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Abstract We review major modeling strategies and methods
to understand and simulate the macroscopic behavior of mam-
malian cells. These strategies comprise two important steps:
the first step is to identify stoichiometric relationships for the
cultured cells connecting the extracellular inputs and outputs.
In a second step, macroscopic kinetic models are introduced.
These relationships together with bioreactor and metabolite
balances provide a complete description of a system in the
form of a set of differential equations. These can be used for
the simulation of cell culture performance and further for op-
timization of production.

Keywords Cell culture . Macroscopic modeling . Antibody
production . Kinetic models . Stoichiometric relationships .

Quality byDesign

Introduction

Mammalian cell cultures are the major source of a number of
biopharmaceutical products, including monoclonal antibodies
(Niklas and Heinzle 2012; Sidoli et al. 2004), viral vaccines
(Vester et al. 2010), and hormones (Nottorf et al. 2007). Chi-
nese hamster ovary (CHO) cells are widely used as an expres-
sion system for the synthesis of therapeutic glycosylated

proteins (Palomares et al. 2004; Zhu 2012). Predicting the
behavior of mammalian cells during cell culture processes
under different culture conditions is highly desirable for both
commercial and scientific reasons (Kell and Knowles 2006).
In batch and fed-batch processes, the rate of overproduction of
heterogeneous proteins by mammalian cells is limited by the
decline in cell viability, by the depletion of required metabo-
lites and substrates or by the accumulation of metabolic prod-
ucts and inhibitors. Therefore, it becomes imperative to iden-
tify the parameters which have a significant impact on cell
viability and on protein production and understand their ef-
fects on the cellular phenotype. Moreover, in 2004, the Food
and Drug Administration (FDA) proposed the BQuality by
Design^ (QbD) methodology to biopharmaceutical compa-
nies. The focus of this concept is that the quality, most impor-
tant protein glycosylation, should be built into a product with a
thorough understanding of the product itself and the process
for its production (Tomba et al. 2013). Additionally, critical
process parameters should be identified which have an impact
on the critical quality attributes (CQAs) of the product
(Kontoravdi et al. 2007; Royle et al. 2013; Teixeira
et al. 2009).

Mammalian cell culture processes are complex (Stelling
et al. 2006), and numerous input parameters have to be iden-
tified to optimize growth and productivity (Nolan and Lee
2011, 2012; Sellick et al. 2011). To understand biological
mechanisms and to optimize production processes, rational
design guided by experience is the most common method
currently used. However, experiments are time consuming
and expensive to perform and, generally, generate noisy data.
Mathematical models can help to characterize the different
phenotypes and the needs of mammalian cells (Royle et al.
2013; Sidoli et al. 2004). They can be used as a prediction tool
in simulation and optimization (Goudar et al. 2006; Wiechert
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2002). Mathematical models can also help to understand and
identify mechanisms that cannot be easily identified only with
experimental data and a pure statistical analysis of them.
Therefore, modeling of metabolism has become highly
desirable in the development process where the identifi-
cation of the parameters impacting the cell culture pro-
cesses and the prediction of the evolution of the pro-
cesses are important. Identification of yield coefficients
can be used for this purpose (Chen and Bastin 1996).
This creates significant added value in terms of cost and
time compared to methods that do not use models
(Kessel 2011).

Compared to very detailed cellular models, the benefit of
the use of macroscopic models is that it is much easier but yet
very informative to analyze the cells as a black box or grey
box rather than to take into account extended details of what
happens inside the cell (Zamorano et al. 2013). Analysis of
intracellular metabolites necessary for setting up and tuning
detailed kinetic models of metabolism is much more complex
to perform than extracellular metabolite analysis and requires
much more sophisticated techniques, particularly for
suspended cells (Neermann and Wagner 1996; Wahrheit and
Heinzle 2013). In addition, the number of model parameters in
macroscopic models is significantly lower than the number of
parameters in microscopic models. The identification of pa-
rameters is therefore more difficult for very detailed micro-
scopic models.

A mathematical model can be used for different purposes
(Ashyraliyev et al. 2009; Hu 2012):

(1) To summarize a large volume of experimental data,
(2) To explore concepts and test hypotheses,
(3) To predict the behavior of the systems under non-tested

conditions,
(4) To identify conditions for optimal performance of a pro-

cess as defined by an objective function.

The extrapolation power of a model cannot be predicted a
priori. The probability that a model will allow prediction out-
side the originally observed region is, however, increasing if
physically meaningful functions are used. In our review, we
emphasize the separation into a material balancing part, the
so-called macroscopic reactions, and a kinetic part. The mate-
rial balancing part, i.e., stoichiometry, provides a sound basis
and must not be violated for keeping predictivity. The kinetic
part relies very much on the characteristics of the rate deter-
mining processes, e.g., saturation kinetics of Michaelis-
Menten type, allosteric kinetics of Hill-type, or structure of
feedback control loops in biological systems. The appropriate
choice of the underlying types of mathematical functions is
certainly a crucial point in this respect. For certain problems,
e.g., metabolic network modeling as shown for CHO, the use
of ensembles, i.e., sets of models with different structures and/

or parameter values, seems useful for improving prediction
(Villaverde et al. 2015).

In this review, we will present different types of models
used in previous work to model the metabolism of suspension
cells at the macroscopic level, i.e., to model extracellular out-
puts as function of extracellular inputs. This paper is orga-
nized as follows: (i) the first part introduces the types of
models and the existing modeling frameworks (Mahadevan
and Doyle 2003). (ii) Then, different methods for identifying
relevant parameters for creating a macroscopic metabolic
model will be presented. Preliminary work has to be per-
formed to reduce the number of parameters to study and to
understand which parameters have a significant impact on the
responses (Mahadevan and Doyle 2003). (iii) In part three,
different kinetic models are reviewed. Kinetic models are used
after the selection of parameters and when the relationships
between those parameters are defined. (iv) Model calibration
and testing are reviewed and (v) applications to process con-
trol are described. (vi) Finally, main conclusions and an out-
look are presented.

Types of models

There are different ways to classify models. The first distin-
guishes between empirical models, also called descriptive
models, and mechanistic models. Empirical models use a
pragmatic description of all the data with any suitable mathe-
matical relationship. They only partially take into account the
underlying phenomena or physical laws that govern the sys-
tem behavior. Mechanistic models are based on theoretical
foundations of systems and on known relationships. The pre-
dictions of the responses are based on biological, chemical,
and physical input of knowledge.

Another classification was proposed by Tsuchiya et al.
(1966) and distinguishes deterministic models and probabilis-
tic models. The first is based on continuous variables using
differential equations. Reactions and interactions are repre-
sented as continuous processes (production, consumption,
growth…) by corresponding mathematical functions. It is ap-
propriate for systems composed of a relatively large number
of cells, e.g., more than 10,000. This kind of model describes
the population as average. Probabilistic or stochastic models
use probability in the formulation of the model and are typi-
cally used for a population of only few cells or for molecular
events with only small number of molecules, e.g., transcrip-
tion. This allows representation of the variability of a popula-
tion and a system. In cell culture, the number of cells is usually
very large (e.g., >106 cells/ml) allowing the preferential use of
deterministic models.

Another classification distinguishes structured, non-struc-
tured, segregated, and non-segregated models. Structured
models take into account the cellular reactions within cells
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(Harder and Roels 1982; Tsuchiya et al. 1966). Structured
models can describe biological systems in great detail but
are more difficult to set up. The number of parameters in-
creases with the complexity of the model and with the number
of intracellular reactions taken into account. In addition, de-
spite the enormously increased knowledge about cellular pro-
cess, there is still a significant lack of information about many
steps, e.g., transport, control of enzymes activities and expres-
sion or post-transcriptional processing of proteins. Unstruc-
tured models are easier to work with because they analyze
the cells as a black or grey box. Intracellular reactions are
not analyzed in detail. It is assumed, for example, that cell
growth depends only on extracellular parameters. However,
the extended and now easily excessible comprehensive
knowledge about the biochemical reaction networks and its
stoichiometry allows the incorporation of this information into
macroscopic models. Macroscopic models are less accurate
than structured models, but easier to set up and to apply. Seg-
regated models, as opposite of non-segregated models, de-
scribe cellular behavior as a function of cell cycles or age of
cells (García Münzer et al. 2015a, b; Karra et al. 2010;
Meshram et al. 2013; Pisu et al. 2015). The vast majority of
models are non-structured and non-segregated.

Neural networks are particularly useful to relate input and
output variables to each other in complex systems with incom-
plete or even completely lacking knowledge of the systems
structure and also in cases with incomplete measurements.
Mechanistic knowledge can however be introduced by using
hybrid models (Oliveira 2004; van Can et al. 1999).

Identification of relevant input-output relationship

A general macroscopic reaction scheme of macroscopic reac-
tions can be expressed as follows (Bastin and Dochain 1990):

X
i∈Rk

−νi;k
� �

ξi →
φk

X
j∈Pk

ν j;kξ j k ∈ 1;M½ � ð1Þ

where

& M is the number of reactions;
& φk is the kth reaction rate;
& ξi and ξ j are the ith and the jth component, respectively;

& νi;k and ν j;k are the corresponding stoichiometric
coefficients;

& Rk is the kth set of reactant and catalyst indices;
& Pk is the kth set of product and catalyst indices.

This general reaction scheme represents a macroscop-
ic stoichiometric relationship. To set up such a macro-
scopic model, the important parameters, i.e., the relevant
cellular inputs, ξi; and outputs, ξ j; as well as the

stoichiometric coefficients, νi;k ; ν j;k ; relating the inputs
to the outputs, have to be determined. This can start
from the increasingly comprehensive knowledge of cel-
lular reactions and transport or, as traditionally done,
from purely empirical data. Ideally, both types of infor-
mation are combined as described below and indicated
in Fig. 1. This step is often the main bottleneck in the
design of a macroscopic model for complex biotechno-
logical processes.

Method based on expert reasoning

One possible approach to select significant parameters is
based on expert reasoning and experimental observations.
This approachmeasures correlations between themacroscopic
outputs we want to model with the cell culture parameters, i.e.,
the macroscopic inputs, under different experimental condi-
tions. A most popular method uses the concept of yield coef-
ficients relating always two measured variables to each other,
e.g., biomass to substrate or product to biomass (Dunn et al.
2003). Yield coefficients are frequently used to set up stoi-
chiometric relationships to be applied in metabolic flux anal-
ysis usingmetabolite balancing (Niklas et al. 2009). It requires
little thought about the actual detail of the system and uses
most significant phenomena observed during experiments to
define the extracellular parameters such as limiting nutrients
or accumulation of side waste products. Typically, outputs/
inputs taking into account in a macroscopic model with this
kind of approach are biomass, glucose, glutamine, lactate, and
ammonia. For instance, Jang and Barford (2000) developed an
unstructured model of growth and metabolism of a mouse
murine hybridoma AFP-27 cell line producing an IgG1 anti-
body. They assumed that glucose, glutamine, lactate, and am-
monia were growth limiting. Lactate and ammonia were con-
sidered as toxic products of catabolic reactions, which inhibit
cell growth and can ultimately cause cell death in their model;
even though they assumed that hybridoma cells can produce
monoclonal antibodies until any of amino acid is depleted,
they only considered glutamine as a limiting amino acid.
Moreover, based on the demonstration of Suzuki and Ollis
(1990), they considered the specific antibody production to
be a function of the fraction of cells in G1 phases. Acosta
et al. (2007) also assumed this link between specific growth
rate and specific productivity in their model of IgG2a Mab
production in hybridoma cells. Although glucose is generally
important for cell growth, it was not found to be a limiting
nutrient in another model (Bree et al. 1988) that is, however,
only relying on one batch experiment, certainly a too limited
observed experimental space for meaningful extrapolation.
Lactate and ammonia are assumed to both inhibit and kill cells
(Batt and Kompala 1989; Glacken et al. 1988; Ozturk et al.
1992), but the impact on specific antibody productivity was
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reported as not significant (Ozturk et al. 1992). Jang and
Bradford (2000) and Dhir et al. (2000) assumed that the lactate
production was due to cellular consumption of glucose and
glutamine. They assumed that the spontaneous degradation of
glutamine was negligible. It is, however, usually relevant but
depending on the used medium and process duration
(Borchers et al. 2013; Glacken et al. 1988; Ozturk and Palsson
1990). Amino acid depletion has been considered in another
model developed by Liu et al. (2008). Knowledge about
metabolism and its control can be incorporated but usually
not in a systematic manner. Meshram et al. (2013) developed
a macroscopic metabolic model and linked it to a model of
apoptosis. A dynamic model of Mab synthesis and Mab
glycosylation by hybridoma was described by Kontoravdi
et al. (2007) using a structured model based on the work of
Umaña and Bailey (1997). The availability of nutrients such
as glucose or glutamine had an impact on protein
glycosylation.

Such empirical procedures can be a valuable tool for un-
derstanding metabolic processes as well as for process design
and optimization. They are used to design amacroscopic mod-
el and select the extracellular parameters which have an im-
pact on the response defined. Nevertheless, very little real
understanding of the cell culture process is obtained with this
kind of procedure.

Method based on statistical tools

A large number of variables can be identified and quantified
due to the recent development of high-resolution and high-
throughput analytical techniques (Martin et al. 2014; Steinhoff

et al. 2014). In this context, it becomes more complex to select
the significant input only with an empirical approach and
based on expert judgment.Moreover, the relations of variables
are generally dynamic and involve temporal dependencies.

To deal with these challenges, multivariate data analysis
methods, e.g., principal component analysis (PCA), can be
used as a statistical tool to select parameters. PCA is a multi-
variate analysis method based on eigenvalue analysis, which
is actually the projection of original data onto a new set of
axes, i.e., the principal components. PCA has been introduced
by Pearson (1901) and Hotelling (1933) to describe the vari-
ation of multivariate data in terms of a set of uncorrelated
variables. It is used to reduce a high-dimensional dataset into
fewer dimensions while retaining important information.
Starting out with high-dimensional noisy experimental data,
one can reduce the dimensionality and even remove pure ran-
dom errors by determination of significant factors (Malinow-
ski 1991). Using significant factor analysis followed by rota-
tion, a stoichiometric model with only two independent, phys-
ically meaningful reactions were identified for Bacillus
subtilis batch culture (Saner et al. 1992). Xing et al. (2008)
used a methodology based on principal factor analysis (PFA)
to identify threshold values of repressing metabolites, i.e.,
ammonium, lactate, osmolality, and carbon dioxide levels,
on CHO growth and protein quality (glycosylation properties)
but also to select significant inputs. PFAwas applied by rotat-
ing principal components obtained by PCA and seeks physi-
cally meaningful linear combinations of variables. In their
study, Xing et al. determined that ammonia and glucose neg-
atively contributed to cell growth. Lactate and osmolality were
positively correlated to cell growth and pCO2 levels can

Fig. 1 Methods to derive macroscopic kinetic models. In order to get a
simulation and prediction model of the macroscopic cell behavior, first,
the macroscopic reactions of the cell culture system have to be
determined, i.e., the stoichiometry relating input and output of the cells.
To do that, statistical methods, empirical observations, and metabolic

network-based methods can be used. After that, the kinetics of the
system have to be described and combined with the stoichiometric
model. Finally the model is calibrated, usually using optimization-based
methods, and tested. PCA principal component analysis, MFA metabolic
flux analysis, EFM elementary flux mode, NNs neural networks
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reduce protein quality above a defined threshold. Multivariate
analysis methods can be a powerful tool to determine the
macroscopic stoichiometry of a biological system that cannot
easily be determined by intuition. However, it becomes more
complex to evaluate correlations and to apply this kind of
statistical method with time-series data with varying number
of metabolic phases, particularly in fed-batch cultures.

Another possibility to deal with this complexity is to use
time-series data analysis such as the Granger causality test.
The Granger causality test is a statistical hypothesis test used
to determine causality among parameters. It was developed by
Clive Granger (1934–2009), a British economist (Granger
1969). This test has recently been used to analyze transcripto-
mics and metabolomics profiles (Sriyudthsak et al. 2013).
Siryudthsak et al. introduced this test to evaluate causality
among metabolites. Direct relationships between two metab-
olites were evaluated using the bivariate Granger causality
test. This method has not yet been used to develop macroscop-
ic metabolic reactions and to select the significant input pa-
rameter, but it is expected to be applied in the future.

Statistical tools are useful when the underlying phenomena
are too complex to resolve manually, such as multivariate data
or temporal data. The two statistical methods presented above
can help to structure problems, to reduce the dimensionality of
the problem, to select relevant input and output parameters,
and to develop a macroscopic stoichiometric model.

Method based on metabolic network knowledge

The central idea is that the macroscopic behavior of cellular
metabolism is the result of a combination of intracellular mi-
croscopic reactions that are more and more easily accessible
via public databases. Metabolic networks are represented as a
system of metabolite balance equations based on stoichiomet-
ric reactions. The general goal is to identify a minimal set of
macroscopic reactions that can then build a sound basis for a
macroscopic model.

Network construction

Metabolic network models of the central metabolism of mam-
malian cells have been built from the available genomic and
biochemical information. Multiple databases can be used as
resource for metabolic network reconstruction. As an exam-
ple, the Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway database (Kanehisa et al. 2014) and the BioCyc da-
tabase collection (Caspi et al. 2014) are important databases
that can be used to reconstruct a metabolic network. A number
of studies have proposed metabolic networks of central me-
tabolisms (Ahn and Antoniewicz 2012; Antoniewicz 2013;
Nicolae et al. 2014; Zamorano et al. 2013). To set up stoichio-
metric macroscopic relationships of cell metabolism, the main
difficulty is the size of the metabolic network which can make

the decomposition into external macroscopic reactions com-
plex (Rügen et al. 2012). To overcome this problem, metabol-
ic networks can be reduced and simplified using computed
fluxes in order to detect and remove insignificant pathways.

Metabolic flux analysis

Metabolic flux analysis (MFA) using metabolite balancing,
first applied for microorganisms (Aiba and Matsuoka 1978),
has been widely applied to mammalian cells. Metabolite
balancing is a powerful method to quantify the manifestation
of a phenotype (Ahn and Antoniewicz 2012; Antoniewicz
2013; Goudar et al. 2006, 2009; Grafahrend-Belau et al.
2013; Klein et al. 2013; Niklas and Heinzle 2012; Niklas
et al. 2011; Quek et al. 2010; Sengupta et al. 2011; Varma
and Palsson 1994; Wahrheit et al. 2014b). Metabolite
balancing is based on the assumption that accumulation of
intracellular metabolites is insignificant compared to the ex-
tracellular fluxes in batch and fed-batch cultures (Niklas and
Heinzle 2012). This assumption is valid for small concentra-
tion of intracellular metabolites which is usually fulfilled but
may deviate to a certain extent for highly concentrated metab-
olites, e.g., of the TCA cycle (Rehberg et al. 2014). Based on
this quasi-steady-state assumption, we can say that the sum of
influxes and effluxes of an internal metabolite of a metabolic
network is equal to zero.

S � v ¼ 0 ð2Þ
where S is a stoichiometric matrix, based on a defined meta-
bolic network, with each row corresponding to a balanced
internal metabolite and each column corresponding to a flux
in the flux vector, v.

We can then split Eq. 2 to have on one side, the fluxes that
are experimentally measured (substrates, products, biomass),
vm, and on the other side, fluxes that will be calculated by
MFA, vc:

Sm � vm ¼ �Sc�vc ð3Þ

Sm and Sc are the stoichiometric matrices associated to vm
and vc, respectively. If Sc is a square matrix of full rank, the
fluxes are calculated by

vc ¼ − Scð Þ−1 � Sm � vm ð4Þ

The uptake and production rates of metabolites are such
measurable external fluxes that can be related to the specific
growth rate, μ, by yield coefficients YMet=Bio.

vm;i ¼ μ�YMet=Bio ð5Þ

Monte Carlo simulation can be used to get a more precise
and realistic estimation of the standard deviation of the calcu-
lated fluxes. A dynamic metabolic flux analysis can also be
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performed in order to have the profile of the intracellular flux
over time (Niklas et al. 2011; Wahrheit et al. 2014a). When
metabolite balancing is performed, reactions with insignifi-
cant fluxes can be identified and then deleted from the meta-
bolic network to simplify it.

Elementary flux mode analysis

Elementary flux mode (EFM) analysis can then be applied on
a metabolic network as defined in Eq. 2. EFM analysis is the
calculation of independent, minimal biochemical pathways in
a metabolic network at steady-state, which are thermodynam-
ically and stoichiometrically possible, taking into account the
irreversibility or the reversibility of the reactions (Schuster
et al. 1999). There is a distinction between external and inter-
nal metabolites. A Bflux mode^ is a steady-state flux distribu-
tion in which the proportions of fluxes are fixed and it is called
Belementary^ if it is not decomposable. Various software can
be used for this purpose such as COPASI (Hoops et al. 2006),
Metatool (Schuster and Schuster 1993), efmtool (Terzer and
Stelling 2008), or CellNetAnalyser (Klamt and von
Kamp 2011).

To perform EFM, the stoichiometric matrix based on a
metabolic network is used, and the convex basis vectors are
computed using Eq. 2, taking into account the thermodynamic
feasibility constraints (Schuster et al. 1999). Any possible flux
distribution v can be expressed as a non-negative linear com-
bination of a set of elementary flux vectors ei which represent
the not decomposable metabolic paths between the substrates
and the final products.

v ¼ ω1e1 þ ω2e2 þ…þ ωpep ωi≥0 ð6Þ

The non-negative matrix E with column vectors ei satisfies
S·E = 0. E constitutes the admissible flux space also known as
the convex polyhedral cone (Gagneur and Klamt 2004). How-
ever, a critical issue in EFM is the calculation of these
elementary flux vectors because of dramatically increas-
ing computational demands with increasing network
size. Based on the matrix E, a set of macroscopic reac-
tions of the extracellular metabolites can be derived
(Baughman et al. 2010; Dorka et al. 2009; Gao et al.
2007; Niu et al. 2013; Provost and Bastin 2004; Provost
et al. 2006; Zamorano et al. 2013). Examples of the
stochiometric matrix E are presented in Table 1. A
methodology was proposed by Junger et al. (2011) to
compute minimal elementary decompositions of meta-
bolic flux vectors. Later, Zamorano et al. (2013) showed
that this method allows the estimation of metabolic
fluxes even with an underdetermined mass balance sys-
tem where data are not sufficient to uniquely define
these fluxes. This provides also an excellent basis for
setting up macroscopic models.

The output of these approaches are stoichiometric
macroscopic relationships of cell metabolism based on
a metabolic network and on biological and biochemical
knowledge that provide a necessary input for kinetic
macroscopic models.

Macroscopic kinetic models

After a first screening to select input parameters and to set up
the stoichiometric macroscopic reactions, the macroscopic ki-
netic reactions can be developed. Different types of kinetics
are available and this section will present some of the most
important ones.

Monod model and its derivatives

For modeling of mammalian cell culture kinetics, the
Monod equation and derivations of it are most frequent-
ly applied. These kinetics with slight modifications are
capable to simulate different types of characteristics like
saturation, inhibition, and limitation by substrates and
other components.

For Monod kinetics, the growth is defined as follows:

μ ¼ μmax ∏
Si

Si þ KSi

� �
ð7Þ

Where μ is the specific growth rate; Si and KSi are the
corresponding substrate concentration and half-saturation
constant, respectively. μmax is the maximum specific
growth rate. To incorporate inhibitory effects, a corre-
sponding term is added to the denominator. In the case
of balanced growth, all other rates can be related to μ
by yield coefficients (Eq. 5).

There are two methods for estimation of the maximum
specific growth rate, μmax, and the associatedMonod constant,
KSi. One is the steady-state measurement of growth and the
limiting substrate concentration in continuous culture at dif-
ferent dilution rates. An alternative method is the measure-
ment of growth rate at different substrate concentrations in
batch culture (Banerjee 1993). To estimate the maximum spe-
cific growth rate, μmax, the associated Monod constant, KSi,
were arbitrarily set to small values to obtain balanced growth
(Dorka et al. 2009; Provost et al. 2006). This seems well
justified for batch cultures but will not allow to transfer such
a model to continuous or fed-batch processes without read-
justment of these constants. Monod-type models are widely
used, but it is often difficult to define which formulation is the
best to characterize the cell behavior (Bastin and Dochain
1990). Furthermore, finding the optimal formulation of this
kind of model and estimating model parameters can be time
consuming. Table 2 presents kinetic growth models used in
the literature to describe growth of different organisms.
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Table 1 Stoichiometric matrices of macroscopic reaction networks for CHO cell lines

e1 e2a e2b e3 e4 e5 e6 e7 e8 e9 e10

Glucose −1 −1 −1 −1 0 0 0 −0.0508 0 0 0

Gln 0 −2 0 0 0 0 −1 −0.0577 −0.0104 −1 0

Lac 2 0 2 2 0 0 0 0 0 0 0

Glu 0 2 −2 −2 −1 0 1 −0.0016 −0.0107 1 −1
Asn 0 0 0 0 0 −1 1 −0.006 −0.0072 0 0

Asp 0 0 0 0 0 1 −1 −0.0201 −0.0082 0 0

Ala 0 2 2 0 0 0 0 −0.0133 −0.011 0 0

Pro 0 0 0 0 1 0 0 −0.008 −0.0148 0 0

BM 0 0 0 0 0 0 0 1 0 0 0

Mab 0 0 0 0 0 0 0 0 1 0 0

(Dorka et al. 2009)

e1 e2 e3 e4 e5 e6 e7 e8 e9

Glucose −1 −1 −1 0 0 0 −0.0508 0 0

Gln 0 0 0 0 0 −1 −0.0577 −0.0104 −1
Lac 2 2 2 0 0 0 0 0 0

NH3 0 0 0 0 1 0 0 0 1

Glu 0 −2 −2 −1 0 1 −0.0016 −0.0107 1

Asn 0 0 0 0 −1 1 −0.006 −0.0072 0

Asp 0 0 2 0 1 −1 −0.0201 −0.0082 0

Ala 0 2 0 0 0 0 −0.0133 −0.011 0

Pro 0 0 0 1 0 0 −0.0081 −0.0148 0

CO2 0 2 6 0 0 0 0 0 0

BM 0 0 0 0 0 0 1 0 0

Mab 0 0 0 0 0 0 0 1 0

(Gao et al. 2007)

e1 e2 e3 e4 e5 e6 e7

Glc −1 −1 0 0 0 −1 −1
Gln 0 0 −1 −1 −1 −3 −2
Lac 2 0 0 1 0 0 0

NH3 0 0 1 2 2 1 1

Ala 0 0 1 0 0 0 0

CO2 0 6 2 2 5 2 2

Nucl 0 0 0 0 0 1 1

(Provost and Bastin 2004)

e1 e2 e3 e4 e5 e6 e7 e8 e9

Glc −1 −1 −1 0 0 0 −0.0508 0 0

Gln 0 0 0 0 0 −1 −0.0577 −0.0104 −1
Lac 2 2 2 0 0 0 0 0 0

NH3 0 0 0 0 1 0 0 0 1

Glu 0 −2 −2 −1 0 1 −0.0016 −0.0107 1

Asn 0 0 0 0 −1 1 −0.006 −0.0072 0

Asp 0 0 2 0 1 −1 −0.0201 −0.0082 0

Ala 0 0 0 1 0 0 −0.0081 −0.0148 0

Pro 0 2 0 0 0 0 0 0 0

BM 0 0 0 0 0 0 1 0 0

Mab 0 0 0 0 0 0 0 1 0

(Baughman et al. 2010)

Numbers differing from 0 are given in bold

Glc glucose, Lac lactate, BM biomass, Mab monoclonal antibody, Nucl nucleotides, amino acids are specified using the standard three-letter code
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Table 2 Kinetic models for mammalian cell growth

Kinetic parameters Cells References Growth equations

μmax = 0.125 h−1

kGln = 0.8 mM

kLac = 8 mM

kAmm = 1.05 mM

Hybridoma (Bree et al. 1988)
μ ¼ μmax*

Gln
kGlnþGln *

kLac
kLacþLac*

kAmm
kAmmþAmm

μmax = 0.055 h−1

ksð Þ0 = 26.5

β = 0.21

kGln = 0.15 mM

kAmm = 26 mM2

Hybridoma (Glacken et al. 1988)
μ ¼ μmax*

Ser*Gln

Serþ ksð Þ0*X�βð Þ* kGlnþGlnð Þ* 1þAmm2
kAmm

� �

μmax = 0.053 h−1

kSerum = 0.0139 v/v

Hybridoma (Ozturk and Palsson 1991)
μ ¼ μmax*

Serum
kSerumþSerum

μmax = 0.045 h−1

kGlc = 1 mM

kGln = 0.3 mM

Hybridoma (de Tremblay et al. 1992)
μ ¼ μmax*

Glc
kGlcþGlc *

Gln
kGlnþGln

μmax = 0.036 h−1

kGln = 0.06 mM

Hybridoma (Pörtner et al. 1996)
μ ¼ μmax*

Gln
kGlnþGln

μmax = 0.689 h−1

kGlc = 4.79 mM

kGln = 0.032 mM

kLac = 0.67 mM

krd = 0.019 h−1

kA = 0.275 h−1

Hybridoma (Dhir et al. 2000)
μ ¼ μmax*

Glc
kGlcþGlc *

Gln
kGlnþGln *

kLac
kLacþLac � krd Lac

kdLacþLac� kA*Amm

μmax = 0.065 h−1

kGlc = 0.75 mM

kGln = 0.075 mM

kLac = 90 mM

kAmm = 15 mM

Hybridoma (Jang and Barford 2000)
μ ¼ μmax*

Glc
kGlcþGlc *

Gln
kGlnþGln *

kLac
kLacþLac*

kAmm
kAmmþAmm

μmax = 0.028 h−1

kGlc = 0.084 mM

kGln = 0.047 mM

kLac = 43 mM

kAmm = 6.51 mM

0043HO (Xing et al. 2010)

μmax = 0.0190 h−1

kGlc = 1.45 mM

AGE1.HN (Borchers et al. 2013)
μ ¼ μmax*

Glc
kGlcþGlc *

Glc glucose, Gln glutamine, Lac lactate, Amm ammonium

*kinetic model of growth in 500mL stirred tank reactors
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Generally, only the growth rate is described by a Monod-
type model, and the other components, products, and sub-
strates are then described by simple mass balance equa-
tions (Baughman et al. 2010; Borchers et al. 2013; Sainz
et al. 2003; Xing et al. 2010), also called first principle
models (FPMs). To describe the relationship between the
variation of substrates and products with the cell number,
the mass balance equations are defined as a set of ordi-
nary differential equations (ODEs) based on biological
knowledge and taking into account the inner structure of
the cells. Often the specific consumption/production rates
are assumed to be proportional to the specific growth
rate (Eq. 5) during the process but this is not always the
case. Monod-type models can also be used to describe
other specific consumption/production rates of metabolites
independent of growth (Baughman et al. 2010; Dorka
et al. 2009; Gao et al. 2007; Provost and Bastin 2004).
Batt and Kompala (1989), Glacken et al. (1988), and
Ozturk et al. (1992) described a four-compartment struc-
tured model to describe growth of hybridoma and mono-
clonal antibody productions using Monod- and Haldane-
type kinetic models.

Logistic equation

Verhulst (Vogels et al. 1975) developed the first logistic equa-
tion to describe population growth based on the work of
Thomas Malthus. Verhulst added an extra term, K, called the
overall saturation constant to the first model of Malthus to
represent the resistance to growth up to a certain limit value of
biomass concentration as shown in the equation describing
logistic growth.

dX tð Þ
dt

¼ r � X tð Þ � ð1� X tð Þ
K

Þ ð8Þ

This model does not take into account the death of cells,
either by necrosis or apoptosis, observed in mammalian cell
processes. Therefore, cell growth and death have been taken
into account in an alternative formulation, the so-called four-
parameter-generalized-logistic-equation which can describe
cell density profiles in batch and fed-batch cultures (Jolicoeur
and Pontier 1989).

X tð Þ ¼ A

eBt þ Ce�Dt
ð9Þ

Where X(t) is the cell density at time t. A is related to the initial
value of X while B and C correspond to the maximum death
and growth rate, respectively. Goudar (2012a) applied such
logistic modeling in batch and fed-batch cultures of mamma-
lian cells. To describe the cell culture process system, besides
Eq. 9, two types of equations were used for the formation of
products and for substrate consumption.

The second type of equation used was the logistic growth
equation to describe monotonously increasing quantities of
product concentrations, P, such as lactate and ammonium.

P tð Þ ¼ A

1þ Ce�Dt
ð10Þ

Finally, the logistic decline equation has been used to de-
scribe monotonously decreasing quantities of nutrient concen-
tration, N, such as glucose or glutamine concentration.

N tð Þ ¼ A

eBt þ C
ð11Þ

To get robust logistic modeling, initial estimation of param-
eters using linearization has been successfully used. More
complex equations can be used. For instance, Acosta et al.
(2007) use two asymmetric logistic equations for growth and
nutrients and products. Logistic equations have been success-
fully used in a variety of applications to describe the dynamic
of population growth; most of them involved bacterial growth
(Gibson et al. 1987; Tsoularis and Wallace 2002) but also
mammalian cell growth (Goudar 2012a, b; Goudar et al.
2005, 2009). This kind of model is particularly useful if the
matrix S from Eq. 2 is not known.

The main differences between the logistic equation and the
Monod model are that the logistic equation uses fewer param-
eters compared to the Monod model and that it does not re-
quire knowledge about limiting substrates. That makes the
computational step from logistic approach simpler than clas-
sical approaches but seems less suited for extrapolation and
not well suited to incorporate additional information on
metabolism.

Neural networks and hybrid models

Neural networks (NNs) are computational models of black
box type. They are used to model a wide spectrum of prob-
lems. NNs are an interconnected network structure composed
of a set of processing elements (PEs) (Price and Shmulevich
2007). Giving some input, computations are made using the
transfer functions of the network to estimate the output. The
network is composed of different layers: the input layer, the
hidden layers, and the output layer. The PEs are composed of
transfer functions (polynomial, hyperbolic, kernel,…) and the
significance of the connection is called the weight.

Marique et al. (2001) used a NN to simulate non-linear
kinetics of CHO strains. For the transfer function, a classical
sigmoid function was applied. Biomass, glucose, glutamine,
lactate, and ammonia concentrations represented output and
input layers. A model with CHO K1 of those five variables
was obtained by using only one hidden layer. Moreover, the
same NN has been used to predict the behavior of another cell
line (CHO TF70R) by adjusting the time scale. As described
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above, mechanistic knowledge is not needed to create NNs.
Nevertheless, hybrid neural networks are more used since a
decade, combining non-parametric functions such as NNs and
parametric functions based on cell culture process knowledge
(Laursen et al. 2007; van Can et al. 1999; VandeWouwer et al.
2004). Laursen et al. combined material balances to estimate
accumulation rates of biomass, product, and metabolites in a
bacterial fed-batch culture combined with a NN for each var-
iable. Vande Wouver et al. (2004) used several hybrid NNs to
describe CHO batch cultures. A set of NNs for the calculation
of the reaction rates was combined with material balances of a
bioreactor (Chen et al. 2000). Teixeira et al. (2007) used EFM
to reduce the metabolic network of a recombinant baby ham-
ster kidney (BHK-21A) cell line producing a glycoprotein
(IgG1-IL2) to a minimal set of macroscopic reactions which
then served as a basis for a hybrid NN model. A three-layered
backpropagation neural network was used as a non-parametric
function to describe the kinetics of the system. By using this
hybrid model in a fed-batch process, they were able to in-
crease the final productivity of IgG1-IL2 by 10 % (Teixeira
et al. 2007). Graefe et al. (1999) applied a serial hybrid model
to CHO-K1 by combining mass balances and neural network
kinetics. A convincing prediction of components concentra-
tions in the stirred tank bioreactor was achieved.

Hybrid models exploit the advantages of parametric
models (Bgrey box model^) and of non-parametric models
(Bblack box models^) and overcome the limits of each used
individually. For complex problems, this kind of methodology
provides a good benefit/cost ratio.

To conclude, logistic models and neural networkmodels do
not or only partially consider the underlying physical, biolog-
ical phenomena. Nevertheless, they are less difficult to devel-
op than mechanistic models. There parameters are hardly
physically interpretable in contrast to mechanistic models that
take into account the underlying phenomena including mass
balances which supports biological understanding. Moreover,
mechanistic-type models are generally more suited for extrap-
olation outside the experimentally explored space. For very
complex systems with limited mechanistic knowledge avail-
able, logistic models and NNs can be useful due to the lower
number of parameters to identify. Hybrid models take the
advantages of both approaches, the mechanistic approach
and the empirical/semi-empirical approach, e.g., by improving
model extrapolation compared to a pure NN (Van Can
et al. 1998) but require complex optimization tools to
calibrate them.

Model calibration and testing

Before starting to identify model parameters, it is important to
identify and remove outliers. Outliers can increase the level of
variance of the model parameters (Yang et al. 2011), can

reduce the model performance by biasing parameter
estimates, and can lead to false conclusion. Outliers are
often due to fault, biological deviations, or human/
instrumental errors. For instance, Borchers et al. (2013) de-
fined an outlier detection approach for AGE1.HN cell line
based on a model (model generic approach) by introducing
an additional pessimistic bound (relative error). Then, they
identified model parameters and performed a reachability
analysis. The outliers were then selected by comparing the
reachable state sets with the measurements data. There are
many other possible methods to identify outliers like the lo-
cally estimated plot smoothing (LOESS) (Sriyudthsak et al.
2013) or splines (Laursen et al. 2007), but most of them de-
pend on the context of the experiment, the equipment per-
formed, and the variables analyzed.

Kinetic parameters are usually determined by fitting the
model to the experimental data. Parameter estimation is an
optimization problem, in which an objective or cost function
characterizing the deviation of a model prediction from the
experimental data is minimized by adjusting model parame-
ters. Typically, least squares or the maximum likelihood func-
tions are applied. Together with the usually non-linear differ-
ential equations of the model, non-convex problems result that
are hard to solve, but powerful algorithms and mathematical
tools have been developed to treat them. These were
successfully applied to macroscopic models of mammalian
cells. For instance, Borchers et al. (2013) used a semi-
definite programming (SDP) algorithm to solve a polynomial
function by reformulating and relaxing the non-convex con-
straint problem into a convex optimization problem, whereas
Baughman et al. (2010) used a simple discretization scheme
combined with a filtered interior point primal dual line search
algorithm (IPOPT) to identify global optima for the non-
convex problem.

The choice of optimization algorithms depends on the type
of optimization problem, the number of parameters and vari-
ables, the constraints, the model but also software availability,
e.g., gOPT from gPROMs (Kontoravdi et al. 2007), ADMIT
toolbox (Borchers et al. 2013; Streif et al. 2012) and
MATLAB (MathWorks, Natick, MA) (Sainz et al. 2003;
Teixeira et al. 2007; Vande Wouwer et al. 2004).

Goudar et al. (2009) compared the simplex method, the
generalized reduced gradient method (GRG) and the
Levenberg-Marquard algorithm (LMA) for non-linear param-
eter estimation of logistic model parameters of batch and fed-
batch mammalian cell culture. The simplex method and GRG
methods resulted in a better fit than LMA. LMAwas also used
by Vande Wouwer et al. (2004) for batch CHO cell culture.
LMAwas applied in the training process for hybrid models of
bioprocesses (Graefe et al. 1999). Dorka et al. (2009) success-
fully identifiedMonod-type parameters of hybridoma cell cul-
ture during exponential phase by using quadratic program-
ming (QP). For the post-exponential phase, the maximal rates
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and the half-saturation constants were calibrated using a Mar-
kov chain Monte Carlo method (MCMC) using a Metropolis-
Hasting algorithm. More examples of applications of optimi-
zation algorithms for macroscopic modeling of mammalian
cells can be found in a number of studies, e.g., the method
of Powell (Glacken et al. 1988), MCMC (Xing et al. 2010),
linear programming (Sainz et al. 2003), the particle swarm
algorithm (PSO) (Selişteanu et al. 2015), sequential quadratic
programming (SQP) (Kontoravdi et al. 2007), and a quasi-
Newton method (Teixeira et al. 2007). It is not possible to a
priori recommend any single algorithm as the superior method
as it is problem-dependent.

Major problems of parameter estimation in non-linear sys-
tems are the potential existence of multiple local minima and
over fitting. Additionally, models have to be assessed for their
predictive power and their robustness against perturbations.

Model validation is one of the most critical parts of the
modeling process. We can identify two ways to evaluate the
quality of a model: one called direct validation compares the
model prediction with the same experimental data as used to
estimate the parameters (Goudar et al. 2009; Selişteanu et al.
2015). The second method uses an independent new data set
to validate or invalidate the model (cross validation). For in-
stance, Xing et al. (2010) identified the parameters on three
independent sampling trains with different initial parameters
and then used two types of validation. The first one validated
the model by applying the model to different cell cultures to
assess the applicability of the model. Secondly, they applied
the model to a perturbed system to assess the accuracy of the
model. For hybrid neural models, two data sets, one training/
calibration data set to identify hybrid model parameters and
one validation data set to assess the model quality are usually
used (Oliveira 2004; Teixeira et al. 2007; Vande
Wouwer et al. 2004).

A more complex methodology was used by Borchers et al.
(2013) for the invalidation of models and for parameter esti-
mation. Their set-based method builds on a semi-definite pro-
gramming relaxation and outer-bounding techniques support-
ed by the ADMIT toolbox (Streif et al. 2012).

Another important method to assess the quality of a model
is to perform sensitivity analysis that can provide valuable
information regarding the importance of parameters on the
model output and on the possible impact of variability of the
input on the output. For instance, one can evaluate the largest
possible variation of the parameters which does not lead to
rejection of the model (Borchers et al. 2013). Baughman et al.
(2010) quantified the impact of the linear discretization on the
parameters and on the numerical error. Moreover, the impact
of possible measurement variability on model estimate has
been performed by using Monte Carlo simulation using nor-
mal distribution (Baughman et al. 2010). Global sensitivity
analysis (GSA) has the advantage of evaluating the effect of
a factor while all other factors varied simultaneously

(Kiparissides et al. 2008). For instance, Kontoravdi et al.
(2007) used the Sobol’ global sensitivity method to assess
the sensitivity of the parameters of dynamic hybridoma model
and, based on the same case study, Kiparissides et al. (2008)
evaluated the performance of the Sobol’ method and deriva-
tive based global sensitivity measures (DGSM) as a GSA
method. The DSGM method was identified as more useful
than the Sobol’ method due to the lower computational re-
quirement while producing the same quality of results.

Application of models for control of processes

An important application for industrial production is the use of
macroscopic models for the control of production processes.
Generally, models applied for control should be simple and
variations of process conditions, and cell characteristics can be
taken into account by adapting the model parameters online. It
is most straightforward to use a stoichiometric model together
with dynamic material balances to estimate the state of a cul-
ture. A feeding strategy can be determined in a fed-batch pro-
cess based on the model and on defining an objective to reach.
For instance, Haas et al. (2001) used an open-loop-feedback-
optimal controller to maintain glucose and glutamine at low
levels in a culture of a hybridoma cell line producing an IgG
antibody. This controller was based on a Monod-type model
of growth in which the parameters and the state are estimated,
and then an optimization part calculates an optimal feeding
profile. Teixeira et al. (2007) also used a controller with a
hybrid model on a culture of a BKH cell line producing an
IgG1-IL2. The glucose and glutamine feeding rate was
optimized to maximize the total amount of antibody
produced at the end of the experiment. Finally, Craven et al.
(2014) used a non-linear model predictive controller (NMPC)
in a CHO cell line to control the glucose concentration. The
kinetic models used were of Monod type.

Conclusion and outlook

As was described in this review, setting up of macroscopic
models is carried out in primarily two steps (Fig. 1). After
identification of the stoichiometric part of a model, kinetics
for growth and metabolite conversion are defined to yield
relatively simple yet useful combined models. As in most
other cases of modeling, macroscopic modeling of mammali-
an cell cultures is an iterative process of setting up a model,
calibrating, validating, and testing it; designing and
performing new experiments; and revising the model.

Macroscopic modeling of metabolism can be used in many
applications to accelerate cell line selection, medium optimi-
zation, feeding strategy development, and other bioprocess
development activities. By using macroscopic models, it is

7020 Appl Microbiol Biotechnol (2015) 99:7009–7024



possible to understand what are the significant parameters that
have an impact on the cell culture process and then predict
how the process will evolve if one parameter is changed. Hav-
ing predictive models of cell culture processes can be a pow-
erful tool to help in identifying the critical process parameters
which have an impact on CQAs, e.g., glycosylation, and to
optimize process performance with respect to a defined objec-
tive function. Therefore, macroscopic models are more and
more used by biopharmaceutical companies. They also assist
in fulfilling requirements of the QbD methodology by provid-
ing a handle to further improve CQAs.

For fed-batch cell culture processes, macroscopic models
can be applied to predict the time courses of metabolites which
have significant impact on the cell culture process or to esti-
mate process rates of interest and then control feeding rates
based on model prediction and using an appropriate objective
function.

Different types of models can be used to select variables
and determine the macroscopic reactions of the system, and
then, different kinetic models can be applied to simulate and
predict the macroscopic behavior of the cells. All types of
combinations of those models can be applied; for example, a
stoichiometric model using the EFMmethod combined with a
logistic kinetic equation or empirical stoichiometric relation-
ships identified with a PCA combined with Monod-type ki-
netic equations and so on. Stoichiometry derived by the EFM
method are used together with NNs to result in so-called hy-
brid neural network models. Such kind of hybrid models are
more of grey box type rather than black box type (Laursen
et al. 2007; van Can et al. 1999; Vande Wouwer et al. 2004).
The choice of the model depends not only on the aim of the
study but also on the complexity of the system we want to
simulate and understand. As summary of strategies used to
develop macroscopic models with mammalian cells from var-
ious studies is presented on Table 3.

Ethical statement This article does not contain any studies with human
participants or animals performed by any of the authors.

Conflict of interest The authors declare that they have no competing
interests.

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.

References

AcostaML, Sánchez A, García F, Contreras A, Molina E (2007) Analysis
of kinetic, stoichiometry and regulation of glucose and glutamine

metabolism in hybridoma batch cultures using logistic equations.
Cytotechnology 54(3):189–200. doi:10.1007/s10616-007-9089-9

Ahn WS, Antoniewicz MR (2012) Towards dynamic metabolic flux
analysis in CHO cell cultures. Biotechnol J 7(1):61–74. doi:10.
1002/biot.201100052

Aiba S, Matsuoka M (1978) Citrate production from n-alkane by
Candida lipolytica in reference to carbon fluxes in vivo. Eur J
Appl Microbiol Biotechnol 5(4):247–261. doi:10.1007/
BF00504713

Antoniewicz MR (2013) Dynamic metabolic flux analysis—tools for
probing transient states of metabolic networks. Curr Opin
Biotechnol 24(6):973–978. doi:10.1016/j.copbio.2013.03.018

Ashyraliyev M, Fomekong-Nanfack Y, Kaandorp JA, Blom JG
(2009) Systems biology: parameter estimation for biochemi-
cal models. FEBS J 276(4):886–902. doi:10.1111/j.1742-
4658.2008.06844.x

Banerjee UC (1993) Evaluation of different bio-kinetic parameters of
Curvularia lunata at different environmental conditions.
Biotechnol Tech 7(9):635–638. doi:10.1007/BF00151861

Bastin G, Dochain D (1990) On-line estimation and adaptive control of
bioreactors. Elsevier, Amsterdam

Batt BC, Kompala DS (1989) A structured kinetic modeling framework
for the dynamics of hybridoma growth and monoclonal antibody
production in continuous suspension cultures. Biotechnol Bioeng
34(4):515–531. doi:10.1002/bit.260340412

Baughman AC, Huang X, Sharfstein ST, Martin LL (2010) On the dy-
namic modeling of mammalian cell metabolism and mAb produc-
tion. Comput Chem Eng 34(2):210–222. doi:10.1016/j.
compchemeng.2009.06.019

Borchers S, Freund S, Rath A, Streif S, Reichl U, Findeisen R (2013)
Identification of growth phases and influencing factors in cultiva-
tions with AGE1.HN cells using set-based methods. PLoSOne 8(8):
e68124 doi:10.1371/journal.pone.0068124

Bree MA, Dhurjati P, Geoghegan RF, Robnett B (1988) Kinetic model-
ling of hybridoma cell growth and immunoglobulin production in a
large-scale suspension culture. Biotechnol Bioeng 32(8):1067–
1072. doi:10.1002/bit.260320814

Caspi R, Altman T, Billington R, Dreher K, Foerster H, Fulcher CA,
Holland TA, Keseler IM, Kothari A, Kubo A, Krummenacker M,
Latendresse M, Mueller LA, Ong Q, Paley S, Subhraveti P, Weaver
DS, Weerasinghe D, Zhang P, Karp PD (2014) The MetaCyc data-
base of metabolic pathways and enzymes and the BioCyc collection
of Pathway/Genome Databases. Nucleic Acids Res 42(D1):D459–
D471. doi:10.1093/nar/gkt1103

Chen L, Bastin G (1996) Structural identifiability of the yield coefficients
in bioprocess models when the reaction rates are unknown. Math
Biosci 132(1):35–67. doi:10.1016/0025-5564(95)00048-8

Chen L, Bernard O, Bastin G, Angelov P (2000) Hybrid modelling of
biotechnological processes using neural networks. Control Eng
Pract 8(7):821–827. doi:10.1016/S0967-0661(00)00036-8

Craven S, Whelan J, Glennon B (2014) Glucose concentration control of
a fed-batch mammalian cell bioprocess using a nonlinear model
predictive controller. J Process Control 24(4):344–357. doi:10.
1016/j.jprocont.2014.02.007

de Tremblay M, Perrier M, Chavarie C, Archambault J (1992)
Optimization of fed-batch culture of hybridoma cells using dynamic
programming: single and multi feed cases. Bioprocess Eng 7(5):
229–234. doi:10.1007/BF00369551

Dhir S, Morrow KJ, Rhinehart RR, Wiesner T (2000) Dynamic optimi-
zation of hybridoma growth in a fed-batch bioreactor. Biotechnol
Bioeng 67(2):197–205. doi:10.1002/(SICI)1097-0290(20000120)
67:2<197::AID-BIT9>3.0.CO;2-W

Dorka P, Fischer C, Budman H, Scharer J (2009) Metabolic flux-based
modeling of mAb production during batch and fed-batch operations.
Bioprocess Biosyst Eng 32(2):183–196. doi:10.1007/s00449-008-
0236-2

Appl Microbiol Biotechnol (2015) 99:7009–7024 7021

http://dx.doi.org/10.1007/s10616-007-9089-9
http://dx.doi.org/10.1002/biot.201100052
http://dx.doi.org/10.1002/biot.201100052
http://dx.doi.org/10.1007/BF00504713
http://dx.doi.org/10.1007/BF00504713
http://dx.doi.org/10.1016/j.copbio.2013.03.018
http://dx.doi.org/10.1111/j.1742-4658.2008.06844.x
http://dx.doi.org/10.1111/j.1742-4658.2008.06844.x
http://dx.doi.org/10.1007/BF00151861
http://dx.doi.org/10.1002/bit.260340412
http://dx.doi.org/10.1016/j.compchemeng.2009.06.019
http://dx.doi.org/10.1016/j.compchemeng.2009.06.019
http://dx.doi.org/10.1371/journal.pone.0068124
http://dx.doi.org/10.1002/bit.260320814
http://dx.doi.org/10.1093/nar/gkt1103
http://dx.doi.org/10.1016/0025-5564(95)00048-8
http://dx.doi.org/10.1016/S0967-0661(00)00036-8
http://dx.doi.org/10.1016/j.jprocont.2014.02.007
http://dx.doi.org/10.1016/j.jprocont.2014.02.007
http://dx.doi.org/10.1007/BF00369551
http://dx.doi.org/10.1002/(SICI)1097-0290(20000120)67:2%3C197::AID-BIT9%3E3.0.CO;2-W
http://dx.doi.org/10.1002/(SICI)1097-0290(20000120)67:2%3C197::AID-BIT9%3E3.0.CO;2-W
http://dx.doi.org/10.1007/s00449-008-0236-2
http://dx.doi.org/10.1007/s00449-008-0236-2


Dunn IJ, Heinzle E, Ingham J, Přenosil JE (2003) Biological reaction
engineering. Dynamic modelling fundamentals with simulation ex-
ercises. Wiley-VCH, Weinheim

Gagneur J, Klamt S (2004) Computation of elementary modes: a unifying
framework and the new binary approach. BMC Bioinforma
5(1):175

Gao J, Gorenflo VM, Scharer JM, Budman HM (2007) Dynamic meta-
bolic modeling for a MAB bioprocess. Biotechnol Prog 23(1):168–
181. doi:10.1021/bp060089y

García Münzer DG, Ivarsson M, Usaku C, Habicher T, Soos M,
Morbidelli M, Pistikopoulos EN, Mantalaris A (2015a) An unstruc-
tured model of metabolic and temperature dependent cell cycle ar-
rest in hybridoma batch and fed-batch cultures. Biochem Eng J
93(0):260-273 doi:10.1016/j.bej.2014.10.013

García Münzer DG, Kostoglou M, Georgiadis MC, Pistikopoulos EN,
Mantalaris A (2015b) Cyclin and DNA distributed cell cycle model
for GS-NS0 cells. PLoS Comput Biol 11(2):e1004062 doi:10.1371/
journal.pcbi.1004062

Gibson AM, Bratchell N, Roberts TA (1987) The effect of sodium chlo-
ride and temperature on the rate and extent of growth ofClostridium
botulinum type A in pasteurized pork slurry. J Appl Bacteriol 62(6):
479–490. doi:10.1111/j.1365-2672.1987.tb02680.x

GlackenMW, Adema E, Sinskey AJ (1988)Mathematical descriptions of
hybridoma culture kinetics: I. Initial metabolic rates. Biotechnol
Bioeng 32(4):491–506. doi:10.1002/bit.260320412

Goudar CT (2012a) Analyzing the dynamics of cell growth and protein
production inmammalian cell fed-batch systems using logistic equa-
tions. J Ind Microbiol Biotechnol 39(7):1061–1071. doi:10.1007/
s10295-012-1107-z

Goudar CT (2012b) Computer programs for modeling mammalian cell
batch and fed-batch cultures using logistic equations.
Cytotechnology 64(4):465–475. doi:10.1007/s10616-011-9425-y

Goudar CT, Joeris K, Konstantinov KB, Piret JM (2005) Logistic equa-
tions effectively model mammalian cell batch and fed-batch kinetics
by logically constraining the Fit. Biotechnol Prog 21(4):1109–1118.
doi:10.1021/bp050018j

Goudar CT, Biener R, Zhang C, Michaels J, Piret J, Konstantinov K
(2006) Towards industrial application of quasi real-time metabolic
flux analysis for mammalian cell culture. In: Hu W-S (ed) Cell
culture engineering. Advances in biochemical engineering/biotech-
nology. vol 101. Springer, Berlin, pp. 99–118

Goudar CT, Konstantinov KB, Piret JM (2009) Robust parameter estima-
tion during logistic modeling of batch and fed-batch culture kinetics.
Biotechnol Prog 25(3):801–806. doi:10.1002/btpr.154

Graefe J, Bogaerts P, Castillo J, Cherlet M, Wérenne J, Marenbach P,
Hanus R (1999) A new training method for hybrid models of
bioprocesses. Bioprocess Biosyst Eng 21(5):423–429. doi:10.
1007/s004490050697

Grafahrend-Belau E, Junker A, Eschenröder A, Müller J, Schreiber F,
Junker BH (2013) Multiscale metabolic modeling: dynamic flux
balance analysis on a whole-plant scale. Plant Physiol 163(2):637–
647. doi:10.1104/pp.113.224006

Granger CWJ (1969) Investigating causal relations by econometric
models and cross-spectral methods. Econometrica 37(3):424–438.
doi:10.2307/1912791

Haas VC, Lane P, Hoffmann M, Frahm B, Schwabe J-O, Pörtner R,
Munack A (2001) Model-based control of hybridoma cell cultures.
In: 8th IFAC International Conference, Québec City, 2001.
Pergamon Press, p 323–329

Harder A, Roels JA (1982) In: Application of simple structured models in
bioengineering microbes and engineering aspects. Advances in bio-
chemical engineering,, vol vol 21. Springer, Berlin, pp. 55–107

Hoops S, Sahle S, Gauges R, Lee C, Pahle J, Simus N, Singhal M, Xu L,
Mendes P, Kummer U (2006) COPASI—a COmplex PAthway
SImulator. Bioinformatics 22(24):3067–3074. doi:10.1093/
bioinformatics/btl485

Hotelling H (1933) Analysis of a complex of statistical variables into
principal components. J Educ Psychol 24:417–441. doi:10.1037/
h0071325

HuW-S (2012) Cell culture bioprocess engineering. In: HuW-S (ed). vol
1, 1 edn, pp 162–166

Jang JD, Barford JP (2000) An unstructured kinetic model of macromo-
lecular metabolism in batch and fed-batch cultures of hybridoma
cells producing monoclonal antibody. Biochem Eng J 4(2):153–
168. doi:10.1016/S1369-703X(99)00041-8

Jolicoeur P, Pontier J (1989) Population growth and decline: a four-
parameter generalization of the logistic curve. J Theor Biol 141(4):
563–571. doi:10.1016/S0022-5193(89)80237-1

Jungers RM, Zamorano F, Blondel VD, Wouwer AV, Bastin G (2011)
Fast computation of minimal elementary decompositions of meta-
bolic flux vectors. Automatica 47(6):1255-1259 doi:10.1016/j.
automatica.2011.01.011

Kanehisa M, Goto S, Sato Y, Kawashima M, Furumichi M, Tanabe M
(2014) Data, information, knowledge and principle: back to metab-
olism in KEGG. Nucleic Acids Res 42(D1):D199–D205. doi:10.
1093/nar/gkt1076

Karra S, Sager B, Karim MN (2010) Multi-scale modeling of heteroge-
neities in mammalian cell culture processes. Ind Eng Chem Res
49(17):7990–8006. doi:10.1021/ie100125a

Kell DB, Knowles JD (2006) The role ofmodeling in systems biology. In:
Szallasi Z, Stelling J, Periwal V (eds) System modeling in cellular
biology. The MIT Press, Cambridge, pp. 3–18

Kessel M (2011) The problems with today’s pharmaceutical business—
an outsider’s view. Nat Biotechnol 29(1):27–33

Kiparissides A, Rodriguez-Fernandez M, Kucherenko S, Mantalaris A,
Pistikopoulos E (2008) Application of global sensitivity analysis to
biological models. In: Bertrand B, Xavier J (eds) Computer aided
chemical engineering. Volume 25. Elsevier, Amsterdam, pp 689–
694

Klamt S, von Kamp A (2011) An application programming interface for
CellNetAnalyzer. Biosystems 105(2):162–168. doi:10.1016/j.
biosystems.2011.02.002

Klein T, Heinzle E, Schneider K (2013) Metabolic fluxes in
Schizosaccharomyces pombe grown on glucose and mixtures of
glycerol and acetate. Appl Microbiol Biotechnol 97(11):5013–
5026. doi:10.1007/s00253-013-4718-z

Kontoravdi C, Asprey SP, Pistikopoulos EN, Mantalaris A (2007)
Development of a dynamic model of monoclonal antibody produc-
tion and glycosylation for product quality monitoring. Comput
Chem Eng 31(5–6):392–400. doi:10.1016/j.compchemeng.2006.
04.009

Laursen SÖ, Webb D, Ramirez WF (2007) Dynamic hybrid neural net-
work model of an industrial fed-batch fermentation process to pro-
duce foreign protein. Comput Chem Eng 31(3):163–170. doi:10.
1016/j.compchemeng.2006.05.018

Liu Y-H, Bi J-X, Zeng A-P, Yuan J-Q (2008) A simple kinetic model for
myeloma cell culture with consideration of lysine limitation.
Bioprocess Biosyst Eng 31(6):569–577. doi:10.1007/s00449-008-
0204-x

Mahadevan R, Doyle III FJ (2003) On-line optimization of recombinant
product in a fed-batch bioreactor. Biotechnol Prog 19(2):639–646.
doi:10.1021/bp025546z

Malinowski ER (1991) Factor analysis in chemistry, 2nd edition. Wiley-
Interscience

Marique T, Cherlet M, Hendrick V, Godia F, Kretzmer G, Wérenne J
(2001) A general artificial neural network for the modelization of
culture kinetics of different CHO strains. Cytotechnology 36(1-3):
55–60. doi:10.1023/A:1014084802708

Martin HJ, Reynolds JC, Riazanskaia S, Thomas CLP (2014) High
throughput volatile fatty acid skin metabolite profiling by thermal
desorption secondary electrospray ionisation mass spectrometry.
Analyst 139(17):4279–4286. doi:10.1039/C4AN00134F

7022 Appl Microbiol Biotechnol (2015) 99:7009–7024

http://dx.doi.org/10.1021/bp060089y
http://dx.doi.org/10.1016/j.bej.2014.10.013
http://dx.doi.org/10.1371/journal.pcbi.1004062
http://dx.doi.org/10.1371/journal.pcbi.1004062
http://dx.doi.org/10.1111/j.1365-2672.1987.tb02680.x
http://dx.doi.org/10.1002/bit.260320412
http://dx.doi.org/10.1007/s10295-012-1107-z
http://dx.doi.org/10.1007/s10295-012-1107-z
http://dx.doi.org/10.1007/s10616-011-9425-y
http://dx.doi.org/10.1021/bp050018j
http://dx.doi.org/10.1002/btpr.154
http://dx.doi.org/10.1007/s004490050697
http://dx.doi.org/10.1007/s004490050697
http://dx.doi.org/10.1104/pp.113.224006
http://dx.doi.org/10.2307/1912791
http://dx.doi.org/10.1093/bioinformatics/btl485
http://dx.doi.org/10.1093/bioinformatics/btl485
http://dx.doi.org/10.1037/h0071325
http://dx.doi.org/10.1037/h0071325
http://dx.doi.org/10.1016/S1369-703X(99)00041-8
http://dx.doi.org/10.1016/S0022-5193(89)80237-1
http://dx.doi.org/10.1016/j.automatica.2011.01.011
http://dx.doi.org/10.1016/j.automatica.2011.01.011
http://dx.doi.org/10.1093/nar/gkt1076
http://dx.doi.org/10.1093/nar/gkt1076
http://dx.doi.org/10.1021/ie100125a
http://dx.doi.org/10.1016/j.biosystems.2011.02.002
http://dx.doi.org/10.1016/j.biosystems.2011.02.002
http://dx.doi.org/10.1007/s00253-013-4718-z
http://dx.doi.org/10.1016/j.compchemeng.2006.04.009
http://dx.doi.org/10.1016/j.compchemeng.2006.04.009
http://dx.doi.org/10.1016/j.compchemeng.2006.05.018
http://dx.doi.org/10.1016/j.compchemeng.2006.05.018
http://dx.doi.org/10.1007/s00449-008-0204-x
http://dx.doi.org/10.1007/s00449-008-0204-x
http://dx.doi.org/10.1021/bp025546z
http://dx.doi.org/10.1023/A:1014084802708
http://dx.doi.org/10.1039/C4AN00134F


Meshram M, Naderi S, McConkey B, Ingalls B, Scharer J, Budman H
(2013) Modeling the coupled extracellular and intracellular environ-
ments in mammalian cell culture. Metab Eng 19(0):57-68 doi:10.
1016/j.ymben.2013.06.002

Neermann J, Wagner R (1996) Comparative analysis of glucose and
glutamine metabolism in transformed mammalian cell lines, insect
and primary liver cells. J Cell Physiol 166(1):152–169. doi:10.1002/
(SICI)1097-4652(199601)166:1<152::AID-JCP18>3.0.CO;2-H

Nicolae A, Wahrheit J, Bahnemann J, Zeng A-P, Heinzle E (2014) Non-
stationary 13C metabolic flux analysis of Chinese hamster ovary
cells in batch culture using extracellular labeling highlights metabol-
ic reversibility and compartmentation. BMC Syst Biol 8(1):50

Niklas J, Heinzle E (2012) Metabolic flux analysis in systems biology of
mammalian cells. Adv Biochem Eng Biotechnol 127:109–132

Niklas J, Noor F, Heinzle E (2009) Effects of drugs in subtoxic concen-
trations on the metabolic fluxes in human hepatoma cell line Hep
G2. Toxicol Appl Pharmacol 240(3):327–336. doi:10.1016/j.taap.
2009.07.005

Niklas J, Schräder E, Sandig V, Noll T, Heinzle E (2011) Quantitative
characterization of metabolism and metabolic shifts during growth
of the new human cell line AGE1.HN using time resolved metabolic
flux analysis. Bioprocess Biosyst Eng 34(5):533–545. doi:10.1007/
s00449-010-0502-y

Niu H, Amribt Z, Fickers P, TanW, Bogaerts P (2013)Metabolic pathway
analysis and reduction for mammalian cell cultures—towards mac-
roscopic modeling. Chem Eng Sci 102(0):461-473 doi:10.1016/j.
ces.2013.07.034

Nolan RP, Lee K (2011) Dynamic model of CHO cell metabolism. Metab
Eng 13(1):108–124. doi:10.1016/j.ymben.2010.09.003

Nolan RP, Lee K (2012) Dynamic model for CHO cell engineering. J
Biotechnol 158(1–2):24–33. doi:10.1016/j.jbiotec.2012.01.009

Nottorf T, HoeraW, Buentemeyer H, Siwiora-Brenke S, LoaA, Lehmann
J (2007) Production of human growth hormone in a mammalian cell
high density perfusion process. In: Smith R (ed) Cell technology for
cell products. vol 3. Springer, Netherlands, pp. 789–793

Oliveira R (2004) Combining first principles modelling and artificial
neural networks: a general framework. Comput Chem Eng 28(5):
755–766. doi:10.1016/j.compchemeng.2004.02.014

Ozturk SS, Palsson BO (1990) Chemical decomposition of glutamine in
cell culture media: effect of media type, pH, and serum concentra-
tion. Biotechnol Prog 6(2):121–128. doi:10.1021/bp00002a005

Ozturk SS, Palsson BO (1991) Growth, metabolic, and antibody produc-
tion kinetics of hybridoma cell culture: 2. Effects of serum concen-
tration, dissolved oxygen concentration, and medium pH in a batch
reactor. Biotechnol Prog 7(6):481-494 doi:10.1021/bp00012a002

Ozturk SS, RileyMR, Palsson BO (1992) Effects of ammonia and lactate
on hybridoma growth, metabolism, and antibody production.
Biotechnol Bioeng 39(4):418–431. doi:10.1002/bit.260390408

Palomares LA, Estrada-Moncada S, Ramírez O (2004) Production of
recombinant proteins. In: Balbás P, Lorence A (eds) Recombinant
gene expression: reviews and protocols. Methods in molecular biol-
ogy,, vol vol 267. Humana Press, Totowa, pp. 15–51

Pearson K (1901) On lines and planes of closest fit to systems of points in
space. Philos Mag 2(6):559–572

PisuM, Concas A, Cao G (2015) A novel quantitative model of cell cycle
progression based on cyclin-dependent kinases activity and popula-
tion balances. Comput Biol Chem 55:1–13. doi:10.1016/j.
compbiolchem.2015.01.002

Pörtner R, Schilling A, Lüdemann I, Märkl H (1996) High density fed-
batch cultures for hybridoma cells performed with the aid of a ki-
netic model. Bioprocess Eng 15(3):117–124. doi:10.1007/
BF00369614

Price ND, Shmulevich I (2007) Biochemical and statistical network
models for systems biology. Curr Opin Biotechnol 18:365–370.
doi:10.1016/j.copbio.2007.07.009

Provost A, Bastin G (2004) Dynamic metabolic modelling under the
balanced growth condition. J Process Control 14(7):717–728. doi:
10.1016/j.jprocont.2003.12.004

Provost A, Bastin G, Agathos SN, Schneider YJ (2006) Metabolic design
of macroscopic bioreaction models: application to Chinese hamster
ovary cells. Bioprocess Biosyst Eng 29(5-6):349–366. doi:10.1007/
s00449-006-0083-y

Quek L-E, Dietmair S, Krömer JO, Nielsen LK (2010) Metabolic flux
analysis in mammalian cell culture. Metab Eng 12(2):161–171. doi:
10.1016/j.ymben.2009.09.002

Rehberg M, Rath A, Ritter JB, Genzel Y, Reichl U (2014) Changes in
intracellular metabolite pools during growth of adherent MDCK
cells in two different media. Appl Microbiol Biotechnol 98(1):
385–397. doi:10.1007/s00253-013-5329-4

Royle KE, Jimenez del Val I, Kontoravdi C (2013) Integration of models
and experimentation to optimise the production of potential
biotherapeutics. Drug Discov Today 18(23–24):1250–1255. doi:
10.1016/j.drudis.2013.07.002

Rügen M, Bockmayr A, Legrand J, Cogne G (2012) Network reduction
in metabolic pathway analysis: elucidation of the key pathways in-
volved in the photoautotrophic growth of the green alga
Chlamydomonas reinhardtii. Metab Eng 14(4):458–467. doi:10.
1016/j.ymben.2012.01.009

Sainz J, Pizarro F, Pérez-Correa JR, Agosin E (2003) Modeling of yeast
metabolism and process dynamics in batch fermentation. Biotechnol
Bioeng 81(7):818–828. doi:10.1002/bit.10535

Saner U, Heinzle E, Bonvin D (1992) Computation of stochiometric
models for bioprocess. Paper presented at the 2nd IFAC
Symposium on Modeling and Control of Biotechnical Processes,
Keystone, Colorado, April 1992

Schuster R, Schuster S (1993) Refined algorithm and computer program
for calculating all non–negative fluxes admissible in steady states of
biochemical reaction systems with or without some flux rates fixed.
Comput Appl Biosci 9(1):79–85. doi:10.1093/bioinformatics/9.1.79

Schuster S, Dandekar T, Fell DA (1999) Detection of elementary flux
modes in biochemical networks: a promising tool for pathway anal-
ysis and metabolic engineering. Trends Biotechnol 17(2):53–60.
doi:10.1016/S0167-7799(98)01290-6

Selişteanu D, endrescu D, Georgeanu V, Roman M (2015) Mammalian
cell culture process for monoclonal antibody production: nonlinear
modelling and parameter estimation. Biomed Res Int 2015:16. doi:
10.1155/2015/598721

Sellick CA, Croxford AS, Maqsood AR, Stephens G, Westerhoff HV,
Goodacre R, Dickson AJ (2011) Metabolite profiling of recombi-
nant CHO cells: designing tailored feeding regimes that enhance
recombinant antibody production. Biotechnol Bioeng 108(12):
3025–3031. doi:10.1002/bit.23269

Sengupta N, Rose ST,Morgan JA (2011)Metabolic flux analysis of CHO
cell metabolism in the late non-growth phase. Biotechnol Bioeng
108(1):82–92. doi:10.1002/bit.22890

Sidoli FR, Mantalaris A, Asprey SP (2004) Modelling of mammalian
cells and cell culture processes. Cytotechnology 44(1-2):27–46.
doi:10.1023/B:CYTO.0000043397.94527.84

Sriyudthsak K, Shiraishi F, Hirai MY (2013) Identification of a metabolic
reaction network from time-series data of metabolite concentrations.
PLoS One 8(1):e51212 doi:10.1371/journal.pone.0051212

Steinhoff RF, Ivarsson M, Habicher T, Villiger TK, Boertz J, Krismer J,
Fagerer SR, Soos M, Morbidelli M, Pabst M, Zenobi R (2014)
High-throughput nucleoside phosphate monitoring in mammalian
cell fed-batch cultivation using quantitative matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. Biotechnol
J. doi:10.1002/biot.201400292

Stelling J, Sauer U, Doyle FJ, Doyle J (2006) Complexity and robustness
of cellular systems system modeling in cellular biology. The MIT
Press, Cambridge, pp 19–40

Appl Microbiol Biotechnol (2015) 99:7009–7024 7023

http://dx.doi.org/10.1016/j.ymben.2013.06.002
http://dx.doi.org/10.1016/j.ymben.2013.06.002
http://dx.doi.org/10.1002/(SICI)1097-4652(199601)166:1%3C152::AID-JCP18%3E3.0.CO;2-H
http://dx.doi.org/10.1002/(SICI)1097-4652(199601)166:1%3C152::AID-JCP18%3E3.0.CO;2-H
http://dx.doi.org/10.1016/j.taap.2009.07.005
http://dx.doi.org/10.1016/j.taap.2009.07.005
http://dx.doi.org/10.1007/s00449-010-0502-y
http://dx.doi.org/10.1007/s00449-010-0502-y
http://dx.doi.org/10.1016/j.ces.2013.07.034
http://dx.doi.org/10.1016/j.ces.2013.07.034
http://dx.doi.org/10.1016/j.ymben.2010.09.003
http://dx.doi.org/10.1016/j.jbiotec.2012.01.009
http://dx.doi.org/10.1016/j.compchemeng.2004.02.014
http://dx.doi.org/10.1021/bp00002a005
http://dx.doi.org/10.1021/bp00012a002
http://dx.doi.org/10.1002/bit.260390408
http://dx.doi.org/10.1016/j.compbiolchem.2015.01.002
http://dx.doi.org/10.1016/j.compbiolchem.2015.01.002
http://dx.doi.org/10.1007/BF00369614
http://dx.doi.org/10.1007/BF00369614
http://dx.doi.org/10.1016/j.copbio.2007.07.009
http://dx.doi.org/10.1016/j.jprocont.2003.12.004
http://dx.doi.org/10.1007/s00449-006-0083-y
http://dx.doi.org/10.1007/s00449-006-0083-y
http://dx.doi.org/10.1016/j.ymben.2009.09.002
http://dx.doi.org/10.1007/s00253-013-5329-4
http://dx.doi.org/10.1016/j.drudis.2013.07.002
http://dx.doi.org/10.1016/j.ymben.2012.01.009
http://dx.doi.org/10.1016/j.ymben.2012.01.009
http://dx.doi.org/10.1002/bit.10535
http://dx.doi.org/10.1093/bioinformatics/9.1.79
http://dx.doi.org/10.1016/S0167-7799(98)01290-6
http://dx.doi.org/10.1155/2015/598721
http://dx.doi.org/10.1002/bit.23269
http://dx.doi.org/10.1002/bit.22890
http://dx.doi.org/10.1023/B:CYTO.0000043397.94527.84
http://dx.doi.org/10.1371/journal.pone.0051212
http://dx.doi.org/10.1002/biot.201400292


Streif S, Savchenko A, Rumschinski P, Borchers S, Findeisen R (2012)
ADMIT: a toolbox for guaranteed model invalidation, estimation
and qualitative–quantitative modeling. Bioinformatics 28(9):1290–
1291. doi:10.1093/bioinformatics/bts137

Suzuki E, Ollis DF (1990) Enhanced antibody production at slowed
growth rates: experimental demonstration and a simple structured
model. Biotechnol Prog 6(3):231–236. doi:10.1021/bp00003a013

Teixeira A, Alves C, Alves P, Carrondo M, Oliveira R (2007) Hybrid
elementary flux analysis/nonparametric modeling: application for
bioprocess control. BMC Bioinforma 8(1):30

Teixeira AP, Oliveira R, Alves PM, Carrondo MJT (2009) Advances in
on-line monitoring and control of mammalian cell cultures:
supporting the PAT initiative. Biotechnol Adv 27(6):726–732. doi:
10.1016/j.biotechadv.2009.05.003

Terzer M, Stelling J (2008) Large-scale computation of elementary flux
modes with bit pattern trees. Bioinformatics 24(19):2229–2235. doi:
10.1093/bioinformatics/btn401

Tomba E, Facco P, Bezzo F, BaroloM (2013) Latent variable modeling to
assist the implementation of Quality-by-Design paradigms in phar-
maceutical development and manufacturing: a review. Int J Pharm
457(1):283–297. doi:10.1016/j.ijpharm.2013.08.074

Tsoularis A, Wallace J (2002) Analysis of logistic growth models. Math
Biosci 179(1):21-55 doi:10.1016/S0025-5564(02)00096-2

Tsuchiya HM, Fredrickson AG, Aris R (1966) Dynamics of microbial
cell populations. In: Thomas B, Drew JWH, Theodore V (eds)
Advances in chemical engineering. Volume 6. Academic Press,
Waltham, pp 125–206

Umaña P, Bailey JE (1997) Amathematical model of N-linked glycoform
biosynthesis. Biotechnol Bioeng 55(6):890–908. doi:10.1002/
(SICI)1097-0290(19970920)55:6<890::AID-BIT7>3.0.CO;2-B

van Can HJL, te Braake HAB, Bijman A, Hellinga C, Luyben KCAM,
Heijnen JJ (1999) An efficient model development strategy for
bioprocesses based on neural networks in macroscopic balances:
part II. Biotechnol Bioeng 62(6):666–680. doi:10.1002/(SICI)
1097-0290(19990320)62:6<666::AID-BIT6>3.0.CO;2-S

Van Can HJL, Te Braake HAB, Dubbelman S, Hellinga C, Luyben
KCAM, Heijnen JJ (1998) Understanding and applying the extrap-
olation properties of serial gray-box models. AIChE J 44(5):1071–
1089. doi:10.1002/aic.690440507

Vande Wouwer A, Renotte C, Bogaerts P (2004) Biological reaction
modeling using radial basis function networks. Comput Chem Eng
28(11):2157–2164. doi:10.1016/j.compchemeng.2004.03.003

Varma A, Palsson BO (1994) Metabolic flux balancing: basic concepts,
scientific and practical use. Nat Biotechnol 12(10):994–998. doi:10.
1038/nbt1094-994

Vester D, Rapp E, Kluge S, Genzel Y, Reichl U (2010) Virus–host cell
interactions in vaccine production cell lines infected with different
human influenza Avirus variants: a proteomic approach. J Proteome
73(9):1656–1669. doi:10.1016/j.jprot.2010.04.006

Villaverde AF, Bongard S,Mauch K,Müller D, Balsa-Canto E, Schmid J,
Banga JR (2015) A consensus approach for estimating the predictive
accuracy of dynamic models in biology. Comput Methods Prog
Biomed 119(1):17–28. doi:10.1016/j.cmpb.2015.02.001

Vogels M, Zoeckler R, Stasiw D, Cerny L (1975) P. F. Verhulst’s Bnotice
sur la loi que la populations suit dans son accroissement^ from
correspondence mathematique et physique. Ghent, vol. X, 1838. J
Biol Phys 3(4):183–192. doi:10.1007/BF02309004

Wahrheit J, Heinzle E (2013) Sampling and quenching of CHO suspen-
sion cells for the analysis of intracellular metabolites. BMC Proc
7(6):1–2. doi:10.1186/1753-6561-7-S6-P42

Wahrheit J, Nicolae A, Heinzle E (2014a) Dynamics of growth and me-
tabolism controlled by glutamine availability in Chinese hamster
ovary cells. Appl Microbiol Biotechnol 98(4):1771–1783. doi:10.
1007/s00253-013-5452-2

Wahrheit J, Niklas J, Heinzle E (2014b) Metabolic control at the cytosol–
mitochondria interface in different growth phases of CHO cells.
Metab Eng 23(0):9-21 doi:10.1016/j.ymben.2014.02.001

Wiechert W (2002) Modeling and simulation: tools for metabolic engi-
neering. J Biotechnol 94(1):37–63. doi:10.1016/S0168-1656(01)
00418-7

Xing Z, Bishop N, Leister K, Li ZJ (2010) Modeling kinetics of a large-
scale fed-batch CHO cell culture by Markov chain Monte Carlo
method. Biotechnol Prog 26(1):208–219. doi:10.1002/btpr.284

Xing Z, Li Z, Chow V, Lee SS (2008) Identifying inhibitory threshold
values of repressing metabolites in CHO cell culture using multivar-
iate analysis methods. Biotechnol Prog 24(3):675–683. doi:10.
1021/bp070466m

Yang A, Martin E, Morris J (2011) Identification of semi-parametric
hybrid process models. Comput Chem Eng 35(1):63–70. doi:10.
1016/j.compchemeng.2010.05.002

Zamorano F, Vande Wouwer A, Jungers RM, Bastin G (2013) Dynamic
metabolic models of CHO cell cultures through minimal sets of
elementary flux modes. J Biotechnol 164(3):409–422. doi:10.
1016/j.jbiotec.2012.05.005

Zhu J (2012) Mammalian cell protein expression for biopharmaceutical
production. Biotechnol Adv 30(5):1158–1170. doi:10.1016/j.
biotechadv.2011.08.022

7024 Appl Microbiol Biotechnol (2015) 99:7009–7024

http://dx.doi.org/10.1093/bioinformatics/bts137
http://dx.doi.org/10.1021/bp00003a013
http://dx.doi.org/10.1016/j.biotechadv.2009.05.003
http://dx.doi.org/10.1093/bioinformatics/btn401
http://dx.doi.org/10.1016/j.ijpharm.2013.08.074
http://dx.doi.org/10.1002/(SICI)1097-0290(19970920)55:6%3C890::AID-BIT7%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1097-0290(19970920)55:6%3C890::AID-BIT7%3E3.0.CO;2-B
http://dx.doi.org/10.1002/(SICI)1097-0290(19990320)62:6%3C666::AID-BIT6%3E3.0.CO;2-S
http://dx.doi.org/10.1002/(SICI)1097-0290(19990320)62:6%3C666::AID-BIT6%3E3.0.CO;2-S
http://dx.doi.org/10.1002/aic.690440507
http://dx.doi.org/10.1016/j.compchemeng.2004.03.003
http://dx.doi.org/10.1038/nbt1094-994
http://dx.doi.org/10.1038/nbt1094-994
http://dx.doi.org/10.1016/j.jprot.2010.04.006
http://dx.doi.org/10.1016/j.cmpb.2015.02.001
http://dx.doi.org/10.1007/BF02309004
http://dx.doi.org/10.1186/1753-6561-7-S6-P42
http://dx.doi.org/10.1007/s00253-013-5452-2
http://dx.doi.org/10.1007/s00253-013-5452-2
http://dx.doi.org/10.1016/j.ymben.2014.02.001
http://dx.doi.org/10.1016/S0168-1656(01)00418-7
http://dx.doi.org/10.1016/S0168-1656(01)00418-7
http://dx.doi.org/10.1002/btpr.284
http://dx.doi.org/10.1021/bp070466m
http://dx.doi.org/10.1021/bp070466m
http://dx.doi.org/10.1016/j.compchemeng.2010.05.002
http://dx.doi.org/10.1016/j.compchemeng.2010.05.002
http://dx.doi.org/10.1016/j.jbiotec.2012.05.005
http://dx.doi.org/10.1016/j.jbiotec.2012.05.005
http://dx.doi.org/10.1016/j.biotechadv.2011.08.022
http://dx.doi.org/10.1016/j.biotechadv.2011.08.022

	Macroscopic modeling of mammalian cell growth and metabolism
	Abstract
	Abstract
	Introduction
	Types of models
	Identification of relevant input-output relationship
	Method based on expert reasoning
	Method based on statistical tools
	Method based on metabolic network knowledge
	Network construction
	Metabolic flux analysis
	Elementary flux mode analysis


	Macroscopic kinetic models
	Monod model and its derivatives
	Logistic equation
	Neural networks and hybrid models

	Model calibration and testing
	Application of models for control of processes
	Conclusion and outlook
	References


