Effect Of Storage Temperature On The Quality Indicators Of Fiber-Enriched Frozen Croissant Semi-Finished Products
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Abstract This comparative study evaluated five frozen croissant semi-finished-product treatments formulated with 0%, 25%, or 30% wheat bran and stored for 90 days under selected sub-zero regimes. The treatments were G1 (−5 to −10 °C, 0% bran), G2 (−18 to −20 °C, 0% bran), G3 (−10 °C, 30% bran), G4 (−26 °C, 25% bran), and G5 (−26 °C, 30% bran). Microbiological status was evaluated using Nutrient Agar, Plate Count Agar, Sabouraud Agar, and Czapek medium. Moisture, pH, and water activity were assessed using standard analytical procedures, and instrumental texture was evaluated with a TA.XT2i texture analyzer. At the single 90-day endpoint, G5 had the highest measured yeast count (1024 × 10⁶ CFU/g) and showed favorable descriptive moisture-retention and structural characteristics. Because the matrix was not factorial and did not include intermediate storage times, the results compare the five treatment combinations only; they do not establish independent effects of temperature, bran concentration, or storage duration. The findings identify G5 as the best-performing treatment within the investigated matrix and support a future factorial, time-course study.
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The global market for frozen semi-finished products has shown a steady growth trend over the past decade. In particular, the bakery products segment is considered one of the fastest-growing sectors (Cauvain, 2012).
Urbanization, changing lifestyles, and expansion of centralized bakery production have increased interest in convenient frozen bakery products. Frozen semi-finished products allow production and distribution to be separated from final baking, but their quality depends on strict control of formulation, freezing, storage, and subsequent processing.
Freezing technology plays an important role in modern bread production. Industrial-scale freezing of bakery products was first introduced in England at the end of the twentieth century, and today frozen bakery products account for a significant share of the European and North American markets (Terentyev & Labutina, 2022).

Bread and bakery products are among the staple foods and represent an important source of biologically active compounds. In recent years, interest in functional and fortified bakery products has been steadily increasing (Kuznetsova et al., 2021). A high consumption of whole-grain products reduces the risk of chronic diseases such as cancer, cardiovascular diseases, diabetes mellitus, and obesity (Trozzi et al., 2019), since these products are rich in nutrients and phytochemical compounds, including phenolic compounds and minerals, which possess antioxidant properties and provide protective effects against oxidative stress (Benedetti et al., 2012).

Frozen dough technology supports centralized manufacture, extended distribution, and on-demand baking, but product quality is influenced by formulation, freezing rate, storage temperature, storage duration, and subsequent processing conditions (Selomulyo & Zhou, 2007). These factors may reduce yeast activity, modify water distribution, and damage the gluten network, thereby impairing gas retention and baking performance (Lucas et al., 2005).

Frozen dough technology is particularly important in the production of laminated dough and croissants, where alternating layers of dough and fat create a flaky structure during baking (Suardani et al., 2023). However, freezing may adversely affect dough quality. The formation of ice crystals damages gluten networks and reduces the viability of yeast cells, resulting in lower gas retention capacity, reduced product volume, deterioration of texture, and prolonged fermentation time (Selomulyo & Zhou, 2007; Steffolani et al., 2012). Freezing rate and storage temperature significantly influence product quality (Havet et al., 2000). Large ice crystals formed during slow freezing cause greater damage to the gluten structure than those formed during rapid freezing, whereas rapid freezing may negatively affect yeast survival (Yi & Kerr, 2009).

To improve the quality of frozen bakery products, hydrocolloids, emulsifiers, enzymes, and cryoprotective compounds have been widely used, as they strengthen the gluten structure (Diniz-Mendes et al., 1999; Goesaert et al., 2006). Enzymes such as α-amylase, glucose oxidase, amyloglucosidase, and xylanase have been shown to improve the rheological properties of dough, fermentation activity, product volume, and crumb elasticity, while also delaying bread staling (Caballero et al., 2007).

Ice formation and recrystallization during frozen storage may disrupt the gluten network and laminated structure. Microscopic and magnetic resonance studies have demonstrated that freezing conditions affect ice distribution and structural damage in wheat dough (Baier-Schenk et al., 2005). Therefore, optimization of freezing and storage conditions is especially important for bran-enriched croissants, since the addition of bran further affects dough structure and stability.

Dietary-fiber enrichment can increase nutritional value and water-binding capacity, but bran particles may also interrupt the gluten matrix. Consequently, the technological response of bran-enriched laminated dough cannot be inferred from conventional frozen bread dough alone. Previous work has shown that formulation aids and hydrocolloids can modify the rheological and baking performance of frozen dough (Ribotta et al., 2004). Water mobility and interactions with flour components also influence dough rheology and processability (Fanari et al., 2021).
The aim of this study was to compare the microbiological, biochemical, and instrumental textural characteristics of five selected croissant treatment combinations at a single endpoint after 90 days of frozen storage. The study was designed as a comparative screening assessment rather than a full factorial experiment; accordingly, all interpretations are restricted to the investigated combinations.
2.Materials and Methods

2.1. Experimental design and rationale

Five treatment combinations (G1–G5) were selected to represent the sample set available for comparative screening. The warmer sub-zero regimes in G1 and G3 represented less intensive frozen storage, G2 represented a conventional lower frozen-storage range, and −26 °C in G4 and G5 represented deep-frozen storage. G1 and G2 provided bran-free reference treatments; G4 and G5 enabled the only direct formulation comparison because both were stored at −26 °C. G3 provided an additional 30% bran treatment at −10 °C. The design was not balanced: not every bran concentration was tested at every temperature, the operating intervals were not equally spaced fixed set points, and only the 90-day endpoint was assessed. Consequently, temperature, bran concentration, and storage-duration effects cannot be separated statistically.
	Group
	Storage condition
	Wheat bran
	Role in comparison

	G1
	-5 to -10 °C
	0%
	Higher sub-zero bran-free reference

	G2
	-18 to -20 °C
	0%
	Lower sub-zero bran-free reference

	G3
	-10 °C
	30%
	Bran-enriched sample at moderate frozen storage

	G4
	-26 °C
	25%
	Deep-frozen
25%
bran sample

	G5
	-26 °C
	30%
	Deep-frozen
30%
bran sample


Table 1. Experimental groups and their comparative role.

2.2. Sample preparation and storage

Croissant semi-finished products were prepared using the same laminated-dough procedure for all groups. Wheat bran was incorporated at nominal formulation levels of 25% or 30%; controls contained no added bran. Dough preparation was followed by lamination and croissant forming. The formed products were frozen, packed, assigned to the conditions in Table 1, and stored for 90 days. Samples were collected aseptically at the end of storage for microbiological, biochemical, and instrumental texture analyses. The retained experimental record did not contain numerical values for mixing time, freezing rate, product-core temperature, or thawing/re-proofing conditions. These variables are therefore reported as unavailable and are not treated as controlled explanatory factors. All comparisons refer only to the 90-day endpoint; no intermediate storage-time measurements were available.
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Figure 1. Experimental workflow, treatment composition, storage regimes, and analytical endpoint.

The selected regimes are interpreted as operating conditions for comparative screening. They should not be regarded as a continuous temperature series or as a factorial temperature experiment.
2.3. Microbiological analysis

Samples were collected aseptically and serially diluted in sterile physiological solution. Dilutions of 10⁻⁴ and 10⁻⁶ were plated according to the experimental protocol. Nutrient Agar was used for general culturable microorganisms, Plate Count Agar (PCA) for total viable counts, Sabouraud Agar for yeasts and molds, and Czapek medium for microscopic fungi. Inoculated plates were incubated at 37 °C for 24–48 h, and counts were expressed as colony-forming units per gram (CFU/g). Salmonella spp. and Escherichia coli were assessed as selected safety indicators. The terms 10⁻⁴ and 10⁻⁶ indicate serial dilution levels, not separate culture media.

Microbiological testing was described with reference to ISO 4833-1 for enumeration of microorganisms and ISO 21527-2 for yeasts and molds. Salmonella spp. and Escherichia coli were evaluated as selected food-safety indicators. Results are reported in Section 3.1. (Jay et al., 2005). 

2.4. Biochemical analysis

Moisture content was determined by gravimetric drying at 105 °C according to AOAC 925.10. The pH was measured using an electronic pH meter, and water activity (aw) was determined with an Aqualab water-activity analyzer. Measurements were made at the 90-day endpoint for descriptive comparison among treatments.
2.5. Rheological and Texture Analysis 
Instrumental texture measurements were performed with a TA.XT2i texture analyzer to assess hardness and elastic response. The available dataset did not contain a complete numerical table of texture outputs; therefore, structural observations are reported descriptively. Ice-crystal size and crumb porosity were not measured directly. Ice-related mechanisms are discussed only as literature-supported interpretations (Bourne, 2002).
2.6. Statistical treatment

The five treatment combinations were evaluated descriptively at the 90-day endpoint. A two-factor temperature × bran-concentration analysis and a storage-time analysis were not performed because several factor combinations and intermediate time points were absent. No inferential significance claims are made. Where numerical microbiological counts were available, they are reported as observed values.
3.Results and Discussion

3.1. Microbiological characteristics

At the 90-day endpoint, the lower-temperature treatment combinations showed lower general culturable activity on Nutrient Agar and Plate Count Agar than treatments maintained at the warmer sub-zero regimes. No fungal growth was observed on Czapek medium under the applied cultivation conditions. Salmonella spp. were not detected, and the E. coli count remained below 10 CFU/g. These safety-related observations are distinct from the high counts obtained for intentionally present baker's yeast on Sabouraud medium. They apply only to the tested samples and conditions and do not imply that freezing sterilized the products.

The observed pattern is consistent with inhibition of microbial growth under frozen conditions. Because formulation and temperature were not varied independently, differences among all five groups cannot be attributed to temperature alone.

The samples were examined on Nutrient Agar, Plate Count Agar (PCA), Sabouraud Agar, and Czapek medium. Growth consistent with baker’s yeast was observed mainly on Sabouraud medium. No visible mold growth was observed on Czapek medium under the test conditions (Figure 2); this observation alone does not establish the absence of all toxigenic fungi or mycotoxins.
	Culture media
	G1: −5 to −10 °C
	G2: −18 to −20°C


	G3: −10°C, 30% bran-enriched


	G4:−26°C, 25% bran-enriched


	G5: −26°C, 30% bran-enriched
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	Nutrient agar
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	Czapek  medium
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	Sabouraud agar
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	Plate Count Agar (PCA)
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Figure 2. Microbiological analysis of frozen croissant semi-finished products stored under different temperature conditions

The survival of intentionally added baker's yeast was evaluated from plates prepared at 10⁻⁴ and 10⁻⁶ serial dilutions. The highest measured count was observed in G5 (−26 °C, 30% bran), reaching 1024 × 10⁶ CFU/g. The corresponding observed values were 706 × 10⁶ CFU/g for G4, 512 × 10⁶ CFU/g for G3, 420 × 10⁶ CFU/g for G2, and 180 × 10⁶ CFU/g for G1 (Figure 3). These values describe preservation of technological yeast viability in the five treatment combinations at the endpoint; they do not represent spoilage counts and do not independently demonstrate a temperature or bran effect.

	
	G1: −5 to −10 °C
	G2: −18 to −20°C
	G3: −10°C, 30% bran-enriched
	G4:−26°C, 25% bran-enriched
	G5: −26°C, 30% bran-enriched
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	10⁻⁴ dilution
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	10⁻⁶ dilution
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Figure 3. Viability assessment of yeast fungi in croissant semi-finished products during frozen storage under different temperature conditions
The measured yeast counts increased across the treatment sequence from G1 to G5: 180, 420, 512, 706, and 1024 × 10⁶ CFU/g, respectively (Figure 4). G5 had the highest observed value. The comparison between G4 and G5 is the most direct formulation comparison because both were stored at −26 °C; under this condition, the 30% bran treatment had the higher count. Across the complete matrix, however, effects of temperature and formulation remain confounded.

The observed preservation of yeast under the deeper-freezing regime is consistent with evidence that freezing rate, storage temperature, and protective solutes influence yeast survival and frozen-dough performance (Diniz-Mendes et al., 1999; Selomulyo and Zhou, 2007; Yi and Kerr, 2009).
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Figure 4. Yeast counts after 90 days of storage in the five experimental groups.

3.2. Biochemical characteristics

At the 90-day endpoint, treatments G2, G4, and G5 showed more favorable descriptive moisture-retention patterns than G1 and G3. G5 showed the most favorable qualitative pattern among the investigated treatments. This observation is compatible with the water-binding capacity of wheat-bran components, but numerical moisture data were not available for inferential analysis.

The pH values were described as comparatively stable, and water-activity observations indicated restricted availability of liquid water under frozen conditions. Complete numerical values for moisture, pH, and aw were not present in the submitted dataset. These outcomes are therefore reported descriptively, without claims of statistical significance or independent factor effects.

These observations are consistent with the general behavior of frozen dough systems, in which temperature and water distribution influence both structural and microbiological stability (Lucas et al., 2005; Yi and Kerr, 2009)
3.3. Textural and structural characteristics

Instrumental and structural observations indicated moderate stability in G1 and better preservation in G2. G3 showed descriptive evidence of moisture retention but also structural changes at −10 °C. G4 and G5, both stored at −26 °C, displayed the most favorable overall structural appearance, with G5 showing the best descriptive balance of elastic response and laminated-structure preservation.

The pattern observed at −26 °C may be consistent with reduced ice-crystal growth and recrystallization reported for frozen wheat dough. This is an interpretation rather than a direct measurement: ice-crystal size was not quantified. Likewise, any contribution from bran water binding cannot be generalized beyond the tested combinations.

The comparison between G4 and G5 is the strongest formulation comparison because both shared the same −26 °C storage condition. Within that limited comparison, the 30% bran treatment showed more favorable descriptive moisture and structural characteristics. Confirmation requires replicated numerical measurements in a balanced factorial experiment.

4. Limitations and Directions for Further Research

This study has three principal limitations. First, the matrix was incomplete: 0%, 25%, and 30% bran were not tested at every storage temperature, so temperature and formulation effects cannot be separated. Second, G1 and G2 used operating ranges while other groups used single nominal temperatures, meaning that the regimes do not form a continuous or equally spaced series. Third, only the 90-day endpoint was available, so changes over storage time cannot be determined.

A follow-up study should test 0%, 25%, and 30% bran at each fixed temperature, with chamber and product-core temperatures recorded continuously. Measurements should be performed at baseline and multiple storage times, for example 0, 30, 60, and 90 days. Full numerical results for moisture, pH, aw, hardness, elastic response, yeast viability, and baked-product quality should be reported as mean ± standard deviation with appropriate factorial and longitudinal statistical analyses.

Future work should also document the complete formulation and processing conditions, including ingredient basis, mixing time, dough temperature, lamination schedule, proofing status before freezing, freezing rate, packaging, thawing or re-proofing, and baking conditions. Microscopy or another validated imaging method would be required to quantify ice-crystal size and crumb porosity directly.
CONCLUSION At the single 90-day endpoint, the five treatment combinations differed in microbiological counts and in descriptive biochemical and structural characteristics. The treatments stored at −26 °C, G4 and G5, showed the most favorable overall preservation within the investigated matrix.

G5 (30% wheat bran, −26 °C) had the highest observed yeast count and favorable descriptive moisture-retention and structural characteristics. It was therefore the best-performing treatment combination in this screening study. The result does not establish independent effects of temperature, bran concentration, or storage duration.

The findings provide a preliminary basis for a balanced factorial study using fixed temperatures, all bran levels at every temperature, multiple storage times, complete numerical reporting, and direct evaluation of subsequent proofing and baking performance.
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