Drying of Lactobacillus plantarum




Promotor: dr. ir. K. van 't Riet

hoogleraar in de levensmiddelenproceskunde
Co-promotor: dr. ir. G. Meerdink

universitair docent in de levensmiddelenproceskunde




i j;g.m?"?n f ¢ 2l ?3’

Leonie J.M. Linders

Drying of Lactobacillus plantarum

Proefschrift

ter verkrijging van de graad van doctor

op gezag van de rector magnificus

van de Landbouwuniversiteit Wageningen,
dr. C.M. Karssen,

in het openbaar te verdedigen

op vrijdag 22 november 1996

des namiddags te vier uur in de Aula.




ISBN 90-5485-583-5




Stellingen

De conclusie van Teixeira ef al. dat sproeidrogen en vriesdrogen van Lactobacillus
bulgaricus geen verschil in restactiviteit opleveren wordt tegengesproken door de
door hen gepresenteerde data.

Teixeira, P., Castro, H., Kirby, H., 1995. Spray drying as a method for preparing concentrated
cultures of Lactobacillus bulgoricus, J. of Appl. Bacteriol. 78; 456-462.

Bij drogen op basis van contact-sorptie is het moeilijk om het droogproces van het
bewaarproces te onderscheiden.

Dit proefschrift.
Klapwijk, P.M., Klempp, 1., Van Rhee, R., 1988. Stable bacterial composition and process for
breadmaking using this compesition, EP 0 298 605 Al.

Het ontbreken van vochtgehaltes of wateractiviteiten in veel literatuur over de
overleving van bacterién na drogen kan leiden tot onjuiste interpretatie van de
resultaten.

De rangschikking van beschermende suikers door Crowe ef al. is gebaseerd op een
slechte fit, die verbloemd wordt door het gebruik van een dubbellogaritmische
schaal.

Crowe, L.M., Mouradian, R., Crowe, LH., Jackson, S.A., Womersley, C., 1984. Effects of
carbohydrates on membrane stability at low water activities, BBA 769; 141-150.

De "Round Table on Glasses” tijdens ISOPOW 6 gaf aan dat de meningen van een
aantal prominente onderzoekers zich in een glastoestand bevinden,

ISOPOW 6: The roles of water in foods: Applying fundamental knowledge to the design and
production of foods, March 2-8, 1996, Santa Rosa, California.

De ongebruikelijke weergave van gemeten en voorspeld restvochtgehalte van
gesproeidroogde druppels door Etzel ef al. geeft weinig vertrouwen in de
geschiktheid van het gebruikte model.

Etzel, M.R., Suen, §.Y., Halverson, 5.L., Budijono, S., 1996. Enzyme inactivation in a droplet
forming a bubble during drying, /. Food Eng. 27; 17-34.

Ingrijpen in de natuur wordt door velen vercordeeld, totdat het hen persoonlijk
raakt, getuige de problemen met de processierups.
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De populariteit van het instituut kerk is geen graadmeter voor de geloofsbeleving.

Een belangrijk argument voor het doorgeven van het dialect aan kinderen is behoud
van cultuur.

Indien in de komende paar jaar de start van de Tour de France weer in Noord-
Brabant wordt pehouden zullen er aanzienlijk minder mensen op de been komen
omdat de wachttijd van het publiek in geen verhouding staat tot de tijd waarin de
TENNETs passeren.

De geloofaardigheid van milicu-organisaties die bezwaar maken tegen de bouw
van windmolens staat op het spel.

De Belgen hebben de inwoners van de huidige Zuid-Nederlandse provincién in
1830 danig in de steek gelaten.

Hoffman, E.R.M., 1974. Noord-Brabant en de opstand van 1830, Stichting Zuidelijk Historisch
Contact, Tilburg.

Op filegevoelige plaatsen kan de term snelweg beter vervangen worden door
wegsnel(heid).

Carnaval is alleen bestemd voor mensen die er op de juiste manier voor openstaan,
anderen dienen zich eraan te onttrekken.

Stellingen behorende bij het proefschrift "Drying of Lactobacillus plantarum”

Leonie Linders, 22 november 1996.
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1 Introduction

Use of lactic acid bacteria

Lactic acid bacteria are widely used as starter cultures in the production of food and
feed. Fermentation of milk, vegetables, sausages, beverages and bakery products results
in products with changed composition and taste, and with prolonged shelf life (10).
Lactic acid bacteria are also used as silage inoculates to enhance the fermentation and
reduce the risk of spoilage (31). Lactic acid bacteria are also important for human and
animal health. Some bile resistant strains survive the passage through the intestinal tract
(29) and have beneficial properties when used as probiotics in human and animal
nutrition (11).

Freezing and freeze drying are commonly used methods for the preservation of
starter cultures (3). The disadvantages of freezing are the high transport and storage
costs. Freeze drying is a too costly process for the production of bulk starter cultures.
Costs of freeze drying (including fixed capital costs and manufacturing costs) can be 6
times higher per kg of removed water as compared to convective drying methods like
spray drying and fluidized bed drying (30). Convective drying methods that have been
applied for the drying of starter cultures are spray drying (13, 33), spray granulation (12,
15,35), fluidized bed drying (20, 23, 28), contact sorption drying (19, 34). Vacuum
desiccation has also been used for the drying of bacteria (18, 26).
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Thermal and dehydration inactivation

During drying of bacteria inactivation occurs. Two main mechanisms of inactivation can
be distinguished: thermal and dehydration inactivation, respectively. Thermal
inactivation is a function of temperature and moisture content (23, 35). Thermal
inactivation can be minimised using low temperatures or short times (15, 24). Thermal
inactivation is mainly due to denaturation of DNA, RNA and enzymes (21). Several
researchers modelled the thermal inactivation during drying of lactic acid bacteria (13,
23, 35).

Dehydration inactivation occurs during drying, even at conditions where thermal
inactivation is negligible (15, 23). Cell membrane damage is an important mechanism of
dehydration inactivation (25). This was demonstrated by measuring the leakage of
hydrolysed DNA after the incubation of rehydrated Lactobacillus plantarum with
DNase. Others (15) found that dehydration inactivation was due to the increase in
intracellular lactic acid concentration during drying.

Objective

The first objective of this thesis is to determine the importance of several process
parameters in relation to each other for the production of active dried L. plantarum
starter cultures. The second objective is to determine physical and physiological
mechanisms explaining the influence of these parameters. In this work we have focused
on the dehydration inactivation as the main problem, since the occurrence of thermal
inactivation can be prevented by using low temperature drying methods. A process
oriented approach was applied, using the process scheme shown in Figure 1. The main
research questions at each process step are:

Growth/Harvest: What is the influence of growth parameters like medium composition,
osmotic stress during growth, pH-control and reactor concept, and what is the
influence of harvesting time on the residual activity of dried L. plantarum?

Additives: Do carbohydrates protect L. planfarum during drying and what are the
physical and physiological mechanisms of protection?

Carrier: What is the influence of the use of carrier material on the residual activity of
dried L. plantarum?

Drying: What is the influence of the parameters drying temperature, drying time and
initial cell concentration on the residual activity of dried L. plantarum?

Finally, the activity of the L. plantarum during the complete drying process can be

followed, including storage. Which are the most important process steps?
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Process Parameters

L

Figure 1 Process scheme for the production of dried L. planfarum and cverview of the topics
cavered in this thesis.
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The process oriented approach

Growth

The first step in the production of dried lactic acid bacteria is the growth procedure.
Growth conditions may influence the residual activity after drying. According to
Champagne (3) cells will survive freeze drying best when grown with optimal growth
conditions. Others applicd osmotic stress during growth, which resulted in an improved
survival of L. plantarum after drying (16).

The survival after drying was also dependent on the bacterial strain. L. planiarum
had a higher survival after drying than Lactobacillus bulgaricus (17). In our drying
experiments we even observed a difference in residual activity after drying between two
L plantarum-strains from two different culture collections. The present study, however,
is dedicated to one bacterial strain: L. plantarum (P743, Netherlands Institute of Dairy
Research (NIZO}).

In this thesis a number of growth conditions will be discussed in relation to the
residual activity of L. plantarum after drying. The influence of osmotic stress during
growth of L. plantarum was studied (Chapter 3, 4). Other growth parameters studied
are; growth medium, pH-control during growth and reactor concept (Chapter 4).

Harvest

After growth the bacterial cells will have to be separated from the growth medium and
concentrated during the harvest. The harvesting time has a significant influence on the
residual activity of lactic acid bacteria afier drying (3, 15, 21, 27). In Chapter 4 the
influence of harvesting time will be discussed.

The concentration method will influence the viability and activity of the cells (3),
moreover, this process step will determing the overall process cost (30). Centrifugation
is applicable on laboratory scale as well as on large industrial scale. For some strains
that are sensitive to the centrifugation pressure ultrafiltration or microfiltration may be
considered (3). In this thesis, a standard harvesting method was applied: centrifugation
on a laboratory scale. L. plantarum was not sensitive to centrifugation as controlled by
plate counts,

Additives

Carbohydrates have often been used to protect lactic acid bacteria against freeze drying
(3, 7, 14) and convective drying (25). Carbohydrates protect model membranes against
leakage after drying (4). Membrane damage is an important mechanism of dehydration
inactivation of L. plantarum, which can be minimised by the addition of sorbitol (25).
Accordingly, the influence was studied of a number of disaccharides, monosaccharides
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and sorbitol on the residual activity of L. plantarum after drying (Chapter 5). In order to
explain the difference in protection of the carbohydrates, a physical and a physiological
approach were chosen.

For the physical approach it was assumed that the residual activity of the cells
depends on the moisture content in the local environment of the cell. The water
distribution between the components of a mixture is related to the water activity of the
total mixture and depends on the desorption isotherms of the separate components. The
presence of carbohydrates in the dried product will influence the desorption isotherm of
the product. It is likely that the local moisture content of the cell differs from the overall
moisture content depending on the carbohydrate present. The influence of carbohydrates
on the moisture distribution and water activity of the dried product will be discussed in
Chapter 5 in relation to their protective effect during drying.

In the physiological study the influence of carbohydrates on the phase transition
temperature of the L. plantarum cell membrane was investigated. During drying and
rehydration the membrane may undergo a phase transition from the liquid crystalline
phase to the gel phase and vice versa (5). Leakage of components from the cell may
occur during these phase transitions. The phase transition temperature may be depressed
by interaction of carbohydrates with the membrane phospholipids (5). Chapter 6
describes the influence of carbohydrates on the phase transition temperature of the
membrane and the relation with the residual activity of L. plantarum after drying.

Carrier

Several drying methods involve the use of carrier materials. In fluidized bed drying
carrier material is mixed with the bacteria in order to get a paste that can be extruded to
granules. In contact sorption drying a carrier is present to take up the moisture. Those
carrier materials may influence the activity of the cells just afier mixing and after
drying. In order to make an objective comparison between drying methods it is
important to know the influence of the camrier material on the residual activity after
drying. In Chapter 7 two drying methods requiring the use of a carrier will be discussed:
fluidized bed drying and contact sorption drying. Furthermore the influence of some
unusual carriers on the residual activity after fluidized bed drying will be studied.

Drying

The drying process, during which water is withdrawn from the sample, involves a
number of process parameters. The discussion about the influence of the drying process
on the residual activity of dried bacteria in literature often involves the comparison of
different drying methods like spray drying, fluidized bed drying and freeze drying.
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However, a better comparison of these methods is only possible when the influence of
separate parameters involved in the drying process is known.

Drying temperature is an important parameter in thermal inactivation during drying
(13, 15, 24). The importance of drying temperature in relation to the dehydration
inactivation has never been studied. The drying rate is a parameter on which conflicting
opinions exist in relation to the dehydration inactivation. A low drying rate may
enhance the residual activity after drving, since it permits the cell to adapt itself to the
increased osmotic pressure in the cell (26, 27). Others found no significant influence of
the drying rate on the dehydration inactivation of L. plantarum (23). In Chapter 2 the
drying temperature and the drying rate will be discussed in relation to the residual
activity of L. plantarum afier drying.

The initial cell concentration before drying (C,) had a considerable influence on the
survival of bacteria after freeze drying (2, 3). Accordingly, the influence of C, was
studied on the dehydration inactivation of L. plantarum after convective drying
(Chapter 3). Moreover, the combined influence of C; and of osmotic stress during
growth will be discussed (Chapter 3).

Storage

In many studies no distinction is made between the drying and storage step. Yet, these
process steps should be considered separately. The drying parameters may have
different importance. For example, the residual activity after drying is proportional to
the residual moisture content (23). However, the storage stability is inversely
proportional to the residual moisture content (21). The addition of carbohydrates may
result tn a higher residual activity after drying, but the storage stability does not have to
be improved as well. In Chapter 7 the storage stability will be discussed as a function of
residual moisture content and in relation to the addition of carbohydrates.

Rehydration and activity measurement

Rehydration is a process step that is associated to drying. In order to asses the activity
after drying the cells have to be rehydrated. Activity retention at rehydration can be
improved by delaying the rehydration process (14) or by using protectants in the
rehydration medium (7, 32). The rehydration of freeze dried lactic streptococcus strains
in phosphate buffer resulted in higher viabilities than rehydration in distilled water or a
lactose medium (10% w/v), whereas rehydration media composed of sucrose (10% w/v)
or reconstituted skim mild resulted in higher recoveries (32). Variations in recovery
were found between strains and species (7). In this thesis the rehydration step has not
been object of study. The standard rehydration procedure in 0.01 M potassium
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phosphate buffer (0.15 M NaCl, pH 7) was used in all experiments, as part of the
activity measurement.

The damage incurred with the drying process could be assessed using a test for the
metabolic activity or a viability test, or both. The choice between measuring the
viability or metabolic activity involves factors like reliability, accuracy and practical
aspects like time and convenience. Sometimes the measurement is chosen according to
the application of the starter culture (8). Several researchers used various acidification
tests to determine the metabolic activity of lactic acid bacteria (1, 8, 9, 22). The
metabolic activity measurement is time saving and convenient compared to the viability
measurement. The disadvantage of the viability test is that it may result in higher
activity numbers, since the repair time for injured cells is higher (21). Furthermore, pairs
or chains of cells may occur in starter cultures, Dissociation of the chains during the
drying and rehydration process may lead to an overestimation of the viability (6, 21). In
this thesis mainly the glucose fermenting activity (22) will be used to determine the
influence of the drying process, because of the above mentioned advantages. In
Chapter 4 this activity measurement will be discussed in relation to the viability
measurement.

Qutline of this thesis

In Figure 1 an overview of the topics that are covered in this thesis is shown. Drying is
the central process step in the production of dried starter cultures, therefore the drying
parameters are discussed first in Chapter 2 (drying temperature and drying rate) and 3
(initial cell concentration). Subsequently, the influence of growth parameters will be
covered in Chapter 4. Furthermore, the protective effect of carbohydrate addition will be
discussed in Chapter 5, as well as a physical approach to elucidate the mechanism
behind the protection. In Chapter 6 the physiological relation between the carbohydrate
protection and the membrane phase transition will be discussed. Finally, all aspects
involved in the production of active dried L. plantarum (including storage stability) will
be covered in Chapter 7.
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2 Temperature and drying rate

Abstract

The objective of this work was to study the influence of drying temperature and drying
rate on the dehydration inactivation of Lactobacillus plantarum. Drying methods with
different temperatures and different characteristic drying times were used. Residual
activities of 70-85% were realized after convective or vacuum drying of a layer at 30°C
as opposed to 30-50% at 4°C. Spray drying (fast drying} and vacuum drying at higher
a,-values (slow drying) both resulted in lower residual activities. These experiments
agreed with the following hypothesis: during drying at 30°C a physiclogical adaptation
of the cell takes place which is time dependent. This work provides a tool for
improvement of the production of dried L plantarum.

This chapter has been published as:

L.JM. Linders, G. Meerdink, K. Van 't Riet, 1996. The influence of temperature and drying rate on the
dehydration inactivation of Lactobacillus plantarum, Food and Bioproducts Processing, Trans. IChemE,
74C; 110-114.
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Introduction

Starter cultures of lactic acid bacteria are applied in the production of food and animal
feed. Convective drying is an economical alternative for the conservation of starter
cultures compared to freezing and freeze drying. Unfortunately inactivation of the
bacteria occurs during drying. Two types of inactivation have been demonstrated for
Lactobacillus plantarum: thermal and dehydration inactivation (14).

Thermal inactivation can be minimized by choosing a low drying temperature.
Dehydration inactivation is the key problem. Important parameters are known to be
residual moisture content and water activity (15). Less known is the importance of
drying temperature and drying rate on the dehydration inactivation.

Conflicting opinions exist about the influence of drying rate on the dehydration
inactivation (10). Several authors mention the importance of drying rate (1, 6, 9, 10, 14,
17, 19) but only a few of them specifically studied the influence of this parameter {1,
14). Slow drying may be beneficial, since it permits physiological adapiation to the
increased osmotic pressure in the cell (17, 19). In order to avoid plasmolysis the cells
may accumulate compatible solutes through membrane transport or de novo synthesis
(3, 17). Others (1) showed that residual activity directly after drying was similar after
fast and slow drying (20 min versus 24 h, 25°C) for a number of bacterial strains,
whereas the storage stability was higher for slow compared to fast dried bacteria.

Lievense ef al. {14) found no significant influence of the drying rate on the
dehydration inactivation of Lplantarum. Characteristic drying times varied from
seconds (spray drying) to several hours (drying above saturated LiCl-solutions, 5°C).
According to Lievense et al. the final moisture content is the main parameter
determining the dehydration inactivation.

Other authors state that fast drying is beneficial for the residual activity (6, 9).
According to Kessler (6) the time period to pass water activity (a,) = 0.84 should be as
short as possible in order to obtain the highest residual activity for dried Lactococcus
diacetylactis. The high water mobility above this water activity is supposed to accelerate
detrimental reactions. Kessler also points to the importance of low temperature.
However, these ideas were not confirmed by experiments with varying drying rates and
temperatures.

The objective of this study is to elucidate the combined influence of the drying
temperature and drying rate on the dehydration inactivation of L.plantarum. The
influence of temperature was studied using convective and vacuum drying of a layer.
Spray drying was used as a fast drying method. Slow drying was performed in vacuum
dryers with saturated salt solutions of high relative humidities.
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Materials and methods

Micro-organism and growth conditions

Lactobacillus plarrarum (P743, Netherlands Institute of Dairy Research (NIZ0)} was
grown batch-wise, in a 3.5 1 (Applikon) or a 2.5 | fermenter (Biotech) in 55 g/l MRS-
medium (Difco) enriched with 1 g/ yeast extract (Oxoid) and 10 g/l glucose (Merck).
The fermentation took place under microaerophilic conditions with pH adjusted to 6.3
(using 3 M NaOH). Total consumption of glucose, indicated by glucose test sticks
(diastix, Ames), marked the start of the stationary phase and occurred between 17.5 and
18.5 hours after inoculation. Four hours after the beginning of the stationary phase, the
cells were harvested by two consecutive centrifugation (10 minutes at 10000 rpm,
Sorvall) and washing steps with 0.01 M potassium phosphate buffer
(0.01 M KH,PO,/K,;HPO -buffer in 0.15 M NaCl, pH7). The cells were stored in
(.01 M potassium phosphate buffer at 4 °C for one to three nights without loss of
activity. Before sample preparation and drying, the cells were concentrated by
centrifugation (10 minutes at 10000 rpm, Sorvall), resulting in a cell pellet (X =
3.2 g H,O/g dry weight) containing =~ 10" colony forming units/g dry weight. The
L plantarum-cell suspensions were prepared by diluting cell pellet with 0.01 M
potassium phosphate buffer.

Spray drying

A I plantarum-cell suspension was prepared by diluting cell pellet to an initial moisture
content (X;) between 10 and 15 g H,O/g dry weight with 0.01 M potassium phosphate
buffer. This cell suspension was spray dried in a laboratory spray-dryer (Biichi 190,
Flawill, CH). The process temperatures were kept low in order to minimise thermal
inactivation. The inlet temperature and outlet temperature varied from 60 to 80°C and
from 42 to 53°C, respectively. The air flow through the column and the suspension flow
to the nozzle were set at 45 m’/h (at 20 °C) and 0.2 I/h, respectively. The air flow
threugh the nozzle was set at 0.4 m*/h (at 20 °C). The estimated residence time of spray
droplets in the column was 0.45 s.

Convective drying

A petri dish (& 50 mm) with a layer of 2-3 g of L plantarum-cells (X, =32 0r 7 g
H,0/g dry weight) was placed in a drying tunnel (100x100x500 mm). The samples were
dried with ambient air at 30°C (Relative humidity (RII) = 0.3) or 4°C (RH = 0.5) for 2.5
hours. Afterwards the samples were placed in a glass vacuum desiccator with a saturated
LiCl-solution (e, =0.11) for 2 or 3 days at 4°C in order to obtain an equilibrivm
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moisture distribution in the sample. In this work, water activity stands for the relative
humidity of the air that is in equilibrium with the sample. After drying, the desiccator
was aerated with ambient air that had passed a silica gel column.

Vacuum drying

A weighing flask (2 20x40 mm) with 2-3 g L plantarum-cells (X, = 3.2 g HyO/g dry
weight) or a petri dish (& 50x10 mm) with a layer of 2-3 g L plantarum-cells (X;=7¢g
H;0/g dry weight) was placed in a glass vacuum desiccator with a saturated LiCl-
solution {(a,, = 0.11) for 3 days at 4°C or 30°C,

Slow drying at 30°C was performed in a vacuum desiccator: 6 hours above
saturated K,80, (a,=0.97) followed by 18 hours above saturated Mg(NO;),
(a,=0.53) followed by 2 days above saturated LiCl {(a,=0.11), or 6 hours above
saturated NaCl (a,, = 0.75) followed by 2 days above saturated LiCl (a,,= 0.11). After
drying, the desiccator was aerated with ambient air that had passed through a silica gel
column.

Activity of L.plantarum

The glucose fermenting activity test (11) was used to determine the activity of
L.plantarum. All samples (0.5-1 g) were resuspended in 33 ml 0.01 M potassium
phosphate buffer, in which the decrease in pH was measured at 33 °C after the addition
of 1 ml glucose buffer (0.35 g glucose/g potassium phosphate buffer). The activity (A)
was defined as the maximal rate of pH-decrease per gram dry cells (ApH/min/g dry
cells). The activity of the dry sample was determined directly after drying. The residual
activity after drving was defined as the ratio of the activity after drying (A) and the

activity before drying (Ay).

Thermal inactivation

Thermal inactivation during spray drying was estimated using the combined drying and
inactivation kinetics models described by Meerdink (18). The thermal inactivation
kinetics for L.plantarum were incorporated in the model (12). Lievense described this
model for L.plantarum-starch paste with moisture contents between 0.1 and 0.85 g
H,0/g dry weight. Thermal inactivation was measured for a high moisture L plantarum-
cell suspension (X, = 7 g H,O/g dry weight). A stainless steel inactivation cell (16)
(& 70x2 mm} was filled with 7 g of cell suspension, The activity of the cell suspension
was measured in time at 52.5°C (water bath, Haake). Linear regression of In(A/Ay)
versus time yielded the specific inactivation rate k; (1/s). The value of k; at 52.5°C was
1.8 10° /s. This was equal to the one measured for L plantarum-starch paste at X = 0.85
g H,O/g dry weight (12), thus the inactivation constants (12) were assumed to be
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independent of X for X = 0.85g H,(0/g dry weight. Besides that there was assumed to be
no influence of the starch.

Results and discussion

Drying temperaiure

Drying experiments have been performed at 30°C and 4°C using two drying methods
and two initial moisture contents. Figure 1 shows that drying at 30°C resulted in higher
residual activities than drying at 4°C, also for convective drying followed by vacuum
drying above a saturated LiCl-solution at 4°C (Figure 1a} and for vacuum drying above
a saturated LiCl-solution (Figure 1b). The drying temperature of 30°C also gave better
residual activity for L plantarum-cells with a lower initial moisture content (X;=3.2 g
H,0/g drv weight) vacuum dried above saturated LiCl (Figure 1c). In Figure la a
hatched triangle is drawn covering intriguing data with respect to high residual activity
and low moisture content. This range should be interpreted as a target without statistical
significance.

AAg [

1} I _
0.8} 5
0.6
0.4' o ’Oﬁoo
0.2 | 5 | OO [v]
a. b. C.
0 " " n

005 01 015 02 005 01 015 02 005 01 015 02
X [g H;0/g dry weight]

Figure 1 Residual activity of L. plantarum afier: (a) 2.5 h convective drying , X: at 30°C, or *: at
4°C, both followed by 3 days vacuum drying above LiCl at 4°C (X, =7 g H,O/g dry
weight); (b) 3 days vacuum drying above LiCl, Z: at 30°C, or B: at 4°C, (X, ~ 7 g H,O/g
dry weight); (c) ®: 2.5 h convective drying at 30°C followed by 3 days vacuum drying
above LiCl at 4°C (X, = 3.2 g H,0/g dry weight) or O: 3 days vacuum drying above LiCl
at 4°C (X, = 3.2 g H,O/g dry weight). The hatched triangle covers data with high
residual activity at low moisture content. {This range should be interpreted as a target

without statistical significance)
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The positive influence of the drying temperature of 30°C seemed to point to a
temperature dependent reaction occurring during the drying procedure which did not
occur at 4°C. Since L plantarum can grow at 30°C and not at 4°C (22) it is suggested
that this reaction was of a physiological nature. The following hypothesis was
formulated: during drying at 30°C a physiclogical adaptation of the cell takes place
which results in higher residual activities after drying and this adaptation is time
dependent, Physiological adaptations imply that the drying rate should be particularly
important in the range of water activities from 1 to 0.92, the value below which growth
does not occur (21). The drying rate could be expressed as the characteristic drying time
{ta), which was defined as the time needed to reach X = 1.18 g H,0/g dry weight, which
is an estimate for the moisture content at a,, = 0.92 (15). In the drying experiments at
30°C, as shown in Figure 1, 1, varied between 1.1 and 5.5 hours (Figure 2, Table 1). In
the following drying experiments drying rates were chosen that were both much higher
{spray drying) and much lower (vacuum drying at higher values of a,,).

X [g H;0/g dry weight]
8

time [h]

Figure 2 Drying curve of L plantarum dried at 30°C (X, = 7 g H,0/g dry weight): X: convective
drying; = vacuum drying above LiCl; *: vacuum drying: 6 h above K,SO,, followed by
18 h above Mg(NO;),, followed by 2 days above LiCl; #: vacuum drying: 6 h above NaCl,
followed by 2 days above LiCl;®: convective drying with X, = 3.2 g H;O/g dry weight;
fit, "~

interpolation.
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Table 1 Characteristic drying times for spray drying, convective drying and vacuum drying. In order
to calculate the characteristic drying time, T4, arbitrary functions were fitted to measured
drying curves (Figure 2). 1, was the time that was needed to reach X = 1.18 g H,O/g dry
weight (a, = 0.92).

drying method T [C] Xo [g H,O/g dry solids) 4[]
spray drying 50 11.5 410°°
convective drying 30 1.7 11
convective drying 30 33 0.16
vacuum drying 30 7.2 5.5
vacuum drying (a,, 0.97-0.53-0.11) 30 6.9 19
vacuum drying (a,, 0.75-0.11) 30 6.8 31

'1:,, for spray drying was estimated from model calculation

Fast drying

A fast drying method that is often used for the drying of lactic acid bacteria is spray
drying (4, 5, 20). Spray drying (Figure 3) resulted in lower residual activities than some
of the drying methods at 30°C shown in Figure 1. Higher residual activities could be
expected, since the wet bulb temperature (37°C) was close to the temperature at which
adaptations were expected to occur. There are two possible reasons for the low residual
activity: thermal inactivation or the short drying time. Calculations showed that thermal
inactivation was negligible given the low outlet temperatures and short drying times of
these experiments. It is likely that the drying time of spray drying (t4= 4 10 h) was too
short to permit time for adaptations. Consequently, the spray drying results were close
to the results achieved after convective and vacuum drying at 4°C where the hypothesis
was also not valid because of the low temperature,

Slow drying

Long drying times in vacuum drying were realized by decreasing the driving force for
the water removal in time. Two separate drying regimes were in effect at 30°C with
73=19 and 31 h (Table 2). Slow drying resulted in lower residual activities relative to
the hatched triangle area (Figure 4). The long residence time at high water activities had
a negative influence on the residual activity after drying. In the presence of substrate the
cells would have been able to grow (21) at 30°C and a,, above 0.92. However, biomass
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Figure 3 Residual activity of Lactobacillus plantarum afier * : spray drying (X, = 11.5 g H,O/g dry
weight, T, = 43-53°C). * see Figure 1.
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Figure 4 Residual activity of Lactobacillus plantarum after vacuum drying at 30°C (X, = 7 g H,O/g
drv weight): @: 6 h above NaCl followed by 2 days above LiCl; #: 6 h above K;80,,
followed by 18 h above Mg(NO,),, followed by 2 days above LiCl. ~ see Figure 1.
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degradation occurs when the maintenance requirements of the bactetia can not be
fulfilled because of the lack of substrate (2). In the present situation substrate was
absent, so biomass degradation could occur. However, a cell suspension that was kept in
a vacuum desiccator at a,,= 1 retained 100% residual activity (or even more) for more
than 48 hours. This indicated that inactivation did not take place during the long
residence time at high water activities, but occurred during the drying step after this
long residence time. Therefore, it is concluded that too long residence times at high
values of a, at 30°C should be avoided, since this reduces the residual activity after

drying.

Variable time-temperature

In order to determine at which water content (or water content range) the postulated
physiological adaptations occur, a vacuurn drying experiment {with saturated LiCl) was
performed. Desiccators were first used at 30°C and after 2.5 or 5 hours they were used
at 4°C for two days depriving the cells of the possibility for further adaptations. The
final residual activity was in the target range (hatched triangle area) for the sample
stored for 5 hours at 30°C and not for the sample that was stored only for 2.5 hours at
30°C (Figure 5). The moisture content after 2.5 and 5 hours was 1.5 and 0.5 g HyO/g dry

AAg [

1 |
0.8}
06} o
0.4}
02}

00.05 01 015 02
X [g H,O/g dry weight]

Figure § Residual Activity of L.plantarum after vacuum drying above LiCl (X, = 7 g H,Ofg dry
weight): o: 2.5 h at 30°C followed by 2 days at 4°C or : 5 h at 30°C followed by 2 days at
4°C. - see Figure .
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weight, respectively. This indicated that the adaptations occurred when the moisture
content decreased from 1.5 to 0.5 g H,O/g dry weight', corresponding to a water activity
range from 0.94 to 0.83 (15). In accordance with the hypothesis of physiological
adaptation it seems logical that there is a specific «,, value or range where the cells
become aware of the fact that moisture is being withdrawn, inducing adaptations.

Discussion
The reason why Lievense et al. (14) found no significant influence of the drying rate is
that they performed slow drying at low temperatures. No increase in residual activity
was found, which is in agreement with the present results of drying at 4°C (Figure 1).
The nature of the adaptations can only be guessed. Compatible solutes like betaine
and carnitine have a protective effect on the survival of L plantarum after drying (7, 8).
However, lactic acid bacteria can only acquire them from the surrounding medium since
they are unable to synthesise these components themselves. The washed cells were
surrounded by phosphate buffer lacking compatible solutes. An energy source would be
required as well (19). In order to verify this the betaine and carnitine content was
followed during the drying procedure at 30°C above a saturated LiCl-solution (7). As
expected there were no changes in the concentration of these osmolites. Therefore, this
mechanism can be rejected. Other adaptations that can be considered are changes in the
cell membrane. This is in line with the proposed mechanism of dehydration inactivation:
membrane damage (13).

Conclusions

This work shows that it is possible to minimize the dehydration inactivation of
L.plantarum at temperatures when thermal inactivation is negligible. The following
hypothesis was confirmed by several experiments: during drying at 30°C physiological

A remark should be made about the reproducibility of the experiments. There was a minor
experimental error of 5% within one drying experiment. However, the difference between the different
drying experiments was larger, especially for vacuum drying, what can be seen in the drying curve (O,
Figure 2). This partly accounts for the difference between the two data after 2.5 h at 30°C (Figure 5). The
moisture content after 2.5 hours was still high (X, s, =64 g H,O/g dry weight) for the sample with a
final residual activity of 30 %. For the other sample this was much lower (X;5,= 1.5 g H,0/g dry
weight). Perhaps adaptation had already taken place in this sample.
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adaptation of the celi takes place, probably in the @, range between 1 and 0.92, and this
adaptation is time-dependent.
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3 Initial cell concentration

Abstract

The initial cell concentration before drying influenced the drying tolerance of
Lactobacillus plantarum. Residual activities ranging from 10% to 83% were achieved
using initial cell concentrations between 0.025 and 0.23 g cell/g sample, respectively.
There was no influence of initial cell concentration with cells grown with osmotic stress
of 1 M NaCl.

This chapter has been submitted as:
L.J.M., Linders, E.P.W. Kets, J.A.M. De Bont, K. Van 't Riet. The influence of initial cell concentration
on the residual activity of dried Lactobaciilus plantarum.
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Introduction

Convective drying is an economical altemative for the preservation of bacterial starter
cultures. The residual activity of Lactobacillus plantarum after convective drying can be
influenced in several ways. Previously, a number of process conditions have been
studied in relation to the dehydration inactivation of L. plantarum during convective
drying. Drying conditions such as drying temperature, drying rate, water activity and
residual moisture content were of major importance (8, 10, 11). The influence of growth
conditions could be considerable. Extreme growth conditions like osmotic stress
resulted in physiological adaptations improving the drying tolerance (5, 6). The
presence of NaCl and betaine in the growth medium resulted in an increased survival of
L. plantarum after drying (5). Addition of several carbohydrates significantly improved
the residual activity of lactic acid bacteria after drying (9, 10).

Survival of lactic acid bacteria after freeze drying is enhanced by increasing the cell
density prior to freezing (1, 2, 13). An increased initial cell concentration decreased the
inactivation of bacteria during spray drying (3). The objective of this work was to
demonstrate the influence of initial cell concentration on the dehydration inactivation of
L. plantarum during convective drying. Furthermore, the combined influence of osmotic
stress during growth and initial cell concentration on the residual activity after drying
was studied.

Drying of L. plantarum grown at standard conditions

Lactobacillus plantarum (P743, Netherlands Institute of Dairy Research (NIZO)) was
grown in 55 g/l MRS-medium (Difco) enriched with 1 g/l yeast extract (Oxoid) and 10
g/l glucose (Merck), as described before (11}. Cells were harvested after 22 h (4 hours
after the beginning of the stationary phase). Cells were washed in 0.01 M
KH,PO,/K,HPO, buffer in 0.15 M NaCl (pH7). Cells were concentrated by
centrifugation (10 minutes at 10000 rpm, Sorvall), resulting in a cell pellet (moisture
content {X) of 3.25 g H,O/g dry weight). L. plantarum-cell suspensions were prepared
by dilution of the cell pellet with the washing buffer (1 to 10 times), resulting in cell
concentrations {C,) ranging from 0.025 to 0.23 g dry cell/g sample. A layer (1.5 mm) of
cell suspension in a petri dish (2 50 mm) was dried for 2.5 hours with ambient air of
30°C (11) and afterwards placed in a glass vacuum desiccator with a saturated LiCl-
solution (@, = 0.11) for 2 days at 4°C in order to obtain an equilibrium moisture
distribution in the sample.
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In figure 1 the residual glucose fermenting activity (A/Ag) (7} and the final moisture
content are drawn versus the initial cell concentration. The initial cell concentration had
an important influence on the residual activity of normally grown cells that were air
dried at 30°C (Figure 1). The residual activity varied from 83% for non diluted pellet
(Cy=0.23 g dry cell/g sample) to 10% for 10 times diluted pellet (Cy=0.025 g dry
cell/g sample). The influence of initial cell concentration could not be explained by
differences in moisture content. In a control experiment the same trend was observed
when the viability of L. plantarum after drying was measured using plate counts.
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Figure 1 #: Residual glucose fermenting activity (A/A,); © : moisture content (X); of L. plantarum
after drying versus initial cell concentration {(Cg); ~~~" """ : standard deviation from average
(4 drying experiments}.

Drying of L. plantarum grown with osmotic stress

In a separate experiment the influence was studied of initial cell concentration on the
residual activity of L. plantarum-cells grown with osmotic stress. 1 M NaCl was added
to the above described growth medium and growth was performed applying the same
conditions. Cells were harvested after 66 hours, which was 4 hours after the beginning
of the stationary phase. The cells were washed with 0.01 M KH,PO,/K,HPO, buffer in
1 M NaCl (pH 7). Cells were concentrated by centrifugation (10 minutes at 10000 rpm,
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Sorvall), resulting in a cell pellet (X =2.8 g H,O/g dry weight). L. plantarum-cell
suspensions were prepared by dilution of the cell pellet with the washing buffer (1 to 10
times), resulting in cell concentrations ranging from 0.025 to 0.11 g dry cell/g sample.
Drying of these suspensions as described above revealed that there was no influence of
initial cell concentration on the residual activity of cells grown with osmotic stress
(Figure 2). The residual activity was lower than 10% irrespective of the initial cell
concentration, In a control experiment there was also no influence of C; on the viability
{measured using plate counts) of cells grown with osmotic stress after drying.
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Figure 2 ®: Residual glucose fermenting activity (A/A,); O: moisture content (X); of L. piantarum
grown with 1 M NaCl after drying versus initial cell concentration (Cp). ™™™~ : standard
deviation from average (4 drying experiments).

Comparison of Figure 1 and 2 shows that the application of osmotic stress during
growth resulted in a decreased residual activity after drying when high Cy-values were
used. The present works shows that the results achieved with low Cg-values can not be
extrapolated to higher Cy-values, since C, has a considerable influence on the residual
activity of cells grown without osmotic stress. Kets and de Bont (5) found that growth
of L. plantarum in the presence of NaCl and betaine improved the drying tolerance of
the cells. This can be explained because in their drying experiments a low C, (<0.02 g
dry cell/g sample} was used.
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Discussion

For spray drying of bacteria the observed positive influence of increased initial cell
concentration could be explained by the increased thermostability (3). In the present
situation though, no thermal inactivation could occur since the drying temperature was
30°C (8). According to Bozoglu et al. (1) the influence of C; is related to the area of the
cells exposed to the environment., At increasing C, the interfacial area decreases since
the cells are shielding each other from the detrimental effect of the external medium
(chemical reactions). In recent work (11) it was shown that during drying at 30°C
physiological adaptations may occur, which are time dependent. Possibly the influence
of high C, values on the drying curve was favourable for the occurrence of
physiological adaptations.

Furthermore, the appearance of the samples with high and low C, was different.
The high Cj-samples were transparent (glass-like) after drying whereas the low Cy-
samples were white and non-transparent. When the cells indeed were in a glass phase it
would be beneficial because of: a} absence of oxygen in neighbourhood of cells; b)
protein stabilisation (4); c) reduced reaction rate of deleterious reactions (12).
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4 Growth parameters

Abstract

In order to select optimal conditions for the production of dry and active starter cultures
it is important to determine the influence of growth conditions on the residual activity of
dried bacteria. The influence of medium composition, pH-control during growth, reactor
concept and growth phase was studied on the residual activity of Lactebacillus
plantarum after drying. The effect of osmotic stress during growth on the residual
activity of L. plantarum after drying was measured. The drying methods used were
convective drying of a layer and fluidized bed drying. Bacteria with the highest residual
activity after drying were produced in batch or chemostat with pH-controlled growth
using enriched or diluted MRS medium. Osmotic stress during growth resulted in a
decreased residual activity after drying. Variations in growth conditions generally did
not result in improved residual activities after drying.
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