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A B S T R A C T

Preparation of high performance electrochemical biosensing interface for the sensitive and rapid detection of
human metabolites is of great interest for health care and biomedical science. In this paper, based on the ad-
hesion technique of marine mussels, we designed and prepared a novel biosensor with a micro/nano-biointerface
of Fe3O4-Mn3(PO3)2@Ni foam, which offered a three dimensional (3D) living environment for real cell. The
constructed biosensor with a 3D micro/nano-biointerface of Fe3O4-Mn3(PO3)2@Ni foam was characterized by
scanning electron microscopy (SEM), energy dispersive spectroscopy (EDS) and elemental mapping.
Furthermore, the electrochemical experiments by electrochemical method for detection of superoxide anion
(O2

•−) in situ released by cells were carried out by this biosensor we proposed. Results indicated that the 3D
interface of mussel-inspired Fe3O4-Mn3(PO3)2@Ni foam offered an amicable platform for promoting cell ad-
hesion, which was beneficial for enhancing biosensing activity. This proposed sensing platform provided high
electroactivity and excellent electron transport with a lower detection limit (0.0170 μM), wider linear range
0.04–2.44 μM) and short diffusion distance to reaction sites. The case achieved the accurate detection of O2

•− (in
situ released by cells) based on the combination of mussel-inspired biomimetic adhesion technique, 3D micro/
nano-biointerface construction and electrochemical biosensing technique.

1. Introduction

Superoxide anions (O2
•−), as a typical type of reactive oxygen

species (ROS), is produced by organism deviating from the usual
standards, which may lead to a higher incident rate of cancer risk, an
accelerated aging and some forms of neural degeneration with irre-
versible consequences such as Parkinson's disease [1–5]. Therefore, it is
of vital importance to find a suitable method that can detect O2

•− re-
liably, promptly, and explicitly, which is supposed to be easy to im-
plement and suitable for routine diagnosis, pathological analysis, and
operation for daily physical examination.

Among the various methods developed for detection O2
•− thus far

[6–8], electrochemical method, with the advantages of fast response,
simple operation and high sensitivity [9–14], has been received wide
attention. Amperometric enzyme electrodes for O2

•− have been devel-
oped with various electrode materials, such as cytochrome c and su-
peroxide dismutase (SOD) [15–17]. However, enzyme-based biosensors
were difficult to be used widely owing to the inherent weaknesses of the

enzyme, such as high volatility, high cost, and difficulty in storage. One
of the most promising materials is manganese (Mn) compound as the
biomimetic enzyme that takes advantage of catalytic dismutation of
O2

•− [18]. Silica-manganese phosphate (SiO2-Mn3(PO4)2) nanoparticles
were synthesized by surface self-assembly processes for O2

•− detection
as reported in our previous work [19].

Until now, most of cytosensors for detection of cellular molecules in
situ were based on a two dimensional (2D) detected platform that uti-
lized to capture the detected cells. In fact, real cells inhabit a three
dimensional (3D) space with complicated microenvironment [20–23].
So if a simulating real 3D environment can be offered for the detected
cells, it will facilitate the authenticity and accuracy of cell electro-
chemical detection. 3D nickel foam has attracted increasing attentions
due to its unique 3D scaffold structure, low cost, good magnetic and
conductivity [24,25].

In this work, 3D nickel foam was introduced to create a simulating
real 3D environment for rapid and accurate detection of O2

•− from
detected cells. Firstly, magnetic manganese phosphate nanoparticles
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(Fe3O4-Mn3(PO4)2 NPs) synthesized by surface self-assembly tech-
nology were directly and robustly anchored on 3D nickel foam based on
the mussel-inspired adhesion technique. Then, this 3D nickel foam was
attracted by magnetic electrode to construct a novel biosensor with 3D
interface for O2

•− detection. The as-obtained biosensor, based on a 3D
micro/nano-biointerface as an amicable platform to promote cells ad-
hesion, could not only greatly shorten detection cycle and simplify test
process, but also shorten the diffusion distance between O2

•− released
from cell and the medium solution for enhanced sensing performance.
This biosensor provided a new opportunity for the design and appli-
cation of 3D electrode materials with enhanced electrocatalytic per-
formance in biosensing.

2. Experimental section

2.1. Materials

Ferric chloride hexahydrate (FeCl3·6H2O) and tetraethyl orthosili-
cate (TEOS) were purchased from Sinopharm Chemical Reagent Co.
Ltd. Sodium acetate (NaAc) was obtained from Shanghai Lingfeng
Chemical Reagent Co. Ltd. (3-Aminopropyl) triethoxysilane (APTES),
phytic acid (PA, 70 wt%) solution and phytic acid sodium salt hydrate
were purchased from Aladdin Chemistry Co. Ltd (Shanghai, China).
Manganese sulfate monohydrate (MnSO4·H2O), ethylene glycol (EG),
dimethyl sulfoxide (DMSO) were obtained from Sinopharm Chemical
Reagent Co. Ltd. Potassium hyperoxide (KO2) was purchased from Alfa
Aesar. Triton X-100, 18-crown-6, phorbol 12-myristate 13-acetate
(PMA), dopamine hydrochloride (DA), cysteine (Cys), ascorbic acid
(AA) and uric acid (UA) were acquired from Aladdin Sigma-Aldrich Co.
(USA). Hydrogen peroxide (H2O2, 30%) was purchased from Beijing
Chemical Works (Beijing, China). 3-(4,5-Dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT), dulbecco's modified eagle medium
(DMEM), fetal bovine serum (FBS), and penicillin/streptomycin (P/S),
4′,6-diamidino-2-phenylindole (DAPI) were purchased from Nanjing
Heyao Biotech. Co., Ltd. (Nanjing, China). Ni foam was purchased from
Wuzhou Sanhe New Mater Co., Ltd. (Guangxi, China).

2.2. Preparation of Fe3O4 NPs

The Fe3O4 NPs were synthesized in accordance with the procedure
described in the literature and functionalized via solvothermal route
[26–29]. 4.04 g FeCl3·6H2O was dissolved in 100 mL EG to form a clear
solution in a three-necked flask, then 8.20 g NaAc was added quickly
under constant and vigorous stirring for 0.5 h. The obtained solution
was subsequently moved to a Teflon-lined autoclave (50 mL) that was
sealed for 8 h with heating to 200 °C, and then naturally cooled down to
room temperature. The resulting black precipitate was got via cen-
trifugation, washed repeatedly with distilled water and absolute
ethanol, and dried at 50 °C inside a vacuum oven for 5 h.

2.3. Preparation of Fe3O4-Mn3(PO3)2 NPs

Fe3O4-Mn3(PO3)2 NPs fabricated with layer-by-layer (LBL) self-as-
sembly strategy [30–32] exhibited size-controlled (Scheme 1A). First,
0.10 g of Fe3O4 NPs were ultrasonically treated with 50 mL, 0.1 M HCl
aqueous solution for 10 min. Afterwards, the magnetite particles were
isolated, and washed with deioned water, and then homogeneously
dispersed in a mixture solution (80 mL ethanol, 20 mL deioned water,
and 1.0 mL, 28 wt% ammonia), to which TEOS (0.144 mM) was sub-
sequently added. After the mixture had been stirred at room tempera-
ture for 6 h, an appropriate amount of APTES was added to it to form
the Fe3O4-NH2 NPs solution in Scheme 1A (a). After the solution had
been stirred for 30 min, 120 μL of PA/PA sodium salt hydrate buffer
solution (pH = 7) was injected into in under incessant stirring for 24 h.
The resulting NPs were washed with alcohol and double-distilled water
(Scheme 1A(b)).

Finally, the Fe3O4-PA NPs were redispersed in 10 mL of water, and
then 10 mL of MnSO4 solution (12 mM) were injected to the round-
bottomed flask containing Fe3O4-PA NPs under constant stirring for 1 h
at 60 °C. At the end of the reaction, the obtained materials were col-
lected via centrifugation, washed with double-distilled water, and dried
in a vacuum oven at 60 °C for 24 h (Scheme 1A(c)).

2.4. Preparation of Fe3O4-Mn3(PO3)2@Ni foam

Fe3O4-Mn3(PO3)2 NPs were anchored onto Ni foam in an aqueous
solution of dopamine in Scheme 1B (a), which was inspired by the
bioadhesion of marine mussels [33,34]. Briefly, 100 mg of Fe3O4-
Mn3(PO3)2 NPs and 40 mg of dopamine hydrochloride were dispersed
in 20 mL of H2O at pH = 9 by ultrasonication. The pH of the disper-
sions was adjusted by NaOH. Then a piece of Ni foam was immersed in
the above dispersions under stirring for 12 h. After it was rinsed with
water and dried at 80 ℃, the foam covered with as-papered samples
was obtained a 3D micro/nano-biointerfaces for further cells adhesion
(Scheme 1B(b)).

2.5. Preparation of superoxide anion

Dissolving KO2 to DMSO which contained 18-crown-6, a stabilized
O2

•− solution was attained. According to the molar absorptivity of O2
•−

in DMSO, the concentration of O2
•− was supervised by minuting the

deoxidation at 550 nm using ferricytochrome c spectrophotometrically
[35].

2.6. Culture of cells

The A549 cells were grown at 37 °C in 5% CO2 culture medium with
DMEM, 10% fetal bovine serum and 1% P/S. The pretreated cells,
gathered by centrifugation, was added into the PBS solution including
100 μg mL−1 PMA and 50 mM glucose.

2.7. MTT assays

The viable cells viabilities of the Fe3O4-Mn3(PO4)2@Ni foam for
different incubation time were appraised using MTT assays. A549 Cells,
at a density of 0.5×105 cells, and synthesized Fe3O4-Mn3(PO4)2@Ni
foams were seeded in a 96-well plate for 4 h, 12 h, 24 h incubation
period. After then, the wells were treated with 50 μL MTT (2 mg mL−1)
and incubated for another 4 h at 37 °C. The medium was then displaced
with 150 μL of DMSO, and a microplate reader was carried out by
monitoring the absorbance at a 570 nm.

2.8. Cell capture experiments

1 mL of 5 × 104 cells suspension was seeded onto a 24-well plate
with the different samples. After 60 min incubation time at 37 ℃, the
samples were rinsed with PBS for three times. The captured cells on the
substrates were fixed with 2.5% GA in PBS for 4 h. The substrate was
subsequently dehydrated with in a series of ethanol gradient solution
with different volume fractions (30%, 50%, 70%, 90% and 100%) at
each concentration for 20 min, and finally dried at room temperature to
observe the morphology of the cells on the samples by SEM.

After 4 h fixed treatment with 2.5% GA, the films were covered with
a DAPI solution (2 μg mL−1) for 15 min, followed by PBS washed. At
last, the samples were kept at 4 ℃ in dark for the subsequent fluores-
cence microscope.

2.9. Apparatus and electrochemical measurements

The morphologies of the as-prepared samples were detected by TEM
and high-resolution transmission electron microscopy (HITACHI H-
7650, Japan). FTIR of the sample were performed from a VARIAN Cary
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5000 Fourier transform infrared spectrophotometer (VARIAN, USA).
Zeta potential analyzer (Malvern Instruments ZS90) was employed to
test surface potential of the NPs. MGCE was obtained from Tianjin
Incole Technology Company. All the electrochemicals data, using a
three-electrode cell equipped (saturated calomel electrode (SCE), a
platinum electrode and working electrode), were measured by elec-
trochemical workstation (CHI 760D, Shanghai Chenhua, China). MTT
assays were measured by a microplate reader (Multiskan FC).

The electrochemical properties of Fe3O4-Mn3(PO4)2@Ni foam-
MGCE were evaluated using cyclic voltammograms (CV) in the working
potential range of −0.3–0.9 V at 100 mV s−1 and electrochemical im-
pedance spectroscopy (EIS) by frequency range (1–105 Hz) and ampli-
tude (0.005 V) in a 0.1 M PBS solution [36–41]. Both selectivity and
anti-interference ability of the developed biosensor were assessed
against various interfering species. The proposed 3D hybrid biosensor
was further investigated for their ability in detecting in situ released
O2

•− from A549 cells.

3. Results and discussion

3.1. The characterization of 3D hybrid foam

The proposed surface self-assembly method makes it possible to
synthesize high specific surface area magnetic nanoparticles (Fe3O4-
Mn3(PO4)2 NPs) with a controllable shape on the nanoscale. As shown
in the TEM image (Fig. S1A, a, ESI), Fe3O4 NPs had an average diameter
of 290 nm. When APTES and PA molecules were adsorbed to the surface
of Fe3O4 particles due to the strong electrostatic interaction, and se-
quentially Mn2+ ions were self-assembled in above solution, the dia-
meter of Fe3O4-PA NPs and Fe3O4-Mn3(PO4)2 NPs was almost un-
changed (Fig. S1B, b and S1C, c, ESI). Compared with the surface of
pure Ni foam (Fig. 1A), Fe3O4-Mn3(PO4)2 NPs densely and homo-
genously deposited onto 3D Ni foam surface (Fig. 1B), indicating im-
mobilizated directly nanoparticle to the foam skeleton by adhesion of
dopamine. From Fig. 1C, D, it was clearly observed a multilayer sheet-
structured (above 3–5 nm) of the nanoparticles surface. According to
the mapping analysis results, iron (Fe) was situated in the particle core
while silicon (Si), phosphorus (P), and manganese (Mn) were dis-
tributed evenly in the exterior of the particles (Fig. 1E). The EDS
spectrum (Fig. S2, ESI) also showed the presence of Fe, Si, P and Mn,
which was consistent with the mapping analysis results. The mass
weight of Mn element in the EDS result was calculated to be 0.46%,

which was confirmed the presence of the self-assembly multilayer layer
on the exterior surface of the Fe3O4-PA NPs.

The well-defined diffraction spots in the selected area electron dif-
fraction (SAED) patterns (Fig. 2A) confirmed the crystallinity of as-
prepared Fe3O4-Mn3(PO4)2 NPs, which can be derived potentially from
the reflection of five crystal planes of (220), (311), (400), (422), (511)
and (440), respectively [42], reflecting that preserved the crystal fea-
tures of Fe3O4 NPs. The Zeta potential values (Fig. 2B) were measured
to be −20.3, 4.1, −8.62, and −1.27 mV, respectively, for the as-pre-
pared Fe3O4, Fe3O4-NH2, Fe3O4-PA, Fe3O4-Mn3(PO4)2, revealing pow-
erfully self-assembly process of layer by layer. After modified with
APTES, the Zeta potential of Fe3O4-NH2 NPs increased from −20.3 mV
to 20.1 mV, which was attributed to the amine groups from APTES
adsorbed into the surface of Fe3O4 NPs containing many -OH groups.
Owing to the six phosphate groups of PA, the Zeta value of Fe3O4-PA
NPs showed a negative charge. The Zeta potential increased to
−1.27 mV when Mn2+ ions in solution were anchored onto the surface
of Fe3O4-PA NPs in a self-assembled manner [19,43,44]. The slightly
switch of the diameter from Fe3O4 to Fe3O4-Mn3(PO4)2 denoted the
validity of electrostatic interactions in shaping the Fe3O4-Mn3(PO4)2
NPs. The chemical compositions of various samples was identified by
FTIR. As shown in the FTIR spectrum (Fig. 2C), the characteristic peak
at around 560 cm−1 was the Fe-O group for Fe3O4 NPs [45]. The curve
of Fe3O4-NH2 NPs illustrated characteristic spectral bands whose for-
mation was attributed to the stretching vibration of -C-NH2

(2920 cm−1), the symmetric stretching of -NH2 (1611 cm−1), the
bending vibrations of -NH2 in APTES (789 cm−1), all of which proved
that Fe3O4 NPs were indeed modified by APTES as a consequence of the
processes mentioned above [46,47]. Furthermore, according to the
adsorption value (1098 cm−1) in the curve of Fe3O4-PA NPs, the
phosphate of PA was converged characteristic peaks of asymmetric
stretching vibration of the O-Si-O [48]. Thus, self-assembly modifica-
tion for Fe3O4 NPs surface was confirmed by the result of FTIR. As il-
lustrated in Fig. 2D, the Ni foam and Fe3O4-Mn3(PO4)2@Ni foam (inset
is Fe3O4 and Fe3O4-Mn3(PO4)2 NPs) magnetic hysteresis loops at room
temperature resembled mostly S-like curves. The exact potential was
worked out to be 57.78 emu g−1 for Fe3O4-Mn3(PO4)2, slightly higher
than 50.50 emu g−1 for Fe3O4-Mn3(PO4)2@Ni foam. Thus, the ade-
quate magnetic force of the 3D hybrid foam could satisfy the demand of
the electrode surface for rapid magnetic attraction.

Scheme 1. Illustration for (A) the preparation of Fe3O4-Mn3(PO4)
NPs: (a) the formation process of Fe3O4-NH2 NPs, (b) the Phytic
acid modified procedure to obtain the Fe3O4-PA NPs and (c) self-
assembly preparation of dropping into Mn2+ on the outer surface
of Fe3O4-PA NPs; (B) the construction process of the 3D biosensor:
(a) the immobilization process of Fe3O4-Mn3(PO4) NPs onto Ni
foam and (b) the A549 cell-adhesion on Fe3O4-Mn3(PO4) NPs@Ni
foam.
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3.2. The captures cells on the 3D biointerface

For the purpose of in situ detection of O2
•− that released from living

cells, the attachment and growth of cells on the 3D sample were

particularly important. As shown in Fig. 3, SEM and fluorescence mi-
croscopy were applied to evaluate the adhesion property of A549 cells
on the surface of 3D hybrid foam. Results of MTT assays (Fig. S3, ESI)
indicated that there were no clear cytotoxic effects for different samples

Fig. 1. SEM images of Ni foam (A) and Fe3O4-
Mn3(PO4)2@Ni foam (B); HETEM images (C and D)
of Fe3O4-Mn3(PO4)2 at 50 nm and 20 nm, respec-
tively; (E) Element mapping of Fe3O4-Mn3(PO4)2
NPs.

Fig. 2. (A) SAED patterns of Fe3O4-
Mn3(PO4)2 NPs; (B) Diameter (red) and zeta
potential (blue) of Fe3O4 (a), Fe3O4-NH2 (b),
Fe3O4-PA (c) and Fe3O4-Mn3(PO4)2 (d); (C)
FTIR spectrum of various Fe3O4 NPs and (D)
Magnetization curves of Ni foam and Fe3O4-
Mn3(PO4)2@Ni foam (inset is magnetization
curves of Fe3O4 NPs and Fe3O4-Mn3(PO4)2
NPs). (For interpretation of the references to
color in this figure legend, the reader is re-
ferred to the web version of this article).
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due to their good biocompatibility in cell ambience. Compared to these
previous studies [49–51], the effect of cell adhesion was achieved just
by the geometrical structure of this 3D Fe3O4-Mn3(PO4)2@Ni foam we
prepared, but not chemical or biochemical methods. Fig. 3A clearly
displayed that few pseudopodia of a single cell could be found. In
contrast, the good growth status of a single cell was emerged with
presented many stretched pseudopodia (Fig. 3B), denoting that the cell
adhesion behavior was further enhanced by incorporating Fe3O4-
Mn3(PO4)2 NPs onto the surface of Ni foam.

3.3. The electrochemical behavior of the 3D biosensor

Here the electrochemical biosensor was constructed through the
magnetic attraction between Fe3O4-Mn3(PO4)2 NPs and Ni foam in
Fig. 4A, which was a simple and fast method to obtain the 3D bioin-
terface for O2

•− detection. During this response, O2
•− catalyzed by

Mn2+ in the PBS solution was alternated into O2 and H2O2, whereas
MnO2

+ was reduced to Mn2+, and O2
•− was oxidized to O2, an out-

come consistent with the reported finding [52]. The electrocatalytic
properties of the as-prepared different samples modified MGCE were
assessed toward in 1.0 μM O2

•− at a scan rate of 100 mV s−1 in the
solution (pH=7.4) by the CV and EIS curves (Fig. 4B, C). To compar-
ison to the electrocatalytic performance of Ni foam-MGCE and Fe3O4-
Mn3(PO4)2@Ni foam-MGCE (Fig. 4B), Fe3O4-Mn3(PO4)2@Ni foam-
MGCE had obvious oxidation-reduction peaks, which may be ascribed
to the catalytic action of the Fe3O4-Mn3(PO4)2 capped on Ni foam in the
presence of O2

•−. Fig. 4C was shown the Nyquist diagrams of bare
MGCE (curve a), Ni foam-MGCE (curve b), and Fe3O4-Mn3(PO4)2@Ni
foam-MGCE (curve c). When the MGCE was covered by Ni foam, there
existed a very small semi-circular domain, indicating that Ni foam
possessed excellent conductivity. After Fe3O4-Mn3(PO4)2@Ni foam was
coated onto the MGCE, the semi-circular domain became enlarged due
to the slightly weaker electrical conductivity of Fe3O4-Mn3(PO4)2 NPs,
which was also proved that the 3D biosensor was built successfully.
Fig. 4C inset shows the detailed changes in the Rct value. The equiva-
lent circuit of Nyquist diagrams for this biosensor we prepared was
displayed in the inset of Fig. 4C involving charge-transfer resistance
(Rct), Warburg impedance (Zw), solution resistance (Rs) and double
layer capacitance (Cd) (Table S1). From Table S1, the charge-transfer

resistances (Rct) of (a) bare MGCE; (b) Ni foam-MGCE and (c) Fe3O4-
Mn3(PO4)2@Ni foam-MGCE were calculated to be 237.6 Ω, 242.3 Ω
and 542.0 Ω, respectively, which were consistent with the result of the
Nyquist diagrams. The influence of scan rate on the electrochemical
behavior of the 3D biosensor was monitored by CV. The peak currents
(Ip) of the 3D biosensor were proportional to the scan rate as shown in
Fig. S4, the results suggested the electrochemical reaction of as-pre-
pared biosensor was a diffusion-controlled process.

3.4. Selectivity, sensitivity, stability, reusability and threshold of biosensor

The amperometric response of the 3D biosensor was characterized
by injection continuously of O2

•− (Fig. 5A). Fe3O4-Mn3(PO4)2@Ni-
MGCE had a broad linear response over the range from 0.04 to 2.44 μM
with the correlation coefficient of 0.9972, which had wider linear range
than those of some other modified electrodes and methods (Table S2).
As shown in Fig. 5A, there was a similar linear relationship between the
response current and O2

•− concentration. It can be expressed as i (μA)
= 0.03699–0.22814 C (μM) over the corresponding range with a de-
tection limit of 0.0170 μM (S/N = 3). The detection limit was lower
than those of some other modified electrodes (Table S3, ESI). As de-
monstrated in Fig. 5B, all interfering species tested, including 1.0 μM
O2

•−, 5.0 μM Cys, 5.0 μM DA, 10 μM H2O2, 10 μM UA and 5.0 μM 18-
crown-6, negligibly interfered with the 3D biosensor in response to
1 μM O2

•−, which was confirmed by statistical data (Fig. 5C). The sta-
bility of the 3D biosensor was monitored after fifteen days by being
stored at room temperature, the current response (Fig. S5, ESI) was
indicated no apparent change, whose stability better than those enzyme
biosensors [53–55]. This above results clearly indicated that the as-
prepared 3D biosensor was very accurate and reliable for evaluating the
concentration of O2

•− in complex samples. In order to investigate the
reusability of this biosensor, the results of cyclic voltammetry for 20
cycles were detected in Fig. S6, which showed an almost overlap
curves, indicating a good cycle reusability of this biosensor. The
breakthrough concentration of H2O2, as a main interference, influenced
the threshold of this system. The breakthrough concentration of H2O2

(threshold) was about 0.1 mM (Fig. S7, ESI). At this concentration of
H2O2, a strong increase in the current was observed. If the threshold
was exceeded which indicated the interfering substance hinder O2

•−

Fig. 3. SEM images of A549 cells cultured on (A) Ni
foam and (B) Fe3O4-Mn3(PO4)2@Ni foam;
Fluorescence microscope images of cells cultured on
(C) Ni foam and (D) Fe3O4-Mn3(PO4)2@Ni foam
(inset are partial magnification).
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detection in this system.

3.5. Cell monitoring

Detection in situ of released O2
•− from living cells grown on the

proposed 3D hybrid biosensor was performed in Fig. 5D. In contrast to
the samples in A549 cells suspension without PMA treatment (curve a),
the sensor in 0.5 × 105 cells mL−1 suspension showed a crucially in-
creased current response of 0.0033 μA at 484 mV (versus Hg/Hg2Cl2)
upon injection of 4 μg mL−1 PMA (curve b) [56], suggesting an

Fig. 4. (A) The construction of 3D biosensor
for O2

•− detection; (B) Cyclic voltammo-
grams (CVs) and (C) Electrochemical
Impedance Spectroscopy (EIS) of (a) bare
MGCE; (b) Ni foam-MGCE and (c) Fe3O4-
Mn3(PO4)2@Ni foam-MGCE.

Fig. 5. (A) Typical amperometric response
of Fe3O4-Mn3(PO4)2@Ni-MGCE with suc-
cessive addition of 10 μL, 0.03 μM O2

•− so-
lution. (inset shows corresponding calibra-
tion curves with O2

•− concentration); (B)
Interference test and (C) relative response of
Fe3O4-Mn3(PO4)2@Ni-MGCE; (D) Ampero
metric response of O2

•− release from the
A549 cells by addition of PMA (a) absence
and (b) presence of cells.
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considerable release of O2
•− provoked by the stimulant drug. The

0.1477 μM O2
•− was released from 0.5 × 105 cells mL−1, according to

the linear relationship in Fig. 5A. The calibration method for this bio-
sensor was followed by the spectrophotometry in Fig. S8. The con-
centration of O2

•− was determined by spectrophotometrically recording
the absorbance of ferricytochrome c at 550 nm, and the average con-
centration of O2

•− in 5 parallel experiments was 0.1459 μM. The
0.1477 μM O2

•− was recorded by electrochemical method, and the re-
lative error was 1.2%.

3.6. Accuracy and precision of biosensor

Real samples were analyzed by two detection methods which in-
cluded electrochemical method and spectrophotometry. There were no
significant difference between the above two methods, which indicated
a good accuracy was achieved. The precision of this biosensor we ob-
tained was evaluated by assaying current-time curve of Fe3O4-
Mn3(PO4)2@Ni foam-MGCE upon addition of O2

•− (0.12 μM) for three
replicate determinations in Fig. S9. According to the linear relationship
between the response current and O2

•− concentration (i (μA) =
0.03699–0.22814 C (μM)) in Fig. 5A, the response current was
0.09532 μA, 0.09613 μA, 0.09467 μA at the same concentration
(0.12 μM) of O2

•−, respectively. The R.S.D. was found to be 0.8%, in-
dicating acceptable reproducibility.

4. Conclusion

Inspired by the adhesion of mussels, Fe3O4-Mn3(PO4)2 synthesized
by surface self-assembly technology, were directly anchored on nickel
foam to fabricate 3D micro/nano-biointerfaces. Compared to these ex-
isting O2

•− detection methods, we designed and prepared a novel bio-
sensor with a micro/nano-biointerface of Fe3O4-Mn3(PO3)2@Ni foam,
which offered a 3D living environment for real cell, which exhibited
good matching with cancer cells and enhanced the topographical in-
teraction between cells and substrate, resulting in the improvement of
cell-capture capability that useful for further electron transfer effi-
ciency. Therefore, this work has potential to construct a novel sensing
platform about living cell-based biological assays.
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