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The low biodegradability and environmental impact of petrochemical polymers have motivated the development of sustainable polymeric materials within the circular economy. Bacterial cellulose (BC) is a biodegradable, high-value biopolymer whose production from agro-industrial by-products, such as cheese whey, offers a low-cost and sustainable alternative. This study evaluated the effects of light availability and pH on BC production by a Symbiotic Culture of Bacteria and Yeast (SCOBY) cultivated in a dairy-based medium. Four conditions were investigated: light/pH 5, light/pH 7, absence of light/pH 5, and absence of light/pH 7, under static cultivation at 30 °C for 12 days. BC yield and water retention capacity (WCR) were determined after purification and drying. The highest yields were obtained under light at pH 5 (7.80 ± 0.68 g.L-1) and in the absence of light at pH 7 (7,02 ± 1,57 g.L-1), indicating a complementary interaction between pH and light conditions. All samples exhibited WCR values above 95% (E1 = 98,36 ± 0,25; E2 = 95,13 ± 1,07; E3 = 96,62 ± 0,15; and E4 = 97,56 ± 0,36), confirming high hydrophilicity and structural integrity. These results demonstrate that pH and light significantly influence BC biosynthesis and highlight the metabolic flexibility of the microbial consortium, contributing to the development of sustainable biotechnological processes for dairy by-product valorization.
Introduction
The widespread application of synthetic polymers across multiple industrial sectors has raised increasing environmental and public health concerns (Sudalaimuthu et al., 2025). The earliest artificial polymeric materials were developed in 1840 by Hancock and Rudersdorf through the vulcanization of natural rubber with sulfur, yielding a compound with enhanced elasticity and mechanical strength (Joseph et al., 2023). Since then, continuous technological advances have enabled the incorporation of diverse petrochemical precursors and the refinement of synthesis routes, expanding both the functionality and performance of these materials. However, their high environmental persistence and resistance to degradation promote long-term accumulation in ecosystems, while the release of potentially hazardous substances during production, use, and disposal further exacerbates their adverse impacts (Vanaraj et al., 2025). In this context, sustainable materials derived from renewable resources have gained significant attention, particularly those aligned with the principles of green biotechnology and circular bioeconomy. Among these alternatives, biopolymers stand out as biodegradable macromolecules biosynthesized by living organisms, including plants, animals, fungi, and bacteria, composed of repeating structural units such as sugars, amino acids, and nucleotides (Edo et al., 2025).
Among these biopolymers, bacterial cellulose (BC) has emerged as a promissor material due to its unique physicochemical and structural properties. Unlike plant-derived cellulose, BC is distinguished by its high purity, ultrafine nanofibrillar network, elevated crystallinity, remarkable mechanical strength, and exceptional water-holding capacity (Santos et al., 2024; Nguyen et al., 2024). These attributes make BC a versatile platform with potential applications in food packaging, biomedical devices, coatings, and advanced composites, while its biodegradability and biocompatibility further reinforce its relevance as a sustainable alternative to conventional synthetic polymers (Sumini et al., 2025). This substitution becomes even more feasible considering the intrinsic structural versatility of BC, particularly its ability to be converted into nano-scale architectures, such as bacterial cellulose nanofibrils (BCNF) and bacterial cellulose nanocrystals (BCNC). These nanostructures can be obtained through physical, chemical, or mechanical treatments that preserve its inherent properties while tailoring its functionality according to the intended application (Silva et al., 2026).
The economic feasibility of BC production remains a critical constraint for large-scale applications, primarily due to the high costs associated with conventional culture media and fermentation infrastructure, thereby driving efforts to explore renewable and low-cost substrates such as coconut water, molasses, cashew juice, vinegar residues, and corn steep liquor (Absharina et al., 2025). Cheese whey has been reported to support bacterial cellulose yields of up to 9.56 g.L-1, demonstrating its suitability as a fermentation substrate due to its high availability and rich nutritional composition, including lactose, proteins, and essential minerals, while simultaneously promoting the valorization of dairy by-products and mitigating the environmental impacts associated with their disposal (Santos et al., 2026). The use of this dairy substrate directly supports circular bioeconomy strategies, converting waste streams into high-value-added biomaterials.
Despite these advantages, the efficiency of BC biosynthesis is strongly influenced by environmental and physicochemical parameters, including pH, temperature, oxygen availability, and light exposure, all of which directly affect microbial metabolism and polymer assembly (Haslan et al., 2025a). Although the effects of pH and temperature have been extensively investigated, the role of light in BC production remains comparatively underexplored, particularly in complex microbial consortia such as Symbiotic Cultures of Bacteria and Yeasts (SCOBY) (Raghavendran et al., 2020). In this context, the present study evaluates the combined effects of pH and light exposure on bacterial cellulose production from cheese whey using a SCOBY-based system.
Material and methods
BC producing microorganism and maintenance media
The SCOBY adapted to a dairy-based medium, cultivated at the Advanced Institute of Technology and Innovation (Recife, Brazil), was used as the inoculum for BC production that contains dominant bacterial genera, including Komagataeibacter, Gluconobacter, Lactobacillus, and Pediococcus, as well as yeasts such as Saccharomyces and Zygosaccharomyces (Santos et al., 2026). The cheese whey employed in the fermentations was supplied by Campo da Serra (Pombos, Brazil), and the sucrose used as a carbon source was obtained from Merck.

2.2 Production and Yield of BC Using Cheese Whey 
A 0,02 L aliquot of the consortium was inoculated into 0,1 L of cheese whey (0,12 L = final volume) supplemented with sucrose (50 g L⁻¹) in 250 mL Erlenmeyer flasks. Four experimental conditions were established: absence of light at pH 5 (E1), absence of light at pH 7 (E2), light exposure at pH 5 (E3), and light exposure at pH 7 (E4). Static cultivation was carried out at 30 °C for 12 days, with all experiments performed in triplicate. In experiments with light exposure, LED strips (2835 - cold white/ 120 LED/m) with 3000 lm total luminous flux were used, glued to the inside of an incubator (Lee et al., 2018).
After incubation, the BC pellicles were thoroughly rinsed under running water and subsequently purified by autoclaving at 120 °C for 15 min. The purified samples were dried in a forced-air oven at 30 °C for 18 h and weighed to determine the dry mass yield, was determined as the dry mass of BC produced per liter of fermented broth, expressed in g.L⁻¹ (Eq. 1) (Santos et al., 2026).
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2.3 Water Capacity Retention (WCR)
The WCR of the BC membranes was calculated based on the difference between their wet and dry masses, using equation 2.
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Results and discussion
The dairy by-product proved to be a suitable substrate for biopolymer production under all evaluated conditions, supporting the findings reported by Santos et al. (2026) and Płoska et al. (2025). However, statistical analysis demonstrated that both pH and light availability influenced material synthesis and that their effects were interdependent. No significant main effect was observed for pH (p = 0.420), and a borderline effect was detected for light exposure (p = 0.050). In contrast, a highly significant interaction between the factors was identified (Light × pH; F = 26.205; p < 0.001). These results indicate that the impact of light exposure is contingent upon the medium pH, and reciprocally, characterizing a cross-interaction between the experimental variables. Mass and yield data are presented in Table 1.

Table 1: Dry mass yield and water capacity retention (WCR) of BC membranes. Where the conditions are represented for: E1 (absence of light at pH 5), E2 (absence of light at pH 7), E3 (light exposure at pH 5), and E4 (light exposure at pH 7).
	Conditions
	Wet mass (g)
	Dry mass (g)
	Yield (g.L-1)
	WCR (%)

	E1
	28,10 ± 2,95
	0,46 ± 0,08
	  3,83 ± 0,70
	98,36 ± 0,25

	E2
	17,32 ± 1,82
	0,84 ± 0,19
	  7,02 ± 1,57
	95,13 ± 1,07

	E3
	27,73 ± 3,40
	0,94 ± 0,08
	7,80 ± 0,68
	96,62 ± 0,15

	E4
	25,50 ± 3,89
	0,66 ± 0,02
	5,51 ± 0,15
	97,56 ± 0,36



Condition E3 (light exposure + pH 5) achieved the highest yield (7.80 ± 0.68 g.L-1), whereas E1 (no light + pH 5) exhibited the lowest production (3.83 ± 0.70 g.L-1). Tukey’s post hoc test confirmed that E1 differed significantly from E2 (p = 0.012) and E3 (p = 0.003), demonstrating that, at pH 5, light exposure promoted a statistically significant increase in BC production. Conversely, no significant difference was observed between E2 (no light + pH 7) and E3, indicating that distinct combinations of pH and light availability may result in comparable production levels. At pH 7, light exposure did not enhance yield, as E4 did not differ statistically from the other conditions and showed a decreasing trend relative to E3 (p = 0.064).
This pattern reinforces that the metabolic response of the system is dependent on the physiological state imposed by pH. Acetic acid bacteria of the genus Komagataeibacter, which predominate in SCOBY consortia, exhibit metabolic adaptation to mildly acidic environments (Haslan et al., 2025b). Under pH 5, light exposure may have acted as an additional stimulus, potentially modulating regulatory systems sensitive to the cellular redox state, as illustrated in Figure 1. BC production is closely associated with cellular protection against environmental stressors, where chemical inducers are upregulated and may selectively alter gene expression, thereby activating metabolic pathways involved in polysaccharide biosynthesis.

[image: ]
Figure 1: Proposed model illustrating the interaction between pH 5 and light exposure in regulating cellulose biosynthesis.

According to Rodrigues et al. (2025), although acetic acid bacteria are not phototrophic, emerging evidence suggests that low-intensity irradiation can influence redox-sensitive proteins or sensory domains associated with cellular signaling. Such modulation may affect the activity of diguanylate cyclases responsible for c-di-GMP synthesis, which allosterically activates BcsA (the catalytic subunit of the cellulose synthase complex), thereby enhancing glucose polymerization and increasing BC yield. These findings support the hypothesis that light exposure may have modulated regulatory pathways associated with c-di-GMP signaling, a mechanism that warrants further molecular investigation. Studies exploring the role of light in bioprocesses have become increasingly comprehensive in recent years (Fan et al., 2025).
According to the statistical analysis, at pH 7 light exposure did not result in enhanced production, suggesting that a less acidic environment may alter the redox balance, enzymatic efficiency, or overall metabolic dynamics of the microbial consortium, thereby limiting the activation of pathways associated with exopolysaccharide biosynthesis. Considering that SCOBY constitutes a consortial system, metabolic interactions between yeasts and acetic acid bacteria may amplify sensitivity to environmental fluctuations, integratively modulating the availability of key precursors such as UDP-glucose and the activation state of the cellulose synthase complex (Haslan et al., 2025b; Absharina et al., 2025).
Regarding WCR values (Table 1), all formulations exhibited high water retention capacity, an intrinsic characteristic of the highly hydrated nanofibrillar network of BC (Quin et al., 2023). Nevertheless, variations in WCR were observed across experimental conditions. Tukey’s test indicated that treatment E2 presented significantly lower WCR compared to E1 (p = 0.0006) and E4 (p = 0.0040), whereas E3 also showed reduced values relative to E1 (p = 0.0259). In contrast, no statistically significant differences were detected between E4 and E1 (p = 0.3892), E3 and E2 (p = 0.0561), or E4 and E3 (p = 0.2684), indicating an intermediate behavior among these groups. These findings demonstrate that, although all formulations maintained elevated water retention, variations in pH and light exposure differentially influenced the structural organization of the fibrillar network and its capacity to interact with water molecules.

Conclusions
The results demonstrated that the interaction between pH and light availability exerts a significant influence on bacterial cellulose production, with the condition of pH 5 under LED light exposure yielding the highest dry mass production (7.80 ± 0.68 g.L-1). These findings highlight that physicochemical cultivation parameters can be strategically modulated to optimize biopolymer productivity, particularly in non-conventional media such as cheese whey. Given that the combined effects of light exposure and pH on BC biosynthesis remain scarcely explored in the literature, especially in alternative substrates, these results expand current understanding of environmental regulation in the fermentative process. Thus, this study advances the field by demonstrating, in a novel manner, the synergistic impact of LED light and pH on BC production in a whey-based medium, providing a scientific basis for the optimization of production systems with potential industrial application.
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