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A phenomenological model developed describes the steady-state sensing characteris-
tics of a biosensor based on biooxidation of organic solutes by dissolved oxygen. The
model is experimentally verified using a recently developed dopamine sensor that enzy-
matically oxidizes dopamine by polyphenolase in apple tissues. It adequately describes
its steady-state sensing characteristics, including the effects of mass of immobilized ap-
Dple fines in the biofilm, temperature, and pH of the substrate solution. The parameters
provide a basis for evaluating the suitability of different bioactive materials or the same
bioactive material from different sources for biosensor fabrication. At zero thickness of
the membranes and biofilm, the model describes the sensing characteristics of a dis-
solved oxygen probe in which the oxygen diffusivity through the Teflon membrane is
9.83 X 10~ m?/s, comparable with a previously reported value. It can also describe
the sensing behavior of any nonbiocatalyzed oxidation-related sensor in a two-substrate
system simply by replacing the governing faradaic equations for the dissolved oxygen

probe with those appropriate to the type of probe used.

Introduction

A sensor is used to measure the solute concentration of a
solution by monitoring a concentration-dependent property
of the solution. In the absence of such an appropriate con-
centration-dependent property, the solute may be chemically
converted and its concentration is indirectly measured by
monitoring the concentration of one of its reaction products
or its coreactant using an appropriate probe. Catalytic gas
sensors and biosensors are operated on this principle. A
biosensor therefore consists of (1) a biofilm in which a bioac-
tive material is immobilized to effect a biochemical reaction
and (2) a probe to measure the concentration of a reaction
product or coreactant. For a biooxidation reaction, a dis-
solved oxygen probe is normally used to monitor the oxygen
concentration (Figure 1). Many biosensors have been devel-
oped for monitoring the concentration of organic solutes in
aqueous solutions. These include enzymatic sensors for the
quantitative sensing of glucose, alcohol, and cholestrol (Clark,
1987), microbial sensors for process and environmental moni-
toring such as the biochemical oxygen demand of organic
trade effluents and wastewater (Karube, 1986, 1987; Riedel
et al., 1989; Tan et al., 1992), and tissue sensors for the moni-
toring of tyrosine, ascorbic acid, and dopamine (Arnold and
Rechnitz, 1987; Sidwell and Rechnitz, 1986; Tan and Chen,
1993). Biosensors are increasingly being used for routine
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chemical analysis and clinical diagnosis (Albery and Craston,
1987; Clark, 1987; Karube, 1987; Rechnitz, 1975, 1981).

The sensing characteristics of a biosensor depend signifi-
cantly on the various rate processes occurring in the system,
such as diffusion, adsorption of reactive solute on the biocat-
alyst structure, reaction kinetics, and faradaic reactions at the
surface of the sensing electrode. There has been sustained
interest in mathematical modeling on relating the sensor re-
sponse to these various rate processes. Earlier, biosensors
were developed mainly for monitoring the concentration of a
single solute in a solution or a one-substrate solution. Vari-
ous mathematical models have been proposed for such sys-
tems. The models proposed by Blaedel et al. (1972) and Mell
and Maloy (1975) for enzymatic sensors were verified within
experimental constraints. Response characteristics were sim-
ulated by Mell and Maloy (1975) for both enzymatic reaction
and diffusion-controlled regimes. Through an orthogonal col-
location technique, Brady and Carr (1980) were able to simu-
late the steady-state response characteristics of a similar
biosensor. Jochum and Kowalsk (1982) mathematically ana-
lyzed the effect of stirring on the transient and pseudo-
steady-state behaviors of biosensors with potentiometric or
amperometric sensing electrodes. Eddowes (1990) and
Hameka and Rechnitz (1983) described the system with re-
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Figure 1. Typical configuration of a biosensor.

spect to the concentration profile of the substrate in the sys-
tem. Mathematical analysis (Lemke, 1988b) was also ex-
tended to include biosensors containing functional mem-
branes that helped improve their selectivity and stability.

Most biocatalyzed reactions involve more than one reac-
tant or substrate in the solution, and biosensors are some-
times classified by the number of substrates involved. Biocat-
alyzed oxidation is the most common two-substrate (oxygen
and the organic solute) system. A dissolved oxygen probe is
usually used in these two-substrate biooxidation sensors to
relate the oxygen concentration to the substrate concentra-
tion in the solution. Mathematical analysis of the sensing
characteristics of dissolved oxygen probes has been carried
out by Jensen et al. (1978), Gough and Leypoldt (1980), Hale
and Hitchman (1980), Firouztale et al. (1982), Myland and
Oldham (1984), Vacek et al. (1986), and Lemke (1988a). Ley-
poldt and Gough (1984) simplified their steady-state analysis
of a two-substrate biosensor to a single membrane (biofilm)
system by assuming negligible mass-transfer resistance in the
dissolved oxygen probe compared with that in the biofilm.
This was extended by Gough et al. (1985) to a two-dimen-
sional description of enzymatic glucose sensors. Tatsuma and
Watanabe (1992) also extended their steady-state, single-
membrane model to include an additional functional mem-
brane besides the biofilm.

This article describes a steady-state phenomenological
model for a two-substrate biosensor based on the biocat-
alyzed oxidation of the sensed organic solute by a bioactive
material immobilized in the biofilm. The model relates the
sensor response to the rate phenomena occurring during the
sensing process. The model was verified using experimental
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data obtained with an apple tissue dopamine sensor at differ-
ent temperatures, pHs, and amounts of immobilized apple
fines in the biofilm.

Development of the Model
Sensor configuration

Figure 1 shows the general construction of a biooxidation
biosensor. The biofilm is prepared by immobilizing a bioac-
tive material, such as a microorganism (microbial sensor), pu-
rified enzyme (enzymatic sensor), whole cell, or tissue (tissue
sensors), on top of a liquid-permeable membrane using a
suitable polymeric solution. The biofilm, with its supporting
membrane, is placed on top of the gas-permeable membrane
of a dissolved oxygen probe with the immobilized bioactive
material on the outside. Another liquid-permeable mem-
brane is placed over the biofilm to prevent any bioactive ma-
ferial distodged during the operation from contaminating the
substrate solution. The combined membrane/biofilm /mem-
brane is strctched tightly over the gas-permeable membrane
of the oxygen probe and secured properly with a tightly fit-
ting rubber O-ring.

Steady-state measurement procedure

Steady-state measurement with a biooxidation biosensor
involves measuring the steady-state current response in an
air-saturated buffer solution before (I,) and after the addi-
tion of the organic solute {(/,). The concentration of the or-
ganic solute in the sample solution is then obtained from a
calibration curve relating the sensor response, (1,—1,), to the
organic solute concentration. The development of the mathe-
matical model therefore involves rclating the sensor response
to the various rate processes occurring in the scnsing process.

Rate phenomena and sensing behavior

When a biooxidation biosensor is placed in an air-saturated
buffer solution, oxygen from the buffer solution diffuses
through the various membranes and phases toward the dis-
solved oxygen electrodes. Figure 2a shows typical sieady-state
oxygen concentration profiles established in the sensor ac-
cording to the diffusional resistance of each phase, namely
the air-saturated buffer solution (0), the outer liquid-permea-
ble membrane (I), the biofilm (II), the inner liquid-permea-
ble membrane (I11), the gas-permeable membranc (IV), and
the electrolyte (V) of the dissolved oxygen probe. The buffer
is usually well-agitated mechanically and by the continuous
flow of air through the solution such that the conditions at its
interface with the liquid-permeable membrane (I) are the
same as in the bulk solution. At the interface between the
inner liquid-permeable membrane (Il1) and the gas-permea-
ble membrane (I1V), only oxygen diffuses through the gas-per-
meable membrane and is absorbed into the electrolyte (V) of
the dissolved oxygen probe. At both the interfaces with the
gas-permeable membrane, the partial pressure of the oxygen
gas in the gas-permeable membrane would be at equilibrium
with the dissolved oxygen in the liquid-permeable membrane
and in the electrolyte, respectively. When the organic sub-
strate is introduced into the buffer, the organic solute dif-
fuses through the outer liquid-permeable membrane (I) and
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Figure 2. Concentration profiles of oxygen and dopa-
mine in the various phases.

(LPM = liquid-permeable membrane; BF = biofilm; GPM =
gas-permeable membrane; E = clectrolyte.)

into the biofilm (I where it is catalytically oxidized by the
bioactive material during its diffusion toward the inner lig-
uid-permeable membrane (III). At the interface with the
gas-permeable membrane (IV), the organic solute is blocked
from entering the gas-permeable membrane. The oxygen,
however, continues to diffuse through the gas-permeable
membrane to be absorbed into the electrolyte V of the dis-
solved oxygen probe. Similar gas/liquid equilibrium for oxy-
gen can be assumed to prevail at the two interfaces with the
gas-permeable membrane. Figure 2b shows the steady-state
concentration profiles of the two substrates. The amount of
oxygen consumed during the biooxidation of the organic so-
lute in the biofilm depends on the concentration of the or-
ganic solute, the rates of diffusion, and the kinetics of the
biooxidation reaction.

Mathematical model

The approach to the problem is to establish the phe-
nomenological relationships of the concentration profiles of
the two substrates and to relate the oxygen concentration to
the current response of the dissolved oxygen probe. The
functional relationship for the difference in the current re-
sponses obtained with and without the presence of the or-
ganic solute is then derived in terms of the phenomenological
parameters and the concentration of the organic solute.

Buffer Solution Containing No Biooxidizable Organics. Nor-
mally an air-saturated buffer solution is used as the inert car-
rier to maintain the desired optimum pH for the biooxidation
reaction in the biofilm. Under steady-state conditions, the
general mass balance equation for oxygen across each mem-
brane, biofilm, and electrolyte shown in Figure 2a is given by
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where D{)2 is the effective diffusivity of dissolved oxygen in
phase J. The general solution to Eq. 1 is given by

Co,=alx+al (2)
where a is the oxygen concentration gradient in phase J,
which is constant at a given temperature. The general bound-
ary conditions, except for x =0 (substrate solution/liquid-
permeable membrane / interface) and x = x, (cathodic sur-
face of the dissolved oxygen probe), are:

x=x;,, C§ =C§"! 3)

x=xy, D§ a} =D a)t !, (4)
With vigorous stirring of the substrate solution, the oxygen
concentration at x = 0 can be assumed to be the same as the
bulk concentration, C§ . The same assumption was used by
Jochum and Kowalski (1982) and Tatsuma and Watanabe
(1992). The dissolved oxygen probe is normally designed to
operate under limiting current conditions, which implies that
at x = xv, C(‘)’Z = 0. The oxygen concentration profile for each
of the phases can therefore be determined as shown in the
following equations:
Liquid-Permeable Membrane (1) with Thickness = §,.

Ch,=alx+C§,. )
Biofilm (Il) with Thickness = 8,;.
Ch,=af(x—8)+a,s;+C§,. (6)
Liquid-Permeable Membrane (IIl) with Thickness = 8,,.
CHl =al(x -8, - 8D+ alsy +ald,+C§. (1)

Gas-Permeable Membrane (IV) with Thickness = 8;,. At
the interface between the liquid-permeable membrane (I1I)
and the gas-permeable membrane (IV), the equilibrium con-
ditions are described by Henry’s law, since the oxygen con-
centration is small.

POZ= HOI[COZ]- ®)

The concentration profile in terms of partial pressure of oxy-
gen is then given by

Pclj\f'“' Hoz[alv(x =8~y —38y)

+alloy, +als, +als, +CE ] (9

Electrolyte (V) with Thickness = §,,. Similar gas-liquid
phase equilibrium can be assumed at the interface between
the gas-permeable membrane (IV) and the electrolyte (V) of
the dissolved oxygen probe. The concentration profile is
therefore given by
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C(\)/2 =ay(x =8y = &y — 6y — 8y)
+ a8,y + a8y, +allsy +a, 8, +C5. (10
The boundary conditions provide the link among the vari-

ous concentration gradients of the different phases as shown
in Eq. 11.

1 1 pll LIl pli Il _ plV IV _ pv v
Dg,al = D§ a,) = Dg,a = Dgla,’ = Dg a;. (11

Since at x = xy, the oxygen concentration is zero, the con-
centration gradient in the liquid-permeable membrane (1) is
given by solving Egs. 10 and 11.

B
al = — %,
¢ (PO(I/V)av + <P0(1/W)51v + <PO(l/m)‘Sm + ‘Pou/ll)an + 4
12
where the diffusivity ratio ¢k, is defined as
DJ
5
%(1/[() = ‘b“l‘(’ (13)
5

in which s is the substrate solute (o for oxygen and A for
biooxidizable solute); J and K are the adjacent phases.

Calibration Constant of Dissolved Oxygen Probe, . At the
gold cathode of the dissolved oxygen probe, the dissolved
oxygen is cathodically reduced according to the faradaic reac-
tion:

0, +2H,0+4e~ = 40H"

at a rate given by

dcg,

dx

I=-4A4FDY,

] = —4AFDg ap, . (14)

The current response, 1, is therefore

44FC§,
=|— 15
o B, (15)
where
_ 3y Sv Oy Sy S
B,= DY +D1v pll " pI +DI : (16)
0, 0, 0, O, 0,

It is a normal practice to calibrate the dissolved oxygen elec-
trode by relating the current response to the oxygen concen-
tration in the solution in contact with the gas-permeable
membrane. This is usually carried out before overlaying the
probe with any membranes or the biofilm. Under such cali-
bration conditions, 8;, 8y, and 8y, are zero and Eq. 15 is
reduced to

where B is the characteristic constant of the dissolved oxygen
probe and is given by

B il (18)
6V 6]V
DY, D,

in which Cg8! is the dissolved oxygen concentration of the
solution in contact with the gas-permeable membrane, which
in this case will be the concentration of the bulk solution.
Since the diffusivity of oxygen in the electrolyte is normally
much greater than that in the gas-permeable membrane, Eq.
18 becomes

_ 44FDs, (19)

SIV

The effect of temperature on the current response is the re-
sult of the effect of temperature on the diffusivity of the oxy-
gen in the gas-permeable membrane IV. This can be de-
scribed by the Arrhenius equation as shown in Eq. 20:

EY
DY = DY exp [- ﬁ] 0)

The temperature effect on the current response is therefore
given by

EY
I = B°xp [~ 72—Ti Cg! @D
where
4AFDE’,‘2V
B°= | 22)
v

In the presence of the membranes and biofilm, the current
response, I, in a buffer solution containing no biooxidizable

organic, is given by substituting C§! from Eq. 7:

v

Eg
I, = B° exp [— RTf

B
[Co2 +(@oam i + Poamdu + 51)“2] .

(23)

Buffer Solution Containing Biooxidizable Organic Substrate.
In the membranes and the electrolyte, the general mass bal-
ance equation for both the bio-oxidizable substrate (A) and
dissolved oxygen, the general solution and the boundary con-
ditions are similar to those given by Eqgs. 1-4 except that the
concentration gradient in phase J is replaced by b; for oxy-
gen and b for the organic substrate. The mass balance for
biofilm (II) will include the rate of biooxidation of the or-
ganic substrate as shown in Eq. 24,

d2cll
5
e an DI —Z--r,=0 [s=0;4]. (@9
2
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Only oxygen and not the biooxidizable organic, A4, can dif-
fuse through the gas-permeable membrane (IV) into the elec-
trolyte. This implies that the concentration gradient of A4 at
x =xy Is zero or b =0. On this basis, the concentration
profiles for the two substrates in the various membranes (I,
I, and IV), biofilm (II), and the electrolyte (V) are derived.
Liquid-Permeable Membrane (I) with Thickness = §,.

Cl=blx+C? (25)

Ch, =blx+CE.. 26)

Biofilm (II) with Thickness = &;;. It is necessary to know
the reaction rate equation for the bio-oxidation reaction oc-
curring in the biofilm. Sensors are usually calibrated to oper-
ate within the substrate concentration range in which the
sensor response is linearly related to the substrate concentra-
tion. Such a linear relationship is usually valid for dilute solu-
tions and the reaction kinetics can usually be simplified. As-
sume a first-order reaction rate with respect to the bio-
oxidizable organic concentration and that it is independent of
the dissolved oxygen concentration. The enzymic oxidation of
dopamine by polyphenolase (Palmer, 1963) satisfies these as-
sumptions. The reaction rate for a biooxidation stoichiome-
try, A+ nO, = products, with first-order reaction kinetics
with respect to A4 is

.
=k, E,C, QN
n

where k,, is the reactant constant and E, is the active mass
of the tissue. The concentration profile of A in the biofilm II
given in Eq. 28 is derived by integrating Eq. 24 for substrate
A with the relevant boundary conditions:

cosh {m(8,, + §; — x)}
Cl=(CE+bLs 28
a=(Citbs I)[ cosh (méyy) @8
where
kmg(l
m= Df (29)

The concentration gradient of the substrate A4 in liquid
membrane I is given by

Mm@, tanh (mdy)

b;=—c}3[ ] (30)

1+ m8y 4, tanh (mdy)

The dissolved oxygen concentration profile in the biofilm was
similarly derived and is shown in Eq. 31.

- 1]”¢AO(II)[C£ +b48]

o cosh {m(8, + 8, — x)}
02 cosh (m&,;)

+ eoquymba (x — 8D+ b)8; + C§ (31
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where

Dy
Paouy = Dl
0,

Liquid-Permeable Membrane (I1I) with Thickness = 8;;,. At
the gas-liquid membranes interface, x,,;, the concentration
gradient of A is zero since no A passes through the inter-
face. The steady-state concentration of A4 is therefore con-
stant across the whole membrane. Oxygen passes through the
interface and its concentration profile is given in Eq. 32 by
solving Eq. 1 with the appropriate boundary conditions given
by Eqgs. 3, 4, and 8.

Cl=c8 +b!8, +bM(x—8 -8+ ¢ bl
0, 0, 0 ©1 o I I o(/1H e ©11
+ ;zquO(”)[C,f + b 8, m8tanh (m8;)

+sech (mé;)—-1] (32)

where the constant concentration gradient is

m_ I
b, = ‘PO(I/m)bo +[nm Paorn Pocimny

xtanh (m&,D][CZ + bl 5;]. (33)

Gas-Permeable Membrane (1V) with Thickness = 8;,,. Only
oxygen diffuses through this membrane into the electrolyte V
of the dissolved oxygen probe. At its interface with the lig-
uid-permeable membrane III and with the electrolyte V,
gas-liquid phase equilibrium for oxygen is assumed and is de-
scribed by Henry’s law for dilute solution. The oxygen partial
pressure profile in this membrane is thus derived and given
by Eq. 34:

P&/= HOZ[CgZ +by8, + 900(1/11)[’;511 + b8y
+ b)Y (x = 8y — 8y — 8P+ HO:"‘PA()(II)[CAB +b}8;]
X [m8ytanh (m &) +sech (m&;)—1]1 (34)
where

b;v = ‘PO(!H/IV)bzl;H- (35

Electrolyte (V) with Thickness = 8,.. The dissolved oxygen
concentration at the electrode surface is zero under limiting
current conditions. The oxygen concentration profile in the
electrolyte is therefore described by

C(\le = ng +by (8 + Poandi) + b8y + b6y
+bY(x = 81y = 8y — 8y + 8+ naoqnC + 538

X [m&tanh (m&y) +sech (mdy;)—11, (36)
while the oxygen concentration gradient is given by
by = ‘pO(IV/V)b{EV' (37)
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Since the oxygen concentration at the surface of the gold
cathode is zero under limiting current conditions, Eq. 36 at
x=xy (=8 + 8+ 8, + 8y + 8y) is zero. Combined with
the concentration gradient relationships, the oxygen concen-
tration gradient in the liquid-permeable membrane I can be
derived and is shown in Eq. 38:

ck ne
bl=— | | - X2 [CE + bh sy
Do,B, | Do,B,
81
X | oy Ba——D—l m tanh (m8y) +sech (méy)—11.
O,

(38)

Sensor response to the concentration of biooxidizable
substrate

The steady-state sensor response is usually taken as the
difference between the steady-state current response in the
air-saturated solution without the biooxidizable solute (7,)
and with the bicoxidizable solute (/). Equation 23 gives I,
and I, is obtained by solving Eqgs. 17 and 32.

I[=8 [ng +b,(8; + @om i)+ b;”‘sm]
+ B(CE+ bl 8Dne,pan[m8y tanh (méy)

+sech (mé,)—11. (39)

The functional equation for the sensor response, [1,- 1], is
then given by Eq. 40 in terms of the oxygen concentration
gradients in liquid-permeable membrane I prior to and after
the addition of the biooxidizable solute.

(= 1)) = Bleoum8,, + Poqmdu + 8illal, - b,]

i

+ BICE+b}8,1ng,0an[1—sech (mby)
= m{8y + @ocuydni} tanh (m )] (40)

where al, b!, and b} are given by Egs. 12, 38, and 30, respec-
tively. In the case where m8,, is large or tanh (md;)—1

and sech {mé;) — 0, then

(,— 1) = Bleogund,, + €oqndu + 8)la, — b}l

1re

+ B[Cf + b/I{BI]n‘pAO(l[)“ —mi{8; + ‘P0(11/1[1)5m}] 4

Re 0an Pociny o oy
e S )
Pd } [eF} 0O,

x[CB+bl8] (42)

and

(43)

me
b;:_cgl A(LY1) ]

1+ mal%(lx/l)
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However, experimental observations showed that &, /Dé)Z <
B, and m8y, > 8,,/(B,D{ ). The functional relationship for
the sensor response is therefore reduced to

Ca0an T Caoy¥PxD
1+ ¢kp

(1,-1]= Bn[ Cch (44)

where the kinetic-diffusion parameter, ¢, is given by

méy

=mé - 45)
Pxp = MO Pay) {kLA([)/kl,A(]l)} (

in which m8); is the bioactive material loading factor, similar
to the enzyme loading factor proposed by Olsson et al. (1986)
for their enzymatic sensor. k; 4, [ =(D,/8)}and k; 44y, [ =
(D,/8);;] are the mass-transfer coefficients for A4 in the lig-
uid-permeable membrane I and in the biofilm II, respec-
tively. The effect of temperature on the various diffusion and
kinetic-diffusion parameters are given by the Arrhenius
equation.

EAO(J)] (46)

Paouy = 4’/?0(/) exp [_ RT
where @fo., Ea0q are, respectively, the frequency factor
and the difference in the activation energies associated with
the diffusion of biooxidizable component 4 (E ) and oxygen
(Eg,) in the membrane J. Similarly the temperature effect
on the kinetic-diffusion parameter, ¢y p, is given by

Exp
Pk = PKD exp[~ RT } “7)
where
E.+FE -2E
Egp= K A A(D (48)

2

in which Eg, E ), and E 4, are the activation cnergies as-
sociated with the biooxidation reaction and the diffusion of
A in membranes I and II, respectively.

Phenomenological parameters

Equation 44 shows that the current response varies directly
with the solute concentration. The sensor sensitivity given by
Eq. 49 intrinsically depends on the sensitivity ( 8) of the dis-
solved oxygen probe and the stoichiometric factor (n) of the
biooxidation reaction:

di1,-1} ¢ + Pa0m®
_ B‘ _ Bn ‘AQ(11) AO(WHYYKD ) (49)
dcj 1+ ¢xp

It also depends on the bioactive material loading factor and
the diffusion characteristics of the liquid-permeable mem-
brane (1) and the biofilm (II) with respect to the two reac-
tants. The design of a highly sensitive biosensor therefore re-
quires proper selection of the liquid-permeable membrane

AIChE Journal



and the immobilization technique such that the ratio of the
diffusivity of the biooxidizable solute 4 to that of oxygen is
high in both the liquid-permeable membrane and the biofilm.
Since the organic solute is generally heavier and has larger
molecular size than oxygen, @.oq, and ¢4q;, would be ex-
pected to be less than 1.0. At a ratio of 1, the sensitivity is
equal to Bn. This suggests that for a stoichiometric factor of
1, the sensitivity of the biosensor would always be lower than
that of the dissolved oxygen probe.

Assuming that the mass of immobilized bioactive material
does not affect the diffusivities of the solutes and since the
parameter, m, given by Eq. 29 is a function of the mass of the
immobilized bioactive material, then differentiating Eq. 49
with respect to m gives

ds ‘PA(I[/I)SI[‘pAO(I) - €0A0(11)]
R .
dm [1 + ‘PKD]

(50)

The manner by which the bioactive material loading factor
(m), or indirectly the amount of immobilized material in the
biofilm, affects the sensor sensitivity depends on the relative
diffusivity of 4 to that of oxygen in the liguid-permeable
membrane and in the biofilm such that

ds

> .
d_m = 0 if Caony % Cao01)- 6D

Experimental

The model was verified using experimental data obtained
with a recently developed apple-tissue dopamine sensor (Tan
and Chen, 1993) at different temperatures, pHs, and using
biofilm immobilized with different masses of apple fines. The
sensing mechanism is based on the enzymic oxidation of
dopamine by the polyphenolase in the apple tissues. The stoi-
chiometric ratio, n, for the reaction is 1. Two sets of experi-
ments were carried out. The unmodified dissolved oxygen
probe was first calibrated against known concentrations of
dissolved oxygen at different temperatures. The sensor re-
sponse/concentration/temperature sets of data were re-
gressed according to Eq. 21. Experimental data were also ob-
tained using the apple-tissue dopamine sensor at different
temperatures and pHs of the solution and with different
masses of immobilized apple fines in the biofilm. These re-
sults were used to verify the model by correlating the data
according to Eqgs. 44, 46 and 47.

Fabrication of the apple-tissue dopamine sensor

Apple slides were crushed and pulverized. The fines were
repeatedly washed and centrifuged to remove the esters and
sugars in the tissues. This pretreatment step was found nec-
essary to improve the accessibility of the polyphenolase in the
tissue for the bio-oxidation process (Tan and Chen, 1993).
The fines were dried under vacuum at room temperature. A
known weight of the dry apple fines were mixed with 1077
m* of 40 kg/m> polyvinyl alcohol into a smooth paste and
then applied evenly over a polycarbonate membrane. This was
left to dry in air and then stored in the refrigerator at 277 K
in a covered petri dish. The dopamine sensor was prepared
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by placing the biofilm with its polycarbonate membrane back-
ing on top of the Teflon gas membrane of a YSI 50 dissolved
oxygen probe such that the biofilm faced outwards. The
biofilm was covered with another similar polycarbonate mem-
brane to prevent any dislodged apple fines from contaminat-
ing the test solution during measurements. The polycarbon-
ate membrane sandwiched biofilm was stretched and wrapped
tightly over the Teflon gas-membrane and properly secured
with a tightly fitting rubber O-ring.

Experimental procedure

Calibration of the Dissolved Oxygen Probe. The YSI 50 dis-
solved oxygen probe was calibrated to relate the sensor cur-
rent to the dissolved oxygen concentration in a solution at
different pHs and temperatures. The probe was immersed in
a buffer solution maintained at a constant temperature by
passing water from a constant-temperature bath through the
jacket of the container. Air/nitrogen mixture was continu-
ously bubbled through the solution to minimize diffusion ef-
fects in the solution. The dissolved oxygen concentration given
by the probe meter was noted when the reading remained
steady. The electrodes were then connected to a potentiostat
adjusted to give a constant cell voltage of —0.8 V across the
gold cathode and the silver anode. The steady-state current,
corresponding to the oxygen concentration given by the probe
meter, was noted. The experiment was repeated for different
oxygen concentrations by altering the air/nitrogen ratio, pH,
or the temperature of the solution.

Response of the Apple Tissue Dopamine Sensor. 'The tissue
sensor was immersed in a phosphate buffer of known pH,
then constantly agitated by a magnetic stirrer and also by a
continuous stream of air from a compressed air cylinder. The
solution was kept at a constant temperature by passing con-
stant-temperature water through the water jacket of the con-
tainer. A potentiostat provided a constant cell voltage of —0.8
V across the gold cathode and silver anode of the dissolved
oxygen probe. The sensor current was monitored on a strip
chart recorder and also simultaneously displayed on a HP
3466A digital multimeter. When the system reached steady-
state conditions, the current (J,) was noted. A known amount
of a freshly prepared dopamine solution was introduced into
the buffer and the system was left to equilibrate. The steady-
state current (J)) was noted. The experiment was repeated
for other dopamine concentrations, pHs, temperatures, and
different amounts of apple fines immobilized in the biofilm.

Results and Discussions
Calibration of the dissolved oxygen probe

The current-concentration data obtained using the unmod-
ified dissolved oxygen probe at various temperatures were
correlated according to Eq. 21 by the nonlinear regression
technique. The resulting correlation is given by

30,592
I=1028exp | —

cg 2
(&, (52)

where I is in 4 and C&_is in mol/m>. The correlation in-
curred a mean fractional error of 0.0064 with a standard de-
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Figure 3. Experimental values vs. corresponding values
calculated from the correlation for the dis-
solved oxygen probe according to the derived
model.

(a) Oxygen concentration. (b) Current response.

viation of 0.022 based on oxygen concentration (Figure 3a)
and a mean fractional error of .0069 with a standard devia-
tion of 0.023 with respect to current response (Figurc 3b).
The corresponding mean absolute fractional errors are 0.0187,
with a standard deviation of 0.0140 for the concentration and
0.019, with a standard deviation of 0.0148 for the current re-
sponse. The fractional error was calculated as a ratio of
(calculated value—experimental value) to the experimental
value. These results show that the model adequately de-
scribes the operational characteristics of the dissolved oxygen
probe. It was found that pH of the solution affects only the
oxygen saturation concentration in the solution and has little
or no effect on the diffusivity of the solute.

The sensitivity of the probe given by B ranges from 3.32 %
107° t0 5.92x 107> A-m%*mol or 1.038-1.851 wA /ppm over
the temperature range 291-305 K. Hale and Hitchman (1980)

thickness of the Teflon membrane used in the two cases: 3 X
107° m in the present study compared with the 1.25% 1073
m used by Hale and Hitchman (1980). At 296 K, B =4.1X
1073 A-m?/mol, and with a cathodic area of 3.246 X 10~° m?,
the diffusivity of oxygen in the 3 X 10 ~>-m-thick Teflon mem-
brane of the present probe is given by Eq. 19 as 9.83x 107!
m>/s compared with the graphical value of 8.71x 107" m?%/s
and calculated value of 8.20x 107" m?/s reported by Hale
and Hitchman (1980).

Sensing characteristics of the tissue dopamine sensor

The sensing characteristics of the apple-tissue dopamine
sensor was studied over a temperature range of 288-308 K at
constant pH of 5.56 with a total of 68 sets of data and over a
pH range of 4.89 to 8.49 at a constant temperature of 298 K
with a total of 60 sets of data. Both of these sets of experi-
ment were carried out with the same biofilm containing 3.02
% 107° kg of pretreated apple fines with a film thickness of
3% 10" * m. Experiments were also carried out using biofilms
containing 2.01x107° kg (8,; =6.33x10"* m) and 1.55x%
1075 kg (8,,=3.5%x107* m) of immobilized apple fines. It
was not possible to control the thickness of the biofilm; how-
ever, the film thickness only affected the bulk porosity of the
film and not the pore characteristics within the apple-tissue
structure. Since the polyphenolase is in the tissue structure,
the pore diffusion resistance in the tissue accounts for most
of the diffusion resistance in the biofilm. As such it would be
justifiable to assume that the mass of immobilized apple fines
and in particular the film thickness would have little or no
effect on the effective diffusivity of the solute in the biofilm.

The effects of the temperature, pH, and mass of the immo-
bilized apple fines in the biofilm on the sensor response,
(1,~1), to dopamine in an air-saturated phosphate buffer
solution are shown in Figures 4 and 5. A linear sensor re-
sponse—concentration relationship was obtained up to about
0.2 mol/m* of dopamine. Sensitivity increased with tempera-
ture and was not significantly affected by the solution pH or
the mass of immobilized apple fines in the biofilm,

Verification of the model

The model was verified using the 68 data sets obtained
with the same biofilm containing 3.02 X 10~7 kg of apple fines,
pH 5.56, and for different temperatures. These data were re-
gressed according to Eq. 44 with the various diffusion and
kinetic-diffusion constants substituted by the Arrhenius ex-
pressions given in Egs. 46 and 47. The Arrhenius expression
for the sensitivity of the dissolved oxygen probe or 8 given in
Eq. 52 is incorporated into Eq. 44 for the regression. The
resulting equation obtained is shown in Eq. 53:

30,592
[1,-1,]=1028exp | -

RT

reported a sensitivity range of 2.7 to 1.2 pA/ppm with elec- 8,670 8,020

trolyte thickness range of 3.5x 107° t0 2.35x 10™% m at 296 0.0205 exp [W‘} +10.26 exp {_ RT }

K compared with 1.283 uA/ppm (4.1 X 107> A-m*/mol) for X 3153 C2 (53)
the present study with YSI 50 dissolved oxygen probe. The 1+0.994 exp _

difference in the sensitivity may be attributed to the different
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Figure 4. Temperature effect on the sensor response to
dopamine concentration at pH 5.56.

The correlation incurred a mean fractional error of 0.0122
with a standard deviation of 0.129. The corresponding mean
absolute fractional error was 0.0609 with a standard deviation
of 0.114. The solid lines in Figure 4 were computed from the
regressed Eq. 53 and compared with the experimental data
plotted as symbols in the samc figure. These results show
conclusively that the proposed model describes adequately the
sensing mechanism and characteristics of the dopamine
biosensor.

The functional relationships of the three biosensor param-
eters, @aoqy Paoans and ¢y, are given in Eqs. 54, 55 and
56, respectively:

) 7,678
‘PA()(I) = D—I =10.32 CXp - 'R—T— (54)
O,
DY 8,670
Paoniy = i = 0.0205 exp | —— (55)
méy; 3423
=(0.994 exp — —R—T— . (56)

Yxp =
kLA(I)
kLA(II)

Figure 6 shows that with increasing temperature, the diffu-
sivity ratio of dopamine to oxygen in the polycarbonate mem-
brane increases while that in the biofilm decreases. In all
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.

cases, however, the diffusivity ratio is always less than 1 (about
0.42-0.51 in the polycarbonate membrane and 0.77-0.61 in
the biofilm for 288-308 K). This is consistent with the rela-
tive molecular weight and size of dopamine and oxygen. The
effect of temperature on the kinetic-diffusion parameter is
small (0.86-0.87 for the same temperature range).

Equations 54-56 show that the relative magnitude of the
activation energies associated with the diffusion of dopamine
and oxygen in the polycarbonate membrane and in the biofilm
and that associated with the enzymatic oxidation of dopamine
in the biofilm are

E > Eo,ay Eaqny<Eo,any. and  Ey >2E 4, — E, -

The effect of temperature on the diffusion of dopamine and
oxygen in the polycarbonate membrane (I) is consistent since
the diffusion of dopamine is accompanied with a higher acti-
vation energy than that for oxygen, as would be expected for
the difference in the molecular weight and size of the two
solutes. However, the anomalous diffusion phenomena ob-
served in the biofilm (I1) can be attributed to the single-site
reaction mechanism for the enzymic oxidation of dopamine
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(Tan and Chen, 1992). The diffusivity term for oxygen in the
biofilm would necessarily incorporate the effect of the oxygen
adsorption on the active sites. The combined diffusion/ad-
sorption phenomena would account for the larger activation
energy than that for the diffusion of the dopamine in the
biofilm. Under the present conditions of excess oxygen and
low dopamine concentration, the reaction kinetics is first or-
der in dopamine (Tan and Chen, 1992) and it is most unlikely
that the anomalous diffusion phenomena in the biofilm arises
from this simplification. The small temperature effect on the
kinetic-diffusion parameter, ¢, may be attributed to the
effect of temperature on the kinetic constant and the diffu-
sion coefficient of dopamine in the biofilm being compen-
sated by the opposing effect of temperature on the diffusion
of dopamine in the polycarbonate membrane. It can be shown
that the equation for the sensitivity of the dopamine tissue
sensor given by Eq. 49 with appropriate substitution of the
parameters given by Egs. 52 and 54-56 is a monotonically
increasing function with respect to temperature, that is, the
sensitivity increases with increasing temperature within the
normal working temperature for biosensors. There is no opti-
mum operating temperature for maximum sensitivity except
for the limitation of thermal deactivation of the enzyme.

Model and the effect of pH

The data obtained at 298 K with the same biofilm contain-
ing 3.02x 107 ° kg of immobilized apple fines at different pHs
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were similarly correlated by the model on the assumptions
that pH affects only the enzyme activity and hence the reac-
tion constant of the biooxidation reaction and has little or no
effect on the diffusivity of the solutes. The data for each pH
was regressed to evaluate ¢gp with B=446X10"° A-
m*/mol from Egq. 52, @40 = 0.4654 from Eq. 54 and @4y,
= 0.6780 from Eq. 55. Figure 7 shows the effect of pH on the
kinetic-diffusion parameter, ¢y, or the effective reaction
constant (k,, E,), since pH has little or no effect on the diffu-
sivities. The effective reaction constant approached a mini-
mum at about pH = 6 while increasing sharply at pH = 4.89
and 8.49. Harel et al. (1965) and Walker and Hulme (1966)
reported that the enzymic activity of phenolase complex in
apple tissues is optimum at two different pHs (5.1 and 7.3) in
phosphate buffer, depending on the fraction from which the
enzyme is extracted. The extract from the mitochondrial frac-
tion will show both optima, whereas that from the chloroplast
fraction would show only the optimum at 5.1. In the present
study, no deliberate effort was made to isolate these frac-
tions, and hence the possibility of the apple fines, to show
that two optima pH conditions are likely. The deviation in
the optima values reported can be attributed to the interac-
tion effect due to the mass transfer and adsorption phenom-
ena. Figure 7 also shows that the sensor sensitivity reached
an optimum at about pH 6, at which the kinetic-diffusion pa-
rameter is also a minimum. As shown in Eq. 51, the manner
by which the kinetic-diffusion parameter affects the sensor
sensitivity depends on the relative values of ¢4, and ¢4oq1.
In this study, @400y < ®40a1, UP 1O a temperature of 316 K,
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which would therefore explain the maximum sensitivity at
about pH 6 in Figure 7.

Figures 5a—5e show the experimental points plotted against
the solid line computed from the correlation. For a total of
60 data points, the correlation showed a mean fractional er-
ror of —0.0286 with a standard deviation of 0.243. The corre-
sponding mean absolute fractional error is 0.0702, with a
standard deviation of 0.2345. The good correlation results
justify the assumption that pH has little or no effect on the
diffusivities of the solutes and also confirmed the adequacy
of the model in describing the sensing characteristics of the
dopamine tissue sensor.

Effect of mass of immobilized apple fines in the biofilm

Although the apple fines used were from the same batch of
preparation, it was not possible to prepare biofilms with
thickness proportional to the mass used. However, the exper-
imental results suggested that the diffusion phenomena in the
biofilm were most probably associated with the diffusion of
the solutes into the tissue structure, including oxygen adsorp-
tion on the active sites. Hence, the film porosity, which de-
pends on the packing of the particles in the film and the film
thickness, may have little or no effect on @, On this ba-
sis, the 30 data points obtained using the three biofilms in
which different amounts of apple fines were immobilized at
298 K and pH 5.56 were correlated with 8=4.46x10"°A-
m*/mol, @,poq,=0.4654, and @, = 0.6780. The regressed
values of ¢, p for the three biofilms are 1.3394 (1.55x107°

0 1 2 3 4 5 6
(I,— L), (x10°A)

Figure 8. Experimental sensor response vs. calculated
values from the model.
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kg, 3.5%107* m thick); 0.3212 (2.01 X 10~ kg, 6.33x10"* m
thick); and 0.8659 (3.02 X 107" kg, 3.0X 10~ % m thick). Figure
5f shows the experimental points (as symbols) with the solid
lines computed from the correlations. The correlation in-
curred a mean fractional error of 0.0895 with a standard de-
viation of 0.113. The corresponding mean absolute fractional
error is 0.0991, with a standard deviation of 0.105. Although
the error is higher than the other correlations, it is within
reasonable limits to suggest that the resistance due to the
diffusion in the tissue structure and interacting adsorption
phenomena predominate over that due to the interparticle
diffusion in the biofilm. Due to the difference in the enzy-
matic activity of the polyphenolase in the different parts of
apple (Harel et al., 1965; Walker and Hulme, 1966), the ap-
ple fines were inhomogeneous. Therefore, just like many
other sensors, it is necessary to calibrate the sensor for every
new biofilm installed.

Overall assessment of the model

Figure 8 shows the plot of all the 134 experimental data
points against the corresponding values calculated from the
correlations. The overall mean fractional error for all 134 data
points is 0.0097, with a standard deviation of 0.199, whereas
the overall mean absolute fraction error is 0.0801, with a
standard deviation of 0.183. These results show that the pro-
posed model adequately describes the effect of the various
rate phenomena on the sensing characteristics of the
dopamine apple-fines sensor.

Conclusions

A mathematical model was developed to describe the
steady-state sensing characteristics of a bio-oxidation-related
biosensor, taking into consideration the various rate proc-
esses involved in the sensing process. The sensitivity of the
biosensor depended intrinsically on the dissolved oxygen
probe sensitivity and directly on the stoichiometric ratio of
oxygen to solute in the biocatalyzed oxidation process. It also
depended on the diffusion characteristics of the two reac-
tants in the liquid-permeable membrane and in the biofilm
coupled with the bioactive material loading factor of the
biofilm. Using an apple tissue dopamine sensor, there was a
good correlation of the sensor response at different tempera-
tures, pHs, and different amounts of immobilized apple fines
in the biofilm according to the proposed model. The result-
ing correlation showed an overall mean fractional error of
0.0097, with a standard deviation of 0.199, and an overall
mean absolute fractional error of 0.0801, with a standard de-
viation of 0.183. The model also described equally well the
sensing characteristics of the YSI 50 dissolved oxygen probe,
with a mean absolute fractional error of 0.019, and a stan-
dard deviation of 0.015, with respect to its current response
for a given oxygen concentration in the solution. The model
showed that obtaining a highly sensitive biosensor depends
significantly on the correct choice of liquid-permeable mem-
brane, and on the immobilization technique to achieve a high
ratio of the effective diffusivity of the solute relative to that
of oxygen in both the liquid-permeable membrane and the
biofilm. Increases in the kinetic-diffusion parameter, which
contains the effective reaction constant of the biooxidation
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process, will enhance the sensor sensitivity if the relative dif-
fusivity of the solute to oxygen in the liquid-permeable mem-
brane is higher than that in the biofilm, and vice versa. The
reaction constant will have no effect on the sensitivity if both
the membrane and biofilm give the same relative diffusivity
of the two reactants.
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Notation

A =electrode area (m?)
a, =constant in Eq. 2 (mol-m~?)
B, =total mass-transfer resistance as defined by Eq. 16 (s-m™")
F =Faraday constant (A-s-mol™!)
H =Henry’s law constant (Pa>m*-mol™")
r =ratc of reaction (mol-m~%-s~!)
R =gas constant (8.314 J-mol "'-K™ 1)
$ =sensor sensitivity (A-m*-mol™ ")
T = temperature (K)

Superscript

o =denotes frequency factor in Arrhenius equation
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