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Effect of high shear stress on microbial viability

Héléne Lange,* Patricia Taillandier and Jean-Pierre Riba
Laboratoire de Genie Chimique, ENSIGC, UMR 5503, 18 chemin de la Loge, 31078 Toulouse cedex 4, France

Abstract: Escherichia coli and Saccharomyces cerevisiae suspensions were submitted to controlled shear
stress. Above a threshold value shear stress induced a decrease in micro-organism viability. The threshold
of shear stress efficiency depended on the micro-organisms, being between 1292Pa and 2770 Pa for S
cerevisiae, and about 1250 Pa for E coli. Above 1810 Pa, Ecoli cells were disrupted whereas the S
cerevisiae cells remained intact. The higher the cellular concentration, the greater the rate of decrease in
viability. Viability loss was influenced by the number of passages through the experimental shear stress

device and by exposure time.
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NOTATION

D Inner diameter of the capillary (m)

)& Capillary length (m)

N, Number of passages through the capillary
AP Pressure drop over the capillary ends (Pa)
Q Volumetric flow rate (m>s™")

A Time between two samplings (s)

At Duration of exposure to shear stress
between two samplings (s)

T Total exposure time (s)

T Inner volume of the capillary (m>)

V. - Circulating volume of the suspension (m%)
u Dynamic viscosity (Pas)

TMAX Maximal shear stress (Pa)

1 INTRODUCTION

Large scale cultivation of micro-organisms is becom-
ing increasingly important for a variety of purposes. In
order to process microbial cells, it is necessary to
provide agitation to maintain them in suspension. The
major drawback of such handling is that cells
inevitably encounter stresses due to fluid dynamic
effects. The influence of hydrodynamic forces on
micro-organisms is of great interest in the develop-
ment of scaled up bioreactor systems.

Shear stress may induce morphological wvaria-
tions,’ 2 lysis,>* and changes in metabolism™® in both
animal and plant cells.” A review of the existing
literature shows that the threshold of tolerance to shear
stresses is not well understood for micro-organisms: in
the range from 0 to 80Pa, some morphological
changes have been observed for fungi and bacteria,””

and reduced resistance to freezing has been observed
for bacteria.’

There are no studies on the effect of controlled shear
stresses on yeasts. The available data only describe
damage occurring to budding yeast cells under mech-
anical stress such as that provided by agitation. !%:!!
The mechanism of killing of yeasts in suspension by
ultrasound was also studied.'?

The main purpose of the present work was to
determine the resistance to shear stress of two micro-
organisms (the Gram negative bacterium, Escherichia
coli and the yeast, Saccharomyces cerevisiae), under
controlled shear conditions. The study also assessed
the effects of high values of controlled shear stress,
which has not been previously reported.

2 MATERIALS AND METHODS

2.1 Micro-organisms and growth conditions
Chemicals and other media components were pur-
chased from Prolabo (Fontenay-sous-Bois, France).

2.1.1 The yeast Saccharomyces cerevisiae

S cerevisiae (strain UGS, Institut National Sciences
Appliquées Collection, Toulouse, France) was grown
in Erlenmeyer flasks in 200cm’® of the following
medium: yeast extract, 5g dm % MgSO,, 0.4gdm 3
(NH,),S0,, 2gdm™?; KH,PO,, 5g dn™% glucose,
50gdm 2. The pH was adjusted to 4.0 with H,PO,
(15moldm 2). Cultures were incubated for 22h at
30 °C with strring (250 rpm).

2.1.2 The Gram negative bacterium Escherichia coli

E coli (stain 188, Institut National Sciences Appliquées
Collection, Toulouse, France) was grown in Erlen-
meyer flasks in 200cm? of the following medium: yeast

* Comespondence to: Héléne Lange, IUT A, Génie Biologique, Cité Scientifique, BP 179, 59653 Villeneuve d’Ascq cedex, France

E-mail: helene.lange@ univ-lille1.fr



extract, 5g dm3; MgSO,, 1g dm3; NaCl, 5 g dm 3,
glucose, 50g dm >; papainlc peptone soya, 10g dm °.
Cultures were 1nculated for 22h at 30°C wlth stlrrlng

(250rpm).

2.2 Determination of cell numbers and viability
Cell numlers were measured 1y countlng under a
mlcroscope uslng two dlfferent haemocytometers: a
Thoma sllde for yeast and a Petlt Salumlenlsllde for
lacterla.

The 11allllty of yeasts was determlned uslng the
methylene 1lue stalnlng method'® and thelacterla
were olserled uslng eplfluorescent mlcroscopy.'*

2.3 Viscosity measurements

The 11scoslty of mlcro-organlsms suspenslons was
measured ly uslng a Couettellscometer (Epprech-
Rheomat 15).

2.4 Shear stress device

2.4.1 Principle

Cell suspenslons were sulml tted to shear stressl y
flowlng through a narrow caplllary.1 nslde the capll-
lary, shear stresses are generatedl y the fluld flow as a
radlal functlon: shear stressl s nll along the long-

1tudlnal axls andl s maxlmal near the caplllary wall.

The maxlmuml ntenslty of shear stress, 7, canl e
expressed uslng the followlng formula:
DAP
max — , "y 1
T 2L (1)

where AP is the pressure drop over the capillary ends,
L the capillary length and D the capillary diameter.

2.4.2  Shear stress device

The shear stress device used, based on Poiseuille
laminar flow, has been described elsewhere.!® Stirred
cell suspensions (20cm’) were pumped (Gilson:
piston pump: 100 SC and manometric module: 805)
through the capillary. The pump characteristics were:
maximum volumetric flow rate of 1.67 x 10~ 'm>s™*
and maximum pressure set up at 6 x 10’ Pa.

of their average inner diameter was carried out
according to the Poiseuille law:

_ 128u0L

D4
AP

(2)
where p is the dynamic viscosity of the suspension and
Q the volumetric flow rate.

The calculated diameters of the capillaries were:
183x 10 °m, 108 x 10 °m and 96 x 10" °m, and the
length of the capillaries was 5 x 10 ?m, 20 x 10 ?m or
40x 107> m.

In order to expose the micro-organisms to shear
stresses during a significant period of time, the cell
suspension was returned to the Erlenmeyer flask at the
exit of the capillary; hence the cells were recycled.
Experiments were performed at 20°C. The repeated
sampling during each experiment decreased circulat-
ing volume. Data from these experiments are pre-
sented in Table 1.

2.4.3 Calculation

Between two successive samples (z—1) and (2)
separated by duration Az, the total volume (V) of
the suspension remained constant. Thus, between
these two samples, cells were submitted to shear
stresses for a duration (Az;*") given by:

V.
AP = “ZR Ay 3
= G)
where V_, is the inner volume of the capillary.
The total duration of the exposure (7)) to shear
stresses for the cells in the sample (n) was:

1 Atl'
Ty = Veap 27 (4)
i=1 t

The average passage number (XN,) through the
capillary for the sample (7)) was:

Three capillaries were obtained from Leguellec (BP N, = T, (5)
134, 29174 Douarnenez, France). The determination Vcap/ Q
Capillary Volumetric Capillary
Micro- diameter flow rate length Cell number Shear stress
Run organism (x10°°m) (x10°8m®s™") (x1072m) (x10° cellscm™2) (Pa)
1 Sc 183 11.7 20 161 290
2 Sc 108 117 20 153 1292
3 Sc 96 15.0 20 190 2770
4 Sc 96 15.0 20 101 2620
5 Sc 96 15.0 20 186 2770
6 Sc 96 16.2 5 119 2450
7 Sc 96 13.3 5 288 2350
8 Ec 183 16.7 40 1200 450
9 Ec 96 8.3 5 1200 1250
10 Ec 96 1.7 5 1200 1810

Table 1. Exposure of micro-organisms
to shear stress

Saccharomyces cerevisiae: S ¢, Escherichia coli: E c.
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Figure 1. Rheogram of the micro-organisms’ suspensions. 1, S cerevisiae
at 19 x 10° cellscm™2; 2, S cerevisiae at 143 x 10° cellscm™3; 3, S

cerevisiae at 185 x 10° cellscm™~3; 4, S cerevisiae at 228 x 10° cellscm™
5, S cerevisiae at 281 x 10° cellscm™3; 6, E coli at 1200 x 10° cellscm™3.

3.

3 RESULTS AND DISCUSSION
3.1 Preliminary results
3.1.1 Rheology of the cellular suspensions
The Poiseuille formula is valid only under specific
conditions and it can be applied only to Newtonian
fluids. As the temperature may influence the flow
characteristics, each rheogram was established at
20°C (Fig 1). All the suspensions tested behaved as
Newtonian fluids, whatever the concentration.

All suspension viscosities are presented in Table 2.
Measured values ranged from 1.10x10 >Pas to
1.31 x 10 >Pas, close to the viscosity of water.

3.1.2 Validation of the experimental set-up
Experiments were also performed without any capil-
lary in order to determine the effect of pumping and
flowing on the two micro-organisms. The highest flow
and the highest cellular concentration studied by stress
experiments were tested. It appeared that neither lysis
nor decrease of viability occurred for S cerevisiae after
3h, which corresponded to 90 passages through the
pump.

Similar tests showed a non-significant 2% drop of E
coli viability (compared with the experimental error of
the method used for the determination of viability'?).
Neither lysis nor morphological change occurred
during this preliminary experiment.

Table 2. Viscosities of micro-organisms suspensions

Rheogram Cell concentration  Viscosity
number Micro-organism (x 10° cellscm™3) (x 10~°Pas)
1 Sc 19 1.10

2 Sc 143 1.13

3 Sc 185 1.19

4 Sc 228 1.27

5 Sc 281 1.31

6 Ec 1200 1.18

Saccharomyces cerevisiae: S ¢, Escherichia coli: E c.

According to these results, it was considered for the
following experiments that only a viability decrease
higher than 2%, clear cut lysis or morphological
changes would be significant and could be related to
shear stress effect. The number of passages through
the pump was less than 90 for all experiments.

3.2 Effect of high shear stress on Saccharomyces
cerevisiae

3.2.1 Effect on the cellular concentration

Shear stress did not affect cell numbers. Yeast cells
were not disrupted, even at the highest shear stress
value (2770Pa).

3.2.2  Effect on the viability of yeasts suspensions
The influence of the exposure time (7)) at three
intensities of shear stress is illustrated in Fig 2.

Up to shear stress values of 1292 Pa there was no
significant effect on yeast viability.

When S cerevisiae was submitted to 2770Pa shear
stress, viability decreased rapidly as the duration of
exposure to shear stress increased. Replicate experi-
ments (duplicate), showed good reproducibility.
There was clearly an intensity threshold above which
the generated stress affected the viability of yeasts. The
experiments described above indicate that the thresh-
old should be set above 1292Pa and below 2770Pa
but the experimental conditions did not allow the
refining of its value.

The concentration of yeast cells was an important
factor in the decrease of viability (Fig 3). The higher
the cell concentration, the greater the decrease in
viability, for a quasi-constant intensity of shear stress.

To study the effect of the repeated passages of
microbial cell suspension through the capillary,
experiments were performed with two capillaries of
different length, for a constant intensity of shear stress
and a constant cellular concentration (Fig 4). For the
same exposure time, the number of passages can be
modified by changing the capillary length (ie:
T,=100ms, N =10 for L =20 x 10 2m and N =40
for L =5 x 10 %m). For the same exposure time (T,)

100 ¢ m e u
v

Viability (%)

40 4 ® runl:290Pa

B run2:1292Pa
20 1 A run3:2770Pa

v run3:2770 Pa

(¢} 50 100 150 200
Exposure time (ms)

Figure 2. Effect of shear stress intensity on the viability of S cerevisiaefor a
quasi-constant concentration 177 x 10° cellscm 3.
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Figure 3. Effect of cell number on the viability of S cerevisiae for a constant
shear stress intensity (2770Pa).

the viability was significantly higher within the capil-
lary of 20 x 10 ?m length than within the 5 x 10 *m
capillary. According to these results, the number of
passages through the capillary seemed to be more
important than the total exposure time. The relation-
ship between loss in viability and number of passages is
shown in Fig 5. For a fixed number of passages, the
loss of viability was constant, whatever the length of
the capillary.

3.3 Effect of high shear stress on Escherichia coli
The viability of three suspensions of E coli submitted to
shear stress was studied (Fig 6).

When E coli was submitted to 450 Pa shear stress, no
decrease in viability was observed. For 1250Pa shear
stress, a decrease in viability of 10% was observed after
30 passages through the capillary, but there was no
lysis. Nevertheless, after the same number of passages
at 1810 Pa, viability decreased by 80% with cell lysis.

These experiments showed, as previously observed
for S cerevisiae, that there was a threshold above which
shear stress affected the viability of E coli. This value
was probably above 1250Pa since only a small
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Figure 4. Effect of the capillary length on S cerevisiae viability at quasi-
constant shear stress (2620 Pa and 2450Pa) and quasi-constant cell
number (101 x 108 cellscm™2 and 119 x 10 cellscm™3).
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Figure 5. Effect of the number of passages on S cerevisiae viability at
quasi-constant shear stress (2620Pa and 2450 Pa) and quasi-constant
cellular concentration (101 x 10° cellscm ™~ and 119 x 10° cellscm3).

decrease in viability was observed during the exposure
of E coli to such shear stress.

4 CONCLUSION

The intensity threshold of shear stress was greater than
1292 Pa for S cerevisiae and close to 1250Pa for E coli.
The shear stress threshold was characteristic of the
micro-organism.

Lysis of yeast cells was not observed even at the
highest shear stresses of 2770Pa. S cerevisiae was more
resistant than E coli, in confirmation of data already
published.'® This study, however, determined the
ranges of tolerance to shear stress for the two micro-
organisms studied. The tensile strength of walls or
membranes confers rigidity to the cells and thus
tolerance to shear stress. E coli, as a Gram negative
bacterium, has only a thin peptidoglycan layer of
2x107°m whereas the wall of S cerevisiaze has a
relatively thick layer of glucan and mannan. It is then
not surprising that E coli is less resistant to shear stress
than S cerevisiae.

The same concept of intensity threshold was
illustrated in studies on the use of ultrasound to
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Figure 6. Effect of shear stress intensity on E coli viability.



disrupt yeast cells.'®> The velocity gradient derived
from ultrasonically stimulated bubble motion seemed
to be responsible for the destruction of yeast cells.
Ultrasound corresponding to shear rates greater than
10%s7 ! led to yeast destruction. In this study, the shear
stress threshold was between 1292Pa and 2770Pa
which corresponds to an approximate shear rate of
10°s 1. A shear rate of 10°s ™! led to cell death, but not
to cell disruption.

The data also showed that both the number of
passages through the capillary and exposure time
affected microbial viability.
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