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Abstract

Influence of the kinetics of osmotic pressure variation on yeast viability was related to the rate of water transfer across the yeast membrane.
A very high value of membrane hydraulic permeability (Lp >6 × 10−11 m s−1 Pa−1) of the yeastSaccharomyces cerevisiaeimplies the
presence of aqueous pores in the yeast membrane and explains the yeast resistance to a very high osmotic flow. The high water flow rate
can not explain, by itself, the cell mortality following an osmotic shock. Experiments performed at different osmotic pressure levels show
that the yeast death under osmotic shifts was related to the coupled effects of the kinetics of osmotic pressure variation and of the total
osmotic pressure level of the medium. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In a previous work [1], the decrease rate of the water
potential was found to have a great effect on yeasts sub-
mitted to hypertonic shifts. The application of slow and
linear decreases of water potential of the medium to cells of
Saccharomyces cerevisiaedemonstrated that the cells could
survive, (90–100% of viability), at very high levels of
osmotic pressure, (Π = 100 MPa), whilst faster kinetics
of water potential variation were found to be associated
with lower viability levels. Identical observations were also
made on different bacterial species [2].

Numerous assumptions related to the effect of osmotic
pressure level on the cells have been made. Some of these
assumptions are only related to the final volume reached
after the osmotic shock. For instance, the increase of the in-
tracellular ionic concentration, especially for sodium ions,
due to the water efflux, has been proposed to be involved in
the denaturation of intracellular macromolecules (proteins
and enzymes) [3]. Such an assumption could not be retained
to explain the influence of the kinetics of the osmotic pres-
sure increase, because it has been shown that this kinetics
did not modify the final cell volume [1].
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To explain this kinetics effect, the suggestion is made that,
during the transient phase, the cell is injured by the water
flow rate from the cell to the medium that is too large. The
flow rate of the cell water is limited by the hydraulic mem-
brane permeability (Lp) and the exchange surface area. A
high and sudden water potential gradient between intra and
extracellular media would put too much mechanical con-
straint on the membrane. Thus, the water potential gradient
may be too large for the membrane resistance, which would
be denaturated during the hydric shift, as proposed by pre-
vious workers during freezing [4,5], or during osmotic per-
meabilization [6]. Such damage, which is directly related to
the membrane’s ability to let water pass through, can involve
an important mortality of the cell population.

The measurement ofS. cerevisiaemembrane water per-
meability has been investigated by numerous authors [7–9].
Table 1 summarizes the main data about the time response
of cell volume variation following an osmotic shift obtained
through the mixing of a cell suspension in a hypertonic so-
lution and subsequent cell volume decrease measurement.

Analysis of these data for the same kind of cells, shows
great discrepancy in the cell volume–time response. ForS.
cerevisiae, volume–time responses, (for 50% of the cell vol-
ume variation), were found to vary between 3.7 s and 15 min.
Such variations must involve great variation in the estima-
tion of Lp values forS. cerevisiae. Previous authors have
already shown thatLp could be modified by mixing devices
and unstirred layers, i.e. mixing time variations [10].
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Table 1
Time to reach 50% of the final cell volume variation ofS. cerevisiaedetermined with different devices and different temperatures (Martı́nez de Marañ́on
et al. [12])

Equipment for allowing cell
volume variation measurement

Kind of cells Time to reach 50% of the
final cell volume variation

T (◦C)

Diffusion chamber+ microscopy [8] S. cerevisiae 15–30 s 20
Centrifugation+ microscopy [9] S. cerevisiae 15 min 25
Mixing chamber+ coulter counter [10] Protoplasts ofS. cerevisiae 3.7 s 23

This work is intended to study the previous hypothe-
sis, which has been advanced to explain the influence of
the kinetics of osmotic pressure variation on yeast viabil-
ity, namely determining the mechanisms of water transfer
across the yeast membrane in response to an osmotic stress.

In the first part, the measurement of the hydraulic mem-
brane permeability (Lp) of S. cerevisiaeCBS 1171, taking
into account the mixing times of the devices used, has been
achieved. A mathematical model has also been developed
to calculateLp from the kinetics of cells’ volume variation
and external osmotic pressure variation.

In the second part, the viability ofS. cerevisiaehas been
estimated when submitted to different rates of osmotic pres-
sure increase until different levels of osmotic pressure.

2. Material and methods

2.1. Description of the mixing systems

An osmotic shift involves the replacement of an isotonic
extracellular solution by a hypertonic one. This shift was
achieved in the present study by using two mixing systems
that allow the cells’ volume decrease to be continuously
recorded during osmotic upshifts. These two devices were
used since their mixing time constants were different. A mi-
croscopic chamber, previously described [11], with a high
mixing-time constant, was used. Briefly, a syringe pump,
joined to a three-way tap, was used to generate the osmotic
pressure step changes in this microscopic chamber. The
mixing of yeast and hyperosmotic solutions was achieved
with two flow rates, by varying the syringe pump speed,
and consequently with two mixing time constants. The sec-
ond mixing device was a stopped-flow mixing apparatus,
(SFA-20, Hi-Tech, UK), coupled to a spectrophotometer
(Oriel, USA). The system is described elsewhere [12].

2.2. Osmotic solutions

2.2.1. Lp measurement
In this part of the study, only hypertonic variations of the

medium have been investigated. Osmotic solutions of a fixed
osmotic pressure value (5.20 or 5.62 MPa) were obtained by
adding sorbitol to water, as sorbitol is considered to be a
non-permeable solute [9,13].

2.2.2. Influence of the level of osmotic pressure
on the yeast viability

For high osmotic pressure values, (up to 15 MPa), sorbitol
can not be used any more, due to a weak solubility of the
molecule in water. Instead, glycerol solutions were prepared
by dissolving glycerol in distilled water. Cells were quickly
injected into the glycerol solution for sudden increase in
osmotic pressure.

In all experiments, the required mass of depressors to be
added to 1000 g of water has been described in the previous
work [11].

2.3. Cells treatments

Osmotic shifts intended forLp measurement were per-
formed on the yeastS. cerevisiaeCBS 1171. The yeast was
kept on a gelose slant [14]. Cells were grown on a modified
Wickerham medium, (osmotic pressure of 0.96 or 1.38 MPa
obtained by the addition of glycerol), in 250 ml conical flasks
at 250 rpm and 25◦C. Cells were harvested after 48 h of
growth (stationary phase) and immobilized on microscopic
chambers. A cationic polymer, chitosan (Fluka, Biochemie,
no. 22741, USA), was used to improve the immobilization
of the cells [11,15]. The chitosan solution was removed from
the chamber and was dried for 1 h before putting the yeast in
the bottom of the microscopic chamber for immobilization.
The cell suspension, (200�l), with a concentration of ap-
proximately 8× 106 cells ml−1, was placed in the centre of
the chitosan-coated microscopic chamber and was subjected
to a final osmotic solution corresponding to an osmotic
pressure increase of 4.24 MPa, (from 0.96 to 5.20 MPa, or
from 1.38 to 5.62 MPa). At high concentrations, chitosan is
known to have toxic effects on cells [16,17]. However, at
the low concentration used in this study, control cultivation
verified the concentration to be nondetrimental.

2.4. Cell viability

Cell viability measurement, which was followed by
methylene blue dying for yeast, was performed at 24◦C,
just before and after all osmotic perturbations, through
counting with a Malassez’s chamber. The viability was
expressed in a relative way, as a percentage of the initial
viable population. There were at least three repetitions for all
experiments.
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2.5. Cell volume measurement

The microscopic chamber was placed on an inverted mi-
croscope, (Leitz-Labovert, Germany). An image analysis
system (series 151, Imaging Technology Inc., USA) allowed
images to be recorded via a camera CCD (model 6710, Cohu,
USA) during the osmotic shift, and subsequently permitted
their analysis using Visilog software, (Noesis, France). A
detailed description of the system has been given previously
[11,18].

In the stopped-flow chamber, the measurement of the
kinetics of cell volume variation was achieved by measur-
ing the kinetics of absorbance evolution, at 700 nm, which
has been correlated to cell volume variation [19].

2.6. Evaluation of the cell membrane hydraulic
permeability (Lp)

Previous considerations [12] showed that on-line mea-
surement of the cell volume, during osmotic shift, must
take into account the time constant for two successive
systems, which are: the mixing time constant and the cell
volume variation time constant. By considering the mixing
chamber as a linear first order system and by using the
Kedem–Kaltchasky model and the Boyle Van’t Hoff law
for the cell, previous work [12] allows the following dif-
ferential equation (Eq. (1)), which relates the intracellular
osmotic pressure to the time.

dΠi

dt
= A Lp σ

RTns
[Π2

i (Πe − Πi)] (1)

wheret is the time following the osmotic shift,Πi the cell
osmotic pressure (Pa) at timet, Πe the external osmotic
pressure (Pa) at timet, A the cell area (m2), σ the reflec-
tion coefficient for a solute (σ = 1 for semi-permeable
membrane), Lp the hydraulic membrane permeability
(m s−1 Pa−1), R the ideal gas constant (J K−1 mol−1), T the
temperature (K) andns the number of intracellular solute
moles considered as constant during the osmotic stress.

From Eq. (1), the calculation of theLp value clearly
needs knowledge of the real osmotic shift intensity, i.e.
Πe − Πi(�Π).

As the realization of a perfect step change of the extra-
cellular osmotic pressure is not possible,Πe and then�Π

are the functions of time. Indeed, there is an obligatory re-
sponse time of the system which depends upon the size of
the mixing chamber and on the rheological properties of the
solutions. Therefore, as shown in Table 1, the discrepancies
between results of cell volume time response following an
osmotic shift should be mainly attributed to phenomena
such as the different mixing properties of the equipment
used. Hence, the cell’s hydraulic permeability (Lp) value of
1.97×10−15 given by Gélinas et al. [10] must be associated
to the corresponding mixing time, i.e. 3.7 s (see Table 1).

Nevertheless, and from the previous theoretical consid-
eration, exactLp estimation would be possible only if an

experimental difference betweenΠi , (estimated through
the cell volume evolution, i.e. Boyle Van’t Hoff law), and
Πe, (estimated through spectrophotometric measurement of
a dye) is detected for each time of the osmotic perturbation.

If such a difference can not be estimated, then the cell time
response is much shorter than the mixing time response, and
only an approximate value by default ofLp can be given.

These mixing phenomena have been taken into account
in this work by using three different mixing systems.
Osmotic shifts were carried out on the yeastS. cerevisiae
and estimations ofLp values (membrane hydraulic water
permeability) have been obtained by numerical fitting of
Eq. (1) to experimental data of cell volume variation (i.e.
Πi) and of external osmotic pressure (i.e.Πe). The Matlab
software (version 4.2c, MathWorks, USA) running under
AIX (version 4.2.5) on an IBM RS/6000 550 computer was
used in order to perform the numerical computations and
the graphics. The subroutines used were ODE45 for the
solution of the differential equations.

3. Results and discussion

3.1. Characterization of the mixing systems:Πe

measurement

All the mixing devices used were considered as linear
first-order systems. So, the evolution of the external osmotic
pressure (Πe) during the mixing time is directly related to
the time constant value (λm).

The mixing characteristics of the microscopic chamber
were determined using methylene blue as a mixing tracer
which was analysed through the microscope and image anal-
ysis system. The mixing time constants (λm) corresponding
to 63% of the response of these first-order systems areλm =
3.2 and 1 s, when the osmolyte flow rates in the chamber
were fixed at 2 and 7 ml min−1, respectively (Table 2).

With the stopped-flow system, also considered as a
first-order system, the mixing time constant could be mea-
sured by the evolution of the absorbance due to the increase
of methylene blue concentration. The mixing of two sorbitol
solutions (e.g. one at 0.98 MPa and the other at an osmotic
pressure of 9.42 MPa) with one containing methylene blue,
was performed and the mixing time constant was found to
beλm = 3 × 10−2 s.

Table 2
EstimatedLp values of S. cerevisiaeobtained from the three devices
described in this paper

Mixing time
constant (λm)

Lp (m s−1 Pa−1)

Stopped flow 0.03 >6× 10−11

Microscopic chamber,
osmotic flow rate: 7 ml min−1

1 >2 × 10−13

Microscopic chamber,
osmotic flow rate: 2 ml min−1

3.2 >6 × 10−13
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Fig. 1. Simultaneous evolution of the intracellular osmotic pressure (Πi )
of S. cerevisiaeand of the extracellular osmotic pressure (Πe) (dashed
lines) after an osmotic shift (�Π ) of 4.24 MPa. The osmotic shift was
achieved with three different mixing devices: the microscopic chamber
with two flow rates: 2 ml min−1 ((�), λm = 3.2 s) and 7 ml min−1 ((�),
λm = 1 s) and the stopped-flow mixing apparatus ((�) λm = 0.03 s).

3.2. Cell volume response to an osmotic
stress:Πi measurement

Data concerning the yeast cell volume transient evolu-
tion during the osmotic shift were collected. These volume
data were converted to the intracellular osmotic pressure
data (Πi) through the Boyle Van’t Hoff law (see Eq. (2)),
with the hypothesis that only water was flowing through the
membrane, (i.e.ns is constant).

Πi = RTns

V − b
(2)

whereΠi is the osmotic pressure of the cell (Pa),V the cell
volume (m3), b the non-osmotic volume (m3), R the ideal
gas constant (J K−1 mol−1), T the temperature (K) andns
is the apparent number of osmotically active moles into the
cell.

From these results andΠe measurements, theLp value
was estimated through the fitting of Eq. (1) to experimental
results. If theΠi evolution could not be experimentally dif-
ferentiated from theΠe evolution, the fitting of Eq. (1) will
only give an approximate value ofLp (by default).

For S. cerevisiae,as shown on Fig. 1, for the three mix-
ing time devices (i.e. stopped-flow withλm = 0.03 s and
microscopic chambers withλm = 1 and 3.2 s, respectively)
the water exit from the cell was always limited by the mix-
ing time as for the three experimentsΠe = f (t) (measured

Table 3
Influence of the variation rate of osmotic pressure on the viability ofS. cerevisiaewith regard to different mixing systems used

Mixing system Mixing time
constant (λm, s)

Osmotic pressure
shift (MPa)

Variation rate in osmotic
pressure (MPa s−1)

Viability (percentage of
the initial population)

Microscopic 3.2 4.24 0.73 100
Chamber 1 4.24 2.67 100

Stopped-flow 0.03 4.24 89.07 100
0.001 1.91 1209 100

by the dye concentration evolution during the mixing) and
Πi = f (t) (measured through the cell volume evolution
during the mixing) are merged. So, for the three devices the
estimatedLp value for this yeast (from Eq. (1)) can only be
approximated by default. Therefore, the realLp value would
be probably greater to the estimated value as proposed in
Table 2. These results show how far theLp value is influ-
enced by the mixing device used for the experiment.

The high osmotic permeability ofS. cerevisiaefound
using the stopped-flow mixing system linked to a spec-
trophotometer (Lp >6 × 10−11 m s−1 Pa−1) implies that
this yeast may contain water channels in the plasma mem-
brane. Indeed, red blood cells which have aLp around 1.5×
10−11 m s−1 Pa−1 possess water channels [20], and on the
basis of sequence similarities, André [21] has speculated that
two S. cerevisiaeaquaporin-like proteins are water-channel
proteins.

3.3. Influence of fast osmotic shifts on yeast viability

Viability measurements ofS. cerevisiaehave been made
after the realization of very fast osmotic shocks with the
three devices used in this study. A faster device with a
mixing time constant of about 1 ms has also been tested,
(SF61-DX2, Hi-Tech, UK) between 1.38 and 3.29 MPa
(sorbitol addition).

Yeasts viability results, after different osmotic shocks in
the previous different devices, are shown in Table 3. These
results clearly demonstrate that even for very high water
flow rates, corresponding to a very high variation rate in
osmotic pressure, (1209 MPa s−1) the yeasts stayed totally
viable. So, high water flow rate across the cell membrane is
not detrimental forS. cerevisiae.

As the osmotic perturbations generated in the stopped-flow
apparatus were optimised, in order to reach fast mixing
times, the viscosities of the solutions to be mixed (yeast
suspension and glycerol solutions) were close to each other,
and close to the water viscosity. So, the higher osmotic
gradient generated in such systems did not exceed 5 MPa,
whereas the negative influence of the kinetics of hydric
potential variation on yeast viability was previously
observed through osmotic upshifts to 100 MPa (in glyc-
erol) [1]. So, in a second step, experiments with osmotic
gradients of higher intensities, by injecting quickly 1 ml of
cell suspension in 100 ml of a glycerol solution, have been
carried out. The final hydric potential reached by such a
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Fig. 2. Viability of S. cerevisiaeafter sudden osmotic shifts of increasing
final osmotic pressure. Depressor used: glycerol; initial osmotic pressure:
1.38 MPa; mixing time constant: 1 s.

mixing method was contained between 15 and 100 MPa
and the mixing time constant was approximately 1 s. So, the
corresponding variation rates in osmotic pressure were be-
tween 15 and 100 MPa s−1, values which have been found
not to be detrimental in the previous results (see Table 3).

3.4. Yeast viability after sudden osmotic
shifts ranging from 15 to 100 MPa

Yeast viability was measured by methylene blue dying
after return to initial osmotic pressure (water addition).
Viability results after instantaneous osmotic shifts of in-
creasing gradients are presented in Fig. 2. Cell death was
not linearly related to the osmotic gradient, since it only
occurred for osmotic shifts higher than 50 MPa. This first
observation indicates that the kinetics of osmotic pressure
variation do not influence cell viability in the osmotic
pressure range 0.96–50 MPa. For higher osmotic gradients,
cell viability was drastically decreased after an instanta-
neous shift, whereas progressive increases to such levels
greatly enhance the cell viability [1]. An osmotic gradient
of 50 MPa could correspond to the maximal water flow that
the yeast cell can support. However, the intensity of such
an osmotic gradient (50 MPa s−1) is largely inferior to the
intensity generated in the previous stopped-flow systems
(see Table 3) and the resulting water flow is less intensive
than in the stopped-flow systems.

By comparing these results to cell volume evolution
proposed in previous work [1], cell death appears to occur
after the water has totally flown out of the cell, because cell
non-osmotic volume was reached from an osmotic pressure
level of 50 MPa. So water exit flow rate from the cell could
not be involved at all in cell death.

The assumption could then be made that a fast water
exit from the cell could induce a modification of the area
to volume ratio of the cell, which implied a folding or a
vesiculation of the membrane, accompanied with a loss of
membrane material. Successive rehydration of such cells
could then imply a necessary burst of the membrane that
could not support the global water entry.

4. Conclusion

This work has allowed a precision in the range of values
for the time constant of water transfer across the cell mem-
brane of the yeastS. cerevisiae, but an exactLp value of
the hydraulic permeability of the cell membrane could not
be estimated. However, the minimal water permeability of
S. cerevisiaeobtained in this study is greater than all the
previous data determined forS. cerevisiae(see Table 1) and
greater than the permeability estimated in the literature for
red blood cells, implying that this yeast may contain aque-
ous pores in the membrane. As yeast cells were found to be
viable after a cell volume decrease achieved within a few
milliseconds, the conclusion was made that the water ef-
flux intensity was not the sole parameter influencing yeast
viability under osmotic shifts. The kinetics of increase in
the osmotic pressure has been found to influence yeast vi-
ability in the osmotic pressure range 50–100 MPa in glyc-
erol solutions, where the yeast approaches its non-osmotic
volume. The hypothesis of a membrane structural change,
caused by instantaneous osmotic pressure variation between
50 and 100 MPa is advanced to explain the difference in
yeast viability following slow or rapid increase in medium
osmotic pressure. Further works will focus on the following
two points:

1. A more accurate determination of yeast hydraulic perme-
ability (Lp) by use of faster mixing devices.

2. A physical study of yeast membrane under osmotic stress
based on the spectrometric measurements.

References

[1] P.A. Marechal, P. Gervais, Yeast viability related to water potential
variation: influence of the transient phase, Appl. Microbiol.
Biotechnol. 42 (1994) 617–622.

[2] I. Poirier, P.A. Marechal, P. Gervais, Effects of the kinetics of water
potential variation on bacterial viability, J. Appl. Bacteriol. 82 (1997)
101–106.

[3] M.T. Record, C.F. Anderson, T.M. Lohman, Thermodynamic analysis
of ion effects on the binding and conformational equilibria of proteins
and nucleic acids: the roles of ion association or release, screening
and ion effects on water activity, Q. Rev. Biophys. 11 (1978) 103–
178.

[4] P. Steponkus, Membrane destabilization resulting from freeze-
induced dehydration, Cryobiology 24 (1987) 555.

[5] K. Muldrew, L.E. McGann, The osmotic rupture hypothesis of
intracellular freezing injury, Biophys. J. 66 (1994) 532–541.

[6] R.B. Gennis, Biomembranes: Molecular Structure and Function,
Springer, Berlin, Heidelberg, New York, 1989.

[7] P. Gélinas, C.J. Toupin, J. Goulet, Cell water permeability and
cryotolerance ofSaccharomyces cerevisiae, Lett. Appl. Microbiol.
12 (1991) 236–240.

[8] G.J. Morris, L. Winters, G.E. Coulson, K.J. Clarke, Effect of osmotic
stress on the ultrastructure and viability of the yeastSaccharomyces
cerevisiae, J. Gen. Microbiol. 129 (1986) 2023–2034.

[9] W. Niedermeyer, G.R. Parish, H. Moor, Reactions of yeast cells to
glycerol treatment alterations to membrane structure and glycerol
uptake, Protoplasma 92 (1977) 177–193.



210 L. Beney et al. / Biochemical Engineering Journal 9 (2001) 205–210

[10] P. Gélinas, C.J. Toupin, J. Goulet, Cell water permeability and
cryotolerance ofSaccharomyces cerevisiae, Lett. Appl. Microbiol.
12 (1991) 236–240.

[11] J.L. Berner, P. Gervais, A new visualization chamber to study the
transient volumetric response of yeast submitted to osmotic shifts,
Biotech. Bioeng. 43 (1994) 165–170.

[12] I. Mart́ınez de Marañón, P. Gervais, P. Molin, Determination of cells
water membrane permeability: unexpected high osmotic permeability
of Saccharomyces cerevisiae, Biotech. Bioeng. 56 (1997) 62–70.

[13] P.A. Henschke, A.H. Rose, Plasma membranes, in: A.H. Rose, J.S.
Harrison (Eds.), The Yeasts, Vol. 4, Academic Press, London, 1991,
pp. 297–345.

[14] P. Gervais, P.A. Marechal, P. Molin, Effects of the kinetics of osmotic
pressure variation on yeast viability, Biotech. Bioeng. 40 (1992)
1435–1439.

[15] B. Champluvier, B. Kamp, P.G. Rouxhet, Immobilization of
�-galactosidase retained in yeast: adhesion of the cells on a support,
Appl. Microbiol. Biotechnol. 27 (1989) 464–469.

[16] S. Arcidiacono, D.L. Kaplan, Molecular weight distribution of
chitosan isolated fromMucor rouxii under different culture and
processing conditions, Biotech. Bioeng. 39 (1992) 281–286.

[17] A. El Ghaouth, J. Arul, J. Grenier, A. Asselin, Antifungal activity
of chitosan on two postharvest pathogens of strawberry fruits,
Phytopathology 82 (4) (1992) 398–402.

[18] P. Gervais, I. Mart́ınez de Marañón, Effect of the kinetics of
temperature variation onSaccharomyces cerevisiaeviability and
permeability, Biochim. Biophys. Acta 1235 (1995) 52–56.

[19] J.C. De Nobel, F.M. Klis, T. Munnik, J. Priem, H. Van den Ende,
An assay of relative cell wall porosity inSaccharomyces cerevisiae,
Kluyveromyces lactisand Schizosaccharomyces pombe, Yeast 6
(1990) 483–490.

[20] P. Agre, G.M. Preston, B.L. Smith, J.S. Jung, S. Raina, C. Moon,
W.B. Guggino, S. Nielsen, Aquaporin CHIP: the archetypal molecular
water channel, Am. J. Physiol. 265 (1993) F463–F476.

[21] B. André, An overview of membrane transport proteins in
Saccharomyces cerevisiae, Yeast 11 (1995) 1575–1611.


	Osmotic destruction of Saccharomyces cerevisiae is not related to a high water flow rate across the membrane
	Introduction
	Material and methods
	Description of the mixing systems
	Osmotic solutions
	Lp measurement
	Influence of the level of osmotic pressure on the yeast viability

	Cells treatments
	Cell viability
	Cell volume measurement
	Evaluation of the cell membrane hydraulic permeability (Lp)

	Results and discussion
	Characterization of the mixing systems: Pie measurement
	Cell volume response to an osmotic stress: Pii measurement
	Influence of fast osmotic shifts on yeast viability
	Yeast viability after sudden osmotic shifts ranging from 15 to 100 MPa

	Conclusion
	References


