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The fluorescent marker of rhodamine B amine is successfully used to evaluate the immobilization
capability onto silicon-based patterns fabricated by semiconductor manufacturing. Only the silicon
dioxide surface, by means of fluorescent observation, can immobilize the rhodamine molecule by the
sequential linkage of (3-aminopropyl)triethoxysilane (APTES) and glutaraldehyde. The phenol
sulfotransferase enzyme is also successfully immobilized onto the silicon dioxide surface by the
linking molecules of APTES and sulfosuccinimidyl 4-(N-maleimidomethyl)-cyclohezane-1carboxylate in the home-made apparatus. The enzyme activity of the sulfotransferase is determined
from the absorbance of 4-nitrophenol at 400 nm wavelength. The surface immobilized enzyme remains
its activity for catalytic reaction at least 120-min duration. The surface saturation effect on the activity
of immobilized enzyme is explained and ascribed to the surface diffusion effect of electric double
layers. We can success control the surface immobilized enzyme by electric potential stress. The
activity of enzyme is reduced under negative potential, while is enhanced under positive potential. The
electric potential can induce the enzyme structure variation and modulate the enzyme activity due to
the electrostatic effect.

Keywords: rhodamine B amine; surface immobilization; sulfotransferase; surface diffusion model;
enzyme activity modulation.
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1. INTRODUCTION
The interdisciplinary study of biology, chemistry, and electronics becomes more and more
important than ever before. Combining the biotechnology and semiconductor technology, various
types of biochips or biosensors have now been developed to detect and monitor the specific binding of
biomolecules on the solid-state substrates [1]. The choice of suitable chip surface for the purpose of
biomolecular immobilization has gradually received attraction in recent years. For example, (3mercaptopropyl)trimethoxysilane linker first assembles onto the silicon dioxide film. Through the
assistant of gold nanoparticles, the deoxyribonucleic acid (DNA) molecule can be tethered [2]. DNA
molecule can also be assembled onto the platinum-silicide surface through the linkers of (3aminopropyl)trimethoxysilane,
N-cyclohexyl-N’-[2-(N-methylmorpholino)-ethyl]-carbodiimide-4toluene sulfonate and imidazole [3]. Genomics and proteomics research has elucidated many new
biomarkers that exhibit the potential to greatly improve the correctness of disease diagnosis [4-5].
Various enzymes immobilized onto different electrodes can be used to detect herbicide,
triglyceride or glucose [6-8]. Sulfotransferase is an important enzyme in a variety of organisms and
can specifically catalyze the transfer of the sulfuryl group (SO3). The reaction involves the transfer of
the donor of universal sulfuryl group (3’-phosphoadenosine 5’-phosphsulfate, PAPS) to the variety of
nucleophiles ranging from endobiotics (i.e., monoamines, phenyl compounds, hormones, proteins and
carbohydrate) to xenobiotics [9,10]. Hence, sulfonation catalyzed by sulfotransferase is an important
pathway in detoxification of a broad range of endobiotics and xenobotics. They have been implicated
in the activation and deactivation of hormones and carcinogens through the formation of sulfate
conjugates [11]. In the previous review [12], membrane-associated proteins have been used in several
influential biological processes, including viral entry of cells, leukocyte adhesion, and anticoagulation.
More generally, enzymatic transformations of cell-surface proteoglycans by sulfotransferases appear to
trigger vital molecular-recognition and signal-transduction events. Redox modification of Cys residues
provides a mechanism for protein regulation [13,14]. Proteins can be S-glutathionylated or Snitrosylated, especially for the environment of oxidative stress. Oxidative stress is involved in the
pathogenesis of various degenerative diseases including cancer [15].
The use of “state-of-the-art semiconductor technology” for sensor technology guarantees the
high fabrication reliability and yield. However, the assembly of biomolecules onto the popular films
used in semiconductor manufacturing is still challenged, especially for the enzyme/protein molecule.
Most literatures are focused on the glucose oxidase immobilization because the diabetes disease is a
major world health problem [4,16-17]. Our previous publication has used the size of nanoparticles to
modulate the lipase enzyme activity [18]. We also design the silicon nanobelt field effect transistor and
immobilize the antibody onto the surface in order to to determine the protein molecule of prostate
specific antigen [19]. In addition, the horseradish peroxidase enzyme is successfully immobilized onto
the surface of metal semiconductor metal chip for the determination of streptavidin molecule [20]. To
the best of our knowledge, the immobilization of sulfotransferase onto the silicon-based films from
semiconductor manufacturing and its modulation on activity from electric potential has not been
reported. The active enzymes on the silicon-based surfaces serve as the basis for the enzyme sensor.
The activity of such binding enzyme in the chip will affect from the boundary effect. Unlike the free
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form in the continuous phase, the morphology of binding enzyme will be changed due to pH,
temperature, ionic strength or electric field. As to the electrochemical effect from electric field, very
few literature mentions the morphology change to control the enzyme activity. Zhao and Yang mention
lysozyme and pepsin enzymes will loss activity once the dosage of pulsed electric field is higher than
the specific critical value [21]. Wu and coworker suggest various metal cations have different effects
on the activity for sulfotransferase [22].
In this study, we firstly evaluate the pattern surface often encountered in the semiconductor
technology to assemble the fluorescent rhodamine molecule. The suitable pattern material is adopted
for the selective immobilization of an important active enzyme, i.e. the phenol sulfotransferase. The
activity of the enzyme after surface immobilization is evaluated by the spectrophotometer at 400 nm
wavelength. A surface diffusion model is proposed to explain the activity for the surface immobilized
enzyme. Finally, we design an apparatus to control the electrochemical behavior and activity of
sulfotransferase enzyme.

2. EXPERIMENTAL
2.1 Pattern formation processes
P-type Si(100) wafers (14-21 -cm, MEMC, MO, USA) with 15 cm diameter were deposited
and etched to form the structure with silicon dioxide pattern on poly-Si film, and silicon nitride pattern
on poly-Si film, respectively. They were cut into 2 cm x 2 cm pieces to serve as test samples. To
prepare the silicon oxide pattern on poly-Si film, the poly-Si film was first deposited with silane gas
(SiH4) at 60 cm3/min and 620oC. Prior to photolithography, the silicon oxide film was grown by wet
oxidation with a gas mixture of hydrogen (8000 cm3/min) and oxygen (5000 cm3/min) at 978oC. The
mask with the pattern of interest was used to define the photoresist (TMER-iP3650, Tokyo Ohka
Kogyo, Tokyo, Japan) pattern. A 365-nm light emitted from high pressure mercury lamp (SUV2001CIL, USHIO, Tokyo, Japan) induced the photo-active reaction for the photoresist film. After the
dissolution of exposure area with 2.38% tetramethylammonium hydroxide, the plasma was used to
etch the silicon oxide film without passivation by photoresist pattern. The reactive-ion etch system
(TE5000, Tokyo Electron Limited, Tokyo, Japan) was operated at 500 W RF power under 0.2 Torr
high vacuum, and the gas mixture of 20 cm3/min of CF4, 20 cm3/min of CHF3, and 400 cm3/min Ar.
Finally, the residual photoresist was removed and cleaned by the mixing chemical of H 2SO4 and H2O2
(volume ratio = 3:1) at 120oC for 10min. The chemicals used were of higher grade from Merck
(Darmstadt, Germany).
Similar with the processes for the above sample of silicon oxide pattern on poly-Si film, the
silicon nitride film was deposited with a mixture of ammonium (130 cm3/min) and dichlorosilane (30
cm3/min) at 780oC. The silicon nitride film with photoresist pattern passivation was etched by the same
reactive-ion etch system. The instrument was operated at 250W RF power under 0.8 Torr high vacuum,
and the gas mixture of 50 cm3/min of CF4, 20 cm3/min of O2, and 1000 cm3/min Ar. After the surface
cleaning, the silicon nitride pattern on poly-Si film was achieved.
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2.2 Chemicals, apparatus and procedures for immobilization
Prior to immobilization, the pattern sample should be carefully cleaned for 30 min. The
temperature of the solution of H2SO4 and H2O2 (volume ratio is 3:1) must be maintained above 85oC to
possess the oxidative power. If the temperature was dropped, hydrogen peroxide was required to
replenish. It should be noted that the cleaning solution was very corrosive and dangerous; we must
handle it carefully. After pure water rinsing and drying, the pattern of interest was immersed in the (3aminopropyl)triethoxysilane (APTES) solution for 30 min in room temperature. The APTES (SigmaAldrich, MO, USA) solution was prepared by the following procedures: (1) mixing pure water with
acetone (volume ratio is 5:1), (2) adjusting the above solvent pH to 3.5 by 1 M HCl, and (3) preparing
the 5% APTES solution by diluting with above solvent. Then, the pattern sample was rinsed with pure
water thoroughly. The succeeding step was to bake the pattern sample at 120oC for 30 min. Then, the
sample was immersed in the linker solution (2.5 % glutaraldehyde, i.e. pentane-1,5-dial) for 30
minutes in room temperature. The 2.5% glutaraldehyde solution was diluted with phosphate buffered
saline solution (pH 7.4 PBS buffer, containing 120 mM NaCl, 2.7 mM KCl, and 10 mM phosphate
buffer, Sigma-Aldrich) from 25% glutaraldehyde (in water, Sigma-Aldrich). Then, the pattern sample
was rinsed with PBS. Finally, the pattern sample was immersed in the rhodamine B amine
(C28H31N3O3, Sigma-Aldrich) solution for 16 h at room temperature. The powder of rhodamine B
amine was first weighted and then dissolved in the dimethylformamide (DMF, Sigma-Aldrich). Then,
it was diluted by 0.1 M carbonate buffer (pH 9.6) to reach the concentration of 0.1 mM rhodamine B
amine solution. The rhodamine B amine is a light-sensitive molecule. Hence, the solution should be
prepared freshly and the vessel should be covered with aluminum foil. Prior to observing these pattern
samples by fluorescent microscope (BX51, OLYMPUS, PA, USA), all the samples were cleaned
sequentially by 0.1 M carbonate buffer, pure water, and drying.
The home-made apparatus in Fig. 1 was designed and used to evaluate the enzyme activity on
the sample surface of interest. The Teflon ring tightly contacted with the substrate and sealed with the
silicon resin glue. Prior to conducting the enzyme immobilization, we needed to test the reliability of
the home-made apparatus to avoid leakage problem. The clean and APTES immobilization methods
for enzyme immobilization were conducted in the home-made apparatus with the same procedures as
rhodamine mentioned above. We prepared the linker solution by dissolving sulfosuccinimidyl 4-(Nmaleimidomethyl)-cyclohezane-1-carboxylate (sulfo-SMCC, Sigma-Aldrich) into the 50 mM sodium
borate buffer (Sigma-Aldrich).
To immobilize the sulfo-SMCC, the 0.5 mM sulfo-SMCC solution was dipped into the
apparatus in Fig. 1 for 1 h at room temperature. Then, the enzyme solution (50 mg/L phenol
sulfotransferase, PST) was also put into the vessel for 1 h at 4oC. Finally, the enzyme-immobilized
sample was immersed by the 50 mM 2-mercaptoethanol solution (the solution was prepared in the 50
mM sodium phosphate buffer) for 30 min to block the maleimide group of unreactive sulfo-SMCC at
4oC. The sample was repeatedly immersed by fresh 50 mM sodium phosphate buffer for three times to
wash away the residual 2-mercaptoethanol solution. Observation of the activity of the enzyme was a
direct method to know whether the enzyme was successfully immobilized or not. The reaction solution
was prepared by adding the 1 mM 4-nitrophenyl sulfate, 50 μM 2-naphthol, and 2 μM 3’-
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phosphoadenosine
5’-phosphate
(PAP)
into
the
solvent
of
100
mM
1,3bis[tris(hydroxymethyl)methylamino]propane buffer at pH 7. Then, we added the above solution into
the home-made apparatus. At the reaction time of interest, the liquid was siphoned out from the homemade apparatus to an UV-Vis spectrophotometer (Hitachi UV-Vis-3300, Tokyo, Japan) for
characterization. We analyzed the absorbance of 4-nitrophenol (the catalytic product of 4-nitrophenyl
sulfate) at 400 nm wavelength to determine the activity of sulfotransferase.

Figure 1. Schematic diagram of the home-made apparatus for immobilization of sulfotransferase onto
the silicon oxide surface.

3. RESULTS AND DISCUSSION
3.1 Immobilization of fluorescent material onto various pattern substrates
Rhodamine and its derivatives are popular fluorescent materials for labeling all types of
biomolecules. The integration of the rhodamine derivatives onto the semiconductor-based pattern
structures is very important for developing the biosensors. In Fig. 2, the successful immobilization of
rhodamine B amine onto silicon oxide surface requires three mail steps. In first step, the ethoxysilane
group (CH3CH2O-Si) in APTES reacts with the surface silanol group (Si-OH) on silicon dioxide film.
The elimination of ethanol is to form the Si-O-Si link, leaving a primary amine group on the surface.
Glutaraldehyde in second step is subsequently used to react with the surface amine group, yielding an
imine linkage (C=N) with one end aldehyde group in glutaraldehyde. At last, the other end aldehyde
group reacts with the amine group in rhodamine. The elimination of water helps to immobilize the
fluorescent molecule
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Figure 2. The immobilization steps for rhodamine B amine onto silicon dioxide surface.

Two types of pattern structures (silicon dioxide on poly-Si, and silicon nitride on poly-Si) are
used to evaluate the immobilization capability for the rhodamine B amine. The successful
immobilization can be evaluated from the red fluorescent rhodamine molecule. The pattern sample in
Fig. 3a has finished the whole procedures mentioned in Fig. 2. We find only the red color emitted from
the silicon dioxide pattern, while no color in poly-Si region. This observation clearly suggests the
rhodamine molecule can only be immobilized in silicon dioxide pattern, but not in poly-Si. This result
is beneficial for future biosensor construction by means of semiconductor process. As to the same
pattern but skip the APTES and glutaraldehyde procedures in Fig. 2, no image contrast can be seen
from Fig. 3b. This observation suggests the rhodamine molecule has not yet assembled onto the sample
surface. The amine group of rhodamine molecule cannot react either with the silicon dioxide or the
poly-Si film.
The other structure of silicon nitride pattern on the poly-Si film is also studied. Figure 3c
demonstrates the sample with the entire processes in Fig. 2. Except for the contamination area, no
color can be seen from this figure. This result means the silicon nitride and poly-Si cannot immobilize
the rhodamine molecule. This finding is attributed to no surface active group appeared for silicon
nitride and poly-Si. Therefore, there has no reaction for the surface with the linker molecules (such as
APTES or glutaraldehyde). Together with the observation in Fig. 3a and 3b, only the silicon dioxide
film, pre-assembled linker, can immobilize rhodamine molecule.
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Figure 3. (a) The sample has previously assembled linkers of APTES and glutaraldehyde. The red
region of fluorescent image represents the rhodamine molecule has immobilized onto the
silicon dioxide surface, and the black region represents no rhodamine molecule has
immobilized onto the poly-Si surface. (b) The sample omits the linker processes of APTES and
glutaraldehyde. The rhodamine molecule can be immobilized onto the silicon dioxide and polySi surface without the aid of linkers. (c) The sample has previously tried to assemble linkers of
APTES and glutaraldehyde. The black color means the rhodamin molecule cannot immobilize
onto silicon nitride and poly-Si surface, irrespective of linking molecules.

3.2 Enzyme immobilization and its activity
It is obvious that the surface of silicon nitride and poly-Si have no active group for
immobilization. The bio-important enzyme, i.e. PST, is only assembled onto the silicon dioxide film.
The reaction having three main steps is illustrated in Fig. 4. The first step for APTES immobilization is
the same with Fig. 2. In second step, we substitute the linker from glutaraldehyde to sulfo-SMCC. The
sulfo-SMCC reacts with the terminal amine group in Fig. 4 to form the stable amide bond, and with the
release of sulfo-N-hydroxysuccinimide (sulfo-NHS) group. At third step, the sulfhydryl group of
enzyme (PST) reacts with the terminal maleimide group on the surface. One of the carbons adjacent to
the double bond undergoes nucleophilic attack by the thiolate anion to generate the addition product.
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Hence, the PST is successfully immobilized onto the surface of silicon dioxide film. Prior to testing the
activity of surface enzyme, the region without enzyme immobilization, but still has terminal maleimide
group, is deactivated by the 2-mercaptoethanol (step 4 in Fig. 4).

Figure 4. The immobilization steps for sulfotransferase onto silicon oxide surface.

The analysis of surface enzyme (PST) activity is very complex. Figure 5 illustrates the three
simultaneous chemical reactions appeared in the home-made apparatus. The sulfate group in the 4nitrophenyl sulfate is transferred into the PAP molecule under the catalysis by the PST enzyme,
yielding the products of 4-nitrophenol and 3’-phosphoadenosine 5’-phosphatesulfate (PAPS). The
molar ratio of PAP to 4-nitrophenyl sulfate is 500. As a result, the reaction by enzyme will terminate
soon. However, the coexisted 2-naphthol can be catalyzed to form the 2-naphthyl sulfate. This reaction
can recover the PAP from PAPS, and continue the sulfuryl group transformation between 4nitrophenyl sulphate and 4-nitrophenol. Once the enzyme is still active, the concentration of 4nitrophenol is gradually accumulation. Therefore, the absorbance at 400 nm wavelength also gradually
increases. This reaction design, together with the home-made apparatus, provides an easy
characterization way by using UV-Vis spectrophotometer to evaluate the enzyme activity after surface
immobilization.
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Figure 5. The couple reactions in the home-made apparatus are catalyzed by phenol sulfotransferase.

The immobilization of enzyme onto the substrate surface can promote the controllability for the
future enzyme sensor. However, the immobilization confines the enzyme geometry and the enzyme
may be denatured reversibly or irreversibly after a couple of times. To elucidate the activity of the
surface immobilized enzyme, we need to compare the activity of enzyme either from the surface phase
or in the solution phase. There exist various degrees of freedom for the enzyme on the surface or in the
solution. Figure 6 shows the PST activity under two different experiments. The control experiment is
conducted in the home-made apparatus, but the sample surface without immobilization. We add the
mixture solution of 1 mM 4-nitrophenyl sulfate, 50 μM 2-naphthol, and 2 μM PAP into the apparatus.
Then, 50 mg/L PST is spiked into the apparatus to induce the catalytic reaction. The absorbance of 4nitrophenol in the control sample gradually increases with the reaction time. No saturation effect is
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observed during the time period of 230 min. The trend of enzyme reaction meets the enzyme kinetics
in the solution. On the contrary, the surface immobilized enzyme exhibits a quite different tendency.
The behavior of surface immobilized enzyme exhibits the same behavior with the control sample for
the duration within 80 min, but gradually loss the activity hereafter.

Figure 6. The absorbance of 4-nitrophenol at various enzyme reaction times for the control sample
(sulfotransferase in solution) and the enzyme target sample (sulfotransferase immobilizes onto
the silicon oxide surface), n=3.

There arises a question- why the surface immobilized enzymes loss their activity than solution
dispersion enzyme after 80 min reaction? The surface diffusion model (in Fig. 7) based on the SternGouy-Chapman prediction [23-24] can be used to explain this finding for the enzyme immobilized
surface. The PST enzyme and its counter ions are located in the first layer. The second layer contains
both the positive and negative charged ions, and forms the formal charge gradient for these ions form
the interface (i.e. shear plane). The other ions are randomly dispersed in the bulk layer. For example,
the initial formal charge in the first layer is mainly from the molecules of 4-nitrophenol sulphate, PAP
and 2-naphthol. The total charge in the first layer should be kept constant, irrespective of reaction time.
Once the 2-naphthyl sulphate in the second layer or bulk layer diffuses into the first layer, the enzyme
will catalyze the reaction and produce the 4-nitrophenol. As previous mention in Fig. 5, the PAP also
diffuses near the surface enzyme, and reacts to produce PAPS. Similarly, 2-naphthol also needs to
diffuse into the first layer to recover the PAPS into PAP. After a couple of reaction times, the 2naphthyl sulphate and 4-nitrophenol increases to a relatively high concentration. The diffusion rate of
reactant from the second or bulk layer into the first layer will be restricted. Hence, the reaction rate
will decrease, and saturate finally. On the contrary, the behavior of enzyme in the control sample is
different with the case of surface immobilized enzyme. The boundary for the solution enzyme and the
reagents is not significant due to the homogeneous mixing in the solution type. Hence, the saturation
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effect during the time period of 230 min cannot be seen for the solution enzyme (control sample) in
Fig. 6.

Figure 7. The surface diffusion model for the catalytic reaction of sulfotransferase.

To prove the above viewpoint, we siphon the solution from the home-made apparatus at time of
interest to observe the absorbance of 4-nitrophenol in Fig. 8. With the help of surface immobilized
enzyme, the 4-nitrophenol concentration in Fig. 8 increases from 15 min duration to 30 min duration.
The solution is then drawn from the vessel after 30 min. Interestingly, the absorbance remains constant
at 45 min and 60 min due to the separation of solution with the surface immobilized enzyme. The
solution refills back into the home-made apparatus. The surface-immobilized enzyme again catalyzes
the reaction, and the absorbance of 4-nitrophenol is increases at 75 min and 90 min. The solution is
again drawn from the vessel after 90 min. Similarly, the absorbance is unchangeable at 105 min and
120 min. We put the solution again into the enzyme-immobilized vessel, and the absorbance is
increase. This observation confirms that the PST enzyme can be immobilized onto smooth surface, and
the enzyme activity can be efficiently controlled. This idea is beneficial for the future design of
advanced enzyme regulators. The bio-reaction can be conducted only at the enzyme-immobilized
silicon oxide region, while terminated at the enzyme-free silicon nitride or poly-Si region.
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Figure 8. The absorbance of 4-nitrophenol at various measurement times for the sample with
immobilization of sulfotransferase onto the silicon oxide surface, n=3. The marked area means
the solution is removed from the home-made apparatus. The other samples are catalyzed by the
sulfotransferase immobilized in the home-made apparatus.

3.3 Modulation of surface enzyme activity with electric potential stress
An electric enzyme regulator has been designed from Fig. 1, where the Pt is top electrode
covering the solution and gold is the backside electrode around substrate. The electric potential stress
is applied from both the electrodes to generate a controllable electric field. As anticipated, we use
electric potential/field to modulate the enzyme activity. PST is used as target enzyme and is covalently
immobilized onto patterned Si/SiO2 substrates as mentioned in Fig. 4. In a specific redox environment,
the PST activity can be altered under negative or positive voltage stress as shown in Figs. 9 and 10. In
Fig. 9, the enzyme is subjected to different negative potential stresses, i.e. control, -5 V, -10 V and -20
V. Interestingly, the stress for -10 V and -20 V suppresses the enzyme activity. This observation is
mainly attributed to the intrinsic bearing charge of the enzyme in relation to the microscopic structure.
As the reported isoelectric point (pI) for the enzyme is near 5.20-5.66 [22,25], the enzyme possesses
the negative charge because buffer pH is 7. Hence, the enzyme structure will move toward the
substrate due to negative stress. This observation explains why the enzyme activity is reduced under
negative potential condition. In contrast, the enzyme structure will elongate under positive potential
condition. As illustrated in Fig. 10, the enzyme bear negative charge will move against the surface.
This structure is beneficial for the enzyme to catalyze the reagent in the apparatus, which means the
enzyme activity will be enhanced under this condition. Figure 10 clearly supports that the enzyme
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activity is promoted under +5 V, +10 V and +20 V stress. This observation in Figs. 9 and 10
demonstrates the capability to regulate enzyme activity in an electric field environment.

Figure 9. The effect of negative electric potential stress on the absorbance of 4-nitrophenol under
various enzyme reaction times for sulfotransferase immobilizes onto the silicon oxide surface.

Figure 10. The effect of positive electric potential stress on the absorbance of 4-nitrophenol under
various enzyme reaction times for sulfotransferase immobilizes onto the silicon oxide surface.
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The enzyme under both negative stress and positive stress demonstrates the similar trend. All
the experiment runs suggest the catalytic activity of enzyme is increased from initial experiment to 120
min, and the reaction is approaching the saturation level. Different electrochemical stress exhibits
different saturation level, and this effect is mainly attributed to the binding structure of surface enzyme.
The reason to explain the saturation level is ascribed to the surface diffusion model mentioned earlier.

4. CONCLUSIONS
In this study, we have successfully immobilized rhodamine B amine and phenol
sulfotransferase onto the silicon dioxide pattern, while the silicon nitride and poly-Si surface cannot
immobilize the enzyme due to the lack of suitable functional group. The surface immobilized
sulfotransferase has the similar activity within the reaction period of 80 min. As to the reaction time of
catalytic reaction higher than 80 min, the product concentration in the home-made apparatus restricts
the enzyme activity. The surface enzyme can restore its activity once the reaction solution is
homogeneous mixing. The surface diffusion model is proposed to explain the catalytic reaction of
sulfotransferase immobilized onto the silicon dioxide surface. The electric potential stress can
successfully modulate the enzyme activity through the home-made apparatus. The modulation of
surface bound enzyme from either positive potential or negative potential stressing demonstrates
different trends.
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