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ABSTRACT
The development of low-cost culture media is essential for expanding the commercial production of Arthrospira platensis, particularly in regions where conventional synthetic formulations remain economically prohibitive. In this study, an enriched extract derived from fermented water hyacinth (Pontederia crassipes) was evaluated as a 25% substitute for standard Zarrouk’s and m-NRC media under controlled laboratory conditions. Growth performance was monitored through optical density (OD₇₅₀), and biomass productivity, specific growth rate, and doubling time were determined. Pigment composition, including chlorophylls, carotenoids, and phycobiliproteins, was analysed spectrophotometrically. Zarrouk’s medium supported the highest biomass productivity (0.1603 ± 0.006 g L⁻¹ day⁻¹), followed by m-NRC (0.1371 ± 0.005 g L⁻¹ day⁻¹) and 25% EWHE (0.1134 ± 0.0003 g L⁻¹ day⁻¹), while the highest specific growth rate was observed in m-NRC (0.2949 ± 0.0059 day⁻¹). In contrast, the enriched extract significantly enhanced the accumulation of accessory pigments, particularly phycocyanin (3.67 µg mL⁻¹) and allophycocyanin, which are important high-value compounds used in food, nutraceutical, and biotechnological applications. Although chlorophyll and carotenoid contents were higher in Zarrouk’s medium, the EWHE formulation demonstrated advantages for pigment-oriented production. Cost analysis identified EWHE as the most economical medium (₹12.45 L⁻¹). Despite supporting comparatively lower biomass productivity than synthetic media, the enriched water hyacinth extract offers a cost-effective and sustainable alternative for pigment-focused cultivation. This approach highlights the potential of integrating invasive biomass valorisation with microalgal production, contributing to circular bioeconomy strategies.
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1. INTRODUCTION
Water hyacinth (Pontederia crassipes Mart.; formerly Eichhornia crassipes) is widely regarded as one of the most aggressive aquatic weeds affecting tropical and subtropical freshwater ecosystems. Originally native to the Amazon basin, the species was disseminated worldwide during the late nineteenth century and rapidly established populations across Asia, Africa and other regions (Jafari, 2010). In India, the plant has become particularly problematic, forming dense floating mats that obstruct waterways, reduce dissolved oxygen, and disrupt aquatic biodiversity (Wilson et al., 2005). Although water hyacinth is primarily considered an ecological nuisance, it produces large amounts of biomass rich in organic matter and nutrients. Reports indicate that the dry biomass may contain more than 70% organic material along with appreciable quantities of nitrogen and mineral components (Nega et al., 2022). These characteristics highlight the possibility of transforming this invasive plant into a useful biological resource rather than treating it solely as waste.
Microalgae and cyanobacteria have emerged as promising platforms for converting low-value biomass and nutrient streams into valuable products. Among them, Arthrospira platensis (commonly known as Spirulina) is one of the most extensively cultivated cyanobacteria due to its high nutritional and biochemical value. The biomass typically contains approximately 60–70% protein together with essential amino acids, vitamins, minerals and pigments such as chlorophyll, carotenoids and phycobiliproteins (Podgorska-Kryszczuk, 2024; Soni et al., 2019). Because of this composition, Spirulina is widely used in food supplements, nutraceuticals and functional foods. Despite its commercial importance, large-scale cultivation still relies heavily on synthetic nutrient media such as Zarrouk’s medium, which contains relatively high concentrations of bicarbonate and nitrate. The cost of these chemicals represents a major limitation for economically sustainable production, particularly in large cultivation systems.
To address this challenge, researchers have increasingly explored the use of alternative nutrient sources derived from agricultural residues, organic wastes and wastewater streams. These substrates can provide essential nutrients for microalgal growth while simultaneously contributing to waste remediation and resource recovery. For instance, Aruna and Ravindran (2008) evaluated agricultural by-products such as groundnut cake and press mud as replacements for inorganic nitrogen in Zarrouk’s medium. Although biomass yields were somewhat lower than those obtained with synthetic media, Spirulina was able to grow successfully on these organic substrates. Similarly, Markou et al. (2012) demonstrated that treated olive mill wastewater could support Spirulina cultivation while also reducing the organic load of the effluent. Other studies have reported promising results using piggery wastewater (Chaiklahan et al., 2010), molasses as an organic carbon source (Andrade and Costa, 2007), digested potato residues (Hossain et al., 2021), and vermicompost extracts (Abdelhay et al., 2019). These findings collectively indicate that Spirulina is capable of utilizing nutrients derived from various organic and waste-based resources. 
The metabolic flexibility of A. platensis further supports its suitability for such systems. While the organism primarily performs oxygenic photosynthesis, it can also assimilate certain organic substrates under mixotrophic conditions, allowing simultaneous utilisation of inorganic and organic nutrient sources (Chen et al., 1996; Andrade and Costa, 2007). This capability enables Spirulina to adapt to different nutrient environments and enhances its potential for cultivation using unconventional media.
In this context, water hyacinth represents an abundant yet underutilised biomass resource that could be integrated into microalgal cultivation systems. Converting this invasive plant into a nutrient source could simultaneously contribute to weed management and biomass valorisation. Fermentation of plant biomass is known to enhance nutrient availability by releasing soluble organic compounds and mineral elements into the extract, potentially improving its suitability as a cultivation medium. The use of fermented water hyacinth extract may therefore offer a low-cost alternative to conventional synthetic media while supporting sustainable resource utilisation.
The present study investigates the potential of enriched water hyacinth extract as a cultivation medium for Arthrospira platensis. Growth performance of Spirulina cultivated in enriched water hyacinth extract was compared with that obtained in two commonly used synthetic media, Zarrouk’s medium and modified NRC medium. In addition to growth characteristics and biomass productivity, pigment composition and phycobiliprotein production were analysed to assess the biochemical quality of the biomass. The study aims to evaluate whether water hyacinth-derived nutrients can support Spirulina cultivation and contribute to the development of cost-effective and environmentally sustainable microalgal production systems 
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2.1. Preparation of Synthetic Culture Media
Two synthetic culture media, Zarrouk’s medium and modified NRC (m-NRC) medium, were used as reference media for the cultivation of Arthrospira platensis. The chemical composition of both media is presented in Table 1. 
Table 1. Composition of Zarrouk’s medium and modified NRC (m-NRC) medium used for cultivation of Arthrospira platensis.
	Chemicals
	Zarrouk’s media (g L⁻¹)
	m-NRC             (g L⁻¹) 

	NaHCO3
	16.8
	8

	NaCl
	1
	5

	NaNO3
	2.5
	2.5

	K2SO4
	1
	0.5

	K2HPO4
	0.5
	-

	MgSO4.7H2O
	0.2
	0.16

	FeSO4.7H2O
	0.01
	0.01

	CaCl2.2H2O
	0.04
	-

	EDTA
	0.08
	-

	A5 Micronutrient solution*
	1 ml
	-

	* Composition of A5 micronutrient solution: H₃BO₃ (2.86 g), MnCl₂·4H₂O (1.81 g), ZnSO₄·7H₂O (0.222 g), Na₂MoO₄·2H₂O (0.0177 g) and CuSO₄·5H₂O (0.079 g) dissolved in 1 L distilled water.
Note: The pH of the culture medium was adjusted to 10.0.



2.2 Preparation of Enriched Water Hyacinth Extract (EWHE)
2 
2.1 
2.2 
2.2.1 Preparation of Water Hyacinth Extract (WHE) 
Water hyacinth (Pontederia crassipes) was collected from Ambazari Lake, Nagpur, India. The harvested biomass was washed thoroughly with tap water followed by distilled water to remove adhering soil particles and debris. Roots and rhizomes were removed to reduce the potential accumulation of heavy metals commonly associated with aquatic macrophytes. The cleaned leaf material was chopped into small fragments to facilitate subsequent fermentation. Jaggery was added at a rate of 100 g kg⁻¹ fresh biomass, along with 5 L of water per kilogram of plant material.
The mixture was incubated under ambient laboratory conditions for 14 days to allow natural fermentation. The fermenting slurry was stirred once daily to maintain homogeneity and support uniform microbial activity. After completion of fermentation, the material was filtered through a 100-µm mesh sieve to obtain the liquid extract. The filtrate was sterilised by autoclaving at 121 °C for 15 min at 15 psi and stored for further use.
2.2.2 Quantitative analysis of WHE & Enrichment of WHE
The pH of the fermented extract was measured using a digital pH meter. Carbonate and bicarbonate concentrations were determined by titration with 0.02 N sulfuric acid (H₂SO₄) using phenolphthalein and methyl orange indicators. Nitrate, nitrite, ammonia, earth metal ions, and heavy metals were analysed following standard methods described by APHA (2023).
The pH of the Extract is adjusted to 10, and then, nutrients such as bicarbonate, nitrate, phosphate, Sodium, and potassium are added to reach the concentration as the same concentration as the m-NRC media.
2.2.3 Experimental Design
A preliminary experiment was conducted to determine the optimal concentration of the water hyacinth extract (EWH) for Arthrospira platensis cultivation. The extract was diluted with m-NRC medium to prepare test concentrations of 100%, 50%, and 25%. The concentration that supported the highest growth was selected for subsequent experiments.
For the main experiment, S. platensis was cultured in three different media: Zarrouk’s medium, m-NRC medium, and 25% Enriched water hyacinth extract (EWHE) (25% EWHE was selected for the main experiment because it only supported culture). Each treatment was maintained in triplicate using 2 L plastic containers under controlled laboratory conditions. Cultures were provided with continuous gentle aeration and exposed to light at an intensity of 8000–10,000 lux for 12 h per day.
Water quality parameters were monitored daily using a Tranchem water testing kit for aquaculture. Growth was assessed spectrophotometrically by measuring optical density (OD) at 750 nm. At peak absorbance, cultures were harvested by filtration through fine mesh cloth (~40 μm pore size). The collected biomass was then subjected to biochemical analyses, including pigment profiling, protein estimation, and other relevant assays.
2.3. Growth and Kinetic Analysis
2.3.1 Growth curve 
Growth curves for each culture medium were constructed based on daily measurements of optical density at 750 nm (OD₇₅₀).
2.3.2 Cell Productivity
A standard calibration curve was established by correlating dry cell biomass concentration (g L⁻¹) with optical density measured at 750 nm (OD₇₅₀). Cell productivity (P) was calculated according to Ogbonna et al. (1995) using the following equation 

where P is productivity (mg L⁻¹ day⁻¹), Xm is maximum biomass concentration (mg L⁻¹), Xi is initial biomass concentration (mg L⁻¹), and tm is cultivation time (day).		
2.3.3 Specific Growth Rate
The specific growth rate (µ) was calculated according to Vonshak (2017) using the following equation:

where and are biomass concentrations at times and , respectively.
2.3.4 Doubling Rate
Doubling time (d.t) will be calculated according to Vonshak, (2017);

where dₜ represents doubling time and µ is the specific growth rate (day⁻¹) 
2.4. 
2.4 Pigment Analysis 
2.4.1 Total Carotenoids 
Wet biomass was extracted with acetone at a ratio of 1:10 (w/v) and incubated at 40 °C for 3 h. The mixture was centrifuged at 5,000 rpm for 10 min at room temperature to remove cell debris, and the resulting supernatant was used for pigment quantification. Total carotenoid concentration was calculated according to Chamovitz et al. (1993) using the following equation:

where A₄₆₁ and A₆₆₄ represent the absorbance values measured at 461 nm and 664 nm, respectively.	
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2.4 
2.4.2 Total Chlorophyll	
The acetone extract supernatant was used for total chlorophyll determination. Chlorophyll concentration was calculated according to Moran (1982) using the following equation:

where A₆₆₄ represents the absorbance measured at 664 nm.

2.4.3 Phycobiliprotein analysis
Harvested wet biomass was mixed with 50 mM phosphate buffer (pH 6.8) at a ratio of 1:30 (w/v). Phycobiliproteins were extracted using repeated freeze–thaw cycles (−10 °C and 28 °C). The suspension was centrifuged at 7,000 rpm for 20 min at 4 °C to remove cellular debris, and the resulting crude extract was used for pigment quantification.
Absorbance values were recorded using a UV–Vis double-beam spectrophotometer. Phycocyanin (CPC), allophycocyanin (APC), and phycoerythrin (PE) concentrations were calculated according to Bennett and Bogorad (1973) using the following equations:



where A₆₂₀, A₆₅₂, and A₅₆₂ represent absorbance values measured at 620, 652, and 562 nm, respectively.
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2.4 
2.4.4 Estimation of the phycobiliproteins extracted yield
Extraction yields of C-phycocyanin (CPCEY), allophycocyanin (APCEY), phycoerythrin (PEEY), and total phycobiliproteins (TPP-EY) were calculated according to Martínez et al. (2017) using pigment concentration, extraction volume, and dried biomass weight. The extraction yield was calculated as:
where CPC, APC, and PE represent pigment concentrations (mg mL⁻¹), V is the extraction solvent volume (mL), and DW is the dried biomass weight (g).
2.4.5 [bookmark: _Toc17196589][bookmark: _Toc17985772][bookmark: _Toc18085999]Estimation of phycobiliproteins extracted purity 
The purity of C-phycocyanin (EPCPC) and allophycocyanin (EPAPC) extracts was determined spectrophotometrically according to Abalde et al. (1998). Purity ratios were calculated using the following equations:

where A₆₂₀, A₆₅₂, and A₂₈₀ represent absorbance values measured at 620 nm, 652 nm, and 280 nm, respectively
2.5 Cost Analysis
The cost of culture media was estimated based solely on the raw material inputs required for the preparation of 1 L of each formulation, namely Zarrouk’s medium, modified NRC (m-NRC) medium, and enriched water hyacinth extract (EWHE). Operational expenses including energy consumption, equipment depreciation, labour, and consumables were excluded from the analysis.
For each medium, the quantity (g or mL) of individual components per litre was multiplied by their respective unit prices, and the total cost was expressed as ₹ L⁻¹. Unit prices (₹ kg⁻¹ or ₹ L⁻¹) for chemicals and salts were obtained from local and online suppliers at the time of procurement.
For EWHE, cost calculations included biomass collection and size reduction, fermentation inputs (e.g., jaggery and pH-adjusting agents), and supplementation with salts required to achieve the target nutrient composition. The cost of water and utilities was excluded to ensure comparability across media.
2.6 Statistical analysis
All experiments were conducted in triplicate (n = 3), and data are presented as mean ± standard deviation (SD). Statistical analyses and graphical illustrations were performed using OriginPro 8 (OriginLab, MA, USA). Differences among treatments were evaluated using one-way analysis of variance (ANOVA), followed by Tukey’s post-hoc test for multiple comparisons. Statistical significance was considered at p < 0.05.
3. RESULTS AND DISCUSSION
The present study comparatively evaluated the growth performance and pigment production of Arthrospira platensis cultivated in enriched water hyacinth extract (EWHE) and two conventional synthetic media, Zarrouk’s medium and m-NRC medium. The results indicated that Zarrouk’s medium supported the highest biomass accumulation and overall growth performance, which is consistent with its well-balanced nutrient composition specifically optimized for Arthrospira cultivation. However, the EWHE-based medium demonstrated promising results in pigment synthesis, particularly for phycocyanin and allophycocyanin. This suggests that although synthetic media remain superior for maximum biomass production, EWHE can effectively support pigment biosynthesis and may serve as a cost-effective alternative nutrient source
3.1. Comparative nutrient composition of fermented and enriched water hyacinth extract
The nutrient composition of fermented water hyacinth extract (WHE) before and after enrichment, along with that of the modified NRC (m-NRC) medium, is presented in Table 2. 


Table 2. Comparative nutrient composition fermented water hyacinth extract (WHE) before and after enrichment compared with modified NRC (m-NRC) medium (g L⁻¹).
	Major Ions 
	Fermented WHE (g L⁻¹)
	EWHE (g L⁻¹)
	m-NRC (g L⁻¹)

	HCO₃⁻
	BLQ
	5.7147
	5.7147

	NO₃⁻
	0.0274
	1.8238
	1.8238

	PO₄³⁻
	0.2000
	0.2726
	0.2726

	Mg²⁺
	1.1970
	0.9144
	0.9144

	Fe²⁺
	0.0071
	0.0020
	0.0020

	Ca²⁺
	1.1497
	1.1497
	–

	Na⁺
	–
	5.7147
	5.7147

	Cl⁻
	–
	1.8238
	1.8238


           BLQ – Below Level of Quantification
          Note: Nutrient concentrations of EWHE were adjusted to approximate the ionic composition of the m-NRC medium.

The fermented WHE initially contained low concentrations of essential inorganic nutrients required for optimal growth of Arthrospira platensis. In particular, bicarbonate (HCO₃⁻), the primary inorganic carbon source for Spirulina cultivation, was below the limit of quantification, while nitrate concentration was very low (0.0274 g L⁻¹), indicating insufficient nitrogen availability.
After enrichment, key nutrients such as bicarbonate, nitrate and phosphate were adjusted to concentrations comparable to those in the m-NRC medium. Bicarbonate concentration increased to 5.7147 g L⁻¹, while nitrate increased from 0.0274 g L⁻¹ to 1.8238 g L⁻¹ and phosphate from 0.2000 g L⁻¹ to 0.2726 g L⁻¹. These nutrients play essential roles in Spirulina metabolism, where bicarbonate serves as the main carbon source for photosynthesis and nitrate provides nitrogen for protein synthesis.
Fermented WHE contained relatively higher concentrations of Mg²⁺ and Ca²⁺ compared with the m-NRC medium. Magnesium is an essential component of chlorophyll and contributes to enzymatic reactions involved in photosynthesis. However, sodium and chloride ions were absent in the fermented extract and were supplemented during enrichment to match the ionic composition of the synthetic medium.
The enrichment of water hyacinth extract played a critical role in improving its suitability as a cultivation medium. Raw fermented plant extracts are often nutritionally imbalanced and may lack sufficient macro- and micronutrients required for optimal algal growth. Enrichment with essential nutrients helped convert the nutrient-limited fermented extract into a more balanced medium capable of supporting microalgal cultivation. Utilization of water hyacinth biomass for microalgal cultivation also provides an environmentally sustainable approach for managing this invasive aquatic weed. Water hyacinth (Pontederia crassipes) is widely recognized for its rapid proliferation and negative ecological impacts on aquatic ecosystems. Converting this problematic biomass into a nutrient source for microalgal cultivation represents an effective strategy for biomass valorisation and circular bioresource utilization.
Overall, enrichment transformed the nutrient-limited fermented extract into a balanced medium capable of supporting microalgal growth. Similar enrichment strategies have been reported for Spirulina cultivation using waste-derived substrates (Markou et al., 2012; Chaiklahan et al., 2010). The results indicate that enriched water hyacinth extract (EWHE) can provide suitable nutrient conditions for A. platensis cultivation while enabling valorisation of invasive biomass.
3.2 Growth Performance and Kinetic Parameters
3.2.1. Growth Curve
Distinct growth patterns of Arthrospira platensis were observed across the three media (Fig. 1). 

Figure 1. Growth curve of Arthrospira platensis cultivated in Zarrouk’s medium, modified NRC (m-NRC) medium, and enriched water hyacinth extract (EWHE) medium over a 17-day cultivation period.
Cultures grown in Zarrouk’s medium exhibited rapid exponential growth after a short lag phase, reaching a maximum optical density (OD₇₅₀) of 1.248 by day 15–16, followed by a stationary phase. The m-NRC medium supported comparable but slightly lower growth, with a peak OD₇₅₀ of 1.052. In contrast, cultures grown in 25% EWHE showed slower biomass accumulation, reaching a maximum OD₇₅₀ of 0.876.
The superior performance of Zarrouk’s medium can be attributed to its optimised bicarbonate and nitrate concentrations, which are critical for carbon fixation and protein synthesis in Spirulina. Similar trends have been reported by Aruna and Ravindran (2008) and Chaiklahan et al. (2010), who observed higher biomass yields in synthetic media compared to organic or waste-derived formulations.
Although the enriched water hyacinth extract (EWHE) medium produced comparatively lower biomass productivity, it maintained sustained exponential growth throughout the cultivation period. This suggests that the fermented extract, after enrichment, provided sufficient macro- and micronutrients to sustain cellular metabolism and proliferation. The comparatively lower productivity may be associated with the presence of organic nitrogen forms and complex organic compounds in the plant extract, which require additional metabolic processing before assimilation by the cells. Similar trends have been reported in studies utilizing agricultural residues or waste-derived substrates for Spirulina cultivation, where growth rates were slightly reduced compared with those observed in conventional synthetic media (Andrade and Costa, 2007; Hossain et al.2021 and Abdelhay et al.2019)
Although 25% EWHE demonstrated comparatively lower peak biomass, it maintained sustained exponential growth, indicating that the fermented extract provided sufficient macro- and micronutrients to support cellular proliferation.
3.2.2. Cell Productivity, specific growth rate and doubling time 
The kinetic parameters, including cell productivity, specific growth rate (µ), and doubling time, are summarised in Table 3. 
Table 3. Cell productivity, specific growth rate, and doubling time of Arthrospira platensis    cultivated in different media.
	Parameter
	Zarrouk’s medium
	m-NRC medium
	EWHE

	Cell productivity 
(g L⁻¹ day⁻¹)
	0.1603±0.0068a
	0.1372±0.0053b
	0.1134±0.0004c

	Specific growth rate (day⁻¹)
	0.2817±0.0000a
	0.2949±0.0059a
	0.2780±0.0136a

	Doubling time (days)
	2.46±0.41a
	2.35±0.47a
	2.49±0.12a

	
Values are expressed as mean ± standard deviation (n = 3). Different superscript letters within the same row indicate significant differences among treatments according to Tukey’s test (p < 0.05).


Cell productivity differed significantly among treatments. Zarrouk’s medium recorded the highest productivity (0.1603 ± 0.006 g L⁻¹ day⁻¹), followed by m-NRC medium (0.1371 ± 0.005 g L⁻¹ day⁻¹), while 25% EWHE showed the lowest productivity (0.1134 ± 0.0003 g L⁻¹ day⁻¹).
One-way ANOVA indicated significant differences among the culture media (p < 0.05). Tukey’s post hoc analysis confirmed significant pairwise differences between Zarrouk’s and m-NRC (p = 0.0032), Zarrouk’s and EWHE (p = 0.0003), and m-NRC and EWHE (p = 0.0028). Although EWHE supported lower productivity, sustained growth throughout the cultivation period indicates that the enriched extract provided sufficient nutrients to maintain metabolic activity.
The specific growth rate (µ) showed only minor variation among treatments. The highest value was observed in m-NRC medium (0.2949 ± 0.0059 day⁻¹), followed by Zarrouk’s medium (0.2817 ± 0.0000 day⁻¹) and 25% EWHE (0.2780 ± 0.0136 day⁻¹). ANOVA revealed significant differences among the media (p < 0.05), although Tukey’s test indicated a statistically significant difference only between m-NRC and EWHE (p = 0.0349).
Doubling time exhibited an inverse pattern, with the shortest doubling time observed in m-NRC medium (2.35 ± 0.47 days), followed by Zarrouk’s medium (2.46 ± .041 days) and EWHE (2.497 ± 0.12 days). Although overall variation among treatments was significant (p < 0.05), differences between Zarrouk’s medium and the other media were not statistically significant.
The slightly reduced growth kinetics observed in EWHE may reflect slower assimilation of organic nitrogen forms present in the fermented extract. Similar trends have been reported in studies using organic or waste-derived substrates for Spirulina cultivation, where growth rates were slightly lower than those observed in conventional synthetic media (Markou et al., 2012; Hossain et al., 2021). 
The absence of significant variation in intrinsic growth kinetics suggests that cellular division was not substantially affected under EWHE cultivation. This may be attributed to the metabolic adaptability of Arthrospira platensis, which can combine autotrophic carbon fixation with mixotrophic assimilation of organic substrates (Chen et al., 1996; Andrade and Costa, 2007). Thus, although nutrient composition influenced biomass accumulation efficiency, it did not significantly alter the intrinsic cellular growth dynamics.
3.3. Pigment composition and phycobiliprotein characteristics
3.3.1 Pigment composition
Pigment synthesis exhibited treatment-dependent variation (Fig. 2). 
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Figure 2. Pigment composition (phycocyanin, allophycocyanin and phycoerythrin) of Arthrospira platensis cultivated in Zarrouk’s medium, m-NRC medium and enriched water hyacinth extract (EWHE). Error bars represent standard deviation (n = 3)

Cultures grown in Zarrouk’s medium showed the highest chlorophyll a and carotenoid concentrations, although these differences were not statistically significant among treatments (p > 0.05). Similar observations have been reported in previous studies, where nutrient-rich inorganic media supported higher photosynthetic pigment accumulation compared with alternative organic substrates (Aruna and Ravindran, 2008).
In contrast, phycobiliprotein fractions showed a more pronounced response to the culture medium, indicating that these accessory pigments are particularly sensitive to changes in nutrient composition and metabolic conditions. Phycobiliproteins serve as major light-harvesting pigments in cyanobacteria and their biosynthesis is closely linked to nitrogen availability and carbon–nitrogen balance within the cell. Phycocyanin concentration differed significantly between 25% EWHE and the synthetic media (p < 0.01), while allophycocyanin and phycoerythrin showed significant differences involving 25% EWHE (p < 0.05). These variations likely reflect changes in nitrogen availability and carbon–nitrogen balance, which are key regulators of phycobiliprotein biosynthesis in Arthrospira (Uddin et al., 2020). However, these interpretations remain inferential, as these parameters were not directly quantified in the present study. Similar responses have been reported under mixotrophic or organic substrate-based cultivation systems, where the presence of additional carbon sources can influence pigment metabolism and resource allocation in Arthrospira cells (Zhang et al., 1999). 
3.3.2 Phycobiliprotein yield
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Figure 3. Phycobiliprotein extraction yield (CPCEY, APCEY and PEEY) per gram of dry biomass obtained from A. platensis cultivated in different culture media.
Phycocyanin extraction yield was highest in m-NRC medium, followed by Zarrouk’s medium and 25% EWHE; however, these differences were not statistically significant (p > 0.05). Allophycocyanin and phycoerythrin yields exhibited selective differences involving 25% EWHE, although the total phycobiliprotein yield remained statistically comparable across treatments. 
These results indicates that biomass produced using enriched water hyacinth extract retains comparable suitability for pigment extraction processes. Such observations are consistent with previous studies demonstrating that microalgal biomass produced under alternative nutrient conditions can still provide efficient recovery of valuable pigments (Nurjannah et al.,2025).
3.3.3 Phycobiliprotein purity
Phycobiliprotein purity differed significantly among the tested media (p < 0.05) (Fig. 4).
[image: ]
Figure 4. Purity of extracted phycobiliproteins (EPCPC, EPAPC and EPPE) from A. platensis grown in Zarrouk’s medium, m-NRC medium and EWHE.
Phycocyanin purity was highest in m-NRC medium, followed by Zarrouk’s medium and EWHE. A similar trend was observed for allophycocyanin and phycoerythrin. Differences in pigment purity observed among the treatments further indicate that the composition of the growth medium may influence the biochemical characteristics of the extracted pigments. Higher purity levels observed in the synthetic media, particularly m-NRC medium, may be associated with the more controlled inorganic nutrient environment, which can promote the synthesis of relatively homogeneous pigment–protein complexes and reduce the presence of interfering cellular components during extraction. In contrast, the presence of organic compounds and additional metabolites derived from water hyacinth extract may slightly affect the biochemical profile of the biomass and consequently affect the purity of the extracted pigments (Pan-utai et al.,2022). 

3.4 Economic feasibility and Sustainability of EWHE-based Spirulina cultivation
Cost evaluation revealed that Zarrouk’s medium was the most expensive culture medium (₹20.97 L⁻¹), followed by m-NRC (₹12.70 L⁻¹) and enriched water hyacinth extract (EWHE) (₹12.45 L⁻¹). The high cost of conventional synthetic media in Arthrospira cultivation is mainly attributed to the use of chemical nutrients such as sodium bicarbonate and nitrate salts, which significantly increase operational costs in large-scale production systems25. For this reason, several studies have explored alternative nutrient sources derived from agricultural residues, wastewater and organic substrates to reduce cultivation costs while maintaining acceptable biomass productivity (Markou et al.,2013).
Although cultivation in EWHE resulted in slightly lower biomass productivity compared with synthetic media, its comparable cost efficiency highlights considerable economic potential. The use of water hyacinth–derived extract reduces dependence on synthetic chemical inputs and utilises an abundant invasive aquatic biomass requiring minimal external resources. At larger production scales, such reductions in chemical requirements could further decrease operational costs and environmental impacts associated with conventional nutrient sourcing. Previous studies have reported that waste-derived substrates and plant biomass extracts can serve as partial nutrient substitutes in microalgal cultivation systems, thereby reducing the overall production cost and improving sustainability of biomass production (Chandra et al.,2019).
The utilisation of fermented water hyacinth extract also represents a circular bioresource strategy in which the invasive aquatic plant Pontederia crassipes is converted into a value-added input for Arthrospira platensis cultivation. Water hyacinth is widely recognized as one of the most problematic aquatic weeds due to its rapid proliferation and ecological impacts on freshwater ecosystems, but its high nutrient and organic matter content makes it suitable for biomass valorisation and bioresource utilization (Rezania et al.,2017). This integrated approach simultaneously supports microalgal biomass production and invasive species management. Spirulina biomass is widely recognised for its high protein content (approximately 60–70% of dry weight), making EWHE-based cultivation a potential contributor to sustainable protein production. In addition, systematic harvesting and utilisation of water hyacinth biomass may contribute to improved freshwater ecosystem management by limiting excessive weed proliferation. The valorisation of water hyacinth biomass therefore supports resource recycling and aligns with broader sustainability objectives, including food security (SDG 2), improved water resource management (SDG 6), responsible resource utilisation (SDG 12), and climate action through carbon assimilation during microalgal photosynthesis (SDG 13). Overall, integrating invasive plant utilisation with microalgal biotechnology presents a promising pathway for sustainable biomass production, nutrient recycling, and environmentally responsible resource management.
4 Limitations and Future Perspectives
The present study was conducted under controlled laboratory conditions; therefore, the applicability of enriched water hyacinth extract (EWHE) as a culture medium should be further evaluated under pilot-scale and outdoor cultivation systems. Variations in the biochemical composition of water hyacinth biomass arising from seasonal fluctuations, geographical location, and environmental conditions may influence nutrient availability and medium consistency. Consequently, standardization of extract preparation and nutrient supplementation protocols will be necessary to ensure reproducibility at larger scales.
Furthermore, the economic assessment in this study considered only the cost of culture media components and did not include operational expenses, energy consumption, or downstream processing costs associated with biomass harvesting and pigment extraction. Future investigations should therefore focus on optimizing nutrient enrichment strategies, assessing cultivation performance in large-scale systems, and conducting comprehensive techno-economic and life cycle analyses. Such studies will be essential to validate the long-term sustainability and commercial feasibility of EWHE-based Arthrospira cultivation within circular bioresource utilization frameworks.
5. Conclusions
While synthetic media such as Zarrouk’s remain optimal for achieving maximum Spirulina biomass yield, Enriched Water Hyacinth Extract (EWHE) shows strong potential as a sustainable, cost-effective substitute for partial nutrient supplementation. The enhanced phycocyanin yield in EWHE cultures underscores its suitability for pigment-oriented production systems. Further optimisation of nutrient balance—particularly nitrate and bicarbonate enrichment—and process standardisation could improve growth performance without compromising sustainability.
Overall, this study provides compelling evidence that valorising water hyacinth biomass through fermentation and enrichment can transform an invasive waste material into a valuable input for Spirulina cultivation, promoting eco-friendly, circular bioresource utilisation.
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