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The continuous glucose sensor is used to measure the glucose concentration in
interstitial fluids by means of a glucose oxidase enzyme that converts glucose into
hydrogen peroxide, which can be detected electrochemically. A mathematical model
was developed for the impedance response of glucose-oxidase based electrochemical
biosensors [3]. The homogeneous reactions included anomerization between a-D-glucose
and (§-D-glucose, four reversible enzymatic catalytic reactions transforming (-D-glucose
and oxygen into gluconic acid and hydrogen peroxide, weak acid dissociation equilibrium,
two reactions accounting of the pH-dependence of enzymatic activity, and a series of
reactions associated with the buffer system. The electroactive hydrogen peroxide was
considered to be oxidized or reduced at the electrode. In addition, reduction of oxygen was
considered as a potential cathodic reaction. The heterogeneous reactions were coupled by
the concentration of hydrogen ions, which appear as reactants for the cathodic reactions
and as a product of the anodic reaction. Thus, the faradaic impedances associated with
the three heterogeneous reactions could not be considered independent.

The mathematical model was solved numerically by using the finite-difference method
and Newman’s BAND algorithm [4]. The model demonstrates how the coupled non-linear
homogeneous reactions affect the diffusion impedance, which has broadened the scope
of the Gerischer impedance. The model can be used to explore the influence of various

system parameters on limiting current, reaction profiles, and diffusion impedance. The

15



system parameters, including interstitial glucose concentration, oxygen concentration,
active enzyme concentration, diffusion coefficients, reaction rate constants and layer
thickness, are related to various sensor working conditions such as body sugar level,

inflammation, sensor degradation and sensor design.

16



CHAPTER 1
INTRODUCTION

The continuous glucose monitor (CGM) is a device to measure the glucose level in
the intersticial fluid in real time. The CGM serves as an artificial pancreas for people with
type I diabetes to manage their blood sugar level. The CGM comprises three parts, the
continuous glucose sensor embedded under the skin, the transmitter and the computer
with built-in insulin pump. The FDA-approved continuous glucose sensor can last
about 28 days. But even within the implanted period, the sensor needs to be calibrated
frequently with a finger-prick test. Electrochemical impedance spectroscopy (EIS) can be
potentially applied for in-vivo sensor calibration, sensor failure analysis, and false reading
detection.

The most common type of continuous glucose sensor is the enzyme-based amperometric
sensor. Glucose oxidase is the enzyme immobilized in the sensor to oxidize the glucose into
gluconic acid. Depending on the type of glucose sensor, the electroactive species can be
either oxygen or hydrogen peroxide. While the material and biomedical research has
been intensively studied, only a few mathematical models have been developed to study
the sensor response at either steady-state or transient conditions. Model development is
critical in prediction of the sensor response, optimization of sensor performance, analysis of
sensor failure mechanism and design of the sensors. The background of the development of
continuous glucose sensor and the mathematical modeling of glucose sensors can be found
in Chapter 2.

This dissertation focuses on the research of fundamental electrochemical engineering
and its application on glucose sensors. The work involves extensive mathematics and
the basic principles of electrochemical thermodynamics, kinetics and mass transfer. It
emphasizes the understanding and application of electrochemical impedance spectroscopy

(EIS), which is a sensitive surface characterization technique. The fundamental knowledge
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of EIS is introduced in Chapter 2. The work involves modeling and numerical simulation,
experiments, parametric studies, regression and statistical analysis.

A series of one-dimensional mathematical models for continuous glucose sensors were
developed. The modeling began with four simple irreversible enzymatic reactions and
one hydrogen peroxide electrochemical oxidation reaction. Enzyme kinetics, complex
homogeneous reactions and heterogeneous reactions and mass-transport effects are further
developed. A subsequent one-dimensional mathematical model [1] considers two film
layers, the GOx layer, where the glucose oxidase enzyme is immobilized, and GLM layer,
where the diffusion of species is controlled by the physical properties of the film. Only
four enzymatic reactions and the glucose anomerization reaction were considered and the
electrochemical reaction was relatively simple. The electrochemical impedance response
was calculated.

The present work builds on the preliminary glucose sensor models. Three advanced
complex mathematical models are presented in Chapter 3, Chapter 4 and Chapter 5. The
models account for the role of hydrogen ions in electrochemical reactions, as activity of the
enzyme is very sensitive to pH. Therefore, it is necessary to include the buffering system.
The present model is based on ping-pong kinetics and law of mass action instead of using
the Michaelis-Menten approximation. The model includes more complicated transport and
reaction, including pH-dependent enzyme activity and buffer. Both steady-state and the
impedance response are calculated. With the advanced model, the parameters associated
with physical properties of the sensor, sensor operation conditions and sensor failure can
be explored.

An extensive and systematic parametric study was performed and is discussed in
Chapter 7. The steady-state concentration profiles and impedance response associated
with different working parameters are calculated and visualized. The simulation facilitates

the understanding of sensor response in the failure condition and the interpretation of
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impedance response. Based on the understanding, process models were developed and used
in regression analysis to extract statistically significant parameter estimates.

Experimental electrochemical measurements were performed with three types of
sensor provided by Medtronic Diabetes. The controlled variables included the glucose
concentration, hydrogen peroxide concentration, built-in or external reference electrode,
stirring condition, and buffering condition. The analysis of the experimental results is
shown in Chapter 6.

A detailed suggestion for future work is presented in Chapter 9. Further exploration
of the influence of electrode geometry need to be studied by building a multi-dimension
model. With better experimental setup, more impedance measurements need to be
performed with the glucose sensors. The influence of coupled faradaic and charging
currents on electrochemical impedance spectroscopy was studied as a side project. Some
preliminary mathematical development and simulation results are presented in Chapter 9.

A sample code of unbuffered continuous glucose sensor is shown in Appendix A. It
includes the input file of parameters, FORTRAN code for steady-state and impedance
calculations, and Matlab® code for visualisation of simulation results. A Graphical User
Interface was written in Matlab® with Fortran executables. The console and function of

the program is introduced in detail in Appendix B.
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CHAPTER 2
BACKGROUND

2.1 The Continuous Glucose Sensor

Diabetes is a chronic metabolic disease, to which, in 2012, 1.5 million deaths
worldwide were directly attributed [2]. Since the treatment requires frequent testing
of blood glucose levels, the development of highly sensitive, pain-free, and low-cost glucose
biosensors has attracted broad attention over the past five decades. The continuous
glucose sensor is an advanced commercially-available device used to help people monitor
their glucose level in real time and manage their diabetes.

2.1.1 Diabetes

Diabetes, also called diabetes mellitus, is a chronic metabolic disease, to which 1.5
million of deaths are directly attributed. Diabetes reduces the ability of the body to
process sugar (glucose) such that the glucose concentration in the blood is increased,
causing hyperglycemia.

There are two types of diabetes, type I and type II. Type II diabetes is more common,
and limits the ability of the body to use insulin. Type II diabetes can be prevented or
delayed with healthy life style, diet, weight management and active exercise. Unlike Type
IT diabetes, there is neither treatment nor cure for Type I diabetes. It occurs at any age,
in people of any race, and of any shape and size. But Type I diabetes can be managed
by testing the blood sugar level and injecting insulin as needed. Since the management
requires frequent testing of blood glucose levels, the development of highly sensitive,
pain-free and low-cost glucose biosensor has attracted broad attention over the past five
decades.

2.1.2 Development of Glucose Biosensors

The research on glucose biosensors was pioneered by Clark and Lyons [3], who raised

the concept of biosensors in 1962. Their work was followed by Updike and Hicks [4], who

developed the first practical enzyme-based glucose sensor in 1967. Three generations of
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glucose biosensors have been developed to date. The first-generation glucose biosensors
were amperometric sensors based on the oxygen—hydrogen peroxide pair as a mediator.
They either detected the consumption of oxygen by applying a negative potential [4] or
monitored the production of hydrogen peroxide by applying a positive potential [5]. The
second-generation glucose biosensors demonstrated during 1980s’ were based on other
mediators, such as ferrocene, ferricyanide, and methylene blue [6-9]. The third-generation
glucose biosensors were proposed to be based on direct electron transfer between the
enzyme and electrode without toxic mediators [10-13]; however, the mechanism is in
dispute [14, 15].

The enzymes hexokinase, glucose oxidase (GOx), and glucose-1-dehydrogenase
(GDH) have been used for glucose sensing [16]. The enzyme most commonly used in
glucose sensors is glucose oxidase, discovered by Miiller [17] from Aspergillus niger and
Penicillium glaucum in 1928. During 1960s to 1970s, a significant effort was expended to
understand the physical characteristics and the kinetic mechanism for reactions associated
with glucose oxidase. Glucose was found to have higher turnover than other sugars in
the presence of glucose oxidase [18]. In addition, glucose oxidase was found to be very
specific for 5-D-glucose [18]. The a-D-glucose and S-D-glucose anomers are both stable
and mutarotate following [19]

a-D-glucose ‘ki> B-D-glucose (2-1)

kg

The equilibrium constant for reaction (2-1) favors the g-D-glucose anomer.
Nakamura and Ogura [20] and Bright and coworkers [21, 22] believed that glucose
is reversibly oxidized by enzymatic reactions to D-gluonolactone, which can hydrolyze

spontaneously to gluconic acid. The mechanism for the enzymatic reaction consuming
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glucose and oxygen to produce hydrogen peroxide [18, 21-23] was proposed to be

ko K
S+Eyx 7 ES — 7 E,q+P (2-2)
F1
K3 Ky
Ered + 02 — EQ — on + H202 (2—3)
Fn3

where S is the 8-D-glucose substrate, E., is the oxidized form of glucose oxidase, ES is the
first intermediate enzyme complex that is created by glucose and glucose oxidase, E,qq is
the reduced form of glucose oxidase, P is the gluconic acid product, and EQ is the second
intermediate enzyme complex.
2.1.3 Modeling Glucose Sensors

Mathematical models have been developed to explore the influence of the complex
homogeneous and heterogeneous reactions on sensor response. Bartlett and coworkers
[24-27] developed a one-dimensional model for amperometric sensors in which the
mechanism for enzymatic reactions was based on the Michaelis-Menten approximation.
The assumptions in Michaelis-Menten kinetics are that the substrate concentration
is very large and that reactions creating the complexes are equilibrated. Parker and
Schwartz [28] showed that the Michaelis-Menten approximation works well only with
excess oxygen and argued that, given the low solubility of oxygen in interstitial fluids,
assumption of Michaelis-Menten kinetics is not appropriate for a CGM system. Gooding
and Hall [29] further developed Parker and Schwartz’s steady-state model [28] in which the
homogeneous enzymatic reaction followed ping-pong kinetics and the laws of mass action.
The electrochemical reduction of oxygen was assumed to be mass-transfer controlled.
The mathematical modeling for enzyme-based amperometric glucose started with
simplified modeling of general enzyme kinetics. The general enzyme-substrate interaction
is Michaelis-Menten kinetics. In this model, the enzyme, E, and the substrate, S, combines

reversibly to form the intermediate complex, E-S, which irreversibly decomposes into the
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product, P, and the original enzyme, E. The reaction can be expressed as

Fo ko

E+S —— ES —— E+P (2-4)
k
-1

where k4 is the forward rate constant, k_; is the reverse rate constant and k5 is the
catalytic reaction rate constant.

Michaelis and Menten [30] made assumptions of equilibrium approximation as
ki [E][S] = kia [E-S] (2-5)

such that the reaction rate can be expressed as

dP] _ Vinax[S]
dt  Kq+19]

(2-6)

The approximation is further modified by Briggsan and Haldane [31] to quasi-steady-state

approximation, as

ki [E][S] = ki [E-S] + ko [E-S] (2-7)
and the reaction rate becomes
d[P] Vinax|S]
- 2.
dt ~ Ku+]5] (2-8)

where maximum reaction rate is Vi.x = k2[E]o and the Michaelis-Menten constant is
Ky = =

Mell and Maloy [32] simulated the original Michaelis-Menten enzyme kinetics with
diffusion through an membrane. The way they treated the enzymatic reaction is very
simple. Bartlett and coworkers [24-27] further developed glucose oxidase enzyme kinetics
and published a series of work regarding the numerical simulation based on immobilized
enzyme layers with coupled diffusion-reaction physics. Leypoldt and Gough [33] modeled
the glucose sensor based on detection of oxygen. In this model, two substrates were

considered, oxygen and glucose. Based on the same mechanism and kinetics, Gough et al

[34] further simulated a two-dimensional cylindrical glucose sensor with both steady-state
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and transient simulations. Relatively modern modeling work has been done. Abdekhodaie
and Wu [35] reported a theoretical modeling of a glucose-sensitive membrane, where the
immobilized enzyme catalyze the glucose into gluconic acid and recycle the oxygen and
hydrogen peroxide. They studied the steady state behavior of the membrane considering
oxygen limitation and change in diffusivity caused by hydrogel swelling, but with no
electrochemical detection.

All these previous works employed Michaelis-Menten kinetics with idealized and
simplified assumptions. While the reaction rate expression can be modified to consider
the transport phenomenon and oxygen concentration, the assumptions made for
Michaelis-Menten kinetics fail in real cases, which makes Michaelis-Menten kinetics
inappropriate for continuous glucose sensors. The enzymatic reactions in continuous
glucose sensors, first reported by Bright and Gibson [18, 21-23], include two steps, the
enzyme catalytic reactions are shown in Equation (2-2) and (2-3).

The enzymatic reactions for glucose oxidase are more complicated, including
regeneration of enzyme. They are reversible but not at equilibrium at steady-state.

The total amount of active enzyme is not constant and the substrates are not excessive
compared with enzyme. The sensor response depends on the limitation of oxygen
concentration. Even in the work reported Abdekhodaie and Wu [35], the oxygen
concentration is still much more excessive than the real continuous glucose senor.

Gao et al [1] previously published an one-dimensional mathematical model for
continuous glucose sensors. In that model, two film layers were considered, the GOx layer,
where the glucose oxidase enzyme is immobilized, and GLM layer, where the diffusion of
species is controlled by the physical properties of the film. Only four enzymatic reactions
and the glucose anomerization reaction were considered and the electrochemical reaction
is relatively simple. The electrochemical impedance response was calculated. To better
simulate the real sensor and study the sensor failure mechanism, more considerations

were made in the present modeling work.The hydrogen ion is involved in electrochemical
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reactions, the concentration distribution of hydrogen ion has a large variance within the
sensor. The activity of the enzyme is very sensitive to pH. Therefore, it is necessary to
include the buffering system. The present model is based on ping-pong kinetics and law of
mass instead of Michaelis-Menten approximation. The model includes more complicated
transport and reaction, including pH-dependence enzyme activity and buffer. Considering
the mass-transfer of hydrogen ion, the coupled impedance response is calculated. With
the advanced model, the parameters associated with physical properties of the sensor,
sensor operation conditions and sensor failure can be explored. It will help understand the
impedance response as well.
2.1.4 The Continuous Glucose Monitor (CGM)

Continuous glucose monitoring (CGM) can provide real-time testing of glucose
levels, which makes it a promising tool for modern diabetes management. Continuous
ex vivo glucose monitoring was developed in 1974 [36]; whereas, the first subcutaneous
implantation was demonstrated by Shichiri in 1982 [37]. Although there were case
studies showing that 14-day [38] or 28-day [39] wear periods of a subcutaneous CGM
was achievable, commercially available subcutaneous CGM are generally changed every
seven days to avoid unreliable results. Some reasons for failure include sensor degradation
[40], formation of cell-based metabolic barriers such as macrophages that limit transport
of glucose to the sensor [41], and formation of red blood cell clots or other metabolic
sinks that consume glucose [42]. As electrochemical impedance spectroscopy is both
nondestructive and sensitive to properties affecting electrochemical systems, it has been
used to assess the condition of implanted biological sensors [43-45].

2.2 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (ELS) is sensitive surface characterization

technique for electrochemical systems. It has broad application in studying surface

adsorption-desorption, charging, diffusion and complicated electrochemical processes.
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Figure 2-1. Schematic representation of electrochemical impedance spectroscopy (EILS),
where a sinusoidal electric potential perturbation is applied to an
electrochemical system and the sinusoidal current response is measured.

2.2.1 Concepts of Electrochemical Impedance Spectroscopy

The electrochemical impedance spectroscopy is a transfer function to describe the
relationship between input and output signals. According to Figure 2-1, for an unknown
electrochemical system, a sinusoidal potential perturbation with frequency w is applied to
the system and the corresponding current response is measured as an output signal. By
analyzing the relationship between the input-output perturbations, the impedance can be
calculated. Mathematically, the input sinusoidal potential input signal can be expressed
as

V (t) =V +|AV]| cos (wt) (2-9)

where V is the steady-state potential, and |AV| represents the magnitude of the oscillating
part of the potential. w is the frequency at which the perturbation is oscillating. Similarly,

the output sinusoidal current signal is shown as
I(t) =1+ |AlI|cos (wt+ ¢) (2-10)

The output signal can be measured oscillating at the same frequency w but with a phase
lag ¢ from the input signal. The relationship is represented in Figure 2-2. Alternatively,

the input and out signal could be represented using Fuler’s formula as

V (t) =V + Re{V exp (jwt)} (2-11)
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Time

Figure 2-2. Schematic representation of the calculation of the transfer function for a
sinusoidal input at frequency w. The time lag between the two signals is 6t
and the period of the signals is 7.

and

I(t) = I +Re{l exp (jwt)} (2-12)

where V and I are complex quantities that are functions of frequency but are independent
of time. The impedance is also a function of frequency, which can be obtained by the

relationship of input and output signal V (w) and 7 (w).
Z(w) === (2-13)

The impedance is a complex function, which can be separated into real and imaginary
parts
Z (w) = Z; (w) +jZ; (w) (2-14)

2.2.2 Modeling Electrochemical Impedance Spectroscopy

There are two types of model when it comes to modeling the electrochemical
impedance spectroscopy. One type of model is phenomenological model, also called process
model. The model is proposed based on the hypotheses involving charge transfer, mass
transfer and physical phenomena, such as growth of films. These models are expressed in
the form of equivalent electrical circuits. The other type of model is mechanistic model.

This type of model is more complicated, which needs to consider the electrochemical
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reactions, the chemical reactions, the mass transport and physical properties of the
electrochemical systems specifically. These models are usually built mathematically with
governing equations and solved numerically.

Table 2-1. Comparison between Phenomenological Model and Mechanistic Model

Phenomenological Model Mechanistic Model

eUsed to gain insight into

eUsed to fit data the physical and chemical processes

eHelp explain existing data eRequires inclusion of all relevant phenomena
eHas fewer parameters eHas many parameters
eLess useful as a predictive tool eUseful as a predictive tool

to guide new designs or experiments to guide new designs or experiments

2.2.2.1 Phenomenological model

As shown in Table 2-1, the phenomenological models are useful to fit the impedance
data based on the understanding of the electrochemical system. It has fewer parameters
and usually, these parameters are lumped parameters. The fitting parameters can help
explain the data. However, because of the lumped parameters, these models are less useful
as predictive tool. Sometimes, multiple phenological models might be able to be applied to
the same electrochemical system.

Here are the examples of the phenomenological models for typical electrochemical
systems. For an ideal electrochemical system with only one electrochemical reaction
happening on the electrode. The electroactive species are sufficient in the bulk solution
and they diffuse really fast to the electrode. The equivalent circuit is a charge-transfer
resistance (Ry) in parallel with a double-layer capacitance (Cy;), which in series with an
ohmic resistance of the electrolyte (R,). By assuming the values of these parameters as
Ry = 1092, Cq = 20puF and R, = 1012, the impedance can be calculated, shown in Nyquist
plot in Figure 2.2.2.1.
2.2.2.2 Mechanistic model

As shown in Table 2-1, the mechanistic models are used to gain insight into the

consequence of the coupled behavior of physical and chemical processes. To build the
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Figure 2-3. Phenomenological model of a single electrochemical reaction in bulk
electrolyte. A) Schematic representation of an electrode placed in the bulk
electrolyte with sufficient amount of electroactive species HyOo; B) Equivalent
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Figure 2-4.
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Mechanistic model of an electroactive species diffuses from bulk electrolyte
through a stagnant film to the electrode. A) Schematic representation of
diffusion through a stagnant film. The electroactive species is excessive in the
bulk electrolyte; B) Equivalent Circuit; C) The dimensionless diffusion
impedance calculated form the mechanistic model; D) The Nyquist plot of
overall impedance

mechanistic models, it requires inclusion of all relevant phenomena, such as reactions,

transport process, film properties and so on. The models may have many parameters. But

the parameters are associated with physical meanings. Therefore, the mechanistic models

are useful as a predictive tool to guide new designs or experiments.

2.2.3 Interpretation of Electrochemical Impedance Spectroscopy

To gain useful information from the electrochemical impedance spectroscopy,

the impedance data need to be represented into graphical formats and analyzed by

mathematical analysis.
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2.2.3.1 Graphical representation

Graphical representation of the impedance data is an effective way to visualize and
evaluate the data. There are mainly two types of the representation, Nyquist plots and
Bode plots.

Nyquist plots The impedance data is usually represented in the Nyquist plots,
where the imaginary part of the impedance is plotted versus the real part of the
impedance in a complex plane, as shown in Figure 2.2.2.1.

Bode plots Bode plots are the representation of impedance in terms of magnitude
and phase angle as functions of frequency on a logarithmic scale. The phase angle is

expressed as

Z.
—tan ' [ = 2-15
-t (2) 15

The modulus of the impedance is
2] =\(Z)" + (%) (2-16)

To get rid of the influence of electrolyte ohmic resistance, the ohmic-resistance corrected
phase angle is given by
Padj = tan ! (%) (2-17)

2.2.3.2 Error structure

The impedance measurements usually consists of two types of errors: stochastic
errors and experimental bias errors. The stochastic errors are frequency dependent.
They are caused by the integration of time-domain signals that influenced by the
noise from instrumental sources or the electrochemical systems. The identification of
the stochastic errors is very critical in interpretation and regression analysis of the
impedance data. The systematic experimental bias errors arise from the instrumental
artifacts or nonstationary behavior. The impedance data with experimental bias errors

is not trust-worthy to extrapolate useful information. In most of cases, due to that
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the experimental errors caused by instrumental artifacts and nonstationary behavior is
inconsistent with Kramers-Kronig relations, the Kramers-Kronig relations can serve as a
useful tool to distinguish between stochastic and experimental bias errors. Therefore,
to interpret impedance data, the first thing to do is to check the consistency with
Kramers-Kronig relations to exclude the data points that flawed by instrumental artifacts
and nonstationary behavior. The next thing is to perform fitting and statistical analysis
to identify the error structure of the measurements, which can serve as a good weight
strategy for the regression.
2.2.3.3 Kramers-Kronig relationship

The Kramers-Kronig relations are mathematical integral equations relates the real
and imaginary parts of the complex quantities. The impedance measurements satisfy the
Kramers-Kronig relations must be linear, causal, and stable, which means that the system
respond linearly to the perturbations, the response do not proceed the perturbations
and the perturbation applied to the system do not grow with time. The inconsistency of
Kramers-Kronig relations of impedance measurements usually caused by experimental bias
error. It serves as criterion to distinguishing between bias and stochastic errors.
2.2.3.4 Measurement model

Measurement model is a tool to apply Kramers-Kronig relations and quantitatively
assess the stochastic errors and experimental errors. It is firstly applied to electrochemical
impedance by Agarwal et al. [46-48]. The measurement model is a linear superposition
of Voigt elements or RC circuits, as represented in Figure 2-6. The impedance of the

measurement model can be expressed as

N

Z(w)=Ro+ Y

Ry
WTk

3 (2-18)

where Ry, Ry and 7 are the fitting parameters. The number of fitting parameters depends

on the number of Voigt elements included in the regression.
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Figure 2-6. A schematic representation of the measurement model.

2.2.3.5 Regression analysis

The impedance data can be evaluated by the regression analysis with process model.
The information can be obtained from the fitting procedures are the parameter values,
confidence intervals and the statistic measure of the quality of the regression. [49] The
regression algorithm used in the present work is Levenberg-Marquardt method.
2.2.4 Characteristic Frequency

For a surface distribution of time constants, the effective double-layer capacitance can

be extracted by Brug formula, which is given as

Cett gurt = Q' *R{ =/ (2-19)
The characteristic frequency is
1
fs=——"+ 2-20
27 (RQ)"® (2:20)

For a normal distribution of time constants due to the growth oxide film, the effective
capacitance can be extracted from the (Constant-Phase Elements) CPE values by the

Power-Law model, which is given as

Cetrpr, = 9@Q (pseeo) ™ (2-21)
The characteristic frequency is
1
= 2-22
s 2T pseeg ( )
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2.3 Numerical Methods

The set of coupled nonlinear ordinary differential equations corresponding to the
steady-state condition was solved numerically by a finite difference method implemented
in the FORTRAN language. The code employed the BAND algorithm developed by
Newman,[50] and a Newton—Raphson iterative scheme was employed to achieve quadratic
convergence.
2.3.1 Finite-Difference Method

The set of coupled nonlinear ordinary differential equations were linearized by central
finite-difference method. The first-order derivative and second-order derivatives can be

expressed as
de _clyi+h) —cly —h)

1 57 + O(h?) (2-23)

and
ﬁ _ c(y; + h) — 2¢(y;) + c(y; — h)
dy? h?

+ O(h?) (2-24)

where the second-order derivative of ¢ is evaluated at y;, h is the step size and the
accuracy is on the second order of the mesh size.
2.3.2 BAND Algorithm

The numerical technique of solving coupled, non-linear ordinary differential equations
is called BAND and presented by Newman. [50]

A set of coupled, second-order non-linear ordinary differential equations can be
linearizing using finite-difference method in Equations (2-23) and (2-24), and written in a

more general form
ZAi,k<‘])Ck(J — 1) + Bix(J)Ck(J) + Dix(J)C(J + 1) = Gi(j) (2-25)
k=1

which is evaluated at position ;. A;x(j), Bix(j) and D;x(j) are the coefficients of

equation ¢ and variable ¢, at the mesh points xj_;, zj and zj1.
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Figure 2-7. Matrix defining BAND.

The boundary condition for the first mesh point, at J = 1, can be written

Z Bix(1)Ck(1) = Gi(1) (2-26)
k=1
and the last mesh point, at J = NJ, can be written
S B(NI)C(NT) = G(N.J) (2-27)

k=1
These governing difference equations, equations (2-25), (2-26), and (2-27), can be written
conveniently in matrix form (see Figure 2-7).

By an iterative computation, the variable ¢ at all the mesh points can be obtained

when they satisfy the convergence criteria.
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CHAPTER 3
MODEL FOR UNBUFFERED CONTINUOUS GLUCOSE SENSOR

This chapter describes a basic mathematical model for continuous glucose sensor,
which includes the enzymatic reactions that convert -glucose to electroactive hydrogen
peroxide, the weak acid dissociation equilibrium and the pH-dependence of the enzyme
activity as homogeneous reactions. The electroactive hydrogen peroxide is considered
to be both oxidized and reduced at the electrode surface to contribute in either anodic
or cathodic current depending on the applied potential. The detailed chemistry of the
basic model for continuous glucose sensor is explained. The convective-diffusion governing
equation and boundary conditions are shown in detail. The model is calculated at both
steady state and oscillating state. The steady-state results show the concentration
distributions of species and reaction rate distributions at steady state to help understand
the reaction mechanism. The output results are used for oscillating-state model to
calculate the phasor of concentrations, which is used for impedance calculation. The
mathematical development of impedance is also shown in detail. Some preliminary results
are shown and explained from the calculation of the model.

3.1 Chemistry of Continuous Glucose Sensor

The chemistry of continuous glucose sensor contains two parts, the homogeneous
reactions and the heterogeneous reactions. The homogeneous reactions are the reactions
happening in the electrolyte or in the films of the sensor while the species transport within
the sensor. The heterogenous reactions are the electrochemical reactions at the electrode
surface. The reactions accounted in the model are explained below.

3.1.1 Homogeneous Reactions
There are four enzymatic reactions to convert S—D-glucose into electro-active

hydrogen peroxide following

k k
B-D-glucose + GOxox — GOx-GA — > GA + GOxgep (3-1)
Fi1
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k k
GOxmep + O — GOx-Hy05 — GOxox + HyOs (3-2)
K3

where GOxpx is the oxidized form of glucose oxidase, GOx-GA is the complex intermediate
of the reaction of glucose and GOxpx, GOxggp is the reduced form of glucose oxidase, GA
is gluconic acid, and GOx-H50s is the complex intermediate of the reaction of GOxggp
and oxygen. The glucose oxidase that is reduced by reaction (7-1) is regenerated by
reaction (7-2).
In interstitial fluids, D-glucose exists as a mixture of o and S anomers. The

anomerization reaction was assumed to follow

a-D-glucose & B-D-glucose (3-3)

<«
ks

To include the pH-dependence of the enzyme activity, the water dissociation, gluconic

acid dissociation and the enzyme-complex equilibrium are considered as following,

kfﬁ
+ —
H,0 —>k H* + OH (3-4)
b6

for water dissociation,

k
GA = H 4+ GA (3-5)

Kz

for gluconic acid dissociation.
The pH dependence of enzyme activity was treated following Bright and Appleby.[22]
The hydrogen ion and oxidized enzyme GOxpx formed an inactive complex species

H+GOXOX

k
H*GOxox = H + GOxox (3-6)
Fug
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The reduced enzyme GOxggp dissociated hydrogen ion at high pH to form an inactive

species GOXgpp

k:fg
GOXRED k:> H+ + GOXP_{ED (3—7)
b9

Reaction (3-6) and (3-7) provide for reversible enzyme deactivation at both high and low
pH.
3.1.2 Heterogeneous Reactions

Hydrogen peroxide is electro-active and was assumed to be consumed at the electrode.
To make the model applicable to a broader potential range, the cathodic oxygen reduction

reaction was also considered. The electrochemical reaction was therefore expressed as

K

H>

O2
HQOQ T 2H+ + 02 + 2e” (3—8)
(0]

2

The reduction of hydrogen peroxide to water was considered to follow
Kred
HyO5 + 2H' +2¢~ — 2H,0 (3-9)

The current density for the hydrogen peroxide oxidation reaction was expressed as

jHQOQ - KH2020H202 (0) eXp (bHQOQV) (3_10)

where the concentration cy,o,(0) is evaluated at the electrode-GOx interface, V' represents
the electrode potential referenced to a silver /silver-chloride electrode, by,0, = an,0,F/RT,
and ag,0, is the apparent transfer coefficient for the hydrogen peroxide oxidation reaction.

The current density of the oxygen reduction reaction was
jo, = —K0,¢0,(0)ct;(0) exp (—bo, V) (3-11)
and the current density of the hydrogen peroxide reduction reaction was
Jred = —KreaC,0,(0)cii (0) exp (—breaV) (3-12)
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where bo, = a0, F/RT, brea = eqF/RT, and o, and a,eq are the apparent transfer
coefficients for the oxygen reduction reaction and the hydrogen peroxide reduction
reaction, respectively.

The corresponding total faradaic current for all the heterogeneous reactions included

was expressed as

Jr = KH2O2CH2O2 (0) exXp (bH2O2V) (3_13)
_KO2002 (O)C%I(O) €xXp <_b02v>
— N 1edCH,0, (O)C%I(O) exp <_bredv)
where Ky,0,, Ko, and K. are the effective heterogeneous rate constants. Following

Orazem and Tribollet [49], the effective heterogeneous rate constants incorporated

interfacial equilibrium potentials, i.e.,

KH202 = nFK;IgOg exp (_bH202%7H202) (3'14)
Ko, = nFK{, exp (bo,Vo,0,) (3-15)

and
Kred - nFK:ed exp (bred‘/(),red> (3‘]-6>

where Ky, q,, K¢, and K4 are the intrinsic heterogenous rate constants and Vpn,0,, V0,0,
and Vjeq are the equilibrium potentials corresponding to each heterogeneous reactions
respectively. The effective rate constants for the peroxide oxidation and reduction
reactions were chosen to yield polarization curves that matched current-voltage curves
of a commercial glucose sensor.
3.2 Mathematical Development

The glucose sensor is modeled one-dimensionally as shown in Figure 7-1. The mesh

size was refined in regions in which homogeneous reactions led to large concentration

derivatives. A subroutine was developed that coupled regions of differing mesh size while
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Figure 3-1. One-dimensional schematic representation of the glucose sensor showing three
dissimilar mesh sizes. The finest mesh size H H H is near the electrode surface
(J = 1), a slightly larger mesh size HH was used in the remainder of the GOx
layer, and the coarsest mesh size H was used in the GLM layer. The
GOx-GLM interface was located at J = I.J, and the outer limit of the GLM
layer was located at J = NJ. There is a diffusion layer at the outer bound of
GLM layer in the tissue.

maintaining finite difference accuracy on the order of the square of the mesh size. The
same approach was used to solve the set of coupled linear ordinary differential equations
corresponding to the impedance calculations.

3.2.1 Governing Equations

The general conservation equation for each species was expressed in the form

4R 3-17
, (3-17)

where R; is the reaction rate of generation of species i by homogeneous reactions, D; is the
effective diffusion coefficient of species i in corresponding layer.

According to the homogeneous reactions, the reaction rates can be expressed out
following the laws of mass action.

The rates of homogeneous reactions (7-1), (7-2) and (3-3) were expressed as

Ry = kncg.a(y)ccoxox () — Fviccox-aa(y) (3-18)
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for the reversible production of the complex intermediate GOx-GA by the reaction of the

[-D-glucose anomer and the oxidized form of glucose oxidase,

Ry = kpcgoxca(y) (3-19)

for the irreversible conversion of the intermediate GOx-GA to gluconic acid and the

reduced form of glucose oxidase,

R3 = ke3¢0, (Y)CGoxpep (V) — kb3CcoxH,04(Y) (3-20)

for the reversible production of the complex intermediate GOx-Hy0O45 by the reaction of

dissolved oxygen and the reduced form of glucose oxidase,

Ry = kyccox-n,0,(Y) (3-21)

for the irreversible conversion of the intermediate GOx-H505 to hydrogen peroxide and the

oxidized form of glucose oxidase, and

Rs = kca-(y) — kbscsa(y) (3-22)

for the inter-conversion between o and 8 anomers of D-glucose.

The reaction rates of homogeneous reactions accounting pH—dependence of enzyme
activity (3-4),(3-5),(3-6) and (3-7) were assumed much faster then other reactions.
Therefore, the water dissociation, gluconic acid dissociation, the complex between HT,
OH™ and enzymes were assumed equilibrated. For the models including biological
buffer systems, the reactions involving dissociation of buffer species were also assumed
equilibrated.

For the model without buffer, the corresponding conservation equation for each

species was written as
8205_(;
0y?

805_(;
ot

= Dy — R, + R; (3-23)
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for 5-D-glucose (5-G),

(9002 . 82002
ot “D028y2"R3
for oxygen (Oa),
denyo & cny0
a; 2 = DH202 ay; : +R4

for hydrogen peroxide (H20O;), and

(3-24)

(3-25)

(3-26)

(3-27)

for a-D-glucose (a-G). The enzymatic species were assumed to be immobilized and to

exist only in the GOx layer. The corresponding balances were written as

aCGQXOX
—2 = R R R
ot 1+ g + Hg

for glucose oxidase (GOxpx) in oxidized form,

Occox-GA

=R - R
ot 1 2
for the first intermediate complex (GOx-GA) formed by oxidation of glucose,

aCGOXRED

BT = —R3+ Ry — Ry

for reduced glucose oxidase (GOxggp), and

aCGOX-HQOQ o
— o R3 — Ry

42

(3-28)

(3-29)
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(3-31)



for the second intermediate complex (GOx-H203) formed by reaction of oxygen and
reduced glucose oxidase. The conservation equations for the species involved in pH-

dependence of enzyme activity were expressed as

0 o?

g}tﬁ — D}ﬁ-% + Rﬁ + R7 + Rg + Rg (3—32)

for hydrogen ion,

dcon- 0?con-

gf = DOH_TO;I + Rg (3-33)

for hydroxide ion,

OCAf 82CA—

—— =Dp-———+R 3-34
o~ TN o T (3-34

for gluconate ion,

a X(0OX

CH+g;) (ox.) _ _RS (3_35)

for the deactivated enzyme complex (HTGOx(o0x.)) in oxidized form, and

dccox- (red.)

=R (3-36)

for the deactivated enzyme (GOx™(red.)) in reduced form.

Due to that the reaction rates through Rg to Rg were unknown, the conservation
equations were added up or subtracted from each other to cancel the terms of reaction
rates Rg - Ry.

3.2.2 Boundary Conditions

The boundary conditions at the electrode surface for the species not involved in

electrochemical reactions were

(30i

=0 at y=0 3-37
3, (3-37)

43



The boundary conditions at the electrode surface for the electroactive species, hydrogen

peroxide and oxygen, were

dcn,0, . . .
2FDH202 gyo = ]HQOQ + jOQ - jred at y == 0 (3-38)
y=0
and
Oco, . .
QFDO2 a = —jH202 — ]02 at Yy = 0 (3-39)
Y =0

respectively.Continuity of concentration and flux were assumed to apply at the GOx-GLM
interface.

At the interface between GLM layer and tissue, it was assumed that there is a
diffusion layer as a stagnant film with layer thickness 6. The flux of the mobile species in
the diffusion layer were expressed as

N, = k; (M - ci(oo)> (3-40)
i
where ~; is the partition coefficient for each species between the interstitial fluid and the
GLM. k; is the mass-transfer coefficient of species i in the diffusion layer in tissue close
to GLM layer. ¢|,—nj is the concentration of species i at the interface between GLM
layer and diffusion layer (y = NJ). ¢;(00) is the bulk concentration of species i in tissue.
Therefore, the boundary condition at the interface of GLM layer and diffusion layer (y=

NJ) is flux balance, which was expressed as

861
- Di,GLMa_

Fm:h(ﬂﬁﬂ—qmo (3-41)

i
The boundary conditions at the outer limit of GLM for the immobile species, the enzymes

and enzyme complexes, as well as the associated reaction rates were
=0 at y=NJ (3-42)
and

R =0 at y=NJ (3-43)
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respectively.
3.2.3 Calculation of Impedance

The set of governing equations were solved for both the steady-state condition and
the frequency domain. Due to the nonlinear expressions for homogeneous reactions,
the steady-state set of equations required iterative solution. The set of equations for
faradaic impedance response developed in this section involves steady-state concentrations
and therefore requires solution of the steady-state equation. The expressions for sensor
impedance were obtained following an electrical circuit which provided a framework for the
sensor impedance response [1](see Chapter 9 in reference [49]).
3.2.3.1 Mathematical calculation of impedance

Each variable was represented in terms of steady-state and oscillating terms as [49]
X; = X;+ Re {)N(iexp (jwt)} (3-44)

Thus, the generic expression (3-17) can be expressed as a complex equation

0%

Di—2 1+ R -45
o + R (3-45)

Jwe = O'id'

The real and imaginary parts of equations of the form of equation (3-45) were solved
simultaneously.
The faradaic impedance can be expressed in terms of the charge transfer resistance R

and the diffusion impedance Z; as

Zp = Ry + Z4 (3-46)
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Following the general mathematical derivation framework in Orazem and Tribollet[49],

the charge transfer resistances can be calculated as

Rt = 1/(KH202bH2026H202 (0) €Xp (bHQOQV) (3-47)
+K02 b02502 (O)EIQ_H (O) exXp (—bOQV)

+KredbredEH202 (O)E%—[-ﬁ- (0) exXp (_bredv) )

The diffusion impedance can be calculated as

Zn = R¢[Ku,o,exp (bi,0,V) — KreaCii+ (0) exp (—breaV)] — T (3-48)
CH+
FDy+
dy y=0
— ¢o,(0
—I—RtKO2E%+ (0) exp (—b02 V) —()(12—~()
CH+
FDy+
dy y=0
_ _ — _ = cy+(0)
+R; [2K0,€0,(0)¢+(0) exp (—bo, V) + 2K eaCr,0,¢n+ (0) exp (—breaV) | T gLl
FDjs —
dy y=0
and the dimensionless diffusion impedance expressions for HyOo, O2 and H* are given by
-1 1 CH,0, (0)
= —— 3-49
9ﬁ202 (K) 5(;QX dCH202 ( )
dy y=0
-1 1 ¢0,(0)
= —— 3-50
0’02 (K) 5(}0,( d002 ( )
dy |,—o
and
—1 _ 1 B 5H+(0) (3_51>
8;{_,_ (K) 5GOX dCH+
dy |,—0

respectively, where dgox is the GOx layer thickness.
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Figure 3-2. Proposed equivalent circuit framework for modeling overall impedance of a
glucose sensor with GOx and GLM layers on the electrode surface.
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Figure 3-3. Impedance response for the circuit presented in Figure 3-2. The effective
ohmic resistance R, can be expressed as the sum of contributions from the
interstitial fluid and the GOx and GLM layers.

3.2.3.2 Equivalent circuit framework

The overall impedance was represented by the proposed equivalent circuit framework
shown in Figure 3-2, where the GOx and GLM layers are expected to provide a dielectric
response in series with the interfacial impedance and the ohmic resistance of the
interstitial fluid. Under the assumptions that the dielectric constant for the GOx and
GLM layers has values of 10 and that the corresponding resistivity has value of 200 €2 cm,

the characteristic frequency of the layers would have a value of

B 1
© 2meggp

£ = 8.5 GHz (3-52)

which is outside the typical frequency range for impedance measurements. The corresponding

impedance response, presented in Figure 3-3, shows that the effective ohmic resistance

47



z
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Figure 3-4. Simplified circuit framework for modeling the overall impedance of a glucose
sensor in which the contribution of the GOx and GLM layers is represented by
an effective ohmic resistance Re = Reext + Rcox + Rarm.

for the experimentally observable impedance can be expressed as the sum of contributions
from the interstitial fluid and the GOx and GLM layers. Therefore, the circuit framework
can be simplified as shown in Figure 3-4. The overall impedance may be expressed as

ZF (CU)

Z = Re .
(w) * 1 +JWZF(W)Cd1

(3-53)

where the capacitance was assumed to correspond to the electrode-GOx interface. 1]
3.3 Simulation Results

The mathematical model generates plots to visualize the steady-state sensor response
and impedance response. The steady-state sensor response includes polarization curves,
sensor response curves at a specific applied potential, and the corresponding concentration
and reaction profiles. The impedance response includes the dimensionless diffusion
impedance associated with each heterogeneous reactions, the diffusion impedance and the
overall impedance based on the mathematical development.
3.3.1 Polarization Curves

The calculated polarization curve is presented in Figure 3.3.1 with interstitial glucose
concentration as a parameter.

The current density increased with increasing applied potential until it reached
a diffusion-controlled plateau. This limiting current density for oxidation of hydrogen
peroxide was a strong function of total interstitial glucose concentration. The enzyme

was assumed to be specific to 5-D-glucose and the anomerization reaction between
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Figure 3-5. Calculated current density as a function of applied potential at an active
glucose oxidase concentration of 356 nmol/cm? with glucose concentration as a
parameter.

a-D-glucose and [-D-glucose was considered in the model. Maximum sensitivity to glucose
concentration was found on the mass-transfer-limited plateau.

The mass-transfer-limited plateau is associated with transport of electroactive species
to the electrode, where the surface concentration of the reacting species tends toward
zero [51]. In the present case, on the anodic plateau, the electroactive species is hydrogen
peroxide. Thus, the mass-transfer-limited plateau is associated only indirectly with the
concentration of glucose, as the flux of hydrogen peroxide to the electrode surface is
related to the interstitial glucose concentration.
3.3.2 Sensor Response on the Mass-Transfer-Limited Plateau

The sensor response curves calculated in the subsequent section were, therefore,
obtained at an applied potential on the mass-transfer-limited plateau, shown in Figure
3.3.2.
3.3.3 Concentration and Reaction Profiles

The calculated concentration and reaction profiles are shown in Figure 3-7
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Figure 3-6. Calculated sensor response curve at an active glucose oxidase concentration of
356 nmol/cm? as a function of total glucose concentration
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Figure 3-7. Calculated steady-state concentration profiles and reaction rate distribution as
a function of distance to the electrode with glucose concentration as a
parameter: (a) Beta-glucose concentration profile (b) Oxygen concentration
profile (¢) Hydrogen peroxide concentration profile (d) Enzymatic reaction rate
distribution (e) Oxidized-form glucose oxidase concentration profile (e) pH
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CHAPTER 4
MODEL FOR CONTINUOUS GLUCOSE SENSOR IN PHOSPHATE BUFFER

This chapter introduces the model with Phosphate Buffer Saline (PBS) as the
biological buffer to the system. The hydrogen ion is involved in electrochemical reactions,
the concentration distribution of hydrogen ion has a large variance within the sensor.

The activity of the enzyme is very sensitive to pH. Therefore, it is necessary to include
the buffering system. Experimentally, for in — vito conditions, the common biological
buffer is phosphate buffer saline (PBS). This model provides simulation results for in-vitro
experimental conditions.

4.1 Mathematical Development

In PBS, there are mainly 4 ionic species in balance, the phosphate ion PO}~ the
hydrogen phosphate ion HPO3 ™, the dihydrogen phosphate ion HyPO; and the trihydrogen
phosphate or phosphoric acid H3PO,. More specifically, considering three equilibrium

reactions as follow:

K10 B
H3PO4 — Ht + HQPO4 (4—1)

kblO

~ km B
H,PO; k;—> H* + HPO;3 (4-2)
b1l

k
HPO? —— H* + PO} (4-3)

Fpi2

4.1.1 Governing Equation
For the model with phosphate buffer saline (PBS), the corresponding conservation
equation for each species remained the same as the basic model without buffer, except the

conservation equation for hydrogen ion, which was changed to

9, 0?
CH+ g DH'*'% —'— R6 + R7 + RS + Rg + Rl(] + Rll + R12 (4_4>
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There are four major species in phosphate buffer saline (PBS), which are H3POy,

H,PO;, HPO;™ and PO3~. The conservation equations for these species were

dc 0?c
ot = Do, — 5 5% — Fug (45)
for phosphoric acid (H3POy),
dcy,po; 82CH2P0*
T = DHZPOZa—y24 + RIO - Rll (4_6)
for dihydrogen phosphate ion (HoPOy ),
Icgpoz- O cypoz-
T4 = DHPOE— TQZX + Ry — Ryo (4—7)
for hydrogen phosphate ion (HPO3™), and
OCp3- D*pos-
3754 = DPOZ‘ (9?/_24 + Rio (4-8)

for phosphate ion (PO3).

Due to that the reaction rates through Rg to R15 were unknown, the conservation
equations were added up or subtracted from each other to cancel the terms of reaction
rates Rg - Ri2.

4.1.2 Boundary Conditions
At the electrode surface, the steady-state boundary conditions for the species not
involved in electrochemical reactions are
2—2_20 at y=0 (4-9)
y=0
The boundary conditions at the electrode surface for the electroactive species are the

flux to the electrode is equal to the faradaic current density, respectively. There are 4

electrochemical reactions and 3 electroactive species involved, hydrogen peroxide, oxygen
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and hydrogen ion. Specifically, the boundary conditions for hydrogen peroxide is

aEH O - - s
2FDy,0, 82 2 = JH,0, T J0Oy = Jrea at =0 (4-10)
for oxygen is
8602 - -
2FDo, = —Jmo, —Jo, at y= 0 (4'11)
A |,—0
and for hydrogen ion is
aEH - s s s
FDHa_ = Jm,0, T JOy T Jrea T Ju, at y=0 (4-12)

Continuity of concentration and flux were assumed to apply at the GOx-GLM interface.
At the interface between GLM layer and tissue, it was assumed that there is a
diffusion layer as a stagnant film with layer thickness §. The flux of the mobile species in
the diffusion layer were expressed as
N; =k <El‘y—:m - 51(00)) (4-13)
gi
where ; is the partition coefficient for each species between the interstitial fluid and the
GLM. k; is the mass-transfer coefficient of species i in the diffusion layer in tissue close
to GLM layer. ¢|,—ny is the concentration of species i at the interface between GLM
layer and diffusion layer (y = NJ). ¢;(00) is the bulk concentration of species i in tissue.
Therefore, the boundary condition at the interface of GLM layer and diffusion layer (y=

NJ) is flux balance, which was expressed as

e
- Di,GLMa_

=k (C’{Y—:NJ - Ei(oo)> (4-14)
y=NJ 1

The boundary conditions at the outer limit of GLM for the immobile species, the enzymes

and enzyme complexes, as well as the associated homogeneous reaction rates were

¢G=0 at y=NJ (4-15)
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and

Ri=0 at y=NJ (4-16)

respectively. The anomerization reaction rate, the homogeneous reaction rates associated
with weak acid, and the homogeneous reaction rates associated with buffering species are
not zero.
4.1.3 Calculation of Impedance

The set of governing equations are solved for both the steady-state condition and
the frequency domain. Due to the nonlinear expressions for homogeneous reactions,
the steady-state set of equations required iterative solution. The set of equations for
faradaic impedance response developed in this section involves steady-state concentrations
and therefore requires solution of the steady-state equation. The expressions for sensor
impedance were obtained following an electrical circuit which provided a framework for the
sensor impedance response [1](see Chapter 9 in reference [49]).
4.1.3.1 Mathematical calculation of impedance

Under the sinusoidal perturbation, the generic expression (3-17) can be simplified by

eliminating the explicit dependence on time and expressed as

0%

Di—2 1+ R 4-17
0y2+ (4-17)

jwé; =

The real and imaginary parts of equations of the form of equation (4-17) were solved
simultaneously.
The faradaic impedance can be expressed in terms of the charge transfer resistance R

and the diffusion impedance Z, as
Zy = Ry + Z4 (4-18)

Following the general mathematical derivation framework in Orazem and Tribollet[49], the

charge transfer resistances can be calculated as
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Ry = (KHQOQbHQOQEHQOQ(O) €xp (bHQOQV)

+K02 602502 (O)E%H (O) exp (—bOZV)

+KredbredEH202 (0>E2H+ (0) €xXp (_bredv)

+ Kby (0)2g+ (0) exp (—buV))

The diffusion impedance can be calculated as

(4-19)

Zp = Ry [Ku,o0,exp (bi,0,V) — KreaCii+ (0) exp (—breaV)] — T (4-20)
FDys —t
dy y=0

— o, (0

—I—RtKozE%{+ (0) exp (—bon) —212—~()
CH+

FDy+
dy y=0

+R; [2K02602 (O)EH+ (O) exp (—bOQV) + 2Kred5H202 (O)EH+ (0) exp (—bredV) + 2Kycy+ (0) exp (—bHV)]

cn+(0)

deg+
FD
Yy

y=0

and the dimensionless diffusion impedance expressions for HyO,, Oy and HT are given by

-1 1 CH,0,(0)
- T 4-21
O1,0,(K)  dcox den,o, (4-21)
dy =0
—1 1 502 (0)
- T 4-92
00,(K)  dcox dco, (4-22)
dy y=0
and
—1 1 EH+ (0)
- T 4-23
O+ (K)  dcox | deus (4-23)
dy y=0
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Table 4-1. Sensor dimensions

Layers Thickness
GOx layer 10 um
GLM layer 30 um

Diffusion layer 100 um

respectively, where dgox is the GOx layer thickness.
4.1.3.2 Boundary conditions
For the phasor of oscillating concentrations, the boundary conditions far away from
the electrode (at J = N.J) are
=0 at y=NJ (4-24)

At the electrode, the boundary conditions for the species not involving the electrochemical

reactions are
g

=0 at y=0 4-25
3,0 (4-25)

for the electroactive species, the boundary condition for hydrogen peroxide is
EHQOQ =1 at Yy = 0 (4—26)

and the boundary conditions for hydrogen ion and oxygen are the phasor of the flux is
related to the phasor of the current density.
4.2 Simulation Results

The complex mechanism and physical properties of the sensor were considered in the
advanced mathematical model. The simulation results show the calculated results based
on the provided parameters and illustrates that the impedance response can be potentially
utilized to differentiate the cases when the sensors operated under oxygen deficiency and
enzyme deactivation conditions can provides false reading same as normal working sensors.

The parameter in the model can be divided into five main categories. The first
category of the parameters associated with sensor dimensions as in Table 7-1. The
physical properties of the biofilms including the enzyme-immobilized GOx layer and

glucose limiting membrane (GLM layer) are associated with the partition coefficients and
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Table 4-2. Partation coefficients of species at the interface of diffusion layer and GLM
layer of the sensor.

Species Partition Coeffients
Glucose, gluconic acid and gluconate ion 0.014
Hydrogen peroxide 0.11
Oxygen 0.32
Hydrogen ion, hydroxide ion and buffer ions 0.2

porosity factors. The partition coefficients of species in GLM layer are listed in Table 7-4.
The porosity factors are used for modifying the diffusion coefficients of the species within
different layers based on the Bruggeman Equation [52]. The diffusion coefficients of species

within each layers are listed in Table 4-3.
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Table 4-3. Diffusion coefficients of species in the bulk electrolyte, GOx layer and GLM layer of the sensor.

Species

Dpuk,i X 10°(cm*/s)

Dgox; X 10°(cm?/s)

Dcrw,i X 10°(cm®/s)

Glucose, gluconic acid and gluconate ion
Glucose oxidase enzyme

Oxygen Oq

Hydrogen peroxide HyO»
Hydrogen ion H*

Hydroxide ion OH™

Phosphoric acid H3PO4
Dihydrogen phosphate ion HyPO
Hydrogen phosphate ion HPO3~
Phosphate ion PO}~

Carbon dioxide CO,

Carbonic acid HyCOg3
Bicarbonate ion HCOj

Carbonate ion CO3~

0.72
0
2.46
1.83
9.30
2.30
0.90
0.959
0.759
0.824
2.49
1.30
1.84
0.92

0.576
0
1.97
0.732
7.44
4.24
0.180
0.1918
0.1518
0.1648
2.23
1.16
1.65
0.823

0.122
0
1.03
1.098
3.91
2.23
0.378
0.403
0.319
0.346
1.61
0.842
1.19
0.596




Table 4-4. Sensor operation parameters

Parameter Value
Potential 04V

pH 7.4

CPE value, Q 2.61 x 107° F/s(1=2)
CPE value, « 0.85

Ohmic resistance, R, 10 ©

Table 4-5. Initial concentrations of species for model with PBS buffer

Species Cbulk,i OT Dbulk,i
Glucose(both v and § anomers) varied
Glucose oxidase enzyme (maximum)  3.56 x 1077 molem ™3
Oxygen O, (partial pressure) varied
Hydrogen peroxide H,O, 1 x 1072° molem ™3
Hydrogen ion H* calculated based on pH
Hydroxide ion OH™ calculated based on pH
Phosphoric acid H3PO, 3.63 x 10~ molem™3
Dihydrogen phosphate ion HoPO, 9.2 x 107% molem 3
Hydrogen phosphate ion HPO3~ 4.02 x 1075 molem 3
Phosphate ion PO?~ 1.86 x 107 molem™3

The rate constants of the homogeneous and heterogenous reactions are chosen
based on Gao et al. [1] and matching with experimental polarization curves. The sensor
operation conditions can vary with parameters including applied potential, pH in the bulk,
values of Constant-Phase Element(CPE) and ohmic resistance, listed in Table 7-7 and
initial concentrations of the species in Table 4-5 for PBS model and in Table 4-6 for BBS
model.

The sensor response curves for a sensor with 10 gm of GOx layer and 30 pm of GLM
layer was calculated. The current density is linearly related to the glucose concentration,
shown in Figure 4-1A. The normal glucose level in human tissue is around 100 mg/dL.
The current density corresponding to 100 mg/dL of glucose in this case is 4.18 pAcm™2.
The same current density can be read with higher glucose concentration but with enzyme
deactivation and oxygen deficiency. Figure 7-7 shows the current density as function of

partial pressure of oxygen with 200 mg/dL of glucose and 100% of enzyme concentration.

With oxygen partial pressure decreasing, the current density maintains at a plateau then
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Table 4-6. Initial concentrations of species for model with BBS buffer

Species Cbulk,i OT Dbulk,i
Glucose(both a and § anomers) varied

Glucose oxidase enzyme (maximum) 3.56 x 1077 molem™
Oxygen O, (partial pressure) varied
Hydrogen peroxide HyOy 1 x 1072 molem ™3
Hydrogen ion H* calculated based on pH
Hydroxide ion OH™ calculated based on pH
Carbon dioxide COs (partial pressure) 5%

Carbonic acid HyCO3 1.68 x 1072 molem ™3
Bicarbonate ion HCO3 2.37 x 107 molem ™3
Carbonate ion CO3~ 1.01 x 107" molem ™3

slight increases to a peak and then decreases dramatically. The sensor response curve
indicates that within the normal range of oxygen partial pressure in tissue, which is

2% ~ 5%, the current density is not limited by the amount of oxygen. However, with
further oxygen deficiency, which might be caused by biofouling, the current density is
affected by oxygen deficiency. This is one of the case that sensor failure may give false
reading. 4.18 pAcm =2 of current density is corresponding to 0.5% of oxygen partial
pressure. The other case associated with sensor failure is the enzyme deactivation,

shown in Figure 7-3. The current density shows similar trends as function of enzyme
concentration with 200 mg/dL of glucose and 5% of oxygen partial pressure. With enzyme
activity below 10% of the maximum, the current density decreases with further enzyme
deactivation. 4.18 pAcm =2 of current density is corresponding to 3% of maximum enzyme
activity. Therefore, the three cases give the same current density.

The steady state profiles can be calculated and help with understanding the reaction
mechanism. The concentration distribution of glucose is shown in Figure 4-2A. For the
normal glucose level case, 100 mg/dL in the bulk can be consumed completely. However,
for the cases of enzyme deactivation and oxygen deficiency with higher glucose level,

200 mg/dL of glucose in the bulk can not be oxidized by the glucose oxidase enzyme
within the sensor. That is the reason why the current density appears as the same. The

concentration distribution of oxygen and hydrogen peroxide in Figure 4-2B and 4-2C
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Figure 4-1. Calculated current density as a function of concentration of targeting species:
(a) Sensor response curve with glucose concentration as a parameter, 5% of
oxygen partial pressure and 100% of enzyme concentration (b) Sensor response
curve with oxygen partial pressure as a parameter, 200 mg/dL of glucose and
100% of enzyme concentration (c) Sensor response curve with glucose oxidase
enzyme (GOx) concentration as a parameter, 200 mg/dL of glucose and 5% of
oxygen partial pressure.
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support the same explanation. The flux of hydrogen peroxide to the electrode surface is
proportional to the current density at 0.4V (Ag/AgCl) applied potential. Although the
slope of the hydrogen peroxide concentration profile look different in Figure 4-2C, the
distance of where the most of hydrogen peroxide is generated to the electrode balance
difference. So the fluxes of hydrogen peroxide to the electrode of the three cases are the
same. The enzymatic reaction rate distribution is shown in Figure 4-2D. For normal
glucose concentration, the most amount of glucose is oxidized near the interface between
GOx and GLM because of sufficient amount of enzyme and oxygen. For the oxygen
deficiency case, there are not enough oxygen diffusing from the tissue to help recycle the
enzyme. So the maxima of enzymatic reaction happens near the electrode surface, where
the oxygen is generated by the electrochemical oxidation of hydrogen peroxide. For the
enzyme deactivation case, the enzymatic reaction rate distributes uniformly as glucose
diffuses to through the GOx layer.

As the transport-reaction mechanism is different for the three cases and explained
by the steady-state profiles, the impedance response is expected to be different. The
calculated diffusion impedance is shown in Figure 4-3. The diffusion impedance appears as
merge of two loops. The high-frequency loop is the Gerischer impedance with a straight
line towards higher frequencies. It provides information of the coupling between the
homogeneous reactions and the heterogeneous reactions. The low-frequency capacitive
loop is a semicircle corresponding to the mass-transfer impedance of the electroactive
species. The further away from the electrode where hydrogen peroxide is generated, the
larger in size the low frequency loop is. For the normal glucose concentration case, the
enzymatic reaction primarily happen near the GOx—GLM interface, the low-frequency
mass-transfer semicircle is largest in size and the characteristic frequency is the lowest
(0.14 Hz). For the enzyme deactivation case, the enzymatic reaction distributed uniformly
across the GOx layer, the major electroactive species hydrogen peroxide is produced closer

to the electrode. Therefore, the low-frequency capacitive loop decreases in size and the
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Figure 4-2. Calculated steady-state concentration profiles and reaction rate distribution as
a function of distance to the electrode: (a) Beta-glucose concentration profile
(b) Oxygen concentration profile (¢) Hydrogen peroxide concentration profile
(d) Enzymatic reaction rate distribution. The black line is corresponding to
the case of normal glucose concentration with 100 mg/dL of glucose, 5 % of
oxygen and 100 % of enzyme; the orange line is corresponding to the case of
oxygen deficiency with 200 mg/dL of glucose, 0.5 % of oxygen and 100 % of
enzyme; and the blue line is corresponding to the case of enzyme deactivation
with 200 mg/dL of glucose, 5 % of oxygen and 3 % of enzyme.
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Figure 4-3. Calculated diffusion impedance for the three cases: (1) normal glucose
concentration with 100 mg/dL of glucose, 5 % of oxygen and 100 % of enzyme;
(2) oxygen deficiency with 200 mg/dL of glucose, 0.5 % of oxygen and 100 %
of enzyme; (3) enzyme deactivation with 200 mg/dL of glucose, 5 % of oxygen
and 3 % of enzyme.

characteristic frequency is higher (0.56 Hz). The high-frequency Gerischer impedance of
both cases are approximately the same. For the case of oxygen deficiency, the enzymatic
reaction mainly happen near the electrode surface, thus, the mass-transfer of hydrogen
peroxide to the electrode surface is fast. Thus, the low-frequency semicircle shrinks and
merges with the high-frequency loop and the impedance is dominated by the Gerischer
impedance. The magnitudes of the diffusion impedance of the three cases providing same
current density are obviously different.

Based on the diffusion impedance, the overall impedance is calculated, shown in
Figure 4-4. In the simulation, the calculated frequency range is wide, from 1.6 pHz to 1.6
MHz. The shape of the Nyquist plot is part of the depressed semicircle, which is the same
for the three cases. But the diameter of the semicircles are different. As the discussion by
Gao et al [1], the diameter of the capacitive loop is attributed to the diffusion resistance.

A process model in Equation 4-27 was developed to regress the impedance response

and extrapolate values of the diffusion resistance. The equivalent circuit of the process
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Figure 4-4. Calculated overall impedance following Equation 3-53 for the three cases: (1)
normal glucose concentration with 100 mg/dL of glucose, 5 % of oxygen and
100 % of enzyme; (2) oxygen deficiency with 200 mg/dL of glucose, 0.5 % of
oxygen and 100 % of enzyme; (3) enzyme deactivation with 200 mg/dL of
glucose, 5 % of oxygen and 3 % of enzyme..

model is shown in Figure 4-5. There are 4 fitting parameters can be extrapolated from

regression: the ohmic resistance R,, the diffusion resistance R4 and the a and () associated

with the constant-phase element.

Rq
1+ (jOJ)a RdQ

Z(w) = Re + (4-27)

Figure 4-6A shows the impedance with frequency range scaled to the experimental
measurable range from 1 mHz to 1.6 MHz. The overall impedance response for the

three cases are not obviously different. By regression of the impedance response with
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Figure 4-5. The process model developed for the regression of the impedance response of a
continuous glucose sensor with the applied potential at mass-transfer limiting
plateau. R, is the ohmic resistance, Ry is the diffusion resistance and CPE is
the constant-phase element.

frequency range from 1 mHz to 1.6 MHz, the fitting parameters can be extrapolated and

are statistically significant, as in Table 4-7.
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Table 4-7. Regression parameters and standard error for impedance response with frequency range from 1 mHz to 1.6 MHz

normal glucose concentration oxygen deficiency enzyme deactivation
Value Standard Error Value Standard Error Value Standard Error
R., W cm? 10 1.3x 1076 10 88 x 1077 10 74x 1077
R4, MW cm? 3570 1.9 351 0.012 2018 0.34
Qo 0.85 2.0 x 1078 0.85 1.3x 1078 0.85 1.13 x 1078

Q, F/ecm? s'=® 261 x 1075 2.56 x 10712 261 x107° 1.67x107'2  261x107° 1.41x 1072
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Figure 4-6. Impedance response with frequency from 1.6 MHz to 1 mHz (a) Impedance
response with regression, the line is the regression results based on the process
model. (b) Extrapolation results based on the fitting parameters in Table
4-7.The black line is corresponding to the case of normal glucose concentration
with 100 mg/dL of glucose, 5 % of oxygen and 100 % of enzyme; the orange
line is corresponding to the case of oxygen deficiency with 200 mg/dL of
glucose, 0.5 % of oxygen and 100 % of enzyme; and the blue line is
corresponding to the case of enzyme deactivation with 200 mg/dL of glucose, 5
% of oxygen and 3 % of enzyme.

Figure 4-6B shows the extrapolation of the full capacitive loop based on the fitting
parameters Table 4-7. The diameter of the semicircles match with the magnitude of
diffusion impedance in Figure 4-3.

So far, the diffusion resistance from regression of impedance response is shown
more sensitive than the current density, which is indicating that the impedance can be
potentially used for differentiating the sensor failure cases and sensor calibration. However,
further parametric study and developing the process model is necessary to understand
the physical correlation between the regression parameters and the actual sensor failure

mechanism.
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CHAPTER 5
MODEL FOR CONTINUOUS GLUCOSE SENSOR IN BICARBONATE BUFFER

This chapter introduces the model with Bicarbonate Buffer Saline (BBS) as the
biological buffer to the system. The bicarbonate buffer system is the primary buffering
system in blood and tissue to maintain the pH. The carbon dioxide generated by
respiration of human body hydrates to produce bicarbonate ion. The mathematical
model for continuous glucose sensor with bicarbonate buffer provide better physical
simulation of the concentration of the buffer species in the bulk, the diffusion of the
buffer species through the bio-films of the sensor and the local change of the pH near the
electrode surface.

In BBS, there are mainly 4 species in balance, the carbon dioxide COg,the carbonic
acid HyCO3, the bicarbonate ion HCO; and the carbonate ion CO2~. More specifically,

considering three equilibrium reactions as follow:

k
COs (ag.) + HyO —= HyCO4 (5-1)
kblO
K N 3
H,CO; —— H* + HCO; (5-2)
kbll
ko N .
HCO; —>k H* + CO?2 (5-3)
b12

5.1 Governing Equations
For the model with bicarbonate buffer saline (BBS), the corresponding conservation
equation for each species remained the same as the model with PBS buffer.
There are four major species in BBS, which are CO,, HyCO3, HCO; and CO%‘. The

conservation equations for these species were

826002
Oy?

66002
ot

= Dco, — Ry (5-4)
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for carbon dioxide (COy),

OJcy coO aQCH CcO
# = DHQCO‘?,W + Rio+ Rn (5-5)
for carbonic acid (HoCO3),
Icycor oo
for bicarbonate ion (HCOj3 ), and
Deooe- D*cooe-
ot~ Doy e T v o7

for carbonate ion (CO3). As the reaction rates through Rg to Rj, were unknown, the
conservation equations were added up or subtracted from each other to cancel the terms of
reaction rates Rg - Ri».
5.2 Boundary Conditions
The boundary conditions at steady state are mostly similar to the model with PBS
buffer shown in Chapter 4. The difference is the initial input of carbon dioxide is in gas
phase and in the unit of partial pressure. The concentration of carbon dioxide dissolved in
bulk electrolyte is calculated using Henry’s Law.
At the electrode surface, the steady-state boundary conditions for the species not
involved in electrochemical reactions are
¢
Jy =0

=0 at y=0 (5-8)

The boundary conditions at the electrode surface for the electroactive species are the
flux to the electrode is equal to the faradaic current density, respectively. There are 4
electrochemical reactions and 3 electroactive species involved, hydrogen peroxide, oxygen

and hydrogen ion. Specifically, the boundary conditions for hydrogen peroxide is

= JHy05 + JO, —Jrea a6 y=0 (5-9)
y=0
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for oxygen is

0c _ _
2FDo, 22 = —Jmo, —Jo, at y=0 (5-10)
9 |,—0
and for hydrogen ion is
aEH - - - -
FDy—— = JH,00 ¥ J0y T Jrea T Ju, at y=0 (5-11)
Y |,—0

Continuity of concentration and flux were assumed to apply at the GOx-GLM interface.
At the interface between GLM layer and tissue, it was assumed that there is a
diffusion layer as a stagnant film with layer thickness 6. The flux of the mobile species in
the diffusion layer were expressed as
Ni=k (E|y_:NJ - Ei(oo)) (5-12)
i
where ; is the partition coefficient for each species between the interstitial fluid and the
GLM. k; is the mass-transfer coefficient of species i in the diffusion layer in tissue close
to GLM layer. ¢;|,—nj is the concentration of species i at the interface between GLM
layer and diffusion layer (y = NJ). ¢;(c0) is the bulk concentration of species i in tissue.
Therefore, the boundary condition at the interface of GLM layer and diffusion layer (y=

NJ) is flux balance, which was expressed as

¢
LGIM 5 -

—k (Eb—zm - Ei(oo)> (5-13)

y=NJ Vi

The boundary conditions at the outer limit of GLM for the immobile species, the enzymes

and enzyme complexes, as well as the associated reaction rates were
=0 at y=NJ (5-14)

and

Ri=0 at y=NJ (5-15)

respectively.
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5.3 Calculation of Impedance

The set of governing equations are solved for both the steady-state condition and
the frequency domain. Due to the nonlinear expressions for homogeneous reactions,
the steady-state set of equations required iterative solution. The set of equations for
faradaic impedance response developed in this section involves steady-state concentrations
and therefore requires solution of the steady-state equation. The expressions for sensor
impedance were obtained following an electrical circuit which provided a framework for the
sensor impedance response [1](see Chapter 9 in reference [49]).
5.3.1 Mathematical Calculation of Impedance

Under the sinusoidal perturbation, the convective-diffusion equation can be expressed
as

0y?

jwé; =

+ R (5-16)

The real and imaginary parts of equations of the form of equation (5-16) were solved
simultaneously.
The faradaic impedance can be expressed in terms of the charge transfer resistance R;

and the diffusion impedance Z as
Zy = Ry + Za (5-17)

Following the general mathematical derivation framework in Orazem and Tribollet[49], the

charge transfer resistances can be calculated as

Rt = (KHzO2bH2O2EH202 (O) exXp (bH202v) (5—18)
+KQ2 bOQEOQ (O)E%ﬁ. (O) exp (—b02V)
+KredbredEH202 (0)612-1+ (0) €xXp (_bredv)

Kby (0)44 (0) exp (—buV)) ™
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The diffusion impedance can be calculated as

_ _ 1,0, (0
Zn = Ry [Ku,o,exp (bi,0,V) — Krealiis (0) exp (—breaV)] % (5-19)
FDys —
dy y=0
— 0, (0
+R Ko, (0) exp (—bo, V) —Odz—f)
CH+
FDy+
dy

y=0
+ R [2KOQEOZ (O)EH+ (0) exp (—bOQV) + 2KredEH202 (O)EH+ (0) exp (—bredV) + 2Kycy+ (0) exp (—bHV)]

cn+(0)

A
FD
H+ dy

y=0

and the dimensionless diffusion impedance expressions for HyO,, Oy and HT are given by

—1 1 C11,0,(0)
= —— 5-20
Ot1,0,(K)  dcox dep,o, (5-20)
dy =0
1 1 %o, (0)
= . 5-21
8/02 (K) 6GOX d602 ( )
dy |,
and
1 1 & (0)
= —— 5-22
G{ﬁ (K) 5GOx dCH+ ( )
dy =0

respectively, where dgox is the GOx layer thickness.
5.3.2 Boundary Conditions
For the phasor of oscillating concentrations, the boundary conditions far away from
the electrode (at J = N.J) are
=0 at y=NJ (5-23)
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At electrode, the boundary conditions for the species not involving the electrochemical

reactions are
¢

— =0 at y=0 5-24
ol (5-24)

for the electroactive species, the boundary condition for hydrogen peroxide is
mo, =1 at y=0 (5-25)

and the boundary conditions for hydrogen ion and oxygen are the phasor of the flux is

related to the phasor of the current density.
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CHAPTER 6
EXPERIMENTS

This chapter introduces the experimental work performed with the continuous glucose
sensor provided by Medtronic Diabetes for research purpose only. There are three kinds
of sensor: the full sensor with GOx and GLM layers, the sensor up to the GOx layer
without the GLM, and the bare platinum sensor. The experimental data were analyzed
with the measurement model[53] to get the error structure of the data, which is used for
the regression analysis with a process model. The ohmic resistance, effective capacitance
and diffusion resistance can be extrapolated from the regression results. The characteristic
frequency for geometry-induced frequency dispersion can be estimated. The surface
roughness factor can also be evaluated.

6.1 Experimental Setup

The experimental measurement of the Electrochemical Impedance Spectroscopy (EIS)
were performed with a 3-electrode system. The sensor served as the working electrode.
Depending upon the experimental condition, the counter electrode and reference electrode
could be the built-in electrodes integrated with the sensor or the external electrodes. For
external electrodes, the counter electrode was a platinum foil and the reference electrode
was Ag/AgCl. The electrolyte was a glucose solution with concentration ranging from
100-400 mg/dL and with/without PBS buffer. The schematic experimental setup is shown
in Figure 6-1.

6.2 Electrochemical Approach

The electrochemical measurement was performed with a Gamry Reference 600+ or a
Gamry Reference 3000 Potentiostat at room temperature. Three kinds of electrochemical
characterization approach were performed: open circuit potential (OCP), step-potential

chronoamperometry, and potentiostatic EIS.
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Figure 6-1. Schematic representation of the experimental setup for a three-electrode
system to measure the impedance of a glucose sensor. The working electrode is
the glucose sensor, the counter electrode is the platinum film and the reference
electrode is the Ag/AgCl reference electrode.

6.3 Experimental Results

The impedance data were analyzed with the measurement model to check the
Kramers-Kronig consistency and to get the error structure of the measurements. The
Kramers-Kronig consistent impedance spectra were then regressed with proposed process
models to get the value and confidence interval of fitting parameters, from which the
effective capacitance, characteristic frequency and ohmic resistance can be evaluated.
6.3.1 Regression with Measurement Model

The impedance of a glucose sensor with only a GOx layer is presented in Figure 6-2.
The electrolyte was 400 mg/dL of glucose in a PBS buffer, the applied potential was 0.4 V
(Ag/AgCl), the perturbation amplitude was 20 mV, and the frequency range was from
100 kHz to 0.1 Hz. The impedance data were the regressed with the measurement model
with error structure weighting. The error structure of the measurement can be expressed
as

o =2.5321 x 107* x |Z;| +3.0089 x 10® x |Z|* + 4.5543 x 10~* (6-1)
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Figure 6-2. Regression with the measurement model in Nyquist plot for sensor from
Medtronic with only GOx layer at 0.4 V (Ag/AgCl) applied potential.
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Figure 6-3. Electrical circuit of process model

The first measured frequency and the data within 5 Hz of the line frequency were
eliminated. The rest of the data fell within the confidence interval of the fitting model,
showing that the data in Figure 6-2 were Kramers-Kronig consistent.
6.3.2 Regression with Process Model

A process model was proposed on based on our understanding of the system, shown in
Figure 6-3. The process model consists of a constant-phase element (CPE) in parallel with

a diffusion resistance (Rq), which in series with an ohmic resistance (R.). The overall
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Figure 6-4. Regression with process model in Nyquist plot for sensor from Medtronic with

only GOx layer, in 400 mg/dL of glucose and PBS buffer at 0.4 V (Ag/AgCl)
applied potential.

impedance can be expressed as

1
1 + (jw)o‘ RdQ

Z = R.+

There are four fitting parameters: the values a and ) associated with the CPE, the
diffusion resistance Ry, and the ohmic resistance R.. The regression results for the sensor
with only GOx layer are shown in Figure 6-4.
6.3.3 Accuracy Contour Plot

The high-frequency capacitive loop is Kramers-Kronig consistent, but it can be caused
by the impedance of the wires. To explore the origin of the high-frequency capacitive
loop, the accuracy contour plot of the potentiostat of the measurements is presented. The
accuracy contour plot[54] is a useful way to learn the limits of a particular potentiostat
and experimental setup, as shown in Figure 6-5. The lines A and E are determined by
the minimum and maximum measurable current limits. The line C is determined by the
maximum frequency capability of the instrument. The line of B and D are determined by

the wire capacitance and wire inductance, respectively.
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Figure 6-5. Schematic representation of accuracy contour plot: (A) Minimum current
resolution; (B) Wire capacitance; (C) Maximum frequency capability of the
instrument; (D) Wire inductance; (E) Maximum measurable current

The accuracy contour plot measured for the Gamry Reference 600+ potentiostat is
shown in Figure 6-6. The maximum impedance for a 10 mV applied amplitude was on
the order of 10°Q. Based on linear regression and calculation, the wire capacitance was
1.04 x 10719 F. The wire resistance was about 1.9 ), and the wire inductance was about
1.2H.

As shown in Figure 6-7, the region for which the systematic error of the impedance
measurement is less than 1% is smaller than the region shown in Figure 6-6. For the data
with sensor up to GOx, the high-frequency part above 10* Hz was beyond the region for
which the modulus of the impedance has more than 1% error. These results show that the

high-frequency loop was influenced by the wires.
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Figure 6-6. Accuracy contour plot for Gamry Reference 600+ potentiostat.

The equivalent circuit of the experimental cell with wires is shown in Figure 6-8. The
wire resistance and wire inductance are in series with experimental electrochemical system,
and the series combination is in parallel with the wire capacitance.

By replacing the impedance of the experimental cell Z . with the process model of

the glucose sensor shown in Figure 6-3, the overall impedance could be expressed as

1 -1
Z=1] C(Wire 6-3
(Jw * Zwire) ( )

where the wire resistance Ry is lumped with the ohmic resistance of the cell R.. The

wire inductance was negligible. The cell impedance is expressed as

Zce = Re + Y
! 1+ (jw)* Ra@Q
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Figure 6-7. Accuracy contour plot with 1% error for impedance measurements of glucose
sensor with only GOx layer. The region within the dashed lines is the
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Figure 6-8. Equivalent circuit of electrochemical system with wires for accuracy contour

plot. The wire resistance and wire inductance is in series with studied
electrochemical system and in parallel with wire capacitance.
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Figure 6-9. Regression of impedance data for sensor up to gox layer with process model
with wire properties.

Table 6-1. Values of fitting parameters with wire properties for the impedance data with
sensor up to GOx layer at 400 mV (Ag/AgCl) applied potential.

Value Standard Error
R., Q 485.588  2.38596
Rq, 171454.6  8080.56196
« 0.90478  0.00236
Q, F/s'=  2.26E-05 1.73E-07
Cyire, F 5.74E-10 5.94E-11

Therefore, the fitting parameters are the ohmic resistance R,, diffusion resistance Ry, CPE
values o and ) and the wire capacitance Cyie. By fitting the data with sensor up to GOx
layer, Figure 6-9 showed that the process model accounted for the high-frequency loop but
did not fit the data very well.

The values of the fitting parameters were statistically significant and are shown
in Table 6-1. To better capture the high-frequency feature, the wire capacitance was
modified to a constant-phase element, as shown in Figure 6-10. The overall impedance

can be expressed as

o 1\
Z = ((Jw> e Qwire + Z_ > (6—4)
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Figure 6-10. Modified process model with wires properties. The wire resistance and wire
inductance is in series with studied electrochemical system and in parallel
with wire CPE.
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Figure 6-11. Regression of impedance data for sensor up to gox layer with modified
process model with wire properties.

The fitting parameters are the ohmic resistance R, diffusion resistance Ry, CPE values «
and () of the studied electrochemical cell, and the CPE values ayie and Qyire of wires.
After modifying the process model with the wire CPE, the regression model fit the
impedance data better, as shown in Figure 6-11. The values of the fitting parameters
were statistically significant and are shown in Table 6-2.
The effective capacitance of the wire was calculated using the CPE values e and
Quwire based on Brug formula (2-19). The wire capacitance was 6 x 107'F, which is on

the same order of the wire capacitance extrapolated from the accuracy contour plot of

1 x 10719F.
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Table 6-2. Values of fitting parameters of modified process model with wire properties for
the impedance data with sensor up to GOx layer at 400 mV (Ag/AgCl) applied

potential.
Value Standard Error
R., Q 523.7383 1.27467
Ry, Q 288129.1 17343.79155

o 0.92716  0.00122
Q, F/s(1—) 2.04E-05 1.10E-07
yyive 0.3514  0.0049
Quwire, F/s1™%)  4.425-06 2.95E-07

The effective capacitance of the sensor was calculated using the ohmic resistance R.,
and CPE values o and ) in Table 6-2. The sensor superficial capacitance was 1.43 x
10~°F. The superficial area of the sensor was estimated to 0.0034 cm?. Thus, the sensor
superficial capacitance was equal to 4.2 x 1073F cm~2. If the double layer capacitance was
assumed to be 20uF cm™2, the surface roughness factor could be calculated as the ratio of
the superficial capacitance to the double layer capacitance. The surface roughness factor
was 210. The characteristic frequency was 42 Hz based on Equation (2-20).

In conclusion, process models were proposed to facilitate quantitative interpretation
of impedance spectra. The fitting parameters included the CPE parameters, ohmic
resistance, and diffusion resistance. The Brug formula was used to extract capacitance
from CPE parameters. Capacitance yields consistent roughness factor on the order of
200. Frequency dispersion expected above 40 Hz. The impedance spectra influenced
by frequency dispersion are eliminated. A fewer data points can be used for regression

analysis. Therefore, interpretation of Gerischer parameters requires more work.
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CHAPTER 7
DISCUSSION

There are multiple parameters in the model associated with the physics and chemistry
of the sensor. The discussion of parameters is organized according to impact on sensor
failure mechanism. Based on the calculation results of the model, the influence of the
model parameters is summarized.

7.1 Parameters

There are many parameters in the model. The parameters all have physical
meaning. The treatments of the values are based on the literature research, matching
with experimental results, and modification to reasonable ranges associated with the
continuous glucose sensor. The enzymatic reaction rate constants were based on both
experimental studies and modeling studies from literature [21, 28, 29, 55-59]. The
heterogeneous reaction rate constants were calculated based on the equilibrium potential,
exchange currents and Tafel slopes of the electrochemical reactions on platinum electrodes
from literature [60-63], and then optimized based on experimental polarization curves.
The operation parameters include the glucose concentration, oxygen concentration and
enzyme activity, and applied potential. The effective diffusion coefficients of the species
within different layers of the sensor depend on the physical property of the film and
are experimentally measurable. In the model, they are calculated based on diffusion
coefficients at standard condition in dilute solution and modified with porosity factors.
The operation parameters provide degrees of freedom in operating the sensor conditions
and simulations.

In treatment of biological buffers, the activity coefficients of ionic species depending
upon both its charge and the ionic strength of species are considered, and the equilibrium
constants are modified accordingly. The initial input concentration of the buffering species

are precalculated in a model for batched buffer solution. The model was built in Matlab®
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Table 7-1. Sensor dimensions

Layers Thickness
GOx layer 10 pm
GLM layer 30 pm

Diffusion layer 100 pm

using the concentration of buffer species of the experimental recipes and the apparent
equilibrium constants.

A systematic parametric study was performed to explore the parameter space and to
match with experimental data.The model parameters are characterized and introduced
below.

7.1.1 Dimension and Mesh

The one-dimensional model accounts for the dimension from the electrode surface to
the tissue, as introduced in detail in Gao et al’s modeling paper[1]. The dimension is tied
to the sensor design and encapsulation layer on the sensor. From the electrode surface,
there are the GOx layer with thickness of dgox, GLM layer with thickness of dgrnm, and
the diffusion layer in the tissue with thickness of dpiyr. An example of the thickness of the
layer is shown in Table 7-1. The influence of layer thickness on steady-state profiles and
impedance response was studied in this work.

The model was calculated by use of finite-difference numerical method and Newman’s
BAND algorithm[64]. The one-dimensional model was divided into three regime with
different number of nodes and different mesh size. The mesh size was refined near the
electrode surface due to the large concentration derivatives lead by electrochemical
reactions. The details are shown in Figure 7-1. In the GOx layer, there are two domains,
one with mesh size HH H from the electrode surface (J = 1) to the interface (J = K.J),
and the other with mesh size HH from the interface (J = K.J) to GOx-GLM interface
(J = 1J). The mesh size in GLM layer is H. The choice of the number of mesh points

directly is associated with speed of convergence, accuracy and round-off errors. The
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Figure 7-1. One-dimensional schematic representation of the glucose sensor showing three
dissimilar mesh sizes. The finest mesh size H H H is near the electrode surface
(J = 1), a slightly larger mesh size HH was used in the remainder of the GOx
layer, and the coarsest mesh size H was used in the GLM layer. The
GOx—GLM interface was located at J = I.J, and the outer limit of the GLM
layer was located at J = NJ. There is a diffusion layer at the outer bound of
GLM layer in the tissue.
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Figure 7-2. Parameters in the diffusion layer and tissue based on the one-dimensional
schematic representation of the glucose sensor.

default values of the number of points of each domain were chosen to achieve reasonable
calculation speed and accuracy.
7.1.2 Initial Concentration and Diffusion Coefficients

Treatment of the diffusion layer and tissue outside of the sensor serves as a boundary
condition for the one-dimensional model. The parameters associated with tissue are
the diffusion layer thickness, the initial concentration of species in the tissue and the
corresponding diffusion coefficients in bulk electrolyte, represented in Figure 7-2.

The concentration of the species are initialized to the concentration in the bulk
tissue. The glucose exists in two forms, « — D — glucose and g — D — glucose. The

anomerization reaction between the two forms of glucose was considered as a homogeneous
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Table 7-2. Initial concentrations of species

Species Cbulk,i OT Dbulk,i
Glucose(both a and § anomers) varied

Glucose oxidase enzyme (maximum) 3.56 x 1077 molem™
Oxygen O, (partial pressure) varied
Hydrogen peroxide HyOy 1 x 1072 molem ™3
Hydrogen ion H* calculated based on pH
Hydroxide ion OH™ calculated based on pH
Phosphoric acid H3PO, 3.63 x 107" molecm™3
Dihydrogen phosphate ion HoPO; 9.2 x 107% molem 3
Hydrogen phosphate ion HPO;~ 4.02 x 1075 molem 3
Phosphate ion PO}~ 1.86 x 107 molecm ™3
Carbon dioxide CO4 (partial pressure) 5%

Carbonic acid HyCO4 1.68 x 107 molecm ™3
Bicarbonate ion HCO3 2.37 x 107® molcm ™3
Carbonate ion CO3~ 1.01 x 1077 molem™3

reaction that took place throughout the sensor. The total concentration is the input.
The glucose oxidase enzyme was immobilized only in the GOx layer, existing in 6 forms:
oxidized glucose oxidase (GOxox), reduced glucose oxidase (GOxggp), the intermediate
enzyme complex species (GOx-GA and GOx-H505), and the pH-deactivated enzyme
complex species (HT GOxpx and GOxgpp). The total amount of enzyme was the initial
concentrations were divided equally into the 6 forms of enzyme. Hydrogen peroxide is
toxic, and the GLM layer should prevent the diffusion of hydrogen peroxide. In tissue,
the concentration of hydrogen peroxide was set to a small number closed to zero. The
concentrations of hydrogen ion and hydroxide ion were based on the input pH. The initial
concentration of buffer species corresponding to different model were based on buffer
recipes.

The diffusion coefficient is the physical property associated with diffusivity of the
species under the driving force of diffusion. The diffusion coefficients of species at infinite

dilute in water at 25 °C' are chosen as initial input in bulk, shown in Table 7-3.
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Table 7-3. Diffusion coefficients of species in bulk.

Species Dpuici X 10°(cm?/s)
Glucose, gluconic acid and gluconate ion 0.72
Glucose oxidase enzyme 0
Oxygen Oy 2.46
Hydrogen peroxide HyO4 1.83
Hydrogen ion H* 9.30
Hydroxide ion OH™ 5.30
Phosphoric acid H3PO, 0.90
Dihydrogen phosphate ion HoPO} 0.959
Hydrogen phosphate ion HPO; ™~ 0.759
Phosphate ion PO3~ 0.824
Carbon dioxide CO, 2.49
Carbonic acid H,CO;3 1.30
Bicarbonate ion HCO3 1.84
Carbonate ion CO3~ 0.92

Table 7-4. Partation coefficients of species at the interface of diffusion layer and GLM
layer of the sensor.

Species Partition Coeffients
Glucose, gluconic acid and gluconate ion 0.014
Hydrogen peroxide 0.11
Oxygen 0.32
Hydrogen ion, hydroxide ion and buffer ions 0.2

7.1.3 Diffusion Coefficients and Partition Coeflicients Associated with Film
Properties

The physical properties of the biofilm, including the enzyme-immobilized GOx layer
and glucose limiting membrane (GLM layer), are associated with the partition coefficients
and porosity factors. The partition coefficients of species in GLM layer are listed in Table
7-4. The porosity factors were used for modifying the diffusion coefficients of the species
within different layers based on the Bruggeman Equation [65]. The diffusion coefficients of
species within each layers are listed in Table 4-3.

7.1.4 Homogeneous and Heterogeneous Reaction Rate Constants

The rate constants of the homogeneous and heterogeneous reactions are chosen based

on Gao et al. [1] and matching with experimental polarization curves. One example of

the default reaction rate constants for model with PBS buffer is shown in Table 7-6. The
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Table 7-5. Diffusion coefficients of species in GOx layer and GLM layer of the sensor for

PBS model.

Species Dgoxi X 10°(cm?/s)  Dgra; X 10°(cm?/s)
Glucose, gluconic acid and gluconate ion 0.576 0.122
Glucose oxidase enzyme 0 0
Oxygen Oq 1.97 1.03
Hydrogen peroxide Hy O, 0.732 1.098
Hydrogen ion H* 7.44 3.91
Hydroxide ion OH™ 4.24 2.23
Phosphoric acid H3PO, 0.180 0.378
Dihydrogen phosphate ion HoPO, 0.1918 0.403
Hydrogen phosphate ion HPO3~ 0.1518 0.319
Phosphate ion PO3~ 0.1648 0.346

equilibrium constants of PBS buffer was modified based on solution activity and ionic
strength. The concentrations of the buffer species and equilibrated pH match with the
experimental conditions.
7.1.5 Other Operation Parameters

The sensor operation conditions can vary with parameters including applied potential,
pH in the bulk, values of Constant-Phase Element(CPE) and ohmic resistance, listed in
Table 7-7 and initial concentrations of the species in Table 7.1.2.

7.2 Parameters Associated with Sensor Failure Mechanism

There are many reasons can cause sensor failure and provide inaccurate reading, such
as enzyme deactivation, biofouling, oxygen deficiency, electrode poisoning, interfering
species and membrane deteriorating. The parameters in the model can be used to study

the sensor failure mechanism are listed in Table 7-8.
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Table 7-6. Homogeneous and Heterogeneous Rate Constants for One-Dimensional

Mathematical Model for Continuous Glucose Monitor with Phosphate Buffer

Saline.
Parameter Symbol Value Units
Homogeneous rate constant 1 ke 10° cm?®/mol s
Homogeneous equilibrium constant 1 Keq 10" c¢m?®/mol
Homogeneous rate constant 2 ke 102 st
Homogeneous rate constant 3 ks 10° cm?/mol s
Homogeneous equilibrium constant 3 Kegs 10" cm?®/mol
Homogeneous rate constant 4 ks 102 st
Homogeneous rate constant 5 K 6x 1073 s71
Homogeneous equilibrium constant 5 Kegs 1.74 dimensionless
Homogeneous rate constant 6 ke 3.32 x 107%  cm?/mol s
Homogeneous equilibrium constant 6 Keqs 2.37 x 10720 ¢!
Homogeneous equilibrium constant 7 Kegr 2x107*  (mol/cm?)?
Homogeneous equilibrium constant 8 Kegs 2x107% mol/cm?
Homogeneous equilibrium constant 9 Keqo 3.95 x 1071 mol/cm?
Homogeneous equilibrium constant 10 Keqio 1.2 x107™° mol/cm?
Homogeneous equilibrium constant 11 Keqi1 2.05 x 10719 mol/cm?
Homogeneous equilibrium constant 12 Keqi2 2.16 x 107  mol/cm?
Heterogeneous rate constant for HoOy  Kiy,0, 20 A cm/mol
oxidation
Heterogeneous coefficient for HyOq bi,0, 204 V!
oxidation
Heterogeneous rate constant for O, Ko, 5x107% A cm/mol
reduction
Heterogeneous coefficients for O bo, 38.4 V!
reduction
Heterogeneous rate constant for HoOq Kiq 5x 10 A cm/mol
reduction
Heterogeneous coefficients for HyO, bred 32 V!
reduction
Table 7-7. Sensor operation parameters

Parameter Value

Potential 04V

pH 7.4

CPE value, Q 2.61 x 107° F/s(1=)

CPE value, « 0.85

Ohmic resistance, R, 10 ©




€6

Table 7-8. Parameters Associated with Sensor Failure Mechanism

Enzyme Deactivation Oxygen deficiency Encapsulation or biofouling

Total enzyme concentration Oxygen partial pressure Diffusion coefficients in bulk
pH-dependent enzyme activity Oxygen solubility Partition coefficients
Temperature-dependent enzyme activity ~ Oxygen partition coefficient Diffusion layer thickness
Diffusion coefficients of oxygen
Electrode poisoning Interfering Species Membrane Deteriorating
Heterogeneous rate constants Active surface area Diffusion coefficients in GLM
Tafel b values Heterogeneous rate constants Partition coefficients

Active surface area Surface concentration




7.2.1 Parameters Associated with Enzyme Deactivation

In common CGMs, there are two primary layers on the electrode surface[1], the GOx
layer and the GLM layer. In the GOx layer of the sensor, the glucose oxidase (GOx)
enzyme is immobilized by organic crosslinkers. The glucose oxidase enzyme exists in two
forms, the oxidized form (GOxpy.) and the reduced form (GOxgeq.), as shown in Equation
7-1 and 7-2. The catalytic enzymatic reaction within GOx layer recycles the two forms of

enzyme by redox reactions with oxygen and hydrogen peroxide.

k k
B-D-glucose + GOxox — GOx-GA — GA + GOxgep (7-1)
F1
kf?) kf4
GOXRED + 02 :> GOX—HgOg — GOXOX —+ H202 (7—2)
kb3

where GOxpx is the oxidized form of glucose oxidase, GOx-GA is the complex intermediate
of the reaction of glucose and GOxpx, GOxggp is the reduced form of glucose oxidase, GA
is gluconic acid, and GOx-H50s is the complex intermediate of the reaction of GOxggp
and oxygen. The glucose oxidase that is reduced by reaction (7-1) is regenerated by
reaction (7-2).

There are many reasons to cause enzyme deactivation, such as pH, temperature
and hydrogen peroxide poisoning. The most direct cause is that it will change the total
amount of enzyme within the GOx layer. The temperature also influences the enzyme
activity, which leads to decrease of reaction kinetics. The input model parameters
associated with enzyme deactivation are total enzyme concentration, pH-dependent
enzyme concentration and temperature-dependent enzymatic reaction rate constants.

The enzyme in the sensor exists in 6 forms, the oxidized glucose oxidase (GOxox),
reduced glucose oxidase (GOxggp), the intermediate enzyme complex species (GOx-GA
and GOx-H,0,), and the pH-deactivated enzyme complex species (HF GOxpox and

GOxggp)- The initial input of the total enzyme concentration is distributed equally into
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Figure 7-3. Sensor response curve with glucose oxidase enzyme (GOx) concentration as a
parameter, 200 mg/dL of glucose and 5% of oxygen partial pressure.

these 6 forms and the concentration distribution of each forms at steady state can be
calculated by the model.

The default value of the maximum amount of enzyme concentration is 3.56 x
10~"mol cm~3 based on GOx activie 20000U /mL, GOx specific activity 350 U/mg protein,
GOx concentration 0.0057 g/ml and molecular weight 160000 Da.

Figure 7-3 shows the current density as a function of enzyme concentration. With
enzyme concentration decreasing, the current density initially maintains a plateau with
slight rising to a peak current density, and then drop dramatically due to further enzyme
deactivation.

The enzyme concentrations associated with current density decrease were chosen to
explore the steady-state profiles, in Figure 7-4. According to the glucose concentration

profile at steady-state, in Figure 7-4A, with enzyme concentration deactivated to 10%
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of the maximum amount, the glucose diffused into the sensor can not be completely
consumed. So the current density drop was associated with the decrease in consumption
of glucose in the GOx layer. The concentration profile of the active oxidized GOx is
shown in Figure 7-4C. Even with sufficient amount of oxygen in the GOx helping recycle
the enzyme, the concentration of GOxox in GOx layer was very low with total enzyme
concentration decreasing. The enzymatic reaction rate also decreased as the total amount
of enzyme decreasing. The maximum distribution of the reaction rate profile shifted from
interface of the GOx and GLM layers to the electrode surface.

The diffusion impedance is shown in Figure 7-5. The diffusion impedance with
maximum amount of enzyme (black) appeared as two loops, the high-frequency
Gerischer impedance and the low-frequency semicircle associated with mass transfer.

The low-frequency diffusion impedance associated with the mass-transfer of hydrogen
peroxide dominated, due to the reaction mostly happened at the interface of GOx and
GLM layers. With enzyme deactivation, the low-frequency loop shrank and merges with
the Gerishcer impedance. With further enzyme deactivation, the diffusion impedance
increased in size.

The overall impedance is partial capacitive loop in Figure 7-6. The overall impedance
decreased and then increased in size with enzyme deactivation. This was due to initially,
the overall impedance was dominated by the low-frequency diffusion impedance, which
decreased in size as reactions shift towards the electrode with enzyme deactivation. With
further enzyme deactivation, the overall impedance was dominated by the high-frequency
Gerischer impedance, which increased in size as further enzyme deactivated.

7.2.2 Parameters Associated with Oxygen Deficiency

The oxygen plays an important role in the chemistry and physics of CGM. In the
enzymatic reactions, the oxygen oxidized the reduced form of glucose oxidase to recycle
the enzyme. The oxygen mainly diffused into the sensor from the tissue through GLM

layer. The oxygen was also generated electrochemically by oxidation reaction of hydrogen
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Figure 7-4. Calculated steady-state concentration profiles and reaction rate distribution as
a function of distance to the electrode with enzyme concentration as a
parameter: (a) Beta-glucose concentration profile (b) Oxygen concentration
profile (c¢) Oxidized glucose oxidase concentration profile (d) Enzymatic
reaction rate distribution.

peroxide. When the oxygen diffused into the sensor was sufficient, the enzymatic reactions
happened near the interface between the GOx and GLM layers. However, if there was
oxygen deficiency, then the enzymatic reaction depends on the electrochemical generated
oxygen. The enzymatic reaction rate profile maximizes near the electrode surface. The
corresponding impedance responses were different. Therefore, the oxygen in the sensor

determined the reaction mechanism and reading accuracy of the sensor.
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Figure 7-5. Diffusion impedance with enzyme concentration as a parameter, 400 mg/dL of
glucose and 5% of oxygen partial pressure.

In the human body, depending on the sensor location and the individual variability,
the oxygen partial pressure could vary between 1% ~ 5% (atm). Due to the foreign body
response to the implanted sensor, an encapsulation layer could grow on the sensor. This
encapsulation may also cause oxygen deficiency. The physical prosperities of the sensor
films may also influence the amount of oxygen diffuses into the sensor.

In Figure 7-7, the current density was a function of oxygen partial pressure. At 0.4
V applied potential, as oxygen partial pressure decreases, the current density maintained
at a plateau at first, increased to a peak, then droped as further oxygen partial pressure
decreases.
7.2.2.1 Partial pressure of oxygen

It is shown in Figure 7-8, the oxygen curve depended on applied potential. At 0.4V

applied potential, the current density was affected by the amount of oxygen when the
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Figure 7-6. Overall impedance with enzyme concentration as a parameter, 400 mg/dL of
glucose and 5% of oxygen partial pressure.
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Figure 7-7. Sensor response curve with oxygen partial pressure as a parameter, 200 mg/dL
of glucose and 100% of enzyme concentration.

partial pressure was below 0.01 atm. The current density was more sensitive with respect
to partial pressure of Oy at 0.2 V applied potential. Current density was affected by the
partial pressure of oxygen. The sensitivity to oxygen depended on applied potential.

The polarization curve, which was the current density as function of applied potential,
is shown in Figure 7-9. Decreasing the partial pressure of oxygen from 0.06 atm to 0.01
atm only affected the current density below the mass-transfer limited plateau. Further
decreasing the partial pressure of Oy from 0.01 atm to 0.001 atm decreased the limiting
current density.

The steady-state simulation help us to understand the reaction mechanism. The
location of maximum homogeneous reaction rate shifted towards the electrode surface as

oxygen partial pressure decreased.
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Figure 7-11. Diffusion impedance with oxygen partial pressure as a parameter, 400 mg/dL
of glucose and 100% of enzyme concentration at 0.2 V applied potential.

The diffusion impedance with oxygen partial pressure as a parameter is shown
in Figure 7-11. The diffusion impedance appears as two loops, the high-frequency
Gerischer impedance and the low-frequency semicircle associated with mass transfer.
The low-frequency diffusion impedance associated with the mass-transfer of hydrogen
peroxide dominated, due to the reaction mostly happened at the interface of GOx and
GLM layer. With oxygen deficiency, the low-frequency loop shrank and merged with
the Gerishcer impedance. With further oxygen partial pressure decreasing, the diffusion

impedance increased in size.
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Figure 7-12. Overall impedance with oxygen partial pressure as a parameter, 400 mg/dL
of glucose and 100% of enzyme concentration at 0.2 V applied potential.

The overall impedance is partial depressed semicircle, shown in Figure 7-12. The
overall impedance increases in size with oxygen partial pressure decreases and then drops
to a smaller magnitude. At high oxygen partial pressure, the overall impedance was
dominated by the low-frequency diffusion impedance, which decreased in size as reactions
shifted towards the electrode with oxygen partial pressure decreasing. With further oxygen
partial pressure decreasing, the overall impedance was dominated by the high-frequency

Gerischer impedance, which increased in size as further oxygen partial pressure decreasing.

The characteristic frequency of overall impedance at lower applied potential can help
us determine if the impedance is dominated by diffusion impedance or by the Gerischer
impedance, which can help differentiate the case of oxygen deficiency.
7.2.2.2 Partition coefficient of oxygen

The diffusion impedance with partition coefficient of oxygen as a parameter is
shown in Figure 7-14. The diffusion impedance appears as two loops, the high-frequency
Gerischer impedance and the low-frequency semicircle associated with mass transfer. The

low-frequency diffusion impedance associated with the mass-transfer of hydrogen peroxide
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Figure 7-13. Calculated steady-state concentration profiles and reaction rate distribution
as a function of distance to the electrode with oxygen partition coefficient as
a parameter: (a) Beta-glucose concentration profile (b) Oxygen concentration
profile (¢) Hydrogen peroxide concentration profile (d) Enzymatic reaction

rate distribution.

dominant, due to the reaction mostly happen at the interface of GOx and GLM layer.

With oxygen deficiency, the low-frequency loop shrinks and merges with the Gerishcer

impedance. With further oxygen partial pressure decreasing, the diffusion impedance

increases in size.

The overall impedance is partial depressed semicircle in Figure 7-15. The overall

impedance increases in size with oxygen partial pressure decreases and then drops to a
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Figure 7-14. Diffusion impedance with partition coefficient of oxygen as a parameter, 400
mg/dL of glucose and 100% of enzyme concentration at 0.4 V applied
potential.

smaller magnitude. This is due to initially, the overall impedance is dominated by the
low-frequency diffusion impedance, which decreases in size as reactions shift towards
the electrode with oxygen partial pressure decreasing. With further oxygen partial
pressure decreasing, the overall impedance is dominated by the high-frequency Gerischer
impedance, which increases in size as further oxygen partial pressure decreasing.
7.2.3 Parameters Associated with Encapsulation

Due to the foreign body response, biofouling occur after the implantation of sensor
in the subcutaneous tissue. An encapsulation layer containing micro phages, blood
vessels, proteins and so on grows on the sensor after a few days of implantation. This
encapsulation layer may consume or inhibit the diffusion of glucose and oxygen from

subcutaneous fluid into the sensor. In the present mathematical model of the continuous
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Figure 7-15. Overall impedance with partition coefficient of oxygen as a parameter, 400
mg/dL of glucose and 100% of enzyme concentration at 0.4 V applied
potential.

glucose monitor, two kinds of parameters are associated encapsulation layer and may
describe the sensor failure mechanism due to biofouling to some extent. The parameters
are the thickness of the diffusion layer in tissue and the diffusion coefficients of relevant
species in bulk.
7.3 Parameters Associated with Sensor Design

The presented mathematical model is one-dimensional. The system parameters
associated with sensor design are the thickness of the glucose oxidase layer and glucose
limiting membrane. To study the influence of geometry of the electrode on impedance, a

2-D or 3-D model need to be further developed.
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Figure 7-16. Calculated steady-state concentration profiles and reaction rate distribution
as a function of distance to the electrode with thickness of GOx layer as a
parameter: (a) Beta-glucose concentration profile (b) Oxygen concentration
profile (¢) Hydrogen peroxide concentration profile (d) Enzymatic reaction
rate distribution.

7.3.1 Glucose oxidase layer thickness

The diffusion impedance with thickness of GOx layer as a parameter is shown
in Figure 7-17. The diffusion impedance appears as two loops, the high-frequency
Gerischer impedance and the low-frequency semicircle associated with mass transfer.
The low-frequency diffusion impedance associated with the mass-transfer of hydrogen

peroxide dominant, due to the reaction mostly happen at the interface of GOx and

GLM layer. With oxygen deficiency, the low-frequency loop shrinks and merges with
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Figure 7-17. Diffusion impedance with thickness of GOx layer as a parameter, 400 mg/dL
of glucose and 100% of enzyme concentration at 0.4 V applied potential.

the Gerishcer impedance. With further oxygen partial pressure decreasing, the diffusion
impedance increases in size.

The overall impedance is partial depressed semicircle in Figure 7-18. The overall
impedance increases in size with oxygen partial pressure decreases and then drops to a
smaller magnitude. This is due to initially, the overall impedance is dominated by the
low-frequency diffusion impedance, which decreases in size as reactions shift towards
the electrode with oxygen partial pressure decreasing. With further oxygen partial
pressure decreasing, the overall impedance is dominated by the high-frequency Gerischer
impedance, which increases in size as further oxygen partial pressure decreasing.

7.3.2 Glucose limiting membrane thickness
The thickness of glucose limiting membrane (GLM) is an essential parameter

associated with sensor design. If GLM layer is too thin, too much glucose diffuses into
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Figure 7-18. Overall impedance with thickness of GOx layer as a parameter, 400 mg/dL of
glucose and 100% of enzyme concentration at 0.4 V applied potential.

the sensor may cause oxygen deficiency, which leads to false reading. If GLM layer is
too thick, it reduces the amount of oxygen and glucose diffusing in, which leads to lower
current density.

The polarization curve with GLM layer thickness as a parameter was simulated using
the mathematical model with Bicarbonate Buffer Saline, in Figure 7-19. The limiting
current density decreases as GLM layer thickness increases. The detailed study of the
influence on oxygen curve, steady-state profiles and impedance response are shown at both
0.4 V applied potential at the mass-transfer limited plateau and 0.2 V applied potential at
the kinetic controlled region.

At 0.4 V applied potential, the oxygen curve is shown in Figure 7-20. Steady-state

profiles
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Figure 7-19. Polarization curve with GLM thickness as a parameter, 400 mg/dL of glucose
and 5% of oxygen partial pressure.

7.4 Summary of Influence on Steady-State Profiles and Impedance

To match the experimental results, the values of parameters need to be optimized.
The polarization curve, oxygen curve and overall impedance can be measured experimentally.
This section summarized the parameters that influence the polarization curve, oxygen
curve and overall impedance.

The parameters that influence the polarization curve is summarized in Table 7.4. For
the polarization curve, the anodic current slope were determined by the heterogeneous rate
constants associated with hydrogen peroxide oxidation Ky,0, and Tafel slope coefficient
associated with hydrogen peroxide oxidation by,0,. The anodic current approached
to a mass-transfer limited plateau at more positive applied potentials. The anodic
mass-transfer limiting current density was influenced by the concentration, partition

coefficient and diffusion coefficient of glucose. The slope and value of cathodic current

111



40

——0=10 um

Current Density / pA cm™

1E-4 0.001 0.01 0.1 1

Py, /atm

Figure 7-20. Oxygen curve with GLM thickness as a parameter at 0.4 V applied potential,
400 mg/dL of glucose and 5% of oxygen partial pressure.

Table 7-9. Parameters that Influence the Polarization Curve

Parameters that Influence the Polarization Curve
Heterogeneous rate constant Ky,o0,

Tafel b coefficient by, 0,

Glucose concentration

Glucose partition coefficient

Glucose diffusion coefficient

Layer thickness

Heterogeneous rate constant Koq and byeq
Heterogeneous rate constant Ky and by

density was influenced by the heterogenous rate constants associated with hydrogen

reduction reaction and hydrogen evolution reaction.
The parameters that influence the oxygen curve is summarized in Table 7.4. The

oxygen curve determines how sensitive to oxygen deficiency the sensor is. The parameters

112



0.10 ———————————— T
[32]
s 0.08- 1
© S
° (&)
E 0.06 1 B
= £
3 S
S 0.04 - o
=1 o ——3=10pum
& —iom ) © —eemm
——08=20 pm _
| | 24 6=30pum |
0.02 ——3=30um ——38=50 um
—g:igoum —— 8 =100 pm
5= m
0.00 T T T T T T T T T -u 0 T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100110 0 10 20 30 40 50 60 70 80 90 100110
Distance from Electrode / um Distance from Electrode / pm
A B
10 —_————————— . 06 —_————————
——35=10pum 17}
5= @
8. 5=20 pm | = 05 i
© o
E —
o £ 049 :
(@] 6 E =3
e -
c L 0.3 -
S 44 i 6:5 ——d3=10um
T o 0.2 ——3=20pum A
© g ——0=30pum
21 1 & o1 ——35=50pum
w ——8=100 pm
O T T T T T T T T T T T OO T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100110 0 10 20 30 40 50 60 70 80 90 100110
Distance from Electrode / pm Distance from Electrode / um
C D

Figure 7-21. Calculated steady-state concentration profiles and reaction rate distribution
as a function of distance to the electrode with GLM thickness as a parameter
at 0.4 V applied potential: (a) Beta-glucose concentration profile (b) Oxygen
concentration profile (¢) Hydrogen peroxide concentration profile (d)
Enzymatic reaction rate distribution.

associated with oxygen was directly relevant in shifting the oxygen curve, including oxygen
partial pressure, partition coefficient, solubility, and diffusion coefficient. The homogeneous
rate constants, heterogeneous rate constants, and applied potential that influence on the
generation and consumption of oxygen also affected the oxygen curve. In addition, the
diffusion coefficients of hydrogen peroxide and film thickness influenced the oxygen curve

indirectly.
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Table 7-10. Parameters that Influence the Oxygen Curve

Parameters that Influence the Oxygen Curve
Oxygen partial pressure
Oxygen partition coefficient
Oxygen solubility in water
Oxygen diffusion coefficient in GOx and GLM
Diffusion coefficients of hydrogen peroxide in GOx and GLM
Homogeneous rate constant associated with oxygen
Heterogeneous rate constants associated with oxygen consumption or generation
Applied Potential
Film thickness

Table 7-11. Parameters that Influence the Impedance Response

Parameters that Influence the Overall Impedance
Ion partition coefficient
Diffusion coefficient of buffer species in GOx layer
Diffusion coefficient of HyO4 in both GOx and GLM layer
Diffusion coefficient of H* in both GOx and GLM layer

Impedance response was shown more sensitive than the polarization curve. The
overall impedance appeared as part of a depressed semicircle. The magnitude of the
overall impedance was a key information to match with experimental data. Besides the
influence of CPE coefficients o and QQ on the shape of the impedance, the parameters that
influence the overall impedance are summarized in Table 7.4.

7.5 The Influence of Hydrogen Peroxide-Oxygen Redox Couple

The hydrogen peroxide-oxygen redox couple play an important role in the homogeneous
enzymatic reactions and the heterogenous electrochemical reactions. The parameters
associated with this redox couple influenced the steady state reaction rate profile, which
determined if the sensor reaction was under kinetic control or mass-transfer control. Thus,
the diffusion impedance and the overall impedance response were different.

Three parameters were chosen to explore as an example, the heterogeneous rate
constant of hydrogen peroxide oxidation reaction, the applied potential and the partition
coefficient of oxygen. These parameters were directly relevant to the amount of oxygen

entering the sensor, the consumption and generation of the hydrogen peroxide and oxygen.
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Figure 7-22. Polarization curve with Ky,0, as a parameter, 400 mg/dL of glucose and
100% of enzyme concentration.

7.5.1 The Influence of Ky,o, at 0.4 V

The polarization curve with Ky,0, as a parameter is shown in Figure 7-22. The
polarization curve presents the current density as function of applied potential from
0-0.6 V (Ag/AgCl). Ku,o, affected the slope of the polarization curve. At 0.4 V applied
potential, the current density reached to the mass-transfer limited plateau on polarization
curve. The kinetics of the electrochemical oxidation of hydrogen peroxide was the major
reaction and fast enough. Therefore, changing the heterogeneous rate constant Ky, o,
within the range of 20-200 Acm mol~!, changed the steady-state profiles slightly, as
shown in Figure 7-23. The calculated diffusion impedance with Ky,0, as a parameter
is presented in Figure 7-24. As shown in Figure 7-24A, the dimensionless diffusion
impedance of hydrogen peroxide were almost the same in size, shape, and characteristic
frequencies with Ky,0, as a parameter. The overlap in dimensionless diffusion impedance
of hydrogen peroxide indicated the same reaction mechanism. The heterogeneous reaction

kinetics became faster as Ky,0, increased. Thus, as shown in Figure 7-24B, the diffusion
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Figure 7-23. Calculated steady-state concentration profiles and reaction rate distribution
as a function of distance to the electrode with Ky,0, as a parameter at 0.4 V
applied potential: (a) Beta-glucose concentration profile (b) Oxygen
concentration profile (¢) Hydrogen peroxide concentration profile (d)
Enzymatic reaction rate distribution.

impedance increased in magnitude as Ky,0, increased. Therefore, as shown in Figure 7-25,
the overall impedance increased in magnitude as Ky, 0, increased.
7.5.2 The Influence of Ky,p, at 0.2 V

At lower applied potential 0.2 V, the sensor was under kinetic control. When

the heterogeneous rate constant Ky,o, was small, the heterogenous oxidation of

hydrogen peroxide producing oxygen was slow. The glucose can not be completely
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Figure 7-24. Calculated diffusion impedance with Ky,0, as a parameter at 0.4 V applied
potential: (a) Dimensionless diffusion impedance of hydrogen peroxide (b)
Diffusion impedance.
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Figure 7-25. Overall impedance with Ky,0, as a parameter, 400 mg/dL of glucose and
100% of enzyme concentration at 0.4 V applied potential.

consumed, in Figure 7-26A due to the low concentration of enzyme, shown in Figure
7-26. The homogeneous reaction rate profiles shifted towards the electrode surface as the
concentration distribution of GOx enzyme shifts, as shown in Figure 7-26D.

The calculated diffusion impedance with Ky,0, as a parameter at 0.2 V applied
potential is presented in Figure 7-27. The dimensionless diffusion impedance of hydrogen
peroxide appeared as two loops. The high-frequency loop increased in size as Ky, o,
decreased. The low-frequency loop increased in size then shrank as Ky,o, decreased. The
diffusion impedance is shown in Figure 7-27B. The magnitude of the diffusion impedance
was on the order of 100M(2 cm?. Based on the calculation, the diffusion impedance
was dominated by the diffusion impedance associated with hydrogen peroxide at 0.2 V.
Both the high-frequency and low-frequency loops decreased in size as Ky,0, decreased.
This was due to at 0.2 V, decreasing Ky, 0, shifted the location of enzymatic reactions
towards electrode surface, as explained with the steady-state profiles. As shown in Figure

7-28, the overall impedance at 0.2 V appeared as depressed semicircle with magnitude
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Figure 7-27. Calculated diffusion impedance with Ky,0, as a parameter at 0.2 V applied
potential: (a) Dimensionless diffusion impedance of hydrogen peroxide (b)
Diffusion impedance.
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Figure 7-28. Overall impedance with Ky,0, as a parameter, 400 mg/dL of glucose and
100% of enzyme concentration at 0.2 V applied potential.

much smaller than the overall impedance at 0.4 V, which was due to decreasing in
diffusion impedance as enzymatic reactions shifted towards electrode surface. The overall
impedance at 0.2 V decreased in size as Ky,0, decreased. The characteristic frequency
increased as diffusion time constant decreased. The difference of the characteristic
frequency with Kg,0, = 20 A cm mol™! to Kg,0, = 30 A cm mol~! was much larger
than the characteristic frequencies with larger the characteristic frequency with Ky, 0,.
This was due to the impedance was dominated by the Gerischer impedance with low the
characteristic frequency with Ky,o,.
7.5.3 The Influence of Oxygen Partition Coefficient at 0.4 V

The other parameter presented had influence on the hydrogen peroxide and oxygen
redox couple was oxygen partition coefficient. This parameter is related to the physical

property of the GLM layer of the sensor. The oxygen partition coefficient measures the
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equilibrium concentration of oxygen in the membrane divided by that in the adjacent
tissue or solution. The oxygen partition coefficient is directly relaxant to the oxygen
concentration diffuses into the sensor.

The steady-state profiles with the oxygen partition coefficient as a parameter are
shown in Figure 7-29. The oxygen partition coefficient had direct influence on oxygen
concentration distribution, as shown in Figure 7-29B. With smaller oxygen partition
coefficient, lower oxygen concentration was distributed across the sensor. The oxygen
was shown also generated electrochemically at the electrode. For «yo, smaller than 0.05,
the oxygen diffusing from the tissue was insufficient. The oxygen profiles appeared
parallel with difference in oxygen concentration levels. As a result, the concentration
profiles of hydrogen peroxide were different, as shown in Figure 7-29C. As the oxygen
partition coefficient decreased, the concentration of hydrogen peroxide was lower and
shifted towards electrode surface. This could be explained by the enzymatic reaction
rate distribution, as shown in Figure fig:ParO2SSReactionRate. Because of the oxygen
deficiency with vo, smaller than 0.05, the enzymatic reactions were dependent on the
oxygen generated electrochemically. Thus, the location of enzyme reactions shifted towards
electrode surface as 7o, decreased. The diffusion impedance with oxygen partition
coefficient as a parameter is presented in Figure 7-30. The diffusion impedance appeared
as two loops. For 70, = 0.05, the high-frequency Gerischer impedance was small and
the low-frequency semicircle was large. It was due to the enzymatic reactions shifted
near electrode while the oxygen concentration diffused into the sensor was too low. As
the oxygen partition coefficient decreased, the high-frequency loop decreased in size and
low-frequency loop increase in size.

The overall impedance with oxygen partition coefficient as a parameter is presented
in Figure 7-31. The overall impedance appeared as part of depressed semicircle. Due
to the impedance was dominated by the low-frequency diffusion impedance, the overall

impedance decreased in size as the oxygen partition coefficient increased. With ~vo, larger
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Figure 7-29. Calculated steady-state concentration profiles and reaction rate distribution

as a function of distance to the electrode with oxygen partition coefficient as

a parameter: (a) Beta-glucose concentration profile (b) Oxygen concentration
profile (¢) Hydrogen peroxide concentration profile (d) Enzymatic reaction
rate distribution.

than 0.6, the sensor was limited by the oxygen partial pressure in tissue instead of the

oxygen partition coefficient. Therefore, the overall impedance were almost the same as the

oxygen partition coefficient further increased.

The steady-state reaction rate profile can be used to predict the reaction mechanism

(kinetic controlled or mass-transport controlled) and reaction-transport time constants.
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Hydrogen peroxide and oxygen redox couple determines the steady-state reaction rate

profile.
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CHAPTER 8
CONCLUSIONS

A series of mathematical models were developed to describe both the steady-state
behavior and the electrochemical impedance response of the continuous glucose monitors
(CGM). The models are advanced in following aspects: 1) The models use the ping-pong
kinetics and law of mass action to account for the enzyme kinetics of the continuous
glucose sensor, while the commonly used Michaelis-Menten kinetics does not apply here.
2) The models are the most realistic mechanistic models to date. The chemistry of the
CGMs was considered, including the enzymatic reactions, the anomerization equilibrium
of the glucose, the pH-dependent enzyme activities and the biological buffers. The
physical properties of the sensor and the transport process are also considered, including
the effective diffusion coefficients of the species within different films and the partition
coefficients at the interface. 3) The electrochemical impedance response can be simulated
based on the physics of the CGM. 4) The models help visualize the reaction mechanism
and concentration distributions. The coupling between the homogeneous reactions
and heterogeneous reactions was described specifically. The models can be applied in
predicting sensor design and diagnosing sensor failure mechanisms.

Based on the understanding of the physics and chemistry of continuous glucose
sensors, process models were proposed. By using the measurement model, the error
structure of the experimental results was obtained. The fitting parameters were
extrapolated from the impedance measurements, including the effective capacitance, ohmic
resistance and diffusion impedance. The characteristic frequency for the geometry-induced
frequency dispersion was estimated. The surface roughness factor of the working electrodes
in the sensor was calculated to be around 200-300.

The extensive and systematic study on model parameters is also a major contribution
of this work. The choice of the default values of the parameters are based on thorough

literature research, matching with experimental results and ration of physical meanings.
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The influence of the system parameters on the steady-state profiles and impedance
response was explored associated with sensor failure mechanism and sensor design.

The simulated results of comparison between the normal working sensor and the
sensor with failure in oxygen deficiency and enzyme deactivation are shown. Oxygen
deficiency and enzyme deactivation may cause the current density measured for high
glucose levels to be the same as for lower glucose levels. The steady-state profiles
illustrate that the transport-reaction phenomena are different for the three cases. The
high-frequency impedance, indicating kinetic information, is not useful for differentiating
the three cases. Lower frequencies are needed because the three cases are distinguished by

mass transfer.
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CHAPTER 9
FUTURE WORK

The one-dimensional steady-state and impedance response model was fully developed.
A systematic parametric study was done to understand the influence of parameters on the
steady-state profiles and impedance response. The sensor failure mechanism and various
sensor design were explored with respect to the system parameters. Further development
of models for continuous glucose monitors should focus more on studying the transient
behavior of the glucose sensor and the geometric influence of the sensor on impedance
spectroscopy.

9.1 2-D or 3-D Models for Continuous Glucose Monitors

Previous analysis of the impedance data of the continuous glucose monitors suggested
that the geometry induced frequency dispersion expected above 2 Hz. The measurable
frequency range of the built-in potentiostat of CGM devices is usually very narrow,
within 0.01 Hz to 1 MHz. That means most of the impedance data points are influenced
by frequency dispersion at high frequencies. If a two-dimensional or three-dimensional
model could be built, considering the time-constant dispersion caused by the geometry of
the electrodes, the number of usable experimental data points can increase a lot. More
information could be extrapolated from the impedance measurements.

9.2 Experimental Measurement and Regression Analysis of EIS for
Continuous Glucose Monitors

The mathematical modeling of continuous glucose monitors suggests that the
electrochemical impedance measurement should be taken at lower frequencies and with
smaller sensors, such that more regression parameters could be extracted from fitting the
experimental results. The understanding of the physical meaning of the fitting parameters
associated with sensor failure mechanism need to be further studied. A more extensive
experimental study needs to performed for the sensor. Further experimental measurement

could be explored include
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o Different sensor design, including shiny or roughened electrodes, different sizes or
shape of the electrodes

e Oxygen partial pressure

o Enzyme deactivation

o Thickness of GOx and GLM layer

o Presence of the buffer or pH of the solution
e Temperature

o Interfering species

9.3 The Influence of Coupled Faradaic and Charging Currents
on Electrochemical Impedance Spectroscopy

There has been a controversy over the way of treating the current density as a
priori separation of faradaic and double layer charing currents, since 1960s. For the
deterministic model for impedance, people keep using the convention proposed by Sluyters
[66], which the two processes are considered separately into the faradaic impedance and
the capacitance. The controversy raised by Delahay et al. [67-69] that the flux of reacting
species should contribute both to the faradaic reaction and to the charging of double-layer
capacitance. In 2012, Nisancioglu and Newman [70] readdressed the issue and investigated
the basic assumptions and concepts of the transient electrode process from the basic
principles of electrochemistry. The rigorous derivation showed that the treatment of
a priori separation of the double-layer charging and faradic current is valid only if the
time-dependent variations in the concentration of the species are neglected. However,
for the frequency-dependent electrochemical impedance, the oscillating concentration
contributes to the diffusion impedance and is a function of position and time.

Wu et al. [71] investigated the influence of coupled faradaic and charging currents
on impedance spectroscopy for a rotating disk electrode. The simulation results showed
the coupling of faradaic and charging current resulted in high-frequency dispersion.

The simulation matched with experimental results for the electrochemical system
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Figure 9-1. Schematic representation of the electrode-electrolyte interface following
Stern-Gouy-Chapman model.

of AgNOj3 in KNO3 electrolyte very well but not for the electrochemical system of
Fe(CN)g(III) /(IV) in KCI electrolyte. The hypotheses is that the simulations of the
coupled faradaic and charging currents performed by Wu et al. did not consider the
thermodynamic properties of the interface specifically. The simulation is assumed in the
absence of ion-specific adsorption and only considered the diffuse part of double layer in
the Stern-Gouy-Chapman model.

To match with preliminary experimental result carried by Harding [72], further
simulation for electrochemical impedance response under the influence of coupled faradaic
and charging current need to be study in consideration of implicit surface thermodynamics
and the ion-specific surface adsorption. A finite-element one-dimensional mathematical
model need to be developed to further characterize and understand the phenomenon.
Some preliminary results are presented below.

9.3.1 Physical Model

A one-dimensional schematic representation of the electrode-electrolyte interface is
shown in Figure 9-1 following Stern-Gouy-Chapman model.

A one-dimensional finite-difference model was built on the electrochemical system of
the redox of ferrocyanide and ferricyanide in KCI supporting electrolyte. Considering the

ion-specific adsorption, the heterogeneous reactions at the electrode surface are the surface
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adsorption of Fe(CN)é_,

K
Fe(CN)™ — Fe(CN)i~(ads) (9-1)
K

the electrochemical oxidation of Fe(CN)a™ into Fe(CN)3™,

Fe(CN);™ (ads) % Fe(CN); ™ (ads),- (9-2)

the surface desorption of Fe(CN)3™,

K
Fe(ON)3~(ads) —> Fe(CON)3- (9-3)
K3

the surface desorption of KT,

+ K +
K'(ads) ,— K (9-4)
Kpy

and the surface desorption of Cl~, which is expressed as
_ Ke
Cl” (ads) ,—/ Cl (9-5)

%___
Kys

Equations (9-1)—(9-5) are the conservation equations at the electrode surface serving as
boundary conditions.
9.3.2 Governing Equations

The material-balance equation

0 C;
ot

The Nernst-Einstein equation

D; = RTu; (9-7)
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Combine equation 9-6 and equation 9-7 and get

dc; ziFD;
" RT (VcZV + ¢V hz)

—l—DiVZcZ- — - VCi + RZ

The reaction rates corresponding to the heterogeneous reactions are expressed as

Zpe(onyi-F
r = Kpcpeonyt- (’Ytotal - Z’Yk) exp <8(R—T)6 (Prup — q)OHP))
%

Zpe(enyi-F
—kbl’YFe(CN)é‘ exXp <_(R—T)6 (Prup — (I)OHP))

which is the reaction rate of surface adsorption of Fe(CN)g~,

Ty = kfz’YFe(CN)g— eXp <bpe(CN)g— (P — qDIHP))

—kb27Fe(CN)g_ exp <_bFe(CN)g_ (CI)m — (I)IHP)>

(9-10)

(9-11)

which is the reaction rate of the electrochemical oxidation of Fe(CN)g™ into Fe(CN);™,

Zre(oNyi-F
s = KigYpoonyi OXP ((R—T)G (Prap — <I>OHP))

ZF CN - I
—hkb3Cpe(onyd- (’Ytotal - Z ’Yk) exp (—e(R—T)S (Prup — @OHP))
ke

which is the reaction rate of surface desorption of Fe(CN)3™,

ZK+F
RT

2+ F
—kpack+ (%otal - Z %) exp (— ?;T (Prp — CI)OHP))
2

which is the reaction rate of surface desorption of KT,

e = kuyk+ exp < (‘I’IHP - (I)OHP))

ZC1— F
RT

2c1-F
—hscer- (%ml - %) exp (— ET (Prup — cI)OHP))
k

rs = kiYci- exp ( (Prp — (DOHP))
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which is the reaction rate of surface desorption of Cl~.
9.3.3 Ionic Adsorption at Equilibrium

A mathematical model for the specific ionic adsorption on the electrode surface at
equilibrium was built in Matlab®. The condition of equilibrium is assumed such that 1)
the ionic specific adsorption is considered to happen from OHP to IHP; 2) the distribution
of ionic species in the diffuse part of double layer obeys Boltzmann distribution, which can
be expressed as

Ci = Coo €Xp (—2,FO/RT) (9-15)

. In the model, the bulk solution consists of 0.01 mol em =3 of NaCl and 0.01 mol em ™3

of ZnCl. As shown in Figure 9-2, for the surface adsorption, when the potential at

the electrode surface is negative, positive ions are adsorbed; when the potential at the
electrode surface is positive, the negative ions are adsorbed. As the applied potential goes
more negative, Zn?+ is the predominant species adsorbed at the electrode surface because
of its stronger covalence binding to the surface.

At equilibrium, the charge in the diffuse part of the double layer should balance the
charge on the surface. The charge of species in the diffuse part of double layer as function
of applied potential is calculated in Figure 9-3. The total charge in the diffuse part of
double layer (purple curve) is negative when the potential is negative and positive when

the potential at the electrode is positive.
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The concentrations of each ionic species adsorbed to the surface
1 I T T T T T T T

Cl
MNa+
Zn2+

0.8

0.7

0.6

0.5

o 2
1 ifl IHP(Cfcm )

04

D 1 1 1 1 1 1 1 1
0.5 0.4 0.3 0.2 0.1 0 0.1 0.2 0.3 0.4 0.5

Potential (V)

Figure 9-2. The concentration of ionic species adsorbed on electrode as a function of
applied potential. The surface concentration is normalized by the total active
sites on the IHP.
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part of double layer
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Figure 9-3.
Applied Potential.
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APPENDIX A
CODES FOR UNBUFFERED CONTINUOUS GLUCOSE SENSOR

This appendix contains the different FORTRAN codes and Matlab® codes for the

model of unbuffered continuous glucose sensor, which is described in detail in Chapter 3.
A.1 Input File

The input parameters for the model of unbuffered continuous glucose sensor are read
into the FORTRAN and Matlab® codes from the text files. The main input text file A.1
has the parameters related to the geometry of the one-dimensional model, such as number
of species being solved, the total number of points, the number of points until the coupler,
the distance of the reaction region in cm, the distance of the inner layer in cm. The input
file A.1 includes the physical properties of the biological films of the sensor, such as the
partition coefficients (or so called solubility coefficients) for the corresponding species in
from the tissue electrolyte to the glucose limiting membrane (GLM). The input file A.1
includes the parameters related to the kinetics of the model, such as the forward rate
constants, equilibrium rate constants of the homogeneous reactions, the heterogeneous
reaction rate constants and values related to the Tafel slope. The input file A.1 includes
the error allowed for the BIG values. It also includes the initial input concentration of the
species involved in the model.

There are other input files corresponding to the diffusion coefficients of each
individual species within GOx layer, GLM and Bulk respectively, the total amount
of enzyme, the oxygen partial pressure, the pH in the bulk, the potential and the

temperature. The values are summarized in the table of input parameters.
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.E9

.E7

.E3

.E9

.E7

.E9
.E-3
L7397
.32E—-6
.37E-20
.0E—4
.0E-6
.95E-11
0.
5.E15
5.E21
1.38E10
22.4
38.4

32.

20.
.E-14
.2203E-05
.9E-8
.E—-20
.9E-8
.05
.E—20
.9E-8
.9E-8
.4954E-11
.3126E—-10
.6394E—-14
.E—-20
.E—-20

= = Wk 1o o — O 00— 00N

line
line
line
line

Qaoaa

=~ W DN =

is
is
is
is

the
the
the
the

number of species

number of points, NJ

point where the domains split ,
point where the reaction layer

137

value of IJ

is

)

value of KJ



-
60
61
62
63
64
65
66

O
©
Q

67
68
69
70
71
72
73
74
75
76
7
78
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pressure

Er—, mol/cm™3

5 is the distance of the inner reaction later in cm (2um)

6 is the distance of the inner GOx layer in cm (5 um)

7 is the distance of the outer GIM layer in cm (15 um)

8 is the solubility coefficient of H202

9 is the solubility coefficient of O2

10 is the solubility coefficient of Glucose

11 is the solubility coefficient of H+, OH- and buffer ions

12 is the solubility of O2 in water. mol/cm™3/percentage partial
13 is the ratefl of rxnl, ¢cm™3/(molxs)

14 is the equilibl of rxnl, c¢cm™3/mol

15 is the ratef2 of rxn2, s —1

16 is the ratef3 of rxn3, cm™3/(molxs)

17 is the equilib3 of rxn3, cm”3/mol

18 is the ratef4d of rxnd, s —1

19 is the ratef5 of rxnb5, s —1

20 is the equilib5 of rxn5, c¢cm™3/mol

21 is the ratef6 of rxn6 water dissociation , s —1

22 is the equilib6 of rxn6 water dissociation , (mol/ecm™3)"2

23 is the equilib7 of rxn7 gluconic acid dissociation , mol/cm™3
24 is the equilib8 of rxn8 H+Eo dissociates into H+ and oxidized
GOx(Eo) , mol/cm™3

25 is the equilib9 of rxn9 reduced GOx2(Er) dissociates into Ht and
26 is the forward rate constant (Kf) for the flux of the reacting

species , A/cm2 c¢m3/mol

27 is the backward rate constant (Kb) for the flux of the reacting

species , A/cm2 cm3/mol

28 is the heterogeneous rate constant (K2) for hydrogen peroxide

reduction

29
30

31

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

is
is

is

is
is
is
is
is
is
is
is
is
is
is
is
is
is
is
is

the
the

the

the

the

the

bulk
bulk
bulk
bulk
bulk
bulk
bulk
bulk
bulk
bulk
bulk
bulk
bulk

heterogeneous rate constant (KH) for hydrogen evolution
tafel b_a value for the anodic flux of the reacting

tafel b_c value for the cathodic flux of the reacting

tafel b_2 value for hydrogen peroxide reduction
tafel b H value for hydrogen evolution

error allowed for the BIGs

concentration of glucose

concentration of oxidized glucose oxidase (GOx(ox.))
concentration of gluconic acid

concentration of reduced glucose oxidase(GOx(red.))
concentration of oxygen (02)

concentration of hydrogen peroxide (H202)
concentration of enzyme complex (GOx(red.)-GA)
concentration of enzyme complex (GOx(ox.)—H202)
concentration of hydrogen ion (H+)

concentration of hydroxide ion (OH-)

concentration of gluconate ion

concentration of enzyme complex (HEo+)

concentration of enzyme complex (HEr—)

Code A.1. Input files for the Model of Unbuffered Continuous Glucose Sensor
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A.2 Code for Steady-State Calculation

This section contains the steady-state FORTRAN code used to solve 19 coupled
differential equations. The mathematical development of the model including the
governing equation and the boundary conditions are described in Chapter 3. The
distributions of concentration of the species and reaction rates at steady- state are
calculated for the FORTRAN code. The Matlab® code visualizes and organizes the output
results from the steady-state FORTRAN code. The second Matlab® code calculates the
polarization curve, which is the current density at a specific steady-state as a function
of various potential. The third Matlab® code calculates the oxygen curve, which is the
current density as function of oxygen partial pressure.

The main program in the FORTRAN code, called CONVDIFF, which outlines the
global variables, reads the values of parameters from input files, calls the subroutines
and writes the output results to the files. There are 7 subroutines called by the main
program. The subroutine BC1 solves the boundary condition at the electrode surface. The
subroutines REACTION and INNER solve the nonlinear coupled differential equations
in GOx layer and the subroutine OUTER solves the governing equations in GLM layer,
respectively. There are two subroutines named COUPLER1 and COUPLER2, uniform
the fluxes at the interfaces where the mesh size changes. The subroutine BCNJ solves
the boundary condition in the bulk. The BAND algorithm are used to solve the coupled

non-linear differential equations, in subroutine BAND and MATINV.

139



Code A.2. FORTRAN Code for Steady-State Calculations of Unbuffered Continuous

DT W N -

QO oo a acaoaaoacao

9
10
11
12
13

14
15
16
17
18
19

20
21

Qa a QA

)
)
Qa

26 C
271 C
28 C
29

30
31
32
33
34
35
36
37
38
39
40

Glucose Sensor

Convective Diffusion Equation with Homogeneous Reaction

Enzyme kinetics added

14 species system

SPECIES 1 = beta—glucose , SPECIES 2 = GOxFAD, SPECIES 3 = Gluconic acid

SPECIES 4 = GOxFADH2, SPECIES 5 = 02, SPECIES 6 = H202

SPECIES 7 = GOxFADH2-GA, SPECIES 8 = GOxFAD-H202, SPECIES 9 = Alpha-—
Glucose

SPECIES 10 = hydrogen ion, SPECIES 11= hydroxide ion, SPECIES 12=
gluconate ion

SPECIES 13 = H+Eo, SPECIES 14 = Er—

Species 5 and 6 are the electrochemical reacting species

This is the steady state solution only

It should be ran prior to cdhgox_ os.for

The input file is the same for both

This version of the code is reversible normal kinetics for reactions
1,3,5,6 and 7

Reactions 2, 4 are irreversible

Assume water dissociation and GA dissociation are fast and equilibrated

Assume the complex between H+ and enzymes are equilibrated .

>k ok >k ok >k ok 3k 3k ok sk sk sk ok sk sk ok ok ok ok ok ok sk sk ok ok ok ok >k ok 3k ok ok ok sk sk sk sk sk sk ok 3k ok ok ok ok ok ok ok ok sk ok ok ok ok >k ok sk ok ok ok ok sk sk sk skosk ok ok ok ok ok ok ok ok ok ok ok ok

THIS CODE SEPERATES THE EFFECTIVE DIFFUSION COEFFICIENTS FOR EACH
SPECIES IN DIFFERENT LAYERS

There are 4 electrochemical reaction in this code: H202 oxidation and
reduction , O2 reduction

and H2 evolution at low applied potential

3k sk sk sk sk sk sk skoskosk sk sk sk sk sk sk skosk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk skosk sk sk sk sk sk sk sk sk sk sk sk skosk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk sk ok
MODIFICATION: Adding partiction coefficients at BCNJ for H+, OH-
Sk Kok ook oK ok ok ok oK ok ok K K ok ok K o ok ok K ok ok K K ok ok K o ok ok oK ok ok K K ok ok K ok ok ok K ok ok K Kk ok ok K ok ok ok K ok ok K K ok ok K ok

THIS CODE SEPERATES THE EFFECTIVE DIFFUSION COEFFICIENTS FOR EACH
SPECIES IN DIFFERENT LAYERS

>k 3k ok ok sk ok ok skook ok sk Sk ok sk sk ok sk ok sk ok skok sk Skok ok Sk kR skosk ok sk sk ok sk sk ok sk sk sk sk sk ok ok Sk sk sk skok sk skok ok Skook ok sk sk ok sk sk ok sk sk ok ok sk ok skok ok okook ok skok

Copy and paste the appropriate lines to create the execuitable
cd C:\Ming\FORTRAN2019\CGM Basic no buffer H2Evolution Par
gfortran —static cdhgox_ ss.for —o cdhgox_ss.exe

PROGRAM CONVDIFF

IMPLICIT DOUBLE PRECISION (A-H, O-Z7)

(OMMON/BAB/ A(19,19) ,B(19,19) ,C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
1 ,Y(19,19)

(OMMON/NSN/ N, NJ

(OMMON/VAR/ CONC(14,80001) ,RXN(7,80001) ,H,EBIG,HH, 1J
(OMMON/VARR/ COEFFMT(13), HHH, KJ

COMMON/POR/ DGOX(13) ,DGILM(13) ,DBULK(13)

COMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, Current3

COMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratefd ,ratefs ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 , equilib9
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41 COMMON/BUL/ CBULK(13) ,PARH202, PARO2, PARGLUCOSE, SOLO2, PARION, JCOUNT

42 COMMON/VARIN/ V,PO2,pH,GOx
13 COMMON/TEMP/ T

14 COMMON/DLT,/ DELTA

45 COMMON/EXTRA/ REF(13)

16 CHARACTER REFx13

17

48

4(:) 102 FORMAT (/30H THE NEXT RUN DID NOT CONVERGE)
103 FORMAT (’Error=",E16.6/(1X, ’Species=’,A6,2X,’C at Electrode=",

Ut

51 1 E12.5E3,2X,’C at Bulk=’,E12.5E3))

52 104 FORMAT ((’Species=’,A6,2X, 'mass—transfer coefficient=",E12.5E3))
53 300 FORMAT (18x, ’b—Glucose’,13x, 'GOx’,17x, 'GA’,16x, 'GOx2’,14x, 02",

54 1 14x, "H202’ ;14x, 'CX—GOx2’ ,14x, '"CX-GOx’ ,14x, "a—glucose ’ ,14x,

55 2 'H ion’,12x,’0OH ion’,12x, ’ Gluconate ion’,13x, 'H+Eo’,13x, "Er—’,
56 3 12x, 'RXN1’,13x, 'RXN2’ ,13x, 'RXN3’ ,13x, 'RXN4’ ,13x, 'RXN5’)

57 301 FORMAT x,’J="15, 19E19.9E3)

ot
oo

5)

21(E25.15E3,5X))

"Iteration="I4)

"Limitting current density=’,E12.5)

50 302 FORMAT

(
334 FORMAT (
(
60 303 FORMAT (

61

62 OPEN(UNIT=13, FILE=’cdhgox out.txt’)

63 CLOSE(UNIT=13, STATUS='DELETE")

64 OPEN(UNIT=13, FILE=’cdhgox out.txt’)

65

66 OPEN(12 ,FILE="cdhgox_G_out.txt ")

67 CLOSE(12, STATUS='DELETE’)

68 OPEN(12, FILE='cdhgox G_out.txt’)

69 WRITE(12,300)

70

71 open (14, file="cdhgox_in.txt’,status=’old ")

72 106 FORMAT (I12/17/17/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4
73 1 /E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/
74 2 E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4)

75 read (14,%) N,NJ,1J ,KJ,Y1,Y2, Y3, PARH202, PARO2, PARGLUCOSE, PARION,
76 1 SOLO2, ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,

7 2 ratefd ,ratefb ,equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 ,
78 3 equilib9 ,AKF,AKB, AK2, AKH, BBA, BBC, BB2, BBH, EBIC

79 read (14 ,*) (CBULK(I),I=1,(N-6))

80

81 open (16, file="pot_in.txt’,status=’old’)

82 read (16 ,%) V

83

84 open (17, file="02_in.txt’,status=’old’)

85 read (17,%) PO2

86

87 open (18, file="pH_in.txt’,status=’old’)

88 read (18 ,%) pH

89

90 open (19, file="enzyme_ in.txt’, status="o0ld’)

91 305 FORMAT (E15.5)

92 read (19,305) GOx

93 C PRINT *,’GOx=",GOx

94 C PRINT #,’pH=’,pH

95

96 open (20, file="temperature_in.txt’ ,status=’old ")

97 read (20,%) T

98
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99 open (21, file="Diff in.txt’,status=’o0ld’)

100 read (21 ,%) DELTA

101 ¢ PRINT x, ’DELTA=’,DELTA

102 C IMPORT EFFECTIVE DIFFUSION COEFFICIENTS
103 open (22, file="DGOx_in. txt’,status="o0ld ")
104 read (22 ,%) (DGOX(I),I=1,(N-6))

105

106 open (23, file="DGLM_in. txt ’,status="old ")
107 read (23 ,*) (DGIM(I),I=1,(N-6))

108 PRINT *, 'DGIM(2)=", DGIM(2)

109

110 open (24, file="DBULK in.txt’,status=’o0ld ")
111 read (24 ,%) (DBULK(I),I=1,(N-6))

112 C Convert T in degree Celsius to degree Fahrenheit
113 T=T+273.15

114 C ESTIMATE THE MASS TRANSFER COEFFICIENTS OUTSIDE THE SENSOR
115 COEFFMT = DBULK/DELTA

116 C PRINT 104, (REF(I),COEFFMT(I) ,1=1,(N—6))
117 C Calculate bulk concentration of O2

118 CBULK (5)=P02xSOLO2

119 PRINT =, 'CBULK_0O2=" ,CBULK(5)

120 C Calculate bulk concentration of Hi

121 CBULK(9) =10.%x(—pH) x1.E—3

122 PRINT «, "H+ BULK=’,CBULK(9)

123 C Calculate bulk concentration of OH-

124 CBULK(10)=equilib6 /CBULK(9)

125 C Calculate bulk concentration of enzyme
126 CBULK (2)=GOx/ 4.

127 CBULK (4)=GOx/ 4.

128 CBULK(7)=GOx/ 4.

129 CBULK (8)=GOx/ 4.

130 CBULK(12) =1.E—20

131 CBULK(13) =1.E—20

132 C Constants

133 F=96487.

134

135 ¢ THIS IS SPACING FOR OUTER LAYER, BCNJ
136 H=Y3/(NJ-1J)

137 PRINT %, "H=", H

138 PRINT %, ’Y3=", Y3

139 PRINT x, ’NJ-IJ=’, NJ-1J

140

141 ¢ THIS IS SPACING FOR INNER LAYER

142 HH=(Y2) /(1J-KJ)

143 PRINT #, 'HH=', HH

144 PRINT *, 'Y2=', Y2

145 PRINT #, '1J-KJ=', 1J-KJ

146

147 ¢ THIS IS SPACING FOR REACTION LAYER

148 HHH=(Y1) /(KJ-1)

149 PRINT x, ’Y1=", Y1

150 PRINT x, *KJ-1=’, KJ-1

151 PRINT x, ’HHH=’, HHH

152

153

154 OPEN(15,FILE="cdhgox_ ssvalues_out.txt’)
155 CLOSE(15, STATUS='DELETE’)

156 OPEN(15, FILE=’cdhgox_ssvalues_out.txt’)
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337 FORMAT (I2/17/I7/17/E25.15/E25.15/E25.15/E15.8/E15.8/E15.8/E15.8

]

158 1 JE15.8/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4/E15.4)
159 WRITE (15,337) N,NJ,1J KJ,H,HH,HHH,DGOX(6) ,DGOX(5) ,DGOX(9) ,
160 1 AKF,AKB, AK2,AKH, BBA,BBC, BB2,BBH, V

161

162 C Create flux of the reacting species constants
163 FLUXF=AKF*exp (BBA%V) /F /2.

164 FLUXB=AKB+ exp (—BBC*V) /F /2.

165 FLUXR=AK2+exp(—BB2xV) /F /2.

166 FLUXH=AKH+exp (—BBHxV) /F /2.

167 C PRINT %, ’FLUXF=’, FLUXF

168 C PRINT %, 'FLUXB=', FLUXB

169 C PRINT *, '’FLUXR=’, FLUXR

170 C PRINT *, 'FLUXH=’, FLUXH

171 ¢ THIS IS THE MAIN PART OF THE PROGRAM

172 DO 21 J=1,NJ

173 RXN(1,J)=0.00001

174 RXN(2,J)=0.00001

175 RXN(3,J)=0.00001

176 RXN(4,J)=0.00001

177 RXN(5,J)=0.00001

178 RXN(6,J)=0.00001

179 RXN(7,J)=0.00001

180 CONC(1,J)=PARGLUCOSE*CBULK(1)*equilib5 /(1+equilib5)
181 CONC(2,J)=CBULK(2)

182 CONC(3 ,J)=PARGLUCOSE*CBULK(3) /(equilib7 /CBULK(9) +1.)
183 CONC(4 ,J)=CBULK(4)

184 CONC(5 ,J)=PARO2+CBULK(5)

185 CONC( 6 ,J )=PARH202+CBULK (6)

186 CONC(7,J)=CBULK(7)

187 CONC(8,J)=CBULK(8)

188 CONC(9,J)=PARGLUCOSE+CBULK (1) /(14+ equilib5)
189 CONC(10,J)=CBULK(9)

190 CONC(11,J)=CBULK (10

191 CONC(12,J)=PARGLUCOSE+CBULK (3) /(CBULK(9) /equilib7 +1.)
192 CONC(13,J)=CBULK(12)

193 CONC(14,J)=CBULK(13)

194 DO 21 I=1N

195 21 C(1,J)=0.

196 JCOUNT=0

197 TOL=1.E—10«NxNJ /1.E12

198 PRINT x, ’TOL=’, TOL

199 22 JCOUNT=JCOUNT+1

200 AMP=0.0

201 J=0

202 DO 23 I=1,N

203 DO 23 K=1,N

204 Y(1,K)=0.0

205 23 X(I,K)=0.0

206 24 J=J+1

207 DO 25 I=1N

208 G(I)=0.0

209 DO 25 K=1,N

210 A(I,K)=0.0

211 B(I,K)=0.0

212 25 D(I,K)=0.0

213

214 IF (J.EQ.1) CALL BC1(J)
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260
261
262
263
264
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266
267
268
269
270
271
272

C

16

33

15

IF
IF

(J. AND. J.LT.KJ) CALL REACTION(J)
J.
IF EJ
(J.
(J.

1
KJ) CALL COUPLERI1(J)

KJ .AND. J.LT.IJ) CALL INNER(J)
IF J) CALL COUPLER2(J)

IF 1J  .AND. J.LT.NJ) CALL OUTER(J)
IF (J.EQ.NJ) CALL BCNJ(J)

CALL BAND(J)

GT.
EQ.
GT.
EQ. T
GT.

AMP=AMP4DABS(
1 +DABS(G(6)
2 4DABS(G(11
3 4DABS(G(15

G(1))+DABS(
)HDABS(G(7)
) )+DABS(G(1
) )4+DABS(G (1

G(2))+DABS(G
)+DABS(G(8))
2) )+DABS(G(1
6))4+DABS(G(1

(3
+DABS(G(9) )+DABS(G(10

3) )+DABS(()}( )
7 G

IF (J.LT.NJ) GO TO 24

PRINT x, 'ERROR=’, AMP

IF K) .LT. —0.999+CONC(T ,K)) C(I ,K)=—0.999+CONC(1 ,K)
IF (C(I,K).GT. 999.«CONC(I,K)) C(I,K)= 999.+xCONC(I ,K)
CONC(T ,K)=CONC(I ,K)+C(1I,K)
CONTINUE

PRINT x, 'B-GLUCOSE AT J=1', CONC(1,1)

PRINT x, 'B-GLUCOSE AT J=2', CONC(1,2)
WRITE(12,302) (JCOUNT)

If the error is less then the tolerance, finish program

IF (DABS(AMP) .LT.DABS(TOL)) GO TO 15

If the error is greater then tolerance, do another iteration

IF (JCOUNT.LE.80) GO TO 22
print 102

)

PRINT 103, AMP,(REF(I) ,CONC(I,1) ,CONC(I,NJ),I1=1,N-6)
Calculate the current density

CURRENT3=AKF*CONC (6 , 1) *EXP (BBA*V)

1 —AKB+CONC(5,1) *(CONC(10,1) #*2) *EXP(—BBCx*V)
2 ~AK2+CONC(6 ,1) % (CONC(10 , 1) #%2) +EXP(—BB2#V)
3 AKH*(OONC(lO 1) #2) +EXP(—BBH+V)

PRINT *, ’CURRENT=’,CURRENT3
PRINT *,’JCOUNT=",JCOUNT

Calculate currents for each reaction
CURRENTHO=AKF«CONC( 6 , 1) «EXP (BBA%V)
CURRENTOR=AKB+CONC(5 ,1) *(CONC(10,1) x%2) *xEXP(—BBCx*V)
CURRENTHR=AK2+CONC(6 ,1) *(CONC(10,1) *2) xEXP(—BB2xV)
CURRENTH2=—AKH=+ (CONC(10,1) **2) «EXP(—BBHxV)

PRINT %, ’H202 OXIDATION CURRENT=’ ,CURRENTHO

PRINT %, ’02 REDUCTION CURRENT=’ ,CURRENTOR

PRINT %, ’H202 REDUCTION CURRENI=' ,CURRENTHR
Calculate Reaction6 and Reaction?
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27

26

IF (J.EQ. ) RXN(6,J)=DGOX(10) *
(CONC(11,J42)—2+CONC(11,J+1)+CONC(11,J))

2 /(HHH**2 )

IF (J.GT.1 .AND. J.LT.KJ) RXN(6,J)=DGOX(10)*(CONC(11,J+1)

2 —2.xCONC(11,J)+CONC(11,J—1)) /HHHx*2.

IF (J.GT.KJ .AND. J.LT.1J) RXN(6,J)=DGOX(10)(CONC(11,J+1)

2 —2.%CONC(11,J)+CONC(11,J— 1))/HH**2

IF (J.GT.1J .AND. J.LT.NJ) RXN(6,J)=DGIM(10)(CONC(11,J+1)

2 —2.%CONC(11,J)4CONC(11,J-1)) /Hx*2.

IF (J.EQ.NJ) RXN(6,J)=DGIM(10)%(CONC(11,J) —2.CONC(11,J—1)

1 4OONC(11, J—2))/(H**2 )

RXN( 6 ,KJ) =—(DGOX(10) / (HH) +

1 (OONC(ll KJ+1)-CONC(11,KJ) )-DGOX(10) /(HHH) * (CONC(11 ,KJ)

2 —CONC( ) )/2.)%4./3.—1./3 . «RXN(6 ,KJ—1)x
+RXN(6 ,KJ+1)+HH/ (HHH+HH)

11,KJ-1 ))/((
3 HHH/ (HHFHHH) —1./3.
0

RXN(6, 1J ) =—(DGLM( 1 )/()
1 (CONC(11,1J+1)—CONC(11,1J))-DGOX(10) /(HH) *(CONC(11,1J)
2 —CONC(11,1J-1)))/((H+HH) /2.) %4./3. —1.)3.+RXN(6 ,1J —1)+HH/ (HH+H)
3 -1./3. *RXN(G,IJ—i—l)*H/(HH—l—H)

DO 27 J=1,NJ

IF (J.EQ.1) RXN(7,J)=DGOX(11)*(CONC(12,J+2)—2+«CONC(12,J+1)
1 +CONC(12,J)) /(HHH*x2.)

IF (J.GT.1 .AND. J.LT.KJ) RXN(7,J)=DGOX(11)#(CONC(12,J+1)
1 —2.%CONC(12,J)+CONC(12,J—1)) /HHHx**2.

IF (J.GT.KJ .AND. J.LT.1J) RXN(7,J)=DGOX(11)+(CONC(12,J+1)
1 —2.%CONC(12,J)+CONC(12,J—1)) /HH*%2.

IF (J.GT.1J .AND. J.LT.NJ) RXN(7,J)=DGIM(11)#(CONC(12,J+1)
1 —2.C0NC(12,J)4CONC(12,J—1)) /Hx#2.

IF (J.EQ.NJ) RXN(7,J)=DGIM(11)#

1 (CONC(12,J) —2.«CONC(12,J—1)4+CONC(12,J-2)) / (H**2.)

RXN(7,KJ)= (DGOX(ll)/( ) *

1 (CONC(12,KJ+1)-CONC(12,KJ) )-DGOX(11) /(HHH) * (CONC(12 ,KJ)

2 —OONC(12,KJ-1)))/((HHHHH) /2.) x4./3. —1./3.«RXN(7 ,KJ—1)x

3 HHH/(HHH{HH) —1./3.%RXN(7 ,KJ+1)+HH/ (HHHHH)
RXN(7,1J)=—DGLM(11) /(H) %

1 (CONC(12,1J+1)—CONC(12,1J))-DGOX(11) /(HH) * (CONC(12,1J )

9 _CONC(12.1J—1))) /((E4HH) /2.) %4./3. —1./3. «RXN(T ,1J —1)+HH/ (HF+H)
3 —1./3.«RXN(7,1J+1)*H/(HHH)

—~

DO 26 J=1,NJ
26 RXN(6,J)=ratef6 —ratef6 /EQUILIB6«CONC(10,J)«CONC(11,J)

WRITE(13,334) (CONC(1,J) ,CONC(2,J) ,CONC(3,J) ,CONC(4,J) ,CONC(5,7J) ,
1 CONC(6,J),0ONC(7,J) ,CONC(8,J) ,CONC(9,J) ,CONC(10.J) .CONC(11,J),
2 CONC(12,J),CONC(13,J) ,CONC(14,J), (1, ) RXN(2,J) ,RXN(3,J),
3 RXN(4,J) RXN(5,J) RXN(6,J) RXN(7,J),J=1,NJ)

WRITE(13,334) (CONC(1 ),OONC(Q,J),CO C(3,J) ,CONC(4,J) ,CONC(5,J) ,
1 CONC(6,J) ,CONC(7,J) ,CONC(8,J) ,J=1,NJ)

END PROGRAM CONVDIFF

SUBROUTINE BC1(J)

IMPLICIT DOUBLE PRECISION (A-H, O-7)

COMMON/BAB,/ A(19,19) ,B(19,19),C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
1 ,Y(19,19)
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COMMON/NSN/ N, NJ

COMMON/VAR/ CONC(14,80001) ,RXN(7,80001) ,H, EBIG,HH, 1J
COMMON/VARR/ COEFFMT(13) , HHH, KJ

COMMON/POR,/ DGOX(13) ,DGIM(13) ,DBULK(13)

COMMON/BCI/ FLUXF,FLUXB, FLUXR, FLUXH, Current3

(OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratefd ,ratef5 ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 , equilib8 , equilib9
COMMON/BUL,/ CBULK (13) ,PARH202, PARO2, PARGLUCOSE, SOLO2, PARION , JOOUNT
COMMON/VARIN/ V,PO2, pH, GOx

COMMON/TEMP/ T

COMMON/DLT/ DELTA

301 FORMAT (5x,’J=" 15, 19E19.9E3)

For beta—Glucose, being consumed only

G(1)=2.«DGOX(1) *(CONC(1,J+1)-CONC(1,J)) /HHHx 2.

2 —(3.#RXN(1,J)4RXN(1,J+1)) /4.4 (3.«xRXN(5,J)HRXN(5,J+1)) /4.
2. *DGOX( ) /HHH* % 2.

—2.4DGOX (1) /HHH+ 2.

+0.75

+0.25

—0.75

)=
)=
5
5
9
9)=-0.25

)
)
)
)

BIG=ABS (2. +DGOX (1) # (CONC(1,J+1)) /HHH**2.)
PRINT %, "BIG=", BIG

BIG2=ABS (2. +DGOX (1) *(—CONC(1,J) ) /HHH**2.)
PRINT x, "BIG2=", BIG2

IF (BIG2 GT.BIG) BIG=BIG2

IF (ABS(—3.+RXN(1, J)/4 ) .GT.BIG) BIG=ABS(—3.xRXN(1,J)/4.)
IF (ABS(—RXN(1,J+1)/4.).GT.BIG) BIG=ABS(—RXN(1,J+1)/4.)
IF (ABS(3.+*RXN(5,J)/4.) .GT.BIG) BIG=ABS(3.+RXN(5,J)/4.)
IF (ABS(RXN(5,J+1)/4.).GT.BIG) BIG=ABS(RXN(5,J+1)/4.)

IF (ABS(G(1)).LT.BIG+EBIG) G(1)=0

For GOx, enzyme
G(2)=RXN(1,J)+RXN(4,J)

B(2,15)=+1
B(2,18)=—
IF (ABS(RXN(1,J)).GT.BIG) BIG=ABS(RXN(1,J))
IF (ABS(RXN(4,J)).GT.BIG) BIG=ABS(RXN(4,J))

IF (ABS(G(2)).LT.BIG+EBIG) G(2)=0

For flux of Gluconic Acid and Gluconate ion ,
G(3)=2.+DGOX(3) *(CONC(3 ,J+1)—CONC(3,J) ) /HHHx 2.
2 +(3.%RXN(2,J)+RXN(2,J+1)) /4.
3 +2.4DGOX(11)%(CONC(12,J+1)-CONC(12,J) ) /HHH**2.
2.«DGOX(3) /HHHx* * 2.
=—2.4DGOX(3) /HHHx* * 2.
)=-0.75
)=-0.25
) =2.«DGOX(11) /HHH* 2.
)

)=
)
6
6
2
2)=—2+DGOX(11) /HHH=**2.

BIG=ABS (2.+*DGOX(3) *(CONC(3,J+1)) /HHHx*%2.)
BIG2=ABS(2.+DGOX(3) *(—CONC(3,J) ) /HHHx*%2.)
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2
3
4
5

(BIG2.GT.BIG) BIG=BIG2
F (ABS(3.%RXN(2,J)/4.) .GT.BIG) BIG=ABS(3.xRXN(2,J) /4.)
IF (ABS(RXN(2,J+1)/4.).GT.BIG) BIG=ABS(RXN(2,J+1)/4.
BIG3=ABS(2.*DGOX(11)«CONC(12,J+1)/(HHH**2.) )
IF (BIG3.GT.BIG) BIG=BIG3
BIG4=ABS(2.+DGOX(11)*CONC(12,J) / (HHH**2.))
IF (BIG4.GT.BIG) BIG=BIG4
IF (ABS(G(3)).LT.BIG*EBIG) G(3)=0

For GOx2, enzyme

G(4)=GOx
—CONC(2,J)—CONC(4,J)—CONC(7,J)—CONC(8,J)—CONC(13,J)—CONC(14,J)

B(4,2)=+1.

B(4,4)=+1.

B(4,7)=+1.

B(4,8)=+1.

B(4,13)=+1.

B(4,14)=+1.

BIG=ABS (GOx)

IF (ABS(CONC(2,J)).GT.BIG) BIG=ABS(CONC(2,J))

IF (ABS(CONC(4,J)).GT.BIG) BIG=ABS(CONC(4,J))

IF (ABS(CONC(7,J)).GT.BIG) BIG=ABS(CONC(7,J))

IF (ABS(CONC(8,J)).GT.BIG) BIG=ABS(CONC(8,J))

IF (ABS(CONC(13,J)).GT.BIG) BIG=ABS(CONC(13,J))

IF (ABS(CONC(14,J)).GT.BIG) BIG=ABS(CONC(14,J))

IF (ABS(G(4)).LT.BIG+EBIG) G(4)=0

For O2, being consumed only

G(5)=2.#DGOX(5) *(CONC(5 ,J+1)—CONC(5,J) ) /HHHx 2.
YFLUXF+CONC(6 ,J) / (HHH/2.)
_FLUXB,/ (HHH/ 2. ) *CONC(5, J ) * (CONC(10,J ) %2)
—(3.RXN(3,J)+RXN(3,J+1)) /4.

=2.«DGOX(5) /HHHx*#2.4+FLUXB* (CONC(10,J) *+2) /(HHH/2.)

BIG=ABS (2. +DGOX(5) * (CONC(5 , J+1)

5,5)

5,5)=
5,17)=
5,17)=+0.25
5,6)=]
5,10)=

—2.+DGOX(5) /HHH* 2.
+0.75

FLUXF/ (HHH/ 2.)
2.«FLUXB,/ (HHH /2. ) *CONC(5 , J ) *CONC(10, J)

JHHH* % 2.)

)
BIG2=ABS (2. *DGOX(5) #(—CONC(5 ,J ) ) /HHH**2. )
IF (BIG2.GT.BIG) BIG=BIG2
IF (ABS(FLUXF«CONC(6,J) /(HHH/2.)) .GT.BIG)
BIG=ABS (FLUXF+CONC(6 ,J ) / (HHH/2.) )
IF (ABS(—FLUXB/(HHH/2.) *CONC(5 ,J ) * (CONC(10,J) x2) ) .GT. BIG)
BIG=ABS(—FLUXB/ (HHH/2.) *CONC(5 ,J ) % (CONC(10 ,J ) %#2)
IF (ABS(—3.+RXN(3,J)/4.).GT.BIG) BIG=ABS(—3.xRXN(3,J

IF (AB
IF (AB

S(—RXN(3,J+1)/4.) .GT.BIG) BIG=ABS(~RXN(3,J+1)/
S(G(5)) .LT.BIG«EBIG) G(5)=0

For H202, reacting species

G(6)=2.xDGOX(6) *(CONC(6 ,J+1)—CONC(6 ,J) ) /HHHx**2.
—FLUXF«CONC(6,J) /(HHH/2.)
+FLUXB/(HHH/ 2.) *CONC(5,J) * (CONC(10,J) **2.)
—FLUXR+CONC(6 ,J) *(CONC(10,J) xx2) /(HHH/2.)

+(3

B(6,6)

+RXN(4,J)4RXN(4,J+1)) /4.

=2.+DGOX( 6 ) /HHHx 2. +FLUXF / (HHH/ 2 .)
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447
448
449
150
151
152
153
454
456
457
458
459
460
461
462
163
164
165
466
467
468
469
470
471
472
473
474
475
176
177
178
479
480
481
482
483
484
485
486
487
488
189
190
191
492
493
494
495
496
497
498
499
500
501
502
503
504

BIG=ABS (2. *DGOX(6)

)

+FLUXR* (CONC(10,J) *%2.) /(HHH/2.)
6,6)=—2.+4DGOX(6) /HHH=**2.

118)
18)

—0.75
—0.25

6 ,5)=FLUXBx(CONC(10,J) %+2) /(HHH/2.)
6,10)=—2.+FLUXB/(HHH/2.) *CONC(5 ,J ) *CONC(10 ,J)

+2.+FLUXR+CONC(6 , J ) *CONC(10,J) / (HHH/2.)

*(CONC(6,J+1)) /HHH*%2.)

BIG2=ABS(2.+DGOX(6) *(—CONC(6,J) ) /HHH*2.)

IF
IF
1
IF
1
IF
1
IF
IF
IF

(

BIG2.GT.BIG) BIG=BIG2

(ABS(—FLUXF+CONC(6 ,J) /(HHH/2.) ) .GT.BIG)

BIG=ABS(—FLUXF*CONC(6 ,J) /(HHH/2.) )
(ABS(+FLUXB/ (HHH/ 2. ) *CONC(5 ,J )
BIG=ABS(+FLUXB/ (HHH/2.) *CONC(5 , J ) * (CONC(10 , J
(ABS(—FLUXR+CONC(6 ,J ) / (HHH/2.)
BIG=ABS(—FLUXR+CONC(6 ,J) /(HHH/2.) *
(ABS(3.+RXN(4,J) /4.) .GT.BIG) BIG=ABS(3.+RXN(4
(ABS
(ABS

For CX—GOx2, enzyme
G(7)=RXN(1,J)-RXN(2,J)
B(7,15)=—

B(7,16)=1

IF (ABS(RXN(1,J)).GT.BIG) BIG=ABS(RXN
IF (ABS(RXN(2,J)).GT.BIG) BIG=ABS(RXN

(RXN(4,J+1)/4.) .GT.BIG) BIG=ABS(RXN(4,J+1
(G(6)) .LT.BIG+EBIG) G(6)=0

IF (ABS(G(7)).LT.BIG+EBIG) G(7)=0

For CX—GOx, enzyme
G(8)=RXN(3,J)-RXN(4,J)
B(8,17)=—

B(8,18)=1

IF (ABS(RXN(3,J)).GT.BIG) BIG=ABS(RXN
IF (ABS(RXN(4

IF (ABS(G(8)).LT.BIG+EBIG) G(8)=0

For Alpha—Glucose ,

G(9)

BIG=ABS (2.*DGOX(1)

—(3.¥RXN(5,J)+RXN(5,J+1)) /4.

*(CONC(10,J) x%2)
*(CONC(10,J) **2%
)
)

GT.

*

(CONC(10, J

2)
GT.
))
4.

).
).
* %2
1)/
/4.)

1,J))
2,J))

3,7))
J)).GT.BIG) BIG=ABS(RXN(4,J))

—2.4DGOX (1) # (CONC(9 , J+1)—CONC(9 ,J ) ) /HHHx 2.

) =2.«DGOX (1) /HHH* % 2.

) =—2.4DGOX (1) /HHHx* % 2.
9)=+0.75
9

*(CONC(9,J+1)) /HHH*%2.)

BIG2=ABS(2.+DGOX (1) *x(—CONC(9,J)) /HHHx**2.)
IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(

—3.#RXN(5,J) /4.) .GT.BIG) BIG=ABS(—3.+RXN(5,J)/

IF (ABS(—RXN(5,J+1)/4.) .GT.BIG) BIG:ABS(fR}G\I(S,J+1)/)4.
PRINT x, "G(9)=", ABS(G(9))
IF (ABS(G(9)).LT.BIG+EBIG) G(9)=0

For

flux of H4, OH- ions and gluconate ions,
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G(10)=2.4DGOX(9) % (CONC(10,J+1)~CONC(10,J) ) /HHHx**2.
+2.xFLUXF+CONC(6 ,J) /(HHH/2.)

B
)
B

IG)
IG)
)

4.)
)
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—2.«FLUXB/ (HHH/ 2. ) *xCONC(5 , J ) * (CONC(10 ,J ) %%2.)
—FLUXR#2.*C0ONC(6 ,J ) *(CONC(10,J) %+2) /(HHH/2.)
—2.+DGOX(10) % (CONC(11,J+1)—-CONC(11,J) ) /HHHx 2.
—2.4DGOX(11) % (CONC(12 ,J+1)—CONC(12,J ) ) /HHHx 2.

O ULk W

B(10,10)=2.«+DGOX(9) /HHH=**2.
1 +4.¥FLUXB/(HHH/2.)*CONC(5 ,J)*CONC(10,J)
9 JFLUXR#4.+CONC(6,J)+CONC(10,J) /(HHH/2.)
3 —FLUXH=*2.%(CONC(10,J)*x2) /(HHH/2.)
B(10,6)=—2.+FLUXF/(HHH/2.) +2.+FLUXR* (CONC(10 ,J) x*2.) / (HHH/2.)
D(10,10)=—2.4DGOX(9) /HHHx**2.
B(10,5)=2.+FLUXB* (CONC(10,J) #*2.) /(HHH/2.)
B(10,11)=—2.4DGOX(10) /HHHx**2.
D(10,11)=2.+DGOX(10) /HHHx 2.
B(lO 12)=—2.+DGOX(11) /HHHx*2.
D(10,12)=2.+DGOX(11) /HHH* 2.

BIG=ABS (2. *DGOX(9)  (CONC(10,J+1)) /HHH*%2. )
BIG2=ABS(2.+DGOX(9) *(—CONC(10,J) ) /HHHx%2.)

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(2+FLUXF«CONC(6,J) /(HHH/2.) ) .GT.BIG)

1 BIG=ABS(2+FLUXF*CONC(6,J) /(HHH/2.))

IF (ABS(—2+FLUXB,/ (HHH/2.)*CONC(5 ,J ) * (CONC(10,J) #%2)) .GT.BIG)
1 BIG=ABS(—2+FLUXB/ (HHH/2.) *CONC(5,J ) * (CONC(10,J) ¥%2))

IF (ABS(—FLUXR#2.xCONC(6,J)*(CONC(10,J)*=%2)/(HHH/2.)) .GT.BIG)
1 BIG=ABS(—FLUXR#2.+CONC(6,J)*(CONC(10,J)+2) /(HHH/2.) )
IF (ABS(—FLUXHx*2.+(CONC(10,J)#%2) /(HHH/2.) ) .GT.BIG)

1 BIG=ABS(—FLUXHx2.(CONC(10,J)+*2) /(HHH/2.))

IF (ABS(2.+DGOX(10)*(CONC(11,J+1)) /HHH*2.) .GT.BIG)

1 BIG=ABS(2.+DGOX(10) * (CONC(11,J+1)) /HHH**2.)

IF (ABS(2.xDGOX(10)*(—CONC(11,J)) /HHAx*2.) .GT.BIG)

1 BIG=ABS (2.+DGOX(10)*(—CONC(11,J) ) /HHHx**2.)

IF (ABS(2.+DGOX(11)*(CONC(12,J+1)) /HHH*2.) .GT.BIG)

1 BIG=ABS(2.*DGOX(11) x(CONC(12,J+1)) /HHH*x2.)

IF (ABS(2.+DGOX(11)*(—CONC(12,J)) /HHHx*2.) .GT.BIG)

1 BIG=ABS(2.*DGOX(11)*(—CONC(12,J)) /HHH*x2.)

IF (ABS(G(10)).LT.BIG+EBIG) G(10)=0

FOR water dissociation equilibrium ,
G(11)=equilib6 -CONC(10,J)«CONC(11,J)
B(11,10)=CONC(11,J)
B(11,11)=CONC(10,J)

BIG=ABS(equilib6)
BIG2=ABS(CONC(10,J)*CONC(11,J))

IF (BIG2.CGT.BIG) BIG=BIG2

IF (ABS(G(11)).LT.BIG*EBIG) G(11)=0

For gluconic acid dissociation equilibrium ,
G(12)=equilib7*CONC(3,J)—CONC(10,J)«CONC(12,J)
B(12,3)=—equilib7

B(12,10)=CONC(12,J)

B(12,12)=CONC(10,J)

BIG=ABS(equilib7«*CONC(3,J))

BIG2=ABS(—CONC(10,J)*CONC(12,J))
IF (BIG2.GT.BIG) BIG=BIG2
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IF (ABS(G(12)).LT.BIG+EBIG) G(12)=0

For oxidized enzyme equilibrium ,

G(13)=equilib8 *xCONC(13,J)—CONC(10,J)*CONC(2,J)

B(13,13)=—equilib8
B(13,10)=CONC(2,J)
B(13,2)=CONC(10,J)

BIG=ABS(equilib8*CONC(13,7J))
BIG2—ABS(—CONC( 10, J ) *CONC(2,J) )

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(13)).LT.BIG+EBIG) G(13)=0

For reduced enzyme equilibrium ,

G(14)=equilib9 «0ONC(4 ,J)—CONC(10,J)*CONC(14,J)

B(14,4)=—equilib9
B(14,10)=CONC(14,J)
B(14,14)=CONC(10,J)

BIG=ABS( equilib9+CONC(4,J))
BIG2=ABS(—CONC(10,J ) *CONC(14,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(14)).LT.BIG+EBIG) G(14)=0

REACTION1

G(15) —RXN(1,J)+ratefl «(CONC(1,J)«CONC(2,J)
B(15,1) fratefl*OONC(Q J)
B(15,2)=ratef1xCONC(1,J)
B(l5,7)=ratef1/equilib1

B(15,15)=

BIG=ABS(RXN(1,J))
BIG2=ABS(ratefl+*CONC(1,J)+CONC(2,J))
IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(ratefl «(CONC(7,J)/equilibl))
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(15)).LT.BIG+EBIG) G(15)=0

REACTION2
G(16)=RXN(2,J)+ratef2+«CONC(7,J)
B(16,7)=—ratef2

B(16,16)=+1

BIG=ABS (RXN(2,J))
BIG2=ABS(ratef2«CONC(7,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(16)).LT.BIGEBIG) G(16)=0

REACTIONS
G(17) —RXN(3,J)+ratef3 «(CONC(4,J)*CONC(5,J)
B(17,4)=ratef3*CONC(5,J)
B(17, 5) =ratef3+CONC(4,J)
B(17, 8)—ratef3/equ111b3
B(17,17)=

BIG=ABS (RXN(3,J))
BIG2=ABS(ratef3 «CONC(4,J)«CONC(5,J))
IF (BIG2.GT.BIG) BIG=BIG2
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621
622
623
624
625
626
627
628
629
630
631
632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659
660
661
662
663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678

C

C

217

218

212

301

BIG3=ABS(ratef3 x(CONC(8,J)/equilib3))
IF (BIG3.GT.BIG) BIG=BIG3
IF (ABS(G(17)).LT.BIG+EBIG) G(17)=0

REACTION4
G(18)=RXN(4,J)+ratef4*CONC(8,J)
B(18,8)=ratef4

B(18,18)=+1.

BIG=ABS(RXN(4,7J))

BIG2=ABS(ratef4 «CONC(8,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(18)).LT.BIG*EBIG) G(18)=0

REACTION5

G(19)=RXN(5,J)+ratef5 «CONC(9,J)—ratef5/equilib5*CONC(1,J)
B(19,1)=ratef5/equilibb

B(19,9)=ratefb

B(19,19)=+1.

BIG=ABS(RXN(5,J))
BIG2=ABS(ratef5+«CONC(9,J))

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(ratef5/equilib5«CONC(1,J))
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(19)).LT.BIG+EBIG) G(19)=0

WRITE(12,301) J, (G(K) ,K=1N)

RETURN
END

SUBROUTINE REACTION(J)

IMPLICIT DOUBLE PRECISION (A-H, O-7)

COMMON/BAB,/ A(19,19) ,B(19,19),C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
1 ,Y(19,19)

COMMON/NSN/ N, NJ

COMMON/VAR/ CONC(14,80001) ,RXN(7,80001) ,H,EBIG,HH, 1J
COMMON/VARR/ COEFFMT(13) , HHH, KJ

COMMON/POR/ DGOX(13) ,DGLM(13) ,DBULK(13)

(OMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, Current3

(OMMON/RTE/ ratefl ,equilibl ,ratef2  ratef3 ,equilib3 ,ratef4 ,ratef5 ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 ,equilib9
COMMON/BUL,/ CBULK (13) ,PARH202, PARO2, PARGLUCOSE, SOLO2, PARION , JOOUNT
COMMON/VARIN/ V,PO2, pH, GOx

COMMON/TEMP/ T

COMMON/DLT/ DELTA

FORMAT (5x,’J=" 15, 19E19.9E3)
For Beta—Glucose, being consumed only

G(1)=DGOX(1) * (CONC(1,J+1) —2.#CONC(1,J)+CONC(1,J—1)) /HHH**2.
2 IRXN(1,J)+RXN(5,J)

B(1,1)=2.xDGOX(1) /HHHx**2.
D(1,1)=DGOX(1) /HHHx**2.
A(1,1)=DGOX(1) /HHHx%2.
B(1,15)=+1.
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B(1,19)=—

BIG=ABS(DGOX(1) *(CONC(1,J+1)) /HHHx**2.)
BIG2=ABS(DGOX(1) *(—2.xCONC(1,J)) /HHHx*%2.)

IF (BIG2.GT.BIG) BIG=BIG2

BIG3=ABS(DGOX(1) *(CONC(1,J—1)) /HHHx*%2.)

IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(—RXN(l ,J) ) .GT.BIG) BIG=ABS(-RXN(1,7J))
IF (ABS(RXN(5,J)).GT.BIG) BIG=ABS(RXN(5,J))
IF (ABS(G(1)).LT.BIG+EBIG) G(1)=0

For GOx, enzyme
G(2)=RXN(1,J)+RXN(4,J)
B(2,15)=+1.

B(2,18)=—

IF (ABS(RXN(1,J)).GT.BIG) BIG=ABS(RXN(1,J))
IF (ABS(RXN(4,J)).GT.BIG) BIG=ABS(RXN(4,J))
IF (ABS(G(2)).LT.BIG+EBIG) G(2)=0

For Flux of Gluconic Acid and Gluconate Ions,

G(3)=DGOX(3) *(CONC(3,J+1) —2.*CONC(3,J)+CONC(3,J—1)) /HHH**2.
2 HRXN(2,J)

3 4DGOX(11)*(CONC(12,J+41)—2.«CONC(12,J)+CONC(12,J—1)) /HHH**2.

B(3,3)=2.«DGOX(3) /HHH=**2.
D(3,3)=DGOX(3) /HHHx*2.

A(3,3)=DGOX(3) /HHHx**2.

B(3,16)=—1.

B(3,12)=2.xDGOX(11) /HHHx*2.
D(3,12)=DGOX(11) /HHHx*2.

A(3,12)=DGOX(11) /HHH* 2.

BIG=ABS(DGOX(3) *(CONC(3,J+1)) /HHHx*2.)
BIG2=ABS (DGOX(3) *(—2.*CONC(3,J) ) /HHH*%2.)
IF (BIG2.GT.BIG) BIG=BIG2

BIG3=ABS (DGOX(3 ) * (CONC(3 ,J—1)) /HHH*2.)
IF (BIG3.GT. BIG) BIG=BIG3

IF (ABS(RXN(2,J)).GT.BIG) BIG=ABS(RXN(2,J))

BIG4=ABS(DGOX(11)*CONC(12,J+1) / (HHHx *2.) )
IF (BIG4.GT.BIG) BIG=BIG4
BIG5=ABS(DGOX(11) #( —2.xCONC(12,J) ) /HHH*2.)
IF (BIG5.GT.BIG) BIG=BIG5

BIG6=ABS (DGOX(11) % (CONC(12,J—1)) /HHH*%2.)
IF (BIG6.GT.BIG) BIG=BIG6

IF (ABS(G(3)).LT.BIG+EBIG) G(3)=0

For GOx2, enzyme

G(4)=COx

1 —CONC(2,J)—CONC(4,J)—CONC(7,J)—CONC(8,J)—CONC(13,J)—CONC(14,7J)
B(4,2)=+1.

B(4,4)=+1.

B(4,7)=+1.

B(4,8)=+1.

B(4,13)=+1.

B(4,14)=+1.

BIG=ABS(GOx)

IF (ABS(CONC(2,J)).GT.BIG) BIG=ABS(CONC(2,7]))
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IF (ABS(CONC(4,J)).GT.BIG) BIG=ABS(CONC(4,J
IF (ABS(CONC(7,J)).GT.BIG) BIG=ABS(CONC(7,J
IF (ABS(CONC(8,J)).GT.BIG) BIG=ABS(CONC(8,J
IF (ABS(CONC(13,J)).GT.BIG) BIG=ABS(CONC(13
IF (ABS(CONC(14,J)).GT.BIG) BIG=ABS(CONC(14
IF (ABS(G(4)).LT.BIG«EBIG) G(4)=0

For O2, being consumed only

G(5)=DGOX(5) *(CONC(5 ,J+1) —2.*CONC(5 ,J)+CONC(5,J—1)) /HHH* 2.

~RXN(3,1J)
B(5,5)=2.+DGOX(5) /HHHx 2.
D(5,5)=DGOX(5) /HHHx**2.
A(5,5)=DGOX(5) /HHHx**2.
B(5,17)=+1.

BIG=ABS (DGOX(5 ) *
BIG2=ABS (DGOX(5)
IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS (DGOX(5 ) *

)

IF (BIG3.GT.BIG) BIG=BIG3

(CONC(5,J+1)) /HHH=**2.)
*(—2.*CONC(5,J) ) /HHH*%2.)

(CONC(5,J—1)) /HHH*%2.)

(ABS(—RXN(3 J)) .GT.BIG) BIG=ABS(-RXN(3,J))
F (AB

S(G(5)) .LT.BIGEBIG) G(5)=0

For H202, reacting species

G(6)=DGOX(6) * (CONC(6 ,J+1) —2.%CONC(6 , J)+CONC(6 ,J—1)) /HHHx 2.

+RXN(4,1J)
B(6,6) =2.+DGOX(6) /HHHx 2.
D(6,6)=DGOX(6) /HHHxx2.
A(6,6)=DGOX(6) /HHHxx2.
B(6,18)=—1.

BIG=ABS (DGOX(6) *
BIG2=ABS (DGOX(6)
IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS (DGOX(6 )
)

IF (BIG3.GT.BIG) BIG=BIG3

(CONC(6,J+1)) /HHH*%2.)
*(—2.%*CONC(6,J) ) /HHHx**2.)

* (CONC(6 ,J—1)) /HHH*x2.)

ABS(RXN(4,J)).GT.BIG) BIG=ABS(RXN(4,J))

E ABS(G(6) ) .LT.BIG+EBIG) G(6)=0

For CX—GOx2, enzyme
G(7)=RXN(1,J)-RXN(2,J)
B(7,15)=—

B(7,16)=1.

IF (ABS(RXN(1,J)).GT.BIG) BIG=ABS(RXN
IF (ABS(RXN(2,J)).GT.BIG) BIG=ABS(RXN
)

IF (ABS(G(7)).LT.BIG*EBIG) G(7)=0
For CX—GOx, enzyme
G(8)=RXN(3,J)-RXN(4,J)
B(8,17)=-1.

B(8,18)=1

IF (ABS(RXN(3,J)).GT.BIG) BIG=ABS(RXN
IF (ABS(RXN(4,J)).GT.BIG) BIG=ABS(RXN

IF (ABS(G(8)).LT.BIG+EBIG) G(8)=0

For Alpha—Glucose,
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G(9)=DGOX(1) * (CONC(9 , J+1) —2.+CONC(9 , J)+CONC(9 ,J—1)) /HHH*%2.

—RXN(5,J)
B(9,9)=2.«DGOX(1) /HHH=**2.
D(9.,9)=DGOX(1) /HHHx 2.
A(9,9)=DGCOX(1) /HHHx 2.
B(9,19)=1+1.

BIG=ABS(DGOX(1) *(CONC(9,J+1)) /HHHx%2.)

BIG2=ABS(DGOX(1) *( —2.xCONC(9,J) ) /HHH*2.)

IF (BIG2.GT.BIG) BIG=BIG2

BIG3=ABS(DGOX(1) * (CONC(9,J—1)) /HHH# 2.)

IF (BIG3.GT.BIG) BIG=BIG3

F (ABS(—RXN(5,J)).GT.BIG) BIG=ABS(—RXN(5,J))
(ABS(G(9)) .LT.BIG*EBIG) G(9)=0

For flux of H+, OH- ions and gluconate ions,

G(10)=DGOX(9) * (CONC(10 ,J+1)—2.«CONC(10 ,J )+CONC(10,J—1))

JHHH* % 2.

—DGOX(10) % (CONC(11,J+1) —2.%CONC(11,J)+CONC(11,J 1))

JHHH 2.

—DGOX(11) *(CONC(12,J+1) —2.xCONC(12,J)+CONC(12,J 1))

JHHH* % 2.
B(10,10)=2.xDGOX(9) /HHH**2.
D(10, 10)_—DGOX( ) /HHH #2.
A(10,10)=DGOX(9) /HHHx 2.
B(10,11)=—2.+DGOX(10) /HFH* 2.
D(10,11)=DGOX(10) /HHHx 2.
A(10,11)=DGOX(10) /HHH* 2.
B(10,12)=—2.+DGOX(11) /HFHH* 2.
D(10 12):DGOX(11)/HHH**2

A( )=DGOX(11) /HHH* 2.

)
BIG=ABS(DGOX(9) * (CONC(10,J+1)) /HHH* 2. )
BIG2=ABS (DGOX(9) *(—2.*CONC(10,J) ) /HHHx%2.)
IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(DGOX(9) * (CONC(10,J—1)) /HHH*%2.)
IF (BIG3.GT.BIG) BIG=BIG3
BIGA=ABS (DGOX(10) * (CONC(11,J+1)) /HHH#2.)
IF (BIG4.GT.BIG) BIG=BIG4
BIG5=ABS(DGOX(10) *(—2.*CONC(11,J) ) /HHH*%2.)
IF (BIG5.GT.BIG) BIG=BIG5
BIG6=ABS(DGOX(10) *(CONC(11,J—1)) /HHHx**2.)
IF (BIG6.GT.BIG) BIG=BIG6
BIG7=ABS(DGOX(11) *(CONC(12,J+1)) /HHHx*2.)
IF (BIG7.GT.BIG) BIG=BIG7
BIG8=ABS(DGOX(11) *(—2.«CONC(12,J)) /HHHx*2.)
IF (BIGS.CGT.BIG) BIG=BIGS
BIG9=ABS(DGOX(11) *(CONC(12,J—1)) /HHHx**2.)
IF (BIGY.GT.BIG) BIG=BIGY
IF (ABS(G(10)).LT.BIG+EBIG) G(10)=0

FOR water dissociation equilibrium ,
G(11)=equilib6 -CONC(10,J)«CONC(11,J)
B(11,10)=CONC(11,J)
B(11,11)=CONC(10,J)

BIG=ABS(equilib6)
BIG2=ABS(CONC(10,J)*CONC(11,J))
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214

215

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(11)).LT.BIG+EBIG) G(11)=0

FOR gluconic acid dissociation equilibrium ,

G(12)=equilib7«CONC(3,J)—CONC(10,J)*CONC(12,J)

B(12,3)=equilib7
B(12,10)=CONC(12,J)
B(12,12)=CONC(10,J)

BIG=ABS( equilib7+CONC(3,J))
BIG2=ABS(—CONC(10,J) *CONC(12,J))
IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(12)).LT.BIG+EBIG) G(12)=0

For oxidized enzyme equilibrium ,

G(13)=equilib8 *xCONC(13,J)—CONC(10,J ) *CONC(2,J)

B(13,13)=equilib8
B(13,10)=CONC(2,J)
B(13,2)=CONC(10,J)

BIG=ABS(equilib8«CONC(13,J))
BIG2=ABS(—CONC(10,J)*CONC(2,J))
IF (BIG2.CGT.BIG) BIG=BIG2

IF (ABS(G(13)).LT.BIG*EBIG) G(13)=0

For reduced enzyme equilibrium ,

G(14)=equilib9 «0ONC(4 ,J)—CONC(10,J)*CONC(14,J)

B(14,4)=—equilib9
B(14,10)=CONC(14,J)
B(14,14)=CONC(10,J)

BIG=ABS(equilib9 *CONC(4,J))
BIG2=ABS(—CONC(10,J) *xCONC(14,J))
IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(14)).LT.BIG*EBIG) G(14)=0

REACTION1

G(15)=RXN(1,J)+ratefl (CONC(1,J)+CONC(2,J)

B(15,1)
B(15,2)=ratef1xCONC(1,J)
B(15,7)=ratefl /equilibl
B(15,15)=+1.

=ratefl«CONC(2,J)

BIG=ABS(RXN(1,J))

BIG2=ABS(ratefl+*CONC(1,J)+CONC(2,J))

IF (BIG2.GT.BIG) BIG=BIG2

BIG3=ABS(ratefl «(CONC(7,J)/equilibl))

IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(15)).LT.BIG*EBIG) G(15)=0

REACTION2
G(16)=RXN(2,J)+ratef2+«CONC(7,J)
B(16,7)=-ratef2

B(16,16)=+1

BIG=ABS(RXN(2,J))
BIG2=ABS(ratef2«CONC(7,J))
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911 IF (BIG2.GT.BIG) BIG=BIG2

912 IF (ABS(G(16)).LT.BIG+EBIG) G(16)=0
913
914 C REACTION3

915 216 G(17)=RXN(3,J)+ratef3 *(CONC(4,J)*CONC(5,J)—(CONC(8,J)/equilib3))

916 B(17,4)=ratef3+CONC(5,J)

917 B(17,5)=ratef3«xCONC(4,7J)

918 B(17,8)=ratef3/equilib3

919 B(17,17)=-+1.

920

921 BIG=ABS(RXN(3,J))

922 BIG2=ABS(ratef3 «CONC(4,J)+«CONC(5,J))
923 IF (BIG2.GT.BIG) BIG=BIG2

924 BIG3=ABS(ratef3 x(CONC(8,J)/equilib3))
925 IF (BIG3.GT.BIG) BIG=BIG3

926 IF (ABS(G(17)).LT.BIG+EBIG) G(17)=0
927

928 C REACTION4

929 217 G(18)=-RXN(4,J)+ratef4 xOONC(8,J)
930 B(18,8)=-ratef4

931 B(18,18)=+1.

932

933 BIG=ABS(RXN(4,7J))

934 BIG2=ABS(ratef4 «CONC(8,J))

935 IF (BIG2.GT.BIG) BIG=BIG2

936 IF (ABS(G(18)).LT.BIG+EBIG) G(18)=0
937

938 C REACTION5S

939 218 G(19)=RXN(5,J)+ratef5+«CONC(9,J)—ratef5/equilib5+«CONC(1,J)

940 B(19,1)=ratef5/equilibb

941 B(19,9)=-ratef5

942 B(19,19)=-+1.

943

944 BIG=ABS(RXN(5,J))

945 BIG2=ABS(ratef5+«CONC(9,J))

946 IF (BIG2.GT.BIG) BIG=BIG2

947 BIG3=ABS(ratef5/equilib5«CONC(1,J))
948 IF (BIG3.GT.BIG) BIG=BIG3

949 IF (ABS(G(19)).LT.BIGXEBIG) G(19)=0
950

951

952 ¢ SAVE G OUT DATA

953 212 DO 11 1=2,20
954 11 If (1.EQ.J) WRITE(12,301) J, (G(K) K=1,N)

955 IF (J.EQ.KJ/2) THEN

956 WRITE(12,301) J, (G(K) K=1,N)
957 ELSE IF (J.EQ.(KJ—1))

958 WRITE(12,301) J, (G(K) ,K=1N)
959 ELSE IF (J.EQ.(KJ—2)) THEN
960 WRITE(12,301) J, (G(K) K=1,N)
961 ELSE IF (J.EQ.(KJ—3)) THEN
962 WRITE(12,301) J, (G(K) ,K=1,N)
963 END IF

964

965 RETURN

966 END

967

968 SUBROUTINE COUPLER1(J )
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301

IMPLICIT DOUBLE PRECISION (A-H, O-Z)

COMMON/BAB/ A(19,19) ,B(19,19) ,C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
1 ,Y(19,19)

(OMMON/NSN/ N, NJ

COMMON/VAR/ CONC(14,80001) ,RXN(7,80001) ,H,EBIG,HH, 1J
(OMMON/VARR/ COEFFMT(13), HHH, KJ

(OMMON/POR/ DGOX(13) ,DGLM(13) ,DBULK(13)

(OMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, Current3

(OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratefd ,ratef5 ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 , equilib8 , equilib9
COMMON/BUL,/ CBULK(13) ,PARH202,PARO2, PARGLUCOSE, SOLO2,PARION, JCOUNT
COMMON/VARIN/ V,PO2,pH,GOx

COMMON/TEMP/ T

COMMON/DLT/ DELTA

FORMAT (5x,’J=" 15, 19E19.9E3)

DIMENSION COEFF1, COEFF3, COEFF5, COEFF6, COEFF9, COEFF10, COEFF11

COEFFIHH=DGOX (1) / (HH)
COEFFIHHH=DGOX (1) / (HHH)
COEFF3HH=DGOX (3) / (HH)
COEFF3HHH=DGOX (3 ) / (HHH)
COEFF5HH=DGOX (5 ) / (HH)
COEFF5HHH=DGOX (5 ) / (HHH)
COEFF6HH=DGOX (6 / (HH)
COEFF6HHH=DGOX (6 ) / (HHH)
COEFF9HH=DGOX (9) / (HH)
COEFFOHHH=DGOX (9 ) / (HHH)
COEFF10HH=DGOX(10) / (HH)
COEFF10HHH=DGOX(10) / (HHH)
COEFF11HH=DGOX(11) / (HH)
COEFF11HHH=DGOX(11) / (HHH)

For BETA-Glucose, being consumed only
G(1)=COEFF1HH* (CONC(1 , J—|—1)—OONC(1 J)
—COEFFlHHH*(OONC(l ,J)—CONC(1,J-1
—(HH/2.) *(RXN(1,J+1)+3.«RXN(1,J)
—(HHH/2.) *(RXN(1,J—1)+3.«RXN(1,J
+HH/2.) *«(RXN(5,J+1)+3.4«RXN(5,J)
+HHH/2.) * (RXN(5,J—1)+3.4«RXN(5,J
)=COEFF1HH+COEFFIHHH
)=—COEFF1HH
)——COEFFlHHH
5
5

)
)
) /4.
) /4.
) /4
)/

U W N~

4.

b

)+(HHH/2.) %(3./4.)

1,19

>O0W0>0m»>0W

4.
4.
RS

. i) HHH/2.) %x(3./4.)
/

—(HHH/ 2.

BIG=ABS (COEFFIHH+CONC(1 ,J+1))
BIG2=ABS (COEFFIHH+CONC(1,J) )

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(—COEFFIHHH+CONC(1,J))
IF (BIG3.GT.BIG) BIG=BIG3
BIGA=ABS(—COEFFIHHH+CONC(1,J—1))
IF (BIG4.GT.BIG) BIG=BIG4
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1084

BIG5=ABS ((HH/ 2.
IF (BIG5.GT.BIG
BIG6=ABS ((HH/2.) * (3.+RXN(1,J)) /4.)
IF (BIG6.CGT.BIG) BIG=BIG6

BIG7=ABS ((HHH/2.) *(RXN(1,J—1)/4.))
IF (BIG7.GT.BIG) BIG=BIGT

BIGS=ABS ((HHH/2.) *(3.+RXN(1,J)) /4.)
IF (BIG8.CGT.BIG) BIG=BIGS

BIGO9=ABS ((HH/2.) *(RXN(5,J+1) /4.))
IF (BIG9.CGT.BIG) BIG=BIGY
BIG10=ABS ((HH/2.) *(3.*RXN(5,J)) /4.)
IF (BIG10.GT.BIG) BIG=BIG10
BIG11=ABS ((HHH/2.)  (RXN(5,J—1) /4.))
IF (BIG11.GT.BIG) BIG=BIG11
BIG12=ABS ((HHH/2.) % (3.+«RXN(5,J)) /4.)
IF (BIG12.GT.BIG) BIG=BIG12

IF (ABS(G(1)).LT.BIG+EBIG) G(1)=0

*

(RXN(1,J+1)/4.))
BIG= BIG5

For GOx, enzyme
G(2)=RXN(1,J)+RXN(4,J)
B(2,15)=+1.

B(2,18)=—

BIG=ABS(RXN(1,J))
BIG2=ABS(RXN(4,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(2)).LT.BIG+EBIG) G(2)=0

For flux of Gluconic Acid and Gluconate ions,
G(3)=COEFF3HH:x* (CONC(3 ,J+1)—CONC(3,7J))
—COEFF3HHH*(OONC(3 J)—CONC(3,J-1)
+(HH/2.) *(RXN(2, J+1)+3 *RXN(Z J))
+(HHH/ 2. )*(RXN(Q J—1)+3.«RXN(2,J)
+COEFF11HH*(OONC(12 J+1)—-CONC(12,
—COEFFHHHH*(OONC(lQ J)—CONC(12,J
,3)=COEFF3HH+COEFF3HHH
,3):—COEFF3HH
=COEFF3HHH
)=—MHH/2.)*(3./4.)—(HHH/2.) *(3./4.)
Y——(HH/2.) +(1./4.)

)——(HHH/2.) + (1. /4.)
3,12)=COEFF11HH+COEFF11HHH
)

)

)
/4.
)[4
7))
-1))

B(3
D(3
A(3,3)
B(3,16
D(3,16
A(3,16
B(
D(3 12)=-COEFF11HH
A(3,12)=COEFF11HHH
BIG=ABS (COEFF3HH+CONC(3 , J+1))
BIG2=ABS (COEFF3HH+CONC(3 ,J ) )
IF (BIG2.CGT.BIG) BIG=BIG2
BIG3=ABS(—COEFF3HHH+CONC(3 , J ) )
IF (BIG3.GT.BIG) BIG=BIG3
BIGA=ABS(—COEFF3HHH+CONC(3 ,J—1))
IF (BIG4.GT.BIG) BIG=BIG4
BIG5=ABS ((HH/2.) *(RXN(2,J+1) /4.))
IF (BIG5.GT.BIG) BIG=BIG5
BIG6=ABS ((HH/2.) * (3.+RXN(2,J)) /4.)
IF (BIG6.GT.BIG) BIG=BIG6
BIG7=ABS ((HHH/2.) *(RXN(2,J—1) /4.))
IF (BIG7.GT.BIG) BIG=BIGT
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1085 BIG8=ABS((HHH/2.) *(3.xRXN(2,J)) /4.)

1086 IF (BIG8.GT.BIG) BIG=BIGS8

1087 BIG9=ABS(COEFF11HH+*CONC(12,J+1))

1088 IF (BIG9.GT.BIG) BIG=BIG9

1089 BIG10=ABS(COEFF11HH+«CONC(12,J))

1090 IF (BIG10.GT.BIG) BIG=BIGI10

1091 BIG11=ABS(—COEFF11HHH+CONC(12,J))

1092 IF (BIG11.GT.BIG) BIG=BIG11

1093 BIG12=ABS(—COEFF11HHH+«CONC(12,J-1))

1094 IF (BIG12.GT.BIG) BIG=BIG12

1095 IF (ABS(G(3)).LT.BIG+EBIG) G(3)=0

1096

1097 C For GOx2, enzyme

1098 G(4)=GOx

1099 1 —CONC(2,J)—CONC(4,J)—CONC(7,J)—CONC(8,J)—CONC(13,J)—CONC(14,J)
1100 B(4,2)=+1.

1101 B(4,4)=+1.

1102 B(4,7)=+1.

1103 B(4,8)=+1.

1104 B(4,13)=+1.

1105 B(4,14)=+1.

1106

1107 BIG=ABS(GOx)

1108 IF (ABS(CONC(2,J)).GT.BIG) BIG=ABS(CONC(2,J))
1109 IF (ABS(CONC(4,J)).GT.BIG) BIG=ABS(CONC(4,J))
1110 IF (ABS(CONC(7,J)).GT.BIG) BIG=ABS(CONC(7,J))
1111 IF (ABS(CONC(8,J)).GT.BIG) BIG=ABS(CONC(8,J))
1112 IF (ABS(CONC(13,J)).GT.BIG) BIG=ABS(CONC(13,J))
1113 IF (ABS(CONC(14,J)).GT.BIG) BIG=ABS(CONC(14,J))
1114 IF (ABS(G(4)).LT.BIG*EBIG) G(4)=0

1115

1116 C For O2, being consumed only

1117 G (5)=COEFF5HH* (CONC(5 ,J+1)—CONC(5,7J))

1118 1 —COEFF5HHH* (CONC(5 ,J)—CONC(5,J—1))

1119 2 —(HH/2.) *(RXN(3,J+1)+3.«RXN(3,7J)) /4.

1120 3 —(HHH/2.) *(RXN(3,J—1)+3.«RXN(3,J)) /4.

1121 B(5 ,5)=COEFF5HH+COEFF5HHH

1122 D(5,5)=COEFF5HH

1123 A(5,5)=COEFF5HHH

1124 B(5,17)=+HH/2.) *(3./4.)+HHH/2.) *(3./4.)

1125 D(5,17)=+HH/2.) x(1./4.)

1126 A(5,17)=+HHH/2.) x(1./4.)

1127

1128 BIG=ABS (COEFF5HH+CONC(5 ,J+1))

1129 BIG2=ABS(COEFF5HH+CONC(5 ,J) )

1130 IF (BIG2.GT.BIG) BIG=BIG2

1131 BIG3=ABS(—COEFF5HHH+CONC(5 ,J) )

1132 IF (BIG3.GT.BIG) BIG=BIG3

1133 BIG4=ABS(—COEFF5HHH+CONC(5 ,J—1))

1134 IF (BIG4.GT.BIG) BIG=BIG4

1135 BIG5=ABS((HH/2.) *«(RXN(3,J+1)/4.))

1136 IF (BIG5.GT.BIG) BIG=BIG5

1137 BIG6=ABS((HH/2.) «(3.*xRXN(3,J)) /4.)

1138 IF (BIG6.GT.BIG) BIG=BIG6

1139 BIG7=ABS((HHH/2.) «(RXN(3,J—1)/4.))

1140 IF (BIG7.GT.BIG) BIG=BIGT

1141 BIG8=ABS((HHH/2.) x(3.+RXN(3,J)) /4.)

1142 IF (BIG8.GT.BIG) BIG=BIGS8
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1
2

IF (ABS(G(5)).LT.BIG+EBIG) G(5)=0

For H202, reacting species

G(6)=COEFF6HH* (CONC(6 ,J+1)—CONC(6,J))
—COEFF6HHH* (CONC(6 ,J )-CONC(6,J—1))
+(HH/2.) *(RXN(4,J+1)+3.xRXN(4,J)) /4.

3 +(HHH/2) (RXN(4,J—1)+3.%RXN(4,J)) /4.

B(6 ,6)=COEFF6HH+COEFF6HHH

D(6,6)=COEFF6HH

A(6, )——COEFF6HHH

B(6,18)=—(HH/2.) %(3./4.)—(HHH/2.) *(3./4.)

D(6 18)=—(HH/2.) x(1./4.)

A(6,18)=—(HHH/2.) *(1./4.)

2

BIG=ABS (COEFF6HH+CONC(6 , J+1))
BIG2=ABS (COEFF6HH*CONC(6 ,J ) )

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(—COEFF6HHH+CONC(6 , J ) )

IF (BIG3.GT.BIG) BIG=BIG3
BIGA=ABS(—COEFFGHHH+CONC(6 ,J 1))
IF (BIG4.GT.BIG) BIG=BIG4
BIG5=ABS ((HH/2.) *(RXN(4,J+1) /4.))
IF (BIG5.CGT.BIG) BIG=BIG5
BIGG=ABS ((HH/2.) * (3.+RXN(4,J)) /4.)
IF (BIG6.CGT.BIG) BIG=BIG6
BIG7=ABS((HHH/2.) * (RXN(4,J—1) /4.))
IF (BIG7.GT.BIG) BIG=BIG7
BIGS=ABS ((HHH/2.) % (3.+RXN(4,J)) /4.)
IF (BIG8.GT.BIG) BIG=BIGS

IF (ABS(G(6)).LT.BIG+EBIG) G(6)=0

For CX—GOx2, enzyme
G(7)=RXN(1,J)-RXN(2,J)
B(7,15)=—

B(7,16)=1

IF (ABS(RXN(1,J)).GT.BIG) BIG=ABS(RXN(1,J))
IF (ABS(RXN(2,J)).GT.BIG) BIG=ABS(RXN(2,J))
IF (ABS(G(7)).LT.BIG<EBIG) G(7)=0

For CX-GOx, enzyme
G(8)=RXN(3,J)-RXN(4,J)
B(8,17)=-1.

B(8,18)=1

IF (ABS(RXN(3,J)).GT.BIG) BIG=ABS(RXN(3,J))
IF (ABS(RXN(4,J)).GT.BIG) BIG=ABS(RXN(4,J))
IF (ABS(G(8)).LT.BIG+EBIG) G(8)=0

For Alpha—Glucose ,

G(9)=COEFF1HH* (CONC(9 , J+1)-CONC(9 ,J) )
—COEFFIHHH  (CONC(9 ,J)~CONC(9,J—1))
—(HH/2.) * (RXN(5 ,J+1)+3.RXN(5 ,J) ) /4.
—(HHH,/2.) % (RXN(5 ,J—1)+3.«RXN(5,J) ) /4.

B(9 ,9)=COEFFIHH+COEFFIHHH
(9 ,9)=-COEFF1HH
9 ,9)=COEFFIHHH

> O
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B(9,19)=+(HH/2.) *(3./4.)+(HHH/2.) *(
D(9,19)=+(HH/2.) (1./4.)
A(9,19)=+HHH/2.) *(1./4.)

BIG=ABS (COEFFIHH*CONC(1 ,J+1))
BIG2=ABS (COEFFIHH+CONC(1,J ) )

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(—COEFFIHHH+CONC(1,J))

IF (BIG3.CGT.BIG) BIG=BIG3
BIG4=ABS(—COEFFIHHH*+CONC(1 ,J—1))
IF (BIG4.GT.BIG) BIG=BIG4
BIG5=ABS((HH/2.) *(RXN(5,J+1) /4.))
IF (BIG5.GT.BIG) BIG=BIG5
BIG6=ABS((HH/2.) * (3.*RXN(5,J)) /4.)
IF (BIG6.CGT.BIG) BIG=BIG6
BIG7=ABS((HHH/2.) *(RXN(5,J—1) /4.))
IF (BIG7.GT.BIG) BIG=BIG7
BIGS=ABS ((HHH/2.) * (3.*RXN(5,J)) /4.)
IF (BIG8.GT.BIG) BIG=BIGS

IF (ABS(G(9)).LT.BIG+EBIG) G(9)=0

For Flux of H+4, OH- ions and gluconate ions,

G(10)=COEFF9HH* (CONC(10 ,J+1)—CONC(10,J))
—COEFF9HHH* (CONC(10 ,J )~CONC(10,J—1))
—COEFF10HH* (CONC(11,J41)-CONC(11,J))

+COEFF10HHH * (CONC(11 ,J)~CONC(11 ,J —

1))

—COEFF11HH* (CONC(12,J+1)-CONC(12,J) )

+COEFF11HHH * (CONC(12 ,J)—CONC(12,J —

B(10,10)=COEFF9HH-+COEFFIHHH
D(10,10)=COEFF9HH
A( )=COEFF9HHH
B(10,11)=COEFF10HH-COEFF10HHH
D(10,11)=COEFF10HH
A(10,11)=COEFF10HHH
B(10,12)=—COEFF11HH-COEFF11HHH
D(lO '12)=COEFF11HH
A(10,12)=COEFF11HHH

BIG=ABS (COEFF9HH+CONC(10 ,J+1))
BIG2=ABS (COEFF9HH+CONC(10,J))

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS (COEFFOHHH+CONC(10 ,J))
IF (BIG3.GT.BIG) BIG=BIG3
BIG4=ABS (COEFF9HHH+CONC(10 ,J—1))
IF (BIG4.CGT.BIG) BIG=BIG4
BIG5=ABS (COEFF10HH+CONC(11 ,J+1))
IF (BIG5.CGT.BIG) BIG=BIG5
BIG6=ABS (COEFF10HH+CONC(11,J))
IF (BIG6.CGT.BIG) BIG=BIG6
BIG7=ABS (COEFF10HHH*CONC(11,J))
IF (BIG7.GT.BIG) BIG=BIG7
BIG8=ABS (COEFF10HHH*CONC(11,J—1))
IF (BIG8.GT.BIG) BIG=BIGS
BIG9=ABS(COEFF11HH+CONC(12 ,J+1))
IF (BIG9.GT.BIG) BIG=BIG9
BIG10=ABS (COEFF11HH*CONC(12,J))
IF (BIG10.GT.BIG) BIG=BIG10
BIG11=ABS (COEFF11HHH+CONC(12,J))
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IF (BIG11.GT.BIG) BIG=BIG11
BIG12=ABS (COEFF11HHH*CONC(12 ,J—1))
IF (BIG12.GT.BIG) BIG=BIG12
IF (ABS(G(10)).LT.BIG+EBIG) G(10)=0

FOR H+ and OH- ions equilibrium ,
G(11)=equilib6 -CONC(10,J)*CONC(11,J)
B(11,10)=CONC(11,J)
B(11,11)=CONC(10,J)

BIG=ABS(CBULK (9) *CBULK (10) )
BIG2=ABS(CONC(10,J)*CONC(11,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(11)).LT.BIG+EBIG) G(11)=0

FOR gluconic acid dissociation equilibrium ,
G(12)=equilib7«CONC(3,J)—CONC(10,J)*CONC(12,J)
B(12,3)=equilib7

B(12,10)=CONC(12,7J)

B(12,12)=CONC(10,J)

BIG=ABS( equilib7+CONC(3,J))
BIG2=ABS(—CONC(10,J)*CONC(12,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(12)).LT.BIG+EBIG) G(12)=0

For oxidized enzyme equilibrium ,
G(13)=equilib8«CONC(13,J)—CONC(10,J)*CONC(2,J)
B(13,13)=—equilib8

B(13,10)=CONC(2,J)

B(13,2)=CONC(10,J)

BIG=ABS(equilib8*CONC(13,7J))
BIG2=ABS(—CONC(10,J ) *xCONC(2,) )

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(13)).LT.BIG+EBIG) G(13)=0

For reduced enzyme equilibrium ,
G(14)=equilib9*CONC(4,J)—CONC(10,J)«CONC(14,J)
B(14,4)=—equilib9

B(14,10)=CONC(14,J)

B(14,14)=CONC(10,J)

BIG=ABS(equilib9 «*CONC(4,J))
BIG2=ABS(—CONC(10,J)*CONC(14,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(14)).LT.BIGEBIG) G(14)=0

REACTION1

G(15)=RXN(1,J)+ratefl *(CONC(1,J)*CONC(2,J)—(CONC(7,J)/equilibl))
B(15,1)=ratef1xCONC(2,J)

B(15,2)=ratef1xCONC(1,J)

B(15,7)=ratefl /equilibl

B(15,15)=-+1.

BIG=ABS(RXN(1,J))
BIG2=ABS(ratefl+*CONC(1,J)+CONC(2,J))
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1317
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5
5
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LW W W W
N ]

H(

Ne)

1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372
1373
1374

C

C

C

C

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(ratefl «(CONC(7,J)/equilibl))
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(15)).LT.BIG+EBIG) G(15)=0

REACTION2

215 G(16)=RXN(2,J)+ratef2«CONC(7,J)
B(16,7)=ratef2
B(16,16)=+1

BIG=ABS (RXN(2,J))
BIG2=ABS(ratef2«CONC(7,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(16)).LT.BIG+EBIG) G(16)=0

REACTION3
216 G(l?) —RXN(3,J)+ratef3 «(CONC(4,J)«CONC(5,J)—(CONC(8,J)/equilib3))
B(17,4)=ratef3xCONC(5,7J)
B(17,5)=ratef3«xCONC(4,7J)
B(17, 8)—ratef3/equ1hb3
B(17,17)=

BIG=ABS(RXN(3,J))

BIG2=ABS(ratef3 +«CONC(4,J)+«CONC(5,J))
IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(ratef3 x(CONC(8,J)/equilib3))
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(17)).LT.BIG+EBIG) G(17)=0

REACTION4

217 G(18)=RXN(4,J)+ratef4 «CONC(8,J)
B(18,8)=ratef4
B(18,18)=-+1.

BIG=ABS(RXN(4,J))

BIG2=ABS(ratef4 «CONC(8,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(18)).LT.BIG+EBIG) G(18)=0

REACTION5
218 G(19)=RXN(5,J)+ratef5+«CONC(9,J)—ratef5/equilib5*CONC(1,J)
B(19,1)=ratef5/equilibb
B(19,9)=ratefb
B(19,19)=+1.

BIG=ABS(RXN(5,J))
BIG2=ABS(ratef5+«CONC(9,J))

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(ratef5/equilib5«CONC(1,J))
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(19)).LT.BIG+EBIG) G(19)=0

212 WRITE(12,301) J, (G(K) ,K=1N)
RETURN
END

SUBROUTINE INNER(J)
IMPLICIT DOUBLE PRECISION (A-H, O-7)
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1.
1.
13

».«v ~.~ v\./

\l

lin
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392
1393
1394
1395
1396
1397
1398
1399

1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432

COMMON/BAB/ A(19,19) ,B(19,19) ,C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
1 ,Y(19,19)

COMMON/NSN/ N, NJ

(OMMON/VAR/ CONC(14,80001) ,RXN(7,80001) ,H,EBIG,HH, 1J
(OMMON/VARR/ COEFFMT(13), HHH, KJ

(OMMON/POR/ DGOX(13) ,DGLM(13) ,DBULK(13)

(OMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, Current3

(OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratef4 ,ratef5 ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 , equilib9
COMMON/BUL/ CBULK(13) ,PARH202,PARO2, PARGLUCOSE, SOLO2,PARION, JCOUNT
COMMON/VARIN/ V,PO2,pH,GOx

COMMON/TEMP/ T

COMMON/DLT/ DELTA

301 FORMAT (5x,’J=' 15, 19E19.9E3)

For Glucose, being consumed only
G(1)=DGOX(1) *(CONC(1,J+1)—2.*CONC(1,J)+CONC(1,J—1))/HH**2.
2 —RXN(l J)4HRXN(5,J)

B(1,1)= 2*DGOX( ) /HH* % 2.

D(1, 1)——DGOX( ) /HHx%2.

A1, )——DGOX( ) /HHx*%2.

B(l, 5)=+1

(13 ):_1

BIG=ABS(DGOX(1) *(CONC(1,J+1)) /HHx%2.)

BIG2=ABS(DGOX(1) *(—2. *OONC(l,J))/HH**2.)
BIG=BIG2

BIG3=ABS (DGOX(1) % (CONC(1,J—1)) /HH*%2.)

IF (BIG3.GT.BIG) BIG=BIG3
(ABS(—RXN(l J)) .GT.BIG) BIG=ABS(-RXN(1,J))
F (ABS(RXN(5,J)).GT.BIG) BIG=ABS(RXN(5,J))
F (ABS(G(1)).LT.BIG+EBIG) G(1)=0

) *
1
IF (BIG2.GT. BIG%
)
)

For GOx, enzyme
G(2)=RXN(1,J)+RXN(4,J)
B(2,15)=+1.

B(2,18)=—

BIG=ABS(RXN(1,J))
BIG2=ABS(RXN(4,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(2)).LT.BIG+EBIG) G(2)=0

For Flux of Gluconic Acid and Gluconate Ions,

G(3)=DGOX(3) *(CONC(3,J+1) —2.%*CONC(3,J)+CONC(3,J—1)) /HH**2.

2 4RXN(2,7J)

3 4DGOX(11) *(CONC(12,J+1)—2.«CONC(12,J)+0ONC(12,J—1)) /HHx**2.
=2.4DGOX(3) /HHx 2.

=DGOX(3) /HH* 2.

=DGOX(3) /HH* 2.

—os *DGOX(

(3
(3
(3
(3
(3 11) /HH**2.
(3 11) /HHx**2.
A(3 11) /HH**2.
BIG=ABS (DGOX(3) *(

) *(CONC(3,J+1)) /HH*%2.)
BIG2=ABS (DGOX(3)

(—2.%*CONC(3,J) ) /HHx*%2.)
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1433 IF (BIG2.GT.BIG) BIG=BIG2

1434 BIG3=ABS(DGOX(3) *(CONC(3 ,J—1)) /HHx*2.)

1435 IF (BIG3.GT. BIG) BIG=BIG3

1436 IF (ABS(RXN(2,J)).GT.BIG) BIG=ABS(RXN(2,J))
1437 IF (ABS(DGOX(ll) *CONC(12,J+41)/(HHx*2.) ) .GT.BIG)
1438 1 BIG=ABS(DGOX(11)*(CONC(12,J+1)) /HHxx2.)
1439 BIG4=ABS(DGOX(11) *(—2.«CONC(12,J) ) /HHx*2.)

1440 IF (BIG4.GT.BIG) BIG=BIG4

1441 BIG5=ABS(DGOX(11) *(CONC(12,J—1)) /HH*%2.)

1442 IF (BIG5.GT.BIG) BIG=BIG5

1443 IF (ABS(G(3)).LT.BIG+EBIG) G(3)=0

1444

1445 C For GOx2, enzyme

1446 G(4)=CGOx

1447 1 —CONC(2,J)—CONC(4,J)—CONC(7,J)—CONC(8,J)—CONC(13,J)—CONC(14,J)
1448 B(4,2)=+1.

1449 B(4,4)=+1.

1450 B(4,7)=+1.

1451 B(4,8)=+1.

1452 B(4,13)=+1.

1453 B(4,14)=+1.

1454

1455 BIG=ABS(GOx)

1456 IF (ABS(CONC(2,J)).GT.BIG) BIG=ABS(CONC(2,J))
1457 IF (ABS(CONC(4,J)).GT.BIG) BIG=ABS(CONC(4,J))
1458 IF (ABS(CONC(7,J)).GT.BIG) BIG=ABS(CONC(7,J))
1459 IF (ABS(CONC(8,J)).GT.BIG) BIG= ABS(OONC(S ,J))
1460 IF (ABS(CONC(13,J)).GT.BIG) BIG=ABS(CONC(13,J))
1461 IF (ABS(CONC(14,J)).GT.BIG) BIG=ABS(CONC(14,J))
1462 IF (ABS(G(4)).LT.BIG*EBIG) G(4)=0

1463

1464 C For O2, being consumed only

1465 G(5)=DGOX(5) *(CONC(5 ,J+1) —2.%*CONC(5 ,J)+CONC(5,J—1)) /HH**2.
1466 2 —RXN(3,7J)

1467 B(5,5)=2.«DGOX(5) /HHx**2.

1468 D(5,5)=DGOX(5) /HH* 2.

1469 A(5,5)=DGOX(5) /HH* 2.

1470 B(5,17)=+1.

1471

1472 BIG=ABS(DGOX(5) * (CONC(5 ,J+1)) /HH**2.)

1473 BIG2=ABS(DGOX(5) *( —2.*CONC(5,J) ) /HHx%2.)

1474 IF (BIG2.GT.BIG) BIG=BIG2

1475 BIG3=ABS(DGOX(5) * (CONC(5,J—1)) /HH*xx2.)

1476 IF (BIG3.GT.BIG) BIG=BIG3

1477 IF (ABS(—RXN(3,J)).GT.BIG) BIG=ABS(—RXN(3,J))
1478 IF (ABS(G(5)).LT.BIG*EBIG) G(5)=0

1479

1480 C For H202, reacting species

1481 G(6)=DGOX(6) *(CONC(6 ,J+1) —2.«CONC(6 ,J)+CONC(6 ,J—1)) /HH**2.
1482 2 4RXN(4,J)

1483 B(6,6)=2.«DGOX(6) /HHx*x*2.

1484 D(6,6)=DGOX(6) /HHx**2.

1485 A(6,6)=DGOX(6) /HHx**2.

1486 B(6,18)=-1.

1487

1488 BIG=ABS(DGOX(6) * (CONC(6 ,J+1)) /HHx%2.)

1489 BIG2=ABS (DGOX(6) *( —2.*CONC(6,J) ) /HH*%2.)

1490 IF (BIG2.GT.BIG) BIG=BIG2
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1491 BIG3=ABS(DGOX(6) * (CONC(6 ,J—1)) /HHx*2.)

1492 IF (BIG3.GT. BIG) BIG=BIG3

1493 (ABS( (4,J)).GT.BIG) BIG=ABS(RXN(4,J))

1494 F (ABS(G(6)). LT BIG*EBIG) G(6)=0

1495

1496 C For CX—GOx2, enzyme

1497 G(7)=RXN(1,J)-RXN(2,J)

1498 B(7,15)=—

1499 B(7,16)=1

1500

1501 IF (ABS(RXN(1,J)).GT.BIG) BIG=ABS(RXN(1,J))

1502 IF (ABS(RXN(2,J)).GT.BIG) BIG=ABS(RXN(2,J))

1503 IF (ABS(G(7)).LT.BIG+EBIG) G(7)=0

1504

1505 C For CX—GOx, enzyme

1506 G(8)=RXN(3,J)-RXN(4,J)

1507 B(8,17)=—-1.

1508 B(8,18)=1.

1509

1510 IF (ABS(RXN(3,J)).GT.BIG) BIG=ABS(RXN(3,J))

1511 IF (ABS(RXN(4,J)).GT.BIG) BIG=ABS(RXN(4,J))

1512 IF (ABS(G(8)).LT.BIG+EBIG) G(8)=0

1513

1514 C For Alpha—Glucose ,

1515 G(9)=DGOX(1) *(CONC(9,J+1) —2.«CONC(9,J)+CONC(9,J—1)) /HH**2.

1516 2 -RXN(5,J)

1517 B(9,9) =2.+DGOX(1) /HH**2.

1518 D(9,9)=DGOX(1) /HHx*%2.

1519 A(9,9)=DGOX(1) /HHx*x*2.

1520 B(9,19)=+1.

1521

1522 BIG=ABS(DGOX(1) *(CONC(9,J+1)) /HHx%2.)

1523 BIG2=ABS(DGOX(1) *(—2.*CONC(9,J) ) /HH*%2.)

1524 IF (BIG2.GT.BIG) BIG=BIG2

1525 BIG3=ABS (DGOX(1) * (CONC(9,J—1)) /HH*%2.)

1526 IF (BIG3.GT.BIG) BIG=BIG3

1')27 (ABS(—RXN(5 J)).GT.BIG) BIG=ABS(—RXN(5,J))
1528 F (ABS(G(9)).LT.BIG+EBIG) G(9)=0

1529

1530 C For FLUX OF H+, OH- ions and gluconate ions,
1531 G(10)=DGOX(9) *(CONC(10,J+1) —2.«CONC(10,J)+CONC(10,J—1))
1532 2 JHH* % 2.

1533 3 “DGOX(10)*(CONC(11,J+1)—2.%CONC(11,J)+CONC(11,J—1))

1534 4 JHH* % 2.

1535 5 —DGOX(11)#*(CONC(12,J+1)—2.4CONC(12,J)+CONC(12,J—1))

1536 6  /HHx2.

1537 B(10,10)=2.xDGOX(9) /HHx**2.

1538 D(10,10)=DGOX(9) /HHx*2.

1539 A(10,10)=-DGOX(9) /HHx 2.

1540 B(10,11)=—2.4DGOX(10) /HHx*2.

1541 D(10,11)=DGOX(10) /HH**2.

1542 A(lO,ll)ﬂDGOX(lO)/HH**Q.

1543 B(10,12)=—2.4DGOX(11) /HHx*2.

1544 D(10,12)=DGOX(11) /HH**2.

1545 A(10,12)=DGOX(11) /HH#*2.

1546

1547 BIG=ABS(DGOX(9) * (CONC(10,J+1)) /HH%=x2.)

1548 BIG2=ABS (DGOX(9) *(—2.*CONC(10,J) ) /HH*%2.)
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1549 IF (BIG2.GT.BIG) BIG=BIG2

1550 BIG3=ABS(DGOX(9) *(CONC(10,J—1)) /HH%*2.)
1551 IF (BIG3.GT.BIG) BIG=BIG3

1552 BIG4=ABS(DGOX(10) *(CONC(11,J+1)) /HH*x2.)
1553 IF (BIG4.GT.BIG) BIG= BIG4

1554 BIG5=ABS(DGOX(10) *(—2.«CONC(11,J)) /HHx%2.)
1555 IF (BIG5.GT.BIG) BIG=BIG5

1556 BIG6=ABS(DGOX(10) *(CONC(11,J—1)) /HH*%2.)
1557 IF (BIG6.GT.BIG) BIG=BIG6

1558 BIG7=ABS(DGOX(11) *(CONC(12,J+1)) /HH*%2.)
1559 IF (BIG7.GT.BIG) BIG=BIGT7

1560 BIG8=ABS(DGOX(11) *(—2.«CONC(12,J)) /HHx%2.)
1561 IF (BIG8.GT.BIG) BIG=BIGS8

1562 BIG9=ABS(DGOX(11) «(CONC(12,J—1)) /HHx%2.)
1563 IF (BIG9.GT.BIG) BIG=BIGY9

1564 IF (ABS(G(10)).LT.BIG+EBIG) G(10)=0

1565

1566 C FOR H+ and OH- ions equilibrium ,

1567 G(11)=equilib6 -CONC(10,J)*CONC(11,7J)

1568 B(11,10)=CONC(11,J)

1569 B(11,11)=CONC(10,J)

1570

1571

1572 BIG=ABS(equilib6)

1573 BIG2=ABS(CONC(10,J)*CONC(11,J))

1574 IF (BIG2.GT.BIG) BIG=BIG2

1575 IF (ABS(G(11)).LT.BIG+EBIG) G(11)=0

1576

1577 C FOR gluconic acid dissociation equilibrium ,
1578 G(12)=equilib7«CONC(3,J)—CONC(10, J)*OONC(lQ J)
1579 B(12,3)=—equilib7

1580 B(12.10)=CONC(12,J)

1581 B(12,12)=CONC(10,J)

1582

1583 BIG=ABS(equilib7+*CONC(3,J))

1584 BIG2=ABS(—CONC(10,J)*CONC(12,J))

1585 IF (BIG2.GT.BIG) BIG=BIG2

1586 IF (ABS(G(12)).LT.BIG+EBIG) G(12)=0

1587

1588 C For oxidized enzyme equilibrium ,

1589 G(13)=equilib8«CONC(13,J)—CONC(10,J)*CONC(2,J)
1590 B(13,13)=—equilib8

1591 B(13,10)=CONC(2,J)

1592 B(13,2)=CONC(10,J)

1593

1594 BIG=ABS(equilib8+*CONC(13,J))

1595 BIG2=ABS(—CONC(10,J)«CONC(2,J))

1596 IF (BIG2.GT.BIG) BIG=BIG2

1597 IF (ABS(G(13)).LT.BIG+EBIG) G(13)=0

1598

1599 C For reduced enzyme equilibrium ,

1600 G(14)=equilib9«CONC(4,J)—CONC(10,J)*CONC(14,J)
1601 B(14,4)=—equilib9

1602 B(14,10)=CONC(14,J)

1603 B(14,14)=CONC(10,J)

1604

1605 BIG=ABS(equilib9*CONC(4,J))

1606 BIG2=ABS(—CONC(10,J)«CONC(14,J))
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1607
1608
1609
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1613
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1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
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1628
1629
1630
1631
1632
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1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
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C

C

214

215

216

217

218

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(14)).LT.BIG+EBIG) G(14)=0

REACTION1

G(15)=RXN(1,J)+ratefl x(CONC(1,J)*CONC(2,J)
=—ratefl «CONC(2,J)

=—ratefl «CONC(1,J)

B(15,7)=ratefl /equilibl

B(15,1)
B(15,2)
E )

B(15,15)

=+1.

BIG=ABS(RXN(1,J))

BIG2=ABS(ratefl«CONC(1,J)«CONC(2,J))
IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(ratefl «(CONC(7,J)/equilibl))
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(15)).LT.BIG+EBIG) G(15)=0

REACTION2

G(16)=RXN(2,J)+ratef2 «CONC(7,J)

B(16,7)=—ratef2
—11.

B(16,16)

BIG=ABS (RXN

BIG2=ABS(ratef2+«CONC(7,J))
IF (BIG2.GT.BIG) BIG=BIG2
)) .LT.BIG+EBIG) G(16)=0

IF (ABS(

G(16

REACTION3

G(l?) —RXN(3,J)+ratef3 «(CONC(4,J)+«CONC(5,J)
B( =ratef3+CONC(5,J)

B( =ratef3+CONC(4,J)

B(17,8 —ratef3/equ1hb3
B(

17,4)
17,5)
)

17,17) =

BIG=ABS (RXN

BIG2=ABS(ratef3 +«CONC(4,J)+«CONC(5,J))
IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(ratef3 x(CONC(8,J)/equilib3))
IF (BIG3.GT.BIG) BIG=BIG3

7)) .LT.BIGEBIG) G(17)=0

IF (ABS(

G(1

REACTION4

G(18)=RXN(4,J)+ratef4 «CONC(8,J)

(2,7))

(3,7))

B(18,8)=ratef4
—41.

B(18,18)

BIG=ABS (RXN

BIG2=ABS(ratef4 «CONC(8,J))
IF (BIG2.GT.BIG) BIG=BIG2
)) .LT.BIG+EBIG) G(18)=0

IF (ABS(

G(18

REACTION5S
G(19)=RXN(5,J)+ratef5*xCONC(9,J)—ratef5/equilib5+«CONC(1,J)

B(19,1)
B(19,9)
B(19,19)

(4,7))

=ratef5/equilibb
=ratefb

=+1.

BIG=ABS (RXN

(5,J))
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1665
1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699

©

212
11

301

BIG2=ABS(ratef5+«CONC(9,J))
IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(ratef5/equilib5«CONC(1,J))
IF (BIG3.GT.BIG) BIG=BIG3
IF (ABS(G(19)).LT.BIG+EBIG) G(19)=0

SAVE G OUT DATA
DO 11 I=2,20

If (1.EQ.J) WRITE(12,301) J, (G(K),K=1N)
IF (J.EQ.1J/2) THEN
WRITE(12,301) J, (G(K) ,K=1N)
ELSE IF (J.EQ.(KJ+1))
WRITE(12,301) J, (G(K) K=1N)
ELSE IF (J.EQ.(KJ+2))
WRITE(12,301) J, (G(K) ,K=1N)
ELSE IF (J.EQ.(KJ+3))
WRITE(12,301) J, (G(K) K=1N)
ELSE IF (J.EQ.(KJ+4))
WRITE(12,301) J, (G(K) K=1N)
ELSE IF (J.EQ.(1J-1))
WRITE(12,301) J, (G(K) K=1N)
ELSE IF (J.EQ.(I1J—2)) THEN
WRITE(12,301) J, (G(K) K=1N)
ELSE IF (J.EQ.(I1J-3)) THEN
WRITE(12,301) J, (G(K) ,K=1N)
END IF

RETURN

END

SUBROUTINE COUPLER2(J)

IMPLICIT DOUBLE PRECISION (A-H, O-7)

COMMON/BAB/ A(19,19) ,B(19,19),C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
1 ,Y(19,19)

COMMON/NSN/ N, NJ

COMMON/VAR/ CONC(14,80001) ,RXN(7,80001) ,H,EBIG,HH, IJ

COMMON/VARR/ COEFFMT(13), HHH, KJ

COMMON/POR/ DGOX(13) ,DGLM(13) ,DBULK(13)

COMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, Current3

COMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratefd ,ratef5 ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 , equilib8 , equilib9
(OMMON/BUL/ CBULK(13) ,PARH202,PARO2, PARGLUCOSE, SOLO2,PARION, JCOUNT
(OMMON/VARIN/ V,PO2,pH,GOx

COMMON/TEMP/ T

COMMON/DLT/ DELTA

FORMAT (5x,’J=" 15, 19E19.9E3)

COEFFIH=DGIM(1) /H
COEFFIHH=DGOX (1) /HH
COEFF3H=DGIM(3) /H
COEFF3HH=DGOX (3 ) /HH
COEFF5H=DGIM(5) /H
COEFFSHH=DGOX (5 ) /HH
COEFF6H=DGIM(6 ) /H
COEFF6HH=DGOX (6 ) /HH
)

/
)
[
)
[
)
{
COEFF9H=DGIM(9) /H
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COEFF9HH=DGOX (9 ) /HH
COEFF10H=DGIM(10) /H
COEFF10HH=DGOX (10
COEFF11H=DGIM(11)
COEFF11HH=DGOX (11

For beta—Glucose, being consumed only
G(1)=COEFF1Hx* (CONC(1,J+1)—CONC(1,J))

1 —COEFFIHHx (CONC(1,J)-CONC(1,J-1))

9 _(HH/2.)*(RXN(1,J-1)+3.+RXN(1,J)) /4.
3 £(H/2.) *(RXN(5,J4+1)+3.#RXN(5,J)) /4.
4 4(HH/2.)*(BRXN(5,J—1)+3.+RXN(5,J)) /4.
B(1,1)=COEFFIH+COEFF1HH

D(1,1)=COEFFIH

A(1,1)=COEFF1HH

B(1,15)=+HH/2.) %(3./4.)
A(1,15)=+HH/2.) %(1./4.)
B(1,19)=—(HH/2.) #(3./4.)—(H/2.) x(3./4.)
A(1,19)=—(HH/2.) %(1./4.)

D(1,19)=—(H/2.) *(1./4.)

BIG=ABS (COEFFIH+CONC(1,1J+1))
BIG2=ABS (COEFFIH+CONC(1,1J))

IF (BIG2.CGT.BIG) BIG=BIG2
BIG5=ABS (COEFFIHH+CONC(1,1J))

IF (BIG5.GT.BIG) BIG=BIG5
BIG6=ABS (COEFFIHH+CONC(1,1J —1))
IF (BIG6.CGT.BIG) BIG=BIG6
BIG7=ABS (3 (HH/2.) *RXN(1,J) /4)
IF (BIG7.GT.BIG) BIG=BIG7
BIGS=ABS((HH/2.) sRXN(1,J—1)/4)
IF (BIGS.CGT.BIG) BIG=BIGS
BIG9=ABS (3 (HH/2.) xRXN(5,7J) /4)
IF (BIG9.CGT.BIG) BIG=BIGY
BIG10=ABS ((HH/2.) +RXN(5,J—1) /4)
IF (BIG10.GT.BIG) BIG=BIG10
BIG11=ABS ((H/2.) *RXN(5,J+1) /4.)
IF (BIG11.GT.BIG) BIG=BIG11
BIG12=ABS((H/2.) *3.+RXN(5,J) /4.)
IF (BIG12.GT.BIG) BIG=BIG12

IF (ABS(G(1)).LT.BIG<EBIG) G(1)=0

For GOx, enzyme
G(2)=RXN(1,J)+RXN(4,J)
B(2,15)=+1.

B(2,18)=—

BIG=ABS(RXN(1,J))
BIG2=ABS(RXN(4,J))
IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(2)).LT.BIG+EBIG) G(2)=0

For Gluconic Acid, being produced only

G(3)=COEFF3Hx (CONC(3,J+1)—CONC(3,J))
—COEFF3HH* (CONC(3 ,J)—CONC(3,J-1))
+HH/2.) *(RXN(2,J—1)+3.%xRXN(2,7J)) /
+COEFFH}h{CONC(12,J+1}(XEKX12 J)
—COEFF11HH* (CONC(12,J)—CONC(12,J—

=W N

4.
)
1))
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1781 B(3,3)=COEFF3H+COEFF3HH
1782 D(3,3)=COEFF3H
1783 A(3,3)=COEFF3HH
1784 B(3,16)=—MHH/2.) *(3./4.)
1785 A(3,16)=—MHH/2.) x(1./4.)
1786 B(3,12)=COEFF11H+COEFF11HH
1787 D(3 12)=—COEFF11H
1788 A(3,12)=COEFF11HH
1789
1790 BIG=ABS (COEFF3H+CONC(3 ,J+1))
1791 BIG2=ABS(COEFF3H+CONC(3 ,J) )
1792 IF (BIG2.GT.BIG) BIG=BIG2
1793 BIG3=ABS(COEFF3HH+CONC(3 ,J))
1794 IF (BIG3.GT.BIG) BIG=BIG3
1795 BIG4=ABS(COEFF3HH+CONC(3,J—1))
1796 IF (BIG4.GT.BIG) BIG=BIG4
1797 BIG5=ABS(3.x(HH/2.)«RXN(2,J) /4.)
1798 IF (BIG5.GT.BIG) BIG=BIG5
1799 BIG6=ABS((HH/2.) «*RXN(2,J-1) /4.)
1800 IF (BIG6.GT.BIG) BIG=BIG6
1801 BIG7=ABS(COEFF11H«CONC(12,J+1))
1802 IF (BIG7.GT.BIG) BIG=BIGT7
l 303 BIG8=ABS(COEFF11H+CONC(12,J))
1804 IF (BIG8.GT.BIG) BIG=BIGS8
(805 BIG9=ABS(COEFF11HH+CONC(12,J))
806 IF (BIG9.GT.BIG) BIG=BIGY9
807 BIG10=ABS(COEFF11HH+CONC(12,J—1))
IX() IF (BIG10.GT.BIG) BIG=BIG10
1809 IF (ABS(G(3)).LT.BIG*EBIG) G(3)=0
1810
1811 C For GOx2, enzyme
1812 G(4)=GOx
1813 1 —CONC(2,J)—CONC(4 ,J)—CONC(7,J)—CONC(8,J)—CONC(13,J)—CONC(14,J)
1814 B(4,2)=+1.
1815 B(4,4)=+1.
1816 B(4,7)=+1.
1817 B(4,8)=+1.
1818 B(4,13)=+1.
1819 B(4,14)=+1.
1820
1821 BIG=ABS(GOx)
1822 IF (ABS(CONC(2,J)).GT.BIG) BIG=ABS(CONC(2,J))
1823 IF (ABS(CONC(4,J)).GT.BIG) BIG=ABS(CONC(4,J))
1824 IF (ABS(CONC(7,J)).GT.BIG) BIG=ABS(CONC(7,J))
1825 IF (ABS(CONC(8,J)).GT.BIG) BIG=ABS(CONC(8,J))
1826 IF (ABS(CONC(13,J)).GT.BIG) BIG=ABS(CONC(13,J))
1827 IF (ABS(CONC(14,J)).GT.BIG) BIG=ABS(CONC(14,J))
1828 IF (ABS(G(4)).LT.BIG+EBIG) G(4)=0
1829
1830 C For O2, being consumed only
1831 G(5)=COEFF5H* (CONC(5,J+1)—CONC(5,J))
1832 1 —COEFF5HH % (CONC(5 ,J)—CONC(5,J—1))
1833 2 —(HH/2.)*(RXN(3,J-1)+3.«RXN(3,J)) /4.
1834 B(5,5)=COEFF5H+COEFF5HH
1835 D(5,5)=—COEFF5H
1836 A(5,5)=-COEFF5HH
1837 B(5,17)=HH/2.)*(3./4.)
1838 A(5,17)=HH/2.) x(1./4.)
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1839

1840 BIG=ABS (COEFF5H+CONC(5 ,1J+1))

1841 BIG2=ABS(COEFF5H+CONC(5,1J))

1842 IF (BIG2.GT.BIG) BIG=BIG2

1843 BIG5=ABS(COEFF5HH+CONC(5 ,1J))

1844 IF (BIG5.GT.BIG) BIG=BIG5

1845 BIG6=ABS (COEFF5HH+CONC(5 ,1J —1))

1846 IF (BIG6.GT.BIG) BIG=BIG6

1847 BIG7=ABS(3.x(HH/2.)«RXN(3,J) /4.)

1848 IF (BIG7.GT.BIG) BIG=BIGT7

1849 BIG8=ABS((HH/2.) «*RXN(3,J—1) /4.)

1850 IF (BIG8.GT.BIG) BIG=BIGS8

1851 IF (ABS(G(5)).LT.BIG+EBIG) G(5)=0
1852

1853 C For H202, reacting species

1854 G(6)=COEFF6H x (CONC(6 ,J+1)—CONC(6,J))
1855 1 —COEFF6HH* (CONC(6 ,J)—CONC(6 ,J—1))
1856 2 +(HH/2.) *«(RXN(4,J—1)+3.%xRXN(4,J)) /4.
1857 B(6 ,6)=COEFF6H+COEFF6HH

1858 D(6 ,6)=COEFF6H

1859 A (6 ,6)=COEFF6HH

1860 B(6,18)=—MHH/2.)*(3./4.)

1861 A(6,18)=—HH/2.) x(1./4.)

1862

1863 BIG=ABS (COEFF6H+CONC(6 ,1J+1))

1864 BIG2=ABS(COEFF6H+CONC(6 ,1J))

1865 IF (BIG2.GT.BIG) BIG=BIG2

1866 BIG5=ABS(COEFF6HH+CONC(6 ,1J))

1867 IF (BIG5.GT.BIG) BIG=BIG5

1868 BIG6=ABS (COEFF6HH+CONC(6 ,1J —1))

1869 IF (BIG6.GT.BIG) BIG=BIG6

1870 BIG7T=ABS(3.x(HH/2.)«xRXN(4,J) /4.)

1871 IF (BIG7.GT.BIG) BIG=BIGT7

1872 BIG8=ABS((HH/2.)«*RXN(4,J-1)/4.)

1873 IF (BIG8.GT.BIG) BIG=BIGS8

1874 IF (ABS(G(6)).LT.BIG+EBIG) G(6)=0
1875

1876 C For CX—GOx2, enzyme

1877 G(7)=RXN(1,J)-RXN(2,J)

1878 B(7,15)=-1.

1879 B(7,16)=1.

1880

1881 IF (ABS(RXN(1,J)).GT.BIG) BIG=ABS(RXN(1,J))
1882 IF (ABS(RXN(2,J)).GT.BIG) BIG=ABS(RXN(2,J))
1883 IF (ABS(G(7)).LT.BIG*EBIG) G(7)=0
1884

1885 C For CX—GOx, enzyme

1886 G(8)=RXN(3,J)-RXN(4,J)

1887 B(8,17)=-1.

1888 B(8,18)=L1.

1889

1890 IF (ABS(RXN(3,J)).GT.BIG) BIG=ABS(RXN(3,J))
1891 IF (ABS(RXN(4,J)).GT.BIG) BIG=ABS(RXN(4,J))
1892 IF (ABS(G(8)).LT.BIG+EBIG) G(8)=0
1893

1894 C For Alpha—Glucose ,

1895 G(9)=COEFF1Hx* (CONC(9,J+1)—CONC(9,7J))
1896 1 —COEFF1HH* (CONC(9,J)—CONC(9,J-1))

172



1897 2 —H/2.)*(RXN(5,J+1)+3.«RXN(5,J)) /4.
1898 3 —HH/2.) *(RXN(5,J—-1)+3.%RXN(5,J)) /4
1899 B(9,9)=COEFF1H+COEFF1HH

1900 D(9,9)=COEFF1H

1901 A(9,9)=COEFFIHH

1902 B(9,19)=4+MHH/2.) x(3./4.)+H/2.)*(3./4.)
1903 A(9,19) =+HH/2.) *(1./4.)

1904 D(9,19)=+H/2.)*(1./4.)

1905

1906 BIG=ABS(COEFF1H+CONC(9 ,1J+1))

1907 BIG2=ABS(COEFF1H+CONC(9,1J))

1908 IF (BIG2.GT.BIG) BIG=BIG2

1909 BIG3=ABS(COEFF1HH+CONC(9,1J))

1910 IF (BIG3.GT.BIG) BIG=BIG3

1911 BIG4=ABS(COEFF1HH+CONC(9 ,1J —1))

1912 IF (BIG4.GT.BIG) BIG=BIG4

1913 BIG5=ABS(3+(HH/2.) xRXN(5,J) /4)

1914 IF (BIG5.GT.BIG) BIG=BIG5

1915 BIG6=ABS((HH/2.) «RXN(5,J—1)/4)

1916 IF (BIG6.GT.BIG) BIG=BIG6

1917 BIG7=ABS((H/2.) «RXN(5,J+1)/4)

1918 IF (BIG7.GT.BIG) BIG=BIGT7

1919 BIG8=ABS((H/2.) *3.xRXN(5,J) /4.)

1920 IF (BIG8.GT.BIG) BIG=BIGS8

1921 IF (ABS(G(9)).LT.BIG+EBIG) G(9)=0

1922

1923 C For Flux of H+, OH- ions and gluconate ions,
1924 G(10)=COEFF9H+ (CONC(10,J+1)—CONC(10,J))

1925 1 —COEFF9HHx(CONC(10,J)—CONC(10,J—1))
1926 2 —COEFF10H*(CONC(11,J+1)-CONC(11,J))
1927 3 +COEFF10HHx(CONC(11,J)-CONC(11,J—1))
4
5

1928 —COEFF11H# (CONC(12,J41)-CONC(12,J))
1929 +COEFF11HHx (CONC(12,J)—CONC(12,J-1))
1930 B(10,10)=COEFF9H+COEFF9HH

1931 D(10,10)=COEFF9H

1932 A(10,10)=COEFF9HH

1933 B(10,11)=COEFF10H-COEFF10HH
1934 D(10,11)=COEFF10H

1935 A(10,11)=COEFF10HH

1936 B(10,12)=COEFF11H-COEFF11HH

1937 D(10,12)=COEFF11H

1938 A(10,12)=COEFF11HH

1939

1940 BIG=ABS (COEFF9H*CONC(10,J+1))
1941 BIG2=ABS (COEFF9H*CONC(10 ,J ) )

1942 IF (BIG2.GT.BIG) BIG=BIG2

1943 BIG3=ABS (COEFF9HH+CONC(10,J))
1944 IF (BIG3.CGT.BIG) BIG=BIG3

1945 BIG4=ABS (COEFF9HH+CONC(10 ,J—1))
1946 IF (BIG4.GT.BIG) BIG=BIG4

1947 BIG5=ABS(COEFF10H+CONC(11,J+1))
1948 IF (BIG5.GT.BIG) BIG=BIG5

1949 BIG6=ABS (COEFF10H+CONC(11,J))
1950 IF (BIG6.CGT.BIG) BIG=BIG6

1951 BIG7=ABS (COEFF10HH+CONC(11,J—1))
1952 IF (BIG7.GT.BIG) BIG=BIG7

1953 BIG8=ABS (COEFF10HH+CONC(11,J))
1954 IF (BIGS.CGT.BIG) BIG=BIGS

173



1955 BIG9=ABS (COEFF11H+CONC(12 ,J+1))

1956 IF (BIG9.GT.BIG) BIG=BIGY9

1957 BIG10=ABS(COEFF11H+CONC(12,J))

1958 IF (BIG10.GT.BIG) BIG=BIG10

1959 BIG11=ABS(COEFF11HH+«CONC(12,J-1))
1960 IF (BIG11.GT.BIG) BIG=BIG11

1961 BIG12=ABS (COEFF11HH+CONC(12,J))

1962 IF (BIG12.GT.BIG) BIG=BIGI12

1963 IF (ABS(G(10)).LT.BIG*EBIG) G(10)=0
1964

1965 C FOR H+ and OH- ions equilibrium ,
1966 G(11)=equilib6 -CONC(10,J)«CONC(11,J)
1967 B(11,10)=CONC(11,J)

1968 B(11,11)=CONC(10,J)

1969

1970

1971 BIG=ABS(equilib6)

1972 BIG2=ABS(CONC(10,J)«CONC(11,J))

1973 IF (BIG2.GT.BIG) BIG=BIG2

1974 IF (ABS(G(11)).LT.BIG*EBIG) G(11)=0
1975

1976 C FOR gluconic acid dissociation equilibrium ,
1977 G(12)=equilib7«CONC(3,J)—CONC(10,J)*CONC(12,J)
1978 B(12,3)=—equilib7

1979 B(12,10)=CONC(12,J)

1980 B(12,12)=CONC(10,J)

1981

1982 BIG=ABS(equilib7*CONC(3,J))

1983 BIG2=ABS(—CONC(10,J)«CONC(12,J))

1984 IF (BIG2.GT.BIG) BIG=BIG2

1985 IF (ABS(G(12)).LT.BIG*EBIG) G(12)=0
1986

1987 C For oxidized enzyme equilibrium ,
1988 G(13)=equilib8«CONC(13,J)—CONC(10,J)*CONC(2,J)
1989 B(13,13)=—equilib8

1990 B(13,10)=CONC(2,J)

1991 B(13,2)=CONC(10,J)

1992

1993 BIG=ABS(equilib8*CONC(13,J))

1994 BIG2=ABS(—CONC(10,J)«CONC(2,J))

1995 IF (BIG2.GT.BIG) BIG=BIG2

1996 IF (ABS(G(13)).LT.BIG*EBIG) G(13)=0
1997

1998 C For reduced enzyme equilibrium ,

1999 G(14)=equilib9 «CONC(4,J)—CONC(10,J)*CONC(14,J)
2000 B(14,4)=equilib9

2001 B(14,10)=CONC(14,J)

2002 B(14,14)=CONC(10,J)

2003

2004 BIG=ABS(equilib9*CONC(4,J))

2005 BIG2=ABS(—CONC(10,J)*CONC(14,J))

2006 IF (BIG2.GT.BIG) BIG=BIG2

2007 IF (ABS(G(14)).LT.BIG+EBIG) G(14)=0
2008

2009 C REACTION1

2010 214 G(15)=RXN(1,J)4ratefl «(CONC(1,J)*CONC(2,J)—(CONC(7,J)/equilibl))
2011 B(15,1)=ratefl«CONC(2,J)

2012 B(15,2)=ratef1+CONC(1,J)
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2013 B(15,7)=ratefl /equilibl

2014 B(15,15)=+1

2015

2016 BIG=ABS(RXN(1,J))

2017 BIG2=ABS(ratefl «CONC(1,J)«CONC(2,J))
2018 IF (BIG2.GT.BIG) BIG=BIG2

2019 BIG3=ABS(ratefl «(CONC(7,J)/equilibl))
2020 IF (BIG3.GT.BIG) BIG=BIG3

2021 IF (ABS(G(15)).LT.BIG+EBIG) G(15)=0
2022

2023 C REACTION2

2024 215 G(16)=RXN(2,J)+ratef2*CONC(7,J)

2025 B(16,7)=ratef2

2026 B(16,16)=

2027

2028 BIG=ABS(RXN(2,J))

2029 BIG2=ABS(ratef2+CONC(7,J))

2030 IF (BIG2.GT.BIG) BIG=BIG2

2031 IF (ABS(G(16)).LT.BIG«EBIG) G(16)=0
2032

2033 C REACTION3

2034 216 G(17) —RXN(3,J)+ratef3 «(CONC(4,J)+*CONC(5,J)—(CONC(8,J)/equilib3))

2035 B(17,4)=ratef3*CONC(5,J)

2036 B(17, 5) =ratef3xCONC(4,J)

2037 B(17, 8)fratef3/equ111b3

2038 B(17,17)=

2039

2040 BIG=ABS(RXN(3,J))

2041 BIG2=ABS(ratef3*CONC(4,J)«CONC(5,J))
2042 IF (BIG2.GT.BIG) BIG=BIG2

2043 BIG3=ABS(ratef3 x(CONC(8,J)/equilib3))
2044 IF (BIG3.GT.BIG) BIG=BIG3

2045 IF (ABS(G(17)).LT.BIG+EBIG) G(17)=
2046

2047 C REACTION4

2048 217 G(18)=RXN(4,J)+ratef4+CONC(8,J)
2049 B(18,8)=ratef4

2050 B(18,18)=+1

2051

2052 BIG=ABS(RXN(4,J))

2053 BIG2=ABS(ratef4 «CONC(8,J))

2054 IF (BIG2.GT.BIG) BIG=BIG2

2055 IF (ABS(G(18)).LT.BIG+EBIG) G(18)=0
2056

2057 C REACTION5S

2058 218 G(19)=RXN(5,J)+ratef5+*CONC(9,J)—ratef5/equilib5*xCONC(1,J)
2059 B(19,1)=ratef5/equilibb

2060 B(19,9)=ratefb

2061 B(19,19)=

2062

2063 BIG=ABS(RXN(5,J))

2064 BIG2=ABS(ratef5+«CONC(9,J))

2065 IF (BIG2.GT.BIG) BIG=BIG2

2066 BIG3=ABS(ratef5/equilib5«CONC(1,J))
2067 IF (BIG3.GT.BIG) BIG=BIG3

2068 IF (ABS(G(19)).LT.BIG+EBIG) G(19)=0
2069

2070
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212 WRITE(12,301) J, (G(K) ,K=1N)
RETURN
END

SUBROUTINE OUTER(J)

IMPLICIT DOUBLE PRECISION (A-H, O-7)

COMMON/BAB/ A(19,19) ,B(19,19),C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
1 ,Y(19,19)

(OMMON/NSN/ N, NJ

COMMON/VAR/ CONC(14,80001) ,RXN(7,80001) ,H,EBIG,HH, IJ
COMMON/VARR/ COEFFMT(13), HHH, KJ

COMMON/POR/ DGOX(13) ,DGIM(13) ,DBULK(13)

COMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, Current3

COMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratefd ,ratefs ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 , equilib9
(OMMON/BUL/ CBULK(13) ,PARH202,PARO2, PARGLUCOSE, SOLO2,PARION,JCOUNT
(OMMON/VARIN/ V,PO2,pH,GOx

COMMON/TEMP/ T

(OMMON/DLT/ DELTA

301 FORMAT (5x,’J=’ 15, 19E19.9E3)
For Beta—Glucose, being consumed only

G(1)=DGIM(1) *(CONC(1,J+1) —2.4«CONC(1,J)+CONC(1,J—1)) /Hx2.
1 4RXN(5,J

B(1,1)=2.«DGLM(1) /Hxx2.
D(1,1)=DGIM(1) /Hxx*2.
A(1,1)=DGIM(1) /Hxx*2.
B(1,19)=—1.

BIG=ABS(DGLM(1)
BIG2=ABS (DGLM( 1
IF (BIG2.GT.BIG
BIG3=ABS(DGLM(1) *(CONC(1,J—1)) /Hxx2.)
IF (BIG3.GT.BIG) BIG=BIG3
BIG4=ABS(RXN(5,J))

IF (BIG4.GT.BIG) BIG=BIG4

IF (ABS(G(1)).LT.BIG+EBIG) G(1)=0

*(CONC(1,J+1)) /Hxx2.)

)*(—2.xCONC(1,J)) /Hx*%2.)
) BIG=BIG2
)
)

For GOx, enzyme
G(2)=CONC(2,J)
B(2,2)=-1.

BIG=ABS(CONC(2,J))
IF (ABS(G(2)).LT.BIG+EBIG) G(2)=0

For FLUX OF Gluconic Acid AND GLUCONATE IONS
G(3)=DGIM(3) x(CONC(3,J+1) —2.«CONC(3 ,J)+CONC(3 ,J—1)) /Hx*2.
1 4DGIM(11)*(CONC(12,J+1)—2.*CONC(12,J)+CONC(12,J—1)) /Hx=2.

B(3,3)=2.«DGLM(3) /Hx**2.
D(3.3)=DGIM(3) /H**2.
A(3.3)=DGIM(3) /Hx*2.
B(3,12)=2.+DGIM(11) /Hx#2.
D(3,12)=DCIM(11) /Hx*2
A(3,12)=DCIM(11) /Hx*2

BIG=ABS (DGIM(3

) *(CONC(3,J+1)) /Hx%2.)
BIG2=ABS (DGLM(3) *

(—2.%«CONC(3,J)) /Hx%2.)
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C

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(DGLM(3) % (CONC(3,J—1)) /Hxx%2.)

IF (BIG3.GT. BIG) BIG=BIG3
BIG4=ABS(DGLM(11) *(CONC(12,J+1)) /H*%2.)
IF (BIG4.GT.BIG) BIG=BIG4
BIG5=ABS(DGIM(11) *(—2.«CONC(12,J)) /Hx**2.)
IF (BIG5.GT.BIG) BIG=BIG5
BIG6=ABS(DGLM(11) *(CONC(12,J—1)) /Hx%2.)
IF (BIG6.GT.BIG) BIG=BIG6

IF (ABS(G(3)).LT.BIG+EBIG) G(3)=0

For GOx2, enzyme
G(4)=CONC(4,J)
B(4,4)=-1.

BIG=ABS(CONC(4,J))
IF (ABS(G(4)).LT.BIG+EBIG) G(4)=0

For O2, being consumed only

G(5)=DGIM(5) *(CONC(5 ,J+1) —2.*CONC(5 ,J )+CONC(5,J—1)) /Hx*2.
B(5,5)=2.«DGILM(5) /Hx*2.

)=DGIM(5) /Hxx2.

)=DGIM(5) /Hxx2.

BIG=ABS (DGIM(5) )
BIG2=ABS (DGLM(5 ) * (—2.xCONC(5
IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS (DGLM(5 ) % (CONC(5 ,J—1)) /Hx%2.)
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(5)).LT.BIG+EBIG) G(5)=0

(CONC(5,J+1)) /Hx%2.)
* ,J)) /Hx%2.)

For H202, reacting species

G(6)=DGIM(6) x (CONC(6 ,J+1) —2.+«CONC(6 ,J )+CONC(6 ,J—1)) /Hx**2.
B(6,6)=2.xDGLM(6) /Hxx2.

D(6,6)=DGIM(6) /Hxx2.

A(6,6)=DGIM(6) /Hxx2.

BIG=ABS (DGIM(6)  (CONC(6 ,J+1)) /Hx*2.)
BIG2=ABS (DGLM(6 ) *( —2.+CONC(6,J) ) /H#%2.)
IF (BIG2.GT.BIG) BIG=BIG2

BIG3=ABS (DGIM(6 ) * (CONC(6 ,J—1)) /Hx%2.)
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(6)).LT.BIG+EBIG) G(6)=0

For CX—GOx2, enzyme complex
G(7)=CONC(7,J)
B(7,7)=—

BIG=ABS (CONC(7,J))
IF (ABS(G(7)).LT.BIG+EBIG) G(7)=0

For CX—GOx, enzyme complex
G(8)=CONC(8,J)
B(8,8)=-1.

BIG=ABS(CONC(8,J))
IF (ABS(G(8)).LT.BIG+EBIG) G(8)=0
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2187 C For Alpha—Glucose ,

2188 G(9)=DGIM(1) *(CONC(9,J+1)—2.«CONC(9 ,J )+CONC(9 ,J—1)) /H**2.
2189 1 —RXN(5,J)

2190 B(9,9)=2.«DGLM(1) /Hx*2.

2191 D(9,9)=DGIM(1) /Hxx2

2192 A(9,9)=DGIM(1) /Hx%2

2193 B(9,19)=+1.

2194

2195 BIG=ABS(DGLM(1) *(CONC(9,J+1)) /Hx*2.)

2196 BIG2=ABS(DGLM(1) *( —2. *OONC( ,J)) /Hx%2.)
2197 IF (BIG2.GT.BIG) BIG=BIG2

2198 BIG3=ABS(DGLM(1) % (CONC(9,J—1)) /Hxx2.)

2199 IF (BIG3.GT.BIG) BIG=BIG3

2200 BIG4=ABS(—RXN(5,J))

2201 IF (BIG4.GT.BIG) BIG=BIG4

2202 IF (ABS(G(9)).LT.BIG+EBIG) G(9)=0

2203

2204 C For Flux of H+, OH- ions and gluconate ions,
2205 G(10)=DGIM(9) *(CONC(10,J+1)—2.*CONC(10,J)+CONC(10,J-1))
2206 2 /Hx%2.

2207 3 —DGIM(10) *(CONC(11,J+1)—2.«CONC(11,J)+CONC(11,J—1)) /Hx*2.
2208 4  -DGIM(11)*(CONC(12,J+4+1)—2.#CONC(12,J)+CONC(12,J-1))
2209 5 J/Hxx2.

2210 B(10,10)=2.+«DGIM(9) /Hx**2.

2211 D(10,10)=DGIM(9) /Hx*2.

2212 A(10,10)=DGLM(9) /Hx*2.

2213 B(10,11)=-2. *DGI.M(lO)/H**2

2214 D(10,11)=DGLM(10) /Hx*2.

2215 A(10,11)=DGIM(10) /Hx**2.

2216 B(10,12)=—2.4«DGLM(11) /Hx*2.

2217 D(lO 12)=DGIM (11)/H**2

2218 A(10,12)=DGIM(11) /Hx*2.

2219

2220 BIG=ABS(DGLM(9) * (CONC(10,J+1)) /Hx%2.)

2221 BIG2=ABS(DGIM(9) *( —2.xCONC(10,J) ) /Hxx2.)
2222 IF (BIG2.GT.BIG) BIG=BIG2

2223 BIG3=ABS(DGLM(9) *(CONC(10,J—1)) /Hx*2.)
2224 IF (BIG3.GT. BIG) BIG=BIG3

2225 BIG4=ABS(DGLM(10) x (CONC(11,J+1)) /Hx*2.)
2226 IF (BIG4.GT. BIG) BIG=BIG4

2227 BIG5=ABS(DGLM(10) *(—2.*CONC(11,J) ) /Hxx%2.)
2228 IF (BIG5.GT. BIG) BIG=BIG5

2229 BIG6=ABS(DGLM(10) *(CONC(11,J—1)) /Hxx2.)
2230 IF (BIG6.GT. BIG) BIG=BIG6

2231 BIG7T=ABS(DGLM(11) *(CONC(12,J+1)) /Hxx2.)
2232 IF (BIG7.GT.BIG) BIG=BIGT7

2233 BIG8=ABS(DGIM(11) *( —2.xCONC(12,J)) /Hxx2.)
2234 IF (BIGS.GT. BIG) BIG=BIGS8

2235 BIG9=ABS(DGIM(11) x(CONC(12,J—1)) /Hx*2.)
2236 IF (BIG9.GT.BIG) BIG=BIGY9

2237 IF (ABS(G(10)).LT.BIG+EBIG) G(10)=0

2238

2239 C FOR H+ and OH- ions equilibrium ,

2240 G(11)=equilib6 CONC(10,J)*CONC(11,J)

2241 B(11,10)=CONC(11,J)

2242 B(11,11)=CONC(10,J)

2243

2244
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2245 BIG=ABS(equilib6)

2246 BIG2=ABS(CONC(10,J)*CONC(11,J))

2247 IF (BIG2.GT.BIG) BIG=BIG2

2248 IF (ABS(G(11)).LT.BIG*EBIG) G(11)=0
2249

2250 C FOR gluconic acid dissociation equilibrium ,
2251 G(12)=equilib7«CONC(3,J)—CONC(10,J)*CONC(12,J)
2252 B(12,3)=—equilib7

2253 B(12,10)=CONC(12,7J)

2254 B(12,12)=CONC(10,J)

2255

2256 BIG=ABS(equilib7*CONC(3,J))

2257 BIG2=ABS(—CONC(10,J)*CONC(12,J))
2258 IF (BIG2.GT.BIG) BIG=BIG2

2259 IF (ABS(G(12)).LT.BIG+EBIG) G(12)=0
2260

2261 C For oxidized enzyme equilibrium ,
2262 G(13)=CONC(13,7J)

2263 B(13,13)=-1.

2264

2265 BIG=ABS(CONC(13,7J))

2266 IF (ABS(G(13)).LT.BIG*EBIG) G(13)=0
2267

2268 C For reduced enzyme equilibrium ,
2269 G(14)=CONC(14,J)

2270 B(14,14)=-1.

2271

2272 BIG=ABS(CONC(14,J))

2273 IF (ABS(G(14)).LT.BIG*EBIG) G(14)=0
2274

2275 C For Reaction 1 Enzymatic Catalysis
2276 G(15)=RXN(1,J)

2277 B(15,15)=—

2278

2279 BIG= ABS( (1,J))

2280 IF (ABS(G(15)).LT.BIG+EBIG) G(15)=0
2281

2282 C For Reaction 2

2283 G(16)=RXN(2,J)

2284 B(16,16)=—

2285

2286 BIG= ABS( (2,J

2287 IF (ABS(G(16)).LT.BIG*EBIG) G(16)=0
2288

2289 C For Reaction 3 Meditation/regeneration
2290 G(17)=RXN(3,J)

2291 B(17,17)=—

2292

2293 BIG=ABS(RXN(3,J))

2294 IF (ABS(G(17)).LT.BIG+EBIG) G(17)=0
2295

2296 C For Reaction 4

2297 G(18)=RXN(4,J)

2298 B(18,18)=—

2299

2300 BIG= ABS( (4,1))

2301 IF (ABS(G(18)).LT.BIG*EBIG) G(18)=0
2302
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2328
2329
2330
2331
2332
2333
2334
2335
2336
2337
2338
2339
2340
2341
2342
2343
2344
2345
2346
2347
2348
2349
2350
2351

REACTION5
G(19)=RXN(5,J)+ratef5*xCONC(9,J)—ratef5/equilib5+«CONC(1,J)

B(19,1)=ratef5/equilibb
B(19,9)=-ratefb
B(19,19)=-+1.

BIG=ABS(RXN(5,J))
BIG2=ABS(ratef5«CONC(9,J))

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS(ratef5/equilib5«CONC(1,J))
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(19)).LT.BIG+EBIG) G(19)=0

SAVE G OUT DATA

IF (J.EQ.(1J+(NJ-1J)/2)) THEN
WRITE(12,301) J, (G(K),K=1,N)
ELSE IF (J.EQ.(NJ—1)) THEN
WRITE(12,301) J, (G(K) ,K=1N)
ELSE IF (J.EQ.(IJ+1))
WRITE(12,301) J, (G(K) ,K=1N)
END IF

RETURN

END

SUBROUTINE BCNJ(J)

IMPLICIT DOUBLE PRECISION (A-H, O-Z)

(OMMON/BAB/ A(19,19) ,B(19,19) ,C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
1 ,Y(19,19)

(OMMON/NSN/ N, NJ

(OMMON/VAR/ CONC(14,80001) ,RXN(7,80001) ,H,EBIG,HH, 1J
(OMMON/VARR/ COEFFMT(13), HHH, KJ

(OMMON/POR/ DGOX(13) ,DGLM(13) ,DBULK(13)

COMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, Current3

COMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratefd  ratefs |
1 equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 , equilib9
COMMON/BUL/ CBULK(13) ,PARH202,PARO2,PARGLUCOSE, SOLO2,PARION, JCOUNT
COMMON/VARIN/ V,PO2,pH,GOx

COMMON/TEMP/ T

COMMON/DLT/ DELTA

301 FORMAT (5x,’J=" 15, 19E19.9E3)

For Beta—Glucose, being consumed only

G(1)=COEFFMT (1) %

1 (CONC(1, J)/PARGLUCOSE—CBULK( )*equilib5/(1+equilib5))/(H/2.)
2 —DGIM( 1 ) (CONC(1,J)—CONC(1 1)) /(Hxx2./2.)

3 +(3.%xRXN(5, J)—i—RXN(5 J— 1))/4
)i}OEFPMT(l)/PARGLUCOSE/(H/Q.)%—DG[M(l)/(H**2./2.)

BIG=ABS (COEFFMT (1) «CONC(1,J) /PARGLUCOSE/(H/2.) )
BIG2=ABS(COEFFMT (1) *CBULK(1) xequilib5 /(1+equilib5) /(H/2.))
IF (BIG2.GT.BIG) BIG=BIG2

BIG3=ABS(DGILM(1) *(CONC(1,J)) /(Hx%2./2.))
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IF (BIG3.GT.BIG) BIG=BIG3

BIG4=ABS (DGLM( 1) % (CONC(1,J—1)) /(H*%2./2.))
IF (BIG4.GT.BIG) BIG=BIG4

BIG5=ABS (3.+RXN(5,J) /4.)

IF (BIG5.GT.BIG) BIG=BIG5
BIG6=ABS(RXN(5,J—1)/4.)

IF (BIG6.GT.BIG) BIG=BIG6

IF (ABS(G(1)).LT.BIG+EBIG) G(1)=0

For GOx, enzyme
G(2)=CONC(2,J)
B(2,2)=-1.

BIG=ABS(CONC(2,J))
IF (ABS(G(2)).LT.BIG+EBIG) G(2)=0

For Gluconic Acid and Gluconic Ion boundary condition is,
G(3)=COEFFMT(3) *CONC(3,J) /PARGLUCOSE/ (H/2.)
—DGIM(3) /(Hx%2./2.) *(CONC(3,J)-CONC(3,J—1))
—COEFFMT (11) «*CONC(12,J) /PARGLUCOSE/ (H/2.)

—DGIM(11) *(CONC(12,J)—CONC(12,J—1)) / (H**2./2.)
B(3,3)=COEFFMT(3) /PARGLUCOSE/ (H/2.)+DGIM(3) / (Hx%2./2.)
A(3,3)=DGIM(3) /(Hx%2./2.)

B(3,12)=COEFFMT(11) /PARGLUCOSE/ (H/2.)+DGIM(11) / (H*%2./2.)
A(3,12)=DGIM(11) /(Hxx2./2.)

BIG=ABS (COEFFMT(3) *CONC(3 ,J ) /PARGLUCOSE/ (H/2.) )
BIG2=ABS (DGLM(3) % (CONC(3,J)) /(Hx%2./2.))

IF (BIG2.GT.BIG) BIG=BIG2

BIG3=ABS (DGIM(3) % (CONC(3,J—1)) /(H*%2./2.))

IF (BIG3.GT.BIG) BIG=BIG3

BIG4=ABS (COEFFMT(11) *CONC(12 ,J ) /PARGLUCOSE/ (H/2.) )
IF (BIG4.GT.BIG) BIG=BIG4

BIG5=ABS(DGIM(11) *(CONC(12,J)) /(H**2./2.))

IF (BIG5.CGT.BIG) BIG=BIG5

BIG6=ABS(DGIM(11) (CONC(12,J—1)) /(H*%2./2.))
IF (BIG6.CGT.BIG) BIG=BIG6

IF (ABS(G(3)).LT.BIG+EBIG) G(3)=0

For GOx2, enzyme
G(4)=CONC(4,J)
B(4,4)=-

BIG=ABS(CONC(4,J))
IF (ABS(G(4)).LT.BIG+EBIG) G(4)=0

For O2, being consumed only
G(5)=COEFFMT (5) *(CONC(5 ,J) /PARO2-CBULK(5) ) /(H/2.)
—DGIM(5) *(CONC(5,J)—CONC(5,J—1)) /(H*%2./2.)
B(5,5)=COEFFMT(5) /PARO2/(H/2.)4DGLM(5) / (H*x2./2.)

A(5,5)=DGIM(5) /(Hx*2./2.)

BIG=ABS(COEFFMT(5) «CONC(5 ,J ) /PARO2/(H/2.) )
BIG2=ABS(COEFFMT(5) «CBULK (5) /(H/2.))

IF (BIG2.GT.BIG) BIG=BIG2

BIG3=ABS(DGLM(5) * (CONC(5,J) ) /(Hx%2./2.))
IF (BIG3.GT.BIG) BIG=BIG3

BIG4=ABS(DGLM(5) % (CONC(5,J—1)) /(Hx%2./2.))
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3 4DGIM(10) /(H*#2./2.) (CONC(11,J)—CONC(11, 3_1)

IF (BIG4.GT.BIG) BIG=BIG4
IF (ABS(G(5)).LT.BIG+EBIG) G(5)=0

For H202, reacting species
G(6)=COEFFMT (6) *CONC(6 ,J) /PARH202/(H/2.)-DGLM(6) *
1 (CONC(6,J)—CONC(6,J—1)) /(Hx%2./2.)
B(6,6)=COEFFMT(6) /PARH202/(H/2.)4DGIM(6) / (Hx*2./2.)
A(6,6)=DGIM(6) /(Hx*2./2.)

BIG=ABS (COEFFMT (6 ) *CONC(6 ,J ) /PARH202/ (H/2.))
BIG2=ABS (DGLM(6) % (CONC(6 ,J)) /(Hx*2./2.))

IF (BIG2.GT.BIG) BIG=BIG2

BIG3=ABS (DGLM(6 )  (CONC(6 ,J—1)) / (H*%2./2.))
IF (BIG3.GT.BIG) BIG=BIG3

IF (ABS(G(6)).LT.BIG+EBIG) G(6)=0

For CX—GOx2, enzyme complex
G(7)=CONC(7,J)
B(7,7)=—

BIG=ABS(CONC(7,J))
IF (ABS(G(7)).LT.BIG*EBIG) G(7)=0

For CX—GOx, enzyme complex
G(8)=CONC(8,J)
B(8 78) =

BIG=ABS(CONC(8,J))
IF (ABS(G(8)).LT.BIG+EBIG) G(8)=0

For Alpha—Glucose, being consumed only
G(9)=COEFFMT (1) %
1 (CONC(9,7J) /PARGLUCOSE-CBULK (1) /(14 equilib5)) /(H/2.)
2  —DGIM(1) % (CONC(9,J)—CONC(9,J—1)) /(Hx*2./2.)

3 —(3.%RXN(5,J)+RXN(5,J—1)) /4.

9)=COEFFMT (1) /PARGLUCOSE/ (H/2.)4DGIM(1) / (H*%2./2.)
9)——DGU\/[(1)/(H**2./2.)
19)
19)

BIG=ABS (COEFFMT|( 1) *CONC(9 ,J ) /PARGLUCOSE,/ (H / 2
BIG2=ABS (COEFFMT( 1) *CBULK (1) /(14 equilib5 ) /(

B(9,

A(9,

B(ga =0
(93 =0
)

/ H/2.))

IF (BIG2.GT.BIG) BIG=BIG2

BIG3—ABS (DGIM(1) + (CONC(9,J) ) /(Hx#2./2.))

IF (BIG3.GT.BIG) BIG=BIG3

BIGA4—ABS (DGIM(1)  (CONC(9 ,J—1)) / (Hx#2./2.) )

IF (BIG4.GT.BIG) BIG=BIG4

BIGS=ABS (3. +RXN(5,J) /4.)

IF (BIG5.GT.BIG) BIG=BIGH

BIG6—ABS (RXN(5 ,J—1) /4.)

IF (BIG6.GT.BIG) BIG=BIG6

IF (ABS(G(9)).LT.BIGEBIG) G(9)=0

For Flux of H+, OH- ions and gluconate ions,
G(10)=COEFFMT(9) *(CONC(10,J) /PARION-CBULK(9) )
1 —DGIM(9) /(Hx%2./2.) *(CONC(10,J)—CONC(10,J—
2 +COEFFMT (10) *(CONC(11,J) /PARION-CBULK(10)

/(H/2.)
1)
/(H)/Q.)
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2477
2478
2479
2480
2481
2482
2483
2484
2485
2486
2487
2488
2489
2490
2491
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FSQRICENC it

mmw(u)*oom(m J) /PARGLUCOSE/ (H/ 2.

4DGIM(11) #(CONC(12,J)—CONC(12,J-1)) / (H¥*2./2.)
10,10)=COEFFMT(9) /PARION/ (H/2.)+DGIM(9) / (H#*2./2.)
10,10)=DGIM(9) /(H*%2./2.)

( )

(101

(10.11)=DGIM(10) /(H#*2./2.)
( )=COEFFMT(11) /PARGLUCOSE/ (H/2.)-DGIM(11) / (Hx*2./2.)
A(10,12)=DGIM(11) /(Hx#2./2.)

BIG=ABS (COEFFMT(9) *CONC(10 ,J ) /PARION/ (H/2.) )
BIG2=ABS (COEFFMT (9 ) *CBULK (9) /(H/2.))

IF (BIG2.GT.BIG) BIG=BIG2
BIG3=ABS (DGIM(9) % (CONC(10,J)) /(Hxx2./2.) )
IF (BIG3.GT.BIG) BIG=BIG3

BIG4=ABS (DGLM(9) x (CONC(10 ,J—1)) / (H*%2./2.))
IF (BIG4.GT.BIG) BIG=BIG4

BIG5=ABS (CO 10)*CONC(11,J) /PARION/(H/2.))
IF (BIG5.GT.BIG) BIG=BIG5
BIG6=ABS (CO ) *CBULK(10) /(H/2.))

IF (BIG7.CT. BIG) BIG=BIG7

BIG8=ABS (10) (CONC(11,J-1)) /(H**2./2.))

IF (BIGS.GT.BIG) BIG=BIGS

BIG9=ABS (COEFFMT(11) *CONC(12,J) /PARGLUCOSE/ (H/2.) )
IF (BIGY9.GT.BIG) BIG=BIG9

BIG10=ABS(DGIM(11) *(CONC(12,J)) /(H#*2./2.))

IF (BIG10.GT.BIG) BIG=BIG10

BIG11=ABS(DGIM(11) *(CONC(12,J—1)) /(H*%2./2.))

IF (BIG11.GT.BIG) BIG=BIG11

IF (ABS(G(10)).LT.BIG+EBIG) G(10)=0

EEFMT(
IF (BIG6.CT. BIG) (BIG—BIGG
BIG7=ABS (DGIM(10) % (CONC(11,J)) /(H*%2./2.))
(DGIM(10) *

FOR H+ and OH- ions equilibrium ,
G(11)=equilib6 -CONC(10,J)*CONC(11,7J)
B(11,10)=CONC(11,J)
B(11,11)=CONC(10,J)

BIG=ABS(equilib6)
BIG2=ABS(CONC(10,J)+CONC(11,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(11)).LT.BIG+EBIG) G(11)=0

FOR gluconic acid dissociation equilibrium ,
G(12)=equilib7«CONC(3,J)—CONC(10,J)*CONC(12,J)
B(12,3)=—equilib7

B(12,10)=CONC(12,J)

B(12,12)=CONC(10,J)

BIG=ABS(equilib7 *CONC(3,J))
BIG2=ABS(—CONC(10,J)*CONC(12,J))

IF (BIG2.GT.BIG) BIG=BIG2

IF (ABS(G(12)).LT.BIG+EBIG) G(12)=0

For oxidized enzyme equilibrium ,

G(13)=CONC(13,J)
B(13,13)=—
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2535 BIG=ABS(CONC(13,J))
2536 IF (ABS(G(13)).LT.BIG+EBIG) G(13)=0
2537
2538 C For reduced enzyme equilibrium ,
2539 G(14)=CONC(14,7J)
2540 B(14,14)=—
2541
2542 BIG=ABS(CONC(14,7J))
2543 IF (ABS(G(14)).LT.BIG*EBIG) G(14)=0
2544
2545 C For Reaction 1 Enzymatic Catalysis
2546 G(15)=RXN(1,J)
2547 B(15,15)=—
2548
2549 BIG= ABS(R)G\T(I ,J))
550 IF (ABS(G(15)).LT.BIG*EBIG) G(15)=0
2))1
2552 C For Reaction 2
2553 G(16)=RXN(2,J)
2554 B(16,16)=—
2555
2556 BIG= ABS( ( ,J))
2557 IF (ABS(G(16)).LT.BIG+EBIG) G(16)=0
2558
2559 C For Reaction 3 Meditation/regeneration
2560 G(17)=RXN(3,J)
2561 B(17,17)=—
2562
2563 BIG= ABS( (3,1))
2564 IF (ABS(G(17)).LT.BIG*EBIG) G(17)=
2565
2566 C For Reaction 4
2567 G(18)=RXN(4,J)
2568 B(18,18)=—
2569
2570 BIG=ABS(RXN(4,J))
2571 IF (ABS(G(18)).LT.BIG+EBIG) G(18)=0
2572
2573 C REACTION5S
2574 G(19)=RXN(5,J)+ratef5*xCONC(9,J)—ratef5/equilib5+CONC(1,J)
2575 B(19,1)=ratef5/equilibb
2576 B(19,9)=ratefb
2577 B(19,19)=
2578
2579 BIG=ABS(RXN(5,7J))
2580 BIG2=ABS(ratef5«CONC(9,J))
2581 IF (BIG2.GT.BIG) BIG=BIG2
2582 BIG3=ABS(ratef5/equilib5«CONC(1,J))
2583 IF (BIG3.GT.BIG) BIG=BIG3
2584 IF (ABS(G(19)).LT.BIG+EBIG) G(19)=0
2585
2586
2587 C SAVE G OUT DATA
2588 206 WRITE(12,301) J, (G(K),K=1,N)
2589 PRINT «, ’ITERATION=’, JCOUNT
2590 RETURN
2591 END
2592
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2593

2594 C Subroutine MATINV

2595 SUBROUTINE MATINV (N, M, DETERM)
2596 IMPLICIT DOUBLE PRECISION (A-H,0-7)
2597 (OMMON/BAB/ A(19,19) ,B(19,19) ,C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
2598 1 ,Y(19,19)

2599 (OMMON/NSN/ NTEMP, NJ

2600 DIMENSION ID (19)

2601 DETERM=1.01

2602 DO 1 I=1,N

2603 1 ID(I)=0

2604 DO 18 NN=1,N

2605 B =1.1

2606 DO 6 I=1N

2607 IF(ID(I).NE.O) GO TO 6

2608 BNEXT=0.0

2609 BTRY=0.0

2610 DO 5 J=1,N

2611 IF (ID(J ) .0) GO TO 5

2612 IF (DABS(B(I,J)).LE.BNEXT) GO TO 5
2613 BNEXT=DABS(B(I,J))

2614 IF (BNEXT.LE.BTRY) GO TO 5
2615 BNEXT=BTRY

2616 BTRY=DABS(B(I,J))

2617 JC=J

2618 5 CONTINUE

2619 IF (BNEXT.GE.BMAX«BTRY) GO TO 6
2620 BMAX=BNEXT/BTRY

2621 TIROW=I

2622 JCOL=JC

2623 6 CONTINUE

2624 IF (ID(JC).EQ.0) GO TO 8

2625 DETERM=0.0

2626 RETURN

2627 8 ID(JCOL)=1

2628 IF (JCOL.EQ.IROW) GO TO 12
2629 DO 10 J=1N

2630 SAVE=B(IROW, J)

2631 B(IROW, J)=B(JCOL, J)

2632 10 B(JCOL, J)=SAVE

2633 DO 11 K=1M

2634 SAVE—D(IROW K)

2635 D(IROW,K)=D(JCOL,K)

2636 11 D(JCOL,K)=SAVE
2637 12 F=1.0/B(JCOL,JCOL)

2638 DO 13 J=1N

2639 13 B(JCOL,J)=B(JCOL, J)F
2640 DO 14 K=1M

2641 14 D(JCOL,K)=D(JCOL,K) «F

2642 DO 18 I=1N

2643 IF (1.EQ.JCOL) GO TO 18
2644 F=B(1,JCOL)

2645 DO 16 J=IN

2646 16 B(I,J)=B(I,J)—F«B(JCOL,J)
2647 DO 17 K=1M

2618 17 D(I,K)=D(I ,K)—F+D(JCOL,K)
2619 18 CONTINUE
2650 RETURN
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2651 END

2652
2653 C SUBROUTINE BAND(J )

2654 SUBROUTINE BAND(J )

2655 IMPLICIT DOUBLE PRECISION (A-H,0-Z)

2656 DIMENSION E(19,20,80001)

2657 COMMON/BAB,/ A(19,19) ,B(19,19),C(19,80001) ,D(19,39) ,G(19) ,X(19,19)
2658 1 ,Y(19,19)

2659 COMMON/NSN/ N, NJ

2660 SAVE E, NP1

2661 101 FORMAT(15H DETERM=0 AT J=,14)

2662 IF (J-2) 1,6,8

2663 1 NP1=N+1

2664 DO 2 I=1N

2665 D(I,2%N+1)=G(I)

2666 DO 2 L=1N

2667 LPN=LAN

2668 2 D(I,LPN)=X(I,L)

2669 CALL MATINV(N, 2#N+1,DETERM)

2670 IF (DETERM) 4,3.,4

2671 3 PRINT 101,J
2672 4 DO 5 K=1,N

2673 E(K,NP1,1)=D(K,2N+1)

2674 DO 5 L=1N

2675 E(K,L,1)=D(K,L)

2676 LPN=L+N

2677 5 X(K,L)=D(K,LPN)

2678 RETURN

2679 6 DO 7 I=1N

2680 DO 7 K=1N

2681 DO 7 L=1N

2682 7 D(I1,K)=D(I,K)+A(I,L)*X(L,K)

2683 8 IF (J-NJ) 11,99

2684 9 DO 10 I=1N

2685 DO 10 L=1N

2686 G(1)=G(I)-Y(I,L)*E(L,NP1,J—2)
2687 DO 10 M=1 N

2688 10 A(I,L)=A(I,L)+Y(I M)«E(M,L,J-2)
2689 11 DO 12 I=1N

2690 D(I,NP1)=G(I)

2691 DO 12 L=1N

2692 D(I,NP1)=D(I ,NP1)+A(I,L)+E(L,NP1,J—1)
2693 DO 12 K=1N

2604 12 B(I,K)=B(I,K)+A(I,L)«E(L,K,J-1)
2695 CALL MATINV (N, NP1,DETERM)

2696 IF (DETERM) 14, 13, 14

2697 13 PRINT 101,J
2698 14 DO 15 K=1,N

2699 DO 15 M=1,NP1
2700 15 E(K,M, J)=D(K,M)
2701 IF (J-NJ) 20,16,16
2702 16 DO 17 K=1,N

2703 17 C(K,J)=E(K,NP1,J)
2704 DO 18 JJ=2,NJ

2705 M=NJ—JJ+1

2706 DO 18 K=1N

2707 C(K,M)=E(K,NP1,M)
2708 DO 18 L=1N
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2709
2710
2711
2712
2713
2714

18

19
20

C(K,M)=C(K,M)+E(K,L M) «C(L ,M+1)
DO 19 L=1N

DO 19 K=1,N
C(K,1)=C(K,1)+X(K,L)*C(L,3)
RETURN

END
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Code A.3. Matlab code to create and plot polarization curve

1 cle; close all;clear all;

2 format longE;

3

4 h=0.02; %Step—size

5V==0.:h:0.6; %Potential range

6

7% h=0.005; %Step—size

8 % V=0.14:h:0.24; %Potential range

9

10 % h=0.001; %Step—size

11 % V=0.20:h:0.22; %Potential range

12 Current=length (V) ; %Current to be saved

13 C_H202=length (V) ; Y%Hydrogenperoxide concentration to be saved
14 C_O2=length (V) ; Y%oxygen concentration to be saved
15 for k=1:length(V);

16

17 potential = fopen(’pot_in.txt’,’w’);

18 fprintf(potential ,”%8.3f" ,V(k));

19 fclose (potential);

20 %Run the executable

21 system ( ’cdhgox_ ss newBC6.exe )

22 pause(1);

23 %Read constant values used in the Fortran code
24 M = dlmread (’cdhgox_ssvalues_out.txt’);

41 BBC=M
42 BB2=M
43 BBHEM

46 %Read the steady state values for CB
47 Bssl = dlmread (’cdhgox_out.txt’);

48 Bss (:,1)=Bssl (:,6) ;

49 Bss(:,2)=Bssl(:,5);

50

51

52 %0Other constants

53 F=96487;

54

55 %Create rates

56 eea=BBAxPOT;
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(&)

7 eec=BBC«POT;,
ee2=BB2*POT;

ot
0¢)

59 13=AKF*Bssl (1,6)*exp (eea)—AKB+*Bssl (1,5)*(Bss1(1,10) 2)*exp(—eec) ...
60 —AK2xBss1 (1,6) «(Bss1(1,10) 2)*exp(—ee2);

61

62

63

64 %Save current

65 Current (k)=i3;

66 C_H202(k)=Bss1 (1,6)
67 C_02(k)=Bssl1(1,5);
68 end

69

—

=~ =

figure (1)
plot (V, Current ,’—. b’); hold on;
title (’Polarization Curve’);

ENEEN |

DU W N

Current=Current ’;
V=V,

7 C_02=C_02’;

'8 C_H202=C_H202’;

|

LN N B |

EN
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6

Code A.4. Matlab code to plot results from steady-state solutions

%Steady State
cle; close all;clear all;
format longE;

%Read constant values used in the Fortran code

7M = dlmread ( ’cdhgox_ssvalues_out.txt’);

8

9
10
11
12
13
14
15

28
29
30
31
32
33
34
35
36
37
38
39
40
41
42

43
44

4!

(&)

46
18
19
50
51
52
53

N=M(1) ;
NI2M(2) ;
1J=M(3) ;
KJ=M(4) ;
H=M(5)
HEM(6) ;

HHE=M(7) ;

%Read the steady state values for CB
Bssl = dlmread (’cdhgox_out.txt’);
Bss (:,1)=Bssl (:,6);

Bss (:,2)=Bssl (:,5);

%0Other constants
F=96487;

%Create rates

eea=BBAxPOT;

eec=BBC«POT;

ee2=BB2xPOT;

i3=AKF*Bss1 (1,6)xexp (eea)—AKB+*Bss1 (1,5)*(Bssl1(1,10) 7 2)*exp(—eec)—AK2xBssl (1,6)
*(Bssl1(1,10) "2)xexp(—ee2);

% Deffh202=AKFxBss1 (1,6)*exp(eea) /(2xFx((—Bss(3,1)+4xBss(2,1)—3%Bss(1,1)) /(2%
HHH) ) ) ;

% DeffO2=AKBxBss1 (1,5)«xexp(—eec) /(2xFx((—Bss(3,2)+4xBss (2,2)—3%Bss (1,2)) /(2%
HHH) ) ) ;

% N_H202=DiffF «*POR1*((—Bss (3 ,1)+4%Bss(2,1)—3*Bss(1,1))/(2«HHH) ) ;

% N_O2=DiffB«POR1x((—Bss (3,2)+4xBss (2,2)—3«Bss(1,2)) /(2xHHH) ) ;

% i2=—2.%F«N_H202:

%Create y values for plotting
y=zeros (NJ,1);

far=HHHx+(KJ—1);
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54 yl1=0:HHH: far ;

55

56 farleH*(IJ—KJ),

57 y2=y1(KJ):HH:yl(KJ)+farl;

58

59 far2=Hx(NJ-1J);

60 y3=y2(I1J-KJ+1):H:y2(IJ-KJ+1)+far2;
61

62 for i=1:KJ-1

63 y(i)=y1(i);

64 end

65 for i=KJ:1J-1

66 y(i)=y2(i—-KJ+1);

67 end

68 for i=IJ:NJ;

69 y(i)=y3(i—-1J+1);

70 end

71

72

73 figure (1)

74 plot (y,Bssl(:, 2) ’—. b’); hold on;
75 plot (y,Bssl (:,4), k’); hold on;
76 title (’GOx and GOX2’),

7

78

79 figure (2)

80 semilogy (y,Bssl(:,2),’—. b’); hold on;
81 semilogy (y,Bssl(:,4),’— k’); hold on;
82 title (’GOx and GOx2’);

83

84 figure (3)

85 plot (y,Bssl(:,7),’—. b’); hold on;
86 plot (y,Bssl(:,8),’— k’); hold on;
87 title (’CX-GOx2 and CX-GOx’);

88

89 figure (4)

90 semilogy (y,Bssl(:, 7) , = b’); hold on;
91 semilogy (y,Bss1(:,8),’— k’); hold on;
92 title (’CX-GOx2 and CX—G ")

93

94 figure (5)

95 plot(y,Bssl(:,1),’-b’); hold on;
96 title (’beta—Glucose’);

97

98 figure (6)

99 plot (y,Bssl( 9),’—b’)7 hold on;
100 title (’alpha— Glucose’ )

101

102 figure (7)

103 plot (y,Bssl(. 5),’-m’); hold on;
104 title (’Oxygen’) ;

105

106 figure (8)

107 plot (y,Bssl(:,6),’—r’); hold on;
108 %plot (y,Bssl (:,3),”—k’); hold on;
109 title ("H2027);

110 figure (9)

111 plot(y,Bssl(:,3),’=r’); hold on;
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112 %plot (y,Bssl (:,3),’—k’); hold on;
113 title (’Gluconic Acid’)

114 figure (10)

115 plot (y,Bssl(:,12),’—r’); hold on;
116 %plot (y,Bssl(:,3),”’—k’); hold on;
117 title (’Gluconic Ton’)

118

119 figure (11)

120 plot(y,Bssl (:,10),’=b’); hold on;
121 title ("Ht ion’);

122

123 figure (12)

124 plot(y,Bssl(:,11),’=b’); hold on;
125 title (’OH- ion’);

126

127 figure (13)

128 plot (y,Bssl(:,13),’=b’); hold on;
129 title ("H+Eo’);

130

131 figure (14)

132 plot (y,Bssl(:,14),’=b’); hold on;
133 title ('Er—");

134 %

135 % figure (5)

136 % plot (y,Bssl(:,6),’—1r’); hold on;
137 % title (’Hydrogen Peroxide’) ;

138 % %plot (y,Bssl (:,1),”=b")

139 % %plot (y,Bssl(:,2),’—g’)

140 % %axis ([0 Hx4000 0 10.05e—5]);
141 % % title (’Steady State Concentration away from Electrode Surface’);
142 % % xlabel (’Length, cm’) ;

143 % % ylabel (’ Concentration , moles/cm3’) ;
144

145 figure (15)

116 plot (y,Bssl (:,15),’—r’); hold on;
147 plot (y,Bssl(:,16),’—k’); hold on;
148 plot (y,Bssl(:,17),’=b’); hold on;
149 plot(y,Bssl(:,18),’—g’); hold on;
150 plot(y,Bssl(:,19),’—.b’); hold on;

151 figure (16)

152 semilogy (y,Bssl(:,15),’—r’); hold on;
153 semilogy (y,Bssl(:,16),’=k’); hold on;
154 semilogy (y,Bssl(:,17),’=b’); hold on;
155 semilogy (y,Bssl(:,18),’—g’); hold on;
156 semilogy (y,Bssl(:,19),’—.b’); hold on;

157 title (’Reaction’);

158

159 figure (17)

160 semilogy (y(1:1200) ,abs(Bss1(1:1200,20)),’—.0’); hold on;
161 title (’Water dissociation Rate’);

162 figure (18)

163 plot (y(1:1200) ,Bss1(1:1200,21),’—.r’); hold on;

164 title (’Gluconic acid dissociation Rate’);

165

166

167 % figure (6)

168 % plot (y,V(:,2),’=k’); hold on;
169 % plot (y,V(:,1),’=r’); hold on
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170 % plot (y,V(:,4),’—— b’);

171

172 yl=y1';

173 RTB = 1./(AKF«Bss1 (1,6)*exp (eea )*BBA+AKB+*Bss1 (1,5) *(Bss1(1,10) "2)*exp(—eec)x*
BBCH+AK2+Bss1 (1,6) *(Bss1 (1,10) 72)xexp(—ee2)*BB2) ;

174 Zd_H202 = RTBx (AKF*exp (BBA*POT)—AK2+Bss1 (1,10) " 2xexp(—BB2xPOT) )

175 Zd_H = RTBx*(2+xAKB+Bss1(1,10)*Bssl (1,5)xexp(—BBC+POT) +2+AK2%Bss1
(1,6)*exp(—BB2+POT) ) ;

(1,10)*Bssl
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Code A.5. Matlab code for Oxygen Curve Calculation

clc; close all;clear all;
format longE;

0O2=logspace (—4,0,40) ;

col=1;
CurrentDensity=zeros (length (02) ,length(col));

for 1=1:length (02)
ConcO2 = fopen (’02 in.txt’,’w’);
fprintf (ConcO2, %e’ ,02(1));
fclose (ConcO2) ;

%Run the executable

15 system (’cdhgox_ss.exe’)

) pause (0.1);

%Read constant values used in the Fortran code
M = dlmread (’cdhgox_ssvalues_out.txt’);

%Read the steady state values for CB
Bssl = dlmread (’cdhgox_out.txt’);

43 Bss(:,1)=Bssl (:,6);

1 Bss(:,2)=Bssl(:,5);

 %Other constants
3 F=96487;

%Create rates

eea=BBAxPOT;

eec=BBC«POT;

ee2=BB2xPOT;

eeH=BBH*POT;

iS:AKF*Bssl( ,6) xexp (eea )—AKB*Bss1 (1,5) x(Bss1 (1,10) "2 ) p( eec) —...
AK2+Bssl (1,6) * (Bssl(l,IO)AQ)*eXp(—ee2)—AKH*(Bssl( 10) 72)xexp(—eeH) ;

194



Ut Ot Ot
© 00

60
61
62
63
64
65
66
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CurrentDensity (1) = i3;
end

figure (1)
semilogx (02, CurrentDensity (:,1),’ —.
title (’Oxygen—Current Density Curve

'b7
7/)\;

); hold on;

xlabel (’Oxygen Concentration, mol/ecm™37);

ylabel (’Current Density, A/ecm™27);
set (gef, "Tag’, ' plt )

02=02";
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A.3 Code for Impedance Calculation

This section contains the FORTRAN code for impedance calculation solving 38
coupled differential equations. The mathematical development of the model including
the governing equation and the boundary conditions are described in Chapter 3. The
distributions of concentration of the species and reaction rates at steady-state calculated
are input for this program. The Matlab® code visualizes and organizes the output
results from the FORTRAN code. After solving phasor of concentrations in FORTRAN
executables, the impedance is calculated based on proposed equivalent circuit framework
in the Matlab® program with output variables and parameters. The calculation results are
visualized for dimensionless diffusion impedance response, diffusion impedance response,

faradaic impedance response and overall impedance response.
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Code A.6. FORTRAN Code for Impedance Calculations

SNV i

o0 QO aacaacaa

S Ot

9
10
11
12
13
14
15

Qaa

16

18
19

H
aa a a

20
21

Qa

22 C

23 C

24 C
25 C
26
27
28
29
30
31
32
33
34

36
37
38
39
40
41
42
43

Convective Diffusion Equation with Homogeneous Reaction
Enzyme kinetics added
14 species system

SPECIES 1 = beta—glucose , SPECIES 2 = GOxFAD, SPECIES 3 = Gluconic acid

SPECIES 4 = GOx-FADH2, SPECIES 5 = 02, SPECIES 6 = H202

SPECIES 7 = GOx-FADH2-GA, SPECIES 8 = GOxFAD-H202, SPECIES 9 = Alpha—
Glucose

SPECIES 10 = hydrogen ion, SPECIES 11= hydroxide ion, SPECIES 12=
gluconate ion

SPECIES 13 = H+Eo, SPECIES 14 = Er—

Species 5 , 6 and 10 are the reacting species

This is the unsteady state solution that will eventually lead to

the impedance!

This should be ran after cdhgox_ ss.for
The input file is the same for both of these

3k 3K 3k R 3k 3k >k sk sk ok Sk >k sk Sk >k sksk sk Sk >R sk Sk >k sk kK Sk >k sk Sk R Sk 3k K Sk 3k sk Sk R Sk 3k 3k Sk 3k sk sk R Sk 3k 3k Sk 3k 3k Sk R Sk 3k 3k Sk sk sk Sk R sk Sk R sk sk sk Sk R sk Sk ok sk sk sk Sk R sk sk ok sk sk ok sk ok

THIS CODE SEPERATES THE EFFECTIVE DIFFUSION COEFFICIENTS FOR EACH
SPECIES IN DIFFERENT LAYERS

There are 4 electrochemical reaction in this code: H202 oxidation and
reduction , O2 reduction

and H2 evolution at low applied potential

ok ok ok K K R o ok ok ok kKK K K K oK ok ok ok kKK K K R R ok ok ok ok kK K K K ok ok ok ok ok kK K K R o ok ok ok ok kK K K K K R ok ok ok kK Kk K R R ok ok ok ok kK Rk
MODIFICATION: Adding partiction coefficients at BCNJ for H+, OH-
S ok KKK KK o ok ok ok KKK KK K K o oK ok ok oK KKK K K o ok ok ok kKK KK K K ok ok ok ok oK KKK KK 3 o ok ok ok ok KK KK K K o oK ok ok KK KK K K o ok ok koK KK R K K

THIS CODE SEPERATES THE EFFECTIVE DIFFUSION COEFFICIENTS FOR EACH
SPECIES IN DIFFERENT LAYERS

K 3K 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k sk sk Sk Sk Sk ok Sk Sk sk K K K K 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k sk sk Sk Sk Sk Sk sk sk sk 3k ok 3k 3k >k 3k 3k 3k 3k 3k 3k 3k 3k 3k 3k sk 3k Sk sk sk sk Sk Sk sk Sk 3k K K sk 3k >k ok ok ok sk ok ok skoskok

cd C:\Ming\FORTRAN2019\CGM Basic no buffer H2Evolution_ Par
gfortran —static cdhgox os.for —o cdhgox_ os.exe

PROGRAM CONVDIFFOSCILLATING

IMPLICIT DOUBLE PRECISION (A-H, O-Z7)

COMMON/BAT/ A(38,38) ,B(38,38),C(38,10001) ,D(38,77) ,G(38) ,

1 X(38,38) ,Y(38,38)

COMMON/NST/ N, NJ

COMMON/VAR/ CONCSS(14,10001) ,RXNSS(7,10001)

COMMON/VARR/ COEFFMT(13) ,HHH, KJ

COMMON/CON/ C1(2,10001),C2(2,10001) ,C3(2,10001) ,C4(2,10001) ,

1 C5(2,10001),06(2,10001),C7(2,10001),C8(2,10001),C9(2,10001) ,
2 C10(2,10001),C11(2,10001),C12(2,10001),C13(2,10001),

2 C14(2,10001) ,RXNI(2,10001) ,RXN2(2,10001) ,RXN3(2,10001) ,

3 RXN4(2,10001) ,RXN5(2,10001)

(OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratefd ,ratef5 ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 ,equilib9
COMMON/OTH/ H,EBIG,HH, 1J

COMMON/POR/ DGOX(17) ,DGIM(17) ,DBULK(17)

COMMON/BCI/ FLUXF,FLUXB, FLUXR, FLUXH, omega
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334
335
336
339
301
302

305

COMMON/BUL/ CBULK(13) ,PARH202, PAR02, PARGLUCOSE, PARION, SOLO2, JOOUNT
COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CH202(1000,10001),

1 C02(1000,10001) ,CH(1000,10001)

COMMON/POT,/ VTILDE

COMMON/EXTRA/ Z(13) ,REF(13)

CHARACTER REFx13

FORMAT (/30H THE NEXT RUN DID NOT CONVERGE)

FORMAT (’Error=",E16.6/(1X, ’Species=’,A6,2X, "Conc at Electrode=",
1 E12.5,2X, "Conc at Bulk=’ E12.5E3))

FORMAT (21(E25.15E3,5X))
FORMAT (38(E25.15E3,5X))
FORMAT (1000(E25.15E3,1X))
FORMAT (1000(E16.9,1X))
FORMAT (5x,’J=" 15, 38El5.6E3)

FORMAT (’Iteration=’I4)

Read input values used in steady state

open (10, file="cdhgox_in.txt’,status=’old ")

read (10,%) N,NJ,1J ,KJ,Y1,Y2,Y3,PARH202,PARO2, PARGLUCOSE, PARION,
1 SOLO2, ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,
2 ratef4 ,ratefb ,equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 ,
3 equilib9 AKF,AKB, AK2,AKH, BBA,BBC, BB2,BBH, EBIG

read (10,*) (CBULK(I),I=1,(N-6))

open (21, file="pot_in.txt’,status=’"old’)
read (21 ,%) V

open (22, file="02_in.txt’ ,status=’old’)
read (22 ,%) PO2

(
(
open (23, file="pH_in.txt’,status=’old’)
read (23 ,*) pH

open (24, file="enzyme_ in.txt’,status=’o0ld’)
FORMAT (E15.5)
read (24,305) GOx

PRINT x,’GOx=",GOx

PRINT *,’pH=",pH

IMPORT EFFECTIVE DIFFUSION COEFFICIENTS
open (25, file="DGOx_in. txt’,status=’"old ")
read (25,%) (DGOX(I),I=1,(N-6))

open (26, file="DGLM_in. txt ’,status="old ")
read (26 ,*) (DGIM(I),I1=1,(N-6))
PRINT *, ’DGIM(2)=", DCIM(2)

open (27, file="DBULK in.txt’,status=’o0ld ")
read (27,%) (DBULK(I),I=1,(N—6))

Calculate bulk concentration of O2
CBULK (5 )=P02xSOLO2

PRINT «,’CBULK_02=",CBULK(5)
Calculate bulk concentration of H+
CBULK(9) =10.%*(—pH) *x1.E—3

PRINT =« ,’H+ BULK=",CBULK(9)
Calculate bulk concentration of OH-
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CBULK(10)=equilib6 /CBULK(9)

Calculate bulk concentration of enzyme
CBULK (2)=GOx/6.

4)=GO0x/6.

Read steady state values from previous file

OPEN(UNIT=11, FILE=’cdhgox_out.txt ")

READ(11,334) (CONCSS(1,I),CONCSS(2,I),CONCSS(3,I),CONCSS(4,1),
CONCSS(5,1) ,CONCSS(6,1) ,CONCSS(7,I),CONCSS(8,1),CONCSS(9,1),
CONCSS(10,1) ,CONCSS(11,1I),CONCSS(12,1),CONCSS(13.,1),
CONCSS(14,1) ,RXNSS(1,I) ,RXNSS(2,I),RXNSS(3,1),

RXNSS(4,1) ,RXNSS(5,1) ,RXNSS(6,1) ,RXNSS(7,1),I=1,NJ)

wWwN

OPEN(UNIT=13, FILE=’cdhgox_os_out.txt’)
CLOSE(UNIT=13, STATUS="DELETE’ )
OPEN(UNIT=13, FILE=’cdhgox_os_out.txt’)

OPEN(14 ,FILE="cdhgox_ G_out. txt ")
CLOSE (14, STATUS='DELETE’)
OPEN(14, FILE='cdhgox_G_out.txt’)

OPEN(15 ,FILE="cdhgox_H202_ out.txt ")
CLOSE(15, STATUS='DELETE’)
OPEN(15, FILE='cdhgox H202_ out.txt’)

OPEN(16 ,FILE="cdhgox_ values_ out.txt ’)
CLOSE(16, STATUS='DELETE’)
OPEN(16, FILE=’cdhgox_values_out.txt’)

OPEN(17 ,FILE="kgox_ values_out.txt’)
CLOSE(17, STATUS='DELETE’)
OPEN(17, FILE='kgox_values_out.txt’)

OPEN(19,FILE="cdhgox_0O2_out.txt )
CLOSE(19, STATUS='DELETE’)
OPEN(19, FILE=’cdhgox O2_ out.txt’)

OPEN(20,FILE="cdhgox_H_ion_out.txt )
CLOSE (20, STATUS='DELETE’)
OPEN(20, FILE='cdhgox_H_ion_out.txt’)

Constants

F=96487.

Applied oscillating potential
VTILDE=0.01

THIS IS SPACING FOR OUTER LAYER, BCNJ
H=Y3/(NJ-1J)

THIS IS SPACING FOR INNER LAYER, BCIl
HH=Y2/ (1J-KJ)

THIS IS SPACING FOR REACTION LAYER
HHH=Y1/(KJ—1)
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Create flux of the reacting species constants
FLUXF=AKF*exp (BBAxV) /F /2.
FLUXB=AKBx*exp(—BBC*V) /F /2.
FLUXR=AK2+«exp(—BB2xV) /F /2.

FLUXH=AKHxexp (—BBHxV) /F /2.

Create charge transfer resistance

RTB=1./ (AKF+BBA«CONCSS (6 ,1) *EXP (BBA*V)
1 4AKB*BBC*CONCSS(5,1) *(CONCSS(10,1) *x2.) *EXP(—BBCx*V)
2 4+AK2xBB2xCONCSS(6,1) x(CONCSS(10,1) x%2.) «xEXP(—BB2%V)
3  +AKH«BBH#*(CONCSS(10,1) *%2.) «EXP(—BBHxV) )

PRINT x, ’Charge Transfer Resistance’, RTB

N=2xN
PRINT %, 'N=", N

337 FORMAT (12/17/17/17/15(E15.8/)E15.8)

write (16,337) N,NJ,1J,KJ,H,HH,HHH,V,AKF,AKB, AK2, AKH, BBA, BBC, BB2,
1 BBH,DGOX(6) ,DGOX(5) ,DGOX(9) ,RTB

The number of points for frequency
NPTS=241

PRINT «, ’NPTS=’, NPTS

Create range for the frequency

DO 261 I=1,NPTS
FREQ(I)=10.%*(—5.40.05%(I1—1.))

261 WRITE (17,339) FREQ(I)

C
C
C

20 C(1,J)=

The number of points for frequency

NPTS=13

PRINT x, ’NPTS=’, NPTS

Create range for the dimensionless frequency
DO 261 I=1,NPTS

FREQ(I)=10.%%(—3.40.5x(I—1.))

261 WRITE (17,339) FREQ(I)

DO 19 nf=1,NPTS
DO 19 nf=1,3

PRINT %, 'FREQ(NF)=', FREQ(NF)
omega=FREQ(NF)
IF (ratefl .LT.1E—10) omega=FREQ(NF)

PRINT %, ’omega=’, omega

340 FORMAT (E12.6)

write (17,340) omega
Start actual code
DO 20 J=1,NJ
DO 20 I=1,N
.0

I
]
(S

DO 21
DO 21

C1(K,J
C2(K,J

—_— X
[
oo~
cowZ
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TOL=1.E—10«NxNJ /100000000
JCOUNT=JCOUNT+1
AMP=0.0

IF (J.EQ.1) CALL BC1(J)

IF (J.GT.1 .AND. J.LT.KJ) CALL REACTION(J)
IF (J.EQ.KJ) CALL COUPLER1(J)

IF (J.GT.KJ .AND. J.LT.IJ) CALL INNER(J)
IF (J.EQ.1J) CALL COUPLER2(J)

IF (J.GT.1J .AND. J.LT.NJ) CALL OUTER(J)
IF (J.EQ.NJ) CALL BCNJ(J)

CALL BAND(J )

+DABS(G(

+DABS(G (2
(7))+DABS(G

+DABS(G
)+DABS

+DABS (G

) ) )
) 2 1
) 6 1
) 0 2
) 4 2
) 8 2
) 2 3
) 6 3

WO T WN -
+
%
w2

IF (J.LT.NJ) GO TO 24
PRINT %, 'ERROR=’, AMP
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276 C1(I,K)=C1(I ,K)+C(I ,K)

277 C2(I,K)=C2(I,K)+C(I+2K)

278 C3(I,K)=C3(I,K)+C(I+4K)

279 C4(I,K)=C4(I ,K)+C(I+6K)

280 C5(I,K)=C5(I,K)+C(I+8K)

281 C6(I,K)=C6(I ,K)+C(I+10K)

282 C7(1I,K)=C7(I,K)+C(I+12K)

283 C8(I,K)=C8(I,K)+C(I+14K)

284 C9(I,K)=C9(I ,K)+C(I+16K)

285 C10(I,K)=C10(I ,K)+C(I+18K)

286 C11(I,K)=C11(I,K)+C(I+20,K)

287 C12(I,K)=C12(I ,K)+C(I+22K)

288 C13(I ,K)=C13(I ,K)+C(I+24 K)

289 C14(I ,K)=C14 (I ,K)+C(I+26,K)

290 RXNI (I ,K)=RXNI1(I,K)+C(I+28K)

291 RXN2(I ,K)=RXN2(I,K)+C(I+30,K)

292 RXN3(I,K)=RXN3(I,K)+C(I+32K)

293 RXN4(1 ,K)=RXN4(I,K)+C(I+34K)

294 RXN5(1 ,K)=RXN5(I,K)+C(I+36,K)

295 16 CONTINUE

296

297 WRITE(14,302) (JCOUNT)

298

299 IF (DABS(AMP) .LT.DABS(TOL)) GO TO 15

300

301 IF (JCOUNT.LE.40) GO TO 22

302 print 102

303

304 15 CONTINUE

305 C PRINT x,’JCOUNT=",JCOUNT

306

307 PRINT «, ’'nfl=’, nf

308

309 DO 18 I=1,2

310 DO 18 J=1,NJ

311 BIG=C6(1,J)

312 BIG2=1.0E—40

313 18 IF (ABS(BIG).LE.BIG2) C6(I,J)=0.0

314 C DO 26 I=1,2

315 C DO 26 J=1,NJ

316 C BIG2=1.0E—40

317 C IF (ABS(C5(I,J)).LE.BIG2) C5(I ) 0.0

318 C 26 IF (ABS(C10(I,J)).LE.BIG2) ClO( J)=0.0
319 WRITE(13,335) (C1(1,J),C1(2,J),C ( ,J) C2(2,7),C3(1,J),C3(2,7J),
320 1 C4(1,J),C4(2,),05(1,3),C5(2,d),C6(1,J),06(2,3),C7(1,d),
321 2 C7(2.3).C8(1,3),08(2.J) .

322 3 CQ(l,J),C9(2,J),ClO(l,J),ClO( ,J),C11(1,J),C11(2,7),
323 4 ci2(1,J),C12(2,7J),C13(1,J),C13(2,J),Cl14 ( ,J),C14(2,7),
324 5 RXNl(l,J),RXNl(Q,J),RXNQ(l J) ,RXN2(2,7),
325 6 RXN3(1,J) ,RXN3(2,J) ,RXN4(1,J) ,RXN4(2,J),
326 7 RXN5(1,J) ,RXN5(2,J) ,J=1,N J)

327

328 DO 19 J=1,NJ

329 CH202(2+nf—1,J)=C6(1,J)

330 CH202(2x+nf ,J)=C6(2,J)

331 CO2(2+nf—1,J)=C5(1,7J)

332 CO2(2xnf,J)=C5(2,7J)

333 CH(2xnf—1,J)=C10(1,J)
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CH(2+nf,J)=C10(2,J)

for some reason nf is one greater then necessary
PRINT %, ’'nf2=’, nf

DO 17 I=1,2*nf-2
nf=nf-1
DO 17 J=1,NJ

WRITE(19,336) (CO2(I,J), I=1,2xnf)
WRITE(15,336) (CH202(1I,J ), I=1,2%nf)
WRITE(20,336) (CH(I,J), I=1,2xnf)

FORMAT (15)
write (16,338) nf

PRINT %, 'DIFF(6)=", DIFF(6)
END PROGRAM CONVDIFFOSCILLATING

SUBROUTINE BC1(J)

IMPLICIT DOUBLE PRECISION (A-H, O-7)

COMMON/BAT/ A(38,38) ,B(38,38),C(38,10001) ,D(38,77) ,G(38) ,

1 X(38,38),Y(38,38)

COMMON/NST/ N, NJ

COMMON/VAR/ CONCSS(14,10001) ,RXNSS(7,10001)

COMMON/VARR/ COEFFMT(13) ,HHH, KJ

COMMON/CON/ C1(2,10001),C2(2,10001) ,C3(2,10001) ,C4(2,10001),

1 C5(2,10001),06(2,10001),C7(2,10001),C8(2,10001),C9(2,10001) ,
2 C10(2,10001),C11(2,10001),C12(2,10001) ,C13(2,10001),

2 C14(2,10001) ,RXNI1(2,10001) ,RXN2(2,10001) ,RXN3(2,10001) ,

3 RXN4(2,10001) ,RXN5(2,10001)

(OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratef4 ,ratef5 ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 , equilib8 , equilib9
COMMON/OTH/ H,EBIG,HH, 1J

COMMON/POR/ DGOX(17) ,DGIM(17) ,DBULK(17)

COMMON/BCI/ FLUXF,FLUXB, FLUXR, FLUXH, omega

COMMON/BUL/ CBULK(13) ,PARH202, PAR02, PARGLUCOSE, PARION, SOLO2, JCOUNT
COMMON/DELT/ DELTA1, DELTA2, FREQ(400),CH202(1000,10001),

1 C02(1000,10001) ,CH(1000,10001)

COMMON/POT/ VTILDE

FORMAT (5x,’J=" 15, 38E15.6E3)

BOUNDARY CONDITION AT THE ELECTRODE, J=1

For beta—Glucose, being consumed only
G(1)=omegax(3.xC1(2,J)+C1(2,J+1)) /4.

1 +2.«DGOX(1) *(C1(1,J41)—C1(1,J) ) /HHH* 2.

2 —(3.«RXN1(1,J)+RXN1(1,J+1)) /4.4 (3.*RXN5(1,J)+RXN5(1,J+1)) /4.

B(1,1)=+2.+DGOX(1) /HHHx**2.
D(1,1)=—2.4DGOX(1) /HHHx**2.
B(1,2)=omegax*(3./4.)
D(1,2)=omegax(1./4.)
B(1,29)=+3./4
D(1,29)=+1./4.
B(1,37)=-3./4.
D(1,37)=—1./4.
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G(2)=—omegax(3.xC1(1,J)+C1(1,J+1)) /4.

1 32.4DGOX(1)*(C1(2,J+1)~C1(2,J)) /HHH*#2.
2 —(3.%RXNI(2,J)+RXN1(2,J+1)) /4. % (3.*RXN5(2,J)+RXN5(2,J+1)) /4.
B(2,2)=+42.«DGOX(1) /HHHx*2.
D(2,2)=—2.4DGOX (1) /HHHx* 2.
B(2,1)=omega=*(3./4.)
D(2,1)=omegax(1./4.)

B(2,30) =+3./4.

D(2,30)=+1./4.

B(2,38)=—3./4.

D(2,38)=—1./4.

=W N

1

For GOx and H+GOx enzyme,
G(3)=omegax*(3.%C2(2,J)+C2(2,J+1)) /4.
+omegax(3.xC13(2,J)+C13(2,J+1)) /4.
—(3.¥RXN1(1,J)+RXN1(1,J+1)) /4.
+(3.#RXN4(1,J)+RXN4(1,J+1)) /4.
)=omegax*(3./4.)
)=—omegax*(1./4.)
6)=—omega*(3./4.)
6)=—omegax*(1./4.)
+3./4.
+1./4.
)=-3./4.
3.35)=—1./4.

3,29)
3,29)

Sogowgowow

Q

(4)=—omegax(3.xC2(1,J)+C2(1,J+1)) /4.
—omegax(3.xC13(1,J)+C13(1,J+1)) /4.
—(3.¥RXN1(2,J)+RXN1(2,J+1)) /4.
+(3.%xRXN4(2,J)+HRXN4(2,J+1)) /4.

(4,3)=omegax*(3./4.)

(4,3)=omegax(1./4.)

(4,25)=omegax*(3./4.)

(4,25 =omegax*(1./4.)

( +3./4.

( +1./4.

( -3./4.

(

Sogowgowow
;Jk
o ¢
o

(1

For flux of Gluconic Acid and Gluconate ion,
G(5)=omegax(3.xC3(2,J)+C3(2,J+1)) /4.

+2.4DGOX(3) *(C3(1,J+1)—C3(1,J) ) /HHH**2.
+omegax*(3.xC12(2,J)+C12(2,J+1)) /4.
+2.4DGOX(11) *(C12(1,J+1)—C12(1,J) ) /HHH**2.
+(3.#RXN2(1,J)+RXN2(1,J+1)) /4.
B(5,5)=+2.sDGOX(3) /HHHx**2.
D(5,5)=—2.4DGOX(3) /HHHx* 2.
B(5,6)=—omegax(3./4.)
D(5,6)=—omegax*(1./4.)
B(5,23)=-+2.+DGOX(11) /HHHx*2
D(5,23)=—2.4DGOX(11) /HHHx #2
B(5,24)=—omega*(3./4.)
D(5,24)=—omegax(1./4.)
B(5,31)=-3./4
D(5,31)=—1./4.
G(6)=omegax(3.xC3(1,J)+C3(1,J+1)) /4.
+2.4DGOX(3) *(C3(2,J+1)—-C3(2,J) ) /HHH**2.
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—omegax(3.xC12(1,J)+C12(1,J+1)
+2.4DGOX(11) *(C12(2,J+1)-C12(2
+(3.RXN2(2,J)+RXN2(2,J+1)) /4.
,6)=+2.4DGOX(3) /HHHx 2.
6)=—2.4DGOX(3) /HHHx* 2.

)

)

) /4.
,J) ) /HHH* 2.

)=omegax*(3./4.)
)=omegax(1./4.)

,24) =+2.+«DGOX(11) /HHH**2.
—2.4DGOX(11) /HHH* 2.
omega*(3./4.)
omega*(1./4.)

—3./4.

—1./4.

Sogwowowow

)
)
6,23)
)
)

For GOx2 and GOx—(red.) enzyme complex,

G(7)=omegax*(3.%xC4(2,J)+C4(2,J+1)) /4.
+omegax*(3.xC14(2,J)+C14(2,J+1)) /4.
+(3.%RXN2(1,J)+RXN2(1,J+1)) /4.

—(3.#RXN3(1,J)+RXN3(1,J+1)) /4.
B(7,8)=—omegax(3./4.)
D(7,8)=omegax(1./4.)
B(7,28)=omegax(3./4.)
D(7,28)=omegax*(1./4.)
B(7,31)=-3./4.

D(7,31)=—1./4.
B(7,33)=+3./4.
D(7,33)=+1./4.
G(8)=—omegax*(3.%C4(1,J)+C4(1,J+1)) /4.

—omegax*(3.xC14(1,J)+C14(1,J+1)) /4.
+(3.#RXN2(2,J)4RXN2(2,J+1)) /4.

—(3.+RXN3(2,J)+RXN3(2,J+1)) /4.
B(8,7)=omegax(3./4.)
D(8,7)=omegax*(1./4.)
B(8,27)=omega*(3./4.)
D(8,27)=omegax*(1./4.)
B(8,32)=—3./4.

D(8,32)=—1./4.
B(8,34) =+3./4.
D(8,34)=+1./4.

For O2 and H202,

G(9)=+HHH/2.)*omega*(3.xC5(2,J)+C5(2,J+1)) *(1./4.)
+(DGOX(5) /HHH) *(C5(1 ,J+1)—C5(1,J))
—(HHH/2.) *(3.*RXN3(1,J)+RXN3(1,J+1)) *(1./4.)
+(HHH/2.) xomega* (3. *C6(2 J)—I—C6(2 J+1))*(1./4.)
+(DGOX(6) /HHH) x(C6(1, J+1) C6(1
+FLUXR* (CONCSS (10 ,J) x%2.) *CONCSS(6 ,J) *BB2xVTILDE
_FLUXR# (CONCSS(10,J ) %%2.) *C6(1,J)
—2 «FLUXR*CONCSS(10,J ) *CONCSS (6 ,J)«C10(1,J)
+HHH/2.) *(3.*«RXN4(1,J)+RXN4(1,J+1)) *(1./4.)

9,9)=DGOX(5) /HHH

9,9)=DCOX(5) /HHH

9 10) —(HHH/2.) xomega*(3./4.)

)=—(HHH/2.) xomegax (1./4.)

9 33) (HHH/2.) x(1./4.)

9,11)=DCOX(6) /HHELFLUXR* (CONCSS(10,J) #%2.)

0 3O Ui Wi -
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508 D(9,11)=DGOX(6) /HHH

509 B(9,12)=—HHH/2.) xomegax*(3./4.)

510 D(9,12)=—(HHH/2.) xomega*(1./4.)

511 B(9,19)=2.«FLUXR+*CONCSS(10,J) «CONCSS(6,J)

512 B(9,35)=—HHH/2.) «(3./4.)

513 D(9,35)=—MHHH/2.) %(1./4.)

514

515 G(10)=—(HHH/2.) xomega*(3.xC5(1,J)+C5(1,J4+1))*(1./4.)
516 1 +([DGOX(5) /HHH) *(C5(2,J+1)—C5(2,7J))

517 9 —(HHH/2.)*(3.+RXN3(2,J)+RXN3(2,J+1)) *(1./4.)
518 3 —(HHH/2.) xomega* (3. *06(1 J)—!—Cﬁ(l,J—i—l))*(l /4.)
519 4 +([DGOX(6) /HHH) * (C6 (2, J+1) 6(2,7))

520 5 —FLUXR*(CONCSS(lO,J)*»& )xC6(2,J)

521 6 72.*FLUXR*CONCSS(10,J)*CONCSS(G J)xC10(2,J)
522 7 +HHH/2.) % (3.%*RXN4(2,J)+RXN4(2,J+1)) *(1./4.)
523 B(10,9)=(MHHH/2.)*omega*(3./4.)

524 D(10,9)=(HHH/2.) xomega*(1./4.)

525 B(10,10)=DGOX(5) /HHH

526 D(10,10)=DGOX(5) /HHH

527 B(10,34)=HHH/2.) *(3./4.)

528 D(10,34)=HHH/2.) %(1./4.)

529 B(10,12)=DGOX(6) /HHEHFLUXR* (CONCSS(10,J) **2.)
530 D(10,12)=DCOX(6) /HHH

531 B(10,11)=(MHHH/2.)*omegax*(3./4.)

532 D(10,11)=HHH/2.) xomegax(1./4.)

533 B(10,20)=2.xFLUXR*CONCSS(10 ,J)*CONCSS(6,J)
534 B(lO 36)=—HHH/2.) %(3./4.)

:))%(5 D(10,36)=—HHH/2.) x(1./4.)

537 C For H202, reacting species

538 G(11)=1.—C6(1,J)

539 B(11,11)=1.

540

541 G(12)=C6(2,J)

542 B(12,12)=—1.

543

544 C For CX—GOx2, enzyme

545 G(13)=omegax(3.xC7(2,J)+C7(2,J+1)) /4.

546 1 +(3.#RXNL(1,J)+RXNL(1,J+1)) /4

547 2 —(3.«RXN2(1,J)+RXN2(1,J+1)) /4.

548 B(13,14) —omega*( ./4.)

549 D(13,14)=—omegax(1./4.)

550 B(13,29)=-3./4.

551 D(13,29)=—1./4.

552 B(13,31)=+3./4.

553 D(13,31)=+1./4.

554

555 G(14)=omegax(3.xC7(1,J)+C7(1,J+1)) /4.

556 1 4+(3.«*RXN1(2,J)4+RXN1(2,J+1)) /4.

557 2 —(3.«RXN2(2,J)+RXN2(2,J+1)) /4.

558 B(14,13)=omega*(3./4.)

559 D(14,13)=omegax(1./4.)

560 B(14,30)=-3./4.

561 D(14,30)=—1./4.

562 B(14,32)=+3./4.

563 D(14,32)=+1./4.

564

565 C For CX-GOx, enzyme
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566 G(15)=omegax(3.xC8(2,J)+C8(2,J+1)) /4.

567 1 +(3.+RXN3(1,J)+RXN3(1,J+1)) /4.

568 2 —(3.RXN4(1,J)+RXN4(1,J+1)) /4.

569 B(15716):—0mega*( ./40)

570 D(15,16)=omegax(1./4.)

571 B(15,33)=—3./4.

572 D(15,33)=—1./4.

573 B(15,35)=+3./4.

574 D(15,35)=+1./4.

575

576 G(16)=—omegax(3.xC8(1,J)+C8(1,J+1)) /4.

577 1 +(3.#RXN3(2,J)+RXN3(2,J+1)) /4.

578 2 —(3.RXN4(2,J)+RXN4(2,J+1)) /4.

579 B(16,15)=omega*(3./4.)

580 D(16,15)=omegax(1./4.)

581 B(16,34)=-3./4.

582 D(16,34)=—1./4.

583 B(16,36)=+3./4.

584 D(16,36)=+1./4.

585

586 C For alpha—glucose ,

587 G(17)=omegax(3.xC9(2,J)+C9(2,J+1)) /4.

588 1 +2.xDGOX(1) *(C9(1,J4+1)—C9(1,J) ) /HHH* 2.

589 2 —(3.+RXN5(1,J)+RXN5(1,J+1)) /4.

590 B(17,17)=+2.+DGOX(1) /HHHx*2.

591 D(17,17)=—2.4DGOX(1) /HHHx**2.

592 B(17,18)=—omegax*(3./4.)

593 D(17,18)=—omegax(1./4.)

594 B(17,37)=+3./4.

595 D(17,37)=+1./4.

596

597

598 G(18)=—omega=*(3.xC9(1,J)+C9(1,J+1)) /4.

599 1 +2.4DGOX(1)*(C9(2,J+1)—C9(2,J) ) /HHHx*2.

600 2 —(3.xRXN5(2,J)+RXN5(2,J+1)) /4.

601 B(18,18)=+2.«DGOX(1) /HHHx*2.

602 D(18,18)=—2.4DGOX(1) /HHHx 2.

603 B(18,17)=omega*(3./4.)

604 D(18,17)=omegax*(1./4.)

605 B(18,38) =+3. /4.

606 D(18,38)=+1./4.

607

608 C For H ions, H202, OH- ions, gluconate ions and complex enzyme
609 G(19)=—(HHH/2.) *xomegax*(3.xC11(2,J)+C11(2,J+1)) *(1./4.)
610 1 +(HHH/2.) xomega*(3.xC10(2,J)+C10(2,J+1)) *(1./4.)
611 2 +([DGOX(9) /HHH) *(C10(1,J+1)—-C10(1,J))

612 3 —(DGOX(10) /HHH) #(C11(1,J+1)—C11(1,J))

613 4 +2.%(HHH/2.) xomegax(3.%C6(2,J)+C6(2,J+1)) x(1./4.)
614 5 +2.%(DCOX(6) /HHH) % (C6(1,J+1)-C6(1,J))

615 6  +4.+FLUXR#(CONCSS(10,J) #%2.)+CONCSS(6 ,J ) *BB2+VTILDE
616 7 —4 +FLUXR#* (CONCSS(10,J) *%2.)*C6(1,J)

617 8 —4.%2 xFLUXR+CONCSS(10,J) *CONCSS(6,J)*C10(1,J)
618 1 +2.+«FLUXH* (CONCSS(10,J) % 2. ) +BBH+VTILDE

619 9 —4.+FLUXH+CONCSS(10,J)*C10(1,J)

620 3 +2.%(HHH/2.) #(3.«RXNA(1,J)+RXNA(1,J+1)) *(1./4.)
621 4 —(HHH/2.) *omega*(3.xC12(2,J)+C12(2,J+1)) x(1./4.)
622 5  —(DGOX(11)/HHH)x(C12(1,J+1)-C12(1,J))

623 6 +(HHH/2.) xomega*(3.xC13(2,J)+C13(2,J+1)) *(1./4.)
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624 7 —(HHH/2.) xomega*(3.%C14(2,J)+C14(2,J+1)) *(1./4.)
625

626 B(19,11)=2.«+DGOX(6) /HHH+4.+FLUXRx (CONCSS(10,J) *%2.)
627 D(19,11)=—2.4DGOX(6 ) /HHH

628 B(19,12)=—2.%(HHH/2.) xomega*(3./4.)

629 D(19,12)=—2.«(HHH/2.) *xomega*(1./4.)

630 B(19,19)=DCOX(9) /HHH+ 4. %2 *FLUXR+CONCSS(10 , J ) *CONCSS(6 , J)
631 1 +4.*FLUXH+CONCSS (10, J )

632 D(19,19)=DGCOX(9) /HHH

633 B(19,20)=—HHH/2.)*xomegax*(3./4.)

634 D(19,20)=—(HHH/2.) xomegax(1./4.)

635 B(19,21)=DGOX(10) /HHH

636 D(19,21)=DCOX(10) /HHH

637 B(19,22)=HHH/2.) xomegax*(3./4.)

638 D(19,22)=HHH/2.) xomega*(1./4.)

639 B(19,23)=DGOX(11) /HHH

640 D(19,23)=DGOX(11) /HHH

641 B(19,24)=HHH/2.)*xomegax*(3./4.)

642 D(19,24)=HHH/2.) xomega=*(1./4.)

643 B(19,26)=—HHH/2.)*omega*(3./4.)

644 D(19,26)=—HHH/2.) xomega=(1./4.)

645 B(19,28)=(HHH/2.)*omegax(3./4.)

646 D(19,28)=HHH/2.) *xomegax(1./4.)

647 B(19,35)=—2.(HHH/2.) *(3./4.)

648 D(19,35)=—2.+(HHH/2.) % (1./4.)

649

650

651 G(20)=(HHH/2.) *omega*(3.xC11(1,J)+C11(1,J+1)) x(1./4.)
652 1 —(HHH/2.) *omegax*(3.xC10(1,J)+C10(1,J+1))=*(1./4.)
653 2 +(DCOX(9) /HHH) +(C10(2,J+1)-C10(2,J))

654 3 —(DGOX(10)/HHH) +(C11(2,J+1)-C11(2,J))

655 4 —2.x(HHH/2.) *xomega*(3.%xC6(1,J)+C6(1,J+1)) = (1./4.)
656 5 +2.%(DGOX(6) /HHH) *(C6 (2 ,J+1)-C6(2,J) )

657 6  —4.+FLUXR+(CONCSS(10,J) *%2.)xC6(2,J)

658 7 —4.%2 xFLUXR+CONCSS(10,J)*CONCSS(6,J)*C10(2,J)
659 8  —4.+FLUXH+CONCSS(10,J)+C10(2,J)

660 9 +2.x(HHH/2.) +(3. *RXN4(2,J)+RXN4(2,J+1)) *(1./4.)
661 1 +(HHH/2.) xomegax(3.xC12(1,J)+C12(1,J+1)) *(1./4.)
662 2 —(DGOX(11) /HHH) *(C12(2, J+1) C12(2,J))

663 3 —(HHH/2.) *omega * (3 *C13(1 J)+C13(1,J+1)) «(1./4.)
664 4 +(HHH/2.) xomega * (3 *Cl4(1,J)+Cl4(1,J—|—1))*(1 /4.)
665

666 B(20,12) =2.%(DGOX(6) /HHH) +4.*FLUXR* (CONCSS (10 ,J ) #%2.)
667 D(20,12)=-2.x(DGOX(6) /HHH)

668 B(20,11)=2.x(HHH/2.) xomegax(3./4.)

669 D(20,11)=2.«(HHH/2.) *xomega*(1./4.)

670 B(20,20)=DGOX(9) /HHH+4.*2.*FLUXR*CONCSS (10 ,J ) *CONCSS(6 ,J)
671 1 +4 . xFLUXH*xCONCSS(10,J)

672 D(20,20)=DGOX(9) /HHH

673 B(20,19)=HHH/2.) xomegax*(3./4.)

674 D(20,19)=HHH/2.) xomegax(1./4.)

675 B(20,22)=DGOX(10) /HHH

676 D(20,22)=DGOX(10) /HHH

677 B(20,21)=—(HHH/2.) xomega*(3./4.)

678 D(20,21)=—(HHH/2.) *xomega*(1./4.)

679 B(20,24)=DGOX(11) /HHH

680 D(20,24)=DGOX(11) /HHH

681 B(20,23)=—HHH/2.) *omega*(3./4.)
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D(20,23)=—(HHH/2.) xomega (1./4.)
B(20,25)=(MHHH/2.) *xomegax*(3./4.)
D(20,25)=HHH/2.) xomega*(1./4.)
B(20,27)=—HHH/2.) *xomegax*(3./4.)
D(20,27)=—(MHHH/2.) xomegax (1./4.)
B(20,36)=—2.(HHH/2.) x(3./4.)

D(20,36)=—2.x(HHH/2.) % (1./4.)

For H+ and OH- ions equilibrium ,
G(21)=CONCSS(10,J)*C11(1,J)—CONCSS(11,J)*C10(1,J)

B(21,19)=CONCSS(11,J)
B(21,21)=CONCSS(10,J)

G(22)=CONCSS(10,J)*C11(2,J)—CONCSS(11,J)*C10(2,J)
B(22,20)=CONCSS(11,J)
B(22,22)=CONCSS(10,J)

For gluconic acid dissociation ,

G(23)=equilib7+C3(1,J)—CONCSS(10,J)*C12(1,J)—CONCSS(12,J)*C10(1,J)

B(23,5)=—equilib7
B(23,23)=CONCSS(10,J)
B(23,19)=CONCSS(12,J)

G(24)=equilib7xC3(2,J)—CONCSS(10,J)*C12(2,J)—CONCSS(12,J)*C10(2,J)
B(24,6)=—equilib7

B(24,24)=CONCSS(10,J)

B(24,20)=CONCSS(12,J)

For H+GOx dissociation into Ht+ and GOx(ox.) ,
G(25)=equilib8x%C13(1,J)—CONCSS(10,J)*C2(1,J)—CONCSS(2,J)*C10(1,J)
B(25,25)=—equilib8

B(25,3)=CONCSS(10,J)

B(25,19)=CONCSS(2,J)

G(26)=equilib8*C13(2,J)—CONCSS(10,J)*C2(2,J)—CONCSS(2,J)*C10(2,J)
B(26,26)=equilib8
B(26 4)=CONCSS(10,J)

B(26,20)=CONCSS(2,J)

For GOx(red.) dissociation into H+ and GOx—(red.) ,
G(27):equilib9*C4(1,J)—CONCSS(lO,J)*CM(l,J)—CONCSS(14,J)*010(17J)
B(27,7)=equilib9
B(27,27)=CONCSS(10,J)
(27,19)=CONCSS(14,7J)

B
G(28)=equilib9+C4(2,J)—CONCSS(10,J)+C14(2,J)—CONCSS(14,J)*C10(2,J)
B(28,8)=—equilib9

B(28,28)=CONCSS(10,J)

B(28,20):CONCSS(14,J)

REACTION1
G(29)=RXNI(1,J)+ratefl«CONCSS(2,J)*C1(1,J)
1 +ratefl *CONCSS(1,J)*C2(1,J)

2 —C7(1,J)xratefl /equilibl
B(29,1)=-ratefl «*CONCSS(2,J)
B(29,3)=ratefl*CONCSS(1,J)
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B(29,13)=tratefl /equilibl
B(29,29)=+1

G(30)=RXN1(2,J)+ratefl «CONCSS(2

1 +ratefl «CONCSS(1,J)*C2(2,J)

2 —C7(2,J)xratefl /equilibl

B(30,2)=ratefl*CONCSS(2,J)

B(30,4)=rateflxCONCSS(1,J)

B(SO ,14)=tratefl /equilibl
B(30,30)=

REACTION2
G(31)=RXN2(1,J)+ratef2xC7(1,J)
B(31,13) fratef2

B(31,31)=

G(32)=RXN2(2,J)+ratef2xC7(2,J)
B(32,14)=ratef2
B(32,32)=+1.

REACTIONS

G(33)=RXN3(1,J)+ratef3 «CONCSS(4

1 +ratef3«CONCSS(5,J)*xC4(1,J)
2 —C8(1,J)xratef3 /equilib3
B(33,7)=ratef3+CONCSS(5,J)
B(33,9)=-ratef3xCONCSS(4,J)
B(33,15)=tratef3/equilib3
B(33,33)=+1

G(34)=RXN3(2,J)+ratef3 *CONCSS(4

1 +ratef3 «CONCSS(5,J)*C4(2,7J)
2 —C8(2,J)xratef3 /equilib3
(34,8)=ratef3+*CONCSS(5,J)
(34,10)=ratef3+*CONCSS(4,J)
(34 716)—4—ratef3/equ111b3
B(34,34)=

B
B
B

REACTION4
G(35)=RXN4(1,J)+ratef4xC8(1,J)
B(35,15)=ratef4

B(35,35)=

G(36)=RXN4(2,J)+ratefd«C8(2,J)
B(36,16)=ratef4
B(36,36)=+1.

REACTIONb

37,1)=ratefb/equilibb

§37 17)=ratefb
E37,37):+1

38,2)=ratef5/equilib5b

(
(38,18)=ratef5
(
(38,38)=+1.

WRITE(14,301) J, (G(K) ,K=1N)

J)xC1(2,)

J)xC5(1,7J)

J)*C5(2,J)

37)=RXN5(1,J)+ratef5xC9(1,J)—ratefs/equilib5xC1(1,J)

38)=RXN5(2,J)+ratef5xC9(2,J)—ratef5/equilib5xC1(2,J)
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RETURN

END

SUBROUTINE REACTION (J)

IMPLICIT DOUBLE PRECISION (A-H, O-Z7)

COMMON/BAT/ A(38,38) ,B(38,38),C(38,10001) ,D(38,77) ,G(38),

1 X(38,38),Y(38,38)

(OMMON/NST/ N, NJ

(OMMON/VAR/ CONCSS(14,10001) ,RXNSS(7,10001)

COMMON/VARR/ COEFFMT(13) ,HHH, KJ

COMMON/CON/ C1(2,10001) ,C2(2,10001) ,C3(2,10001) ,C4(2,10001)

1 C5(2,10001) ,C6(2,10001) ,C7(2,10001) ,C8(2,10001) ,C9(2,10001)
2 C10(2,10001) ,C11(2,10001) ,C12(2,10001) ,C13(2,10001) ,

2 C14(2,10001) ,RXN1(2,10001) ,RXN2(2,10001) ,RXN3(2,10001) ,

3  RXN4(2,10001) ,RXN5(2,10001)

(OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratefd  ratef5 ,
1 equilibb ,ratef6 ,equilib6 , equilib7 , equilib8 , equilib9
(OMMON/OTH/ H,EBIG,HH, 1J

(OMMON/POR/ DGOX(17) ,DGILM(17) ,DBULK(17)

(OMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, omega

(OMMON/BUL/ CBULK(13) ,PARH202,PAR02,PARGLUCOSE, PARION, SOLO2,JCOUNT
(OMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CH202(1000,10001),

1 C02(1000,10001) ,CH(1000,10001)

COMMON/POT/ VTILDE

301 FORMAT (5x,’J=’ I5, 38El5.6E3)

For BETA—Glucose, being consumed only
G(1)=omegaxC1(2,J)
1 +DGOX (1) *(C1(1,J+1)—2.%xC1(1,J)+C1(1,J—1)) /HHH**2.
3 —RXN1(1,J)+RXN5(1,J)
,1)=2.«DGOX(1) /HHHx 2.

)=DGOX(1) /HHHx 2.

)=DGOX(1) /HHHx 2.

G(2)=omegaxC1(1,J)
1 +DGOX(1) *(C1(2,J+1)—2.4C1(2,J)+C1(2,J-1)) /HHH=* % 2.
3 —RXNI1(2,J)+RXN5(2,J)
) =2.«DGOX (1) /HHHx 2.
)=DGOX (1) /HHH* 2.
)=DGOX (1) /HHH**2.
)=omega

For GOx and H+GOx enzyme,
G(3)=omegaxC2(2,J)+omegaxC13(2,J)
1 —RXNI1(1,J)

2 +RXN4(1,J)

B(3,4)=—omega

B(3,26)=—omega
B(3,29)=+1.
B(3,35)=—1.

P

(4)=omegaxC2(1,J)—omegaxC13(1,J)
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856
857
858
859
860
861
862
863 C
864
865
866
867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
883
884
885
886
887
889
890
891
892
893
894 C
895
896
897
898
899
900

1 —RXN1(2,J)
2 +RXN4(2,J)
4,3):0mega

For flux of Gluconic Acid and Gluconate ion ,
G(5)=omegaxC3(2,J)

DGOX(3) #(C3(1,J+1)—2.4C3(1,J)+C3(1,J—1)) /HHH*#2.
+omegaxC12(2,J)

DCOX(11) %(C12(1,J+1)—2.xC12(1,J)+C12(1,J—1)) /HHHx 2.
+RXN2(1,J)

5)=2.«+DGOX(3) /HHHx* 2.

5)=DGOX(3) /HHHx**2.

5)=DGOX(3) /HHHx**2.
6)

=—omega

=W N =

23)=2.«DGOX(11) /HHHx**2.
)=DGOX(11) /HHHx*2.

)=DGOX(11) /HHHx*2.
)=
)

omega

ssllosBwli-lesleclwiive)
Gt Ot Ot Ot Ot Ut Ut Ut Ot
OJ[\?[\'J[\D
»—w;oooo

G(6)=—omegaxC3(1,J)
+DGOX(3) *(C3(2,J+1)—2.xC3(2,J)+C3(2,J—1)) /HHH**2.
—omegaxC12(1,J)
DGOX(11) *(C12(2,J+1) —2.4C12(2,J)+C12(2,J—1)) /HHH* %2.
+RXN2(2,J)
6,6)=2.«DGOX(3) /HHHx 2.
6,6)=DGOX(3) /HHHx**2.
6,6)=DGOX(3) /HHH:* 2.
6,5
6

=W N =

)=omega
,24)=2.«DGOX(11) /HHH* 2.
6,24)=DGOX(11) /HHHx+2.
6,24)=DGOX(11) /HHH*2.
6,23) omega
6.32)=

TEOO>TWO >

For GOx2 and GOx—(red.) enzyme complex,
G(7)=omegaxC4(2,J)+omegaxC14(2,J)
1 +RXN2(1,J)
2 _RXN3(1,J)
7,8)=—omega

G(8)=—omega*xC4(1,J)—omegaxC14(1,J)
1 4RXN2(2,J)
2 _RXN3(2,J)

For O2, being consumed only
G(9)=omegaxC5(2,1J)
1 HDGOX(5) *(C5(1,J+1)—2.%xC5(1,J)+C5(1,J—1)) /HHH* 2.
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914 2 —RXN3(1,J)

915 B(9,9)=2.«DGOX(5) /HHH=**2.
916 A(9,9)=DCOX(5) /HHHx 2.
917 D(9,9)=DGOX(5 ) /HHH*2.
918 B(9,10)=—omega
919 B(9,33)=+1.
920
921 G(10) —0mega*C5( ,J)
922 1 4DGOX(5)#(C5(2,J+1)—2.+C5(2,J)+C5(2,J—1)) /HHHx+2.
923 2 —RXN3(2,J)
924 B(10,10)=2. *DGOX(S)/HHH**Q.
925 A(10,10)=DGOX(5) /HHHx**2.
926 D(10,10)=DGOX(5) /HHHx* *2.
927 B(10,9)=omega
928 B(10,34)=+1
929
930 C For H202, reacting species
931 G(11)=omegaxC6(2,J)
932 1 +DGOX(6) *(C6(1,J+1)—2.%C6(1,J)+C6(1,J—1)) /HHH**2.
933 3 4RXN4(1,J)
934 B(11,11)=2.+DGOX(6) /HHHx#2.
935 A(11,11)=DGOX(6) /HHH*2.
936 D(11,11)=DGOX(6) /HHHx 2.
937 B(11,12)= omega
938 B(11,35)=—1
939
940 G(l?):fomega*C6( ,J)
041 1 JDGOX(6)*(C6(2,J+1)—2.C6(2,J)+C6(2,J—1)) /HHHx*2.
942 3 4RXN4(2,J)
043 B(12,12)=2.+DGOX(6) /HHHx 2.
944 A(12,12)=DGOX(6) /HHHx 2.
945 D(12,12)=DGOX(6) /HHHx 2.
946 B(12,11) omega
047 B(12,36)=
948
949 C For CX-GOx2, enzyme
950 G(13)=omegaxC7(2,J)
951 1 JRXNI(1,J)
952 9 —RXN2(1,J)
953 B(13,14)=—omega
954 B(13,29)=—
955 B(13,31)=+1
)56
957 G(14)=omegaxC7(1,7J)
958 1 4RXNI(2,])
959 2 —RXN2(2,7J)
960 B(14,13)=omega
961 B(14,30)=—
962 B(14,32)=
963
964 C For CX—GOx2, enzyme
965 G(15)=omegaxC8(2,J)
966 1 +4RXN3(1,J)
967 2 —RXN4(1,J)
968 B(15,16)=—omega
969 B(15,33)=—1.
970 B(15,35)=+1.
971
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972 G(16)=omegaxC8(1,J)

973 1 +RXN3(2,7J)

974 2 —RXN4(2,J)

975 B(16,15)=omega

976 B(16,34)=—

977 B(16,36)=+1.

978

979 C FOR ALPHA-GLUCOSE BEING CONSUMMED ONLY,

980 G(17)=omegaxC9(2,J)

981 1 4DGOX(1)#(C9(1,J+1)—2.4C9(1,J)+C9(1,J—1)) /HHH*%2.
982 3 —RXN5(1,J)

983 B(17,17)=2.+DGOX(1) /HHHx* 2.

984 A(17,17)=DGOX(1) /HHHx**2.

985 D(17,17)=DGOX(1) /HHHx**2.

986 B(17,18)=—omega

087 B(17,37)=+1.

988

989 G(18):—0mega*C9( ,J)

990 1 SDGOX(1)#(C9(2,T+1)—2.4C9(2,J)+C9(2,J—1)) /HHHx+2.
991 3 —RXN5(2,J)

992 B(18,18)=2.+DGOX(1) /HHHx#2.

993 A(18,18)=-DGOX(1) /HHHx* 2.

994 D(18,18)=DCOX(1) /HHH *2.

995 B(18,17)=omega

996 B(18,38)=+1.

997

998 C For H+ ions, OH- ions, gluconate ions and complex enzyme
999 G(19)=omegaxC10(2,J)—omegaxCl1(2,J)—omegaxC12(2,J)+omegaxC13(2,J)

1000 1 —omegaxC14(2,7J)

1001 2 4DGOX(9)*(C10(1,J+1)—2.+C10(1,J)+C10(1,J—1)) /HHH*%2.

1002 3 —DGOX(10)#(C11(1,J+1)—2.%C11(1,J)+C11(1,J—1)) /HHH**2.
4 -DGOX(11)#(C12(1,J+1)—2.%C12(1,J)+C12(1,J—1)) /HHH**2.

1004 B(19,20)=—omega

1005 B(19,22)=omega

1006 B(19,24)=omega

1007 B(19,26)=—omega

1008 B(19,28)=omega

1009 B(19,19)=2.+DCOX(9) /HHHx*2.
1010 A(19,19)=DGOX(9) /HHHx* 2.
1011 D(19,19)=DGOX(9) /HHHx 2.
1012 B(19,21)=—2.4DGOX(10) /HHHx 2.
1013 A(19,21)=DCOX(10) /HHHx*#2.
1014 D(19,21)=DGOX(10) /HHHx 2.
1015 B(19,23)=-2.+DGOX(11) /HHHx*2.
1016 A(19,23)=DGOX(11) /HHHx 2.
1017 D(19,23)=DGOX(11) /HHH* 2.
1018

1019 G(20)=omegaxC10(1,J)+omegaxC11(1,J)+omegaxC12(1,J)—omegaxC13(1,J)
1020 +omegaxC14(1,J)

( 1
1021 2 %OX(Q)*(ClO(Q,J+1)72.*CIO(2,J)+ClO(2,J 1)) /HHH##2.
1022 3 -DGOX(10)#(C11(2,J+1)—2.%C11(2,J)+C11(2,J—1)) /HHH* 2.
1023 4 DCGOX(11)%(C12(2,J+1)—2.%C12(2,J)+C12(2,J—1)) /HHH* 2.
1
1

)24 B(20,19)=omega
025 B(20,21)=-omega
1026 B(20,23)=—omega
1027 B(20,25)=omega
1028 B(20,27)=omega
1029 B(20,20)=2.xDGOX(9) /HHH+*2.
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1036
1037
1038
1039
] ()4

1041
1042
1043
1044
1045
1046
1047
1048
1049
1050
10 )l

1062
1063
1064

20,20
20,20
20,22

( )= —2*DGOX(10)/HHH**2.
(20 22)=DGOX(10)/HHH**2
(20 22)=DGOX(10)/HHH**2
( )

( )
D( )

20,24)=—2.+DGOX(11) /HHHx*2.
20,24)=DGOX(11) /HHHx 2.
20,24)=DGOX(11) /HHHx 2.

For H+ and OH- ions equilibrium ,
G(21)=CONCSS(10,J)*C11(1,J)—CONCSS(11,J)*C10(1,J)

B(21,19)=CONCSS(11,J)
B(21,21)=CONCSS(10,J)

G(22)=CONCSS(10,7J)*C11(2,J)—CONCSS(11,J)*C10(2,J)
B(22,20)=CONCSS(11,J)
B(22,22)=CONCSS(10,J)

For gluconic acid dissociation ,

G(23)=equilib7+C3(1,J)—CONCSS(10,J)*C12(1,J)—CONCSS(12,J)*C10(1,J)

B(23,5)=-equilib7
B(23,23)=CONCSS(10,J)
B(23,19)=CONCSS(12,J)

G(24)=equilib7xC3(2,J)—CONCSS(10,J)*C12(2,J)—CONCSS(12,J)*C10(2,J)
B(24,6)=—equilib7
B(24 24)=CONCSS(10,J)

B(24,20)=CONCSS(12,J)

For H+GOx dissociation into Ht and GOx(ox.) ,
G(25)=equilib8%C13(1,J)—CONCSS(10,J)*C2(1,J)—CONCSS(2,J)*C10(1,J)
B(25,25)=equilib8

(25,3)=CONCSS(10,J)

(25,19)=CONCSS(2,J)

(26)=equilib8xC13(2,J)—CONCSS(10,J)*C2(2,J)—CONCSS(2,J)*C10(2,J)
(26,26)=—equilib8

(26,4)=CONCSS(10,J)

(

For GOx(red.) dissociation into H+ and GOx—(red.) ,

G(27) equilib9xC4(1,J)—CONCSS(10,J)*C14(1,J)—CONCSS(14,J)+C10(1,J)
B(27,7)=equilib9

B(27,27)=CONCSS(10,J)

(27,19)=CONCSS(14,7J)

B
G(28)=equilib9xC4(2,J)—CONCSS(10,J)xC14(2,J)—CONCSS(14,J)+xC10(2,J)
B(28,8)=equilib9

B(28,28)=CONCSS(10,J)

B(28,20):CONCSS(14,J)

REACTIONI1

G(29)=RXN1(1,J)+ratefl «CONCSS(2,J)*C1(1,J)
1 +ratefl «CONCSS(1,J)*C2(1,J)

2 —C7(1,J)xratefl /equilibl
B(29,1)=ratefl*CONCSS(2,J)
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1088 B(29,3)=ratefl1xCONCSS(1,J)

1089 B(29,13)=tratefl /equilibl

1090 B(29,29)=+1

1091

1092 G(30)=RXN1(2,J)+ratefl1 «CONCSS(2,J)*C1(2,J)
1093 1 fratefl+CONCSS(1,J)*C2(2,J)
1094 2 —C7(2,J)*ratefl /equilibl
1095 B(30,2)=ratefl*CONCSS(2,J)
1096 B(30,4)=ratefl *CONCSS(1,J)
1097 B(30,14):+ratef1/equilib1

1098 B(30,30)=+1

1099

1100 C REACTION2

1101 G(31)=RXN2(1,J)+ratef2xC7(1,J)
1102 B(31,13)=ratef2

1103 B(31,31)=+1

1104

1105 G(32)=RXN2(2,J)+ratef2xC7(2,J)
1106 B(32,14)=ratef2

1107 B(32,32)=+1.

1108

1109 C REACTION3

1110 G(33)=RXN3(1,J)4ratef3 xCONCSS(4,J)*C5(1,J)
1111 1 +ratef3 «CONCSS(5,J)+xC4(1,7J)
1112 2 —C8(1,J)xratef3 /equilib3
1113 B(33,7)=—ratef3xCONCSS(5,J)
1114 B(33,9)=-ratef3xCONCSS(4,J)
1115 B(33,15)=tratef3 /equilib3

1116 B(33,33)=+1

1117

1118 G(34)=RXN3(2,J)+ratef3 «CONCSS(4,J)*C5(2,J)
1119 1 +ratef3 *CONCSS(5,J)*C4(2,7J)
1120 2 —C8(2,J)*ratef3 /equilib3
1121 B(34,8)=ratef3*CONCSS(5,J)
1122 B(34,10)=ratef3xCONCSS(4,J)
1123 B(34,16)_+ratef3/equ111b3

1124 B(34,34)=

1125

1126 C REACTION4

1127 G(35)=RXN4(1,J)+ratef4xC8(1,J)
1128 B(35,15)=ratef4

1129 B(35,35)=+1

1130

1131 G(36)=RXN4(2,J)+ratefd«C8(2,J)
1132 B(36,16)=ratef4

1133 B(36,36)=+1.

1134

1135 C REACTION5S

1136 G(37) =RXN5(1,J)+ratef5«C9(1,J)—ratef5/equilib5«C1(1,J)
1137 B(37,17)=ratef5

1138 B(37,1)=ratef5/equilibb

1139 B(37,37)=+1

1140

1141 G(38)=RXN5(2,J)+ratef5xC9(2,J)—ratef5/equilib5*C1(2,J)
1142 B(38,18)=ratefh

1143 B(38,2)=ratef5/equilibb

1144 B(38,38)=+1.

1145
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1146
1147
1148
1149
1150
1151
1152
1153
1154
1155
1156
1157
1158
1159
1160
1161
1162
1163
1164
1165
1166
1167
1168
1169
1170
1171
1172
1173
1174
1175
1176
1177
1178
1179
1180
1181
1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203

11

SAVE G OUT DATA

DO 11 1=2,13

If (1.BEQ.J) WRITE(14,301) J, (G(K) K=1N)
IF (J.EQ.1J/2) THEN

WRITE(14,301) J, (G(K) ,K=1N)
ELSE IF (J.EQ.(1J-1))
WRITE(14,301) J, (G(K) K=1N)
ELSE IF (J.EQ.(1J—2)) THEN
WRITE(14,301) J, (G(K) K=1N)
ELSE IF (J.EQ.(I1J-3)) THEN
WRITE(14,301) J, (G(K) K=1N)
END IF

RETURN

END

SUBROUTINE COUPLER1(J)

IMPLICIT DOUBLE PRECISION (A-H, O-Z7)

COMMON/BAT/ A(38,38) ,B(38,38),C(38,10001) ,D(38,77) ,G(38) ,

1 X(38,38),Y(38,38)

COMMON/NST/ N, NJ

COMMON/VAR/ CONCSS(14,10001) ,RXNSS(7,10001)

COMMON/VARR/ COEFFMT(13) ,HHH, KJ

COMMON/CON/ C1(2,10001) ,C2(2,10001) ,C3(2,10001) ,C4(2,10001)

1 C5(2,10001),06(2,10001),C7(2,10001),C8(2,10001),C9(2,10001) ,
2 C10(2,10001),C11(2,10001),C12(2,10001) ,C13(2,10001),

2 C14(2,10001) ,RXN1(2,10001) ,RXN2(2,10001) ,RXN3(2,10001) ,
3 RXN4(2,10001) ,RXN5(2,10001)

(OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratef4 ,ratef5
1 equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 ,equilib9
COMMON/OTH/ H,EBIG,HH, 1J

COMMON/POR,/ DGOX(17) ,DGIM(17) ,DBULK(17)

COMMON/BCI/ FLUXF,FLUXB, FLUXR, FLUXH, omega

COMMON/BUL/ CBULK(13) ,PARH202, PAR02, PARGLUCOSE, PARION, SOLO2, JCOUNT
COMMON/DELT/ DELTA1, DELTA2, FREQ(400),CH202(1000,10001),

1 C02(1000,10001) ,CH(1000,10001)

COMMON/POT/ VTILDE

301 FORMAT (5x,’J=' 15, 38E15.6E3)

For beta—Glucose, being consumed only
G(1)=HH/2.xomegax*(C1(2,J+1)+3.xC1(2,J)) /4.
HIHH/2.%omega*(CL1(2,J-1)+3.%C1(2,J)) /4.
+DGOX (1) *(C1(1,J+1)—-C1(1,J))/HH
—DGOX(1) *(C1(1,J)—C1(1,J-1))/HHH
—(HH/2.) *(RXN1(1,J4+1)+3.«RXN1(1,J
—GHHUQ *(RXN1(1,J—1)+3.«RXNI(1
(RXN5(1,J41)+3.«RXN5(1,
) #(RXN5(1,J—1)+3.+«RXN5(1
i/HEHIX})X(l)/PEH{
1

4.

0O UtWwW N

)) /4.
J))/
J)) /4.
,J)) /4.

) /HH

) /HHH
—HHH/2.xomega*(3./4.)-HH/2.xomega*(3./4.)
—HH/2.%xomega=*(1./4.)
—HHH/2.xomegax*(1./4.)

(HH/2.) % (3./4.)+HHH/2.) %(3./4.)

(HH/2.) x(1./4.)

OwWwre-0Ows=0ow
m R R R R R R

\/\/IIIII
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A(1,29)
B(1,37)
D(1, 37)
A( )

~——

—(HHH/2.) %(3./4.)

S~
\l\Dl\D[\D
~———
~ % % %
\\\
\Hkh&%
-~
~—
~—

(L.
(3.
(L.

[\)

Ar—\oor—
—_

G(2)=HHH/2.%xomegax*(CL1(1,J—-1)+3.%C1(1,J))
—HH/2.%*omegax*(C1(1,J+1)+3.%xC1(1,J)) /4.
—H)GOX(l)*(Cl(2,J+1)—Cl(2,J))/HH
“DGOX (1) *(C1(2,J)—C1(2,J—1)) /HHH
—(HH/2.) *(RXNL(2,J+1)+3.sRXN1(2,J) ) /4.
_(HHH/2.) *(RXNL(2,J—1)+3.#RXN1(2,J)) /

(HH/2.) * RXN5(2,J+1)+3.*RXN5(2 J)) /4.

(HHH/Q) (RXN5(2,J—1)+3.«RXN5(2,J)) /

4.

N Otk W

++

(
* 4.
1 bcox (1)

)=DGOX(1) /HHH

)=HHHH/2.*xomega * (3./4.)+HH/2.xomega * ( 3
)=HIH/2.xomegax(1./4.)

%—M/Q xomegax(1./4.)

DD N DN
WHE FFF NN

=(HH/2.) *(3./4.)+(HHH/2.) *(3./4.)
(HH/2.) * (1 ~/4->

(HHH/2.) *
—(HH/2.) (3
—(HH/2.) * (1
—(HHH/2.)

For GOx and H+GOx enzyme,
G(3)=omegaxC2(2,J)+omegaxC13(2,J)
1 —RXNI(1,J)
2 +RXN4(1,J)

B(3,4)=—omega
B(3,26)=omega
B(
B(

[\)
w
=

2,38
2,38
2,38

) (HHH/2.) *(3./4.)

o000 >0m»>0W

)
)
2,30)
)
)
)

3,29)=+1.

G(4)=omegaxC2(1,J)—omegaxC13(1,J)
1 —RXN1(2,J)
2 4RXN4(2,7J)

4 ,3)=omega

/4.

/4.)

For flux of Gluconic Acid and Gluconate ion ,

G(5)=HHH/2.xomega*(C3(2,J—1)+3.xC3(2,J)) /4.
HIH/2.xomegax*(C3(2,J+1)+3.xC3(2,J)) /4.
+DGOX(3) *(C3(1,J+1)-C3(1,J))/HH
—DGOX(3) *(C3(1,J)—C3(1,J—1)) /HHH
HIHH/ 2. omegax*(C12(2,J-1)+3.%xC12(2,J)) /

4

+DGOX(11) %(C12(1,J+1)-C12(1,J))/HH

-DGOX(11)%(C12(1,J)-C12(1,J—-1))/HHH

+(HH/2.) *(RXN2(1,J+1)+3.+*RXN2(1,J)) /4.

F(HHH/ 2. ) * (RXN2(1,J—1)+3.+RXN2(1, 7)) /4.

5)=DGOX(3) /HHHDGOX(3) /HHH

5)=DGOX(3) /HH

5)=DGOX(3) /HHH

6)=HHH/2.+xomegax(3./4.)-HH/2.xomega (3

© 00 JO Ui W~
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) /4.
HIH/2.xomegax(C12(2,J+1)+3.xC12(2,J)) /4.
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1262
1263
1264
1265
1266
1267
1268
1269
1270
1271
1272
1273
1274
1275
1276
1277
1278
1279
1280
1281
1282
1283
1284
1285
1286
1287
1288
1289
1290
1291
1292
1293
1294
1295
1296
1297
1298
1299

S
S
)
)
5
5
5
5

5
5
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G(6)=

© 00 O Ui W

SO0 >0 >0@>0W>0W®

For
G(T7)

B(7,
B(7,
B(
B(

G(8)

B(8,
B(8,
B(8,
B(8,

For
G(9)

=HH/2.xomegax(1./4.)
=HHH/2.xomegax(1./4.)
)=DGOX(11) /HEHDGOX(11) /HHH
)=DGOX(11) /HH
,23)=DGOX(11) /HHH
,24)
,24)
)
)
)
)

—HH/2.xomegax(1./4.)
,24)=HHH/2.xomega*(1./4.)
,31
31 /2.)%(1./4.

—(HHH/2.) x(1./4.)
—HHH /2. xomegax(C3(1,J—1)+3.xC3(1,J

OJ
—

—HH/2.%*omegax*(C3(1,J+1)+3.%xC3(1,J))
+DGOX(3) *(C3(2,J+1)-C3(2,J) ) /HH
-DGOX(3) *(C3(2,J)—C3(2,J—-1)) /HHH

)
/

—HHH/2.*omega*(C12(1,J—-1)+3.xC12(1,J
)

—HH/2.%omega*(C12(1,J+1)+3.xC12(1,J
DGOX(11) #(C12(2,J+1)—-C12(2,J)) /HH
DGOX(11) +(C12(2,J)-C12(2,J—1)) /HHH
F(HH/2.) +(RXN2(2,J41)+3.4RXN2(2,J))
F(HHH/2.) * (RXN2(2 ,J—1)+3.%RXN2(2, J )
—DGOX (3 ) /HEHDCGOX (3 ) /HHH
=DGOX(3) /HH
=DGOX(3) /HHH

—_

=tHH/2.xomegax (1./4.)
=tHHH/2.%omega*(1./4.)
=DGOX(11) /HEHDGOX(11) /HHH
=DGOX(11) /HH

4)=DGOX(11) /HHH
3

+HHH/2.xomega*(1./4.)
+HHH/ 2. xomega*(1./4.)

~(HH/2.) % (1./4.)
_(HHH/2.) +(1./4%)

GOx2 and GOx—(red.) enzyme complex
=omegaxC4(2,J)+omegaxC14(2,J)
+RXN2(1,J)

—RXN3(1,J)

8 )=—omega

28)=—omega

4)
4)
)
)
23)
)
)
)
)

=omegaxC4(1,J)—omegaxC14(1,J)
HRXN2(2,7)

“RXN3(2,J)

7)f0mega

27)=omega

32)=—1.

34)=+1.

02, being consumed only

=IHH/ 2.+ omega*(C5(2,J—1)+3.%xC5(2,7J)
HIH/2.%omega*(C5(2,J+1)+3.%xC5(2,7J)
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—(HH/2.) *(3./4.) —(HHH/2.) *(3./4.)
—(HH )

)
)

/4.
) /4.

—(HH/2.) *(3./4.) —(HHH/2.) % (3./4.)

)
4.

/

)
|
g =HHHH/2.xomega* (3./4.)+IH/2.xomega * (3
)

=HHH/2.xomegax (3./4.)—HH/2.*xomega * (3
4.

4.

=HIHH/2.*xomega* (3./4.)+HIH/2.xomega * (3
4.

/4.)

) /4.
/4.

/4.)

/4.)
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J

S UL W N

- =~J =J
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3

~J

2 +DGOX(5) *(C5 (1,J+1)7C5(1,J))/I-]I-I

3 -DGOX(5) *(C5(1,J)—C5(1,J—-1)) /HHH

4 —(HH/2.) *(RXN3 (1 J+1)+3 *RXN3(1,J)) /4.

5  —(HHH/2.)*(RXN3(1,J—1)+3.+RXN3(1,J)) /4.
B(9,9)=DGOX(5) /HHHDGOX(5) /HHH
D(9,9)=DCOX(5) /HH

A(9,9)=DCOX(5) /HHH

B(9,10)=HHH/2.xomegax (3./4.)-HH/2.%omegax*(3./4.)
D(9,10)=HH/2.xomegax(1./4.)
A(9,10)=HHH/2.xomegax(1./4.)

B(9,33)=HH/2.) x(3./4.)+HHH/2.) x(3./4.)
D(9,33)=HH/2.)*(1./4.)
A(9,33)=HHH/2.)%(1./4.)

a( ) /4.

10)=HHH/2.xomegax(C5(1,J—1)+3.xC5(1,J)
—HH/2.%*omegax*(C5(1,J+1)+3.%xC5(1,J)) /4.

1
2 +DGOX(5)*(C5(2,J+1)—C5(2,J))/HH

3 -DGOX(5 ) (C5(2,J)-C5(2,J—1)) /HHH

4 —(HH/2.)*(RXN3(2,J+1)+3.#RXN3(2,J)) /4.
5 _(HHH/2.) +(RXN3(2,J—1)+3.RXN3(2,J)) /4.

B(10,10)=DCOX(5) /HE+DGOX (5 ) /HEH
D(10,10)=DGOX(5) /HH

A(10,10)=DGOX(5) /HHH

B(10,9)=tHHH/2.+xomega *(3./4.)+HHH/2.xomegax(3./4.)
D(10,9)=tHH/2.*omegax (1./4.)
A(10,9)=tHHH/2.%xomega*(1./4.)

B(10,34)=HH/2.) *(3./4.)+HHH/2.) %(3./4.)

D —(HH/2.) +(1./4.)

A(10.34)=(HHH/2.) *(1./4.)

For H202, reacting species
G(11)=HHH/2.*omegax(C6(2,J—1)+3.xC6(2,J)) /4.
+HIH/2.xomegax*(C6(2,J+1)+3.%xC6(2,J)) /4.
—i—DGOX(6)*(C6(1,J+1)—C6(1,J))/HH
—DGOX(6) *(C6(1,J)—C6(1,J—1)) /HHH
+(HH/2.) % (RXNA(1, J+1)+3.+RXN4(1, J))
4 (HHH/2.) # (RXN4(1,J—1)+3.+RXN4(1,J)

11,11)=DGOX(6 )/MOX(G)/HM

11,11 ADGOX( ) /HH

—HI-]H/2 xomega*(3./4.)-HH/2.xomega*(3./4.)
—HH /2. xomegax(1./4.)
—HHH/2.xomega*(1./4.)
—HH/2.)%(3./4.)—HHH/2.) %(3./4.)
_(EH/2.) +(1./4.)

A/ 2.) + (1. /4.)

G(12)=HHH/2.%*omega*(C6(1,J—1)+3.xC6(1,J)) /4.
1 —HH/2.+xomegax(C6(1,J+1)+3.xC6(1,J)) /4.
2 +DGOX(6) *(C6(2,J+1)-C6(2,J) ) /HH
3 -DCOX(6)*(C6(2,J)—C6(2,J—1)) /HHH
4
)

T W N =

/4.
) /4.

— P T T T N N L
—_
—_
—_—

+(HH/2.) * (RXN4(2,J+1)+3.«RXN4(2,J))

+(HHH/2.)*(RXN4(2,J—1)+3.>:<RXN4(2,3){ /

4
/4.
B(12,12)=DGOX(6) /HHHDGOX(6) /HHH

D(12,12)=DGOX(6) /HH

A(12,12)=DGCOX(6) /HHH

BElZ 11;_—|—HHH/2 kxomega * (3. /4))—}—}H{/2.*omega*(3./4.)
D 4

12,11)=HH/2.%xomega*(1./
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1390
1391
1392
1393
1394
1395
1396
1397
1398
13{—)9
14

1109
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435

C

A(12,11)=HHH/2.xomegax*(1./4.)
B(12,36)=—(HH/2.) «(3./4.) —(HHH/2.) *(3./4.)
D(12,36)=—(HH/2.) *(1./4.)
A(12,36)=—(HHH/2.) *(1./4.)

For CX—GOx2, enzyme
G(13)=omegaxC7(2,J)
1 HRXN1(1,7J)

2 —RXN2(1,J)
B(13,14)=—omega
B(13,29)=—
B(13,31)=

G(14)=omegaxC7(1,J)
1 +RXN1(2,J)

2 _RXN2(2.J)
B(14,13)=omega
B(14,30)=—1.
B(14,32)=+1.

For CX—GOx2, enzyme
G(15)=omegaxC8(2,J)
1 +RXN3(1,J)

2 —RXN4(1,J)
B(15,16)=—omega
B(15,33)=—
B(15,35)=

G(16)=-omegaxC8(1,J)
1 +RXN3(2,J)

2 _RXN4(2,J)
B(16,15)=omega
B(16,34)=—1.
B(16,36)=+1.

For alpha—Glucose, being consumed only
G(17)=HH/2.xomegax*(C9(2,J+1)+3.xC9(2,J)) /4.
+HHHH/2.xomegax(C9(2,J—1)+3.xC9(2,J)) /4.
DGOX(1) *x(C9(1,J+1)-C9(1,J))/HH
-DGOX(1) *(C9(1,J)—C9(1,J-1))/HHH
—HH/2.) *(RXN5(1,J+1)+3.«RXN5(1,J
—(HHH/2.) * (RXN5(1 J—1)+3.«RXN5(1,
17,17)=DGOX(1 )/HH—I—DGOX( ) /HHH
17,17)=DGOX(1) /HH
17,17)=DGOX(1) /HHH

Ut W N

—
—

—HH/2.%omegax*(1./4.)
—HHH/2.*omega=(1./4.)

HH/2.)%(3./4.)+HHH/2.) %(3./4.)

(HH/2.) *(1./4.)

HHH/2.) x(1./4.)

B(

D( )
A( )
B( )
D(17,18)
A( )
B(17,37)
D( )
A( )

17, 37

G(18)=HHH/2.xomega*(C9(1,J—1)+3.%C9(1
—HH/2.*xomegax(C9(1,J+1)+3.4C9(1,J)
+DGOX(1) *(C9(2,J+1)—C9(2,J) ) /HH
DCOX(1) %(C9(2,J)—C9(2,J 1)) /HEH
—(HH/2.) *(RXN5(2,J+1)+3.#RXN5(2,J ) )
—(HHH/2.) *(RXN5(2,J—1)+3.+RXN5(2 , )

)
) /4.

Tk W N =

/4.
) /4.
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=HHH/2.*omega*(3./4.)-HH/2.*omega * (3

) /4

/4.)



1436
1437

B(18,18)=DGOX(1) /HEHDGOX(1) /HHH

D(18,18)=DGOX(1) /HH

1438 A(18,18)=DGOX(1) /HHH

1439 B(18,17)=HHHH/2.xomega*(3./4.)+HH/2.xomega*(3./4.)

1440 D(18,17)=HIH/2.xomegax(1./4.)
A( )
B( )
D( )
A( )

1441 18,17)=HHH/2.%xomega*(1./4.)

1442 18,38)=HH/2.) *(3./4.)+HHH/2.) *(3./4.)

1443 18,38)=(HH/2.) % (1./4.)

1444 18,38) =(HHH/2.) *(1./4.)

1445

1446 C For H+ ions, OH- ions, gluconate ions and complex enzyme
1447 G(19)=HHH/ 2. omega*(C10(2,J—1)+3.xC10(2,J)) /4.
1448 1 +HHH/2.*omegax*(C10(2,J+1)+3.%xC10(2,J)) /4.

1449 2 +DGOX(9) *(C10(1,J+1)—C10(1,J))/HH

1450 3 -DGOX(9) *(C10(1,J)—C10(1,J—1)) /HHH

1451 4 —HHH/2.%omega*(C11(2,J-1)+3.%xC11(2,J)) /4.
1452 5 —HH/2.xomegax(C11(2,J+1)+3.xC11(2,J)) /4.

1453 6  —DGOX(10)#(C11(1,J+1)-C11(1,J))/HH

1454 7 4DCGOX(10)x(C11(1,J)—C11(1,J—1))/HHH

1455 8 —HHH/2.*omegax(C12(2,J—1)+3.xC12(2,J)) /4.
1456 9 —HH/2.xomegax(C12(2,J+1)+3.4C12(2,7)) /4.

1457 1 —DGOX(ll)*(Cl2(1,J+1)—Cl2(1,J))/HH

1458 2 +DGOX(11) *(C12(1,J)—C12(1,J-1)) /HHH

1459 3 4HHH/2.+omegax(C13(2,J—1)+3.xC13(2,)) /4.
1460 4 +HHH/2.xomegax*(C13(2, J+1)+3 xC13(2,J)) /4.

1461 5 —HHH/2. *omega*(Cl4(2 J—1)+3.xC14(2,J)) /4.
1462 6 —HH/2.+xomegax*(C14 (2, J+1)+3 xC14(2,7)) /4.

1463 B(19,19)=DGOX(9 )/HHHDGOX( ) /HHH

1464 D(19,19)=DGOX(9) /HH

1465 A(19,19)=DGOX(9) /HHH

1466 B(19,20)=HHH/2.+xomega*(3./4.)-HH/2.xomegax(3./4.)
1467 D(19,20)=HH/2.xomegax(1./4.)

1468 A(19,20)=HHH/2.%omegax(1./4.)

1469 B(19,21)=DGOX(10) /HE-DGOX(10) /HHH

1470 D(19,21)=DGOX(10) /HH

1471 A(19,21)=DGOX(10) /HHH

1472 B(19,22)=HHH/2.xomega*(3./4.)+HH/2.xomega*(3./4.)
1473 D(19,22)=HH/2.xomegax*(1./4.)

1474 A(19,22)=HHH/2.xomegax*(1./4.)

1475 B(19,23)=DCOX(11) /HEDGOX(11) /HHH

1476 D(19,23)=DGOX(11) /HH

1477 A(19,23)=DGOX(11) /HHH

1478 B(19,24)=HHH/2.xomega*(3./4.)-HH/2.xomegax(3./4.)
1479 D(19,24)=HH/2.xomegax*(1./4.)

1480 A(19,24)=HHH/2.%omegax*(1./4.)

1481 B(19,26)=HHH/2.+xomega*(3./4.)-HH/2.xomega*(3./4.)
1482 D(19,26)=HH/2.xomegax(1./4.)

1483 A(19,26)=HHH/2.xomegax(1./4.)

1484 B(19,28)=HHH/2.xomega*(3./4.)-HH/2.xomegax(3./4.)
1485 D(19,28)=HH/2.xomegax*(1./4.)

1486 A(19,28)=HHH/2.xomegax*(1./4.)

1487

1488 G(20)=HHH/2.xomegax(C10(1,J—1)+3.%C10(1,J)) /4.
1489 1 —HH/2.xomega(C10(1,J+1)+3.xC10(1,J)) /4.

1490 2 +DGOX(9) *(C10(2,J+1)-C10(2,J))/HH

1491 3 —DGOX(9)*(C10(2,J)—C10(2,J—1)) /HHH

1492 4 +HHH/ 2. *omega*(C11(1,J—1)+3.xC11(1,J)) /4.
1493 5 +HH/2.xomegax*(C11(1,J+1)+3.xC11(1,J)) /4.
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1494 6 —DGOX(10) *(C11(2, J+1) C11(2,J))/HH

1495 7 +DGOX(10) *(C11(2,J)—C11(2,J—1)) /HHH

1496 8 HIHH/ 2. *omega*(CIZ(l J— 1)—|—3 Cl12(1,J)) /4.

1497 9 +HHH/2.xomegax(C12(1, J+1) +3.xC12(1,7J)) /4.

1498 1 —DCOX(11)#(C12(2,J+1)-C12(2,J)) /HH

1499 2 4DGOX(11)#(C12(2,J)-C12(2,J—1)) /HHH

1500 3 —HHH/2.xomegax(C13(1,J—1)+3.4C13(1,J)) /4.

1501 4 —HH/2.%*omega*(C13(1,J+1)+3.%«C13(1,J)) /4.

1502 5 +HHH/2.*omegax*(C14(1,J—1)+3.xC14(1,J)) /4.

1503 6 +HIH/2.xomega*(C14(1,J+1)+3.%C14(1,J)) /4

1504 B(20,20)=DGOX( ) /HIHDGOX (9 ) /HHH

1505 D(20,20)=DGOX(9) /HH

1506 A(20,20)=DGOX(9) /HHH

1507 B(20,19)=HHH/2.xomega*(3./4.)+HH/2.xomega*(3./4.)
1508 D(20,19)=HH/2.xomegax*(1./4.)

1509 A(20,19)=HHH/2.xomegax*(1./4.)

1510 B(20,22)=DGOX(10) /HE-DGOX(10) /HHH

1511 D(20,22)=DGOX(10) /HH

1512 A(20,22)=DGOX(10) /HHH

1513 B(20,21)=HHH/2.+xomega*(3./4.)-HH/2.xomega*(3./4.)
1514 D(20,21)=HH/2.xomegax(1./4.)

1515 A(20,21)=HHH/2.xomegax(1./4.)

1516 B(20,24)=DGOX(11) /HIEDGOX(11) /HHH

1517 D(20,24)=DGOX(11) /HH

1518 A(20,24)=DGOX(11) /HHH

1519 B(20,23)=HHH/2.xomega*(3./4.)-HH/2.xomega*(3./4.)
1520 D(20,23)=HH/2.xomegax(1./4.)

1521 A(20,23)=HHH/2.xomegax*(1./4.)

1522 B(20,25)=HHH/2.xomega*(3./4.)+HH/2.xomega*(3./4.)
1523 D(20,25)=HH/2.xomegax(1./4.)

1524 A(20,25)=HH/2.xomegax(1./4.)

1525 B(20,27)=HHH/2.+xomega*(3./4.)-HH/2.xomegax(3./4.)
1526 D(20,27)=HH/2.xomegax(1./4.)

1527 A(20,27)=HHH/2.xomegax(1./4.)

1528

1529 C FOR H+ AND OH- ION EQUILIBRIUM,

1530 G(21)=—CONCSS(10,J)+C11(1,J)—CONCSS(11,J)*C10(1,J)
1531

1532 B(21,19)=CONCSS(11,J)

1533 B(21,21)=CONCSS(10,J)

1534

1535 G(22)=CONCSS(10,J)*C11(2,J)—CONCSS(11,J)*C10(2,J)
1536 B(22,20)=CONCSS(11,J)

1537 B(22,22)=CONCSS(10,J)

1538

1539 C For gluconic acid dissociation ,

1540 G(23)=equilib7%C3(1,J)—CONCSS(10,J)*C12(1,J)—CONCSS(12,J)*C10(1,J)
1541

1542 B(23,5)=-equilib7

1543 B(23,23)=CONCSS(10,J)

1544 B(23,19)=CONCSS(12,J)

1545

1546 G(24)=equilib7xC3(2,J)—CONCSS(10,J)*C12(2,J)—CONCSS(12,J)*C10(2,J)
1547 B(24,6)=equilib7

1548 B(24 24)=CONCSS(10,J)

1549 B(24,20)=CONCSS(12,J)

1550

1551 C For HIHGOx dissociation into H+ and GOx(ox.) ,
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1552 G(25)=equilib8xC13(1,J)—CONCSS(10,J)*C2(1,J)—CONCSS(2,J)*C10(1,J)
1553 B(25,25)=—equilib8

1554 B(25,3)=CONCSS(10,J)

1555 B(25,19)=CONCSS(2,J)

1556

1557 G(26)=equilib8%C13(2,J)—CONCSS(10,J)*C2(2,J)—CONCSS(2,J)*C10(2,J)
1558 B(26,26)=—equilib8

1559 B(26 4)=CONCSS(10,J)

1560 B(26,20)=CONCSS(2,J)

1561

1562 C For GOx(red.) dissociation into H+ and GOx—(red.) ,
1563 G(27)=equilib9*C4(1,J)—CONCSS(10,J)+C14(1,J)—CONCSS(14,J)*C10(1,J)
1564 B(27,7)=—equilib9

1565 B(27,27)=CONCSS(10,J)

1566 B(27,19)=CONCSS(14,J)

1567

1568 G(28)=equilib9+C4(2,J)—CONCSS(10,J)*C14(2,J)—CONCSS(14,J)*C10(2,J)
1569 B(28,8)=—equilib9

1570 B(28,28)=CONCSS(10,J)

1571 B(28,20)=CONCSS(14,J)

1572

1573 C REACTION1

1574 G(29)=RXN1(1,J)+ratefl *«CONCSS(2,J)*C1(1,J)
1575 1 +ratefl «CONCSS(1,J)*C2(1,J)

1576 2 —C7(1,J)+ratefl /equilibl

1577 B(29,1)=ratefl1*CONCSS(2,J)

1578 B(29,3)=ratef1*CONCSS(1,J)

1579 B(29, 13)—+ratef1/equ111b1

1580 B(29,29)=

1581

1582 G(30)=RXN1(2,J)4ratefl xCONCSS(2,J)*C1(2,J)
1583 1 +ratefl *CONCSS(1,J)*C2(2,J)

1584 2 —C7(2,J)*ratefl /equilibl

1585 B(30,2)=ratefl*xCONCSS(2,J)

1586 B(30,4)=rateflxCONCSS(1,J)

1587 B(3o,14):+ratef1/equilib1

1588 B(30,30)=+1

1589

1590 C REACTION2

1591 G(31)=RXN2(1,J)+ratef2xC7(1,J)

1592 B(31,13)=-ratef2

1593 B(31,31)=+1

1594

1595 G(32)=RXN2(2,J)+ratef2«C7(2,J)

1596 B(32,14)=ratef?2

1597 B(32,32)=+1.

1598

1599 C REACTION3

1600 G(33)=RXN3(1,J)+ratef3«CONCSS(4,J)*C5(1,J)
1601 1 +ratef3 «CONCSS(5,J)*xC4(1,J)

1602 2 —C8(1,J)xratef3/equilib3

1603 B(33,7)=-ratef3xCONCSS(5,J)

1604 B(33,9)=-ratef3xCONCSS(4,J)

1605 B(33, 15)—+ratef3/equ111b3

1606 B(33,33)=

1607

1608 G(34)=RXN3(2,J)+ratef3«xCONCSS(4,J)*C5(2,7J)
1609 1 +ratef3«CONCSS(5,J)*xC4(2,7J)
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1610
1611
1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665
1666
1667

2 —C8(2,J)xratef3 /equilib3
(34 ,8)=ratef3 «xCONCSS(5,J)
(34,10)=-ratef3+*CONCSS(4,J)
(34716)—+ratef3/equ1hb3
B(34,34)=

B
B
B

REACTION4
G(35)=RXN4(1,J)+ratef4+C8(1,J)
B(35,15)=ratef4

B(35,35)=

G(36)=RXN4(2,J)+ratef4xC8(2,J)
B(36,16)=ratef4
B(36,36)=

REACTION5

G( 7)=RXN5(1,J)+ratef5+«C9(1,J)—ratef5/equilib5*C1(1,J)
B(37,17)=ratefb

(37 1)—ratef5/equ1hb5

(37,37)=+1.

(38)=RXN5(2,J)+ratef5xC9(2,J)—ratef5/equilib5xC1(2,J)
(38,18)=ratefb

(38,2)=ratef5/equilibb

(38,38)=+1

WRITE(14,301) J, (G(K),K=1N)

RETURN
END

SUBROUTINE INNER(J)

IMPLICIT DOUBLE PRECISION (A-H, O-7)

COMMON/BAT/ A(38,38) ,B(38,38),C(38,10001) ,D(38,77) ,G(38) ,

1 X(38,38) ,Y(38,38)

COMMON/NST/ N, NJ

COMMON/VAR/ CONCSS(14,10001) ,RXNSS(7,10001)

(OMMON/VARR/ COEFFMT(13) ,HHH, KJ

COMMON/CON/ C1(2,10001) ,C2(2,10001) ,C3(2,10001) ,C4(2,10001),

1 C5(2,10001),06(2,10001),C7(2,10001),C8(2,10001),C9(2,10001) ,
2 C10(2,10001),C11(2,10001),C12(2,10001) ,C13(2,10001),

2 C14(2,10001) ,RXNI1(2,10001) ,RXN2(2,10001) ,RXN3(2,10001) ,

3 RXN4(2,10001) ,RXN5(2,10001)

(OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratef4 ,ratef5
1 equilibb ,ratef6 ,equilib6 ,equilib7 , equilib8& , equilib9
COMMON/OTH/ H,EBIG,HH, 1J

COMMON/POR/ DGOX(17) ,DGIM(17) ,DBULK(17)

COMMON/BCI/ FLUXF,FLUXB, FLUXR, FLUXH, omega

COMMON/BUL/ CBULK(13) ,PARH202, PAR02, PARGLUCOSE, PARION, SOLO2, JCOUNT
COMMON/DELT/ DELTA1, DELTA2, FREQ(400),CH202(1000,10001),

1 C02(1000,10001) ,CH(1000,10001)

COMMON/POT,/ VTILDE

301 FORMAT (5x,’J=' 15, 38E15.6E3)

For BETA-Glucose, being consumed only
G(1)=omegaxC1(2,J)
1 +DGOX(1) *(C1(1,J+1)—2.«C1(1,J)+C1(1,J—1)) /HHx**2.
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1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701

-~

—RXN1(1,J)+RXN5(1,J)
1) =2.«DGOX(1) /HHx*%2.
1)=DGOX(1) /HHx**2.

1)=DGOX(1) /HHx**2.

2)=—omega
2 —
3

G(2)=omegaxC1(1,J)
HDGOX (1) #(C1(2,J+1)—2.%C1(2,J)+C1(2,J—1)) /HHx*2.
“RXN1(2,J)+RXN5(2,J)

B(2,2) =2.+DGOX(1) /HH**2.
A(2,2)=DGOX(1) /HHx**2.
D(2,2)=DGOX(1) /HHx**2.
B(2,1)=omega
B(2,30)=+1.

B(2,38)=—1.

For GOx and H+GOx enzyme,
G(3)=omegaxC2(2,J)+omegaxC13(2,7J)
~RXNI(1,J)
+RXN4(1,J)
3 ,4)=omega

G(4)=—omegaxC2(1,J)—omega*xC13(1,J)
~RXN1(2,J)
+RXN4(2,J)

B(4,3)=omega

B(4,25)=omega

B(4,30)=-+1.

B(4,36)=—1.

For Gluconic Acid and gluconate ion,
G(5)=omegaxC3(2,J)+omegaxC12(2,J)
DGOX(3) *(C3(1,J+1)—2.%«C3(1,J)+C3(1,J—1)) /HH*%2.
HDGOX(11) *(C12(1,J+1)—2.xC12(1,J)+C12(1,J—1)) /HH*x2.
+RXN2(1,J)

B(5,5)=2.«DGOX(3) /HHx**2.
A(5,5)=DGOX(3) /HHx**2.
D(5,5)=DGOX(3) /HH* 2.
B(5,6)=—omega
B(5,23)=2.«DGOX(11) /HHx**2.
A(5,23)=DGOX(11) /HH**2.
D(5,23)=DGOX(11) /HHx*2.
B(5,24)=—omega

B(5,31)=—1.
G(6)=—omegaxC3(1,J)—omegaxC12(1

+DGOX(3) *(C3(2,J+1) —2.%C3(2,
4DCOX(11) #(C12(2,J41) —2.5C12
+RXN2(2,J)

6) =2.#+DGOX(3) /HHx**2.
6)=DGOX(3) /HHx**2.
6)=DGOX(3) /HHx**2.
5)

J
J§+C3(2 ,J—1)) /HH*#2.
(2,1)+C12(2,J—1)) /HHxx2.
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1726 B(6,24)=2.4DGOX(11) /HHx*2.

1727 A(6,24)=DGOX(11) /HH*2.

1728 D(6,24)=DGOX(11) /HH*2.

1729 B(6,23)=omega

1730 B(6,32)=—1.

1731

1732 C For GOx2 and GOx—(red.) enzyme complex,
1733 G(7)=omegaxC4(2,J)+omegaxC14(2,7J)
1734 1 4RXN2(1,J)

1735 2 _RXN3(1,J)

1736 B(7,8)=—omega

1737 B(7,28)=—omega

1738 B(7,31)=—1.

1739 B(7,33)=+1

1740

1741 G(8)=—omegaxC4(1,J)—omega*xC14(1,J)
1742 1 4RXN2(2,7)

1743 2 —RXN3(2,J)

1744 B(8,7)=omega

1745 B(8,27)=omega

1746 B(8,32)=—1

1747 B(8,34)=+1

1748

1749 C For O2, being consumed only

1750 G(Q):omega*C5(2 J)

1751 1 4DGOX(5) #(C5(1,J+1)—2.%C5(1,J)+C5(1,I—1)) /HHx*2.
1752 3 —RXN3(1,J)

1753 B(9,9)=2.«DGOX(5) /HHx**2.

1754 A(9,9)=DGOX(5) /HHx**2.

1755 D(9,9)=DGOX(5) /HHx 2.

1756 B(9,10)=omega

1757 B(9,33)=+1.

1758

1759 G(10)=omegaxC5(1,J)

1760 1 +DGOX(5) *(C5(2,J+1) —2.xC5(2,J)+C5(2,J—1)) /HH**2.

1761 3 —RXN3(2,J)

1762 B(10,10)=2.«DGOX(5) /HHx**2.
1763 A(10,10)=DGOX(5) /HHx**2.
1764 D(10,10)=DCOX(5) /HHx**2.
1765 B(10,9)=omega

1766 B(10,34)=+1

1767

1768 C For H202, reacting species
1769 G(11)=omegaxC6(2,J)

1770 1 +DGOX(6) *(C6(1,J+1)—2.xC6(1,J)+C6(1,J—1)) /HH**2.
1771 3 4RXN4(1,J)

1772 B(11,11)= 2*DGOX( ) /HH* % 2.
1773 A(11,11)=DGOX(6) /HH*x2.
1774 D(11,11)=DGOX(6) /HHx**2.
1775 B(11,12): omega

1776 B(11,35)=—1.

1777

1778 G(l?)z—omega*C6( ,J)

1779 1 YDGOX(6)*(C6(2,J+1)—2.C6(2,J)+C6(2,J—1)) /HH*#2.
1780 3 +RXN4(2,J)

1781 B(12,12)=2.+DGOX(6) /HHx*2.
1782 A(12,12)=DGOX(6) /HH**2.
1783 D(12,12)=DCOX(6) /HHx+2.
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1784 B(12,11)=omega

1785 B(12,36)=—

1786

1787 C For CX—GOx2, enzyme

1788 G(13)=omegaxC7(2,J)

1789 1 4RXNI(1,J)

790 2 —RXN2(1,J)

1791 B(13,14)=—omega

1792 B(13,29)=—

1793 B(13,31)=

1794

1795 G(14)=—omegaxC7(1,J)

1796 1 JRXNI(2,])

1797 2 —RXN2(2,J)

1798 B(14,13)=omega

1799 B(14,30)=—

1800 B(14,32)=

1801

1802 C For CX—GOx2, enzyme

1803 G(15)=omegaxC8(2,J)

1804 1 JRXN3(1,J)

1805 2 —RXN4(1,J)

1806 B(15,16)=—omega

1807 B(15,33)=—

1808 B(15,35)=+1

1809

1810 G(16)=omegaxC8(1,J)

1811 1 JRXN3(2,J)

1812 2 —RXN4(2,J)

1813 B(16,15)=omega

1814 B(16,34)=—

1815 B(16,36)=+1.

1816

1817 C FOR ALPHA-GLUCOSE BEING CONSUMMED ONLY,

1818 G(17)=omegaxC9(2,J)

1819 1 +DGOX (1) *(CY(1,J+1)—2.%xC9(1,J)+C9(1,J—1)) /HHxx2.
1820 3 —RXN5(1,J)

1821 B(17,17)=2.+DCGOX(1) /HHx*2.

1822 A(17,17)=DGOX(1) /HHx**2.

1823 D(17,17)=DGOX(1) /HHx*2.

1824 B(17,18)= omega

1825 B(17,37)=+1

1826

1827 G(18):—0mega*C9( ,J)

1828 1 DGOX(1)#(C9(2,J+1)—2.C9(2,J)+C9(2,J—1)) /HHx 2.
1829 3 —RXN5(2,J)

1830 B(18,18)=2.xDGOX(1) /HH#*2.

1831 A(18,18)=DGOX(1) /HHx**2.

1832 D(18,18)=DCGOX(1) /HH**2.

1833 B(18 ,17)—0mega

1834 B(18,38)=

1835

1836 C For H+ ions, OH- ions, gluconate ions and complex enzyme
1837 G(19)=omegaxC10(2,J)—omegaxCl1(2,J)—omegaxC12(2,J)+omegaxC13(2,J)
1838 1 —omegaxC14(2,7J)

1839 2 4DGOX(9)*(C10(1,J+1)—2.C10(1,J)+C10(1,J—1)) /HHx*2.
1840 3 —DGOX(10)#(C11(1,J+1)—2.%C11(1,J)+C11(1,J—1))/HH**2.
1841 4 -DGOX(11)#(C12(1,J+1)—2.%C12(1,J)+C12(1,J—1)) /HH*2.
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1842 B(19,20)=—omega

1843 B(19,22)=omega

1844 B(19,24)=omega

1845 B(19,26)=—omega

1846 B(19,28)=omega

1847 B(19,19)=2.+DGOX(9) /HHxx2.

1848 A(19,19)=DGOX(9) /HHx*%2.

1849 D(19,19)=DCOX(9) /HHx*2.

1850 B(19,21)=—2.+«DGOX(10) /HHx**2.

1851 A(19,21)=DGOX(10) /HH*2.

1852 D(19,21)=DGOX(10) /HHx*2.

1853 B(19,23)=—2.4DGOX(11) /HHx**2.

1854 A(19,23)=DCOX(11) /HH*2.

1855 D(19,23)=DCOX(11) /HHx#2.

1856

1857 G(20)=—omegaxC10(1,J)+omegaxC1l1(1,J)+omegaxC12(1,J)—omegaxC13(1,J)
1858 1 +omegaxC14(1,J)

1859 2 4DCGOX(9) *(C10(2,J+1) —2.4C10(2,J)+C10(2,J—1)) /HHx*2.
1860 3 -DGOX(10)*(C11(2,J+1)—2.«C11(2,J)+C11(2,J—1)) /HH*2.
1861 4  -DGOX(11)#(C12(2,J+1)—2.xC12(2,J)+C12(2,J—1)) /HH**2.
1862 B(20,19)=omega

1863 B(20,21)=—omega

1864 B(20,23)=—omega

1865 B(20,25)=omega

1866 B(20,27)=—omega

1867 B(20,20) =2.«DGOX(9) /HHx**2.

1868 A(20,20)=DGOX(9) /HHx*2.

1869 D(20,20)=DGOX(9) /HHx2.

1870 B(20,22)=—2.4DGOX(10) /HHx**2.

1871 A(20,22)=DCOX(10) /HHx2

1872 D(20,22)=DGOX(10) /HHx* *2

1873 B(20,24)=—2.4DGOX(11) /HHx 2

1874 A(20,24)=DGOX(11) /HHx**2

1875 D(20,24)=DGOX(11) /HHx *2

1876

1877 C For H+ and OH- ions equilibrium ,

1878 G(21)=—CONCSS(10,J)+C11(1,J)—CONCSS(11,J)*C10(1,J)

1879

1880 B(21,19)=CONCSS(11,J)

1881 B(21,21)=CONCSS(10,J)

1882

1883 G(22)=CONCSS(10,J)*C11(2,J)—CONCSS(11,J)*C10(2,J)

1884 B(22,20)=CONCSS(11,J)

1885 B(22,22)=CONCSS(10,J)

1886

1887 C For gluconic acid dissociation ,

1888 G(23)=equilib7%C3(1,J)—CONCSS(10,J)*C12(1,J)—CONCSS(12,J)*C10(1,J)
1889

1890 B(23,5)=-equilib7

1891 B(23,23)=CONCSS(10,J)

1892 B(23,19)=CONCSS(12,J)

1893

1894 G(24)=equilib7xC3(2,J)—CONCSS(10,J)*C12(2,J)—CONCSS(12,J)*C10(2,J)

1895 B(24,6)=—equilib7
B(2
B(24

1896 4,24)=CONCSS(10,J)

1897 ,20)=CONCSS(12,J)
1898
1899 C For HIHGOx dissociation into H+ and GOx(ox.) ,
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1900 G(25)=equilib8xC13(1,J)—CONCSS(10,J)*C2(1,J)—CONCSS(2,J)*C10(1,J)
1901 B(25,25)=—equilib8

1902 B(25,3)=CONCSS(10,J)

1903 B(25,19)=CONCSS(2,J)

1904

1905 G(26)=equilib8%C13(2,J)—CONCSS(10,J)*C2(2,J)—CONCSS(2,J)*C10(2,J)
1906 B(26,26)=—equilib8

1907 B(26 4)=CONCSS(10,J)

1908 B(26,20)=CONCSS(2,J)

1909

1910 C For GOx(red.) dissociation into H+ and GOx—(red.) ,
1911 G(27)=equilib9C4(1,J)—CONCSS(10,J)*C14(1,J)—CONCSS(14,J)*C10(1,J)
1912 B(27,7)=—equilib9

1913 B(27,27)=CONCSS(10,J)

1914 B(27,19)=CONCSS(14,J)

1915

1916 G(28)=equilib9*C4(2,J)—CONCSS(10,J)*C14(2,J)—CONCSS(14,J)*C10(2,J)
1917 B(28,8)=—equilib9

1918 B(28,28)=CONCSS(10,J)

1919 B(28,20)=CONCSS (14, J)

1920

1921 C REACTION1

1922 G(29)=RXN1(1,J)+ratefl *«CONCSS(2,J)*C1(1,J)
1923 1 +ratefl «CONCSS(1,J)*C2(1,J)

1924 2 —C7(1,J)xratefl /equilibl

1925 B(29,1)=ratefl1*CONCSS(2,J)

1926 B(29,3)=ratef1*CONCSS(1,J)

1927 B(29, 13)—+ratef1/equ111b1

1928 B(29,29)=

1929

1930 G(30)=RXNL(2,J)+ratefl *«CONCSS(2,J)*C1(2,J)
1931 1 +ratefl *CONCSS(1,J)*C2(2,J)

1932 2 —C7(2,J)*ratefl /equilibl

1933 B(30,2)=ratefl*xCONCSS(2,J)

1934 B(30,4)=rateflxCONCSS(1,J)

1935 B(3o,14):+ratef1/equilib1

1936 B(30,30)=+1

1937

1938 C REACTION2

1939 G(31)=RXN2(1,J)+ratef2xC7(1,J)

1940 B(31,13)=ratef2

1041 B(31,31)=+1

1942

1943 G(32)=RXN2(2,J)+ratef2«C7(2,J)

1944 B(32,14)=ratef?2

1945 B(32,32)=+1.

1946

1947 C REACTION3

1948 G(33)=RXN3(1,J)+ratef3+xCONCSS(4,J)*C5(1,J)
1949 1 +ratef3 «CONCSS(5,J)*xC4(1,J)

1950 2 —C8(1,J)xratef3/equilib3

1951 B(33,7)=-ratef3xCONCSS(5,J)

1952 B(33,9)=-ratef3xCONCSS(4,J)

1953 B(33, 15)—+ratef3/equ111b3

1954 B(33,33)=

1955

1956 G(34)=RXN3(2,J)+ratef3«CONCSS(4,J)*C5(2,J)
1957 1 +ratef3 *CONCSS(5,J)*C4(2,7J)
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1958
1959
1960
1961
1962
1963
1964 C
1965
1966
1967
1968
1969
1970
1971
1972
1973 C
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984 ¢
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004

2014
2015

11

2 —C8(2,J)xratef3 /equilib3
(34 ,8)=ratef3 «xCONCSS(5,J)
(34,10)=-ratef3+*CONCSS(4,J)
(34716)—+ratef3/equ1hb3
B(34,34)=

REACTION4

B(35,15)=ratef4

G(35)=RXN4(1,J)+ratef4xC8(1,J)
(
(

B(35,35)=

G(36)=RXN4(2,J)+ratef4xC8(2,J)

B(36,16)=ratef4
B(36,36)=

REACTION5

G( 7)=RXN5(1,J)+ratef5+«C9(1,J)—ratef5/equilib5*C1(1,J)

B(37,17)=ratefb
(37,1)=ratef5/equilibb
(37,37)=

(
(38,18)=ratefb
(38,2)=ratef5/equilibb
(38,38)=+1

SAVE G OUT DATA

DO 11 1=2,13

If (1.BQ.J) WRITE(14,301) J,
IF (J.BQ.1J/2) THEN
WRITE(14,301) J
ELSE IF (J.EQ.(
WRITE(14,301) J
ELSE IF (J.EQ.(
WRITE(14,301) J
ELSE IF (J.EQ.(
WRITE(14,301) J

SUBROUTINE COUPLER2(J)

(G(K) ,K=1N)

IMPLICIT DOUBLE PRECISION (A-H, O-7)

COMMON/BAT,/ A(38,38) ,B(38,38) ,C(38,10001) ,D

1 X(38,38),Y(38,38)
COMMON/NST/ N, NJ

COMMON/VAR,/ CONCSS(14,10001) ,RXNSS(7,10001)

COMMON/VARR,/ COEFFMT(13) ,HHH,

KJ

38)=RXN5(2,J)+ratef5xC9(2,J)—ratef5/equilib5xC1(2,J)

(38,77) ,G(38) ,

COMMON/CON/ C1(2,10001) ,C2(2,10001) ,C3(2,10001) ,C4(2,10001),
C5(2,10001) ,C6(2,10001) ,C7(2,10001) ,C8(2,10001) ,CI(2,10001) ,
C10(2,10001) ,C11(2,10001) ,C12(2,10001) ,C13(2,10001) ,

1
2
2 (C14(2,10001) ,RXNI1(2,10001) ,RXN2(2,10001) ,RXN3(2,10001) ,
3

RXN4(2,10001) ,RXN5(2,10001)

(OMMON/RTE/ ratefl ,equilibl ratef2
,equilib7

1 equilibb ,ratef6 ,equilib6
(OMMON/OTH/ H,EBIG,HH, 1J

,equilib8

COMMON/POR,/ DGOX(17) ,DGLM(17) DBULK(17)
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2016 (OMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, omega
2017 (COMMON/BUL/ CBULK(13) ,PARH202,PAR02,PARGLUCOSE, PARION, SOLO2,JCOUNT
2018 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CH202(1000,10001),
2019 1 C0O2(1000,10001) ,CH(1000,10001)

2020 (OMMON/POT/ VTILDE

2021

2022 301 FORMAT (5x,’J=" 15, 38E15.6E3)

2023

2024 C For beta—Glucose, being consumed only

2025 G(1)=H/2.%omegax*(C1(2,J+1)+3.%xC1(2,J)) /4.
2026 1 +HH/ 2. *omega*(Cl(2,J—1)+3.*Cl(2,J))/4.
2027 2 M( )*(C1(1,J+1)-C1(1,J))/H

2028 3 DGOX(1) #(C1(1,J)—C1(1,J-1))/HH

2029 4 —(HH/2.) * (RXNl(l J— 1)+3 *RXN1(1,J)) /4.
2030 5 +H/2.)*(RXN5(1, J+1)+3 *RXN5(1,J)) /4.
2031 6 +(HH/ 2. )*(RXNE)(I J—1)+3.«RXN5(1,J)) /4.
2032 B(1,1)=DGLM(1)/H+DGOX( ) /HH

2033 D(1,1)=DGIM(1)/H

2034 A(1,1)=DGOX(1) /HH

2035 B(1,2)=HH/2.xomega*(3./4.)-H/2.xomegax(3./4.)
2036 D(1,2)=H/2.xomegax(1./4.)

2037 A(1,2)=HH/2.xomegax(1./4.)

2038 B(1,29)=MHH/2.)*(3./4.)

2039 A(1,29)=HH/2.)«(1./4.)

2040 B(1,37)=—MHH/2.)*(3./4.)—H/2.)*(3./4.)
2041 A(1,37)=—HH/2.) *(1./4.)

2042 D(1,37)=—MH/2.)*(1./4.)

2043

2044 G(2)=HH/2.xomegax*(C1(1,J-1)+3.%C1(1,J)) /4.
2045 1 —H/2.xomegax(C1(1,J+1)+3.%xC1(1,J)) /4.
2046 2 —HDG[M( ) * (Cl(2,J+1)—Cl(2,J))/H

2047 3 DGOX(1) #(C1(2,J)—C1(2,J-1)) /HH

2048 4 —(HH/2.)*(RXNL(2,J—1)+3.+RXN1(2,J)) /4.
2049 5 4(H/2.)*(RXN5(2,J41)4+3.#RXN5(2,J) ) /4.
2050 6  +(HH/2.)*(RXN5(2,J—1)+3.+RXN6(2,]) ) /4.
2051 B(2,2)=DCGIM(1) /HDGOX(1) /HH

2052 D(2,2)=DGIM(1) /H

2053 A(2,2)=DGOX(1) /HH

2054 B(2,1)=tHH/2.xomegax(3./4.)+H/2.xomegax(3./4.)
2055 D(2,1)=HH/2.xomegax(1./4.)

2056 A(2,1)=HH/2.xomegax(1./4.)

2057 B(2,30)=(HH/2.) «(3./4.)

2058 A(2,30)=(HH/2.) % (1./4.)

2059 B(2,38)=—(HH/2.) #(3./4.)—(H/2.) «(3./4.)
2060 A(2,38)=—MHH/2.) x(1./4.)

2061 D(2,38)=—H/2.)*(1./4.)

2062

2063 C For GOx and H+GOx enzyme,

2064 G(3)=omegaxC2(2,J)+omegaxC13(2,J)

2065 1 —RXNI(1,J)

2066 2 4RXN4(1,J)

2067 B(3,4)=—omega

2068 B(3,26)=—omega

2069 B(3,29)=+1.

2070 B(3.35)=—L.

2071

2072 G(4)=—omegaxC2(1,J)—omegaxC13(1,J)

2073 1 —RXNL(2,])
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2092
2093
2094
2095
)96
)97
)98

20
2(
2(
2099

DO DN DN DN DN DN [\4

2 4RXN4(2,J)

For flux of Gluconic Acid and Gluconate ion ,
G(5)=HH/2.xomegax*(C3(2,J—-1)+3.%C3(2,J)) /4.

1 H1/2.%omegax*(C3(2,J+1)+3.%xC3(2,7)) /4.

2 +DGIM(3) *(C3(1,J+1)-C3(1,J))/H

3 —DCOX(3)*(C3(1,J)-C3(1,J—1))/HH

4 +HH/2.*omega*(C12(2,J-1)+3.xC12(2,J)) /4.
5 +H/2.*omega*(C12(2,J+1)+3.*012(2, )) /4.
6 M(ll)*(ClQ(l,J+1)—C12( ,J))/H

7 -DGOX(11) %(C12(1,J)-C12(1, J- 1)) /HH

8 £(HH/2.)*(RXN2(1.J-1)+3.sRXN2(1,J)) /4.
B(5,5)=DGLM(3 )/H—I—DGOX( ) /HH
D(5,5)=DCIM(3) /H

A(5,5)=DGOX(3) /HH
B(5,6)=HH/2.xomegax*(3./4.)-H/2.xomega*(3./4.)
D(5,6)=H/2.xomegax(1./4.)
A(5,6)=HH/2.xomegax*(1./4.)
B(5,23)=DGIM(11) /EHDGOX(11) /HH
D(5,23)=DGIM(11) /H

A(5,23)=DGOX(11) /HH
B(5,24)=HH/2.xomegax(3./4.)-H/2.xomegax(3./4.)
D(5,24): H/2.xomegax*(1./4.)
A(5,24)=HH/2.xomegax(1./4.)
B(5,31)=—(HA/2.) #(3./4.)

A(5,31)=—HH/2.) x(1./4.)
G(6)=HH/2.xomegax*(C3(1,J-1)+3.%C3(1,J)) /4.
1 —H/2.%omegax*(C3(1,J+1)+3.%xC3(1,J)) /4.

2 +DGLM(3) *(C3(2,J+1)-C3(2,J))/H

3 -DGOX(3) *(C3(2,J)—C3(2,J-1)) /HH

4 —HH/2.xomega*(C12(1,J—1)+3.#C12(1,J)) /4.
5 -H/2. *omega*(Cl2(1 J—|—1)—|—3 *012(1, )) /4.
6 +DGLM(11) *(C12(2, J+1) C12(2,J))/H

7 -DGOX(11) %(C12(2,J)-C12(2, J- 1)) /HH

8 £(HH/2.)*(RXN2(2.J-1)+3.sRXN2(2.J)) /4.
B(6,6)=DGIM(3) /FHDGOX (3 ) /HH

D(6.6)=DCIM(3) /H

A(6,6)=DGOX(3) /HH
B(6,5)=HHH/2.xomega*(3./4.)+H/2.xomegax(3./4.)
D(6,5)=HI/2.xomegax(1./4.)
A(6,5)=HIH/2.xomegax(1./4.)
B(6,24)=DGIM(11) /HDGOX(11) /HH
D(6,24)=DGIM(11) /H

A(6,24)=DGOX(11) /HH
B(6,23)=tHH/2.xomega*(3./4.)+H/2.xomegax(3./4.)
D(6,23)=H1/2.xomega*(1./4.)
A(6,23)=HHH/2.xomegax(1./4.)
B(6,32)=—(HH/2.) #(3./4.)

A(6,32)=—HH/2.) x(1./4.)

For GOx2 and GOx—(red.) enzyme complex,
G(7)=omegaxC4(2,J)+omegaxC14(2,7J)
1 4RXN2(1,J)
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2168
2169
2170
2171
2172
2173
2174
2175
2176
2177
2178
2179
2180
2181
2182
2183
2184
2185
2186
2187
2188
2189

Tt W N~

(8)=—omegaxC4(1,J)—omegaxC14(1,J)
+RXN2(2,7)
“RXN3(2,J)

8 ,7)=omega

For 02,

G(9)=HH/2.xomegax*(C5(2,J—-1)+3.xC5(2,J))
+H/2.xomegax(C5(2,J+1)+3.%xC5(2,7J)) /4.
*(C5(1,J+1)-C5(1,J))/H
J)—C5(1,J—1))/HH

+DGIM(5)
—DGOX(5) *

being consumed only

C

5(1

/4.
4

—(HH/2.) *ERXN?,(l ,J—1)+3.¥RXN3(1,J)) /4.
)=DGIM(5) /HHDGOX(5) /HH

)=DGOX(5) /HH

+DGIM(5)

=HH/2.*omega* (3

9,9
9,9)=DGIM(5) /H
9,9

9

./4.)-H/2.xomega* (3

=H/2.xomegax(1./4.)

~DGOX(5) *(C

—(HH/2.)

(3

* (1

5(2

4)
/4.

G(10)=HH/2.xomegax(C5(1,J—1)+3.xC5(

=HH/2.xomegax(1./4.)
(HH/2.) *
(HH/2.)

10,10)=DGLM(5) /HHDGOX(5) /HH
10,10)=DGLM(5) /H
10,10)=DGOX(5) /HH

10,9)=HHH/2.xomega * (3

./4.)+HH/2.xomega * (3

10,9)=tH/2.xomegax(1./4.)
10,9)=HHH/2.*xomega = (1./4.)

10,34)
10,34)

=(HH/2.
=(HH/2.

For H202,

> 0OWe 0w

+DGIM(6) *

“DGOX(6) *

)=DGIM

)
)

(

x(1./4.)

reacting
G(11)=H/2.+xomegax*(C6(2,J—-1)+3.%xC6(2,7J))
H1/2.%omegax*(C6(2,J+1)+3.%xC6(2,T)) /4.
(C6(1,J+1)-C6(1,J)) /H

species

)—C6(1,J—1)) /HH

+(HH/2.) * ERXN4(1 J—1)+3.+RXN4(1,J)) /4.
(6

)/HJrDGOX( ) /HH

_DGIM(6) /H
_DGOX(6) /HH

HH/2 komega * (3
H/2.xomegax*(1./4.)
HH/2.xomegax*(1./4.)

—(HH1/2.
—(HH/2

) *
)

(3./4.)

x(1./4.)

./4.)-H/2.xomega * (3

234

/4.

/4.)

1,J)) /4.
—H/2.%omegax*(C5(1,J+1)+3.%xC5(1,J)) /4.
*x(C5(2,J+1)-C5(2,7))/H

3)-C5(2,1-1)) /HH
«(RXN3(2,J—1)+3.#RXN3(2,J)) /4.

/4.)

/4.)



2190
2191
2192
2193
2194
2195
2196
2197
2198

[\]

2213
2214
2215
2216
2217
2218
2219
2220
2221
2222
2223
2224
2225
2226
2227
2228
2229
2230
2231
2232
2233
2234
2235
2236
2237
2238
2239
2240
2241
2242
2243
2244
2245
2246
2247

G(12)=HH/2.xomega*(C6(1,J—1)+3.xC6(1,J)
1 —H/2.%omegax*(C6(1,J+1)+3.xC6(1,J)) /4.
2 +DGLM(6) *(C6(2,J+1)-C6(2,J) ) /H
3 -DGOX(6) *(C6(2,J)—C6(2,J-1))/HH
5 H(HH/2.)(RXN4(2,J—1)+3.%RXN4(2,])) /4.
12,12)=DGIM(6) /HHDGOX(6) /HH

—DGOX(6) /HH

/2. xomegax(1./4.)
HIH /2. xomegax(1./4.)
—(HH/2.) *(3./4.)
—(HH/2.) +(1./4.)

For CX—GOx2, enzyme
G(13)=omegaxC7(2,J)
1 +RXN1(1,J)

>0 @>0w
—
[\3
)—A
—
I

2 —RXN2(1,7J)
B(13,14)=omega
B(13,29)=—

B(13,31)=+1.

G(14)=omegaxC7(1,J)
1 4RXNI(2,J)

2 —RXN2(2,J)
B(14,13)=omega
B(14,30)=—
B(14,32)=+1

For CX—GOx2, enzyme
G(15)=omegaxC8(2,J)
1 +RXN3(1,J)

2 —RXN4(1,J)
B(15,16)=omega
B(15,33)=—
B(15,35)=

G(16)=—omegaxC8(1,J)
1 +RXN3(2,J)

2 —RXN4(2,J)
B(16,15)=omega
B(16,34)=—
B(16,36)=-+1.

For ALPHA-Glucose, being consumed only
G(17)=H/2.+xomegax*(C9(2,J+1)+3.«C9(2,J)) /4.
+HHH/2.%omega*(C9(2,J—-1)+3.%xC9(2,J)) /4.

1
2 4DGIM(1)%(C9(1,J+1)—C9(1,J))/H

3 —DGOX(1)#(C9(1,J)—C9(1,J—1))/HH

4 —(H/2.)*(RXN5(1,J+1)+3.xRXN5(1,J)) /4.
5  —(HH/2.)*(RXN5(1,J—1)+3.«RXN5(1,J)) /4.

17,17)=DGIM(1) /H+DGOX (1) /HH
17,17 :—DG[M(l)/H

; H/2.xomegax(1./
i. HH/2.xomegax(1./4.)

(HH/2.) % (3./4.)+(H/2.) +(3./4.)
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) /4

(
E
E12 11)=tHH/2.xomega*(3./4.)+H/2.xomega * (3
(
(
(

HH/2*onwga*( ./4.)-H/2.xomega* (3
4.

/4.)
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2286
2287
2288
2289
2290
2291
2292
2293
2294
2295
2296

A(17,37)=HH/2.) x(1./4.)

D(17,37)=(H/2.) x(1./4.)
G(18)=HH/2.xomegax(C9(1,J-1)+3.xC9(1,J)) /4.
1 —H/2.%omegax*(C9(1,J+1)+3.%xC9(1,J)) /4.

2 4DGIM(1)*(C9(2,J+1)-C9(2,J))/H

3 -DGOX(1) *(C9(2,J)—C9(2,J-1))/HH

4 —(H/2.)*(RXN5(2,J+1)+3.+RXN5(2,J)) /4.

5  —(HH/2.)*(RXN5(2,J—1)+3.+RXN5(2,J)) /4.
B(18,18)=DGIM(1) /H+DGOX(1) /HH
D(18,18)=DGIM(1) /H

A(18,18)=DGOX(1) /HH
B(18,17)=tHH/2.xomega*(3./4.)+H/2.xomegax(3./4.)
D(18,17)=HH/2.xomegax(1./4.)
A(18,17)=HHH/2.xomegax(1./4.)
B(18,38)=HH/2.)«(3./4.)+H/2.) *(3./4.)
A(18,38)=HH/2.) x(1./4.)

D(18,38)=(H/2.) *(1./4.)

For H+ ions, OH- ions, gluconate ions and complex enzyme
G(19)=HH/2.xomegax(C10(2,J-1)+3.xC10(2,J)) /4.

1 H1/2.%omegax*(C10(2,J+1)+3.%xC10(2,J)) /4.
2 4DGIM(9)*(C10(1,J+1)~C10(1,J))/H

3 -DGOX(9) *(C10(1,J)—-C10(1,J-1)) /HH

4 —HH/2.%*omegax*(C11(2,J-1)+3.%C11(2,J)) /4.
5 fH/Q.*omega*(Cll(Q,J+1)+3.*Cll(2 J)) /4.
6 *[K}IM(lO)*(C].l(].,J‘F].)*C].l( ,J))/H

7 +DGOX(10) % (C11(1,J)-C11(1, J- 1)) /HH

8 —HH/2. *omega*(CIZ(Z J— 1)+3 xC12(2,7)) /4.
9 -H/2. *omega*(012(2 J+1)—|—3 *C12(2, )) /4.
1 —DGIM(11)+#(C12(1, J+1) C12(1,J))/H

2 4DGOX(11)*(C12(1,J)-C12(1,J— 1))/HH

3 +HH/2. *omega*(C13(2 J— 1)—1—3 xC13(2,7)) /4.
4 —HH/2.xomegax*(C14(2,J—-1)+3.xC14(2,J)) /4.

19,19)=DGIM(9) /E4DGOX(9) /HH

19,19)=DGIM(9) /H

19,19)= X(9) /HH
19,20)=HH/2.xomegax*(3./4.)-H/2.xomega*(3./4.)
19,20)=H/2.xomegax(1./4.)
19,20)=HH/2.xomegax(1./4.)

19,21)=DCGIM(10) /H-DGOX(10) /HH

19,21 :DGLM(IO)/H

19,21)=DGOX(10) /HH

)

)="DGO

)

)

)

)

|

19,22)=HH/2.xomega=(3./4.)+H/2.xomegax*(3./4.)

19,22)=H/2.xomegax(1./4.)

19,22)=H/2.xomegax (1./4.)

19,23)=DGIM(11) /HDGOX(11) /HH

19,23)=DGIM(11) /H

19,23)=DCOX(11) /HH

19,24)=HH/2.xomega*(3./4.)+H/2.xomegax*(3./4.)

19,24)=H/2.xomegax*(1./4.)

19,24)=HH/2.xomegax (1./4.)

19,26)=HH/2.xomegax(3./4.)
)=HH/2.xomegax(1./4.)

19 28)=HH/2 xomega*(3./4.)

19,28)=HH/2.xomegax(1./4.)

FPEFEFOEF0R 0008 >008>00

G(20)=HH/2.xomegax(C10(1,J—1)+3.xC10(1,J)) /4.

236



O N0 DN RO DN DD DD &
GO GO GO O GO GO o ¢
>0 W W W W

= QR =

Y Ot

1 —-H/2.xomegax(C10(1,J+1)+3.xC10(1,J)) /4.
2 +DGIM(9) *(C10(2,J+1)-C10(2,J))/H

3 -DGOX(9) *(C10(2,J)—C10(2,J—1)) /HH

4 +HHH/2.xomegax(C11(1,J—-1)+3.xC11(1,J)) /4.
5 +H/2.*0mega*(011(1,J+1)—|—3.*C11(1 J)) /4.
6 —DG[M(lO)*(Cll(Q,J—H)—Cll( J))/H

7 +DGOX(10) *(C11(2,J)-C11(2,J-1)) /HH

8 +HH/2. *omega*(ClQ(l J— 1)—1—3 xC12(1,7)) /4.
9 +H/2. *omega*(ClQ(l J+1)—|—3 *C12(1, )) /4.
1 -DGIM(11)#(C12(2, J+1) C12(2,J))/H

2 4DCOX(11)%(C12(2.J)—C12(2,J— 1))/HH

3 -HH/2. *omega*(Cl3(1 J— 1)+3 xC13(1,J)) /4.
4 +HHH/2.xomegax(C14(1,J—1)+3.xC14(1,J)) /4.

20,20)=DGLM(9 )/HMX( ) /HH
20,20)=DGLM(9) /H
20,20)=DCOX(9) /HH
20,19)=HH/2.xomega*(3./4.)
20,19)=H/2.xomegax(1./4.)
20,19)=HH/2.xomegax*(1./4.)
20,22)=DGIM(10) /H-DGOX(10) /HH

+H/2.xomegax*(3./4.)

)
)
)
g
20 22)=DGOX(10)/HH
20,21)=HH/2.xomegax(3./4.)-H/2.xomegax(3./4.)
20,21)=H/2.xomegax(1./4.)
20,21)=HH/2.xomega*(1./4.)
20 24)f43G[M(11)/H43GOX(11)/HH
20 24)=DGOX(11)/HH
20,23)=HH/2.xomega*(3./4.)-H/2.xomegax(3./4.)
)
)
)
)
)
)

(3./
20,23)=H/2.xomegax(1./4.)
20,23)=HH/2.xomegax(1./4.)
20,25)=HH/2.xomega*(3./4.)
20,25)=HH/2.xomegax*(1./4.
20,27)=HH/2.%omegax(3./4
(1./4

20,27)=HH/2.xomega *

)
)
)

FOR H+ AND OH- ION EQUILIBRIUM,
G(21)=-CONCSS(10,J)*C11(1,J)—CONCSS(11,J)*C10(1,J)

PO W0OW>00>00>008>03>0%

3.
1.

B(21,19)=CONCSS(11,J)
B(21,21)=CONCSS(10,J)

G(22)=—CONCSS(10,J)+C11(2,J)—CONCSS(11,J)*C10(2,J)
B(22,20)=CONCSS(11,J)
B(22,22)=CONCSS(10,J)

For gluconic acid dissociation ,

G(23)=equilib7xC3(1,J)—CONCSS(10,J)*C12(1,J)—CONCSS(12,J)*C10(1,J)

B(23,5)=—equilib7
(23,23)=CONCSS(10,J)
(23.19)=CONCSS(12,J)

,24)=CONCSS(10,J)

B
B
G
B
B
B(24,20)=CONCSS(12,J)

224 6)=—equilib7
(24
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2387
2388
2389
2390
2391
2392
2393
2394
2395
2396
2397
2398

2408
2409
2410
2411
2412
2413
2414
2415
2416
2417
2418
2419
2420
2421

For HHGOx dissociation into H+ and GOx(ox.) ,
G(25)=equilib8xC13(1,J)—CONCSS(10,J)*C2(1,J)—CONCSS(2,J)*C10(1,J)
B(25,25)=—equilib8

(25,3)=CONCSS(10,J)

(25,19)=CONCSS(2,J)

(26)=equilib8xC13(2,J)—CONCSS(10,J)+C2(2,J)—CONCSS(2,J)+C10(2,J)
(26,26)=equilib8

(26 ,4)=CONCSS(10,J)

B(26,20)=CONCSS(2,J)

For GOx(red.) dissociation into H+ and GOx—(red.) ,
G(27)=equilib9xC4(1,J)—CONCSS(10,J)*C14(1,J)—CONCSS(14,J)*C10(1,J)
B(27,7)=—equilib9

(27,27)=CONCSS(10,J)

(27,19)=CONCSS(14,7J)

(28)=equilib9*C4(2,J)—CONCSS(10,J)*C14(2,J)—CONCSS(14,J)*C10(2,J)
(28,8)=-equilib9

(28,28)=CONCSS(10,J)

(

REACTION1

G(29)=RXN1(1,J)+ratefl *«CONCSS(2,J)*C1(1,J)
1 +ratefl «CONCSS(1,J)*C2(1,J)

2 —C7(1,J)+ratefl /equilibl

B(29,1) fratefl*CONCSS(2 J)
B(29,3)=ratefl1*CONCSS(1,J)
B(29,13)=+ratef1/equilib1

B(29,29)=

G(30)=RXN1(2,J)+ratefl1 *CONCSS(2,J)*C1(2,J)
1 +ratefl «CONCSS(1,J)xC2(2,J)

2 —C7(2,J)*ratefl /equilibl

(30,2)=ratefl *xCONCSS(2,J)

(30,4)=ratefl xCONCSS(1,J)

(30,14)=tratefl /equilibl

B(30,30)=+1

B
B
B

REACTION2
G(31)=RXN2(1,J)+ratef2xC7(1,J)
B(31,13)=-ratef2

B(31,31)=+1.

G(32)=RXN2(2,J)+ratef2xC7(2,J)
B(32,14) —ratef2
B(32,32)=

REACTIONS
G(33)=RXN3(1,J)+ratef3«xCONCSS(4,J)*C5(1,J)
1 +ratef3 «CONCSS(5,J)*C4(1,J)

2 —C8(1,J)xratef3 /equilib3
(33,7)=ratef3*CONCSS(5,J)
(33,9)=-ratef3+*CONCSS(4,J)

(33,15)=tratef3 /equilib3
(

B
B
B
B(33,33)=+1.

@

(34)=RXN3(2,J)+ratef3*CONCSS(4,J)+C5(2,J)
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2422 1 +ratef3 «CONCSS(5,J)xC4(2,J)
2423 2 —C8(2,J)xratef3 /equilib3

2424 B(34,8)=-ratef3«xCONCSS(5,J)

2425 B(34,10)=-ratef3«xCONCSS(4,J)

2426 B(34716)—+ratef3/equ111b3

2427 B(34,34)=

2428

2429 C REACTION4

2430 G(35)=RXN4(1,J)+ratef4xC8(1,J)

2431 B(35,15)=ratef4

2432 B(35,35)=

2433

2434 G(36)=RXN4(2,J)+ratef4xC8(2,J)

2435 B(36,16)=ratef4

2436 B(36,36)=+1.

2437

2438 C REACTIONS

2439 G(37):—RXN5(1 ,J)+ratef5xC9(1,J)—ratef5/equilib5+C1(1,J)
2440 B(37,17)=ratefb

2441 B(37,1)=ratef5/equilibb

2442 B(37,37)=+1

2443

2444 G(38)=RXN5(2,J)+ratef5xC9(2,J)—ratefb/equilib5xC1(2,J)
2445 B(38,18)=-ratef5

2446 B(38,2)=ratef5/equilibs

2447 B(38,38)=+1

2448

2449 WRITE(14,301) J, (G(K),K=1,N)

2450

2451 RETURN

2452 END

2453

2454 SUBROUTINE OUTER(J)

2455 IMPLICIT DOUBLE PRECISION (A-H, O-7)

2456 COMMON/BAT/ A(38,38) ,B(38,38) ,C(38,10001) ,D(38,77) ,G(38),
2457 1 X(38,38),Y(38,38)

2458 COMMON/NST/ N, NJ

2459 COMMON/VAR/ CONCSS(14,10001) ,RXNSS(7,10001)

2460 COMMON/VARR/ COEFFMT(13) ,HHH, KJ

2461 COMMON/CON/ C1(2,10001) ,C2(2,10001) ,C3(2,10001) ,C4(2,10001)
2462 1 C5(2,10001) ,C6(2,10001) ,C7(2,10001) ,C8(2,10001) ,C9(2,10001)
2463 2 C10(2,10001),C11(2,10001),C12(2,10001) ,C13(2,10001) ,
92464 2 (C14(2,10001) ,RXN1(2,10001) ,RXN2(2,10001) ,RXN3(2,10001) ,
2465 3 RXN4(2,10001) ,RXN5(2,10001)

2466 (OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratef4 ,ratef5 ,
2467 1 equilibb ,ratef6 ,equilib6 ,equilib7 , equilib8 , equilib9
2468 COMMON/OTH/ H,EBIG ,HH, 1J

2469 COMMON/POR,/ DGOX(17) ,DGIM(17) ,DBULK(17)

2470 COMMON/BCI/ FLUXF,FLUXB,FLUXR,FLUXH, omega

2471 COMMON/BUL/ CBULK(13) ,PARH202, PAR02,PARGLUCOSE, PARION, SOLO2,JCOUNT
2472 COMMON/DELT/ DELTA1, DELTA2, FREQ(400) ,CH202(1000,10001) ,
2473 1 C02(1000,10001) ,CH(1000,10001)

2474 COMMON/POT/ VTILDE

2475

2476 301 FORMAT (5x,’J=" 15, 38E15.6E3)

2477

2478 C For BETA—Glucose, being consumed only

2479 G(1)=omegaxC1(2,J)
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2480
2481
2482
2483
2484
2485
2486
2487
2488
2489
2490
2491
2492
2493
2494
2495
2496
2497
2498
2499
2500
2501

50%

507
508

Ut C

2518
2519
2520
2521
2522

ot Ot
B 5 o b
[ OE

_!

&)

LW W WWWWWNoNoNo
0

Ut ¢
o ©

ot

DO DN DD DD DD DD DD
ot Ot
=

Qv Ot Ot C

ot

ot

DN DO DN DD
N O U WD

Ut

+DGIM(1) *(C1(1,J+1)—2.%C1(1,J)+C1(1,J—1)) /Hx*2.
+RXN5(1,J)
1)=2.«DGLM(1) /Hx%2.

)=DGLM(1) /Hx*2.

=DGIM(1) /Hx*2.

G(2)=—omegaxC1(1,J)
HDGIM(1) #(C1(2,J+1)—2.4C1(2,J)+C1(2,J—1)) /Hx%2.
HRXN5(2,7)

B(2,2)=2.«DGIM(1) /Hxx2.
A(2,2)=DGIM(1) /Hx*2.
D(2,2)=DGIM(1) /Hxx2.
B(2,1)=omega
B(2,38)=—1

For GOx, enzyme
G(3)=C2(1,J)
B(3,3)=—

G(4)=C2(2,J)
B(4,4)=—1.

For flux of Gluconic Acid and Gluconate ion,
G(5)=omegaxC3(2,J)+omegaxC12(2,J)
+DGLM( 3 ) (C3(1,J41)—2.4C3(1,J)+C3(1,J—1)) /Hxx2.
DGLM( 1 )(C12(1,J—|—1)—2.*C12(1,J)+Cl2(1,J—1))/H**2.
=2.+«DGLM(3) /Hx**2.
—DGIM(3) /Hx*2.
—DGIM(3) /Hx*2.

WO wWwo ="
CT T UT T UT T Ut e

NN NN O OOt Ut

Q

(6)=—omegaxC3(1,J)—omegaxC12(1,
MM(3)*(C3(2,J+1) 2.xC3(2,
DGIM(11) *(C12(2,J+1)—2.xC12

) =2.«DGIM(3) /Hxx2.

) /Hxx2.

) /Hxx2.

J
J§ +C3(2,J—1)) /Hx*2.
(2,1)4+C12(2,J—1)) /Hxx2.

=DGLM(3
=DGLM(3
=omega

2.+«DGIM(11) /Hx*2.

;z—DG[M(ll)/H**Q.
)=DGIM(11) /Hxx2.
)=o

WO >wWmO >
oo NI NN NI N

NN T O

For GOx2, enzyme
G(7)=C4(1,J)
B(7,7)=-1.

G(8)=C4(2,J)
B(8,8)=—

For O2, being consumed only
G(9)=omegaxC5(2,1J)
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DO DD DD DN DD DN DN DN DN
C Z ot Ot Ot Ot .
0%
%)

[SA)

[CECE RN
C Ut Ot Ot Ot Ot
OO DO D
INQEICINC

[N
)
ot

1
2

+DGIM(5) *(C5(1,J+1)
)
—DGLM(5)(/121**2
5) /Hx*2.

G(lO):—omega*C5(
HDGLM(5) *(C
B(10,10)=2.+DGIM
A
D

10,9)=omega

For H202, reacting

1
5(
(
)
)

JHxx2.

,J)
2,J+1)

—2.%C5(1,J)4+C5(1,J—1)) /Hxx2.

—2.xC5(2,J)+C5(2,J—1)) /Hxx2.

5) /Hxx2.

E1o 10)=DGIM(5) /Hx*2.
(10,10)=DGLM(5) /Hx%2.
B(

G(11)=omegaxC6(2,J)

species

—2.%C6(1,J)4+C6(1,J—1)) /Hxx2.

—2.xC6(2,J)+C6(2,J—1)) /Hx*2.

+DGLM(6) *(C6(1,J+1)
B(11,11)=2.«xDGLM(6 )/H**2
A(11,11)=DGIM(6) /Hxx2.
D(11,11)=DGIM(6) /Hxx2.
B(11,12)=omega
G(12)=omegaxC6(1,J)

+DGLM(6) *(C6(2,J+1)
B(12,12)=2.+DGIM(6) /Hx 2.
A(12,12)=DGIM(6) /Hx*+*2
D(12,12)=DGIM(6) /Hx+*2
B(12,11)=omega

For CX—GOx2, enzyme

G(13)=C7(1,J)
B(13,13)=—1.

G(14)=C7(2,])
B(14,14)=—

For CX—GOx, enzyme

G(15)=C8(1,J)
B(15,15)=—

G(16)=C8(2,J)
B(16,16)=—

For ALPHA-Glucose ,

being

G(17)=omegaxC9(2,7J)

consumed only

—2.%C9(1,J)+C9(1,J—1)) /Hxx2.

—2.5C9(2,J)4+C9(2,J—1)) /Hxx2.

+DGIM (1) *(C9(1,J+1)
“RXN5(1,J)

B(17,17)=2.+DGIM(1) /H*#2.

A(17,17)=DGIM(1) /Hx%2.

D(17,17)=DGLM(1) /Hx**2.

B(17,18)=—omega

B(17,37)=+1.

G(18) —0mega*C9(1 J)
SDEIM(T) +(C9(2, J+1)
—RXN5(2,J)

B(18,18) = 2*DGLM(1)/H**2.

A(18,18)=DGIM(1) /Hx*2.

D(18,18)=DGIM(1) /Hx*2.
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2596 B(18,17)=omega

2597 B(18,38)=+1

2598

2599 C For H+ ions, OH- ions, gluconate ions

2600 G(19)=omegaxC10(2,J)—omega*xC11(2,J)—omegaxC12(2,J)

2601 1 4DGIM(9) #(C10(1,J+1)—2.4C10(1,J)+C10(1,J—1)) /Hx#2.
2602 2 DGIM(10)#(C11(1,J+1)—2.%C11(1,J)+C11(1,J—1)) /Hxx2.
2603 3 —DGIM(11)#(C12(1,J+1)—2.%C12(1,J)+C12(1,J—1)) /Hx*2.
2604 B(19,20)=—omega

2605 B(19,22)=omega

2606 B(19,24)=omega

2607 B(19,19)=2.+DGIM(9) /Hx2.

2608 A(19,19)=DGIM(9) /Hxx2.

2609 D(19,19)=DGIM(9) /Hx 2.

2610 B(19,21)=-2.+DGLM(10) /Hx*2.

2611 A(19,21)=DCGIM(10) /Hx#*2

2612 D(19,21)=DGLM(10) /Hx%2.

2613 B(19,23)=—2.+DGLM(11) /Hx*2.

2614 A(19,23)=DGIM(11) /Hxx2

2615 D(19,23)=DGIM(11) /Hx#x2

2616

2617 G(20)=omegaxC10(1,J)+omegaxC11(1,J)+omegaxC12(1,J)

2618 1 4DGIM(9) %(C10(2,J+1)—2.4C10(2,J)+C10(2,J—1)) /Hx*2.
2619 2 —DGLM(lO)*(011(2,J+1)—2.*Cll(2,J)+Cll(2,J—1))/H**2.
2620 3 DGIM(11)%(C12(2,J+1)—2.xC12(2,J)+C12(2,J 1)) /Hx*2.
2621 B(20,19)=omega

2622 B(20,21)=—omega

2623 B(20,23)=—omega

2624 B(20,20)=2.«xDGLM(9) /Hx**2.

2625 A(20,20)=DGIM(9) /Hxx2.

2626 D(20,20)=DGIM(9) /Hx*2.

2627 B(20,22)=—2.+DGIM(10) /Hx*2.

2628 A(20,22)=DGIM(10) /Hxx2.

2629 D(20,22)=DGIM(10) /Hx%2.

2630 B(20,24)=—2.+DGIM(11) /Hxx2.

2631 A(20 24)=DGIM(11) /H*%2.

2632 D(20,24)=DGIM(11) /Hx#*2.

2633

2634 C For H+ and OH- ions equilibrium ,

2635 G(21)=CONCSS(10,J)*C11(1,J)—CONCSS(11,J)*C10(1,J)

2636

2637 B(21,19)=CONCSS(11,J)

2638 B(21,21)=CONCSS(10,J)

2639

2640 G(22)=CONCSS(10,J)*C11(2,J)—CONCSS(11,J)*C10(2,J)

2641 B(22,20)=CONCSS(11,J)

2642 B(22,22)=CONCSS(10,J)

2643

2644

2645 C For gluconic acid dissociation ,

2646 G(23)=equilib7xC3(1,J)—CONCSS(10,J)*C12(1,J)—CONCSS(12,J)*C10(1,J)
2647

2648 B(23,5)=—equilib7

2649 B(23,23)=CONCSS(10,J)

2650 B(23,19)=CONCSS(12,J)

2651

2652 G(24)=equilib7xC3(2,J)—CONCSS(10,J)*C12(2,J)—CONCSS(12,J)xC10(2,J)
2653 B(24,6)=—equilib7
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2654 B(24,24)=CONCSS(10,J)

2655 B(24,20)=CONCSS(12,J)
2656 C For HHGOx(ox) ,

2657 G(25)=C13(1,J)

2658 B(25,25)=—

2659

2660 G(26) 013( )

2661 B(26,26)=

2662

2663 C For GOX*(I"(d) ,

2664 G(27)=C14(1 : )

2665 B(27,27)=

2666

2667 G(28)=C14(2,J)

2668 B(28,28)=—

2669

2670 C REACTION1

2671 G(29)=RXN1(1,J)

2672 B(29,29)=+1.

2673

2674 G(3 )—RXN1(2,J)

2675 B(30,30)=

2676

2677 C REACTION2

2678 G(31)=RXN2(1,J)

2679 B(31,31)=+1

2680

2681 G(32)=RXN2(2,J)

2682 B(32,32)=+1

2683

2684 C REACTION3

2685 G(33)=RXN3(1,J)

2636 B(33,33)=+1.

2687

2688 G(3 )—RXN3(2,J)

2689 B(34,34)=

2690

2691 C REACTION4

2692 G(35)=RXN4(1,J)

2693 B(35,35)=

2694

2695 G(3 )—RXN4(2,J)

2696 B(36,36)=

2697

2698 C REACTION5

2699 G(37) =RXN5(1,J)+ratef5xC9(1,J)—ratef5/equilib5xC1(1,J)
2700 B(37,17)=ratef5

2701 B(37,1)=ratef5/equilibb
2702 B(37,37)=

2703

2704 G(38)=RXN5(2,J)+ratef5xC9(2,J)—ratef5/equilib5xC1(2,J)
2705 B(38,18)=ratefh

2706 B(38,2)=ratef5/equilibb
2707 B(38,38)=+1

2708

2709 ¢ SAVE G OUT DATA

2710 IF (J.BQ.(1J+(NJ-1J)/2)) THEN
2711 WRITE(14,301) J, (G(K) ,K=1,N)
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301

ELSE IF (J.EQ.(NJ—1)) THEN
WRITE(14,301) J, (G(K) K=1N)
END IF

RETURN

END

SUBROUTINE BCNJ(J)

IMPLICIT DOUBLE PRECISION (A-H, O-Z7)

COMMON/BAT/ A(38,38) ,B(38,38),C(38,10001) ,D(38,77) ,G(38) ,

1 X(38,38),Y(38,38)

COMMON/NST/ N, NJ

COMMON/VAR/ CONCSS(14,10001) ,RXNSS(7,10001)

COMMON/VARR/ COEFFMT(13) ,HHH, KJ

COMMON/CON/ C1(2,10001) ,C2(2,10001) ,C3(2,10001) ,C4(2,10001),

1 C5(2,10001),06(2,10001),C7(2,10001),C8(2,10001),C9(2,10001) ,
2 C10(2,10001),C11(2,10001),C12(2,10001),C13(2,10001),

2 C14(2,10001) ,RXNI1(2,10001) ,RXN2(2,10001) ,RXN3(2,10001) ,

3 RXN4(2,10001) ,RXN5(2,10001)

(OMMON/RTE/ ratefl ,equilibl ,ratef2 ,ratef3 ,equilib3 ,ratef4 ,ratef5 ,
1 equilibb ,ratef6 ,equilib6 ,equilib7 ,equilib8 , equilib9
COMMON/OTH/ H,EBIG,HH, 1J

COMMON/POR/ DGOX(17) ,DGIM(17) ,DBULK(17)

COMMON/BCI/ FLUXF,FLUXB, FLUXR, FLUXH, omega

(OMMON/BUL/ CBULK(13) ,PARH202,PAR02,PARGLUCOSE, PARION, SOLO2,JCOUNT
COMMON/DELT/ DELTA1, DELTA2, FREQ(400),CH202(1000,10001),

1 C02(1000,10001) ,CH(1000,10001)

COMMON/POT/ VTILDE

FORMAT (5x,’J=" 15, 38E15.6E3)

DO 42 I=1,2

For beta—Glucose, being consumed only
G(I)=C1(1,J)

B(I,I)=-1.

For GOx, enzyme

G(2+1)=C2(1,J)

B(24+1,2+1)=-1.

For Gluconic Acid, being produced only
G(4+1)=C3(1,J)

B(4+1,4+1)=-1.

For GOx2, enzyme

G(6+1)=C4(1,J)

B(6+1,6+1)=—1.

For O2, being consumed only
G(8+1I)=C5(1,J)

B(8+I,8+1)=—1.

For H202, reacting species
G(10+1)=C6(I,J)

B(10+1I,10+1)=-1.

For CX—GOx2, enzyme

G(12+1)=C7(I1,J)

B(12+1,12+1)=-1.

For CX—GOx, enzyme

G(144+1)=C8(1,J)

B(14+41,14+1)=-1.

For Alpha—Glucose, being consumed only
G(164+1)=C9(1,J)
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2770 B(16+1,16+1)=—
2771 C For H+ ion

2772 G(18+1)=C10(I,J)
2773 B(18+1,18+1)=—1.
2774 C For OH- ion

2775 G(20+1)=C11(1,J)
2776 B(20+1,20+1)=—
2777 C For gluconate ion,
2778 G(22+1)=C12(I,J)
2779 B(22+41,22+1)=-1.
2780 C For H+GOx(ox.) ,
2781 G(24+1)=C13(I,J)
2782 B(24+I,24+I):—
2783 C For GOx—(red .

2784 G(26+1)=C14 (T, )
9785 42 B(264+1,26+1)=—1.
2786 C REACTION1

2787 G(29)=RXN1(1,J)
2788 B(29,29)=-+1.

2789

2790 G(30) —RXN1(2,J)
2791 B(30,30)=

2792

2793 C REACTION2

2794 G(31)=RXN2(1,J)
2795 B(31,31)=+1

2796

2797 G(32)=RXN2(2,J)
2798 B(32,32)=+1

2799

2800 C REACTION3

2801 G(33)=RXN3(1,J)
2802 B(33,33)=-+1.

2803

2804 G(34) —RXN3(2,J)
2805 B(34,34)=

2806

2807 C REACTION4

2808 G(35)=RXN4(1,J)
2809 B(35,35)=

2810

2811 G(36) —RXN4(2,J)
2812 B(36,36)=

2813

2814 C REACTION5S

2815 G(37) =RXN5(1,J)+ratef5xC9(1,J)—ratef5/equilib5xC1(1,J)
2816 B(37,17)=ratef5
2817 B(37 1)—ratef5/equ111b5
2818 B(37,37)=-+1.

2819

2820 G(38)=RXN5(2,J)+ratef5xC9(2,J)—ratef5/equilib5xC1(2,J)
2821 B(38,18)=ratefh
2822 B(38,2)=ratef5/equilibb
2823 B(38,38)=+1

2824

2825 WRITE(14,301) J, (G(X),K=1,N)
2826

2827 RETURN
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2828
2829
2830
2831
2832
2833
2834
2835
2836
2837
2838
2839
2840
2841
2842
2843
2844
2845
2846
2847
2848
2849
2850
2851
2852
2853
2854
9855

285 b
2857

2858
2859
2860
2861
2862
2863
2864
2865
2866
2867
2868
2869
2870
2871
2872
2873
2874
2875
2876
2877
2878
2879
2880
2881
2882
2883
2884
2885

10

11
12

13

14

16

17
18

END

Subroutine MATINV
SUBROUTINE MATINV (N, M,DETERM)
IMPLICIT DOUBLE PRECISION (A-H,0-7)

COMMON/BAT/ A(38,38) ,B(38,38) ,C(38,10001) ,D

1 X(38,38),Y(38,38)

COMMON/NST/ NTEMP, NJ

DIMENSION 1D (38)

DETERM=1.01

DO 1 I=1N

ID(1)=0

DO 18 NN=1N

BMAX=1.1

DO 6 I=1N

IF (ID(I).NE.0) GO TO 6

BNEXT=0.0

BTRY=0.0

DO 5 J=IN

IF (ID(J).NE.O
IF (DABS(B(I,]J

BNEXT=DABS (B(1
IF (BNEXT.LE.B

BNEXT-BTRY

BTRY=DABS(B(I,J))

JC=J

CONTINUE

IF (BNEXT.GE.BMAX+BTRY) GO TO 6

BMAX=BNEXT/BTRY

IROW=I

JCOL=JC

CONTINUE

IF (ID(JC).EQ.0) GO TO 8

DETERM=0.0

RETURN

ID (JCOL)=1

IF (JCOL.EQ.IROW) GO TO 12

DO 10 J=1N

SAVE=B(IROW, J)

B(IROW, J )=B(JCOL, J)

B(JCOL, J)=SAVE

DO 11 K=1M

SAVE_D(IROW K)
D(IROW,K)=D(JCOL,K)
D(JCOL,K)=SAVE

F=1.0/B(JCOL,JCOL)

DO 13 J=1N

B(JCOL, J)=B(JCOL, J ) +F

DO 14 K=1M
D(JCOL,K)=D(JCOL K) «F

DO 18 I=1N

IF (1.EQ.JCOL) GO TO 18

F=B(I,JCOL)

DO 16 J=1N

B(I,J)=B(I,J)-F«B(JCOL,J)

DO 17 K=1M

D(I,K)=D(I ,K)-F+D(JCOL,K)

CONTINUE

) GO
))
TRY) GO TO 5
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2886 RETURN

2887 END
2888

2889 C SUBROUTINE BAND(J)

2890 SUBROUTINE BAND(J)

2891 IMPLICIT DOUBLE PRECISION (A-H,0-Z)
2892 DIMENSION E(38,39,10001)

2893 COMMON/BAT/ A(38,38) ,B(38,38) ,C(38,10001) ,D(38,77) ,G(38),
2894 1 X(38,38),Y(38,38)

2895 COMMON/NST/ N,NJ

2896 SAVE E, NP1

2807 101 FORMAT(15H DETERM=0 AT J=,15)
2898 IF (J-2) 1,6,8

2899 1 NPI=N+1

2900 DO 2 I=1N

2901 D(1,2%N+1)=G(T)

2902 DO 2 L=IN

2903 LPN=L+N

2004 2 D(I,LPN)=X(I,L)

2905 CALL MATINV(N, ~ 2+N-+1 DETERM)
2906 IF (DETERM) 4,34

2007 3 PRINT 101,J

2008 4 DO 5 K=1N

2909 E(K,NP1,1)=D(K,2+N+1)

2910 DO 5 L=1N

2911 E(K,L,1)=D(K,L)

2912 LPN=[AN

2013 5 X(K,L)=D(K,LPN)

2914 RETURN

2915 6 DO 7 I=IN

2916 DO 7 K=1N

2917 DO 7 L=1N

2018 7 D(I,K)=D(I,K)+A(I,L)X(L,K)

2019 8 IF (J=NJ) 11,9,9

2020 9 DO 10 I=1N

2921 DO 10 L=1N

2922 G(1)=G(I)-Y(I,L)*E(L,NP1,J—2)
2923 DO 10 M=1 N

2024 10 A(I,L)=A(I,L)+Y(I M)«E(M,L,J-2)
2925 11 DO 12 I=1N

2926 D(I,NP1)==G(1)

2927 DO 12 L=1N

2928 D(I,NP1)=D(I ,NP1)+A(I,L)+E(L,NP1,J—1)
2929 DO 12 K=1N

2030 12 B(I,K)=B(I,K)+A(I,L)«E(L,K,J-1)
2931 CALL MATINV(N,NP1,DETERM)

2932 IF (DETERM) 14, 13, 14

2933 13 PRINT 101,J
2934 14 DO 15 K=1,N

2935 DO 15 M=1,NP1
2036 15  E(K,M,J)=D(K,M)
2037 IF (J-NJ) 20,16,16

2038 16 DO 17 K=1N
2039 17 C(K,J)=E(K,NP1,J)

2940 DO 18 JJ=2,NJ
2941 M=NJ—JJ4+1

2942 DO 18 K=1,N

2943 C(K,M)=E(K,NP1,M)
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2944
2945
2946
2947
2948
2949
2950

DO 18 L=1N
18 C(K,M)=C(K,M)+E(K,L M)*C(L M+1)
DO 19 L=1N
DO 19 K=1N
19 C(K,1)=C(K,1)+X(K,L)*C(L,3)
20 RETURN
END
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Code A.7. Matlab code to plot impedance response from impedance calculations

1 %Inserting concentration data from Fortran

2

3 clc; close all;clear all;

4 format longE;

5 %input parameters for CPE

6a= 0.85;

7Q = 2.61E-5;

%Read the unsteady state data at each frequency
9 H202 = dlmread ( ’cdhgox_ H202_ out.txt’);

10
11 02 = dlmread ( ’edhgox_O02_out.txt’);
12
13 Hion = dlmread (’cdhgox_H_ion_out.txt’);

14

15 Bssl = dlmread (’cdhgox_out.txt’);

16 Bss=Bssl (:,6);

17

18 %Read constant values used in the Fortran code
19 M = dlmread (’cdhgox_values_out.txt’);

20

21 N=M(1
22 NJ=2M(2
23 1J=M(3
24 KJ=M(4
25 H=EM(5
: 6

co

43 %Read frequency points, Kw=omega, KK=K
44 Kw = dlmread ( "kgox_ values_out.txt’);
47 %deltan=gamma(4/3)*delta ;

49 %Read the steady state values for CB
50 Css = dlmread (’cdhgox_os_out.txt’);

52 %Other constants
53 F=96487:

55 %Create y values for plotting
y=zeros (NJ,1) ;

ot
(@)
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106
107
108
109
110
111
112

far=HHHx*(KJ—1);
y1=0:HHH: far ;

farleH*(IJ—KJ) ;
y2=y1(KJ) :HH: y1 (KJ)+farl;

far2=Hx* (NJ-1J ) ;
y3=y2 (I1J-KJ+1) :H:y2 (IJ-KJ+1)+far2;

7 for k=1:KJ-1

y(k)=yl(k);
end
for k=KJ:1J-1

v (k)=y2(k-KJ+1);
end
for k=IJ:NJ

y(k)=y3 (k-1J+1);
end

%Create complex numbers from unsteady state data
CH202 = rand (NJ, nf);
CO2 = rand (NJ, nf);
CH = rand (NJ, nf) ;
for n=1:nf
for k=1:NJ

CH202(k ,n)=complex (H202(k,2*n—1) ,H202(k,2%n) ) ;
CO2(k,n)=complex (02(k,2xn—1), O2(k 2%1n));
CH(k,n)=complex (Hion (k,2+n— 1) Hion (k,2xn));
end

end

% for n=1:nf

% for k=1:NJ

% CO2(k,n)=complex (02(k,2+n—1),02(k,2*n)) ;

% end

% end

% figure (1)
% plot (CB,Css (:,1),”—b’); hold on;
% figure (2)
% plot (CO2,Css(:,1),”’—b’); hold on;

%Calculate the dimensionless diffusion impedance
Zdd_H202=zeros (1,nf);
Zdd_O2=zeros (1,nf);
Zdd_H=zeros (1,nf);
for k=1:nf
Zdd_H202(k)=(—CH202(1 ,k) /((—CH202(3 ,k)+4xCH202(2 ,k ) —3«CH202(1 ,k) ) /(2*HHH) ) ) / ((
far+farl));

105 Zdd_02(k)=(—C02(1,k) /((—C02(3 ,k)+4+C02(2 k) —3+C0O2(1,k)) /(2+HHH) ) ) / (( far+farl))

Zdd _H(k)=(—CH(1,k)/((—CH(3,k)+4+«CH(2,k)—3+«CH(1,k))/(2«HHH))) /((far+farl));
end

%Calculate the ratio factor

F H202=zeros (1,nf);

F O2=zeros (1,nf);

F H=zeros (1,nf);

for k=1:nf
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113 F_H202(k)=((—CH202(3 ,k)+4+CH202(2 ,k ) —3xCH202(1 ,k)) /(2«HHH) ) /...
114 ((—CH(S,k)+4*CH(2 k)—3«CH(1,k))/(2+«HHH) ) ;

115 F_02(k)=((—C0O2(3,k)+4xC0O2(2,k)— 3*CO2(1,k))/(2*I—]I—]H))/...

116 ((—CH(3 ,k) 4*CH(2 k) 3*CH(1,k))/(2*I—]I—]H));

117 F_H(k)=1;

118 end

119 %Calculate the diffusion impedance
120 Zdfront H202=(RTB#(—AKFx*exp (BBAxV)+AK2%(Bssl (1,10) ~2)xexp(—BB2%V))) /...
121 (FxDGOX_H) ;
122 Zdfront__ O2=(RTB*AKBx(Bss1 (1,10) ~2)xexp(—BBCxV) ) /(F«DGOX_H) ;
123 Zdfront_ H=(RTBx (2+xAKB*Bss1 (1,10)*Bss1 (1,5) xexp(—BBCxV) +...
124 2xAK2xBss1 (1,10)*Bssl(1,6)*exp(—BB2xV)+2+AKHxBss1 (1,10)*xexp(—BBH*V))) /(Fx
DGOX_H) ;

125 Zd_H202=zeros (1 ,nf);

126 Zd_O2=zeros (1,nf);

127 Zd_H=zeros (1 ,nf);

128 Zd=zeros (1 ,nf);

129 DCH202=zeros (1,nf);

130 DCO2=zeros (1,nf);

131 DCH=zeros (1,nf);

132 for k=1:nf

133 Zd_H202(k)=Zdfront H202+F_H202(k)

134 (—CH202(1,k) /((—CH202(3 , k) +4¥CH202(2 , k) —3+CH202(1 ,k) ) / (2+HHH) ) ) ;
135 DCH202(k )=(—CH202(3 , k) +4+CH202(2 , k ) —3+CH202(1 , k) ) / (2 +HHH) ;
136 Zd_02(k)=Zdfront__O2xF 02(k) * .

137 (—CO2(1,k) /((—CO2(3 )+4*COQ( k)—3+«C0O2(1,k))/(2«HHH) ) ) ;
138 DCO2(k) = ((—CO2(3, k)+4*CO2(2 k)— 3*COQ(1,k))/(2*HHH));

139 Zd_H(k ) Zdfront_Hx*F H(k) .
140 (=CH(1,k) /((—=CH(3 k) +4+CH(2 k) —3+CH(1 k) ) /(2+HHH) ) )
141 Zd (k)=Zd__ H202(k)+Zd 02( )+Zd H(k);
142 DCH(k) = ((=CH(3,k)+4+CH(2,k)—3+CH(1,k)) /(2+HHH) ) ;
143 end
144
145 %Calculate the faradic impedance
146 Zf=zeros (1,nf);
147 for k=1:nf
148 Zf(k)=RTB+Zd (k) ;
149 end
150 %Calculate the overall impedance

Zo=zeros (1,nf);

for n=1:nf

Zo(n)=10+Zf(n) /(1+(1i*Kw(n) ) a*xQxZf(n));

end

ot Ot

ot Ot

ot
DT W N~

%Oscillating concentration
=[1 2 3 4];

3

Tt Ot Ot Ut ¢

58 c11 _H202= zeros(NJ length (0));

59 ¢i2__H202=zeros (NJ, length (0));

160 ¢i3__H202=zeros (NJ,length (o)) ;

161 cil_O2=zeros (NJ,length (0));

162 ci2_02=zeros (NJ, length (0));

163 ¢i3_02=zeros (NJ, length (0));

164 dimfreq=[61 101 144 181];

165 for k=1:NJ

166 for l=1:length (o)

167 t(1)=o0(1)*pi/2;

168 cil_H202(k,1)=real (CH202(k,141)*exp(1lixt(1)));
169 ci2_H202(k,1)=real (CH202(k,101)*exp(1lixt(1)));
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—

ci3_H202(k,1)=real (CH202(k,61)*exp (1ix*t
cil _02(k,1)=real (CO2(k,141)*exp(lixt (1)
ci2._ 02(k,1)=real (CO2(k,101)*exp(lixt (1)
ci3_02(k,1)=real (CO2(k,61)*exp(li*xt (1))

1 ~1

)))s

~

(1
))s
)) s
)a

end

[ e T S S Y
=~ =~
YU W N =

end

—_
~J
~

178
179
180 % figure (1)

181 % plot (y,Css(:,1),’—=b’); hold on
182 % plot (y,Css(:,6), —r"’);
183 % plot (y,Css(: ,5),’7111’);
184 % plot (y,Css(:,2),' —k’);

185 % %axis ([0 0.1 5e—5 10.le—5]);

186 % legend (’SS C Glucose’,’SS C H202’,’SS C 02’,’SS C GOX’) ;
187 % title (’Steady State Concentration away from Electrode Surface’);
188 % xlabel (’Length, cm’) ;

189 % ylabel (’Concentration , moles/cm3’) ;

190

191 % figure (6)

192 % plot (y,Css(:,6), —r’);

193

194 figure (1)

195 Zdreal=real (Zd) ;

196 Zdimag=imag (Zd) ;

197 plot (Zdreal,—Zdimag, ’~ks’);hold on; axis equal;
198 title (’Diffusion Impedance Nyquist plot’);

199 stepl=10;

200 step2=1000;

201 indexl=1:stepl:70;

202 index2=71:step2:241;

203

204 for i=1:length (index1)

205 DFreq(i)=Kw(index1(i));

206 labelreald (i)=Zdreal (index1(i));
207 labelimagd (i)=Zdimag(index1(i));

208 end

209 for k=1:length (index2)

210 DFreq(i+k)=Kw(index2(k));

211 labelreald (i+k)= Zdreal(1ndex2( ));

212 labelimagd (i+k)=Zdimag(index2(k));

213 end

214 s = num2str (DFreq’,  %2.1e’);

215 labels = cellstr (s);

216 text (labelreald ,—labelimagd ,labels , ’Fontsize’,12,’ Color’,’ blue’
HorizontalAlignment ’, 'right 7);

217 xlabel (’Real part of Diffusion Impedance’);

218 ylabel (’Imaginary part of Diffusion Impedance’);

219

220 Zfreal=real (Zf);
221 Zfimag=imag (Zf) ;
222

223 Zoreal=real (Zo);
224 Zoimag=imag (Zo) ;

225
226 figure (2)
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227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251

plot (Zfreal ,—Zfimag, ’—ks’);hold on; axis equal;
%legend (’MatLab Data’,’ Finite Film Thickness tanh(sqrt (j=*K))/sqrt (j=*K) ") ;
title (’Faradaic Impedance Nyquist plot’);

figure (3)

plot (Zoreal ,—Zoimag, '—ks’) ; hold on; axis equal;

%legend (’MatLab Data’,’ Finite Film Thickness tanh (sqrt (j*K))/sqrt (j=«K)’);
title (’Overall Impedance Nyquist plot’);

impedancef=zeros (nf,2);
impedancef (: ,1)=Zfreal ’;
impedancef (:,2)=Zfimag ’;

impedanceo=zeros (nf,2) ;
impedanceo (: ,1)=Zoreal ’;
impedanceo (: ,2)=Zoimag ’;

impedanced=zeros (nf,2);
impedanced (:,1)=Zdreal ’;
impedanced (:,2)=Zdimag ’;

impedancedd__H202=zeros (nf,2) ;
impedancedd_H202 (:,1)=real (Zdd_H202) ;
impedancedd H202 (: ,2)=imag (Zdd_H202) ;

impedancedd O2=zeros (nf,2) ;
impedancedd 02 (:,1)=real (Zdd_02);
impedancedd 02 (:,2)=imag(Zdd_02);

impedancedd_H=zeros (nf,2) ;

8 impedancedd_H (: ,1)=real (Zdd_H) ;
9 impedancedd_H (:,2)=imag(Zdd_H) ;

impedanced_H202=zeros (nf,2) ;
impedanced_H202 (:,1)=real (Zd_H202) ;
impedanced_H202 (: ,2)=imag (Zd_H202) ;

impedanced O2=zeros (nf,2) ;
impedanced_02(:,1)=real (Zd_02);
impedanced 02 (:,2)=imag(Zd_02) ;

impedancedH=zeros (nf,2);
impedanced_H (:,1)=real (Zd _H);
impedanced H (:,2)=imag(Zd H);
figure (4)

plot (impedancedd H202 (:,1),—impedancedd H202(:,2),’—ks’);hold on; axis equal;

5 title (’Dimensionless Diffusion Impedance Nyquist plot of H202’);

" figure (5)

plot (impedancedd O2(:,1),—impedancedd O2(:,2),’—ks’);hold on; axis equal;
title (’Dimensionless Diffusion Impedance Nyquist plot of 027);

figure (6)

plot (impedancedd_H (:,1),—impedancedd_H (:,2),’—ks’);hold on; axis equal;
title (’Dimensionless Diffusion Impedance Nyquist plot of H ion’);
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285
286

figure (7)
plot (impedanced H202(:,1),
title (’Diffusion Impedance Nyquist plot of H202’);

—impedanced_H202(:,2) ,

1),—impedanced_02(:,2) ,

—impedanced_H (:,2) ,’—

'—ks’);hold on; axis equal;

'—ks’);hold on; axis equal;

ks’);hold on; axis equal;

on;
of peroxide for K=100");

on;
on;
on;
on;
of peroxide for K=1);

on;
on;
on;
on;
of peroxide for K=0.01");

on;
on;
on;

of oxygen for K=100");

on;

of oxygen for K=1");

on;
on;
on;
on;

287

288

289 figure (8)

290 plot (impedanced O2(:,

291 title (’Diffusion Impedance Nyquist plot of 027);
292

293 figure (9)

294 plot (impedanced_H(:,1),

295 title (’Diffusion Impedance Nyquist plot of H ion’);
296

297 % figure (23)

298 % plot (y,cil H202(:,1),’—k’); hold
299 % plot (y,cil _H202(:,2),’—r’); hold
300 % plot (y,cil H202(:,3),”—m’); hold
301 % plot (y,cil H202(:,4),’—=b’); hold
302 % title (’Oscillating concentration
303 % legend ("t17,7t27,7t37,7t47) ;

304 %

305 % figure (24)

306 % plot (y,ci2. H202(:,1),’—k’); hold
307 % plot (y,ci2. H202(:,2),’—r’); hold
308 % plot (y,ci2__H202(:,3),”—m’); hold
309 % plot (y,ci2 H202(:,4),’~b’); hold
310 % title (’Oscillating concentration
311 % legend (’t17°,7t27,°t37,7t4");

312 %

313 % figure (25)

314 % plot (y,ci3 H202(:,1),’=k’); hold
315 % plot (y,ci3_H202(:,2),’—r’); hold
316 % plot (y,ci3_H202(:,3),”—m’); hold
317 % plot (y,ci3_H202(:,4),”—b’); hold
318 % title (’Oscillating concentration
319 % legend ('t1°,°t27, 737, t4") ;

320 %

321 % figure (26)

322 % plot (y,cil_02(:,1),’~k’); hold
323 % plot (y,cil _O2(:,2),”—r’); hold
324 % plot (y,cil _O2(: ,3),’ —m’); hold
325 % plot (y,cil _0O2(:,4),”’=b’); hold
326 % title(’Oscillating concentration
327 % legend ("t17,7t27,7t27,7t27);

328 %

329 % figure (27)

330 % plot (y,ci2_02(:,1),’—k’); hold
331 % plot (y,ci2. 02(:,2),’—r’); hold
332 % plot (y,ci2__02(:,3),”—m’); hold
333 % plot (y,ci2 _02(:,4),”—b’); hold
334 % title (’Oscillating concentration
335 % legend ("t17,7t27,7627,7t2°) ;

336 %

337 % figure (28)

338 % plot (y,ci3_02(:,1),”—k’); hold
339 % plot (y,ci3 02(:,2),”—r’); hold
340 % plot (y,ci3_02(: ,3) ,’—m’) ; hold
341 % plot (y,ci3_02(:,4),”—b’); hold
342 %

title(’Oscillating concentration of oxygen for K=0.01);
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% legend (7t1’, t2°, t2",

F_Hreal=real (F_H) ;

5 F_Himag=imag (F_H) ;

F_H202real=real (F_H202) ;

8 F_H202imag=imag (F_H202) ;

F_O2real=real (F_02);

) F_O2imag=imag (F_02) ;

F_Hreal=F Hreal ’;
F_H202real=F_H2O2real ’;

353 F__O2real=F__O2real ’;
354 F_H202imag=F H202imag’;

F_0O2imag=F O2imag’;

) F__Himag=F Himag’;

Zfreal=real (Zf);
Zfimag=imag ( Zf) ;
Zfreal=Zfreal ’;
Zfimag=Zfimag ’;

3 DCH202REAL~real (DCH202) ;
| DCH202imag=imag (DCH202) ;

DCH202REAI=DCH202REAL’ ;

6 DCH202imag=DCH202imag’;

DCO2REAL=real (DCO2) ;
DCO2imag=imag (DCO2) ;

) DCO2REAL=DCO2REAL’ ;

DCO2imag=DCO2imag " ;

DCHREAIL=real (DCH

)
4 DCHimag=imag (DCH) ;
5 DCHREAT=DCHREAL’ ;

) DCHimag=DCHimag’ ;

3% figure (31)

9 % plot (DCH202REAL (: ,1),

% figure (32)

% plot (DCO2REAL(: ,1),—DCO2imag (: ,1

382 % figure (33)
% plot (DCHREAL(:,1),—DCHimag(:,1)

383
384

385 plot (Zoreal (1,57:241),—Zoimag(1,57:241),

figure (10)

—DCH202imag (: ,1)

)7’7
7771{5 a)

ks

,’—ks’) ;hold on;
") ;hold on;
;hold on;

'—ks’);hold on;

axis equal;n;

386 title (?’Overall Impedance Nyquist plot from I1mHz to 100kHz’);
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APPENDIX B
MATLAB® GRAPHICAL USER INTERFACE

A graphical user interface was written in Matlab® with Fortran executables. The
program contains the three major models (Basic model without buffer, model with
PBS buffer and model with BBS buffer) with featured reactions as optional choice. The
program grants the users to design input parameters, run the simulations, generate visual
figures and save out results for further analysis. The simulations include polarization
curve, steady-state profiles, impedance response and oxygen curve.

B.1 Main Console

The program is delivered in .zip file. To start, un-zip the file and run the file named
CGM__GUILm. It shows the main console, as shown in Figure B-1. On the main console,
there are three tabs corresponding to the three major models for continuous glucose

sensor. | Basic Model | is the mathematical model for continuous glucose sensor without any
buffer, which is introduced in Chapter 3. | Model with PBS Buffer| is the mathematical

model for continuous glucose sensor in phosphate buffer saline, which is introduced in

Chapter 4. ’Model with BBS Buffer‘ is the mathematical model for continuous glucose

sensor in bicarbonate buffer saline, which is introduced in Chapter 5.
The tab |7 | opens a pdf file for a brief introduction of the homogeneous reactions,
heterogeneous reactions and the current density considered in the model. An example of

the brief guide of the program is shown in Figure B-2.

After clicking the tab of the model, for example | Model with BBS Buffer |, the

interface changes to Figure B-3. Each model contains three sub models, Base Model,
Effective Diffusion Model and Hydrogen Evolution Model. In the Base Model, the
diffusion coefficients of species in the GOx and GLM layers are modified by the porosity
factor of the biofilm based on Bruggeman Equation. The porosity factors are set and
different for large species, such as glucose, and small species such as oxygen. It doesn’t

have the capability to study the diffusion coefficients separately. This was improved in
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s

Model Type

Basic Model

Model with PBS Buffer

Model with BBS Buffer

One-Dimensional Mathematical Model for Continuous Glucose Monitors

UF FLoRID

Figure B-1. The initial program layout of the graphical user interface in Matlab®. The
three tabs on the left-hand side are corresponding to the three models for
continuous glucose sensors.

Effective Diffusion Model, in which the diffusion coefficients of each species in various

layers are all input parameters. The hydrogen evolution reaction only contributes to the

cathodic current at low applied potentials. Therefore, it is an optional feature, which is

included in Hydrogen Evolution Model.

B.2

Sub Console for the Specific Model

For the programs of different models, the layouts are similar. An example of the sub

console for the Model with BBS Buffer is shown in Figure B-4.

B.2.1 Control Panel

The control panel of the program is on the left-hand side of the program, as

shown in Figure B-4. It allows the users to choose to change the input parameters by

Change Input Parameters

, recover all the input parameters to the default values by

Recover Input Parameters‘ and run various simulations by ‘ Run Polarization curve \,

Run Steady-State Simulation

i

Run Impedance Simulation‘ and | Run Oxygen Curve |.
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1 BasicModelEquations.pdf - Adobe Acrobat Pro - [m| X
File Edit View Window Help *
Open|@€reate"@%@|{§}@@[@7 Customize'||2|
I | @ | ' Tools Fill & Sign | Comment
Homogeneous Reactions
fl (i)
f-D-glucose + GOxgy — GOx-GA — GA + GOxgpp (1
kb1
B kg

GOxgep + 02 :’ GOx-H,0, — GOxgy + H,Oy (2)

kea

ks
a-D-glucose — p-D-glucose (3)
ks
{0
H,0 — H' + OH" 4)
ks
7
GA — H'+GA” (5)
ki
ks
H+GOXQx pa— H + GOx oy ()
kg
ki
GOxgep — H* + GOxgpp
[
Heterogeneous Reactions

()]

H,0, —— 2H' + 0, + 2~
—
Ko,

KlEd
H,0; +2H" +2¢7 —— 2H,0
was expressed as

(8)

9

Therefore, the corresponding total faradaic current for all the heterogeneous reactions included

i = Kpy0:Cha0.(0) €XP (Byyy0, V) — Koy, (0)exp (—bo, V) — KpCu,o.(0) exp (—bggV)

where Ky.o.. Ko, and K4 are the effective heterogeneous rate constants.

(10)
1

Figure B-2. An example of the brief guide of the Basic Model opened by the tab .
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4 cam_Gul - x

One-Dimensional Mathematical Model for Continuous Glucose Monitors

Professor Mark E. Orazem
Ming Gao
Morgan Harding
Samuel Keiffer
University of Florida

BBS Model

Base Model
Effective Diffusion Model

Hydrogen Evolution Model

UF [FLORIDA

Figure B-3. The layout of the program after clicking the tab ‘ Model with BBS Buffer\ on
the main console. Each model contains three sub models, | Base Model \,
‘Effective Diffusion Model‘ and | Hydrogen Evolution Model |

-Control Panel

One-Dimensional Mathematical Model for Continuous Glucose Monitor
Model with Bicarbonate-Buffered Saline (BBS)

Input Parameters

‘Sensor Dimensions

Film Properiies
Recover Input Parameters.

Operating Conditions

Run Polarization Curve Chemical Species

1 Change Input Parameters

Rate Constants
Run Steady-State Simulation
Run Impedance Simulation
Run Oxygen Curve
Set Parameters Save Close Graphs Exit

Figure B-4. The program layout for a specific model.
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@ comess i

One-Dimensional Mathematical Model for Continuous Glucose Monitor Model with
Bicarbonate-Buffered Saline (BBS)

Input Parameters

Fimfroperies

Change Input Parameters Sensor Dimensions
Partition Coefficients

Parition Coefficient e
of Hydrogen Peroxide 032 Film Properties

Parition Coefiicient
Recover Input Parameters. of Oxygen 011

Operating Conditions

Parition Coefficient
of Glucose

Partition Coefficient
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Figure B-5. The program layout of changing input parameters.

B.2.2 Input Parameters
The input parameters are very essential to the simulations. The physical meaning

of the parameters are introduced in Section 7.1. In the program, the parameters are

characterized into five tabs, | Sensor Dimensions |,

Film Properties

, | Operation Conditions |,

Chemical Species‘ and | Rate Constants || An example is shown in Figure B-5. After

changing the input values of the parameters, it is necessary to click the tab ‘ Set Parameters\

on the bottom to load the changes to the program.
B.2.3 Other Functions
The tabs on the bottom of Figure B-5 provides other functions. allows the

users to save out the current simulation results to a directory in the computer. The file is

auto-named by types of simulation, date and time. | Close Graphs‘ closes all the generated

figures. closes the current sub console and goes to the main console of the program.
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