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Abstract - The fiber-optic biosensor consisted of tubular enzyme reactor and two sensing parts was developed for the 
detection of organophosphorus compounds in a contaminated water. The organophosphorus compounds was measured by 
acetylcholinesterase entrapped by Ca-alginate gel on a silicon tube. The litmus dye was used as the indicator of color 
change due to the inhibition of organophosphorus compounds on the acetylcholinesterase. Transmittance change of light 
at the input and output parts of tubular enzyme reactor was detected. The biosensor has the linear analytical range of 0-1.0 
ppm with response time of 5 minutes. The proposed kinetics for irreversible inhibition of organophosphorus compounds 
on AChE agreed well with the experimental data. The theoretical model of diffusion and reaction in enzyme membrane 
was presented to analyze the response of sensor signal. Based on the simulation results using the model, the optimal 
amount of enzyme loaded and substrate was obtained as 80 ~tg and 6 mM, respectively. 
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INTRODUC~ON 

Organophosphorus compounds which have been used as com- 
mercial pesticides and potential nerve toxins for military pur- 
poses have become increasingly important in recent years be- 
cause these block the active site of nerve enzyme by nucle- 
ophilic attack [Alfthan et al., 1989]. Since the organophos- 
phorus compounds are widely used in the farm for the plant 
protection purposes, rapid and simple detection of the contami- 
nation of ground water is required in water supplies [Klaimer 
et al., 1993; Leon-Gonzalez and Townshend, 1990; Wittmann 
and Schmid, 1993]. 

Fiber-optic sensor has many advantages compared with the 
other sensor types due to its capability of remote and multiple 
sensing [Abdei-Latif and Guidbault, 1990]. Also the fiber-optic 
sensor is not interfered by the electric field and is easy to mini- 
aturize, which can lead to the development of very small, light 
and flexible sensor. Fiber-optic biosensor is the emerging tech- 
nology that incorporates the sophisticated biological and optical 
components to analyze the specific components with high selec- 
tivity and sensitivity [Abdel-Latif and Guidbault, 1990; Carome 
et al., 1993]. 

Biosensors to detect the organophosphorus compounds have 
been developed [Dumschat et al., 1991; Skladal, 1991; Takruni 
et al., 1993; Wolfbeis and Koller, 1989]. Detection principle of 
these sensors is usually based on the inhibition of organophos- 
phorus compounds on acetylcholinesterase (ACHE), which is a 
hydrolyze enzyme with narrow specificity for acetylcholine and 
related compounds in nerve tissue. Absorbance change of prod- 
uct generated from the enzyme reaction in the packed bed reac- 
tor was used as the determination of the amount of organo- 
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phosphorus compounds [Trettnak et al., 1993]. The chromogenic 
synthetic enzyme substrate was used for the change of color 
formation in their report. But the sensor signal becomes inac- 
curate due to the detection of only absorbance change of pro- 
duct if the absorbance of the impurities was same as that of the 
product in the sample solution. Also the fluctuation of sensor 
signal could not be compensated because the reference signal 
was not detected. And the systematic analysis of the biosensor 
has not been reported in spite of its importance of the design 
of reaction part and operation: 

In this study, a fiber-optic biosensor was developed with two 
sensing parts (the reference and indicator signal detection) and 
the tubular enzyme reactor. The litmus dye was used as the sub- 
strate for the color change. The AChE was immobilized at the 
inner wall of tube by Ca-alginate gel. To get the accurate sen- 
sor signal, the simultaneous detection of reference signal (absor- 
bance change of substrate) and indicator signal (product after en- 
zyme reaction) was done. The enzyme kinetics for the inhibition 
of organophosphorus compound on AChE and the model for tu- 
bular enzyme reactor were proposed to analyze the effects of 
operating and design parameters on sensor signal. 

MATERIALS AND METHODS 
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1. Materials 
Acetylcholinesterase (EC 3.1.1.7: V-S, from electric eel) with 

a specific activity of 1000U/mg, Paraoxon, m-nitrophenol and 
acetylthiocholine iodide were obtained from Sigma Chemical 
Company (St. Louis). The sensitive dye, litmus was supplied 
by BDH laboratory (Broom Rd poore, England). 
2. Kinetic Experiment 

Since AChE hydrolyzed acetylthiocholin to thiocholin and ace- 
tic acid, AChE activity could be measured by color change of 
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the acid-base indicator, m-nitrophenol, at 400-440 nm due to 
the formation of acetic acid. To investigate the inhibition kinet- 
ics, various concentration of Paraoxon, used as an inhibitor, 
were added to solution of AChE and acetylthiocholin, and then 
absorbance change at 420 nm was measured by UV spectro- 
photometer (Shimadzu, Japan). 
3. Enzyme Immobilization 

AChE was immobilized on the inner wall of silicon tube (6 
mm I.D and 6 cm length) using gelation of sodium alginate. 
The sodium alginate solution (1.5 % w/w) containing AChE (40 
U/mg of 0.1 M potassium phosphate buffer (pH 7.0)) was pre- 
pared and flowed into the silicon tube in order to produce en- 
zyme layer with nearly uniform thickness. Then the tube was 
placed in CaC12 solution (1.5 % w/w) for 20 min and the gel 
was formed on the inner surface of the tube due to ion ex- 
change between Na § of sodium alginate and Ca ++ of CaCI2. The 
silicon tube with immobilized enzyme was stored in CaCI2 solu- 
tion (0.5 % w/w). 
4. Construction of Fiber-Optic Biosensor 

The experimental set-up was schematically shown in Fig. 1. 
The three solutions (distilled water, substrate solution of litmus 
and acetylthiocholin iodide, analyte solution) were prepared. 
Substrate solution and distilled water were mixed and flowed 
into tubular enzyme reactor via peristaltic pump at first. After 
enzyme reaction reached to the steady state, the distilled water 
was exchanged with analyte solution which contained various 
concentration of Paraoxon. The mixing ratio was 1:1 (v:v) for 
the substrate solution and distilled water or analyte solution. 

Light emitting from the He-Ne laser (633 nm) was guided 
through two optical fiber lines to input and output parts of en- 
zyme reactor. Transmitted light at two parts were guided through 
the opposite two fibers and then conveyed to two phototransis- 
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Fig. 1. The configuration of fiber-optic biosensor system. 
1. Analyte reservoir 
2. Distilled water reservoir 
3. Dye and substrate reservoir 
4. He-Ne laser 
5. Peristaltic pump 
6. Power supply 
7. Reactor 
8. Reference probe 

9. Indicator probe 
10. Phototransistor 
11. Amplifier 
12. A/D converter 
13. Computer 
14. Enzyme layer 
15. Optical fiber 

tors, detectors. The detectors converted the optical signal into the 
electrical signal in order to obtain a quantitative value related 
to analyte concentration. 
5. Signal Analysis 

The reference and indicator signals were measured simul- 
taneously at the input and output part of enzyme reactor, re- 

spectively. Indicator signal was corrected by Eq. (1). The reac- 
tion period was defined as period that substrate and distilled 
water flowed in the enzyme reactor without the inhibitor. The 
perturbation of signal was calculated based on the fluctuation 
of the reference signal. 

O=O+V- O .... (1) 

where, 0': The corrected signal 
O: The indicator signal 
~: The perturbation 
0~,: The indicator signal at reaction period 

MODEL 

To analyze the sensor signal, the mathematical model for tu- 
bular biosensor constructed with the combination of enzyme 
reaction kinetics and transport phenomena in the reactor is need- 
ed. Effects of the operating and design parameters on perfor- 
mances of biosensor such as detection range and response time 
can be simulated based on the model. 
1. Enzyme Reaction Kinetics 

The enzyme, ACHE, has the following characteristics. 

(1) Organophosphorus compounds inhibit AChE irreversibly 
[Alflhan et al., 1989]. 

(2) The inhibition is very fast compared with reaction of sub- 
strate. 

(3) After inhibition step, the amount of inactivated enzyme is 
identical to that of inhibitor used. 

Based on the above characteristics, irreversible inhibition scheme 
was proposed as shown in Fig. 2. The irreversible inhibition 
kinetics was obtained from the above inhibition scheme using 
quasi-steady state approximation. 

Vr _ V'~ax IS] (2) 
K'm + [S] 

where, 

kl k2 
ES  " E + P  

+ 

I 

k3 1 k_3 
EI*  

Ex 
Fig. 2. The enzyme inhibition scheme. 

E: Enzyme, I: Inhibitor, S: Substrate, P: Product, El*: Ex- 
cited complex, Ex: Inativated Enzyme 

March, 1997 
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(3) 

(4) 

gmax = k2Eo 

V'm~ = Vmo~ - k 2 (Io - [I]) 

km = k_ 1 + k2)/k 1 (5) 

K;,  =k,, (I +[I]/k,)  (6) 

k I = (k4 + k_3)/k 3 (7) 

E,, is the amount of enzyme loaded in the alginate gel and Io 
is the initial analyte concentration. 
2. Model  for Tubular  E n z y m e  Reactor 

The physical system and the associated notation are depicted 
in Fig. 3. Substrate and analyte are flowed into the annulus 
created by concentric active surface. The curvature of tube was 
ignored for the sake of simplicity since inside diameter of tube 
can be ignored compared with the tube length. In the mathemat- 
ical analysis, it was used that substrate and analyte were flow- 
ed between two parallel plates. The followings occurred typ- 
ically in the tubular enzyme reactor used. Enzyme was homo- 
geneously immobilized on the wall side and irreversible reac- 
tion occurred only in the enzyme layer. The substrate was dif- 
fused into the immobilized enzyme layer, and then the product 
formed was diffused from enzyme layer to bulk phase. After 
the reaction period, the inhibitor was also drawn. Then, the prod- 
uct was reduced because the immobilized enzyme was inac- 
tivated. All reactants and product with diffusion coefficient, D~, 
were diffused in the radial direction and were flowed in the ax- 
ial direction in bulk phase. In the enzyme layer, the diffusions 
of reactants and product with D~ in the radial direction were oc- 
curred. 

The reactor part of biosensor could be described by the fol- 
lowing set of governing equations. 

In the bulk phase 

= - v  ~ C i  3C~ +D~ (8) b2Ci 

bt b x  0y 2 

In the enzyme layer 

OCei beCei 
~t = oei ~ + wi (9)  

The reaction term were expressed as follows. 

v',.~Ic~, l 
V 1 - Ktm + iCe i ] (10)  

V 2 = -  V 1 (11) 

[c~] 
V2=KnV 1 -  (12) 

[Gel ]  

where, Kn = (k_ l+kz)k3k4 / (k3+ka)klk z (13) 

The subscript i could be correspond to acetylthiocholin 
iodide (i=l), acetic acid 0=2) and paraoxon 0=3). C~ and C,~ 
was local, time dependent concentration of the compounds in 
the bulk and enzyme phase of a reactor volume and v was the 
constant velocity of reactants and product. Vi was the reaction 
rate of i component. 

The appropriate initial and boundary conditions for two phases 

. . . . . . .  y,:l 7'yo 
C; 

Z 

Fig. 3. The schematic diagram of an tubular reactor. 
C~: the concentration in the bulk phase, C~: the concentration 
in the enzyme phase, y: the radial direction, x: the axial 
direction, yo: the radius of tubular enzyme reactor, y~: the dis- 
tance from the center of tubular enzyme reactor to enzyme 
layer, z: total length of tubular enzyme reactor. 

were written as follows. 

I.C. : C~=0, Cei=O for i=l ,  2, 3 

3Ci 
B.C.1 : 

Ci=C~o, 

=0  
y=0 

C~=0 for x=0 

~Cei 
B.C.2 : - ~ y  =0 

Y-~b 

~Ci = Dei ~Cei B.C.3 : D i ~ ~'--y~+ 3Y y--y~- 

Where, the y~+ and y~- were the position maginally lower and 
higher than the interface position between bulk phase and en- 
zyme layer. 

The following dimensionless groups were introduced to 
transform the above governing equations into the dimensionless 
form. 

O= t Ci C~i 
i- 4, = Ci ~ ~Pe,- ~ (14) 

z (15) ~=Y ~--E 

Eqs. (8)-(13) and conditions are thus reduced to 

O#~ ~Oi ~2~i (16) 
30 = - a ~ - + ~  ~--~ 

30 = - ~  +F~ (17) 

where Fi were expressed as, 

(/Jibe 1 ] 
/ '1-- tO+ [Oel ] (18) 

F2=- F1 (19) 

[~'~3] 
I"2 = K .  r l  - ICe 1 ] (20) 

i .e.: 4~(0=0, ~, ~)=0, ~ , (0=0 ,  ~, 0 = 0  for i=l ,  2, 3 

Korean J. Ch. E.(Vol. 14, No. 2) 
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B.C.1 : 

B.C.2 : 

3~ = 0  
~o 

g}i = 1 and ~)ei =0 

=0 

for if=0 

rli 
B.C.3 : ~ ~-~Y C--if- 

while parameters in the above equations defined as 

vT DiT De ,i-( 
a = - -  3 , -  ~ -  L y~ y~ 

r e -  V i t  co= --V"nart- K= lGn rli _ Dei 
Cio Cio Clo Di 

3. Numerical Technique 

(21) 

These equations may be solved using the method of col- 
location [Villadsen and Michelsen, 1978]. 

For the concentration of i component in bulk phase, 

.jk _ ~. 
~ /=1 Akr r (22) 

Or -- ~ ~2~)i'Jk -- ~ Cjq ~i,qk (23) 
~ p=l Bjp r  ~ 2  q=l 

approximations can be made to the corresponding derivatives 
at the location ~i that are the roots of an Lth-order polynomial 
and at the location ~ that are the roots of an Mth-order po- 
lynomial. The semidiscretization elements Ak~ and Bin used to 
approximate the first derivatives, and Cj, used to approximate 
the second derivatives, depend on particular polynomial used. 

For the concentration of i component in enzyme phase, 

a~ --r~=l Djr~)ei'rk' 0~ ~ -~--l Ejsr (24) 

approximations can be able to the corresponding derivatives at 
the location {~ that are the roots of an Lth-order polynomial. 
The semidiscretization elements Djr and E 0 used to approximate 
the first and second derivatives, respectively, depend on par- 
ticular polynomial used. 

The evaluation of these elements (Akt, Bjl, Cjq, Dj, E,k) and 
the underlying theoretical support for the method can be found 
in Villadsen and Michelsen [1978] who also provides subroutine 
listings that used in this study. The boundary condition for the 
interface (~) between bulk phase and enzyme layer is etUk=r 
where M is the number of collocation points that corresponds to 
a particular Mth-order polynomial approximation. And the bound- 
ary conditions for the input part of reactor are 0ot=l for j=I -M - 1 
and ee~,ht=0 for all h. Substituting the above relationships, Eqs. 
(22)-(24), into the diffusion equations and boundary conditions 
yields a set of first-order differential equations. 

For bulk phase, 

d~i,jk N M 
dO - a ~  An0,,~, +~iq~=m Cjq~)i'qk' j=2-M - 1, k=2~N (25) 

For enzyme layer 

ddJe i.~ L X +re, h=2~L-  1, k=2~N (26) 

And, for boundary conditions 

M 
B.C.I: Y~ Blp~i,, ~ =0, 

p=l 
k=2-N (27) 

L 
B.C.2: X DLrr =0, k=2-N (28) 

r=l 

M L 
B.C.3: X Bupr =r/ir~,__lDUCei.rk, k = l - N  (29) 

p=l = 

that are easily integrated by an explicit Runge-Kutta type me- 
thod [Maron, 1982] with the initial conditions {~uk(0)=0 and ee~hk 
(0)=0. 
3. Parameter Estimation 

Under the conditions where the rate constants of enzyme reac- 
tion are known and the diffusion coefficients in the bulk phase 
can be estimated a priori, the parameter to work with is D~i. The 
diffusion coefficients of acetic acid in bulk phase is estimated as 
1.3• 10 5 cm2/sec using the experimental data and correlation to 
compensate the temperature effect described by Perry and Green 
[1984]. The diffusion coefficients of acetylthiocholin iodide and 
paraoxon are calculated as 5.92x 10 6 cm2/sec and 6.07x 10 6 
cm2/sec by Eq. (30) [Tyrrell and Harris, 1984] using the dig 
fusivity of acetic acid and molecular weight (MW). 

_ MW~-'~ (30) D1 

D2 

The solutions to Eqs. (25)-(29) depend on the choice of L, 
M, N and the polynomial used for the basic functions. The po- 
lynomial used in all numerical approximations is characterized 
by the weighting factor 4v2(1- 4) over the interval 0<4<1 and 
~1/2(1- ~) over the interval 0<~<1. N=6 and M=4 for the bulk 
phase and L=3 for the enzyme layer are chosen as the number 
of collocation points, which represent a compromise between 
extreme accuracy and computational speed. 

The experimental data, Ci vs. 0, are compared to the model 
predictions by choosing a diffusion coefficient of acetic acid in 
enzyme layer giving a best fit of the model to the data. During 
the computation, the diffusion coefficients of acetylthiocholin 
iodide and paraoxon are determined using the Eq. (30). A non- 
linear parameter estimation package, NONLIN, is used [Metzler 
et al., 1974] that uses a weighting factor for the residuals, pro- 
portional to r 2 so that the information near steady state con- 
dition is highlightened. 

RESULTS AND DISCUSSION 

1. Kinetics 
The suggested inhibition kinetics was plotted with experimen- 

tal data as shown in Fig. 4. The double reciprocal plots show- 
ed that the proposed kinetics was in a good agreement with the 
experimental data for the inhibitor concentration varied from 0 
to 2 ppm (correlation coefficient : 0.96, 0.94, 0.94 for 0, i ,  2 

Ma~h, l~7  
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Fig. 4. The reciprocal plot of experimental data for AChE reac- 
tion. 

2 -  

R~aa*nce ti=e Analyte introduce [ """ IndicatorReferencel] 

600 700 
Time (See) 

Fig. 6. Typical reference and indicator signal of sensor. 
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...... Product mixture (pH6) He-Ne Laser 
- -  Substrate mixture (pH7.8) 

I. < 

Wavelength (rim) 

Fig. 5. The absorption spectra of substrate mixture and product 
mixture with litmus. 

150 - 

~ 100- 

50-  

0 
0.0 0~ ll.0 115 2.0 

Analyte concentration (ppm) 

Fig. 7.Expel~men~l (bar) and theoretical (line) result for the 
sensor signal. 

ppm of analyte concentration, respectively). Fig. 4 showed that 
both K',,, and V',,,, depend on the concentration of inhibitor. The 

proposed irreversible inhibition kinetics could describe the in- 

hibition of organophosphorus compounds on AChE and thus 
should be utilized for the model of tubular enzyme reactor. The 
calculated kinetic constants were V,,,,=I.I • 10 -" mMsec ~, k,,,= 

6.25• 10 ~ mM, k_,=l.55x 10 -" sec ~ and k1=0.151 mM. 

2. Detection Principle 
The acetylcholinestrase converted the acetylthiocholin iodide 

into acetic acid and thiocholin. The selection of dye was done 

based on the absorption spectra to 633 nm line of He-Ne laser 
and the transmissivity of fiber. The blue color of litmus dye 

was changed to the red color by the pH decrease due to the for- 
mation of acetic acid. The difference of absorption at 633 nm 
by enzyme reaction represented the product formation as shown 

in Fig. 5. ,As the inhibitor introduced, the decrease of the ab- 
sorption difference was occurred due to the inhibition of in- 
hibitor on the acetylcholinesterase, which was proportional to in- 
hibitor concentration. 

3. Sensor Signal Analysis 
The transmittance via optical fiber was measured at the input 

and output parts of the tubular enzyme reactor as the reference 
and indicator signal, respectively, as shown in Fig. 6. When 
the substrate solution entered into the input part of tube, its 

transmittance was measured as the reference signal, which was 

not varied due to enzyme reaction but fluctuated presumably 

due to the external light variation. When the flow was reached 
to the indicator probe, transmittance was reduced by the prod- 

uct formation. As the inhibitor was entered into the flow sys- 

tem with substrate solution, the product formation was reduced 
because immobilized enzyme was inactivated. Consequently, the 
indicator signal increased proportionally to the reduced amounts 

of product by inhibition of Paraoxon while the reference signal 
was not changed, and then which was modulated by Eq. (1) as 

the corrected sensor signal. The residence time was determined 

by the detection of the time interval between the reference sig- 
nal drop and the indicator signal drop. 

Fig. 7 represented that the corrected sensor signal was linear- 

ly proportional to Paraoxon concentration up to 1.0 ppm with a 

response time of 5 minutes experimentally. The model results 
were shown as the solid curves in Fig. 7. The experimental 
values in the model calculation were as follows; flow velocity= 
0.8 mm/sec: reactor radius=3 ram: thickness of  enzyme layer= 

0.5 mm. Simulation results showed the experimental data fairly 
accurately at given operating condition. From the experimental 
data, the effective diffusivity of acetic acid in enzyme layer was 

estimated as 1.04 • 10 5 cm-'/sec. The order of estimated diffusi- 

vities was reasonable compared with the diffusivity of acetic acid 
in water calculated previously (1.3x 10 5 cm2/sec). Since the gel 

was constructed with viscous alginate, the effective diffusivity 

Korean J. Ch. E.(Vol. 14, No. 2) 
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of acetic acid is less than the diffusivity in water [Westrin and 

Axelsson, 1991]. The diffusion coefficients of acetylthiocholin 

iodide and paraoxon are calculated as 4.73• 10 6 cm2/sec and 
4.86• 10 -6 cm2/sec by Eq. (30) [Tyrrell and Harris, 1984]. The 

model was able to predict the upper limit of detection about 1.2 

ppm of inhibitor concentration and the nonlinearity of sensor 

signal due to the saturation of  enzyme reaction. To avoid the non- 

linear signal, the enzyme amount loaded should be increased. 

4. Simulation to Investigate the Effects of  Design and Ope- 

rat ing Parameters 
To analyze the transient response of sensor signal, the profile 

of enzyme activity inside the tubular enzyme reactor as the 
time course was calculated using the model. As the 2 ppm of 

paraoxon was flowed in, the amount of an inactivated enzyme 

was increased as the time course in Fig. 8(a). And it was dif- 
ferent at each local position of enzyme layer inside the tubular 

enzyme reactor. At each local position, the amount of active en- 

zyme tended to decrease with time by the paraoxon. But inac- 

tivated rate of enzyme was different in each local position along 

the reactor length because it was based on paraoxon concen- 

tration and inhibition time at each local position. Though the 
amount of active enzyme in the input part of tubular enzyme 
reactor disappeared rapidly within 180 sec after paraoxon flow- 

ed in, the one in the output part of tubular reactor was de- 

creased slowly and was fully deactivated after 420 sec. The 

(a) 

b~ 1 800 ~ Analytecoec. :0ppm 

600 02  

< 

0 100 200 300 400 
Time (sec) 

Fig. 8. (a) The simulation result of enzyme concentration in the 
reactor. (b) The simulation result of the transient response 
of product concentration for the effect of analyte concen- 
tration. 

March, 1997 

result suggested that signal analysis should be done within 420 

sec after the inhibitor was flowed into the tubular enzyme reac- 

tor. 
In Fig. 8(b), the product concentration profile was calculated 

on the various analyte concentration using the model. In the ab- 

sence of analyte, the product concentration was increased and 

reached to the steady concentration. Once the analyte was in- 

troduced into the reactor, the product were reduced rapidly due 
to an inactivation of immobilized enzyme after the residence 

time. The reduced amount of product concentration was in- 

creased as the analyte concentration was increased. Though the 

analyte concentration was sufficient to inactivate all amount of 

the enzyme, the product did not spontaneously reach the ab- 

solute zero concentration instantaneously. Because the product 

in the immobilized enzyme phase was diffused from the en- 

zyme layer into the bulk phase with the lower velocity than 

that in bulk phase, it remained in the effluent after the inac- 

tivation of all enzymes. 
To investigate the linear range of sensor signal, the effect of 

amount of immobilized enzyme on sensor signal was simulated 
using the model (Fig. 9). The more amount of immobilized en- 

zyme was loaded in gel layer, the wider linear range for analyt- 

ical detection was obtained. The optimum amount of enzyme 
loaded was 80 ~tg for the linear analytical range up to 2 ppm 

of inhibitor concentration as Korean 2nd effluent standard [Choi 

250.  

200. j /  

~ 100-  

0 
0 . 0  0.5 1.0 1.5 2.0 

Analyte concentration (ppm) 

Fig. 9. The simulation result of effect of the enzyme coneeutra. 
tion. 

200-  

150 - 

0 

0.0 0.5 1.0 1.5 2,0 
Analyte concentration (ppm) 

Fig. 10. The simulation result of  effect of  the substrate concen- 
tration. 
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Fig. 11. The simulation result of effect of the reactor length. 
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Fig. 12. The simulation result of effect of the flow velocity. 

and Cho, 1990]. To optimize the substrate concentration, the ef- 

fect of amount of substrate concentration on sensor signal was 
simulated in Fig. 10. Though the linear analytical range was not 

affected by the analyte concentration, the magnitude of readout 
signal was increased until reaction rate was maximized on sub- 

strate concentration. However, as substrate concentration was in- 
creased, the increment of sensor readout was decreased. Based 

on the extent of increment magnitude of readout signal, the op- 

timum concentration of substrate could be suggested as 6 mM 

to increase the enzyme reaction rate economically and then to 

enlarge the readout signal. 

Fig. 11 shows that the magnitude of the readout signal was 
enlarged as the reactor length was increased with the constant 

enzyme amount loaded. As the reactor length was increased, 
the residence time of substrate was increased and more amount 

of substrate was reacted with enzymes. Though the magnitude 
of a readout signal was enlarged as the reactor length was in- 

creased, the linear analytical range on the sample concentration 
was reduced. The reason might be that the volumetric con- 

centration of enzyme in alginate gel was decreased since the 

surface area of enzyme layer contacted with analyte was in- 

creased. The optimum reactor length should be then decided by 

considering the linear analytical range needed, response time 

and magnitude of readout signal. With the constant enzyme 
amount loaded, the effect of substrate flow velocity on the sen- 
sor signal was simulated using the model in Fig. 12. The mag- 

nitude of readout signal was reduced as the flow rate was in- 
creased since the residence time was decreased. But the linear 
analytical range would not be varied because the inactivation 

rate of the enzyme was fast enough not to be affected by the 
decrease of residence time. As the residence time was decreas- 
ed, the sensitivity of sensor signal was decreased. 

C O N C L U S I O N S  

The proposed fiber-optic biosensor can detect organophos- 
phorus compounds with wide linear range and high sensitivity. 
The reaction part of  the sensor consisted of  a silicon tube con- 

taining a coordinated set of enzymes entrapped on the inner sur- 
face. Inhibition of organophosphorus compounds on AChE could 
be described by the proposed irreversible inhibition kinetics. 
Reasonable response time of  about 5 minutes and linear analyt- 

ical range of 0-1.0 ppm for the organophosphorus compounds 

were obtained. The proposed model for the tubular biosensor 
could predict the sensor signal for the various concentration of 

organophosphorus compounds (0-2 ppm). Based on the simu- 

lation for the transient response of sensor using the model, sig- 
nal analysis should be done within 420 sec after the inhibitor 
injection. The optimum amount enzyme loaded was about 80 

~g based on the model simulation to get the linear signal up to 
2 ppm of inhibitor concentration and the optimum concen- 

tration of substrate was about 6 mM to increase the enzyme 

reaction rate economically and enlarge the readout signal. The 

magnitude of the readout signal was enlarged as the reactor 

length was increased but that was decreased as the flow rate 
was increased based on the simulation results. 

N O M E N C L A T U R E  

Ak~ : discretization elements for the derivation 

B/t, : discretization elements for  the derivation 

Cj, 1 : discretization elements for the derivation 
C~ : concentration of i component in the bulk phase [M] 

C~i : concentration of i component in the enzyme phase [M] 

Cio : input concentration of i component [M] 

D/r : discretization elements for the derivation 
D : diffusion coefficient in the bulk phase [cm2/sec] 

De : diffusion coefficient in the enzyme phase [cmZ/sec] 

E/~ : discretization elements for the derivation 
Kn : parameter combination 
k, : reaction rate constants 
K,,, : saturation constant 

K',, : modified saturation constant 

V,s,, : maximum velocity of enzyme 

V',,,,,~ : modified maximum velocity of enzyme 
v : the flow rate of  substrate [crn/sec] 

V : the reaction rate 
x : axial coordinate 

y+ : maginally lower than the interface position (Yc) [cm] 

y~- : maginally high than the interface position (Yc) [cm] 
t : time [sec] 

y : radial coordinate 

y~ : reactor radius to the interface between bulk phase and 
enzyme phase [cm] 
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and Cho, 1990]. To optimize the substrate concentration, the ef- 

fect of amount of substrate concentration on sensor signal was 
simulated in Fig. 10. Though the linear analytical range was not 

affected by the analyte concentration, the magnitude of readout 
signal was increased until reaction rate was maximized on sub- 

strate concentration. However, as substrate concentration was in- 
creased, the increment of sensor readout was decreased. Based 

on the extent of increment magnitude of readout signal, the op- 

timum concentration of substrate could be suggested as 6 mM 

to increase the enzyme reaction rate economically and then to 

enlarge the readout signal. 

Fig. 11 shows that the magnitude of the readout signal was 
enlarged as the reactor length was increased with the constant 

enzyme amount loaded. As the reactor length was increased, 
the residence time of substrate was increased and more amount 

of substrate was reacted with enzymes. Though the magnitude 
of a readout signal was enlarged as the reactor length was in- 

creased, the linear analytical range on the sample concentration 
was reduced. The reason might be that the volumetric con- 

centration of enzyme in alginate gel was decreased since the 

surface area of enzyme layer contacted with analyte was in- 

creased. The optimum reactor length should be then decided by 

considering the linear analytical range needed, response time 

and magnitude of readout signal. With the constant enzyme 
amount loaded, the effect of substrate flow velocity on the sen- 
sor signal was simulated using the model in Fig. 12. The mag- 

nitude of readout signal was reduced as the flow rate was in- 
creased since the residence time was decreased. But the linear 
analytical range would not be varied because the inactivation 

rate of the enzyme was fast enough not to be affected by the 
decrease of residence time. As the residence time was decreas- 
ed, the sensitivity of sensor signal was decreased. 

C O N C L U S I O N S  

The proposed fiber-optic biosensor can detect organophos- 
phorus compounds with wide linear range and high sensitivity. 
The reaction part of  the sensor consisted of  a silicon tube con- 

taining a coordinated set of enzymes entrapped on the inner sur- 
face. Inhibition of organophosphorus compounds on AChE could 
be described by the proposed irreversible inhibition kinetics. 
Reasonable response time of  about 5 minutes and linear analyt- 

ical range of 0-1.0 ppm for the organophosphorus compounds 

were obtained. The proposed model for the tubular biosensor 
could predict the sensor signal for the various concentration of 

organophosphorus compounds (0-2 ppm). Based on the simu- 

lation for the transient response of sensor using the model, sig- 
nal analysis should be done within 420 sec after the inhibitor 
injection. The optimum amount enzyme loaded was about 80 

~g based on the model simulation to get the linear signal up to 
2 ppm of inhibitor concentration and the optimum concen- 

tration of substrate was about 6 mM to increase the enzyme 

reaction rate economically and enlarge the readout signal. The 

magnitude of the readout signal was enlarged as the reactor 

length was increased but that was decreased as the flow rate 
was increased based on the simulation results. 

N O M E N C L A T U R E  

Ak~ : discretization elements for the derivation 

B/t, : discretization elements for  the derivation 

Cj, 1 : discretization elements for the derivation 
C~ : concentration of i component in the bulk phase [M] 

C~i : concentration of i component in the enzyme phase [M] 

Cio : input concentration of i component [M] 

D/r : discretization elements for the derivation 
D : diffusion coefficient in the bulk phase [cm2/sec] 

De : diffusion coefficient in the enzyme phase [cmZ/sec] 

E/~ : discretization elements for the derivation 
Kn : parameter combination 
k, : reaction rate constants 
K,,, : saturation constant 

K',, : modified saturation constant 

V,s,, : maximum velocity of enzyme 

V',,,,,~ : modified maximum velocity of enzyme 
v : the flow rate of  substrate [crn/sec] 

V : the reaction rate 
x : axial coordinate 

y+ : maginally lower than the interface position (Yc) [cm] 

y~- : maginally high than the interface position (Yc) [cm] 
t : time [sec] 

y : radial coordinate 

y~ : reactor radius to the interface between bulk phase and 
enzyme phase [cm] 
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