sigma-Aldrich. Cobalt chloride hexahy-
drate (Ⅱ) (CoCl2·6H2O) and albumin from bovine serum (BSA) were
acquired from Aladdin. Sodium glutamate acid salt monohydrate was
obtained from Alfa-Aesar. Dipotassium hydrogen phosphate (K2HPO4),
potassium dihydrogen phosphate (KH2PO4), potassium chloride (KCl),
hydrochloric acid (HCl) and glutaraldehyde 25 % (v/v) were purchased
from Shanghai Lingfeng Chemical Reagent Co. Ltd. (China). Ascorbic
acid (AA), uric acid (UA) and hydrogen peroxide (H2O2, 30 %, w/v,
solution) were obtained from Sinopharm Chemical Reagent Co. Ltd.
(China). Conductive carbon ink and silver chloride ink were bought
from Henkel-Loctite Co. Ltd. All solutions were prepared with deionized
water.

The screen-printed electrode (SPE) chips were fabricated via a 245
DEK screen-printing machine (Weymouth, UK). The morphology of
CoHCF and Co3O4 powders and the energy-dispersive X-ray (EDX)
spectrum of the working electrode were examined by using a field
emission scanning electron microscope (FESEM) (Hitachi, ModelS-
4800II, Japan). Transmission electron microscopy (TEM) experiments
were performed by a JEOL JEM-2010 UHR. The X-ray diffraction (XRD)
maps of the CoHCF and Co3O4 powders were measured on an X-ray
diffractometer (D/MAX 2500 V/PC) with a Cu-Ka line (0.15419 nm).
The X-ray photoelectron spectroscopic (XPS) measurements were tested
by an X-ray photoelectron spectrometer (Thermo, ESCALAB 250, USA).
The enzyme solution was immobilized on the surface of the working
electrode with the NORDSON EFD three-dimensional dotting-enzyme
machine (JR-V2303MI, Taiwan). The concentration of real fermenta-
tion samples was determined by High Performance Liquid
Chromatography (Shimadzu, LC20A, Japan). All the electrochemical
measurements were carried out in a 0.05M phosphate buffered saline
(PBS, pH 6.5) containing 0.1M KCl by using electrochemical work-
station (CHI 660E, Shanghai Chenhua Instrument Co. Ltd. China). All
experiments were operated at room temperature except for some spe-
cial requirements.

2.2. Synthesis of the CoHCF and Co3O4 powders

Firstly, the synthesis of the CoHCF nanocubes was based on the
chemical reaction between K3[Fe(CN)6] and CoCl2·6H2O. Their solu-
tions were prepared as follows: solution A, 0.01M K3[Fe(CN)6]+0.1M
KCl+0.1M HCl, and solution B, 0.01M CoCl2·6H2O+0.1M KCl+0.1M
HCl. Then, above two 100mL solutions were loaded into two syringes,
respectively. The syringes were fixed on an injection pump with the
injection speed of 500 μL/min. At the same time, a beaker with stirring
was served as the reaction vessel. After the reaction finished, the CoHCF
powder was obtained by the centrifugation with the speed of 7000 rpm,

Scheme 1. Fabrication of the screen-printed biosensor coating of Co3O4 porous nanocubes and the electrocatalytic mechanism for glutamate detection.
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and then dried in the air. In order to obtain the porous Co3O4, the dried
CoHCF powder was calcinated at 400 ℃ for 2 h in air with the heating
and cooling rates of 2 ℃·min−1. The C and N elements in the -CN- were
oxidized and released from the crystals in the form of gas and the metal
atom Co were oxidized to form metal oxides Co3O4. Because of the gas
release, the pores can be gradually generated in the cubic bulk from the
outer to inner.

2.3. Preparation of the Co3O4 based printing ink

The mixture ink was prepared by mixing the Co3O4 powder and the
carbon ink. Due to the viscosity of the mixed ink is significant for the
quality of screen printing. Therefore, the proportion of the Co3O4

powder and the carbon ink was constantly changed to obtain the op-
timum viscosity of the mixture ink before printing. Then a small
quantity of ethanol was added into mixture ink. Furthermore, the
Co3O4 powder and carbon ink were uniformly blended by constantly.
Until the viscosity of the mixture ink can be printed, the mixture ink
stopped stirring.

2.4. Fabrication of the biosensor chips

A commercial Polyethylene terephthalate (PET) plate was used as
the substrate for screen-printing. The as-prepared mixture ink was
served to construct the working electrode (WE). Meanwhile, carbon ink
and silver chloride ink were used to print the counter electrode (CE)
and reference electrode (RE), respectively. After the printing operation,
the obtained chips were further dried at 45 ℃ in air before usage. In
order to immobilize the GMOx, the enzyme solution contained 0.25 %
glutaraldehyde (v/v), 1 % BSA (v/v) for cross-linking, in which 0.1 U/
μL GMOx were included. Then, 5 μL of enzyme solutions were dropped
evenly onto the surface of the working electrode of biosensor chip,
followed by drying at 4 °C. Finally, Co3O4 based biosensor chip was
stored at 4 °C when not in use.

3. Results and discussion

3.1. Structure evaluation of the Co3O4 nanocrystals

In order to obtain a regular framework of the desired Co3O4 crystals,
the CoHCF precursor was first synthesized to be of a certain regular
shape via a low-speed chemical synthesis method. As shown in Fig. 1A,
it can be observed that the CoHCF particles showed a well-defined
nanocubic shape with a smooth surface. According to our previous
work, we have demonstrated that the geometric edge of the PB (Prus-
sian blue) nanocube and its analogues can provide higher catalysis than
other sites [19]. Hence, the cubic skeleton of these CoHCF crystals will
be expected to maintain after the thermal oxidation process for the
Co3O4 preparation. The TGA results in Fig. 1B present that the weight
loss occurs in two different temperature ranges. The first slightly weight
loss was below 254 ℃ attributed to the evaporation of the physically
adsorbed water. The second weight loss stage in the range of 254–345
℃ indicated the decomposition of the CoHCF framework to release a
large amount of gas, including H2O, CO2 and NOx. Rare significant
weight loss was observed at the temperature above 400 ℃, which
confirmed the complete decomposition of CoHCF crystals. During the
whole experiment, the thermal oxidation process from precursor
CoHCF to Co3O4 was very mind due to a low rate of the temperature
rising (2 °Cmin−1). Furthermore, the thermal conductivity of CoHCF is
weak as well as any other PBA materials [29–31], avoiding the struc-
ture collapse from the inner of the cubic crystal. During the transition
process, the release of CO2 and NOx was slow and smooth with the
temperature rising, which enables the final Co3O4 to maintain a cubic
morphology with a uniform porous surface. For more clarity, the XRD
patterns of varying the temperature to the CoHCF were compared to
monitor this heating process. As shown in Fig. 1C, till 100 ℃, this

crystal was able to keep its typical diffraction peaks at 17.2°, 24.4°,
34.8° and 39.0° which represent the crystal faces of (200), (220), (400)
and (420), respectively. It is worth mentioning that related peaks
shifted a little bit to the right when the temperature rises to 200 ℃. The
loss of the water in the unit cell resulted in the decrease of crystal plane
spacing, which leads to the right shift of the peaks. Actually, the
structure of CoHCF has not changed substantially. However, when the
temperature was increased to 300 ℃, all above peaks were disappeared
to indicate the change of crystal structure. Fig. 1D shows the magnified
XRD pattern of the crystal treated at 400 ℃. It can be observed that
there are several obvious peaks located at 19.0°, 31.3°, 36.8°, 44.8°,
59.4° and 65.2° which are corresponding to the Co3O4 crystal planes of
(111), (220), (311), (222), (511) and (440), respectively [25].

XPS results of O1 s and Co2p orbits were further applied to study the
bond information of the prepared CoHCF powders before and after the
thermal oxidation process. As depicted in Fig. 2A, the peaks of the
uncalcined CoHCF located at 532.0 eV were obtained, which can be
assigned to the adsorbed oxygen from water species on the surface.
However, there is an obvious peak shift after the process. This peak can
be separated as two independent peaks to indicate two kinds of oxygen
species. The peak at a lower binding energy (∼529.6 eV) was asso-
ciated with the surface lattice oxygen, and another peak at ∼531 eV
may be usually assigned to the surface oxygen species adsorbed on the
oxygen vacancy. This confirms that the CoHCF has already changed to
the oxide state after the thermal oxidation at 400 °C for 2 h. In Fig. 2B,
two main peaks located at 782.2 eV and 797.6 eV (uncalcined) or
779.6 eV and 794.8 eV (calcined) belongs to Co 2p3/2 and Co 2p1/2 spin
orbitals, respectively [22,27]. These two orbit peaks can be further
divided to four characteristic peaks at ca. 779.4, 780.7, 794.6 eV and
795.7 eV which are attributed to the CoIII3/2, CoII3/2, CoIII1/2 and CoII3/2,
respectively [31,32]. Therefore, it can be concluded that the calcined
material possesses both Co3+ and Co2+ elements to form the Co3O4

nanomaterial.
As above mentioned, we expect to keep the original cubic mor-

phology of the CoHCF after the Co3O4 formation in order to increase the
catalytic activity. Therefore, the nanostructure evolution of the CoHCF
crystals thermal-treated from 200 to 500 ℃ was investigated to present
in Fig. 3A to D. During heating to 200 ℃, the CoHCF crystal can survive
from the thermal treatment to still keep its original smooth surface
(Fig. 3A), however, it was changed to present several folds to indicate
the initial collapse of the CoHCF structure at 300 ℃ (Fig. 3B). As shown
in Fig. 3C, although the crystal outline can still maintain the cubic
shape under 400 ℃, numerous surface deficiencies were produced to
show lots of small pores which obviously enhanced the surface area and
roughness. Further increasing the temperature would totally destroy all
geometric faces of the crystal to only leave the irregular and small
particles after melting (Fig. 3D). The feature of a single Co3O4 nanocube
was magnified to focus its deficiencies. TEM image in Fig. 3E showed
that despite of the high thickness from the crystal top to button surface,
the electron beam can still realize the transmission to indicate the
through-hole structure. This may be ascribed to the gas release during
the thermal oxidation process of the precursors. Fig. 3F displayed an
interlayer spacing of 0.473 nm which is corresponding to the (111)
lattice plane of Co3O4 unit cell. Associating above XRD results, 400 ℃
was preferred as the optimum temperature parameter to realize the
Co3O4 formation with the regular porous morphology.

To evaluate the photostability of porous Co3O4 nanocube, we ex-
perimented with sunshine treatment of the material. Firstly, the freshly
synthesized Co3O4 powder was characterized by XRD, and the corre-
sponding results are shown as the red curve in Fig. S1. Then we exposed
the material under sunshine for 8 h per day which continuously lasts to
10 days for next XRD characterization. As shown in Fig. S1 (black
curve), rare changes of the peak locations and strengths were produced
after 10 consecutive days of illumination, confirming the good photo-
stability of the prepared Co3O4 nanocube.
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3.2. Electrochemical behaviors of the biosensor chip

In order to satisfy the suitable viscosity for screen-printing, the
prepared Co3O4 powder was mixed with the carbon ink to serve as the
screen-printing paste for fabricating the working electrode of the bio-
sensor chip. Meanwhile, the counter and the reference electrodes were
printed by the carbon ink and the AgCl ink, respectively. It is worth
noting that our prepared biosensor chip has good flexibility for storage
and carrying, (Fig. 4A) and the bending behavior can not cause cracks
or peeling of the printed electrode. The surface of working electrode
was investigated to reveal the Co3O4 distribution in the mixture paste
through scanning the location of the Co element (Fig. 4C) and O ele-
ment (Fig. 4D) in the selected region (Fig. 4B). The results illustrated

that the Co3O4 crystals were uniformly distributed on the electrode
surface, which is beneficial to enhance the electrocatalysis behavior and
decrease the entire electron resistance of the working electrode.

To confirm the advances of the porous structure to the specific
surface area, two types of biosensor chips printed by the CoHCF and
Co3O4 pastes were prepared to study their electrochemical effective
surface area, respectively. Cyclic voltammetry curves (CVs) were car-
ried out to follow the Randles–Sevcik equation.

= ×

I
v

n D C A(2.69 10 )p
o o1/2

5 3 1/2 *

Where A is the electrode area, n is the number of electrons transferred
in the redox event, v is the scan rate, Do is the diffusion coefficient of

Fig. 1. (A) and (B) present the FESEM image and TGA curve of the synthesized CoHCF nanocubes, respectively; (C) XRD patterns of varying the temperature to the
CoHCF from 25 to 500 ℃, (D)XRD pattern of the calcined material from the CoHCF precursor under 400 ℃ for 2 h.

Fig. 2. XPS spectra of (A) O 1s, (B) Co 2p patterns of the prepared CoHCF before and after the thermal oxidation at 400 ℃ for 2 h.
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the mole cules, Co* is the concentration of the probe molecules, and Ip is
the peak current of the redox couple. From this equation, the surface
area is proportional to Ip/v1/2.

As shown in Fig. 5A and B, both CoHCF or Co3O4 chips can produce
a reversible electrochemical process according to the increase of the
peak potential difference (△Ep) with the scan rate raise. Besides, the
correlation between the peak current and the square root of the scan
rate can well satisfy the linear fitting (Fig. 5C) which implies that both
redox processes of CoHCF or Co3O4 chips are controlled by the linear
diffusion of the electroactive species. It is worth mentioning that the
5mM [Fe(CN)6]4/3− indicator solution was required to apply into the
PBS solution during such CV scanning. Therefore, both CV results of
CoHCF and Co3O4 based chips showed their catalysis to the redox re-
action of the Fe elements in [Fe(CN)6]4/3−. Although the shapes of
curves in Fig. 5A and B may be similar, the current intensity and peak
potential can be observed to show quite different feature. Therefore, the

effective specific surface area of the CoHCF and the Co3O4 were cal-
culated from the Randles’ slope as 22.6 mm2 and 32.9 mm2, respec-
tively. This result demonstrates that the formation of a porous structure
on the cubic crystal surfaces can remarkably increase the electro-
chemical effective surface to provide more active catalytic sites for the
enzyme immobilization and reaction.

As well known, both CoHCF and Co3O4 materials are semi-con-
ductors, showing weak conductivities to affect the electron transfer.
Normally, Co3O4 possesses a higher resistance than CoHCF due to the
larger band gap between the highest and lowest unoccupied molecular
orbital. Because the prepared Co3O4 was derived from CoHCF, it is
worthy to study the influence of this transformation on the chip con-
ductivity. Therefore, these two materials-based chips were further
tested via the EIS technique. The bare, CoHCF and Co3O4 chips were
respectively studied in a 0.1 M KCl solution containing 5mM K3Fe
(CN)6/K4Fe(CN)6 (molar ratio is 1:1) with a frequency ranging from

Fig. 3. FESEM images of CoHCF nonocubes in different calcining temperatures for 2 h, respectively: (A) 200℃, (B) 300℃, (C) 400℃ and (D) 500℃. (E) and (F)
present the TEM images of the thermal oxidized material under different magnifications. The inset in (F) shows its diffraction image.
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0.1 Hz to 1000 kHz. Observed in Fig. 5D, the bare chip printed by only
carbon ink was of the highest transfer resistance (Rct) of 108.0Ω. After
the introduction of CoHCF or Co3O4 to the carbon ink as two pastes, the
printed CoHCF and Co3O4 chips exhibited much lower Rct of 79.6 and
73.3 Ω, respectively. This result illustrates that the transformation from
CoHCF to Co3O4 through the thermal oxidation method has not ob-
viously reduced the conductivity of the fabricated biosensor chip.

In order to achieve the optimal ratio of Co3O4 and conductive

carbon ink, we fabricated a series of biosensor chips based on several
different mass ratios (Co3O4 powder to carbon ink), including 1:5, 1:10,
1:15 and 1:20. The electrochemical response to H2O2 was measured via
a Chronoamperometry method, which is used for evaluate the proper-
ties of the biosensor chips. As shown in Fig. S2A, all the biosensor chips
can exhibit a uniform current step regardless of the ratio, which also
verified the electrocatalytic capacity of porous Co3O4 nanocubes.
Although the same concentration of H2O2 was added, the chips

Fig. 4. (A) Digital image of the self-made flexible biosensor chip (B) FESEM image of working electrode. EDX im-ages of the selected region of working electrode, (C)
cobalt element and (D) oxygen element.

Fig. 5. CV diagrams of the CoHCF SPE-chip (A) and Co3O4 SPE-chip (B) at different scan rates of 50, 100, 150, 200 and 250mV s−1 in a 5mM [Fe(CN)6]4/3−

indicator solution. (C) provides the linear fitting of the peak current value to the root of the scan rate from 50 to 250mV s−1. (D) shows the EIS diagrams of the bare
substrate, CoHCF and Co3O4 based SPE-chips in a 5mM [Fe(CN)6]4/3- indicator solution.
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prepared by different Co3O4 amount produced quite different strengths
of the response current. We performed a linear fitting between the
current density obtained in Fig. S2A and the concentration value of
H2O2. As shown in Fig. S2B, we found that while the mass ratio of
Co3O4 to carbon ink was 1:10, the biosensor chip exhibited the highest
sensitivity of 41.70 μA·mM−1 cm−2. Therefore, we obtain the conclu-
sion that the optimal mass ratio of the material to the carbon ink is
1:10.

Repetitive CV scanning was used for investigating the stabilities of
different biosensor chips based on CoHCF and Co3O4. It can be found in
Fig. S3A, after 50 times of repetitive experiments, both peak currents of
CoHCF chip showed the obvious decreases, indicating the weak stabi-
lity of this material during the continuous redox reactions. Differently,
there were rare changes in the electrochemical redox curves of Co3O4

based chip after the same repetitive scanning. This confirms that the
thermal oxidation for the Co3O4 preparation from CoHCF can also im-
prove the electrochemical stability.

3.3. Biosensing performance of the as-prepared Co3O4 chip

The electrocatalytic activity of the as-prepared SPE-chip determines
the biosensing performance on the glutamate detection. This property
was evaluated through the electrochemical reaction on H2O2 which is
served as a main product in the GMOx reaction. As shown in Fig. 6A, it
can be found that the oxidation current decreased and the reduction
current increased between -0.4 and 0.1 V after the addition of 1mM
H2O2, indicating the electrochemical reduction function of the Co3O4

chip to H2O2. The most change of the current was particularly obvious
at the potential of -0.2 V, therefore, this potential was selected as an
optimum parameter for the further chronoamperometry test. It's worth
noting that there weren’t significant characteristic peaks of Co3O4 in the
CV diagram. As mentioned above, the optimal mass ratio of Co3O4 to
carbon ink was only 1:10, therefore, the Co element redox peaks were
not obvious. We also repeated the CV experiment at a wider range of
potentials, and the results were shown in the black curve in Fig. S4,
which had a similar trend to Fig. 6A. In addition, the extra little peaks
around 0.1 V and -0.1 V were from conductive carbon ink. To verify it,
we also performed the CV scanning on the micro-chip based on pure
carbon ink under the same condition (0.05M PBS, pH 6.5, 25 °C), which
was shown as the red inset in Fig. S4. We found that the peaks around
0.1 V and -0.1 V were more distinct. As shown in Fig. 6B, the biosensor
chip can successively and rapidly generate the stable current steps for
each H2O2 addition. It can be found that the response current can show
equal decrease with the increase of the same H2O2 concentration in the
buffer solution, showing the enhancing reduction reaction to H2O2. As

calculated, its current density shows a well-defined linear relation to
the H2O2 concentration with the fitting equation of j=–41.70C+94.34
(R2= 0.999), where j and C represent the current density (μA·cm−2)
and target concentration (mM), respectively. Hence, the as-prepared
chip possesses the sensitivity of 41.70 μA·mM−1 cm−2 on H2O2 detec-
tion. Actually, the activity of the porous Co3O4 nanocube can be eval-
uated via such sensitivity value. Compared with some other similar
modified electrodes based on Co3O4 material, the porous Co3O4 nano-
cube can exhibit high sensitivity at a low working potential (-0.2 V).
The comparison results are listed in Table S1 [33,34].

For achieving the glutamate detection, 0.5 U GMOx was im-
mobilized on the working electrode by the glutaraldehyde cross-link.
After drying in the 4 ℃, the biosensing performance of the as-prepared
enzymatic chip was also evaluated by the chronoamperometry method.
As shown in Fig. 7A, after each addition of 0.05mM glutamate, a cur-
rent step can rapidly appear to show the increase of the negative cur-
rent. Compared with the curve in the H2O2 detection, also under the
-0.2 V, the current signal shows some weak noises which may be at-
tributed to the weak conductivity of the loaded oxidase. However, the
response current value is much higher than the noise value to neglect
this interference. According to the linear calibration (Fig. 7B), the
current density can present a linear relation to the glutamate con-
centration with the equation of j=–20.12C+80.77 (R2=0.998). As
calculated, this SPE-chip shows a high sensitivity of 20.12 μA mM−1

cm−2 for the glutamate detection and a wide linear response from 10 to
600 μM (R2=0.998) with a short response time within 5 s. The limit of
detection was tested through the decrease of the added glutamate
concentration to distinguish the response current. As shown in Fig. 7A,
till decreasing to 10 μM, a clear current increase was also produced to
indicate the detection limit.

The performance of the as-prepared SPE-chip was compared with
those of the recently reported glutamate biosensors. As shown in
Table 1, carbon nanotubes, polymers and metal oxides are mainly ap-
plied to fabricate the glutamate biosensors. Among these materials, the
porous Co3O4 nanocubes show a lowest operation potential due to the
reduction mechanism on H2O2 produced by the glutamate oxidation.
Low potential is beneficial to avoid the oxidation reaction of other co-
existed substances to confirm its detection accuracy. Besides, different
with the composite materials based biosensor, it can be found that our
prepared biosensor can be of the almost highest sensitivity which is
only attributed to the Co3O4. More important, the enzyme loading
amount is only 0.5 u on each chip, which is lowest but harvests the
superior performance. These evidences indicate that the prepared
Co3O4 with the special architecture can greatly promote the electro-
catalysis on the enzymatic reaction of glutamate.

Fig. 6. (A) CV diagrams of the prepared SPE-chip with and without the addition of 1mM H2O2 under the scan rate of 50mV/s in a 0.05M PBS solution at 25 ℃. (B)
Chronoamperometry result of the SPE-chip to the H2O2 detection under -0.2 V working potential in a 0.05M PBS solution at 25 ℃. The inset shows a linear
calibration of the response current to the added H2O2 concentration.
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3.4. Anti-interference ability, reproducibility and stability of the biosensor
chips

The accuracy of the biosensor is an essential parameter in the
practical applications in the real samples, such as the fermentation
solution and blood. Therefore, this parameter of the as-prepared SEP-
chip was evaluated by using ascorbic acid (AA) and uric acid (UA) as
two interfering species during the glutamate detection process because
of their very low oxidation potentials. In this experiment, these two
substances were successively added after the addition of glutamate with
the same concentration of 0.05mM during the chronoamperometry
test. As shown in Fig. 8A, the addition of either AA or UA (100 folds to
standard concentration of glutamate) has not aroused any obvious
current fluctuation, however, the further addition of glutamate can still
produce the current step. This is because that the operation potential
(−0.2 V) of our SPE-chip is much lower than the oxidation potentials of
AA and UA (0.2 V and 0 V), which effectively prevented their oxidations
for the current generation in the detection process. Besides, we also find
that the addition of glucose and lactate for 100 folds concentration to
the standard glutamate solution could not produce any obvious current
fluctuation. Due to the specificity nature of the applied GMOx, the as-
prepared chip can show excellent selectivity to avoid the interferences,
such as glucose and lactate. Furthermore, the reproducibility of the
fabricated chips was tested by of the random selection of ten chips
printed in different batches. As calculated, the relative standard de-
viation (RSD) of the sensitivity was 4.8 % to indicate the good re-
producibility which is mainly attributed to the superior material sta-
bility. Besides, after the storage of a fresh chip at 4 ℃ for 30 days, the
sensitivity can retain about 89.59 % of the initial one, which indicated
the good storage stability. In order to investigate the usage stability,
one chip was repetitively tested by days to evaluate the fluctuation of
its sensitivity. In each day, more than 20 times of glutamate additions
were operated to calculate this parameter. As shown in Fig. 8B, after 30

days with 300 times of glutamate test, the sensitivity can still remain
79.32 % level of the fresh chip. This remarkable performance is at-
tributed to the direct printing of nanomaterials instead of the sub-
sequent deposition, enhancing the stability during application.

3.5. Application of the biosensor chip in real fermentation sample

In order to evaluate the accuracy of the biosensor chip in practical
analysis, the prepared biosensor chips were employed to measure
concentration of glutamate in the real fermentation sample. As shown
in Fig. S5, 1 μL glutamate (2M) was first added into 10mL PBS as the
standard sample. Then 1mL glutamate fermentation solution was
added to evaluate the practical performance of the biosensor chip. The
tested glutamate concentrations in the fermentation sample were tested
3.92 and 3.95mM by our prepared biosensor chip and HPLC, respec-
tively. Moreover, three repetitive experiments were operated to show
the average deviation of 3.13 % in Table S2, demonstrating the good
accuracy of the as-prepared biosensor chip in the practical fermentation
application.

4. Conclusions

In summary, a novel Co3O4 crystal with porous nanocubic structure
was successfully constructed through a facile thermal oxidation of the
CoHCF precursor. This material was served as the printing ink to di-
rectly fabricate a glutamate biosensor microchip. Using a very low
working potential of -0.2 V, this chip exhibited a high sensitivity with
an excellent anti-interference ability, as well as the good storage and
usage stability. Besides of the glutamate detection, this chip is pro-
mising to extent the recognitions of more physiological substances by
changing different oxidases. Besides, this large-scale production route
from the nanomaterial synthesis to the biosensor chip printing can
provide the inspiration to promote the product transfer in the practical

Fig. 7. (A) Amperometric responses with different glutamate concentrations in a 0.05M PBS solution at 25℃. The inset shows the response time. (B) Linear
calibration result of the response current to the added glutamate concentration. The inset shows the partial enlargement.

Table 1
Performance comparisons of the reported glutamate biosensors.

Modifiers Potential (V vs. Ag/AgCl) Enzyme loading amount (U) Sensitivity (mA M−1 cm−2) Detection limit (μM) Linear range (μM) Ref.

Co3O4 nanocubes/SPE −0.2 0.5 20.12 10 10-600 This work
CNT/GCE −0.1 27 0.71 2 NA [3]
IR/PPD/Pt 0.6 0.6 0.097(mA M−1) 0.044 5-150 [6]
Co3O4/GR/CS/GCE 0.7 0.24 7.37 2 4-600 [35]
GS-GMOD/PB/Pt −0.1 0.5 12.36 NA NA [36]
Ta-C/APTES/Pt 0.6 0.6 2.9 10 10-500 [37]
MWCNT/Chit/Au 0.3 3.3 28 5.4 10-3495 [38]
PPy/IrOx/Pt 0.6 NA 7.7 0.32 5-300 [39]
PSS/PtNPs/Glass 0.4 NA 4.3 5 1-14 [40]
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