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A B S T R A C T

Vinasse, a high-strength byproduct of the sugar–ethanol industry, was simultaneously valorized and remediated 
using the edible filamentous fungus Neurospora intermedia. Optimal cultivation conditions (6◦Brix vinasse, pH 7, 
0.5 g/L KNO₃, 1% inoculum, and 1 g/L diammonium citrate) produced 14.9 g/L fungal biomass enriched with 
carotenoids (76.38 μg/g) and vitamins B1, B2, B3, and B6. The process reduced vinasse COD by 63% and enabled 
substantial minerals bioaccumulation, removing up to ~65% of Mn and Ca. FTIR analysis confirmed melanoidin 
adsorption, while SEM revealed thinner, highly branched hyphae under vinasse stress. Post-treatment with 
activated carbon or Purolite A502PS resin achieved >94% decolorization. This integrated system converts a 
problematic effluent into nutrient-rich biomass while improving wastewater quality, offering a practical circular- 
bioeconomy strategy for the sugar–ethanol sector.

1. Introduction

The sugar-ethanol industry, faces a significant sustainability chal
lenge in managing vinasse, the voluminous and polluting wastewater 
from ethanol distillation. Vinasse poses a severe threat to aquatic eco
systems and agricultural lands when inadequately treated or indis
criminately discharged, owing to its phytotoxic nature, high organic 
load, and propensity for groundwater contamination (Azevedo-Santos 
et al., 2024; Montiel-Rosales et al., 2022; Sica et al., 2020). Conse
quently, a critical tension emerges within the water-food-climate nexus: 
a water-intensive industry, vital for climate change mitigation through 
biofuel production, simultaneously generates a waste stream that poses 
a significant threat to both water quality and soil health, thereby 
creating adverse feedback loops that jeopardize agricultural productiv
ity and food security (Bellezoni et al., 2018).

The challenge inherent in this system presents a transformative op
portunity for a circular bioeconomy, as vinasse, a by-product rich in 
organic matter, residual sugars, and minerals, is not merely a waste 
stream but a viable and valuable resource for microbial cultivation (Dias 
et al., 2024). The cultivation of edible filamentous fungi, on vinasse 
offers a synergistic solution. This process can simultaneously remediate 

the effluent by reducing its chemical oxygen demand (COD) and toxic 
load, and valorize it into high-value products (Amini et al., 2022). We 
hypothesize that the edible fungus Neurospora intermedia can simulta
neously remediate vinasse (reducing COD, color, and minerals) while 
producing a protein- and nutraceutical-rich biomass, and that this dual 
functionality can be optimized through targeted manipulation of culti
vation parameters including carbon concentration, nitrogen source, and 
metabolic precursors. The specific measurable objectives of this study 
are to determine the optimal ◦Brix, pH, inoculum level, and nitrogen 
source for maximizing biomass, carotenoid, and B-vitamin yields; to 
quantify COD removal, minerals bioaccumulation, and decolorization 
efficiency; and to characterize the physicochemical and morphological 
properties of the resulting biomass.

On the other hand, the increasing global demand for natural nutra
ceuticals, such as carotenoids and B vitamins, has driven research into 
sustainable and cost-effective production methods (Nazir et al., 2024). 
As an alternative, microbial biosynthesis using agro-industrial byprod
ucts offers an eco-friendly and economically viable approach (Igreja 
et al., 2021). Filamentous fungi can grow on low-cost waste substrates 
and produce natural pigments, making them promising for sustainable 
colorant production. Key pigment-producing species include 
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Talaromyces spp., Cordyceps unilateralis, Herpotrichia rhodosticta, Curvu
laria lunata, Drechslera spp, Eurotium spp. and Fusarium oxysporum, 
Fusarium fujikuroi, Penicillium citrinum, P. islandicum, P. aculeatum, and 
P. pinophilum (Gmoser et al., 2017). Filamentous fungi possess remark
able biosynthetic capabilities for B-vitamin production, offering signif
icant advantages for industrial and food applications. Key 
vitamin-producing species and their contributions include vitamin B1 
(A. oryzae, and Fusarium spp.), vitamin B2 (Ashbya gossypii, Eremothe
cium ashbyii, Candida famata, and A. niger), vitamin B3 (A. niger, and 
Rhizopus), and vitamin B6 (Cercospora nicotianae) (Dikkala et al., 
2021).

Previous studies on fungal vinasse valorization have primarily 
focused on single objectives such as biomass production (Karimi et al., 
2019), COD reduction (Nair and Taherzadeh, 2016), or enzyme pro
duction (Moran-Salazar et al., 2016). However, several critical limita
tions persist. First, no integrated study has simultaneously optimized the 
production of multiple nutraceuticals (carotenoids and B-vitamins) with 
bioremediation performance. Second, sequential polishing strategies for 
color removal have not been integrated with fungal treatment. A critical 
gap exists in developing integrated, systems-based strategies that 
concurrently optimize multiple objectives: the production of a portfolio 
of nutraceuticals (carotenoids and B vitamins), the generation of 
protein-rich biomass, and the efficacy of vinasse bioremediation. This 
holistic optimization is essential to maximize the resource productivity 
and synergistic benefits within the water-food-climate nexus, moving 
beyond isolated laboratory experiments to demonstrate a practical, 
multi-beneficial management practice.

Therefore, this study investigates the cultivation of the edible fungus 
N. intermedia in vinasse as a nexus-based solution. We specifically aim to 
optimize key cultivation parameters (◦Brix, nitrogen source, and pH) to 
simultaneously maximize the production of protein, carotenoids, and B 
vitamins, while also evaluating the concomitant bioremediation per
formance in terms of COD, melanoidin, and minerals reduction. By 
aligning the process design with the principles of circular economy and 
synergistic resource management, this work seeks to provide a viable 
pathway for the sugar-ethanol industry to transform a pressing waste 
problem into a source of sustainable nutrition and environmental 
protection.

2. Material and method

2.1. Fungal strain and inoculum preparation

The ascomycete filamentous fungus N. intermedia, sourced from the 
Industrial Microorganism Collection Center of Iran (Accession No. ATCC 
9276), was used in this study. The fungus was cultivated on potato 
dextrose agar (PDA) supplemented with 0.5% (w/v) yeast extract and 
incubated at 30 ◦C for 10 days under light conditions. Following incu
bation, spores were harvested by gently rinsing the culture surface with 
sterile distilled water. A spore suspension of N. intermedia was adjusted 
to 2.5 × 10⁶ spores/mL using a hemocytometer (Abbasi-Riyakhuni et al., 
2025). Biomass concentration is expressed as grams of dry biomass per 
liter of culture (gDM/L).

2.2. Vinasse

Vinasse was procured from Sepahan Bio-product Company (Isfahan, 
Iran) for use in this study. The vinasse had a Brix value of 65. The vinasse 
was also screened for toxic heavy minerals including cadmium (Cd), 
lead (Pb), mercury (Hg), and arsenic (As) to assess feed safety compli
ance. The physicochemical properties and chemical composition of the 
vinasse are presented in Table 1.

2.3. Optimization of physiological parameters for enhanced biomass, 
vitamin B, and carotenoid production by Neurospora intermedia in vinasse

Optimization was conducted sequentially using a one-factor-at-a- 
time (OFAT) approach. First, ◦Brix was optimized (4, 6, 12, 16) while 
maintaining other parameters at baseline values (pH 7.0, no nitrogen 
supplementation, 1% inoculum, 5 days). Subsequently, the optimal 
◦Brix (6) was fixed, and pH (6, 7, 8) was optimized. This sequential 
approach continued for inoculum level, incubation time, nitrogen 
sources, minerals, trace elements, stress factors, and precursors. Each 
parameter was optimized independently before proceeding to the next 
variable.

The selected ◦Brix range (4, 6, 12, and 16) was based on preliminary 
experiments (data not shown) indicating that values below 4 ◦Brix 
resulted in nutrient limitation (biomass <5 g/L), while values above 16 
◦Brix caused osmotic stress and growth inhibition. This range is 
consistent with previous optimization studies on N. intermedia (Karimi 
et al., 2019; Gmoser et al., 2017). Nitrogen concentrations (0.2–1 g/L 
for inorganic sources KNO3, NH4Cl; 0.1–0.5 g/L for organic sources 
peptone casein, and yeast extract) were selected based on the typical 
nitrogen content of vinasse (0.5–1.5 g/L total nitrogen) and preliminary 
trials showing that supplementation beyond 1 g/L did not improve 
yields.

Other conditions were optimized by evaluating various parameters, 
including incubation time (3, 5, and 8 days) were investigated to 
determine the optimal physiological conditions (Karimi et al., 2019). 
The fungal biomass was harvested, washed with distilled water, and 
dried at 30 ◦C for 24 h prior to analysis.

The supplementation of salts, trace elements, and precursors for 
cultivating N. intermedia in vinasse under optimal physiological condi
tions was optimized. The salt composition included 0.05 g/L of 
CaCl₂⋅7H₂O, MgCl₂, KH₂PO₄, and ZnCl₂. Since Mg²⁺ serves as an essential 
cofactor for N. intermedia growth, its concentration was further tested at 
0.025, 0.05, and 0.1 g/L in vinasse. Additionally, trace elements 
required for N. intermedia growth were selected based on the method 
described by Gmoser (2021).

In order to optimize growth conditions, vinasse was supplemented 

Table 1 
Characters and chemical compositions of vinasse.

Parameters Value Micro elements Concentration 
(ppm)

pH 7.0 ± 0.11 Iron (Fe) 760.0
Total solids (%) 65.3 ± 2.1 Zinc (Zn) 19.9
Volatile solids (%) 28.9 ± 1.18 Manganese 35
Ash (%) 18.4 ± 0.74 Copper (Cu) 13.4
Total Kjeldahl 

nitrogen (g/L)
16.7 ±
protein 1.4

Bor (B) 7.5

COD (mg/L) 8335 .0 Heavy metals Concentration 
(ppm)

Insoluble materials 0.0 Selenium (Se) 2.5
Amino acid Value (%) Cadmium (Cd) 0.0
Glutamic acid 0.2 Strontium (Sr) 3.4
Alanine 0.2 Barium (Ba) 0.1
Methionine 0.2 Nickel (Ni) 0.6
Leucine 0.09 Arsenic (As) 0.0
Proline 0.1 Cobalt (Co) 0.0
Serine 0.08 Lead (Pb) 0.0
Macro elements Value (%) Molybdenum 

(Mo)
0.0

K2O 10.5 Chromium (Cr) 0.0
P2O 0.07 Aluminium (Al) 5.5
N 1.7 Potassium (K) 87,220.0
Fulvic acid 5.0 Sugars Concentration (g/ 

L)
Betaine 7.9 ± 0.5 Xylose 90.4
Sodium (Na) 1.0 Glucose 30
Calcium (Ca) 1.5 Maltose 14.13
Magnesium (Mg) 0.2 ​ ​
Phosphours 0.03 ​ ​
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with a trace element solution at three concentrations: 10 (0.5X), 20 (1X), 
and 30 (1.5X) mL/L. The 1X concentration (20 mL/L) was based on the 
formulation established by Gmoser (2017) as essential for N. intermedia 
growth, which contained (per liter): 3.00 g EDTA, 0.90 g ZnSO₄⋅7H₂O, 
0.90 g CaCl₂⋅2H₂O, 0.60 g FeSO₄⋅7H₂O, 0.20 g H₃BO₃, 0.06 g 
MnCl₂⋅2H₂O, 0.08 g Na₂MoO₄⋅2H₂O, 0.06 g CuSO₄⋅5H₂O, and 0.02 g 
CoCl₂⋅2H₂O. To induce oxidative and osmotic stress, 3 g/L NaCl and 5 
mmol H₂O₂ were added at the beginning of cultivation and again after 72 
h (Gmoser et al., 2017).

To assess the impact of precursors on growth and the production of B 
vitamins and carotenoids, the following compounds were supplemented 
at two time points (0 h and 72) included 1 g/L sodium succinate, 1 g/L 
diammonium-citrate, 0.5 g/L glutamate. Additionally, precursor com
binations were tested at the start of cultivation included 0.5 g/L gluta
mate + 0.5 g/L diammonium-citrate, 0.25 g/L glutamate + 0.75 g/L 
diammonium-citrate, 0.75 g/L glutamate + 0.25 g/L diammonium- 
citrate (Rokem, 2020).

For all experimental conditions described in this section, the culti
vation was incubated at 30 C, with 150 rpm shaking, for 5 days, and each 
dried biomass was analyzed for its content of B-vitamins (B1, B2, B3, B6) 
and carotenoids according to the methods detailed in Section 2.4
(Dianatdar et al., 2025).

2.4. Analytical method of vitamins B, carotenoids, and protein contenet 
of Neurospora intermedia biomass

2.4.1. Extraction
Carotenoids and B vitamins were extracted from 10 mg of manually 

milled dry biomass. The sample was pre-treated with 50 μL of dimethyl 
sulfoxide (DMSO) for 15 min, followed by solvent extraction using 1 mL 
of 99% ethanol and sonication for 5 min. The resulting ethanol extract 
was used for subsequent spectrophotometric quantification of both 
analytes (Dianatadra et al., 2025).

2.4.2. Vitamin analysis
For preliminary screening during process optimization, vitamin 

concentrations were quantified spectrophotometrically using calibra
tion curves (R² > 0.99 for all vitamins) constructed from analytical 
standards (Sigma-Aldrich), with curves presented in Fig. S1 of Dianatdar 
et al. (2025). However, all final reported values were derived from 
high-performance liquid chromatography (HPLC) as described below. 
Vitamins B1, B2, B3, and B6 were quantified and confirmed using HPLC 
according to the method of Hosain et al. (2021). A Waters HPLC system 
(Milford, MA, USA) equipped with a C18 reverse-phase column (4.6 ×
250 mm, 5 μm particle size) was employed. For vitamins B2, B3, and B6, 
the mobile phase consisted of a buffer and methanol gradient, while 
vitamin B1 was analyzed using either an ion-pair or a methanol gradient 
method with the same column. Absorbance was measured at specific 
wavelengths: 267 nm (B2), 262 nm (B3), 290 nm (B6), and 254 nm (B1). 
Retention times were 17.96 min (B1), 21.32 min (B2), 5.11 min (B3), 
and 15.79 min (B6). All linear equation parameters, including linear 
range (μg/mL), correlation coefficient (R²), limit of detection (LOD) 
(μg/mL), and limit of quantitation (LOQ) (μg/mL), are presented in 
Table S1. This setup ensured effective separation and minimized matrix 
interference from complex fungal biomass extracts. Vitamin concen
trations are reported as milligrams per gram of dry biomass (mg/g).

2.4.3. Carotenoid analysis
Total carotenoid content was quantified spectrophotometrically at 

469 nm (Dianatdar et al., 2025). N. intermedia is known to produce 
multiple carotenoid species, including β-carotene, torulene, and neuro
sporaxanthin; thus, the total carotenoid values reported here represent 
the sum of all carotenoid species detected at this wavelength (Gmoser 
et al., 2017). Carotenoid concentrations are expressed as micrograms 
per gram of dry biomass (µg/g). All final vitamin and carotenoid con
centrations are consistently reported on a per-gram dry fungal biomass 

basis.

2.4.4. Protein content
Under optimal conditions, the protein content of the biomass was 

measured using the Kjeldahl method with a nitrogen-to-protein con
version factor of 6.25 (Toghiani et al., 2025). Protein content is reported 
as grams per 100 g of dry biomass.

2.5. Biological and physicochemical treatment of vinasse by fungal 
cultivation, adsorption color using activated carbon and Purolite A502PS 
resin

The remediation of spent vinasse was evaluated through both its 
organic load and melanoidin content. Following cultivation, the 6 ◦Brix 
of vinasse was subjected to one of two adsorption treatments, agitation 
with 3% (w/v) activated carbon at 80 ◦C or filtration through Purolite 
A502PS resin at 1 mL/min for three time, to reduce its organic load 
(Monsefi Parapari, 2021), which was monitored by COD using a stan
dard Hach kit (Hach Company, USA) at initial, post-cultivation, and 
post-adsorption stages (Karimi et al., 2019). Melanoidin removal was 
attributed to biosorption by the fungal biomass, activated carbon, or 
Purolite A502PS resin. Decolorization efficiency, representing mela
noidin removal, was quantified by measuring the absorbance at 485 nm 
and calculated using Formula 1, where A₀ and At are the absorbances 
before and after treatment, respectively (Ahmed et al., 2018): 

Decolorizationofvinasse =
A0 − At

A0
× 100 (1) 

All adsorption experiments were performed in triplicate biological 
replicates (three independently cultured batches), with each batch 
analyzed in duplicate technical replicates (n = 6 total measurements per 
condition).

2.6. Analysis sugars and minerals of vinasse before and after cultivation 
by HPLC and ICP method

The sugar content in vinasse, was analyzed by HPLC following the 
method of Bernárdez et al. (2004). Filtered samples (0.45 μm) were 
separated using an acetonitrile:water (80:20, v/v) mobile phase at a 
flow rate of 1 mL/min and a column temperature of 30 ◦C (Bernárdez 
et al., 2004). Elemental composition of vinasse, was determined by 
ICP-MS. Samples (10 mL) were first digested with a mixture of 
concentrated HNO₃ (2 mL) and HCl (3 mL) at 100 ◦C for one hour. The 
resulting digests were clarified by 0.22 µm filtration prior to analysis 
(Association, 2005). Minerals concentrations are expressed as mg/g of 
dry biomass for biomass samples and as mg/L for vinasse samples.

2.7. Analysis of fungal biomass by FTIR and SEM method

To compare the physico-chemical properties of biomass produced in 
different media, N. intermedia was cultivated in a potato dextrose broth 
(PDB) and vinasse medium in optimal condition. Both cultivations were 
incubated at 30 ◦C, 150 rpm, for 72 h with an inoculum level of 2.5 × 10⁶ 
spores/mL. The resulting biomass was harvested for subsequent analysis 
(Dianatdar et al., 2025).

The morphological characteristics of the fungal biomass from both 
media were examined using SEM microscopy. Biomass samples were 
fixed according to the protocol of Kaushik and Thakur (2013) and 
imaged with a ZEISS EVO MA10 Scanning Electron Microscope operated 
at an accelerating voltage of 25.00 kV. Micrographs were captured at 
magnifications of 2,000X, 4,000X, and 8,000X to assess structural dif
ferences (Kaushik and Thakur, 2013).

The chemical composition of the biomass was further analyzed using 
FTIR spectroscopy. Dried biomass samples (0.01 g) from both PDB and 
vinasse cultures were homogenized with potassium bromide (KBr, 0.1 g) 
and pressed into transparent pellets. FTIR spectra were then acquired 
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over a wavenumber range of 450 to 4000 cm⁻¹, following the method of 
Kaushik and Thakur (2013).

2.8. Statistical analysis

All graphs were generated using GraphPad Prism 8 (La Jolla, Cali
fornia, USA). Statistical comparisons among groups of data presented in 

the figures and tables were performed using one-way ANOVA and 
Tukey's test (p-value < 0.05) in SPSS version 16 software (SPSS, Chi
cago, IL, USA). All experiments were conducted in triplicate, and the 
standard deviation was calculated for each set of measurements.

Fig. 1. Growth and production carotenoids of N. intermedia cultivated in vinasse under varying physiological conditions and varying precursors. (A) ◦Brix levels 
(4–16◦Brix), (B) pH conditions (6–8), blank (6 ◦Brix vinasse, and pH 7), (C) inorganic nitrogen sources (KNO3, NH4Cl, urea at different concentrations), blank (6 ◦Brix 
vinasse, and pH 7), (D) organic nitrogen sources (yeast extract, peptone casein at 0.1–0.5 g/L), blank (6 ◦Brix vinasse, and pH 7), (E) inoculum levels (0.5–2% v/v), 
(F) cultivation time (3–8 days), (G) precursors (1 g/L diammonium-citrate (C), sodium succinate (S), and 0.5 g/L glutamate (G), blank (6 ◦Brix vinasse, pH 7, and 0.5 
g/L KNO3). All experiments were incubated at 30 C, with 150 rpm shaking, for 5 days. Data: mean ± SD (n = 3), and Data: mean ± SD (n = 3).
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3. Result and discussion

The performance of fungus N. intermedia cultivation on sugarcane 
vinasse in terms of both fungal biomass production and wastewater 
remediation was investigated. The aim was to optimize process condi
tions to maximize the co-production of carotenoids and B-vitamins in 
the edible fungal biomass, while simultaneously reducing organic load, 
color, and minerals content of the effluent. The effects of vinasse con
centration, nutrient supplementation, and inoculum level on biomass 
formation and product yields was first evaluated. Then, the extent of 
COD reduction, minerals bioaccumulation, and melanoidin adsorption 
onto the fungal biomass, followed by additional polishing of the treated 
vinasse using activated carbon and ion-exchange resin were assessed. 
The following subsections detail how these combined steps resulted in a 
nutrient- and vitamin-enriched biomass and a significantly detoxified 
and decolorized effluent.

3.1. Optimized conditions for enhanced biomass, vitamin B, and 
carotenoid production

3.1.1. Optimized ◦Brix of vinasse, and pH, inoculum levels, and time
The yield of biomass (9.55 gDM/L), carotenoids (37.8 μg/gDM), and 

B1 (1.05 mg/g), B2 (1.88 mg/g), B3 (2.16 mg/g), and B6 vitamins (1.85 
mg/g) from N. intermedia was maximized in vinasse at 6 ◦Brix (Fig. 1A 
and Table 2), which was equal to 20.2 g/L carbon source. This optimum 
reflects a balance between the nutrient deficiency of low-◦Brix vinasse 
and the inhibitory conditions of high-◦Brix media, which is character
ized by high osmolarity, cation excess (K⁺, Ca²⁺, Mg²⁺), a high C/N ratio, 
and phenolics. These findings corroborate the established carbon 
requirement of 15–20 g/L for optimal growth of this fungus (Karimi 
et al., 2019).

Biomass and carotenoid production in N. intermedia were largely 
unaffected by pH variations. In contrast, vitamin synthesis was pH- 
dependent. Although a neutral initial pH of 7.0 was essential for spore 
germination, sustained neutral to slightly alkaline conditions negatively 
impacted the biosynthesis of several B1 (0.90 mg/g), B2 (1.75 mg/g), B3 
(2.01 mg/g), and B6 (1.83 mg/g) vitamins (Fig. 1B and Table 2). 
Vitamin B2 production in other microbial strains, such as A. gossypii, E. 
ashbyii, and the yeasts C. famata and Saccharomyces cerevisiae, is typi
cally maximized at a neutral initial pH of approximately 7.0 (Averianova 
et al., 2020). A vitamin B6 yield of 1.49 mg/g wet biomass was reported 
for Yarrowia lipolytica ATCC 9793 when cultivated in YPD medium at an 
initial pH of 7.0 (Jach et al., 2021).

While most measured outputs, including biomass, carotenoids, and 
vitamins B2, B3, and B6, were unaffected by inoculum levels, vitamin B1 
(1.65 mg/g) synthesis exhibited a distinct growth-associated profile 
(Fig. 1E, Table 2). The highest inoculum (1% v/v) yielded the maximum 
vitamin B1 output, establishing that a larger initial biosynthetic cell 
population directly enhances the productivity of this specific primary 
metabolite, as previously described by Lee et al. (2008).

Biomass production in N. intermedia was robust, remaining unaf
fected by cultivation time (3–8 days) or inoculum level (0.5–2% v/v). In 
contrast, metabolite synthesis was highly sensitive to these parameters. 
Carotenoid yields were significantly impaired by the shortest cultivation 
time (3 days) and the lowest inoculum (0.5% v/v). Similarly, vitamins 
B1 and B6 production was suboptimal at both 3 and 8 days, indicating a 
distinct optimal harvest window (Fig. 1F, Table 2). These findings 
demonstrate a clear divergence between the conditions supporting 
growth and those required to maximize the production of valuable 
metabolites.

Kinetic analysis revealed three distinct production profiles. Growth- 
associated production for vitamin B1 and carotenoids showed yields 
increased proportionally with biomass during log phase from days 3 to 5 
and plateaued at stationary phase. Non-growth-associated production 
for vitamins B2 and B3 exhibited constitutive production independent of 
growth phase, reflecting their role as redox cofactor precursors for FAD 

Table 2 
B-vitamin (B1, B2, B3, and B6) production by N. intermedia in vinasse under 
varying ◦Brix, pH, nitrogen sources, inoculum level (v/v%), time (days), inoc
ulum levels (0.5–2% v/v), cultivation time (3–8 days), and varying precursors. 
Data: mean ± SD (n = 3).

Physiological factors Vitamin 
B1 ± S.D 
(P- 
Value)

Vitamin 
B2 ± S.D 
(P- 
Value)

Vitamin 
B3 ± S.D 
(P- 
Value)

Vitamin 
B6 ± S.D 
(P- 
Value)

Vinasse 
(Brix)a

4 0.45 
±0.09 
(0.021)

1.27 
±0.03 
(0.164)

1.42 
±0.05 
(0.058)

0.61 
±0.11 
(0.001)

6 1.05 
±0.20 
(1)

1.88 
±0.32 
(1)

2.16 
±0.37 
(1)

1.85 
±0.11 
(1)

12 0.32 
±0.08 
(0.01)

1.67 
±0.32 
(0.793)

1.65 
±0.03 
(0.17)

0.98 
±0.10 
(0.003)

16 0.00 
±0.00 
(0.003)

0.00 
±0.00 
(0.004)

0.00 
±0.00 
(0.001)

0.00 
±0.00 
(0)

pH Blankb 1.05 
±0.20

1.88 
±0.32

2.16 
±0.37

1.85 
±0.11

pH 6 0.00 
±0.00 
(0.000)

1.8 ±
0.14 
(0.977)

1.67 
±0.37 
(0.564)

0.45 
±0.08 
(0.001)

pH 7 0.90 
±0.06 
(0.654)

1.75 
±0.18 
(0.913)

2.01 
±0.21 
(0.97)

1.83 
±0.04 
(0.997)

pH 8 0.52 
±0.15 
(0.046)

2.02 
±0.03 
(0.89)

1.94 
±0.43 
(0.926)

1.96 
±0.15 
(0.725)

Mineral 
nitrogen 
source 
(g/L)

Blankc 0.90 
±0.06

1.75 
±0.18

2.01 
±0.21

1.83 
±0.04

KNO3 (1) 1.29 
±0.13 
(0.343)

1.58 
±0.02 
(0.992)

1.72 
±0.06 
(0.871)

2.28 
±0.26 
(0.757)

KNO3 (0.7) 0.96 
±0.09 
(1)

1.73 
±0.23 
(1)

2.02 
±0.26 
(1)

1.55 
±0.16 
(0.977)

KNO3 (0.5) 1.39 
±0.35 
(0.166)

1.55 
±0.08 
(0.984)

1.83 
±0.07 
(0.989)

2.22 
±0.10 
(0.861)

KNO3 (0.2) 1.39 
±0.23 
(0.16)

1.02 
±0.10 
(0.098)

1.22 
±0.06 
(0.058)

1.92 
±0.26 
(1)

NH4Cl (1) 0.00 
±0.00 
(0.000)

0.55 
±0.04 
(0.006)

0.44 
±0.17 
(0.001)

1.21 
±0.25 
(0.453)

NH4Cl (0.7) 0.17 
±0.06 
(0.024)

2.14 
±0.38 
(0.66)

0.70 
±0.08 
(0.002)

1.67 
±0.49 
(0.999)

NH4Cl (0.5) 0.51 
±0.12 
(0.369)

1.23 
±0.12 
(0.359)

1.43 
±0.16 
(0.229)

1.41 
±0.18 
(0.834)

NH4Cl (0.2) 0.67 
±0.10 
(0.857)

1.31 
±0.38 
(0.534)

1.54 
±0.44 
(0.435)

1.80 
±0.42 
(1)

Urea (1) 0.17 
±0.06 
(0.03)

1.28 
±0.25 
(0.216)

1.42 
±0.40 
(0.479)

0.66 
±0.22 
(0.001)

Urea (0.7) 0.51 
±0.12 
(0.45)

1.10 
±0.17 
(0.029)

0.91 
±0.21 
(0.034)

0.010 
±0.00 
(0.000)

Urea (0.5) 0.67 
±0.10 
(0.911)

0.78 
±0.20 
(0.174)

1.23 
±0.27 
(0.195)

0.23 
±0.04 
(0.000)

Organic 
nitrogen 
source 
(g/L)

Blankc 0.90 
±0.06

1.75 
±0.18

2.01 
±0.21

1.83 
±0.04

Yeast extract 
(0.1)

1.09 
±0.27 
(0.968)

2.07 
±0.29 
(0.9)

2.30 
±0.31 
(0.971)

2.2 ±
0.17 
(0.458)

Yeast extract 
(0.3)

1.30 
±0.39 
(0.395)

2.14 
±0.08 
(0.773)

2.41 
±0.06 
(0.836)

1.85 
±0.12 
(1)

(continued on next page)
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and NAD⁺. Mixed-associated production for vitamin B6 demonstrated 
partial association with growth with continued production in early 
stationary phase. These distinctions are supported by time-course data 
in Fig. 1F. This is due to their fundamental role as precursors for the 
redox cofactors FAD and NAD⁺, which are not degraded but are 
continuously cycled between their oxidized states FAD and NAD⁺ and 
reduced states FADH₂ and NADH to drive cellular metabolism. The 

persistent demand for this cycling explains the phase-independent syn
thesis of these vitamins, linking their production directly to overall 
metabolic activity as noted by Angelova et al. (2005) and Dianatdar 
et al. (2025).

Time-course analysis (days 1–15) demonstrated that biomass 
reached maximum density at day 5 (14.9 g/L) and remained stable 
through day 8. However, carotenoid and B-vitamin yields peaked be
tween days 5–6, with significant declines observed at day 7 (carotenoids 
decreased by 18%; p < 0.05) and day 8 (vitamin B1 decreased by 27%; p 
< 0.01). This defines an optimal harvest window of 5–6 days (Fig. S1 
and Table S2).

3.1.2. Optimized inorganic and organic nitrogen sources
Biomass production was unaffected by KNO₃ and NH₄Cl concentra

tion. However, carotenoid synthesis was significantly enhanced by KNO₃ 
at all concentrations tested, reaching 72.31 μg/gDM at 0.5 g/L KNO₃. 
Additionally, specific levels of ammonium and urea enhanced carot
enoid synthesis without any concomitant effect on B-vitamin production 
(Fig. 1C, Table 2). KNO₃ significantly enhanced carotenogenesis without 
repressing growth or impacting B-vitamin levels, whereas ammonium 
(NH₄⁺) only stimulated carotenoids at specific concentrations. This 
demonstrates a metabolic trade-off where the energy-intensive assimi
lation of nitrate avoids the repression of secondary metabolism typically 
caused by ammonium (Kerkaert and Huberman, 2023). These findings 
provide mechanistic evidence that nitrate-driven carotenogenesis 
operates through the bypass of ammonium-mediated catabolite repres
sion, rather than through growth-related effects or general nitrogen 
stress.

The addition of defined organic nitrogen sources, yeast extract and 
peptone casein, generally did not improve biomass, carotenoid, or B- 
vitamin yields, although 0.1 g/L peptone casein enhanced carotenoid 
synthesis to 67.25 μg/gDM (Fig. 1D, Table 2). The overall ineffectiveness 
of these supplements is likely attributable to the presence of endogenous 
organic nitrogen compounds derived from S. cerevisiae in the vinasse 
itself (Moran-Salazar et al., 2016).

3.1.3. Optimized minerals, trace elements, stress factors, and precursors
Supplementation with various minerals, trace element solutions, 

oxidative (5 mmol H₂O₂) and salt (3 g/L NaCl) stress did not enhance 
biomass, carotenoid, or B-vitamin production in N. intermedia (Fig. 2SA, 
2SB, 2SC, 2SD, and Table S3). This inherent tolerance suggests a strong 
metabolic adaptability advantageous for cultivation in saline media.

Supplementation with metabolic precursors (sodium succinate, 
diammonium-citrate, glutamate) generally had no significant effect on 
biomass or carotenoid production in N. intermedia (Fig. 1G, Fig. S2E, 
Table 2, and Table S3). A notable exception was 1 g/L diammonium- 
citrate added at cultivation onset, which increased biomass yield by 
46% and enhanced vitamin B2 (2.49 mg/g) production compared to the 
unsupplemented control. Diammonium-citrate supplementation likely 
enhanced biomass by serving as an efficient, alternative carbon source 
rather than a biosynthetic precursor. Its direct assimilation into the TCA 
cycle bypasses glycolysis, providing an immediate energetic advantage 
through rapid generation of ATP and reducing equivalents (NADH/ 
FADH₂), which in turn fuels the observed increase in cell division and 
biomass yield (Kubicek, 1988) (Fig. 2).

Diammonium-citrate supplementation at 72 h post-inoculation spe
cifically enhanced riboflavin (B2) production by fulfilling an anaplerotic 
function in central carbon metabolism. The influx of diammonium- 
citrate replenishes oxaloacetate pools, thereby boosting aspartate 
availability and driving the biosynthesis of GTP, a direct molecular 
precursor in the riboflavin pathway (Rokem, 2020). The increased 
metabolic activity also elevates demand for NADPH, driving flux 
through the pentose phosphate pathway and thereby augmenting the 
supply of ribulose-5-phosphate, the second direct precursor for ribo
flavin. Consequently, diammonium-citrate supplementation coordi
nately supplies the core building blocks (GTP and ribulose-5-phosphate) 

Table 2 (continued )

Physiological factors Vitamin 
B1 ± S.D 
(P- 
Value) 

Vitamin 
B2 ± S.D 
(P- 
Value) 

Vitamin 
B3 ± S.D 
(P- 
Value) 

Vitamin 
B6 ± S.D 
(P- 
Value)

Yeast extract 
(0.5)

1.02 
±0.04 
(0.998)

1.78 
±0.44 
(1)

2.07 
±0.46 
(1)

1.54 
±0.03 
(0.749)

Pepton (0.1) 0.77 
±0.12 
(0.998)

1.78 
±0.06 
(0.998)

1.83 
±0.08 
(0.999)

1.79 
±0.22 
(1)

Pepton (0.3) 0.95 
±0.10 
(1)

1.59 
±0.13 
(1)

1.87 
±0.14 
(1)

1.77 
±0.33 
(1)

Pepton (0.5) 0.13 
±0.00 
(0.022)

1.62 
±0.19 
(0.565)

1.38 
±0.10 
(0.395)

0.12 
±0.07 
(0.000)

Inoculum 
level (v/v 
%)

Blankd 1.39 
±0.35

1.02 
±0.08

1.83 
±0.07

2.22 
±0.10

0.5 0.46 
±0.10 
(0.044)

1.64 
±0.10 
(0.854)

1.68 
±0.12 
(0.653)

2.17 
±0.03 
(0.979)

1 1.28 
±0.24 
(0.96)

1.59 
±0.15 
(0.987)

1.65 
±0.08 
(0.495)

2.2 ±
0.14 
(0.998)

2 0.56 
±0.03 
(0.062)

1.59 
±0.11 
(0.982)

1.67 
±0.17 
(0.575)

1.84 
±0.19 
(0.13)

Time 
(Days)

Blanke 1.28 ±
0.24

1.59 ±
0.15

1.65 ±
0.08

2.20 ±
0.14

3 0.00 
±0.00 
(0.012)

0.60 
±0.18 
(0.014)

0.92 
±0.16 
(0.163)

0.00 
±0.11 
(0)

5 1.30 
±0.33 
(0.999)

1.69 
±0.00 
(0.931)

1.73 
±0.35 
(0.552)

2.28 
±0.03 
(0.818)

8 0.28 
±0.08 
(0.027)

1.32 
±0.00 
(0.465)

1.63 
±0.02 
(1)

0.78 
±0.09 
(0)

Precursors 
Time h 
(g/L)

Blankf 1.28 
±0.24

1.59 
±0.15

1.65 
±0.08

2.20 
±0.14

Sodium 
succinate 0 h 
(1 g/L)

1.14 
±0.16 
(0.961)

1.77 
±0.26 
(0.869)

2.17 
±0.30 
(0.504)

1.79 
±0.29 
(0.607)

Sodium 
succinate 72 h 
(1 g/L)

0.68 
±0.15 
(0.052)

1.38 
±0.09 
(0.789)

1.82 
±0.24 
(0.991)

1.84 
±0.24 
(0.715)

Diammonium- 
citrate 0 h (1 
g/L)

1.47 
±0.07 
(0.849)

2.18 
±0.19 
(0.049)

2.49 
±0.08 
(0.129)

2.06 
±0.30 
(0.995)

Diammonium- 
citrate 72 h (1 
g/L)

1.50 
±0.15 
(0.769)

1.46 
±0.00 
(0.968)

1.95 
±0.46 
(0.896)

2.12 
±0.15 
(1)

Glutamate 0 h 
(0.5 g/L)

1.11 
±0.14 
(0.895)

1.51 
±0.07 
(0.996)

1.84 
±0.30 
(0.987)

1.82 
±0.06 
(0.661)

Glutamate 72 
h (0.5 g/L)

0.49 
±0.11 
(0.013)

1.48 
±0.11 
(0.984)

2.02 
±0.15 
(0.787)

1.89 
±0.31 
(0.811)

a Vinasse at different Brix levels (4–16), pH 7.
b Control: Vinasse at Brix 6.
c Control: Vinasse at Brix 6 and pH 7.
d Control: Vinasse (Brix 6, pH 7), supplemented with 0.5 g/L KNO₃ at 5 days.
e Control: Vinasse (Brix 6, pH 7) with 1% (v/v) inoculum, supplemented with 

0.5 g/L KNO₃.
f Control: Vinasse (Brix 6, pH 7) with 1% (v/v) inoculum, supplemented with 

0.5 g/L KNO₃ at 5 days.
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required for the riboflavin biosynthetic pathway (Ruchala et al., 2025).
Under optimal conditions (6 ◦Brix, pH 7.0, 0.5 g/L KNO₃, 1% inoc

ulum, 1 g/L diammonium-citrate, 5 days), N. intermedia produced 90.66 
µg/gDM total carotenoids. Compared with literature benchmarks, the 
carotenoid yield (1.82 mg/g) achieved in this study is comparable to 
N. intermedia cultivated on synthetic medium (1.5–2.0 mg/g; Gmoser 
et al., 2017).

In a study by Nafady et al. (2015), Aspergillus terreus produced 
vitamin B2 at 13.55 mg/g when cultivated under optimized conditions 
(pH 6, 7 days) in a medium with corn tryptone (30 g/L) and starch (0.5 
g/L) (Nafady et al., 2015). Sabry et al. (1993) achieved a high vitamin 
B2 yield of 128.20 mg/g from A. terreus cultivated in an optimized 
molasses-based medium (90 g/L) at pH 8 (Sabry et al., 1993). Under 
optimized culture conditions, El-Refai et al. (2010) reported a biotin 

yield of 1.18 mg/g from Rhizopus nigricans cultivated in a medium with 
4% (w/v) sucrose and 1% (w/v) peptone (El-Refai et al., 2010). Using 
normalized units (mg/g dry biomass), our vitamin B2 yield (2.41 mg/g) 
is lower than A. terreus cultivated on optimized synthetic medium (13.55 
mg/g; Nafady et al., 2015).

Under optimized conditions (6◦Brix vinasse, pH 7, 0.5 g/L KNO₃, 1% 
inoculum, 1 g/L diammonium citrate, 5 days), N. intermedia achieved a 
biomass protein content of 25.64 g/100 g, with a nitrogen recovery ef
ficiency of 50.58%, corresponding to 0.61 g of nitrogen assimilated into 
14.9 g of biomass per liter of culture. Souza Filho et al. (2019) estab
lished a direct link between substrate composition and fungal protein 
yield, demonstrating that nitrogen-poor wastewater resulted in low ni
trogen recovery (42–77%) and correspondingly low protein content 
(11–17% w/w) in A. oryzae and R. oryzae. Similarly, the low protein 
yield and nitrogen recovery from N. intermedia on vinasse are directly 
attributable to nitrogen scarcity, especially when contrasted with the 
low protein content (17.45 g/100 g) and 56% nitrogen recovery ach
ieved in a nitrogen-poor defined medium (Dianatdar et al., 2025). This 
relatively low nitrogen recovery of 50.6% carries important implications 
for commercial-scale protein production. Although this value falls 
within the range reported for other fungal vinasse systems (42–77%; 
Souza Filho et al., 2019), it indicates that nearly half of the available 
nitrogen remains unassimilated into protein. At commercial scale, this 
limitation necessitates one of three approaches: (i) nitrogen supple
mentation to enhance protein content, albeit at increased operating 
costs; (ii) process optimization, such as fed-batch or two-stage cultiva
tion, to improve nitrogen utilization efficiency; or (iii) acceptance of a 
moderate protein content of 25.6% as a trade-off for utilizing a zero-cost 
wastewater substrate.

3.2. Analysis of B1, B2, B3, and B6 vitamins of biomass by HPLC method

Under optimal cultivation conditions (6◦Brix vinasse, pH 7, 0.5 g/L 
KNO₃ as nitrogen source, 1% (v/v) inoculum from 4◦Brix vinasse agar, 1 
g/L citrate supplementation, and 5-day cultivation), vitamin concen
trations were quantified by HPLC. The HPLC analysis revealed vitamin 
concentrations of 0.8 mg/g (B1), 1.97 mg/g (B2), 1.92 mg/g (B3), and 
2.39 mg/g (B6), while UV spectrophotometry yielded values within 15% 
agreement for all vitamins (p-value > 0.05 by t-test) (Fig. S3).

3.3. Sequential treatment of vinasse for COD, melanoidins reduction, 
minerals removal and sugar degradation

The COD reduction from 8.14 to 3.01 g/L (63% removal) following 
N. intermedia cultivation was statistically significant (one-way ANOVA, p 
< 0.001). Subsequent reduction with Purolite A502PS resin (to 2.65 g/L, 
additional 12% removal) was also significant (Tukey's HSD, p < 0.05), 
whereas activated carbon did not provide significant additional removal 
(p > 0.05).

Karimi et al. (2019) demonstrated a substantial reduction in vinasse's 
organic load, with A. oryzae, N. intermedia, and R. oryzae decreasing the 
COD from 835 g/L to 450, 485, and 555 g/L, respectively, after 72 h of 
cultivation (Karimi et al., 2019). Nair et al. (2016) cultivated 
N. intermedia and A. oryzae on vinasse, demonstrated a 34% reduction in 
the COD of the vinasse (Nair and Taherzadeh, 2016).

The remaining COD after combined fungal and resin treatment (2.65 
g/L or 2650 mg O₂/L) requires contextualization against discharge 
regulations. For direct discharge to surface waters, typical limits are 
100–200 mg/L (EU Urban Wastewater Directive) or 250 mg/L (Iranian 
EPA standard for agricultural use). The treated vinasse (2650 mg/L) 
does not meet these limits, indicating that additional downstream 
treatment (e.g., anaerobic digestion, constructed wetlands, or mem
brane bioreactor) would be required for complete discharge compliance. 
However, for agricultural irrigation (sugar cane fields), higher COD 
limits (2000–5000 mg/L) are often accepted, making the treated vinasse 
potentially suitable for land application after dilution. Regarding 

Fig. 2. Scanning electron micrographs of the filamentous fungus N. intermedia 
cultivated in vinasse and PDB. (A, C, E, G, K) Morphology in PDB medium at 
magnifications of (A) 8,000X, (C) 4,000X, (E) 2,000X, (G) 1,000X, and (K) 
500X. (B, D, F, H, M) Morphology in vinasse medium at magnifications of (B) 
8,000X, (D) 4,000X, (F) 2,000X, (H) 1,000X, and (M) 500X.
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scalability: fungal cultivation in stirred-tank bioreactors (10–200 m³) is 
technically mature. The main economic considerations are: (i) capital 
cost for bioreactor installation (estimated $500–2000 per m³ for food- 
grade systems); (ii) operating costs for aeration, mixing, and down
stream processing (biomass harvesting by filtration/centrifugation); and 
(iii) product value (protein-rich biomass for feed: $500–1000/tonne). 
Preliminary economic scoping suggests breakeven at biomass selling 
price of $400–600/tonne, which is achievable for animal feed applica
tions. However, formal techno-economic analysis is required for reliable 
assessment.

Color reduction analysis revealed that N. intermedia cultivation 
achieved minimal decolorization (6.92%), whereas adsorption with 
Purolite A502 resin and activated carbon was highly effective, removing 
94.98% and 95.61% of color, respectively. This demonstrates the su
perior capacity of physical adsorption over biological treatment for 
recovering valuable melanoidin pigments from vinasse. The minerals 
concentrations in the N. intermedia biomass were compared against in
ternational feed safety standards to assess its suitability as a mineral-rich 
supplement. Critically, toxic heavy minerals including cadmium (Cd), 
lead (Pb), mercury (Hg), and arsenic (As) were below detectable limits 
(BDL), meeting the European Union's maximum levels for complete feed 
(Cd: 0.5 mg/kg; Pb: 5 mg/kg; Hg: 0.1 mg/kg; As: 2 mg/kg) as established 
in Directive 2002/32/EC and its subsequent amendments (European 
Commission, 2024). Regarding essential trace elements, the biomass 
contained zinc (Zn) at 83.45 mg/kg and iron (Fe) at 74.85 mg/kg, which 
are well below the EU maximum levels of 150 mg/kg for Zn and 500 
mg/kg for Fe in complete feed . The manganese (Mn) concentration of 
3.95 mg/kg was substantially lower than the established maximum of 
150 mg/kg for cattle feed . Additionally, the calcium (Ca) content of 
1.4% and magnesium (Mg) content of 0.25% fall within the typical 
recommended ranges for animal nutrition . These findings confirm that 
the fungal biomass not only poses no risk of heavy minerals toxicity but 
also provides a balanced profile of essential minerals, supporting its 
potential as a safe and valuable feed supplement or protein source for 
livestock and poultry applications.

The fungus successfully bioremediated and accumulated in its 
biomass 8.96% of the Cu, 41.71% of the Zn, 53.62% of the Fe, 64.71% of 
the Mn, 64.15% of the Ca, 39.65% of the Mg, 47.58% of the K, and 
46.53% of the from the 6 ◦Brix of vinasse (Table 3). Notably, ICP-MS 
analysis confirmed that toxic heavy metals (Cd, Pb, Hg, As) were 
below detectable limits in the vinasse, ensuring that the bioaccumulated 
metals in the fungal biomass are limited to essential minerals with 
nutritional value rather than toxic contaminants. This supports the po
tential application of the biomass as a safe feed supplement. The po
tential of N. intermedia biomass as a mineral-rich supplement is further 
corroborated by Karimi et al. (2019), who reported high levels of critical 
minerals (Ca, K, P, S, Na, Mg) consistent with our own data (Karimi 
et al., 2019).

According to HPLC results, the filamentous fungus N. intermedia 
metabolized glucose more efficiently than other sugars, with approxi
mately 100% of the glucose being consumed. It was also observed in the 

BMM culture that glucose was the preferred carbon source for 
N. intermedia (Dianatdar et al., 2025). Glucose is the optimal carbon 
source for N. intermedia, supporting maximum growth and metabolic 
activity. Following glucose consumption, the fungus metabolized 
maltose and xylose at rates of approximately 60% and 9.14%, 
respectively.

The pronounced preference of N. intermedia for glucose is under
pinned by three interconnected mechanisms: catabolite repression, 
which prioritizes glucose utilization by suppressing alternative meta
bolic pathways (Chen et al., 2022); high-affinity hexose transporters that 
enable rapid cellular uptake (Wang et al., 2017); and its direct entry into 
glycolysis, providing the most efficient route for generating energy and 
metabolic precursors to sustain high growth rates (Borkovich et al., 
2004).

Biomass yield (14.9 g/L) exceeds previously reported values for 
N. intermedia on vinasse (8.2–12.5 g/L), likely due to the optimized 
diammonium-citrate supplementation. COD reduction (63%) is com
parable to A. oryzae (62%) and superior to previous N. intermedia reports 
(34–58%). Most importantly, this study is the first to report simulta
neous carotenoid and B-vitamin production during vinasse valorization, 
representing a novel integrated multi-product biorefinery approach that 
previous studies have not addressed.

3.4. Chemical and morphological characterization of fungal biomass from 
vinasse using FTIR and SEM

Based on the FTIR analysis (Table 4), the biomass of N. intermedia 
cultivated in vinasse demonstrates a distinct spectral profile indicative 

Table 3 
Minerals content in vinasse before and after cultivation of the filamentous 
fungus N. intermedia, and minerals content within the fungal biomass.

Minerals Before 
cultivation 
(ppm)

After 
cultivation 
(ppm)

Minerals in 
biomass (mg/ 
gDM)

Biosorption 
%

Cu 1.34 1.22 0.01 8.96%
Zn 1.99 1.16 0.06 41.71%
Fe 76 35.25 2.91 53.62%
Mn 1.02 0.36 0.05 64.71%
Ca 805.63 481.25 23.12 64.15%
Mg 171.5 103.5 4.87 39.65%
K 567.5 297.5 19.28 47.58%
Na 1533.75 820 50.98 46.53%

Table 4 
Comparison of FTIR peak positions, vibrational modes, and functional groups of 
N. intermedia biomass cultivated in PDB and Vinasse.

Peak 
Position 
(cm⁻¹)

Vibration Type Functional Group & 
Biomolecule

PDB Vinasse

~3354 O-H, N–H 
stretching

Hydroxyl (alcohols, 
phenols, water), 
Amines (proteins)

Strong & 
broad

Strong & 
broad

~2925 C–H 
asymmetric 
stretching

Aliphatic 
hydrocarbons 
(lipids, fatty acids)

Medium & 
sharp

Medium & 
sharp

~2857 C-H symmetric 
stretching

Aliphatic 
hydrocarbons 
(lipids)

Medium 
(shoulder)

Medium 
(shoulder)

~1746 C=O stretching Esters (lipids), 
carboxylic acids

Not 
detectable

Weak but 
distinct

~1655 Amide I (C––O 
stretching)

Proteins (secondary 
structure)

Very 
strong

Strong

~1549 Amide II (N–H 
bending +
C–N 
stretching)

Proteins (peptide 
bonds)

Medium Medium

~1406 C-H bending / 
COO⁻ 
symmetric 
stretch

Lipids, 
carbohydrates, 
carboxylic acid salts

Medium Medium

~1240 Asymmetric 
P=O stretching 
/ C–O 
stretching

Phosphodiesters 
(nucleic acids, 
phospholipids), 
lignin

Not 
detectable

Weak but 
distinct

~1041 C-O-C, C–O-H 
stretching

Polysaccharides 
(cellulose, 
hemicellulose, 
starch), silicates

Strong Very strong 
(most 
intense)

~870 Aromatic C–H 
bending / 
Glycosidic 
bond

Carbohydrates, 
aromatic 
compounds

Weak Weak

~566 Inorganic / 
organo-metal 
vibrations

Sulfates, 
phosphates, metal- 
oxygen bonds

Very weak weak
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of melanoidin adsorption. Key changes, including intensified peaks 
associated with O–H/N–H stretching (3354 cm⁻¹) and carbonyl/amide 
I regions (1655 cm⁻¹), suggest melanoidin binding via hydrogen bonding 
and electrostatic interactions. Concurrently, the attenuation of signals 
for proteins (amide I, II), lipids (aliphatic, ester), and polysaccharides in 
the vinasse-grown biomass implies a surface coating of melanoidins, 
which also introduced characteristic peaks (e.g., 2524, 1406, 2128 
cm⁻¹). The reduced peaks in regions associated with minerals chelation 
further confirm the biosorption of vinasse components, underscoring the 
potential of this fungus for vinasse bioremediation and pigment recov
ery in a biorefinery context.

FTIR analysis confirmed the presence of key functional groups, 
including hydroxyl, amine, and carboxyl groups, on the biomass of 
N. intermedia, which are implicated in biosorption. Spectral shifts 
following vinasse cultivation, such as the movement of the C––O 
stretching peak from 1659 cm⁻¹ to 1634 cm⁻¹, demonstrated the direct 
involvement of these functional groups in the adsorption of vinasse 
colorants. Furthermore, the appearance of characteristic peaks associ
ated with melanoidin breakdown products (e.g., at ~1404 cm⁻¹ and 930 
cm⁻¹) suggests that N. intermedia facilitates vinasse decolorization not 
only through adsorption but also via the probable biodegradation of 
melanoidins by cleaving aliphatic C–O and C–N bonds (Kaushik and 
Thakur, 2013; Toomsan et al., 2020).

Quantitative image analysis using ImageJ software (n = 50 hyphae 
per condition) showed that mean hyphal diameter decreased from 5.12 
± 0.34 μm in PDB to 2.48 ± 0.21 μm in vinasse (p < 0.001). Branching 
frequency increased from 0.8 ± 0.2 branches/mm in PDB to 3.4 ± 0.5 
branches/mm in vinasse. Mean hyphal length increased from 124 ± 23 
μm in PDB to 287 ± 41 μm in vinasse.

The altered morphology observed in vinasse is likely a combined 
result of inhibitory compounds and ionic imbalance, rather than just 
macronutrient scarcity. Growth-inhibitory substances like phenolics and 
furfurals cause oxidative stress and disrupt critical enzymes, while the 
high concentration of organic acids chelates essential minerals ions like 
Ca²⁺ and Mg²⁺. This creates a micronutrient deficiency by making the 
ions biologically unavailable, which directly impedes cell wall biosyn
thesis and hyphal thickening. Consequently, the resulting thin, branched 
morphology is a generalized stress response where resources are diver
ted to detoxification and maintenance instead of robust growth 
(Candido et al., 2021; Karaffa et al., 2021; Ridgway and McLeod, 2008).

4. Conclusion

This study demonstrates that N. intermedia cultivation on vinasse 
produces 14.9 g/L of protein-rich biomass (25.6% protein), 1.82 mg/g 
carotenoids, 0.14–2.41 mg/g B-vitamins, achieves 63% COD reduction, 
>94% decolorization, and 40–65% bioaccumulation of essential min
erals. However, sustainability claims remain limited to process-level 
improvements, requiring future life-cycle and techno-economic assess
ments. Key scalability constraints include the sequential optimization 
approach, low nitrogen recovery (50.6%), additional resin polishing 
costs, and regulatory approval for feed use. Future work should focus on 
factorial optimization, fed-batch cultivation, and pilot-scale validation.
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