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Abstract
An electrochemical biosensor for progesterone in cow’s milk was developed and used in a competitive immunoassay by Hart et al. (1977,
Studies towards a disposable screenprinted amperometric biosensor for progesterone, Biosens. Bioelectron. 12, 1113–1121). The sensor was
fabricated by depositing anti-progesterone monoclonal antibody (mAb) onto screen-printed carbon electrodes (SPCEs) which were coated
with rabbit anti-sheep IgG (rIgG). This sensor was operated following the steps of competitive binding between sample and conjugate
(alkaline-phosphatase-labelled progesterone) for the immobilised mAb sites and measurements of an amperometric signal in the presence
of p-nitrophenylphosphate using either colorimetric assays or cyclic voltammetry. The hook effect of the progesterone biosensor was found
in the concentration range of milk progesterone between 0 and 5 ng/ml when the sensor was fabricated using a loading of 25 ng rIgG per
electrode of a diameter of 3 mm and a 1/50 dilution of mAb. A computer model has been developed in this study to simulate the operation of
this progesterone biosensor with consideration of the fabrication processes. This paper presents the results of validating the computer model
and the model has predicted the hook effect as observed in tests. The model thus reveals that the hook effect is determined by the total number
of binding sites available and the rates of labelled and unlabelled progesterone diffusing towards the sensor surface and the binding rates.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
Biosensors have experienced continuous development
since their introduction in 1960s. Among the many properties of a biosensor, the two most important are specificity
and sensitivity (Sadana, 2002). Because of these properties,
biosensors can be used to detect analytes at very low concentrations in complex biological media such as blood, serum,
urine, foods with minimum sample treatment. It has been
reported to measure analytes in the concentration ranges between 1 pM and 1 mM (Byfield and Abuknesha, 1994). A
common feature of biosensor performance is the hook effect
that can occur at either low or high concentrations of analytes.
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Hook effect was first noted in a two-site immunometric
assay by Miles et al. (1974) and it refers to the parabolic or
flat shapes of the sensor response curves at either high or low
concentrations of analytes. For the high-dose hook effect, low
results are artificially obtained from samples having extraordinarily high concentrations of analytes and some examples
were given by Selby (1999). High-dose hook effect could result in wrong treatments to patients in the clinical applications
of immunoassay (Ismail et al., 2002). For the low-dose hook
effect, samples containing very low analyte concentrations
give ambiguous and high results. Using human growth hormone (hGH) in the tests, Fernando et al. (1992a) had studied
the low-dose hook effect in a competitive homogeneous immunoassay and concluded that, in reagent-limited assays, the
low-dose hook effect was caused by the cooperative interactions between antibodies. In the two-site, two-step sandwich
assay also studied by Fernando et al. (1992b), the low-dose
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Nomenclature
A
C
D
h
K
KB
ka
kd
m
NA
n
OD
P(k)
r
T
t
U
V
y

area (m2 )
analyte concentration (mol m−3 )
diffusivity (m2 s−1 )
constant
affinity constant (M−1 )
Boltzmann’s constant, 1.38054E −23 (JK−1 )
association rate of antibody/antigen binding
(M−1 s−1 )
dissociation rate of antibody/antigen binding
(s−1 )
molecular weight (kg)
Avogadro number, 6.022E +23 molecules
(mol−1 )
total number of antigen types that are competing for binding sites (n = 2)
optical density of colorimetric tests
probability of one bound antigen blocking k
binding sites, k = 1, 2, 3, . . .
hydrodynamic radius of an antibody (m)
temperature (K)
time (s)
velocity (m s−1 )
partial specific volume of an antibody
(m3 kg−1 )
Cartesian coordinate normal to the sensor surface

Greek letters
α
washing coefficient
Γ
surface density (mol m−2 )
Γ ttl
density of binding sites for the competitive
binding (mol m−2 )
o
Γ IgG maximum surface density of the adsorbed rIgG
(mol m−2 )
θ
surface coverage
µ
viscosity (kg m−1 s−1 )
χ
sample concentration used to fabricate the progesterone sensor (mol m−3 )
Subscripts
a
association
d
dissociation
i
ith antigen competing for binding sites, i = 1, 2
for this progesterone biosensor
IgG
properties of rabbit IgG
mAB properties of sheep anti-progesterone monoclonal antibody
Superscripts
P
progesterone or labelled progesterone
s
surface of the biosensor

hook effect was attributed to the desorption of the bound
analytes due to conformational changes after the reaction of
the labelled antibody with several epitopes of the adsorbed
analytes.
An electrochemical biosensor for cow’s milk progesterone
has been developed using a competitive immunoassay (Hart
et al., 1997; Pemberton et al., 2001). This biosensor was fabricated by depositing sheep anti-progesterone monoclonal antibody (mAB) onto screen-printed carbon electrodes (SPCEs),
which were coated with rabbit anti-sheep IgG (rIgG). This
sensor was operated following the steps of competitive binding between sample and conjugate (alkaline-phosphataselabelled progesterone) for the immobilised mAB sites and
measurements of an amperometric signal in the presence
of p-nitrophenylphosphate using either colorimetric assays
or cyclic voltammetry. The hook effect of this progesterone
biosensor was observed in the low concentration range of
milk progesterone between 0 and 5 ng/ml when the sensor
was fabricated using an rIgG loading of 25 ng per electrode
and a mAB dilution rate of 1/50 (Pemberton et al., 2001).
One of the main problems of using this biosensor in agricultural and veterinary applications for health diagnosis and
quality control has been in the practicalities of biosensor
deployment, issues such as stability, instrumentation design
and the fabrication of low cost sensors (Velasco-Garcia and
Mottram, 2003). A computer model has been developed to
simulate the operation of this progesterone biosensor with
consideration of the fabrication processes with the aim to understand and optimise its performance. The model includes
estimation of the immobilised mAB binding sites and computational solutions of the competitive binding between progesterone and labelled progesterone. This model was validated
against experimental data and was used to quantitatively determine the factors that have contributed to the hook effect
observed. This model can be used to optimise design and operation of biosensors for higher accuracy and wider detecting
ranges in shorter detection times.

2. Fabrication and operation of the progesterone
sensor
Disposable screen-printed carbon electrodes (SPCEs)
were printed using D14 ink to a thickness of 20 m onto
PVC sheets with a thickness of 0.5 mm. Fabrication of this
biosensor include deposition onto a circular working area of
the electrode (3 mm diameter) a layer of rabbit anti-sheep IgG
(to capture and orientate the sheep anti-progesterone monoclonal antibodies), which was formed by loading a 5 l solution onto an electrode and incubating overnight at 4 ◦ C in
a highly humidified chamber and washing away the remaining solution on the electrode after the incubation. A second
layer of anti-progesterone monoclonal antibody (mAB) was
formed over the rIgG layer by loading a 5 l solution of mAB
onto the surface and keeping at room temperature for 2 h
in a highly humidified chamber and then washing away the
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remaining mAB solution on the electrode after the incubation.
Full details of the chemicals and reagents used to fabricate
the progesterone sensor were given by Hart et al. (1997) and
Pemberton et al. (2001).
This biosensor employs a competitive immunoassay
format. It relies upon the reduction in binding of alkalinephosphatase-labelled progesterone in the presence of
endogenous milk progesterone within 30 min allowed for
competitive binding. To test its performance using a colorimetric assay, the sensor was rinsed, dried, cut and placed
into individual wells of a 96-well immunoassay plate for
60 min. Enzyme substrate used was p-nitrophenylphosphate
and the p-nitrophenol produced in the enzymatic reaction
was detected by measuring the absorbance at 405 nm. The
absorbance is inversely proportional to the concentration of
progesterone in milk.

3. The computer model
3.1. Immobilisation of rabbit IgG (rIgG)
The binding sites on the sensor surfaces for competitive binding were formed by immobilised sheep
anti-progesterone monoclonal antibody (mAB) on the SPCE
surface coated with rabbit anti-sheep IgG, as shown in Fig. 1.
The total number of binding sites formed on the surfaces depends on the quality and quantities of the rIgG and mAB
layers and the washing conducted during the fabrication.
After studying adsorption of IgG onto surfaces using
AFM, You and Lowe (1996) confirmed that IgG adsorbed
onto surfaces in the form of a flat monolayer with a thickness of 5 nm in non-specific binding and in the form of closely
packed monolayer with a thickness of 11 nm in specific binding. After washing the monolayer with SDS, AFM studies
found that surface coverage by the strand-like structure is
typically less than 40% of the flat monolayer, whereas the
granular structure has a surface coverage of typically more
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than 80% of the closely packed monolayer. Similar effect
on IgG adsorption by washing was also found in the study
by Malmsten et al. (1996) using Ellipsometry, total internal
reflection fluorescence spectroscopy (TIRF) and enzyme immunoassay (EIA).
The adsorption of rIgG onto the carbon electrode is nonspecific and so rIgG is adsorbed on the surface in the form of
a flat monolayer with a thickness of 5 nm as observed by You
and Lowe (1996). When the adsorption reaches equilibrium
overnight, the surface coverage of rabbit IgG can be estimated
using Langmuir adsorption isotherm as:
θIgG =

KIgG χIgG
1 + KIgG χIgG

(1)

Therefore the density of rIgG on the sensor working area is
o θ
ΓIgG
IgG when the concentration of rIgG loading is xIgG .
This density reaches its maximum when the surface is fully
covered.
Even though Langmuir isotherm was found too simple
for the non-specific binding of proteins onto continuous sites
(Hall, 2001), because it was used here in conjunction with
experimental data as illustrated later in this paper, the inaccuracy caused by the simplicity of Langmuir isotherm should
have been taken into account through the experimental data
to a large extent.
Assuming the adsorbed rIgG can form a closely packed
monolayer as the plan view shown in Fig. 2 and the area
covered by each rabbit IgG is AIgG , the maximum density of
adsorbed rabbit IgG is:
o
ΓIgG
=

1
NA AIgG

(2)

The SPCE surfaces coated with rIgG was then washed using a solution containing 0.05% Tween 20 (a detergent)
before mAB was loaded over it and a large amount of
loosely bound rIgG will be lost during the washing. The
rIgG density available for immobilising mAB is estimated
as:

Fig. 1. Models for surface fabrication and competitive binding of the progesterone biosensor.
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diffusion zone is governed by Navier–Stokes equation as:
∂Ci
+ U∇Ci − Di ∇ 2 Ci = 0
∂t

Fig. 2. Plan view of the closely packed rabbit IgG with a flat orientation on
a surface.
o
ΓIgG = αIgG θIgG ΓIgG

(3)

αIgG is the surface coverage of an IgG monolayer after washing. You and Lowe (1996) found that the surface coverage
of the strand-like structures is typically less than 40% after
washing a surface fully covered by IgG using SDS.

When mAB is loaded onto the rIgG layer, antiprogesterone monoclonal antibodies bind specifically on the
Fabs of the IgG and form the binding sites for the competitive binding between the progesterone in milk and labelled
progesterone. The total number of binding sites produced is
determined by a number of factors, including the density of
rIgG Fabs, the concentration of the mAB buffer, incubation
time, reaction between mAB and the IgG monolayer and the
washing. The incubation is normally long enough for the adsorption of mAB to rIgG to reach equilibrium, the coverage
of mAB onto the IgG is also estimated using Langmuir adsorption isotherm as:
KmAB χmAB
1 + KmAB χmAB

(4)

The density of mAB bound onto the sensor surface is
ΓmAB = αmAB θmAB ΓIgG

(5)

Combining Eqs. (3) and (5) and because each rIgG has two
identical Fabs for immobilising mAB and each immobilised
mAB has two identical binding sites, the density of sites for
the competitive binding is:
o
Γttl = 4αmAB αIgG θmAB θIgG ΓIgG

U is the flow velocity inside the diffusion zone, which is zero
if fluid is loaded on the surface through a micro-dispenser
and will be very slow in the case of flow-cells.
The binding zone contains all the immobilised mAB and
it has a depth equivalent to the height of the mAB on the
sensor working area, which is about 15 nm. Flow movements
and analyte diffusion are ignored inside the binding zone, so
only competitive binding occurs inside it. Antigen binding
onto immobilised antibodies is simulated using the one-order
reaction model as:
k

a
Ab + Ag ⇔
Ab · Ag

(8)

kd



n

∂Γi
= ka,i Cis Γttl −
Γj  − kd,i Γi
∂t

(9)

j=1

The flux of antigen through the interface between the two
zones is

3.2. Immobilisation of mAB

θmAB =

(7)

(6)

3.3. The competitive binding
A mixture of milk and label progesterone was then loaded
on the sensor surface with immobilised mAB binding sites.
The fluid domain formed over the biosensor surface is divided
into two zones, i.e. the diffusion zone and the binding zone
as shown in Fig. 1. The movement of analytes inside the

D

∂Ci
∂Γi
|y=0 =
∂y
∂t

(10)

The quantities of progesterone and labelled progesterone
bound onto the sensor are obtained by solving Eqs. (8)–(10)
using the density of binding sites estimated from Eq. (6) as
the boundary condition.

4. Input parameters for the model
4.1. Diffusivities of the progesterone and labelled
progesterone
The diffusion of progesterone and labelled progesterone
in solution is the result of continuous collision between
macromolecules. The diffusivity can be expressed by the
Stokes–Einstein relation as (Berg and van Hippel, 1985;
Cantor and Chemmel, 1980):
D=

KB T
6πηr 

The hydrodynamic radius r can be calculated using


3mV 1/3

r =
4πNA

(11)

(12)

Progesterone has a molecular weight of 314 Da and a hydrodynamic radius of 0.5 nm (Nghiem et al., 2004), the estimated
diffusivity of progesterone in the mixture of milk and buffer
(a ratio of 3:5) using Eq. (11) is 3.13 × 10−10 m2 s−1 .
The molecular weight of alkaline-phosphatase-labelled
progesterone is 140 kDa, which is much heavier than that
of progesterone, so its physical properties are likely to be
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largely determined by alkaline-phosphatase. At near room
temperature, the partial specific volume, i.e. V in Eq. (12),
of all globular proteins studied to date are between 0.69 and
0.76 cm3 g−1 (Chalikian, 2003). A partial specific volume
of 0.725 cm3 /g was used here to estimate the diffusivity
of alkaline-phosphatase-labelled progesterone. The diffusivity of labelled progesterone in the mixture of milk and
buffer (a ratio of 3:5) estimated using Eqs. (11) and (12)
is 5.0 × 10−11 m2 /s.
4.2. Surface density of the immobilised binding sites Γ ttl
As shown in Eq. (6), the coverage of rIgG and mAB, i.e.
θ IgG and θ mAB , are needed for the estimation of the density of
total available binding sites. However, it is difficult to obtain
them directly because of the difficulties to measure the affinity constants KIgG and KmAB , and the uncertainty in quantifying sample concentrations used to produce the immobilised
binding sites, i.e. xIgG and xmAB .
In order to estimate the density of total available binding
sites of the progesterone biosensor, it is assumed here that
the absorbance at 405 nm of the colorimetric tests is linearly
related to the density of binding sites. Taking into account Eq.
(6), the absorbance, i.e. optical density (OD), is expressed as:
o
OD = hαmAB αIgG θmAB θIgG ΓIgG
+ OD0

(13)

where h is a constant and OD0 is the offset.
For the colorimetric results of the progesterone biosensor
shown in Fig. 3 (Hart et al., 1997), only one of the parameters
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Table 1
Estimating the coverage of rIgG, i.e θ IgG
IgG concentration
(mol m−3 )

OD

Input data
IgG loading 0 ng per electrode
IgG loading 10 ng per electrode
IgG loading 100 ng per electrode

0
xIgG
10xIgG

0.02
0.51
0.67

Estimated
h
KIgG xIgG in Eq. (1)
θ IgG at the loading 25 ng per electrode

0.675
2.8
0.875

Table 2
Estimating the coverage of mAB, i.e. θ mAB
mAB concentration (mol m−3 )

OD

Input data
Nil mAB
mAB dilution 1:100
mAB dilution 1:10

0
xmAB
10xmAB

0.18
0.48
0.86

Estimated data
h
KmAB xmAB in Eq. (4)
θ mAB at dilution rate 1:200
θ mAB at dilution rate 1:100
θ mAB at dilution rate 1:50

0.722
0.711
0.262
0.416
0.587

in Eq. (13), either xIgG or xmAB , was changed each time. Using
these colorimetric results and Eq. (13), the calculations of
θ IgG and θ mAB are given in Tables 1 and 2.

Fig. 3. Optimisation of the rIgG loading and mAB dilution rates for fabricating the progesterone biosensor (Hart et al., 1997).
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Fig. 4. Comparing measurements with the predictions using Eq. (13).

Constant h is 0.722 from the estimation of mAB coverage
and it is 0.675 from the rIgG coverage estimation. The difference between them is only 6.6% and this indirectly indicates
that this simplified approach of estimating surface coverage is
producing reasonable results within the concentration ranges
of the tests shown in Fig. 3.
To prove the capability of this simplified approach on estimating surface coverage, new tests were carried out following
the same procedures as described by Hart et al. (1997). The
new tests were done using progesterone in buffer alone and
the sensors used have a circular working area of a diameter
of 3 mm, instead of a square working area of 3 mm × 3 mm
as used by Hart et al. The comparison between measured
absorbance and the predicted absorbance using Eq. (13) is
given in Fig. 4. Eq. (13) has produced satisfactory predictions in the range of mAB dilution rates from nil to 1/20.
However, Eq. (13) cannot be used to optimise the sensor performance.
4.3. Steric hindrance
Depending on distribution of the immobilised binding
sites, one antigen, e.g. progesterone or labelled progesterone,
could block more than one binding sites, i.e. steric hindrance.
The proportion of an antigen blocking more than one binding sites can be calculated using stochastic theory. When
the binomial distribution was approximated with a Poisson distribution as done by Muller et al. (1998) for multivalent binding to fixed ligands, and assuming the binding

Fig. 5. Experimental results relating absorbance at 405 nm to the concentration of labelled progesterone inside the wells of an immunoassay plate.

sites are distributed randomly and the bindings are specific,
the probability of one progesterone blocking k binding sites
is:
k

(Γttl AP )
e−Γttl A
P(k) =
P
k!
(1 − e−Γttl A )
P

(14)

where in Eq. (14) k = 1, 2, 3, . . ..

4.4 Colorimetric output
Tests were carried out to relate the predicted surface binding of labelled progesterone to the absorbance at 405 nm.
Samples with fixed amount of labelled progesterone were put
into individual wells of an immunoassay plate and 1 mg/ml
p-nitrophenylphosphate was added into each well to a total
volume of 100 l, i.e. the volume used by Hart et al. (1997).
After 60 min of incubation, the formation of p-nitrophenol
was recorded by measuring the absorbance at 405 nm. The
test results were given in Fig. 5.
Assuming all the labelled progesterone bound onto the
sensor working area reacts with p-nitrophenylphosphate
within 60 min, the binding predicted by model was converted
to the concentrations of labelled progesterone in the wells of
an immunoassay plate and the corresponding absorbance at
405 nm was decided using Fig. 5.
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5. Results and discussions
5.1 The association rate and coefﬁcient αmAB
Apart from the parameters shown in Table 3, the association rate ka in Eq. (9) and coefficient αmAB in Eq. (6)
are still required by the model, but no published data were
found on them and no simple methods were found to measure
them directly. To make the model useful for the progesterone
biosensor, these two parameters were determined using the
computer model by fine tuning the predicted results against
experimental data at selected test cases. Then predictions with
these determined ka and αmAB were compared with more test
data to validate the model and the validated model was consequently used to predict the sensor performance.
Table 4 shows the measured kinetic constants of
antigen–antibody reactions found in literatures. Much higher
affinity constants, up to 1012 and 1013 M−1 , were reported by
Voss (1993).
The affinity constant of progesterone and sheep antiprogesterone monoclonal antibody was 2.82 ± 0.64 × 1010
l mol−1 (O’Connor and Gosling, 1997) which is within the
range reported in Table 4. To decide the association rate between them, it was varied between 103 and 108 in the model
and Fig. 6 shows the predicted results for the sensors fabricated using mAB dilution rates of 1/200 and 1/50 and a rIgG
loading of 25 ng per electrode. It is clearly shown that the
sensor is not sensitive to the association rate as long as it is
Table 3
Other parameters used in the model
Constant

Value

Milk viscosity (kg m−1 s−1 )
Conjugate viscosity (kg m−1 s−1 )
Conjugate and milk ratio
Conjugate concentration
(ng progesterone /ml)
Temperature (K)
AIgG

0.002
0.001
5:3
6.25
293
95 nm2 (estimated using
the dimension shown in
Fig. 2)
Using a diameter of 1.0 nm
(Nghiem et al., 2004)
Using a diameter of 6.9 nm
estimated using Eq. (12)
0.4 [as observed by You
and Lowe (1996)]

Ap for progesterone (m2 )
Ap for labelled progesterone (m2 )
αIgG

Table 4
Kinetic constants of immunochemical reactions
Constant

Steward (1977)
[quoted by
Bongrand (1999)]

Mason and
Williams (1986)
and Hoylaerts
et al. (1990)

Affinity constant K (M−1 )
Association rate ka (M−1 s−1 )
Dissociation rate kd (s-1 )

104 –1010
107 –1011
6
8
8 × 10 –1.8 × 10 104 –107
3.4 × 10-4 –6 × 10−5 –10−3
103

Fig. 6. Determining the association rate between mAB and progesterone or
labelled progesterone.

higher than 104 , which is below the lowest association rate
found between antibody and antigen as shown in Table 4.
Therefore it is assumed here that the performance of this progesterone immunosensor is not sensitive to the association
rate and it was given a value of 104 in the model. The dissociation rate was estimated using the affinity constant and the
association rate of 104 .
The coefficient αmAB was determined by fine tuning the
predictions against a measured sensor performance curve
when the sensor was fabricated using a mAB dilution rate
of 1/200 and a rIgG loading of 25 ng per electrode, as reported by Pemberton et al. (2001). At this high dilution rate,
the effect of steric hindrance on the surface should be weak
and no hook effect was observed in the sensor’s performance.
Fig. 7 shows the comparison of the test results and the prediction when coefficient αmAB was fixed at 0.48. The factors
that could have contributed to αmAB include: surface washing
after mAB immobilisation, non-specific binding of progesterone and labelled progesterone onto the sensor working area
and the binding of impurity, such as fat and milk proteins as
reviewed by Nakanishi et al. (2001).
The test results shown in Fig. 4 were used to validate the
model with the determined ka and αmAB and the results are
given in Fig. 8. The maximum differences between the measured and predicted absorbance at 405 nm is 23% at the mAB
dilution rate of 1/10, which is 48% when Eq. (13) is used as
shown in Fig. 4. The maximum difference within the mAB
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Fig. 7. Determining the washing coefficient αmAB .

Fig. 9. Comparing the predicted absorbance at 405 nm of the progesterone biosensor using the computer model with measurements reported
by Pemberton et al. (2001).

dilution rates between 1/1000 and 1/20 is 14% using the computer model and is 12% when Eq. (13) is used. So the computer model developed here is producing satisfactory results
within the mAB dilution rates between 1/1000 and 1/20. The
complexity of the computer model allows the functioning
of the progesterone sensor to be explored in details and this
should lead to optimised sensor performance.
5.2 Hook effect

Fig. 8. Comparison of the predicted absorbance using the computer model
with the measured absorbance at 405 nm for progesterone in buffer.

Hook effect was reported in the sensor performance when
it was fabricated using 25 ng rIgG per electrode and a mAB
dilution rate of 1/50 by Pemberton et al. (2001) and no hook
effect was observed when the mAB dilution rate used was
1/100 or 1/200. Fig. 9 shows the comparison of the measured
and predicted absorbance at 405 nm. As observed in the tests,
the predicted absorbance decreases noticeably with the increase of progesterone concentrations in milk and no hook
effect is predicted for the sensors when the mAB dilution
rate used is either 1/100 or 1/200. However when the mAB
dilution rate is 1/50, the decrease of the predicted absorbance
with the increase of milk progesterone concentrations in the
range between 0 and 2 ng/ml is very slight and this flat section
of the response curve indicates the low-dose hook effect.
The model has shown that the hook effect is mainly determined by the total number of binding sites available to
the competitive binding and the rates at which progesterone
and labelled progesterone diffuse towards the sensor surface
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2069

However, the hook effect is almost eliminated for the sensors fabricated using a mAB dilution rate of 1/50. The
drawback of this approach is that it requires a longer detection time.
• Increasing the concentration of labelled progesterone: this
should result in more labelled progesterone to be diffused
onto the sensor surface for the competitive binding. More
labelled progesterone bound onto the sensor should also
improve the quality of its output amperometric singles,
but the signals may be less sensitive to small changes of
progesterone concentrations in milk.
• Reducing the density of immobilised binding sites in the
sensor working area. However, this would cause a reduction of sensor output signals.
• Engineering increased antigen diffusion towards the working area or an increased sensor working area.
Each of these approaches suggested here to remove or
delay hook effect of the progesterone biosensor has its own
drawbacks in sensor applications and the sensor may need
to be optimised using a combination of the approaches suggested.

Fig. 10. The change of sensor performance when the time for competitive
binding is increased from 30 to 40 min.

and the binding rates. Naturally, there is an upper limit on
the amount of progesterone and labelled progesterone that
can be diffused into the binding zone within a fixed duration,
such as the 30 min allowed for the competitive binding in this
progesterone biosensor. If there are not enough binding sites
for all the progesterone and labelled progesterone diffused
into the binding zone to be bound within the 30 min, they
will compete for the limited binding sites and no hook effect would occur. However, if there are enough binding sites
for all the progesterone and labelled progesterone diffused
into the binding zone, no competitive binding happens and
consequently hook effect occurs.
The computer model has generally under-predicted the
absorbance at 405 nm as shown in Fig. 9. The likely causes
of the under-prediction include the uncertainty in quantifying the conjugate concentration, conformational changes of
progesterone and labelled progesterone during the tests and
the simplification of Eq. (7) to one-dimensional for the competitive binding carried out in batch.
Hook effect produces false sensor outputs and reduces its
accuracy. It could be removed or delayed using the following
methods:
• Prolonging the period for competitive binding: Fig. 10
shows the predicted sensor output if the time allowed for
the competitive binding is increased from 30 to 40 min. The
increase in incubation time has little effect on the sensors
fabricated using mAB dilution rates of 1/100 and 1/200,
because all the binding sites are occupied within 30 min.

6. Conclusions
A computer model has been developed to predict the performance of an electrochemical biosensor for measuring progesterone in milk. This model estimates the density of the
immobilised binding sites created by the fabrication process
and predicts the competitive binding between progesterone
and labelled progesterone. The predicted sensor performance
compares well with the measurements, even though the model
has under-predicted the absorbance at 405 nm of colorimetric
tests. The model has predicted the hook effect as observed in
tests and revealed that the hook effect is mainly determined
by the density of binding sites available to the competitive
binding and the rates at which progesterone and labelled progesterone diffuse towards the sensor surface and the binding
rates.
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