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ABSTRACT: To conveniently obtain one-dimensional MnO2 nanowires
(NWs) with controlled structure and unique properties for electron transfer,
the genetically engineered M13 phages were used as templates for precise
nucleation and growth of MnO2 crystals in filamentous phage scaffolds, via
the spontaneous oxidation of Mn2+ in alkaline solution. It was found that the
morphology of NWs could be tailored by the surface charge of M13 mutants.
MnO2 crystals were uniformly distributed on the surface of negatively
charged tetraglutamate-fused phage (M13-E4), significantly different from
irregular MnO2 agglomeration on the weakly negatively charged wild-type
phage and positively charged tetraarginine-fused phage. The as-synthesized
M13-E4@MnO2 NWs could catalyze the electro-oxidation of H2O2 at neutral
pH. To demonstrate the superiority of the electrocatalytic activity in the
solution containing plenty of chloride ions at neutral pH, both glucose
oxidase and as-prepared MnO2 NWs were used for fabricating the glucose
biosensor. The proposed biosensor showed a wide linear range (5 μM to 2 mM glucose), a low limit of detection of 1.8 μM
glucose (S/N = 3), good interassay and intra-assay reproducibility and satisfactory storage stability. Due to the superiorities of
synthesis and electrochemical performance, the as-prepared MnO2 NWs are promising for applications in electrocatalysis,
electrochemical sensor, and supercapacitor.
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1. INTRODUCTION

As a kind of attractive transition metal oxide, manganese
dioxide (MnO2) with different morphologies has been widely
studied on the field of chemical catalysis,1 electrocatalysis,2

photocatalysis,3 and supercapacitor,4 due to its high catalytic
activity, environmental friendliness, and nontoxicity.2,5 Among
the different morphologies of MnO2, one-dimensional (1D)
nanostructured morphologies have attracted more and more
interests for electrochemical application (such as super-
capacitor, ion battery, and electrochemical sensor), due to the
controlled structure for electron transfer, quantum size effect,
and surface effect.6−10 So far, various MnO2 nanomaterials with
1D morphology such as nanowires (NWs),9,11,12 nanorods,13,14

nanoneedles,9 nanotubes,7,15,16 and nanofibers17 have been
prepared by conventional methods. For example, Cheng et al.
synthesized MnO2 nanowires, nanorods, and nanoneedles by
hydrothermal routes.9 Li et al. reported that MnO2 nanotubes
with large surface area were synthesized under hydrothermal
conditions by an interesting exfoliation and scrolling process.7

Xie et al. prepared MnO2 nanorods via heterogeneous catalytic
reactions at high temperature.18 Dongale et al. prepared the
MnO2 nanofiber films by electrodeposition method.17 How-

ever, these synthesis methods generally require complex
instrumentation, heating processes, harmful organic reagents,
and strong oxidants such as KMnO4 and (NH4)2S2O8, which
might further restrict their application. In addition, it is still
difficult to precisely design and control the morphology.
Furthermore, there are some disadvantages on MnO2-based
electrochemical sensor. On one hand, like most metal19 and
metal oxides,20−22 many MnO2 nanomaterials also exhibit the
electrocatalytic activity at the alkaline pH, such as MnO2

nanoparticles (NPs)23,24 and MnO2 NWs.11,25 On the other
hand, the response time and limit of detection still need to be
improved on many MnO2-based enzymatic biosensors.26 To
overcome these challenges, we intended to improve the 1D
MnO2 nanomaterials with controllable morphology and
electrocatalytic activity at the neutral pH by a facile and
green synthetic method.
Nature provides us an enormous library of natural

biomaterials with an astonishing variety of sophisticated
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nanostructures, which are hard to be obtained even by the
advanced synthesis technologies.27 As the requirements for
nanomaterials with controllable morphologies and improved
performances are becoming increasingly significant, researchers
have been exploring the potential of different biomaterials for
scaffolds to fabricate novel types of nanostructures.28 Also,
then, the biotemplate synthesis method emerged, where the
natural biomaterials such as DNA,29 protein,30 virus,31

bacteria,32 diatom,33 and leaf20 were used as templates of
biomineralization to nucleate and grow inorganic crystals in
limited space under mild conditions.27,34 The wild-type M13
phage is a kind of filamentous virus (about 6.5 nm in diameter
and about 880 nm in length),35 composed of about 2700 copies
of major coat proteins (pVIII) helically and closely wrapped
around a circular single-stranded DNA and 5 copies each of
minor coat proteins (pIII, pVI, pVII, and pIX) at both ends of
the phage.36,37 The functionality of coat proteins can be
realized by genetic engineering and has been used successfully
as templates for precisely positioned nucleation and growth of
nanocrystals.38 Mao et al. reported the engineered M13-based
scaffolds for the synthesis of CoPt and FePt nanowires
(NWs).39 Nam et al. used the engineered M13 templates to
synthesize and assemble Co3O4 NWs for lithium-ion battery
electrodes.36 Lee et al. equipped the viral major coat proteins
with peptides capable of nucleating amorphous iron phosphate
(FePO4) for fabricating lithium-ion battery cathodes.40 Nam et
al. reported the spontaneous reduction of silver ions into
nanostructures by M13 surface-displayed peptides.41 Lee et al.
developed a simple synthetic route of Au NWs by surfactant-
mediated biomineralization of a genetically engineered M13
phages with specific Au binding peptides, and found that Au
NWs were active for electrocatalytic oxidation of carbon
monoxide.42 In our previous work, virus-based nanocomposite
films were prepared by layer-by-layer assembly of cationic
genetically engineered M13 and anionic Au nanoparticles
(NPs) through the electrostatic interaction.43 However, noble
metals and transition metal oxides are not confined to the
above cases and new kinds of inorganic NWs based on the M13
templates still need to be developed for a variety of
applications.
Here, we report the genetically engineered M13 phages

acting as biotemplates for nucleation and growth of MnO2
crystals in filamentous phage scaffolds. The morphology of
NWs could be tailored by the surface charge of M13 mutants.
The MnO2 NWs were formed onto negatively charged
tetraglutamate-fused phage. The fabricated MnO2 NWs
exhibited the amperometric response for H2O2 at neutral pH.
To demonstrate the superiority of the electrocatalytic activity at
neutral pH, both glucose oxidase (GOx, EC No. 1.1.3.4) and
as-prepared MnO2 NWs were used for fabricating the glucose
biosensor.

2. MATERIALS AND METHODS
2.1. Chemicals and Materials. The oligonucleotides were

synthesized by BGI Tech (Shenzhen, China). FastDigest enzymes
(EcoRI and BamHI) were purchased from Thermo Scientific.
M13KO7 helper was purchased from New England BioLabs (Beijing,
China). Isopropyl β-D-thiogalactoside (IPTG), ampicilin, and
kanamycin were purchased from Takara Biotechnology Co., Ltd.
(Dalian, China). Polyethylene glycol (PEG) was purchased from
Solarbio (Beijing, China). Manganese acetate (MnAc2), hydrogen
peroxide (H2O2, 30%), and glucose were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). GOx was purchased
from Toyobo Co., Ltd. (Osaka, Japan). Nafion (perfluorinated ion-

exchange resin, 5 wt % solution in a mixture of lower aliphatic alcohols
and water) were purchased from Sigma-Aldrich (St. Louis, MO).
Tryptone and yeast extract were purchased from Oxoid (Basingtstoke,
U.K.). All other reagents were of analytical grade, and all aqueous
solutions were prepared with Milli-Q water (18.2 MΩ cm).

2.2. M13 Phage Engineering and Purification. To display
tetraglutamic acid (−EEEE) on the N-terminus of the pVIII protein
on M13 phage (producing so-called M13-E4), a small DNA duplex
encoding the amino acids was made using an oligonucleotide 5′-
CGCGGGATCCTCTCCTCCTCCTCCGAATTCCCGG-3′ (the
italic type represents the restriction sites) and the extension primer,
5′-CCGGGAATTCGGAGGAGGA-3′. The duplex was digested with
EcoRI and BamHI and ligated into PC89 phasmid, and confirmed by
DNA sequencing.41 For the tetraarginine-fused phage (M13-R4), the
above-mentioned experimental process was conducted except for using
an oligonucleotide 5′-CGCGGGATCCTCCCTCCTCCTCCT-
GAATTCCCGG-3′ and the extension primer CCGGGAATTCAG-
GAGGAGG.

After the transformation of competent cells, E. coli TG1 containing
the engineered PC89 phagemids were inoculating into 2 × YT broth
(16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl) with ampicilin
(50 μg/mL). After the shaking culture (200 rpm) at 37 °C overnight,
400 μL of culture was added into 40 mL of fresh 2 × YT broth. The
phagemids were rescued by superinfection of E. coli TG-1 with
M13KO7 helper phage (108 virions/mL), and peptide display was
induced by 1 mM IPTG with vigorous shaking (300 rpm) at 37 °C
overnight with kanamycin (25 μg/mL) selection.36

After the incubation for 20 min at 70 °C, the culture was
centrifuged for 15 min at 5000 rpm to remove the cell precipitates. A
0.15 volume of PEG/NaCl was added into the supernatants. After the
incubation for 1 h in an ice bath, the mixture was centrifuged for 5 min
at 12 000 rpm to remove the supernatants. After the resuspension by
phosphate buffered saline (PBS), the solution was centrifuged for 5
min at 12 000 rpm to remove the insoluble substances. The
concentration of phage was calculated using the following formula:
virions/mL = (A269 − A320) × 6 × 1016/number of bases per virion,
where A269 and A320 are denoted as the absorbance at 269 and 320 nm,
respectively.44

2.3. Synthesis of M13-E4@MnO2 NWs. Typically, 1 μL of M13-
E4 (1014 virions/mL) was added into 1 mL MnAc2 aqueous solution
(1 mM). After stirring for 1 h at room temperature, diluted NaOH
solution was added into the mixture solution to adjust the pH to 9−10,
and the color of the solution immediately changed to brown color.
After stirring for 6−8 h, the M13-E4@MnO2 NWs were filtered by
0.02 μm membrane to remove unreacted MnAc2 and NaOH. After
washing with water, the prepared NWs were dried and stored at 4
°C.45

2.4. Preparation of the Electrochemical Sensor. Before surface
modification, the glassy carbon electrode (GCE, 3 mm in diameter)
was polished with 0.05 μm alumina slurry, rinsed with water, and dried
in air. To prepare Nafion/MnO2 NWs/GCE sensor, 5 μL of 2 mg/
mLM13-E4@MnO2 NW (MnO2 NWs for short) aqueous suspension
was dropped onto the surface of the inverted electrode and dried in air.
Finally, 5 μL of Nafion solution (0.1 wt % in ethanol) was dropped
onto the electrode in order to entrap NWs. To fabricate Nafion/GOx/
MnO2 NWs/GCE sensor, 5 μL of 2 mg/mLMnO2 NWs aqueous
suspension, 5 μL of GOx solution (10 mg/mL), and 5 μL of Nafion
solution (0.1 wt % in ethanol) were dropped onto the surface of the
inverted electrode in sequence and dried in air. Before use, the
modified electrodes were washed with water to remove any loosely
combined modifiers.

2.5. Apparatus and Electrochemical Measurements. The
morphology of the as-prepared NWs was observed by the transmission
electron microscopy (TEM, HITACHI H-7650). The elementary
composition and valence state were analyzed by X-ray photoelectron
spectroscopy (XPS, Thermo Fisher ESCALAB 250Xi). The zeta
potential was measured by Zetasizer Nano ZSP (Malvern Instruments
Ltd., Worcestershire, U.K.). Electrochemical measurements were
performed on a CHI 660E electrochemical workstation (CH
Instruments, Chenhua, Shanghai, China). All electrochemical measure-
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ments were carried out at room temperature in a conventional three-
electrode system with a modified GCE as the working electrode, a
platinum wire as the counter electrode, and a saturated calomel
electrode (SCE) as the reference electrode. For chronoamperometry,
all measurements were performed at appropriate potential on
successive injection of analytes in stirring PBS solution, and the effect
of dilution on the final concentration had been taken into
consideration.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterizationof MnO2 NWs.

M13-E4@MnO2 NWs were obtained by adding NaOH into the
mixture solution containing M13-E4 and MnAc2 in air at room
temperature (Scheme 1). First, E4-tagged pVIII proteins of

M13-E4 provided carboxyl groups for specific affinity with
Mn2+. Second, after adding NaOH in transparent solution
containing M13 and Mn2+, brown hydrated manganese dioxide
MnO(OH)2 was formed on the surface of M13-E4 by oxidation
of Mn2+ in air (2Mn2+(aq) + 4OH−(aq) + O2(g) →
2MnO(OH)2(s)),

46 and then unstable MnO(OH)2 decayed
into stable black MnO2 (MnO(OH)2(s) → MnO2(s) +
H2O(l)).45 During the process, oxygen molecules were
necessary for oxidation of Mn2+ ion, because no MnO2 was
formed when the reaction solution was deoxidized by bubbling
nitrogen (data not shown). Hence, the reaction was conducted
under vigorous stirring for enough concentration of dissolved
O2. Moreover, the solution still stayed transparent without
NaOH (data not shown), indicating the importance of weak
alkaline pH. Third, MnO2 crystal increasingly deposited and
grew on the surface of M13-E4. Finally, the black precipitate
appeared with nanowire morphology after 8 h of stirring at
room temperature. The mineralized phages remained the
filamentous morphology with the length of about 1 ± 0.1 μm
and diameter of 20−30 nm, while the M13-E4 virion had a
length of about 0.9 μm and a diameter of about 6.5 nm (Figure
1). MnO2 crystals uniformly distributed at the phage scaffolds
to form nanosized walls (about 9 nm of thickness), leading to
the large specific surface area of MnO2 NWs. To confirm the
existence of MnO2, the XPS analysis of NWs was performed
(Figure 2). The Mn 2p spectrum (Figure 2B) showed that the
binding energy peaks of Mn 2p3/2 and Mn 2p1/2 are located at
642.2 and 653.9 eV, respectively, and the energy separation

(11.7 eV) between 2p3/2 and 2p1/2 was in agreement with
previous reports,47,48 implying the oxidation state of the Mn4+

and the formation of MnO2 on the M13-E4 virion. Therefore,
MnO2 NWs could be obtained under mild conditions by the
convenient template method with precise control of nanowire
morphology. In addition, the M13 bacteriophage is a kind of
high-production rate virus (200 mg/L culture)39 in favor of
large-scale production of MnO2 NWs.
To research the influence of surface charge of M13 on

biomineralization, we displayed different tetrapeptides on the
N-terminus of pVIII proteins of M13 by gene engineering,
which was used as a biotemplate to form MnO2. As shown in
Figure 3, a small amount of MnO2 agglomerates appeared on
the NWs from wild-type phage (M13-WT) and a large amount

Scheme 1. Schematic Diagram of Engineered M13-Mediated
Synthesis of MnO2 NWs (Not to Scale)

Figure 1. TEM images of negatively stained M13-E4 (A) and M13-
E4@MnO2 NWs (B and C). Part C shows the magnification of the
square-marked area of part B.
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of MnO2 agglomerates appeared on the NWs from
tetraarginine-fused phage (M13-R4). By contrast, MnO2

crystals were uniformly distributed on the surface of
tetraglutamate-fused phage (M13-E4) without irregular ag-
glomeration (Figure 1), implying the easier nucleation on the
M13-E4 phage surface. To explain the phenomena, the zeta
potentials of M13-E4, M13-WT, and M13-R4 in the stage of
incubation with Mn2+ for the synthesis systems of MnO2 were
detected to be −29.2, −17.9, and +1.42 mV, separately. First,
the isoelectric point (pI) of glutamate is 3.22. When pH of the
reaction solution was within 9−10, glutamate was negatively
charged. Glutamate can bind positively charged metal ions by
electrostatic interaction to facilitate the further mineralization in
the laboratory,36,40,41 and glutamate in specific proteins can

regulate the nucleation of biominerals in nature.36 So, M13-E4
was more negatively charged than M13-WT, resulting in the
greater affinity of M13-E4 for Mn2+ than M13-WT. Second,
considering that the pI of arginine is 10.76, when pH of the
reaction solution was within 9−10, M13-R4 was more
positively charged than M13-WT, which enabled it to repel
with the positively charged Mn2+. Due to the repellency for
Mn2+ and the reduced number of nucleation sites, MnO2

crystals were agglomerated far from the M13-R4 phage
surfaces, resulting in the smaller specific surface area. Therefore,
the M13-E4@MnO2 NWs were selected for subsequent
experiments.
On the other hand, the concentration of M13-E4 was critical

for controlling the nanowire morphology. As the concentration

Figure 2. XPS pattern of M13-E4@MnO2 NWs (A) and high-resolution XPS pattern of Mn 2p (B).

Figure 3. TEM images of phage-templated MnO2 with WT-M13 (A, B), with M13-R4 (C, D).
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of M13-E4 was decreased from 1012 to 1010 virions/mL in the
synthesis system, the amount of MnO2 crystals on each phage
was increased (Figure 4). For the synthesis system containing
1012 virions/mL of M13-E4, a small amount of MnO2 NPs
were discretely deposited on M13-E4 surfaces (Figure 4A),
because the M13-E4 in excessive concentration would give rise
to a decrease in the number of Mn2+ species binding with each
phage, accordingly. Thus, for the M13-E4 in moderate
concentration (1011 virions/mL), MnO2 crystals could
uniformly distribute on the M13-E4 surface to form MnO2

thin layers (Figure 4B). However, the M13-E4 in low
concentration (1010 virions/mL) led to the decreased amount
of nucleation sites and the cross-linking of MnO2 NWs (Figure
4C). Compared with the M13-templated MnO2 NWs, no
nanowire structure was formed without M13-E4 templates,
presumably leading to the smaller specific surface area (Figure
4D). The optimized products templated with M13-E4 (inset of
Figure 4B) have greater volume than nontemplated MnO2

(inset of Figure 4D) for the same weight, further indicating that
the M13-templated MnO2 NWs had larger specific surface area.
The MnO2 NWs formed from 1011 virions/mL of M13-E4
were uniform and used for the following fabrication of
biosensors.
3.2. Electrochemical Oxidation of H2O2 at the Nafion/

MnO2 NWs/GCE. To study the electrochemical behavior of the
M13-E4@MnO2 NWs, CVs of the Nafion/MnO2 NWs/GCE
in PBS solutions (pH 7.4) containing the various concen-
trations of H2O2 were first conducted and compared with both
Nafion/GCE and Nafion/template-free-MnO2/GCE (Figure
5). At Nafion/GCE, no obvious redox peak was observed even
in 0.5 mM H2O2, indicating electrochemical redox reaction

involved with H2O2 could not occur at bare GCE. Fortunately,
at Nafion/MnO2 NWs/GCE, the oxidation current around
+0.65 V increased significantly with the increase of H2O2

concentration, while the reduction current around +0.35 V
did not show obvious change, indicating high electrocatalytic
activity of M13-E4@MnO2 NWs for oxidation of H2O2. The
reactions corresponding to the oxidation current could
presumably be formulated as24 MnO2(s) + H2O2 → Mn-
(OH)2(s) + O2(g); Mn(OH)2(s) → MnO2(s) + 2e− +
2H+(aq). On the contrary, only a feeble response was observed
from 0 to 0.5 mM H2O2 at Nafion/template-free-MnO2/GCE,
indicating that the small size effect, the controlled 1D structure
for electron transfer, and large surface area of NWs could
remarkably improve the electrocatalytic performance of MnO2

crystals. Interestingly, the electrocatalytic activity of the M13-
E4@MnO2 NWs was discovered at neutral pH solution (PBS
buffer, pH 7.4) rather than the alkaline solution where MnO2

and other metal oxide nanomaterials generally exhibit their
electrocatalytic activity.20,21 For the development of electro-
analysis of H2O2, the diverse nanostructured metal oxides have
been widely applied in electrochemical sensors. Pan et al.
prepared a hierarchical hybrid film of MnO2 NPs23 and
graphene-bridged MnO2 NWs,11 respectively, for sensitive and
prompt amperometric responses to H2O2 in 0.1 M NaOH. Li et
al. reported that a MnO2/graphene oxide hybrid showed high
electrochemical activity for the nonenzymatic detection of
H2O2 in 0.1 M NaOH.24 In our previous report, the leaf-
templated Co3O4 nanostructure was synthesized for the
electrochemical sensing interface for nonenzymatic detection
of H2O2 in 0.1 M NaOH.20 However, many reported metal-
oxide-based H2O2 sensors need to work in an alkaline medium

Figure 4. TEM images of MnO2 mineralized in 1 mM MnAc2 with varying M13-E4 concentrations. M13-E4 concentrations: 1012 (A), 1011 (B), 1010

(C), and 0 virions/mL (D).
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rather than at nearly neutral conditions,20−24 which would
hinder their practical applications. The interesting electro-
catalytic property of the as-prepared MnO2 NWs at neutral pH
was similar to MnO2-modified vertically aligned multiwalled
carbon nanotubes49 and MnO2 nanorods,50 which would
facilitate their application at neutral condition.
3.3. Electrochemical Detection of Glucose Using

Nafion/GOx/MnO2 NWs/GCE Biosensor. Considering that
the M13-E4@MnO2 NWs exhibited the electrocatalytic activity
at neutral pH where GOx had optimal activity, the glucose
biosensor was fabricated by dropping GOx onto the M13-E4@
MnO2-modified electrode. In the presence of oxygen molecules,
GOx can catalyze the oxidation of glucose to result in the
formation of gluconolactone and H2O2. By the detection of
H2O2, the indirect detection of glucose could be realized. To
comfirm the current response for glucose at Nafion/GOx/
MnO2 NWs/GCE biosensor, CVs were detected in PBS
solutions (pH 7.4) containing the various concentrations of
glucose. As shown in Figure 6, at Nafion/GOx/MnO2 NWs/
GCE, the oxidation current around +0.65 V increased
significantly with the increase of glucose concentration, while
no obvious current response for glucose was observed at
Nafion/GOx/GCE, indicating the successful fabrication of the
glucose biosensor. In addition, we selected +0.65 V as the
applied potential of chronoamperometry for the detection of
glucose.
For the detection of glucose based the Nafion/GOx/MnO2

NWs/GCE biosensor, chronoamperometry was performed at
an applied potential of +0.65 V by the successive injection of

glucose (0−3 mM) into stirring PBS (pH 7.4). In the typical i−
t curve (Figure 7A), 95% of steady-state current was reached in
less than 5 s after successive injection of glucose, indicating the
as-prepared biosensor exhibited a rapid response to glucose.
The response time of 5 s in our case was shorter than those
values of the GOx/MnO2/field-effect transistor (140 s)26 and
GOx/Pt NPs/mesoporous carbon (15 s).51 The calibration
curve was plotted according to the current response (Figure

Figure 5. (A) CVs of Nafion/MnO2 NWs/GCE in PBS (pH 7.4)
containing 0 (a), 0.1 (b), 0.2 (c), 0.5 mM H2O2 (d). (B) CVs of
Nafion/GCE in PBS (pH 7.4) containing 0 (a) and 0.5 mM H2O2 (b),
and Nafion/template-free-MnO2/GCE in PBS (pH 7.4) containing 0
(c) and 0.5 mM H2O2 (d). Scan rate, 25 mV s−1.

Figure 6. CV curves obtained at Nafion/GOx/GCE in PBS (pH 7.4)
containing 0.2 mM glucose (a) and at Nafion/GOx/MnO2 NWs/GCE
sensor in PBS (pH 7.4) containing 0 (b), 0.1 (c), 0.2 mM glucose (d).
Scan rate, 25 mV s−1.

Figure 7. (A) Typical i−t curve obtained at Nafion/GOx/MnO2
NWs/GCE sensor upon the successive injection of glucose in PBS
solution, where the concentrations denote the final glucose
concentration in the PBS after each injection of standard glucose
solution. Applied potential: +0.65 V. (B) The calibration graph of the
detection for glucose.
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7B). The linear regression equation is y = 0.0099x − 0.5292 (R2

= 0.9979) with the linear range 5−2000 μM, which was wider
than those values of GOx/MnO2/field-effect transistor (25−
1900 μM)26 and GOx-Au-polydopamine/Fe3O4NPs/GCE
(20−1875 μM).52 The LOD was further estimated to be 1.8
μM glucose (S/N = 3), which was lower than that for reported
enzymatic sensors based on ZnO/Cu nanocomposite (40
μM),53 TiO2 film (5.4 μM),54 and Fe3O4 NPs (6.5 μM).52 The
proposed method was performed at the neutral pH, so as to
avoid the alkaline condition where many transition metal oxides
generally have electrochemical activities. Moreover, the
detection was conducted in PBS containing 0.15 M NaCl,
indicating that the sensor would work reliably for the real
sample in the presence of chloride ions.
As the crucial parameters of a biosensor, the intra-assay and

interassay reproducibility was investigated. On one hand, two
different concentrations of glucose were detected for five
replicate detections. The relative standard deviation (RSD) was
4.3% and 3.6% for 0.5 and 1 mM of glucose, respectively,
indicating the good precision of the glucose biosensor. On the
other hand, 1 mM of glucose was detected for three
independent experiments by using different freshly prepared
electrodes. The RSD was 3.9%, indicating acceptable
reproducibility of the fabricated biosensor. In addition, no
obvious decrease in the voltammetric response of sensor was
observed after 3 days storage at 4 °C, and more than 90% of the
original signal response was retained after 15 days, which was
better or similar to that for reported biosensors, such as
graphene/Nafion/GOD film-modified GCE (80% retained
after 2 weeks)55 and TiO2/GOx/Nafion-modified GCE (94%
retained after 2 weeks),56 suggesting the long-term storage
stability of the sensor.
To confirm the reliability and practicability, the fabricated

sensor was used on the analysis of real samples. Prior to
measurements, the samples were accurately diluted with PBS
solution to fit into the linear range of calibration curve in Figure
7B. For each sample, three separate detections were conducted,
and the concentrations of glucose were calculated on the basis
of the work curve by multiplying the dilution ratios (Table 1).
The results based on our method were in good agreement with
the known results by general methods and the relative errors
were within 4.9%. The recoveries were researched by the
standard addition method and calculated to be 97−104%.
These results demonstrated excellent precision, accuracy, and
reliability of proposed method for the practical application.

4. CONCLUSIONS

In summary, the novel M13-templated MnO2 NWs (20−30 nm
in diameter and about 1 ± 0.1 μm in length) were synthesized
through a facile biomineralization strategy. The synthesis
mechanism was investigated, and the synthesis condition was
optimized for obtaining the desired morphology. We found that
as-prepared MnO2 NWs exhibited high electrocatalytic activity
at neutral pH. On the basis of the amperometric response for

H2O2, a glucose biosensor was developed at neutral condition
and showed a wide linear range (5 μM to 2 mM glucose), a low
limit of detection of 1.8 μM glucose (S/N = 3), good
reproducibility, and satisfactory storage stability. Due to the
superiorities of synthesis and electrochemical performance, the
phage-templated 1D NWs are promising to be applied in the
bioanalysis, environmental monitoring, and energy storage.
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