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Abstract

There is accumulating clinical data supporting the role of probiotics in human health particularly in benefiting the immune system,
strengthening the mucosal barrier and suppressing intestinal infection. Fermented and unfermented dairy products enriched with pro-
biotic bacteria have developed into one of the most successful categories of functional foods. From a functional ingredient perspective,
the generation of these live cultures in dried formats is particularly attractive, however, it does present challenges in terms of retaining
probiotic functionality during powder manufacture and storage. Both freeze-dying and spray-drying can be used for manufacture of pro-
biotic powders on a large-scale, however, both approaches expose the cultures to extreme environmental conditions. Methods of pro-
duction of dried probiotic powders should be such that viability is maintained in the dried powders following manufacture, and
storage to ensure that an adequate number of bacteria can be delivered in the final product. This review will focus on how this can
be achieved through approaches such as optimizing drying technology, and the drying matrix, and by manipulating probiotic bacteria
by classical (microbiological) or genetic approaches.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Probiotics are defined as ‘live micro-organisms which
when administered in adequate amounts confer a health
benefit on the host’ (FAO/WHO, 2001). There is rapidly
accumulating clinical evidence that these bacteria can pos-
itively affect certain human health conditions, playing an
important role in the control of irritable bowel syndrome
and inflammatory bowel diseases, suppression of endoge-
nous/exogenous pathogens by normalization of the intesti-
nal microbial composition, alleviation of food allergy
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symptoms in infants by immunomodulation, lowering
serum cholesterol, improving lactose tolerance, and reduc-
ing risk factors for colon cancer by metabolic effects
(Saarela, Lahteenmaki, Crittenden, Salminen, & Mattila-
Sandholm, 2002). Although specific numbers are not
mentioned in the definition, high levels of viable micro-
organisms are recommended in probiotic foods for efficacy
(Knorr, 1998) given that many of the clinical studies use
daily doses in excess of 109 cfu/day. Consequently, the
retention of high viability during drying and storage pre-
sents particular challenges and can be regarded as a major
bottleneck in commercial probiotic production. This is par-
ticularly the case for ‘‘technologically sensitive” strains (for
example most Bifidobacterium species) with the result that
most successfully marketed probiotics are usually robust
in nature. As a general recommendation and in the absence
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of ‘‘dose response” data for many strains, it is suggested
that probiotic products should contain at least 107 cfu/g
(ml) (Ishibashi & Shimura, 1993). Most liquid/frozen pro-
biotic cultures require refrigeration for storage and distri-
bution, thereby adding expense and inconvenience to
their widespread use. However these cold-chain require-
ments may be greatly reduced or eliminated through the
use of dry powders, which are potentially superior to
liquid/frozen state in their sterility and stability.

Although water is an essential component of life, reten-
tion of viability during storage is often enhanced under very
low water activity. For example, the inclusion of a silica gel
adsorbent with a high water adsorbing capacity in the stor-
age matrix has previously been deemed effective in main-
taining viability of dried lactic acid bacterial cells
(Sudoma, 1990). Therefore the intention of this review is
to discuss how to reduce effects of dehydration processes
on probiotic survival. The main topics covered are desicca-
tion technology, including freeze-drying and spray-drying,
protectants, cell physiology, which includes stresses, growth
phase and medium, storage conditions and rehydration.

2. Desiccation technology

Dehydration is commonly used as a means to stabilize
probiotics for their ease of storage, handling, transport
and subsequent use in functional food applications.
Freeze-drying is the most widespread technique for dehy-
dration of probiotic and dairy cultures, while spray-drying
has been applied to the dehydration of a limited number of
probiotic cultures.

2.1. Freeze-drying

Freeze-drying has been used to manufacture probiotic
powders for decades and is based upon sublimation, occur-
ring in three phases; freezing, primary, and secondary dry-
ing. Typically, cells are first frozen at �196 �C and then
dried by sublimation under high vacuum (Santivarangkna,
Kulozik, & Foerst, 2007). As the processing conditions
associated with freeze-drying are milder than spray-drying,
higher probiotic survival rates are typically achieved in
freeze-dried powders (Wang, Yu, & Chou, 2004). Interest-
ingly, it has been shown that cellular inactivation occurs
mostly at the freezing step (Tsvetkov & Brankova, 1983).
Indeed, To and Etzel (1997) demonstrated that 60-70% of
cells that survived the freezing step can live through the
dehydration step. During freezing, the formation of extra-
cellular ice causes an increase in extra-cellular osmolality,
so as soon as ice forms outside of the cell in solution, the cell
begins to dehydrate. The intracellular and extra-cellular
solution concentrations will increase as temperature drops
until a eutectic point is reached. There are as such two kinds
of freezing methods, i.e. slow freezing and fast freezing.
During slow freezing, the process of gradually dehydrating
the cell as ice is slowly formed outside the cell leads to exten-
sive cellular damage, while fast freezing can avoid solute
effects and excessive cellular shrinkage (Fowler & Toner,
2005). It has been reported that the higher the surface area
of the cell, the higher the membrane damage owing to extra-
cellular ice crystal formation during freezing (Fonseca,
Beal, & Corrieu, 2000). Consequently, cell size has a strong
influence on survival of probiotics during freeze-drying,
with small spherical cells such as enterococci being more
resistant to freezing and freeze-drying than larger rod
shaped lactobacilli (Fonseca et al., 2000).

Removal of bound water from bacterial cells during dry-
ing leads to damage of surface proteins, cell wall and the
cell membrane. Bound water plays an important role in sta-
bilizing structural and functional integrity of biological
macromolecules through different types of weak bonding,
including those present on the cell wall and cell membrane.
Consequently, water removal during desiccation can lead
to destabilisation of the structural integrity of these cellular
components, resulting in loss or impairment of function
(Brennan, Wanismail, Johnson, & Ray, 1986). It has been
proposed that the lipid fraction of the cell membrane is
the primary target area for damage during drying, where
lipid peroxidation may occur (Brennan et al., 1986; Lin-
ders, Wolkers, Hoekstra, & van’t Riet, 1997a). In addition,
the secondary structures of RNA and DNA destabilize,
resulting in reduced efficacy of DNA replication, transcrip-
tion, and translation (van de Guchte et al., 2002). There-
fore, in order to achieve optimum results during the
desiccation of probiotics, attention must be strongly
focused on approaches to minimize damage to these cellu-
lar components.

2.2. Spray-drying

Commercial scale production of freeze-dried cultures is
an expensive process with low yields, and as such spray-
drying offers an alternative inexpensive approach yielding
higher production rates (Zamora, Carretero, & Pares,
2006). The spray-drying process involves the injection of
the spray-drying medium at high velocity at temperatures
up to 200 �C, which then blasts through a nozzle leading
to formation of granules. Consequently, this process results
in exposure of the drying medium to high temperatures for
a short time, which can be detrimental to the integrity of
live bacterial cells. During spray-drying, bacterial cells
encounter heat stress, in addition to the other stresses
already mentioned during freeze-drying, i.e. dehydration,
oxygen exposure and osmotic stress (Brennan et al., 1986;
Teixeira, Castro, Mohacsi-Farkas, & Kirby, 1997). The
effect of spray-drying on the cell membrane can lead to
increased cell permeability which may result in the leakage
of intracellular components from the cell into the sur-
rounding environment (Teixeira, Castro, & Kirby,
1995a). The cytoplasmic membrane is among the most sus-
ceptible sites in bacterial cells to the stresses associated with
spray-drying, while the cell wall, DNA and RNA are also
known to be affected, leading to loss of metabolic activity
(Teixeira, Castro, Malcata, & Kirby, 1995b; Teixeira
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et al., 1997). Removal of hydrogen-bonded water from the
headgroup region of phospholipid bilayers increases the
headgroup packing and forces the alkyl chains together.
As a result, the lipid component may undergo a transition
from lamellar to gel phase, which can be seen as a dehy-
drated lamellar phase in which the chains are stiff and fully
extended. Furthermore, certain phospholipids undergo a
transition from lamellar to hexagonal phase as water is
removed (Crowe et al., 1988; Leslie, Israeli, Lighthart,
Crowe, & Crowe, 1995).

A number of studies have reported on the performance
of a variety of probiotics during spray-drying, and in gen-
eral, the survival rate of probiotic cultures depends on such
factors as the particular probiotic strain used, outlet tem-
perature, and drying medium among others. Using a rifam-
picin resistant variant of Lactobacillus paracasei NFBC
338, it was shown that survival rate of >80% was achiev-
able during spray-drying in RSM (Reconstituted Skim
Milk), at outlet temperatures of 85–90 �C (Gardiner
et al., 2002), while under similar conditions (outlet temper-
ature of 80 �C), Ananta and Knorr (2003) reported a sur-
vival rate of >60% for L. rhamnosus GG. It has been
shown that different bacterial species vary with respect to
spray-drying tolerance, highlighting the importance of
strain selection, for example L. paracasei NFBC 338 sur-
vived significantly better than L. salivarius UCC 118 at sim-
ilar spray-drying conditions (Gardiner et al., 2000), which
may be attributed to the greater thermal tolerance of strain
L. paracasei NFBC 338 compared to L. salivarius UCC 118
(Gardiner et al., 2000). When the heat and oxygen toler-
ance of a number of Bifidobacterium species, and the rela-
tive performance of selected strains during spray-drying
were compared, it was found that closely related species
exhibiting superior heat and oxygen tolerance performed
best, notably Bifidobacterium animalis subsp. lactis which
survived spray-drying at �70% or greater in RSM (20%
w/v) at an outlet temperature of 85–90 �C (Simpson, Stan-
ton, Fitzgerald, & Ross, 2005). Outlet air temperature is a
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Fig. 1. Survival of Lactobacillus paracasei NFBC 338 during spray drying in 20
air outlet temperatures (bar graph). The line shows the moisture contents of t
The results are means based on data from duplicate spray-drying trials, and s
major processing parameter affecting the number of survi-
vors during spray-drying. For example, Kim and Bhowmik
(1990) reported that numbers of Streptococcus salivarius

subsp. thermophilus and L. debrueckii subsp. bulgaricus

decreased with increasing outlet or inlet air temperatures
and atomizing air pressure, while similar findings were
reported by Gardiner et al., 2000 for both L. paracasei

NFBC 338 and L. salivarius UCC 118. Consequently,
improved viability can be achieved by reducing the outlet
temperature during spray-drying (Fig. 1), but beyond pro-
biotic viability, powder quality is also influenced by these
parameters, with moisture content of �3.5% being pre-
ferred for shelf-stable products (Zayed & Roos, 2004).

3. Protectants

A variety of protectants have been added to the drying
media before freeze-drying or spray-drying to protect the
viability of probiotics during dehydration, including skim
milk powder, whey protein, trehalose, glycerol, betaine,
adonitol, sucrose, glucose, lactose and polymers such as
dextran and polyethylene glycol (Hubalek, 2003; Morgan,
Herman, White, & Vesey, 2006). Compatible cryoprotec-
tants may be added to media prior to fermentation to assist
in the adaptation of probiotics to the environment (Capela,
Hay, & Shah, 2006). As compatible cryoprotectants accu-
mulate within the cells, the osmotic difference between
the internal and external environments is reduced (Kets,
Teunissen, & de Bont, 1996a). The use of gum acacia in
the spray-drying medium resulted in enhanced probiotic
survival of L. paracasei NFBC 338, which displayed 10-
fold greater survival than control cells (20% RSM) when
grown in a mixture of RSM (10% w/v) and gum acacia
(10% w/v) prior to spray-drying at air outlet temperature
of 100–105 �C (Desmond, Ross, O’Callaghan, Fitzgerald,
& Stanton, 2002). RSM appears to be a very suitable media
for efficacious spray-drying of probiotic cultures (Ananta,
Volkert, & Knorr, 2005; Corcoran, Ross, Fitzgerald,
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& Stanton, 2004; Desmond et al., 2002) as skim milk pro-
tein can prevent cellular injury by stabilizing cell membrane
constituents (Castro, Teixeira, & Kirby, 1995). Further-
more, it may form a protective coating on the cell wall pro-
teins, while calcium in milk increases survival after
dehydration (King & Su, 1993). Corcoran et al. (2004)
reported that the inclusion of the prebiotics polydextrose
and inulin in the spray-drying medium (RSM) did not
enhance viability during spray-drying or powder storage.
On the other hand, survival of L. helveticus during vacuum
drying was improved by the addition of 1% sorbitol (San-
tivarangkna, Kulozik, & Foerst, 2006). It is well docu-
mented that carbohydrates have protective effects for
probiotic bacteria during freeze-drying, given that these
cryprotectants can raise the glass-phase transition temper-
ature, and therefore viable cells can reach the glassy phase
without nucleating intracellular ice (Fowler & Toner,
2005). It also has been demonstrated that trehalose is an
effective cryoprotectant during freezing and freeze-drying,
enabling higher survival of L. acidophilus (Conrad, Miller,
Cielenski, & de Pablo, 2000), due to the remarkably high
glass transition temperature (Tg) of trehalose, and the
strong ion–dipole interactions and hydrogen bonding
between trehalose and the biomolecule (Patist & Zoerb,
2005). In a recent study in our laboratory, we compared
the protective effects of a series of disaccharides on
L. rhamnosus GG survival during freeze-drying and stor-
age, and found that trehalose, trehalose/lactose and lac-
tose/maltose were the most efficacious disaccharides
during both freezing and freeze-drying (unpublished).
Compatible solutes have also proven beneficial in probiotic
viability protection in acidic environments. For example,
the presence of 19.4 mM glucose resulted in up to
6-log10-enhanced survival following 90 min of exposure to
simulated gastric juice at pH 2.0 compared with the control
(Corcoran, Stanton, Fitzgerald, & Ross, 2005). In this
study, it was reported that the presence of glucose resulted
in the provision of ATP to F0F1-ATPase via glycolysis,
thus enabling proton exclusion from the cell and thereby
enhancing survival in simulated gastric environments.

4. Cell physiology

The importance of cell physiology to the successful dry-
ing of probiotics has been demonstrated in a number of
studies, and in this respect, several factors have been pro-
posed which have an influence on the survival of probiotic
bacteria during dehydration, e.g. stress treatment, growth
phase of the probiotic culture prior to dehydration, growth
media and genetic modification.

4.1. Application of mild stress prior to dehydration

The application of sublethal stress to enhance the stress
responses prior to dehydration has been demonstrated as
one feasible approach, ensuring high viability of bacterial
cultures and retention of physiological activity during
dehydration (de Urraza & de Antoni, 1997; Desmond
et al., 2002; Kim, Khunajakr, & Dunn, 1998; Lorca & de
Valdez, 1998; Teixeira et al., 1995a). It has been demon-
strated that bacteria respond to changes in their immediate
surroundings by a metabolic reprogramming which leads
to a cellular state of enhanced resistance (Pichereau,
Hartke, & Auffray, 2000). Resistance encoded by defence
systems can be divided into two classes. The first comprises
a specific system induced by a sublethal dose of a chemical
or physical stress (e.g. heat shock), that permits survival
against a challenge dose of the same agent (Desmond,
Stanton, Fitzgerald, Collins, & Ross, 2001; Gouesbet,
Jan, & Boyaval, 2001; Pichereau et al., 2000). The second
class of resistance comprises more general systems which
prepare cells to survive against very different environmen-
tal stresses, without the need for cultures to have had prior
exposure to that stress (Desmond et al., 2001; Gouesbet
et al., 2001; Pichereau et al., 2000). This mechanism is
known as cross-protection (Kim, Perl, Park, Tandianus,
& Dunn, 2001). Indeed, pre-adaptation with heat or salt
led to improved heat tolerance of probiotics during
spray-drying. For example, L. paracasei NFBC 338, pre-
adapted by exposure to 0.3 M NaCl, was significantly more
resistant to heat stress associated with spray-drying (outlet
temperatures between 95 �C and 100 �C) than non-adapted
control cells (33.46 ± 2.3% versus 8.27 ± 4.42% survival,
respectively) (Desmond et al., 2001). Although not as
efficient as the homologous stress, the levels of cross-
protection were in the order heat � salt > hydrogen
peroxide > bile (Stanton et al., 2002).

In the case of the first type of resistance mentioned, mild
heat treatments can lead to adaptation of the cell mem-
brane by increasing the saturation and the length of the
fatty acids in order to maintain optimal fluidity of the
membrane and activity of intrinsic proteins (Russell &
Fukanaga, 1990). The beneficial effect of heat stress in
the conservation of probiotics can also be explained by
the production of heat shock proteins (HSPs) which pro-
mote the correct folding of nascent polypeptides, assembly
of protein complexes, degradation and translocation of
proteins (Bukau & Horwich, 1998; De Angelis & Gobbetti,
2004). The two major groups of chaperone proteins are the
70-kDa DnaK family and the 60-kDa GroE family which
function as chaperone machines (Georgopoulos & Welch,
1993). The components of the DnaK chaperone typically
consist of DnaK, DnaJ and GrpE, while that of GroE is
composed of GroEL and GroES (De Angelis & Gobbetti,
2004). Desmond, Fitzgerald, Stanton, and Ross (2004)
reported that chaperone protein GroEL was among the
most strongly expressed proteins in the cell under heat
adaptation conditions. Viability of the heat-adapted
L. paracasei NFBC 338 in RSM was enhanced 18-fold dur-
ing spray-drying at outlet temperatures of 95–105 �C (Des-
mond et al., 2001). Heat shock induction of the groESL
chaperone in L. johnsonii also provided protection against
freezing (Walker, Girgis, & Klaenhammer, 1999). The
increased cytoplasmic contentrations of GroES and
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GroEL favored cell viability and metabolic activity during
and after starter preparation using freezing, lyophilisation
or spray-drying (De Angelis & Gobbetti, 2004). Further-
more, pressure pre-treatment has also been shown to
increase heat resistance of probiotics. For example, it has
been demonstrated that incubation of L. rhamnosus GG
at elevated pressure of 100 MPa for 5–10 min prior to
exposure to lethal heat at 60 �C led to increased heat resis-
tance as compared to untreated controls (Ananta & Knorr,
2003).

4.2. Growth phase

When grown in batch culture, the growth of bacterial
cultures occurs during four distinct phases, i.e. log, lag, sta-
tionary and death phases. It is known that the stress
responses of bacterial cultures vary depending on the
growth phase. Indeed, bacteria that enter into stationary
phase develop a general stress resistance and are thus more
resistant to various types of stresses (including subsequent
down-stream processing and storage) than bacteria in the
log-phase, due to carbon starvation and exhaustion of
available food sources that trigger stress responses to allow
survival of the cell population (Brashears & Gilliland,
1995; Lorca & de Valdez, 1999; Morgan et al., 2006; van
de Guchte et al., 2002). Therefore, the optimal growth
phase for dehydration survival is the stationary phase.
For example, it was reported that stationary phase cells
of L. rhamnosus yielded the highest recovery rates after
drying (31–50% survival), whereas early log-phase cells
exhibited only 14% survival, and lag phase cells showed
the highest susceptibility, with only a 2% cell survival under
similar conditions of drying (Corcoran et al., 2004). How-
ever, in earlier studies on the freeze-drying of lactic acid
bacteria, late-logarithmic (Champagne, Mondou, Ray-
mond, & Roy, 1996) or (early) stationary (Carvalho
et al., 2004a; Wang et al., 2004; Zayed & Roos, 2004) phase
cells were commonly used. On the other hand, Saarela et al.
(2004) reported that no differences were observed between
the freeze and drying and storage stability performance of
B. animalis subsp. lactis cells grown to a late-logarithmic
growth phase (15 h) or to an early stationary phase
(22 h). Interestingly, Carvalho et al. (2003a) reported that
starvation of stationary phase L. bulgaricus cultures
resulted in improved resistance during storage in the dried
state.

The final pH of the growth media of the probiotic cul-
ture also influences the survival during desiccation. It was
reported that the highest viability (�80% survival) was
obtained following freeze-drying, when L. reuteri cells
were grown at pH 5 and harvested after 2.5 h in the sta-
tionary phase (Palmfeldt & Hahn-Hagerdal, 2000). More-
over, the cells obtained under non-controlled pH (4.5)
conditions were more resistant to heat stress, spray-drying
and storage in the dried state than those from culture
under controlled pH (6.5) (Silva et al., 2005). This phe-
nomenon may be related to acid shock/adaptation, which
can alter the physiological state of bacterial cells leading
to enhanced synthesis of heat shock proteins, and hence
improvement of resistance to drying, as described above.
Silva et al. (2005) confirmed that the higher resistance of
L. delbrueckii subsp. bulgaricus grown under non-con-
trolled pH correlated with the enhanced production of
heat shock proteins. However, Linders et al. (1997a)
found that pH control during growth of L. plantarum cells
resulted in a higher residual activity after drying in a flu-
idized bed (37% survival) compared to growth without pH
control (19% survival).

4.3. Growth media

The composition of the growth media is a contributing
factor to the survival rate of probiotic cultures during dry-
ing, and in this respect, the importance of the presence of
carbohydrates has been demonstrated. For example, the
growth of L. delbrueckii subsp. bulgaricus in the presence
of sugars, such as lactose, sucrose and trehalose, or chem-
ical cryoprotectants, such as, glycerol, showed that cells
can be adapted to freezing and thawing by an osmotic
stress (Panoff, Thammavongs, & Gueguen, 2000). The sur-
vival of L. sakei following spray-drying was enhanced
when cells were grown in the presence of sucrose (Ferreira
et al., 2005). Tymczyszyn, Gomez-Zavaglia, and Disalvo
(2007) reported the difference in the effectiveness of lactose,
sucrose and trehalose in the recovery of L. delbrueckii

subsp. bulgaricus following drying, when grown at different
water activities. Indeed, it has been demonstrated that the
preservation of dehydrated bacteria with sucrose, after
growing them in a low water activity medium (MRS-
sucrose), appears to be as efficient as dehydration with tre-
halose. The reason for this is most likely that the bacterial
cells adapted to the low water activity medium. It has also
been reported that the lowest decrease in viability after
freeze-drying was obtained when L. bulgaricus was grown
in the presence of mannose, compared to fructose, lactose
or glucose (Carvalho et al., 2003b; Carvalho et al.,
2004a). Other sugars, such as fructose and sorbitol also
provided better protection than glucose, the standard
growth media carbohydrate (Carvalho et al., 2004a). The
mechanism for the protection of sugars in the growth
media is likely that growth in the presence of various sugar
substrates produces cells with distinct morphological and
physiological traits, thus reflecting distinct resistances to
the various stress treatments tested (Carvalho et al.,
2004b). Studies have shown that metabolites such as man-
nitol, sorbitol and glutamate which in most cases remain
inside the cell may be responsible for the distinct survival
behaviour during dehydration (Wisselink, Weusthuis,
Eggink, Hugenholtz, & Grobben, 2002), and the formation
of these metabolites depends on the carbon sources in the
growth media (Kets, Galinski, de Wit, de Bont, & Heipie-
per, 1996b).

A number of other factors, including the presence
of sodium chloride in the growth media and medium
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concentration also have effects on the survival of probiotic
cultures following dehydration. Linders et al. (1997a) dem-
onstrated that the presence of 1 mol l�1 or 1.25 mol l�1

NaCl during growth of L. plantarum resulted in a decreased
residual activity after drying in the fluidized bed. In addi-
tion, the residual activity after drying was higher for cells
grown in diluted MRS than for cells grown in enriched
MRS, despite differences in betaine and carnitine accumu-
lation. However the effect was not significant.

4.4. Genetic-modification of probiotic strains

Advances in genomics and proteomics have led to the
identification of genes involved in Lactobacillus stress
responses, such as the molecular chaperone groESL and
dnaK (heat stress) (Prasad, McJarrow, & Gopal, 2003;
Schmidt, Hertel, & Hammes, 1999; Walker et al., 1999),
and enhanced viability of probiotic cultures during dehy-
dration has been obtained by over-expression of the genes
encoding various stress inducible proteins. Walker et al.
Fig. 2. (a) TEM image of spray-dried log-phase L. paracasei NFBC 338, ove
L. paracasei NFBC 338, control (60,000�). (c) TEM image of freeze-dried log
(1999) revealed that features of the groESL operon are
shared between various lactic acid bacteria, notably other
Lactobacillus species and Lactococcus lactis. Two-dimen-
sional polyacrylamide gel electrophoresis also revealed that
GroEL expression in probiotic L. paracasei NFBC 338 was
increased under heat adaptation conditions (52 �C for
15 min) (Desmond et al., 2004). Furthermore, Corcoran,
Ross, Fitzgerald, Dockery, and Stanton (2006) demon-
strated that GroESL over-expression in L. paracasei NFBC
338 resulted in improved performances during spray-dry-
ing and freeze-drying but did not contribute to enhanced
survival of probiotic cultures during storage in the powder
form. Furthermore, using transmission electron micros-
copy (TEM), it was apparent that the probiotic lactobacilli
present in both spray-dried and freeze-dried powders were
in close contact (Fig. 2) (Corcoran et al., 2006). Because an
increased ability to accumulate betaine via BetL can
improve the ability of an organism to prevail in diverse,
stressful environments, the nisin-controlled expression sys-
tem was used to direct the heterologous expression of the
rproducing GroESL (60,000�). (b) TEM image of spray-dried log-phase
-phase L. paracasei NFBC 338, control (60,000�) (Corcoran et al., 2006).



1412 X.C. Meng et al. / Food Chemistry 106 (2008) 1406–1416
listerial betaine uptake system BetL in the probiotic strain
L. salivarius UCC118 (Sheehan, Sleator, Fitzgerald, & Hill,
2006). Following nisin induction, strains expressing betL

exhibited a significant increase in resistance to several
stresses, including elevated osmo-, cryo-, baro-, and chill
tolerance, as well as increased resistance to spray and
freeze-drying. The percent survival of UCC118-BetL+ dur-
ing freeze-drying was 36%, compared to 18% for UCC118-
BetL� (Sheehan et al., 2006). The tre locus also plays an
important role in freezing and lyophilisation of L. acidoph-

ilus (Duong, Barrangou, Russell, & Klaenhammer, 2006).
Analysis of the L. acidophilus NCFM genome by Duong
et al. (2006) revealed a putative trehalose utilization locus
consisting of a transcriptional regulator, treR; a trehalose
phosphoenolpyruvate transferase system (PTS) trans-
porter, treB; and a trehalose-6-phosphate hydrolase, treC.
These workers demonstrated that disruption of both the
trehalose transporter and hydrolase genes abolished the
ability of L. acidophilus NCFM to grow on trehalose and
reduced the survival of L. acidophilus NCFM when sub-
jected to repeated cycles of freezing and thawing in the
presence of trehalose, indicating that not only is the inter-
nalization of trehalose important, but also its subsequent
hydrolysis is a contributing factor.

5. Storage and rehydration

5.1. Storage

The storage conditions i.e. storage temperature, mois-
ture content of powders, relative humidity, powder compo-
sition, oxygen content, exposure to light and storage
materials, have significant influences on the survival of pro-
biotics in dried powders, and the correct storage conditions
are essential to maintain viable populations of freeze and
spray-dried probiotic bacteria.

Viability of probiotic bacteria during powder storage is
inversely related to storage temperature (Gardiner et al.,
2000; Mary, Moschetto, & Tailliez, 1993; Silva, Carvalho,
Teixeira, & Gibbs, 2002; Teixeira et al., 1995b). Bruno
and Shah (2003) demonstrated that a temperature main-
tained at �18 �C was optimum for the long-term storage
of freeze-dried probiotics to maximize viability of bifido-
bacteria, whereas a storage temperature of 20 �C was
unsuitable, resulting in significant reductions in viable
counts. Furthermore, Simpson et al. (2005) reported that
there was a significant decline in viability of a number of
bifidobacteria species when spray-dried in a skimmed
milk-based carrier and stored at 15 �C and 25 �C. The
moisture content of probiotic powders is a critical factor
influencing shelf-life stability of the live bacteria. Work
conducted in our laboratory has shown that viability of
freeze-dried probiotics in skim milk is inversely related to
relative vapour pressure (RVP), with 11.4% RVP yielding
highest viability during storage at room temperature
(unpublished). Zayed and Roos (2004) also demonstrated
that the amount of water remaining after drying affects
not only the viability of bacteria, as determined immedi-
ately after the process, but also the rate of loss of viability
during subsequent storage. Indeed, the optimum moisture
content for storage of freeze-dried L. salivarius subsp. sal-

ivarius was reported to range from 2.8% to 5.6% (Zayed
& Roos, 2004).

The carrier used during the spray-drying and freeze-dry-
ing of probiotics is known to have an influence on storage
stability. Ananta et al. (2005) evaluated the effect of a
spray-dried carrier on protection of L. rhamnosus GG at
25 �C and 37 �C storage conditions, and found that the
protection capacity decreased in the order RSM > RSM/
Polydextrose > RSM/Raftilose�P95. Moreover, stability
of L. rhamnosus GG during long-term storage was
impaired by partial substitution of skim milk with either
of the prebiotic substances evaluated. Similar findings were
previously reported by Corcoran et al. (2004) for spray-
dried probiotic lactobacilli. These data justify the suitabil-
ity of skim milk as a medium for the large-scale production
of shelf-stable spray-dried probiotic bacteria. Some studies
have shown that the presence of disaccharides can stabilize
the cell membrane during both freezing and storage (Carv-
alho et al., 2002; Conrad et al., 2000; Crowe et al., 1988).
For example, it has been proposed that sorbitol prevents
membrane damage by interaction with the membrane (Lin-
ders, de Jong, Meerdink, & Vantriet, 1997b), and stabilizes
protein functionality and structure (Yoo & Lee, 1993).
Control of the phase transition temperature in membranes
of dry cells is an important factor determining desiccation
tolerance of live probiotics, in addition to control of free
radical activity (Linders et al., 1997a). It has been suggested
that the decrease of viability during storage at high temper-
atures and/or relative humidity for sugar-containing prod-
ucts has been related to their glass transition temperature
(Vega & Roos, 2006). The reason for this is that sugars
are likely to form highly viscous glasses at room tempera-
ture when they are dehydrated, and the improved storage
of anhydrobiotes and liposomes has been associated with
the presence of a glassy state. Our data demonstrated that
high viability of freeze-dried L. rhamnosus GG powders in
trehalose, lactose/trehalose and lactose/maltose related to
their high glass transition temperature (unpublished).
However, Carvalho et al. (2002) and Linders et al.
(1997a) demonstrated that sorbitol was the most effective
protectant for L. plantarum and L. rhamnosus during stor-
age, while in contrast, the superior glass former, trehalose
was not an effective protectant.

The impairment of viability during storage is related to
oxidation of membrane lipids (Teixeira, Castro, & Kirby,
1996). Unsaturated acyl lipids such as oleic acid can not
be considered as stable food constituents during food stor-
age, as the presence of one or more allyl groups within the
fatty acid molecule are readily oxidized to hydroperoxides.
Moreover, products of lipid peroxidation have been shown
to induce DNA damage in a model system (Akasaka, 1986;
Inouye, 1984) and in bacteria (Marnett et al., 1985). There-
fore, to minimize oxidation and thereby optimize probiotic
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viability during storage, the presence of antioxidants
(Teixeira et al., 1995b), in combination with storage under
vacuum with controlled water activity should be effective.

Microencapsulation of various bacterial cultures includ-
ing probiotics has also been used for extending their stor-
age life (Krasaekoopt, Bhandari, & Deeth, 2003). Several
methods of micro-encapsulation of probiotic bacteria have
been reported and include extrusion technique, emulsion
technique, cross-linking with cationic polymers, coating
with other polymers, mixing with starch and incorporation
of additives (Krasaekoopt et al., 2003). Song, Cho, and
Park (2003), Kim, Kamara, Good, and Enders (1988)
Koo, Cho, Huh, Baek, and Park (2001) observed that both
non-encapsulated and encapsulated cells stored at 4 �C had
comparable stability, while encapsulation provided a
greater degree of protection against increased storage tem-
perature. O’Riordan, Andrews, Buckle, and Conway
(2001) prepared microencapsulated Bifidobacterium PL-1
with starch by spray-drying, however the starch-coated
cells did not display any enhanced viability compared with
free PL1 cells when exposed to acid conditions for 6 h or in
two dry food preparations over 20 days storage at ambient
temperature (19–24 �C). Hence, the efficiency of micro-
encapsulation of probiotics depends on the encapsulating
materials and techniques of micro-encapsulation.

5.2. Rehydration

Rehydration of probiotic powders is the final critical
step for the revival of cells after dehydration. The reconsti-
tution process in water can be divided into four steps: wet-
ting, submersion, dispersion and dissolving (Freudig,
Hogekamp, & Schubert, 1999). Among these steps, wetting
of the particles is very often the reconstitution controlling
step (Vega & Roos, 2006). The rehydration solution itself
(in terms of osmolarity, pH and nutritional energy source),
as well as the rehydration conditions (in terms of rehydra-
tion temperature and volume) may significantly affect the
rate of recovery to the viable state, and thus influence sur-
vival rates (Carvalho et al., 2004b). For optimum results, it
is recommended to dry the cells at the stationary phase of
growth and to use slow rehydration procedures (Teixeira
et al., 1995a). Poirier, Marechal, Richard, and Gervais
(1999) have hypothesized that increased cell recovery of
Saccharomyces cerevisiae is achieved when the dried cells
were rehydrated slowly (7–16 days) under controlled condi-
tions, rather than immediate rehydration. Studies have
shown that the rehydration media also can influence probi-
otic recovery significantly. For example, complex media
such as 10% (w/v) RSM and PTM media (1.5% (w/v) pep-
tone), 1% (w/v) tryptone and 0.5% (w/v) meat extract as
well as a 10% (w/v) sucrose solutions were found to pro-
duce significantly higher bacterial cell recovery than media
such as phosphate buffer, sodium glutamate and water
(Costa, Usall, Teixido, Garcia, & Vinas, 2000). Some stud-
ies have indicated that the same rehydration solution as
used for cryopreservation results in increased viability
(Abadias, Teixido, Usall, Benabarre, & Vinas, 2001; Ray,
Jezeski, & Busta, 1971). The reason for this is that such a
solution provides a high osmotic pressure environment
which could control the rate of hydration, and thus avoid
osmotic shock. The temperature of rehydration of freeze-
dried and spray-dried probiotics also influences cell recov-
ery. For example, Ray et al. (1971) found that rehydration
at 15–25 �C produced the highest numbers of recovered
Salmonella anatum cells, compared to 35 �C and 45 �C
where the cell recovery was lower.
6. Conclusions

Fermented and unfermented dairy products enriched
with probiotic bacteria have developed into one of the most
successful categories of functional foods, and in this respect,
the availability of dried probiotic powders for convenient
functional food applications limits their widespread appli-
cation. Methods of production of dried probiotic powders
should be such that adequate numbers of viable probiotic
bacteria are maintained in the dried powder following man-
ufacture, and also retention/stability of probiotic properties
should be ensured throughout shelf-life. Both freeze-drying
and spray-drying can be used for manufacture of probiotic
powders on a large scale, but these processes result in expo-
sure of the live probiotic bacteria to a variety of stresses,
such as heat, cold, oxygen and osmotic stresses, leading to
impaired functionality and loss of viability during drying
and storage. For optimum results, it is therefore important
to consider a variety of factors, including the selection of the
particular probiotic strain, the condition of the culture
entering the dryer, the use of protectants and environmental
water activity. Furthermore, genomics and proteomics have
provided further insights into the cellular processes that can
help live probiotic bacteria overcome the stresses associated
with desiccation.
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