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A novel method of fabricating a free probe type nanoscale biosensor is first demonstrated. A free probe
type biosensor based on a single one-dimensional (1D) mesoporous ZnO/Chitosan inorganic-organic
hybrid nanostructure is constructed. The as-prepared biosensor exhibited excellent biosensing
performance and was stable in solution due to its inorganic-organic hybrid structure. The special
mesoporous nanostructure with protuberances favors enzymes loading and enhances electrical
communication efficiency. The feasibility of employing a single 1D nanostructure as a separate free
nanoprobe for biosensing is demonstrated. This kind of free probe type biosensor will not only provides
a new tool for micro-targets detection in microcell and enzymatic studies, but also has the potential to
be inserted into single cell or other microorganism for biological studies.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Miniaturization of devices and trace detection are important
pursued objectives of biosensors. Exploiting nanoscale biosensors,
especially the single 1D nanostructure based biosensors, may
allow innovative physiological and biological applications by
means of probing local cellular environments (Heller et al.,
2005; Vo-Dinh et al., 2006). Moreover, advances on nanoscale
biosensors may open the route toward electrochemical single-
biomolecular studies (Besteman et al., 2003; Obataya et al., 2005).
Nanomaterials have unique advantages in application of biosen-
sors, including high specific surface area for high enzyme loading,
desirable microenvironment for retaining enzymatic bioactivity,
nanoscale for ultra-miniature devices, and unique optical and
electrical properties (Xiao et al., 2003; Xu et al., 2006; Ahmad
et al,, 2010; Xie et al., 2012; Cohen-Karni et al., 2012; Heller et al,,
2009; Star et al., 2003; Fan et al., 2005; Yeh et al., 2009; Wei et al.,
2010). Micro-devices based on single 1D nanomaterials, such as Si
nanowire (Gao et al,, 2011; Stern et al., 2007; Tian et al., 2010;
Gao et al,, 2012) and C nanotube (Besteman et al., 2003; Heller
et al., 2009), have been fabricated and exhibited good detection
ability. Because of the need of probing local cellular environments
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and single-biomolecular studies, it is essential to exploit a single
1D nanostructure based free probe type biosensor. From previous
reports, the single nanomaterial based biosensors were widely
fabricated as field effect transistors (FETs). However, the single
nanostructure is limited to be used as a free probe for microbial
monomer in-vivo detection and other applications, due to the
connected electrode construction and more complicated and
precise fabricating technics are required. Here, a novel method
of fabricating a single 1D nanostructure based free probe type
nanoscale biosensor is demonstrated.

The hybridization of two materials could lead to an improve-
ment and/or a combination of intrinsic properties of each single-
component counterpart (Anyaogu et al., 2008; Hirai et al., 2000;
Qi et al., 2001). ZnO nanostructures are promising for biosensors,
due to their high-specific surface area, high electron communica-
tion features, non-toxicity, biocompatibility and high isoelectric
point (IEP~9.5) (Gu et al,, 2009; Yang et al., 2009; Yang et al.,
2010; Li et al., 2008). In particular, the high IEP of ZnO makes it
suitable for absorption of proteins with low IEPs by electrostatic
interactions with high binding stability (Topoglidis et al., 2005;
Usman et al., 2009; Wang et al., 2006), such as glucose oxidase
(GOx) (IEP~4.5), DNA. The additional benefit of ZnO nanostruc-
tures is an oxide semiconductor with good stability in air
environment, as compared to that of non-oxide semiconductors
(Kim et al., 2006). For many non-oxide semiconductor nanoma-
terials, the formed insulating native oxide layer may degrade
device reliability and sensitivity (Zhou et al., 2003). Various ZnO
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nanostructure based biosensors have been fabricated to detect
uric acid, glucose, protein, biological molecules and so on, and
good performances were achieved (Kim et al., 2006; Wang et al.,
2010; Llegbusi et al., 2010; Yang et al., 2009; Zhang et al., 2004).
Chitosan (CHIT) is a biodegradable natural biopolymer, which can
be mostly found in crustacean shells. It has been widely used for
immobilization of enzymes, due to its biodegradability, chemical
inertness, nontoxicity, biocompatibility, high mechanical
strength, good film-forming properties, and low cost. Here, the
inorganic-organic hybrid leads to a combination of large specific
surfaces, high electrical communication of mesoporous ZnO and
excellent film-forming, enzyme immobilization ability of
organic CHIT.

Immobilization of biomolecules in tailor-made nanometer
scale structures can significantly improve the performance of
biocatalysis processes. Mesoporous materials with well-
controlled pore structures can afford high loading and long-
term stability of biocatalysts, as well as low mass-transfer
resistance (Kyotani, 2000; Li and Jaroniec, 2001; Johnson et al.,
1999; Lee et al., 2005).

Herein, a novel free probe type nanoscale biosensor fabricated
by a single mesoporous ZnO/CHIT hybrid nanostructure is first
demonstrated. A separate single electrode construction different
from that of FET permits its use independently as a free probe.
The single mesoporous inorganic—-organic hybrid nanostructure
exhibited excellent biosensing performance and stability. The feature
of mesoporous structure with pores and protuberances for immobi-
lizing GOx enzymes was studied. It can not only afford high loading
and long-term stability of enzymes, but also high electrical commu-
nication efficiency. Furthermore, this biosensor has the potential to
be developed as a single nanoprobe for intra cellular detection and
will provide a powerful tool for biological studies.

2. Materials and methods
2.1. Chemicals and reagents

Glucose oxidase (100-250 U/mg) was purchased from Sigma.
Chitosan (deacetylation value >95%) was purchased from
Aladdin-reagent. Zinc acetate (Zn(CH3COO), - 2H,0), sodium dihy-
drogen phosphate (NaH,PO,4-2H,0), disodium hydrogen phos-
phate (NapHPO4 - 12H,0), acetic acid (CH3COOH) and anhydrous
ethanol (C;HsOH) were purchased from Shanghai Hushi-reagent
and all of them were analytically pure. Polyvinyl alcohol (poly-
merization 1750 +50) was purchased from Tianjin Shengao-
reagent.

2.2. Preparation of single mesoporous ZnO nanostructure
and electrode

A substrate electrode was prepared first, including a silicon
wafer with a 500 nm thermally grown oxide and a 100 nm gold
layer deposited by electron-beam evaporation. In a typical pro-
cedure, a polyvinyl alcohol (PVA) sol solution (7 wt%) was
prepared through water bath at 85 °C first, and then zinc acetate
(2.19 g) was added into 30 ml as-prepared PVA solution with
stirring and heating; during this time 2 ml alcohol was added
dropwise into the solution. The viscous precursor sol solution was
ready for electrospinning after aging. A single mesoporous ZnO
nanofiber prepared by electrospining and sequent annealing
process was placed on the substrate electrode. Then a part of
Au layer was encapsulated in polymethyl methacrylate (PMMA)
to avoid the leaky current. A schematic illustration of biosensor
construction is shown in Fig. 1a.

2.3. Immobilization of enzymes

The GOx enzymes were successfully immobilized in the
mesoporous ZnO nanofibers by electrostatic adsorption interac-
tion (Wei et al., 2006) and CHIT-assisted cross-linking technique
(Xu et al., 2006). Firstly, GOx enzymes solution (10.0 mg/ml) was
prepared by dissolving GOx in 0.01 M phosphate buffer saline
(PBS pH 7.4), and 0.5 wt% CHIT (molar weight ~1 x 10°, 75-85%
deacetylation) solution was prepared by dissolving CHIT in acetic
acid solution. Then, a single ZnO nanofiber was dipped in GOx
solution and left for 15 min. After dried in air, the CHIT solution
was further applied onto the electrode surface to prevent possible
enzyme leakage. Then the device was dried at 4 °C overnight
in a refrigerator, followed by washing step to remove the
unimmobilized GOx.

2.4. Apparatus and measurements

The morphology and size of as-synthesized samples were
characterized with SU-70 scanning electron microscopy (SEM).
All the electrochemical experiments were performed with a
WPG100e electrochemical workstation (Korea). All electrical mea-
surements were carried out in aqueous solutions (PBS pH=7.4) at
room temperature. The single ZnO/GOx/CHIT hybrid nanostructure
was used as a working electrode.

3. Results and discussion
3.1. Characterization of the biosensor

Fig. 1b and ¢ shows the SEM images of the ZnO nanofiber before
and after the immobilization of GOX, respectively. For the single
ZnO nanofiber before immobilization of GOx shown in Fig. 1b the
diameter is 250 nm and the surface is rough with lots of pores.
After immobilization of GOx, the surface morphology of nanofiber
changed by being modified with a layer of GOx and CHIT. As shown
in Fig. 1c, we can see that the pores were embedded and
diameter was about 50 nm larger after coating with an integrated
nanosheath. For a clear presentation of the immobilization process
of GOX, the detailed structure of mesoporous ZnO nanofiber in
different stages of the enzymes immobilization process is observed
from a higher resolution SEM image, as shown in Fig. 2. Before GOx
immobilization, the surface of mesoporous ZnO nanofiber is rough.
As is shown in Fig. 2a, a variety of protuberances and pores
with sizes from 4 to 50 nm are distributed in the nanofiber.
The mesoporous structures can afford high enzymes loading with-
out serious mass-transfer limitations and result in high catalytsis
efficiency (Lee et al., 2005). In addition, the special structure can
afford favorable environment for immobilization of GOx molecules,
which is just like the natural coral reefs being favorable for the
living of coral polyps. After electrostatic adsorption of GOx mole-
cules, the surface morphology of nanofiber is changed. As is shown
in Fig. 2b, the surface of mesoporous ZnO is distributed with GOx
molecules with diameters of 10-20 nm, which is in agreement
with the reported dimension of GOx molecules (Chi et al., 1994).
Uniform and orderly distribution of enzyme molecules signified an
electrostatic self-assembly process, rather than a messy stacked
process. Pores are embedded and protuberances are coated with
GOx molecules. For more stable immobilization and preventing the
leakage of GOx molecules, the organic permeable CHIT was applied
onto the surface of ZnO nanofiber. Due to its excellent film
formation, adhesion ability and biocompatibility, CHIT is favorable
for enzyme immobilization. The CHIT modified ZnO/GOx nano-
structure is shown in Fig. 2c; it is observed that the surface is
coated with a CHIT shell compared to Fig. 2b. Abundant works have
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Fig. 1. Construction of the biosensor. (a) Schematic picture of the single ZnO/CHIT nanostructure based biosensor. The inset shows the SEM images of a single ZnO
nanofiber grown on the SiO, layer and Au leads. (b) SEM image of the single ZnO nanofiber before immobilization of GOx. (c) SEM image of the same single ZnO nanofiber

after immobilization of GOx.

ZnO

ZnO/GOX/CHIT

Fig. 2. Redox enzymes GOx immobilization process. (a) High resolution SEM images of specific morphology and structure of the ZnO nanofiber with pores and
protuberances. (b) Specific morphology and structure of the ZnO nanofiber after loading with GOx molecules. (c) Final SEM images of the ZnO nanofiber after coating

with CHIT.

demonstrated that the CHIT modified ZnO biosensor exhibited high
stability in biological fluids of various pH (Solanki et al., 2008;
Wang et al, 2006; Narang, Pundir, 2011; Yang et al, 2012;
Liu et al,, 2008). Therefore, the CHIT shell here is important for the
stability of biosensor in solution. A schematic illustration of GOx
immobilization process is shown in Supplementary data (Fig. S1).

3.2. Application as a glucose biosening nanoprobe

Electrochemical behavior of the biosensor is described in
Supplementary data (Fig. S2). The single mesoporous ZnO/GOx/
CHIT hybrid nanostructure appears to be sensitive to glucose.
Fig. 3 shows the real-time measurements where the current of
biosensor in PBS has been recorded as a function of time. When
water was added to the liquid (red arrow), no significant change
in current was observed. When glucose was added to the liquid

(blue arrow), however, the current of biosensor increased by
about 80%. The response time is as short as 3 s, so fast response
can be observed in Fig. 3b as well. This indicates a good electro-
catalytic oxidative and fast electron exchange behavior of the
biosensor, due to the special surface structure for higher enzyme
loading and compatible microenvironment to help the enzyme to
retain its bioactivity. The corresponding calibration curve of
current versus glucose concentration is shown in Fig. 3c. It is
found that the current increases with the increasing glucose
concentration at a large linear slope from 0.2 to 12 mM (correc-
tion coefficient R=0.998). The stability of biosensor is shown in
Fig. 3d. As revealed in the inset illustration, the electrical signals
of biosensor in the solutions were quite stable for more than
60 min in our experiments. The long-term stability of enzyme
electrode was evaluated by measuring its performance every few
days. It can be seen that the biosensor retained around 85% of
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Fig. 3. Real time electronic response of biosensor to glucose. The current is measured as a function of time in PBS. The applied voltage is 500 mV. (a) Real time response of
the single ZnO/CHIT composite nanostructure with added water and glucose. After deionized water (red arrow) was added to the liquid, no current increase was found.
However, after glucose (blue arrow) was added, the current increased rapidly. (b) Real time response of the single ZnO/CHIT composite nanostructure with added 2 mM
glucose into the liquid step by step; stepwise current increase was seen. (c) Calibration curve of glucose concentration versus current; a large linear slope from 0.2 to
12 mM was observed. (d) Stability of biosensor by continuous measurement in minutes and regularly checking in days. (For interpretation of the references to color in this

figure, the reader is referred to the web version of this article.)

initial response after 40 days, indicating that the immobilized
GOx efficiently retained its bioactivity for a quite long time. These
results prove that mesoporous ZnO/CHIT hybrid nanostructure
used as a matrix provides a good environment for the enzyme
activity. The selective detection of glucose in real solutions (cell
lysate) is shown in Fig. S3. The addition of these potential
interferents (ascorbic acid and uric acid) did not substantially
change the signal. The results demonstrated that the biosensor
could be used for glucose detection in real solutions (the relative
standard deviation was less than 5%).

The working mechanism of biosensor is schematically illu-
strated in Fig. S4, as described in Wang (2008). On the basis of this
working mechanism, the potential possibility of applying a single
nanostructure for in-vivo measurements of microbial monomer is
schematically illustrated in Fig. S4c. Further experiments are
needed to unambiguously identify the feasibility of microbial
monomer research.

It is well known that the active center of flavin adenine
dinucleotide (FAD) of GOx is deeply buried in a protein shell,
which forms a barrier to efficient electrical communication
between the redox center of GOx and solid electrode surfaces
(Fig. S5a, b). Previous reports have demonstrated that nanostruc-
tures with the scale close to enzyme molecules were able to
penetrate the protein and got close to the redox center due to the
small size (Xiao et al., 2003; Guiseppi-Elie and Lei, 2002; Gooding
et al, 2003; Liu et al., 2005). An efficient pathway was thus

provided for electrons transferring from a redox enzyme to the
underlying electrode. In this study, the fast response of biosensor
is attributed to the enhanced electrical communication of special
structure with protuberances, as shown in Fig. S5c. Various
secondary protuberances with the scale several to a dozen
nanometers close to GOx molecules are observed. The small scale
makes them able to penetrate the protein shell and get close to
the redox center of FAD of GOx molecules by electrostatic
adsorption. Moreover, the vertical structure is helpful for to refold
GOx molecules. Therefore the protuberances in mesoporous ZnO
may help enhancing the electrical communication efficiency and
result in fast response.

4. Conclusions

In conclusion, we demonstrated a novel free probe type
nanoscale biosensor based on a single mesoporous ZnO/CHIT
hybrid nanostructure. The biosensor exhibited excellent biosen-
sing performance with high sensitivity and fast response.
The characteristic structure of mesoporous ZnO with pores and
protuberances was favorable for enzymes loading and enhancing
the electrical communication efficiency. The wrapped CHIT shell
played an important role in stable immobilization of enzymes and
stability of the biosensor. The free probe construction indicates
that the single ZnO/CHIT hybrid nanostructure has the potential
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to be further developed as a nanoprobe for trace detection in
microcell and microbial monomer in in-vivo research. This
fabricating strategy can be extended to other 1D nanomaterials.
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