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Objective: Formulations containing probiotics are promoted due to health benefits. During lyophilization and 
subsequent storage in the gastrointestinal tract, bacteria are exposed to stress conditions that can lead to 
impairment and loss of viability. Methods: The suitability of various excipients for enhancing the stability and 
functionality of Bifidobacterium longum subsp. infantis during storage as freeze-dried powder and through 
exposure to acid and bile was investigated. Cells were lyophilized in the presence of sucrose, trehalose, lactose, 
cellobiose and fructooligosaccharide (FOS) and stored at 4 ˚C or 25 ˚C. The effect of diverse protectants on 
the persistence after exposure to acid and bile environment was examined through determination of the colony 
forming units, the β-glucosidase and β-galactosidase activity and the membrane integrity changes. Results: Cells 
freeze-dried in the presence of cryoprotectants had comparable survivability during storage at 4 °C whereas 
the survival rate at 25 °C of cells protected by cellobiose and FOS was higher than for those protected with 
sucrose and trehalose. Furthermore, the respective excipients used as cryoprotectants enhanced the stability of 
cells exposed to simulated gastric and small intestinal medium. Stabilization may be achieved through different 
mechanism of action such as protecting the membrane integrity and as metabolizable substrates. Overall, 
prebiotic and thus metabolizable protectants including cellobiose and FOS were superior to other protectants 
used. Conclusion: In symbiotic formulas with B. infantis, these sugars might serve as prebiotics and stabilizers 
of this probiotic strain during lyophilization, storage and in gastrointestinal conditions simultaneously, potentially 
increasing its health-promoting effects.

1. Introduction
Probiotic formulations are promoted worldwide due to health bene-
fits associated to their use (Hempel et al. 2012; Ruan et al. 2015). 
Freeze-drying is a common technique used for the conservation of 
probiotics, permitting low-cost delivery and management. Never-
theless, drying of probiotics remains a challenge since it might 
have side effects on their viability and metabolic activity (Meng 
et al. 2008; Broeckx et al. 2016). This may lead to the impairment 
of the cell membrane’s integrity and fluidity, protein denaturation, 
DNA damage and water crystallization (Carvalho et al. 2003). 
Furthermore, retention of the probiotic functionality such as the 
enzymatic activity is of crucial interest. In fact, the combination of 
probiotics and polyphenol-rich products has increased due to the 
activation of polyphenol glycoside by probiotics (Roncaglia 2011; 
Otieno et al. 2006). Bifidobacteria possess various enzymes, which 
enable them to hydrolyze isoflavone glycosides, anthocyanin 
glycosides and lignin-glycosides (Ávila et al. 2009; Basholli-Sa-
lihu et al. 2016; Marotti et al. 2007; Otieno et al. 2006; Roncaglia 
et al. 2011). The β-galactosidase activity also enables them to 
hydrolyze lactose to glucose and galactose (Osman et al. 2014). 
Sucrose, trehalose and lactose are common protective excipients 
used for preservation of probiotics throughout freeze-drying (Li et 
al. 2011; Stummer et al. 2012; Vinderola et al. 2012). Supplementary 
potential protectants are prebiotics which are oligo- or polysaccha-
rides, selectively fermented by probiotic bacteria and thus stimulate 
their development (Vijaya Kumar et al. 2005; Rivière et al. 2016). 

One example is fructooligosaccharide (FOS) which displayed 
decent protective effects throughout freeze-drying of Lactobacillus 
(L.) reuteri (Schwab et al. 2007). Previously, we presented the suit-
ability of cellobiose as a novel prebiotic lyoprotectant to preserve 
the viability and β-glucosidase activity in B. infantis (Basholli-Sa-
lihu et al. 2014). Further studies established the protective effect 
of disaccharides on β-galactosidase activity as purified enzyme or 
from cell extract of L. delbruecki (Heljo et al. 2011; Vasiljevic and 
Jelen 2003). 
Maintaining the viability not only during freeze-drying but also 
during subsequent storage is a critical challenge as the abilities 
to survive during freeze-drying and storage are not always asso-
ciated (Saarela et al. 2005). Critical factors (storage temperature, 
water activity, exposure to oxygen) that might affect the survival 
of dried probiotics during storage need to be considered (Celik and 
O’Sullivan 2013). Additional concerns occur during ingesting, as 
soon as probiotics have to overcome the physiological barriers in 
the upper part of the gastrointestinal part, such as low pH present 
in stomach and bile in the intestine (Montel Mendoza et al. 2014; 
Stadler and Viernstein 2003). Previous studies showed that the 
acid and bile tolerance are strain depended. The role of glucose 
as a metabolizable sugar on the enhancement of probiotic survival 
in acidic environments has been reported beforehand (Corcoran 
et al. 2005). There are insufficient studies regarding the role of 
prebiotics, as protective excipients on the survival of bifidobacteria 
in acidic and bile environment. (Dianawati et al. 2016). To the best 
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Fig. 1: (A) Survival, (B) membrane integrity (PI), (C) β-glucosidase and (D) β-galactosidase activity retention of B. infantis after freeze-drying in the presence of 5 or 10% of cello-
biose, trehalose, sucrose, lactose and fructooligosaccharide (FOS). Control (w/o) are cells freeze-dried without any protectant. Each bar represent means ± SD, n = 3.

(A) (B)
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of our knowledge, no studies have been conveyed on the role of 
cellobiose and FOS, as protective excipients on the survival of 
bifidobacteria in acidic and bile environment.
The purpose of this study was to evaluate the suitability of 
protective excipients for application in lyophilized formula of 
Bifidobacterium longum subsp. infantis to improve the enzyme 
activity, acid and bile tolerance and overall stability during storage. 
Furthermore, prebiotic excipients are considered to attain symbi-
otic formulations.

2. Investigations and results

2.1. Viability and functionality of B. infantis after 
freeze-drying
Adding of protectants such as cellobiose, trehalose and sucrose 
improved the survival rate of B. infantis cells during freeze-drying 
as shown in our previous study (Basholli-Salihu et al. 2014). In 
this study we showed additionally the protective effect of FOS 
and lactose resulting in 86 % and 55 % survival, respectively at 

5 % concentration of protectant, compared to others which ranged 
from 32 to 55 % and cellobiose 86 % (p<0.001). At 10 % (w/v) 
concentration no significant differences were observed between all 
the protectants used. The viability ranged from 81 to 89 %. The 
best protection was achieved by 10 % cellobiose, 10 % trehalose, 
10 % FOS (Fig. 1A). The membrane integrity of the protected cells 
as determined by PI staining was significantly higher than that of 
non-protected cells. In fact, 5 and 10 % cellobiose, 10 % trehalose 
and 10 % FOS provided the best protection followed by 10 % 
lactose, 5 % FOS, 5 % lactose and 10% sucrose (Fig. 1B). 
Freeze-drying reduced the remaining β-glucosidase activity in cells 
without any protectant to 79 % (Fig. 1C). Addition of protectants 
increased the remaining activity during freeze-drying depending 
on the protectant used. FOS (5 %) significantly (p<0.001) 
enhanced the β-glucosidase activity retention to 94 %, and signifi-
cantly higher (p<0.01) compared to trehalose, lactose and sucrose 
(80 %, 84 % and 70 %, respectively). No significant differences 
were observed between 5 % FOS and 5 % lactose (p>0.05). All 
protectants, at 10 % concentration, cellobiose, lactose and FOS (at 
5 %) were significantly more effective in protecting the β-gluco-
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Fig. 2: (A) Survival, (B) membrane integrity (PI), (C) β-glucosidase and (D) β-galactosidase activity retention of freeze-dried B. infantis after 3 months of storage at 4ºC. Control 
(w/o) are cells freeze-dried without any protectant. Each bar represent means ± SD, n = 3.

sidase activity retention during freeze-drying. The best protection 
was achieved using FOS namely 98 % of activity retention, while 
no significant differences with trehalose and cellobiose used on 
our previous study (p>0.05). 
Cells freeze-dried without any protectant showed a remaining 
β-galactosidase activity of 83 %. The presence of 10 % of all 
protectants tested during freeze-drying significantly improved 
the β-galactosidase activity retention (p<0.05, p<0.001) (Fig. 
1D). No significant differences were observed between 10 % 
cellobiose, trehalose, lactose and FOS (p>0.05). Retention of 
β-galactosidase activity of cells freeze-dried in the presence of 
10 % sucrose was significantly lower compared to all protectants 
used (p<0.01, p<0.001), namely 82 %. Addition of 5 % cello-
biose, FOS or lactose significantly improved the enzyme activity 
retention to 92, 89 and 91 %, with no significant differences 
between them (p>0.05) (Fig. 1D). These three were significantly 
superior than 5 % trehalose or sucrose, namely 78 and 70 %, 
(p<0.001) which did not significantly improve the enzyme 
activity retention. Cellobiose, FOS and lactose showed the best 
protective effect at both concentrations. The effects of 5 % cello-
biose and 5 % FOS protective effect are comparable to 10 % of 
the other protectants used. 

2.2. Viability and functionality of B. infantis after storage
Survival of freeze-dried B. infantis after storage at 4 °C and 
25 °C for 3 months is shown in Figs. 2 and 3. Cells freeze-dried 
without any protectant were highly sensitive to storage resulting in 
survival rates of 3 % and 0.3 %, respectively (Figs. 2A, 3A). Upon 
storage at 4 ºC, no significant decrease in the viability of freeze-
dried B. infantis formulated with 5 or 10 % cellobiose, 10 % treha-
lose, 10 % FOS and 10 % lactose were found, enabling survival 
rates ranging between 75 and 84 % (Fig. 2A). For lactose and FOS 
at a concentration of 5 % and for sucrose at 10 % the protective 
effect was low resulting in viabilities of 27, 40 and 43 %. After 
storage for 3 months at 25 ºC, 5 or 10 % cellobiose, 10 % treha-
lose and 10 % FOS were found to retain high survival rates of 
B. infantis (51-59 %), followed by 10 % lactose (45 %) and 5 % 
FOS (26 %). From all protectants used, the lowest survival rates 
were observed for sucrose and 5 % lactose protected cells (8 and 
4 %, respectively). Compared to the lyophilization process, during 
storage for 3 months at 4 °C, the reduction of viability for 5 % 
lactose, 5 % FOS, 10 % sucrose was higher. Sucrose exerted the 
lowest protective effect for storage of lyophilized B. infantis (even 
at 10 % concentration). FOS at both concentrations has shown a 
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Fig. 3: (A) Survival, (B) membrane integrity (PI), (C) β-glucosidase and (D) β-galactosidase activity retention of freeze-dried B. infantis after 3 months of storage at 25 ºC. 
Control (w/o) are cells freeze-dried without any protectant. Each bar represent means ± SD, n = 3

good protective effect. No significant differences in the survival of 
B. infantis cells freeze-dried with 5 or 10 % cellobiose, FOS, 10 % 
trehalose and lactose were observed. But the differences became 
significant during storage, especially at 25 ºC. Cellobiose at both 
concentrations used (5 or 10 %), 10 % FOS and 10 % trehalose 
offered the best protective effect toward maintaining the viability 
of freeze-dried B. infantis during storage. After storage, the rela-
tive PI intensities increased, with significantly lower intensities 
after storage at 4 °C compared to storage at 25 °C (Figs. 2B, 3B).
The retention of β-glucosidase activity of freeze-dried B. infantis 
during storage after 3 months was significantly reduced in 
protectant-free cells, to 31 % (4 °C) and 30 % (25 °C), respec-
tively (Figs. 2C and 3C). The presence of protectants significantly 
improved the stability of enzyme activity during storage (p<0.01). 
Cellobiose and FOS (10 %) were found to be superior to other 
protectants and concentrations used, followed by trehalose and 
5 % cellobiose. The retention of β-glucosidase activities for 10 % 
cellobiose during storage was 86 % (at 4 ºC) and 81 % (at 25 ºC), 
respectively. Lactose (10 %) formulated cells offered high reten-
tion of enzyme activity during freeze-drying, but during storage at 
4 ºC and especially at 25 ºC lactose could not prevent the decline 
in enzyme activity, in comparison to cellobiose, trehalose and FOS 
formulated cells. During storage at 25 °C, 10 % lactose and sucrose 
did not sufficiently stabilize the β-glucosidase activity resulting in 
59 and 46 % remaining activity. These differences can be attributed 
to the differences in protecting membrane integrity.
The retention of β-galactosidase activity of non-protected cells 
was significantly decreased to 42 and 32 % after storage for 3 

months at 4 °C and 25 °C, respectively (p˂0.001) (Figs. 2D and 
3D). The highest remaining β-galactosidase activity was found for 
cells protected with 10 % lactose, 5 and 10 % FOS, 5 and 10 % 
cellobiose, 10 % trehalose ranging from 72 to 86 % remaining 
activity (at 4 °C) and 64 to 75 % remaining activity (at 25 °C). 
The remaining galactosidase activities for 10 % sucrose and 5 % 
lactose protected cells were 65 and 63%, respectively (during 
storage at 4 °C) and 48 and 47%, respectively (during storage at 
25 °C) (Fig. 3C).
During storage, the water activity was increased (Fig. 4). The 
lowest increase was observed for 10 % trehalose, 5 % cellobiose 
and 10 % FOS. 

2.3. Survival in simulated gastric medium (acid tolerance)
Different excipients are suitable to increase the acid tolerance of 
freeze-dried B. infantis. As expected, the highest loss on viability was 
observed for the cells freeze-dried without any protectant. Addition 
of cellobiose (5, 10 %), trehalose (10 %) and FOS (10 %) offered 
the best protective effect in simulated gastric medium (p<0.001), 
followed by 10 % lactose. The log units reduction of sucrose and 
5 % lactose, was significantly higher compared to other protectants 
used (p<0.05), with more than 0.8 log units reduction. Cellobiose (5, 
10 %) and FOS (10 %) were significantly superior in comparison to 
other protectants. No significant differences were observed between 
cellobiose, FOS, trehalose and 10 % lactose.
The acid tolerance of freeze-dried cells was reduced during storage 
for 3 months at 4 °C and 25 °C, regardless of freeze-drying formu-
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lations, with variations in the degree of viability loss (Table 1). No 
cells were detected after incubation in SGM of cells freeze-dried 
without any protectant. The addition of protectants significantly 
enhanced the acid tolerance of cells after the storage at different 
temperatures. Cellobiose (5 and 10 %) and FOS (10 %) formulated 
cells showed the best resistance to SGM after storage followed by 
5 % FOS, 10 % trehalose and 10 % lactose; 10 % sucrose formu-
lated cells exerted the lowest effect.

observed between 10 % trehalose and 5 % cellobiose formulated 
cells when the acid tolerance was tested on the washed cells. 

2.4. Survival in simulated intestinal medium (bile tolerance)
The bile tolerance of cells protected with diverse sugars is shown 
in Table 2. Cellobiose at both concentrations used was superior to 
other protectants used including FOS (10 %). Differences among 
washed and unwashed cells were observed specifically for cello-
biose protected cells, followed by FOS and lactose. Furthermore, 
under these conditions, differences between washed and unwashed 
cells were observed also for protection using sucrose after storage 
at 25 °C. On no account were there any significant differences 
observed for washed and unwashed trehalose protected cells.

Fig. 4: Water activity (a
W

) of the freeze-dried B. infantis cells, after storage at 25 °C 
and 4 °C 

Table 1: Acid tolerance of freeze-dried B. infantis after storage for 3 
months at 25 °C or 4 °C, unwashed cell suspension (protectants pres-
ent in medium) and washed cells (washed twice with PBS, to remove 
protectants)

Log reduction (log CFU/ml) Log reduction (log CFU/ml)

Unwashed cells Washed cells Unwashed cells Washed cells

Protectant 3 months storage at 25 °C 3 months storage at 4 °C

Control (w/o) ND ND ND ND

5% Cellobiose 0.34±0.14 0.76±0.05 0.14±0.03 0.39±0.08

10% Cellobiose 0.18±0.02 0.57±0.05 0.12±0.06 0.41±0.09

10% Trehalose 0.56±0.04 0.6±0.06 0.48±0.10 0.62±0.11

10% Sucrose 2.69±0.10 3.02±0.07 1.24±0.10 1.38±0.14

10% Lactose 0.97±0.06 1.24±0.09 0.59±0.12 0.85±0.09

5% FOS 0.52±0.03 0.68±0.09 0.33±0.06 0.59±0.06

10% FOS 0.41±0.02 0.69±0.07 0.28±0.09 0.55±0.04

ND= Non-detected
Values in per cent express the relative viability (calculated as relative viability = N

t
*100/N

0

N
t
- number of viable cells (CFU/mL) after acidic treatment

N
0
-number of viable cells (CFU/mL) before acidic treatment

To determine the influence of metabolizable excipients, the acid 
tolerance was determined on the unwashed and washed cells to 
remove the protecting excipients. The cells, formulated with the 
metabolizable sugars as cellobiose, lactose and FOS showed 
significantly better survival rates when the unwashed cells were 
exposed to acidic conditions compared to the washed cells 
(p<0.001) (Table 1). For trehalose, which cannot be metabolized 
by B. infantis, no significant differences were observed between 
washed and unwashed cells. No significant differences were 
observed between washed and unwashed cells for the sucrose 
formulated cells stored at 4 °C while the differences became 
significant during storage at 25 °C. No significant differences were 

Table 2: Influence of different protectants on bile tolerance of freeze-
dried B. infantis determined after the storage for 3 months at 25 °C or 
4 °C. Viability loss (log CFU/ml ± standard deviation) after exposure 
for 2 h to simulated small intestinal at 37 °C 

Log reduction (log CFU/ml) Log reduction (log CFU/ml)

Unwashed cells Washed cells Unwashed cells Washed cells

Protectant 3 months storage at 25 °C 3 months storage at 4 °C

Control (w/o) ND ND 2.78±0.02 2.95±0.05

5% Cellobiose 0.89±0.04 0.99±0.06 0.45±0.08 0.79±0.03

10% Cellobiose 0.71±0.04 0.94±0.08 0.32±0.02 0.54±0.06

10% Trehalose 1.26±0.11 1.65±0.11 0.63±0.08 0.65±0.15

10% Sucrose 2.35±0.08 2.85±0.12 1.71±0.13 2.35±0.08

10% Lactose 1.68±0.10 2.06±0.15 1.26±0.06 1.78±0.11

5% FOS 1.69±0.06 1.98±0.09 1.34±0.20 1.86±0.09

10% FOS 1.23±0.04 1.38±0.06 0.99±0.05 1.08±0.06

3. Discussion
Throughout the manufacturing process, a crucial step for devel-
opment of probiotic formulation is their sustainability. Precisely, 
through the augmentation of it, a higher performance is provided. 
In addition, the hereditary features of the bacterium and the choice 
of excipients play a noteworthy part. The use of prebiotics for 
protecting viability and functionality of probiotics during freeze-
drying and storage aims to obtain a stable symbiotic product. The 
role of cellobiose as a new potential probiotic lyoprotectant, in 
comparison to FOS and other common protectants on the stability 
and functionality of B. infantis was compared.
Maintaining the viability and functionality of probiotics during 
freeze-drying, subsequent storage and in the harsh conditions 
of the gastrointestinal tract is a critical challenge. Thus, in this 
study, the stabilizing effect of prebiotics (cellobiose and FOS) and 
lyoprotectants for subsequent storage and the acidic and bile toler-
ance is shown. According to our previous studies (Basholli-Salihu 
et al. 2014) and this study, the effect of the protectants on viability 
and enzyme activity of B. infantis during freeze-drying are compa-
rable. In this study, we focused more on determining the role of the 
protective excipients during storage and after exposure to acid and 
bile tolerance. 
The results of the present study showed that even though no 
significant differences were observed on the viability and enzyme 
activity after freeze-drying, the differences became substantially 
significant during storage at 4 °C and especially during storage at 
25 °C and after exposure to acid and bile medium.
Among the effectiveness as good protective agent during freeze-
drying the cellobiose, as new lyoprotectant and FOS has shown 
good protective effect during storage. According to the best of our 
knowledge this is the first study to show the effect of cellobiose 
on the protection of viability and functionality during storage of 
freeze-dried probiotic. For choosing the optimal lyoprotectant, its 
effect during storage among the protective effect during freeze-
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drying should be considered. Storage conditions including oxygen, 
water activity and light are the main detrimental factors during 
storage of dried cells (Wang et al. 2004). In this study, the storage 
stability (4 or 25 °C for 3 months) could be significantly improved 
through pretreatment of cells with cellobiose (5 or 10 %), 10 % 
trehalose or FOS as indicated by higher remaining viabilities and 
membrane integrity. Pretreatment of cells with sucrose, trehalose 
or lactose protected well during freeze-drying but were not found 
to be the appropriate protectants of B. infantis during subsequent 
storage. FOS at both concentration used showed a good protective 
effect and a similar effectiveness like cellobiose in our previous 
study (Basholli-Salihu et al. 2014). Sucrose exerted the lowest 
protective effect for storage of lyophilized B. infantis. The protec-
tive effects of FOS have been reported during spray drying and 
during storage (Dianawati 2016). In contrary, some studies have 
shown that the presence of prebiotic in skim milk decreased bacte-
rial viability during storage at 37 °C as compared to skim milk 
alone (Ananta et al. 2005). These contradictive results of prebiotics 
on viability of the probiotic during storage could be related to many 
factors such as bacterial strains, growth condition, drying method, 
storage period, proportion of prebiotic incorporated into probiotic, 
size of prebiotic chain, as well as the interactions of the protectant 
with cell envelopes. The existence of large size of polymers (such 
as inulin, dextran) might cause the “steric hindrance” stopping 
them to cooperate with dehydrated proteins and membrane lipids 
(Dianawati et al. 2016; Hincha et al. 2002; Broeckx et al. 2016).
Even though the lactose was significantly inferior on protecting the 
membrane integrity compared to cellobiose, FOS and trehalose, 
the protective effect on galactosidase activity was high suggesting 
that being a substrate for this enzyme and the ability to bind to 
the enzyme enables protection. It is nowadays preferable to add 
polymers as active protective agents during the lyophilized powder 
preparation process. Through them, it is likely to upsurge the 
stability, integrity and resistance of Bifidobacterium membranes, 
particularly during the storing process for extended shelf life. 
(Bagad et al. 2017; Kim et al. 2018)
Regarding the water activity, 10 % trehalose, 5 % cellobiose and 
10 % FOS offered the best protection with the lowest increase. 
Differences can be attributed the differences in the glass transition 
temperature of the protectants used which were shown to be 88 °C 
for cellobiose, 62 °C for sucrose, 96 °C for trehalose and 108 °C 
for lactose (Heljo et al. 2011; Saleki-Gerhardt et al. 1994). The 
higher the glass transition temperature, the lower is the possibility 
for crystallization of sugar during storage. Primarily important, it’s 
high Tg which amply, remains above room temperature even when 
exposed to high RH. Trehalose (10 %), cellobiose (5 %) and FOS 
(10 %) may maintain the water activity at the level necessary to 
preserve the cellular structures from damage in the freeze-dried 
microorganisms, thus allowing for an appropriate preservation and 
avoiding unnecessary damage during storage.
To the best of our knowledge, this is the first study to test prebiotics 
(cellobiose and FOS), as metabolizable sugars in comparison to 
other non-prebiotic disaccharides (metabolizable and non-metabo-
lizable) on the acid and bile tolerance.
In order to determine whether the prebiotics and other sugars used 
in the present study, improve influence the acid tolerance as metab-
olizable sugars, among the protective effect on the membrane 
integrity, the acid tolerance was determined on the washed and 
unwashed cells. 
The lyoprotectants, cellobiose, trehalose (10 %) and FOS (10 %) 
were superior also for retaining the acid tolerance of freeze-
dried B. infantis. Our data suggests that the protective effect of 
protectants could be achieved by 2 different mechanisms via 
stabilizing the membrane integrity or as metabolizable carbon 
sources. The significant enhancement of B. infantis acid tolerance 
by cellobiose and FOS was achieved by their role as metabolizable 
sugars (substrate preference) among the protective effect on the 
membrane integrity. The presence of prebiotic in complex formu-
lations has also increased acid and bile tolerance of spray-dried 
Lactobacillus acidophilus and Bifidobacterium lactis (Bb-12) 
(Fávaro-Trindade and Grosso 2002). FOS and inulin were capable 

of reducing the rate of cell death during storage at 4 °C of freeze-
dried carrier (Capela et al. 2006). 
Previously, the presence of glucose as a metabolizing sugar was 
shown to enhance the survival of Lactobacillus in acidic condi-
tions through activating the ATP-ase which pumps protons and 
thus equilibrates the pH (Corcoran et al. 2005; Dianawati et al. 
2013; Duary et al. 2010). The presence of prebiotic on the growth 
medium (GOS, lactulose) has improved the survival through the 
gastrointestinal tract (Hernández-Hernández et al. 2012). 
In this study, cells protected by the metabolizable sugars cello-
biose, lactose and FOS showed significantly better survival rates 
under acidic conditions when the protectants were not removed by 
washing. In contrast, in the presence of trehalose, which cannot be 
metabolized, the acid tolerance was not increased. The presence of 
sucrose did not protect the cells stored at 4 °C under acidic condi-
tions while the differences became significant for cells stored at 
25 °C. These results suggest that for providing stabilized probiotic 
strains several mechanisms of action should be considered. Our 
findings are consistent to a previous study in which the presence of 
glucose as metabolizable sugar improved the acid tolerance of the 
Lactobacillus spp. cells (Corcoran et al. 2005; Koning et al. 2001, 
Dianawati et al. 2016). Cellobiose enhanced the acid tolerance 
significantly better than other metabolizable protectants (p<0.01), 
especially after storage at 25 °C, where the metabolic activity is 
higher compared to 4 °C. This may be due to the metabolization of 
cellobiose into two molecules of glucose, thus indirectly activating 
the F0F1-ATP-ase and enabling the transport of cellobiose and 
other sugars into Bifidobacteria using ABC transporter, which has 
ATP-ase as a component (Wei et al. 2012; Corcoran et al. 2005; 
Ejby et al. 2016). 
Henceforth, the energy which was obtained from glucose catab-
olism might possibly be used for bacterial growing (Rooj et al. 
2010). Nevertheless, Jofré et al. (2014) established that freeze-
dried Lactobacillus sp. protected with glucose was not able to 
survive during storage. This indicated that glucose was not suitable 
to be used as a protectant for dehydrated probiotic products kept at 
room temperature.
The presence of protective excipients improved bile tolerance, 
apparently not only by protecting membrane integrity but also as 
metabolizable sugars present in the simulated medium. Cellobiose 
was superior compared to other protectants including FOS, thus 
suggesting that at pH of incubation the activity toward cellobiose 
was higher. Similar to the results of acid tolerance, differences 
between washed and unwashed cells were observed for cello-
biose, FOS and lactose protected cells and for sucrose protected 
cells after storage at 25 °C. This finding can be explained by a 
higher metabolism rate of sucrose at this pH compared to SGM. 
No significant differences were observed for trehalose protected 
cells suggesting that trehalose acts only through protecting the 
membrane integrity. Our results agreed in some parts with previous 
studies, which reported that the presence of metabolizable carbo-
hydrates in the growth medium enhance the bile resistance of the 
cells (De Smet et al. 1995; Perrin et al. 2000; Ruas-Madiedo et al. 
2005). The presence of inulin has shown to shield Bifidobacterium 
during exposure to simulated gastric and subsequent bile setting. 
It has been reported that Bifidobacterium and Lactobacillus spp 
adapt during bile exposure, resulting in high sugar ingesting and 
higher ATP concentration (Sánchez et al. 2006; Burns et al. 2010; 
Ruiz et al. 2013; Berlec et al. 2012). 
Metabolizable sugars reduce the negative effects of bile salts on the 
cells by their activation which is higher for oligosaccharides with 
higher yield of energy, compared to monosaccharides (Pessione et 
al. 2012; Perrin et al. 2000). 
Determination of both β-glucosidase and β-galactosidase activity 
revealed that without protectant used, β-glucosidase is more 
sensitive during freeze-drying and subsequent storage than 
β-galactosidase. Differences in sensitivity of different enzymes 
during freeze-drying were reported previously (Li et al. 2011). 
Excipients were differently efficient in protecting the viability 
and β-glucosidase and β-galactosidase activity retentions. 
This can be attributed to the amorphous/crystalline state of the 
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protectants, glass transition temperature and their effect to the 
membrane integrity (Heljo et al. 2011; Li et al. 2011; Teekamp 
et al. 2017). At 5 % concentration of sucrose, trehalose and 
lactose the ratio amorphous/crystalline state is not seen to be 
enough to protect the cells and their enzymes. These results are 
in accordance to those reported by Vasiljevic et al. (2003). A 
higher retention of β-galactosidase activity during freeze-drying 
was observed for lactose protected cells. In fact, 5 % lactose did 
not show a good protective effect on viability and β-glucosidase 
activity, but a good protective effect for β-galactosidase activity. 
These data suggest that the higher retention of enzyme activity 
during freeze-drying is related to substrate-enzyme interaction 
of lactose and galactosidase and β-glucosidase and cellobiose 
(Schwab et al. 2007). Cellobiose was more effective in protecting 
both enzymes (even though was more effective for glucosidase) 
compared to lactose. This can be attributed the higher effective-
ness of cellobiose on protection of membrane integrity. 
In conclusion, freeze-drying of B. infantis significantly affects its 
enzyme activities and its survival rate during storage and under 
gastric and intestinal conditions. The addition of protective 
excipients including the prebiotics cellobiose and FOS, but also 
sucrose, trehalose and lactose successfully enhanced the survival 
and ß-glucosidase and ß-galactosidase activity retention during 
freeze-drying and subsequent storage and under simulated gastro-
intestinal conditions. Cellobiose and FOS had the highest protec-
tive effect and additionally improved the acid and bile tolerance 
not only as protective agents on membrane integrity but also as 
metabolizable substrates. Cellobiose was shown to be most effec-
tive for protecting enzyme activities and improving acid and bile 
tolerance, even at room temperature. A preservation of the enzyme 
activities is of advantage in functional food industry due to the 
enhancement of bioactivity and bioavailability of glycosides of 
secondary plant metabolites by deglycosylation. To the best of our 
knowledge, this is the first study to show the effect of the presence 
of protective prebiotics on the survival of probiotics after exposure 
to acidic and bile conditions. Cellobiose and FOS may be used 
in symbiotic formulations due to their action as prebiotic and 
protectant simultaneously. These findings may help to expand the 
applications of cellobiose and fructooligosaccharide in synbiotic 
products with important applications in the design of new pharma-
ceutical formulations.

4. Experimental

4.1. Bacterial growth conditions
The bacterial strain Bifidobacterium longum subsp. infantis (UV16PR) was obtained 
from Medipharm (Kågeröd, Sweden). The microorganism was activated in Rein-
forced Clostridial Medium (RCM, Oxoid Ltd., Hampshire, UK) and maintained in 
glycerol stocks at -80 ºC. 

4.2. Freeze-drying of the bacterial cells
After three successive transfers in RCM, microorganisms were harvested by 
centrifugation (10000 x g, 4 °C, 15 min, Sorvall RC5C, Thermo Scientific, Austria), 
washed twice with 50 mM phosphate buffer pH 6.5 and resuspended in phosphate 
buffer solution containing 10 % (w/v) sucrose, lactose (Sigma-Aldrich, St. Louis, 
MO, USA), trehalose (Merck, Darmstadt, Germany), (Sigma-Aldrich), 5 % or 10 % 
cellobiose (Glycon Biochemicals, Luckenwalde, Germany), 5 % or 10 % FOS (Orafti, 
Town). Freeze-drying was undertaken using Heto Power Dry LL3000 freeze-dryer 
(Thermo Scientific, Waltham, MA, USA) according to Basholli-Salihu et al. (2014). 
Freeze-dried cells without protectants were prepared as control. All experiments 
were performed in triplicates. The dried cells were aliquoted and vacuum sealed in 
aluminum foil sachets for the determination of the storage stability. The viability, 
β-glucosidase and β-galactosidase activity were determined before and after freeze-
drying. 

4.3. Exposure to gastrointestinal conditions
The acid and bile tolerance of B. infantis after storage for 3 months at 4 °C and 25 °C 
was determined by exposure of cells to simulated gastric medium (SGM), (NaCl 
137 mM; KCl 2.7 mM; NaH

2
PO

4
 10 mM; KH

2
PO

4
 1.8 mM and porcine pepsin 

0.3 %, w/v) or simulated intestinal medium (SSIM), (NaCl 137 mM; KCl 2.7 mM; 
NaH

2
PO

4
 10 mM; KH

2
PO

4
 1.8 mM and bile extract 1 % (w/v)) by using the aliquots of 

1 ml cell suspension. Freeze-dried cells were resuspended at initial volume (during 
freeze-drying) of 50 mM phosphate buffer pH 6.5 and allowed for rehydration at 
room temperature. Then 1 ml of the cell suspension was added to 9 ml of prewarmed 
simulated gastric medium, adjusted to pH 2 with HCl and incubated at 37 ºC. Aliquots 

were taken before incubation and after 90 min and the cell viability (CFU/ml) was 
determined in triplicate using the plate count method on RCA. 
Bile tolerance was tested by adding 1 ml of resuspended cells to 9 ml of prewarmed 
simulated small intestinal medium, mixing well and incubating at 37 ºC. Aliquots 
were taken before incubation and after 2 h incubation at 37 °C. Cell viability (CFU/ml) 
was determined in triplicate using the plate count method on RCA.
Log units reduction after exposure to simulated gastric and intestinal medium was 
calculated as follows:
Log units reduction = log N

t
 –log N

0
, 

where N
t
 – Colony Forming Units (CFU/ml) after exposure to simulated gastric or 

intestinal medium, N
0
 – CFU/ml at baseline (before treatment).

To study whether the presence on the SGM or SSIM of carbohydrates used as 
protectants can influence the acid and bile tolerance, the cell suspensions were 
prepared in two different ways: 
Unwashed cell suspension: First cells were rehydrated to the initial volume (lost 
during freeze-drying) of 50 mM phosphate buffer pH 6.5 and after 20 min standing at 
room temperature the cell suspensions were added as such (1 ml) in 9 mL of SGM or 
SSIM. In these samples the protectant used during freeze-drying are present. 
Washed cell suspension: In order to remove the protectants used during freeze-drying, 
after rehydration (according to the above paragraph), the cells were harvested by 
centrifugation (3000 x g, 10 min), washed with 50 mM phosphate buffer pH 6.5 and 
then resuspended in the same buffer. Resuspended cells (1 ml) were added to 9 ml 
SGM or SSIM to test the acid (or bile) tolerance.

4.4. Cell enumeration
Viability of cells was determined before and after freeze-drying and after storage. 
Fresh cell suspension (1 ml) or 1 ml of rehydrated cells were serially diluted with 
phosphate buffered saline (PBS) and plated onto Reinforced Clostridial Agar plates, in 
triplicate, then incubated at 37 ºC under anaerobic conditions in an anaerobic chamber 
using Anaerogen kits for 48-72 h. Cell viability was expressed as colony forming units 
(CFU) per ml. The survival rate was expressed in per cent: Survival (%) = N/N

0
, where 

N-viability after freeze-drying/storage and N
0
-viability of cells before freeze-drying. 

4.5. Determination of the enzymatic activity of probiotics
Enzymatic activity was tested in the cell-free extract which was prepared by mechan-
ical disruption using glass beads as described previously (Basholli-Salihu et al. 2014). 
In brief, resuspended cells were mixed with sterile glass beads (200-300 μm) at a ratio 
1:1.5 (w/w) and disrupted by vortexing for 5 cycles of 2 min with 2 min break on ice. 
Then suspensions were centrifuged (17000 x g, 30 min, 4 °C) in a Sorvall® RC5C 
centrifuge to remove the cell debris and glass beads. The supernatant was clarified 
using a 0.45 μm filter (Merck Millipore, Darmstadt, Germany) and used for enzyme 
activity assay.
The β-glucosidase and β-galactosidase activity of cell-free enzyme were determined 
before and after freeze-drying, and before and after storage for 2 and 3 months at 4 ºC 
and 25 ºC, using p-nitrophenyl-β-D-glucopyranoside and o-nitrophenyl-β- D-galactopy-
ranoside (p-NPG and o-NPG, Sigma-Aldrich) as substrates, according to Basholli-Sa-
lihu et al. (2014). Shortly, for determination of β-glucosidase or β-galactosidase activity, 
600 μl of cell-free enzyme were mixed with 150 μl of pNPG solution (5 mM) in 50 mM 
phosphate buffer pH 6.5 (for β-glucosidase activity) or 150 μl of oNPG solution (15 mM) 
in 50 mM phosphate buffer pH 6.5 (for β-galactosidase activity). The mixtures were 
incubated for 15 min at 37 °C. The reaction was stopped on ice by adding 375 μl of 
cold NaOH (0.1 M). The reaction solution was centrifuged for 10 min at 13000 rpm and 
the amount of p-nitrophenol or o-nitrophenol released was measured at 410 nm using 
Hitachi U-1100 spectrophotometer (Hitachi Ltd. Tokyo, Japan).
The enzyme activity before freeze-drying was defined as 100 % activity. The relative 
retention was calculated as a

Retention, % =N*100/ N
0

where: N- β-glucosidase or β-galactosidase activity after freeze-drying/storage, N
0
- 

β-glucosidase or β-galactosidase activity before freeze-drying. 
The protein concentration was determined using Bradford reagent (Sigma-Aldrich, St. 
Louis, MO, USA) and Bovine Serum Albumin (Sigma-Aldrich, St. Louis, MO, USA) 
as standard. Determination of protein concentration was performed in order to avoid 
possible differences in concentrations before and after freeze-drying and subsequent 
storage.

4.6. Determination of water activity (a
w
)

The water activity was determined using water activity analyzer (Ebro AWX 3001, 
Ingolstadt, Germany). The measurements were carried out after storage using 500 mg 
of dried cells, according to Stummer et al. (2012). 

4.7. Evaluation of the membrane integrity
The changes of membrane integrity during freeze-drying and storage were determined 
using propidium iodide (PI) staining (Stummer et al. 2012). Cell suspensions (500 μl) 
were mixed with 500 μl PI solution (2.4 μg/ml) and then incubated at 37 °C for 15 
min. Reaction mixture (50 μl) was pipetted on the 96 well plates and the fluorescence 
intensity was measured using microplate reader (Infinite®200, Tecan Austria GmbH, 
Austria). The results were calculated as relative PI intensity.
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