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Abstract Addition of stimulatory chemical such as
glycerol was found to increase recombinant protein
production in Chinese hamster ovary (CHO) cells.
However, glycerol influenced cell mitosis and
reduced cell growth rate. We developed a controlled
proliferation strategy to utilize the stimulation of
glycerol on recombinant protein production and
mitigate the problem of growth inhibition. The
approach is to apply a two-stage process, where cells
are cultured without glycerol for a period of time in
order to obtain enough cell density and then glycerol
is added to achieve high specific productivity. In
addition, a model for predicting the profiles of cell
proliferation and recombinant protein production was
developed and validated. A two-stage process, addi-
tion of 1% glycerol after 1 day of growth, could
increase the final production of macrophage-colony
stimulating factor (M-CSF) by 38% compared with
the value obtained without addition of glycerol.
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Introduction

Chinese hamster ovary (CHO) cells are used exten-
sively for the production of recombinant proteins.
However, the productivity of mammalian cells is low
as compared with that of prokaryotic hosts, which
increases the cost of recombinant protein production
and purification. Strategies have been developed in
order to increase recombinant protein production
in CHO cells, such as the regulation of culture
temperature (Fox et al. 2004), the addition of
chemicals (Kim et al. 2005; Rodriguez et al. 2005),
bioreactor engineering (Nienow 2006), and inhibition
of cell apoptosis (Arden and Betenbaugh 2006). For
example, Fox et al. (2004) used a biphasic temper-
ature process to maximize the recombinant protein,
i.e. cells are grown at high temperature for a certain
period of time to obtain a suitable cell density,
followed by shifting the culture to a reduced
temperature, where the specific productivity is higher,
for the remaining period. Besides, these authors also
developed a simple and useful framework by using
the Monod model to predict the cell proliferation and
recombinant protein production under different tem-
perature conditions.

Glycerol promotes cystic fibrosis trans-membrane
conductance regulator protein folding and enhances
its synthesis in NIH 3T3 cells (Brown et al. 1996).
Additionally, glycerol aids the formation of a solvent
shell around a protein molecule as a protein stabi-
lizer, and increases the viscosity of a solution for
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prevention of protein association (Fagain 1997,
Mishra et al. 2005). Rodriguez et al. (2005) also
reported that glycerol could stabilize the secreted f-
interferon by CHO cells and result in reduced
aggregation. Despite the recognized value of glycerol
on recombinant proteins stability and production
described above, there are no attempts to optimize the
time point at which glycerol is added. The aim of this
study was to construct and validate a model for the
prediction of cell proliferation and recombinant
protein production after glycerol addition. Effects of
glycerol on the specific protein productivity and cell
proliferation were evaluated using a recombinant
CHO cell line, which could secret recombinant
macrophage colonystimulating factor (M-CSF).
Additionally, the Monod-model-based framework
was developed to predict the trends of cell prolifer-
ation and M-CSF production for batch cultures with
glycerol addition at day 0, 1, 2, 3, or 4 following
inoculation. From these predicted results, the optimal
time point at which to add glycerol was decided by
comparing the maximal M-CSF production. More-
over, M-CSF is a multiple-function cytokine not only
for hemopoietic system, but also for non-hemopoietic
systems, such as the breast function, pregnancy and
osteoclastogenesis. M-CSF also acts as the principal
regulator of the survival, proliferation, and differen-
tiation of macrophages and their precursors ( Li et al.
2002).

Materials and methods
Cell line and cell culture

Genetically engineered CHO cells, obtained from
ATCC (CRL-10154), were used to express M-CSF
under the pressure of 1 UM methotrexate. The cells
were initially cultivated in DMEM/F12 supplemented
with 5% fetal bovine serum (FBS; Hyclone, Logan,
UT, USA), and adapted to grow in a serum-free HyQ
SFM4 medium (Hyclone) in 120 mL Erlenmeyer
flasks with 100 rpm rotation. For every tested
condition, two separate experiments were conducted
and each experiment was repeated in triplicate in
12-well tissue culture plates (BD Biosciences, Rock-
ville, MD, USA). Therefore, total six repeats were
performed for every condition. The standard devia-
tion and coefficient of variance are calculated using
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the six repeats. The culture was inoculated at a
concentration of 5 x 10° cells mL~' and harvested
after 120 h of cultivation. The viability was deter-
mined by the trypan blue exclusion method and the
cell concentration was determined by Multisizer 3
(Beckman Counter, Beds, England, UK). Aliquots of
spent media were taken and kept frozen at —20 °C for
further ELISA analysis.

A set of experiments were performed with or
without the glycerol addition at the beginning of the
culture and were used to generate data for the model
development (Model construction). Following this
first set of cultures, the glycerol addition experiments
at specified times were performed for validating the
model (Model validation). For these experiments, the
cells were supplied with 1% glycerol at the modeled
times, which were 1, 2, 3, or 4 days following inoc-
ulation. The stock solution of glycerol is 50% (v/v in
water) and is sterilized by autoclave. Error bars on
figures are one standard deviation (SD).

The concentration of M-CSF in media samples
after appropriate dilution was detected by use of
ELISA kit (DuoSet DY216; R&D systems, Minne-
apolis, MN, USA). A solution of 3,3',5,5'- tetram-
ethyl-benzidine and H,0, (Kirkeguard & Perry
Laboratories Inc., Gaithersburg, MD, USA) was
added as the peroxidase substrate. After 20-min
incubation, 2N H,SO, solution was added to stop the
reaction and the plates were measured at a wave-
length of 450 nm. Each sample was tested in
duplicate to reduce the uncertainty of ELISA mea-
surement. For the assay of M-CSF aggregation in
culture media, some harvested media samples
(100 pL) were denatured by boiling with 1 pL of
10% SDS and 1 pL of 2-mercaptoethanol for 3 min
(Rodriguez et al. 2005). The M-CSF content was then
determined by ELISA assay as described above.

Modeling

The goal of this model is to predict time profiles of
cell proliferation, glucose consumption, and M-CSF
production after glycerol addition at day O, 1, 2, 3, or
4 following inoculation. From these predicted results,
the optimal time point at which to add glycerol was
decided by comparing the maximal M-CSF produc-
tion. Experiments of cultures without glycerol (as a
control) and with glycerol supplement at day 0 were
conducted to obtain the kinetic parameters needed for
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the model, namely, specific growth rate (u), specific
glucose consumption rate (qs), and specific M-CSF
production rate (qum.csp).- The model consists of batch
balance equations on cell proliferation, glucose
concentration, and M-CSF production (Egs. 1-3). In
addition, the Monod model was adopted to predict
specific growth rate (Eq. 4) and specific glucose
consumption rate (Eq. 5):

W ux (1)
B ax @)
L;—I: = gu-csr-X (3)
“
oo

Parameters in Eqs. (4-5) were determined by the
hyperbola-mode regression of data from control and
glycerol supplement cultures using the Sigmaplot
package (Systat Co., Point Richmond, USA). The
assumptions used in this model include that glucose
(S) is the rate-limiting substrate in the batch culture of
CHO cells and the Monod equations is valid for
predicting specific growth rate and specific glucose
consumption rate. The model also assumes that
model parameters (umax, K, gmax, Ks, and qy.csp)
changed instantaneously from the time of glycerol
addition. This instantaneous change is assumed for
the reason of simplicity of modeling. The specific M-
CSF productivity (qum.csg) Was assumed to be a time—
invariant constant and could be determined by the
slope of cumulative M-CSF concentration vs. the
integral of viable cell density (IVCD) (Fox et al.
2004). IVCD is the result of integration of Eq. 1.
These values of model parameters were simulta-
neously changed from values of control culture to
those of glycerol-supplement culture after the addi-
tion of glycerol. Glycerol addition at day 1, 2, 3, or 4

post-inoculation was performed and evaluated. The
optimal time for glycerol addition is determined by
comparing peak profiles of M-CSF production at the
specified time of glycerol addition. The ordinary
differential equations (Eqgs. 1-3) combined with the
above assumptions, were solved by a built-in function
““NDSolve’’ in the Mathematica package (Wolfram
Research Inc. Champaign, IL, USA) to obtain time
profiles of cell, glucose, and M-CSF. NDSolve can
find numerical solutions to a wide range of ordinary
and partial differential equations using the given
initial and boundary conditions. This software itera-
tively solves these differential equations by applying
a multi-step method, which starting at a particular
value of independent variable and using an adaptive
procedure to determine the size of these steps. If the
solution appears to be varying rapidly in a particular
region, the package reduces the step size so as to be
able to track the solution better. Eventually, the
solutions covering the whole range of independent
variable are found.

Results and discussion

Effects of glycerol

The influence of different concentrations of glycerol
on M-CSF production and CHO cell proliferation is

demonstrated in Fig. 1. Glycerol inhibited cell
proliferation as it increased from 1.0 to 2.0%.
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Fig. 1 Effects of glycerol concentration on CHO cell
proliferation and M-CSF production. The results are an average
of two separate experiments (each in triplicate in 12-well tissue
culture plates). Error bars in the figure stand for one standard
deviation (SD)
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Glycerol at the range of 0.5 to 2.0% could stimulate
M-CSF production as compared with that of control
culture. However, more than 1.0% glycerol addition
significantly repressed CHO cell proliferation. Brown
et al. firstly observed that glycerol acts as a chemical
chaperone and promotes recombinant protein synthe-
sis in NIH 3T3 cells (Brown et al. 1996). Glycerol
was also known to stabilize proteins against chemical
and thermal denaturation (Timasheff 2002). Addi-
tionally, glycerol has been used to increase the
refolding yield of proteins such as citrate synthase,
thiosulfate sulfurtransferase, pancreatic elastase, and
malate dehydrogenases in the in-vitro studies (Goro-
vits et al. 1998; Jaspard 2000; Mishra et al. 2005;
Tieman et al. 2001). Glycerol also prevents human /-
interferon aggregation during synthesis but does not
dissociate pre-formed aggregates in CHO cells
(Rodriguez et al. 2005). However, M-CSF produced
by CHO cells did not have the aggregation problem
as proved by no increase in M-CSF titer after the
treatment of samples with reducing chemicals such as
SDS and 2-mercaptoethanol (data not shown). Cell
proliferation was not significantly different between
the control culture and 1% glycerol-supplement
culture in their research (Rodriguez et al. 2005).
The inhibition threshold of 1.5% glycerol on the
interferon- 8 producing CHO cells was different from
the threshold of 1.0% glycerol on the M-CSF
producing CHO cells in this study (Fig. 1). Therefore,
the inhibition threshold of glycerol on cell prolifer-
ation seemed to be strain-dependent. The causes of
proliferation inhibition by glycerol were studied by
using nuclei stains. We found the binucleated cells in
our glycerol-supplement cells after 24-h culture but
not at any time in the control culture (photos not
shown). Additionally, the growth arrest and an
increase in specific recombinant protein productivity
have some connection. The productivity is likely
enhanced because growth-arrested cells do not need
to devote cellular resources to biomass production
(Fussenegger and Bailey 1999). As demonstrated in
Fig. 1, the addition of 1% glycerol had the highest
stimulatory effect on M-CSF production. Therefore,
the concentration of glycerol was decided to be 1%
for the following experiments. Additionally, a two-
stage process was developed in the next sections to
maximize the production of M-CSF by CHO cells.
The strategy is to culture the cells without glycerol
for a period of time in order to obtain enough cell
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density and then glycerol is added to achieve high
specific productivity.

Model construction

Control culture (no glycerol addition) and culture
with 1% glycerol supplement at day 0 were cultivated
to obtain the cell proliferation, M-CSF production,
and glucose consumption data. As demonstrated in
Fig. 2, the addition of glycerol could increase the M-
CSF production but inhibit the cell proliferation.
Additionally, the glucose consumption of glycerol
supplement culture was slower than that of control
culture. The batch data of cell proliferation and
glucose consumption for the culture with or without
glycerol addition were further adopted to get the
Monod kinetic parameters of specific growth rate (y)
and specific glucose consumption rate (qs) using the
following equations, where x; represents the cell
concentration at time t;, and g, represents the glucose
concentration at time #;.

= (xo—x1)/(ta —t1)/((x1 +x2)/2)

qs = (g2 —81)/(ta —t1)/((x1 +x2)/2)

The Monod equation is the most commonly
applied unstructured, non-segregated model of micro-
bial growth. This equation can describe substrate-
limited growth when growth is slow and cell

—4— Control (giucose ) —
—O— Glycerol (giucose) -

—@— Control (proliferation) . - [ 25
—O— Glycerol (proiiferation)

—A— Control (M-CSF)
—— Glycerol (M-CSF)

t20

Glucose (mg ml™*)
Cell proliferation (10° mI™*) / M-CSF (ug mI™)

S Lo

0 20 40 80 80 100 120 140
Time (h)

Fig. 2 Time course of cell proliferation, M-CSF, and glucose
consumption for CHO cells. Control culture and culture with
1% glycerol supplement at day O were cultivated to obtain
these data. The results are an average of two separate
experiments (each in triplicate in 12-well tissue culture plates)
and the coefficient of variance is less than 10%
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concentration is low. Under these conditions, the
release of toxic waste is slow. The growth rate can be
related simply to the limiting substrate (Shuler and
Kargi 2002). The experimental results and predic-
tions by Egs. (4-5) are shown in Fig. 3. As
demonstrated in Fig. 3(a, b), the Monod equation
(Eq. 4) could fit the experimental data of glucose
concentration and specific growth rate. The * values
of specific growth rate regression for control and
glycerol-supplement culture are 0.955 and 0.946,
respectively. Whereas, the specific glucose consump-
tion rate was found to follow the proposed Monod
equation (Eq. 5) under both culture conditions
(Fig. 3c, d). The regression error of the specific
glucose consumption rate was relatively small as
compared with that of the specific growth rate
(Fig. 3c, d). The ¥ values for the regression of the
specific glucose consumption rate in control and
glycerol-supplement culture are 0.987 and 0.978,
respectively. However, the estimation deviation in
specific growth rate and specific glucose consumption
rate would cause the prediction errors of cell
proliferation and M-CSF production.
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Fig. 3 Specific growth rate (a, b) and specific glucose
consumption rate (c, d) as a function of glucose concentration.
The specific growth rate and glucose consumption rate were
obtained from data of Fig. 2. The glycerol was added at the
concentration of 1%. The dashed lines were determined by

The specific M-CSF productivity (quy.csp) Was
determined by the slope of cumulative M-CSF
concentration vs. the integral of viable cell density
as described in the paper (Fox et al. 2004) The CHO
cell line exhibits an 1.4-fold increase in specific M-
CSF productivity under the glycerol-supplement
condition (1.512 pg M-CSF cell”' day™) vs. control
culture (1.080 pg M-CSF cell™! day™') as shown in
Fig. 4. Nevertheless, the linear correlation between
cumulative M-CSF concentration and the integral of
viable cell density is not very well as indicated in the
values of r* for control culture (0.775) and for
glycerol-supplement culture (0.918). The kinetic
parameters regressed from experimental data of
control and glycerol addition cultures are summa-
rized in Table 1. The inhibitory effect on cell
proliferation by addition of glycerol was obvious as
demonstrated in the values of maximum specific
growth rate (Umax). The pnmax of control culture is
1.30-fold of that of glycerol-supplement culture
(0.922 vs. 0.710 day’l). Besides, the maximum
specific glucose consumption rate (qmax) of control
culture is 1.57-fold of that of glycerol-supplement
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using the hyperbola regression in the Sigmaplot package. The
results are an average of two separate experiments (each in
triplicate in 12-well tissue culture plates) and the coefficient of
variance is less than 10%
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Fig. 4 M-CSF production as a function of the integral of
viable cell density (IVCD). Average specific production rate,
dm.csp, is the slope of the least-squared linear fit for
experimental data from cultures without glycerol (control)
and with glycerol supplement. The glycerol was added at the
concentration of 1%. The results are an average of two separate
experiments (each in triplicate in 12-well tissue culture plates)
and the coefficient of variance is less than 10%

Table 1 Kinetic parameters for the proposed model

Parameters Control Glycerol-added
culture culture

pmax (1 h™h 0.0384 0.0296

K (mg mL™") 1.7871 1.2965

gmax (mg cell”"h™") 1792 1138

Ks (mg mL™") 875925 550810

gM-CSF (ug cell”' h™") 45x 1078 63 %1078

culture (0.430 vs. 0.273 mg cell”' day™"). From these
kinetic results, the effects of glycerol on stimulation
of recombinant M-CSF and reduction of growth rate
were confirmed again. Furthermore, the ‘“NDSolve”’
in the Mathematica package in conjunction with the
kinetic parameters in Table 1 was used to solve the
ordinary differential equations (Eqs. 1-3) and to
predict the trends of M-CSF production, glucose
concentration, and cell proliferation in the following
section. In contrast to the Microsoft Excel program
used by Fox et al. (2004), this study adopted the
Mathematica package to find the solutions to the
ordinary different equations (Eqgs. 1-3).

Model validation

The model was validated by comparing the
experimental data and prediction profiles for cell
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proliferation and M-CSF production. The experimen-
tal and predicted profiles of cell proliferation and
M-CSF production for cultures with glycerol supple-
mented at the specified time were shown in Fig. 5.
The difference between the values of model predic-
tion and experimental data was quite small when
glycerol added at day 1, 2, 3, and 4. The agreement
on prediction and the experimental results suggests
that the assumptions used in this model are reason-
able. Additionally, this model can predict the general
trends of cell proliferation and M-CSF production in
CHO cells. From Fig. 5, the maximal M-CSF
production (12.25 pug mL™") is obtained by adding
glycerol at day 1.

In a batch culture, the cell population includes
individual cells that may differ from each other. A
cell can be further divided into different components
that account for respiration, proliferation, and protein
synthesis. Therefore, a structured and segregated
model can realistically represent the growth kinetics
of cells (Shuler and Kargi 2002). However, the
computation of structured and segregated model is
very complex. In this study, we describe the CHO
cell proliferation by using the Monod model, which is
a unstructured and non-segregated model often used
to describe the growth kinetics for different micro-
organisms. Similar assumptions were used by Fox
et al. (2004) to simplify the calculation, i.e. the
kinetic parameters were assumed to be constant and
independent of the time of temperature shift or
glycerol addition. However, the Monod model could
well predict the growth kinetics of CHO cells in
Fox’s study and our case.

The model could be further validated by compar-
ing its ability to predict final cell concentration and
M-CSF production at the end of a 5-day batch
culture. Table 2 shows the predicted vs. experimental
values for maximal cell density and M-CSF produc-
tion. The prediction by the model matches the
experimental M-CSF production and cell prolifera-
tion. The comparison of peak profiles of M-CSF
prediction pointed out that glycerol addition at day 1
resulted in a maximum M-CSF production for a 5-day
batch culture (Table 2). The optimal glycerol addition
day, namely, day 1, was demonstrated in Fig. 5 and
Table 2. The final production titer of M-CSF with
glycerol addition at day 1 is increased by 38% over
the value obtained in culture without the addition of
glycerol (12.25 vs. 8.89 pg mL™"). Although glycerol
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Fig. 5 Profiles of cell proliferation and M-CSF production for
cultures with 1% glycerol added at day 1, 2, 3, and 4. The
model (Egs. 1-3) in conjunction with kinetic parameters in
Table 1 was used to predict the profiles of M-CSF produc-
tion and cell proliferation with the aid of the built-in function

Tire (h)

*“NDSolve’” in the Mathematica package. Model prediction

tmaim)

Table 2 CHO cell proliferation and M-CSF production at the end of 5-day batch culture®

(dash line) compared with actual cell proliferation (closed
circle) and actual M-CSF (open circle). The results are an
average of two separate experiments (each in triplicate in 12-
well tissue culture plates). Error bars in the figure stand for one
standard deviation (SD)

Addition day of glycerol

M-CSF (ug mL™")

Viable cells (10° mL™)

Model prediction”

Experimental results

Model prediction”

Experimental results

Control

A~ LW NN = O

9.18
11.47
11.89
11.88
11.28
10.27

3.89 (0.39)
11.43 (0.49)
12.25 (0.33)
11.77 (0.69)
11.32 (0.37)
11.00 (0.86)

25.92
23.77
24.59
25.45
2591
25.93

27.94 (1.39)
27.24 (0.41)
24.41 (1.04)
25.97 (0.02)
25.56 (0.49)
23.09 (1.00)

? The glycerol was added at the concentration of 1% at the specified day. Figures in parentheses stand for standard deviation. The
results are an average of two separate experiments (each in triplicate in 12-well tissue culture plates).

° The model (Eqs. 1-3) in conjunction with kinetic parameters in Table 1 was used to predict the values of M-CSF production and
cell proliferation with the aid of the built-in function ‘‘NDSolve’’ in the Mathematica package.

addition could improve final M-CSF titer, the strategy
could be improved in some aspects. For example, the
specific M-CSF productivity is assumed to be a

constant and is influenced by the glycerol only. These
simplified assumptions need to be validated when the
model is applied to other controlled proliferation of
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mammalian cells. Finally, the effects of glycerol
addition on the quality and the purification of
recombinant proteins merit more investigations.

In summary, we found that glycerol added in the
culture medium can reduce the growth rate and
increase the specific M-CSF productivity in CHO
cells. A mathematical model to predict M-CSF
production and cell proliferation was developed. As
predicted by Fox et al. (2004), this modeling
framework developed for temperature shift experi-
ment is also applicable for optimizing controlled
proliferation by glycerol. The agreement between the
prediction and experimental data for the glycerol
addition is quite satisfactory. Here glycerol addition
successfully increase the final M-CSF production. By
utilizing this strategy, final production titer of M-CSF
is increased by 38% over the value obtained in
culture without the addition of glycerol. This model
has the potential to be applied to other controlled
proliferation of mammalian cells using environmen-
tal, chemical or genetic means.

Acknowledgements The authors were supported by National
Science Council (94-2214-E-182-008) and Chang Gung
Memorial Hospital (CMRPD32051).

References

Arden N, Betenbaugh AMJ (2006) Regulating apoptosis in
mammalian cell cultures. Cytotechnology 50:77-92
Brown CR, Hong-Brown LQ, Biwersi J, Verkman AS, Welch
WIJ (1996) Chemical chaperones correct the mutant phe-
notype of the delta F508 cystic fibrosis transmembrane
conductance regulator protein. Cell Stress Chaperones
1:117-125

Fagain CO (1997) Use of stabilizing additives. in stabilizing
protein function. Springer, New York, pp. 70-79

@ Springer

Fox SR, Patel UA, Yap MGS, Wang DIC (2004) Maximizing
interferon-y production by Chinese hamster ovary cells
through temperature shift optimization: experimental and
modeling. Biotechnol Bioeng 85:177-184

Fussenegger M, Bailey JE (1999) Control of mammalian cell
proliferation as an important strategy in cell culture
technology, cancer therapy and tissue engineering. In:
Al-Rubeai M, Hauser H, Jenkins N, Betenbaugh MIJ,
McDonald (eds) Cell engineering I. Kluwer Academic,
Norwell, MA, pp. 186 219

Gorovits BM, McGee WA, Horowitz PM (1998) Rhodanese
folding is controlled by the partitioning of its folding
intermediates. Biochim Biophys Acta 1382:120-128

Jaspard E (2000) Role of protein-solvent interactions in
refolding: effects of cosolvent additives on the renatur-
ation of porcine pancreatic elastase at various pHs. Arch
Biochem Biophys 375:220-228

Kim DY, Lee JC, Chang HN, Oh DJ (2005) Effects of sup-
plementation of various medium components on Chinese
hamster. Cytotechnology 47:37-49

Li G., Hong YH, Wu KF, Lin YM, Cao ZY, Zheng GG (2002)
Clone and expression of mutant M-CSF and its receptor
from human leukemic cell line J6-1. Leukemia Res
26:377-382

Mishra R, Seckler R, Bhat R (2005) Efficient refolding of
aggregation-prone citrate synthase by polyol osmolytes:
how well are protein folding and stability aspects coupled.
J Biol Chem 280:15553-15560

Nienow AW (2006) Reactor engineering in large scale animal
cell culture. Cytotechnology 50:9-33

Rodriguez J, Spearman M, Huzel N, Butler M (2005)
Enhanced production of monomeric interferon by CHO
cells through the control of culture conditions. Biotechnol
Prog 21:22-30

Shuler ML, Kargi F (2002) Bioprocess engineering- basic
concepts. Prentice Hall Inc. Upper Saddle River, NJ, USA

Tieman BC, Johnston MF, Fisher MT (2001) A comparison of
the GroE chaperonin requirements for sequentially and
structurally homologous malate dehydrogenases. J Biol
Chem 276:44541-44550

Timasheff SN (2002) Protein hydration, thermodynamic
binding, and preferential hydration. Biochemistry
41:13473-13482



	Enhanced recombinant M-CSF production in CHO cells �by glycerol addition: model and validation
	Abstract
	Introduction
	Materials and methods
	Cell line and cell culture
	Modeling

	Results and discussion
	Effects of glycerol
	Model construction
	Model validation

	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


