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Abstract: Lycopene is a potent antioxidant and natural carotenoid pigment known for its health-promoting properties, including anti-inflammatory and anticancer activities. The present study explores an eco-friendly approach for lycopene extraction from tomato peels using fungal pectinase. Commercial enzyme preparations exhibiting pectinolytic activity were screened for their ability to disrupt plant cell walls and enhance lycopene release. Enzymatic incubation followed by solvent extraction was performed using hexane, ethyl acetate, and a hexane–acetone–ethanol mixture (50:25:25, v/v). Under optimized conditions, enzyme-assisted extraction resulted in a 77–98% increase in lycopene recovery compared to mechanical extraction. Lycopene was also successfully recovered from fruit pulper waste and industrial tomato residues, demonstrating the potential of this method for sustainable pigment recovery from agro-industrial by-products. The study highlights the synergistic effect of enzymatic bioprocessing and solvent optimization in the valorisation of tomato waste for nutraceutical applications.The fungal pectinase used in this study was derived from Aspergillus niger, which demonstrated high pectinolytic activity and superior efficiency compared to other isolates. The use of mixed solvent systems, particularly hexane:acetone:ethanol, significantly enhanced lycopene extraction efficiency compared to single-solvent systems while improving process effectiveness. Furthermore, this eco-friendly approach offers economic advantages by utilizing low-cost agro-industrial waste, reducing solvent consumption, and lowering overall processing costs, making it highly suitable for industrial-scale applications.
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1. INTRODUCTION
Lycopene is a naturally occurring phytochemical predominantly found in tomatoes and tomato-based products. Structurally, it is a tetraterpene carotenoid composed of eight isoprene units with eleven conjugated double bonds, responsible for its strong antioxidant activity. During tomato processing, substantial quantities of waste in the form of seeds and peels are generated, which represent a rich and underutilized source of lycopene (Choudhari & Anantha Narayan, 2007).
Carotenoids are a diverse group of natural pigments that impart red, orange, and yellow coloration to many fruits and vegetables. Major dietary carotenoids include β-carotene, lycopene, lutein, chlorophyll, and anthocyanins (Krinsky & Johnson, 2005; Mortensen, 2006; Konwarh, 2012). Lycopene is a non-provitamin A carotenoid and cannot be synthesized by the human body; therefore, it must be obtained through diet. Once absorbed, lycopene is mainly stored in the liver, adrenal glands, and prostate, with lower concentrations detected in the brain and skin. Factors such as ageing and pathological conditions, including cardiovascular diseases, can reduce lycopene bioavailability.
Among dietary antioxidants, carotenoids exhibit high concentrations in human serum and tissues, with lycopene being the most abundant carotenoid in plasma in several populations. It is considered one of the most potent antioxidants, second only to astaxanthin, and is highly effective in quenching reactive oxygen species such as singlet oxygen. Extensive research has demonstrated the role of lycopene in reducing oxidative stress and lowering the risk of chronic diseases, including cardiovascular disorders, neurodegenerative diseases, and various cancers (Giovannucci et al., 1995; Mozos et al., 2018).
Large volumes of tomato processing waste are generated worldwide, particularly from juice and paste industries. Studies have reported that tomato pomace consists mainly of seeds, skins, and residual pulp, all of which retain significant amounts of lycopene (Suzuki et al., 2002; Basuny et al., 2009). Efficient recovery of lycopene from these by-products is therefore of both economic and environmental importance.
Conventional lycopene extraction methods rely on mechanical disruption and organic solvents; however, these approaches often suffer from low efficiency, high solvent consumption, and increased energy demand. Enzyme-assisted extraction has emerged as a promising alternative, as cell wall-degrading enzymes facilitate the release of intracellular pigments by hydrolysing pectin and cellulose components of plant cell walls (Choudhari & Anantha Narayan, 2007; Ranveer et al., 2013). Aspergillus niger is widely recognized for its ability to produce extracellular enzymes, including pectinase and cellulase, making it suitable for enzyme-based extraction processes (Dhillon et al., 2012; Delabona et al., 2013).
In the present study, fungal pectinase produced using A. niger was employed to enhance lycopene extraction from tomato waste. The study focuses on optimizing enzymatic and solvent extraction parameters to improve lycopene recovery while promoting a sustainable and cost-effective approach for the valorisation of agro-industrial by-products.
Although several studies have reported lycopene extraction from tomato processing waste, limited research has focused on the combined optimization of enzymatic treatment and solvent systems. Therefore, the present study aims to optimize key parameters such as enzyme concentration, incubation time, and solvent composition to enhance lycopene recovery. Additionally, the study evaluates the efficiency of enzyme-assisted extraction compared to conventional methods and explores the potential industrial applications of recovered lycopene in food, nutraceutical, and pharmaceutical sectors.
2. MATERIALS AND METHODS

2.1 Collection of Samples and Isolation of Fungi
One gram of soil sample was suspended in 100 mL of sterilized distilled water, and 1 mL of the diluted sample was spread onto potato dextrose agar (PDA) plates adjusted to pH 5.0. The plates were incubated at 30 °C for 3–5 days. Young colonies of Aspergillus niger were subcultured onto PDA slants and stored at 4 °C for further studies.
2.2 Identification of Aspergillus Species
The fungal isolate was identified based on microscopic examination following lactophenol cotton blue (LPCB) staining. Morphological characteristics such as hyphae, conidial heads, and spore arrangement were observed under a light microscope. The isolate was identified as Aspergillus niger based on distinct morphological characteristics, including septate hyphae, globose conidial heads, and radiating conidial arrangements. Lactophenol cotton blue staining enhanced the visualization of fungal structures under a compound light microscope at magnifications of 40× and 100×.
2.3 Substrate Preparation for Enzyme Production
Pectinase was produced from dried orange peel waste using solid-state fermentation with Aspergillus niger. Fermentation was carried out at 30 °C and pH 4.5. Enzyme production was influenced by substrate type, moisture content, and nutrient availability.
2.4 Primary Screening for Pectinase Activity
Purified fungal isolates were inoculated onto pectin agar medium containing pectin as the sole carbon source and incubated at 30 °C for 24 h. Plates were flooded with 50 mM iodine solution to visualize clear zones around colonies, indicating pectinase activity. Pectinase activity was initially assessed by measuring clear zone diameter on pectin agar plates and further quantified using reducing sugar estimation through the DNS method
2.5 Pectinase Production
Pectinase production was carried out in 250 mL Erlenmeyer flasks containing KH₂PO₄ (0.02% w/v), MgSO₄ (0.01% w/v), (NH₄)₂SO₄ (0.04% w/v), FeSO₄ (0.01% w/v), and MnSO₄ (0.001% w/v) in 100 mL distilled water. The medium pH was adjusted to 5.8 using citrate buffer, sterilized, and inoculated with A. niger spores. Flasks were incubated at 150 rpm, and the culture filtrate was centrifuged at 10,000 rpm for 10 min at 4 °C to obtain crude enzyme extract.
Table 1. Composition of fermentation medium for pectinase production
	Component
	Concentration

	KH₂PO₄
	0.02%

	MgSO₄
	0.01%

	(NH₄)₂SO₄
	0.04%

	FeSO₄
	0.01%

	MnSO₄
	0.001%



2.6 Assay of Pectinase Activity
Pectinase activity was determined using the 3,5-dinitrosalicylic acid (DNS) method by estimating reducing sugars released from pectin. The reaction mixture was incubated at 40 °C for 10 min, and absorbance was measured after color development.
2.7 Preparation of Tomato Samples
Ripe tomato fruits were washed, peeled, and homogenized to obtain a fine paste for enzymatic treatment.
2.8 Enzyme Treatment
The tomato paste was treated with fungal pectinase prepared in sodium acetate buffer (pH 5.0) and incubated at approximately 45 °C for 2–4 h to facilitate the release of lycopene. The efficiency of lycopene release was influenced by enzyme concentration, with optimal extraction observed at 6% pectinase. Enzymatic hydrolysis disrupts pectin-rich cell walls, facilitating enhanced release of intracellular lycopene.
2.9 Solvent Extraction of Lycopene
Equal volumes of carbon tetrachloride and methanol were added to the enzyme-treated sample and mixed thoroughly. Phase separation was achieved by centrifugation, and the solvent layer containing lycopene was collected. Carbon tetrachloride and methanol were used to facilitate phase separation, where lycopene preferentially dissolves in the organic phase due to its non-polar nature, thereby improving extraction efficiency.
2.10 Lycopene Recollection
The solvent phase was collected to obtain crude lycopene extract, which was used for further analysis.
2.11 Lycopene Assay
Lycopene content was determined using a double-beam UV–Visible spectrophotometer by recording absorbance between 400 and 520 nm. Characteristic absorption peaks were observed at approximately 445, 472, and 503 nm. Lycopene concentration was determined using absorbance values at characteristic wavelengths and calculated using standard calibration curves to ensure accuracy and reproducibility.
2.12 Statistical Analysis
All experiments were performed in triplicate to ensure the reproducibility of results. The experimental data were expressed as mean ± standard deviation (SD). Statistical analysis was carried out using one-way analysis of variance (ANOVA) to determine the significance of differences between treatment groups. A significance level of p < 0.05 was considered statistically significant. Graphs and statistical calculations were performed using Microsoft Excel and standard statistical software packages. Statistical analysis was additionally performed using SPSS software (Version XX) to validate experimental results.
2.13 Experimental Design
The study was conducted using a completely randomized design (CRD) to evaluate the influence of enzyme concentration, incubation time, and solvent system on lycopene extraction efficiency. Different enzyme concentrations (2–8%), incubation periods (1–4 h), and solvent systems were tested to determine the optimal conditions for maximum lycopene recovery.

3. RESULTS 

3.1 Primary Screening of Fungal Isolates for Pectinase Activity
Primary screening of fungal isolates for pectinase activity was performed using pectin agar medium. Clear zone formation around colonies after iodine staining confirmed pectinolytic activity. Among the tested isolates, Aspergillus niger exhibited the highest enzyme activity, producing a clear zone diameter of 18.5 ± 0.6 mm, while Isolate A and Isolate B showed moderate and low activity, respectively (Table 2). Based on its superior pectinase-producing ability, A. niger was selected for further studies.
Table 2. Primary Screening of Fungal Isolates for Pectinase Activity
	Fungal isolate
	Incubation time (h)
	Clear zone diameter (mm)
	Relative activity

	Aspergillus niger
	24
	18.5 ± 0.6
	High

	Isolate A
	24
	12.3 ± 0.4
	Moderate

	Isolate B
	24
	8.1 ± 0.3
	Low



3.2 Effect of Pectinase Concentration on Lycopene Extraction
The influence of pectinase concentration on lycopene extraction from tomato peels was evaluated at enzyme levels ranging from 2–8% (w/w). Lycopene yield increased with increasing enzyme concentration and reached a maximum value of 12.9 ± 0.5 mg/100 g at 6% pectinase (Table 3). A slight decline in yield was observed at 8%, possibly due to enzyme saturation or substrate limitation. The trend of lycopene yield in response to pectinase concentration is clearly illustrated in Figure 1, confirming 6% pectinase as the optimal concentration.
Table 3. Effect of Pectinase Concentration on Lycopene Extraction
	Pectinase concentration (% w/w)
	Lycopene yield (mg/100 g)
	Mean ± SD (n=3)

	2
	5.2
	5.2 ± 0.3

	4
	8.7
	8.7 ± 0.4

	6
	12.9
	12.9 ± 0.5

	8
	12.4
	12.4 ± 0.6



3.3 Effect of Incubation Time on Lycopene Yield
Incubation time significantly affected enzymatic extraction efficiency. Lycopene yield increased progressively from 1 to 3 hours of incubation, reaching a maximum yield of 12.6 ± 0.5 mg/100 g at 3 hours (Table 4). Further incubation resulted in a slight decrease in yield, likely due to degradation of lycopene. The relationship between incubation time and lycopene yield is depicted in Figure 2, indicating 3 hours as the optimal incubation period. Extended incubation beyond the optimal duration may lead to oxidative degradation of lycopene, resulting in reduced yield.


Table 4. Effect of Incubation Time on Lycopene Yield
	Incubation time (h)
	Lycopene yield (mg/100 g)
	Mean ± SD

	1
	6.1
	6.1 ± 0.3

	2
	9.4
	9.4 ± 0.4

	3
	12.6
	12.6 ± 0.5

	4
	12.1
	12.1 ± 0.6




3.4 Comparison of Solvent Systems for Lycopene Extraction
The efficiency of different solvent systems for lycopene extraction was evaluated following enzymatic treatment. Among the solvents tested, the ternary solvent system hexane:acetone:ethanol (50:25:25) yielded the highest lycopene concentration (13.4 mg/100 g) with an extraction efficiency of 91% (Table 5). Single solvents such as hexane and ethyl acetate showed comparatively lower efficiencies, demonstrating the advantage of mixed solvent systems for lycopene recovery.
Table 5. Comparison of Solvent Systems for Lycopene Extraction
	Solvent system
	Lycopene yield (mg/100 g)
	Extraction efficiency (%)

	Hexane
	7.8
	62

	Ethyl acetate
	9.1
	72

	Hexane:Acetone:Ethanol (50:25:25)
	13.4
	91



3.5 Comparison of Mechanical and Enzyme-Assisted Extraction Methods
A comparison between mechanical and enzyme-assisted extraction methods revealed a substantial improvement in lycopene recovery using pectinase treatment. Mechanical extraction resulted in a lycopene yield of 6.8 mg/100 g, whereas enzyme-assisted extraction achieved 13.1 mg/100 g, corresponding to a 92.6% increase (Table 6). This enhancement is visually represented in Figure 3, highlighting the effectiveness of enzyme-assisted extraction.
Mechanical extraction resulted in a lycopene yield of 6.8 mg/100 g, whereas enzyme-assisted extraction achieved 13.1 mg/100 g, corresponding to a 92.6% increase (Table 6).
Table 6. Comparison of mechanical and enzyme-assisted extraction methods for lycopene recovery
	Extraction Method
	Lycopene Yield (mg/100 g)
	Mean ± SD (n=3)
	Increase in Yield (%)

	Mechanical extraction
	6.8
	6.8 ± 0.4
	–

	Enzyme-assisted extraction
	13.1
	13.1 ± 0.5
	92.6



3.6 UV–Visible Spectrophotometric Analysis of Lycopene
Lycopene extracted using different solvent systems was analyzed by UV–Visible spectrophotometry. The absorption spectra displayed characteristic peaks at approximately 445, 472, and 503 nm, confirming the presence of lycopene. The representative UV–Visible absorption spectrum is shown in Figure 4, and the results were consistent irrespective of enzyme application.
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Figure 1: Effect of pectinase concentration on lycopene yield
Figure 2: Effect of incubation time on lycopene yield
Figure 3: Comparison of mechanical and enzyme-assisted extraction
Figure 4: UV–Visible absorption spectrum of lycopene


4. DISCUSSION
Recent advancements in agro-industrial waste valorisation have highlighted tomato processing residues as an important source of bioactive compounds, particularly lycopene. Tomato processing industries generate large volumes of waste in the form of skins, seeds, and residual pulp, collectively referred to as tomato pomace. Despite being considered waste, these by-products still retain a significant proportion of carotenoids and other phytochemicals. Efficient recovery of these compounds not only reduces environmental waste but also contributes to the development of high-value nutraceutical ingredients. Lycopene recovered from tomato waste has attracted increasing interest due to its strong antioxidant properties and its potential role in preventing chronic diseases such as cardiovascular disorders, cancer, and neurodegenerative conditions (Kuvendziev et al., 2024; Jiménez-Bolaño et al., 2024). 
Several recent studies have focused on improving extraction techniques to enhance lycopene recovery from tomato residues. Conventional solvent extraction methods often require large quantities of organic solvents and may lead to lower extraction efficiency due to the structural complexity of plant cell walls. In contrast, enzyme-assisted extraction has been recognized as a more efficient and environmentally friendly approach. Cell wall-degrading enzymes such as pectinase, cellulase, and hemicellulase can hydrolyse structural polysaccharides present in plant tissues, thereby improving the release of intracellular pigments into the extraction medium. This enzymatic hydrolysis facilitates solvent penetration and increases mass transfer, resulting in higher pigment recovery (Chaudhary et al., 2024; Méndez-Carmona et al., 2022). 
The present findings are consistent with earlier reports indicating that enzymatic pretreatment significantly improves carotenoid extraction from tomato processing waste. Studies have demonstrated that the application of pectinase enzymes can increase lycopene recovery by disrupting the pectin matrix that surrounds plant cells. Once the cell wall components are hydrolysed, carotenoids that were previously trapped within chromoplasts become more accessible for solvent extraction. This mechanism explains the higher extraction efficiency observed in enzyme-assisted processes compared to mechanical extraction methods (Nguyen et al., 2024; Marinaccio et al., 2024). 
In addition to enzyme treatment, the selection of an appropriate solvent system is crucial for maximizing lycopene recovery. Lycopene is a highly hydrophobic carotenoid and therefore requires non-polar or mixed solvent systems for efficient extraction. Mixed solvent systems composed of hexane, acetone, and ethanol have been widely reported to enhance carotenoid solubility and improve extraction efficiency. The presence of polar solvents such as ethanol and acetone helps disrupt cellular membranes and improve diffusion of carotenoids, while hexane effectively dissolves the non-polar lycopene molecules. This synergistic effect of mixed solvents contributes to higher pigment recovery compared with single-solvent extraction systems (Tran et al., 2023; Guerra et al., 2021). 
Furthermore, recent research emphasizes the importance of sustainable extraction technologies for recovering valuable compounds from agricultural residues. The utilization of enzyme-assisted extraction aligns well with the principles of green chemistry because enzymes operate under mild reaction conditions, reduce solvent requirements, and minimize environmental impact. In addition, enzymes are biodegradable and can be produced using renewable substrates through microbial fermentation. This makes enzyme-based extraction techniques particularly attractive for industrial applications aimed at valorising food processing waste (Drosou et al., 2025; Méndez-Carmona et al., 2022). 
Another important aspect of tomato waste valorisation is its potential contribution to the circular bioeconomy. Instead of disposing of tomato pomace as industrial waste, it can be converted into valuable bioactive compounds, natural pigments, and nutraceutical ingredients. Lycopene extracted from tomato waste can be incorporated into functional foods, dietary supplements, cosmetics, and pharmaceutical formulations. The development of efficient extraction technologies therefore supports both economic and environmental sustainability in the food processing industry (Kuvendziev et al., 2024; Chaudhary et al., 2024). 
Overall, the integration of enzymatic pretreatment with optimized solvent extraction provides an effective strategy for improving lycopene recovery from tomato processing residues. This approach not only enhances extraction efficiency but also promotes the sustainable utilization of agro-industrial waste resources. The findings of the present study further support the growing body of evidence that enzyme-assisted extraction represents a promising and environmentally responsible method for recovering valuable carotenoids from plant-based waste materials (Marinaccio et al., 2024; Drosou et al., 2025).
From an industrial perspective, enzyme-assisted extraction offers significant advantages by reducing energy consumption and minimizing solvent usage, thereby lowering operational costs. This approach aligns with the principles of green chemistry and circular bioeconomy by converting low-value tomato waste into high-value bioactive compounds. Additionally, the integration of optimized enzymatic treatment with suitable solvent systems enhances process efficiency and scalability, making it a promising strategy for commercial lycopene production in food, pharmaceutical, and nutraceutical industries. Future research may focus on the combined use of enzymes such as pectinase and cellulase to further improve extraction efficiency.
5.CONCLUSION
The present study demonstrates the effectiveness of fungal pectinase derived from Aspergillus niger in enhancing lycopene extraction from tomato processing waste. Tomato peels and other industrial residues represent a valuable yet underutilized source of carotenoids, particularly lycopene, which possesses strong antioxidant and health-promoting properties. The application of enzyme-assisted extraction significantly improved the recovery of lycopene by facilitating the degradation of pectin-rich cell wall structures and promoting the release of intracellular pigments. Optimization of key parameters such as enzyme concentration, incubation time, and solvent system played a critical role in maximizing extraction efficiency.
Among the solvent systems tested, the mixed solvent combination of hexane, acetone, and ethanol showed superior extraction efficiency compared with individual solvents, confirming the importance of solvent polarity in carotenoid recovery. The study also confirmed that enzyme-assisted extraction can substantially enhance lycopene yield compared to conventional mechanical extraction methods.
Overall, this research highlights the potential of integrating microbial enzyme technology with optimized solvent extraction for the sustainable valorisation of tomato processing waste. Such approaches contribute to the development of eco-friendly bioprocesses while converting agro-industrial by-products into valuable nutraceutical ingredients. Future studies may focus on scaling up this process, exploring green extraction technologies, and evaluating the stability and bioavailability of recovered lycopene for food, pharmaceutical, and nutraceutical applications. Advanced extraction technologies such as pulsed electric fields have also been shown to improve product yield and support waste valorisation in tomato processing industries (Andreou et al., 2020). Mixed solvent systems composed of hexane, acetone, and ethanol have been widely reported to enhance carotenoid solubility and improve extraction efficiency (Silva et al., 2019; Tran et al., 2023).

The scalability of this enzyme-assisted extraction process presents significant economic benefits, particularly for large-scale tomato processing industries, by reducing waste disposal costs and generating value-added products.
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