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substrate that modifi ed with H 2 O 2  catalyst. The superhy-
drophobic substrate can be fabricated based on the coopera-
tive effect between micro-/nanocomposite surface structure 
and low surface energy materials. [ 1,2 ]  When such biosensor 
is immersed in analyte solution, air pockets will be trapped 
underneath because of the substrate's underwater superhy-
drophobicity. [ 14,15 ]  Figure  1 b is an enlarged view of the solid–
liquid–air three-phase assaying interface, where oxygen can dif-
fuse directly from air phase to the oxidase active sites. Because 
of the much higher diffusion coeffi cient of oxygen in air 
(2.0 × 10 −1  cm 2  s −1 ) than that in liquid (≈2.1 × 10 −5  cm 2  s −1 ), [ 26 ]  
oxygen level at the three-phase reaction zone can be several 
orders of magnitude higher. This allows free diffusion of ana-
lyte and ensures large amount of H 2 O 2  formation for accurate 
analyte levels determination.  

 Based on the model reasoned above, many types of STP-bio-
sensors can be fabricated, given the availability of a wide variety 
of oxidases, assaying approaches, H 2 O 2  catalysts and super-
hydrophobic substrates. In this study, to demonstrate the bio-
sensor model, we fabricated electrochemical STP-biosensor by 
immobilizing glucose oxidase (GO x ) on Pt catalysts modifi ed 
conducting superhydrophobic carbon fi ber mesh. The GOx cat-
alyzed reaction product of H 2 O 2  is electroxidized on Pt surface 
to give fast current response for glucose level determination. As 
shown in  Figure    2  a, carbon fi ber with a diameter of ≈10 µm 
forms net-structures. Pt catalysts with sizes ranging from 50 to 
300 nm were electrodeposited on the surface of the topmost 
layer of fi bers (Figure  2 b,c). Each of these Pt particles is com-
posed of nanofl akes with thickness of about 9 nm. Such micro/
nanoscale structure prevents water from wetting as shown in 
Figure  2 e (a nearly spherical water droplet suspended on the 
electrode substrate). Figure  2 f and Figure S1 (Supporting Infor-
mation) are environmental (E) SEM images of GO x /chitosan 
composite fi lm coated electrode substrate. The composite fi lm 
is very thin (~200 nm) and well-separated from the substrate by 
hierarchical Pt particles. Such electrode architecture facilitates 
free diffusion of oxygen and glucose from air and liquid phases 
to the assay interface, respectively.  

 The STP-biosensor was then used to detect glucose. Cyclic 
voltammograms (CVs) ( Figure    3  a) show that the electroxidation 
current increase steadily as expected with the increase of glu-
cose concentration up to the value 176 m M . From the calibra-
tion plot of current versus concentration shown in Figure  3 b, 
it can be seen that a linear detection range up to 156 m M  with 
a correlation coeffi cient of 0.999 is achieved. As illustrated in 
the inset in Figure  3 b (dark line), control experiment based 
on normal electrode (glassy carbon electrode) gives linear 
detection range up to only about 5 m M . In order to extend the 
dynamic range of normal biosensors that rely on the use of lim-
ited soluable oxygen, thick mass-transport-limiting membranes 

  In the past two decades, via mimicking the top morphologies 
of natural nonwetting surfaces, [ 1,2 ]  artifi cial substrates with a 
variety of super-wetting properties have been developed [ 3–10 ]  
for many potential applications. [ 11–14 ]  Very recently, substrates 
with underwater superaerophilic and superaerophobic prop-
erties were created. [ 13–15 ]  Superaerophobic substrate has low 
adhesive force to gas bubbles, and has shown great poten-
tial for the development of electrode where gas-born reaction 
takes place. [ 13,14 ]  In contrast, when a substrate with underwater 
superaerophilicity is immersed in aqueous solution, air pockets 
will be trapped and a solid–liquid–air three-phase interface will 
form. [ 14,15 ]  This offers us an opportunity to address the gas-def-
icit problem of many reaction systems. 

 The development of accurate bioassays, particularly enzyme-
based ones, is important for the diagnosis of worldwide dia-
betes and other medical problems. [ 16–25 ]  In comparison to arti-
fi cial electron mediators, oxygen is a natural and more effec-
tive electron mediator for oxidase. Analyte levels are commonly 
assayed via the measuring of oxygen consumption or H 2 O 2  
formation in oxidase-catalyzed bioreactions. [ 16–18 ]  However, 
conventional biosensors are based on electrode that has solid/
liquid two-phase interface, where oxygen is supplied through 
liquid phase with low diffusion coeffi cient, and low and fl uc-
tuant concentration. Hence, oxygen required at the enzymatic 
reaction zone is limited according to Fick’s law of diffusion, 
which makes the detection upper limit of linearity, sensitivity 
and accuracy restricted. Up to today, it is still a challenge to 
solve the oxygen-defi cit problem. 

 Here we describe a simple solution by developing an oxygen-
rich enzyme biosensor based on superhydrophobic electrode 
that has solid–liquid–air three-phase interface, where oxygen 
is suffi cient and constant. The schematic representation of the 
superhydrophobic three-phase (STP) biosensor is illustrated 
in  Figure    1  . Oxidase is immobilized on a superhydrophobic 
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are commonly used to reduce the infl ux of glucose and increase 
oxygen/glucose ratio at the liquid–solid assay interface. Conse-
quently, this results in a very small amount of H 2 O 2  produc-
tion and low sensitivity (~nA/mM). In marked contrast, since 
oxygen at the reaction zone of STP-biosensor is suffi cient, mass-
transport-limiting membranes are no longer required here. 
As shown in Figure  2 f, the oxidase/chitosan composite fi lm 
is only about 200 nm thin, which allows the free diffusion of 

glucose and the large amount of H 2 O 2  production. As a result, 
much higher detection sensitivity (36 µA mM -1 ) was achieved 
in current research. The high sensitivity in turn offers the 
STP-biosensor a good detection limit. As shown in Figure S2 
of the Supporting Information, reproducible amperometric 
response was recorded with increase of glucose from as low as 
50 n M  to 0.5 m M , indicating that the linear detection range of 
STP-biosensor can be from as low as nano-mol up to 156 m M . 
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 Figure 1.    Schematic representation of the STP-biosensor. a) A thin layer of oxidase/chitosan composite fi lm is immobilized on the superhydrophobic 
substrate that modifi ed with H 2 O 2  catalyst. When the electrode is immersed in analyte solution, air phase will be trapped underneath the solution. 
b) Enlarged view of the solid–liquid–air three-phase reaction zone where oxidase catalytic bioreaction takes place. Oxygen required at the oxidase active 
sites can diffuse directly from air phase with orders of magnitude higher diffusion coeffi cient than that from liquid phase. This makes oxidase kinetics 
no longer oxygen level limited, allows free infl ux of analyte, and ensures large amount of H 2 O 2  production for analyte level measurement.

 Figure 2.    Surface morphologies of STP-biosensor. a–c) FE-SEM images of Pt particles decorated conducting superhydrophobic carbon fi ber substrate 
at different magnifi cations. The diameter of carbon fi bers is about 10 µm and form net-structures. Pt particles with sizes range from 50 to 300 nm 
distribute homogeneously on the surface of the topmost layer of fi bers. d) A typical hierarchical Pt particle that composed of nanofl akes with thickness 
of about 9 nm. e) Profi le of a spherical water droplet suspended on the substrate. f) E-SEM image of the thin GO x /chitosan composite fi lm coated on 
electrode substrate. Such architecture facilitates free diffusion of oxygen and glucose to the three-phase bioassay interface.
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This confi rmed that the oxidase kinetics is no longer oxygen 
level limited, so that wide linear detection range and good sen-
sitivity were achieved simultaneously.  

 We further investigated the infl uence of oxygen level fl uc-
tuation in analyte solution on the detection accuracy of STP-
biosensor. Prior to the assay of glucose solution with 4 m M  
concentration, oxygen in the analyte solution was removed 
by purging with argon for 40 min. As shown in the inset of 
Figure  3 c, for normal biosensor, the current output is low and 
keeps increasing with time. This can be ascribed to the slow 
oxygen level increase caused by its diffusion from air under 
stirring condition, indicating that oxygen level fl uctuation has 
a strong impact on the detection accuracy of normal biosensor. 
It is worth to note that oxygen level variation also infl uence the 
detection accuracy of artifi cial mediator based biosensors, in 
particular, while measuring analyte at low concentration. This 
can be attributed to oxygen interference because of the much 
faster reaction rate of oxygen-oxidase in comparison to rate 
of most artifi cial mediator–oxidase reactions. [ 27,28 ]  which will 
show parasitic effect on sensor response. In marked contrast, 
the current output of STP-biosensor is about 160-fold higher 
and remains constant with time (Figure  3 c). These results con-
fi rmed that the oxygen involved in oxidase-catalytic bioreaction 
at the assay interface of STP-biosensor is supplied constantly 
and suffi ciently from air phase, so that the detection accuracy 
is insensitive to the oxygen level variation in analyte solution. 

 In addition to the wide linear detection range, good sensi-
tivity and accuracy, other important aspects of STP-biosensor 
were further characterized. Figure  3 d shows 120 times suc-
cessive measurement of 20 m M  glucose concentration using 
the same biosensor. A relative standard deviation of only 1.1% 
was observed for these measurements, indicating good repeat-
ability. Moreover, as shown in the inset of Figure  3 d, the bio-
sensor responds rapidly and the current reaches a steady state 
within 5 s each time. The fast response of STP-biosensor can 
be attributed to the barrier-free infl ux of glucose to the assay 
interface, which is unlike normal biosensor, where analyte 
mass-transport-limiting membrane has to be used because of 
the low oxygen level in solution. The long-term stability of STP-
biosensor was also studied by testing its response to 30 m M  
glucose for more than eight months. The results are shown in 
Figure S3 of the Supporting Information. The STP-biosensor 
retains its high activity over the course of 250 d with minor 
variation of less than 5%, caused primarily by slight environ-
mental and operational variation from one test to another. 

 In principle, the STP-biosensor demonstrated here is appli-
cable to other oxidase-based bioassays. We have measured 
sucrose, lactate and choline levels by using their corresponding 
oxidase-based STP-biosensors. Their linear detection ranges 
are all about an order of magnitude wider than those obtained 
on normal biosensors as shown in  Figure    4   and Figure S4 of 
the Supporting Information, suggesting that STP-biosensor 
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 Figure 3.    Performance of STP-biosensor for glucose detection. a) CVs corresponding to the electroxidation of glucose on STP-biosensor in the pres-
ence of glucose with various concentrations. b) Calibration plot derived from the CVs at +0.5 V versus Ag/AgCl. The linear detection upper limit is 
156 m M , about 30 times higher than that obtained on normal biosensor (~5 m M ) (inset in b). c) Amperometric response of STP-biosensor and normal 
biosensor (inset in c) to 4 m M  glucose upon the analyte solution switching from oxygen-defi cit to oxygen-fl uctuant conditions. The current output 
remains constant with time for STP-biosensor but keeps increasing for normal one. This confi rmed that oxygen level variation has no infl uence on the 
detection accuracy of STP-biosensor. d) Successive 120 measurements of 20 m M  glucose. The relative standard deviation is 1.1%. Inset in (d) shows 
typical chronoamperometric responses as a function of time. The current responds rapidly and reaches a steady state in 5 s each time. The relative 
responses (%) are calculated by normalizing the current to the initial current obtained at 5 s following the potential step.
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can be potentially used for measurement of a wide range of 
clinically important substrates. We have also applied STP-
biosensor to assay glucose in serum. Without dilution, linear 
detection up limit of ≈80 m M  was achieved, which has never 
been achieved before as shown in Figure S5 of the Supporting 
Information.  

 In conclusion, we have demonstrated a facile approach for 
achieving high performance enzyme biosensor based on super-
hydrophobic electrode that has solid–liquid–air three phases 
interface, where oxygen is suffi cient and constant. The oxygen-
rich biosensor simultaneously realized the requirements for 
bioassay including wide linear detection range, good sensitivity 
and accuracy. We have also demonstrated that such electrode 
is generally applicable to the fabrication of other STP-biosen-
sors, given the availability of a wide variety of oxidases, assaying 
approaches, superhydrophobic substrates and H 2 O 2  catalysts. 
The results indicate that the superhydrophobic surface offers 
a unique route to address the gas-defi cit problem of many reac-
tion systems.  

  Experimental Section 
 Based on the design model, many types of STP-biosensors can 
be prepared depending on the assaying targets and approaches. 
Consequently, a wide variety of oxidases (GO x , LO x , etc.), 
superhydrophobic substrates (conducting or nonconducting), and H 2 O 2  
catalysts (metal, artifi cial peroxidase, heme proteins, carbon nanotube, 
graphene, or fl uorescence probe) can be used. In this work we 
fabricated electrochemical STP-biosensor by immobilizing oxidases on 
Pt catalyst modifi ed conducting superhydrophobic carbon fi ber electrode 
subsdtate. Conducting carbon fi ber substrate is ≈100 µm thick and has 
fi ber diameter of ≈10 µm. Pt catalysts were potentiostatically deposited 
on one side of the substrate at −0.3 V versus Ag/AgCl for 100 s using 
a H 2 PtCl 6  solution (10 g L −1  HPtCl 6 :H 2 O:1  M  H 2 SO 4  = 13:12:25, v:v:v). 
Solutions of oxidase (1 wt% in PBS solution), chitosan (1 wt% in acetic 
acid), and glutaraldehyde (25 wt% in DI water) was mixed thoroughly 
with a volume ratio of 10:10:3. The missed solution was then drop cast 
onto the Pt decorated substrate and dried naturally. Normal biosensor 
based on glassy carbon electrode (3 mm o.d.) was prepared in a similar 
way. Oxidases used here are glucose oxidase (EC 1.1.3.4, 126000 U g −1 , 
obtained from Toyobo Co., Ltd.), lactate oxidase (EC 1.1.3.2, 40000 U g −1 , 
obtained from Sigma), invertase (EC 3.2.1.26, 300000 U g −1 , obtained 
from Sigma) and choline oxidase (EC 1.1.3.17, 10000 U g −1 , obtained 
from Sigma). Analytes of glucose, lactate, sucrose, and choline were all 
obtained from Sigma and used without purifi cation. 

 Surface morphologies of Pt catalyst modifi ed electrode substrates 
were characterized using FE-SEM (HITACHI-S4800, Japan). Surface 
morphologies of oxidase/chitosan composite fi lm coated electrode 
substrate were characterized using E-SEM (FEI Quanta 400 FEG, USA). 
Electrochemical experiments were performed with CHI-660e work station 
(CH Instruments, Inc). Ag/Ag/Cl and Pt wire were used, respectively, as 
reference electrode and counter electrode. A stirring rate of 300 rpm was 
maintained during all measurements. Chronoamperometric experiments 
were performed by measuring the current at 20 s following the 
potential step. Cyclic voltammetric and amperometric experiments were 
performed by applying a potential of +0.5 V versus Ag/AgCl, allowing 
a constant background current to be obtained, and adding the desired 
concentration of analytes. The current difference was recorded and used 
to plot the current–concentration curves.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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