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 A novel transformant-based glucose biosensor is proposed using glucose oxidase (GOD) 
as the molecular recognition material in order to solve the problem of deactivation of the 
enzyme with time.  In this paper, the feasibility of this approach for a glucose biosensor 
is demonstrated as a preliminary study.  A. niger is used as a source of the GOD gene.   
The yeast strain P. pastoris X-33 is used as the host for plasmid construction, cloning, 
and enzyme expression.  The yeast transformant-based glucose biosensor consists of 
a ring filter, disc housings, and a flat electrode (30 mm diameter, 8.5 mm thick).  A 
reaction chamber with an inner volume of 300 μl is constructed by sandwiching a ring 
filter made of porous sintered metal between two disc housings.  Both the GOD protein 
and its transformant are enclosed in the reaction chamber.  Our results indicated that 
(i) the GOD gene transformant, which is capable of not only secretory expression but 
also constitutive expression, was obtained, and (ii) deactivated GOD, with time, can be 
replaced with newly produced recombinant GOD from the GOD gene transformant.

1.	 Introduction

 Despite many technological advances in biosensor research and the development 
and introduction of many different products, glucose biosensors still account for 
approximately 85% of the current world market for biosensors, which has recently been 
established to be around $5 billion.(1)  The main application of the glucose biosensor is as 
blood glucose monitors for diabetics.  The most commonly used enzymes in the design 
of glucose biosensors contain redox groups that change in redox state during biochemical 
reaction.  Enzymes of this type are glucose oxidase (GOD) and glucose dehydrogenase 
(GDH).  GOD (oxygen 1-oxidoreductase, EC 1.1.3.4) catalyzes the oxidation of β-D-glucose 
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to D-glucono-δ-lactone and hydrogen peroxide using molecular oxygen as an electron 
acceptor.(2)

 Either subcutaneously implantable-type (needle or cannula-shaped configuration)(3–5) 

or totally implantable type(6–10) glucose biosensors have been investigated for continuous 
real-time measurement of blood glucose level.  Implantation of up to 50 days has already 
been attempted.(11)  However, conventional blood glucose monitors in commercial use 
have a disadvantage in that they cannot perform continuous measurements for a period 
of more than 3 days.(12)  A totally implantable enzyme-based glucose biosensor has the 
following problems: (i) deactivation of the enzyme with time, (ii) difficulty to prove 
the biosafety of the enzyme immobilising materials, and (iii) decrease in sensitivity 
owing to adhesion of proteins onto the surface of the electrode.(13,14)  As an approach to 
solving these problems, some biocompatible materials have been proposed for providing 
interfaces for biosensors by decreasing the number of adherent cells.(15)  Recently, a new 
concept for totally implantable-type biosensors has been proposed which focuses on 
inherent fluorescence from single-walled carbon nanotubes.(16)

 In order to solve deactivation of the enzyme with time, the authors propose a novel 
transformant-based glucose biosensor fabricated using GOD as the molecular recognition 
material, which is produced by a GOD gene transformant.  In this transformant-based 
glucose biosensor, both the GOD protein and GOD gene transformant are enclosed in a 
small reaction chamber with a volume of 300 μl.  The deactivated GOD, with time, can 
be replaced with a newly produced recombinant GOD from the GOD gene transformant.
 In order to make this totally implantable glucose biosensor feasible, a GOD gene 
transformant needs to be obtained so that continuous production of GOD is possible.  
The GOD gene from A. niger (A. niger) has been cloned from both cDNA and genomic 
libraries using oligonucleotide probes derived from the amino acid sequences of peptide 
fragments of the enzyme (1,818 bp).(17–20)  The GOD gene has also been isolated from 
Saccharomyces cerevisiae.(21–23)  Furthermore, the GOD gene linked to a secretory 
expression sequence has also been identified.(24)

 In this paper, we present a transformant cell incorporating the GOD gene (GOD gene 
transformant), which is capable of constitutive as well as secretory expression, using 
the yeast strain P. pastoris (P. pastoris) X-33.  Time-course changes in GOD activity 
are compared between recombinant GOD produced by the GOD gene transformant and 
commercially available GODs.  The detected current characteristics of the transformant-
based glucose biosensor that enclosed recombinant GOD are examined.  Finally, the 
feasibility of a totally implantable glucose biosensor is discussed on the basis of these 
results.

2.	 Materials	and	Methods

2.1 GOD gene transformant
2.1.1 Strain, plasmid and culture
 A. niger was used as a source of the GOD gene.  A. niger was obtained from the 
American Type Culture Collection (ATCC; strain No. 9029).  A. niger was grown 
in ATCC medium (No. 325; 2% malt extract, 2% peptone; Becton, Dickinson and 
Company, France) containing 2% glucose at 24°C.
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 The yeast strain P. pastoris X-33 (wild type; Invitrogen Corporation, CA, USA) 
was used as a host for plasmid construction, cloning, and enzyme expression.(25)  The 
cells are spheroidal to ovoidal, (2.0–4.0)×(2.2–5.8) μm2, and occur singly or in pairs.(26)  
P. pastoris X-33 was grown in YPD medium (1% yeast extract, 2% peptone; Becton, 
Dickinson and Company, France) containing 2% glucose at 30°C.  Plasmid pGAPZαC 
(3,152 bp, Invitrogen Corporation, CA, USA) was used as a cloning vector.  The 
pGAPZαC is a Pichia expression vector for constitutive expression and purification of 
recombinant proteins in P. pastoris.(27)  The vector has Zeocin resistance as a selectable 
marker of expression vectors.  Zeocin is an antibiotic that acts as a strong antibacterial 
and antitumor drug.(28)  In addition, the vector produces secretory expression as it codes 
for an α-factor secretion signal.

2.1.2 DNA manipulation, ligation, and transformation
 Aspergillus chromosomal DNA was isolated using a DNA extraction kit (No. 
314-02731; Nippon Gene Co., Ltd., Japan).(29)  A two-step polymerase chain reaction (PCR) 
was carried out using oligonucleotide primers as follows: First PCR: 5’-CCTTTCCTC
TCTCATTCCCTCA-3’ and 5’-AATGCCCTTGTTTGGTAGTAAT-3’.  Second PCR: 5’
-atccatcgatGAGCCAATGGCATTGAAGCCAGCCTCCT-3’ and 5’-attagcggccgcCTAC
ATGGAAGCATAATCTTCCAAGATAG-3’, where atccatcgatg is the Bsu15I restriction 
enzyme site and attagcggccgc is the NotI restriction enzyme site.
 Electrophoresis was carried out using λ-EcoI14I as a molecular weight marker 
according to Sambrock et al.(30)  The nucleotide sequence was analyzed using a sequencer 
(ABI Prism 3100 Genetic Analyzer, Applied Biosystems, CA, USA).  The identified 
GOD gene (1,818 bp) was ligated to the plasmid vector pGAZαC using a DNA ligation 
kit (Code: 6023, Takara Bio Inc., Japan).(31)

 The ligated DNA was used to transform P. pastoris X-33 to obtain a GOD gene 
transformant.  Yeast transformations were performed according to Neumann et al.(32,33) by 
electroporation (Gene Pulser II system, Bio-Rad Laboratories, CA, USA).  Transformants 
were grown in a selective medium (YPD medium containing 0.03% Zeocin) in order to 
acquire the GOD gene transformant.

2.1.3 GOD assay
 β-D-glucose was used as the substrate of GOD, and GOD activity was measured by 
an absorbance-based technique according to the following reactions;

GOD:
 β-D-glucose+O2+H2O→D-Glucono-δ-lactone+H2O2 (1)
peroxidase:
 2H2O2+4-aminoantipyrine+phenol→quinoneimine dye+4H2O (2)

The appearance of quinoneimine dye formed by coupling of 4-aminoantipyrine and 
phenol was determined at 500 nm using a spectrophotometer (OD500, Hitachi, Japan).  
The change in absorbance was analyzed at 37°C.  One unit activity (U) per volume of 
enzyme solution (ml) is defined as the activity that produces 1 μmol of β-D-glucose per 
minute.
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2.2 Transformant-based glucose biosensor
 A transformant-based glucose biosensor used for the analysis of glucose 
concentration consists of a ring filter, disc housings, and a flat electrode (Fig. 1; 30 
mm diameter, 8.5 mm thick).  A reaction chamber with an inner volume of 300 μl is 
constructed by sandwiching a ring filter made of porous sintered metal (stainless steel, 
outside diameter of 19 mm, pore size of 0.6 μm) between two disc housings (polycarbonate).  
A working electrode (WE, platinum, 2.54 mm2 area, 0.4 μm thick), a counter electrode (CE, 
platinum, 0.4 μm thick), and a pseudoreference electrode (RE, Ag/AgCl, 1.0 μm thick) 
are fabricated as a flat electrode (10×7×1 mm3, base plate: glass) concentrically on the 
same planar surface by sputtering.  The flat electrode is soaked in 100 mM NaCl solution, 
and a part of Ag of the pseudo-reference electrode is chlorinated to AgCl at + 100 μA for 
5 s using a galvanostat (No.1112, BAS Inc., Japan).  The flat electrode is enclosed in the 
reaction chamber with GOD to form the glucose biosensor.  We propose a concept that 
both the GOD protein and GOD gene transformant are enclosed in the reaction chamber.  
One of the disc housings has an inlet in order to enclose and trap the GOD protein and 
GOD gene transformant in the reaction chamber.  The ring filter not only enables the 
facile inflow of β-D-glucose (molecular weight: 180.16) to the reaction chamber, but 
also prevents runoff of the GOD gene transformant (cell size: (2.0–4.0)×(2.2–5.8) μm2).  
Thus, the GOD protein that has lost its activity over time owing to environmental factors 
such as temperature and pH can be replaced by this newly produced GOD using the GOD 
gene transformant.  Moreover, this transformant-based glucose biosensor is covered with 
a cellulose ester dialysis membrane when it is implanted (Spectra/Poa; molecular weight 
cut off from 12,000–14,000; Spectrum Medical Industries Inc., CA, USA).  The dialysis 
membrane has a mechanical strength of 1–3 kgf tension.

2.3 Time-course change in GOD activity
 Preparation of GOD gene transformant solution: the GOD gene transformant was 
grown in YPD agar medium containing 0.03% Zeocin for 3 days in the dark.  Then, 
10 ml of YPD liquid medium was inoculated with a single colony from the YPD agar 

Fig. 1. Transformant-based glucose biosensor fabricated using GOD gene recombinant.  
Schematic diagram: (a) External view of fabricated biosensor; (b) schematic diagram.

(b)(a)
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medium and incubated overnight with shaking (500 rpm) at 30ºC to produce a starter 
culture.  Next, 1 ml of culture solution was added to 150 ml of YPD liquid medium and 
cultured with shaking (500 rpm) for 1–3 days at 30°C in order to reach 1 U/ml.  In order 
to monitor the growth phase during incubation, the density of GOD gene transformant 
was measured at 660 nm using a spectrophotometer (OD660, Hitachi, Japan).
 GOD gene transformant solutions (1 U/ml) were incubated with shaking (500 rpm) 
and without shaking at 37°C for 2 weeks in order to evaluate the time-course changes in 
GOD activity produced by the GOD gene transformant (culture solution).  Commercially 
available GOD powders from A. niger (control 1, 231 U/mg, Amano Enzyme Inc., Japan; 
control 2,280 U/mg, Kikkoman Co., Japan) and a recombinant GOD, purified from a 
transformant (control 3), were purchased as the controls.  The GOD powders were added 
to phosphoric acid buffer solution (pH 7.0) to about 1.00 U/ml and incubated at 37°C (GOD 
solutions).  Since it was difficult to make the initial GOD activity values identical under 
all conditions, the GOD activity is shown as a relative value for each measured value 
calculated as the ratio to its initial value as a standard (relative GOD activity).

2.4 Detected current characteristics
 The detected current characteristics of the transformant-based glucose biosensor were 
evaluated in vitro.  In order to make possible to compare the current characteristics of 
the transformant-based glucose biosensor with other glucose sensors, a commonly used 
flow-injection system was used for this evaluation (Fig. 2).  A mixing coil was fabricated 
using a tube 200 cm in length, and it was attached in order to reduce the pulsation of the 
buffer solution caused by a rotary pump (U4-XV, Alitea AB, Sweden).  β-D-glucose 
(100 mg/dl, Wako Pure Chemical Industries, Ltd.) and GOD were mixed in phosphoric 
acid buffer solution (pH 7.0) as the sample solution (mixed sample solution).  When a 40 
μl sample solution is injected using a sample injector (Model 7125, Rheodyne LLC, CA, 
USA), it flows into the reaction chamber through the inlet.  A potentiostat (Model 832A, 
BAS Inc., Japan) and a personal computer (Sony Co., Japan) were used to measure the 
detected current.  When the potential of the WE is set at +0.6 V (versus the CE) using the 

Fig. 2. Flow injection system used for evaluating current characteristics of transformant-based 
glucose biosensor.
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potentiostat, the detected current is converted from analog to digital by the A/D converter 
(Sony Co., Japan) and is displayed and recorded by the personal computer.
 A mixed sample solution was prepared using 100 mg/dl β-D-glucose solution and 
commercially available GOD (control 1,231 U/mg).  The GOD activity of the mixed 
sample solution was adjusted to satisfy the condition that the net GOD activity in the 
reaction chamber (300 μl) corresponded to 1 U (= 3.33 U/ml, net GOD activity).  First, 
the detected current dependence on flow rate was measured between 0.39–1.19 ml/min.
 Next, the detected current dependence on the GOD activity was measured at 0.5, 
1, 2, and 3 U using the mixed sample solution (100 mg/dl β-D-glucose).  The increase 
in detected current from a base line is expressed as maximum detected current (ΔI).  
Then, a calibration curve was measured at 1 U and 0.79 ml/min using glucose solutions 
between 0–400 mg/dl.
 Finally, the relationship between the maximum detected current and GOD activity 
was measured in the range from 0 to 3 U (0 to 9.99 U/ml) using the mixed sample 
solution with recombinant GOD purified from the GOD gene transformant (100 mg/dl 
β-D-glucose, 0.79 ml/min flow rate).  Commercially available GOD (control 1) was used 
as a control.

3.	 Results

3.1 GOD gene transformant
 The GOD gene from A. niger migrates as a DNA fragment with an apparent size of 
1,489–1,882 bp on electrophoresis.  The single open reading frame agrees with the GOD 
peptide sequence of 605 amino acids in all positions in the DNA sequence analysis.
 The GOD gene transformant reaches the logarithmic growth phase following an 
incubation period of 12 to 20 h.  The GOD activities generated by the transformant at 48 
h (the stationary phase) and 240–600 h are 0.83 U/ml (OD660 = 21.8) and 1.62 U/ml (OD660  
= 24.2), respectively.

3.2 Time-course change in GOD activity
 The initial GOD activities are 1.12, 1.00, 1.21, and 1.21 U/ml for controls 1, 2, 3, 
and the culture solution (both without and with shaking), respectively.  The maximum 
difference between initial GOD activities was only 6%.  In controls 1, 2, and 3, the GOD 
activities decrease at 2 weeks, ranging between 32–52% of their initial values (Fig. 3).  
In contrast, the culture solution of the GOD gene transformant without shaking shows a 
small decrease in GOD activity, which is maintained at 84% for 2 weeks.  Furthermore, 
the GOD activity is increased to 115% when the GOD gene transformant is cultured with 
shaking.

3.3 Detected current characteristics
 In order to optimize the flow rate conditions within a range of 0.39–1.19 ml/min, the 
change in detected current is measured using the commercially available GOD (control 1).  
The maximum detected current (ΔI) increases in proportion to flow rate, with a maximum 
value of 472 nA at 0.79 ml/min (Fig. 4).  The maximum detected current decreases when 
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the flow rate reaches 1.19 ml/min.  The time from the injection to the maximum value (tm) 
at 0.39, 0.79, and 1.19 ml/min, are 138, 99, and 71 s, respectively.
 The maximum detected current increases in proportion to commercially available 
GOD activity (control 1), with a minimum value of 318 nA at 0.5 U and a maximum 
value of 1,322 nA at 3 U (Fig. 5(a)).  When the maximum detected currents are linearly 
extrapolated, the slope is 466.8 nA/U, the y-intercept is 56.5, and the R2 is 0.93 (n = 5, 
Fig. 5(b)).
 A calibration curve for the glucose biosensor fabricated using the commercially 
available GOD (control 1) is obtained with a slope of 4.42, a y-intercept of 23.84, a R2 of 
0.96, and relative standard deviations (RSDs) of 4.3–11.8% (n = 3, Fig. 6).  R2 and RSD 

Fig. 3. Time-course changes in relative GOD activities.  n: number of replicates performed for 
each point.
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indicate favorable results.
 The relationship between maximum detected current and GOD activity determined 
using the recombinant GOD for the transformant-based glucose biosensor is obtained 
with a slope of 237.9 nA/U, y-intercept of 70.0, and R2 of 0.53 (Fig. 7).  100 nA can be 
obtained at 0.42 U using the recombinant GOD.
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4.	 Discussion

 We proposed a novel transformant-based glucose biosensor in order to solve 
deactivation of the enzyme with time.
 The gene for A. niger GOD has been cloned in this study.  This conclusion is based 
on the following: first, the ligated DNA corresponded to a 1,489–1,882 bp fragment, as 
determined by electrophoresis, close to the size of GOD, 1,818 bp.  Second, the single 
open reading frame encoded a protein of 605 amino acids corresponding to the size 
predicted by others.(17)  Third, the clones were cultured and secreted a protein, which had 
the GOD activity of catalyzing β-D-glucose oxidation.  Thus, we successfully obtained 
the GOD gene transformant (yeast) that can produce not only secretory expression but 
also constitutive expression.
 In order to evaluate the effects of temperature on GOD activity when a glucose 
biosensor is implanted into the body, we incubated the GOD solution at 37°C, and 
found that GOD activity decreases to less than one half of the initial value by 2 weeks.  
Previously, Nakamura and Hayashi(34) evaluated GOD activity for only 16 h using 
purified GOD from A. niger.  Our decreased stability was not significantly different from 
their previously reported results, in which GOD activity decreased to approximately 10% 
its initial value at 16 h.  One explanation for this phenomenon can be that the enzyme 
concentration might not be optimal.  It is considered that addition of extra GOD alone 
cannot recover the lost GOD activity in a totally implantable glucose biosensor because 
deactivation of GOD is too much to maintain high measurement accuracy.  On the other 
hand, GOD activity increases to 115% in the case of culture solution with shaking.  It is 
considered that the multiplication rate of the GOD gene transformant might be increased 
because the dissolved oxygen concentration of culture solution increased with shaking.  
In the current study, the culture solution of the GOD gene transformant without shaking 

Fig. 7. Relationship between maximum detected current and GOD activity using recombinant 
GOD (100 mg/dl β-D-glucose, 0.79 ml/min flow rate, 40 μl sample volume).
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may be closest to the conditions of a glucose biosensor implanted into the body.  These 
results suggest a possibility, if the enzyme is initially enclosed in the supersaturation state 
of activity, that enclosing both the GOD protein and GOD gene transformant in a glucose 
biosensor may prevent the decreasing GOD activity over a long time.
 It is considered that when the flow rate is increased to 1.19 ml/min or higher, the 
reaction time is shortened, and as a result the maximum detected current becomes small.  
The main factor for determining the optimum flow rate is the place where a real glucose 
biosensor is implanted in the human body.  Since a totally implantable glucose biosensor 
has not yet been developed for practical use, the exact response time optimal for precise 
measurements is not defined, but it can be estimated that approximately 1 min may be 
required.  Shibata and Kamiya determined that the capillary red cell velocity is 0.024 cm/s, 
the capillary density is 40,000 line/cm2, and diameter of the capillary vessel is 5 μm.(35)  
Therefore, the flow rate of capillary blood per 100 g muscle mass can be estimated as 
1 ml/min/100 g.  In order to improve the response of the glucose biosensor, the glucose 
sensor should be implanted into the muscle tissue where capillary vessels are densely 
distributed so that blood can easily flow into the glucose sensor.
 The detected current is dependent on GOD activity with 466.8 nA/U when using 
commercially available GOD.  Since the maximum detected current needed for a glucose 
biosensor in commercial use has been shown to be approximately 100 nA,(36) more than 
0.21 U/ml GOD is sufficient for a transformant-based glucose biosensor.  The in vitro 
evaluation demonstrated the possibility of a glucose biosensor, enabling the detection of 
concentrations of glucose of 0–400 mg/dl with a R2 of 0.96.
 The maximum detected current is also dependent on GOD activity with 237.9 nA/U even 
when the recombinant GOD is used.  The maximum detected current of the recombinant 
GOD in this study is almost half of that of the native (commercial available) protein 
(control 1).  It is speculated that this decrease in GOD activity and decrease in R2 of 
the recombinant GOD may be caused by other proteins produced by the GOD gene 
transformant.  Thus, it is suggested that more than 0.42 U of GOD will be sufficient for 
enclosing in the transformant-based glucose biosensor.

5.	 Conclusion

 Our results indicated that (i) the GOD gene transformant, which is capable of not only 
secretory expression but also constitutive expression, was obtained, and (ii) deactivated 
GOD, with time, can be replaced with a newly produced recombinant GOD from the 
GOD gene transformant.  If the GOD gene transformant is enclosed in the reaction 
chamber, immobilization of the enzyme is not required, suggesting that it is possible to 
develop a totally implantable glucose biosensor for practical use with high applicability 
to organisms.
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