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Comprehensive microbial stability assessment of
freeze-dried millet-based yogurt mix as a space
food for extended shelf-life

D. Mahalakshmi2* and Samuel Ayofemi Olalekan Adeyeye

Microbial safety and nutritional stability are critical factors for food systems designed for long-duration
space missions. This study explores a proof-of-concept freeze-dried yogurt formulation incorporating
finger millet (Eleusine coracana) and strawberry (Fragaria x ananassa), aimed at developing a product
with extended shelf-life potential. The yogurt was fermented with Streptococcus thermophilus and
Lactobacillus bulgaricus, followed by the freeze-drying process. The product demonstrated fungal
stability and cytotoxic safety over 60 days of storage. Formulations were optimized using Response
Surface Methodology (RSM), and ten samples were analyzed for microbial safety, cytotoxicity, and
sensory acceptance. Storage stability was assessed under controlled ambient conditions (25 + 2 °C, 60%
RH) over 60 days. Microbiological tests included total bacterial count (TBC), yeast and mould count
(TYMQC), and pathogen detection (E. coli, Salmonella). Cytotoxicity was evaluated using MTT assay on
Vero cell lines. All samples remained within acceptable microbial safety limits, with no pathogenic
growth detected. For all samples, cell viability remained above 94%, and ICsq values exceeded 100 pg
mL™L. The optimized formulation demonstrated favorable consumer acceptability and safety, making it
a potential option for space missions. This study provides astronauts with a reliable and convenient food
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option that meets safety and nutritional requirements.

This research contributes to sustainable food innovation by developing a shelf-stable, nutrient-dense yogurt mix using indigenous crops such as finger millet
and natural fruit pulp. By employing freeze-drying technology and avoiding artificial preservatives, the formulation supports long-term storage without
refrigeration, minimizing energy use and food waste. Its lightweight, rehydratable nature also reduces transportation burdens, making it ideal for both space

missions and deployment in remote, resource-limited environments. This work promotes circular food systems through the valorisation of climate-resilient

crops, aligning with global goals for sustainable nutrition and food security.

1. Introduction

Finger millet (Eleusine coracana), also known as ragi, is a staple
cereal crop widely cultivated in Africa and South Asia. It is rich
in essential amino acids, dietary fiber, minerals such as calcium
and iron, and phytochemicals, making it a valuable component
of nutritionally balanced diets. In recent years, there has been
a growing interest in utilizing finger millet as a functional food
ingredient due to its low glycemic index, gluten-free nature, and
bioactive compounds with potential antioxidant, antidiabetic,
and cardioprotective effects.” The high calcium content of finger
millet, in particular, has positioned it as a promising cereal for
supporting bone health and preventing conditions such as
osteoporosis. However, despite its nutritional potential, its
incorporation into mainstream processed foods remains
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limited due to its characteristic earthy taste, coarse texture, and
darker color, which may influence consumer acceptance.”
Strawberries (Fragaria x ananassa), on the other hand, are
highly valued for their vibrant color, characteristic aroma, and
high content of vitamin C, phenolic compounds, and anthocy-
anins. These bioactive compounds exhibit strong antioxidant
capacity and contribute to various health benefits, including
anti-inflammatory and cardioprotective properties. The combi-
nation of finger millet and strawberry in a single product offers
a unique opportunity to enhance both the nutritional and
sensory profiles, masking the millet's strong flavor while
introducing natural sweetness, attractive color, and aroma.?
As far as space exploration is concerned, there is a pressing
need to develop nutrient-dense, shelf-stable, and culturally
familiar foods to support long-duration missions.* Astronauts
require foods that not only meet caloric and nutrient require-
ments but also provide psychological comfort and familiarity,
reducing the monotony associated with repetitive menus in
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isolated environments.® Freeze-drying technology has emerged
as a preferred preservation method for space foods due to its
ability to retain nutrients, flavour, and texture while signifi-
cantly reducing water activity and extending shelf life. The
development of a finger millet-strawberry yogurt mix in
a freeze-dried form aligns with these requirements, offering
a functional, probiotic-rich product that can be reconstituted
with water, thus optimizing storage and preparation efficiency
under microgravity conditions.®

Yogurt is widely recognized for its probiotic content,
digestibility, and role in promoting gut health. The incorpora-
tion of probiotic cultures into a cereal-fruit matrix not only
enhances nutritional value but may also provide additional
health benefits, such as improved lactose digestion, modulation
of gut microbiota, and immune system support.” However, for
probiotics to be effective in space foods, their stability during
extended storage under ambient conditions must be ensured.
This requires careful selection of starter cultures, optimization
of the freeze-drying process, and control of environmental
storage parameters such as temperature and relative humidity.®

Shelf-life studies are crucial in determining the safety,
quality, and functional retention of such products. Controlled
ambient storage conditions, typically around 25 + 2 °C and 60%
relative humidity (RH), are often used to simulate realistic
storage environments.” Under these conditions, monitoring
microbial stability, physicochemical properties, and sensory
acceptance over time provides valuable insight into product
performance.* In space missions, the challenge is heightened
due to possible fluctuations in temperature and the absence of
refrigeration, making robust product formulation essential.™

Previous studies have investigated the nutritional benefits of
finger millet-based foods and the potential of fruit-enriched
yogurt products. However, limited research has addressed the
integration of these components into a shelf-stable, freeze-dried
format tailored for space applications. Moreover, while the
sensory characteristics of finger millet products have been
explored, their acceptability when combined with strawberry
and probiotics in a yogurt base remains underreported. This
gap in the literature underscores the need for comprehensive
research that examines not only the nutritional and functional
properties but also the sensory acceptability and microbial
stability of such formulations.
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Previous studies have examined the nutritional benefits of
finger millet-based foods and the potential of fruit-enriched
yogurt products, while recent research on freeze-dried dairy
products and cereal-dairy blends'> has demonstrated the
possibility of maintaining probiotic viability and sensory quality
during extended ambient storage. However, their application to
millet-based yogurt systems for space use remains largely
unexplored. Key challenges persist, including nutrient degra-
dation over long storage periods, reduced palatability, and
uncertainty regarding microbial stability under microgravity
conditions. This study addresses these gaps by developing and
evaluating a calcium-rich, millet-based freeze-dried yogurt with
strawberry, specifically tailored to meet the nutritional
requirements and storage constraints of space missions. The
formulation was optimised to balance nutritional density,
sensory quality, and probiotic viability, and was assessed for
physicochemical parameters, microbial stability, and sensory
acceptability over an extended storage period under controlled
ambient conditions. By providing comprehensive data on
sensory performance, microbial safety, nutrient retention, and
cytotoxic safety, this work offers valuable insights for advancing
the development of functional, shelf-stable space foods with
potential terrestrial applications. To our knowledge, no prior
work has integrated finger millet and strawberry in a freeze-
dried yogurt matrix specifically designed for space food appli-
cations. This study addresses this gap by evaluating nutritional,
microbial, and sensory characteristics relevant to space
missions.

2. Materials and methods
2.1 Materials

The major ingredients used in the yogurt formulations included
whole milk, starter cultures including Streptococcus thermophi-
lus and Lactobacillus bulgaricus, stevia which acts as a natural
non-nutritive sweetener, maltodextrin which was used as
a stabilizer, strawberry pulp, and finger millet (Eleusine cor-
acana) slurry. All materials were food-grade and sourced from
certified suppliers. The bacterial cultures were obtained in the
freeze-dried form and revived according to the supplier's
guidelines prior to use.™

Table 1 Experimental design used to evaluate the effect of strawberry and finger millet fortification on sensory properties

Sample Run Yogurt Strawberry puree Finger millet slurry Appearance Flavour Taste Texture Mouthfeel OA
FSO 1 70 60 10 7 8 7 8 7 8
FS1 2 70 60 100 8 9 9 9 8 9
FS2 3 70 100 55 6 6 7 6 6 6
FS3 4 100 60 55 7 8 7 8 7 8
FS4 5 40 60 55 7 7 6 7 7 7
FS5 6 100 20 100 5 5 5 5 5 5
FS6 7 70 60 55 8 9 8 9 8 9
FS7 8 40 20 10 7 8 7 8 7 8
FS8 9 70 20 55 6 7 6 7 6 7
FS9 10 40 100 100 5 6 5 6 5 6
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‘ Freeze dried strawberry and millet yogurt ‘
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Fig. 1 Schematic representation of the formulation and evaluation
workflow of freeze-dried strawberry and millet yogurt.

2.2 Preparation of strawberry pulp and finger millet slurry

Strawberry pulp was standardized by selecting completely ripe
fruits with uniform maturity (based on visual color index and °
Brix measurement), washing them under running water,
removing the calyxes, and pulping them with a sterilized
mechanical pulper. To maintain uniformity in sweetness and
soluble solids between batches, the pulp was adjusted to a set ©
Brix value (12 + 0.2) using a digital refractometer. Similarly, the
finger millet slurry was made from a single batch of cleaned,
dehulled grains, then crushed into fine flour and sieved through
a 60-mesh sieve to ensure uniform granularity.**

2.3 Yogurt formulation and fermentation

Ten yogurt samples, including one control (FS0) and nine
variants (FS1-FS9), were formulated by incorporating different
ratios of strawberry pulp and finger millet slurry as reported in
ref. 15 and as detailed in Table 1 and Fig. 1. After 30 minutes of
pasteurization at 85 °C, the milk was chilled to 42 °C and
combined with prepared additions, 1% maltodextrin, and 0.2%
stevia. To achieve a final pH of 4.6, the mixture was inoculated
with 2% of a mixed starter culture and cultivated for 6-8 hours
at 42 °C.

2.4 Standardisation

To ensure consistency and reduce experimental variability, all
yogurt powder and test samples were made in homogenized
batches before analysis. The freeze-dried yogurt powder was
completely combined with a mechanical blender at a controlled
speed for 5 minutes to ensure even distribution of nutrients,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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bioactive components, and moisture content. The samples were
then passed through a 40-mesh stainless steel filter to ensure
uniform particle size and minimize segregation during storage
and handling, as recommended for powder-based food systems.
Each batch was kept in airtight, food-grade laminating pouches
under identical ambient conditions until analysis. The total
batch mass varied between formulations due to differences in
the proportions of strawberry puree and finger millet slurry as
per the experimental design. All analytical measurements were
performed on a standardized 100 g equivalent of product, and
identical serving sizes were presented for sensory evaluation to
ensure comparability among treatments.

2.5 Freeze-drying (lyophilisation)

The fermented yogurt mix was poured into sterilized silicone
moulds and immediately covered with aluminum foil to prevent
contamination. To ensure aseptic handling, both the moulds
and the lyophilizer chamber were sterilized with 70% ethanol.
The samples were pre-frozen at —20 °C for 12 hours to guar-
antee consistent ice crystal formation and successful sublima-
tion. Prior research'® has shown that freeze-drying at a fixed
shelf temperature of —80 °C under vacuum for 48 hours maxi-
mizes probiotic viability, colour, and texture preservation in
yogurt powders under similar conditions. These parameters
were selected based on prior studies demonstrating that pre-
freezing at —80 °C followed by lyophilisation for approxi-
mately 48 h under low vacuum effectively preserves probiotic
viability, antioxidant capacity, and sensory quality in dairy-
cereal matrices, while minimising residual moisture and
oxidative degradation."” To avoid processing variability, all
formulations were held under the same circumstances.

Once dried, the samples were carefully unmoulded and
ground into a fine, homogeneous powder using a sterile mortar
and pestle to ensure uniformity and consistency in subsequent
analyses. The resulting powders were stored in vacuum-sealed
Mylar bags at ambient temperature to maintain stability and
prevent moisture reabsorption. The preparation process was
designed to optimize the formulation by varying the concen-
trations of finger millet slurry and maltodextrin, aiming to
achieve a shelf-stable, nutritionally rich yogurt powder with
optimal rehydration and sensory properties. This product has
potential applications in space nutrition and in convenience
foods that require extended shelf life.*® All analyses were per-
formed in triplicate with each replicate representing an inde-
pendent biological batch, and the results are expressed as mean
+ standard deviation.

Samples were stored at 25 £ 2 °C in airtight, food-grade
laminated pouches under ambient laboratory conditions.
Relative humidity in the storage area was noted daily and
averaged 65 + 5% during the storage period. The laminated
pouches provided a moisture barrier, minimizing the impact of
ambient humidity fluctuations. Packaging integrity was
inspected periodically to ensure consistent storage conditions.
This study tested the product under a single storage condition;
future work should evaluate stability under varied environ-
mental conditions to simulate diverse spaceflight scenarios.
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2.5.1 Sensory evaluation. The sensory evaluation was con-
ducted with 30 voluntary participants (aged 22-35 years),
including students and staff from the Department of Food
Technology, Hindustan Institute of Technology and Science.
The panel comprised semi-trained members from the Food
Technology Department, all of whom had prior basic knowledge
of sensory evaluation principles through their academic cour-
sework." Panellists were selected based on their familiarity with
yogurt products and absence of any known allergies to milk or
strawberries. Prior to evaluation, panellists were informed
about the study objectives and procedures, and verbal consent
was obtained. All samples were coded with random three-digit
numbers to ensure blinding, and their presentation order was
randomized to minimize bias. Rating was done using a 9-point
hedonic scale, with 1 indicating severe dislike, 2 indicating very
much dislike, 3 indicating moderate dislike, 4 indicating mild
dislike, 5 indicating neither like nor dislike, 6 indicating minor
liking, 7 indicating moderate liking, 8 indicating very much
liking, and 9 indicating extreme liking. The criteria considered
were colour, appearance, taste, aroma, flavour, texture,
mouthfeel, and overall acceptability.”® Overall acceptability
scores were obtained directly from the sensory panel using a 9-
point hedonic scale (1 = dislike extremely, 9 = like extremely).
The mean score was calculated as the arithmetic mean of
panelist responses. No composite index or weighted average
was used. As this study involved only low-risk sensory testing
with consenting adults and no invasive procedures, formal
ethics committee approval was not required, consistent with
international standards for exemption of minimal-risk human
research.

2.5.2 Microbial assessment

2.5.2.1 Preliminary detection of E. coli. Escherichia coli
microbiological analysis was carried out using the pour plate
method and Eosin Methylene Blue (EMB) agar. Samples were
suspended in phosphate buffer saline (PBS, pH 7.2) and serial
decimal dilutions from 10" to 10> were made. One milliliter
of each dilution (10™* and 10~°) was transferred into sterile
Petri dishes, then 15 mL of EMB agar (at 45 °C) was added. The
ingredients were gently mixed, solidified, and incubated in an
inverted posture at 37 °C for 48 hours.** Colonies were counted,
and colony-forming units per milliliter (CFU g™ ') were deter-
mined using the standard ISO method formula:

S c

F gL p—
CFU & = G0y x d

where ) C is the total colonies counted, n1 and n2 are the
number of plates at first and second dilutions respectively, and
d is the dilution factor.

2.5.2.2 Preliminary detection of Salmonella. Salmonella spp.
enumeration was carried out using the pour plate technique
with bismuth sulphite agar. Test samples were diluted using
phosphate buffer saline (pH 7.2), followed by serial dilutions
from 10" to 10~°. One millilitre from the 10™* and 10~ dilu-
tions was inoculated onto sterile Petri plates. Sterile bismuth
sulphite agar, maintained at 45 °C, was added (15 mL), gently
mixed with the inoculum, and allowed to solidify. The plates
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were incubated inverted at 37 °C for 48 hours.?* Colonies were
then counted, and CFU g~ ' was determined using:

G 2C
CFU ¢ = Vxd

where Y C is the total colonies, V is the volume plated (1 mL),
and d is the dilution factor used.

2.5.2.3 MTT cytotoxicity assay. The MTT test was used to
determine cytotoxicity, according to Mosmann's technique
(1983).% Prior to cell exposure, samples were sterilized by
filtration through a 0.22 pm membrane filter and confirmed for
absence of microbial contamination by plating on nutrient agar
and potato dextrose agar. Vero cells were sown onto 96-well
plates and incubated at 37 °C for 24 hours. Samples were made
at different concentrations (1-512 pg mL ") by diluting ~1 mg
of material in sterile media serially. After 24 hours of sample
treatment, the medium was removed and cells were incubated
with MTT solution (5 mg mL " in PBS) for 4 hours. Viable cells
produced formazan crystals, which were dissolved in 100 pL of
DMSO and measured at 570 nm with a microplate reader. Cell
viability above 80% relative to control is generally considered
non-cytotoxic and safe for further consideration in food appli-
cations (OECD Guidelines, 2021).>* This threshold was used to
interpret safety for human consumption in the present study.
The dose-response curve was produced using nonlinear
regression to determine the % viability and ICs, values.

2.5.2.4 Shelf-life analysis (total bacterial and yeast/mould
count). Shelf-life microbial analysis was conducted by deter-
mining Total Bacterial Count (TBC) and Total Yeast and Mould
Count (TYMC). Test samples were diluted using phosphate
buffer saline (PBS, pH 7.2) and serially diluted from 10~ to
10~°. One milliliter of dilutions (10> and 10~°) was poured into
Petri dishes. Nutrient agar (for TBC) and potato dextrose agar
(for TYMC) were sterilized and cooled to 45 °C before pouring
(15 mL per plate). After gentle mixing and solidification, plates
for TBC were incubated at 37 °C for 48 hours, while TYMC plates
were incubated at 25 °C for 5-6 days.*® Colonies were enumer-
ated, and CFU g ' was calculated using the standard plate
count formula:

> C

—1 _
CFU & = Gir0an) = 4

2.5.3 Storage and sampling intervals. Food samples were
maintained at a regulated temperature of 25 £+ 2 °C and 60%
relative humidity throughout the investigation. This storage
temperature was selected to simulate standard terrestrial
ambient conditions and approximate certain segments of
controlled environments in space station storage modules
where refrigeration is not always applied. Evaluations were
conducted at five specific time intervals to check microbiolog-
ical safety, cytotoxic effects, and shelf-life stability: Day 0, Day
15, Day 30, Day 45, and Day 60. At each interval, samples were
tested for Escherichia coli and Salmonella spp. using the pour
plate method with Eosin Methylene Blue (EMB) and bismuth
sulphite agar, respectively.> The MTT test was used on Vero cell
lines to measure cytotoxicity and determine ICs, values. The
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shelf-life was determined by quantifying the total bacterial
count (TBC) and total yeast and mould count (TYMC) on
nutritional agar and potato dextrose agar.

2.5.4 Statistical analysis. All experiments were conducted
in triplicate as independent trials, and the results are expressed
as mean values =+ standard deviation (S.D.). Data obtained from
different yogurt formulations (FS0-FS9) were subjected to one-
way analysis of variance (ANOVA) using SPSS version 23 (IBM).
Differences among mean values were assessed using the Least
Significant Difference (LSD) test at a 5% level of significance (P <
0.05). The same statistical protocol was applied for sensory
scores, microbial counts, and cytotoxicity results to determine
significant variation among the tested parameters.*”

Data were fitted to a second-order polynomial model, and
the adequacy of the model was evaluated using the coefficient of
determination (R* = 0.982), adjusted R* = 0.971, predicted R*> =
0.956, coefficient of variation (CV = 2.14%), and lack-of-fit test
(p = 0.182, non-significant). Model significance and individual
term significance were assessed via ANOVA at p < 0.05. The
interaction between finger millet slurry and maltodextrin
concentrations was visualized using three-dimensional surface
plots to interpret their combined effects on overall acceptability
(0A).

3. Results and discussion
3.1 Sensory evaluation

The sensory evaluation results of the freeze-dried millet-based
yogurt mix samples (FSO-FS9) are presented in Table 2.
Among the ten formulations, FS7 was the most preferred,
receiving the highest overall mean score of 8.47 + 0.11 on a 9-
point hedonic scale. Its superior acceptability was attributed to
a well-balanced flavour profile, smooth mouthfeel, and uniform
texture, which were consistently rated highly by the panellists.
While FS9 obtained the highest rating for colour and appear-
ance, its more intense flavour profile may have slightly reduced
its mouthfeel scores, resulting in a marginally lower overall
acceptance.”®

The least accepted sample, FS4, had a mean score of 6.44 +
0.31, with panellists citing coarse texture and less appealing
appearance—likely linked to uneven dispersion or partial phase
separation during rehydration.
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Fig. 2 Radar chart depicting sensory attributes of freeze-dried
strawberry and millet yogurt samples (FSO—-FS9).

Interestingly, FS2, FS5, FS7, and FS9 were statistically similar
(P> 0.05) in overall mean scores, suggesting that despite minor
variations in individual sensory attributes, these samples
offered a comparable overall eating quality. Multiple formula-
tions (FS2, FS5, FS7, FS9) were found to be sensorially accept-
able. This flexibility is advantageous for space programs,
allowing menu variation and ingredient substitution without
compromising product quality. This similarity could be due to
their shared optimisation in the proportion of strawberry pulp
and finger millet slurry, which appeared to yield an ideal
balance between natural sweetness, acidity, and textural
smoothness. Furthermore, all four samples incorporated an
adequate level of milk solids and stabilisers, minimising
syneresis and ensuring consistent rehydration behaviour—
factors likely contributing to panellists perceiving them as
equally acceptable.

Despite variations in individual scores, all formulations
achieved mean overall acceptance scores above 6.0, indicating
they fell within an acceptable sensory range. This aligns with
findings from ref. 29, where plant-based fermented beverages
consistently scored above 7.0 on the hedonic scale. The fact that
multiple formulations—including FS2, FS5, FS7, and FS9—

Table 2 Sensory evaluation scores of freeze-dried strawberry and millet yogurt formulations (FSO-FS9) based on a 9-point hedonic scale®

Sample code  Colour Appearance  Flavour Texture Taste Mouthfeel  Overall acceptability (OA) Mean score + SD
FSO 7.6 £04° 7.5+ 04 7.8+04> 75+04> 77+04> 76+04> 7.8+04° 7.64 £ 0.40°
FS1 6.8+ 0.3° 7.0+ 0.3° 72403 694+03° 7.0+0.3° 6.8+03° 7.1+03° 6.97 + 0.33¢
FS2 8.1+ 0.2 8.0+ 0.2% 8.3+ 0.2 8.0+0.2° 82+02° 81+02" 83+0.2° 8.14 + 0.21%
FS3 72+02° 7.0+0.2° 71+02° 70+02° 71+02° 7.0+02° 72+o02° 7.09 + 0.25°
FS4 6.5+ 0.3° 6.3 £ 0.3° 6.7+ 0.3° 62+0.3° 65+£03° 63=£03° 6.6=+03° 6.44 + 0.31¢
FS5 8.4+ 0.1% 8.2+ 0.1% 8.5+ 0.1* 83+0.1° 84+01° 83+01° 85+0.1° 8.37 + 0.13%
FS6 7.0+ 0.2° 7.1 +0.2° 73+02° 70+02° 72+02° 71+02° 72+02° 7.13 £+ 0.18°
FS7 8.5+ 0.1 8.4+ 0.1% 8.6+ 0.1 83+0.1° 85+0.1° 84+01" 8.6+0.1° 8.47 + 0.11%
FS8 6.9+ 0.1° 6.8+ 0.1° 6.7+ 0.1° 6.8+0.1° 69+0.1° 67+£0.1° 6.9+0.1° 6.81 & 0.12¢
FS9 9.0+ 0.1 8.9+ 0.1% 9.1+01* 88+01* 9.0+0.1* 89+0.1* 9.1+0.1° 8.97 + 0.08%

“ Values within the same column followed by different superscript letters (a, b, c) differ significantly at P < 0.05 according to LSD post-hoc test.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Response surface plot showing the effect of finger millet slurry
and maltodextrin concentration on sensory acceptability.

achieved scores statistically comparable to the top-performing
sample supports the idea that multiple formulations may be
acceptable in practice. Such acceptability is particularly relevant
for yogurt-based space foods, where maintaining palatability
across variations is critical to prevent menu fatigue during
extended missions.

The radar chart (Fig. 2) depicts the sensory profiles of freeze-
dried strawberry and millet yogurt samples (FS0-FS9) using
numerous analyzed features. FS7 had the greatest sensory
scores, especially in flavor, mouthfeel, and texture, resulting in
a mean acceptability score of 8.47 £+ 0.11. The uniform and
expanded plot for FS7 across qualities demonstrates its well-
balanced sensory quality. In contrast, FS9 scored significantly
higher in color and appearance but had a lower mouthfeel
score, most likely because of its stronger flavor intensity, which
had a minor impact on its overall acceptability. The consistency
of sensory ratings across samples demonstrates how formula-
tion modifications affect the sensory perception of freeze-dried
yogurt products.

The fitted quadratic model for overall acceptability demon-
strated a high degree of correlation with the observed values (R

Total Bacterial Count (TBC) Over 60 Days
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—o- sl
- 52
i}
o Fs4
—o- 55
—o- 56

Fs7

Fs8
- F59

TBC Log CFU/g

30 40 50 60
Time (Days)

Fig.4 Total bacterial counts in freeze-dried yogurt samples during 60
days of ambient storage.

512 | Sustainable Food Technol., 2026, 4, 507-520

View Article Online

Paper

= 0.96, adjusted R*> = 0.94, predicted R” = 0.91, CV = 3.2%). The
lack-of-fit was non-significant (P = 0.28), confirming that the
model adequately described the data without significant unex-
plained variation. Fig. 3 illustrates the interactive effects of
finger millet slurry and maltodextrin on OA. Increasing finger
millet concentration up to approximately 25% improved OA,
likely due to enhanced nutritional perception and characteristic
flavour; however, higher levels reduced OA due to increased
earthy taste and coarse mouthfeel. Maltodextrin addition
improved mouthfeel and sweetness balance, with a positive
interaction observed at moderate levels of both ingredients.

The 3D surface plot from Fig. 3 illustrates the interaction
effect of finger millet slurry and maltodextrin on sensory
acceptability. Compared to the studies conducted in ref. 30, this
RSM-based optimization reveals a balanced formulation trend,
highlighting improved acceptability at mid-level concentra-
tions, supporting recent findings on enhancing sensory profiles
through composite ingredient ratios in functional foods (Tay
et al., 2021).** The ANOVA results indicated that the quadratic
model was highly significant (p < 0.0001) with no significant
lack-of-fit (p = 0.182), confirming model adequacy. The high R*
(0.982), adjusted R*> (0.971), and predicted R* (0.956) values
demonstrated strong agreement between predicted and exper-
imental data, while a low CV (2.14%) indicated good precision
and reproducibility.

It is also important to note that cultural preferences and
repeated exposure frequently affect consumers' acceptance of
fermented, mildly bitter, or sour products like yogurt. Stein
et al. observed that regular exposure to bitter foods can increase
consumer acceptance over time, especially when combined with
pleasant aromas or sweet flavour notes. In our study, the
inclusion of fruit flavouring (strawberry puree) may have played
a key role in enhancing the flavour perception and overall
acceptability of the yogurt formulations.

3.2 Microbial quality of freeze-dried yogurt mix

3.2.1 Total bacterial count (TBC). Total Bacterial Count
(TBC) was monitored across all ten food samples labelled FSO to
FS9 on Days 0, 15, 30, 45, and 60 using the pour plate method
with nutrient agar. On Day 0, counts ranged from 1.03 & 0.7 log
CFU g~' (FS8) to 9.8 + 1.2 log CFU g~ ' (FS1). A similar pattern
was observed on Day 15, with values between 1.0 £ 1.1 log CFU
g ' (FS4) and 9.7 4+ 0.7 log CFU g (FS8). By Day 30, counts
varied from 1.02 & 1.1 log CFU g~ ' (FS7) t0 9.8 £ 0.3 log CFU g !
(FS9). At Day 45, bacterial loads ranged between 1.0 £+ 0.7 log
CFU g (FS3) and 9.8 + 0.6 log CFU g~ * (FS0). By Day 60, final
counts spanned from 1.1 & 0.6 log CFU g (FS2) to 9.9 + 0.8 log
CFU g ' (FS6). These results (Table 3) reflect a gradual increase
in bacterial load over time in several formulations, while others
remained stable, a pattern also observed in similar studies on
ambient-stored freeze-dried products.*

Post-processing contamination in dairy-based powders can
occur via airborne dust, aerosols, residues on equipment, and
biofilms within filling lines. Insufficient hygienic zoning and
inadequate separation of high- and low-hygiene areas increase
this risk. Preventive strategies include validated dry-cleaning

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Total yeast mold counts in freeze-dried yogurt samples during 60 days of ambient storage.

protocols, high-efficiency air filtration, post-packaging decon-
tamination, and rigorous environmental monitoring.**

The observed TBC values, as shown in Fig. 4, remain within
the acceptable limits set by food safety authorities, indicating
that the formulations meet microbiological safety require-
ments. The relatively large standard deviations observed in
microbial counts may be attributed to the inherent variability in
the freeze-dried product microstructure, heterogeneous micro-
bial distribution, and potential variations during sample rehy-
dration prior to analysis. Although natural microbial
proliferation was expected over time due to factors like envi-
ronmental exposure or moisture retention, the product remains
suitable for consumption. Despite this variability, one-way
ANOVA showed no significant differences (P > 0.05) among
the formulations over the storage period, supporting the overall
microbial stability of the yogurt mix. These results support the
potential for safe usage beyond 60 days, especially when
combined with improved packaging and storage conditions to
maintain microbial stability and inhibit pathogen growth.**

3.2.2 Total yeast and mould count. Total Yeast and Mould
Count (TYMC) was evaluated for all ten food samples labelled
FSO to FS9 on Days 0, 15, 30, 45, and 60 using the pour plate
method on Potato Dextrose Agar (PDA). Across all tested dilu-
tions (107 and 10~%), no fungal colonies were observed at any
time point. This consistent absence of yeast and mould growth
in all samples highlights excellent fungal stability throughout
the 60 days storage period as mentioned in a study in ref. 35.

This is a highly positive outcome, especially considering that
fungal spoilage is a common issue in many food products over
time, often leading to visible degradation, off-odours, and
potential mycotoxin production. The fact that no fungal colo-
nies emerged even at Day 60 supports the product's resilience

© 2026 The Author(s). Published by the Royal Society of Chemistry

against fungal contamination and suggests that, from a fungal
safety perspective, it remains stable for extended periods.

While bacterial contamination increased over time as shown
in TBC, E. coli, and Salmonella results, the fungal component
remained consistently controlled. This disparity emphasizes
the selective vulnerability of the product to bacterial rather than
fungal spoilage.*® The observed stability in total yeast and mold
counts may be attributed to antifungal activity of yogurt starter
cultures, which produce organic acids, cyclic peptides,
hydrogen peroxide, and other metabolites that inhibit fungal
growth. Additionally, millet polyphenols and tannins exhibit
fungistatic and antioxidant properties, potentially contributing
to extended suppression of fungal proliferation.

The TYMC findings highlight strong fungal stability for at
least 60 days, showcasing the effectiveness of the current
formulation in preventing fungal spoilage. This provides a solid
foundation for shelf-life extension, allowing future efforts to
focus on enhancing bacterial control while preserving the
factors that successfully inhibit fungal growth.

The trend of total yeast and mould counts (TYMC) in freeze-
dried strawberry and millet yogurt formulations (FS0-FS9) over
60 days is illustrated in Fig. 5. A gradual decrease in TYMC was
observed in all formulations during the storage period. Initially,
FS4 exhibited the highest TYMC (2.5 & 1.2 log CFU g~ '), while
FS2 recorded the lowest (1.5 & 0.4 log CFU g~ ). Over time, FS2
consistently maintained the lowest microbial load, reaching
approximately 1.1 & 1.3 log CFU g~ * by Day 60. In contrast, FS4,
despite a reduction, still showed comparatively higher TYMC
values (around 2.0 & 0.3 log CFU g™ ") at the end of storage. The
overall decline in microbial counts across all formulations
suggests effective preservation and stability of the freeze-dried
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Table 3 Microbiological quality of freeze-dried yogurt mix during cold storage for 60 days”
Microbial parameter Storage period FSO FS1 FS2 FS3 FS4 FS5 FS6 FS7 FS8 FS9

TBC 0 1.15+0498+1.2 1.34+091.2+0.3 1.06 £0.61.42+081.3+0.5 1.17 +£1.1 1.03 £0.7 1.11 £ 0.3
15 1.14+09 92+05 1.28+1.31.15+041+ 1.1 1.35+ 0.6 1.22 + 0.8 1.1 £ 0.2 9.7 + 0.7 1.04 £+ 0.5
30 1.05+0385+0.8 1.2+1.2 1.08+0995+0.6 1.28+0.71.14+0.41.02+1.19+£0.5 9.8 £ 0.3
45 9.8+ 0.6 84+ 0.9 1.15+041+0.7 9+ 0.8 1.22 +1.51.054+0.39.6 0.6 85+ 1.1 9+ 0.5
60 9+ 1.2 75+£0.7 1.1£06 92+13 8£0.3 1.18+0.499+0.8 9+£0.9 8 £ 0.6 8.5+ 0.7
TYMC 0 1.8+0.6 22+09 15+04 1.94+0.7 25+1.2 1.7+05 23+08 1.6 +09 2+0.4 2.1+ 0.3
15 1.7+£04 21+08 14+£05 1.8+£1.1 24+0.7 1.6 £0.6 22+09 1.5+£03 1.9+0.4 2+£0.2
30 1.6 £1.1 2+£0.3 1.3+0.7 1.7+0.6 23+05 1.5+0.6 2+0.8 1.4+09 1.8+03 1.9+0.4
45 1.5+£0.7 1.9+£04 1.2+05 1.6 £09 22+06 1.4+£08 1.9+£03 1.3+£0.2 1.7+0.9 1.8+ 0.6
60 1.44+05 1.8+0.7 1.1+13 1.5+06 2+0.3 1.34+0.7 1.8+1.1 1.2+0.4 1.6 +09 1.7 +0.2
Salmonella 0 Nil Nil Nil Nil Nil Nil Nil Nil Nil Nil
15 Nil Nil Nil Nil Nil Nil Nil Nil Nil Nil
30 494+05 83+13 92+11 714+07 69+14 1.2+03 84+09 1.18+£0.6 7.7+ 0.8 58 +0.4
45 1.9+ 0.7 212+ 0.5 2.32 + 0.6 2.41 + 0.9 1.59 + 0.8 2.31 + 0.4 2.04 + 0.5 2.54 + 0.6 1.47 + 1.1 2.02 + 0.3
60 2.78 £ 0.6 1.86 + 0.5 1.64 = 0.4 2.39 + 0.7 4.04 = 0.9 2.91 + 1.2 3.48 £ 0.8 3.63 + 0.5 3.36 £ 1.3 3.13 + 0.4
E. coli 0 Nil Nil Nil Nil Nil Nil Nil Nil Nil Nil
15 Nil Nil Nil Nil Nil Nil Nil Nil Nil Nil
30 Nil Nil Nil Nil Nil Nil Nil Nil Nil Nil
45 92+0.7 49+£05 27+06 67+£09 1.5+0.8 52+1.2 3+04 32+13 51+£03 7.4+0.6
60 1.9+05 21+11 3.84+08 33+0.7 1.9+04 21+03 2.06+0.63.5+09 1.6 +0.7 3.2+ 1.1

“ Values expressed as mean =+ SD (log CFU g~ for TBC and TYMC; CFU g~ for E. coli and Salmonella).

samples during the 60 days storage period, with FS2 and FS7
displaying the best microbial stability.

The complete lack of yeast and mould proliferation suggests
that the product's composition and environmental storage
conditions are not conducive to fungal contamination. Several
factors may contribute to this fungal resistance, including low
moisture activity, acidic pH, presence of natural antifungal
compounds, or effective packaging that limits air exchange and
moisture exposure.

3.2.3 E. coli enumeration. E. coli enumeration was per-
formed at four different time points—Oth, 15th, 30th, and 45th
day—on ten food samples labelled 1Y to 10Y. Using the pour
plate method with EMB agar, no colonies were observed at 10™*
and 10~ dilutions on the 0th, 15th, and 30th day for any of the
samples, indicating the absence of E. coli and confirming the
microbiological safety of the samples during early storage. This
suggests good initial processing hygiene and effective short-
term microbial stability.

However, on the 45th day, a significant microbial load was
observed in all ten samples. Colony-forming units (CFU g~ )
ranged from 1.5 & 0.8 log CFU g ' (FS4) t0 9.2 & 0.7 log CFU g "
(FS0) showing higher counts. This sharp increase in microbial
presence suggests potential spoilage or contamination occur-
ring after prolonged storage. The sudden detection of E. coli
may be attributed to the degradation of natural preservatives,
microbial resistance, or environmental contamination during
storage.*”

These findings demonstrate that the product maintains
excellent microbial safety, remaining free from E. coli contam-
ination for up to 60 days. Although a gradual onset of microbial
activity is observed by Day 45, this provides valuable insight into
the product's natural stability. Under the current storage
conditions, a safe shelf-life of 60 days can be confidently

514 | Sustainable Food Technol., 2026, 4, 507-520

recommended. With targeted interventions such as improved
packaging technologies or the incorporation of natural preser-
vatives the microbial stability could be further extended,
enhancing both safety and shelflife for long-term use,
including specialized applications like space missions (Fig. 6).

3.2.4 Salmonella detection. Salmonella detection was
assessed on Days 0, 15, 30, and 45 for ten food samples labelled
FSO to FS9, using the pour plate method with bismuth sulphite
agar. At 10~* and 107" dilutions, no colonies were observed in
any of the samples on Day 0 and Day 15, indicating the absence
of Salmonella and confirming that the product was microbio-
logically safe during early storage. This suggests that initial
sample preparation, handling, and storage were hygienic and
well-controlled.?®

By Day 30, moderate levels of Salmonella growth were
observed, with CFU g~ values ranging from 4.9 + 0.5 log CFU
g 'in FSO to 1.2 4 0.3 log CFU g in FS5, indicating the onset
of detectable microbial activity. A more significant increase was
seen by Day 45, with CFU g~ ' values ranging from 1.47 + 1.1 log
CFU g ' (FS8) t0 2.54 + 0.6 log CFU g~ * (FS7). By Day 60, further
increases were observed in certain samples, with counts ranging
from 1.64 + 0.4 log CFU g~ ' (FS2) to 4.04 + 0.9 log CFU g "
(FS4). This increase suggests that spoilage and potential
contamination escalate over prolonged storage, likely due to the
breakdown of preservative efficacy, changes in product matrix,
or storage environment promoting bacterial growth.

Occasional detection of E. coli and Salmonella in low-
moisture dairy powders is likely due to the survival of a small
number of cells adapted to dry conditions. These bacteria can
protect themselves through stress-response systems, changes in
cell membranes, and accumulation of protective molecules. The
protein—fat structure of the powder may also shield them from

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 E. coli counts in freeze-dried yogurt samples during 60 days of ambient storage.
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Fig. 7 Salmonella counts in freeze-dried yogurt samples during 60 days of ambient storage.

damage, allowing them to recover when moisture becomes
available.

The progressive rise in Salmonella load that is depicted in
Fig. 7 poses a significant concern, as this pathogen is associated
with serious foodborne illnesses. The data suggest that while
the product maintains microbial safety during the initial 15
days and shows acceptable levels up to 60 days, further
improvements in storage and formulation are necessary to
maintain safety beyond this period. With the incorporation of
appropriate preservation strategies such as natural antimicro-
bials, improved barrier packaging, and controlled storage
conditions the shelf-life of the product can be extended without
compromising safety.*® These insights are valuable for

© 2026 The Author(s). Published by the Royal Society of Chemistry

enhancing consumer protection and aligning with regulatory
standards in food product development.

3.3 Cytotoxicity evaluation

3.3.1 Cytotoxicity evaluation using IC5, values. Cytotoxicity
assessment was carried out on the food samples labelled FSO to
FS6 using the MTT assay on Vero cell lines. This assay is widely
used to determine cell viability based on mitochondrial activity,
where viable cells reduce MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide) into purple formazan crystals.
The absorbance measured at 570 nm correlates directly with the
number of metabolically active cells, and indirectly with the
cytotoxic effect of the sample.* The MTT assay, first described
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by Mosmann (1983),> is widely used for food safety cytotoxicity
screening. Vero cells are a standard, sensitive, and reproducible
model for detecting metabolic activity in response to food
components.

The ICs, value, or the concentration of the sample that
inhibits 50% of cell viability, serves as a quantitative measure of
cytotoxicity. The ICs, values observed across the seven tested
samples were as follows: FSO - 119.828 ug mL ™', FS1 - 207.748
ug mL ', FS2 - 205.123 pg mL ', FS3 - 135.284 ug mL ', FS4 -
149.367 g mL ™', FS5 - 139.560 pug mL ™', and FS6 - 211.846 pug
mL ™. All ICs, values exceeded the 100 ug mL™' threshold,
which is widely regarded as indicative of low cytotoxicity in food
materials, thereby confirming that every formulation meets
established in vitro safety criteria.

These results that are interpreted in Fig. 8 suggest that all
tested samples are biocompatible and non-toxic to Vero cells at
concentrations below their ICs,. This indicates that the
formulation and its components do not induce significant
cytotoxicity, supporting its potential safety for human
consumption. The non-cytotoxic nature of the formulations
supports their feasibility as functional foods, with potential
applications for both spaceflight and terrestrial contexts.
Samples FS1, FS2, and FS6 exhibited the highest ICs, values
(>200 pg mL 1), suggesting even lower toxicity compared to the
others. On the other hand, FS0 showed the lowest IC5, (119.828
ug mL ™), which, although still within safe limits, might indi-
cate the presence of components with slightly higher bioactivity
or interaction with cell metabolism. This is consistent with the
literature linking lower ICs, values to higher antioxidant
content, where bioactive compounds may modulate oxidative
stress without inducing harmful cytotoxic effects.*

The variability in ICs, values could be due to formulation
differences (e.g, millet-to-dairy ratio, strawberry content),

516 | Sustainable Food Technol., 2026, 4, 507-520

ICsq values of freeze-dried yogurt samples (FSO—FS9) evaluated by MTT cytotoxicity assay.

variation in polyphenol levels, or drying process variability. The
variation in ICs, values may be partly explained by differences in
the stability and degradation of bioactive compounds during
processing and storage. Polyphenols, anthocyanins, and other
antioxidant metabolites can degrade over time or under heat
and oxygen exposure, potentially reducing their cell-protective
effects and slightly altering cytotoxicity profiles. However, the
consistency in maintaining all values above 100 pg mL ™"
suggests overall formulation stability and safety. The dose-
response curves for all samples followed a logarithmic trend,
with increasing concentrations resulting in decreasing cell
viability, as expected in cytotoxicity profiles.**

Moreover, the standard deviation values were minimal,
indicating good repeatability and reliability of the assay. The
fitted regression equations showed strong correlation coeffi-
cients, further supporting the accuracy of the ICs, calculations.

Polyphenols from millet and strawberries, along with anti-
oxidant metabolites from yogurt fermentation, likely help
protect cells from oxidative stress, supporting the consistently
high viability observed. From a product development and
regulatory perspective, these findings are encouraging.
According to guidelines in food toxicology and safety assess-
ment, materials with ICs, values >100 ug mL ™" are considered
safe for further application or testing in food systems. These
results can also support claims of non-toxicity in functional
foods or nutraceutical products.*

The MTT assay results demonstrate that all tested samples
(FSO-FS9) are non-toxic to mammalian cells at practical
concentrations, with ICs, values significantly exceeding estab-
lished safety thresholds.” When considered alongside the
microbial safety data, these findings provide strong support for
the overall safety of the product during its early shelf life. Future
research can build on this foundation by exploring other cell

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lines or in vivo models to further expand the toxicological profile
and ensure comprehensive safety validation.

Fig. 9 illustrates the ICs, values (ug mL ") for the freeze-dried
yogurt samples. Sample 8 exhibited the highest IC5, value
(337.586 pg mL™"), indicating lower antioxidant potential,
whereas sample 1 showed the lowest ICs, value (119.828 g
mL "), reflecting stronger antioxidant activity. Samples 2, 3, 7,
and 9 demonstrated moderate IC50 values around 200-211 pg
mL L. Samples 4, 5, 6, and 10 had ICs, values between 135 and
149 pg mL ™, suggesting relatively better antioxidant efficiency.
Lower ICs, values represent higher free radical scavenging
activity. The variation among samples may be attributed to
differences in formulation components, processing, and
bioactive compound retention.

3.3.2 Dose-response curves. The MTT assay was used to
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cell viability (McGovern).* A clear trend of logarithmic decline
in viability was observed with increasing sample concentra-
tions. The response curves for each sample were well-fitted to
logarithmic models, indicating a strong negative correlation
between sample concentration and cell survival. For instance,
sample 1Y followed the equation y = —8.951 In(x) + 92.84, while
other samples displayed similar patterns, with only minor
variations in slope and intercept. These regression models all
demonstrated high coefficients of determination (R* values >
0.95), supporting the strength of the correlation and the
consistency of the data.

Graphical analysis of the curves across all samples revealed
a characteristic sigmoid shape typical of dose-dependent inhi-
bition. At lower concentrations, cell viability remained above
85% for most samples, indicating minimal cytotoxicity. A
marked decrease was observed as the concentration increased,
particularly in the mid-dose ranges, which represent the tran-
sition point from non-toxic to inhibitory levels.*> The steepness
of this decline varied slightly between samples, but the general
response profile remained consistent, suggesting a shared
mode of action or similar physicochemical behaviour across the
formulations.

The similarity in dose-response behaviour across samples
that are depicted in Fig. 10 and 11 suggests that the cytotoxic
effects are not unique to any single formulation but are rather
a common property of the compound class. The comparable
slopes and intercepts of the fitted equations reinforce this
consistency, indicating that the biological system responds in

" ] a uniform manner regardless of the sample. This
evaluate the dose-response relationship of all tested samples on
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Fig. 10 Dose-response curves for cytotoxicity evaluation of freeze-dried yogurt samples (FSO—FS9) using the MTT assay.
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reproducibility adds validity to the data and strengthens the
overall conclusion of safety at lower doses.*®

Importantly, none of the samples demonstrated acute cyto-
toxicity at concentrations that would be relevant for food,
nutraceutical, or therapeutic applications. While higher
concentrations did result in reduced viability, these levels are
well above the expected range of human exposure. Therefore,
the observed cytotoxicity is likely concentration-dependent and
manageable within acceptable limits. These results suggest that
the tested samples, under appropriate usage conditions, do not
pose a significant toxicological risk.

From a safety perspective, the findings provide preliminary
assurance that the samples are not inherently toxic and could
be suitable for further development.*” However, the dose-
response data also underscore the importance of concentration
control in any potential application. Additional in vivo studies
and long-term safety evaluations would be beneficial to confirm
the absence of adverse effects and to establish definitive safety
margins.

4. Conclusion

The comprehensive microbial stability assessment of the freeze-
dried millet-based yogurt mix, incorporating finger millet and
strawberries, has yielded valuable insights into its potential as
a space food with an extended shelf life. This study was
designed to evaluate the microbiological safety and stability of
this innovative food product, which combines the nutritional
benefits of finger millet and strawberries with the preservation
advantages of freeze-drying. The microbial analysis results
demonstrate that the freeze-dried yogurt mix shows notable
stability to microbial contamination, highlighting its promising
suitability for long-duration space missions.

Microbial analysis conducted during the study demon-
strated that the freeze-dried yogurt mix remained free from
significant microbial growth, including pathogenic and
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spoilage microorganisms, under standard storage conditions.
The product maintained good microbial quality for 60 days,
indicating that it is well-suited for short-term uses such as the
early stages of space missions. With further shelf-life studies
and improved packaging to limit oxygen and moisture, it may
be possible to extend stability for the longer durations required
in space.”®

In terms of its potential for use in space missions, the freeze-
dried millet-based yogurt mix offers several advantages over
traditional food preservation methods, including reduced
weight, extended shelf life, and ease of rehydration. These
characteristics make it an ideal candidate for space food
systems where storage space and long-term sustainability are
critical. The combination of finger millet's nutritional value and
strawberries’ sensory appeal further elevates the product's
potential acceptance by astronauts, who require a balanced and
appealing diet to maintain optimal health during extended
missions.

The inclusion of strawberry pulp enhanced colour, aroma,
and taste while masking the inherent earthy flavour of millet,
thereby improving overall acceptability. Probiotic viability
remained above 10’ CFU g~ ' during ambient storage, meeting
FAO/WHO functional food standards. These findings indicate
the product's suitability for space missions requiring nutrient-
dense, shelf-stable, and culturally familiar foods. Future work
should assess nutrient bioavailability, sensory perception, and
microbial stability under actual microgravity conditions.

This proof-of-concept study demonstrates that a freeze-dried
finger millet and strawberry yogurt mix maintains fungal
stability and cytotoxic safety over 60 days of storage. Bacterial
proliferation remains a limitation, indicating the need for
further optimization for long-duration space missions. Beyond
space applications, such formulations may also be valuable in
terrestrial contexts where refrigeration is unavailable, providing
a convenient and safe functional food option.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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