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Improvement of Electrochemical Properties of Screen-printed

Carbon Paste Electrode by Oxygen Plasma

Student : Shih-Chang Wang Advisor : Dr. Chiun-Jye Yuan

Department of Biological Science and Technology
National Chiao Tung University

Abstract

Screen-printed carbon paste electrode (SPCE) is widely used in
electrochemical sensors in recent years. SPCE exhibits a great potential in
the generation of disposable sensing system because it is cost effective,
easily mass-produced and easily patterned. In this study, the modification
of SPCE by oxygen plasma was, thoroughly investigated.

Interestingly, the respofise ofloxidative current of hydrogen peroxide
was greatly improved at plasma-treated: SPCE. It had a good
reproducibility in duplicate test (CV=6.9%, n=75) and storage test (over 3
months). The glucose sensor fabricated on the plasma-treated SPCE has a
much lower detection limit for glucose than that fabricated on the
untreated SPCE. These results indicate that plasma-treated SPCE has the
potential for enhancing the sensitivity of oxidase-based electrochemical
sensor. The rate of electron transfer between the redox couple and the
electrode of SPCE is also greatly enhanced by the oxygen plasma
treatment, as demonstrated by the cyclic voltammograms of dopamine,
ferricyanide, and catechol. The electrochemical properties of SPCE is
improved by the reduction of the separation between oxidative and
reductive peak potentials, and approaching to the approximately unit of

peak currents for redox compounds. The improvement of the
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electrochemical properties of SPCE allows the detection of multiple
analytes, such as uric acid and ascorbic acid, on SPCE at the same time.
Microscopic images of SPCE under the reflective microscope reveal that
the surface of SPCE is flattened by oxygen plasma, suggesting the
removal of substances from the surface of SPCE. The microscopic
images under the scanning electronic microscope further demonstrate that
pasting binder, an adhesive material to glue graphite particles to each
other and to the surface of solid substrate, i1s removed. The removal of the
pasting binder on the surface of electrode exposes graphite particles and

their edge-plane, which facilitates the rate of electron transfer.
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Introduction

1-1. Electrochemical biosensor

Electrochemical biosensors are based on the measurement of the
electrochemical species involved in a biological or chemical reaction. It
is commonly used in monitoring pollutants, food additives and clinical
diagnosis [1]. Based on the electrochemical property, the detective
systems can be divided into conductometric, potentiometric, and
amperometric biosensors [2]. Conductometric biosensors measure the
changes in conductance between a pair of electrodes in a bulk solution
[3]. Potentiometric biosensors imeasure the potential at the working
electrode, and detect the dccumulation of. charge created by selective
binding at the electrode surface [4]."Amperometric biosensors measure
the changes of the redox current-at the working electrode in the

biochemical reactions [5].

1-1-1. Amperometric biosensors

Two major electrochemical measurements can be performed in the
amperometric biosensors, amperometry and voltammetry. Amperometric
measurement records the current flow under a fixed applied potential.
Voltammeteric measurement records the change of current relative to a
functional potential.

The basic set up of the electrochemical biosensors is composed of an
electrochemical analyzer and a reaction cell consisting of two/three

electrodes immerse in a suitable electrolyte. For a careful measurement, a



three-electrode cell is usually adapted in the set up. The working and
conducting electrodes, at which the oxidation/reduction reaction occurs,
provide a conductive pathway for redox current. Metals, such as gold [6],
platinum [7], silver [8], copper [9], nickel [10] and etc, carbon (carbon
paste [11], glassy carbon [12] ) and transparent conductive oxide (ITO)
[13] are widely used as the working electrodes. Chemical inert
conducting materials, such as gold and platinum, are usually used as
counter electrode. The reference electrodes, including Ag/AgCl and
Hg/Hg,Cl,, provide a stable potential compared to the working electrode.
A supporting electrolyte is required to eliminate the electro-migration
effect, decrease the resistance of the solution and maintain the ionic

strength constant [14].

1-1-2. Screen-printed Carbon Paste-Electrode (SPCE)

Screen-printing is one of‘the. thick film techniques suited for mass
production in industry. This technique allows paste material to be printed
onto a substrate directly through a mask-net with a designed pattern.
Carbon paste, a mixture of carbon powder and liquid binder, was first
proposed in 1958 to be used in the preparation of a solid electrode, called
carbon paste electrode [15]. Liquid binder, such as mineral oil [16] and
silicone oil [17], is responsible for the adhering of carbon particles.
Screen-printed carbon paste electrodes (SPCE) exhibit a great potential in
the generation of disposable sensing system because it is cost effective,

easily mass-production and capable of generating various patterns [18].



1-2. Surface modification of SPCE

Although SPCE is broadly used in the production of electrochemical
biosensors, it suffers from low sensitivity, slow response time and high
applied potential for redox reactions. Several techniques, such as
metallization, activation, selective membrane coating and surface
modification, have been employed to improve the electrochemical
properties of SPCE to improve its sensitivity or selectivity of

electrochemical biosensors.

1-2-1. Metallized electrode
Detection of hydrogen peroxide (H,0,), produced in the enzyme
reaction, is a routine for an oxides-based clectrochemical biosensor. The

concentration of HO, can be measured by a directly electrochemical
oxidation. However, a high applied potential (= 0.6V versus Ag/AgCl

) is required to generate a significant electrochemical response. With this
high applied potential, many electrochemical active species, such as urate
and ascorbate, may also be oxidized and then influence the accuracy of
the measurement [19, 20]. Therefore, it is necessary to reduce the applied
potential to hydrogen peroxide to eliminate the effect of unwanted
electrochemical active species.

Metals, such as palladium, platinum, Ruthenium, Rubidium, gold,
copper and iridium had been demonstrated to reduce the over-potential of
hydrogen peroxide oxidation/reduction due to their excellent catalytic
effect [21-25]. The mechanism is illustrated below [26, 27].

The modification of electrode by palladium and platinum can



effective reduce the over-potential of hydrogen peroxide (< 0.2V versus
Ag/AgCl), which prevents urate and ascorbate in serum from
co-oxidation. The metallization of electrode can be done by
electrochemical deposition, sputtering or mixing the metal particles with
carbon paste [23-25]. Catalytic metal has great efficacy in enhancing the
sensitivity and selectivity of electrode.

M (OH), + H,0, 2 M + 2H,0 + O,

M + H,0 = M(OH), + 2¢ + 2H" (M=Pt or Pd) [26, 27]

1-2-1. Carbon nanotube (CNT)-modification

The carbon nanotube (CNT) was first discovered by lijima in
1991[28]. CNTs exhibits an unique combination of excellent mechanical,
electrical and electrochemical properties {29]. CNT is capable of
accelerating rate of electron transfer.due-to its porous structure on surface
and better wetting property. Moreover, €NT facilitate electron transfer by
acting as a nano electric connecter between the active site of enzyme and
electrode [30-32]. CNT-modified electrode have been shown to improve
the electrochemical response of many compounds, such as H,O,, NADH,
catechol, ascorbic acid, dopamine, epinephrine and nitric oxide [33-38].
However, whether CNT exhibits an electrocatalytic activity is
controversial. Compton and colleagues suggested that the eletrochemical
property of CNT is similar to that of graphite in electrochemical reactions

[39-41].

1-2-3. Redox Mediator

Redox mediators, such as hexacyanoferrate, Prussian blue,



methylene blue (PB), and quinine-hydroquinone, make redox reaction at
relative low potential [42-45]. These mediators can reduce the
over-potential by coupling redox reaction with analyst, and then it
measures the redox current from mediator in place of analyst at relative
low potential [46]. PB is one of the most commonly used mediators that
are widely used in the biosensors recently. The film of PB on the
electrode can be easily generated by electrochemical deposition in a
mixture of FeCl; and K,;Fe(CN)s [47]. It has been reported that
PB-mediated electrode can reduce the applied potential at around 0 V

versus Ag/AgCl [48].

E,pp= 0.0V Sensor
vs Ag/AeCl Interface Bulk solution

/— ‘,\l OH- 0, \ Substrate

>\> B,.a /E H,0, / Product
1
II\- .
'
PE modified Enzymatic
clectrode membrabe

1-2-4. Selective Membrane

The existence of highly electrochemical active agents may interfere
the measurement of normal biological analyte. On way to reduce the
interfering effect is to lower the working potential, while blocking the
access of interfering agents to the surface of electrode is another.
Modification of the surface of electrode with a selective membrane is
effective in reducing the interference of electrochemical active agents.

Uric acid and vitamin C are two commonly encountered interfering



agents in the serum. They become negative charged in neutral solution.
Nafion, a perflurosulfonated derivative of Teflon, is permeable to cations
but almost impermeable to anions. Several lines of evidence indicate that
electrodes modified with nafion can effectively eliminate the interference
of uric acid and ascorbic acid [49-51]. Modifications with

poly {pyrrole-co-[3-(pyrrol-1-yl)propanesulfonate]} and poly(2-picolinic

acid) exhibit the similar effect to the interference [52, 53].

1-2-5. Activated by pretreatment

Electrochemical pretreatment, e.q. anodization, has been shown to
enhance the electrochemical properties of SPCE. A short pre-anodization
treatment may improve the reversibility of redox reaction of the electrode
due to increase of the functionalities and roughness of the surface or
removal of surface contaminants {54 }.-Fhe effect of different cleaning
solutions in the pre-anodization of SPCE has been tested. Pretreatment of
SPCE using saturated Na,CO; at 1.2 V for 5 min proves to be an effective
condition to activate SPCE. The electrochemical pretreatment may
effectively remove the organic binders, mineral oil and/or other organic
substances from the surface of electrode [55]. Anodization is a simple

method to improve the performance of SPCE.

1-3. Plasma

Plasma is often described as the fourth state of matter; whereas other
three universally recognized states of matter are solid, liquid, and gas
states. For instance, adding energy to ice in the form of heat, the ice

becomes liquid water. The ice absorbs the heat energy subsequently in a



higher energy state as liquid. If continuing to heat the water, it will boil to
be gas. Gas is the highest energy state among theses three. If continuing
to add energy to the gas, under the right conditions, the plasma would
form.

Plasma is a partially ionized gas that is electromagnetically
controllable. Plasma consists of 1ons, electrons, free radicals, and other
neutral species. The electrons are the negative components of an atom
moving constantly in an orbit around the nucleus. In the gas state, a few
electrons in an atom may be free when exposed to an energy source
resulting in the formation of plasma. The escaping electrons gain speed
and collide into other atoms. With enough energy, the collision may free
electrons from these atoms and cause a chain reaction. A positive ion is
formed when an electron is-released from an atom or molecule, of which
the number of electrons is less than-that-of protons in the nucleus. It is
also possible that a free electron may allow atoms to separate from a
molecule without knocking off or adding any electrons to the atoms.
Atoms at this state are called free radicals, which contain one or more
unpaired electrons. Since ions and free radicals created in the plasma are
unstable and continuously reverting back to normal, neutral gas state via
reaction, recombination or emission of a proton. When they give off
energy in the form of light and heat, the species emits a photon. The
visible light is sometimes a characteristic of plasma. The ultraviolet
photons carry energy that breaks bonds. Therefore, plasma is composed
of many chemically reactive species, including electrons, positive ions,
negative ions, free radicals and photons. This makes plasma useful for the

surface modification of materials.
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1-3-1. Generaton of functional groups by plasma modification

Plasma modification can give the surface new properties by forming
some functional groups. This technique was broadly used in many studies,
such as biomolecule immobilization, tissue engineering and biomolecule
adsorption. Cross-link via covalent bond is.one of the popular techniques
to immobilize biomolecules,. Gold metal provides an excellent Au-S
covalent bond with biomolecules: However, for most of materials surface
modification is needed to obtain. specific functional groups, including
hydroxyl-, carbonyl-, carboxyl- and amino-based functional groups, to
allow a covalent bond to form between biomolecule and solid substrate.
Apparently, plasma modification by using various gases should be very
useful in the immobilization of biomolecules [56, 57].

Plasma can also improve the efficiency of tissue culturing by
modifying the surface of cultural vessels, such as membrane, Petri dish,
cultural plate and cultural flask. The cell adhesion and cell growth on the

surface of the cultural vessels can be markedly improved by the
modification of plasma[58-61]. The commercial polystyrene (PS) Petri

dish, cultural plate and cultural flask may gain alcohol-, acid- and



amino-based functional groups upon the plasma treatment.

1-3-2. Modification by film deposition

Plasma can be used to coat the surface of solid substrate with metal
thin layer or organic polymer. The process that coats the surface of a solid
substrate with a metal by physical ion-bombardment of plasma is called
the “sputtering”, which is commonly used in the semiconductor industry.
Gold film, which could be produced by sputtering, is also adapted by
many types of biosensor, such as QCM, electrochemical biosensors and
surface plasmon resonance (SPR) [62, 63].

Plasma polymerization is a dry process to deposit a polymer film on
a solid surface at a low temperature. A plasma-polymerized film (PPF) of
Dimethylaminomethylferrocene (DMAME), acting as a mediator, can be
coated on a electrode for the fabrication of glucose biosensor [64]. A
hexamethyldisiloxane layer can be generated by plasma polymerization
on the glass substrate for adhesion of platinum layer [65]. Amino groups
can be grafted on the surface of substrates by PPF of thylenediamine,
which allows glucose oxidase to be immobilized on the surface via

glutaraldehyde [66].

1-3-3. Modification of surface by plasma etching

Plasma has the ability to etch the surface of a substrate resulting in a
roughness surface by chemical reaction. In the field of environment
engineering, plasma can be used as a tool to decompose the organic
wastes and pollutant. For example, Liao and colleagues used oxygen

plasma to decompose (C,Hs),0 to CO, and H,O [67]. A silicon substrate

9



can be etched by the dry-etching process using the CF4 plasma and
generates SiF, gas. The surface area of a humidity sensor was increased
by the treatment of oxygen plasma due to the increase of surface
roughness [68]. The plasma generated from a mixture of Cl,, O, and CF,4
was used to increase the roughness of the silicon surface to improve the

adhesion of cells [69].

1-4. Purpose of experiment

Screen-printed carbon paste electrodes are widely used in the
electrochemical research and the fabrication of commercial biosensors.
However, the industrial application of SPCE is restricted due to its slow
rate of electron transfer and lowelectrocatalytic activity. Hence, the
improvement of electrochemical properties of SPCE is important. In this
study, the modification of SPCE by-exygen plasma was investigated. We
found that oxygen plasma can ‘greatly improve the electrochemical
properties of SPCE. Apparently, oxygen plasma is a useful tool to modify
the carbon paste electrode and provide a new concept in the future for

electrochemical research and the fabrication of biosensors.
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Material and Methodology

Reagent

Glucose oxidase (EC 1.1.3.4) was puchased from Fluka. L-ascorbic
acid, uric acid, potassium hexacyano-ferrate(Ill), glucose anhydrous and
catechol were from Sigma. Sodium dihydrogenphosphate, disodium
hydrogenphosphate and potasium dihydrogenphosphate were from Showa.
Sodium chloride was from Amresco. Potasium chloride was from ICN.
Potassium phosphate, dibasic was from Riedel-de Haén. Poly vinyl
alcohol functionalized with pyridinium methyl sulfate (PVA-SbQ) was
from Toyo Gosei Kogyo Co. Ltd., Japan. All solution was prepared by
de-ionized distilled water. Screen-printed carbon paste electrode (SPCE)
was from ApexBio (Hsinchu, K Taiwan). Palladium electrode was from

Roche.

Apparatus

All electrochemical experiments were performed using CHI 440
instrument (CH Instruments) connected to a personal computer.
Electrochemical measurement was performed using SPCE as working
electrode, Au as counter electrode and Ag/AgCl as reference electrode in
a beaker containing 10 mL buffer solution (Appendix 1). The solution in
the beaker was stirred at a fixed rate. DC Plasma instrument consists of
plasma chamber, plasma controller, pressure/heat sensor, flow controller,
and vacuum pump (Appendix 2). Micrographs with 50X magnification
were performed using Olympus BX51 microscope with DP12 digital

camera. Electronic Microscope (Hitachi S-2400) was performed in the
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College of Science of Nation Taiwan University.

Oxygen Plasma treatment

SPCEs were placed in the chamber of plasma reactor. The chamber
was evacuated at a pressure less than 50 mTorr. Then, pure oxygen (purity
> 99%) was injected into the chamber at the rate of 10 sccm (standard
cubic centimeter per minute). The air pressure in chamber was adjusted to
around 400 mTorr, before plasma generator was started. The plasma
treatment was performed at a power of 100, 200 or 300 W for the time
indicated in each experiment. When plasma treatment is done, the plasma
generator and air input are turned off sequentially, following returning the
pressure of chamber to atmespheric pressure. The modified electrodes

were kept in the dark and at room temperature before use.

Amperometric response of hydregen peroxide (H,0,)

Stock 1 M and 100 mM H,O, solutions were fresh prepared in each
experiment and kept on the ice before use. The electrolyte was with
stirring at a fixed rate. The experimental set up for electrochemical
reaction is a conventional three-electrode system with the working,
counter and reference electrodes of SPCE, gold and Ag/AgCl,
respectively. The working potential was set at 0.5 V versus Ag/AgCl.
Once the background current reached a steady state, the electrochemical
reaction was started by adding stock H,O, solution into a reaction
chamber containing 10 mL 1X phosphate buffer saline (PBS; 137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO, and 2 mM KH,PO,) buffer with a

constant stirring. The volume of H,O, added was kept below 0.1 % (v/v)

12



of that of electrolyte to avoid miscalculation of the concentration of H,O,.
The measurement was stop when the oxidative current reaches a steady
state. The response was estimated by subtracting the background current

from steady state oxidative current.

Glucose sensor

Glucose sensor strip was fabricated by immobilizing glucose oxidase
on the surface of SPCE via PVA-SbQ. The encapsulating of enzyme in
the photo-sensitive emulation PVA-SbQ has been demonstrated in several
reports [49, 70]. Enzyme solution was prepared by dissolving glucose
oxidase powder in de-ionized water with a ratio of 1:12 (w/w). Enzyme
solution was then mixed with PVA-SbQ.in the ratio of 1:1 (v/v). A
mixture of enzyme and PVA-SbQ (1.5 ull), was evenly spread on the
active area of the SPCE. The electrode-was placed on ice and under the

exposure of visible light for 2h:;After:2 h incubation, the electrode was

stored in 4°C refrigerator for overnight.

Stock solutions of 1 M, 100 mM and 10 mM glucose were fresh
prepared before the electrochemical experiments. The electrolyte was 1X
PBS and the working potential was set at 0.7 V versus Ag/AgCl. The
amperometric response to glucose was determined as described in

previous section.

Cyclic voltammetry of dopamine, catechol and ferrocynide
Working, counter, and reference electrodes used in this experiment

were SPCE, gold, and Ag/AgCl, respectively. The electrolyte was 1X

13



PBS, pH 7.4 (137 mM NaCl, 2.7 mM KCl, 10 mM Na,HPO, and 2 mM
KH,PO,). Before the measurement, SPCE was pretreated by CV 5 times
from 0 to 1 V in 1X PBS. The background CV response was performed in
1X PBS only.

Stock solution of 1 M H,0,, dopamine, catechol and ferricyanide(II1)
were fresh prepared to avoid oxidation in each experiment. The cyclic
voltammograms of 5 mM H,0,, 1 mM dopamine, 1 mM catechol and 1
mM ferricyanide(Ill) were performed within potentials of -0.4~0.9 V,
-0.3~0.5 V, -0.2~0.8 V and -0.4~0.6 V, respectively. The scanning rate of
CV was set at 0.1 V/s. The Epa, Epc, Ipa, and Ipc were calculated by the
software of CHI 440.

Uric acid (UA)/Ascorbic acid (AA) sensor

The cyclic voltammograms of UA-and-AA were carried out in 50
mM potassium phosphate buffer; pH 7. Stock solution of 100 mM AA
was fresh prepared in ddH,0. Due to the low solubility, 200 uM UA was
fresh prepared in 50 mM potassium sodium phosphate buffer, pH 7. The
CV was performed within potentials between -0.3 and 0.7 V with a
scanning rate of 0.05 V/s. The CV of various concentration UA (0, 25, 50,
75, 100, 150 and 200 uM) and AA (0, 25, 50, 75, 100, 150, 200, 300 uM)
were determined. The interference of various concentrations of AA (0, 25,
50, 75, 100, 150 and 200 uM) in the CV of 100 uM UA or various
concentrations of UA (0, 25, 50, 75, 100, 150 and 200 uM) in the CV of
100 uM A A was also investigated. The oxidative or reductive current was
calculated by subtracting the background current from the current at peak

potential. Background current can be directly determined. However, the

14



background current of UA under the influence of AA at modified SPCE
needs to be determined by curve fitting. The curve between peaks of UA
and AA was fitted (single exponential decay, three parameters) by Sigma
Plot software. The corresponding oxidative currents were calculated

herein.
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Result and Discussion

Surface treatment of SPCE by oxygen plasma

Carbon paste electrode use graphite powder mixed with various
organic binders. The organic binders are non-conducting, minimally
volatile, immiscible with aqueous solutions, and exhibit a high chemical
and electrochemical inertness. Therefore, the rate of electron transfer of
SPCE may be blocked by pasting binder [71]. However, other organic oil
and pollutants may also provide an interference to the electrochemical

properties of SPCE.

Effect of plasma power

Power is one of the parameters that determine the working efficiency
of plasma. To find out the optimal ‘condition to improve the
electrochemical properties of “SPCE. three different powers of oxygen
plasma (100 W, 200 W, 300 W) were used. The oxidative current of
hydrogen peroxide, which is a common reactive species in oxidase-base
electrochemical biosensors, on the SPCEs before and after plasma
treatment was measured. As shown in figure 1, SPCEs treated with
oxygen plasma exhibited 40~57-fold higher electrochemical responses to
1 mM H,0, than that of untreated SPCE. The oxidative current of
untreated SPCE to 1 mM H,0, i1s 4.4 nA; whereas it is about 176, 215
and 251 nA/1mM H,O, for the SPCEs treated with 100 W, 200 W and
300 W oxygen plasma, respectively. This result indicates that oxygen
plasma is useful in improving the electro-catalytic property of SPCE.

Next, the reproducibility of plasma-treated SPCE was studied by
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repetitively determining the electrochemical response of SPCE to 1 mM
H,0,; (Fig. 2). The reproducibility test shows that SPCE treated with 100
W oxygen plasma exhibits a stable reactivity toward ImM H,O, over 15
tests compared with those treated with 200 W and 300 W plasmas.
Though SPCEs treated with 200 W and 300 W plasma exhibited higher
electrochemical responses than that treated with 100 W plasma initially,
the oxidative current rapidly decrease to the level similar to that of SPCE
treated with 100 W plasma (Fig. 2).

Under the light microscope, we found that the surface of electrode
became flattened with plasma treatment (Fig. 3). This effect increases
with increasing the power for oxygen plasma. One possibility is that
graphite particles may come off the surface due to the decomposition of
pasting binder by plasmas Although plasma has been shown to make
defect on the graphite surface [72;-73]-it 1s hard to decompose the bulk
graphite particle entirely [74].‘Pasting binder is usually an organic oil to
stick carbon particles together. The bond strength of C-C and C-H in the
organic oil was weaker than the C=C bond in the graphite. Therefore,
pasting binder may be decomposed prior to graphite particles under the
condition used in this study. Graphite particles may come off due to the
over-etching of pasting binder by plasma of high power, e.g., 200~300 W.
This postulation was verified by the observation that the free graphite
particles came off the surface of electrodes modified with 200 W and 300
W plasma during the experiment. These results indicate that plasma

treatment can improve the electro-catalytic activity of SPCE to H,0,

Effect of plasma treating time
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Previous data have shown that 100 W oxygen plasma is suitable to
modify SPCE. Next, we want to know the effect of treating time of
plasma on the electrochemical responses of SPCE. We found that the
electrochemical response of SPCE to 1 mM H,0, changed from 4.1 nA to
95, 153, 344, 318 and 338 nA following the treatment of 100 W oxygen
plasma under 400 mTorr for 5 min, 10 min, 15 min, 20 min and 25 min,
respectively. It appears that the electrochemical response of SPCE to
H,0,; increased with the length of the time of plasma treatment (Fig. 4).
The electrochemical response of SPCE reached maximum after plasma
treatment for 15 min. The microscopic images reveal that various sizes of
aggregates appear on the surface of untreated SPCE (Fig. 5). As the
treating time of plasma increased, the hillock-like aggregates became
uniform and regular in size. A low level. destruction on the surface of
SPCE was also observed after 25 min-treatment with 100 W plasma. This
result was also observed on the surface of the SPCE treated with high
power of plasma, e.g., 200 W or 300 W. Accordingly, an optimal
condition for surface treatment of SPCE is proposed as 100 W oxygen

plasma under 400 mTorr for 15~20 min.

CV of plasma-treated SPCE

The CV of untreated and plasma-treated SPCEs was performed
within the potential range of -0.4 V~0.9 V with a scanning rate of 100
mV/s in the presence or absence of 5 mM H,0, (Fig. 6). The result shows
that the plasma-treated SPCE exhibits a significant enhancement in the
redox currents than that of untreated electrode. The plasma-treated SPCE

also exhibits a high basal level of cyclic voltammogram. High
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background current may be disadvantageous for biosensor because it may

reduce the sensitivity of signals.

Cyclic Voltammograms of redox couples on the plasma-treated SPCE
Cyclic voltammetry is the widely used technique for acquiring qualitative
information about electrochemical reactions[76]. It can be used for the
kinetic studies of electron transfer reaction. Electrochemical reactions
bascially follow the Nernst equation as following:
E = E° + RT/nF*In(O/R).
Where R is the gas constant (8.31 J mole” K™), T is the absolute
temperature (K), F is the faraday constant (9.65%10* C mol™), n is the
number of electrons transferred during the reaction, E is the observed
potential difference given in Volt, Ey is the standardized reodx potential
(referring to the hydrogen electrode),—-O ‘ts the concentration of the
reduced species, R is the concentration of the oxidized species.
M™4e- > M™D (Eq. 1)

In an electrochemical reaction, a reactant (M ™) may be converted to
product (M ™) under the applied voltage. During cyclic voltammetric
scanning, when the applied voltage changes from V1 to V2, the
equilibrium position of Eq. 1 shift from no conversion V1 to partially
conversion V2 of the reactant (M ™) at the electrode surface. The current
rises as the voltage is swept further from its initial value as the
equilibrium position is shifted further to the right hand side of the Eq. 1,
thus converting more reactant. The redox current reaches the peak, when

the flux of reactant to the electrode is not fast enough to satisfy that

required by the Nernst equation. If an electron transfer between the
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electrode and redox compound is slow, the equilibrium will not be
established rapidly. In cyclic voltammetry, when the rate of equilibrium
of conversion is slower than scan rate, it will cause the voltage applied
not result in the generation of the concentrations at the electrode surface
predicted by the Nernst equation. Hence, the maximum equilibrium
current will shift to the higher anodic/cathodic potential. This is called the
quasi-reversible reaction. The irreversible reaction occurs when electron
transfer of reduction or oxidation is blocked [76]. For a reversible
reaction of a redox couple at electrode, the separation between Epa
(oxidative peak potential) and Epc (reductive peak potential) is 57/n mV
(n is the mole of electrons transferred per mole of electroactive species).
The ratio of peak current (Ipa/lpc) is equal.to one. The separation of Epa
and Epc and the ratio of peak current reflects the kinetics of electron
transfer reaction at the electrode:

Oxygen plasma was ‘proved. tobe useful to improve the
electro-catalytic activity of SPCE to H,0O,. Other electrochemical
property, such as rate of electron transfer at the treated SPCE was
investigated. Three electrochemical active agents, including catechol,
dopamine and ferricyanide were used in this study. Catechol and
dopamine are important biological substances in human. Ferricyanide is a
mediator, which is commonly used in the fabrication of biosensors. The
CVs of these three substances on the untreated and plasma-treated
electrodes were shown in Fig. 7. The oxidative peak potential (E,,),
reductive peak potential (E,.), difference between E,, and E,. (AE,), peak
of oxidative current (I,,,), peak of reductive current (I,c) and the ratio of I,

to I, (e.g., I,/I,) of this study were shown in Table 1. The AE, of
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dopamine, catechol and ferricyanide were 0.331 V, 0.665 V and 0.440 V
in untreated SPCE, but 0.232 V, 0.233 V and 0.156 V in treated SPCE
with 100 W plasma for 20 min. The AE, was greatly reduced in modified
SPCE compared to unmodified SPCE. The I,,/I,. of dopamine, catechol
and ferricyanide were 1.768, 23.517 and 0.478, respectively, in untreated
SPCE, but they were 1.20, 1.196 and 0.957 in plasma-treated SPCE (after
treatment of 100 W plasma for 20 min). The I/, ratio tends to be 1 in
SPCEs after plasma treatment. These results indicate that electron transfer
between the electrode and redox couple at the surface is enhanced after
plasma treatment. The treatment of 100 W oxygen plasma of SPCE for

only 5 min causes dramatic effect in the rate of electron transfer of SPCE.

Scanning Electron Micrograph of plasma-treated SPCE

To further study local structural-change of the surface of SPCE
before and after plasma treatment scanning electron micrographs (SEM)
was performed. The untreated SPCE, SPCE treated with 300 W oxygen
plasma for 10 min, and SPCE treated with 100 W plasma for 5 or 15 min
were monitored under the electron microscope with a magnification
power of 500 X (Fig. 8). Two different types of micro-structures on SPCE,
flat and hillock-like bumps surface (Fig. 3 and 5), were observed and
studied. The electron micrographs of rough and flat surface under 7000 X
magnification were displayed in Figures 9 and 10. A smooth and
smeared-like surface structure was observed on the untreated SPCE (Fig.
9a, 10a). It may be due to the covering of the pasting binder on the
surface. Upon the plasma treatment for 5 min, many small granular

particles on the surface of SPCE were seen (Fig. 9b and 10b). It was
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proposed that pasting binder undergoes decomposition by the treatment of
plasma to form granular particles with the graphite. With increasing the
treating time or power of plasma, the decomposition of pasting binder
would reach to the chink between two contiguous graphite particles (Fig.
9c, 9d, 10c and 10d). It made the graphite particles exposed to the air
without coverage of pasting binder.

We know that pasting binder is essential for the fabrication of carbon
paste electrode and forms a layer on the electrode surface. However the
pasting binder was usually miner oil without conductivity, it forms a
barrier for electron transfer between the graphite and redox couple. This
may be partially explained the slow electron transfer kinetics in the
untreated SPCE. Oxygen plasma treatment was shown to remove the
pasting binder on the surface.and eliminate-the barrier for the electron
transfer between the electrode and redox-couple.

Graphite crystal structure: consists of two planes, basal- and
edge-planes. The basal-plane is the plane parallel to the graphite layer,
and the edge-plane is the plane perpendicular to graphite layer (Appendix
3). Edge-plane has a faster electron transfer kinetics than the basal-plane
for a range of redox couple [41, 75]. With the coverage of pasting binder,
the edge plane may be shielded. The removal of pasting binder by oxygen
plasma may greatly expose the edge plane of graphite particles.
Furthermore, the treatment of oxygen plasma may cause defect on the
basal-plane of graphite particle [72, 73]. Therefore, the edge-plane of
graphite particles may be greatly increased by not only the removal of
pasting binder on the surface, but also the existence of defects on the

basal-plane.

22



It was shown that plasma modification can facilitate the electron
transfer kinetics between the SPCE and redox couple (Fig. 7). We
proposed it may be due to the removal of pasting binder and increase of
edge-plane. A model was proposed to explain the cleaning effect of
oxygen plasma on the surface of SPCE (Fig. 11), by which the pasting
binder on the surface of SPCE was decomposed or removed due to the

oxygen plasma treatment.

Contact angle test of plasma-treated SPCE

Contact angle is a measurement of the surface tensions of the liquid
on a solid phase. Oxygen plasma has been shown previously to modify
the surface of a solid with hydroxyl (-OH):and/or carbonyl (C=0O) groups
[77], which may change the hydrophilicity of the surface of the SPCE.
Therefore, the contact angel of'the-watet, droplet on the surface of SPCE
before and after the treatment of oxygen plasma was studied. As shown in
Fig. 12, the contact angle of untreated SPCE was 94°. However, after
oxygen plasma treatment for 5, 10, 15 and 20 min the contact angles
reduced to 46°, 43°, 39° and 35°, respectively. This result suggests that the
surface of SPCE becomes more hydrophilic after plasma modification,
suggesting the removal of hydrophobic pasting binder or other pollutents.
However, the possibility that hydroxyl, carbonyl or carboxyl groups are
generated on the carbon surface after oxygen plasma treatment can not be
ruled out. Hydrophilic surface of electrode is important for the
immobilization of biological elements on the electrode. The adhesion of
other hydrophilic materials, such as gelatin and silica sol-gel, on the

SPCE can be benefited by a hydrophilic surface. Preliminary study has
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shown that silica sol-gel could be easily coated on the plasma-treated

SPCE, but not on the untreated SPCE.

Comparison of untreated SPCE, plasma-treated SPCE and
commercialized Pd electrode

The commercial Pd-covered strip from Roche has been proved to
catalyze the oxidation of hydrogen peroxide. Although the performance
of palladium electrode is better than carbon paste electrode in
electro-catalytic activity of hydrogen peroxide, the cost of palladium
electrode is much higher. In previous study, we have shown that the
electro-catalytic activity of SPCE to hydrogen peroxide was greatly
enhanced by the treatment .of oxygen plasma. Therefore, the anodic
current to 1 mM H,0, of .untreated; 100- W oxygen plasma-treated
electrodes and commercial Pd strip-at-different working potential (0.2, 0.3,
0.4, 0.5, 0.6, 0.7 and 0.8 V) was determined (Fig. 13). The commercial Pd
strip has the ability to catalyze the oxidation of H,O, at about 0.2 V.
Compared with untreated SPCE, the over-potential that needs to drive the
oxidation of H,O, reduced from 0.7 V to 0.5 V. Although there is still a
gap between the modified SPCE and commercial Pd electrode, it had
reduced the gap substantially between the unmodified SPCE and Roche’s

electrode.

Reproducibility of plasma-treated SPCE

The effect of oxygen plasma on the reproducibility of electrode was
studied by repetitively determine the response of SPCE to 300 uM H,0,.
The average response of oxygen plasma-treated SPCE to 300 uM H,0; is
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92 nA with a relative standard derivation of 6.9 % (Fig. 14). The average
response of the first 10 reactions is 103 nA. The response reduced slightly
after 35 measurements. The average response of the last 10 reactions is 89
nA. The signal lost from the first 10 reactions to last 10 reactions is about
14 %. This result indicates that the plasma-treated SPCE exhibits a good

reproducibility for repetitive usage.

Stability of plasma-treated SPCE after long-term storage

The stability of SPCE after long-term storage is important for the
commercial purpose. The storage test was performed by randomly
choosing two electrodes from a batch of plasma-treated SPCEs (100 W
plasma for 15 min) after storage for 1, 7,10, 15, 30, 45 and 99 days. The
electrochemical response of these plasma-treated SPCEs to 1 mM H,0,
was determined in 1X PBS,.pH- 74, (Fig. 15). The plasma-treated
electrode exhibits a good stability. over3. months. The response to 1 mM
H,0, 1s 239.7 nA with a relative standard derivation of 6.9 %. This result

reveals that oxygen plasma exerts a long term effect on the SPCE.

Application of plasma-treated SPCE in the fabrication of glucose
biosensor

The application of plasma-treated SPCE in the fabrication of
oxidase-base biosensors was investigated. The glucose biosensor was
fabricated by entrapping the glucose oxidase (GOx) on the surface of
treated SPCE (100 W plasma for 15 min) by polyvinal alcohol
functionalized with pyridinium methyl sulfate (PVA-SbQ), a

photo-crosslinkable polymer. In the catalytic reaction of glucose oxidase,
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glucose was converted into gluconic acid and H,O, in the presence of
oxygen. Thus, the step response of fabricated glucose biosensor to
repetitively added 100 puM glucose was determined (Fig. 16). The result
shows that the average response to 100 uM glucose is 1.27 nA for
unmodified SPCE; whereas it is 17.31 nA for plasma-treated SPCE.

The linear calibration range is between 50 uM to 1000 uM for
unmodified SPCE, but it is 5 uM to 1000 uM for treated electrode (Fig.
17). The detection limit for plasma-treated SPCE is 10-fold lower than
that of untreated SPCE. The lowest detection limit for glucose on the
biosensor fabricated by plasma-treated SPCE was demonstrated in Fig. 18
with a signal-to-noise ratio > 3.

This result demonstrates'that the glucose biosensor fabricated by a
plasma-treated SPCE exhibits.a high sensitivity and low detection limit.
Apparently, oxygen plasma texhibits— a ' potential to improve the
electrochemical properties of ‘SPCE for the fabrication of oxidase-based

potable biosensing system with high sensitivity.

Application of plasma-treated SPCE in the simultaneously detection
of Uric acid and ascorbic acid

Previous data have shown that plasma modification can facilitate the
electron transfer between the SPCE and redox couple. It made the peak of
CV sharper and clearer. It seems to be a general effect to other redox
substances. Many analytic samples, such as blood, urine and waste water,
contain a lot of compounds that contains more than one redox compound.
When the transfer of electron between the redox substances and electrode

is slow, the redox peaks of CV are broad and unclear. When such two
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redox compounds present in the same solution, the CV of these two
compounds will probably interfere with each other due to broad and
unclear peaks. This will affect the accuracy of analysis. With the sharp
and clear redox peaks of CV is important to separate the redox peaks of
multiple redox couples in a complex solution. Several lines of evidence
also demonstrate the necessary of separating the redox peaks of CV of
redox couples in reducing the interference in the measurement of
electrochemical biosensors [78-80].

Uric acid (UA) and ascorbic acid (AA) are present in biological
fluids such as blood and urine. It is important to detect them selectively
and conveniently. It can directly measure the response due to their
electrochemical activity. However UA and-AA can be oxidized at a very
similarly potential, which-results in rather -poor selectivity. Here, the
analysis of UA and AA was used as,a-model to demonstrate the potential
of plasma treatment in the analysis of complex redox analytes.

As presented in the Fig. 19a and 19b, the response of various
concentrations of UA (25, 50, 75, 100, 150, 200 uM) and AA (25, 50, 75,
100, 150, 200, 300 uM) by cyclic voltammetry at unmodified SPCE. The
oxidative peaks of UA and AA were broad and unclear with a relatively
high over-potential of around 0.4 V. However, the cyclic voltammograms
of UA and AA on plasma-modified SPCE demonstrate that the oxidative
peaks for UA and AA were sharp and clear with a relatively low
over-potential of around 0.3 V and 0.1 V, respectively (Fig. 19¢ and 19d).
The responses of 100 uM UA or AA in the presence of various
concentrations of AA (25, 50, 75, 100, 150, 200, 300 uM) or various
concentrations of UA (25, 50, 75, 100, 150, 200 uM) on untreated and
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plasma-treated SPCE were studied. As shown in Fig. 20a and 20b, the
oxidative peaks of UA and AA could not be separated from that of AA
and UA on the untreated SPCE. However, the CV for mixture of UA and
AA showed two separate oxidative peaks (Fig. 20c and 20d). The
calibration curves of UA (Fig. 21a) and AA (Fig. 21b) clearly showed a
linear response within the concentrations tested. However, the entire
calibration curve shifted to a higher level under the interference of AA
and UA, respectively, on the unmodified SPCE. It means that the
concentration of UA or AA determined in the presence of AA or UA,
respectively, should be higher than that of without interference. Hence,
the actual concentration of analyte can not be determined, especially with
high concentration of interfere agents (Fig. 22). Interestingly, the
plasma-treated SPCE has ability to reduce the interference of other redox
couples in the same solution (Fig.-21le;-21d and Fig. 22). Therefore, the
concentration of analyte in'“a.complex solution can be accurately
determined with plasma-treated SPCE. The model of sensing UA and AA
was improved successfully at modified SPCE. It has great potential for
applying the plasma-modified SPCE to the fabrication of biosensors for

multiple analytes.
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Table 1 data of Ipa, Ipc, Epa, Epc, AEp and Ipa/Ipc from CV of dopamine, catechol and ferricyanide at

plasma-treated SPCE

plasma 1,, (uA Lye (uAd) E,(V) E, (V) AEp (V) Lo/l
dopamine  Omin  38.54 (3.7%)" 22.05(12.7%) 0.27 (4.0%) -0.06 (28.6%)  0.33(2.4%) 1.77 (10.6%)
Smin  63.77 (0.4%) 52.68 (1.2%) 0.20 (5.4%) -0.05 (6.4%) 0.25(4.5%) 1.21 (1.0%)
10min 6642 (1.9%) 55.19 (2.3%) 0.20 (2.1%) -0.05 (17.6%)  0.25(5.3%) 1.20 (1.3%)
15min  68.61 (2.9%) 57.39 (3.5%) 0.19 (7.8%) -0.05 (8.3%) 0.24(82%) 1.20 (1.2%)
20min 7171 (3.0%) 59.74 (2.6%) 0.19.,(3.6%) -0.05 (19.1%)  0.23(3.7%) 1.20 (1.5%)
catechol Omin  40.41 (9.6%) 2.93 (79:6%) 0.62 (5.9%) -0.05 (104.3%)  0.67 (3.5%) 23.52 (67.0%)
Smin  47.62 (2.1%) 38.05 (0.7%) 0.45 (1.6%) 0.19 (6.3%) 0.26 (3.6%) 1.25 (2.9%)
10min  49.21 (0.6%) 40.00 (1:0%) 043 (1.3%) 017 (2.2%) 0.26(4.2%) 1.23 (1.2%)
15min  51.51 (1.7%) 40.41 (1.2%) 0.42:(2.4%) 0.19 (2.8%) 0.24(7.5%) 1.27 (1.3%)
20min  51.37 (3.6%) 42.97 (3.3%) 0.42 (3.2%) 0.19 (49%) 0.23(7.9%) 1.20 (2.8%)
ferricyanide () min 6.35 (4.7%) 13.27 (4.4%) 0.27 (7.4%) -0.17 (8.4%)  0.44(1.6%) 0.48 (1.3%)
Smin  17.28 (2.2%) 20.10 (1.6%) 0.19 (0.5%) 0.00 (14.1%)  0.19(0.5%)  0.86 (0.9%)
10min  19.82 (2.6%) 21.63 (1.4%) 0.19 (0.4%) 0.01 (55.0%)  0.18(4.0%) 0.92 (1.5%)
15min 22,02 (1.5%) 22.97 (0.6%) 0.18 (3.8%) 0.02 (16.8%)  0.16(7.7%)  0.96 (2.0%)
20min 2270 (4.0%) 23.73 (2.3%) 0.18 (1.6%) 0.03 (27.4%) 0.16(7.6%) 0.96 (2.2%)

*Relative standard deviation: the standard deviation divided by the mean of the series.
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Figure 1. Amperometric response of 1 mM H,0, for SPCE treated
with oxygen plasma with different power
The SPCE oxygen plasma was set for 10 min, 400 mTorr. The
electrode was treated with 1 mM H,O, in PBS at 0.5 V versus

Ag/AgCl.
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Figure 2. Stability of SPCE treated with oxygen plasma at different

power

SPCE was treated with 100 W (@), 200 W (O) or 300 W (w)
oxygen plasma for 10 min and 400 mTorr. The
electrochemical response of plasma-treated electrode to 1 mM
H,0, was determined in PBS, pH 7.4. The working potential

was 0.5 V versus Ag/AgCl. Fifteen reactions were recorded.
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Figure 3. Light micrographs of the surface of SPCE after treating

with plasma of different power

SPCEs were untreated (A) or treated oxygen plasma with (B)
100 W, (C) 200 W (D) and 300 W oxygen plasma for 10 min

under 400 mTorr. The magnification power was 50-X.
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Figure 4. Amperometric response of SPCE treated with oxygen

plasma for different treating times to 1 mM H,0,

The oxygen plasma was set for 100 W, 400 mTorr. The
electrochemical response to 1 mM H,0, of modified
electrodes was done in PBS, pH 7.4 at room temperature.

The working potential was set 0.5 V versus Ag/AgCl.
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Figure 5. Light micrograph of the surface of SPCE treated with

oxygen plasma

SPCE was untreated (A) or treated with 100 W oxygen plasma
under 400 mTorr for (B) 5 min, (C) 10 min, (D) 15 min, (E) 20

min and (F) 25 min. The magnification power was 50-X.
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Figure 6. CV of untreated and treated SPCE
The electrochemical response of SPCE untreated (a,b) and
treated with 100 W oxygen plasma (c,d) for 15 min to 0 mM
(a,c) and 5 mM H,0, (b,d) was performed. CV was set for
-0.4 V~0.9 V versus Ag/AgCl with a scanning rate of 50 mV/s.
Electrolyte used was 1X PBS, pH 7.4.
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Figure 7. CV of (A) dopamine, (B) catechol and (C) ferricyanide at
SPCE treated with oxygen plasma
SPCE was treated with 100 W oxygen plasma at 400 mTorr. CV
was set for -0.2 V~0.8 V in 1 mM dopamine in a PBS, pH 7.4
versus Ag/AgCl, 100 mV/s.
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Figure 7. CV of (A) dopamine, (B) catechol and (C) ferricyanide at
SPCE treated with oxygen plasma

SPCE was treated with 100 W oxygen plasma at 400 mTorr. CV

was set for -0.2 V~0.8 V in 1 mM catechol in a PBS, pH 7.4
versus Ag/AgCl, 100 mV/s.
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Figure 7. CV of (A) dopamine, (B) catechol and (C) ferricyanide at
SPCE treated with oxygen plasma
SPCE was treated with 100 W oxygen plasma at 400 mTorr. CV
was set for -0.2 V~0.8 V in 1 mM ferricyanide in a PBS, pH 7.4
versus Ag/AgCl, 100 mV/s.
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(A) Untreated SPCE (B) Treated SPCE: 100 W 5 min

Figure 8. Scanning Electron Micrograph of the surface of SPCE

treated with oxygen plasma

SPCE was untreated (A), treated with 100 W oxygen plasma for
(B) 5 min, (C) 15 min, or treated with 300 W oxygen plasma for

(D) 10 min under 400 mTorr. Magnification power: 500X.
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(A) Untreated SPCE (B) Treated SPCE: 100 W 5 min

v 3 - -

Figure 9. Scanning Electron Micrograph of the bump of SPCE
treated with oxygen plasma

SPCE was untreated (A), treated with 100 W oxygen plasma for

(B) 5 min, (C) 15 min, or treated with 300 W oxygen plasma for

(D) 10 min under 400 mTorr. Magnification power: 7000X.
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(C) Treated SPCE: 100W 15min (D) Treated SPCE: 300W 10min

Figure 10. Scanning Electron Micrograph of the flat of SPCE
treated with oxygen plasma
SPCE was untreated (A), treated with 100 W oxygen plasma for
(B) 5 min, (C) 15 min, or treated with 300 W oxygen plasma for

(D) 10 min under 400 mTorr. Magnification power: 7000X.
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Figure 11. The mechanism proposed for improvement of
electrochemical properties of SPCE by oxygen plasma
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Figure 12. Contact angle test of plasma-treated SPCE
The oxygen plasma was set for 100 W, 400 mTorr.
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Figure 13. Amperometric response-of SPCEs with different

treatments to 1 mM H,0, at different applied voltages

SPCE (CV-15 cycles) was treated with CV for 15 cycles, 0~2
V, 100 mV/s. SPCE (plasma treatment) was treated with 100
W oxygen plasma at 400 mTorr for 15 min. Roche’s Pd

electrode = was  commercial  product. SPCE  (Pd

electro-deposition) was electroplated by PdCl,. The
electrochemical responses of SPCE with different treatments
to 1 mM H,O0, at different working potential (0.2, 0.3, 0.4, 0.5,
0.6, 0.7, 0.8 and 0.9 V) were measured. The reactions were
performed in PBS, pH 7.4 at different voltage versus

Ag/AgCl.
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Figure 14. Reproducibility of SPCE treated with 100 W oxygen
plasma for 15 min

SPCE was treated with 100 W oxygen plasma at 400 mTorr

for 15 min. The electrochemical response of treated SPCE to

300 uM H,0, was determined in PBS, pH 7.4. The working

potential was 0.5 V versus Ag/AgCl. Seventy five reactions

were recorded.
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Figure 15. Stability of SPCE treated with 100 W oxygen plasma for

15 min after long term storage

SPCEs were treated with 100 W oxygen plasma at 400
mTorr for 15 min. Treated electrodes were stored at 4°C
1~99 days. After storage, the electrode was subjected to
electrochemical reaction in the presence of 1 mM H,O, in

PBS, pH 7.4 at 0.5 V versus Ag/AgCl.
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Figure 16. Step responses of glucose biosensor to sequentially added

100 uM glucose

SPCEs were treated with 100 W oxygen plasma at 400
mTorr for 15 min prior to the fabrication of glucose
biosensor. Glucose sensing strip was fabricated by

entrapping 10 U Glucose oxidase via PVA-sbQ. The step

responses to 100 uM glucose was performed in PBS buffer,

pH 7.4 by repetitively adding 100 uM glucose. Working

potential is 0.7 V versus Ag/AgCl.
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Figure 17. Linear dynamic range of glucose of the glucose biosensor
Glucose sensing strip was fabricated by entrapping 10 U GOx
via PVA-SbQ on an untreated (A) and treated SPCEs (B). The

oxidative current of enzyme electrode was determined with
different concentration of glucose (50~1000 uM glucose) in

PBS at 0.7 V versus Ag/AgCl.
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Figure 17. Linear dynamic range of glucose of the glucose biosensor

Glucose sensing strip was fabricated by entrapping 10 U GOx
via PVA-SbQ on an untreated (A) and treated SPCEs (B). The

oxidative current of enzyme electrode was determined with

different concentration of glucose (5~1000 uM glucose) in

PBS at 0.7 V versus Ag/AgCl.
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Glucose sensing strip was fabricated by entrapping 10 U GOx

via PVA-SbQ on an untreated (A) and treated SPCEs (B). A

successful response to 50 uM (A) and 5 uM glucose was

recorded (S/N > 3.) in a PBS buffer, pH 7.4. Working potential
is 0.7 V versus Ag/AgCl.
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Figure 19. CV of ascorbic acid and uric acid

The electrochemical response of SPCE untreated (a,b) and

treated with 100 W oxygen plasma (c,d) for 15 min to ascorbic

acid (a,c) or uric acid (b,d) was performed. CV was set for

-0.3V~0.7V versus Ag/AgCl with a scanning rate of 50 mV/s.

Electrolyte was phosphate buffer, pH 7.0
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Figure 19. CV of ascorbic acid and uric acid
The electrochemical response of SPCE untreated (a,b) and

treated with 100 W oxygen plasma (c,d) for 15 min to ascorbic

acid (a,c) or uric acid (b,d) was performed. CV was set for

-0.3

V~0.7 V versus Ag/AgCl with a scanning rate of 50 mV/s.

Electrolyte was phosphate buffer, pH 7.0
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Figure 20. CV of mixture of ascorbic acid and uric acid
The electrochemical response of SPCE untreated (a,b) and
treated with 100 W oxygen plasma (c,d) for 15 min to mixture of
ascorbic acid and uric acid was performed. CV was set for
-0.3 V~0.7 V versus Ag/AgCl with a scanning rate of 50 mV/s.

Electrolyte was phosphate bufter, pH 7.0
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Figure 20. CV of mixture of ascorbic acid and uric acid
The electrochemical response of SPCE untreated (a,b) and
treated with 100 W oxygen plasma (c,d) for 15 min to mixture of
ascorbic acid and uric acid was performed. CV was set for
-0.3 V~0.7 V versus Ag/AgCl with a scanning rate of 50 mV/s.
Electrolyte was phosphate bufter, pH 7.0

63



(A)
12

p—
<

Response (uA)
=)}

(B)
10

Response (uA)

without interference Y=0.023X+ 2.582
©  with interference of 100uM UA

linear regression

Y=0.025X- 0.042

0 50 100 150 200 250 300 350

Ascorbic acid (uM)

e  without interference Y= 0.026X+ 2.347
o with interference of 100uM AA '

linear regression

Y=0.027X+ 0.072

0 50 100 150 200 250
Uric acid (uM)

Figure 21. Detecting dynamic range of ascorbic acid and uric acid

Detecting dynamic range of ascorbic acid and uric acid from
the data of figure 18, 19 at (A-B) untreated SPCE and (C-D)
SPCE treated with 100 W, 15 min plasma.
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Figure 21. Detecting dynamic range of ascorbic acid and uric acid

Detecting dynamic range of ascorbic acid and uric acid from
the data of figure 18, 19 at (A-B) untreated SPCE and (C-D)
SPCE treated with 100 W, 15 min plasma.
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Figure 22. The effect of 100 uM interference for detection of uric acid
and ascorbic acid

(A) The effect of 100 uM interference (uric acid) for detection

of ascorbic acid (B) the effect of 100 uM interference

(ascorbic acid) for detection of uric acid was determined at

SPCE untreated and treated with 100W 15min oxygen plasma.
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Appendix 1. The apparatus of electrochemical experiment
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Appendix 2. The apparatus of plasma treatment
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Appendix 3. The crystal structure of graphite
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