
C H A P T E R  II I

MODIFICATION OF DISPOSABLE SCREEN-PRINTED CARBON 
ELECTRODE SURFACES WITH CONDUCTIVE ELECTROSPUN 

NANOFIBER FOR BIOSENSOE APPLICATIONS

3.1 Abstract
Amperometric disposal electrodes have been used as an enzyme-based 

biosensor to detect hydrogen peroxide (H2O2), which is not only an important analyte 
in clinical, food, pharmaceutical and environmental analysis but also a key product of 
the catalytic reaction of various oxidase enzymes. In this work, we describe an 
alternative approach to the surface modification of screen-printed carbon electrodes 
(SPCEs) to fabricate a polypyrrole/polyacrylonitrile multiwall carbon nanotube- 
modified screen-printed carbon electrode (PPy/PAN-MWCNT/SPCE) using a two- 
step process. First, polyacrylonitrile (PAN) loaded with 5 wt.% of multiwall carbon 
nanotubes (MWCNTs) was electrospun onto a carbon layer. The CNT-embedded 
PAN electrospun nanofibers (diameter -200 nm) were subsequently coated with a 
polypyrrole layer via vapor-phase polymerization using /7-toluenesulfonate (FeTos) as 
an oxidizing agent in a vacuum system. The electrochemical behavior of both the 
unmodified and the modified SPCEs were compared using cyclic voltammetry (CV) 
with common electroactive analytes, such as ferri/ferrocyanide (Fe(CN)63"/4') redox 
couples and hydrogen peroxide (H2O2), to optimize the electrospinning and the vapor- 
phase parameters. The voltammograms of the Fe(CN)63'/4' and H2O2 solutions 
demonstrated that the modified electrodes produced a decreased separation between 
the peak potential, mEp, of +1.4 V compared with that of the unmodified electrode 
(BARE). The amperometric study indicated that steady-state currents were obtained 
with the modified electrode at a fixed potential of +1.2 V for a variety of F1202  

concentrations, with a linear relationship in the concentration range of 0.125 to 1 0  

mM and with a limit of detection (LOD) of 1.25 pM. By incorporating glucose 
oxidase(GOX) as an enzymatic model into the modified electrode, we conducted a 
calibration study that showed that glucose could be detected by amperometry over a 
linear range of 0.25-6 mM with a LOD of 15.51 pM and a sensitivity of 7.09
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mA/Mcm2. This study introduces a new SCPE with a conductive nanostructure for 
monitoring H2O2 produced from the catalytic reaction of oxidase enzy mes without the 
use of a mediator. Therefore, the novel modified electrode is a promising new device 
for biosensor applications.

Keywords: Biosensor, Hydrogen peroxide detection, Electrospun electrode, Vapor- 
phase polymerization. Conducting polymer

3.2 Introduction

In recent years, the vast number of reports on screen-printing carbon electrode 
(SPCE) technology have been used to develop biosensors that detect biological 
molecules in applications, such as environmental (Soo, 2010), biomedical (Rawson,
2009), microbiological (Thanyani, 2008), healthcare (Zheng, 2013), and 
chemical/biochemical analyses (Yang, 2010). Because an SPCE is inexpensive and 
can be used as a disposable electrode with large-scale production capability, a number 
of methods have been devised to increase the surface area of SPCEs to enhance their 
sensitivity for electrochemical detection. For example, this enhanced sensitivity can 
be achieved by coating an SPCE with a conductive polymer, such as polypyrrole 
(PPy) (Oliveira, 2012, พน, 2011), polyaniline (PANI) (Chang, 2007), or poly(3,4- 
ethylenedioxythiophene):poly(styrene-sulfonate) acid (PEDOT:PSS) (Donavan,
2 0 1 1 ), via an electropolymerization processes using a potentiodynamic, potentiostatic, 
or galvanostatic mode. These processes can be used in combination with 
chemical/biological components that are embedded in the SPCE structures. In 
amperometric biosensors, enzyme electrodes that contain oxidase enzymes can 
catalyze substrates, such as glucose (Ahmad, 2010), uric acid (Kiran, 2012) or lactate 
(Rawson, 2009), by reducing oxygen to form hydrogen peroxide (H2O2), and the 
oxidation current can be evaluated (Dungchai, 2009).

Among the different techniques that are used to obtain nanostructured 
surfaces, electrospinning techniques produce nanofibers with a large surface area that 
is one to two orders of magnitude larger than those found in continuous films; 
electrospun fibers also exhibit a high porosity and good features for the incorporation
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of active composites, such as metal nanoparticles (Liu, 2008), graphene (Karuwan,
2012), or carbon nanotubes (CNTs) (Ju, 2008, Rujitanaroj, 2008), to improve the 
electron-transfer activities. CNTs are extensively used in biosensors because of their 
unique tubular structure with a nanoscale diameter, high conductivity, and outstanding 
mechanical properties (Choi, 2010).

Vapor-phase polymerization (VPP) has been used to synthesize and to 
optimize intrinsically conducting polymers (ICPs). The substrates were coated with 
oxidizing agents, such as FeCh (Jang, 2009), Fe(III) /7-toluenesulfonate (FeTos) 
(Laforgue, 2010), benzenesulfonic acid, p-dodecylbenzenesulfonic acid (DBSA), and 
p-ethylbenzenesulfonic acid (Subramanian, 2008), using simple coating methods. 
Then, the oxidant-coated substrates were exposed to ICP monomers. When the 
monomer vapors evaporated from the oxidant-coated locations, they were rapidly 
polymerized to form a conductive thin film on the substrate surface. The VPP method 
has been reported by numerous scientists to produce excellent electronic conductivity 
properties on various material surfaces. In the present work, VPP was used to coat a 
PPy layer onto electrospun nanofibers.

The aim of this รณdy is to modify an SCPE surface through the preparation of 
a BARE-CNT-PPy electrode with a PPy coating on CNT-embedded PAN 
electrospun nanofibers, which are a key factor in the enhancement of the electrode 
electrochemical performance. First, the redox behaviors of the unmodified/modified 
electrode were studied in a ferri/ferrocyanide solution to optimize the electrode 
surface modification. Second, the H20 2 detection of the modified electrode and any 
interference were studied. Glucose detection was also studied; glucose oxidase was 
used as a representative enzyme without the addition of a mediator. The performance 
of BARE-CNT-PPy electrodes with respect to their sensitivity, detection limits, and 
calibration curves are described and discussed.

3.3 Experimental

3.3.1 S c reen -p rin ted  E lec tro d e  F ab rica tio n s
S P C E s w ere  fa b ric a ted  on  p la s tic  sh ee t m ad e  from  P V C . F irs tly , th e

s ilv e r ink  w as tw ice  sp read  o v e r on  the  P V C  su rface  by a  sp in -co a te r . N ex t, the
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carbon layer was also coated 2  times on the top of silver layer; for each spreading, it is 
baked in a hot oven at 60 °c for 60 minutes to evaporate the solvent. Further surface 
modifications on SPCE electrode surfaces were carried out by electrospinning and 
vapor-phase polymerization techniques as shown in F ig . 3 .1  Unmodified SPCE was 
labeled as BARE.

3.3.2 Electrospinnina Process
The SPCE surfaces were modified with conductive PAN-based 

nanofibers by electrospinning labeled as SPCE using a 10 wt.% PAN solution in 
DMF which 2.5 wt.% MWCNT was dispersed to PAN solution and sonicated for 30 
minutes with a homogenizer. In this research, the amount of MWCNT was fixed at
2.5 wt.%. F ig  3 .1 shows the experiment apparatus used for the electrospinning 
process. A 20-nil syringe with capillary tip (D=0.5 mm) was placed and clamped with 
anode of high voltage power supply. The cathode was connected to a silver layer with 
15 kv applied voltage. The distance between electrode and nozzle was 15 cm with 
various electrospinning times (1-30 mins) at room temperature (25±1 °C).

3.3.3 Vapor-phase Polymerization of PPv Laver
After electrospinning, vapor-phase polymerization of PPy layer was 

carried out in a vacuum chamber setup as shown in F ig  3.1 The PAN-MWCNT/SPCE 
electrodes to be covered with PPy layer are initially coated with FeTos at various 
concentrations (20-60 %w/v) in n-butanol and pyridine. Then, the oxidant-coated 
electrodes were heated on hot plate at 60 °c for 3 mins until the solvent evaporated. 
The electrodes were then exposed to pyrrole vapor in a sealed vacuum chamber. After 
polymerization, the electrodes were heated at 60 °c for 1 hour to ensure complete 
evaporation of the pyrrole monomer. They were washed with absolute ethanol for 5 
mins followed by rinsing with deionized water for 5 mins. Finally, they were dried 
under vacuum at room temperature for 2 hours. The completely PPy coated electrodes 
were labeled as PPy/PAN-MWCNT/SPCE.
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3.3.4 Electrochemical Study of PPy/PAN-MWCNT/SPCE in Ferri/Ferro 
Solution
Electrochemical behavior of modified/unmodified electrodes was 

studied by cyclic voltammetry (CV). Cyclic voltammograms were obtained by 
scanning rate from 10 to 500 mV/ร using 5 mM Fe(CN)6 3’/4" or (Fe2+/3+)in 0.1 M PBS 
of pH 7.4. For the performance of electrodes for anodic current response, the scanning 
rate was fixed at 50 mV/ร in 0.1 M PBS of pH 7.4. The anodic current values from 
CVs of studied conditions were obtained from amperometric current subtracted by 
background current.

3.3.5 Cyclic voltammetric measurement of hydrogen peroxide at electrodes 
Cyclic voltammograms of electrodes were evaluated by scanning from

0 to +1.6 V at a scan rate of 50 mV/ร using a 2 ml aliquot of 10 mM H2O2 in 0.1 M 
PBS of pH 7.4. The CVs of background of each electrode were illustrated in Fig 
3.10(a).

3.3.6 Amperometric Response for Hydrogen Peroxide Using Modified
Electrodes
The potential response to anodic current peak of SPCE and PPy/PAN- 

MWCNT/SPCE is +1.4 and +1.2 V with respect to Ag/AgCl electrode to detect 
oxidation current of H2O2. These potential responses were used to obtain anodic 
current versus time plots as shown in Fig 3.10(b). Initially, the background current 
was measured until the current became constant. Then, the concentration series of 
H2O2 were added to the solution which immediately resulted in the increase of the 
anodic current and it reaches a steady state when approaching the 50 second mark. 
Finally, the differences between these anodic current values were observed. The effect 
of pH, concentrations of supporting electrolyte and calibration for H2O2 detection 
were also studied.

3.3.7 Enzyme Electrode Preparation
The dropping method was selected for the enzyme electrode 

preparation. The procedures were as follows; the various concentrations of GOx
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s o lu t io n s  (0 .1 -1 .0  g /m l)  w e r e  p r e p a r e d  in  0.1 M  P B S , p H  7 .4  in  a  v ia l .  A f te r w a r d s ,  2 0  
p i o f  p r e p a r e d  e n z y m e  s o lu t io n s  w e r e  d r o p p e d  o n to  P P y /P A N - M W C N T /S P C E  
e le c t ro d e  s u r f a c e  f o l lo w e d  b y  1 h o u r  o f  a i r  d ry in g . T h e  s a m p le  w a s  k e p t  a t  4  ° c  
b e f o r e  u se .

3 .3 .8  C a l ib r a t io n  S tu d y  U s in g  A m p e ro m e t ry  w i th  M o d i f ie d  E le c t r o d e  fo r
G lu c o s e  D e te c t io n
C a l ib r a t io n  s tu d ie s  w e r e  c a r r ie d  o u t  th r o u g h  P P y /P A N -  

M W C N T /S P C E  e le c t ro d e  w ith  0.1 g /m l o f  g lu c o s e  o x id a s e  ( G O x )  a s  th e  e n z y m e  
m o d e l .  T h e  g lu c o s e  u s e d  a s  s u b s tr a te  w a s  p r e p a r e d  in  v a r io u s  c o n c e n t r a t io n s  o f  0 .1 2 5  
-  2 0  m M  in  0.1 M  P B S  o f  p H  7 .4 . In  a m p e r o m e tr ic  m e a s u r e m e n ts ,  th e  p o te n t ia l  w a s  
f ix e d  a t  + 1 .2  V  w h ic h  w a s  a  c h a r a c te r is t ic  r e s p o n s e  o f  P P y /P A N - M W C N T /S P C E  to  
H 2O 2 T h e  t im e s  w e r e  m o n i to re d  in  a  r a n g e  o f  0 - 5 0  s e c s . T h e  g lu c o s e  a d d i t io n s  w e re  
m a d e  w i th o u t  s t i r r in g  th e  s o lu t io n  in  th e  c e ll .  L im it  o f  d e te c t io n  (L O D ) ;  ( 3 S /N )  w a s  
e s t im a te d  P P y /P A N - M W C N T /S P C E .

3 .3 .9  S u r fa c e  M o rp h o lo g y  S tu d ie s
M o rp h o lo g ie s  o f  b o th  m o d if ie d  a n d  u n m o d i f ie d  e le c t r o d e s  w e re  

o b s e rv e d  b y  H i ta c h i  ร - 4 8 0 0  F ie ld  E m is s io n  e le c t r o n  m ic r o s c o p e  ( F E - S E M )  a t  10 k v  
a n d  S e m A p h o r e  4 .0  s o f tw a re . E a c h  e le c t ro d e  w a s  c o a te d  w i th  a  th in  la y e r  o f  p la t in u m  
u s in g  p la t in u m  s p u t te r in g  d e v ic e  p r io r  to  S E M  o b s e rv a t io n .

3 .3 .1 0  I n c o r p o r a t io n  w i th  M e d ia to r
In  th is  w o rk , v a r io u s  c o n c e t r a io n s  (1 -1 0 0  m M )  o f  F e ( C N ) 63" w e r e  

u s e d  a s  m e d ia to r  in  0.1 g /m l o f  G O X  s y s te m . T h e  l in e a r  r a n g e  a n d  s e n s i t iv i ty  w e r e  
e v a lu a te d  a s  th e  s a m e  a p p r o a c h  o f  th e  c a l ib r a t io n  in  c o n d i t io n  w i th o u t  m e d ia to r  in  
section 3.3.8.
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3.4 Results and Discussion

3 .4 .1  E le c t r o s p in in g  P ro c e s s  f o r  P A N - M W C N T  N a n o f ib e r
T h e  m o s t  c o m m o n  m e th o d  fo r  p r e p a r in g  e le c t r o s p u n  lo a d e d  M W C N T  

h a s  b e e n  to  m ix  b o th  c o m p o n e n ts  in to  s o lu t io n . T h e  lo w  p o r t io n s  o f  M W C N T  w e re  
d i s p e r s e d  in to  P A N  s o lu t io n  u s in g  D M F  a s  th e  s o lv e n t .  In  th is  s tu d y , w e  s e t  o u r  
e x p e r im e n t  c o n d i t io n s  f o l lo w e d  b y  P . K a m p a la n o n  ( K a m p a la n o n w a t  et a l,  2 0 1 0 )  th a t  
th e y  f a b r ic a te d  P A N  m e ta l  r e m o v a b le  n a n o f ib e r  b y  u s in g  c o n d i t io n s  ( 15 k v  a n d  P A N  
1 0 %  w /v  in  D M F ) . In  th is  w o rk ,  v a r io u s  c o n c e n t r a t io n s  o f  M W C N T  (0 -7 .5  w /v )  w e re  
d i s s o lv e d  in  P A N  s o lu t io n  a n d  e le c t r o s p u n  o n to  S P C E  s u r fa c e  a s  s h o w n  in  Fig 3.1. 
T h e  S E M  im a g e s  i l lu s t r a te d  th a t  a t  th e  h ig h  c o n c e n t r a t io n  o f  M W C N T  lo a d in g  
r e s u l t in g  to  th e  in c re a s e  o f  P A N - M W C N T  f ib e r  d ia m e te r  in c re a s e  f ro m  198 to  6 2 2  
n m  a s  s h o w n  in  Fig 3.2. B e c a u s e ,  M W C N T  p o r t io n s  c a n  e n h a n c e  th e  c o n d u c t iv i ty  o f  
p o ly m e r  s o lu t io n . H o w e v e r ,  w e  c a n n o t  c a r ry  o u t  a t  h ig h  c o n c e n t r a t io n  (7 .5 %  w /v )  o f  
M W C N T  d u e  to  th e  h ig h  v is c o s i ty  a n d  a g g lo m e r a t io n  o f  M W C N T  p a r t ic le s .  I n  o r d e r  
to  o b ta in  th e  s m o o th  n a n o f ib e r ,  th e  c o n c e n t r a t io n s  o f  2 .5  % w /v  o f  M W C N T  w a s  
c h o s e n  to  m o d ify  e le c t r o d e  f o r  th is  w o rk  th a t  T h e  a v e r a g e  c o n d u c t iv e  f ib e r  d ia m e te r  
o f  P A N - M W C N T /S P C E  w a s  a p p ro x im a te ly  3 0 8 ± 4 8  n m  w i th  a  la rg e  s u r fa c e  a r e a (J u , 
2 0 0 8 ) .

3 .4 .2  T h e  E f f e c t  o f  E le c t r o s p in in g  T im e  o n  C u r r e n t  R e s p o n s e  o f  M o d i f ie d
S P C E s
In th e  e le c t r o s p in in g  p r o c e s s ,  th e  P A N  s o lu t io n  c o n ta in in g  2 .5 %  w /v  o f  

M W C N T  w a s  a p p l ie d  w i th  p o s i t iv e  c h a r g e s  to  p r o d u c e  a  la rg e  a m o u n t  o f  n a n o f ib e r s  
w h ic h  w e r e  c o a te d  o n  th e  b la c k  S P C E  s u r fa c e . T h e  w h i te  la y e r  a p p e a r e d  im m e d ia te ly  
o n  th e  e le c t r o d e  s u r f a c e  w i th in  th e  f i r s t  e le c t r o s p in in g  t im e  a n d  th e  n a n o f ib e r s  w e re  
c o n t in u o u s ly  c o a te d  u n ti l  6 0  m in u te s  a s  s h o w n  in  Fig 3 .3 .

T o  s tu d y  o f  c u r r e n t  r e s p o n s e  b e h a v io r  o f  e le c t ro d e s ,  th e  r e d o x  c o u p le  
s o lu t io n  (5  m M  F e 2+/ 3+ in  P B S )  w e r e  u s e d  fo r  o b s e r v a t io n  o f  e le c t r o d e  c h a r a c te r is t ic .  
T h e  b la c k  b a r  in  Fig 3.4, th e  r e s u l t s  in d ic a te d  th a t  th e  a n o d ic  c u r r e n t  in c r e a s e d  w ith  
th e  e le c t r o s p in in g  t im e  u n ti l  to  5 m in u te s .  A f te r w a r d s ,  th e  c u r r e n t  r e s p o n s e  e x h ib i te d  
to  d e c r e a s e .  B e c a u s e ,  to o  th ic k  C P  la y e r  c a n  c a u s e  th e  c h a r g e  b a r r ie r  b e tw e e n  r e d o x
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s p e c ie s  a n d  e le c t ro d e  s u r f a c e ( S h iu  et a i, 1 9 9 9 ). T h is  p h e n o m e n o n  w e r e  a ls o  o b s e rv e d  
b y  J a n g  et al. T h e r e f o r e ,  th e  b e s t  c o n d i t io n  fo r  e le c t r o s p in in g  o f  P A N - M W C N T  
n a n o f ib e r  w i th  a n  e x c e l le n t  o x id a t io n  c u r r e n t  o n  S P C E  s u r fa c e  w a s  5 m in u te s  w h ic h  
w a s  u s e d  fo r  f u r th e r  s tu d y . T h is  e le c t ro d e  w a s  la b e le d  a s  P A N -M W C N T /S P C E .

3 .4 .3  V a p o r -p h a s e  P o ly m e r iz a t io n  o f  P o ly p y r r o le  C o a te d  o n  M o d i f ie d  S P C E s
F o r  th e  f in a l  m o d if ic a t io n  s te p , th e  c o n d u c t iv e  e le c t r o s p u n  la y e r  c o a t  

w a s  c o a te d  b y  P P y  v ia  v a p o r - p h a s e  p o ly m e r iz a t io n  in  a  v a c u u m  c h a m b e r .  P y r ro le  
m o n o m e r  e v a p o r a te d  r a p id ly  a n d  th e n  p o ly m e r iz e d  to  b e  p o ly p y r r o le  o n  th e  f ib e r  
s u r f a c e  r e s u l t in g  in  a  d r a s t ic  in c re a s e  in  f ib e r  d ia m e te r  in  th e  r a n g e  o f  4 2 0 - 5 9 0  n m  
w i th in  th e  f i r s t  t im e  e x p o s u r e  a t  1 m in , c o lo r  c h a n g e  f ro m  u n c o a te d  w h i te  f ib e r  to  
b la c k . Fig. 3.5(a) s h o w s  th e  th ic k n e s s  o f  th e  P P y  f i lm  c o v e r in g  th e  e le c t ro s p u n  f ib e r  
w h ic h  in c re a s e d  in  p r o p o r t io n  to  th e  p o ly m e r iz a t io n  t im e . H o w e v e r ,  th e  th ic k n e s s  a n d  
m o r p h o lo g y  o f  th e  c o a te d  f ib e r  d e p e n d s  o n  th e  o x id iz in g  a g e n t ’s c o n c e n t r a t io n .  B y  
in c re a s in g  th e  o x id iz in g  a g e n t 's  c o n c e n t r a t io n ,  th e  P P y  f i lm  f o rm a t io n  w a s  a ls o  
in c re a s e d . M o re o v e r ,  in  h ig h  F e T o s  c o n c e n t r a t io n  (6 0 % w /v ) ,  th e  v is c o s i ty  o f  c o a t in g  
w a s  a ls o  h ig h  a n d  P P y  f i lm  fo rm a t io n  p o ly m e r iz e d  a s  a  th ic k  f i lm ; c o v e r in g  e le c t ro d e  
c a u s in g  f i lm - l ik e  p o ly m e r  c o a t in g  o n  e le c t ro d e  s u r f a c e ( L a f o r g u e  et a i,  2 0 1 0 ) a s  
s h o w n  in  Fig 3.6. T h e r e fo re ,  f ro m  th e  r e s u l t s  in  Fig 3.5(b) d is p la y e d  th a t  th e  b e s t  
c o n d i t io n  to  m o d ify  e le c t r o d e  b y  v a p o r - p h a s e  p o ly m e r iz a t io n  to  o b ta in  th e  h ig h e s t  
a n o d ic  c u r r e n t  r e s p o n s e  ( 2 3 0  p A )  w a s  th e  u s e  o f  F e T o s  4 0 %  w /v  a n d  5 m in u te s  o f  
e x p o s u r e  t im e . E v e n tu a l ly ,  th e  th re e  k in d s  o f  m o d if ie d  e le c t ro d e ;  S P C E , P A N -  
M W C N T /S P C E  a n d  P P y /P A N - M W C N T /S P C E  w e r e  s tu d y  f o r  u s e  a s  b io s e n s o r  
a p p l ic a t io n .  T h e  S E M  im a g e s  in  Fig 3.7 s h o w  th e  d i f f e r e n t  o f  e a c h  e le c t r o d e  s u r fa c e  
m o r p h o lo g y .

T h e  F T IR  s p e c t r a  o f  P A N - M W C N T /S P C E  a n d  P P y /P A N -  
M W C N T /S P C E  a re  s h o w n  in  Fig 3.8. T h e  s p e c t ru m  o f  th e  u n c o a te d  P P y  S P C E  
e x h ib i te d  a d s o r p t io n  p e a k s  a t  2 2 4 2  c m '1, c o r r e s p o n d in g  to  th e  s t r e tc h in g  v ib r a t io n s  o f  
th e  n i t r i le  g r o u p  o f  th e  p o ly a c r y lo n i t r i l e ( K a m p a la n o n w a t ,  2 0 1 0 ) .  T h e  s p e c t r a  o f  
c o a te d  P P y  S P C E  s h o w e d  n e w  a d s o rp t io n  b a n d s  a t  3 3 4 6  a n d  1 6 5 0  c m '1. T h e s e  c a n  b e  
a s s ig n e d  to  th e  s t r e tc h in g  v ib r a t io n  o f  s e c o n d a r y  a m in e  a n d  a m id in e  g r o u p  o f  
p o ly p y r ro le  m o le c u le s .  A f te r  th e  e le c t ro d e  a c h ie v e d  v a p o r - p h a s e  p o ly m e r iz a t io n ,  th e
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n a n o f ib e r  w e re  c o m p le te ly  c o a te d  w ith  P P y  la y e r . T h e r e fo re  th e  b a n d  a t  2 2 4 2  c m  
( n i t r i le  g r o u p )  o f  P P y /P A N - M W C N T /S P C E  w a s  d i s a p p e a re d .  F ro m  th e  r e s u l t s  c a n  
c o n f i r m  th e  c o m p le te d  v a p o r - p h a s e  p o ly m e r iz a t io n  o f  c o n d u c t in g  p o ly m e r  o n  th e  
P A N - M W C N T  a n d  th e  e le c t ro c h e m ic a l  b e h a v io r  w e r e  a ls o  s tu d ie d  in  n e x t  p a r t.

3 .4 .4  E le c t ro c h e m ic a l  B e h a v io r  o f  M o d i f ie d  S P C E s
T h e  e le c t r o c h e m ic a l  b e h a v io r  o f  th e  f a b r ic a te d  e le c t r o d e s  w a s  s tu d ie d  

b y  c y c l ic  v o l ta m m e tr y  u s in g  5 m M  F e 2+/3+ a s  a  r e v e r s ib le  r e d o x  c o u p le  m o d e l  ( N ja g i  
et a l, 2 0 0 7 ) . T h e  r e d o x  p e a k s  ( o x id a t io n / r e d u c t io n )  a n d  v o l ta g e  w in d o w s  w e re  
r e c o r d e d  in  r a n g e  -0 .6  to  + 1 .0  V . C a th o d ic  a n d  a n o d ic  c u r r e n t  r e s p o n s e s  o f  e a c h  
e le c t ro d e  w a s  o b s e rv e d ;  S P C E  (+ 0 .5 5  V /-0 .2  V ) , P A N - M W C N T /S P C E  ( + 0 .4  V /-0 .1  
V ) , a n d  P P y /P A N - M W C N T /S P C E  (+ 0 .3  V /+ 0 .1 5  V ). T h e  o b s e r v a t io n  w a s  q u ite  
in te r e s t in g .  T h e  e le c t r o c h e m ic a l  e f f ic a c y  o f  e le c t r o d e s  w e r e  e v a lu a te d  f ro m  c v  
r e s p o n s e s  a n d  c o m p a re d  to  e le c t ro d e  m o d if ie d  a n d  u n m o d i f ie d  s u r fa c e . Fig. 3.9 (a) 
i l lu s t r a te d  th a t  th e  c v  o f  e a c h  e le c t r o d e  e x h ib i te d  r e v e r s ib le  r e d o x  p e a k s  o f  F e 2/3+ 
w i th  a n  in c re a s e d  o x id a t io n / r e d u c t io n  c u r r e n t  ( 2 3 3 + 6  a n d  2 3 1 + 2  p A  fo r  P P y /P A N -  
M W C N T /S P C E  a s  c o m p a r e d  to  7 0 .9 + 3  a n d  6 9 .3 + 2  p A  f o r  P A N - M W C N T /S P C E  a n d
2 5 .1  +  1 a n d  2 3 .2 + 2  p A  f o r  S P C E ) . M o re o v e r ,  th e  p r e s e n c e  o f  c o n d u c t iv e  n a n o - f ib e r  
s t r u c tu r e  a n d  th e  P P y  la y e r  o n  e le c t ro d e  s u r f a c e s  e x h ib i te d  a  d e c r e a s e  in  s e p a r a t io n  
b e tw e e n  Epa a n d  EpC; AEP: a n d  th e  in c re a s e  o f  e le c t r o c h e m ic a l  s e n s i t iv i ty ( P a lo m e r a  et 
al, 2 0 1 1 ).

T h r o u g h  e le c t r o s p in n in g  p r o c e s s  o f  c o n d u c t iv e  n a n o f ib e r ,  th e  e le c t ro n  
t r a n s f e r  o n  e le c t r o d e  s u r f a c e  c a n  b e  im p ro v e d . F ro m  th e  c v , S P C E  c o v e r e d  w i th  
c o n d u c t iv e  n a n o f ib e r  c o a te d  w i th  P P y  la y e r  ( P P y /P A N - M W C N T /S P C E )  s h o w e d  th e  
h ig h e s t  o f  o x id a t io n  p e a k  a m p l i tu d e s  w h ic h  a re  a p p ro x im a te ly  4 .5  a n d  2 .5  t im e s  
h ig h e r  th a n  S P C E  a n d  P P y /P A N - M W C N T /S P C E , r e s p e c t iv e ly .  T h e  e f f e c t  o f  
c o n d u c t iv e  n a n o f ib e r  c o a t in g  o n  B A R E  s u r fa c e  a n d  v a p o r - p h a s e  p o ly m e r iz a t io n  o f  
P P y  w e r e  a ls o  s tu d ie d  in  te r m s  o f  th e  a n o d ic  c u r r e n t  f o r  e a c h  c o n d i t io n .  Fig. 3.4 
s h o w s  th e  a n o d ic  c u r r e n t  r e s p o n s e s  o f  P A N - M W C N T /S P C E  b e f o r e  ( b la c k  b a r )  a n d  
a f te r  (g re y  b a r )  c o a t in g  w i th  P P y  la y e r . T h is  is  e v id e n t  a t  th e  5 -m in  m a rk  o f  c o a t in g  
t im e ,  w h ic h  is  th e  b e s t  c o n d i t io n  to  f a b r ic a te  P P y /P A N - M W C N T /S P C E , a s  lo n g e r  
c o a t in g  t im e  c a n  c r e a te  a  c u r r e n t  b a r r ie r  o n  th e  e le c t r o d e  s u r f a c e  ( L a k a rd  et a l,  2 0 0 7 ) .
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N e v e r th e le s s ,  o n ly  P A N  e le c t r o s p u n  n a n o f ib e r  w i th o u t  lo a d in g  M W C N T  c o v e r e d  o n  
S P C E  s u r f a c e  e x h ib i te d  d r a s t ic  in c re a s e  in  \E P; + 0 .6  V  f o r  o x id a t io n  (Epa) a n d  -0 .3  V  
f o r  r e d u c t io n  (Epc). E n h a n c in g  th e  a n o d ic  c u r r e n t  b y  c o a t in g  w i th  P P y  la y e r  o n  n a n o -  
f ib e r  e x h ib i te d  th e  s a m e  t r e n d . In  th e  c a s e  o f  v a p o r -p h a s e  p o ly m e r iz a t io n ,  Fig. 3.5(b) 
i l lu s t r a te d  th a t  u s in g  h ig h  c o n c e n t r a t io n s  o f  o x id iz in g  a g e n t  to  o b ta in  h ig h  th ic k n e s s  
o f  P P y  la y e r  is  n o t  th e  s u i ta b le  m e th o d  in  o b ta in in g  e x c e l le n t  e le c t r o c h e m ic a l  a c t iv i ty  
o f  e le c t ro d e  s u r f a c e  ( A t ta  et a l, 2 0 0 7 , J a n g  et a l, 2 0 0 7 ) .  In  th is  e x p e r im e n t ,  th e  b e s t  
c o n d i t io n  to  o b ta in  th e  h ig h e s t  a n o d ic  c u r r e n t  is  u s in g  th e  4 0  ( % w /v )  F e T o s  a n d  5 
m in s  o f  p o ly m e r iz a t io n  t im e . T h e r e fo re ,  th o s e  c o n d i t io n s  w e r e  u s e d  to  f a b r ic a te  
P P y /P A N - M W C N T /S P C E .

In  a d d i t io n ,  th e  e f f e c t  o f  c v  s c a n  r a te  o n  th e  p e r f o r m a n c e  o f  e le c t r o d e s  
w a s  a ls o  s tu d ie d  a n d  th e  r e s u l t s  a r e  s h o w n  in  Fig. 3.9(b) s h o w s  c h a r a c te r i s t ic  o f  c v  
s p e c t r a  o f  P P y /P A N - M W C N T /S P C E  e le c t r o d e  in  0.1 M  P B S  o f  p H  7 .4  a t  d i f f e r e n t  
s c a n  r a te s .  W ith  th e  in c re a s e  in  s c a n  r a te  f ro m  10 to  5 0 0  m V s '1, th e  o x id a t io n  p e a k  
p o te n t ia l  g r a d u a l ly  s h i f t s  to  th e  p o s i t iv e  p o te n t ia l .  T h e  o x id a t io n  p e a k  c u r r e n t ,  Ip, a n d  
r e d u c t io n  p e a k , Ic, a r e  g o v e r n e d  b y  R a n d le - S e v c ik  r e la t io n s h ip  a s  s h o w n  in  E q (9 )

Ip =  k n 3/2A D l/2 C b•ง1/2  E q  (9 )
W h e re  th e  c o n s ta n t  k  =  2 .7 2  X 1 0 5 ; ท is  th e  n u m b e r  o f  m o le s  e le c t r o n s  

t r a n s f e r r e d  p e r  m o le  o f  e le c t r o a c t iv e  s p e c ie s  ( fe r r ic y a n id e ) ;  A  is  th e  a r e a  e le c t r o d e  in  
c m 2; D  is  th e  d i f f u s io n  c o e f f ic ie n t  in  c n r / s ;  c b is  th e  s o lu t io n  c o n c e n t r a t io n  in  
m o le /L ;  a n d  น is  th e  s c a n  r a te  o f  p o te n t ia l  in  v o lt /s .  T h e  Ip is  l in e a r ly  p r o p o r t io n a l  to  
th e  b u lk  c o n c e n t r a t io n ,  Cb, o f  th e  e le c t r o a c t iv e  s p e c ie s  a n d  th e  s q u a re  r o o t  o f  th e  s c a n  
r a te ,  น1/2. T h e r e fo re ,  a n  in te r e s t in g  d ia g n o s t ic  is  a  p lo t  o f  Ip v s . บ1/2 a s  s h o w n  in  Fig. 
3.9(b); b o th  th e  o x id a t io n  p e a k  c u r r e n t  (Ia) a n d  r e d u c t io n  p e a k  c u r r e n t  (Ic) o f  
P P y /P A N - M W C N T /S P C E  e le c t ro d e  e x h ib i te d  l in e a r  r e s p o n s e s .  I t is  r e a s o n a b ly  s a fe  
to  im p ly  th a t  th e  e le c t r o d e  r e a c t io n  is  c o n t r o l le d  b y  ra d ia l  d i f f u s io n  p r o c e s s ( R a w s o n ,  
2 0 0 9 ) ,  w h ic h  is  th e  m a s s  t r a n s p o r t  ra te  o f  th e  e le c t r o a c t iv e  s p e c ie s  to  th e  s u r f a c e  o f  
e le c t r o d e  ( F r a s c o n i  et al, 2 0 0 9 , K a d a ra  et a l,  2 0 0 9 ) .  M o re o v e r ,  in c o r p o r a t io n  o f  
c o n d u c t iv e  n a n o f ib e r  a n d  c o a te d  P P y  la y e r  o n  e le c t ro d e  s u r fa c e  m a k e s  th e  P P y /P A N -  
M W C N T /S P C E  s y s te m  q u a s i - r e v e r s ib le  ( Ic/ I a # 1 )  ( P a lo m e r a ,  2 0 1 1 ) .



47

3 .4 .5  T h e  S tu d y  o f  M o d i f ie d  S P C E s  o n  H y d r o g e n  P e ro x id e  (H ^ o ? )  D e te c t io n
T h e  c v  s tu d y  w a s  e v a lu a te d  to  e s ta b l i s h  w h e th e r  H2O2 c o u ld  b e  

m e a s u r e d  u s in g  th e  p r o p o s e d  e le c t r o d e  a s  s h o w n  in  Fig. 3.10(a). S P C E  e le c t ro d e  
e x h ib i t s  a n  e le c t r o ly t ic  o x id a t io n  s ig n a l  o f  10 m M  H2 O2 a t  + 1 .4  V  w i th  c u r r e n t  
r e s p o n s e  a t  a p p ro x im a te ly  11 0  p A . N o  o x id a t io n  p e a k  w a s  o b s e r v e d  in  a  b la n k  P B S  
b u f f e r  u n d e r  id e n t ic a l  e x p e r im e n t  c o n d i t io n s .  I t is  in te r e s t in g  to  n o te  th a t  P P y /P A N -  
M W C N T /S P C E  e le c t r o d e  e x h ib i t s  a  h ig h e r  a n o d ic  c u r r e n t  r e s p o n s e  ( 4 2 0  p A )  a t  a  
lo w e r  p o te n t ia l  (+ 1 .2  V ) . T h is  is  d u e  to  m o re  e f f ic ie n t  m a s s  t r a n s p o r t  a n d  e le c t ro n  
t r a n s f e r  p r o p e r t ie s  o f  th e  P P y /P A N - M W C N T /S P C E  e le c t ro d e ;  c o n d u c t iv e  n a n o f ib e r  
c o v e r e d  o n  e le c t r o d e  s u r f a c e  c a n  im p ro v e  th e  o x id a t io n  r e a c t io n  a r e a  b e tw e e n  
e le c t ro d e  s u r fa c e  a n d  H2O2 ( Ju , 2 0 0 8 , R e n  et a i, 2 0 0 6 ) .  S im ila r ly ,  e n h a n c in g  P P y  
la y e r  o n  c o n d u c t iv e  n a n o f ib e r  p r o m o te s  e le c t r o n  tr a n s f e r .  S u c h  h ig h  c u r r e n t  v a lu e s  
h a v e  b e e n  p r e v io u s ly  o b s e r v e d  w h e n  s c re e n - p r in te d  e le c t ro d e  in c o r p o ra te d  w ith  P P y  
la y e r  w a s  u s e d .

T h e  a n o d ic  c u r r e n t  o f  P P y /P A N - M W C N T /S P C E  e le c t r o d e  fo r  H 2 O 2 

w a s  to  d e te rm in e  th e  b a s is  fo r  p u rp o s e d  H 2O 2 b io s e n s o r  a n d  a p p l ie d  p o te n t ia l  o f  + 1 .2
V . Fig. 3.10(b) i l lu s t r a te s  th e  d r a s t i c a l ly  d i f f e r e n t  c u r r e n t  r e s p o n s e  b e tw e e n  S P C E  a n d  
P A N - M W C N T /S P C E  f ix e d  a t  + 1 .4  V  a n d  P P y /P A N - M W C N T /S P C E  f ix e d  a t  + 1 .2  V , 
w h ic h  is  th e  lo w e s t  p o te n t ia l  to  d e te c t  H 2 0 2 H o w e v e r ,  d u r in g  th e  a m p e r o m e tr ic  
m e a s u r e m e n t ,  it is  o b s e r v e d  th a t  b u b b le s  c o v e r e d  th e  e le c t r o d e  s u r fa c e  w h e n  th e  
p o te n t ia l  a p p l ie d  w a s  m o re  th a n  + 1 .4  V . In  a d d i t io n ,  u s in g  to o  h ig h  p o is e d  p o te n t ia l  
c a n  in c re a s e  th e  b a c k g r o u n d  c u r r e n t  a n d  p o s s ib le  d i r e c t  o x id a t io n s  o f  e le c t r o a c t iv e  
s p e c ie s  a t  th e  u n d e r ly in g  e le c t ro d e  (G a o  et al. , 2 0 0 5 ) .

T h e  in te n s i ty  o f  th e  s ig n a l  w a s  s h o w n  to  b e  p r o p o r t io n a l  to  th e  
c o n c e n t r a t io n  o f  H 2 O 2 o v e r  th e  r a n g e  s tu d ie d  a s  i l lu s t r a te d  in  th e  in s e t  in  Fig. 3.11, 
w h ic h  w a s  c le a r  th a t  th e  o x id a t io n  p e a k  c u r r e n t  v a r ie d  l in e a r ly  w i th  c o n c e n t r a t io n  in  
th e  r a n g e  f ro m  0 .1 2 5  to  10 m M . T h e  r e g r e s s io n  e q u a t io n  is  g iv e n  b y  y = 2 .4 0 8 9 x  +  
4 8 .0 2 9  ( r 2 = 0 .9 9 7 ) ,  w h e re  y  a n d  X a re  th e  m a g n i tu d e  o f  p e a k  c u r r e n t  ( p A )  a n d  H 2 O 2 

c o n c e n t r a t io n  ( m M ), r e s p e c t iv e ly .  T h e  s lo p e  o f  th e  e q u a t io n  c o r r e s p o n d s  to  a  l in e a r  
s e n s i t iv i ty  o f  4 .7 7  m A / M  c m 2 a n d  L O D  o f  1 .25  p M
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3 .4 .6  T h e  E f f e c t  o f  p H  a n d  B u f f e r  S tr e n g th  o n  th e  A n o d ic  C u r r e n t
R e s p o n s e  o n  H y d r o u e n  P e ro x id e  D e te c t io n
T h e  e f f e c t  o f  p H  o n  a n o d ic  c u r r e n t  r e s p o n s e  o f  10 m M  H 2 O 2 d e te c t io n  

a t  v a r io u s  s y s te m  c o n d i t io n s  w a s  a ls o  s tu d ie d  Fig 3.12 o b v io u s ly  s h o w s  th e  
m a x im u m  c u r r e n t  r e s p o n s e  a t  p H  8 . B u t a t  p H  9 , th e  e x p e r im e n t  c o u ld  n o t  b e  
c o n d u c te d  d u e  to  b u b b le  f o r m a t io n  o c c u r r in g  o n  th e  e le c t r o d e  s u r f a c e  (o v e r  
o x id a t io n ) .  T h e  lo w  c u r r e n t  r e s p o n s e  in  p H  3 m a y  c a u s e  f ro m  th e  lo w  io n ic  s t r e n g th  in  
P B S  s y s te m . F o r  th is  a p p l ic a t io n ,  H 2 O 2 d e te c t io n  in  b u f f e r  s o lu t io n  c o m m o n ly  u s e d  in  
b io lo g ic a l  r e s e a r c h  is  th e  fo c u s . T h e r e fo re ,  w e  h a v e  m e a s u r e d  p H  7 .4  fo r  f u r th e r  
s tu d ie s .

T h e  s a lt  io n  in  P B S  s o lu t io n  in  Fig 3 .1 3 ,  b a la n c e s  th e  a m o u n t  o f  s a lt  
io n s  in s id e  th e  c e ll .  T h e  o s m o la l i ty  a n d  io n  c o n c e n t r a t io n s  o f  P B S  s o lu t io n  m a tc h  o f  
h u m a n  b o d y  f lu id .  T h e  e f f e c t  o f  s a l t  c o n c e n t r a t io n ,  a c c o r d in g  to  i ts  a n o d ic  c u r r e n t  f o r  
d e te c t io n  o f  10 m M  H 2 O 2 , w e  fo u n d  th a t  th e r e  is  n o t  m u c h  c h a n g e  in  a n o d ic  c u r r e n t  
r e s p o n s e .  I t c a n  b e  s a id  th a t  th e  r a n g e  o f  K C 1 c o n c e n t r a t io n  fo r  H 2 0 2 d e t e c t io n  s h o u ld  
b e  0 .1 -1  M  K C 1. N o r m a l ly ,  0 .1  M  KC1 h a s  b e e n  u s e d  fo r  b lo o d  s im u la t io n  in  m e d ic a l  
r e s e a rc h .  T h e r e f o r e ,  w e  u s e d  th is  v a lu e  f o r  o u r  f u r th e r  s tu d ie s .

T h e  e f f e c t  o f  s u p p o r t in g  e le c t r o ly te  c o n c e n t r a t io n  o n  th e  a n o d ic  c u r r e n t  
r e s p o n s e  Fig 3.14, th e  g r a p h  i l lu s t r a te d  th a t  th e  a n o d ic  c u r r e n t  d e c l in e d  w h e n  th e  
s u p p o r t in g  e le c t r o ly te  c o n c e n t r a t io n s  w e r e  d e c r e a s e d .  T h is  w ill  d e f in i te ly  m a k e  it 
c le a r  th a t  th e  o v e ra l l  io n ic  s t r e n g th  in  s y s te m  w a s  d is tu r b e d .  S o , w e  c a n  in fe r r e d  th a t  
th e  io n ic  s t r e n g th  o f  s o lu t io n  w a s  p r o p o r t io n a l  to  th e  a n o d ic  c u r r e n t  r e s p o n s e .

3 .4 .7  I n c o r p o r a t io n  w i th  G lu c o s e  O x id a s e  fo r  G lu c o s e  D e te c t io n
In  o r d e r  to  s tu d y  th e  p e r f o r m a n c e  o f  H 2 O 2 b io s e n s o r  w h ic h  c a n  b e  u s e d  

to  d e te c t  m a n y  o x id a s e - s u b s t r a te  c o m p o u n d s  f ro m  th e  c a ta ly t ic  r e a c t io n  o f  v a r io u s  
e n z y m e s ,  in  th is  w o rk . G O x  w a s  c h o s e n  a s  a  m o d e l  e n z y m e  to  d e te c t  g lu c o s e  w i th o u t  
u s in g  a  m e d ia to r .  T h e  a m p e r o m e tr ic  c u r r e n t  d e te c t io n  d u r in g  o x id a t io n  a t  th e  e n z y m e  
e le c t r o d e  is  a s  s h o w n  in  Eq. 10 a n d  a n o d ic  c u r r e n t  r e s p o n s e  a t  w o r k in g  e le c t r o d e  
f o l lo w e d  b y  Eq. 11.

- D - g lu c o s e  +  O 2 +  H 20  '  » g lu c o n ic  a c id  +  H 2 O 2 E q . 10
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H 2 0 2 ' 0 2  +  2 H + +  2e* E q . 11
In  th e  c a ta ly t ic  r e a c t io n  b e tw e e n  G O x  a n d  g lu c o s e  m o le c u le ,  G O x  

m u s t  b e  h ig h  e n o u g h  to  h a v e  a  g o o d  s e n s i t iv i ty .  Fig. 3.15 i l lu s t r a te d  th a t  th e  a n o d ic  
c u r r e n t  w a s  d i r e c t ly  p r o p o r t io n a l  to  G O x  c o n c e n t r a t io n  u p  to  1 .0  g /m l. A n o d ic  c u r r e n t  
f o r  th e  G O x  c o n c e n t r a t io n  o v e r  1 .0  g /m l c o u ld  n o t  b e  m e a s u r e d  d u e  to  th e  lo w  
s o lu b i l i ty  o f  G O x  in  th e  P B S  s o lu t io n . T h e  G O x  c o n c e n t r a t io n s  o f  0 .1  g /m l w a s  ta k e n  
in to  b o th  s e n s i t iv i ty  a n d  c a l ib r a t io n  c u r v e  a s  s h o w n  in  Fig. 3.16. T h e  a m p e r o m e tr ic  
r e s p o n s e  o f  P P y /P A N - M W C N T /S P C E  e le c t ro d e  s h o w s  a n  o b v io u s  in c re a s e  in  
o x id a t io n  c u r r e n t  u p o n  a d d i t io n  o f  g lu c o s e  o c c u r r e d  w h ic h  w e r e  m o n i to r e d  in  r a n g e  o f  
5 0  s e c o n d s . T h e  a m p e r o m e tr ic  r e s p o n s e s  s h o w  a  l in e a r  r e la t io n  w i th  g lu c o s e  
c o n c e n t r a t io n  f ro m  0 .2 5  m M  to  6 .0 0  m M  w ith  c o r r e la t io n  c o e f f ic ie n t  o f  0 .9 9 6  (Fig. 
3.16). T h e  L O D  w a s  e v a lu a te d  to  b e  15 .51  p M  a n d  s e n s i t iv i ty  o f  10 .81  m A /  M  c m 2. 
T h e  m o d if ie d  e le c t r o d e  s h o w s  h ig h  s e n s i t iv i ty  a n d  lo w  d e te c t io n  l im it  b e c a u s e  th e  
h ig h  c o n d u c t iv i ty  o f  P P y  la y e r  a n d  s u r f a c e - to - v o lu m e  r a t io  o f  c o n d u c t iv e  e le c t r o s p u n  
f ib e r  w e r e  c o v e r e d  o n  e le c t ro d e  s u r fa c e . C o m p a re d  to  a n o th e r  r e p o r t  o n  a m p o m e tr ic  
g lu c o s e  b io s e n s o r  w i th o u t  u s in g  m e d ia to r ,  L O D  in  th is  w o r k  w a s  lo w e r  th a n  
c o n v e n t io n a l  b lo o d  g lu c o m e te r s ;  th e  d e te c te d  le v e l w a s  a s  lo w  a s  1 .7  m M  (D u n g c h a i ,  
2 0 0 9 )

3 .4 .8  M e d ia to r - b a s e d  G lu c o s e  B io s e n s o r
T h e  p r o b le m s  o f  u s in g  G O X  a lo n e  in  r e a c t io n  s y s te m  a re  th e  in te r fe re  

s u b s ta n c e s  s u c h  a s  a s c o r b ic  a c id  a n d  u r e a  w h ic h  c a n  b e  o x id iz e d  a t  th e  > 0 .6  V  a n d  th e  
v a r ia b le  o x y g e n  c o n c e n t r a t io n .  S o , th e  a n o d ic  c u r r e n t  o f  th e s e  c o m p o u n d  c o u ld  le a d  
to  e le c t r o c h e m ic a l  in te r f e r e n c e  T h e  w a y  to  e l im in a te  th e  in te r f e r e n c e  s ig n a l  is  u s in g  
m e d ia to r .  In  th is  s tu d y , w e  u s e d  F e (C N ) 6 3’ a s  m e d ia to r  w h ic h  c a n  r e a c t  w i th  G O X  
in s te a d  o f  o x y g e n  th u s  r e d u c e d  m e d ia to r  is  f o rm e d  in s te a d  o f  h y d r o g e n  p e r o x id e .  A s  
s h o w n  in  Eq. 12 a n d  Eq. 13, th e  e le c t r o n  t r a n s f e r  b e tw e e n  th e  m e d ia to r  a n d  th e  G O X . 
T h e  c h a r a c te r i s t ic  o f  c v  o f  S P C E  a n d  P P y /P A N - M W C N T /S P C E  w e r e  s h o w n  in  Fig 
3.17. T h e  c o n t r a s ts  g r e a t ly  w i th  AEp o f  b o th  ty p e s  o f  e le c t r o d e ,  in  th is  s y s te m , th e  
o x id a t io n  p e a k  o f  P P y /P A N - M W C N T /S P C E  o c c u r r e d  a t  lo w  p o te n t ia l  w i th  th e  h ig h  
a n o d ic  c u r r e n t  c o m p a re d  to  S P C E .
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/? - D - g lu c o s e  +  2 F e ( C N ) 63" +  H 2 O  -------4  g lu c o n ic  a c id  +  2 H + +  2 F e (C N )6 4" E q . 12
2 F e ( C N ) 64- ---------* 2 F e (C N )6 3'  +  2 ๙  E q .1 3

C y c lic  v o l ta m m e tr y  o f  P P y /P A N - M W C N T /S P C E  c o n ta in in g  v a r io u s  
m e d ia to r  c o n c e n t r a t io n s  a n d  c o n s ta n t  0.1 g /m l o f  G O X  a s  s h o w n  in  Fig 3.18, a t  s c a n  
r a te  o f  5 0  m V /ร. T h e  r e s u l t s  s h o w e d  th a t  th e  o x id a t io n  p e a k  o f  P P y /P A N -  
M W C N T /S P C E  w a s  s l ig h t ly  s h i f te d  to  th e  h ig h e r  v o l ta g e  ( 0 .4 - 0 . 6  V )  c o m p a r e d  to  th e  
s y s te m  w i th o u t  m e d ia to r  a n d  G O X . T h e  a d d i t io n  o f  m e d ia to r  f ro m  1 m M  to  1 0 0  m M , 
th e  c u r r e n t  a n d  p o te n t ia l  r e p o n s e s  w e r e  d i f f e r e n t ;  th e  c u r r e n t  a n d  p o te n t ia l  r e s p o n s e  
w e r e  p r o p o r t io n a l  to  th e  m e d ia to r  c o n c e n t r a t io n .  In  Fig 3.19 s h o w e d  th e  
a m p e r o m e tr ic  r e s p o n s e ,  th e  d e te c t io n  o f  1 m M  g lu c o s e  in  s y s te m s  c o n ta in in g  c o n s ta n t  
G O X  a n d  v a r io u s  c o n c e n t r a t io n s  o f  m e d ia to r s ,  a t  th e  h ig h e s t  c o n c e n t r a t io n  o f  
m e d ia to r  (1 0 0  m M ) , e x h ib i te d  th e  h ig h  c u r r e n t  r e s p o n s e .  B u t, th e re  is  n o  in c re a s e  o f  
a n o d ic  c u r r e n t  a f te r  a d d in g  1 m M  o f  g lu c o s e  d u e  to  s ig n a l  d i s tu r b e d  b y  b a c k g r o u n d  
c u r r e n t .  T h e r e fo re ,  in  th is  w o rk , th e  2 0  m M  o f  m e d ia to r  w a s  c h o s e n  f o r  in c o r p o r a t io n  
w i th  G O X . In  a d d i t io n ,  a t  th is  c o n c e n t r a t io n ,  c a n  d e te c t  g lu c o s e  in  m o re  w id e  r a n g e  o f  
0 .2 5 - 7  m M .

T h e  c a l ib r a t io n  c u r v e  o f  M e d ia to r + G O X /P P y /P A N - M W C N T /S P C E  
w a s  e v a lu a te d  b y  a m p e r o m e tr y  te c h n iq u e  s h o w n  in  Fig 3.20(bottom). F u r th e r  w i th  
th is  m e th o d ,  g lu c o s e  c a n  b e  e s t im a te d  u p  to  7  m M . L in e a r  c u r r e n t  r e s p o n s e  w i th  
c o n c e n t r a t io n s  r e v e a l  th a t  th e  m o d if ie d  S P C E  c a n  b e  u s e d  to  e s t im a te  g lu c o s e  
c o n c e n t r a t io n  in  0 .2 5 - 7  m M  r a n g e  w ith  L O D  ( 3 S /N )  o f  0 .9 8  m M  a n d  th e  s e n s i t iv i ty  o f  
th is  e le c t r o d e  is  1 1 6 .8  m A /M  c m 2

3 .4 .9  M ic h a e l i s - M e n ta n  C o n s ta n t  (K m ) C a lc u la t io n
T o  s tu d y  e n z y m e - s u b s t r a te  k in e t ic s  p r o c e s s ,  M ic h a e l i s - M e n te n  

c o n s ta n t ,  K m w a s  e s t im a te d  f ro m  Fig 3.18, g r a p h  b e tw e e n  g lu c o s e  c o n c e n t r a t io n  a n d  
g lu c o s e  c o n c e n t r a t io n /  a m p e r o m e tr ic  r e s p o n s e  c u r r e n t .  T h e  K m v a lu e s  o f  
G O X /P P y /P A N - M W C N T /S P C E  a n d  G O X + M e d ia to r /P P y /P A N - M W C N T /S P C E  
w e r e  2 .6 0 2  m M  a n d  0 .4 6 9  m M , r e s p e c t iv e ly .  F o r  G O X + M e d ia to r /P P y /P A N -  
M W C N T /S P C E , th e  K m v a lu e  w a s  lo w e r  th a n  m e d ia to r le s s  s y s te m  a n d  s m a l le r  th a n
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r e p o r te d  v a lu e  o f  2 3  m M  f o r  p l a in  P P y /G O x  . S m a l le r  v a lu e  o f  K m  r e v e a l  th e  h ig h e r  
a f f in i ty  o f  e n z y m e  f o r  i ts  s u b s tr a te  a n d  c a n  b e  a t t r ib u te s  to  th e  b e t te r  c o n f o r m a t io n  o f  
a d s o r b e d  e n z y m e  f o r  e n z y m e  r e a c t io n .  T h e  r e s u l t  s u g g e s t  th a t  th e  p r e s e n c e  o f  
m e d ia to r  in  th e  r e a c t io n  s y s te m  h e lp s  to  p r o m o te  th e  r e d o x  r e a c t io n  w i th  b io lo g ic a l  
c o m p o n e n t  a n d  th u s  h e lp  in  th e  r a p id  e le c t r o n  t r a n s f e r

3.5 Conclusions
W e  h a v e  s h o w n  th a t  a  P P y /P A N - M W C N T /S P C E  c a n  b e  f a b r ic a te d  u s in g  

e le c t r o s p in n in g  a n d  v a p o r - p h a s e  p o ly m e r iz a t io n  te c h n iq u e s .  T h e  p r e s e n c e  o f  a  
c o n d u c t iv e  n a n o f ib e r  s t r u c tu r e  c o a te d  w i th  a  P P y  la y e r  o n  th e  S P C E  s u r f a c e  e n h a n c e s  
th e  e le c t r o c h e m ic a l  r e d o x  a c t iv i ty ,  w h e re  th e  r e s u l t in g  c u r r e n t  is  p r o d u c e d  b y  r a d ia l  
d i f f u s io n  a n d  is  q u a s i - r e v e r s ib le  w i th  a n  e x c e l le n t  a n o d ic /c a th o d ic  c u r r e n t  r e s p o n s e  
a n d  a  lo w  AEp in  a  F e ( C N ) 63' /4" r e d o x - c o u p le  s y s te m . In  th e  c a s e  o f  s ta n d a r d  H 2 O 2 

d e te c t io n ,  th e  P P y /P A N - M W C N T /S P C E  g a v e  a  w e l l - d e f in e d  e le c t r o c a ta ly t i c  
r e s p o n s e ,  w h ic h  in d ic a te d  th a t  th e  m o d if ie d  e le c t ro d e s  b e h a v e  a s  a  d i s p o s a b le  d e v ic e  
w i th  a n  a n o d ic  c u r r e n t  g r e a te r  th a n  th a t  o f  th e  c o n v e n t io n a l  p l a n a r  S P C E  a n d  c o u ld  b e  
u s e d  to  m e a s u r e  H 2 O 2 o v e r  a  w id e  c o n c e n t r a t io n  r a n g e  f ro m  0 .1 2 5  to  10 m M . T h e  
in c o r p o r a t io n  o f  G O X  a s  a n  e n z y m a tic  m o d e l  w i th  th e  P P y /P A N - M W C N T /S P C E  le d  
to  g lu c o s e  d e te c t io n  o v e r  a  l in e a r  r a n g e  o f  0 .2 5 - 6  m M . In  a d d i t io n ,  T h e  e x p e r im e n ta l  
r e s u l t s  s h o w e d  th a t  m e d ia to r  r e ta in e d  i ts  c a ta ly t ic  a c t iv i ty  w i th  lo w  K m v a lu e  a n d  
in c re a s e  s e n s i t iv i ty  a n d  l in e a r  r a n g e  o f  d e te c t io n .  T h is  w o r k  r e p r e s e n ts  o u r  f i r s t  r e p o r t  
o n  S P C E  s u r f a c e  m o d if ic a t io n .  In  f u tu re  w o rk s ,  e n z y m a tic  im m o b i l i z a t io n  o n  a  P P y  
la y e r  w i l l  b e  in v e s t ig a te d .
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Figure 3.3 T h e  s a m p le s  o f  S P C E  c o a te d  w i th  P A N - M W C N T  n a n o f ib e r  a t  v a r io u s  
t im e s

Conductive electrospun coating time (min)

Figure 3.4 A n o d ic  c u r r e n t  r e s p o n s e  o f  m o d if ie d  e le c t r o d e s  b e f o r e  a n d  a f te r  
c o a t in g  w i th  P P y  la y e r  o f  5 m M  F e 2+/3+ in  0 .1  M  P B S  o f  p H  7 .4  a s  a  f u n c t io n  o f  
e le c t r o s p in n in g  t im e s
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Figure 3.5 (a )  E f f e c t  o f  c o n c e n t r a t io n  o f  F e T o s  o x id a n t  o n  f ib e r  d ia m e te r  a n d  
(b )  E f f e c t  o f  c o n c e n t r a t io n  o f  F e T o s  o x id a n t  o n  a n o d ic  c u r r e n t  r e s p o n s e  o f  
5 m M  F e  2+/3+in  0 .1  M  P B S  o f  p H  7 .4
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Figure 3.6 S E M  im a g e s  o f  m o d if ie d  S P C E  c o a te d  w i th  P P y  la y e r  b y  
v a p o r - p h a s e  p o ly m e r iz a t io n  a t  v a r io u s  t im e s

Figure 3 .7  S E M  im a g e s  o f  th e  s u r fa c e  m o r p h o lo g ie s  o f  (a )  S P C E , (b )  P A N -  
M W C N T /S P C E , a n d  (c )  P P y /P A N - M W C N T /S P C E  e le c t ro d e s .
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W a v en u m b er  ( c m 1)

Fig. 3.8 F T - I R  s p e c t r a  o f  P A N - M W C N T /S P C E  ( b o t to m  l in e )  a n d  P P y /P A N -  
M W C N T /S P C E  ( to p  l in e )
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P o te n t ia l  (V)

Figure 3 .9  (a )  C y c l ic  v o l ta m m o g r a m s  o f  5 m M  F e 2+/3+ in  0.1 M  P B S  o f  p H  7 .4  a t  
d i f f e r e n t  m o d if ie d  e le c t ro d e s  m e a s u r e d  w i th  s c a n  r a te  o f  5 0  m V /ร (b )  C y c lic  
v o l ta m m o g r a m s  o f  B A R E -C N T -P P y  e le c t ro d e  a t  d i f f e r e n t  s c a n  r a te , ( in s e t )  p lo t  
l in e a r  r e la t io n  c u r r e n t  v s . s c a n  r a t e 1/2
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Figure 3.10 (a )  C y c l ic  v o l ta m m o g r a m s  o f  10 m M  H 2 0 2, 0 .1  M  P B S  in  
o f  p H  7 .4  a t  m o d if ie d  e le c t r o d e s  (b )  A m p e ro m e t r ic  r e s p o n s e  o f  e le c t r o d e s  o f  10 m M  
H 2 0 2 in  0 .1  M  P B S  o f  p H  7 .4  p o te n t ia l  f ix e d  a t  + 1 .4  V  f o r  S P C E  a n d  P A N -  
M W C N T /S P C E a n d  + 1 .2  V  f o r  P P y /P A N - M W C N T /S P C E , r e s p e c t iv e ly
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Fig. 3.11 A m p e r o m e t r ic  r e s p o n s e s  o f  g lu c o s e  in  0 .1  M  P B S  o f  p H  7 .4 . a t  P P y /P A N -  
M W C N T /S P C E  e le c t ro d e ,  ( in s e t )  L in e a r  c u r r e n t  r e s p o n s e  w i th  H 2O 2 c o n c e n t r a t io n s  
f ro m  0 .1 2 5  to  10 m M  p o is e d  p o te n t ia l  a t  + 1 .2

Fig. 3.12 C y c l ic  v o l t a m m o g r a m  a n d  a n o d ic  c u r r e n t  p lo t s  o f  10 m M  H 2O 2 d e te c t io n  
a t  P P y /P A N /M W C N T /S P C E  w i th  v a r io u s  p H s .
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Fig. 3 .1 3  C y c l ic  v o l ta m m o g r a m  a n d  a n o d ic  c u r r e n t  p lo ts  o f  w i th  v a r io u s  K C I 
c o n c e n t r a t io n s  fo r  10 m M  H 2 O 2 d e te c t io n  a t  P P y /P A N - M W C N T /S P C E

Fig. 3.14 C y c l ic  v o l ta m m o g r a m  a n d  a n o d ic  c u r r e n t  o f  10 m M  H 2 O 2 d e te c t io n  a t  
P P y /P A N - M W C N T /S P C E .
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Glucose oxidase (GOX) g/ml

F i g u r e  3 .1 5  A m p e r o m e t r ic  p e a k  c u r r e n t  o f  1 m M  g lu c o s e  in  
v a r io u s  G O X  c o n c e n t r a t io n s

F ig .  3 .1 6  A m p e r o m e t r ic  m e a s u r e m e n ts  o b ta in e d  f o r  s ta n d a r d  g lu c o s e  a d d i t io n s  
u s in g  a n  a p p l ie d  p o te n t ia l  o f + 1 .2 5  V  w i th  B A R E - C N T - P P y  e le c t ro d e .
I n s e t  is  a  c a l ib r a t io n  c u r v e  o f  B A R E - C N T - P P y  e le c t ro d e
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C o n c e n t r a t io n s  o f  M e d ia to r  (ทาM)

F ig .  3 .1 9  A m p e ro m e t r ic  r e s p o n s e s  o f  1 m M  o f  g lu c o s e  a t  P P y /P A N - M W C N T /S P C E  
e le c t ro d e  in c o r p o ra te  w i th  v a r io u s  m e d ia to r  c o n c e n t r a t io n s .
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Fig. 3.20 A m p e r o m e t r ic  m e a s u r e m e n ts  o b ta in e d  f o r  s ta n d a r d  g lu c o s e  a d d i t io n s  
u s in g  a n  a p p l ie d  p o te n t ia l  o f  + 0 .4 5  V  o f  P P y /P A N - M W C N T /S P C E  in c o r p o r a t io n  
w i th  m e d ia to r  ( to p )  a n d  c a l ib r a t io n  c u r v e  ( b o t to m )
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GOX/PPy/PAN-MWCNT/SPCE

Y = 23136X+6019 
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6  Q X + M  e d  l a t o  f / P P y / F A N  " M  W C M T / S P C  E •
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30Q0G - •
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7 0 0 0 0  - Y = 17709m +8312
•
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0 .0  .2 .4 .6 .8 1.0 1.2 1.4 1.6 1 .8  2 .0  2 .2

G lucose concentra tion (mM)

F ig .  3 .2 1  H a n e s  p lo t  fo r  c o m p a r i s o n  o f  G O X  /P P y /P A N - M W C N T /S P C E ( to p )  a n d  
G O X + M e d ia to r /P P y /P A N - M W C N T 7 S P C E ( b o t to m )
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T a b l e  3 .1  C o m p a r i s o n  o f  m o d if ie d  e le c t r o d e s  w i th  o th e r s  G O X  b a s e d  a m p e r o m e tr ic
g lu c o s e  b io s e n s o r s  r e p o r te d  in  l i te r a tu re .

E le c t ro d e  
m o d if ie d  w ith

F in e a r  r a n g e
K m

(m M )
S e n s i t iv i ty R e f

P S /P A N I /A u / I T O 0 .0 4 - 2 .0 4  m M 0 .7 6 - ( F iu  et al., 2 0 0 8 )
A u -P P y / IT O 2 .5  p M -5  m M 4 3 .5 1 .0 8 9  p A m M ' 1 (N ia g i ,  2 0 0 7 )

P P y /F c / IT O 2 - 1 0  m M - 0 .2 3  p A m M ' 1
( F io r i to  et al., 

2 0 0 1 )

P P y /I T O 5 p M -  2 0  m M 2 3 .3 -
( C h e n  et al., 

2 0 0 6 )
P P y /M W C N T /I T O 1-4  m M - 9 5  n A  m M ' 1 (T s a i  et al., 2 0 0 6 )
P (P P y - F c P y ) / I T O 1 -1 6 .8  m M 1 . 6 19 .21  p A m M ' 1 ( P a lo m e ra ,  2 0 1 1 )

P P y /P A N -
M W C N T /S P C E

0 .2 5 - 6  m M 2 .6 0 2 5 .4 1 5  p A m M ' 1 [ T h i s  w o r k  ]

G O X + M e d ia to r
/P P y /P A N -

M W C N T /S P C E
0 .2 5 - 7  m M 0 .4 6 9 1 4 .6 2  p A m M ' 1 [ T h i s  w o r k  ]

G O D /C o P C /S P C E 0 .2 -5  m M - 1 .1 2  p A m M ' 1
( C r o u c h  et al., 

2 0 0 5 )

G O D /C N T /P t 0 .1 -1 3 .5  M m - 91 m A M ''c m ' 2
( T a n g  et al., 

2 0 0 4 )
G O D /P d - N i /S iN W 2 -2 0  m M - 1 9 0  p A m M ' 1 ( H u i et al., 2 0 1 1 )
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