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Abstract: Lactobacillus rhamnosus GG (LGG) is a common lactic acid bacteria used in the
food industry with proven health benefits. Maintaining a high viability of probiotics during
freeze drying and storage is crucial for their efficacy. The involvement of protectants and
the optimization of operating conditions are promising techniques utilized to help bacteria
microorganisms overcome environmental challenges. Although numerous studies have
investigated the effectiveness of various protective agents in mitigating environmental
stresses on bacterial cells and improving their survival during freeze drying, there is limited
understanding of how freezing parameters impact the process by influencing ice crystal
formation and bacterial cell microstructure. Therefore, this study systematically evaluates
the effects of freeze-thawing and freeze-drying processes on the survival and metabolic
activity of LGG. The results reveal that cell damage during freezing and freeze drying is
a complex process influenced by a variety of physicochemical factors, including freezing
conditions, sublimation and thawing processes, as well as the choice of cryoprotectants and
reconstitution medium. Notably, freezing with water in liquid nitrogen at −196 ◦C resulted
in the highest bacterial survival rate (90.94%) under short freezing durations, demonstrating
the importance of freezing conditions. Freeze drying further reduced viability, with survival
rates dropping to as low as 2% under suboptimal conditions. Interestingly, phosphate-
buffered saline as a resuspension medium significantly increased the loss of viable LGG
during both freezing and freeze drying. The addition of trehalose and skim milk as
cryoprotectants enhanced survival to 15.17% post-freeze drying, emphasizing the role
of protective agents in improving viability. This study provides novel insights into the
critical role of freezing parameters and operational conditions in preserving probiotic
viability, offering valuable guidelines for optimizing the freeze-drying process to maintain
the functionality of probiotics.

Keywords: Lactobacillus rhamnosus GG; viability; survival; freezing; freeze drying; cell
damage

1. Introduction
Probiotics, defined as live microorganisms that confer health benefits on the hosts

when administered in adequate amounts [1], have been recognized for their role in intestinal
microbiota modulation, gastrointestinal pathogen inhibition, immune system enhancement,
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and metabolic health improvement [2–5]. A high survival rate of probiotics during process-
ing and storage is crucial in maintaining their health efficacy [6,7]. However, developing
probiotic-containing food with adequate doses at the time of consumption is a challenge,
as their viability might be affected during production, time spent in storage or shelf life [8].

Freeze drying is a conventional method used to preserve probiotic cells in a stable
dried state at ambient temperature for prolonged periods [9]. It is a complex dehydration
process comprising three stages: freezing, primary drying (sublimation) and secondary dry-
ing (desorption) [10,11]. Compared with high-temperature drying techniques, freeze drying
is advantageous in avoiding general thermal damage to probiotic bacteria [12]. However,
cell viability can still be compromised due to ice crystal formation, high osmolarity-induced
membrane injury and macromolecule denaturation by dehydration [13]. Both biological
factors (e.g., strain type, cell age, and initial cell concentration) and physicochemical parame-
ters (e.g., cell growth conditions, freezing conditions, dehydration extent, and lyoprotectant
selection) can influence the survival of bacterial cells during freeze drying [14–16]. The use
of protective agents and the optimization of operational conditions have been identified as
promising strategies to help bacteria overcome environmental challenges such as thermal,
osmotic, mechanical, oxidative and acidic stress [17–19]. Stabilizing matrices typically
incorporate sugars with low molecular weights and proteins with high molecular weights
to form matrix microcapsule structures with probiotic bacteria [12].

While numerous studies have examined the effectiveness of various protective agents
in mitigating environmental stresses on bacterial cells and improving their survival during
freeze drying, limited attention has been given to how freezing conditions impact the
process. Specifically, the influence of freezing on ice crystal morphology and bacterial
cell microstructure remains understudied. The freezing rate, supercooling degree and ice
nucleation temperature are three interdependent factors that have a direct impact on the
freezing process [20]. Among them, the freezing rate is particularly crucial, as it directly
influences the nucleation process, which has been reported as the most important step in
controlling the size and distribution of ice crystals [20]. Thus, the pre-freezing temperature
plays an important role in the freeze drying of probiotics, which must be controlled carefully.
For example, Wang et al. (2020) investigated the impact of pre-freezing temperature on the
survival of Lactobacillus plantarum strains and found that the optimal freezing temperature
was strain-specific [13]. To the author’s knowledge, experimental results have only been
obtained for limited bacterial strains, with Lactobacillus rhamnosus GG (LGG) notably absent
from these studies. Therefore, an in-depth understanding of the effect of pre-freezing
conditions on the growth of ice crystals and the microstructure of LGG bacterial cells
during the freeze-drying process is urgently required.

The primary objectives of this study are to provide a mechanistic explanation for the
inactivation of bacterial cells during freezing and freeze drying at the cellular level and to
explore potential strategies to better retain their viability and activity. To this end, various
operational parameters during the pre-freezing procedure, including different resuspension
solutions, pre-freezing temperatures and durations, were systematically evaluated to better
understand their impact on LGG survival during freeze drying. Furthermore, the effect of
skim milk powder and trehalose as stabilizing matrices were investigated. This study is the
first to systematically examine the influence of pre-freezing conditions specifically on LGG
and offers new insights into how freezing parameters affect probiotic freeze drying. The
findings will contribute to understanding the interplay between operational parameters
and protective agents, offering insights to optimize the freeze-drying process for probiotics.



Foods 2025, 14, 1817 3 of 15

2. Materials and Method
2.1. Bacterial Strains, Medium and Growth Conditions

LGG was selected as a model bacterium to reveal the underlying mechanism of the
freeze-drying process for LGG probiotics. Powdered LGG culture (ATCC 53103) was
obtained from a commercial probiotic product (Culturelle®, CVS Pharmacy, New Haven,
CT, USA). The LGG strain was retrieved by mixing one packet of Culturelle® powdered
culture with 10 mL of sterilized water. The resulting LGG suspension was then streaked
onto a De Man–Rogosa–Sharpe (MRS) agar plate and incubated at 37 ◦C for 48 h. A seed
broth was prepared by aseptically inoculating a flask of MRS broth with a single colony
from the LGG culture medium, followed by incubation at 37 ◦C for 24 h. Subsequently, 1%
(v/v) of the seed solution was transferred into another flask containing fresh MRS broth.
The fermentation solution was obtained following 24 h of incubation at 37 ◦C.

2.2. Preparation of Cell Suspension and Feed Solutions

The fermentation solution was harvested and centrifuged at 5000× g at 20 ◦C for
10 min to remove the supernatant [21]. Feed solutions were prepared by thoroughly mixing
the pellet with either water, PBS (0.01 M), or protective solution at a ratio of 1:1 (v/v).
Skim milk powder (Devondale, Saputo Dairy Australia Pty Ltd., Victoria, Australia) and
trehalose (BioDee, Beijing, China) were chosen as protective solutions and were rehydrated
in distilled water at a concentration of 5% or 10% (w/v). Skim milk powder is recognized
as an ideal material with a rigid structure forming a viscous layer to increase the viscosity
of the solution and inhibit the growth of ice crystals during freezing [22]. Trehalose, on
the other hand, serves as an effective protectant due to its unique ability to replace water
molecules that are tightly bound to carbonyl groups [23]. The high viscosity and low
mobility characteristics of trehalose can also help maintain the integrity of bacterial protein
functions during the drying process [24]. The skim milk powder consisted of 35 g protein,
1 g fat, 53 g carbohydrate, 0.45 g sodium and 1.15 g calcium per 100 g solids. The feed
solutions were then transferred into a stainless-steel container (inside diameter = 9.0 cm)
for freezing. All mediums and solutions were prepared with Milli-Q water (Milli-Q® Direct
16, Merck Millipore, Darmstadt, Germany). All chemicals used were of analytical grade.

2.3. Freeze Thawing and Freeze Drying

The prepared LGG suspensions were frozen using three techniques (i.e., refrigerator
at −40 ◦C or −80 ◦C, controlled freezer at a cooling rate of 2 ◦C/min to −80 ◦C and liquid
nitrogen at −196 ◦C), followed by either thawing or freeze drying. For uncontrolled-rate
freezing, samples were stored at −40 ◦C or −80 ◦C in a freezer for 2 h, 24 h or 48 h.
Controlled-rate freezing was performed at a cooling rate of 2 ◦C/min to −80 ◦C using
a controlled freezer (LNC340, Tofflon, Shanghai, China). Low-temperature freezing was
achieved by immersing LGG suspensions in liquid nitrogen (−196 ◦C) for 1 min followed
by transferring to a freezer at −80 ◦C. The frozen samples were then either thawed in
an incubator at 37 ◦C for 30 min or freeze dried in a freeze drier (FD-1C-80, BoYiKang
Instrument Co., Ltd., Beijing, China) at −70 ◦C under a chamber pressure below 25 mbar.
After 48 h of freeze drying, a manual crushing process was performed to convert the
freeze-dried samples into powder for further analysis. Samples were carefully stored either
at 4 ◦C or at ambient temperature. All experiments were independently performed in
triplicate with the LGG samples freshly prepared for each experiment.

2.4. Determination of Survival Rate

The enumeration of LGG was carried out by the standard plate count method using
0.5% (w/v) peptone solution as the diluent. Either 1 mL of the LGG suspension or 1 g of
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the freeze-dried LGG powder was diluted in 10 mL of the peptone solution. After ten-fold
serial dilutions, 0.1 mL of the appropriate dilution was spread on the MRS agar medium.
Followed by a 48 h stationary incubation at 37 ◦C, microbial counts were measured as the
colony forming unites (CFU) per plate. Moisture content (%) was determined by measuring
the variation in dry mass (g) after drying in the oven at 105 ◦C until a constant weight
was achieved. Viability tests were carried out in duplicate for each freeze-thawing or
freeze-drying condition. Each measurement was carried out in triplicate and the average
value was calculated.

The initial LGG viability in the feed suspension (N0, CFU/g) was calculated as

N0 = N f /C f (1)

where Nf is the number of viable cells per milliliter (CFU/mL), and Cf is the concentration
of the feed suspension (g/mL).

The viability of the freeze-dried LGG powder (N, CFU/g) was calculated as

N =
Np

0.1 ×
(
1 − Mw.p

) (2)

where Np is the number of viable cells per volume of the reconstituted solution (CFU/mL),
and Mw.p is the moisture content of the freeze-dried powder (%).

The survival rate of LGG (%) after freeze-drying was determined as

% Survival rate = N/N0 × 100 (3)

2.5. Measurement of Metabolic Activity of LGG

An iodonitrotetrazolium chloride (INT) assay, as described by Ulmer et al. (2000), was
conducted with minor modifications to examine the metabolic activity of LGG after the
freeze-thawing or freeze-drying cycle [25]. LGG suspensions were prepared by centrifuging
at 5000× g for 10 min to remove the supernatant. A PBS solution (10 mM, pH 7.0) was
prepared by dissolving 6.8 g H2KPO4, 0.1 g MgSO4·7H2O and 0.05 g MnSO4·H2O in
1000 mL of deionized water. The INT solution (4 mM) was prepared by dissolving the INT
powder (Macklin Biochemical Co. Ltd., Shanghai, China) in the PBS solution. The LGG
pellet was then washed twice with the PBS solution and suspended in 1 mL PBS. One mL
INT solution was added to a final concentration of 2 mM. The mixture was incubated at
37 ◦C for 30 min to observe color changes. Metabolically active LGG cells could catalyze
the reduction of colorless INT into red formazan dye, and the color intensity of the reaction
mixture indicated the metabolic activity of each LGG sample [26]. In addition, the growth
curve of LGG after freeze-thawing or freeze-drying treatment was analyzed to determine
the change in growth capability. The fresh or thawed liquid LGG suspensions and the
reconstituted solution of dried LGG powder were cultured in liquid MRS broth with an
inoculum size of 1% (v/v). The optical density at 600 nm (OD600) was read every 30 min
for 48 h using a microplate reader (M5, Molecular Devices, San Jose, CA, USA) at 37 ◦C.
The measurements were carried out in duplicate and calculated to obtain an average value.

2.6. Scanning Electron Microscopy (SEM)

SEM was applied to study the microstructure of LGG cells. Double-sided carbon adhe-
sive tape was used to place the freeze-dried powders on the SEM stub. After coating with
gold, the samples were observed using equipment (Hitachi SU8230, Hitachi Ltd., Tokyo,
Japan) operated at 15 kV with a working distance of 10 mm to visualize the morphology of
the particles.
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2.7. Statistical Analysis

All results were expressed as mean ± standard deviation (SD). Duplicates of each
experimental condition were included to ensure statistical robustness. Statistical analysis
was performed using SPSS version 3.0 (SPSS Inc., Chicago, IL, USA). The mean values were
compared using analysis of variance (ANOVA) with a significance level of p < 0.05.

3. Results and Discussion
3.1. Impact of Resuspension Solvent

Although freeze drying is preferred in the preservation of probiotics, the long-term
exposure of bacterial cells to extreme environments can still lead to a reduction in the
viability of bacterial cells [13,27]. The cytoplasmic membrane of bacterial cells is recognized
as the primary target of stress-induced injury. Its fluidity and integrity, as well as the fatty
acid composition, are the key attributes affecting the survival of bacteria [27]. Because
solvents strongly influence the physical and chemical properties of the cell membrane [28],
the choice of solvents used in the resuspension of microbial pellets is a critical factor in the
freeze-drying process of probiotics. It is assumed that solvents not only serve as a medium
for the cells but can also provide osmotic balance and protection against stresses during
freezing and sublimation.

In this study, deionized water and phosphate buffered saline (PBS, 0.01 M) were used
to resuspend LGG pellets following centrifugation. Their impact on the survival of LGG
during freeze thawing (Figure 1a) and freeze drying (Figure 1b) were investigated and
compared. PBS is widely employed due to its buffering capacity and potential protective
effect on cell membranes during processing [27]. However, as shown in Figure 1, the
addition of PBS increased the loss of viable LGG during both the freeze-thawing and freeze-
drying processes. During freeze thawing, 2 h of freezing led to a bacterial survival rate
of 77.68 ± 3.29%, 77.19 ± 13.30% and 90.94 ± 12.82% for water at −40 ◦C, −80 ◦C and in
liquid nitrogen, respectively. In contrast, PBS resulted in a lower survival of LGG compared
to water, regardless of the freezing temperature. The most substantial reduction in survival
was observed when freezing with PBS under −40 ◦C for 48 h, where survival decreased
to only 6.60 ± 1.13%. In comparison, water showed less impact on LGG survival under
prolonged freezing durations or insufficiently low freezing temperatures. Regarding the
freeze-drying process, a significant reduction in the survival of LGG occurred regardless of
the solvent used (p < 0.05) (Figure 1b). After 2 h of pre-freezing with water, approximately
12% of LGG survived freeze drying. However, when pre-frozen with PBS for the same
duration, survival decreased sharply to approximately 2%. In addition, no LGG survived
the freeze-drying process when pre-frozen with PBS at −40 ◦C for 48 h.

Different solvents can affect ice crystal formation by influencing water–water hydrogen
bonds. In terms of PBS, the presence of salts can drive water from inside the cells to
the extracellular environment through osmosis, promoting the formation of extracellular
crystalline ice [29]. This removal of water from the cellular interior increases the solute
concentration and consequently leads to high osmolarity-induced membrane damage.
Therefore, PBS may not be an ideal choice as a resuspending medium during freeze
drying. The extensive cell damage associated with PBS may arise from a combination of
ice crystal formation, elevated intracellular solute concentration, and osmotic imbalance,
which collectively compromise cell integrity and viability [30–32].
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Figure 1. Survival of LGG after (a) freeze thawing or (b) 48 h freeze drying when pre-frozen for 2 h
or 48 h using different freezing techniques (refrigerator at −40 ◦C, controlled freezer at a cooling
rate of 2 ◦C/min to −80 ◦C, or liquid nitrogen at −196 ◦C) with different solvents. a and b represent
statistical significance with p < 0.05.

3.2. Impact of Freezing Temperature and Freezing Rate

Among the three stages of freeze drying, the initial freezing protocol is the most
critical [33]. It has the potential to influence the survival of probiotic bacteria, given
the fact that one of the major causes of cellular damage is the formation of intracellular
ice [34]. Although freezing itself may not have lethal effect on cells, various physical
stresses induced concurrently can damage them at low temperatures [14,34]. During
freezing, the morphology and size distribution of ice crystals are fixed, which not only
affects the subsequent drying behaviour including the heat and mass transfer during
sublimation, but also determines the final properties of the dried product, such as physical
state, residual moisture, reconstitution time and rehydration capacity [33]. The pre-freezing
temperature and rate are important parameters that need to be controlled for enhanced
survival during lyophilization [14]. Insufficiently low pre-freezing temperatures may
result in incomplete freezing of the sample suspension, leading to expansion and foaming
during the following sublimation process under vacuum conditions [13]. Conversely,
when pre-freezing temperatures are excessively low, not only will the energy consumption
be elevated, but also the survival of bacteria following freeze drying may be adversely
affected [13]. Additionally, pre-freezing at an extremely slow rate facilitates the osmotic
migration of intracellular water to the external environment, leading to the formation of
extracellular crystals, the removal of extracellular water, increased solute concentration and
thus osmosis imbalance, which collectively contribute to cellular stress and damage [35].

In this study, the LGG suspensions were frozen at different temperatures, including
being exposed to liquid nitrogen (−196 ◦C), as well as temperatures of −80 ◦C and −40 ◦C
after still standing for 30 min at 4 ◦C (Figure 2). Pre-freezing at 4 ◦C was employed to
enhance resistance to lower temperatures and mitigate cold adaptation-induced viability
loss [36,37]. Among the three freezing temperatures, liquid nitrogen consistently resulted in
significantly higher bacterial survival rates, ranging from 71.31 ± 1.07% to 85.54 ± 16.44%,
regardless of the freezing duration (p < 0.05). Freezing at −80 ◦C demonstrated a moderate
performance during long-term storage (33.01 ± 20.91%–44.99 ±15.49%), whereas freezing
at −40 ◦C resulted in survival rates of less than 7%. These findings align with prior studies
indicating that lactic acid bacteria (LAB) exhibited better survival rates at lower freezing
temperatures [38,39].
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Figure 2. Survival of LGG after freeze thawing when pre-frozen for 2 h, 24 h or 48 h using different
freezing techniques (refrigerator at −40 ◦C, refrigerator at −80 ◦C, controlled freezer at a cooling rate
of 2 ◦C/min to −80 ◦C, or liquid nitrogen at −196 ◦C) with 0.01 M PBS. a, b, and c represent statistical
significance with p < 0.05.

The freezing rate also played a pivotal role in LGG survival. Liquid nitrogen provided
a higher cooling rate (196 ◦C/min) compared to the controlled freezing rate of 2 ◦C/min. As
shown in Figure 2, bacterial survival was nearly doubled when the freezing rate increased
from 2 ◦C/min to 196 ◦C/min, particularly for long-term freezing. This improvement
can be attributed to the interaction between thermal flow and moisture outflow from
the cells. A higher freezing rate could enhance heat and water flow rates, which may
protect bacteria by preventing intracellular crystallization [15]. At higher freezing rates,
the bacterial suspensions may immediately change to a microcrystalline state, in which
physicochemical and biochemical reactions are suspended. In contrast, slower cooling rates
promote the formation of larger ice crystals and osmotic water exit, resulting in greater
cellular damage [15,36].

The relationship between bacterial survival and freezing temperature may depend on
the type of microorganism. Extremely low pre-freezing temperatures or a high pre-freezing
rate may also negatively impact microorganism viability. For example, ref. [14] investigated
the impact of pre-freezing temperature on the survival of yeast and LAB isolated from wine
and pointed out that freezing yeast in liquid nitrogen led to a lower survival rate compared
to −20 or −80 ◦C. During freezing, rapid freezing prevents cells from effectively expelling
water to maintain osmotic balance, resulting in the formation of intracellular ice crystals
that can inflict significant structural damage or lead to cellular mortality [35]. Injury may
occur due to the failure to migrate internal water to outside the cell and the formation of ice
crystals inside the cell. The extent of this lethal damage is strain-specific [13,15], as different
species exhibit variations in cell size, structure, and responses to freezing [40,41]. In general,
microorganisms with smaller cell sizes and simpler cell structures tend to be more resistant
to freezing damage. Their higher surface-to-volume (S/V) ratio facilitates faster water and
heat transfer, reducing the likelihood of intracellular crystallization [15]. Bacteria, compared
to yeast, have smaller cells and approximately five times the S/V ratio, providing them
with better resilience against freezing-induced injuries. Additionally, differences in cell
membrane composition between bacteria and yeast further contribute to their distinct
freezing survival patterns [14]. Therefore, an appropriate pre-freezing rate should be
selected before drying to ensure the formation of a glassy state rather than crystallization.

In addition, the difference between a controlled and uncontrolled freezing rate in the
survival of LGG during freezing and freeze drying was examined. LGG suspensions were
frozen either in a refrigerator at −80 ◦C with an uncontrolled freezing rate or cooled at
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a constant rate (2 ◦C/min) to −80 ◦C by gradient cooling. The changes in temperature
under these two conditions were measured and recorded. As shown in Figure 3a, no
significant differences were observed in the survival of LGG during freezing or freeze
drying between the controlled and uncontrolled freezing rate (p > 0.05). The temperature
profile of the freezer indicated a slower decrease in temperature during the first hour,
followed by a faster rate in the second hour (Figure 3b). In contrast, the gradient cooling
method maintained a steady decrease in the temperature throughout. These results suggest
that while freezing rates influence survival under certain conditions, the specific impact on
LGG may be minimal within the tested parameters.

Figure 3. (a) Survival of LGG after 48 h freeze drying when pre-frozen by refrigerator at −80 ◦C or
controlled freezer at a cooling rate of 2 ◦C/min to −80 ◦C for 2 h or 48 h with 0.01 M PBS. (b) Freezing
rate of the refrigerator or controlled freezer to −80 ◦C.

3.3. Impact of Freezing Duration

LGG suspensions were frozen at different temperatures for 2, 24 or 48 h to explore
the effect of freezing duration on the survival of bacteria after freeze thawing or freeze
drying. The findings indicate that prolonged freezing durations negatively impact bacterial
viability. For freeze thawing (Figure 2), the survival of LGG when pre-freezing for 2 h was
significantly higher compared to a 24 h or 48 h duration (p < 0.05) regardless of the freezing
temperature. Long-term freezing exerted a less negative impact on LGG pre-frozen with
liquid nitrogen, with a reduction of only 14% when the freezing duration increased to
48 h from 2 h. At −80 ◦C, the bacterial survival was halved when the duration of freezing
increased from 2 h (70.45 ± 4.85%–73.04 ± 4.96%) to 24 (33.01 ± 20.91%–36.7 ± 13.18%)
or 48 h (37.45 ± 18.44%–44.99 ± 15.49%). The most pronounced reduction was observed
at −40 ◦C, where survival rates plummeted from 62.30 ± 4.54% after 2 h to 6.51 ± 0.90%
and 6.60 ± 1.13% after 24 and 48 h, respectively. Similar trends were observed in bacteria
subjected to freeze drying (Figure 1b). Bacterial survival decreased with extended freez-
ing times across all tested temperatures. However, the differences were not significant
(p > 0.05). These results align with previous studies, which suggest that longer freezing du-
rations exacerbate bacterial damage due to prolonged exposure to ice crystals and osmotic
stresses [36,42].

3.4. Impact of Dehydration

In addition to freezing, dehydration during drying can also result in irreversible
damage to bacterial cells. Water plays a critical role in maintaining the structure and
functionality of the bacterial cell membrane. The removal of water during drying can
lead to cell collapse and irreparable damage to the membrane [17]. A more pronounced
reduction in the survival of LGG was observed after freeze drying (Figure 1b) compared
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to freeze thawing (Figure 1a), revealing that freeze drying had a more negative impact
on bacterial cells than solely freezing. The finding is consistent with previous studies,
indicating that most of the damage associated with freeze drying occurred during the drying
procedure [13,14]. As an important component of the cell membrane, the phospholipid
determines the integrity and behavior of the bacterial cell membrane [43]. Hydration assists
bacterial cells in remaining intact by allowing interactions between water molecules and
the polar group of phospholipid membranes [12]. However, the removal of water can
cause the phase transition of phospholipids from a liquid crystalline phase to a gel phase,
resulting in the leakage of the cell membrane [44].

In addition, changes in metabolic activity and growth capability of LGG bacteria
during freeze drying were investigated through contact with INT and by measurements
of OD600, respectively. The pink color in Figure 4a,b indicates the reduction in INT agent
from metabolically active LGG cells. Freshly cultured LGG exhibited a more intense pink
color, which is indicative of higher metabolic activity. In contrast, the metabolic activity
of freeze-dried LGG was consistently lower compared to the untreated LGG regardless of
pre-freezing conditions, as shown by the visibly lighter color observed after the reaction
with INT. The relatively light color density demonstrated by the freeze-dried samples
reflected that the freeze-drying process inhibited the generation of electrons to achieve
the color change and reduced the metabolic activity of LGG [26]. Comparatively, LGG
pre-frozen for 2 h (Figure 4a) showed a greater color intensity than that of LGG pre-frozen
for 48 h (Figure 4b). This trend is in line with the survival data in Figure 1b, indicating that
prolonged freezing negatively impacts bacterial metabolic activity. Interestingly, although
the survival of LGG after the freeze-drying procedure was similar between 2 h and 48 h
pre-freezing at −40 ◦C (11.42 ± 4.79% and 11.12 ± 2.01%, respectively), the difference
in color demonstrates that the metabolic activity of LGG decreased with increasing pre-
freezing duration. The discrepancy in the results between viable cell numbers and metabolic
activity may be attributed to the viable but non-culturable state of LGG [45]. During freeze
drying, both the mechanical force during water crystallization and the salt stress during
solute concentration could lead to damages on the cellular envelope and cytoplasmic
membrane [19]. However, the primary site of cellular injury and the extent of membrane
compromise may be different depending on the treatment [46]. These results suggest that
the metabolic enzyme systems of bacterial cells may still be disrupted during long-term
freezing, even though there was no loss in viable cell count and the cell membrane remained
intact [26,46].

In terms of optical density at 600 nm, it is a common approach to gauge the growth
stage of bacteria, including a lag phase, an exponential growth phase and a stationary
phase [46]. As shown in Figure 4c,d, freeze-dried LGG experienced a lag in entering
the exponential growth phase compared to fresh liquid samples. This delay highlights
the compromised growth capability of freeze-dried bacteria, consistent with the reduced
metabolic activity observed in the INT assay. In conclusion, the freeze-drying process
significantly impairs both the viability and functionality of LGG bacteria. While pre-
freezing conditions play a role, prolonged freezing durations exacerbate the metabolic
disruption, even when the cell viability appears unaffected. These findings underscore
the importance of optimizing freezing and freeze-drying protocols to minimize damage to
bacterial cells and preserve their metabolic and growth capabilities.
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Figure 4. The activity of freeze-dried LGG pre-frozen using different freezing techniques after 48 h of
freeze drying. (a,b) The metabolic activity of freeze-dried LGG pre-frozen for 2 h or 48 h, respectively,
by INT (A1, B1: refrigerator at −40 ◦C, A2, B2: refrigerator at −80 ◦C, A3, B3: controlled freezer at a
cooling rate of 2 ◦C/min to −80 ◦C, A4, B4: liquid nitrogen at −196 ◦C); (c,d) The growth curves of
freeze-dried LGG pre-frozen for 2 h or 48 h, respectively, expressed as optical density at 600 nm by
spectrophotometer.

3.5. Impact of Cryoprotectants

To address the significant loss in viable LGG cells during freeze drying, trehalose and
reconstituted skim milk (RSM) were used as cryoprotectants to increase the survival of
LGG during a 24 h pre-freezing at −40 ◦C and 48 h freeze-drying process. Moreover, the
morphology of freeze-dried LGG was visualized using SEM micrographs to theoretically
investigate the inactivation mechanism of bacterial cells during the freezing and subsequent
drying processes. Compared to a survival of approximately 11% for LGG after freeze drying
with water and a survival of less than 2.5% with 0.01 M PBS, survival significantly increased
to 15.17 ± 4.43% with the addition of 10% RSM and 5% trehalose (p < 0.05) (Figure 5). The
addition of cryoprotective agents may improve the viability of LGG during freeze drying
through two possible mechanisms. Firstly, cryoprotectants such as trehalose or skim milk
form a glassy matrix with high viscosity and low mobility, which embed and immobilize
probiotic cells for enhanced stability [47–49]. This matrix may inhibit diffusion, slow ice
formation, and suspend deleterious reactions that compromise bacterial cell structures
and compositions [50,51]. This was evident in the SEM micrographs (Figure 6), where
LGG cells were trapped within the skim milk matrix. The cells exhibited visibly irregular
shapes and surface cracks, indicating mechanical stresses endured during the freeze-drying
process. Secondly, cryoprotectants exerted a water replacement effect. Sugars such as
trehalose form stabilizing matrices that interact with cell membranes by replacing water
molecules during dehydration. This interaction maintained the integrity of the membrane
by forming hydrogen bonds between the hydroxyl groups of sugars and the phosphate
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groups on the phospholipid bilayer [12,21,52]. As previously discussed, dehydration can
lead to the breakage of hydrogen bonds between phospholipids and the surrounding
extracellular water. By interacting with the phospholipids through the hydrogen bond
between hydroxyl groups of sugars and phosphate groups at the surface of the bilayer, cell
death can be prevented by diminishing the negative effect on phospholipids and membrane
integrity [52]. However, steric hindrance within membrane components and the inability
of protectants to form sufficient hydrogen bonds can still lead to viability losses during
dehydration [53].

Figure 5. Changes in the viable cell concentration (log10 CFU/g) of LGG after 24 h pre-freezing at
40 ◦C and 48 h freeze drying with 5% trehalose and/or 10% RSM.

 

Figure 6. Morphology of LGG cell observed by SEM following 24 h freezing at −40 ◦C and 48 h
freeze drying. (a) Freeze-dried LGG powder showed a cake-like porous structure. (b,c) LGG cells
trapped within the skim milk matrix, partially protected by the cryoprotectant. (d) Structural damage
and surface cracks observed on some LGG cells, suggesting membrane disruption during processing.

In addition, the viability of freeze-dried LGG was further assessed over a 9-week
storage period under various conditions. A significantly sharp decrease in viability was
observed regardless of the type of protective agents used, where only approximately
0.0801 ± 0.0001% and 0.45 ± 0.13% of the freeze-dried LGG bacteria survived the 9-week
storage duration at ambient temperature and 4 ◦C, respectively (p < 0.05) (Figure 7). The
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low viability of freeze-dried LGG after storage indicates that the addition of protectants
such as skim milk and trehalose might not offer extra protection for the further survival of
freeze-dried bacterial cells during storage. Moreover, there was no significant difference
observed in the survival of LGG stored at different temperatures (p > 0.05), suggesting
that low-temperature storage might not play a critical role in preserving the viability of
freeze-dried LGG powder for extended durations. These findings emphasize the need for
the further optimization of storage conditions and protective formulations to improve the
stability of freeze-dried probiotics.

Figure 7. Changes in the viable cell concentration (log10 CFU/g) of freeze-dried LGG powder under
different storage conditions. a, b, c, and d represent statistical significance with p < 0.05.

4. Conclusions
The present study has demonstrated that the mechanisms of probiotic cell damage

during freezing and freeze drying are multifaceted and influenced by various physiochemi-
cal factors, including operational parameters during freezing, sublimation, thawing, and
the type of cryoprotectants and reconstitution medium used. These factors play a crucial
role in determining both the survival and metabolic activity of microorganisms throughout
the freezing and freeze-drying processes. When undergoing the freezing and thawing cycle,
LGG retained cell viability with survival rates ranging from 70% to 90% under most freez-
ing conditions. However, the survival of LGG bacteria significantly decreased to below 13%
during the freeze-drying process, together with a reduction in metabolic activity, revealing
that most of the damage associated with freeze drying may occur during the drying phase.
The choice of resuspension medium in the pre-freezing procedure had a considerable im-
pact on the survival of bacterial cells after dehydration, as reflected by a significantly greater
loss in viable LGG observed in PBS compared to water. The addition of trehalose and skim
milk as cryoprotectants enhanced bacterial survival to 15.17% post-freeze drying. These
findings underscore the importance of optimizing freezing and drying conditions to en-
hance bacterial survival. Further studies are required to optimize the operating conditions
and improve bacterial survival during freeze drying. Strain-specific characteristics should
be considered when determining the appropriate pre-freezing conditions before drying.
While our study presents representative SEM images to illustrate morphological changes in
freeze-dried LGG cells, a more detailed comparison of cellular structures before and after
lyophilization, particularly under varying cryoprotectant conditions, would help elucidate
the protective mechanisms of different cryoprotectants on probiotic cell morphology in
future investigations.
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40. Bozoǧlu, T.; Özilgen, M.; Bakir, U. Survival kinetics of lactic acid starter cultures during and after freeze drying. Enzym. Microb.

Technol. 1987, 9, 531–537. [CrossRef]
41. Klaenhammer, T.; Kleeman, E. Growth characteristics, bile sensitivity, and freeze damage in colonial variants of Lactobacillus

acidophilus. Appl. Environ. Microbiol. 1981, 41, 1461–1467. [CrossRef]
42. Hess, E. The Effects of Freezing on Marine Bacteria.: I. Quantitative Studies. J. Biol. Board Can. 1934, 1, 95–108. [CrossRef]
43. Broeckx, G.; Vandenheuvel, D.; Claes, I.J.J.; Lebeer, S.; Kiekens, F. Drying techniques of probiotic bacteria as an important step

towards the development of novel pharmabiotics. Int. J. Pharm. 2016, 505, 303–318. [CrossRef]
44. Wolfe, J. Lateral stresses in membranes at low water potential. Funct. Plant Biol. 1987, 14, 311–318. [CrossRef]
45. Wang, A.; Lin, J.; Zhong, Q. Probiotic powders prepared by mixing suspension of Lactobacillus salivarius NRRL B-30514 and

spray-dried lactose: Physical and microbiological properties. Food Res. Int. 2020, 127, 108706. [CrossRef]

https://doi.org/10.1111/jam.15251
https://doi.org/10.1128/MMBR.00076-15
https://doi.org/10.1007/s11483-009-9136-5
https://doi.org/10.1006/cryo.2000.2259
https://doi.org/10.1016/j.jfoodeng.2020.110396
https://doi.org/10.1016/S0006-3495(00)76789-0
https://doi.org/10.1002/jps.22458
https://doi.org/10.1128/AEM.66.9.3966-3973.2000
https://doi.org/10.1039/D0FO02906H
https://doi.org/10.1016/j.fbio.2024.103794
https://doi.org/10.1007/s00253-007-1228-x
https://doi.org/10.1111/1541-4337.12919
https://doi.org/10.1007/s00253-011-3269-4
https://doi.org/10.1111/j.1472-765X.2007.02188.x
https://doi.org/10.1016/j.lwt.2018.09.065
https://doi.org/10.1111/j.1365-2672.2007.03719.x
https://www.ncbi.nlm.nih.gov/pubmed/18248378
https://doi.org/10.1016/j.cryobiol.2008.11.011
https://doi.org/10.1006/cryo.2001.2343
https://doi.org/10.1006/cryo.1998.2104
https://doi.org/10.1017/S0022029900031782
https://doi.org/10.1016/0011-2240(82)90143-2
https://doi.org/10.1016/0141-0229(87)90082-2
https://doi.org/10.1128/aem.41.6.1461-1467.1981
https://doi.org/10.1139/f34-003
https://doi.org/10.1016/j.ijpharm.2016.04.002
https://doi.org/10.1071/PP9870311
https://doi.org/10.1016/j.foodres.2019.108706


Foods 2025, 14, 1817 15 of 15

46. Fu, N.; Hao, F.; Zhang, S.; Mao, H.; Lu, W.; Chen, X.D.; Wu, W.D. The survival and stability of Lactobacillus rhamnosus GG as
affected by particle formation during spray drying and spray-freeze drying. J. Food Eng. 2024, 383, 112252. [CrossRef]

47. Hubalek, Z. Protectants used in the cryopreservation of microorganisms. Cryobiology 2003, 46, 205–229. [CrossRef]
48. Meneghel, J.; Passot, S.; Cenard, S.; Refregiers, M.; Jamme, F.; Fonseca, F. Subcellular membrane fluidity of Lactobacillus

delbrueckii subsp bulgaricus under cold and osmotic stress. Appl. Microbiol. Biotechnol. 2017, 101, 6907–6917. [CrossRef]
49. Grasmeijer, N.; Stankovic, M.; de Waard, H.; Frijlink, H.W.; Hinrichs, W.L. Unraveling protein stabilization mechanisms:

Vitrification and water replacement in a glass transition temperature controlled system. Biochim. Biophys. Acta (BBA)—Proteins
Proteom. 2013, 1834, 763–769. [CrossRef]

50. Carvalho, A.S.; Silva, J.; Ho, P.; Teixeira, P.; Malcata, F.X.; Gibbs, P. Survival of freeze-dried Lactobacillus plantarum and
Lactobacillus rhamnosus during storage in the presence of protectants. Biotechnol. Lett. 2002, 24, 1587–1591. [CrossRef]

51. Laine, P.; Kylli, P.; Heinonen, M.; Jouppila, K. Storage stability of microencapsulated cloudberry (Rubus chamaemorus) phenolics. J.
Agric. Food Chem. 2008, 56, 11251–11261. [CrossRef]

52. Santivarangkna, C.; Higl, B.; Foerst, P. Protection mechanisms of sugars during different stages of preparation process of dried
lactic acid starter cultures. Food Microbiol. 2008, 25, 429–441. [CrossRef]

53. Jayaprakash, P.; Gaiani, C.; Edorh, J.M.; Borges, F.; Beaupeux, E.; Maudhuit, A.; Desobry, S. Comparison of Electrostatic Spray
Drying, Spray Drying, and Freeze Drying for Lacticaseibacillus rhamnosus GG Dehydration. Foods 2023, 12, 3117. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jfoodeng.2024.112252
https://doi.org/10.1016/S0011-2240(03)00046-4
https://doi.org/10.1007/s00253-017-8444-9
https://doi.org/10.1016/j.bbapap.2013.01.020
https://doi.org/10.1023/A:1020301614728
https://doi.org/10.1021/jf801868h
https://doi.org/10.1016/j.fm.2007.12.004
https://doi.org/10.3390/foods12163117

	Introduction 
	Materials and Method 
	Bacterial Strains, Medium and Growth Conditions 
	Preparation of Cell Suspension and Feed Solutions 
	Freeze Thawing and Freeze Drying 
	Determination of Survival Rate 
	Measurement of Metabolic Activity of LGG 
	Scanning Electron Microscopy (SEM) 
	Statistical Analysis 

	Results and Discussion 
	Impact of Resuspension Solvent 
	Impact of Freezing Temperature and Freezing Rate 
	Impact of Freezing Duration 
	Impact of Dehydration 
	Impact of Cryoprotectants 

	Conclusions 
	References

