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High-Pressure Sterilization

o Desk-top and pilot units for high-pressure sterilization
e Sterilization cells with easy to handle quick opening closures

e 7,000 bar and 10,000 bar models

High-PressureTechnology

High-pressure sterilization unit (7,000 bar, 80 °C, 100 ml sterilization cell with 70 ml basket insert).
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Advantages

e no thermal damage of the product

e applicable to thermo labile components

¢ no influence on vitamin content of the product
e no change of the natural flavour

e no adulteration of food taste

¢ no influence on product colour

¢ no effect on amino acids

e selective treatment of large molecules

e no adding of preservatives required

e alternative food preparation method

e new food design options available

Applications

Sterilization of food

Sterilization of pharmaceutical products
Inactivation of micro organisms
Inactivation of enzymes

Structure changes of biological
macromolecules

Denaturation and coagulation of proteins

Phase modification of lipids

e.g.

e.g.

e.g.

e.g.

e.g.

e.g.

gh-PressureTechnology

X

fruit juices, fruits, spices, milk
liposome, drugs

bacteria, bacteria spores, mould, yeast

starch (cold-bonding)
meet curing

crystallisation of fats
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Desktop model for high-pressure sterilization
Main features of standard model 760.0537:

sterilization pressure max.: 7,000 bar

for solid and liquid products

hand operated pressure generation

25 ml high pressure sterilization cell with quick opening closure

18 ml basket insert

Heating/cooling thermostat for sterilization cell

temperature measurement inside the basket insert (digital indication)
digital indication of sterilization pressure

turn-key unit (completely piped up and wired)

different sterilization cell capacities on request

to the sterilization cell

?

X

_Q_

hand pump

prefilling pump X
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Pilot unit for high-pressure sterilization

Main Features of standard models 760.0118 / 760.0119:

max. sterilization pressure: 7,000 bar /10,000 bar
for solid and liquid products

pressure intensifier with external piston-position indicator

25 ml high pressure sterilization cell with quick opening closure

18 ml basket insert

Heating/cooling thermostat for sterilization cell

temperature measurement inside the basket insert (digital indication)
digital indication of sterilization pressure

turn-key unit (completely piped up and wired)

different sterilization cell capacities on request

to the sterilization cell

i
X

Y

Pressure intensifier

Prefilling pump
f( X (A
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Questionnaire for high-pressure sterilization units

Operating pressure max.:

Operating temperature max.:

Pressure fluid:

Sterilization cell capacities:

Number of sterilization cells:

High-PressureTechnology

7'000 bar 10'000 bar
Pressure generation by hand pump a
Pressure generation by intensifier O O
O 80°C O 120°C
0 e s
O water (H20) O s
O 25 ml with 18 ml basket insert
O 50 ml with 35 ml basket insert
O 100 ml with 70 ml basket insert
0 e —————
o 1 o 2 (| O e,

Window units for sterilization cell (2 x @ 6 mm; 7000 bar maximum!)

Options:

O Data acquisition system by PC

O PLC control with integrated batch documentation
O

O

Colour camera system with endoscope
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Contact Details

Last name:
First name:
Title/gender:
Company:
Department:
Street:

P.O. Box:
Zip code:
Town / city:
Country:
Phone:

Fax:

E-mail:

WWWw.

Please fill in this form and return it to SITEC-Sieber Engineering AG.

SITEC-Sieber Engineering AG
Engineering, Production, Logistics
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High-PressureTechnology
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Data acquisition and online visualisation

As a useful addition to the SITEC high-pressure pilot units, we are able to offer you a simple and also a very
flexible data acquisition program. This program allows to visualise your process data online during the
experiments and to save it on your hard disk for a later interpretation.

The data acquisition and visualisation program will be completely integrated in your high pressure pilot unit and
is configured for a specific application. It is also possible to upgrade an existing high pressure pilot unit, but with
a bigger expenditure.

Based on the SCADA Software SpecView from EUROTHERM (see overview hereafter) SITEC provides several
windows specifically programmed for a certain application.

One window shows all the controller symbols and allows set-point adjustment or also alteration of control
parameters. In addition, all monitoring signals are shown. On an additional screens all the data are graphically
and digitally displayed.

All the data are automatically stored always the data acquisition program is started. On request a certain section
(time interval) can be extracted and exported to Microsoft Excel.

The full development package of SpecView which is also supplied allows to change an existing or to create a new
user interface using easy to handle “drag and drop” methods. On request, we will gladly send you a more detailed

description of this development package.

The communication PC <-> Pilot Unit is made via USB. The controllers are interconnected by a RS485 interface.

The system requirements for the installation of SpecView: Windows PC with Windows 95, 98, Me, NT, 2000, XP
or 2003 Server operating system, 64MB RAM minimum (128MB recommended), USB interface.
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Process control with integrated batch documentation

This control allows you to master your processes by combing display, regulation, control and even batch
documentation — all in one.

Advantages:

complete batch documentation

trend display of process flow

dynamic overview of the installation

easy input of nominal values

exportable into standard formats

protocols and diagrams accessible over network

The user-friendliness of the system operation is achieved by clearly arranged displays. This control system
includes functions which otherwise are integrated in process control systems only.

The control system allows manual and — as an option — automatic control of the installation. All process
parameters can be displayed.

The data of the current batch as well as the system overview is displayed on the main window. The operator can
control the process over the display picture.
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gh-PressureTechnology

X

TIcoot The automatic control circuits have special display windows with
ST [2200 integrated diagrams and nominal value input.
SOLL: [[220
Temperatur TOO1 -3
250
200
§150
i
100
50
1]
9:30 10:00
Di 15  Apr2003 Datum Ze#t v
< »
FYowohol Tempersksen * =  Important process parameters
L > ang it W 00 0 bt H H
a1 R e .;é‘\‘m-.‘,:;;‘_:‘,: -l are shown in a trend display. The
AT e X L . .
e — 7 5 L 3 sew  trend d|splqy has a zoom an_d Fix
-t .#  Scale function and can be printed
ot = or expprted into bmp, wmf, or jpg
ot ; | | ':5‘ graphic formats.
wof- | M ‘ A W § B 3% A 0 sttt
H.V.n{ :
e
1.;_,.5
tcn-:
oL
no am 1@
W Wiy 001 Cotam fott
| Protokoll-Voransich _ =24 With the help of the integrated logging program
wdmDInggaa=n the process can be documented completely. All
~| protocols are exportable in pdf, html, or txt
Eingriff-Protokoll 9 HD-E g © by RETEL AG formats.
Dt ° data protocol
e e =
Chargelr. 200328 — = = . error protocol
Produktnome:  Test = B E— —
Start: 10.04 200 145242 b event protocol
stop: . comment protocol
Datum-Zeit Text Kurzzeschen
14042003 021600 Sciwerdeingabe TO0S D 120]] USER NRH
1404 2003 091613 Solwenengabe T3 D 231[] USER NRH
1404 2003 0216 19 Solwerteingabe T004 D 125[] USER NRH
14200308162 Solwerlengabe TOO7_ D 20[] USER NRH
1504 2003 082117 Solwerlengabe FOO2_SOLL 220 Wmin] USER NRH
15042003 082639 Solwerteingabe FOO2_SOLL 20 Uminf USER NRH
1504 200308273 Solwerengabe FOO2_SOLL 120 Umin] USER NRH
1504 2003 090248 Solwerengabe TOO1_P20[] USER NRH
1504 2003 094803 Solwereingabe TO01_SOLL 220[°C] USER NRH
4| »

The batches recorded can be retrieved from the archive. All protocols and diagrams can be exported and re-

printed as desired.
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Reference List for Pilot Plants

Rhoéne Poulenc, France
University of Delft, Holland

University Wageningen, Holland

BASF Ludwigshafen, Germany

Salzgitter, Germany

Hils Chemie, Germany
ENI, Italy

Givaudan, Switzerland
Research Centre Karlsruhe

Reemtsma, Hamburg, Germany

CNRS, France
TUBITAK, Turkey
SASOL, South Africa

DEGUSSA-SKW, Trostberg, Germany

Guinness, Ireland

English Hop Products, Great Britain
Fraunhofer Institute Pfinzthal, Germany
University of Bremerhaven, Germany

Novartis, Switzerland
Firmenich, Switzerland

Haarmann & Reimer, Germany

University of Messina, Italy
MERCK, Germany
University of Bari, Italy
LIPI, Indonesia

F.Hoffmann-La Roche, Switzerland

University of Tubingen, Germany

National Technical University of Athens, Greece
Inst. for “Nichtklassische Chemie”, Leipzig, Germany
University of Halle-Wittenberg, Germany

Janssen Pharmaceutica, Beerse, Belgium

MAINELAB, Angers, France

Semnan University, Semnan, Iran
JSC “Interbridge”, Moscow, Russia
Ecole des Mines d’Albi, Albi, France

KRAFT Foods, UK

Hochschule Niederrhein, Germany

Solvay Solexis, Italy
EPFL, Switzerland
University of Alicante, Spain

King Fahd University of Petroleum, Saudi Arabia
Inst. Nawozow Sztucznych Pulawy, Poland
TU Bergakademie Freiberg, Germany

3M, Seefeld, Germany

FAPEX, Salvador de Bahia, Brazil

University of Copenhagen, Frederiksberg, Denmark
University Duisburg-Essen, Essen, Germany

C. lllies, Hamburg, Germany (for China)

AiFame GmbH, Wald-Schénengrund, Switzerland

High-PressureTechnology

Chemical

Process engineering
Agricultural research
Chemical

Chemical

Chemical
Petrochemical
Flavours and fragrances
Environmental
Tobacco

Food research

Food research

Waxes

Hops, spices

Brewery research
Hops

Process engineering
Food research
Chemical

Flavours and fragrances
Flavours and fragrances
Chemical engineering
Chemical

Research

Natural products
Reactions
Pharmaceutical research
Research

Research

Research

Drug delivery research
Drug delivery research
Research

Research

Research

Coffee

Research

Research (polymers)
Research

Research

Research

Research

Research

Research

Research

Research

Research

Research

Natural products
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Additional units in following countries:

Denmark
Turkey
Belgium
Italy
Canada
Greece
Spain
Brazil

Activities:

Flavours and Fragrances
Biotechnology

Chemical Industry

Coal Industry

Germany
Holland
Switzerland
India
Bulgaria

Iran

Saudi Arabia
China

Food Industry

High-PressureTechnology

South Africa
France
Great Britain
Ireland
Indonesia
Russia
Poland

Pharmaceutical Industry

Oil/Gas Industry
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Pressure-induced Germination and Inactivation

of Bacillus subtilis Spores

By B. Sojka and H. Ludwig

Summary

The ratio between dormant and germinated bacterial spores in
an aqueous solution could be estimated using a temperature
treatment at 8¢ °C. Using this concept, an optimized pretreat-
ment at pressures of 600 to 1500 bar was developed. The result
was an almost quantitative germination of the former dormant
spores. Subsequent inactivation was the same whether 80 °C
or 3000 bar was used and in both cases an identical number of
remaining viable spores was detected.

The pressure inactivation of bacterial spores was studied in the
range from 600 to 6000 bar at temperatures of 40 and 50 °C.
At 40 °C the number of germs could be reduced by the factor
of 10° after 210 min of pretratment at 600 bar and following
inactivation at 5000 bar for some minutes. Raising the temper-
ature to 50 °C, an alternating pressurization at 600 and 5000
bar in intervals of 30 min led to the complete inactivation of
spores after an overall time of 180 min.

Zusammenfassung

Druckinduzierte Auskeimung und Inaktivierung von Bacillus
subtilis-Sporen

Das Verhilinis zwischen den in einer wifrigen Losung inaktiv
rihenden und den ausgekeimten Bakteriensporen konnte mit
einer Temperaturbehandlung bei 80 °C bestimmt werden. Mit
Hilfe dieser Methode wurde eine optimierte Druckvorbehand-
lung mit 600 bis 1300 bar ausgearbeitet, womit eine nahezu
vollstiindige Auskeimung der vorher ruhenden Bakteriensporen
erreicht wurde. Die anschlieflende Inaktivierung der ausgekeim-
ten Sporen verlief dann unabhédngig davon, ob hierzu 80 °C
oder 3000 bar verwendet wurden. In beiden Féllen blieben gleich
viele lebensfihige Sporen fibrig. .
Die Druckinaktivierung von Bakieriensporen wurde im Bereich
von 600 bis 6000 bar untersucht, wobei Temperaturen von 40
und 50 °C zur Anwendung gelangten. Bei 40 °C konnte nach
einer 210miniitigen Vorbehandhing mit 600 bar und einer kur-
zen Inaktivierung bei 5000 bar die Keimzah! um den Faktor 10°
verringert werden. Nachdem die Temperatur auf 50 °C erhoht
worden war, konnten nach insgesamt 180 min sterile Proben
erhalten werden, wenn bei einer Intervallinge von 30 min ab-
wechselnd 600 und 5000 bar angewandt wurden.

Key words:  Bacillus subtilis - Bacteridl spores, hydrostatic
pressure, germination, inactivation



1. Introduction

Destruction of microorganisms is one of the most important
effects of high pressure treatment of food or drugs and the first
experiments in this area were done nearly one hundred years
ago [1]. Later, Zobell [2, 3, 4] examined the effects of high hy-
drostatic pressure on various forms of bacteria. Timson and
Short [5] were the first to study the inactivation of bacterial
spores, which turned out to be much less pressure-sensitive than
their vegetative forms. Gould and Sale {6, 7] proved the exist-
ence of an optimal hydrostatic pressure for the inactivation of
spores. This can be explained by the fact that moderate pres-
sures on the one hand induce the germination of spores and
on the other hand lead to inactivation of the then germinated
SpOTes.

In order to. establish high pressure processing as a universal
method of sterilisation, an intensive examination of bacterial
spores is necessary considering that bacterial spores are the
microorganisms most difficult to inactivate. The effects of pres-
sure on Bacillus subtilis and Bacillus stearothermophilus spores
have therefore been studied by Butz et al. [8] and Ludwig et al.
[S1. Their work proved that the inactivation of spores follows
complicated kinetic curves, whereas the same treatment often
leads to simple first order teactions in their vegetative forms.

In the first part of this article, some detailed studies of the ger-
mination process of Bacillus subtilis spores are reported. Later,
inactivation is investigated in its relation to various pressures
and temperatures. Emphasis was focused on studies of alternat-
ing low and high pressure treatment which promised to result
in fast and quantitative inactivation.

2. Materials and methods
2.1. The high pressure equipment

All high pressure experiments were carried out using a unit built
by the Dunze Hochdrucktechnologie Co. {(Bad Homburg,
FRG), capable of pressures up to 7000 bar. The device consists
of 10 vessels which can be thermostated in 2 groups of 5 each.
It is possible to aerate each autoclave separately to allow kinetic
studies.

The spores were pressurized in tubes made of polyethylene
whose ends were sealed using silicon plugs. The content of each
vessel was 1-5 mi according to the length of the tube used.

2.2, Cultivation of spores

The strain used was ATCC 9372 and was purchased from Deut-
sche Sammlung von Mikroorganismen und Zellkulturen,
Braunschweig, FRG. Bacteria were incubated overnight in
standard- 1-nutrient broth (E. Merck, Darmstadt, FRG) and af-
terwards plated in Petri dishes on nutrient agar supplemented
with 500 mg of MnCl, and 500 mg of MgCl, (Merck) [10].
After 8 days of incubation at 35 °C the spores were harvested
with a scalpel and transferred into a 0.9 % solution of NaCl in
water. The suspension was washed several times with the NaCl
solution and centrifugated at 4000 g. Heating the suspension at
80 °C for 30 min had no effect on the number of germs and it
was therefore proved that the preparation was free of vegetative
cells. A dilution with 0.9 % NaCl in water gave a concentration
of 10%3 spores per ml.

2.3. Preparation of samples

1 ml! of spore suspension was added to 4.5 ml of 0.9 % NaCl

" solution and 4.5 m! of germination medium to give a 1:10 dilu-
tion. The germination medium consisted of 6 g NaH.PO,, 6 g
K2HPO,, 1 g NaCl, 10 g D-Glucose, 100 mg MgCl;, 80 mg
MnCl; and 400 mg L-alanine (all Merck) per 1 | of water. This
solution was shown to accelerate germination of Bacillus sub-
tilis spores [11}.

24 Vialgle counts

The number of spores surviving the different treatments was
evaluated after sertal dilutions and subsequent incubation on
nutrient agar for 24 h. In case no colonies were found on the
petri dishes, the samples were tested for sterility. This was
achieved by suspending the sample in standard-1-nutrient broth
and incubating at 37 °C for 10 days. If the suspension remained
clear after that time, sterility was proved [12].

3. Results
3.1. Germination as prerequisite for inactivation

The success of every high pressure treatment depends mainly
on the ratio of germinated to dormant spores. Since dormant
spores are almost unassailable, it is of great importance to initi-
ate germination before applying high pressure for inactivation.
There are several methods of estimating the number of already
germinated spores 8], but they all fail if almost entire germina-
tion has occured, According to Gould and Dring [13], spores
absorb large quantities of water while germinating. This should
make them sensitive to rising temperatures, whereas dormant
spores keep their low water content and remain therefore unaf-
fected by elevated temperatures.

In Fig. 1, spores were caused to germinate at 600 bar and 40 °C
for 0 to 480 min and then the germinated spores were inactiv-
ated by heating for 15 to 60 min at 80 °C and 1 bar. The tem-
perature-inactivation is a fast process that leads very quickly to
a steady state. The longer the samples are pretreated by 600
bar, the smaller the remaining number of viable spores after an
inactivation treatment. Incubation at 80 *C without previous
pressure-treatment (curve at 0 min) does not result in a decrease
of the number of germs, since almost no spores were allowed
to germinate.

It is informative to compare temperature inactivation at 1 bar
and 80 °C with high pressure inactivation at 3000 bar and
40 °C. Assuming that in both cases only germinated spores are
affected, both treatments should show the same kinetics and
result in the same number of colony counts. Fig. 2 shows the
correlation of the different inactivation techniques. It can be
seen that high pressure is as effective as high temperature pro-
cessing, and it should be kept in mind that high pressures allow
for a far more gentle treatment of sensitive products.

To estimate the lower limit for a pressure-induced germination,
samples were treated with pressures of 200, 400 or 600 bar and
later, inactivation was effectuated by 5000 bar, From Fig. 3 it
can be seen that the best results were obtained with 600 bar
and it can therefore be concluded that this pressure should be
maintained to achieve an effective germination.

To find the optimal pressure for pretreatment, the samples were
first incubated at 40 °C and 600, 1000 or 1500 bar for 15 to 60
min and then treated at 80 °C for 15 min. The results are dis-
played in Fig. 4. There are no significant differences in the num-
ber of remaining germs when germination inducing pressures
between 600 and 1500 bar are used prior to the inactivation
step. Germination may therefore be initiated by pressures be-
tween 600 and 1500 bar.
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Fig. I: Temperature inactivation of B. subtilis spores at 80 *C
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. Fig. 2: Comparison of pressure inactivation and temperature
inactivation of B. subtilis spores after pretreatment with 600 bar
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Fig 3: Pressure inactivation of B. subtilis spores by 5 kbar at
40 °C after pretreatment with different pressures at 40 °C for
210 min: W 200, ¥ 400, @ 600 bar, resp.; open symbols: con-
trols. -

3.2, Inactivation by high pressures

From Fig. 2 it appears that the inactivation reaches a plateau
already after 5 to 10 min. A longer treatment by 3000 bar does
not lead to any further killing of spores because no additionat
germination occurs. Butz et al. [8] showed that the utilization
of repeated germination intervals may result in an increased
reduction of the germ concentration. It was therefore studied,
under which conditions (temperature, pressure, length of inter-
vals) the optimal pasteurization effect is achieved.

3.2.1. Experiments at 40 °C

The results of mulii-step processes are shown for inactivations
with alternating pressures of 600/1500 bar (Fig. 5) and 600/5000
bar (Fig. 6) using intervals of 30 min for every period of con-
stant pressure. :

Fig. 5 confirms the observation that 600 bar and 1500 bar both
induce germination in the same degree. Since a constant treat-
ment with 1500 bar could also be interpreted as a multistep
process with 1500/1500 bar, it results in the same plateau of
about 10* germs per m! as with alfernating 600/1500 bar. The
treatment with 600/5000 bar in Fig. 6 represents the optimal
combination of two pressures, since decreasing (3000 bar) or
increasing (6000 bar) of inactivation pressure yielded poorer re-
sults.
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Fig 4: Pretreatment of B. subtilis spores with variable pressure
at 40 °C for different times and subsequent inactivation for 15

min at 80 °C: W 600, ¥ 1000, ® 1500 bar, resp.; open symbols:
controls {(effect of pretreatment).
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Fig. 5: Multiple step process at 40 °C for pressure inactivation
of B. subtilis spores: B 600 bar constantly, ¥ 1500 bar con-
stantly, ® 600/1500 bar alternatingly; open symbols: controls.

A comparison of Fig. 6 with the 600 bar curve of Fig. 3 allows
an evaluation of the efficiency of a multi-step process at 40 °C.
The 30-min sample of Fig. 3 represents an overall processing
time of 240 min and yields almost the same result as the 240-
min sample of Fig. 6. It may therefore be presumed that a multi-
step treatment at 40 °C has no significant advantages over a
two-step process.

3.2.2. Experiments at 50 °C

To accelerate inactivation, the temperature was raised to 50 °C
and the best results were achieved by using a multi-step process
with alternating 600 and 5000 bar. The kinetics is given in Fig.
7. The 180-min sample was tested for sterility as described in
2.4. and was found te contain no viable germs. An analog ex-
periment using 1500 bar to induce germination also gave sterile
samples after three hours of treatment (Fig. 8). This again con-
firms the finding that pressures of 600 and 1500 bar are capable
of the stimulation of germination in the same degree.

Analog to paragraph 3.2.1., an easy evaluation of the multi-step
process is possible when Fig. 7.1s compared to Fig. 9. After 180
min of treatment no sterility could be obtained in a two-step
process whereas repeated application of low and high pressures
led to sterile samples.
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Fig. 7: Multiple step process at 50 °C for pressure inactivation
of B. subtilis spores: M 600 bar constantly, ¥ 5000 bar con-
stantly, @ 600/5000 bar alternatingly; open symbols: controls.

4. Conclusion

A short treatment with 80 °C represents an easy and effective
method to estimate the number of already germinated spores,
even when the number of still dormant ones is very small. It is
remarkable that a longer processing time at 80 °C does not lead
to further germ kill and it may be assumed that germination is
not achieved by temperatures in this order of magnitude. In the
latter case no plateau would occur and the number of germs
would constantly decrease during the temperature treatment
since any germinated spore would quickly be inactivated. Ideal
germination is not achieved below 600 bar. Pressures between
600 and 1500 bar are best suited to initiate germination,

At 40 °C the number of viable spores could be reduced by the
factor of 10° during a processing time of 4 h. Most of this time
the sample can be exposed to 600 bar and only a few minutes
at a higher pressure is necessary. The resulting number of less
than 100 spores per ml is particularly convenient for applica-
itons in the field of foodstuffs. For example, canned foods are
allowed to contain up to 1000 germs per g dry weight [13].

To achieve sterile solutions, work had to be carried out at 50 °C.
After 3 h no germs could be found in samples that originally had
contained 10%% spores per ml. In this case a multi-step process
yielded much better results than a treatment with only one ger-
mination interval followed by a single high pressure application.
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Fig. 8 Multiple step process at 50 °C for pressure inactivation
of B. subtilis spores: B 1500 bar constantly, ¥ 5000 bar con-
stantly, ® 1500/5000 bar alternatingly; open symbeols: controls.

i0 T T T T N —
a
8| -
g | 3
=
s
o
o
- 4} E
.
2l 4
| ]
[ ] E " »
0 1 ] i L] A 1
0 10 20 30 40 50 60
t/min

Fig. 9: Pressure inactivation of B. subtilis spores by 5 kbar at
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open symbol: control.
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Inactivation of microorganisms by hydrostatic pressure

Horst Ludwig, Christian Bieler, Kai Hallbauer and Wilhelm Scigalia
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SUMMARY

The pressure inactivation of E. coli is studied up to 5 kbar in the temperature range between 1
and 30 °C in different aqueous solutions. The inactivation rate increases with pressure and is
minimal at room temperature. It does not depend on the composition of the solvent as long as
some water is present.

The germination of bacterial spores is investigated in dependence on pressure, temperature
and additives. The best conditions are medium pressure, high temperature and some additives
like salts, amino acids and glucose. The germinated spores can then be inactivated.

INTRODUCTION

Destruction of microorganisms is one of the maost important effects in high pressure treatment
of food or drugs. First experiments in this area have been done nearly hundred years ago.
Later on, research was concentrated upon pressure tolerant or barophilic microorganisms
taken from the deep sea and on high pressure physiclogy of cells and animals (Zimmerman et
al.,1970; Sleigh et al.,1972; Jannasch et al.,1987§. Also, pressure effects on various biochemical
systems have been investigated (Heremans,1978 and 1987, Wong,1987;, Weber,1987). Recently
aglgo(;)of work has been published in Japan in respect of food processing (Hayashi,1989 and
1990;.

The kinetics of pressure inactivation has been studied for bacteria, bacterial spores, yeasts,
moulds including their spores (Butz et al,1986;1990;1991}, and viruses (Brauch et al.,1990;
Carl et al,1991). Simple first order reactions were found for the inactivation of vegetative
bacteria only, whereas all the other microorganisms and viruses resulted in complicated kinetic
curves.

In the first part of this regort it will be shown that deviations of the first order might also occur
in the case of vegetative bacteria, and in the second part some new results will be given about
bacterial spores which are the most difficult microorganisms to inactivate.
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INACTIVATION OF COLI BACTERIA

Freshly prepared E. coli were used in each experimental run. The preparations were aiways
cultured from a single organism (one plaque) and grown until the stationary phase was
reached. The experimental device (Butz et al,,1990) consisted of ten'small-pressure vessels thaz
were filled with the samples, simultanously pressurized and thermostated. The single vesseis
could be opened independently in order to determine the number of viable organisms at acv
given time.
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Fig.1 Pressure inactivation of E.coli at 2.5 kber, Fig.2 Pressure inaktivation of E.coli at
® 40 °Cy 50 °C, open symbols: contrals. 2.5 kbar and 25 *C, o control.

Figure 1 gives results. The logarithm of colony forming units, i.e. the number of living bacteria
per ml, is plotted on the ordinate and the time on the abscissa. Starting with 10° bacteria per
m! and under an a g]icd pressure of 2.5 kbar sterile solutions were obtained in 10 and 20 min
at temperatures of 50 or 40 °C. Straight lines can be drawn through the data indicating firss
order reactions. This changes drastically when the temperature drops below 30 °C. Figure 2
gives an example at 25°C of how the curve now looks. This holds for ali the lower
temperatures down to 0 °C. The shape of this inactivation curve does not depend on the initiz}
concentration. For different initial concentrations it can vertically be shifted without changes
A small fraction of all bacteria seems to be less sensitive to pressure when the temperature =
lower than 30 °C. This could be explained by an altered membrane composition of thesz
bacteria with the consequence of a liquid-gel transformation in the membrane near 30 °C. Ex=
(1990) reports on such phase transitions in E. coli membranes.
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Fig.4 Pressure dependence of E.coli
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Figure 3 gives the temperature dependence of inactivation at 2 kbar. The inactivation rate has
a minimum at room temperature. The faster inactivation at lower temperature might be
caused by the particigation of hydrophobic forces and of membrane processes.

The inactivation of E. coli is strongly dependent on pressure. This is shown in Fig.4, which
gives data for 9 min of pressure treatment at 4 °C, and in Fig.5 where the inactivation course
at 25 °C is presented for pressures between 2 and 5 kbar. The numbers on the ordinate hold
for 5 kbar the other curves being vertically shifted each by two logarithmic units which is
allowed as described above.

Ll -1 T L
L ]
* . .
v b L] * »
v
v
= v v J
TS n ] v v -
G A 4 a _I
o A
R | * A .
»
4 L -1
2 ° e *
Y
S N
. 2
/[ sterile ) /r
| S PR 1 —— L
0 10 20 30
t/min

Fig.5 Pressure inactivation of E.coll at
25 °C and different pressures of
e 2, v 25 w3 4 35 < 4
and © 5 kbar.



The rate of inactivation is the same in nutrient solution, physiological NaCl solution acd in a
1:1 mixture of NaCl solution with glycerol. The rate, as well as the amount of bacteria that is
‘more pressure sensitive, is reduced to about 60 per cent in pure. glycerol, possibly because the
membrane is influenced (Fig.6).

For practica]Q purposes it can be stated that aqueous solutions of various compositions
containing 107 coli bacteria per ml can be sterilized in 10 min using 4 kbar at 4 °C or J kbar a1
25°Cor 2.5 kbar at 50 °C,
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Fig.6 Pressure inactivation of E.coli in Fig.7 Pressure inaclivation of B. stearo—
Glycerol at 2.5 kbar and 25 °C, thermephilus at 2.5 kbar ond €0 °C,
o control, o contrel.

INACTIVATION OF SPORE FORMING BACTERIA

Figure 7 shows the kinetics of Bacillus stearothermophilus inactivation. A fast decrease cof
viable cells in the first ten minutes is followed by 2 much slower inactivation process; severzl
hours are needed to obtain sterile solutions. Whereas in the fast step the vegetative Bacilli arz
killed, the slow step is caused by the spores. In Fig.8 and 9 the temperature and pressure
dependence for the inactivation of vegetative forms can be seen; it looks similar 10 the
diagrams of E. coli (Fig.3 and 4) with the only exception that plateaus are reached 2t high
temperature and at high pressure. These plateaus again indicate the spore fraction. Similar
results are obtained for B. subtilis, but its spores are more sensitive to pressure than those c1
B. stearothermophilus (Fig.10).
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It has been shown that spores can be killed by a combined pressure and temperature
treatment (Seyderhelm et al,1992; Butz et al,1990). Medium pressures of about 2 kbar seem
better than very high pressures; the best results are obtained when the germination process
which runs fastest at low pressure is decoupled from the inactivation of the germinated spores
that is done at high pressurc (Butz et at.,1980).

Since pressure only kills the germinated forms of spores it seems necessary to study the
germination process in detail. Fig.11 shows the kinetics of germination of B. subtilis spores, as
measured by the release of Dipicolinic acid (DPA) which quantitatively describes the
germination grocess. The time needed for full germination (100 per cent DPA) depends
strongly on the temperature. There is optimal DPA release at about 2 kbar (Fig.12). The
germination rate depends on the salt content of the solution (Fig.13). Most DPA is released
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near an ionic strength of 0.14 M. This corresponds to 0.14 M NaCl {physiological solution) or
to 0.05 MCaClz; no special jon effect can be. seen. The germination induced at normal
pressure by an appropriate medium is further improved by pressures between 1 and 2.5 kbar
(Fig.14 and 15).

g8 @ v ¥y 1% i
vy v 7 v
st v 4
a® [ ] [ ]
Ll v b
sk . . ' 3
® ®
[ ]
& . g ve
(=] [a) v v
9 - 1 [T b
.V
o} ¥ 4 Vi Z
.
o L 1 1 o L
o 1 2 3 -2 -1 [}
p/kbar Igl
Fig.12 Pressure dependence of DPA release Fig.13 Pressure induced DPA release from
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CONCLUSION

Inactivation of vegetative bacteria by pressure presents no diffulty in principle, but careful
kinetic studies have to be done to reach full safe?(. Sterilisation times can be greatly extended
when deviations from first order kinetics occur. Inactivation is slowest at room temperature;
high and low temperatures give better results. Spores can only be inactivated when they are
caused to germinate. This is best achieved by medium pressures, high temperatures and
suitable solvents containing salts, amino acids and glucose. Either one or better several of
these conditions must be given. Water seems to be necessary for an effective inactivation of
microrganisms.

REFERENCES

Brauch, G., Hansler, U. and Ludwig, H. (1990): The effect of
pressure on bacteriophages. High Pressure Research 5:767-769.

Butz, P. and Ludwig, H. (1986): Pressure inactivation of

microorganisms at moderate temperatures. Physica 139
u.140B:875-877.

Butz, P., Ries, J.,, Traugott, U,, Weber, H. and Ludwig, H. (1990):
Hochdruckinaktivierung von Bakterien und Bakteriensporen.
Pharm. Ind.52 (4):487-491.

Butz, P. and Ludwig, H. (1991): Hochdruckinaktivierung von Hefen
und Schimmelpilzen, Pharm. Ind.53 (6):584-586.

Carl, K. and Ludwig, H. (1991): Pressure effects on bacteriophage
T4. High Pressure Research 7:176-178.

Eze, M.O. (1990): Consequences of the lipid bilayer to membrane-
associated reactions. J. Chem. Educ. 67:17-20.

Hayashi, R., ed. (1989): Use of high pressure in food. Kyoto: SAN-
I Pub. Co,, Japan.

Hayashi, R., ed. (1990): Pressure processed food. Research and
development. Kyoto: SAN-EI Pub. Co., Japan.

Heremans, K. (1978): Pressure effects on biochemical systems. In
High Pressure Chemistry, NASI series: Series C, Vol.41, ed.
H. Kelm, pp.467-487. Dordrecht, The Netherlands.

Heremans, K. (1987): Pressure effects on the reactions of heme
proteins. In High Pressure Chemistry and Biochemistry, NASI
series. Series C, Vol.197, ed. R. van Eldik and J. Jonas,
pp-421-445.

Jannasch, HW., Marquis, R.E. and Zimmerman, A.M,, ed. (1987):
Current Perspectives in High Pressure Biclogy.
London: Academic Press.

Sleigh, M.A. and Macdonald, A.G., ed. (1972): The effects of
gressurc on organisms. Symposia of the society for experimental

iology Nr.26.
Cambridge: University Press.

31



oo

Weber, G. (1987): Dissociation of oligomeric proteins by
hydrostatic pressure. In High Pressure Chemistry and
Biochemistry, NASI series. Series C, Vol.197, ed. R. van Eldik
and J. Jonas, pp.401-420.

Wong, P.T.T. (1987): High Fressure studies of biomembranes by
vibrational spectroscopy. In High Pressure Chemistry and
Biochemistry, NASI series. Series C, Vol.197, ed. R. van Eldik
and J. Jonas, pp.381-400, Dordrecht, The Netherlands.

Zimmerman, A.M., ed. (1970): High pressure effects on cellular
processes, New York and London: Academic Press.

BER L SUEHORTEEAL

KIRE ( £co/l)y OEACLBAREHEE] ~0CORERET, BMEZEA, 5 kbarx
TOEHNErITHRE L. TORER. AESHIERABREENE®HIEHNL, ERTRREELL
Bo WS ADKLNFET IR, FER{EERBROMBRICKELLY, BN BEB XU
EMPEELEZLHEFRORFE/ LS, RROFFARIDERORED, SR, BDY
(. Ti/JH., A3 —R) OFEQLETSH -, COEILTHHRFLERTERE
BT B EHNTE L,

Résumé (traduction des éditeurs)

L'inactivation par la pression d’E. coli dans différentes solutions aqueuses est étudi€e jusqu'a 5
kbar, dans une gamme de température allant de 1 4 50 °C. La vitesse de l'inactivation augmente avec la
pression et est minimale & température ordinaire. Cette vitesse ne dépend pas de la composition du
solvant, a condition que de 'eau soit présente.

La germination des spores bactériennes est étudiée en fonction de la pression, de la température et
de divers composés. Les meilleures conditions trouvées sont une pression moyenne, une température

élevée avec l'addition de produits comme des sels, des acides aminés et du glucose. Dans ce cas, 1a
germination des spores peut &ire inactivée. s
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