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Vitamin D₂ (ergocalciferol) can be obtained from fungal biomass through the UV-induced maturation of ergosterol. In this study, Agaricus bisporus caps were used as a model system to investigate ergosterol extraction and subsequent photochemical conversion under controlled conditions. Ergosterol was extracted using ethanol at different solid-to-solvent ratios (1:5 and 1:50) employing long-term extraction and ultrasound-assisted methods, including glass-bead-enhanced ultrasound extraction, following process-intensification approaches. Photoconversion experiments were then carried out under controlled UV irradiation to evaluate conversion dynamics and assess the suitability of extracted ergosterol for vitamin D₂ formation, using both model ergosterol solutions and mushroom-derived ethanolic extracts. Kinetic analysis of the photochemical conversion was performed using apparent zero-order and first-order models as simplified representations of the underlying photokinetic behavior, where reaction rates depend on absorbed radiation. This preliminary evaluation of extraction yields, and photochemical kinetics provides process-relevant insights for the development and industrialization of fungal-derived vitamin D₂ as an alternative to conventional sources.
Introduction
[bookmark: _Hlk219882873]Vitamin D (i.e., D2 and D3) is an essential micronutrient for vertebrate animals involved in calcium and phosphate homeostatic regulations, as well as in a wide range of metabolic and immunological processes. While both forms perform similar physiological functions, they differ in bioavailability and metabolic stability. In humans, vitamin D₃ (cholecalciferol) is produced through the UVB-induced conversion of 7-dehydrocholesterol at the epidermis level, and it can be also obtained from animal-based foods. In contrast, vitamin D2 (ergocalciferol) occurs naturally in fungal and plant sources, derived from the photoconversion of pro-vitamin D2 (ergosterol). In humans, supplementation is commonly used to address widespread vitamin D deficiency, with recommended intakes typically ranging from 600 to 800 IU (15–20 µg) per day. However, Vitamin D2 has shown approximately 30–40% lower bioefficacy than D3 in humans, requiring proportionally higher doses to achieve equivalent serum 25(OH)D concentrations due to their structural differences (van den Heuvel et al., 2024).
[bookmark: _Hlk219882903]Environmental factors such as cloud cover, aerosol loading, and surface albedo, together with climate changes and the impacts of anthropogenic activities, influence the variability of solar irradiance, including its UV component, which may directly impact endogenous vitamin D synthesis in humans (i.e., leading to deficiency see (Cui et al., 2023)) and indirectly affect health through altered ecological availability and food web dynamics. For example, in Europe, solar irradiance has exhibited pronounced spatial variability over the past two years, with reductions of up to 25% in southern and central regions such as Spain, Italy, southern France, Austria, and Switzerland, contrasted by increases in northern and western areas including the United Kingdom, Germany, the Netherlands, and Scandinavian countries.
[bookmark: _Hlk219882921]Ergosterol is a ubiquitous sterol in the fungal kingdom, where it plays a critical role in maintaining membrane fluidity and integrity. Among the edible fungal species most widely consumed by humans are Agaricus bisporus, Lentinula edodes, and Pleurotus ostreatus, all of which contain notable amounts of ergosterol and vitamin D₂. Ergosterol concentrations in these edible mushrooms are highly variable and span more than one order of magnitude as a function of species, strain, tissue type, growing conditions, UV irradiation and developmental stage ranging approximately from 0.2 to more than 10.0 mg/gDM (Kalaras et al., 2012; Cardwell et al., 2018). There are already certain industrial methods to produce vitamin D2 or D3. Most of them rely on the production of the precursors of vitamin D3 from animal fats (e.g., lanolin, fish oil, milk fat) or D2 from submerged algae or yeasts cultures, that are successively photoconverted. However, extractions from fungi cap residues or residual matrices (e.g., from solid-state fermentations) have not been thoroughly explored (Cardwell et al., 2018).
This work examines caps from two variants of Agaricus bisporus, focusing on the determination of ergosterol in raw fungal matrices and on its extraction using different solvent-based techniques under varying operational conditions (i.e., solid-to-solvent ratios and particle size). The subsequent UV-B-induced conversion of ergosterol to vitamin D₂ is investigated through kinetic analysis, comparing a model ergosterol system with alcoholic extracts obtained from mushroom caps. The results aim to serve the selection of extraction strategies and kinetic parameters relevant to the potential industrial implementation of fungal-based vitamin D₂ production.
Materials and Methods 
Fungal samples preparation 
[bookmark: _Hlk219882936]Commercial Agaricus bisporus fruiting bodies were used in this study, including both white and brown phenotypic types (Figure 1a - 1b). A. bisporus is the most widely cultivated edible mushroom worldwide, primarily due to its mild flavor, nutritional value; white and brown forms represent clonal lineages and pigment mutants of the same domesticated variety (Sonnenberg et al., 2016). The mushrooms were stored frozen at −20 °C and thawed at room temperature prior to processing to preserve fresh-like characteristics. Here, mainly the caps (pileus) were used, although stems (stipes) were included in some preparations when the full fruiting body was processed. Two forms of sample preparation were applied: (i) dried-powdered material, dehydrated at 85 °C until constant weight and ground using a mortar and pestle, sieved through a 1 mm mesh (Figure 1c), and (ii) fresh-cut mushrooms, sliced immediately after thawing (Figure 1d).
Extraction
Different extraction methods were employed to evaluate ergosterol yield from Agaricus bisporus. These included: (i) long-term extraction (LTE), simulating domestic extraction practices by submerging mushroom tissue slides for 30 days; (ii) ultrasound-assisted extraction (UAE); and (iii) glass-bead enhanced ultrasound-assisted extraction (BUAE). A preliminary literature review was conducted to identify solvents commonly used for ergosterol extraction—such as methanol, ethanol with KOH, dimethyl ether (DME), hexane, and deep eutectic solvents. Ethanol was selected for this study due to its lower hazard classification and favorable safety profile. Two main solvent-to-solid ratios were tested (1:5 and 1:50, g:mL) at room temperature, and the extraction kinetics were monitored over time for both the UAE and BUAE methods.
UV-B conversion 
An experimental setup was assembled consisting of a rotating platform (MiniTwist mixer Corning, Glendale, United States), continuously agitated under a UVB lamp (UVB100 13W EXOTERRA, Holm, Germany). The distance between the samples and the light source was approximately 5 cm, providing a continuous irradiance dose of c. 415 µW/cm². This setup was used for all photoconversion experiments, conducted in a moisture and temperature-controlled chamber (27°C, 50%RH). First, a model solution of ergosterol in ethanol was exposed to constant UVB irradiation for varying durations to evaluate photoconversion dynamics. Subsequently, ethanolic extracts obtained from Agaricus bisporus were irradiated under the same conditions to compare their conversion performance with that of the model ergosterol solution.
Kinetic modelling
Kinetic modelling was performed using time-dependent concentration data of the main reacting species, ergosterol, under constant UV irradiation. The reaction rate was formulated for photochemical kinetics, where the rate depends on the absorbed radiation. The general rate expressions considered were of zero-order and first-order equations (Eq. 1 and Eq. 2): 


   ;       	Eq. 1 / Eq. 2

where 𝐶(𝑡) is the ergosterol concentration, φ is the quantum yield, and 𝐼𝑎(𝑡) is the absorbed radiation. The absorbed intensity was related to the incident radiation I0 through the fraction of light absorbed (as in Eq. 3): 

𝐼𝑎(𝑡)=𝐼0(1−10−𝐴(𝑡)) 	Eq. 3

Then absorbance was related to ergosterol concentration via the Beer–Lambert law (𝐴(𝑡)=𝜀𝑙𝐶(𝑡)). Rather than fitting the non-linear photokinetic expression, experimental data were analyzed using simplified kinetic models commonly applied to photochemical systems. Zero-order and first-order kinetic models were independently fitted to the same concentration–time data to evaluate their ability to describe the observed behavior. Apparent rate constants were obtained from linear regressions of the corresponding integrated forms, and the quality of each model was assessed by goodness-of-fit metrics.
Analytical measurements
Spectrophotometric analysis was used to quantify ergosterol and vitamin D₂, based on calibration curves prepared with pure standards. Absorbance measurements (Genesis 10S UV-VIS ThermoFischer, Madison, United States) were taken at 282 nm for ergosterol and 265 nm for vitamin D₂, corresponding to their respective maximum value of absorbance (model solutions). Dry and fresh matter contents were determined gravimetrically by weighing samples before and after drying at 85 °C for 24 h (constant weight). For the extracts, Ultra-performance liquid chromatography (UPLC) was used (AcquityWaters UPLC, Milford, United States) for the quantitative determination of ergosterol and vitamin D₂ to overcome spectral overlap and photoproduct interference. Chromatographic separation was carried out using an AcquityWaters column (C18, 1.7 µm, 2.1x50mm) maintained at 35 °C, and autosampler temperature set at 5 °C. Analytes were separated using a binary mobile phase consisting of 0.1% formic acid in water (solvent A) and 0.1% formic acid in methanol (solvent B), at a flow rate of 0.5 mL/min. The elution began with an isocratic step at 1% A and 99% B. Subsequently, a linear gradient was applied, where solvent A increases to 10% (B decreases to 90%) over 1 min. The final 2 minutes of the run returns to the initial conditions of 1% A and 99% B for column re-equilibration.
[image: ]
Figure 1. Agaricus bisporus: (a) white cap, (b) brown cap, (c) dried and powdered material, (d) sliced samples, and focus-stacked micrographs of cap powder (e) untreated, (f) after ultrasound-assisted extraction (UAE), and (g) after glass-bead ultrasound-assisted extraction (BUAE).
Statistical Analysis
Statistical analysis was performed using Microsoft Excel (Microsoft Corp., Redmond, United States). Experiments were conducted in triplicate, and results are reported as mean values ± standard deviation. Calibration curves were generated using two independent sets of triplicate standards, as well as for the model ergosterol kinetic tests, to ensure analytical robustness and reproducibility. Extraction yields were analyzed by one-way ANOVA, followed by Tukey’s significant test for multiple comparisons (different lowercase letter differ significantly at p<0.05). Kinetic parameters were determined by linear regression of the rate expressions using time-resolved concentration data, following three approaches as reported in (Gomez-Camacho et al., 2022).
Results and Discussion 
Extraction of ergosterol
Ergosterol extraction yields for the white and brown A. bisporus tested caps are presented in Figure 2. The trends show how the extraction process is affected by different phenomena: the interplay between mass‐transfer and kinetics, the matrix accessibility (e.g., in LTE the differences in powder vs pieces), and the solvent availability (i.e., different solid-to-solvent ratios). For both ultrasound-based extractions (UAE and BUAE), the yield increases with extraction time (especially for the 30–120 min) indicating diffusion‐controlled release of ergosterol from the solid matrix, with yields approaching quasi‐equilibrium conditions at longer times. However, prolonged ultrasound application in laboratory-scale systems tend to induce a moderate temperature increase which then also contributes to enhance extraction efficiency at extended sonication times. As expected, a solid‐to‐solvent ratio of 1:50 (relative to 1:5) reduces solvent saturation while providing a higher driving force, achieving ergosterol yields reached approximately 18–19 mg/gDM for white samples and 16–17 mg/gDM for brown samples at 120 min, compared to maximum values of only ~11–12 mg/gDM (white) and ~7–8 mg/gDM (brown) at a ratio of 1:5 (Figure 2). Moreover, the higher yields obtained with BUAE relative to conventional UAE indicate that, in addition to cavitation-driven microstreaming and particle surface erosion associated with ultrasound, the incorporation of glass-bead provides additional mechanical shear, thereby enhancing solvent penetration and ergosterol release from the matrix (Figure 1g). UAE also promotes fragmentation of the matrix into smaller particles, thereby increasing surface area and facilitating the extraction of ergosterol, resulting in a polydisperse particle size distribution. For larger granules (i.e., in the μm-mm range), the effects of ultrasound treatment are clearly observable (Figure 1f), while the combined application of ultrasound and glass beads produces more pronounced mechanical abrasion features (Figure 1g). Ergosterol can be observed as a white solid deposited on the surface of the powder granules after UAE and BUAE treatments.
Long‐term extraction (LTE, 30 days) achieves comparable yields under mild, low-energy conditions, which explains its widespread use at the household level; however, extended processing times limit the applicability for intensified or industrial-scale extraction. The higher extraction efficiency observed for powdered samples in LTE (compared to pieces) highlights the role of particle size reduction in increasing specific surface (approximately doubled yields). Overall, these results identify BUAE operated at extraction times in the 90 min range and high solvent ratios as the most efficient and scalable strategy, offering a favorable trade-off. 
[bookmark: _Hlk219882968][bookmark: _Hlk219882976]Lastly, the extraction and quantification of ergosterol from fungal matrices remain insufficiently standardized and reported ergosterol contents in the literature often span broad ranges depending on employed analytical protocols (Wilkes, 2023). Indeed, ergosterol determination typically relies on multi-step procedures involving different solvents, saponification and derivatization steps, which increase methodological complexity and are prone to experimental losses. In contrast, ethanol-based ultrasound-assisted extraction has been shown to be a robust and effective approach for disrupting fungal matrices and promoting substantial ergosterol release, while reducing procedural complexity and providing consistent results. Moreover, key process parameters (e.g., solvent-to-solid ratio, extraction temperature, energy input, and particle size reduction) are often not systematically controlled or reported, despite their relevance for process development. Importantly, knowledge gaps persist regarding fundamental physicochemical properties of ergosterol, as attempts to model its solubility and spectroscopic behavior have revealed significant limitations, e.g., the inability of theoretical simulations to reproduce all experimentally observed UV absorption features (Balcers, Miranda and Veilande, 2022).

Figure 2: Extraction yields for the different tested samples, solid-to-solvent ratios and extraction techniques 
Characterization of ergosterol photoconversion kinetics
[bookmark: _Hlk219882989][bookmark: _Hlk219883000]For the kinetic and conversion studies of ergosterol to vitamin D₂, experimental runs were conducted using both a model solution of ergosterol in ethanol and ethanolic extracts of Agaricus bisporus, as described in Section 3.1. The kinetics analysis was performed by testing the hypothesis that the photochemical conversion of ergosterol can be described by either zero- or first-order kinetic models. The percentual conversion of ergosterol observed in the present study is comparable to values reported previously for Agaricus bisporus under UV irradiation. For example, (Hu et al., 2021) reported ergosterol decreases of approximately 30–50 % following UV radiation (also in similar time intervals) with the highest reductions observed for ethanolic suspensions (compared to fresh samples). In the present work, ergosterol conversion in the model solution reached c. 40 %, while ethanolic extracts exhibited substantial but lower conversions, reaching up to c. 20 % for white extracts and 30–35 % for brown extracts under the investigated conditions. However, ergosterol consumption did not translate proportionally into vitamin D₂ formation, which remained below 1 % (Figure 3). This behavior is consistent with the established photochemistry of provitamins D, where UV irradiation rapidly leads to a quasi-photostationary mixture of pre-vitamin D₂, lumisterol₂ (L), and tachysterol₂ (T), followed by the progressive formation of irreversible over-irradiation products (toxisterols) upon prolonged exposure. Similar time-scale effects have been reported for provitamin D photoisomerization under UV irradiation, where extended irradiation predominantly favors other photochemical pathways rather than vitamin D2 accumulation (Terenetskaya, Perminova and Yeremenko, 1990). Hence, reaction selectivity, adequate UV doses, and irradiation setup parameters, as well as the dynamic behavior of competing (photo)isomers, require further research to enable a more selective steering of the photochemical conversion towards the product of interest.

Figure 3. Time evolution of ergosterol photoconversion in the model ergosterol solution, white and brown Agaricus bisporus mushroom ethanolic extracts under UVB irradiation 
Kinetic parameters reported in Table 1 highlight clear differences between the model ergosterol solution and the mushroom extracts, as well as between the two tested kinetic orders. For the model ergosterol solution, both zero- and first-order models provide strong fits to experimental data, as reflected by the high coefficients of determination (R2≈0.99) and the relatively low standard deviations of the estimated rate constants. This indicates a highly reproducible and well-defined photochemical system, in which reaction kinetics are governed primarily by controlled optical conditions and photon flux, with minimal interference from matrix effects. In contrast, ethanolic extracts exhibit significantly larger uncertainties in estimated kinetic parameters, particularly for the apparent rate constants. The higher relative errors observed for both (white and brown) extracts reflect the increased experimental variability inherent to complex biological matrices, including heterogeneous light absorption, scattering, and the presence of additional UV-active compounds. 
Table 1: Kinetics parameters of the ergosterol photoconversion tests (for ergosterol, reagent)
	System
	k₀ (g·L⁻¹·min⁻¹)
	R² (0º)
	k₁,app (min⁻¹)
	R² (1º)

	Model ergosterol solution
	(2.89 ± 0.33) × 10⁻⁷
	0.988 ± 0.021
	(4.00 ± 0.34) × 10⁻³
	0.993 ± 0.010

	White extracts
	(1.25 ± 0.25) × 10⁻³
	0.762 ± 0.047
	(1.36 ± 0.29) × 10⁻³
	0.746 ± 0.055

	Brown extracts
	(2.43 ± 0.14) × 10⁻³
	0.883 ± 0.069
	(2.45 ± 0.26) × 10⁻³
	0.896 ± 0.064



Regarding kinetics models, the zero-order yields moderate fits for the extracts, while the apparent first-order model provides improved fits, particularly for brown extracts (R2≈0.89). A further distinction between the two kinetic orders is evident in the magnitude and consistency of the estimated rate constants. Zero-order constants (k0) span several orders of magnitude across the investigated systems (Table 1), reflecting their strong dependence on absolute concentration scale and matrix-specific optical properties. In contrast, the apparent first-order rate constants (k1,app) fall within the same order of magnitude for all systems studied, indicating a more consistent and comparable kinetic description across both model solutions and mushroom extracts. Overall, the goodness-of-fit and associated uncertainties indicate that while both kinetic models can adequately describe the data within the studied conversion range, the apparent first-order formulation offers a more robust and transferable description for mushroom extracts.
Conclusions
This study provides a preliminary process-oriented evaluation of ergosterol extraction and UVB-induced photoconversion kinetics from Agaricus bisporus caps, bridging fundamental photochemical behavior with extraction process design. By comparing different extraction strategies under controlled solid-to-solvent ratios and mechanical intensification (ultrasound and bead-assisted ultrasound), the work demonstrates that ethanol-based, ultrasound-assisted extraction constitutes a robust route for ergosterol recovery from fungal matrices, with direct applicability not only to process development but also to analytical quantification in complex samples. Beyond reporting extraction yields, this study highlights how matrix accessibility, particle size reduction, and solvent availability jointly influence the extraction efficiency (often underreported in the literature). Kinetic insights highlight the impact of biological matrix effects on photochemical behavior when comparing model ergosterol solutions with complex mushroom extracts, revealing that while both zero- and first-order models can describe it but apparent first-order kinetics provide a more consistent and transferable framework across the studied systems. However, the observed selectivity towards vitamin D₂ highlights the need to further elucidate reaction mechanisms, optimal UV doses, irradiation configuration, and the dynamic behavior of competing (photo)isomers in order to rationally tune and optimize photochemical pathways in complex fungal matrices.
From a broader systems and sustainability perspective, these findings emphasize the need to integrate effective extraction techniques with photochemical conversion settings to unlock the potential of fungal biomasses as a renewable source of ergosterol and vitamin D2. Moreover, future work should also include evaluations of the environmental impacts of such fungal-based processes, to facilitate the benchmarking against alternative non-animal vitamin D2 production routes (e.g., submerged fermentation of Saccharomyces spp.) as well as conventional vitamin D3 production, to compare their environmental footprint. Lastly, persistent gaps in the fundamental characterization of ergosterol and vitamin D2 (as well as other isomers), regarding their solubility and spectroscopic behavior, limit predictive modeling and add uncertainty to both extraction and quantification. Addressing these limitations through standardized methodologies and improved physicochemical understanding will be critical for translating laboratory-scale findings into industrially relevant biotechnological processes aligned with circular bioeconomy and food-system resilience objectives.
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0	0	0	0	0	7.3784020000000006E-2	0	0	0	0	0	0.168405586	7.3784020000000006E-2	0 min	30 min	60 min	90 min	120 min	30 days	0 min	30 min	60 min	90 min	120 min	30 days	Solid-to-solvent 1:5	Solid-to-solvent 1:50	0	0	0	0	0	3.747541993	0	0	0	0	10.37694806	e	b	LTE - Brown (pieces)	[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]
[CELLRANGE]

[CELLRANGE]

0	0	0	0	0	4.8874069999999999E-2	0	0	0	0	0	0.24330502200000001	0	0	0	0	0	4.8874069999999999E-2	0	0	0	0	0	0.24330502200000001	0 min	30 min	60 min	90 min	120 min	30 days	0 min	30 min	60 min	90 min	120 min	30 days	Solid-to-solvent 1:5	Solid-to-solvent 1:50	0	0	0	0	0	3.323317345	0	0	0	0	6.4527800539999998	e	d	time 


Extraction yield
 (mg ergosterol/gDM )




White extract (ergosterol)	4.0000000000000003E-5	1.1E-4	9.0000000000000006E-5	2.9999999999999997E-4	1.4999999999999999E-4	4.0000000000000003E-5	1.1E-4	9.0000000000000006E-5	2.9999999999999997E-4	1.4999999999999999E-4	0	30	60	90	120	4.3600000000000002E-3	4.1999999999999997E-3	4.1099999999999999E-3	4.0800000000000003E-3	3.81E-3	Brown extract (ergosterol)	2.7999999999999998E-4	1.2E-4	2.1000000000000001E-4	2.4000000000000001E-4	2.5999999999999998E-4	2.7999999999999998E-4	1.2E-4	2.1000000000000001E-4	2.4000000000000001E-4	2.5999999999999998E-4	0	30	60	90	120	7.6499999999999997E-3	6.7000000000000002E-3	6.1999999999999998E-3	5.4400000000000004E-3	5.0699999999999999E-3	Model solution (ergosterol)	2.7700000000000001E-4	3.28E-4	3.7800000000000003E-4	4.2900000000000002E-4	2.7700000000000001E-4	3.28E-4	3.7800000000000003E-4	4.2900000000000002E-4	0	30	60	90	120	6.6600000000000001E-3	6.1700000000000001E-3	5.77E-3	5.2900000000000004E-3	4.8399999999999997E-3	White extract (VD2)	0	2.0999999999999999E-8	1.4999999999999999E-8	1.6000000000000001E-8	2.7E-8	0	2.0999999999999999E-8	1.4999999999999999E-8	1.6000000000000001E-8	2.7E-8	0	30	60	90	120	2.8299999999999999E-8	1.8E-7	2.05E-7	2.2999999999999999E-7	2.4499999999999998E-7	Model solution (VD2)	2.0000000000000001E-9	1.4999999999999999E-8	2E-8	2.9999999999999997E-8	4.0000000000000001E-8	2.0000000000000001E-9	1.4999999999999999E-8	2E-8	2.9999999999999997E-8	4.0000000000000001E-8	0	30	60	90	120	2.0999999999999999E-8	1.1999999999999999E-7	2.1E-7	2.9999999999999999E-7	3.8000000000000001E-7	Brown extract (VD2)	0	3.8999999999999998E-8	3.4E-8	5.2000000000000002E-8	4.6999999999999997E-8	0	3.8999999999999998E-8	3.4E-8	5.2000000000000002E-8	4.6999999999999997E-8	0	30	60	90	120	2.8299999999999999E-8	3.2599999999999998E-7	3.8299999999999998E-7	4.4499999999999997E-7	4.4700000000000002E-7	time (min)


Ergosterol (mol/L)


Vitamin D2 (mol/L)
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