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A B S T R A C T

Horseradish peroxidase enzyme selectively oxidizes phenol to o-quinone that can be reduced electrochemically
to catechol and generating a current response which is directly proportional to phenol concentration. In order to
investigate the o-quinone enzymatic production and its electrochemical behavior, a 2-D model was developed for
a nanochip biosensor in COMSOL Multiphysics. The oxidation rate of phenol to o-quinone was predicted by the
developed model based on Michaelis-Menten equation. The diffusion coefficient of o-quinone was obtained
2.17×10−6 cm2 s-1 based on experimental chronoamperograms. The cathodic and anodic peak potentials for o-
quinone/catechol redox couple are obtained experimentally 255 and 310mV, respectively. The obtained results
from simulation were compared with the experimental results to verify the validity of the model. By comparing
the cyclic voltammograms from the simulation and experimental results, the heterogeneous rate constant, k°,
and the transfer coefficient, α, were calculated 0.02 cm s-1 and 0.5, respectively. Then, using simulation results,
chronoamperograms were drawn for the nanochip biosensors with different heights. Also, o-quinone con-
centration gradients were determined at the electrode surface, which can be used to estimate the thickness of the
diffusion layer. Finally, a calibration plot was obtained based on the simulation results of the proposed nanochip
as phenol biosensor with the following equation I (nA)=0.1497 C (μM)–0.3521 and a linear range of
20.0–150.0 μM.

1. Introduction

Phenol is a serious threat to environment and human health and it is
reported as a priority pollutant in many countries. Phenol is commonly
present in different industries wastewater such as petrochemicals,
plastics, dyes, drugs, paper, pesticides, and textiles. Therefore, it is
crucial to develop sensing systems in order to control phenol in water
samples [1,2]. The electrochemical biosensors as promising tools are
applied for phenol analyses since the method is selective, sensitive,
reliable, easy to use, and inexpensive [3–5]. Moreover, miniaturizing
electrochemical cells offer an excellent potential for biosensing appli-
cations with higher sensitivity, easier operation, lower cost, and less
consumption of reagents [6,7].

Nowadays, computer modeling and simulation have been an es-
sential part of science and engineering for development and optimiza-
tion of devices. Mathematical models provide a lot of information that
can maximize physical insight and predictive power for designing and
improving devices such as sensors and biosensors [8–10]. Jin et al. [4]
developed a model for nanoparticles based on amperometric glucose

biosensor that suggests opportunities for designing complex integrated
circuits of different sensors. Caussen et al. [11] evaluated a glucose
biosensor model for optimization of spatial arrangement of platinum
nanosphere and single wall carbon nanotube. Inoue et al. [3] modeled a
screen-printed endotoxin sensor to investigate the influence of elec-
trochemical cell geometry on the amperometric signals. Popovtzer et al.
[12] presented a mathematical model for a phenol biosensor in a
miniaturized electrochemical cell that can be used in similar systems
with different geometries, materials and biological components. Bar-
onas et al. [13] developed mathematical model of an enzyme electrode
to understand the influence of substrate concentration, enzymatic rate,
and membrane thickness on the biosensor amperometric responses.

In the present study, from experimental results, the diffusion coef-
ficient and redox potential of o-quinone which is produced from phenol
enzymatic oxidation were calculated. Then, a two dimensional (2-D)
model was developed for a nanochip using finite element (FEM) soft-
ware COMSOL Multiphysics (ver. 5.2, COMSOL, Inc., MA, USA) to
study the electrochemical behavior of o-quinone in the nanochip bio-
sensor. Also, the enzymatic reaction rate of phenol to o-quinone was
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studied by numerical simulation and the results were compared with
the experimental observations.

2. Materials and methods

2.1. Experimental

Horseradish peroxidase enzyme (HRP) was supplied from Sigma-
Aldrich Company and hydrogen peroxide (30%, w/v aqueous solution),
phenol, and all the other chemicals were purchased from Merck
Company. The electrochemical measurements were performed by a
PGSTAT101 and a three-electrode system. The experiments were per-
formed in a 0.1 M phosphate buffer solution (PBS) containing HRP
enzyme and different concentrations of H2O2 and phenol. A glassy
carbon electrode (GCE) was used as the working electrode, a saturated
calomel electrode (SCE) and a platinum electrode acted as the reference
and the counter electrodes, respectively.

2.2. Reactions and governing equations

The enzymatic oxidation of phenol to electroactive o-quinone occurs
in three steps. First, HRP in the presence of H2O2 is converted to a
highly oxidative compound I (reaction 1). Then, compound I can easily
oxidize phenol to phenoxyradical that immediately and selectively
converts to o-quinone which is an electroactive species (reactions 2 and
3) [14–16].

+ → +H O HRP compound I H O
k

2 2 2
1

(1)

+ → − +oPhenol compound I quinone compound II
k2

(2)

+ → − +oPhenol compound II quinone HRP
k3

(3)

The reactions (1)–(3) can be combined to yield reaction (4).

+ → − +oH O 2 phenol 2 quinone H O
HRP

2 2 2 (4)

The produced o-quinone undergoes a reversible reduction to ca-
techol at the electrode surface as explained in reaction (5). The mea-
sured electrochemical current attributed to the o-quinone reduction
through reaction (5) which is proportional to the concentration of o-
quinone and is directly related to phenol concentration [5,14,15].

o-Quinone + 2H+ + 2e− ⇆ Catechol (5)

Reaction (4) explains the enzymatic oxidation of phenol which oc-
curs in the solution while reaction (5) is an electrochemical reaction.
The Michaelis-Menten model can be used to determine o-quinone pro-
duction rate (reaction 4) and its concentration in the solution. Based on
this model, the reaction rate is calculated as follows [17]:

=
+

V V S
K S

[ ]
[ ]

max

m (6)

where V is the reaction rate, [S] is the substrate concentration, Vmax is
maximum rate of reaction and Km is Michaelis-Menten constant. The
application of this frame for two-substrate enzymatic reaction is ex-
pressed as Eq. (7) in which Vmax is k3[HRP][phenol], Km is k3/
k1[phenol] and k1 and k3 are the rate constants of reactions (1) and (3)
[17,18]:

=
+

V
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3 2 2
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Using this model, the concentration of o-quinone in solution, which
undergoes electrochemical process in reaction (5), is calculated. The
electrochemical response of the biosensor is proportional to the mass
transfer of o-quinone molecules toward the working electrode if o-
quinone reduction is diffusion-controlled. Generally, the diffusion of
species i from bulk solution to the electrode is described by Fick’s first

and second laws [19];

= − ∂
∂
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xi i
i

(8)

= − ∂
∂

δC
δt

D C x
x

( )i
i

i
2

2 (9)

where Ji(x) is the diffusion flux of species i in x direction and Di is
diffusion coefficient of species i in bulk solution. If the electrochemical
reaction is controlled by diffusion and electron transfer kinetics, Butler-
Volmer equation is used for evaluation of cyclic voltammograms which
is expressed as [19]:
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where n is the number of transferred electrons, F is Faraday's constant,
A is electrode surface area, k° is the standard heterogeneous rate con-
stant of the reaction, α is the cathodic transfer coefficient and E0′ is the
standard potential of a redox couple [19].

2.3. Geometry and assumptions

In the present study, a nano electrochemical cell was considered in
order to investigate the electrochemical behavior of o-quinone which is
produced from the phenol enzymatic oxidation. The geometry of the
proposed cell is introduced in Scheme 1A. It illustrates the 3-D design of
the chip with working electrode on its surface. These types of nanochips
with embedded electrodes are frequently used in electrochemical bio-
sensing applications [3,20,21]. For numerical calculations, a vertical
cross section of this nanochip was selected as 2-D simulation domain. 2-
D modeling is commonly reported in other electrochemical simulation
studies that results to increase computational speed with reduced
memory requirements [3,22–24]. As illustrated in Scheme 1B, the do-
main was meshed using free triangular type with extra fine element
size. In the regions near the electrode surface, extremely fine mesh type
with maximum 1.0 μm element size was used to make sure the con-
vergence was reached.

The simulation process was divided into two time periods. In the
first time period, the enzymatic reactions took place and the phenol was
converted to o-quinone according to reaction (4). In the second time
period, the electrochemical reduction of the electroactive o-quinone,
which was generated by the preceding enzymatic reaction, was studied.
The constants related to the enzymatic reactions of HRP and phenol
were reported in the literature as k1= 4.14× 105 M−l s-1 and
k3= 5.54× 104 M−l s-1 [18]. These constants were used for calcula-
tion of Vmax and Km. Also, molecular drift and convection in the cell
were neglected since the solution in the measurement time is static.

2.4. Initialization and boundary conditions

As mentioned, the simulation comprises enzymatic process in the
solution and the electrochemical reaction at the electrode surface. The
concentrations of phenol, H2O2, and HRP at the beginning of enzymatic
process were known and their concentration profiles were obtained
based on Eq. (7). After enzymatic reaction in the solution was accom-
plished, it was assumed to be the starting point (t= 0) for electro-
chemical process simulation. Thus, the initial condition for electro-
chemical process was expressed as:

Co-quinone (x, y, 0) = [o-quinone produced in enzymatic reaction] (11)

In the electrochemical reaction, the reduction of o-quinone to ca-
techol occurred at the electrode surface as described in reaction (5).
This could be explained as a boundary condition in the electrochemical
process.
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Co-quinone (x, 0, t)= 0.0 for (x < re) (12)

where re is the electrode radius.

3. Results and discussion

3.1. Diffusion coefficient

In order to calculate the diffusion coefficient of enzymatically
generated o-quinone, chronoamperograms of the GCE in 10.0mL so-
lution of 0.1M PBS (pH 7.0) containing H2O2, HRP enzyme and dif-
ferent concentrations of phenol at a potential step of 255mV were
obtained (Fig. 1). This potential step is sufficient to ensure that o-qui-
none reduction is diffusion-controlled [14]. For an electroactive species
with a diffusion coefficient of D, the current response under diffusion-
controlled process is described by Cottrell equation [19]:

=I nFAD C
π t

0.5

0.5 0.5 (13)

Based on the Cottrell equation, the plot of I versus t−1/2 is linear for
different concentrations of phenol as shown in Fig. 1A. The slopes of the
resulting straight lines were then plotted against the concentration of
phenol as illustrated in Fig. 1B. According to the results and using the
Cottrell equation, an experimental diffusion coefficient of
2.17×10−6 cm2 s−1 was calculated. The diffusion coefficient plays a
key role in the electrochemical response of an electroactive species.

3.2. Optimal conditions

In order to optimize the experimental conditions, the effect of buffer
pH, phenol/H2O2 concentration ratio and enzyme concentration on the
voltammetric responses was investigated. In all the experiments, the
cyclic voltammograms of a GCE in a 0.1M PBS containing phenol, H2O2

and HRP enzyme were recorded, and the reduction peak of o-quinone
was used as a criterion for optimization. The maximum response for o-
quinone reduction peaks was obtained at pH 7.0 as demonstrated in
Fig. 2A. For higher and lower pH, the electrochemical responses de-
creased due to lower enzyme activity. In order to obtain the optimum
concentration ratio of phenol/H2O2, the reduction peaks of o-quinone
for the different ratios of 100.0/200.0, 100.0/100.0 and 100.0/50.0 of
phenol/H2O2 (μM/μM) were compared in Fig. 2B. The best result was
obtained for phenol/H2O2 ratio of 100.0 μM/100.0 μM. The lower
concentration of H2O2 caused a decrease in o-quinone peak current that
indicates the enzymatic reaction is not complete. Also, the higher
concentration of H2O2 leaded to a decrease in reduction current that
can be related to HRP inactivation by extra H2O2 in the solution [25].
The effect of HRP enzyme concentration in the solution in Fig. 2C in-
dicated that 1.5 μM is an optimum concentration for phenol oxidation
reaction to complete.

Scheme 1. (A) Schematic design of the simulated nanochip biosensor. (B) The detailed information of nanochip and the generated mesh for the 2-D domain of the
nanochip cross section and its zoomed view.

Fig. 1. Chronoamperometric responses of GCE in a 0.1M phosphate buffer
solution (pH 7.0) containing different concentrations of phenol and H2O2 at a
potential step of 255.0 mV. Numbers 1–4 correspond to 0.5–3.0 mM phenol
concentration. Insets: (A) plots of I vs. t–1/2 obtained from chronoamperograms
and (B) plot of the slope of straight lines of inset (A) vs. the phenol con-
centrations.

A. Kaffash et al. Enzyme and Microbial Technology 121 (2019) 23–28

25



3.3. Numerical implementation

In this part, the concentration profiles of the reactants and products
(phenol, H2O2 and o-quinone) related to enzymatic process were
achieved by the developed model in COMSOL Multiphysics. The con-
centration profiles of phenol and o-quinone depending on the enzy-
matic reaction rate were obtained from Michaelis-Menten model as Eq.
(7). As it can be seen in Fig. 3A, the production of o-quinone was ful-
filled in 30 s for initial concentrations of 0.1 mM phenol, 0.1 mM H2O2

and 1.5× 10−3 mM HRP enzyme. Also, the experimental cyclic vol-
tammograms recorded after addition of HRP enzyme to substrates so-
lution (Fig. 3B) indicated that the peak currents related to o-quinone
reduction increased gradually during 30 s and reached to its final value
as illustrated in Fig. 3A. Fig. 3C, voltammogram a, displays the cyclic
voltammogram of GCE in 0.1 M PBS (pH 7.0) containing 0.1 mM phenol
and 0.1 mM H2O2 in the absence of HRP enzyme in the potential range
of 0.1–0.9 V. This voltammogram represented an anodic peak at
E= 0.7 V which was attributed to phenol electrochemical oxidation.

Voltammogram b of Fig. 3C is related to GCE in 0.1M PBS (pH 7.0)
containing 0.1 mM phenol and 0.1mM H2O2 in presence of 1.5× 10−3

mM HRP enzyme. This voltammogram showed a redox peak which was
related to o-quinone/catechol redox couple [14]. In addition, no peak
was observed for phenol oxidation in the potential range of 0.1–0.9 V.
These results indicated that phenol was completely consumed in the
presence of HRP enzyme. Therefore, for a solution containing 0.1 mM
phenol, 0.1 mM H2O2 and 1.5× 10−3 mM HRP enzyme, it was logical
to consider Co-quinone equaled 0.1mM as an initial condition of elec-
trochemical process simulation.

After the enzymatic step was accomplished in 30 s, the voltammo-
grams of the developed model in COMSOL Multiphysics were studied in
order to gain a more precise insight on the electrochemical process. The
experimental cyclic voltammograms (a) and (b) of Fig. 4 show the

Fig. 2. (A) Effect of pH on reduction peaks in 0.1M phosphate buffer solution
containing 0.1 mM phenol, 0.1 mM H2O2 and 1.5× 10−3 mM HRP enzyme. (B)
Effect of concentration ratios of 100.0/200.0, 100.0/100.0 and 100.0/50.0
phenol/H2O2 (μM/μM) on reduction peaks in 0.1M phosphate buffer solution.
(C) Effect of HRP enzyme concentration on reduction peaks in 0.1M phosphate
buffer solution containing 0.1 mM phenol and 0.1 mM H2O2.

Fig. 3. (A) Simulation and experimental results for phenol,
H2O2 and o-quinone concentration profiles related to a 0.1M
PBS (pH 7.0) with initial concentrations of 0.1 mM phenol,
0.1mM H2O2 and 1.5×10−3 mM HRP enzyme. The dots
show the cathodic peak currents of o-quinone reduction.
These cathodic peak currents related to the experimental
cyclic voltammograms that have been taken after mixing
phenol, H2O2 and HRP enzyme over different time periods. (B)
Five consecutive experimental cyclic voltammograms related
to GCE in a 0.1M PBS (pH 7.0) containing 0.1 mM phenol,
0.1mM H2O2 and 1.5×10−3 mM HRP enzyme. Potential
scan rate was 50.0 mV s-1. (C) The cyclic voltammograms of
GCE in a 0.1M phosphate buffer solution (pH 7.0) containing
(a) 0.1 mM phenol and 0.1 mM H2O2 in absence of HRP en-
zyme and (b) 0.1 mM phenol and 0.1 mM H2O2, 30.0 s after
addition of HRP enzyme in the potential range of 0.1–0.9 V.

Fig. 4. Cyclic voltammograms of experimental (a, b) and theoretical (c, d)
corresponding to a 0.1M PBS (pH 7.0) containing 0.1 mM phenol, 0.1 mM H2O2

and 1.5× 10−3 mM HRP enzyme in potential scan rates of 50.0 and 100.0 mV
s-1.
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voltammograms of GCE in 10.0 mL of 0.1M PBS (pH 7.0) containing
0.1 mM phenol, 0.1 mM H2O2 and 1.5×10−3 mM HRP enzyme after
30 s. The voltammograms (a) and (b) recorded at the potential scan
rates of 50 and 100mV s-1, respectively, showed a redox pair that was
attributed to the o-quinone reduction at 255mV and catechol oxidation
at 310mV. Then, using the parameters evaluated from experimental
data such as redox potentials and diffusion coefficient, the theoretical
cyclic voltammograms for same geometry as experimental set-up were
calculated based on Butler-Volmer equation. Also, the values of the
unknown constants in Eq. (10), namely k° and α, were guessed. As it is
demonstrated in Fig. 4, voltammograms (c) and (d), when the values of
k° and α for o-quinone/catechol redox couple were assumed 0.02 cm s-1

and 0.5, respectively, the closest results to experimental voltammo-
grams (a) and (b) were observed. Therefore, a good agreement between
experimental results and simulation results suggests that the developed
model can predict the electrochemical behavior of o-quinone in the
proposed nanochip and provide much information about electro-
chemical responses without carrying out further experiments.

3.4. Voltammetric results of simulation

Based on experimental cyclic voltammograms (a) and (b) of Fig. 4, it
was clear that, the reduction process of enzymatically generated o-
quinone at potential step of 255mV was a diffusion-controlled process.
Thus, this potential step was applied to investigate diffusion-controlled
reduction of o-quinone to catechol (reaction 5) in the nanochip model
by COMSOL Multiphysics. The calculated chronoamperograms ob-
tained for o-quinone reduction in the nanochip with different heights
are shown in Fig. 5. The change in the height of the nanochip resulted
to different chronoamperograms for o-quinone reduction. In order to
explain the differences between simulated chronoamperograms, the
concentration distribution of o-quinone, after 0.5, 2.0, 5.0, 10.0, 20.0
and 50.0 s from the potential step were calculated as illustrated in
Fig. 6. At the beginning of electrochemical process, the o-quinone
concentration was constant in whole domain of the designed nanochip.
As it can be seen in Fig. 6, the reduction process of o-quinone to ca-
techol leaded to the depletion of electroactive o-quinone near the
electrode surface. The generated concentration gradient caused the
diffusion of o-quinone from bulk solution to the electrode and thus, the
diffusion layer gradually expanded to the bulk solution. Therefore, the
calculated o-quinone reduction currents in chronoamperograms de-
creased as the diffusion layer expanded. Also, with changing the height
of the nanochip biosensor from 300.0 to 50.0 μm, the maximum
thickness of diffusion layer that can be expanded in the bulk solution

reduced and consequently the chronoamperometric response decrease
with a greater slope. The results indicated that using the developed
model, it is possible to calculate the values of k°, α and the changes in
diffusion layer thickness during the time of a transient voltammetry
method such as chronoamperometry.

In order to estimate the quantitative parameters of phenol de-
termination by the proposed nanochip, simulated cyclic voltammetry
responses were found under optimal conditions (Fig. 7A). The reduction
peak currents of phenol enzymatic oxidation product, o-quinone, cor-
responding to the different concentrations of phenol were obtained
from cyclic voltammograms of Fig.7A. Then, the o-quinone reduction
peak currents were used to construct a calibration plot. As it is shown in
Fig. 7B, a linear relationship was obtained for the proposed biosensor in
the concentration range of 20.0–150.0 μM with the equation I
(nA)=0.1497 C (μM) - 0.3521, R²= 0.9966.

4. Conclusion

In the present study, a numerical model was developed to describe
enzymatic reaction of phenol and horseradish peroxidase. The product
of phenol enzymatic reaction is o-quinone that can be reduced elec-
trochemically to catechol. The cathodic peak current was used to de-
termine the phenol concentration in the analyte solution. The per-
formed experiments for obtaining the optimal conditions indicated that
the system is operative for phenol determination as an electrochemical
biosensor. Using the proposed model, the concentration profiles of
phenol, H2O2 and o-quinone have been successfully predicted.
According to experimental and simulation results of cyclic voltam-
metric studies, k° and α were calculated for redox couple of o-quinone/
catechol. The parameters of k° and α were used to predict the electro-
chemical behavior of o-quinone in the proposed nanochip. Using the
simulation results of the biosensor, it is possible to obtain useful in-
formation about the diffusion layer and concentration gradients of o-
quinone at the electrode surface. Also, the calibration curve for dif-
ferent concentrations of phenol was predicted by the model. Therefore,
it was indicated the proposed nanochip for phenol determination can be
used as a promising tool for further researches in this field.Fig. 5. Simulated chronoamperograms related to a nanochip with different

heights (h). Electrode radius, re, and nanochip radius, R, were considered
100.0 μm and 500.0 μm, respectively.

Fig. 6. The color maps of o-quinone concentarion gradients and the expansion
of the diffusion layer after applying the potential step to the nanochip.
Electrode radius (re), nanochip radius (R) and nanochip height (h) were con-
sidered 100.0 μm, 500.0 μm and 100.0 μm, respectively.
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