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Abstract
Aquaculture, the cultivation of aquatic organisms such as fish, crustaceans, mollusks, and aquatic plants, has rapidly become a corner stone of global food production. The rise of aquaculture responds directly to the increasing global demand for seafood alongside the ongoing depletion of wild fish stocks, necessitating more sustainable methods to meet the nutritional requirements of a growing population. However, such rapid expansion concurrently presents a range of environmental and economic challenges, notably in the management and disposal of aquaculture processing waste. The processing of aquatic organisms results in significant waste generation including fish skin, viscera, scales, and exoskeletons. The traditional handling of aquaculture processing wastes, such as fish skin, viscera, and exoskeletons of crustaceans, often involves their disposal or use in low-value applications, contributing to environmental pollution and resource wastage. By focusing on the extraction and characterization of bioactive macromolecules from these wastes, this study not only provides a solution to waste management challenges but also opens up new avenues for the creation of high-value products. The extraction processes for the bioactive macromolecules from aquaculture waste, focusing on gelatin from fish skin, proteolytic enzymes from fish viscera, and chitosan from crustacean exoskeletons. It describes the optimization of extraction conditions, such as temperature, pH, and time, to achieve maximum yield and purity. The results of the extraction process are analyzed. This study focuses on the physico-chemical, biochemical, and structural characterization of the extracted bioactive macromolecules. Techniques such as Fourier-transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), are employed to assess the properties of gelatin, proteolytic enzymes trypsin, chymotrypsin, chitin and chitosan. The results provide insights into the quality and potential applications of the extracted compounds, facilitating their use and subsequent utilization could lead to the development of innovative products that enhance human health, improve industrial processes, and contribute to environmental sustainability.
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Introduction:
	Aquaculture, the cultivation of aquatic organisms such as fish, crustaceans, mollusks, and aquatic plants, has rapidly become a corner stone of global food production (Little et al., 2016; Stevens et al., 2018). The rise of aquaculture responds directly to the increasing global demand for sea food alongside the ongoing depletion of wild fish stocks, necessitating more sustainable methods to meet the nutritional requirements of a growing population (Anderson et al., 2017; Stevens et al., 2018). This burgeoning industry has substantially contributed to economic growth, showcasing substantial gains over recent decades. However, such rapid expansion concurrently presents a range of environmental and economic challenges, notably in the management and disposal of aquaculture processing waste. The processing of aquatic organisms results in significant waste generation, including fish skin, viscera, scales, and exoskeletons (Coppola et al., 2021). Unfortunately, these by-products are often viewed as low-value resources, leading to their common disposal or relegation to secondary applications such as animal feed, fertilizers, or landfills. This mismanagement exacerbates issues of environmental pollution and resource inefficiency (Fraga-Corral et al., 2022; Rebouças et al., 2023).
The underutilization of aquaculture by-products represents not only a significant environmental challenge but also a noteworthy economic opportunity. This duality has spurred increased interest in discovering sustainable and economically viable methods to convert waste materials into high-value products (Choudhury et al., 2022). Recent advancements in biotechnology have illuminated the considerable untapped potential of these by-products, revealing that aquaculture processing waste is rich in bioactive macromolecules including proteins, enzymes, and polysaccharides, each possessing a diverse array of functional and industrial applications (Al Khawli et al., 2020).
This is highly significant as it addresses the urgent need for sustainable practices within the rapidly expanding aquaculture industry. The traditional handling of aquaculture processing wastes, such as fish skin, viscera, and exoskeletons, often involves their disposal or use in low-value applications, contributing to environmental pollution and resource wastage. The valorization of aquaculture processing waste into valuable resources aligns with global sustainability goals, offering an environmentally friendly alternative to conventional waste disposal methods. The bioactive compounds derived from this research; including gelatin, proteolytic enzymes, and chitosan, have a wide range of applications in biomedicine and biotechnology. Their extraction and subsequent utilization could lead to the development of innovative products that enhance human health, improve industrial processes, and contribute to environmental sustainability.
The characterization of bioactive macromolecules derived from aquaculture processing waste is a critical step in understanding their structural, physicochemical, and functional properties (Reddyet.al. 2012; Maschmeyeret.al. 2020). As global aquaculture production continues to expand, the efficient utilization of its by-products has gained considerable attention for both economic and environmental sustainability (Stevens et.al. 2018). Aquaculture processing waste, which primarily consists of fish skin, viscera, and crustacean exoskeleton, represents a rich source of valuable biomaterials such as gelatin, proteolytic enzymes, and chitosan (Maschmeyer et al., 2022). These bioactive macromolecules exhibit unique biochemical and structural attributes that make them suitable for applications in food, pharmaceutical, biomedical, and environmental industries (Udayakumar et al., 2021). However, their industrial feasibility and functional efficacy largely depend on precise characterization, which ensures their stability, quality, and performance in targeted applications (Reddyet al., 2012).
This presents a systematic investigation into the physicochemical, biochemical, and structural properties of macromolecules extracted from aquaculture processing waste. The primary focus is on gelatin extracted from fish skin, proteolytic enzymes (trypsin and chymotrypsin) isolated from fish viscera, and chitosan obtained from crustacean exoskeletons. Each of these biomolecules possesses distinct functional characteristics that make them highly valuable in various domains. Gelatin, for instance, is widely used as a gelling and stabilizing agent in food and pharmaceuticals, whereas proteolytic enzymes play a crucial role in bio-catalysis, protein hydrolysis, and therapeutic applications (Jahangir et al., 2022). Chitosan, a deacetylated form of chitin, has garnered significant interest due to its biocompatibility, antimicrobial properties, and adsorption efficiency, making it a promising candidate for biomedical, pharmaceutical, and environmental applications (Shahidi et al., 2005; Zargar et al., 2015)
To establish a comprehensive understanding of these macromolecules, advanced analytical techniques are employed for their characterization. Fourier-transform infrared spectroscopy (FTIR) is utilized to elucidate the functional groups and confirm the molecular structures of the extracted compounds. Scanning electron microscopy (SEM) provides detailed insights into their microstructural morphology, which is crucial for applications in biomaterials, drug delivery, and tissue engineering (Samuel and Ekpan, 2024; Alla Srivani, et al. 2023).
In addition, biochemical assessments, including protein content analysis, enzymatic activity determination, and degree of deacetylation measurement, contributes to understanding their efficacy and stability under various conditions. Beyond structural characterization, this study also explores the functional properties of these bioactive macromolecules, which play a pivotal role in their industrial applications. The gelling, emulsifying, and stabilizing capacities of gelatin are analyzed, while the catalytic efficiency of trypsin and chymotrypsin under different environmental conditions is evaluated to determine their optimal activity range (Alipal et al., 2021). Furthermore, the water absorption capacity, adsorption efficiency, and antimicrobial potential of chitosan are examined, emphasizing its versatility in biomedical and environmental remediation applications (Pillai et al., 2009; Vilar Junior et al 2016). Furthermore, the water absorption capacity, adsorption efficiency, and antimicrobial potential of chitosan are examined, emphasizing its versatility in biomedical and environmental remediation applications (Rawte, K., et. al., 2024). These assessments collectively provide a scientific foundation for optimizing the utilization of these biomolecules in diverse sectors (Stevens et al., 2018).
Materials and Methods:
The following sections describe the detailed extraction procedures and characterization of these bioactive compounds.
1. Collection of Raw Materials
· Source:  Fish Skin, Fish viscera, and Crustacean exoskeletons (Shrimp) were collected as raw materials.
· Purpose: These byproducts serve as an economical source of valuable biomolecules, reducing waste and supporting environmental sustainability.
2. Extraction Procedures
2.1 Gelatin Extraction from Skin
· Pretreatment: Skin was subjected to acid and alkali pretreatment.
· Extraction: Hot water extraction was performed to release gelatin from collagen fibers. Acidic and basic conditions were used to disrupt cross-links within collagen and enhance gelatin yield.
2.2 Proteolytic Enzyme Isolation from Viscera
· Homogenization: Viscera were homogenized in buffer solutions.
· Filtration and Centrifugation: Insoluble materials were removed via filtration and centrifugation to obtain a crude enzyme extract rich in proteolytic enzymes such as trypsin, and chymotrypsin.
2.3 Chitosan Preparation from Exoskeletons
· Sequential Processes:
· Demineralization: Removal of minerals.
· Deproteinization: Removal of proteins to yield chitin.
· Deacetylation: Conversion of chitin to chitosan, enhancing solubility and functional properties for further applications.
3. Characterization of Extracted Compounds
	The extracted bioactive macromolecules (chitin, chitosan, gelatin, trypsin, and chymotrypsin) were characterized to determine their physicochemical, biochemical, and structural properties. These analyses ensured the quality, functionality, and potential applications of the compounds.
3.1 Physicochemical Properties
· pH Measurement: The pH of 1% (w/v) solutions of extracted macromolecules were determined using a digital pH meter (Goudie et al., 2023).
· [image: ]Moisture Content Analysis: The moisture content was assessed using the gravimetric method by drying samples at 105°C until a constant weight was achieved.
This calculation provided the percentage of moisture present in the sample based on the difference between its initial and final weights.
· Ash Content Determination: Ash content was measured by incinerating samples in a muffle furnace at 600°C to obtain a white ash residue (Bjurström et al., 2014).
[image: ]The ash content was calculated using the following formula:
This calculation provided the percentage of inorganic material present in the sample based on the residue remaining after incineration.
3.2 Biochemical Properties
· Protein Concentration: The Bradford assay was used to determine the protein content of gelatin, with absorbance measured at 595 nm using a spectrophotometer.
· Enzymatic Activity: Enzymatic activity of trypsin and chymotrypsin was evaluated using substrate-specific reactions, with activity measured spectrophotometrically.
3.3 Structural Properties
· FTIR Analysis: Fourier-transform infrared spectroscopy (FTIR) was performed to identify characteristic functional groups, such as amides in gelatin and hydroxyl/amino groups in chitosan.
· SEM Analysis: Scanning electron microscopy (SEM) was used to examine the surface morphology and porosity. 

Results and Discussion:
The extracted macromolecules, including chitin, chitosan, gelatin, trypsin, and chymotrypsin, underwent systematic characterization to assess their fundamental properties.The diverse physicochemical, biochemical, and structural attributes identified in this study highlight their prospective industrial applications (Tables 1– 4).
Physicochemical Properties of Bioactive Macromolecules:
The physicochemical analysis revealed substantial variations among the macromolecules, influencing their functional applications (Table 1). Chitin exhibited a near-neutral pH (7.3 ± 0.3), while its derivative, chitosan, displayed a slightly acidic pH (6.1 ± 0.4). Gelatin was more acidic (5.3 ± 0.2), which aligns with its wide applicability in food and pharmaceutical formulations. In contrast, trypsin and chymotrypsin exhibited alkaline pH optima (7.5–8.5 and 7.8–8.2, respectively), reinforcing their effectiveness in protein hydrolysis applications.
Chitin was insoluble in water, whereas chitosan demonstrated a solubility of 83.45 ± 6.41%, highlighting its suitability for biomedical applications. Gelatin, trypsin, and chymotrypsin exhibited full solubility (94.2–100%), thereby enhancing their enzymatic efficiency. The thermal degradation analysis revealed high stability for chitin (311.23 ± 23.54°C) and chitosan (246.45 ± 30.54°C), signifying their durability in material applications. Conversely, gelatin degraded at a lower temperature (126.62 ± 18.42°C), making it an ideal candidate for temperature-sensitive applications. The molecular weights of chitin (743 ± 21.3 kDa) and chitosan (634.47 ± 23.66 kDa) impacted their viscosity and bioactivity, influencing their industrial relevance.
Biochemical Properties of Extracted Macromolecules:
Biochemical characterization (Table 2) indicated high protein content in gelatin (85–95%), trypsin (85–90%), and chymotrypsin (88–93%), affirming their suitability for pharmaceutical and nutritional applications. In contrast, chitin and chitosan contained minimal protein (<1%), highlighting their purity and potential for biomaterial applications. Gelatin exhibited slightly higher lipid content (0.1–1.0%), whereas other macromolecules had negligible lipid levels. Enzymatic activity analysis demonstrated high catalytic efficiencies for trypsin (8,000–12,000 U/mg) and chymotrypsin (8,500–11,500 U/mg), establishing their efficacy as biocatalysts in protein hydrolysis. Chitosan exhibited significant antimicrobial activity, with a Minimum Inhibitory Concentration (MIC) of 50–200 μg/mL, reinforcing its potential role in food preservation and biomedical applications. Gelatin's gel strength (200–300 Bloom g) was notably high, making it a valuable component in pharmaceutical and food formulations. The isoelectric points (pI) varied, with chitosan (6.2–7.0) being near neutral, while trypsin (10.5–11.0) and chymotrypsin (8.5–9.0) had alkaline pI values, enhancing their enzymatic performance.
Structural Characterization Using FTIR Analysis:
Fourier Transform Infrared (FTIR) spectroscopy confirmed the presence of key functional groups (Table 3, Fig.1). Broad O-H and N-H stretching peaks (3400– 3450 cm⁻ ¹) were detected across all biomolecules, indicating strong hydrogen bonding and protein interactions. The amideI (1650–1660cm⁻¹) and amideII (1550–1580 cm⁻ ¹) bands confirmed protein presence in gelatin, trypsin, and chymotrypsin. C-H stretching (2900–2960 cm⁻ ¹) signified protein-lipid interactions, particularly relevantfor proteolytic enzymes. The C-O-C stretching (1050–1080 cm⁻ ¹) identified in chitinand chitosan verified their polysaccharide backbone.
Morphological analysis using Scanning Electron Microscopy (SEM):
Scanning Electron Microscopy (SEM) revealed distinct micro structural characteristics (Table.4, Fig.2). Chitin exhibited a compact, fibrous morphology with rough surfaces, indicative of its rigidity and biodegradability. Chitosan showed a porous, flaky structure, enhancing its bioactivity and adsorption efficiency. Gelatin displayed a smooth, film-like appearance, supporting its applications in biomedicine. Trypsin and chymotrypsin presented globular structures, essential for their enzymatic functionality.
Conclusion:
The characterization of bioactive macromolecules extracted from aquaculture processing waste provides valuable insights into their physicochemical, biochemical and structural properties.These findings suggest that chitin and chitosan are promising biopolymers due to their stability, antimicrobial properties, and adsorption capabilities. Gelatin demonstrates strong potential for pharmaceutical and food applications due to its gel-forming capacity. Meanwhile, trypsin and chymotrypsin emerge as potent biocatalysts with high enzymatic efficiency. The transformation of aquaculture waste into high-value biomolecules promotes sustainability while enhancing economic viability in multiple industries. This study highlights the significant potential of these macromolecules, offering avenues for further research and industrial applications.
The physicochemical analysis revealed that chitin, chitosan, gelatin, trypsin, and chymotrypsin exhibited distinct properties influencing their functional applications. Chitosan demonstrated high solubility and antimicrobial activity, while gelatin exhibited excellent gel strength, making it suitable for pharmaceutical formulations.
The biochemical characterization confirmed the high enzymatic efficiencies of trypsin and chymotrypsin, reinforcing their role as potent biocatalysts. Chitosan exhibited strong antimicrobial properties, while gelatin’s high protein content made it valuable for nutraceutical and pharmaceutical applications. Structural characterization using FTIR analysis confirmed key functional groups indicating strong hydrogenbonding and protein interactions. Morphological analysis using SEM showed that chitin had a compact, fibrous structure, chitosan exhibited a porous morphology, and gelatin formed a smooth, film-like structure, supporting their respective applications in biomaterials and food formulations.
The significance extends beyond mere characterization; it serves as a bridge between extraction and application, ensuring the effective transformation of aquaculture processing waste into high-value bioactive compounds. By demonstrating the potential of these macromolecules, this study contributes to the advancement of sustainable practices, supporting circular economy principles and reducing environmental waste. 
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Table 1: Physiological Properties of Bioactive Macromolecules (Chitin, Chitosan, Gelatin, Trypsin and Chymotrypsin) from Aquaculture Processing Waste:

	
Property
	Chitin (Crustacean
Exoskeleton)
	Chitosan (Deacetylated
Chitin)
	Gelatin
(Fish Skin)
	Trypsin
(Fish Viscera)
	Chymotrypsin
(FishViscera)

	pH
	7.3 ±0.3
	6.1 ±0.4
	5.3 ±0.2
	7.5 – 8.5
	7.8 – 8.2

	Moisture
Content (%)
	10.3 ±2.2
	12.4 ±3.1
	7.8 ±2.3
	6.4 ±1.7
	6.4 ±1.7

	Ash Content
(%)
	1 – 3
	0.5 – 2
	0.5 – 1.5
	0.2 – 1.0
	0.2 – 1.0

	Degree of
Deacetylation (%)
	
82.5 ±3.4
	
85.4 ±9.5
	
-
	
-
	
-

	Water
Solubility (%)
	Insoluble
	83.45±6.41
	94.2 ±1.8
	100
	100

	Thermal Degradation
(°C)
	
311.23±23.54
	
246.45±30.54
	
126.62±18.42
	
54.34±6.54
	
54.5 ±6.34

	Molecular
Weight (kDa)
	743 ±21.3
	634.47±23.66
	143.23±12.8
	24.45±2.34
	25.63±2.34

	Optimum
Temperature (°C)
	
-
	
-
	
-
	
38.23±3.21
	
37.23±5.21

	Optimum pH
for activity
	-
	-
	-
	7.5 ±1.5
	7.8 ±1.2



The values presented in this study represent the means obtained from three independent experimental replicates, ensuring reliability and reproducibility of the data. The accompanying ± symbol denotes the standard error (SE), which quantifies the variability of the mean and provides an estimate of the precision of the measurements.








Table 2: Biochemical Properties of Extracted Bioactive Macromolecules (Chitin, Chitosan, Gelatin, Trypsin and Chymotrypsin) from Aquaculture Processing Waste:

	Property
	Chitin
	Chitosan
	Gelatin
	Trypsin
(FishViscera)
	Chymotrypsin
(FishViscera)

	ProteinContent
(%)
	0.7±0.01
	0.9±0.01
	85.6± 9.5
	91.21± 6.54
	87.38± 6.21

	Lipid Content (%)
	0.3 ±0.02
	0.27± 0.01
	0.71± 0.43
	0.52± 0.1
	0.45± 0.21

	Enzymatic
Activity (U/mg)
	-
	-
	-
	10543.23±68.75
	9673.54±34.23

	Antimicrobial Activity (MIC, µg/mL)
	123.34±28.34
	85.23±14.67
	
-
	
-
	
-

	Gel Strength (Bloomg)
	-
	-
	234.45±9.42
	-
	-

	Isoelectric Point (pI)
	5.7±0.3
	6.2 ±08
	5.12± 0.5
	9.6±1.7
	8.1±0.3



The values presented in this study represent the means obtained from three independent experimental replicates, ensuring reliability and reproducibility of the data. The accompanying ± symbol denotes the standard error (SE), which quantifies the variability of the mean and provides an estimate of the precision of the measurements.
















Table 3: Fourier-Transform Infrared Spectroscopy (FTIR) Functional Groups Identified:
	Wave- number (cm⁻¹)
	
Chitin Functional Groups
	Chitosan Functional Groups
	Gelatin Functional Groups
	Proteolytic Enzyme Functional
Groups(Trypsin)
	Proteolytic Enzyme Functional Groups (Chymotrypsin)

	
3400 –
3450
	O–H&N–H
stretching (hydrogenbonds, polysaccharide
backbone)
	O–H&N–H
stretching (hydrogen bonds,amideI)
	O–H&N–H
stretching (protein structure)
	O–H&N–H
stretching(amide A, protein secondary
structure)
	O–H&N–H
stretching(amide A, protein structure)

	
3250 –
3280
	N–H stretching (amideA,protein- like bonds)
	N–Hstretching (amideA, protein-like
bonds)
	
N–Hstretching (amideA)
	
N–Hstretching (amideA)
	
N–Hstretching (amideA)

	
2900 –
2960
	C–Hsymmetric & asymmetric stretching (CH₃,CH₂)
	C–H symmetric & asymmetric stretching(CH₃,
CH₂)
	C–H stretching (protein&lipid interaction)
	C–Hstretching (protein-lipid complex)
	C–Hstretching (protein-lipid complex)

	
1650 –
1660
	
Amide I (C=O stretching-sheet)
	Amide I (C=O stretching, β- sheet-helix)
	Amide I(C=O stretching, random coil&
α-helix)
	Amide I (C=O stretching, β- sheet-helix)
	Amide I (C=O stretching-sheet & α-helix)

	
1550 –
1580
	Amide II (N–H bending–N stretching)
	Amide II (N–H bending–N stretching)
	Amide II (protein secondary
structure)
	AmideII(protein folding, β-sheet interactions)
	AmideII(protein folding, β-sheet interactions)

	
1400 –
1460
	CH₃bending(alkyl groups, polysaccharide
backbone)
	CH₃ bending (alkyl groups, chitosan
structure)
	CH₃ bending (protein interaction, lipid
interface)
	CH₃bending (protein-lipid complex)
	CH₃bending (protein-lipid complex)

	
1200 –
1250
	C–N stretching (amide III, glycosidicbond)
	C–N stretching (amide III, glycosidicbond)
	C–Stretching (amide III, random coil
structure)
	C–N stretching (amide III, α- helixandβ-sheet
presence)
	C–N stretching (amideIII,α-helix and β-sheet
presence)

	

1050 –
1080
	
C–O–Cstretching (glycosidic bond, polysaccharide structure)
	C–O–C
stretching (glycosidic bond, deacetylated
chitin)
	C–O–C
stretching (protein- carbohydrate interaction)
	
C–Ostretching (protein conformation changes)
	
C–Ostretching (protein conformation changes)






Table 4: Microstructural Analysis (SEM) of Bioactive Macromolecules (Chitin, Chitosan, Gelatin, Trypsin and Chymotrypsin) extracted from Aquaculture Processing Waste:


	
Parameter
	
Chitin
	
Chitosan
	
Gelatin
	Proteolytic Enzyme
(Trypsin)
	Proteolytic Enzyme
(Chymotrypsin)

	Surface
Morphology
	Dense, rigid
flakes
	Porous, fibrous
	Smooth,
amorphous
	Granular,
irregular
	Granular, slightly
aggregated

	Pore Size (µm)
	3.2±05
	32.54± 6.43
	121.41±18.5
	3.1 ±1.4
	2.7±1.54

	Particle Size (nm)
	181.22±14.24
	336.74±38.54
	460.53±63.42
	32.56±41.65
	54.34± 62.54


	
The values presented in this study represent the means obtained from three independent experimental replicates, ensuring reliability and reproducibility of the data. The accompanying ± symbol denotes the standard error (SE), which quantifies the variability of the mean and provides an estimate of the precision of the measurements.


















Fig.1 FTIR spectra for the Extracted Bioactive Molecules from Aquaculture Processing Waste:
[A]Chitin,[B] Chitosan,[C]Gelatin,[D] Trypsin, and [E] Chymotrypsin.

Fig.2: SEM Images of Bioactive Macromolecules Extracted from Aquaculture Processing Waste:
[A]Chitin[B]Chitosan[C]Gelatin[D]Trypsin[E] Chymotrypsin.
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