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Introduction

The fungal kingdom consists of seven phyla (Hibbett et al. 2007). The Chytridiomycota, 
Neocallimastigomycota, Blastocladiomycota, Microsporidia, and Glomeromycota consist 
of only a few thousand species and include the former Chytridiomycota and Zygomycota. 
The Ascomycota and the Basidiomycota, also collectively referred to as the subkingdom 
Dikarya, contain 30.000 and 65.000 identified species, respectively. The actual number of 
fungi is expected to be much higher and may exceed 1.5 million species (Hawksworth, 
1991; 2001). 

Fungi can grow filamentous and/or as yeasts. Yeasts are one-celled organisms. During 
vegetative growth they multiply by budding or fission. Filamentous fungi grow by means 
of hyphae that extend at their apices and branch sub-apically. As a result of this and hy-
phal fusion a mycelium is formed. These mycelia can form a-sexual and/or sexual spores. 
The type of sexual spores that are formed depends on the phylum. The chytrids produce 
flagellated zoospores. The other phyla produce a-flagellated spores known as zygospores 
(former Zygomycota), ascospores (Ascomycota) and basidiospores (Basidiomycota). Zy-
gospores are formed between hyphae of different mating types. Ascospores are formed 
inside a sac-like cell, the ascus, which may or may not be formed in complex multicellular 
aggregates, the ascomata. However, many fungal species form asci on rather undifferenti-
ated hyphae. Basidiospores are formed externally on meiotic cells, the basidia. In many 
species the basidia are formed on or in complex basidiomata, such as mushrooms. 

Zygomycetous fungi form a-sexual sporangiospores. These spores are produced 
within a vesicle at the tip of the sporangiophore, a specialized aerial hyphal structure in-
volved in sporulation. Another type of spore is the chlamydospore. These survival struc-
tures with thick, often melanized walls are formed within vegetative hyphae under unfa-
vorable conditions. Other asexual spores are usually referred to as conidia. Conidia are 
formed directly at the vegetative hyphae or on specialized structures, the conidiophores. 
Conidia may also be formed in specialized multicellular structures, the conidiomata, such 
as pycnidia and acervuli that may occur on e.g. leaf surfaces. Blastoconidia are formed de 
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novo from existing hyphae or conidiophores, whereas thalloconidia (e.g. arthroconidia) 
are formed by conversion of existing hyphae (De Hoog et al., 2000). Conidiogenesis distin-
guishes many different types of conidia in the Ascomycota and the Basidiomycota, such 
as those formed holoblastically (e.g. blastoconidia) or enteroblastically (e.g., poroconidia 
and those produced by the ring-shaped annelides or flask-shaped phialides). Examples of 
the latter are the conidia of Penicilium and Aspergillus spp. that are formed by phialides. 

In nature, conidia and sexual spores are very abundant and a cubic meter of air can 
easily contain thousands of them. Like seeds of plants, shape and size of these propagules 
vary  [ F I g u R e  1 ] .  They may be one- to multicelled with sizes usually ranging from 4 to 
90 µm. Shapes vary from spherical to club-shaped, cylindrical, star-shaped, fusiform to 
even helical-shaped. The shape of the spore affects the efficiency of dispersal. For instance, 
fungi growing on twigs in water frequently form spores that are helical- or star-shaped to 
facilitate their dispersion by wind over the water surface. On the other hand, spores of the 
pathogen Microsporum canis are 6- to 12-celled, rice bean shaped with a granular texture 
to improve attachment to the fur of cats or dogs. The thickness of the spore cell wall also 
varies. Spores with thick cell walls may be encrusted with melanin pigments to protect 
them against UV (Dadachova et al., 2008; Schweitzer et al., 2009). Conidia and spores also 
produce osmolytes, such as trehalose, proline and polyols like glycerol, mannitol, arabitol 
and erythritol (Blomberg and Adler, 1992; Lewis and Smith, 1967; Tan et al., 2004). The 
osmolytes generate the appropriate cytoplasm solute potential to maintain turgor, but 
are also produced in response to dehydration-, freezing- and osmo-stress. 

Culture collections play an essential role in the conservation of genetic resources 
within the fungal kingdom. In these collections fungi are preserved by various methods. 
They are maintained on agar or under mineral oil, or they are liquid-dried, cryo-preserved 
or freeze-dried. Liquid-drying involves vacuum-drying from the liquid state without freez-
ing (Annear, 1962; Ijima and Sakane, 1973; Malik, 1990). When stored under mineral oil, 
cultures are grown on an agar slant and then covered by paraffin oil. Hence, oxygen en-
trance to the cultures is retarded and metabolism is reduced to approximately 10% (Arx 
and Schipper, 1973). Cryopreservation and freeze-drying are the preferred long-term 
preservation methods. They are the least laborious, infection is minimized and, because 
metabolism is arrested, mutation of the genome is avoided. Cryopreservation is generally 
applicable and reliable. During cryopreservation cells are suspended in a cryoprotectant. 
This protectant enters the cell to prevent or at least reduce growth of intracellular ice-crys-
tals. The suspensions are stored at low temperature, preferably below -80 °C. Vegetative 
hyphae as well as conidia and sexual spores survive cryopreservation. In contrast, hyphae 
generally do not survive freeze-drying, although successful freeze-drying of these vegeta-
tive cells has been reported (Tan et al., 1991a,b). Spores and conidia show a better sur-
vival after cryopreservation than after freeze-drying. For example, survival of freeze-dried 
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F I g u R e  1  Various shapes of conidia produced by fungi (adapted from Carmichael et al. 1980)
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Genus Size conidia/spores Wall thickness and
melanization

Alternaria multicelled thick melanized

Arthrobotrys multicelled thin

Botryodiplodia multicelled thick melanized

Botryosphaeria multicelled thick melanized

Camarosporium multicelled thick melanized

Cercospora multicelled thick melanized

Cladobotryum multicelled thin

Colletotrichum multicelled thin

Cylindrocarpon multicelled thin

Cylindrocladium multicelled thin

Dactylaria multicelled thin

Dactlylella multicelled thin

Monacrosporium multicelled thin

Dictyosporium multicelled thick melanized

Dicyma one-celled thick melanized

Didymella one celled thick melanized

Embellisia multicelled thick melanized

Fusarium species producing only
multicelled conidia

thin

Hypomyces multicelled thin

Mastigosporium multicelled thin

Helicodendron multicelled thick melanized

Microsporum multicelled thin/thick
melanized

Monacrosporium multicelled thin

Mycogone multicelled thick melanized

Periconia one-celled thick melanized

Phaeosphaeria multicelled thick melanized

Septoria multicelled thick melanized

Sibirina multicelled thin

Sphaeronaemella one-celled thin

Spirosphaera multicelled thick melanized

Staphylotrichum one-celled (large cells) thin/thick
melanized

Stemphylium multicelled thick melanized

Tubakia one large cell thick melanized

Ulocladium multicelled thick melanized
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T a b l e  1  Genera of fungi that produce spores whose viability is affected by freeze-drying in 

12 % skimmed milk after instantaneous cooling in a mixture of acetone and CO2. 
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conidia of the fungus Arthrobotrys superba is about 25% of that of cryo-preserved conidia 
(see C h a P T e R  2 ). In addition, the lag phase of freeze-dried cultures is longer than that 
of cryo-preserved cultures and increases during storage (Smith et al., 1990). Freeze-dry-
ing, however, has two advantages when compared to cryopreservation. No special condi-
tions are needed to store the product and dispatch of the product does not require cool-
ing facilities. Therefore, cryopreservation is the preferred method for a back-up culture 
collection, but for dispatch freeze-dried cultures are preferred. 

Survival after freeze-drying is relatively high in the case of fungi producing one-celled, 
thin-walled propagules, but other groups of fungi hardly survive this treatment. A viability 
check of 18.000 freeze-dried fungal cultures, belonging to 198 genera, that had been 
stored in the CBS collection up to 27 years showed a significant decrease in viability in the 
case of 36 genera. These genera comprised species producing multicelled, unpigmented 
thin- or melanized, thick-walled conidia or spores and one-celled melanized, thick-walled 
conidia or spores  [ T a b l e  1 ] . Especially, the multicelled  unpigmented spores and co-
nidia formed in genera like Cylindrocarpon and the nematode trapping biocontrol fungi 
Dactylella and Monacrosporium showed low survival rates or could not be revived at all. 

Damage of cells as a result of freezing and drying 
Cryopreservation and freeze-drying can reduce the viability of the cell by affecting mem-
brane and protein structures. In the next sections these effects will be discussed. It should 
be noted that the effects of freezing and drying on proteins and lipids have been mainly 
studied using defined solutions of proteins and liposomes. These studies, however, seem 
to apply for the complex system of a cell as well (see Arakawa et al., 2001). 

Effect of freezing and drying on protein structure
Many proteins denature when environmental conditions change. For instances, 

changes in temperature, pressure, pH, and ionic strength can induce conformational 
changes in proteins and/or protein aggregation. A variety of molecules (e.g. saccharides, 
amino acids, amines, polyols) can protect proteins against denaturation in solution. It has 
been shown that this protection is not due to an interaction between the stabilizing com-
pound and the protein, but rather is explained by the phenomenon of preferential exclu-
sion (Arakawa and Timasheff, 1982; Back et al., 1979). The stabilizing compound is being 
repelled from the surface of the protein. As a result, the concentration of the compound is 
higher in solution than close to the protein surface. This concentration difference creates 
a thermodynamically unfavorable condition because the entropy of the stabilizing com-
pound is affected (Arakawa et al., 2001). Denaturation augments this unfavorable condi-
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tion because the surface of a protein increases during unfolding thereby reducing the 
entropy of the stabilizing molecules in solution even further. This explains why the native 
state of the protein is stabilized by molecules such as saccharides, amino acids and polyols  
[ F I g u R e  2 ] .  

When a protein is frozen, it experiences the stresses of low temperature and ice for-
mation. Cooling of the aqueous solution affects the pH and ion strength. Over and above 
this, ice crystal formation concentrates the protein in the liquid phase. One of these factors 
is often sufficient for proteins to denature, let alone a combination of them. It has been 
observed that compounds that stabilize proteins in solution also stabilize proteins during 
freezing and thawing. The unifying characteristic of these compounds is that they are ex-
cluded from the surface of proteins. This strongly indicates that preferential exclusion is 
the mechanism of protection. This similarity with the protein stabilizing mechanism in 
solution makes sense when one considers that (de)stabilizing of proteins during freezing 
and thawing actually occurs in the liquid phase and not in the ice phase (Arakawa et al., 
2001). 

Freeze-drying involves a freezing and a drying step. During drying, frozen water is 
removed by sublimation (primary drying) followed by removal of bound non-frozen water 
(secondary drying). During freeze-drying, proteins must be protected against the funda-
mentally different stresses of freezing and drying. It has been shown that many molecules 
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that stabilize proteins in solution do not protect against the drying stress. In fact, only sac-
charides have been shown to protect proteins during this process. The mechanism of pro-
tection against denaturation by saccharides is poorly understood. It has been shown that 
direct interaction of the saccharides with the proteins by hydrogen bonding is essential 
for the stabilization process (Carpenter and Crowe, 1988, 1991; Carpenter et al., 2002; 
Tanaka et al., 1991). The saccharide thus acts as a substitute for water (“water replacement 
mechanism”) (see also paragraph “Effect of freezing and drying on membrane structure”). 
Another explanation for the saccharide-mediated stabilization of proteins against drying 
stress is the increasing viscosity, which finally results in the formation of a glass (Franks et 
al., 1990). A glass is a liquid in which the viscosity is so high that the molecules are immo-
bilized in an amorphous state. In the freezing step preceding drying, the bulk of water in 
the lyoprotectant crystallizes. Because the ice-crystals grow during cooling, the concen-
tration of the dissolved molecules increases. As a result, the liquid fraction becomes in-
creasingly viscous. At a certain moment viscosity is raised to such extent that the mole-
cules in the solution are immobilized because of the formation of a glass. The increasing 
high viscosity and the resulting glass may prevent protein and membrane denaturation 
by kinetically hampering mobility and unfolding of molecules (“water dynamics mecha-
nism”) (Abdul-Fattah et al., 2007; Tang and Pikal, 2005). In this scenario the saccharide-
mediated stabilization is explained by the ability of saccharides to raise the viscosity and 
to produce stable glasses. There are indications that it is not just glass formation that is 
related to protein stabilization. For instance, Tanaka et al. (1991) observed that the ability 
of sugars to stabilize catalase is reduced with increasing chain length. Increased chain 
length, however, correlated with improved glass formation. Likewise, Chang et al. (2005) 
showed that aggregation of IgG1 antibody did not correlate with relaxation time constant 
(τβ). This constant correlates with the stability of a glass.     

Effect of freezing and drying on membrane structure.
Cellular membranes consist of a lipid bilayer in which proteins are anchored. The 

membranes contain sterols, glycolipids and, as a major component, phospholipids. Bio-
logical membranes are liquid crystals. This state of matter has properties characteristic of 
a fluid and of a solid crystal. The lipid molecules are oriented as in a crystal but they can 
stream as in a liquid  [ S e e  F I g u R e  3 ] . This latter property is essential because mem-
brane synthesis, transmembrane transport and the activity of membrane–bound en-
zymes can only occur when the membrane is sufficiently fluid. In a hydrated cell, water is 
hydrogen-bonded to the phospholipid head groups, yielding space for the fatty-acid acyl 
chains to move. As a result, fluidity of the membrane is guaranteed. When the water is re-
moved during freezing and drying, the fatty acid acyl chains become packed more tightly 
preventing the acyl chains to move. As a result, the membrane becomes rigid and a phase 
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transition of the membrane takes place from a random fluid structure (liquid crystalline) 
to a solid (gel) phase  [ F I g u R e  3 ] .  

Biological membranes consist of different lipids. The composition of the polar head 
groups, and the degree of saturation and length of the acyl chains vary between these li-
pids. The temperature at which a phase transition occurs is largely determined by these 
parameters, and, therefore, the various fatty acids show different transition temperatures. 
Because of the heterogeneity of biological membranes the temperature range of the 
phase transition is very broad (approximately 10°C). As a consequence of the coexistence 
of solid and fluid lipids during this transition, the proteins are no longer anchored in the 
correct topography within the lipid bilayer structure and they start to drift through the 
fluid parts of the membrane. 

The topography of the proteins is influenced by the cooling rate. At fast cooling rates 
there is insufficient time for migration of the proteins and they are fixed in a configuration 
resembling that found at physiological conditions. However, during slow cooling a gradu-
al lateral phase separation occurs and the proteins are pushed together into areas of fluid 
membrane. Consequently, the membrane proteins aggregate and large areas of protein-
free-lipid are formed. These processes hamper the functionality of the membrane (Morris, 
1981). Coexistence of solid and fluid lipids during the process of cooling can also result in 
leakage of cytoplasm at locations where both phases meet. Moreover, during re-heating, 

proefschrift.indd   16 19-11-2011   23:10:05



1�FReeze-dRyIng oF FIlamenTouS FungI and yeaSTS

ChaPTeR 1 geneRal InTRoduCTIon

non-lamellar structures can be formed. For example a lamellar-to-hexagonal II phase tran-
sition can take place (Fujikawa, 1991). In addition, deletions in membranes can occur. The 
mechanism of this is not known (Roquebert and Bury, 1993). Taken together, the deleteri-
ous intramembrane particle aggregation, the lamellar-to-hexagonal II phase transitions, 
the coexistence of solid and still-fluid phospholipids, and the membrane deletions can 
lead to dysfunction of the membrane, and therefore death of the cell (Morris et al., 1983; 
Smith et al., 1986).

Phase transition of cellular membranes during cooling and desiccation is prevented 
by adding saccharides and/or polyols to the lyoprotectant. They do so by hydrogen-bond-
ing to the phospholipid head groups thus replacing water (Crowe et al., 1984, 1985a, 
1987, 1990). This interaction increases head group spacing, yielding space for the acyl 
chains to move even though the water dipoles are removed  [ F I g u R e  3 ] . As a result, the 
transition temperature of the phospholipids is lowered (Crowe et al., 1985b). By this “wa-
ter-replacement mechanism”, the transition of the membrane from the liquid crystalline 
to the gel phase is prevented. Disaccharides in general and trehalose in particular are op-
timal replacers of water (Crowe et al., 1984; Jain and Roy, 2009) because they fit best to the 
phospholipid head groups within the membrane structure. Trehalose is produced by fun-
gi and can be found in high concentrations in sexual spores and conidia. It protects the 
membranes and proteins at the low moisture content present in these propagules (Theve-
lein, 1984; Wiemken, 1990).

Optimizing the freeze drying process 
As mentioned, cell viability can be easily reduced by the effects of freezing and drying on 
proteins and membranes. Moreover, cells can be damaged by the formation of large ice 
crystals within the cell during the freezing process. To reduce cell damage during freeze-
drying one can optimize the lyoprotectant, the cooling rate and the drying process. 

The lyoprotectant
Before freeze-drying, cells are suspended in a lyoprotectant. A lyoprotectant includes 

a macromolecule (e.g. polysaccharides, proteins) and a low-molecular weight compound. 
The macromolecule serves as a bulking agent. Moreover, due to the fact that large mole-
cules have relatively high glass transition temperatures they facilitate freeze-drying. Low-
molecular weight compounds (e.g. saccharides, polyols, aminoacids, amines) are added to 
stabilize the membranes and proteins. Saccharides are the preferred low molecular weight 
compounds. They protect both membranes and proteins from phase transition and dena-
turation, respectively (Carpenter and Crowe, 1988; Carpenter et al., 1991; 2002). 
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Cooling rate
Freezing of the suspension is the first step in the freeze-drying process. The cooling 

rate used to freeze the suspension is critical because the formation of large lethal intracel-
lular ice-crystals should be avoided. To limit the growth of ice-crystals, fungal cells are 
commonly cooled ultra-rapidly prior to freeze-drying (Fennell, 1960; MacKenzie, 1977). 
The procedure includes either spin freezing or instantaneous cooling to -75 ºC by immer-
sion in a mixture of solid carbon dioxide and acetone (Arx and Schipper, 1973; Bond, 2007; 
Ryan and Smith, 2007). Production of intracellular crystals can also be avoided by slow 
cooling (Mazur, 1970; 1984; Morris, 1981). At slow cooling rates the bulk of extracellular 
water crystallizes leaving a highly concentrated un-freezable solution. The osmotic equi-
librium between this solution and the cell is maintained by cell shrinkage. Consequently, 
the cytoplasm becomes increasingly concentrated resulting in a depression of the freez-
ing temperature. At the optimal cooling rate cells are cooled at such a rate that intracel-
lular freezing is just avoided.  

As mentioned above, the bulk of extracellular water crystallizes during the cooling 
step preceding drying, which leaves a concentrated un-freezable fraction. As a result of 
freeze-concentration the propagules to be freeze-dried dehydrate. Because the ice-crys-
tals grow during cooling, the un-freezable fraction becomes increasingly viscous. At a cer-
tain moment, viscosity of this fraction is so high that the molecules of the un-freezable 
fraction are immobilized and the fraction is converted into a glass. The temperature at 
which a liquid is converted into a glass is called the glass transition temperature of the 
cooled suspension (Tg’). Tg’ depends on the composition of the lyoprotectant.

The drying process
Freeze-drying involves two stages of drying (Luthra et al., 2007). Primary drying is 

started by applying vacuum. At the beginning of the primary drying phase, the dehy-
drated propagules are embedded in a glass interwoven with a feathered pattern of ice-
crystals. During primary drying the ice-crystals are sublimated. To prevent collapse of the 
glass, primary drying should be performed below the Tg’. Collapse of the glass implies that 
the cells are in a liquid environment resulting in denaturation of the proteins and phase 
transition of the membranes. At the end of primary drying all ice-crystals are sublimated 
leaving a network of channels in the glass. Thus, at the end of the primary drying phase 
only bound non-frozen water is left that is part of the glass. The secondary drying phase 
serves to reduce the amount of this bound water to such extent that the freeze-dried 
product is converted into a glass that is stable at room temperature. Because more energy 
is needed to remove this bound water, the temperature of the secondary drying phase 
exceeds that of the primary drying phase. By slowly raising the temperature, the bound 
water is evaporated via the channels that were formed during primary drying. As a result 
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of the evaporation of the bound water, the viscosity of the glass increases even further. 
This is accompanied by an increase of the temperature at which the glass is still stable. 
During secondary drying, care should be taken that the temperature never exceeds that of 
the transition temperature of the glass at the respective moisture content  [ F I g u R e  4 ] . 
Otherwise the spores are liquid- instead of freeze-dried resulting in denaturation of the 
proteins and in phase transition of the membranes. Moreover, the channel structure is lost 
and consequently the water vapor cannot be removed anymore. At the end of the sec-
ondary drying phase, when only 1-2% moisture is left, the glass is stable at room tempera-
ture and the dried formulation can be stored below the glass transition temperature. The 
glass transition temperature (Tg) is the temperature at which the glass melts during warm-
ing. A glass is an ideal formulation to store the dehydrated propagules (Chang et al., 2005; 
Franks, 1990). Because the molecules of the lyoprotectant are immobilized, the prop-
agules are protected against enzyme and chemical activity. Moreover, in the amorphous 
glass the saccharide molecules are arranged in an unordered structure, which allows them 
to form hydrogen-bonds with cellular membranes and proteins. As is the case for proteins, 
immobilization of membrane molecules in an inert glass matrix in itself (“glass dynamics 
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mechanism”) (Chang et al,. 2005; Franks, 1990) may be one of the main mechanisms to 
prevent degradation processes in freeze-dried formulations next to the “water replace-
ment mechanism”. This would give another explanation for the trehalose-mediated stabi-
lization of proteins and membranes against drying stress (Franks, 1990). This disaccharide 
has a high Tg value and thus forms a stable glass. 

As mentioned above, the dried propagules should be stored below the glass- 
transition temperature of the freeze-dried formulation (Tg) (Franks, 1990). Melting of a 
glass at sub-zero temperatures can be monitored by cryo- or freeze-drying microscopy 
(Kett et al., 2003; C h a P T e R  2 ). The temperature at which a glass melts, as assessed by 
microscopy, is called the collapse temperature (Tcoll). As expected, Tcoll coincides with the 
glass transition temperature of the cooled suspension (Tg’). The Tg, the temperature at 
which a dried formulation melts, and Tg’, the temperature at which a solution is trans-
formed into a glass during cooling, can be estimated by differential scanning calorimetry 
(DSC) (Beirowski and Gieseler, 2008; Hatley, 1990; Kett, 2009). The advantage of this tech-
nique is that it can be used at temperatures above and below 0 °C.  The principle of this 
technique is that phase transitions like melting, crystallization and glass transitions go 
along with heat production or - withdrawal. Consequently, a phase transition is charac-
terized by a change in the temperature of the sample. During a DSC scan, a freeze-dried  
or frozen sample is heated while simultaneously its temperature is monitored in compari-
son with an inert reference sample. The Tg and Tg’ are detected because at phase transition 
the temperature of the sample deviates substantially from that of the inert reference  
sample. Tg is determined by the composition of the freeze-dried formulation, but also by 
the residual moisture content (RMC) of the sample. Because water is the plasticizer that 
causes the transition from a glass into a liquid, Tg values should always be estimated in 
relation to RMC. 

Outline of the Thesis
The aim of this Thesis was to optimize the freeze-drying protocol for fungi in general and 
for those genera that do not survive this preservation method, in particular. To this end, 
the influence of the cooling rate, the lyoprotectant and the drying process itself was ex-
amined. Since most fungi belong to the Basidiomycota and Ascomycota I focused on 
freeze-drying of spores that belong to these phyla.

I n  C h a P T e R  2  the influence of the cooling rate was studied in relation to the size and 
the wall-thickness of the conidia. One-celled, thin-walled conidia survived best after in-
stant cooling. In contrast, multi-celled thin-walled or melanized, thick-walled conidia and 
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one-celled melanized, thick-walled conidia survived better when cooled at -1 °C/min prior 
to freeze-drying. The latter was explained by the formation of large ice crystals in instanta-
neously cooled multicelled and/or melanized, thick-walled conidia during thawing or dur-
ing primary and secondary drying of the freeze drying process.  

I n  C h a P T e R  3  the effect of the presence of saccharides (trehalose, lactose, maltose, 
sucrose, raffinose, glucose) or a sugar-alcohol (myo-inositol) on survival of conidia of Ar-
throbotrys superba was analyzed after freeze drying and subsequent storage for two 
months at 30 °C. The study shows that not only the hydrogen bonding capacity (“water 
replacement mechanism”) is important for protection against freeze-drying damage, but 
also the physical stability of the glass that is produced. Notably, the onset temperature of 
the glass transition curve proved to be the critical parameter. 

I n  C h a P T e R  4  it was tested which macromolecule should be applied as bulking agent 
in the protectant used for freeze drying. Various polysaccharides and proteins were tested. 
Proteins provided better biological protection, but polysaccharides facilitated freeze-dry-
ing better due to their higher Tg and Tcoll values. Best results were obtained with skimmed 
milk that combines good biological protection with a Tg value of 93 °C. 

I n  C h a P T e R  5  a lyoprotectant was tested, in which all constituents were combined 
that provided optimal survival in former studies. Optionally, Na-glutamate was added to 
test whether an amino acid further improved survival. The series of test organisms in-
cluded filamentous fungi producing multicelled  thin-walled conidia that did not or hard-
ly survive the routinely applied freeze-drying procedure, in which 12% skimmed milk is 
used as lyoprotectant. In addition, a yeast and a bacterium were included to test whether 
the lyoprotectant also provided protection to other types of micro-organisms. Best results 
were obtained with a lyoprotectant containing 12% skimmed milk supplemented with 
20% trehalose and 5% Na-glutamate. Conidia that up till now did not survive freeze-dry-
ing were freeze-dried successfully. Survival of the yeast was increased considerably and 
survival of Bacillus subtilis was increased by a factor 1,5 x 101,5 x 104 even after two months stor-even after two months stor-
age at 30 °C. It should be noted that water was bound longer during the freeze drying°C. It should be noted that water was bound longer during the freeze dryingC. It should be noted that water was bound longer during the freeze drying 
process when a mixture of trehalose and Na-glutamate was added to the lyoprotectant. 
Therefore, duration of the freeze-drying cycle and the temperature of the secondary dry-
ing phase were adapted, resulting in material with a RMC ≤ 2%. The slow freeze-drying 
cycle in the very viscous lyoprotectant may have contributed to the increase in survival by 
gradual replacement of water dipoles by OH groups of the saccharides.by OH groups of the saccharides.    

I n  C h a P T e R  6  stability of freeze-dried propagules was established. Highest survival 
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immediately after freeze-drying was obtained when propagules were freeze-dried to 
moisture contents ranging between 5 and 3.5 %. Stability was established in relation to 
these moisture contents for a pigmented and an un-pigmented organism. When stored at 
the proper temperature, organisms can be dried to higher moisture contents. Pigmented 
organisms are more resistant to freeze-drying than un-pigmented organisms. 

The Thesis is concluded with a chapter that summarizes the conclusions.     
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Abstract: The influence of the cooling rate prior to freeze-drying on survival of conidia 
was studied. More than 90% of the two-celled conidia of Arthrobotrys superba survived 
instantaneous cooling to -75 ºC when cooling was followed by instantaneous thawing. 
Similar percentages were obtained after thawing conidia at 2.5 ºC/min that had been 
cooled at -35 ºC/min or at -1 ºC/min to -75 ºC. This procedure resulted in dehydrated co-
nidia. Low survival rates, however, were obtained when instantaneously cooled conidia 
were thawed at 2.5 ºC/min or were freeze-dried. The reduced viability can be explained by 
the fact that instantaneous cooling resulted in production of small ice-crystals that grew 
when the conidia were thawed at 2.5 ºC/min. Likewise, crystals grew during primary and 
secondary freeze-drying. As a result of these large ice crystals, 15% of the freeze-thawed 
conidia were still alive, while only 1% survived freeze-drying. Similar results were obtained 
for the four-to-five-celled conidia of Dactylella gampsospora but survival was less for all 
treatments (between 0-25%). In a next set of experiments germination of conidia of elev-
en species was recorded after freeze-thawing and freeze-drying. The viability of small, 
thin-walled conidia was generally not influenced by the cooling rate (instantaneous cool-
ing to -75 ºC or at a rate of -1 ºC/min). In contrast, multicelled and/or melanized, thick-
walled conidia survived freezing as well as freeze-drying significantly better when cooled 
at -1 ºC/min.

Introduction
A viability check of 18.000 fungal strains belonging to 7000 species that had been stored 
for up to 27 years in a lyophilized state revealed good survival, except for the fungi that 
produced multicelled  (length >20 µm) and/or melanized, thick-walled asexual spores (co-
nidia) or sexual spores   [ S e e  T a b l e  1  o F  C h a P T e R  1 ] .  Decrease in survival of these 
spores may well have resulted from the lyophilization procedure. Routinely, fungal spores 
are cooled instantaneously prior to freeze-drying by spin-freezing or by immersion in a 
mixture of solid carbon dioxide and acetone (Von Arx and Schipper, 1973; Fennell, 1960; 
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MacKenzie, 1977). This is to prevent production of large intracellular ice-crystals that are 
lethal. Ice-crystals produced during instantaneous cooling are normally small and as such 
do not affect viability. Spores with such microscopically invisible ice-crystals are referred 
to as vitrified spores. An alternative way of reducing the production of large intracellular 
ice-crystals is by slow cooling (Mazur, 1970; Morris, 1981; Morris et al., 1988). At slow cool-
ing rates, osmotic equilibrium between the eutectic solution and the cell is maintained by 
cell shrinkage (dehydrated conidia). In a eutectic solution, the constituents that produce 
crystals during freezing are crystallized. Due to this dehydration the cell cytoplasm be-
comes increasingly concentrated and, as a consequence, the temperature at which the 
water in the cell freezes is decreased. This and the fact that more and more water is with-
drawn from the cell during cooling reduces the change of formation of intracellular ice-
crystals (Berny and Hennebert, 1991; Grout and Morris, 1987; Mazur, 1970, 1984; Mazur et 
al., 1972; Smith et al., 1986). The cooling rate that results in sufficient dehydration to pre-
vent intracellular freezing depends on the water permeability of the cell and its surface to 
volume ratio (Morris, 1981; Mazur, 1984). This implies that fungal propagules with differ-
ent size and permeability of the cell wall require different cooling rates. 

Here, the role of the cooling rate was studied on survival of conidia that varied in size 
and wall-thickness. To study this, the freeze-drying process of the two-celled conidia of 
Arthrobotrys superba (conidia approximately 20 x 10 µm) and the four-to-five-celled co-
nidia of Dactylella gampsospora (conidia approximately 70 x 15 µm) was monitored with a 
freeze-drying microscope. Moreover, survival rates of conidia of 11 species were deter-
mined after cooling at different rates prior to freeze-drying. These studies showed that 
one-celled, thin-walled conidia survive instantaneous cooling prior to freeze-drying be-
cause they dehydrated quickly. However, multicelled and/or melanized, thick-walled co-
nidia were dehydrated more slowly and consequently should be cooled at -1 ºC/min prior 
to freeze-drying to prevent intracellular ice-crystal formation.

Materials and Methods
Organisms
Organisms that were used are listed in  T a b l e  1 . 

Media
Malt extract agar (2% MEA) and potato-carrot agar with (PCAsol) or without (PCA) 

Solacol were used in this study. 2% MEA consisted of 200 ml malt extract (TNO, Zeist, The 
Netherlands, 10% sugar), 800 ml demi and 15 g agar. PCA contained a filtered extract of 
20 g chopped boiled carrots and 20 g potatoes and 15 g agar in 1 L demi water. In the case 
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Table 1. Species that were used in this study.

Organism
CBS
number One/multicelled

Approximate
size conidia

(µm)

Wall

thick
melanized

thin
unpigmented

Aspergillus candidus 567.65 one-celled 4 x 2 +
Penicillium expansum 664.86 one-celled 3 x 3 +
Trichoderma harzianum 750.83 one-celled 3 x 3 +
Periconia atlra 582.66 one-celled 5 x 5 +
Arthrobotrys superba 643.89 multicelled 20 x 10 +
Cylindrocarpon ianthothele
var. majus

328.81
multicelled

70 x 7 +

Dactylella gampsospora 127.83 multicelled 70 x 15 +
Fusarium avenaceum 879.85 multicelled 60 x 4 +
Alternaria gossypina 104.32 multicelled 35 x 15 +
Curvularia lunata 144.63 multicelled 30 x 15 +
Ulocladium chartarum 200.67 multicelled 35 x 15 +

T a b l e  1  Species that were used in this study.
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of PCAsol 0.3% v/v Solacol (Aagrunol B.V., Groningen, The Netherlands) was added to 
limit the spread of fungal colonies (Gams and van Laar, 1982).

Freeze-drying microscopy
A brass freeze-drying unit, developed at the Foundation for the Advancement of Pub-

lic Health and Environmental Protection in the Netherlands (RIVM), was positioned at the 
stage of an Olympus IMT 2-F inverted microscope. The unit was cooled with liquid nitro-
gen allowing controlled cooling to a maximum of -35 ºC/min. The temperature, measured 
by two Pt-100 thermocouples located underneath the microscope slide, was controlled 
by a Eurotherm 808 Temperature Controller (Eurotherm, Zoeterwoude, The Netherlands). 
The unit was connected to a vacuum pump (vacuum 6 x 10-2 mbar) and a condenser that 
was cooled with a mixture of alcohol and solid carbon dioxide. The freeze-drying and 
freeze-thawing processes were recorded with a Panasonic WV-CD130 video camera.

Suspensions of conidia of A. superba (5 x 107 conidia/ml) and D. gampsospora (5 x 106 
conidia/ml) were prepared in a mixture of 7% trehalose and 5% lactalbumin. In contrast to 
skimmed milk, this protectant allowed monitoring of the intracellular content during 
cooling and freeze-drying. Drops of the suspension were transferred to a microscope 
slide, which was placed in the freeze-drying unit. Conidia were cooled to -100 ºC at a rate 
of -1 ºC/min, -15 ºC/min or -35 ºC/min. Instantaneous cooling was accomplished by im-
mersing the slide into liquid nitrogen. Primary drying was carried out at -35 ºC for 1 h or at 
-65 ºC for 3 h. At the end of the primary drying phase, the temperature was raised at  

proefschrift.indd   31 19-11-2011   23:10:12



3
2

FReeze-dRyIng oF FIlamenTouS FungI and yeaSTS

ChaPTeR 2 mICRoSCoPICal obSeRVaTIonS on The InFluenCe  
oF The CoolIng RaTe PRIoR To FReeze-dRyIng

2.5 ºC/min to 20 ºC. Secondary drying was performed at this temperature for 45 min. To 
study the influence of cooling without drying, the same thawing procedure was used. 
Rapid thawing was accomplished by warming the slide with a hair-dryer. Viability after 
freeze-thawing and freeze-drying was recorded by means of a dye exclusion test with 
0.0002% Rhodamine B (Merck) (Auger et al., 1979) for 800 conidia of A. superba and 300 
conidia of D. gampsospora.

Influence of the cooling rate during freeze-thawing experiments
Conidia (5 x 106 conidia/ml for D. gampsospora and 5 x 107 conidia/ml for the other 

fungi) were suspended in 12% skimmed milk (Elk, DMV Campina B.V., Eindhoven, The 
Netherlands). One hundred μl of suspension was pipetted into 1.5 ml Eppendorf tubes. 
Four tubes were prepared for A. superba, D. gampsospora and Trichoderma harzianum; 
eight for the other fungi. Half of the vials were cooled at a rate of -1 ºC/min to -45 ºC, fol-
lowed by a rate of -50 ºC/min to -75 ºC using a Sylab Icecube 1610 freezer (Sylab, Purk-
ersdorf, Austria). The remaining vials were cooled instantaneously to -75 ºC by immersion 
for 60 sec in a mixture of solid carbon dioxide and acetone. Cultures were stored for 16 h 
at – 80 ºC prior to thawing.

Influence of the cooling rate prior to freeze-drying
Vials (borosilicate; inner diameter 4 mm; wall thickness 1 mm; length 12 cm; without 

constriction (J.H. Ritmeester B.V., Utrecht, The Netherlands)) were filled in duplo with 100 
µl of the conidial suspension, prepared as described above, and plugged with absorbent 
cotton to avoid contamination. The suspensions were cooled to -45 ºC at a rate of -1 ºC/
min, -5 ºC/min, -7 ºC/min, -10 ºC/min, -15 ºC/min or -25 ºC/min and then cooled to -75 ºC 
at a rate of -50 ºC/min. Suspensions of A. superba, Curvularia lunata and Alternaria gos-
sypina were also cooled at -0.25 ºC/min and -0.5 ºC/min. In addition, two vials of each 
suspension were cooled to -75 ºC instantaneously as described above. The suspensions 
were lyophilized using Duradry freeze-drying equipment (FTS Systems, Inc., Stone Ridge, 
New York) with a condenser temperature of - 60 ºC and a vacuum of 5 x 10-2 mbar. Primary 
drying was performed for 30 min at -35 ºC followed by 3 h at -15 ºC.  Secondary drying was 
performed for 45 min at 20 ºC. 

Revival
Frozen vials were thawed at room temperature for 20 min, after which 900 µl demi 

was added. Dried formulations were rehydrated in 1 ml demi for 30 min at room tempera-
ture. In both cases, 200 µl suspension was plated in triplo on 2% MEA (Aspergillus candidus, 
Penicillium expansum or Periconia atra) or PCA (the other fungi) in 5.5-cm Petri dishes. The 
cultures were incubated at 24 ºC for 16 h. For each organism, the germination percentage 
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F I g u R e  1  The effect of cooling and freeze drying on survival of conidia of A. superba 

and D. gampsospora. Conidia of A. superba were cooled at -35 ºC/min to -100 ºC (A), cooled 

instantly to -196 ºC (B) and subsequently warmed at 2.5 ºC/min to -25 ºC (C). Conidia of D. 

gampsospora that were cooled at -1 ºC/min (D) or -35 ºC/min to –100 ºC (E), and conidia of 

D. gampsospora that were cooled at -35 ºC/min to -100 ºC followed by warming at 2.5 ºC/

min to -25 ºC (F). Conidia of D. gampsospora that were cooled at -1 ºC/min and subse-

quently primary dried at -35 ºC (G). Dried conidium at 25 ºC (H). ‘Vitrified’ conidium of D. 

gampsospora after passage of the freeze-drying front (arrow) during primary drying at -

35 ºC (I) and during primary drying at -65 ºC (J). Conidia of A. superba cooled at -1 ºC/min 

and primary dried at -35 ºC (K) or that had been instantly cooled and primary dried at -65 

ºC (L) followed by secondary drying at 20 ºC (M). Bar represents 20 µm

3
3

FReeze-dRyIng oF FIlamenTouS FungI and yeaSTS

ChaPTeR 2 mICRoSCoPICal obSeRVaTIonS on The InFluenCe  
oF The CoolIng RaTe PRIoR To FReeze-dRyIng

proefschrift.indd   33 19-11-2011   23:10:15



3
4

FReeze-dRyIng oF FIlamenTouS FungI and yeaSTS

ChaPTeR 2 mICRoSCoPICal obSeRVaTIonS on The InFluenCe  
oF The CoolIng RaTe PRIoR To FReeze-dRyIng

was recorded for 8 x 100 conidia in duplo. The data were analyzed statistically using a 
nested ANOVA (p ≤  0.05) after transformation of germination percentages into arcsine 
(square root) values. Multiple comparisons based on Newman-Keuls (p ≤ 0.05) were used 
to calculate significance of the differences between means (Sokal and Rohlf, 1969). For D. 
gampsospora and Fusarium avenaceum, colony-forming units (CFUs) were scored because 
germination rates were too low. To this end, 200 µl of the undiluted conidia suspension 
and of the 10-1, 10-2, 10-3 and 10-4 dilutions were plated in triplo on PCAsol and subse-
quently incubated at 22 ºC. Colonies were counted after 3-6 days.

Results
Microscopy
Survival of conidia of A. superba (approximate size 20 x 10 µm) and D. gamspospora 

(approximate size 70 x 15 µm) was assessed after cooling at different rates under a freeze-
drying microscope. Conidia were cooled instantaneously by immersion in liquid nitrogen 
or were cooled at rates of -1 °C/min, -15 °C/min or -35 °C/min to a final temperature of -100 
°C. Microscopical observations revealed that the conidia of A. superba were not dehydrat-
ed when they had been cooled instantaneously. In contrast the spores were dehydrated 
when cooled to -100 °C at rates of -1 ºC/min, -15 ºC/min or -35 ºC/min  [ F I g u R e  1 a ] . 

After instantaneous cooling, no intracellular ice-crystals were observed at 500 x magnifi-
cation  [ F I g u R e  1 b ] .  However, small ice crystals had been present in these vitrified 
conidia because ice crystal growth was observed during warming of these conidia to -25 
°C at a rate of 2.5 ºC/min. Ice-crystals became visible starting at -55 ºC as darkening of the 
cell material (recrystalized conidia)  [ F I g u R e  1 C ] .  The conidia of D. gampsospora were 
dehydrated when cooled at -1 ºC/min [ F I g u R e  1 d ]  but, in contrast to A. superba, intra-
cellular ice was formed in approximately 50% of the conidia when cooled at -15 ºC/min 
(data not shown). The conidia were vitrified when cooled instantaneously or at -35 ºC/min  
[ F I g u R e  1 e ] .  As with A. superba, growth of ice-crystals was visible from -55 ºC onwards 
when these vitrified conidia were warmed at 2.5 ºC/min  [ F I g u R e  1 F ] . 

The viability test showed that in 88% of the cases both cells of the ovoid vitrified co-
nidia of A. superba had survived instantaneous thawing. Similar percentages (86% and 
75%) were obtained with the dehydrated conidia that had been cooled at -35 ºC/min and 
-1 ºC/min, respectively, and that had been subsequently thawed at a rate of 2.5 ºC/min. In 
contrast, only 15% of the re-crystallized conidia had survived, due to the growth of the 
small ice-crystals during warming at 2.5 ºC/min [ F I g u R e  2 ] .  Similar results were ob-
tained for D. gampsospora. In 25% of the rapidly thawed vitrified conidia of D. gampsospo-
ra, all cells of the 4-5 celled fusiform conidia were still alive. For dehydrated conidia this 
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F I g u R e  2  

Viability of conidia of  

A. superba cooled in the 

freeze-drying microscope. 

Both cells in the two-celled 

ovoid conidium alive (open 

bars); one cell in the 

conidium alive (light grey 

bars) and both cells in the 

condium dead (black bars). 

Cr = cooling rate 

tr = thawing rate 

dehydr. = dehydrated        

 conidia 

recryst. = recrystallized 

 conidia 

vitr. = “vitrified” conidia 

F I g u R e  3  

Viability of conidia of  

D. gampsospora cooled in 

the freeze-drying micro-

scope. All cells in the 4 to 5 

celled fusiform conidium 

alive (open bars); some 

cells in the conidium alive 

(light grey bars); and all 

cells in the conidium dead 

(black bars). 

Cr = cooling rate 

tr = thawing rate 

dehydr. = dehydrated        

 conidia 

recryst. = recrystallized 

 conidia 

vitr. = “vitrified” conidia   
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Viability of conidia of  

A. superba freeze-dried in 

the microscope. Both cells 

in the two-celled ovoid 

conidium alive (open bar); 

one cell in the conidium 

alive (light grey bar); both 

cells in the conidium dead 

(black bar). 

Cr = cooling rate 

tr = thawing rate 

dehydr. = dehydrated        

 conidia 

recryst. = recrystallized 

 conidia 

vitr. = “vitrified” conidia   
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was 16% and for the re-crystallized conidia only 3%  [ F I g u R e  3 ] . 

In the next set of experiments, freeze-drying was studied microscopically  [ F I g u R e 

1 g - m ] .  Viability was only assessed for A. superba  [ F I g u R e  4 ] ,  because survival rates 
of D. gampsospora were too low. Instantaneously cooled conidia (resulting in vitrified co-
nidia) and conidia that had been cooled at -1 °C/min (resulting in dehydrated conidia) 
were freeze-dried at -35 ºC during primary drying, and at 20 °C during secondary drying 
[ F I g u R e  1 g - I ,  K ] .  Viability of the vitrified conidia of A. superba was only 1%, while 
18.5% of the dehydrated conidia survived the freeze-drying procedure [ F I g u R e  4 ] . 
Decrease in viability of instantaneously cooled vitrified conidia after freeze-drying is 
caused by the fact that small, non-lethal, intracellular ice-crystals grow during warming to 
-35 ºC and during primary drying at -35 ºC  [ F I g u R e  1 I ] . Crystal growth could be pre-
vented by keeping the vitrified conidia below -65 ºC during primary drying. At the end of 
primary drying conidia were not darkened, indicating that the crystals were still very small 
[ F I g u R e  1 J , l ] .  However, when the temperature was raised to 20 °C to enable second-
ary drying, crystal growth was observed in the conidia  [ F I g u R e  1 m ] , resulting in a low 
survival rate of 1%  [ F I g u R e  4 ] .
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-1ºC/min -75ºC instantly
Organisms and
conidial type Anova % Germ.

Standard
error

Newman-
Keuls

Newman-
Keuls% Germ.

Standard
error

Small thin-walled
Aspergillus
candidus

Sa 79 0.83 A/A/AB/
ABCb

85 0.83 ABC/ABC/
BC/C

Penicillium
expansum

NS 73 3.20 B/B/B/B 69 3.20 A/B/B/B

Trichoderma
harzianum

NS 39 4.83 B/B 33 4.83 A/B

Small melanized, thick-walled
Periconia atra S 12 0.62 C/C/C/C 3 0.62 A/A/B/B
Multicelled thin-walled
Arthrobotrys
superba

S 89 5.37 B/C 30 5.37 A/A

Dactylella
gampsospora

S 76 l.48 B/B 31 1.48 A/A

Fusarium
avenaceum

S 90 4.97 E/F/G/G 4 4.97 A/B/C/D

Multicelled melanized, thick-walled

Alternaria
gossypina

S 70 2.25 C/D/D/D 3 2.25 A/A/B/B

Curvularia
lunata

S 97 l.23 D/D/D/D 85 1.23 A/AB/BC/C

Ulocladium
chartarum

NS 86 11.7 C/D/D/E 68 11.7 A/B/D/E

a S = significant; NS = not significant; P 0.05.
b A—G = not significantly differing sets increasing from A to G. % Germ. = % Germination

T a b l e  2  Influence of the cooling rate on the viability of conidia of eleven species. 

Conidia were cooled to -75 ºC either instantly or at a rate of -1 ºC/min.
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Influence of cooling rate during freeze-thawing and freeze-drying
The percentage of germination of conidia of 11 species was recorded after freeze-

thawing. These conidia differed in size and wall-thickness. The conidia were cooled to -75 
ºC instantaneously or at a rate of -1 ºC/min [ T a b l e  2 ] . After 16 h, the conidia were 
thawed at room temperature for 20 min. The viability of the small, thin-walled conidia was 
not significantly influenced by the cooling rates with the exception of those of Aspergillus 
candidus. In contrast to the other 10 species, this species showed the highest survival rate 
after instantaneous cooling [ T a b l e  2 ] . With the exception of Ulocladium chartarum, 
multicelled and/or melanized, thick-walled conidia survived significantly better when 
cooled at -1 ºC/min  [ T a b l e  2 ] . Although survival rates did not differ significantly for U. 
chartarum, two of the four distributions of the instantaneously cooled conidia did differ 
significantly from the four distributions of the slowly cooled conidia in the Newman Keuls 
test  [ T a b l e  2 ] .  The multicelled melanized, thick-walled conidia of Alternaria gossypina 
and the multicelled thin-walled conidia of D. gampsospora, Fusarium avenaceum and A. 
superba were more susceptible to damage caused by instantaneous cooling than the mul-
ticelled melanized, thick-walled conidia of Curvularia lunata and U. chartarum [ T a b l e 
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2 ] . Cylindrocarpon ianthothele did not survive any cooling rate applied neither in the 
freeze-thawing nor in the freeze-drying experiments (results not shown).

In the next set of experiments, the germination rate of the conidia was determined 
after different cooling rates and subsequent freeze-drying  [ F I g u R e  5 a - C ] . Primary 
drying was performed for 30 min at -35 ºC followed by 3 h at -15 ºC; secondary drying was 
performed for 45 min at 20 ºC. Survival of the small, thin-walled conidia was not signifi-
cantly affected by the cooling rate [ F I g u R e  5 a ] . In contrast, viability of multicelled and/
or melanized, thick-walled conidia was significantly influenced by the cooling rate. Sur-
vival was optimal when these conidia were cooled at -1 ºC/min prior to drying 
 [ F I g u R e  5 b , C ] . Survival rates of the multicelled thin-walled conidia of F. avenaceum, A. 
superba and D. gampsospora were lowest after instantaneous cooling. Viability of the slen-
der curved conidia of F. avenaceum was extremely low at all cooling rates applied other 
than -1 ºC/min. The multicelled fusiform conidia of D. gampsospora could only be recov-
ered after cooling at -1 ºC/min  [ F I g u R e  5 C ] . As mentioned before, the very large, mul-
ticelled, thin-walled conidia of C. ianthothele did not survive any cooling rate applied prior 
to freeze-drying. Viability of the melanized, thick-walled conidia of U. chartarum, A. gos-
sypina and C. lunata decreased less drastically after instantaneous cooling than that of the 
thin-walled condia of A. superba  [ F I g u R e  5 b ] . 

To see whether even slower cooling rates would improve survival, conidia of C. lunata, 
A. gossypina and A. superba were cooled to -75 ºC at rates of -0.25 ºC/min and -0.5 ºC/min. 
Viability of C. lunata and A. gossypina was not improved by slower cooling. Survival of A. 
superba was poorer than at -1 ºC/min (results not shown).

Discussion
Production of large, intracellular ice-crystals is lethal. To avoid formation of these ice-crys-
tals, it is common practice to cool fungal spores instantaneously prior to freeze-drying. 
This is for instance done by immersion in a mixture of solid carbon dioxide or by spin-
freezing. When cells are cooled instantaneously, ice-crystals are so small that they are sup-
posed to be harmless. However, instantaneous cooling prior to freeze-drying does not 
always result in good survival. A viability check of 18.000 fungal strains freeze-dried ac-
cording to the above mentioned practice (Von Arx & Schipper, 1973) showed that survival 
of multicelled and/or melanized, thick-walled spores was decreased considerably   

[ S e e  T a b l e  1  o F  C h a P T e R  1 ] .  Freeze-drying microscopy revealed why survival 
was decreased when they were freeze-dried according to the above mentioned freeze-
drying procedure. Production of large, intracellular ice-crystals was avoided when large, 
multicelled, thin-walled conidia of D. gampsospora and A. superba were cooled instanta-
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F I g u R e  5   Influence of 

the cooling rate prior to 

drying on viability of small 

one-celled  thin walled 

conidia of  (A) 

  P. expansum   

 T. harzianum  

 A. candidus   

(B) multicelled melanized, 

thick-walled conidia of  

 A. gossypina 

 C. lunata 

  U. chartarum 

  multicelled thin-walled 

conidia of A. superba  

 and the one-celled 

melanized, thick-walled 

conidia of P. atra 

and (C)  multicelled thin-

walled conidia of 

  F. avenaceum 

 D. gampsospora
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neously. The small ice-crystals that were produced in these vitrified conidia proved to be 
not lethal as was confirmed by viability tests. Complete recovery of viability was obtained 
when these vitrified conidia were thawed rapidly with a hair dryer. This rapid thawing 
prevents ice-crystal growth during warming to room temperature. However, when vitri-
fied conidia of A. superba and D. gampsospora were freeze-dried at -35 ºC, growth of intra-
cellular ice-crystals could not be avoided as was observed during warming to and drying 
at -35 ºC. Results of the dye exclusion test showed that viability of the re-crystallized co-
nidia of A. superba was decreased to 1 % compared to 18.5% in the case of the dehydrated 
conidia. Likewise, survival of multicelled and/or melanized, thick-walled conidia of six spe-
cies was low after instantaneous cooling to -75 ºC prior to freeze drying. A similar decrease 
in survival was observed by Malik (1988). Obviously, the decrease in viability of multicelled 
and/or melanized, thick-walled propagules, cooled instantaneously prior to freeze-drying, 
is caused by crystal growth during drying. When primary drying was performed below  
-55 ºC, crystal growth was prevented but the intracellular vitrified water did not sublimate. 
Consequently, when the temperature was raised to reach the secondary drying phase at 
20 °C, the conidia still re-crystallized. As a result, the conidia had a low survival rate. 

The slowly cooled multicelled, thin-walled conidia of A. superba survived freeze-dry-
ing much better than instantaneously cooled conidia. The main difference is that during 
slow cooling the spores are dehydrated. As a consequence, ice-crystal formation is pre-
vented. The cooling rate that results in sufficient dehydration to prevent intracellular 
freezing depends on the water permeability of the cell and its surface to volume ratio. 
Microscopical observations revealed that the conidia of A. superba were dehydrated when 
cooled at rates of -1 ºC/min, -15 ºC/min or -35 ºC/min, while intracellular ice-crystals were 
produced in the conidia of D. gampsospora when cooled at rates faster than -15 ºC/min. 
Conidia of the latter fungus are larger (i.e. 70 x15 µm) than those of A. superba  
(20 x 10 µm).  

Contrary to the multicelled, thin- or melanized, thick-walled conidia and the small, 
melanized, thick-walled conidia, survival of the small, thin-walled conidia was not influ-
enced by the cooling rate. Likewise, the viability check of 18.000 lyophilized strains re-
vealed good survival for small, thin-walled conidia after instantaneous cooling. Small co-
nidia probably survive instantaneous cooling because they dehydrate more quickly. When 
conidia do succeed to dehydrate quickly, fast cooling may result in higher survival. Indeed, 
the viability of the small, thin-walled conidia of A. candidus was optimal when conidia 
were cooled instantaneously  [ T a b l e  2 ]  and viability of conidia of A. superba was higher 
after dehydration at -35 ºC/min than at -1 ºC/min. The higher survival rate of these conidia 
may be due to the fact that prolonged exposure to hypertonic solutions may lead to pro-
tein denaturation (Pikal, 1990; Townsend and DeLuca, 1988, 1991) and lateral phase sepa-
ration of the lipid membrane (Morris, 1981)  [ S e e  a l S o  C h a P T e R  1 ] .
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Some multicelled melanized, thick-walled conidia (i.e. those of C. lunata and U. char-
tarum) were less susceptible to damage caused by cooling and freeze-drying than the 
multicelled, thin-walled conidia [ S e e  F I g u R e  5 b ,  C ] . The melanin pigments probably 
protect cells against damage caused by freezing (E. Breierová, pers. comm.) and dehydra-
tion as was also observed by Tan et al. (1991). The protective value of melanin may be as-
cribed to its ability to scavenge free radicals produced in dehydrated biological materials 
(Lukiewicz, 1972).

Conclusion
In conclusion, small, one-celled conidia like those of Aspergillus spp., Penicillium spp., Tri-
choderma spp. are preferable cooled instantaneously prior to freeze-drying, e.g. by im-
mersion in a mixture of solid carbon dioxide and aceton or spin-freezing. By instantaneous 
cooling, denaturation of proteins and membranes is diminished and one-celled, thin-
walled propagules dehydrate sufficiently fast to avoid production of intracellular ice-crys-
tals. In contrast, large, multicelled, and/or melanized, thick-walled conidia, like those of 
Arthrobotrys spp., Alternaria spp., Dactylella spp., and Fusarium spp. should be cooled 
slowly prior to drying, because these propagules dehydrate more slowly and thus easily 
form intracellular ice crystals during rapid freezing.  
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Abstract: Freeze-drying is used to store fungal spores. However, this process affects 
the viability of these propagules. Here, the effect of the presence of 7% saccharide (treha-
lose, lactose, maltose, sucrose, raffinose, glucose) or a sugar-alcohol (myo-inositol) on sur-
vival of conidia of Arthrobotrys superba was analyzed after freeze drying and subsequent 
storage for two months at 30 °C. Viability immediately after freeze drying decreased most 
in the case of glucose (survival 1%). Highest viability was obtained when lactose was used, 
followed by myo-inositol, trehalose, maltose, raffinose and sucrose (survival 42%, 33%, 27 
%, 23 %, 19% and 17%, respectively). Viability was in all cases reduced by at least 50% 
during storage for 2 months at 30 °C. The ranking order of survival did not change after 2 
months storage at 30 °C except for myo-inositol that showed a drop in viability. Survival 
was still the highest when lactose was used, while no survival was recorded in the case of 
glucose. Increasing the trehalose concentration to 20% increased survival from 29% to 
44% and from 11% to 30% immediately after freeze-drying and after storage at 30 °C, re-
spectively. Addition of 0.06 mM CuSO4, ZnSO4, CaCl2, or MgSO4 did not affect survival 
significantly. To study physical stability of the various formulations, glass transition tem-
perature (Tg) and onset temperature of the glass transition (Ton) were determined by dif-
ferential scanning calorimetry. These values were the lowest for the mixtures containing 
glucose and myo-inositol, being 41 and 31 °C and 51 and 24 °C, at 2% residual moisture 
content, respectively. Within the set of di- and trisaccharides Tg and Ton of sucrose were 
the lowest followed by maltose, lactose, trehalose, and raffinose. In all cases, Tg was above 
75 °C but Ton ranged between 35 and 79 °C. Taken together, these data show a correlation 
between survival and the glass transition temperature of the saccharide. This indicates 
that saccharides contribute to survival not only via the water replacement mechanism, 
but also via the physical stability of the glass formed during freeze drying. 
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Introduction

Freeze-drying is a commonly used method to preserve fungal spores. Freeze-drying has 
two major advantages over cryo-preservation. No special requirements are needed to 
store the product and dispatch of the product does not need cooling facilities. However, 
freeze drying may affect the short- and long-term viability of the fungal propagules. 
Therefore, these propagules are mixed with a macromolecule and a saccharide and/or 
sugaralcohol to protect them from damage. The macromolecule serves as a bulking agent. 
Usually proteins or polysaccharides are used (e.g. dextran). Saccharides and sugar alco-
hols protect membranes during freezing and drying by hydrogen bonding to the phos-
pholipid head groups (Crowe et al., 1984b, 1985a; 1987a; 1990). This interaction increases 
head group spacing, thus lowering the transition temperature of the phospholipids 
(Crowe et al., 1985b). The mechanism of protecting lipids by replacing the water dipoles 
during freezing and drying by the hydroxyl groups of saccharides or sugar alcohols is 
called the water replacement mechanism (Crowe et al., 1984a). The disaccharides, particu-
larly trehalose, optimally form hydrogen bonds with the phospholipid head groups of the 
membranes and are thus most effective to protect cells from freezing and drying damage. 
Not only membranes are protected by saccharides, Timasheff and his colleagues provided 
evidence that saccharides also stabilize proteins during cooling by the mechanism of pref-
erential exclusion  [ S e e  C h a P T e R  1 ] . They are repelled from the surface of the protein 
and consequently the concentration of the saccharide is the lowest close to the protein 
surface. This concentration difference creates a thermodynamically unfavorable condition 
because the entropy of the saccharide is affected (Arakawa and Timasheff, 1982; Arakawa 
et al., 2001; Back et al., 1979; Carpenter and Crowe, 1988). Denaturation augments this 
unfavorable condition because the surface of a protein increases during unfolding there-
by reducing the entropy of the saccharide in solution even further. This explains why the 
native state of the protein is stabilized by molecules such as saccharides, amino acids and 
glycerol. Divalent cations strengthen preferential exclusion by increasing the free energy 
of unfolding of the protein (Carpenter et al., 1986; 1987; 2002). For proteins, the protective 
mechanism of saccharides is assumed to be different during the drying process. In this 
case, hydrogen bonding between the saccharide and the protein would protect the pro-
tein. This would thus comply to the principles of the water replacement theory (Carpenter 
and Crowe, 1988; Carpenter et al., 1991). 

During freeze-drying, the protectant is converted into a glass (Franks 1990a,b). Dehy-
drated organisms, enclosed in this glass, can be stored successfully below the glass transi-
tion temperature (Tg). This transition temperature is the temperature at which the glass 
will become liquid again during heating. Tg can be determined by differential scanning 
calorimetry (Hatley, 1990) and represents the inflexion point of the sigmoidal curve of the 
heat absorbed to convert a glass into a liquid. The point at which the curve starts to devi-
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ate from a straight line is taken as the onset temperature of the glass transition (Ton) and 
the point at which the curve returns to a straight line as the end temperature (Te). The Tg  

depends on the composition of the protectant and the residual moisture content. Here, 
the efficacy of saccharides as protectants was assessed using Arthrobotrys superba conidia 
as a model. It is shown that survival of the conidia correlates with the Tg values of the dried 
saccharide formulations. However, stability of the glass appears not to be the sole deter-
minant of the protective capacity of the saccharides.  

Materials and methods
Protectants
Dextran (5%; Serva, Mw 38.000) was used in combination with 7% glucose (Merck), 

7% myo-inositol (Serva), 7% raffinose (Fluka), 7% sucrose (Merck), 7% maltose (Fluka), 7% 
lactose (Brocades), or 7-20% trehalose (Serva). The effect of divalent cations was studied 
in a formulation of 5% dextran and 7% trehalose in combination with 0.06 mM CuSO4 

(Brocades), ZnSO4 (Merck), MgSO4 (Brocades) or CaCl2 (Analar).

Freeze-drying of suspensions
Spore suspensions of A. superba (CBS 643.89) were prepared at a concentration of 5 x 

107 conidia/ml protectant. l.5-ml vials (Müller & Müller, Holzminden, Germany) were filled 
in duplo with 300 µl  conidia suspension. Vials were closed with a rubber lyophilization 
stopper (diameter, 12.7 mm) (Helvoet, Alken, Belgium). The vials were cooled at a rate of 
-l °C/min to -45 °C followed by cooling at a rate of -50 °C/min to -75 °C using a Sylab 
Icecube 1610 programmable freezer (Sylab, Purkersdorf, Austria).

The suspensions were lyophilized using a Leybold Heraeus GT 4 freeze-drying device 
(vacuum: 0.6 mbar; condenser temp: -60 °C). Primary drying was performed 5 °C below 
the temperature of complete solidification as estimated with an Edwards freezing ana-
lyzer (Edwards, Marburg). The end of the primary drying phase was detected by a pressure 
rise in 1 min of less than 2.5%. The rate of heating to reach the secondary drying phase 
was 1 °C/min. Temperature during secondary drying was 20 °C. Vials were stoppered with 
a computer-controlled stoppering device to obtain residual moisture contents (RMC) of 1, 
2, and 3.5%.

Revival of dried suspensions
Organisms were revived immediately after freeze-drying and after storage for 2 

months at 30 °C. For revival, pellets were resuscitated in 1 ml demi for 30 min at 22 °C. 200 
µl of the spore suspension was plated in triplo on 8-ml potato-carrot agar (PCA: 15 g agar, 
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filtered extract of 20 g chopped boiled carrots and 20 g potatoes in 1 liter demi). The cul-
tures were incubated at 24 °C for l6 h. Germination was scored for 8 x 100 conidia in duplo. 
The data were analyzed statistically using a nested ANOVA (P ≤ 0.05) after transformation 
of germination percentages into arcsine (square root) values. Multiple comparisons based 
on Newman-Keuls (P ≤  0.05) were used to calculate significance of the differences be-
tween means (Sokal and Rohlf, 1969).

Estimation of Residual Moisture Content (RMC)
RMC was measured by the titrimetric procedure of Karl-Fischer (Anonymous, 1990) 

with a Mitsubishi CA05 Moisture Analyzer (Mitsubishi Chemical Industries, Ltd., Tokyo, Ja-
pan). The freeze-dried material was dissolved in Coulomat A (Riedel de Haën A.G., Seelze, 
Germany). The generator solution cell was filled with 100 ml Coulomat C (Riedel de Haën 
A.G.); the cathode solution cell was filled with 5 ml Coulomat A.

Differential Scanning Calorimetry (DSC)
A Perkin-Elmer DSC 2 was used for calorimeter. The DSC 2 was calibrated with indium, 

water, benzoic acid, and acetamide. 5 to 10 μg of the crushed dried pellet was added to an 
aluminum 30µl DSC pan. The pans were cooled at -10 ºC/min to 0 ºC.  They were equili-
brated at 0 ºC for 10 min. Subsequently they were heated at a rate of 5 ºC/min to 150 ºC. 
N2 was purged at 100 ml/min. The glass transition temperature (Tg) was deduced as the 
inflexion point of the sigmoidal curve. At the onset temperature (Ton) the curve starts to 
deviate from a straight baseline.

Results
Conidia of A. superba were suspended in 5% dextran combined with 7% glucose, myo-
inositol, raffinose, sucrose, maltose, lactose, or trehalose and freeze-dried to a RMC of 2%. 
The relation between viability of the conidia and the saccharide in the protectant was 
determined immediately after freeze-drying and after storage at 30 °C for 2 months. Via-
bility immediately after freeze-drying ranged between 1% and 42% and was highest 
when lactose was used. This was followed by myo-inositol, trehalose, maltose, raffinose, 
and sucrose, respectively, while lowest survival was obtained with glucose  [ F I g u R e  1 ] . 
Viability decreased at least 50% during storage at 30 °C  [ F I g u R e  1 ] . Survival was still 
the highest and lowest when lactose and glucose were used, respectively (Fig. l). The rank-
ing order of survival did not change after 2 months storage at 30 °C with the exception of 
myo-inositol. Although initial viability of conidia in the sugar alcohol myo-inositol was 
33%, it decreased to only 1% during storage at 30 °C  [ F I g u R e  1 ] . Increasing the con-
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F I g u R e  1  Survival of 

conidia of A. superba, freeze-

dried to 2% RMC, protected 

by mixtures of 5% dextran 

and 7% of various saccha-

rides. Percentage germina-

tion immediately after 

freeze-drying (grey bar) and 

after 2 months storage at 30 

°C (black bar).

F I g u R e  2  Survival of 

conidia of  A. superba, freeze-

dried to 1% RMC, protected 

by mixtures of 5% dextran 

and 7-20% trehalose. 

Percentage germination 

immediately after freeze-

drying (grey bar) and after 2 

months storage at 30 °C 

(black bar).

F I g u R e  3  Survival of 

conidia of A. superba freeze-

dried to 2% RMC, protected 

by mixtures of 5% dextran 

and 7% trehalose supple-

mented with 0.06 mM 

MgSO4, CaCl2, ZnSO4 or 

CuSO4. Percentage germina-

tion immediately after 

freeze-drying (grey bar) and 

after 2 months storage at 30 

°C (black bar).
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Table 1.

Glass transition temperature (Tg), onset temperature of glass transition (Ton), and end temperature

of glass transition (Te) of mixtures of dextran and saccharides that were dried to moisture contents

of 1-3.5%

Protectant Tg (°C) Ton-Te (°C)

5% Dextran/7% glucose 2% RMC 41 31-60
5% Dextran/7% inositol 2% RMC 51 24-62
5% Dextran/7% sucrose 3.5% RMC 65 32-79
5% Dextran/7% sucrose 2% RMC 78 35-94
5% Dextran/7% sucrose l% RMC 88 53-96
5% Dextran/7% maltose 3.5% RMC 81 47-89
5% Dextran/7% maltose 2% RMC 91 56-101
5% Dextran/7% maltose l% RMC 103 70-114
5% Dextran/7% lactose 3.5% RMC 80 63-94
5% Dextran/7% lactose 2% RMC 93 66-109
5% Dextran/7% lactose 1% RMC 110 79-119
5% Dextran/7% trehalose 3.5% RMC 89 63-99
5% Dextran/7% trehalose 2% RMC 94 67-125
5% Dextran/7% trehalose 1% RMC 112 78-128
5% Dextran/12% trehalose l% RMC 100 87-118
5% Dextran/20% trehalose 1% RMC 102 89-116
5% Dextran/7% raffinose 2% RMC 112 79-117

54

Table 2: The onset temperature of glass transition (Ton) of

various protectants that were dried to moisture contents of 1-3.5%.

Protectant Ton

(°C)

5% Dextran/7% sucrose 3.5% RMC 32
5% Dextran/7% sucrose 2% RMC 35
5% Dextran/7% sucrose l% RMC 53
5% Dextran/7% maltose 3.5% RMC 47
5% Dextran/7% maltose 2% RMC 56
5% Dextran/7% maltose l% RMC 70
5% Dextran/7% lactose 3.5% RMC 63
5% Dextran/7% lactose 2% RMC 66
5% Dextran/7% lactose 1% RMC 79
5% Dextran/7% trehalose 3.5% RMC 63
5% Dextran/7% trehalose 2% RMC 67
5% Dextran/7% trehalose 1% RMC 78

T a b l e  1  Glass transition temperature (Tg), onset temperature of glass transition (Ton), 

and end temperature of glass transition (Te) of mixtures of dextran and saccharides that 

were dried to moisture contents of 1-3.5%

T a b l e  2   

The onset tempera-

ture of glass 

transition (Ton) of 

various protectants 

that were dried to 

moisture contents 

of 1-3.5%.
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centration trehalose from 7% to 20% increased survival from 29% to 44% and from 11% 
to 30% immediately after freeze-drying and after storage at 30 °C, respectively  [ F I g u R e 

2 ] . Addition of 0.06 mM CuSO4 or ZnSO4 to 5% dextran and 7% trehalose reduced sur-
vival significantly, even when it was determined immediately after freeze-drying   
[ F I g u R e  3 ] . Survival reduced from 37% to 27% and 7%, respectively. CaCl2 and MgSO4 
did not affect survival significantly. In the case of the divalent cations, results could not be 
analyzed by ANOVA after storage at 30 °C because survival rates were too low.

Glass transition temperature (Tg)
Tg, Ton and Te of the various formulations were determined by DSC [ T a b l e  1 ] .  

Tg (and Ton) of the mixtures containing glucose and myo-inositol were the lowest being 41 
(31) °C and 51 (24) °C, respectively, when suspensions were dried to 2% RMC. Within the 
selected di- and trisaccharides, Tg (and Ton) of the sucrose mixture was the lowest followed 
by maltose, lactose, trehalose, and raffinose. In all these cases, Tg was above 75 °C but Ton 
ranged between 35 and 79 °C with sucrose showing the lowest Ton.

In the next set of experiments, Ton of the disaccharides was determined as a function 
of the RMC in the presence of 5% dextran  [ T a b l e  2 ] . The onset temperatures of the 
mixtures containing lactose and trehalose were the highest, being above 60 °C for RMCs 
≤3.5%. With maltose, onset temperatures ranged between 47 °C and 70 °C. Onset tem-
peratures of the sucrose mixture were the lowest, being 32 °C, 35 °C and 53 °C for 3.5, 2 
and 1% RMC, respectively.

Discussion
In this study the effect of the composition of the protectant on the viability of conidia of A. 
superba after freeze drying was analyzed. After two months storage at 30 °C best survival 
was obtained with lactose followed by trehalose, maltose, raffinose, sucrose, myo-inositol 
and glucose. This ranking order resembles that described by Crowe and colleagues. In 
their studies, membranes were shown to be optimally protected at low water activity by 
trehalose followed by lactose, maltose, sucrose, glucose, raffinose, and myo-inositol, re-
spectively (Crowe et al., 1984c). Likewise, dried liposomes were optimally protected by 
trehalose followed by maltose, sucrose, raffinose, glucose, and myo-inositol (Crowe et al., 
1987b). These findings were described to support the water replacement mechanism. The 
most protective saccharides were superior in making hydrogen bonds with membranes 
and proteins. However, our study suggests that the physical stability of the glass of the 
protecting saccharide also impacts the ranking order, as was also suggested by Green and 
Angell (1989). The Tg and Ton values of the selected sugars were proportional to the size of 
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the saccharide molecule as was also noticed by Levine and Slade (1988) and Slade and 
Levine (1988). Tg values were the highest for raffinose followed by trehalose, lactose, mal-
tose, sucrose, myo-inositol, and glucose, respectively. With the exception of raffinose, sur-
vival data correlated with the physical stability of the dried formulations. Viability after 
storage at 30 °C was optimal with lactose, followed by trehalose, maltose, sucrose, myo-
inositol, and glucose, respectively. The onset temperature of the glass transition curve 
proved to be the critical parameter. Protectants containing myo-inositol and glucose 
showed an onset of the glass transition curve at or below 30 °C. Likewise, viability of prop-
agules dried in these protectants decreased immediately after freeze-drying or after stor-
age at 30 °C. Similarly, survival in di- and trisaccharides was lowest in sucrose which 
showed to have a Ton of 35 °C at 2% RMC. The other di- and trisaccharides had a Ton that 
was much higher than the storage temperature and viability was much higher when com-
pared to sucrose. The fact that viability decreased at least 50% during storage in the sac-
charides with a high Tg and Ton may be explained by the fact that molecular mobility al-
ready starts at a temperature below the Ton as measured by DSC. Probably, a more accurate 
indication of the starting temperature of this mobility is obtained by electron spin reso-
nance (Roozen and Hemminga, 1990). Moreover, on time scales of several months, diffu-
sion of molecules may actually happen in a vitreous matrix, despite that fact that the rate 
of diffusion is much lower than in an aqueous solution, thus allowing degradation reac-
tions to occur (Carpenter et al., 2002). 

Although our study suggests that the physical stability of the glass is important for 
the protective capacity of a sugar, it also shows that this is not the sole determinant. The 
physical stability of the glass of lactose and trehalose was shown to be similar. Yet, lactose 
is more protective than trehalose. Moreover, the glass of raffinose was relatively stable. 
However, this trisaccharide was not an effective protectant as indicated by this and other 
studies (Crowe et al., 1984a,b; 1985a; 1987b; Womersley et al., 1986). Probably, the protec-
tive capacity is a combination of glass stability and other mechanisms such as the capac-
ity to form hydrogen bonds with the membranes and proteins (i.e. the water replacement 
mechanism). Disaccharides would fit better to the phospholipid head groups within the 
membrane structure than the trisaccharide raffinose. A similar steric hinderance may ap-
ply to the proteins and would explain why raffinose is not an effective protectant. The fact 
that 20% trehalose was more effective than 7% trehalose also indicates that glass stability 
is not the only explanation of the protective capacity of a sugar. Conidia of A. superba 
survived better in 20% trehalose although the Tg of the protectant hardly changed. Pos-
sibly, a larger amount of trehalose favors hydrogen bonding to the phospholipid head 
groups (Crowe et al. 1985a) and protection of proteins against denaturation (Arakawa and 
Timasheff, 1982; Back et al., 1979). Moreover, it can not be excluded that at a higher con-
centration, more trehalose enters the cell, hence promoting formation of a stable glass 
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inside the cell. This would also result in improved protection of intracellular proteins and 
membranes. The saccharide component of the protectant can enter the cells when they 
are forced through their phase transition by cooling. Then the cells become leaky and the 
saccharide can flow down its concentration gradient into the cell (Leslie et al., 1995). A 
third explanation why 20% trehalose is more effective than 7% trehalose may be related 
to a better dehydration of the conidia during freezing. This would reduce intracellular 
freezing and as such viability of the cells would be promoted  [ S e e  a l S o  C h a P T e R 

2 ] .
Divalent cations are assumed to strengthen preferential exclusion by enhancing the 

saccharide repelling nature of the protein (Carpenter et al. 1986; 1987). For that purpose, 
efficacy of addition of 0.06 mM CuSO4, ZnSO4, MgSO4 or CaCl2 to the lyoprotectant was 
investigated. Presence of divalent cations reduced viability of the conidia or had no effect. 
These data suggest that the protective capacity of cations may be outweighed by the 
toxic effects of these ions on the conidia. For instance, copper and zinc stimulate produc-
tion of hydroxyl radicals, resulting in peroxidation of the membranes (Fuller et al., 1988). 

Of the sugars tested, lactose provided the best protection during freeze-drying and 
after storage for 2 months at 30 °C. Formulations containing lactose dried faster than for-
mulations with other saccharides (data not shown). This may be explained by the fact that 
lactose has a strong tendency to crystallize. Consequently, amorphous glass is produced 
in addition to crystals. These crystals provide a good structure for freeze-drying explaining 
the fast drying process. From a practical point of view this effect may outweigh the nega-
tive effects of the crystals on the structure of the cell and the lower capacity of lactose to 
hydrogen bond to the phospholipid head-groups. However, it should be noted that lac-
tose is a reducing saccharide. As a consequence, proteins in freeze-dried material will be 
subjected to the maillard reaction when some residual moisture is present. The fact that 
trehalose is not a reducing sugar, that it can very well form hydrogen bonds with the 
membranes and proteins and in, contrast to lactose, does not recrystalize during storage 
may explain why this sugar and not lactose is produced by organisms to protect them-
selves against desiccation (Crowe and Clegg 1973; 1978; Mackenzie et al., 1988; Thevelein, 
1984; Wiemken, 1990). For this purpose, to garantuee viability after storage, trehalose is 
recommended instead of lactose. 

Conclusion
It is concluded that A. superba can best be freeze-dried in a lyoprotectant containing tre-
halose when the dried formulation is stored at temperatures between 20 °C and 30 °C. 
Experiments have been extended to other fungi. Preliminary results show that protect-

proefschrift.indd   53 19-11-2011   23:10:30



�
4

FReeze-dRyIng oF FIlamenTouS FungI and yeaSTS

ChaPTeR 3 InFluenCe oF The SaCChaRIde In The lyoPRoTeCTanT

ants prepared with trehalose provide optimum protection to these organisms as well. Al-
though addition of lactose also resulted in a high survival, trehalose is preferred because, 
in contrast to lactose, it is a non-reducing saccharide and it does not recrystallize during 
storage.
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Abstract: Cells can be preserved by freeze-drying after they have been suspended in a 
lyoprotectant containing a bulking agent and a saccharide. Here, it was assessed which 
macromolecule is the preferred bulking agent to preserve fungal cells. To this end, asexual 
spores of Arthrobotrys superba were mixed with formulations of 7% trehalose and a mac-
romolecule (i.e. various proteins, polysaccharides and polyvinylpyrrolidpone (PVP)). The 
collapse temperature (Tcoll) estimated by freeze-drying microscopy turned out to be the 
most reliable parameter to establish the temperature of the primary drying phase. When 
-40 °C was used as the temperature for primary drying, only mixtures with a Tcoll at or 
above -40 °C were dried successfully. These mixtures included those containing skimmed 
milk, casein hydrolyzate or Ca-lactobionate plus lactalbumin. Tg values of the studied 
polysaccharides and some of the proteins (including skimmed milk, Ca-lactobionate plus 
lactalbumin and casein hydrolyzate) were shown to be favorable for storage of the dried 
material. The highest germination percentage was obtained with skimmed milk. In this 
case, 52% of the spores germinated after freeze drying. Between 24% and 35% of the 
spores germinated in the case of lactalbumin, casein hydrolyzate and Ca-lactobionate 
plus lactalbumin, respectively. Between 4% and 19% germination was obtained when 
dextran, hydoxyethylstarch (HES), carboxymethylcellulose (CMC), β-cyclodextrine, ficoll,β-cyclodextrine, ficoll,-cyclodextrine, ficoll, 
gelatin, polygeline and PVP were used as bulking agent. Lowest survival was obtained in 
the case of peptone (0.5%). Although proteins provided better germination immediately 
after freeze-drying, some of them were difficult to freeze-dry due to a low Tcoll. This was 
especially the case for peptone and lactalbumine. In addition, the lowest Tg values were 
recorded in the case of gelatin, peptone and lactalbumin. Taken together, skimmed milk 
was shown to be the preferred optimum bulking agent. As a result of its Tcoll of -39 °C it can 
be dried successfully, its Tg of 93 °C guarantees good stability, and for the selected macro-
molecules it provided the highest survival.  
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Introduction

Living cells can be preserved by freeze-drying. To this end, cells are suspended in a lyopro-
tectant containing a macromolecule and a saccharide. Saccharides protect membranes 
during freezing and drying against phase transition by hydrogen bonding to the phos-
pholipid head groups (Crowe et al. 1985). Proteins are stabilized by saccharides during 
freezing and drying by preferential exclusion and by replacing water by hydrogen bond-
ing. The latter occurs in the final stage of drying (Carpenter et al., 1991; 2002), whereasThe latter occurs in the final stage of drying (Carpenter et al., 1991; 2002), whereas 
preferential exclusion is the mechanism of protection during freezing and the first stages 
of drying (Arakawa and Timasheff, 1982; Back et al., 1979). In the case of preferential exclu-
sion, saccharides are repelled from the surface of the protein. As a consequence, the con-
centration of the saccharide is higher in solution than close to the protein surface. This 
concentration difference creates a thermodynamically unfavorable condition because the 
entropy of the saccharide is affected (Arakawa and Timasheff, 1982; Back et al., 1979; Ara-
kawa et al., 2001; Carpenter and Crowe, 1988). 

Denaturation augments this unfavorable condition because the surface of a protein 
increases during unfolding thereby reducing the entropy of the saccharide in solution 
even further. When compared to other saccharides, disaccharides provide optimum pro-
tection to cellular membranes and proteins. In particular trehalose has been shown to be 
highly effective (Crowe et al. 1984a, Crowe et al. 1984b, 1987b, Jain and Roy, 2009; see also 
C h a P T e R  3 ). The efficacy of this saccharide has been explained by the fact that it opti-
mally forms hydrogen bonds with the phospholipid head groups of the membranes and 
proteins (Crowe et al., 1987a). 

Macromolecules in the lyoprotectant serve as bulking agents. Usually, proteins or 
polysaccharides are applied. These molecules preferably have a high glass transition tem-
perature (Tg) thereby increasing the glass transition temperature of the frozen as well as 
the dried suspension. A high glass transition temperature of the frozen suspension facili-
tates freeze-drying, while the glass transition temperature of a dried formulation pre-
scribes the storage temperature. Moreover, the macromolecule should stimulate the pro-
duction of an open network structure during drying to facilitate removal of water during 
freeze-drying and to accelerate reconstitution of the dried pellet. 

Here, the efficacy of various macromolecules as a bulking agent was assessed. Co-
nidia of Arthrobotrys superba germinated best immediately after freeze-drying when they 
were suspended in lyoprotectants containing proteins, especially skimmed milk or com-
pounds derived from milk. However, some of the proteins decreased the Tcoll below the 
temperature of primary drying and a low Tg was obtained when gelatin was used. In con-
trast, the Tcoll of skimmed milk was above the temperature of primary drying and a high Tg 
was obtained. This and the high germination of spores make skimmed milk the preferred 
bulking agent.
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Materials and methods

Protectants
The following proteins and protein mixtures were tested: bacto-peptone, gelatin, 

polygelin, skimmed milk, lactalbumin, Ca-lactobionate plus lactalbumin and casein hy-
drolyzate. Polysaccharides tested were: dextran (Mw 38.000), hydroxyethyl starch (HES, 
Mw > 1.000.000), carboxymethylcellulose (CMC, Mw 500.000), ficoll (Mw 70.000) and ß-
cyclodextrin (Mw 1135). In addition, the macromolecule polyvinylpyrrolidone (PVP) (Mw 
10.000) was used as a bulking agent. A concentration of 5% bulking agent was used in 
combination with 7% trehalose with the exception of skimmed milk (12%), gelatin (1%), 
Ca-lactobionate plus lactalbumin (both 1%) and CMC (1%). The viscosity of the latter com-
pounds was too high to apply them at concentrations above 1%. 

Freeze-drying of suspensions
Spore suspensions of A. superba (CBS 643.89) were prepared at a concentration of 5 x 

107 conidia/ml.  l.5-ml vials (Müller & Müller, Holzminden, Germany) were filled in duplo 
with 300 µl spore suspension. Vials were closed with a rubber lyophilization stopper (di-
ameter, 12.7 mm) (Helvoet, Alken, Belgium). The vials were cooled at a rate of - 1°C/min to 
-45 °C followed by cooling at a rate of -50 °C/min to -75 °C using a Sylab Icecube 1610 
programmable freezer (Sylab, Purkersdorf, Austria). Suspensions were lyophilized using a 
Leybold Heraeus GT 4 freeze-drying device (vacuum: 0.6 mbar; condenser temp: -60°C; 
primary drying at -40 °C; secondary drying at 20 °C). The ends of the primary and second-
ary drying phases were detected by a pressure rise of less than 2.5% in one minute. The 
rate of heating to reach the secondary drying phase was 1 °C/min. Suspensions were dried 
to 2% RMC.

Revival of dried suspensions
Organisms were revived 16 h after freeze-drying. For revival, pellets were resuscitated 

in 1 ml demi for 30 min at 22 °C. 200 µl suspension was plated in triplo on 8 ml potato car-
rot agar (PCA) (15 g agar, filtered extract of 20 g chopped boiled carrots and 20 g potatoes 
in 1 liter demineralized water). The cultures were incubated at 24 °C for l6 h. Germination 
was scored for 8 x 100 conidia in duplo. Data were analyzed using a nested ANOVA (P ≤ 
0.05) after transformation of germination percentages into arcsine (square root) values. 
Multiple comparisons based on Newman-Keuls (P ≤ 0.05) were used to calculate signifi-
cance of the differences between means (Sokal and Rohlf, 1969). When conidia were still 
alive (non-ruptured membrane, filled with non granular cytoplasm) but not germinated 
after 16 h incubation at 24 °C, they were scored  ”alive”.
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Estimation of Residual Moisture Content (RMC)
RMC was measured by the titrimetric procedure of Karl-Fischer (Anomymous, 1990) 

with a Mitsubishi CA05 Moisture Analyzer (Mitsubishi Chemical Industries, Ltd., Tokyo, Ja-
pan).  The freeze-dried material was dissolved in Coulomat A (Riedel de Haën A.G., Seelze, 
Germany). The generator solution cell was filled with 100 ml Coulomat C (Riedel de Haën 
A.G.); the cathode solution cell was filled with 5 ml Coulomat A.

Differential Scanning Calorimetry (DSC)
The glass transition temperature (Tg) was estimated using a Perkin-Elmer DSC 2 calo-

rimeter, calibrated with indium, water, benzoic acid and acetamide. 5 to 10 μg of theμg of theg of the 
crushed dried pellet was added to an aluminum 30µl DSC pan. The pans were cooled at -
10 ºC/min to 0 ºC.  They were equilibrated at 0 ºC for 10 min and subsequently heated to 
150 °C. Data were obtained at a scanning speed of 10 °C/min. N2 was purged at 100 ml/
min. Tg was deduced as the inflexion point of the sigmoidal curve. To estimate the onset 
temperature of the glass transition (T’on) of the frozen suspension, 10 µl suspensions was 
added to an aluminum 30µl DSC pan. Samples were cooled at -10 °C/min to -55 °C, equili-
brated for 10 min at -55 °C and warmed at 5 °C/min to 20 ºC. The point at which the curve 
started to deviate from a straight line was taken as T’on.

Freeze-drying microscopy 
Freeze-drying microscopy was performed using a Linkam BSC 196 cryostage mount-

ed on a Zeiss Axioplan microscope. Temperature was controlled by a Linkam TMS92 tem-
perature controller in combination with a Linkam LNP-2 LN2 flow controller. To establish 
the collapse temperature (Tcoll) of the frozen lyoprotectants, slides, mounted into the cryo-
stage, were cooled at -10 °C/min to -75 °C, equilibrated at -75 °C for 10 min and subse-
quently heated at 2 °C/min. 

Scanning Electron Microscopy (SEM)
SEM was performed according to the method of Samson et al. (1979). Thin slices of 

pellet were cut with a razor blade and fixed in 2% OsO4 for 1 h and subsequently in 6% 
glutaraldehyde for 1 h at 4 °C. The material was rinsed twice in water and dehydrated in 
2,2-dimethoxypropane followed by washing in 100% acetone (2x). The samples were 
transferred to a critical point dryer device (Balzer) and dried in CO2. The specimens were 
moulded using a double-sided tape, coated with gold in a Polaron sputter coater and ex-
amined in a Leitz AMR 1000A scanning electron microscope.  
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Table 1. Glass transition temperature (Tg) of macromolecules plus 7% trehalose that were freeze-

dried to 2% RMC and collapse temperature (Tcoll) and onset temperature of the glass transition

(Ton) of the frozen mixtures.

Protectant Tcoll (°C)frozen T’on (°C) frozen Tg (°C) dried

12% Skimmed milk - 39 - 32 93
1% Ca-lactobionate/
1% lactalbumin

- 40 - 25 86

5% lactalbumin - 43 - 33 66

5% casein hydrolyzate - 38 - 29 89

5% peptone - 42 - 29 67

1% gelatin - 38 - 22 65

5% polygelin - 36 - 24 92

5% dextran - 33 - 20 103

1% CMC -9/-48 -28 54-97

5% HES - 38 - 25 106

5% PVP - 45 - 27 55-104

5% ficoll - 43 - 28 85

5% ß-cyclodextrin - 37 - 25 93
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Results 

Ton/Tcoll

Formulations were prepared containing 7% trehalose and a bulking agent (a protein, 
polysaccharide or PVP). These formulations were used to study at which temperature the 
primary drying phase should be performed. To this end, the T’on of the frozen formulation 
was determined by DSC, whereas Tcoll was determined by freeze-drying microscopy   
[ T a b l e  1 ] . T’on was estimated instead of Tg’ because T’on indicates the temperature at 
which mobility in a glass starts during warming, while Tg’ defines the midpoint of the 
transition. Tcoll was lower than T’on for all mixtures tested. This implies that mobility of 
molecules is detected in an earlier stage by microscopy than by DSC. Lowest Tcoll values of 
-42 °C and -43 °C were obtained when lactalbumin, peptone or ficoll were used as bulking 
agent  [ T a b l e  1 ] . Notably, formulations containing peptone and lactalbumin showed a 
collapse after freeze-drying, indicating that suspensions were partly liquid- instead of 
freeze-dried. Tcoll values of mixtures containing dextran, polygelin, ß-cyclodextrin, HES, 
casein, gelatin, skimmed milk, and Ca-lactobionate plus lactalbumin were between -33 °C 
and -40 °C. The Tcoll of CMC and PVP could hardly be determined because ice-crystals were 
difficult to detect under the freeze-drying microscope in the gel-like substances produced 
during cooling. 

Tg values of the dried formulations were estimated to assess the limitations in storage 

T a b l e  1  Glass transition temperature (Tg) of macromolecules plus 7% trehalose that 

were freeze-dried to 2% RMC and collapse temperature (Tcoll) and onset temperature of 

the glass transition (Ton) of the frozen mixtures.
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F I g u R e  1  Scanning electron microscopy of pellets of macromolecules plus 7% 

trehalose, freeze-dried to 2% RMC: (A) dextran, regular maze; (B, C) HES, regular maze; 

(D) CMC, zoned area; (E) PVP, somewhat irregular maze; (F) CMC, zonate; (G) PVP, surface 

of pellet; (H) CMC, collapsed area. Bar represents 33 μm. 
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temperature  [ T a b l e  1 ] . Lowest Tg values were obtained for trehalose combined with 
the proteins peptone, lactalbumin and gelatin (i.e. 67 °C, 66 °C and 65 °C, respectively). Tg 
values of the other protein and polysaccharide mixtures were above 80 °C.  Highest Tg 
values were recorded for dextrane and HES being 103 °C and 106 °C respectively. Like the 
Tcoll values, Tg values of mixtures containing CMC and PVP could hardly be detected be-
cause the transition took part in a wide temperature range (± 55-100 °C).   

SEM
Pellets dried in the presence of CMC or PVP were studied by SEM to assess why the Tg 

and Tcoll values of these mixtures were hard to determine. As a control, pellets were stud-
ied that had been dried in the presence of dextran and HES mixed with trehalose. These 
control mixtures showed well defined glass transitions. As expected, these pellets   
[ F I g u R e S  1 a - C ]  showed a regular open network structure. The structure of HES was a 
bit coarser than that of dextran. In contrast, the structure of pellets containing CMC was 
irregular with mazes of various size  [ F I g u R e S  1 d,  1 F ] , while some parts of the pellet 
showed a severe collapse  [ F I g u R e  1 h ] . Pellets containing PVP also showed an irregu-
lar structure  [ F I g u R e  1 e ] , and the exposed surface of the pellet was pellicular without 
pores  [ F I g u R e  1 g ] . 

Viability of spores of A. superba
Viability of A. superba spores was determined in formulations containing 7% treha-

lose and one of the bulking agents (see above). Immediately after freeze-drying, highest 
viability was obtained with skimmed milk and compounds derived from milk (65%, 45%, 
42%, and 39% in the case of skimmed milk, lactalbumin, caseine hydrolyzate, Ca-lactobi-
onate/lactalbumin, respectively. [ T a b l e  2 ] ). The percentage of spores that were dead 
after freeze drying in other bulking agents was 64-98,5%. Highest germination percent-
ages immediately after freeze-drying were obtained with skimmed milk and compounds 
derived from milk  [ T a b l e  2 ;  F I g u R e  2 ] . 52%, 35%, 30%, and 25% of the spores ger-
minated in the case of skimmed milk, lactalbumin, Ca-lactobionate/lactalbumin and ca-
seine hydrolyzate, respectively. In contrast, 15, 4, 4, 7% and 17% germination was obtained 
in the case of the polysaccharides dextran, HES, CMC, β-cyclodextrine, and ficoll, respec-
tively. 10% germination was recorded for the proteins gelatin and polygeline and 19% 
germination was obtained with PVP. The lowest percentage was observed when peptone 
was added as bulking agent. In this case, 0.5% of the spores germinated. The percentage of 
conidia that were still alive but not germinating was higher when lyoprotectants contained 
polysaccharides or PVP than when proteins were added  [ T a b l e  2 ] . 20-52% of the living 
spores were not germinating in the case of the proteins, while 25-71% of the living spores 
did not germinate in the case of dextran, CMC, HES, PVP, ficoll and β-cyclodextrin. 
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Table 2. Percentage of conidia of A. superba that are alive, but not germinating after freeze-

drying to 2% RMC. The conidia were protected by various macromolecules plus 7% trehalose.

% alive
Non-germinating spores

% alive
Germinating spores

% Dead spores

Macromolecule 16h 2 mth 30 °C 16h 2 mth 30 °C 16h 2 mth 30°C

12% Skimmed milk 13 49 52 27 35 24
1% Ca-lactobionate +
1% lactalbumin

9 21 30 3 61 76

5% casein hydrolyzate 17 14 25 4 58 82
5% lactalbumin 10 4 35 1 55 95
5% peptone 1 1 0.5 0 98.5 99
1% gelatin 9 3 10 0.5 81 96.5
5% polygelin 11 14 10 2 79 84
5% dextran 13 20 15 7 72 73
1% CMC 2 5 4 1 94 94
5% HES 10 2 4 0.5 86 97.5
5% PVP 17 16 19 6 64 78
5% ficoll 12 8 17 1 71 91
5% ß-cyclodextrin 3 2 7 4 90 94

T a b l e  2  Percentage of conidia of A. superba that are alive, but not germinating after 

freeze-drying to 2% RMC. The conidia were protected by various macromolecules plus 

7% trehalose.

F I g u R e  2  Percentage of conidia of A. superba that germinated 

immediately after freeze-drying to 2% RMC. The conidia were 

protected by 7% trehalose supplemented with a macromolecule.
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With the exception of skimmed milk, no significant differences in survival or germina-
tion percentage were recorded anymore after 2 months storage at 30 °C. Lowest survival 
after storage at 30 °C, particularly when compared to survival immediately after freeze-
drying, was recorded for lactalbumin, gelatin and peptone, being 5%, 3% and 1% respec-
tively.  

Discussion
Spores of A. superba were freeze dried in 7% trehalose supplemented with a protein, 
polysaccharide or PVP. A large fraction of the spores (i.e. 35-98.5%) did not survive the 
freeze drying process. The fraction of dead spores was lowest in the case of skimmed milk 
(35%).  Germination of the spores that survived freeze drying was generally better when 
proteins had been added to the lyoprotectant. Peptone was the exception in this case. 
Apparently, proteins reduce the length of the lag phase of germination. Higher germina-
tion in the presence of proteins was not related to their Tg values. On the contrary, the 
lowest Tg values were recorded for the mixtures supplemented with lactalbumin, peptone 
and gelatin. Likewise, after storage at 30 °C, lowest survival rates were obtained in the case 
of lactalbumin, peptone and gelatin. Not only the Tg values, but also the Ton and Tcoll val-
ues were low. As a result, some protein-containing lyoprotectants could hardly be freeze-
dried. For instance, those containing lactalbumin and peptone showed a collapse after 
freeze-drying. This probably was a consequence of the fact that their Tcoll was below -40 
°C. -40 °C is the lowest temperature one can get in a freeze-drying device with a con-
denser operating at -60 °C. The collapse explains why lowest germination percentage was 
obtained when peptone was included in the lyoprotectant. Yet, collapse does not always 
result in low survival immediately after freeze-drying, as was observed in the case of lac-
talbumin. Stability of collapsed pellets is however low as was shown by survival rates re-
corded after two months storage at 30 °C.  Taken together, spores germinated best im-
mediately after freeze-drying when proteins had been included in the lyoprotectant. 
However, the Tg, Ton and Tcoll values were unfavorable in the case of gelatin, peptone and 
lactalbumin. Thus, proteins are not always the preferred bulking agents with respect to 
their Tg  values. Yet, their presence can be required. For instance, gelatin must be included 
in many vaccines to guarantee their efficacy. However, vaccines including gelatin can’t be 
stored at ambient temperatures. In this case, one should consider to add macromolecules 
with high Tg values to the lyoprotectant to increase Tg and Tcoll values. According to their 
Tg values polysaccharides, particularly dextran and HES seem to be good candidates to 
serve such a role.

Tcoll of all formulations was lower than T’on. This was also observed by Hawe and Friess 
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(2006a). Tcoll of mixtures containing dextran, HES, skimmed milk, Ca-lactobionate plus lac-
talbumin, casein, gelatin, ß-cyclodextrin and polygelin were at or above -40 °C. The fact 
that these mixtures were freeze-dried successfully while those showing a Tcoll below  
-40 °C were not always sufficiently dried, show that Tcoll is probably a more reliable param-
eter to establish the temperature of the primary drying phase than Ton. Notably, ficoll was 
dried successfully despite its low Tcoll. Probably, the network structure of the pellet pro-
duced during freeze-drying was so open that the withdrawal of heat of sublimation was 
sufficient to keep the suspension frozen despite its low Tcoll.  Tcoll values of PVP and CMC 
could hardly be determined. Jiang and Nail also failed to detect a glass transition in a fro-
zen solution containing amorphous solutes (1998). They suggested that this was caused 
by a change in heat capacity at the glass transition region which is stretched over a long 
temperature range in an amorphous solute. The extension of Tg over a long temperature 
range in the case of CMC and PVP is probably also explained by the fact that these 200 µl 
trehalose/macromolecule mixtures, cooled slowly at –1 °C/min, were too amorphous to 
detect the glass transition. This was confirmed by SEM studies. The structure of pellets 
containing CMC was irregular with mazes of various sizes, while some parts of the pellet 
showed a severe collapse. Pellets containing PVP also showed an irregular structure, and 
the exposed surface of the pellet was pellicular without pores. These morphologies will 
hamper the freeze-drying process. To guarantee successful freeze-drying, crystallizing ex-
cipients like mannitol should be added to macromolecules like CMC and PVP that tend to 
from amorphous structures during freezing and freeze-drying. (Johnson et al., 2002; Hawe 
and Friess, 2006a,b). By adding mannitol, channels are produced in the amorphous struc-
ture facilitating removal of water during freeze-drying. In addition, in an open network 
structure the withdrawal of heat of sublimation can keep the suspension frozen.

This study shows that bulking agents derived from milk provide the highest germina-
tion rates. Lactalbumin, the protein contained in milk, however, can hardly be freeze-dried. 
Crystallizing compounds with high Tg values must be added to freeze-dry lactalbumin 
successfully. This explains why 12% skimmed milk is the best bulking agent that has been 
tested. Skimmed milk contains lactose next to lactalbumin.  Lactose has a Tg value of ap-
proximately 90 °C at 2% RMC and it has a strong tendency to crystallize. Therefore, it pro-
vides an excellent network structure to keep the suspension frozen by withdrawal of heat 
of sublimation. Consequently, the Tcoll of skimmed milk/trehalose is above -40 °C (the low-
est temperature at which primary drying can be performed) and it has a Tg of 93 °C. These 
properties make that formulations containing skimmed milk can be dried efficiently and 
have a long shelf-life, respectively. The albumin on the other hand would promote germi-
nation. Only one third of the spores do not survive freeze drying and most of the spores 
that are alive after this process readily germinate.  How albumin exactly affects these proc-
esses is not yet known. 
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Abstract: Large un-pigmented, multicelled, thin-walled fungal spores hardly survive 
freeze-drying in 12% skimmed milk. Here we studied whether addition of 7% or 20% 
trehalose alone or combined with 5% Na-glutamate improved survival. Addition of treha-
lose lowered the glass transition temperature of the frozen lyoprotectant (T g’) from about 
-18 °C to -25 °C. Presence of 5% Na-glutamate further reduced the T g’ to approximately -
28 °C. Consequently, freeze drying had to be performed at -30 °C, which slows down the 
freeze-drying cycle from approximately 24 to 96 h. Yet, survival rates were improved sig-
nificantly. Survival rates were highest when 12% skimmed milk was supplemented with 
20% trehalose in combination with 5% Na-glutamate. Germination rates of the multi-
celled, thin-walled asexual spores of Arthrobotrys superba, Fusarium culmorum and Dac-
tylella gampsospora were raised from 9%, 0%, and 5% to 62%, 11% and 36%, respectively. 
Similarly, 425 colony forming units were recorded for Monacrosporium bembicodes in con-
trast to only one colony when trehalose and Na-glutamate were omitted from the lyopro-
tectant. This trend was also observed for the yeast Saccharomyces cerevisiae and the Gram-
positive bacterium Bacillus subtilis. Taken together, a protocol has been developed that 
allows freeze-drying of multicelled, unpigmented, thin-walled fungal spores and which 
can also be applied to other microbial cells. 

Introduction
Micro-organisms are commonly freeze-dried using skimmed milk as lyoprotectant. 
Skimmed milk is an ideal lyoprotectant because it is cheap and it can be easily freeze-
dried. However, some fungi, in particular un-pigmented fungi, producing multicelled, 
thin-walled sexual or asexual spores (also referred to as conidia) do not or hardly survive 
freeze-drying when skimmed milk is applied as lyoprotectant. Examples for the latter are 
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Dactylella spp., Monacrosporium spp., Cylindrocarpon spp. and those Fusarium spp. that 
only produce macroconidia. 

In general, a lyoprotectant consists of a macromolecule and a saccharide. The macro-
molecule serves as a bulking agent, whereas the saccharide protects membranes and pro-
teins. Former studies have shown that skimmed milk is the optimum bulking agent  [ S e e 

C h a P T e R  4 ]  and trehalose the optimum saccharide  [ S e e  C h a P T e R  3 ] .  Saccharides 
in general and trehalose in particular protect membranes against phase transition from 
the liquid-crystalline to the gel phase during freeze-drying by hydrogen bonding to the 
phospholipid head groups (Crowe et al., 1984, 1985a, 1987, 1990). This interaction in-
creases head group spacing, resulting in a lower transition temperature of the phospholi-
pids (Crowe et al., 1985b). Disaccharides are the most effective sugars because they fit well 
within the structure of the membrane. This is especially true for trehalose. 

Apart from protecting membranes, saccharides and amino-acids stabilize proteins 
during freezing by the mechanism of preferential exclusion (Arakawa and Timasheff, 1982; 
Back et al., 1979; Carpenter and Crowe, 1988, Jain and Roy, 2009). They are repelled from 
the surface of the protein. As a consequence, the concentration of the saccharide is lowest 
close to the protein surface. This concentration difference creates a thermodynamically 
unfavourable condition because the entropy of the saccharide is affected (Arakawa and 
Timasheff, 1982; Arakawa et al., 2001; Back et al., 1979; Carpenter and Crowe, 1988). Dena-
turation augments this unfavourable condition because the surface of a protein increases 
during unfolding thereby reducing the entropy of the saccharide in solution even further. 
Saccharides have an additional protective effect during freeze-drying by replacing water 
by hydrogen bonding to the proteins in the final stage of drying (Carpenter and Crowe 
1988; Carpenter et al. 1991, 2002). Although amino acids can be used to protect proteins 
by the mechanism of preferential exclusion, they can not replace water in the final stage 
of drying. An amino acid that is frequently added to the lyoprotectant is Na-glutamate 
(Hubalek, 1996).

 The course of the freeze-drying process itself also influences the survival rate. Freeze-
drying involves the stages of freezing, primary drying and secondary drying (Luthra et al., 
2007a). During freezing, water crystallizes and, as a result, the microbial cells are dehydrated 
by freeze concentration. During primary drying, the ice crystals are sublimated. In the sec-
ondary drying stage, the chemically bound water is removed from the freeze concentrate 
through the channels that are created when ice crystals sublimate. As a consequence of the 
drying process, the freeze concentrate becomes more and more viscous until it is trans-
formed into a glass. A glass is a liquid in which the viscosity is so high that the molecules are 
practically immobilized. It is an ideal formulation to store dehydrated micro-organisms and 
other biological materials. Due to the almost infinitely low molecular mobility, there is hard-
ly, if any, enzyme and chemical activity. Moreover, the molecules are arranged in an unor-
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dered structure allowing hydrogen bonding to the membranes and the proteins (Tan and 
van Ingen, 2004). As a result of intracellular freeze-concentration, not only the lyoprotectant 
is converted into a glass but also the cytoplasm of the microbial cells. 

Here, it is shown that survival of un-pigmented, multicelled, thin-walled fungal spores 
can be improved by freeze-drying in skimmed milk supplemented with trehalose and Na-
glutamate. This protocol is also effective to maintain viability of a Gram-positive bacterium 
as well as a yeast.

Materials and Methods
Media
The following media were used: 

1) potato-carrot agar (PCA; filtered extract of 20 g chopped boiled carrots and 20 g pota-
toes in 1 L demi, 15 g agar); 
2) potato-carrot-solacol agar (PCAsol; PCA containing 0.3% v/v solacol [Aagrunol B.V., 
Groningen, The Netherlands]); 
3) 4% malt extract agar (MEA 4%; 400 ml malt extract [TNO Zeist, The Netherlands, 10% 
sugar], 600 ml demi and 15 g agar);  
4) corn meal agar (CMA; 1 L corn extract (Gams et al., 1978), 8 g agar) and 5) Sabouraud 
glucose agar (Difco) (SGA; 65 g Sabouraud glucose, 1 L demi). The detergent contained in 
solacol limits the spread of fungal colonies (Gams and van Laar, 1982).

Lyoprotectants
12% skimmed milk (Elk, DMV Campina, Eindhoven, The Netherlands) was either or 

not supplemented with 7 or 20% trehalose (Serva) and 5% Na-glutamate (Sigma).

Organisms
Fusarium culmorum CBS 579.97 (conidia approximately 5 x 30 µm), Dactylella gamp-

sospora CBS 127.83 (conidia approximately 15 x 70 µm), Monacrosporium bembicodes CBS 
376.97 (conidia approximately 42 x 20µm), and Arthrobotrys superba CBS 643.89 (conidia  
approximate 5 x 20 µm) were used in this study. These organisms were maintained on 
CMA. In addition, Saccharomyces cerevisiae CBS 1508 and Bacillus subtilis LMD 70.64 were 
used. The yeast was maintained on MEA 4% and the bacterium on SGA.

Freeze-Drying 
Suspensions were prepared at a concentration of 5 x 107 conidia/ml protectant (5 x 

106 conidia/ml for D. gampsospora). l.5-ml vials (Müller & Müller, Holzminden, Germany) 
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were filled in duplo with 200 µl of the conidia suspension. Vials were closed with a rubber 
lyophilization stopper (diameter, 12.7 mm) (Helvoet, Alken, Belgium). The vials were 
cooled at a rate of -1 °C/min to -45 °C followed by cooling at a rate of -50 °C/min to -75 °C 
using a Sylab Icecube 1610 programmable freezer (Sylab, Purkersdorf, Austria). 

The suspensions were lyophilized using a Leybold Heraeus GT 4 freeze-drying device 
(vacuum 0.4 mbar; condenser temperature - 60 °C). Primary drying was performed at -30 
°C. The end of the primary drying phase was detected by a pressure rise test (1 min less 
than 2.5%). Subsequently, the temperature was raised at 0.5 °C/min to -20 °C and at the 
same rate  to -10 °C; 0 °C; 15 °C  and 35 °C. At each temperature, vials were removed with 
the aid of a sample thief to estimate Tg and RMC. A pressure rise test (1 min less than 2.5%) 
was performed to decide whether the temperature could safely be raised to reach the 
next temperature stage. Secondary drying was performed at 35 °C; vacuum 5 x 10-2 mbar. 
The end of the secondary drying phase was detected by a pressure rise test (1 min less 
than 2.5%).  

Revival 
Organisms were revived immediately after freeze-drying and after storage for 2 

months at 30 °C. For revival, cells were resuscitated in 1 ml demi for 30 min at 22 °C. Two-
hundred µl of the conidia suspension was plated in triplo on 8 ml PCA. The cultures were 
incubated at 24 °C for l6 h. Germination was scored for 8 x 100 conidia in duplo. The data 
were analyzed statistically using a nested ANOVA (P ≤ 0.05). Multiple comparisons based 
on Newman-Keuls (P ≤ 0.05) were used to calculate significance of the differences be-
tween means (Sokal and Rohlf, 1969).

For M. bembicodes, S. cerevisiae and B. subtilis colony-forming units (CFUs) were scored 
because germination rates were too low (M. bembicodes) or germination could not be es-
timated (S. cerevisiae, B. subtilis). Twohundred µl of the undiluted suspension and of the 
10-1, 10-2, 10-3 and 10-4 dilutions were plated in triplo on 15 ml PCAsol (M. bembicodes), SGA 
(B. subtilis,) or MEA4% (S. cerevisiae). The cultures were incubated at 24 ºC for 16 h and 
subsequently at 22 ºC. Colonies were counted after 16 h (B. subtilis, P. putida, S. cerevisiae) 
or 3-6 days (M. bembicodes).

Residual Moisture Content (RMC)
RMC was measured by the titrimetric procedure of Karl-Fischer (Anonymous, 1990) 

with a Mitsubishi CA05 Moisture Analyzer (Mitsubishi Chemical Industries, Ltd., Tokyo, Ja-
pan). The freeze-dried material was dissolved in Coulomat A (Riedel de Haën A.G., Seelze, 
Germany). The generator solution cell was filled with 100 ml Coulomat C (Riedel de Haën 
A.G.). The cathode solution cell was filled with 5 ml Coulomat A.
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Table 1. Glass transition temperature (T g’) of frozen lyoprotectants. Sm = 12% skimmed

milk, tre= trehalose and glu = Na-glutamate

Lyoprotectant Tg’ (°C)

Sm -18,57
sm, 7% tre -25,29
sm, 20% tre -24,76
sm, 7% tre, 5% glu -29,47
sm, 20% tre, 5% glu -27,40

Table 2. Residual moisture content (RMC) and glass transition temperature (Tg) of the
lyoprotectants during the 5 stages used to switch from primary to secondary drying. Sm =
12% skimmed milk, tre= trehalose and glu = Na-glutamate

Lyoprotectant Drying Temperature (°C)
-30 -20 -10 0 +15 +35

RMC (%)
sm 1.58 1.50 1.23 0.87 0.50 0.89
sm, 7% tre 3.53 3.42 2.94 2.44 0.96 0.89
sm, 20% tre 4.53 4.49 3.53 3.30 1.36 1.16
sm, 7% tre,
5% glu

5.51 5.38 5.57 4.65 1.92 1.54

sm, 20% tre,
5% glu

>10.0 6.76 5.92 4.02 2.62 1.73

Tg (°C)

sm 68.9 77.6 78.9 74.8 98.8 85.8
sm, 7% tre 75.9 75.6 78.5 85.6 108.7 105.6
sm, 20% tre 52.7 54.6 54.3 55.5 90.5 102.4
sm, 7% tre,
5% glu

52.3 64.8 78.3 79.5 99.9 107.8

sm, 20% tre,
5% glu

44.2 43.8 51.4 54.8 88.6 94.5

T a b l e  1  Glass transition temperature (T g’) of frozen lyoprotectants. 

Sm = 12% skimmed milk, tre= trehalose and glu = Na-glutamate

�
�

FReeze-dRyIng oF FIlamenTouS FungI and yeaSTS

ChaPTeR 5 an oPTImum PRoToCol To FReeze-dRy 
FIlamenTouS FungI and yeaSTS

Tg and Tg’ 
A Seiko DSC-220C calorimeter was calibrated with indium, water, benzoic acid, and 

acetamide. To estimate the Tg’ of the frozen lyoprotectants, 10 µl suspensions was added 
to an aluminum 50 µl DSC pan. The pans were cooled to -100 ºC at a cooling rate of -10 
ºC/min. They were equilibrated at -100 ºC for 10 min. Subsequently they were heated at a 
rate of 5 ºC/min to 20 ºC. To estimate the Tg of the (semi)dried formulations, 5 to 10 µg of 
the crushed pellet was added to an aluminum 50µl DSC pan. The pans were cooled at -10 
ºC/min to 0 ºC.  They were equilibrated at 0 ºC for 10 min. Data were obtained at a scan-
ning speed of 5 °C/min to 140 ºC. N2 was purged at 100ml/min. The glass transition tem-
peratures of the frozen suspension (Tg’) as well as glass transition temperatures (Tg) of the 
dried formulations were established with the aid of the second derivative of the glass 
transition curves. 

NMR
NMR measurements were performed on a Bruker AMX 300 spectrometer equipped 

with a Bruker 5 mm proton probe operating at a resonance frequency of 300.13 MHz. The 
temperature was regulated with a nitrogen temperature control. In this way, the tempera-
ture stability was within ±0.5K. A spectral width of 500 kHz was used. The duration of the 
90˚pulse was 6-7 μs. The presented free induction decays (FIDs) are averages of 100 scans 
having 2048 data points.  

Results
The effect of addition of 7% or 20% trehalose alone or combined with 5% Na-glutamate 
was studied with respect to survival of thin-walled, multicelled asexual spores (conidia) 
after freeze-drying in skimmed milk. To establish the temperature of the primary drying 
phase, it was tested whether or not addition of trehalose and Na-glutamate decreased the 
glass transition temperature (Tg’) of the frozen lyoprotectant. Addition of 7% as well as 
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Table 1. Glass transition temperature (T g’) of frozen lyoprotectants. Sm = 12% skimmed

milk, tre= trehalose and glu = Na-glutamate

Lyoprotectant Tg’ (°C)

Sm -18,57
sm, 7% tre -25,29
sm, 20% tre -24,76
sm, 7% tre, 5% glu -29,47
sm, 20% tre, 5% glu -27,40

Table 2. Residual moisture content (RMC) and glass transition temperature (Tg) of the
lyoprotectants during the 5 stages used to switch from primary to secondary drying. Sm =
12% skimmed milk, tre= trehalose and glu = Na-glutamate

Lyoprotectant Drying Temperature (°C)
-30 -20 -10 0 +15 +35

RMC (%)
sm 1.58 1.50 1.23 0.87 0.50 0.89
sm, 7% tre 3.53 3.42 2.94 2.44 0.96 0.89
sm, 20% tre 4.53 4.49 3.53 3.30 1.36 1.16
sm, 7% tre,
5% glu

5.51 5.38 5.57 4.65 1.92 1.54

sm, 20% tre,
5% glu

>10.0 6.76 5.92 4.02 2.62 1.73

Tg (°C)

sm 68.9 77.6 78.9 74.8 98.8 85.8
sm, 7% tre 75.9 75.6 78.5 85.6 108.7 105.6
sm, 20% tre 52.7 54.6 54.3 55.5 90.5 102.4
sm, 7% tre,
5% glu

52.3 64.8 78.3 79.5 99.9 107.8

sm, 20% tre,
5% glu

44.2 43.8 51.4 54.8 88.6 94.5

T a b l e  2   Residual moisture content (RMC) and glass transition temperature (Tg) of the 

lyoprotectants during the 5 stages used to switch from primary to secondary drying.  

Sm = 12% skimmed milk, tre= trehalose and glu = Na-glutamate 

F I g u R e  1   Free induction decays (FIDs) of 12% skimmed milk/ 20% 

trehalose/5%Na-glutamate freeze-dried to 1.6% residual moisture content 

(RMC). The width of the peak is related to the stability of the glass.
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20% trehalose decreased the Tg’ of skimmed milk from -18 ºC to about -25 ºC. Addition of 
Na-glutamate to both trehalose / skimmed milk mixtures decreased the Tg’ further by 3 to 
4 ºC [ T a b l e  1 ] . Consequently, primary drying had to be performed at -30 ºC to avoid 
collapse of the frozen lyoprotectant. 

The low Tg’ values obtained with trehalose (alone or combined with Na-glutamate) 
are expected to have a negative influence on the drying process by reducing the tem-
perature and concomitant pressure differences between the sample and the condenser. 
Therefore, it was decided to shift stepwise from primary to secondary drying. The tem-
perature was raised at 0.5 °C/min from -30 °C to -20 °C and, at the same rate to -10 °C; 0 °C; 
15 °C and 35 °C. The whole freeze-drying cycle lasted 96 hours. At each of the 5 tempera-
ture stages the RMC’s and Tg values were estimated. As shown in T a b l e  2  water was 
evaporated from skimmed milk very rapidly. Already at -20 ºC an RMC of 1.5% was ob-
tained resulting in a Tg of 77.6 °C. Water was slightly longer fixed when 7% trehalose was 
added to the skimmed milk. The RMC at -20 ºC and -10 ºC was 3.42% and 2.94%, respec-
tively. Their corresponding Tg values were 75.6 ºC and 78.5 ºC. Water removal was some-
what slower when 20% trehalose was added to the skimmed milk. At 0 ºC, the RMC was 
3.3% with a concomitant Tg of 79.5 ºC. When Na-glutamate was added to the mixture of 
skimmed milk and trehalose, removal of water was delayed substantially. At 0 ºC, RMC of 
the skimmed milk/7%trehalose/5%Na-glutamate mixture was still 4.65% and that of 
skimmed milk/20% trehalose/5% Na-glutamate 4.02%. The corresponding Tg values were 
55.5 °C and 54.8 ºC, respectively. The temperature had to be raised to 15 ºC to efficiently 
remove bound water from both trehalose mixtures containing Na-glutamate to percent-
ages below 4%. Moreover, to obtain a final RMC of 1.54% and 1.73% the temperature of 
secondary drying had to be raised to 35 ºC and the time interval of the whole freeze-drying 
cycle was 96 hours. An NMR spectrum was made after secondary drying to confirm that the 
lyoptotectant containing 12% skimmed milk, 5% Na-glutamate and 20% trehalose was 
converted into a glass. The broadness of the peak in the NMR spectrum  [ F I g u R e  1 ] 

proves that this formulation was indeed transformed into a glass. Taken together, by add-
ing a mixture of trehalose and Na-glutamate to the lyoprotectant water is bound longer. 
However, by increasing the duration of the freeze-drying cycle and the temperature of the 
secondary drying phase, the suspension can be dried to an RMC ≤ 2%. 

Influence of the lyoprotectant in survival of microorganisms
during freeze-drying
Addition of trehalose to 12% skimmed milk improved survival of spores of A. superba, 

D. gampsospora, F. culmorum and M. bembicodes significantly [ F I g u R e  2 a - d ] .  In the 
presence of 7% trehalose, germination of A. superba, D. gampsospora and F. culmorum in-
creased from 9%, 5% and 0% to 42%, 15% and 2.25%, respectively, immediately after 
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F I g u R e  2  Survival of conidia 

of A. superba (A), D. gamp-

sospora (B), F. culmorum (C), M. 

bembicodes (D) and S. 

cerevisiae (E) protected by 

mixtures of 12% skimmed 

milk (no addition) supple-

mented with 7% trehalose 

(7tr); 20% trehalose (20tr); 7% 

trehalose plus 5% Na-

glutamate (7tr 5glu); and 20% 

trehalose plus 5% Na-

glutamate (20tr 5glu). Open 

and filled bars represent 

percentage of germination 

immediately after freeze-

drying and after 2 months 

storage at 30°C, respectively.
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T a b l e  3  Survival rates (in colony forming units; CFUs) of B. subtilis after freeze-drying. 

For revival, freeze-dried pellets containing 107 cells were resuscitated in 1 ml demi. CFUs 

were recorded by plating 200 µl of the undiluted suspension and of the 10-1, 10-2, 10-3 and 

10-4 dilutions in triplo. Sm = 12% skimmed milk, tre= trehalose and glu = Na-glutamate, 

> = uncountable.   

Lyoprotectant CFUs 16 h after freeze
drying

CFUs after storage for 2
months at 30°C

sm
0 x dilution > 148
10 x dilution > 6
102 x dilution > 0
103 x dilution 723 0
104 x dilution 120 0
sm / 7% tre
0 x dilution > 253
10 x dilution > 7
102 x dilution > 3
103 x dilution > 0
104 x dilution 1110 0
sm / 20% tre
0 x dilution > >
10 x dilution > 442
102 x dilution > 35
103 x dilution > 3
104 x dilution 1014 0
sm / 7% tre/ 5% glu
0 x dilution > >
10 x dilution > >
102 x dilution > 722
103 x dilution > 100
104 x dilution 682 5
sm / 20% tre/ 5% glu
0 x dilution > >
10 x dilution > >
102 x dilution > >
103 x dilution > >
104 x dilution > 224
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freeze drying. In the case of M. bembicodes 9.5 instead of 0.75 CFUs were observed. Results 
were variable when 5% Na-glutamate was added in combination with 7% trehalose. Sur-
vival was twice as high in the case of A. superba, F. culmorum and M. bembicodes, while that 
of D. gampsospora was similar when compared to 7% trehalose alone. Notably, in all cases 
highest survival was obtained when 12% skimmed milk was supplemented with 20% 
trehalose in combination with 5% Na-glutamate. Germination rates of spores of A. super-
ba, D. gampsospora and F. culmorum were 62%, 36% and 10.67%, respectively, immedi-
ately after freeze drying. In the case of M. bembicodes 425 CFUs were produced instead of 
0.75 CFU when spores had been freeze-dried in the presence of skimmed milk alone. 
Similar trends were observed when survival of spores was examined after storage for 2 
months at 30 °C  [ F I g u R e  2 a - d ] .  In all cases survival rates were lowest when spores 
had been freeze dried in 12% skimmed milk alone, while survival was best when 20% 
trehalose in combination with 5% Na-glutamate had been added. Survival after two 
months in 7% trehalose and 5% Na-glutamate was quite variable. It was relatively high in 
the case of A. superba and D. gampsospora, while it was relatively low in the case of F. cul-
morum and M. bembicodes.

 It was assessed whether cells of the yeast S. cerevisiae  [ F I g u R e  2 e ]  and the 
Gram-positive bacterium B. subtilis [ T a b l e  3 ]  behaved like the spores of A. superba, D. 
gampsospora, F. culmorum and M. bembicodes. Addition of 7% or 20% trehalose to 12% 
skimmed milk improved survival of S. cerevisiae 5- and 8-fold, respectively, immediately 
after freeze drying [ F I g u R e  2 e ] . Addition of 5% Na-glutamate to 7% trehalose de-
creased viability. In contrast, the amino acid further improved viability when it was added 
to 20% trehalose. Similar results were obtained after storage of the freeze dried cells for 2 
months at 30 °C [ F I g u R e  2 e ] . In fact, survival was hardly affected by storage. The ef-
fects of addition of trehalose and Na-glutamate were even more pronounced in the case 
of B. subtilis  [ T a b l e  3 ] . Addition of 7% trehalose, 7% trehalose plus 5% Na-glutamate or 
20% trehalose improved survival immediately after freeze drying 5 to 10-fold when com-
pared to 12% skimmed milk alone. Survival was even more than 100-fold higher in the 
presence of 20% trehalose and 5% Na-glutamate. Addition of 7% or 20% trehalose im-
proved viability of B. subtilis 1.5 and 300-fold, respectively, after 2 months storage at 30 °C. 
Addition of 5% Na-glutamate had a very positive effect on viability during storage by im-
proving it 1000 and 15.000-fold when it was added to 7% and 20% trehalose, respec-
tively  [ T a b l e  3 ] . 
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Discussion

Addition of 7% or 20% trehalose to skimmed milk improved survival after freeze drying. 
Notably, a tremendous increase in survival rate was observed when 20% trehalose was 
added in combination with 5% Na-glutamate. Survival of F. culmorum CBS 579.97, a strain 
that otherwise did not survive freeze-drying, was raised to 12% germination. Spores of D. 
gampsospora and A. superba showed 40% and 70% germination, respectively, compared 
to  5% and 9% after freeze-drying in skimmed milk. Survival of the multicelled  spores of 
M. bembicodes was increased by a factor 1000. Similarly, survival of the yeast S. cerevisiae 
and the Gram-positive bacterium B. subtilis was increased by a factor 15 and more than a 
factor 100, respectively. This trend was also observed after two months of storage at 30 °C 
where survival of B. subtilis was increased by a factor 15.000. 

The increase in survival rate in the case of 12% skimmed milk supplemented with 
20% trehalose and 5% Na-glutamate is not explained by drying to a higher moisture con-
tent (Jiang and Nail, 1998; Luthra et al., 2007b; Manning et al., 2010), which often is the 
cause of high survival. The RMC was 1.7% with a concomitant Tg of 95 °C. Moreover, the 
broadness of the NMR spectrum showed that the molecules were immobilized in a glass. 
Actually, with a widthness of 250 Hz, the NMR peak is extremely broad for a glass, indicat-
ing strong dipolar interactions (Dries et al., 1998). 

It should be noted that addition of Na-glutamate had a strong impact on the drying 
process. The time interval of the freeze-drying cycle was prolonged to 96 hours. This dis-
advantage, however, is compensated by the higher survival rates obtained. The slow 
freeze-drying process in the very viscous lyoprotectant actually might be the cause of the 
increased survival rate. Probably it allows a more gradual replacement of water dipoles by 
hydroxyl groups of the saccharides resulting in a better conservation of the native tertiary 
structures of the proteins and the membrane. In addition, more time is available to con-
vert the cytoplasm of the micro-organisms into the vitreous state.  

Addition of Na-glutamate has some disadvantages with respect to freeze-drying. The 
compound reduces the Tg’ of the frozen suspension as well as the Tg of the dried formula-
tion. This might explain why the results of the suspensions dried in 7% trehalose/5% Na-
glutamate were variable. The results indicate that the beneficial properties of trehalose 
with respect to freeze-drying can overcome the negative effects of Na-glutamate on the 
freeze-drying process only at a concentration of 20%. Due to this high concentration the 
viscosity is increased during freeze-drying to such extent that, even when the suspension 
is freeze-dried above its Tg’, the proteins still cannot unfold and the membranes cannot 
undergo phase transitions on the time-scale of freeze-drying. This was also suggested by 
Tang and Pikal (2005). They observed a correlation between prevention of protein unfold-
ing and increasing viscosity of the lyoprotectant during freeze-drying. Moreover, they ob-
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served that viscosity increased dramatically with increasing saccharide concentration in 
combination with decreasing temperature. From their experiments they postulated that 
the protein-unfolding rate is relatively slow in a high viscosity environment resulting from 
a high concentration of sugars. As a result, a protein may be freeze-dried above the glass 
transition temperature without unfolding.

The fact that the increasing viscosity and resulting glass formation explain the suc-
cess of the freeze-drying cycle of 12% skimmed milk/20% trehalose/5% Na-glutamate 
points to the “glass dynamics mechanism” as an important mechanism to obtain stability 
by freeze-drying. The “glass dynamics mechanism” states that stabilization occurs via im-
mobilization of protein and membrane molecules in an inert glass matrix whereby ther-
modynamic instability is irrelevant as the system is prevented from moving toward equi-
librium (Chang et al., 2005). Thus, the degradation process is kinetically inhibited. 
Obviously, although the “water replacement mechanism” implies that the interaction be-
tween water and the membrane and proteins is critical to preserve their conformational 
stability, kinetic inhibition by the “glass dynamics mechanism” is also involved.

The protocol that was developed in this study can be applied to freeze-dry a wide 
variety of micro-organisms. For instance, the multicelled spores of the nematode trapping 
species D. gampsospora, M. bembicodes and A. superba, that otherwise do not survive, can 
be freeze dried successfully. The new freeze drying protocol may therefore contribute to 
the use of these fungi in biological control. Likewise, shelf life of S. cerevisiae may also be 
improved considerably. This is expected to have a great impact for the food, beer and wine 
industry. Recently, a protocol was patented that was based on the combination of treha-
lose and Na-glutamate, but in which 12% skimmed milk was replaced by 5% hydrox-
yethylstarch (Ingen and Tan, 2008). Apparently, the combination of trehalose and Na-
glutamate is also successful with other bulking agents. The success is illustrated by the fact 
that the hydroxyethylstarch based protocol is applied to freeze-dry the master seed lots of 
the Gram-positive bacteria Corynebacterium diphteriae, Clostridium tetani, Bacillus Cal-
mette-Guérin and the Gram-negative bacterium Bordetella pertussis. Co. diphteriae, Cl. 
tetani and B. pertussis are included in the DKTP vaccine, which is applied to immunize the 
Dutch population against diphtheria, whooping cough and tetanus. Bacillus Calmette-
Guérin (BCG), an attenuated variant of the Gram-positive related Mycobacterium tubercu-
losis var. bovis, is applied as immunostimulator to prevent bladder cancer. 
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Abstract: Stability of freeze-dried asexual fungal spores was studied in relation to the re-
sidual moisture content (RMC) and pigmentation. Immediately after freeze-drying, opti-
mum viability of spores of Curvularia lunata and Arthrobotrys superba was obtained at 
moisture contents ranging between 5% and 10%. Under this condition, 76% and 11% of 
the spores of C. lunata and A. superba survived the freeze drying process, respectively. Af-
ter storage at 30 ºC for three months optimum viability of the pigmented spores of C. lu-
nata was obtained at moisture contents of 4.2-6.5%, whereas the non-pigmented spores 
of A. superba survived best at 3.4% RMC. In these cases, 34% and 2% of the spores were 
still viable, respectively. To study the stability at these optimum moisture contents, Arrhe-
nius plots were constructed for the pigmented spores dried to 3.5% and 5.5 % RMC and 
the unpigmented spores dried to 3.5% RMC. The plots indicated that the pigmented 
spores were more stable than the unpigmented spores even when dried to 5.5% RMC. C. 
lunata, dried to 3.5% RMC, lost one log of titer after 60 days of storage at 45 ºC, after 500 
days of storage at 36 ºC and is predicted to lose one log of titer in 164 years when stored 
at 22 ºC. For A. superba, dried to 3.5% RMC, these values were 5 days at 45 ºC, 24 days at 36 
ºC and 300 days at 22 ºC. Survival rate of C. lunata increased by a factor two by freeze-dry-
ing to 5.5% RMC but the stability was reduced. The organism, dried to 5.5% RMC, lost one 
log of titer after 22 days when stored at 45 ºC, after 120 days when stored at 36 ºC and 
after approximately 2 years when stored at 22 ºC. 

Introduction 
Lyophilization is an ideal preservation method of microorganisms for long term storage 
and efficient distribution on a global scale. In contrast to cryo-preserved cultures, lyophi-
lized formulations maintain physiological and chemical stability at low water activity for 
many years at ambient temperature. Consequently, neither during storage nor during 
shipping, cooling facilities are required. However, not all organisms survive lyophilization 
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equally well. When applied to fungal sexual spores or fungal asexual spores (i.e. conidia) 
the efficacy proved to depend on size and pigmentation. Especially un-pigmented, multi-
celled spores show low survival rates  [ S e e  C h a P T e R  2 ] . Commonly, biological mate-
rial is dried to 1-2% residual moisture content (RMC), but this moisture content might be 
too low for the large, delicate, unpigmented and multicelled spores in particular. Severe 
dehydration might cause irreversible damage to the membranes and proteins (Jiang and 
Nail, 1998, Luthra et al., 2007, Manning et al, 2010; Tan and Ingen, 2004).

 Accelerated storage tests can be performed to predict viability of dried propa-
gules in relation to the storage temperature (Greiff and Richtsel, 1964). This relation fol-
lows equation I

Yt = Y0 x e-kt   (I)

Yt is the titer of viable spores at time t; Y0 is the titer of viable spores at time 0; k is the 
specific rate of degradation. The latter can be calculated according to equation II, where T 
represents the temperature

log Y0 - log Yt
kT=   _______________      (II)

t
Arrhenius plots are obtained by plotting the specific rate of degradation (k) against 

the reciprocal value of the absolute storage temperature. By plotting periods of storage 
(in days) against units for one log titer reduction in viability (log k), a straight-line relation-
ship is obtained by which shelf life can be predicted at any storage temperature below the 
glass transition temperature (Tg). Tg is the temperature at which the suspension is trans-
formed into a stable glass and consequently can be stored safely. Above the Tg, the glass 
melts and the product deteriorates substantially during storage

 Here, the relation was studied between moisture content after freeze drying and 
survival of the pigmented 3-5 celled spores of Curvularia lunata and the unpigmented 
two-celled spores of Arthrobotrys superba. The results imply that survival of spores can be 
increased by drying to a relatively high moisture content of 3.5-5.5 %RMC. To study stabil-
ity at these high moisture contents, Arrhenius plots were constructed. 

Materials and methods
Organisms
A. superbasuperba Corda CBS 643.89 and C. lunatalunata (Wakker) Boedijn CBS 144.63 were grown 

at potato-carrot agar (PCA) and potato-carrot-solacol agar (PCAsol) respectively. PCA con-
tained a filtered extract of 20 g chopped boiled carrots and 20 g potatoes and 15 g agar in 
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1 L demi. In the case of PCAsol 0.3% v/v solacol (Aagrunol B.V., Groningen, The Nether-
lands) was added to limit the spread of the fungal colonies (Gams and van Laar, 1982).

Freeze-drying
Suspensions containing 5 x 107 conidia/ml were prepared in 12% skimmed-milk (Elk, 

DMV Campina B.V., The Netherlands). 300 µl aliquots were added to l.5-ml vials (Müller & 
Müller, Holzminden, Germany) in duplo. After closing the vials with a rubber lyophilization 
stopper (diam. 12.7 mm) (Helvoet, Alken, Belgium), the vials were cooled at a rate of  
-1 ºC/min to -45 ºC followed by cooling at a rate of -50 ºC/min to -75 ºC using a Sylab Ice-
cube 1610 programmable freezer (Sylab, Purkersdorf, Austria). The suspensions were ly-
ophilized using a Leybold Heraeus GT 4 freeze-drying device (vacuum 0.6 mbar; condens-
er temperature -60 ºC). Temperature during primary drying was -20 ºC. The end of the 
primary drying phase was detected by a pressure rise of less than 2.5% in 1 min. Tempera-
ture was raised from -20 ºC to 20 ºC at 1 ºC/min to enable the secondary drying phase. 
Temperature during secondary drying was kept at 20 ºC. Depending on the length of the 
secondary drying phase residual moisture contents were obtained of 1-10%. Vials were 
closed using a computer-controlled home-designed stoppering device. 

Revival 
Pellets were resuscitated in 1 ml demi and incubated for 30 min at 22 ºC. Twohundred 

µl of the suspension was plated in triplicate on 8 ml PCA and incubated at 24 ºC for 16 h. 
Germination was estimated for 8 x100 conidia in duplo immediately after freeze-drying 
and after three months storage at 30 ºC. Experiments aimed to determine the optimum 
moisture content were analyzed statistically using a nested ANOVA (P ≤ 0.05) after trans-
formation of germination percentages into arcsine (square root) values. Multiple com-
parisons based on Newman-Keuls (P ≤ 0.05) were used to calculate significance of the 
differences between means (Sokal and Rohlf, 1969).

 When germination rates were too low, colony-forming units (CFUs) were scored. 
In this case, 200 µl of the undiluted suspension and of the 10-1, 10-2, 10-3, 10-4 dilutions 
were plated in triplo on 15 ml PCA (A. superba) or PCAsol (C. lunata). The plates were incu-
bated at 24 ºC for 16 hours and subsequently at 22 ºC. The number of colonies was re-
corded after 3-6 days.

 For the accelerated storage test, subcultures dried to 3.5% RMC were stored at  
56 ºC, 45 ºC, 36 ºC, 30 ºC and 22 ºC. For subcultures dried to 5.5% RMC storage at 56 ºC was 
omitted because the Tg of suspensions dried to 5 % RMC was 54 ºC. Survival rates were 
assessed after 16 h, after 1, 2, 4, 8, 16, and 26 weeks, and after 1 and 2 years. Survival rates 
were used to construct Arrhenius plots according to Greiff and Richtsel (1964) and Jerne 
and Perry (1956).
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F I g u R e  1  Percentage of conidia of C. lunata (A) and A. superba (B) 

that germinated after drying to different residual moisture 

contents (RMC). Light grey and black bars represent germination 

16 h after freeze drying and after 3 months storage at 30 °C, 

respectively.
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Residual Moisture Content 
Residual Moisture Content (RMC) was estimated by the titrimetric procedure of Karl-

Fischer (Anonymous, 1990) with a Mitsubishi CA05 Moisture Analyzer (Mitsubishi Chemi-
cal Industries Ltd, Tokyo, Japan). The freeze-dried material was dissolved in Coulomat A 
(Riedel de Haën A.G., Seelze, Germany). The generator solution cell was filled with 100 ml 
Coulomat C; the cathode solution cell with 5 ml Coulomat A.

Glass transition temperature (Tg)
The glass transition temperature (Tg) was estimated using a Perkin-Elmer DSC 2 calo-

rimeter, calibrated with indium, water, benzoic acid and acetamide. 5 to 10 μg of theμg of theg of the 
crushed dried pellet was added to an aluminum 30µl DSC pan. The pans were cooled at -10 
ºC/min to 0 ºC.  They were equilibrated at 0 ºC for 10 min and subsequently heated to 150 
°C. Data were obtained at a scanning speed of 10 °C/min. N2 was purged at 100 ml/min. The 
inflexion point of the sigmoidal curve was taken as the glass transition temperature (Tg). 

Results
Survival in relation to moisture content
The relation between survival after freeze-drying and residual moisture content 

(RMC) was studied for the asexual spores (conidia) of A. superba and C. lunata  [ F I g u R e 

1 ] .  The pigmented spores of C. lunata survived freeze-drying better than the non-pig-
mented spores of A. superba. Germination rates of the spores of C. lunata varied between 
15% and 76% immediately after freeze drying when they were dried to RMCs of 1-10%. In 
contrast, 0.4% to 11% survival was measured when spores of A. superba were dried to a 
RMC ranging between 2.2 and 13.9%. Optimum survival of C. lunata and A. superba was 
observed at 10% and 5.5% RMC, respectively. After three months storage at 30 ºC, spores 
of C. lunata showed the highest survival when dried to 4.2-6.5% RMC  [ F I g u R e  1 a ] , 
while those of A. superba gave the best survival at 3.4% RMC  [ F I g u R e  1 b ] . The viability 
of A. superba decreased by 60 to 90% to 2% maximum depending on the moisture con-
tent. Viability decreased by 5-50% in the case of C. lunata that showed a maximum sur-
vival rate of 34%. Survival rates of A. superba could not be analyzed by ANOVA after stor-
age at 30 °C because they were too low. 

Arrhenius plots
Accelerated storage tests were performed with cultures dried to the optimum RMC. 

Hence, spores of A. superba were dried to 3.5% RMC and those of C. lunata to 5.5% RMC. In 
addition, C. lunata was dried to 3.5% RMC to allow a comparison with the dried A. superba 
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F I g u R e  3 

Plot of pseudo first-
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spores. The Tg values of cultures, dried to 3.5 and 5.5% RMC were estimated by DSC to 
establish the maximum permissible storage temperatures. The Tg of a culture dried to 
5.5% RMC was 54 ºC, and consequently storage at 56 ºC was omitted for cultures dried to 
5.5% RMC. Tg of a culture dried to 3.5% RMC was 74 ºC. The Arrhenius plots  [ F I g u R e  2 ] 
showed that the pigmented spores of C. lunata were more stable than the unpigmented 
spores of A. superba. The pigmented spores, dried to 3.5%, were actually stable to such a 
degree that no degradation could be established at 30 ºC and 22 ºC during the two year 
interval of this study. Consequently, the Arrhenius plot of C. lunata, dried to 3.5% RMC, was 
constructed on the basis of three storage temperatures only.  Spores of A. superba dried to 
3.5% RMC were less stable than those of C. lunata dried to either 3.5% RMC or 5.5% RMC. 
The initial survival of cultures of C. lunata dried to 5.5% RMC was almost twice as high as that 
of the cultures dried to 3.5%, but the stability was less as is indicated by the steeper slope. 

Shelf life 
The shelf life in relation to the degradation rate (log k) can be predicted from  

F I g u R e  3 . In this figure units for one log of titer reduction (log k) in viability are plotted 
against period of storage. The pigmented spores of C. lunata were more stable than those 
of the unpigmented spores of A. superba. When stored at 45 ºC, propagules of C. lunata 
and A. superba dried to 3.5% RMC lost one log of titer in 60 days and 5 days, respectively. 
After storage at 36 ºC these values were 24 and 500 days for C. lunata and A. superba, re-
spectively. When stored at 30 ºC A. superba lost one log titer after 50 days and after 300 
days when stored at 22 ºC. As mentioned, no reduction in survival rate was detected for C. 
lunata, stored at either 30 ºC or 22 ºC during the two year time interval of this study. With 
sub-cultures of C. lunata dried to 5.5% RMC, the values obtained were 22 days at 45 ºC, 
140 days at 36 ºC, 180 days at 30 ºC and almost 2 years when stored at 22 ºC. 

Discussion
Suspensions of microorganisms are commonly dried to 1-2% RMC to obtain stable lyophi-
lized formulations. This moisture content, however, was expected to be too low for large, 
delicate, multicelled, unpigmented spores like those produced by A. superba. Micro-or-
ganisms are adapted to a certain level of dehydration. Dehydration is the main mecha-
nism to stop metabolism during dispersion and periods of food depletion. In fungal 
spores, moisture content drops to arrest enzyme and chemical activity during dispersion 
and dormancy (Hoekstra et al., 2001; Tan et al., 2004). Likewise in winter, during periods of 
drought and during starvation when nitrogen and carbon sources become depleted, en-
zyme activity is arrested by reducing the moisture content (Tan and Ingen, 2004). Mem-

proefschrift.indd   95 19-11-2011   23:10:55



�
6

FReeze-dRyIng oF FIlamenTouS FungI and yeaSTS

ChaPTeR 6 The InFluenCe oF ReSIdual moISTuRe ConTenT and
PIgmenTaTIon on The STabIlITy oF FReeze-dRIed FungI

branes and proteins are adapted to dehydration, at least to a certain level, because reduc-
tion of water content is the natural mechanisms to stop metabolism,. However, the 
routinely recommended RMC of 1-2% might be too low. Likewise, some proteins survive 
freeze-drying much better when dried to moisture contents of approximately 3% instead 
of 1-2% (Jiang and Nail, 1998, Luthra et al., 2007, Manning et al, 2010). This is in line with 
the finding that adaptation strategies of fungi fail when the water content is reduced to 
1-2% RMC. At these low RMCs membranes and proteins can be irreversibly denatured. 
This is most obvious for the multicelled unpigmented thin-walled spores of organisms like 
A. superba. Indeed, survival rates were increased in this study by freeze-drying the fungal 
spores to higher moisture contents. Immediately after freeze-drying, highest survival rates 
of spores of A. superba were obtained at moisture contents ranging between 5 and 10%. 
Similarly, immediately after freeze-drying survival rates of spores of C. lunata that had 
been dried to 5.5% RMC were almost twice as high as those dried to 3.5% RMC

 Although survival rates of the spores were optimal at 5-10% moisture content 
immediately after freeze drying, the dried formulations were less stable after storage at  
30 ºC at such a high RMC. Therefore, the storage temperature should be adjusted. Arrhe-
nius plots show that spores dried to 3.5% RMC (and even 5.5% RMC) can be stored at 
ambient temperatures without loosing more than one log of titer in a year. For instance, 
when stored at 22 ºC, A. superba lost one log of titer in 300 days and C. lunata, dried to 5.5 
% RMC, in 600 days. However, storage at a lower temperature, is recommended to guar-
antee a longer shelf life. For instance, the spores of A. superba are predicted to lose one log 
of titer in 1,5 year and 10 years when stored at 17 ºC and 4 ºC, respectively. Similarly,  
C. lunata, dried to 5.5 % RMC is predicted to lose one log of titer in 6 years when stored at 
17 ºC and in 49 years when stored at 4 ºC. 

 When stored at either 45 ºC or 36 ºC, survival rates of C. lunata  were a factor ten 
higher then those of A. superba. The difference in viability between the two types of spores 
was even more striking at ambient storage temperatures. While A. superba lost 1 log titer 
after 50 days when stored at 30 ºC and after 300 days when stored at 22 ºC, no reduction in 
survival rate was detected for C. lunata during the two year time interval of this study. Ex-
trapolation of the survival rates predicts that survival of C. lunata loses one log of titer in 12 
years when stored at 30 ºC and 164 years when stored at 22 ºC. When stored at 4 ºC spores 
of C. lunata, dried to 3.5%RMC are extremely stable.  F I g u R e  3  indicates that one log of 
titer reduction is predicted to occur in 10.959 years. The extreme resistance of pigmented 
fungi to freeze-drying was also observed in previous studies (Gorbushina et al., 2008; Heck-
ly et al., 1963; Tan et al., 1991a;1991b;  C h a P T e R  2 ). The pigmented organisms are prob-
ably more resistant to freeze-drying because their cell walls are encrusted with pigments 
such as melanin and carotene. These pigments scavenge the free radicals (Dadachova et 
al., 2008; Luckiewicz, 1972; Schweitzer et al., 2009; Tan and Ingen, 2004), produced during 
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oxygen reduction (Fuller et al., 1988). Radicals are harmful because they stimulate lipid 
peroxidation of the membranes (Heckly and Quay, 1982; Molina and Anchordoquy, 
2008a,b). Especially lyophilized formulations are vulnerable to free radicals because their 
half-life is increased in dehydrated materials (Dimmick et al., 1961). To further investigate 
the role of pigmentation, we extended our experiments by freeze-drying unpigmented 
spores of Fusarium avenaceum and the pigmented spores of Alternaria gossypina, which 
both produce large, multicelled spores. Preliminary results approximate those of this study. 
Survival rates of spores of A. gossypina immediately after freeze drying were much higher 
than those of the unpigmented spores of F. avenaceum. Moreover, the dried formulation of 
the former spores were more stable after storage at 30°C (unpublished data). 

 During freeze-drying the metabolic active suspension of microbial cells is trans-
formed into a glass. The micro-organisms that are inactivated by dehydration can safely 
be preserved in this glass as long as they are stored below the Tg, the temperature at 
which the glass melts. When the lyophilized formulation is stored below the Tg as vitreous 
matrix, enclosing the dehydrated spores, the rate of diffusion controlled reactions is great-
ly reduced. However on timescales of months to years some of the degradation reactions 
are not coupled to the glass transition of the formulation anymore. This is because on 
these time-scales there is still significant molecular mobility, even at temperatures well 
below the Tg (Carpenter et al., 2002). This explains why vitality decreases even when 
spores are stored below the Tg. Although viscosity is commonly more than 1012 Pa.s in a 
glass, sufficient mobility and free volume is available to allow changes in molecular con-
figurations favorable for chemical and physical reactions to occur on the time scale of 
months (Abdul-Fattah et al., 2007).      

Conclusions
Commonly, suspensions of microorganisms are dried to 1-2% moisture content to obtain 
stable lyophilized formulations. However, fungal spores often do not survive such a low 
RMC. Here it is shown that drying to the relatively high moisture content of 3.5% RMC  
(5.5 % RMC in the case of pigmented spores) is an option for fungi that otherwise do not 
survive freeze-drying, e.g. those producing large, multicelled, fragile spores. However, 
when dried to 3.5 or 5.5% RMC, it is recommended to store the dried formulation at 4 ºC. 
Pigmented fungi are more resistant to freeze-drying than the unpigmented ones. 
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Fungi play key roles in nature. They are involved in nutrient recycling and establish mutual 
beneficial and parasitic interactions with other organisms. Fungi also impact human live. 
They are responsible for diseases of agricultural crops, animals, and humans. They also 
cause food spoilage and affect the quality and the indoor environment of buildings. On 
the other hand, fungi are used as food, as a source for bioactive molecules (e.g. antibiotics 
and other pharmaceuticals), to produce beer, wine and bread, and as cell factories to pro-
duce for instance enzymes, drugs and organic acids. So far, approximately 75.000 fungal 
species have been identified. However, the actual number of fungi is expected to be much 
higher and may exceed 1.5 million species (Hawksworth, 1991; 2001). 

Culture collections are vital for conservation and exploration of the genetic resources 
within the fungal kingdom. In these collections, fungi are preserved in various ways. Cryo-
preservation and freeze-drying are the preferred long-term preservation methods. They 
are the least laborious, contamination with other organism is minimized, and the chance 
of degeneration of strains is relatively low. Cryopreservation is generally applicable and is 
survived by asexual and sexual spores as well as by vegetative hyphae. Disadvantages of 
cryopreservation include the dependence on regular supply of liquid nitrogen and/or on 
availability of electricity. Moreover, organisms must be dispatched under frozen condi-
tions or revived before transport. This is not the case for freeze-drying. No special condi-
tions are needed to store the product, and dispatch of strains does not require cooling 
facilities. Although mycelium can be freeze dried (Croan, 2000; Singh et al., 2004; Sundari 
and Adholeya, 1999; Tan et al., 199la, 1991b; Voyron et al., 2009) spores and conidia sur-
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vive freeze-drying much better. Taken together, cryopreservation is the preferred method 
for a back-up culture collection, but for dispatch freeze-dried cultures are preferred. 

Cryo-preservation of cells has been reviewed by Bond (2007b), Hwang (1968), Smith 
(1983) and Hubalek (1996). Technical details are described by Challen and Elliot (1986), 
Stalpers and co-workers (1987) and Tan and Stalpers (1996). In short, cells are suspended 
in a cryoprotectant (e.g. glycerol, dimethylsulfoxide) for cryo-preservation. The protectant 
enters the cell to prevent growth of intracellular ice-crystals. The suspensions are cooled 
at -1 °C/min and preferably stored below -80 °C. Freeze-drying of microorganisms has 
been reviewed by Von Arx and Schipper (1978), Fennel (1960), Haskins (1957), Heckly 
(1978), Jennings (1999), MacKenzie (1977), Meryman (1966), Rey and May (1999) and 
Smith and Onions (1980). Methods to freeze-dry filamentous fungi and yeasts are de-
scribed by Bond (2007a) and Tan et al. (2007). 

1. The process
Freeze-drying involves three stages: freezing, primary drying and secondary drying (Lu-
thra et al., 2007). To enable freeze drying, cells are mixed with a lyoprotectant. During 
freezing, the bulk of extracellular water crystallizes, and consequently, the concentration 
of solutes in the liquid phase increases. This results in dehydration of the cells. At the be-
ginning of the primary drying phase, the dehydrated cells are surrounded by a lyoprotect-
ant that is so viscous that it turned into a glass (Franks, 1990). The dehydrated cells and the 
surrounding glass are embedded in ice crystals. During primary drying, the ice crystals are 
sublimated, leaving the glass interwoven with channels. The channels facilitate the des-
orption of water when the dried pellet is dissolved again. Moreover, during secondary 
drying, water is evaporated through these channels from the glassy matrices of the pro-
tectant and cels, thus making them even more viscous. Because viscosity in the protectant 
and the cells increases, the temperature at which their glasses are stable increases con-
comitantly. The glasses are stable at room temperature (and even up to 35°C at a Tg of 
95°C ). At the end of the secondary drying phase, when only 1 to 2% moisture is left, 
glasses are formed both in the protectant and in the cells that are stable at room tempera-
ture. A glass is ideal to store the dried organisms because the molecules are immobilized, 
and, therefore, there is no chemical or enzymatic activity. In addition, the molecules are 
arranged in an unordered structure, allowing them to form hydrogen bonds with the 
membranes and the proteins. The temperature applied during freeze-drying should al-
ways remain below the glass transition temperature curve to avoid collapse of the glass. 
The glass transition temperature is the temperature at which a glass melts during warm-
ing. In the frozen suspension the glass transition temperature is characterized by the sym-
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bol Tg’ whereas it is characterized by the symbol Tg in the dried material. Tg’ and Tg can be 
estimated by differential scanning calorimetry. In addition, melting of the glass can be 
estimated by cryo-microscopy at the so called collapse temperature (Tcoll). When dried 
above the Tg’ (or Tcoll) the cells are liquid- instead of freeze-dried, thus resulting in dena-
turation of the proteins.  Moreover, the channel structure is lost when the glass melts, and, 
consequently, the water vapor cannot be removed anymore. Freeze-dried organisms can 
be stored successfully below the Tg (Franks, 1990). Above Tg, water mobility increases and 
the product deteriorates.

Most sporulating fungi and yeasts survive lyophilization well. Problems are encoun-
tered with auxotrophic dermatophytes and organisms producing either multicelled, thin-
walled or multicelled melanized, thick-walled or one-celled melanized, thick-walled sexu-
al spores or asexual spores (conidia). The aim of this Thesis was to optimize the 
freeze-drying protocol for fungi in general and for the genera that did not survive the 
freeze-drying method that was used at the start of my research in particular. To this end, 
the influence of the cooling rate, the lyoprotectant and the freeze-drying process itself 
were examined. Since most fungi belong to the Basiomycota and Ascomycota I focused 
on freeze-drying of spores that belong to these phyla.

2. Cooling rate 
Both in the case of freeze-drying and cryopreservation the cooling rate should be chosen 
carefully. When cells are cooled rapidly, intracellular ice crystals are produced that are le-
thal. The production of intracellular ice crystals can be avoided by slow cooling. At low 
cooling rates, the bulk of extracellular water crystallizes. As a result, the solutes in the ex-
tracellular medium become highly concentrated. This causes dehydration of the cells. 
Consequently, the cytoplasm becomes increasingly concentrated, resulting in a depres-
sion of the freezing temperature. This will prevent intracellular ice-crystallization, thus 
promoting cell survival (C h a P T e R  2 ;  Morris, 1981). However, prolonged exposure to a 
hypertonic solution leads to denaturation of proteins. Moreover, too extensive shrinkage 
results in loss of membrane integrity (Fujikawa, 1987,1991; Morris et al., 1983; Roquebert 
and Bury, 1993; Smith et al., 1986). Therefore, according to the two-factor hypothesis of 
Mazur (1970), each cell should be cooled at the rate at which the damaging effects of both 
slow and fast cooling rates are minimized.

Optimal cooling rates depend on a number of parameters, such as the size of the cell 
and the thickness of the cell wall (C h a P T e R  2 ;  Dumont et al., 2004). A check of 18,000 
fungal strains, stored for up to 27 years in a lyophilized state at the CBS Fungal Biodiversity 
Centre (CBS-KNAW) culture collection, showed that fungi that produced multicelled  
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(length > 20 µm) thin-walled or melanized, thick-walled and one-celled melanized, thick-
walled spores were hardly, if at all, viable. These results are explained by the fact that the 
method to freeze-dry bacteria, in which drying is preceded by fast freezing (e.g., spin 
freeze-drying or immersion in a mixture of acetone and solid carbon dioxide), was adopt-
ed to freeze-dry the fungi. Freeze-drying microscopy revealed why this freezing proce-
dure was not survived by multicelled spores. The small (harmless) ice crystals, produced 
during fast cooling, grew to large, lethal ice-crystals during primary as well as secondary 
drying  [ C h a P T e R  2 ] . Consequently, survival of multicelled thin-walled or melanized, 
thick-walled multicelled spores and also of one-celled melanized, thick-walled spores was 
significantly better when they were cooled at -1 °C/min. In contrast, small, one-celled, 
thin-walled spores (diameter < 4 µm; e.g., Trichoderma ssp., Penicillium ssp., Aspergillus 
ssp.) survived instantaneous and slow cooling equally well. 

3. Freeze-drying
3.1. The lyoprotectant 
During freeze-drying, spores are suspended in a lyoprotectant. In general, this lyopro-

tectant includes a macromolecule, which serves as a bulking agent, and a saccharide that 
protects membranes and proteins.  In a hydrated cell, water is hydrogen-bonded to the 
phospholipid head groups, yielding space for the fatty-acid acyl chains to move (i.e. a liq-
uid-crystalline membrane). When water is removed, a phase transition of the membrane 
to the gel phase takes place. Because the lipid components of most biological membranes 
are heterogeneous, they undergo phase transitions over a wide range of temperatures. As 
a consequence of the coexistence of solid and fluid lipids, the proteins are no longer an-
chored in the correct topography within the lipid bilayer structure. They start to drift 
through the fluid parts of the membrane, resulting in aggregation of intramembraneous 
particles. In addition, during reheating, non-lamellar structures are formed, leading to cell 
leakage (Morris, 1981). As mentioned, membranes are protected during freezing and dry-
ing by saccharides. According to the “water replacement mechanism”, the saccharides re-
place water by hydrogen bonding to the phospholipid head groups (Crowe et al., 1984a, 
1985a, 1987a, 1990). This interaction increases head group spacing, resulting in a lower 
transition temperature of the phospholipids (Crowe et al., 1985b). Not only phase transi-
tions of the membrane, also denaturation of the proteins is diminished by adding saccha-
rides to the protectant (Arakawa and Timasheff, 1982; Back et al., 1979; Carpenter, 2002; 
Carpenter and Crowe, 1988). They protect proteins in solution because they are preferen-
tially excluded from their surface. As a result, the concentration of the saccharide is the 
lowest close to the protein surface. This concentration difference creates a thermodynam-
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ically unfavorable condition because the entropy of the stabilizing compound is affected 
(Arakawa et al., 2001). Denaturation augments this unfavorable condition because the 
surface of a protein increases during unfolding thereby reducing the entropy of the stabi-
lizing compounds in solution. In addition, saccharides replace water by hydrogen bond-
ing to the proteins in the final stage of drying according to the “water replacement mech-
anism” (Allison et al., 1999). 

Disaccharides are considered to protect membranes and proteins optimally, espe-
cially trehalose (Crowe et al., 1984a; C h a P T e R  3 ). In my experiments, best survival of 
spores of Arthrobotrys superba was obtained after two months storage at 30 °C when ei-
ther 7% lactose or 7% trehalose was added to the lyoprotectant. In these cases, 21% and 
9% of the spores germinated. Germination percentages decreased when maltose, raffi-
nose, sucrose, inositol and glucose were used in the lyoprotectant, resulting in 6%, 4%, 
2%, 1%, and 0% spore germination, respectively. This ranking order equals that observed 
by Crowe and colleagues (1984b, 1987b) and thus supports the “water replacement 
mechanism”. However, with the exception of raffinose, this ranking order also correspond-
ed to the Tg and Ton values of the various saccharides. Tg (and Ton) values were highest for 
raffinose followed by trehalose, lactose, maltose, sucrose, inositol and glucose, being 112 
°C (79 °C), 94 °C (67 °C), 93 °C (66 °C), 91 °C (56 °C), 78 °C (35 °C), 51 °C (24 °C) and 41 °C  
(31 °C) respectively. Obviously the ranking order is also coupled to the physical stability of 
the dried formulation.  

Increasing the concentration of trehalose up to 20 % further improved survival of 
spores of A. superba  [ C h a P T e R  3 ] . Trehalose enters the cells when their membranes 
are forced through their phase transition by cooling. As a consequence of the phase tran-
sition, cells become leaky and the saccharide will flow down its concentration gradient 
into the cell (Leslie et al., 1995). Probably, at higher concentrations of the sugar more tre-
halose enters the cell, hence promoting formation of a stable glass inside the cell. Besides, 
this might result in improved protection of intracellular proteins and membranes.

In nature, the non-reducing disaccharides trehalose and sucrose play an important 
role in counteracting freezing and desiccation stress. Trehalose, showing a relatively high 
Tg, is produced by a variety of organisms (fungi and yeasts, nematodes, desert plants) to 
make them drought resistant. In contrast, sucrose, showing a relative low Tg, is produced 
in plants to make them freeze resistant. Lactose is the saccharide in skimmed milk, the 
protectant that is commonly applied to lyophilize micro-organisms. The Tg of lactose 
equals that of trehalose. Yet, trehalose is the preferred saccharide to freeze-dry micro-or-
ganisms because it is a non-reducing disaccharide. Moreover, it fits better within the 
membrane structure and the glass of trehalose is more stable than that produced by lac-
tose, which has a strong tendency to crystallize.

Apart from saccharides also amino acids can be used to protect proteins by the 
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mechanism of preferential exclusion. However, they can not replace water in the final 
stage of drying. An amino acid that is frequently added to the lyoprotectant is Na-gluta-
mate (Hubalek, 1996). For that purpose, I tested whether addition of Na-glutamate further 
improved survival of fungal spores during freeze drying. In  C h a P T e R  5  spores of A. su-
perba, Fusarium culmorum, Dactylella gampsospora and Monacrosporium bembicodes were 
freeze dried in 12 % skimmed milk supplemented with 7% or 20% trehalose either or not 
in combination with 5% Na-glutamate. A tremendous increase in survival rate was ob-
served when 20% trehalose was used in combination with 5% Na-glutamate. Survival of 
F. culmorum CBS 579.97, a strain that otherwise did not survive freeze-drying, was raised 
to 11% germination. Spores of D. gampsospora and A. superba showed 36% and 62% ger-
mination, respectively, compared to 5% and 9% when dried in 12% skimmed milk only. 
Survival of the very large spores of M. bembicodes was even increased by a factor 1000. 
Survival of the yeast S. cerevisiae was increased by a factor 15, whereas a 15.000-fold high-
er survival was observed for the Gram-positive bacterium Bacillus subtilis after 2 months 
storage at 30 °C.

 Addition of Na-glutamate had a strong impact on the drying process. Water was re-
moved more slowly as shown by the delayed increase of Tg  [ C h a P T e R  5 ] . Probably, 
due to the high concentration of trehalose, the viscosity was increased to such extent dur-
ing freeze-drying that the proteins could not unfold and the membranes could not un-
dergo phase transitions on the time-scale of freeze-drying as was also suggested by Tang 
and Pikal (2005). The slow freeze-drying process in the very viscous lyoprotectant might 
in fact be the cause of the increased survival rate. It would enable a more gradual replace-
ment of water dipoles by hydroxyl groups of the saccharides. This would result in an im-
proved conservation of the native tertiary structures of the proteins and membranes. The 
success of the freeze-drying cycle of 12% skimmed milk/20% trehalose/5%Na-glutamate 
and the relation between the efficacy of the various saccharides and their Tg values indi-
cate that, next to the “water replacement mechanism”, the “glass dynamics mechanism” 
might be an important mechanism to obtain stability by freeze-drying. According to the 
“glass dynamics mechanism” stabilization occurs via immobilization of protein and mem-
brane molecules in an inert glass matrix. Because the system is prevented from moving 
towards equilibrium, thermodynamic instability is irrelevant (Chang et al., 2005). Thus, the 
degradation process is kinetically inhibited. That both mechanisms jointly contribute to 
the stabilization of the proteins and membranes during freeze-drying is indicated by the 
lower survival with raffinose. The glass produced by raffinose is equally stable to that pro-
duced by lactose or trehalose, but survival is lower [ C h a P T e R  3 ] . This suggests that 
hydrogen bonding (“water replacement mechanism”) is also involved. Obviously, due to 
steric hindering, the trisaccharide raffinose shows less hydrogen bonding capacity to the 
phospholipid head groups and proteins than the disaccharides. 
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The use of trehalose in combination Na-glutamate and skimmed milk (see below) can 
be applied to freeze-dry a wide variety of micro-organisms [ C h a P T e R  5 ] .  A similar 
protocol has been patented (Ingen and Tan, 2008) and applied to freeze-dry the master 
seed lots of the Gram- positive bacteria Corynebacterium diphteriae, Clostridium tetani, Ba-
cillus Calmette-Guérin and the Gram-negative bacterium Bordetella pertussis. Co. diphteriae, 
Cl. tetani and B. pertussis are included in the DKTP vaccine. This vaccine is applied to im-
munize the Dutch population against diphtheria, whooping cough and tetanus. Bacillus 
Calmette-Guérin (BCG), an attenuated variant of the Gram-positive related Mycobacterium 
tuberculosis var. bovis, is applied as immunostimulator to prevent bladder cancer. 

Next to a compound protecting the membranes and the proteins, a bulking agent 
should be added to the lyoprotectant. Commonly polysaccharides and proteins are ap-
plied because they are not toxic. In C h a P T e R  4  I studied which macromolecule served 
best as bulking agent. For that purpose, the efficacy of various proteins (gelatin, peptone, 
polygelin, skimmed milk, casein hydrolyzate, Ca-lactobionate, lactalbumine), polysaccha-
rides (dextrane, hydroxyethylstarch (HES), carboxymethylstarch (CMC), β-cyclodextrine, 
ficoll) and polyvinylpyrrolindone (PVP) was investigated. It was shown that polysaccha-
rides and PVP resulted in an increased lag phase when compared to proteins. As a conse-
quence, proteins provided a better germination. However, some of the proteins were dif-
ficult to freeze-dry due to a low Tcoll (i.e. lactalbumine, peptone). Moreover, the lowest Tg 
was recorded in the case of gelatin, which affects the shelf life of the freeze dried product. 
Within the series of proteins best results were obtained with skimmed milk. Tcoll value was 
sufficiently high to result in successful freeze-drying and a high Tg was obtained.

To increase the Tg and Tcoll of a lyoprotectant, polysaccharides and PVP are frequently 
added to the lyoprotectant. However, the slow cooling rate and the small quantities of 
material freeze-dried can cause problems  [ C h a P T e R  4 ] . Due to the slow cooling rate, 
the pellets of some of them can become so amorphous that removal of water is ham-
pered. Scanning electron microscopy photographs showed that the structure of pellets 
containing CMC was irregular with mazes of various size, and some parts of the pellet 
showed a severe collapse. Pellets containing PVP also showed an irregular structure, and 
the exposed surface of the pellet was pellicular without pores. Hence, when macromole-
cules, like CMC and PVP that tend to form amorphous structures, are freeze-dryed, crystal-
lizing excipients like mannitol should be added as was also suggested by Johnson et al. 
(2002) and Hawe and Friess (2006a,b). By adding crystallizing excipients channels are pro-
duced in the amorphous structure that facilitate removal of water vapor. In addition, in an 
open network structure the withdrawal of heat of sublimation can keep the suspension 
frozen. This explains why skimmed milk is the most promising bulking agent. The lactalbu-
min stimulates germination while the lactose has a strong tendency to crystallize. There-
fore, it provides an excellent network structure.
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4. Stability

Reduction of water content is the natural mechanisms to stop metabolism of cells during 
dispersion and periods of food depletion. Consequently, fungal spores are adapted to a 
certain level of dehydration. This explains why fungi survive freeze-drying optimal when 
dried to moisture contents ranging between 3-10%  [ C h a P T e R  6 ] . After storage at  
30 ºC optimum viability of the pigmented spores of C. lunata was obtained at moisture 
contents of 4.2-6.5%, whereas the non-pigmented spores of A. superba survived best at 
3.4% RMC. Although drying to these relatively high moisture contents reduces stability, it 
is an option for organisms that otherwise do not survive freeze-drying. However, when 
dried to higher moisture contents, the storage temperature should be adjusted. For in-
stance, the unpigmented spores of A. superba lost one log of titer in 300 days when stored 
at 22 ºC while they are predicted to lose one log of titer in 1.5 and 10 years when stored at 
17 ºC and 4 ºC respectively. Initial survival rate of C. lunata  is two times higher by freeze-
drying to 5.5% RMC. However, it will lose one log of titer after approximately 2 years when 
stored at 22 ºC. In contrast, C. lunata spores dried to 5.5 % RMC are predicted to lose one 
log of titer in 6 and 49 years when stored at 17 ºC and 4 ºC, respectively. Especially pig-
mented fungi are resistant to freeze-drying and withstand higher residual moisture con-
tents than unpigmented ones (C h a P T e R  6 ;  Tan et al.,1991a;1991b). This was also no-
ticed in studies by Gorbushina and co-workers (2008), Heckly and co-workers (1963) and 
Heckly and Quay (1983). They are probably more resistant to freeze-drying because their 
cell walls are encrusted with pigments such as melanin and carotene. These pigmentsigments 
scavenge the free radicals (Dadachova et al., 2008; Luckiewicz, 1972; Schweitzer et al., 
2009) produced during oxygen reduction (Fuller et al., 1988). Lyophilized formulations areyophilized formulations are 
particularly vulnerable to free radicals because their half-life is increased in dehydrated vulnerable to free radicals because their half-life is increased in dehydrated 
materials (Dimmick et al., 1961).   
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Nederlandse samenvatting

Schimmels spelen een sleutelrol in de natuur. Zij zijn essentieel bij de recycling van nu-
triënten en gaan zowel voordelige als parasitaire interacties aan met andere organismen. 
Schimmels beïnvloeden ook het menselijk leven. Enerzijds veroorzaken zij ziekten van 
landbouwgewassen, dieren en de mens. Daarnaast zijn ze verantwoordelijk voor het bed-
erven van voedsel en hebben ze een negatieve invloed op de kwaliteit van het binnenmi-
lieu. Aan de andere kant worden schimmels genuttigd als voedsel (eetbare paddenstoe-
len; quorn) en spelen zij een belangrijke rol bij de productie ervan (zoals bij brood, wijn, 
bier, kaas, tofu en miso). Schimmels zijn ook een bron van bioactieve moleculen (antibi-
otica en andere farmaceutische producten) en zijn zij als zogenaamde cell factories ver-
antwoordelijk voor de productie van enzymen, medicijnen en andere metabolieten. 

Momenteel zijn er ongeveer 75.000 soorten schimmels geïdentificeerd maar het 
werkelijke aantal ligt waarschijnlijk een veelvoud hoger. Cultuurcollecties zijn cruciaal 
voor het behoud en de exploratie van de genetische bronnen in het schimmelrijk. In deze 
collecties worden schimmels op verschillende wijze bewaard. Vriesdrogen en cryop-
reservatie zijn het meest geschikt voor lange termijn bewaring. De kans op verontreinig-
ing is minimaal en degeneratie van de schimmels is gering. Cryopreservatie is voor alle 
groepen schimmels te gebruiken en wordt zowel door sporen als schimmeldraden (hy-
fen) overleefd. Nadelen zijn de afhankelijkheid van vloeibare stikstof of elektriciteit. Bov-
endien moeten de organismen opgekweekt worden voor transport of moeten zij bev-
roren worden getransporteerd. Gevriesdroogde cultures hebben daarentegen geen 
speciale behoeftes bij opslag en zijn zonder aanvullende maatregelen te transporteren. 
Hoewel vegetatieve hyphen te drogen zijn, overleven conidia en sporen vriesdrogen veel 
beter. Geconcludeerd kan worden dat cryopreservatie de ideale preservatiemethode is 
voor een back-up collectie, terwijl voor verzending gevriesdroogde cultures te prefereren 
zijn. 
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Vriesdrogen omvat drie fases: het invriezen en de primaire en secondaire droogfase. 
Om te vriesdrogen worden de cellen opgenomen in een lyoprotectant. In de invriesstap 
kristalliseert de bulk van het water uit dit protectant waardoor de concentratie van de 
opgeloste moleculen toeneemt en de cellen dehydrateren. Bij de aanvang van de pri-
maire droogfase zijn deze gedehydrateerde cellen omringd door een protectant dat zo 
visceus is dat deze, bij de lage temperatuur van de primaire droogfase, getransformeerd is 
in een glas. Een glas is een vloeistof die zo stroperig is dat de moleculen niet meer kunnen 
bewegen. Dit glas is doorweven met ijskristallen. In de primaire droogfase sublimeren 
deze ijskristallen daarbij een glas achterlatend dat doorweven is met open kanalen. Door 
deze kanalen wordt de waterdamp afgevoerd tijdens het secondaire drogen, zodat dit 
glas nog visceuzer wordt. Omdat de viscositeit van het glas toeneemt, stijgt ook de tem-
peratuur waarbij het glas stabiel is. Aan het eind van de secondaire droogfase, wanneer 
nog maar 1-2%  restvocht in het gevriesdroogde materiaal aanwezig is, is dit glas stabiel 
bij kamertemperatuur. Een glas is ideaal om een gedehydrateerd organisme in te preserv-
eren. De moleculen zijn onbeweeglijk, waardoor chemische en enzymatische reacties 
geremd zijn. Daarnaast zijn de moleculen ongeorganiseerd gerangschikt (dwz. niet in een 
kristalrooster) waardoor zij, daar waar nodig, waterstofbruggen kunnen vormen met de 
eiwitten en membranen. Om het in elkaar klappen van de glasstructuur te voorkomen 
moet de temperatuur tijdens het gehele vriesdroogproces beneden de glastransitietem-
peratuur blijven. De glastransitietemperatuur is de temperatuur waarbij een glas tijdens 
verwarming smelt. In de bevroren staat wordt de glastransitietemperatuur aangegeven 
met het symbool Tg’; in het gedroogde materiaal met het symbool Tg. Tg en Tg’ kunnen 
vastgesteld worden met de DSC techniek. Daarnaast kan het smelten van een glas waarg-
enomen worden onder een vriesdroogmicroscoop bij de collapse temperatuur (Tcoll). 
Wanneer een suspensie gedroogd wordt boven de Tg’ (of Tcoll) worden de cellen gedroogd 
uit de vloeibare in plaats van de vaste toestand wat leidt tot denaturatie van eiwitten. 
Bovendien gaat de kanaalstructuur verloren waardoor de waterdamp niet meer kan ont-
snappen tijdens de secondaire droogfase. Gevriesdroogde materialen zijn goed te be-
waren onder de Tg. Boven de Tg neemt de beweeglijkheid van de moleculen toe waardoor 
de kwaliteit van het product afneemt.

De meeste sporulerende, filamenteuze schimmels en gisten overleven vriesdrogen 
goed. Problemen worden aangetroffen bij auxotrofe dermatofyten en bij schimmels die 
meercellige dun- of dikwandige of ééncellige dikwandige sexuele of asexuele sporen (co-
nidia) produceren. Het doel van het onderzoek dat beschreven is in dit proefschrift was 
het optimaliseren van het vriesdroogprotocol voor verschillende schimmels. Hiertoe is de 
invloed van de invriessnelheid, de samenstelling van de lyoprotectant en het vriesdroog-
proces bestudeerd. Omdat de meeste schimmels tot de Basidiomycota en de Ascomycota 
behoren, heb ik mij gericht op het vriesdrogen van sporen uit deze phyla.
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1. De invriessnelheid

Voor vriesdrogen moet de invriessnelheid met zorg worden gekozen. Als cellen te snel 
ingevroren worden, worden intracellulaire ijskristallen gevormd wat lethaal is. De produc-
tie van intracellulaire ijskristallen kan vermeden worden door cellen langzaam in te 
vriezen. Bij lage invriessnelheden kristalliseert de bulk van het extracellulaire water, waar-
door de concentratie van opgeloste moleculen in de resterende extracellulaire vloeistof 
toeneemt. Hierdoor dehydrateren de cellen waardoor het cytoplasma zich concentreert. 
Dit resulteert in vriespuntverlaging, waardoor de vorming van intracellulaire ijskristallen 
wordt voorkomen  [ h o o F d S T u K  2 ] . Te lange blootstelling aan een hypertone vloeistof 
leidt echter tot denaturatie van eiwitten. Bovendien leidt dehydratie tot krimp van het 
membraan waardoor de integriteit hiervan kan worden aangetast. Daarom moet een cel 
ingevroren worden met de snelheid waarbij de schadelijke effecten van beide invriessnel-
heden zoveel mogelijk beperkt worden. 

Een steekproef van 18.000 gevriesdroogde stammen van het CBS Fungal Biodiversity 
Centre (CBS-KNAW), die bewaard waren tot perioden van 27 jaar, wees uit dat schimmels 
die meercellige dun- of dikwandige of ééncellige dikwandige sporen produceren het 
vriesdroogproces niet of nauwelijks hadden overleefd. De droogmethode die toegepast 
werd was een methode die ontwikkeld was om bacteriën te vriesdrogen. Bij het vriesdro-
gen van bacteriën worden de organismen ingevroren door spin-vriezen of door het 
onderdompelen in een mix van aceton en droogijs. Vriesdroogmicroscopie wees uit 
waarom deze methode niet overleefd werd door dun- en dikwandige, meercellige sporen 
en dikwandige ééncellige sporen  [ h o o F d S T u K  2 ] . De kleine intracellulaire ijskristal-
len die geproduceerd worden tijdens snel invriezen, groeien tijdens het drogen namelijk 
uit tot grote, lethale ijskristallen. Dit kon worden voorkomen door in te vriezen met een 
snelheid van -1 ºC/min. 

2. Het vriesdrogen
Tijdens het vriesdrogen zijn de sporen gesuspendeerd in een lyoprotectant. Dit protect-
ant bevat een macromolecuul, dat dient als bulking agent, en een suiker om de mem-
branen en de eiwitten te beschermen. In een gehydrateerde cel zijn waterstofbruggen 
gevormd met de kopgroepen van de fosfolipiden, waardoor er ruimte beschikbaar is voor 
de acylketens om te bewegen (een vloeibaar-kristallijn membraan). Door het verwijderen 
van het water treedt er een faseovergang op van de vloeibaar-kristallijne naar de gel-fase. 
Omdat het membraan verschillende fosfolipiden bevat, ondergaan niet alle fosfolipiden 
deze transitie gelijktijdig. Hierdoor kunnen de eiwitten migreren naar de nog vloeibare 
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gedeeltes van het membraan wat resulteert in aggregatie. Daarnaast  kunnen pakkings-
fouten optreden, met name op de grensvlakken tussen fosfolipiden in de gel- en in de 
vloeibaar-kristallijne fase, wat tot lekkage leidt. Membranen zijn tijdens het vriezen en 
drogen te beschermen door suikers (saccharides) toe te voegen aan het protectant. Vol-
gens de “water replacement theory” vervangen deze suikers het water door waterstof-
bruggen te vormen met de kopgroepen van de fosfolipiden. Door deze interactie neemt 
de ruimte rondom de kopgroepen toe, waardoor de transitie voorkomen wordt. Ook de 
denaturatie van eiwitten is te verminderen door suikers toe te voegen aan het protectant. 
Saccharides beschermen eiwitten doordat zij preferentieel afgestoten worden door hy-
drofobe groepen van de eiwitten (preferential exclusion). Hierdoor is de suikerconcentra-
tie rondom de eiwitten laag. Dit concentratieverschil creëert een thermodynamisch on-
gunstige situatie omdat de entropie van de suiker ongunstig beïnvloed wordt. 
Denaturatie vergroot deze ongunstige situatie doordat het oppervlak van het eiwit toe-
neemt tijdens ontvouwen. Hierdoor neemt de entropie van de suiker nog meer af. Boven-
dien vervangen de OH groepen van de suikers het water door waterstofbruggen te vor-
men met de eiwitten in de laatste fase van het droogproces volgens het principe van de 
“water replacement theory”.

Disaccharides, met name trehalose, zijn het beste in staat waterstofbruggen te vor-
men met eiwitten en membranen. In de natuur spelen deze suikers dan ook een belan-
grijke rol bij het tegenaan van vries- en droogtestress. Trehalose, met een relatief hoge Tg, 
wordt o.a. geproduceerd door schimmels, nematoden en woestijnplanten. Sucrose, met 
een lagere Tg, wordt door veel planten in gematigde streken geproduceerd om vriesresist-
entie te induceren. Ook ik vond dat disaccharides de hoogste overleving gaven na het 
bewaren van de tweecellige dunwandige sporen van Arthrobotrys superba gedurende 
twee maanden bij 37 ºC  [ h o o F d S T u K  2 ] . Respectievelijk 21% en 9% van de sporen 
kiemden na vriesdrogen in 7% lactose en 7% trehalose. Lagere kiemingspercentages wer-
den verkregen met maltose, raffinose, sucrose, inositol en glucose, waarbij respectievelijk 
6, 4, 2, 1 en 0% van de sporen kiemden. Deze rangvolgorde van suikers werd ook waarg-
enomen door andere onderzoekers die deze volgorde verklaarden met de “water replace-
ment theory”. Met uitzondering van raffinose komt deze rangvolgorde ook overeen met 
de volgorde van de Tg waardes. Tg en (Ton;  de aanvangstemperatuur van de Tg,) waren het 
hoogst voor raffinose, gevolgd door die van trehalose, lactose, maltose, sucrose, inositol 
en glucose, welke respectievelijk 112 °C (79 °C), 94 °C (67 °C), 93 °C (66 °C), 91 °C (56 °C),  
78 °C (35 °C), 51 °C (24 °C) en 41 °C (31 °C) zijn. Kennelijk is de rangvolgorde van de suikers 
ook gekoppeld aan de fysische stabiliteit van de gedroogde producten. Ook de concen-
tratie van de suiker doet er toe. Verhoging van de trehalose concentratie van 7% tot 20% 
doet het overlevingspercentage toenemen  [ h o o F d S T u K  3 ] . Trehalose kan de cel bin-
nengaan als de membranen op het punt staan door hun faseovergang te gaan tijdens het 
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afkoelen. Op dat moment gaan de cellen enigszins lekken, waardoor de trehalose de cel 
binnen kan komen. Bij een hogere concentratie zal er meer trehalose de cel in gaan waar-
door er in de cellen een stabieler glas gevormd wordt en de eiwitten en de membranen 
beter beschermd worden. Hoewel lactose, de suiker die aanwezig is in melk, geregeld 
gebruikt wordt om micro-organismen te vriesdrogen is trehalose hiervoor geschikter. Tre-
halose is een niet reducerende suiker, de vorming van waterstofbruggen met de  mem-
branen is beter en het glas is stabieler dan dat van lactose wat sterk de neiging heeft te 
rekristalliseren.

Naast suikers kunnen ook aminozuren eiwitten beschermen via het mechanisme van 
“preferential exclusion”. Zij vormen echter geen waterstofbruggen met de eiwitten. Een 
aminozuur dat regelmatig gebruikt wordt bij het vriesdrogen is glutamaat. Daarom heb ik 
getest of toevoegen van deze verbinding de overleving verhoogde van sporen van A. su-
perba, Fusarium culmorum, Dactylella gampsospora and Monacrosporium bembicodes 
[ h o o F d S T u K  5 ] . Deze schimmels vormen dunwandige, 2 tot 7-cellige sporen van on-
geveer 20 tot 90 μm. De sporen werden gedroogd in 12% magere melk met 7% of 20% 
trehalose, al dan niet aangevuld met 5% Na-glutamaat. Overleving was significant hoger 
als 5% Na-glutamaat was toegevoegd aan 20% trehalose en 12% magere melk. Elf pro-
cent van de F. culmorum CBS 579.97 sporen overleefde, terwijl deze sporen vriesdrogen 
normaal gesproken niet overleven. Sporen van D. gampsopsora en A. superba vertoonden 
respectievelijk 36% en 62% kieming, terwijl dit 5% en 6% was na drogen in alleen 12% 
magere melk. Overleving van de zeer grote sporen van M. bembicodes nam met een factor 
1000 toe. Overleving van S. cerevisiae was verhoogd met een factor 15 terwijl na 2 
maanden bewaren bij 37 ºC een 15.000 maal hogere overleving waargenomen werd bij 
de Gram-positieve bacterie Bacillus subtilis.

Toevoeging van Na-glutamaat heeft ook een nadeel omdat het een negatieve inv-
loed heeft op het droogproces. De Tg’ wordt door glutamaat verlaagd, waardoor bij een 
lagere temperatuur gedroogd moet worden en droogcyclus veel langer duurt  [ h o o F d -

S T u K  5 ] . Wel is de overleving na dit langzame droogproces significant hoger. Wellicht is 
door de hoge concentratie trehalose de suspensie zo visceus dat de eiwitten niet kunnen 
ontvouwen en de membranen geen fasetransitie kunnen ondergaan. Het langzame vries-
droogproces zou hierbij een meer geleidelijke vervanging van de waterdipolen door de 
OH groepen van de suikers mogelijk kunnen maken. Dit resulteert wellicht in een beter 
behoud van de tertiaire structuur van de eiwitten en de membranen. Het succes van de 
vriesdroogcylcus in 12% magere melk/20% trehalose/5% Na-glutamaat en de relatie tus-
sen de werking van de verschillende suikers en hun Tg waardes duidt erop dat naast de 
“water replacement theory” de “glass dynamics theory ” een belangrijk mechanisme is om 
vriesdroogschade tegen te gaan. Volgens de “glass dynamics theory” vindt stabilisatie 
plaats via immobilisatie van de eiwitten en membranen in een inerte glas matrix. Omdat 
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dit systeem beweging van moleculen verhinderd is thermodynamische instabiliteit irrel-
evant. Dat beide processen betrokken zijn bij het stabiliseren van eiwitten en membranen 
tijdens vriesdrogen bewijst de lagere overleving in het geval van toepassing van raffinose. 
Het glas dat is geproduceerd met raffinose is even stabiel als dat gemaakt is met lactose 
en trehalose, maar de overleving van de sporen is lager  [ h o o F d S T u K  3 ] . Dit geeft aan 
dat de “water replacement theory” zeker ook een rol speelt. Kennelijk kan de trisaccharide 
raffinose door sterische hindering minder goed waterstofbruggen vormen met de fosfoli-
piden en eiwitten dan dat disacchariden dit kunnen doen. Behalve schimmels kunnen 
ook andere micro-organismen succesvol worden gedroogd in 12% magere melk/
2%trehalose/5%Na-glutamaat  [ h o o F d S T u K  5 ] . Het succes van deze formulering 
wordt geillustreerd door het feit dat een soortgelijk protocol door mij en van Ingen is ge-
patenteerd en wordt gebruikt om “masterseed lots” van een aantal bacteriën, die voor het 
rijksvaccinatieprogramma worden gebruikt, te bewaren. 

Naast een verbinding om membranen en eiwitten te beschermen moet een bulking 
agent worden toegevoegd aan de lyoprotectant. Dit zijn meestal polysacchariden en ei-
witten. In  h o o F d S T u K  4  werd bestudeerd welke macromoleculen het best als bulking 
agent gebruikt kunnen worden. De effectiviteit van een aantal eiwitten (gelatine, pepton, 
polygeline, magere melk, caseinehydrolyzaat, Ca-lactobionaat, lactalbumine), polysac-
chariden (dextraan, hydroxyethylstarch (HES), carboxymethylstarch (CMC), β-cyclodex-
trine, ficoll) en polyvinylpyrrolidone (PVP) werd hiertoe bepaald. Sporen van A. superba die 
waren gedroogd in de aanwezigheid van één van de polysacchariden of PVP deden er 
langer over om het kiemingsproces op te starten nadat zij opgenomen waren in voed-
ingsmedium dan sporen die gedroogd waren in aanwezigheid van eiwitten. Wel bemoe-
ilijkte de lage Tcoll waardes van lactalbumine en pepton het droogproces. Bovendien had-
den lactalbumine, pepton en gelatine de laagste Tg. Binnen de groep van eiwitten werden 
de beste resultaten bereikt met magere melk. De Tcoll was hoog genoeg om goed te kun-
nen vriesdrogen en door een voldoende hoge Tg is het product bij kamertemperatuur te 
bewaren. 

De Tg en Tcoll zijn te verhogen door polysacchariden zoals CMC en PVP aan de lyopro-
tectant toe te voegen. Beide verbindingen zijn echter moeilijk te vriesdrogen  [ h o o F d -

S T u K  4 ] . Tijdens de langzame afkoeling worden de pellets zo amorf dat de verwijdering 
van water geremd is. Scanning elektronische foto’s tonen de oorzaak hiervan. De structuur 
van CMC is onregelmatig met mazen die variëren in grootte. Daarnaast laten sommige 
delen van het pellet collaps zien. Ook de pellets van PVP waren onregelmatig van structu-
ur en het geëxposeerde oppervlakte van de pellet was een gesloten vel zonder poriën. 
Dus, als men macromoleculen zoals CMC en PVP, die de neiging hebben een te amorfe 
structuur te vormen, wil drogen doet men er goed aan verbindingen toe te voegen die 
kristallisatie induceren, zoals mannitol of glycine. Door het toevoegen van deze kristallis-
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erende verbindingen worden kanalen gevormd in de amorfe structuur die de waterafvoer 
vergemakkelijken. Bovendien vriest een open netwerkstructuur zichzelf in door onttrek-
king van sublimatie-energie. Dit alles verklaart waarom magere melk de meest veelbelov-
ende bulking agent is. De lactalbumine stimuleert kieming, terwijl de lactose kristallisatie 
bevordert en zo een excellente netwerkstructuur bewerkstelligt. 

3. Stabiliteit
Het reduceren van het watergehalte is een natuurlijk mechanisme om het metabolisme 
van sporen gedurende verspreiding en periode van voedseltekort te remmen. Dit verk-
laart waarom schimmels optimaal overleven wanneer zij gedroogd worden tot een 
restvochtgehalte tussen 3 en 10%  [ h o o F d S T u K  6 ] . De overleving na 3 maanden 
opslag bij 30 ºC is optimaal voor de gepigmenteerde sporen van C. lunata bij een restvo-
chtgehalte van 4.2-6.5%, terwijl de ongepigmenteerde sporen van A.superba het best 
overleven bij 3.4% RMC. Het nadeel van deze relatief hoge restvochtgehaltes is dat de 
overleving tijdens bewaren sneller afneemt. Het is echter een optie voor organismen die 
anders het vriesdrogen niet overleven, zeker als de opslagtemperatuur wordt aangepast. 
Zo verliezen de ongepigmenteerde sporen van A. superba bijvoorbeeld één log in titer in 
300 dagen na opslag bij 22 ºC, terwijl extrapolatie laat zien dat zij één log in titer verliezen 
na 1.5 en 10 jaar na opslag bij respectievelijk 17 en 4 ºC. Overleving direct na vriesdrogen 
is te verdubbelen door tot een hoger restvocht te drogen. Vergelijk hierbij de overleving 
van C. lunata sporen die zijn gedroogd tot 5.5% RMC met die van sporen gedroogd tot 
3.5% RMC. Ook hier is verlies van de titer (één log terugval in twee jaar na opslag bij 22ºC) 
terug te brengen door opslag bij een lagere temperatuur. Extrapolatie laat zien dat één 
log terugval in titer voorspeld wordt na 6 en 49 jaar opslag bij respectievelijk 17en 4ºC na 
drogen tot 5.5% RMC. 

Gepigmenteerde schimmels zijn resistenter tegen vriesdroogschade en kunnen te-
gen hogere restvochtgehaltes dan ongepigmenteerde schimmels  [ h o o F d S T u K  6 ] . 
Dit wordt mogelijk verklaard doordat pigmenten, zoals melanine en caroteen, vrije radi-
calen kunnen vangen. Met name gevriesdroogde producten zijn gevoelig voor radicaals-
chade omdat de halfwaarde tijd van vrije radicalen toeneemt in gedroogde producten.       
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