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Abstract: Lactic acid bacteria (LAB) are widely used to produce various food products,
adding flavor, texture, and health benefits. The bacteria are commonly grown on expensive
nutrients like glucose, sucrose, and yeast extracts, which makes them commercially unap-
pealing. In the current study, Lactobacillus acidophilus TISTR 1338 culture was studied using
spent cell yeast as a nitrogen source and molasses as a carbon source. The drying process
used to create starter cultures of Lactobacillus acidophilus TISTR 1338 was vacuum drying.
After vacuum drying, this bacterium had a survival rate of 8.08 log CFU/g. The dried
strain survived for four months at 37 ◦C. With wasted cells at 0.5%, molasses concentration
at 11% at 2.14 109 CFU/mL at 22 h, precise growth rate at 0.39 h−1, and yield cell mass
at 1.67 1011 CFU/g sugar, yeast produced the maximum cell mass. The lower viability
of the tested strain was induced by a higher temperature during this prolonged storage.
Meanwhile, dehydrated starter culture was subjected to accelerated storage testing at 50, 60,
and 70 ◦C. To determine the vacuum-dried Lactobacillus acidophilus TISTR 1338′s long-term
storage viability, a temperature-dependent prophecy model was created. Molasses and
spent cell yeast serve as promising carbon and nitrogen sources when optimized conditions
are employed. The study also suggests that vacuum drying is a promising method for
producing dried cells suitable for non-refrigerated storage conditions.

Keywords: accelerated storage testing; Arrhenius theory; shelf life; vacuum drying;
Lactobacillus acidophilus TISTR 1338

1. Introduction
Lactic acid bacteria (LAB) are widely employed in the production of various food

products. However, the media commonly used to support their growth are not cost-
effective due to the high expense of nutrients like glucose and sucrose as carbon sources, as
well as yeast extract and peptone as nitrogen sources. These costly ingredients make the
media economically unappealing for large-scale applications [1]. Therefore, less expensive
materials, such as molasses, are of interest as potential low-cost nutrient sources [2,3]. Spent
cell yeast has also been utilized as a nutrient source for lactic acid production [4].

Lactobacillus acidophilus TISTR 1338 is a very strong probiotic strain that shows high
acid adaptability and tolerance for both harsh and drying temperatures. Additionally, it
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has shown promising results in health-promoting functional foods and nutritional supple-
ments. Because of the major brand proteins involved in stress adaptation, DnaK and GrpE,
Lactobacillus acidophilus TISTR 1338 has the highest viability among the others (acid and
bile condition). At the sub-lethal level, acid-adapted L. acidophilus TISTR 1338 can be used
for processing at both high and low temperatures [5].

By suppressing dangerous bacteria and maintaining pH stability, the strain also gener-
ates lactic acid and may synthesize antibiotics, both of which contribute to the balance of
the gut microbiota [6]. When used therapeutically, it helps manage gastrointestinal issues
and boosts immunological function [7]. Additionally, it is more suitable for a variety of
food formulations because of its resistance to oxidative stress, moderate heat, and infections
like Escherichia coli and Salmonella [6].

The majority of lactic acid bacteria commercial starter cultures are stored in lyophilized
form, as this method ensures relatively high levels of activity and the maintenance of sur-
vival; however, since producing dried cultures through freeze drying is expensive, there
have been numerous efforts to discover and develop more cost-effective drying tech-
niques [8]. One of the effective methods for preserving lactic acid bacteria starter cultures
is vacuum drying, which has been explored as a cost-efficient alternative to freeze drying
while maintaining adequate levels of activity and survival [8]. Vacuum drying enables
water removal at controlled low temperatures, preventing thermal inactivation of cells
without freezing the final product, unlike lyophilization. Nevertheless, the low viability of
cells during the drying process has hindered its commercial development despite its poten-
tial. This limitation necessitates further research into dehydration procedures to optimize
vacuum drying. Additionally, many researchers opted for spray drying as an alternative to
freeze drying. This method involves atomizing a LAB-containing suspension into a hot
gas stream, where rapid evaporation occurs, leaving dry particles behind [9]. Conversely,
spray drying has some advantages over freeze drying in terms of cost and continuous
productivity [10], still, its primary disadvantages lie in the potential for oxidative and
osmotic stress, as well as exposure to high temperature, which can limit its use in some
cases [11]. Meanwhile, accelerated storage testing is widely used for extrapolating shelf life
and predicting storage quality and stability [12].

The Arrhenius equation is the most widely accepted and reliable theory for explaining
how temperature influences the rate of deterioration in various materials and processes [13].
Earlier studies have proposed a model to predict the viable cell counts of probiotics dur-
ing storage in powdered form. Extensive research on freeze-dried cells has thoroughly
documented the storage stability and shelf life of probiotics [14–17]. No similar studies
have been reported on Lactobacillus acidophilus. In a recent study, accelerated storage testing
was employed to predict the shelf life of both vacuum-dried and conventionally dried
L. acidophilus without protectants, evaluating various drying processes during storage.

In this study, vacuum drying was used, which may offer a promising approach to
address the limitations of traditional drying methods for lactic acid bacteria in terms of cost-
effectiveness, product quality, storage testing, and shelf life. There is a significant research
gap in optimizing the process to ensure optimal cell viability and other functional properties.
Additionally, this research aimed to develop an economical growth medium for lactic acid
bacteria using low-cost components and to investigate the impact of temperature on the
viability of Lactobacillus acidophilus TISTR 1338 during drying and storage. Furthermore, an
Arrhenius equation-based predictive model was developed to estimate the storage shelf
life of this strain in powdered form.
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2. Materials and Methods
2.1. Materials

The L. acidophilus TISTR 1338 culture was obtained from the Bangkok MIRCEN at the
Thailand Institute of Scientific and Technological Research (TISTR), Pathum Thani 12,120,
Thailand, and stored at −20 ◦C on de Man, Rogosa, and Sharpe (MRS) agar. The culture
was grown in MRS broth at 37 ◦C, and the total working volume was maintained on stab
MRS agar medium at 4 ◦C. Fresh stabs were prepared monthly using the working culture,
and a new working culture was established every three months using the original reference
culture [18].

2.2. Fermentation of Modified Media

The medium was prepared with the following components (g/L): molasses at 5%,
8%, and 11% w/v; spent cell yeast (brewer’s yeast) at 0.5%, 1.5%, and 2.5% w/v; K2HPO4

at 2.00; Tween 80 at 1; MgSO4 at 0.1; MnSO4 at 0.05; and distilled water to make up to
1000 mL. The pH of the medium was adjusted to 6.5 using 1 M HCL before being sterilized
at 121 ◦C for 15 min.

2.3. Preparation of L. acidophilus TISTR 1338

After two successive transfers of L. acidophilus TISTR 1338 in MRS broth at 37 ◦C for
24 h, the culture was used as the inoculum. Fermentation experiments were conducted
in 100 mL Erlenmeyer flasks containing 50 mL of sterile modified medium, which were
inoculated with 2.5 mL of the 24 h culture (~109 CFU/mL). The samples were then incubated
at 37 ◦C for 24 h [7].

2.4. Preparation of Culture

The filler, consisting of rice bran with hull, was sterilized at 121 ◦C for 30 min, and
subsequently dried overnight at 55 ◦C in a forced-air oven. After drying, it was mixed with
L. acidophilus TISTR 1338 at a ratio of 50% v/w.

2.5. Vacuum Drying

The cultures were dried in a vacuum drier (EYELA VACUUM OVEN VOS 450SD)
at 40 ◦C and 100 mbar to achieve a final moisture content below 11% [19]. After drying,
the samples were rehydrated with a sterile 0.85% NaCl solution to obtain a 1:10 dilution,
which was then homogenized in a Stomacher 80 for 1 min. Serial dilutions of each sample
were prepared and plated on MRS agar containing bromocresol purple at 0.03%. The plates
were incubated at 37 ◦C for 24 h, after which colony-forming units per milliliter (CFU/mL)
were counted.

2.6. Viable Cell Count

The viable cell count of Lactobacillus acidophilus TISTR 1338 was determined on MRS
agar plates. A 1 g sample of vacuum-dried L. acidophilus TISTR 1338 was rehydrated with
9 mL of 0.85% NaCl solution using a Stomacher for 1 min. The rehydrated sample was
measured by serial dilution method in 0.85% NaCl solution, using a spread plate technique
on 1.5% MRS agar in duplicates. The plates were incubated at 37 ◦C for 48 h. The survival
rate of bacteria after vacuum drying was calculated as follows:

Survival rate (%) = (N/No) × 100

where No represents the initial viable cell count before vacuum drying (CFU/g of solids),
N is the number of viable cells after vacuum drying (CFU/g of solids), and CFU/g of solids
indicates the colony-forming units of viable cells per gram of vacuum-dried powder.
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2.7. Moisture Content

Moisture content of the vacuum-dried powder was determined by following the
Official Methods of Analysis [17]. Firstly, 1 g of vacuum-dried powder with three replicates
was kept in an oven at 105 ◦C for 24 h. Then, the samples were taken from the drying oven
and cooled in a desiccator and immediately weighed to obtain a constant weight.

2.8. Accelerated Storage Test

Vacuum-dried cell samples were incubated at 50 ◦C for durations ranging from 0 to
12 h, with 3 h intervals; at 60 ◦C for 0 to 2 h, with 0.5 h intervals; and at 70 ◦C for 0 to
1.5 h, with 0.25 h intervals [20]. At each time point, samples were collected to determine the
residual viable cell count. The viable cell counts measured both before and after exposure
to different temperatures were used to calculate the rate constant (k) values, based on a
first-order reaction model [21].

k = 1/t (log No − log N)

where N represents the number of viable cells at any given time, No is the initial number of
viable cells, and k is the rate constant (slope), expressed as the number of cells (in log10
units) per hour. The k values were calculated using the Arrhenius equation, with expected
values at 4 ◦C and 30 ◦C.

log k = log ko − (Ea/2.303R) ∗ (1/T)

where ko is the experimental constant, known as the frequency factor, R is the gas constant,
T is the absolute temperature, and Ea is the activation energy [22–24].

2.9. Statistical Analysis

All statistical analyses were performed using SAS software (version 9.4, (SAS Institute,
Inc., Cary, NC, USA). Results from duplicate trials were expressed as means and standard
deviations. Data were analyzed using analysis of variance (ANOVA) with a significance
level of p < 0.05. Significant differences among mean values were determined using
Duncan’s multiple-range test.

3. Results and Discussion
3.1. Influence of Molasses and Concentration of Spent Cell Yeast on the Growth of Lactic
Acid Bacteria

To assess the impact of molasses and spent cell yeast concentration on lactic acid
bacteria production, Lactobacillus acidophilus TISTR 1338 was cultured in static flasks at
37 ◦C and pH 6.5, using 5%, 8%, and 11% w/v molasses and 0.5%, 1.5%, and 2.5% w/v
spent cell yeast as carbon and nitrogen sources, respectively. As illustrated in Figure 1 [25],
the supplementation of molasses with spent cell yeast significantly (p < 0.05) influenced
lactic acid bacteria generation. A notable increase in viable cell count was observed as the
molasses concentration was raised from 5% to 11% w/v. Conversely, the number of viable
cells significantly decreased when the spent cell yeast concentration was increased from
0.5% to 2.5% w/v, likely due to substrate inhibition.

Compared to other conditions and media such as MRS, the combination of 11% mo-
lasses and 0.5% spent cell yeast resulted in the highest viable cell count. Additionally,
during fermentation, a reduction in residual sugar concentration was observed. The resid-
ual sugar concentration increased significantly as the initial sugar concentration was raised
from 5% to 11% w/v. This increase in residual sugar was attributed to the microorganism’s
inability to metabolize higher sugar concentrations, consistent with findings by [26,27],
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who studied the optimization of lactic acid production from beet molasses using Lacto-
bacillus delbrueckii NCIMB 8130. In that study, the residual sugar concentration increased
significantly when the initial sugar concentration was raised from 80 to 120 g/L. Further-
more, the current study demonstrated that only a small amount of spent cell yeast was
necessary as a nitrogen source for lactic acid bacteria development in molasses enriched
with spent cell yeast, as the nitrogen content in molasses was sufficient to support bacterial
growth. This finding aligns with the results of [28,29], which reported that in Lactobacillus
growth in yeast extract-enriched cane molasses, only minimal yeast extract was required to
supply nitrogen. Moreover, Suksawang et al. [30] utilized molasses and spent cell yeast
to produce kefiran by Lactobacillus kefiranofaciens. Molasses at a concentration of 80 g/L
gave the highest production of kefiran, at 235 ± 5.7 mg/L. Previous studies, such as [31],
have investigated the combination of molasses and lactobacillus strains for processing corn
silage, yielding high-quality corn silage. This finding indicates that molasses may serve
as an optimal nutrient source to enhance the growth and activity of lactobacillus. In a
similar study, the forage native grass before ensiling was treated with a combination of
lactobacillus and molasses, which increased the nutritional quality of silage and inhibited
the growth of unwanted bacteria, suggesting the high feed of lactobacillus on molasses [32].
Under the conditions of 0.5% spent cell yeast and 11% molasses, the maximum cell mass of
L. acidophilus was achieved at 2.14 × 109 CFU/mL at 22 h, with a growth rate of 0.39 h−1

and a cell mass yield of 1.67 × 108 CFU/g sugar, as shown in Table 1. These conditions
produced the highest viable cell count compared to other experimental conditions.
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Figure 1. Growth outline of L. acidophilus TISTR 1338 at different concentrations in the medium.

Table 1. Maximum concentration of cells, biomass yield, and specific growth rate and cell productivity
at different concentrations on substrate of fermentation medium.

Medium
Maximum Cell
Concentration

(CFU/mL)

µ
(h−1)

Yx/s
(CFU/g Sugar)

Cell
Productivity
(CFU/mL/)

MRS 1.96 × 109 0.32 1.68 × 108 1.09 × 108

C11N0.5 2.14 × 109 0.39 1.67 × 108 9.73 × 107

Note: Mean values and the same letter in the same column are not statistically significant at 5% significance levels
by the least significant difference.

3.2. Survival of L. acidophilus During Vacuum Drying

The survival rate of Lactobacillus acidophilus is summarized in Table 2. The moisture
content of the vacuum-dried starter culture was found to be 9.89%. The results show that
the viable cell count of the LAB strain cultures before drying was >1 × 109 CFU/g, while
after drying, it decreased to >1 × 108 CFU/g. Temperature has been identified as a critical
factor affecting the viability of probiotics during the drying process [33–35]. The loss of
viability was primarily attributed to compromised cell membrane integrity and protein
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denaturation [36]. Likewise, the reduction in viable cell count is not only influenced by the
drying temperature but also by the duration of exposure to elevated temperatures [9,37–39].

Table 2. Viable (log CFU/mL) of Lactobacillus acidophilus TISTR 1338 after vacuum drying.

Method Viability (Log CFU)

Initial 9.18
Vacuum-drying 8.08

3.3. Survival of Vacuum-Dried L. acidophilus TISTR 1338 During Storage

The survivability of vacuum-dried Lactobacillus acidophilus TISTR 1338 was evaluated
over a storage period of 120 days at 4 ◦C and 30 ◦C, as shown in Figure 2. The results
indicated that the highest viability of the strain was observed when stored at the lower
temperature, highlighting the significant effect of storage temperature on the survival of
vacuum-dried cells.
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Figure 2. Viability of vacuum-dried L. acidophilus TISTR 1338 during storage at 4 and 30 ◦C.

At 4 ◦C, the viability of L. acidophilus TISTR 1338 remained stable at approximately
106 CFU/g for up to four months. In contrast, at the higher storage temperature of 30 ◦C, a
significant decline in viability was observed, culminating in complete cell destruction within
seven days. This aligns with findings from [37], where L. paracasei stored at 37 ◦C showed a
decrease of seven log cycles in survival after 20 days with an aw of 0.33, whereas storage
at 4 ◦C for three months resulted in no significant loss of viability. Additionally, similar
results were observed by [39], where the vacuum-drying process showed significantly
better storage stability of bovine serum albumin than the lyophilization process.

The degradation and inactivation of cells primarily occurred during processing and
storage, demonstrating the inverse relationship between storage temperature and probiotic
viability [39–43]. Furthermore, the rate of viable cell degradation was quantified using a
specific degradation rate constant (k), which was found to increase with higher storage
temperatures, as summarized in Table 3.

Table 3. The specific rate of degradation on L. acidophilus TISTR 1338 during storage at 4 and 30 ◦C.

Drying Form
Experimental k Values (h−1)

k4 (R2) k30 (R2)

Vacuum-dried 0.0006 (0.94) 0.0501 (0.98)
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3.4. Prediction on the Shelf Life of Vacuum-Dried L. acidophilus TISTR 1338 by Accelerated
Storage Test

A prototype to assess the long-term preservation of lactic acid bacteria was developed
using accelerated storage methods [39]. The specific degradation rate (k) of microorganisms
can be calculated using Equation (1) [42–44].

logN = logNo − kt (1)

where No represents the initial viable cells (CFU/g of solids), N denotes the viable cells at
any given time (CFU/g of solids), k is the specific rate of degradation (h−1), and t is the
storage time.

The changes in the viability of vacuum-dried Lactobacillus acidophilus TISTR 1338 under
storage temperatures of 50 ◦C, 60 ◦C, and 70 ◦C are presented in Table 4. The slope of each
linear regression corresponds to the specific rate of degradation (k, h−1), as illustrated in
Figure 3.

Table 4. Effect due to thermal death of Lactobacillus acidophilus on exposure to different temperatures
TISTR 1338 after vacuum drying.

Temperature (◦C) Storage Time (h)
Log No − logN

Vacuum-Dried

50 0 0
3 2.33
6 3.86
9 5.29

12 ND
60 0 0

0.5 1.17
1 2.67

1.5 3.05
2 5.53

70 0 0
0.25 0.68
0.5 1.00

0.75 2.23
1.0 3.49

1.25 5.39
No: The initial number of viable cells; N: The number of viable cells after the time indicated. ND: No viable cell
was detected.
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The relationship between the degradation rate constant (k) and temperature can be
described using the Arrhenius equation, as shown in Equation (2).

K = Ae(−E
a

/RT) (2)

where k is the specific rate of degradation (day−1), R is the gas constant (8.32 J·mol−1·K−1),
Ea is the activation energy (J·mol−1), and T is the absolute temperature (K). Equation (3) is
derived by taking the logarithm of both sides of Equation (2).

logk = logk0 −
Ea

2.303 R
× 1

T
(3)

From the Arrhenius equation, the constant value Ea
2.303R as attained from a straight-line

slope after the logarithms of determined k values, see Table 5, were charted against the
multiplicative inverse of their absolute temperatures, as shown in Figure 4. As a result, the
Arrhenius equation allowed for the determination of the energy of the activation constant,
which led to the estimation of k4 and k30.

Table 5. The precise rate of degradation of vacuum-dried L. acidophilus TISTR 1338.

Storage Temperature (◦C) Precise Rate of Degradation. k (h−1) (R2)

50 0.5832 (0.9838)
60 2.1289 (0.9553)
70 5.1652 (0.9200)
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The prediction equations of the strain viability for long-term preservation at 4 ◦C and
30 ◦C are shown in Table 6.

Table 6. Predicted specific rate of degradation of L. acidophilus TISTR 1338 by vacuum drying during
storage at 4 ◦C and 30 ◦C.

Drying Form
Expected Values k (h−1)

k4 k30

Vacuum-dried 0.0012 0.0515

Table 4 presents the decimal reduction values for the thermal inactivation of Lacto-
bacillus acidophilus TISTR 1338 following vacuum drying. Among the three temperatures
evaluated (70 ◦C, 60 ◦C, and 50 ◦C), 70 ◦C exhibited the fastest thermal decline. The data
also indicated that L. acidophilus TISTR 1338 displayed a significantly lower decimal reduc-
tion at higher treatment temperatures (70 ◦C). A study by Poddar et al. [44] investigated
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the mortality rates of freeze-dried and controlled low-temperature vacuum-dehydrated
(CLTVD) L. acidophilus, as well as the protective effects of various protectants. They found
that elevated temperatures resulted in a more pronounced thermal reduction.

The values of k (h−1), representing the thermal reductions of Lactobacillus acidophilus
TISTR 1338 following vacuum drying, are shown in Table 5. These values range from 0.5832
to 5.1652 h−1. The slope of the first-order microbial thermal reduction reaction and the
thermal reduction rate of the cells are indicated by the k values. As observed in Table 5,
higher temperatures corresponded to higher k values. These findings align with the study
by [45], which reported that higher drying temperatures caused a faster decrease in the
viability of Saccharomyces cerevisiae during the falling-rate drying period compared to lower
drying temperatures.

The expected k values for vacuum-dried Lactobacillus acidophilus TISTR 1338 at 4 ◦C
and 30 ◦C are presented in Table 6. These results are consistent with the findings of [46,47].

The expected k values for vacuum-dried Lactobacillus acidophilus TISTR 1338 were de-
termined from the experimental k values. A comparison of the predicted and experimental
survival rates of vacuum-dried L. acidophilus TISTR 1338 at 4 ◦C and 30 ◦C is shown in
Tables 3 and 6, with no significant differences observed over a 4-month storage period
(Figure 5).
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1338 were compared during storage at 4 ◦C and 30 ◦C.

The results indicated that accelerated storage testing was a reliable tool for predicting
the shelf life at 30 ◦C but was not an accurate predictor at 4 ◦C. The predicted k value at
4 ◦C was nearly twice the experimental k value. This discrepancy was likely caused by
changes in the physical properties of the vacuum-dried powder during the accelerated
storage tests, potentially altering the activation energy.

Other factors that could have contributed to the observed discrepancies include non-
enzymatic reactions during storage. According to Barbosa et al. [48], several reasons can
account for deviations from Arrhenius kinetics:

(i) Elevated temperatures may induce first-order phase transitions, such as the melting
of solid fats, facilitating reactant flow in the liquid phase;

(ii) Water loss at high temperatures may alter reaction rates;
(iii) Reactions with different activation energies may dominate at various temperatures;
(iv) Increasing temperature and water activity could accelerate reaction rates;
(v) Protein denaturation could modify the reactivity of proteins at high temperatures;
(vi) Water release during amorphous sugar crystallization may change the proportion of

reactants in the solute-water phase.
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Although these anticipated models deviated from the Arrhenius theory, limited studies
have shown success in predicting microbial survival during storage. This suggests that
such models may vary depending on the specific strain and microorganism. Therefore, it
was concluded that accelerated storage testing is a modest approach with limited accuracy
and predictability. The study successfully demonstrated the cell viability of bacteria and
the influence of molasses and spent cell yeast, as well as vacuum drying on bacterial
growth. Additionally, predictions made by accelerated storage testing were too reliable
and provided valuable insights into the long-term stability of dried bacteria. However,
this study has certain limitations. The study was focused on a single strain of lactic acid
bacteria, which limits the generalizability of the findings to other bacterial strains. Moreover,
the accelerated storage testing did not provide accurate prediction on shelf life at 4 ◦C,
indicating the pitfalls, and may not fully capture the effects of real-world storage conditions.
Furthermore, analysis of the biochemical and functional properties of the dried bacteria
could provide further insights into their potential applications.

4. Conclusions
All in all, the findings of this study indicate that molasses and spent cell yeast are

viable carbon and nitrogen sources for the production of Lactobacillus acidophilus TISTR 1338.
However, optimization of substrate concentrations is essential for maximizing cultivation
efficiency. The study also suggests that vacuum drying is a promising method for producing
dried cells suitable for non-refrigerated storage conditions. Temperature was identified
as a critical factor influencing microbial survival during both vacuum drying and storage.
While accelerated storage testing, based on the Arrhenius equation, provides limited
predictability for long-term storage, it may be effectively employed to develop a model
system for estimating the shelf life of vacuum-dried L. acidophilus TISTR 1338.
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