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a b s t r a c t

Modified atmosphere packing (MAP) is a technique to increase the shelf life of fresh meat. Continuing
development of MAP requires better understanding of the physical and chemical processes taking place,
in particular the diffusion of oxygen and its reaction with myoglobin. We model these processes using
reaction-diffusion equations. The reactions include binding of oxygen to myoglobin, oxidation of
myoglobin and other oxygen consuming processes. Model parameters have been extrapolated using data
from the literature to relevant temperatures and pH values. Partial agreement with spatially resolved
pigment concentration data is obtained, but only by substantially increasing the value of the oxygen
consumption rate. Application of the model to meat stored at 5 �C shows that the metmyoglobin layer
forms under the surface over a time scale of 24 h; The metmyoglobin layer forms deeper inside the meat
proportional to the logarithm of the headspace oxygen partial pressure, thus improving the colour
appearance of the meat.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Increased shelf life of foods is important for economic and
environmental reasons because it can potentially reduce the
amount of waste (Wikstr€om et al., 2014). Freshmeat is often packed
and stored prior to consumption using modified atmospheric
packaging (MAP) in which the meat is packed in an atmosphere of,
normally, 80% O2. The oxygen binds to the tissue myoglobin, Mb, to
produce oxymyoglobin, MbO2. Also oxidation of Mb or MbO2
produces metmyoglobin, MMb; this oxidation is referred to as
autoxidation. In this state the meat becomes brown, which is not
attractive to consumers. In fresh meat one can often observe a
brown layer of MMb expanding outwards from inside the meat, as
described by S�aenz et al. (2008). Colour stability is a major concern
as MAP technology continues to be developed (McMillin, 2008).
Possible future developments include the use of active packaging,
reducing the headspace, and tuning the MAP parameters (barrier
materials, gas composition) to specific meat products. In connec-
tion with such development there is a clear need for more data on
the various processes taking place in fresh meat stored under MAP
for different conditions (McMillin, 2008). It is also becoming clear
that mathematical modelling can play an important role in such
development (Riva et al., 2009). In this work we present amodel for
diffusion of oxygen and its reactions in meat; special focus is on
reactions with myoglobin.

Oxygen has to diffuse into the meat before reactions can occur.
Moreover, the concentration of Mb in meat is on the order of that of
oxygen under air-saturated conditions, at least for beef (Chaix et al.,
2014), and thus binding to myoglobin together with other oxygen
consuming processes such as mitochondrial respiration are enough
to significantly slow down the advance of oxygen. We have a sit-
uation where the types of processesd oxygen diffusion and its
chemical reactionsdaffect each other strongly and must both be
included in a model; here we shall be using a reaction-diffusion
system. S�aenz et al. (2008) made a simple reaction-diffusion
model to help interpret their measurements of concentration
profiles of myoglobin in different states. Their linear model
involved only O2 and Mb as dynamical variables, and included the
reversible binding of oxygen to Mb, known as oxygenation, but not
autoxidation of Mb.

The redox chemistry of myoglobin is complicated. This is re-
flected in how the oxidation rate depends non-trivially on pH and
the local O2 concentration, as well as the type of myoglobin; the
latter varies not just from one biological species to another, but also
from one muscle type to another in the same species. Temperature
dependence is also important, and must be addressed
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appropriately. While we consider the situation where temperature
and pH are constant, the O2 concentration will vary in space and
time and this must be explicitly modelled. Some attention to
temperature and pH dependence must be given; much of the data
on the reaction mechanisms, and associated kinetic parameters,
have been obtained for physiological conditions (37 �C, pHx7) or at
room temperature, while fresh meat is usually stored around 5 �C
and has a lower pH, typically near 5.5e5.7, though this depends on
processing conditions post mortem (Owusu-Apenten, 2004).

The oxygen dependence of the autoxidation of myoglobin was
investigated by George and Stratmann (1952) who found a non-
monotonic oxidation rate for native bovine myoglobin rising from
zero at zero O2 concentration, reaching a maximum at around
4 mM of dissolved oxygen, before converging towards a lower rate
at large concentrations of O2. This non-monotonic behaviour sug-
gests that some non-linear reaction mechanism is involved. The
existence of a maximum at relative lowO2 concentrations provides
amechanism for why theMMb layer appears first under the surface
of the meat. There have been many attempts in the literature to
identify a molecular mechanism for the autoxidation which can
explain this nonlinear behaviour (Brantley et al., 1993; Shikama,
1998, 2006; Wallace et al., 1982; Wazawa et al., 1992). Both
Wazawa et al. (1992) and Brantley et al. (1993) present models that
explain the results of George and Stratmann (1952), and while they
have some similarities, they have different ways of accounting for
the fact that autoxidation of Mb has a maximum at low
concentrations.

The aim of the present work is to couple a reasonably complete
description of the redox chemistry of myoglobin in meat with the
diffusion of oxygen. There are other processes that consume oxy-
gen, such as mitochondrial respiration. We represent them by a
single linear consumption term. We apply at the model from
Brantley et al. (1993), and include diffusion and additional con-
sumption which results in coupled reaction-diffusion equations.
This is referred to as the extended Brantley model. We show that it
is capable of predicting the formation of the sub-surfaceMMb layer.
Furthermore, as an example, we apply the model to predict the
oxygen and myoglobin concentrations in meat with a myoglobin
concentration of 2:6,10�4 M and pH between 5.4 and 5.6 compa-
rable to a beef longissimus dorsi muscle at 5 �C (S�aenz et al., 2008).

To simplify the problemwhile keeping the important dynamical
features, we model a single cut of meat in a one dimensional ge-
ometry. This is appropriate sincewe are interested in the outermost
few millimeters of the meat which is the relevant length scale for
the colour. In such a one dimensional model the dimensions of the
meat, other than its thickness (10 mm), are irrelevant. Given a
single cut of meat we make the further assumptions that diffusion
is isotropic and homogeneous, and that the myoglobin is uniformly
distributed in the meat. In reality a degree of anisotropy and in-
homogeneity would be expected due to the fiber direction and
meat structure (Aberle et al., 2012); handling these complications is
left for future work. On the time scales studied here the diffusion of
themyoglobin is too slow to be relevant with a diffusion constant of
(in muscles (Moll, 1968)) about 0:05 mm2h�1. This is more than an
order of magnitude smaller than that of oxygen (around 2.5
mm2h�1) (Chaix et al., 2014), thus, in the model presented here the
different myoglobin forms do not diffuse. Also, in this initial
modelling we let the oxygen concentration at the boundary be
constant. Strictly, this corresponds to an infinitely large headspace
with fixed partial pressure of oxygen. Measurements (Tørngren,
2016) show that the partial pressure of oxygen is approximately
constant for the first 5e6 days after packaging, and the constant
oxygen concentration assumption is valid in the time scale we
study here.
2. Theory

2.1. Chemical model

2.1.1. Reversible oxygenation and irreversible oxidation
In this section we discuss the general chemistry behind

myoglobin oxygenation and oxidation before focusing on the
chemical model of Brantley et al. (1993). Before we discuss oxida-
tion mechanisms we consider the reaction that is desirable, both
physiologically and in the context of meat colour, namely oxygen-
ation. The reaction is

MbO2#Mbþ O2; Kd ¼ ½Mb�½O2�
½MbO2�

; (1)

and is characterized by the equilibrium constant Kd. Equilibrium is
reached on time scales of order 20e100 ms (Antonini and Brunori,
1971). As is common practice we use upper case K to represent
equilibrium constants, and lower-case k to represent kinetic rate
constants. Both in living muscle and in meat, Mb and MbO2 un-
dergo the process of autoxidation, producing metmyoglobin. At pH
7.2 and temperature 25 �C the first-order half-life of Mb is of order
10e100 h depending on the type of myoglobin (Shikama, 1998). In
the living organism reducing enzymes allow reduction of MMb to
Mb to maintain physiological function, and these are to a certain
extent present in meat also, but in this work we characterize
autoxidation in meat as irreversible. The large difference in time
scales between reversible binding and irreversible oxidation is
related to the nature of the surrounding protein matrix, and indeed
evolution has selected the shape ofMb in order to reduce the rate of
autoxidation while preserving the ability for reversible binding
(Shikama, 2006). In the theoretical analysis and for numerical so-
lutions it is convenient to exploit the time scale difference, and
assume that reaction (1) is always in equilibrium. Then, from the
equilibrium constant the fractions [Mb]/[Mb(II)] and [MbO2]/
[Mb(II)] are functions of Kd,

½Mb�
½MbðIIÞ� ¼

Kd

½O2� þ Kd
(2)

½MbO2�
½MbðIIÞ� ¼

½O2�
½O2� þ Kd

(3)

where ½MbðIIÞ� represents the total concentration of myoglobin in
its reduced form, whether oxygenated or not, that is

½MbðIIÞ� ¼ ½Mb� þ ½MbO2�: (4)

The mechanism for autoxidation of myoglobin and hemoglobin
has been investigated thoroughly for decades, in particular by
Shikama and coworkers and Olson and coworkers, see Alayash et al.
(1998); Aranda et al. (2008); Brantley et al. (1993); Shikama (1998,
2006); Sugawara and Shikama (1980); Wazawa et al. (1992), but no
definitive picture exists yet. Much work has involved inferring
mechanisms from O2 and pH dependence, and by comparing with
mutant forms of myoglobin, for example by substituting the distal
histidine residue that forms hydrogen bonds to O2. More recently
molecular simulations combining quantum and classical force
fields have been used to shed light on the mechanism (Arcon et al.,
2015).
2.1.2. Brantley model
Brantley et al. (1993) have proposed a mechanism that re-

produces the results of George and Stratmann (1952), namely that
the apparent oxidation rate of Mb(II) has a peak around 4 mM of
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dissolved O2. It is a combination of two pathways. One is unim-
olecularda direct dissociation of a superoxide ion from the oxy-
form as suggested by Weiss (1964), the other is a bimolecular
pathway based on a proposal by Wallace et al. (1982). It involves
binding of a third species, a nucleophile, N, possibly water (Brantley
et al., 1993), to deoxy-myoglobin. This then facilitates autoxidation
with a rate proportional to both [O2] and [MbN]. The total reaction
mechanism, including both oxidation pathways, is

MbO2!Mbþ O2 (5)

MbO2������!kdiss MMbþ O�
2 (6)

MbþN#
k�1

k1
k1MbN (7)

MbNþ O2����!k2 MMbNþ O�
2 (8)

Note that while O�
2 is very reactive it is assumed in the Brantley

model to react with species that are irrelevant for this model, and
that for both the bimolecular reactions (7) and (8), and the disso-
ciation reaction, reaction (7), the net result is that one unit of O2
oxidizes one unit of Mb(II). The reaction diagram can be seen in
Fig. 1. With a steady state assumption for nucleophile, and
assuming that the steady state value is small, an expression for the
bimolecular contribution to the rate can be derived (Brantley et al.,
1993; Wallace et al., 1982), giving an effective rate

r ¼ k1½N�k2½O2�Kd

ðk�1 þ k2½O2�Þð½O2� þ KdÞ
½MbðIIÞ�: (9)

For small [O2] it increases linearly with respect to [O2]. For large
[O2] the two factors in the denominator are both proportional to
[O2], and therefore the overall rate decreases as ½O2��1. Brantley
et al. (1993) make the further assumption that k�1k�1

2 xKd,
consistent with observations that the peak of the Mb oxidation rate
occurs at ½O2� ¼ Kd. MMbN has the same colour as MMb and
therefore in this model is considered equivalent. This means that
except for the equilibrium between Mb and MbO2, the two
different pathways that create MMb are independent of each other.
The total effective autoxidation rate is therefore

rox ¼
 
k1 N½ �½O2�Kd

ð½O2� þ Kd Þ2
þ kdiss½O2�
½O2� þ Kd

!
½MbðIIÞ�: (10)

Viewed as functions of [O2], the first (bimolecular) term is
where the maximum occurs; the second (unimolecular) term
Fig. 1. The chemical reaction mechanism in the Brantley model.
contributes a simple Michaelis-Menten type rate, saturating at a
value kdiss for oxygen concentrations much higher than Kd. This
value is also the limiting value of the whole expression at high [O2].
Assuming that [N] is constant we define

kb ¼ k1½N�; (11)

and we find that the maximum of koxbi is reached when [O2] ¼ Kd,
with value kb=4.
2.2. Other oxygen consuming processes

Oxygen is the driver of everything that happens in our model; as
such we need to keep track of everything that could consume ox-
ygen, such as mitochondria. A complete description of all oxygen
consuming processes in meat is beyond the scope of this work, as
such they will all be lumped together as one linear term (valid for
sufficiently low O2 concentration),�
d½O2�
dt

�
con

¼ �kcon½O2�; (12)

kcon is the consumption rate constant.
2.3. Diffusion and elimination of fast time-scale

When adding a diffusion term we make two assumptions: (i)
only the free oxygen can diffuse, or more precisely, it is the gradient
of free oxygen that determines the mass flux (Fick's law); (ii) the
equilibrium between MbO2 and Mb in reaction (1) is very fast
(Wazawa et al., 1992) compared to the other relevant time scales.
The advantage of this is that it is not necessary to simulate the
system at the shortest time scale, which would be computationally
expensive, and herewewish to simulate time scales long compared
with the oxygenation equilibrium. We therefore do not simply add
a diffusion term to the dynamical equation for free oxygen. Rather,
we take into account that as free oxygen diffuses, re-equilibration
immediately occurs such that the equilibrium condition in
reaction (1) is satisfied at all times. The result will be an effective
diffusion term given by a non-linear function of the oxygen and
MbðIIÞ concentrations. The non-linearity is the price we pay for
removing the fast degree of freedom associated with reaction (1);
in a numerical simulation it poses no problems.

Since the fast re-equilibration is relevant not just for diffusion,
but also for chemical reactions involving oxygen let us consider
more generally how the concentration of free oxygen changes as a
result of processes affecting the total concentration of oxygen and
the total concentration of Mb(II). We have from reaction (3)

½MbO2� ¼
½O2�

½O2� þ Kd
½MbðIIÞ �; (13)

and the total oxygen, which we denote ½O2�t , can be given as a sum
of the free and bound oxygen according to

½O2�t ¼ ½O2�
�
1þ ½MbðIIÞ�

½O2� þ Kd

�
: (14)

We invert this to get free oxygen as a function of the total oxygen
and [Mb(II)]. Multiplying by the denominator gives

½O2�tð½O2� þ KdÞ ¼ ½O2�ð½O2� þ ½MbðIIÞ� þ KdÞ: (15)

This is a second degree polynomial for [O2] whose solutions are
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½O2� ¼
1
2

�
½O2�t � ½MbðIIÞ� � Kd±

ffiffiffi
A

p �
; (16)

where

A ¼ ½O2�2t þ ½MbðIIÞ�2 þ K2
d þ 2Kd½MbðIIÞ� þ 2Kd½O2�t

� 2½O2�t ½MbðIIÞ�: (17)

To ensure a positive result we take the positive root. This gives
the concentration of free oxygen as a function of the concentrations
of total oxygen and Mb(II). Infinitesimal changes in ½O2�t and
[Mb(II)] then lead to a change in free [O2] given by

d½O2� ¼
v½O2�
v½O2�t

d½O2�t þ
v½O2�

v½MbðIIÞ �d½MbðIIÞ �: (18)

The first term can be evaluated as

v½O2�
v½O2�t

¼ 1
2

�
1þ ½O2�t þ Kd � ½MbðIIÞ�ffiffiffi

A
p

�
¼ 1

1þ Kd½MbðIIÞ�
ðKdþ½O2�Þ2

; (19)

and the second term as

v½O2�
v½MbðIIÞ� ¼

�½O2�
½O2� þ Kd

1

1þ Kd½MbðIIÞ�
ðKdþ½O2� Þ2

: (20)

Equations (18)e(20) can now be used towrite the change in free
oxygen caused by the diffusion and chemical reaction processes
whose effects on the total oxygen and Mb(II) content are known.
2.3.1. Diffusion
Consider diffusion of oxygen to or from a point during a time

interval dt. We use a superscript “diff” to indicate changes in total
and free oxygen due to diffusion. The change in total oxygen is
given via Fick's law for the free oxygen as

d½O2�difft ¼ D
v2½O2�
vx2

dt: (21)

Note the appearance of free oxygen in the second derivative
term. Recall MbðIIÞ does not diffuse on the time scales we study,
d½MbðIIÞ�diff¼0, and Eq. (18) becomes

d½O2�diff ¼
D

1þ Kd½MbðIIÞ�
ðKdþ½O2 �Þ2

v2½O2�
vx2

dt: (22)

This gives the appropriate diffusion term, where the diffusion
constant D has been replaced by an effective diffusivity which is a
non-linear function of [O2] and [Mb(II)].

The diffusion term is to be added to the equation for the time-
derivative of the free oxygen. Note that since the diffusion term is
the only term involving length, the equations are invariant under a
simultaneous rescaling of the diffusion constant and position co-
ordinate. In other words, a change in the diffusion constant by a
factor of two will yield solutions at a given time which are identical
except for a rescaling in space by a factor

ffiffiffi
2

p
. This is a feature of

ordinary diffusionwhich is unaffected by integrating out of the fast
degree of freedom.
2.3.2. Reactions
The fast equilibrium also effects the change in free oxygen due to

chemical reactions. We use a superscript “reac” to indicate these
changes to total and free oxygen. The treatment of this is similar to
what was done for diffusion, except that now typically both
derivatives in Eq. (18) contribute. For example, in a reaction where
one total oxygen unit and one Mb(II) unit are lost, we have
d½MbðIIÞ� ¼ d½O2�t and the total change is

d½O2�reac ¼
�

v½O2�
v½MbðIIÞ� þ

v½O2�
v½O2�t

�
d½MbðIIÞ� (23)

¼
 

Kd
½O2� þ Kd

!
1

1þ ½MbðIIÞ �Kd

ðKdþ½O2� Þ2
d½MbðIIÞ �: (24)

2.4. The extended model

Consider now the Brantley model, reactions (5)e(8). To obtain
the dynamical equations where the fast degrees of freedom have
been eliminated we include reaction and diffusion terms as dis-
cussed above. The reaction terms are determined from the law of
mass action (Brantley et al., 1993). The change in oxygen concen-
tration given by the law of mass action is the change in total oxygen
concentration; it must be corrected using the procedure above to
give the corresponding change in free oxygen under conditions of
fast re-equilibration. This procedure gives

v½O2�
vt

¼ 1

1þ ½MbðIIÞ �Kd

ðKdþ½O2� Þ2

�
D
v2½O2�
vx2

� kcon½O2� �
½MbðIIÞ �Kd

½O2� þ Kd

 
k1 N½ �½O2�Kd

ð½O2� þ Kd Þ2
þ kdiss½O2�
½O2� þ Kd

!!

(25)

v½MbðIIÞ�
vt

¼ �kdiss½MbO2� �
kbKd½O2�

ð½O2� þ KdÞ2
½MbðIIÞ� (26)

v½MMb�
vt

¼ kdiss½MbO2� þ
kbKd½O2�

ð½O2� þ KdÞ2
½MbðIIÞ� (27)

with

½MbO2 � ¼ ½MbðIIÞ�½O2�
Kd þ ½O2�

and ½Mb� ¼ ½MbðIIÞ�Kd

Kd þ ½O2�
: (28)

Note that the last two equations are algebraic, corresponding to
the loss of the fast degree of freedom for binding oxygen to reduced
myoglobin. The initial values are

t ¼ 0 : ½O2� ¼ S02
pO2

dðxÞ; ½Mb� ¼ ½Mb�0; ½MMb� ¼ 0;

where the concentration of oxygen is found fromHenry's law, S02
is

solubility of oxygen, pO2
is the partial pressure of oxygen and dðxÞ is

the Dirac delta. Since the myoglobin forms do not diffuse it suffices
to specify the boundary conditions for the concentration of oxygen;
they are of mixed types of fixed and no-flux boundaries

x ¼ 0 : ½O2� ¼ S02
pO2

; and x ¼ L :
v½O2�
vx

����
x¼L

¼ 0:

The dynamical equations are discretized in space through the
finite difference approximation, and the dynamical equations are
solved usingMatlab's ode45 integrator which involves both 4th and
5th order Runge-Kutta steps with adaptive step-size (MATLAB,
2015). Choosing appropriate kinetic parameters (by kinetic is
meant both chemical kinetic parameters and the diffusivity) is less
straightforward; in the next sectionwe describe howwe attempt to
identify the most appropriate values of the parameters. Table 1



Table 1
Most important model assumptions.

Physical Processes
Mb-forms immobile (diffusion zero)
Henry's law applies, ½O2� ¼ 0:7pO2

kH

Chemical Processes
Mb and MbO2 are in equilibrium
The Brantley model (Brantley et al., 1993) is applicable
No MMB reduction takes place
The super-oxide is not relevant for the problem

Biological Processes
No bacteria growth on meat surface
Mitochondria oxygen consumption is linear, kcon[O2]
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summarizes the important assumptions on which the model is
made.

3. Results and discussion

3.1. Estimation of model parameters

In this section we describe how we determine the relevant pa-
rameters for the extended model and compare to data of S�aenz
et al. (2008). We wish to determine the parameters for tempera-
tures 20 �C and 5 �C both with a pH around 5.5. A simulation in-
volves a specific kind of meat exposed to a specificMAP gasmixture
at a specific temperature. For our purpose the relevant parameters
characterizing of the meat are the myoglobin content and its pH;
the relevant parameter characterizing of the gas mixture is the
oxygen partial pressure, which is related to the equilibrium con-
centration in the meat via the solubility. In the next subsection we
discuss our choice of myoglobin content and oxygen solubility. This
is followed by extrapolation of the kinetic parameters for reversible
and irreversible reactions of oxygen with myoglobin, and the
diffusivity of oxygen, to the relevant pH (5.5) and temperatures
(5 �C and 20 �C). Following this we compare to data by S�aenz et al.
(2008) (temperature 20 �C); it will turn out that even a rough
agreement requires significant corrections to one parameter,
namely kcon. Finally we present model results for a typical meat-
storage temperature, 5 �C.

3.1.1. Basic parameters: myoglobin content and oxygen solubility
To use the model we need to determine the concentration of

myoglobin and the solubility of oxygen in meat. Since oxygen can
react inmanydifferentways inmeat it is difficult tomeasure the true
solubility of oxygen in meat. Chaix et al. (2014) estimated the solu-
bility as 1:4,10�8 mol kg�1 Pa�1 at 5 �C by assuming it to be equal to
the oxygen solubility in water times the weight fraction of water in
meat. The concentration of myoglobin depends on several factors
such as type of animal, age of the animal and which cut of meat is
used. Even if all these factors are the same there is still a large
variation (Babji et al., 1989). For our work we choose a myoglobin
content of 4.2 mg g�1 since this the myoglobin concentration in the
experiments used in S�aenz et al. (2008), see Table 2.

3.1.2. Kinetic parameters extrapolated to relevant temperatures and
pH

In this sectionwe attempt to use literature data to determine the
Table 2
Oxygen solubility coefficient and initial myoglobin concentration.

Sox 1:4,10�8 mol kg�1 Pa�1

½MbðIIÞ�0 2:44,10�4mol
kinetic parameters appropriate for meat stored at 5 �C. We
concentrate first on the parameters Kd, kdiss, kcon and D; the
remaining chemical kinetic parameter kb is discussed in the
following subsection. Obtaining parameter values at the relevant
temperature and pH is not straightforward, since only few mea-
surements have been done on the autoxidation of myoglobin at low
oxygen concentration, and none at temperatures around 5 �C.
Furthermore the measurements that have been made are not
necessarily from same species, and have often been at physiological
pH, around 7, rather than that typical of fresh meat, pH around 5.5.
We assume that unless data indicating otherwise is available that
the temperature dependence of kinetic parameters can be
described using the Arrhenius law,

lnðkÞ ¼ �Ea
R

1
T
þ lnðAÞ (29)

This requires that we need at least 2 points to fit and extrapolate.
For equilibrium constants we use the Van't Hoff equation,

lnðK2Þ
lnðK1Þ

¼ �DH
R

�
1
T2

� 1
T1

�
; (30)

which similar to the Arrhenius law involves an activation energy
and requires two data points. There are no standard formulas
representing pH dependence, and in fact the pH dependence of the
oxidation rate of myoglobin is highly non-trivial (Shikama, 1998).
Fortunately, there exist sufficient data to allow simple extrapola-
tion. It is necessary, however, to assume the difference between
species can be neglected. We take the three above-mentioned pa-
rameters one at a time.

Linear oxidation rate. We have from Brantley et al. (1993) that the
linear reaction rate of spermwhale myoglobin is 0.051 h�1 at 37 �C
and fromWazawa et al. (1992) that it is 8.1,10�3 h�1 for 25 �C both
at pH ¼ 7. Assuming a Arrhenius temperature dependence Eq. (29)
we use this to calculate a activation energy and find that
kdiss ¼ 2:6,10�4 h�1 at 5 �C and pH 7. To account for the pH dif-
ference we use data for bovine myoglobin from Sugawara and
Shikama (1980) according to which changing from pH 7 to pH 5.5
increases kdiss by a factor which grows linearly with temperature,
see Fig. 2. Fitting this data gives the relevant factor for 5 �C as 4.3
and for 20 �C as 6.7. For 20 �C and pH 5.5 we get kdiss¼2.4,10�2 h�1,
and we get for 5 �C and pH ¼ 5.5 that kdiss ¼ 1:8,10�3 h�1. This
value, corresponding to a time scale of several weeks, is too low for
significant oxidation to occur during typical meat storage times of
order one week. Therefore the contribution from the bimolecular
term is essential for oxidation at low temperatures.

Oxygen dissociation constant. We have from Antonini and
Brunori (1971) the activation enthalpy in the Van't Hoff equation,
Eq. (30), that the dissociation reaction is �15 kcal mol�1. The pH

dependence is given via �Dlog10p1
2
DpH�1 ¼ 0:03, where p1

2
is the

oxygen partial pressure at which [MbO2] ¼ [Mb] (Antonini and
Brunori (1971). We know from reaction (1) that p1

2
is proportional

to Kd meaning that

Dlog10Kd
DpH

¼ �0:03 (31)

The measured Kd is 1:0,10�6 M at pH ¼ 7.45 and a temperature
of 20�. We find a Kd of 3:5,10�7 M�1 for 5 �C and pH of 5.5, and a Kd
of 1:2,10�6 M�1 for 20 �C and pH of 5.5.

Oxygen diffusivity We have from Chaix et al. (2014) that the
oxygen diffusivity in beef muscles is 1.8, 2.6, 3.0 mm2 h�1 at 0, 5 and
10� C, respectively. Using the Arrhenius equation, we get
A ¼ 2:5,106 mm2 h�1 and Ea ¼ 32 kJ mol�1 giving us a diffusion



Fig. 2. kdissðpH 5:5Þ=ðkdissðpH 7Þ as a function of temperature. Squares are data points
from Sugawara and Shikama (1980); line represents the best linear fit to the data. The
circle is the extrapolated data point for 5 �C.

Fig. 3. First attempt to compare extended Brantley model with data of S�aenz et al.
(2008) at t ¼ 2 h. The rate constant kb for the bimolecular reaction has been set to
the value 7.4 h�1, while the other parameters is one as given in Table 3. Concentration
profiles are normalized to the maximum values in the sampleefor the different Mb
species this is simply the initial concentration of Mb; for oxygen it is the fixed value
applied at the boundary x ¼ 0 corresponding to a partial pressure of 20% of atmo-
spheric pressure. The concentrations have been normalized such that the sum of the
concentrations of all the myoglobin forms is one at each point. The concentration of
free oxygen has been normalized so it is one at the meat surface.
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constant of 6.0 mm2 h�1 at 20 �C.
Oxygen consumption constant. While we do not have a directly

measured value for kcon, an approximate value can be inferred from
measurements by Tang et al. (2005) of the oxygen consumption in
mixtures of mitochondria and Mb at pH 5.6 and 25�C. Their data
shows roughly exponential decay of oxygen concentration, i.e., a
first order kinetic model with respect to oxygen concentration,
with a time constant of 0.1e0.2 min�1 or 6e12 h�1, depending on
the concentration of mitochondria. Furthermore Abele et al., (2002)
measured that the oxygen consumption rate decreases by a factor
between 2 and 3 when the temperature is decreased from 20�C to
5�C. Initially we choose the values 10 h�1 and 4 h�1 for 20� C and
5�C. This gives us the parameters in Table 3.

3.1.3. Fitting the extended Brantley model to data of S�aenz et al.
For the Brantley model there is one parameter in addition to

those just discussed, namely kb, the rate constant for the bimo-
lecular oxidation pathway. The only data point available is from
Brantley et al. (1993) for sperm whale myoglobin, kb ¼ 1:1 h�1 for
pH 7 and 37 �C. It is presumably different at the temperatures and
pH of interest to us, but we start by considering this value along
with the parameters in Table 3 for 20 �C. Running the simulation up
to time t ¼ 2 h gives the profiles shown in Fig. 3 curves. The cor-
responding data from S�aenz et al., (2008) are shown as points.
There are clearly large differences between the model output and
the data. The three most salient are: (i) the locations of the rise of
deoxy-Mb from 0 to 1 (i.e. 100% of the initial concentration of Mb)
and the peak inMMb are too far from themeat surface by a factor of
order 2e3, suggesting the diffusion constant has been over-
estimated or the consumption constant has been underestimated.
(ii) The width of the transition from MbO2 to Mb is much smaller
for the model than for the experimental data. The peak concen-
tration and the total (integrated) amount of MMb are too large,
presumably due to an overestimate of kb.

We can obtain partial agreement with the experimental data by
increasing kcon by a factor of 10, and choosing kb¼1.2 h�1; see Fig. 4
for t ¼ 2 h and Fig. 5 for t ¼ 8 h. kcon is chosen so that Mb curve is
Table 3
Extrapolated parameter values used in the first simulation (Fig. 3) of the extended
model for pH ¼ 5.5 and two temperatures 5 �C and 20 �C.

20 �C 5 �C

Kd 1.2,10�6 M 3.5,10�7 M
kdiss 2.4,10�2 h�1 1.8,10�3 h�1

D 6.0 mm2 h�1 2.6 mm2 h�1

kcon 10 h�1 4 h�1
close to the data, and kb is chosen so that the integral under the peak
is the same at 2h. This value is close to the value 1.1 h�1 reported by
Brantley et al. (1993) for T ¼37�C and pH 7. The agreement here is
reasonable given the simplicity of the model (i.e. that it is one-
dimensional, homogeneous, and not all of the chemistry has been
included). Instead of increasing kcon we could have decreased D by
the same factor, giving almost the same effect. The data does not
allowus to uniquely determine both parameters.We choose to keep
our initial value for D, but it should be noted that it was based on
literaturedata compiledbyChaixet al. (2014). The values there came
from Zaritzky and Bevilacqua (1988) who did not measure them;
rather they extrapolated a value for 37�C to lower temperatures
using the Wilke-Chang equation with the viscosity of water, thus
some uncertainty in the value of D can be expected. On the other
hand a factor of 10 change in kcon seems not too unreasonable given
that this term is a fairly crude way to model all the other oxygen
consuming processes, and given the uncertainty of mitochondrial
concentration. Part of the discrepancy from our model compared to
the data from S�aenz et al. (2008) is that the data is an average over
the transverse direction of measurements in a broad piece of meat.
Variations of meat structure in this direction lead to broadening of
the averaged profiles. We note that there are also difficulties in
determining, or even defining, the oxygen solubility in a complex
systemwhere oxygen can react with many components Chaix et al.
(2014). More data is needed to reduce the uncertainty in these pa-
rameters; for the rest of the analysis we keep the solubility as given
in Chaix et al. (2014). Almost no matter the exact value of kcon, the
model predicts a red surface colour and a brown region inside the
meat. This contrasts the experimental data from S�aenz et al. (2008),
where the brown colour is visible on the meat surface.

One feature of the experimental data that the model cannot
reproduce is the very broadMbO2 profile. The decay region is much
wider than the transition region for Mb. It is not clear why this is;
possible reasons include inhomogeneity of theMb concentration or
an initial presence of oxygen in the sample (although S�aenz et al.
(2008) took care to ensure the initial state was as oxygen-free as
possible). It is not clear how the relative concentrations given by
S�aenz et al. (2008) are calculated, but they do not add up to unity or



Fig. 4. Comparison of experimental data with extended Brantley model using pa-
rameters from Table 4, at 20 �C and time t ¼ 2 h. Partial pressure of O2 is 20% of at-
mospheric pressure. The concentrations have been normalized such that the sum of
the concentrations of all the myoglobin forms is one at each point. The concentration
of free oxygen has been normalized so it is one at the meat surface.

Fig. 5. Comparison of experimental data with extended Brantley model using pa-
rameters from Table 4, at 20 �C and time t ¼ 8 h. Partial pressure of O2 is 20% of at-
mospheric pressure. The concentrations have been normalized such that the sum of
the concentrations of all the myoglobin forms is one at each point. The concentration
of free oxygen has been normalized so it is one at the meat surface.

Table 4
Parameter values adjusted by fitting to data of S�aenz et al. (2008) and used in the
simulation of the Brantley model.

20 �C 5 �C

Kd 1.2,10�4 M 3.6,10�5 M
kdiss 2.3,10�2 h�1 1.3,10�3 h�1

D 6 mm2 h�1 2.6 mm2 h�1

kb 1.2 h�1 0.07 h�1

kcon 100 h�1 40 h�1

Fig. 6. Application of extended Brantley model to meat storage at 5 �C. The curves
show MMb profiles at 24 h for increasing oxygen partial pressure at the boundary,
from left to right 10%, 20%, 40% and 80%. The inset shows the location of the peak MMb
concentration as a function of the partial pressure of oxygen on a logarithmic axis,
along with a linear fit as a guide to the eye.
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any constant value, which suggests some degree of inhomogeneity.
Another possible reason could be the presence of reducing pro-
cesses which are not included in our extended model. Further
experimental work should be done to see if this broad decay is a
real feature or an experimental artefact.

3.2. Application of extended brantley model to typical meat storage
conditions

Finally, we apply the extended Brantley model to a typical meat
storage temperature 5 �C. There is a challenge in adjusting the
parameter kb to the lower temperatureefor simplicity we assume
the same activation energy as for kdiss, which yields a value
kb ¼ 0:07 h�1 at 5�C . Because of the parameter uncertainty, we are
interested in the qualitative behaviour of the model; we cannot
make definite quantitative predictions for real systems. We are
particularly interested in studying how changes in the partial
pressure of oxygen affect the formation of MMb. Using the
parameters in Table 4 we plot the MMb profile for a series of
different oxygen pressures in Fig. 6 after 24 h of storage. The main
effect of increasing oxygen pressure is to push the MMb peak
slightly inwards, i.e. deeper into the meat. The effect is rather small,
though; in fact it depends nearly logarithmically on the oxygen
partial pressure as can be seen in the figure inset. This logarithmic
dependence can explained in terms of two effects: (1) The oxygen
profile relatively quickly approaches the exponential form ½O2�ðxÞ ¼
½O2�0expð�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kcon=D

p
xÞwhich is the long-time limiting profile when

no myoglobin oxidation takes place; (2) the oxidation rate peaks at
the location xox where the oxygen concentration has a particular
(low) value c1, that is ½O2�ðxoxÞ ¼ c1. It follows that
xox ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D=kcon

p
lnð½O2�=c1Þ, i.e. the location of the peak in MMb

production is proportional to the logarithm of the boundary con-
centration and thus of the partial pressure of oxygen in the head-
space. The higher the oxygen pressure the more the outermost
layer is dominated by the red oxymyoglobin, making the meat look
more desireable. The total amount of MMb generated is relatively
insensitive to the oxygen pressure. The deeper location of MMb at
higher is consistent with observations of stored meat (Aberle et al.,
2012) and therefore shows that the extendedmodel can reasonably
represent the interplay between diffusion, reversible oxygenation
and irreversible oxidation in stored fresh meat.

4. Conclusion

In this paper we havemade a nonlinear reaction diffusionmodel
that combines diffusion of oxygen, a general linear oxygen con-
sumption term, reversible binding of oxygen to myoglobin, and
irreversible oxidation of myoglobin in fresh meat. The dynamics of
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reversible binding take place on relatively short time scales, which
we have exploited allowing us to take longer time steps in our
numerical integration procedures, of order minutes rather than
seconds. This is achieved mathematically by modifying the
dynamical equations so that the effective diffusion coefficient be-
comes a non-linear function of oxygen concentration and Mb(II)
concentration. A chemical model for the oxidation of Mb, due to
Brantley et al. (1993) has been considered. For the Brantley model
extended with diffusion and oxygen consumption, parameters for
20 �C and 5 �C were extrapolated from literature values. The model
output was then compared to data of S�aenz et al. (2008) which
consists of temporally and spatially resolved concentration profiles
for Mb, MbO2 and MMb at 20 �C. Some features of the experi-
mental data cannot be matched by the model such as oxidizing the
first millimetre of the meat, or the long tail of MbO2 . The reason for
this discrepancy is not clear but can be the result of additional
chemical processes. Extrapolating down to 5 �C, we used the model
to study the effect of different partial pressures of oxygen on the
degree and location of met-myoglobin formation, showing that
high oxygen pressure pushes the region of high-MMb deeper into
the meat, this shift is proportional to the logarithm of the oxygen
concentration.

Progress will require both continued development of the model
and more experimental data. In order to make the model more
realistic and useful for predicting shelf-life we plan to expand the
model in the following four ways: (i) Properly model it as a MAP
system, i.e. with a limited headspace, (ii) include bacterial growth
on the meat surface, (iii) introduce a MMb reducing mechanism,
and (iv) take meat structure and inhomogeneity into account.
Regarding data, two kinds are needed: (1) more measurements of
individual kinetic parameters such as kdiss and Kd at relevant
temperatures and pH, and for a variety of species; (2) more mea-
surements like those of S�aenz et al. (2008) yielding temporally and
spatially resolved information on diffusion, oxygenation, oxygen
consumption and oxidation. The latter kind of data is essential, for
example, to determine the oxygen diffusivity D, which cannot be
determined in meat without taking reactions into account (Chaix
et al., 2014); fitting a dynamical model such as the ones we have
presented here to temporally and spatially resolved data is poten-
tially a better way to get a proper estimate of the diffusivity.
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