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Abstract: Leaves from forage crops and vegetables such as water spinach, sweet potato, cassava, and especially
taro, can be incorporated into pig diets as partially replace commonly used protein sources including fish meal
or/and soybean meal. However, their use remains limited among farmers and livestock producers. This study aimed
to compare feed intake, determine apparent digestibility coefficients, and analyze nitrogen retention in pigs fed
various forms of taro-based diets. The experiment was conducted from September 9 to November 30, 2025, at
Svay Rieng University, located along National Road 1, Chambak Village, Chek Commune, Svay Rieng City, Svay
Rieng Province, Cambodia. Four castrated male crossbred pigs (average body weight: 15 kg; approximately 50
days old) were used in a 4x4 Latin square design. The study included four dietary treatments: fresh taro, boiled
taro, dried taro, and ensiled taro, each applied across four experimental units. The trial was conducted over four
periods, with each period comprising 5 days for diet adaptation followed by 5 days for the collection of feces and
urine. Findings from the study demonstrated that crossbred pigs consumed higher amount of DM intakes in T2
(748g/day) and T4 (784 g/day), highly coefficient digestibility of DM in T1 (87.1%) or T2 (88.9%), and greatly
nitrogen retention in T2 (9.27%). In conclusion, fresh or ensiled taro may be used at a 10% inclusion rate in pig
diets, as long as it is thoroughly mixed with other ingredients. The crossbred pigs consumed high amount of DM
intakes, exhibited highly in coefficient digestibility of DM, and indicated a greater nitrogen retention. Biosurfactants,
microbial surface-active compounds, are gaining attention as sustainable, biocompatible alternatives to synthetic
surfactants. Their properties, including emulsification, foaming, and antimicrobial activities, enable diverse
applications in food, pharmaceutical, and cosmetic industries. With increasing demand for halal-certified products,
biosurfactants offer potential as halal ingredients, provided they are produced using compliant strains, substrates,
and processing methods. This review examines the production of halal-compatible biosurfactants, their key
functional properties, and their applications in halal product development. Emphasis is placed on food, drug
delivery, and personal care sectors, alongside certification standards. Biosurfactants are positioned as novel,
ethical ingredients supporting the global expansion of halal-compliant biotechnology.
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Introduction

The global demand for halal-certified products has grown rapidly in recent years, driven by a rising Muslim population and
increasing awareness of religious dietary and ethical standards .The term halal, meaning "permissible "in Arabic, extends
beyond food and beverages to include pharmaceuticals, cosmetics, and other consumer goods .For a product to be
considered halal, all components and production processes must comply with Islamic law, which prohibits substances such
as pork derivatives and alcohol, and emphasizes cleanliness, safety, and ethical sourcing [1]. As a result, industries targeting
the expanding halal market are increasingly focused on identifying and developing novel halal-compliant ingredients.

Biosurfactants, surface-active compounds produced by microorganisms such as bacteria, yeasts, and fungi, have
emerged as promising candidates for halal-certified formulations .These amphiphilic molecules reduce surface and interfacial
tension, stabilize emulsions, and exhibit antimicrobial and anti-adhesive properties [2]. Compared to synthetic surfactants,
biosurfactants are biodegradable, less toxic, and can be derived from renewable resources, making them attractive for use
in food, pharmaceutical, and personal care products [3]. When they are produced using halal-certified microbial strains and
substrates that are free from animal-derived or non-compliant compounds, biosurfactants can align with halal requirements

[4].

However, halal compliance is not inherently assured. Critical factors such as the origin of fermentation media, use of
processing aids, and risk of contamination during production must be rigorously evaluated [5]. Bridging biotechnology and
halal certification presents both new opportunities and unique regulatory challenges .This review explores the potential of
biosurfactants as emerging halal ingredients by examining their microbial production, functional properties, and industry-
specific applications .1t also outlines key halal compliance criteria, regulatory frameworks, and market trends, aiming to bridge
scientific innovation with religious principles and support future development of halal-certified biosurfactant technologies.

Overview of Biosurfactants
Definition and Classification

Biosurfactants are amphiphilic compounds produced by microorganisms such as bacteria, yeasts, and fungi .Comprising
both hydrophilic and hydrophobic moieties, these molecules effectively reduce surface and interfacial tensions between
liquids, solids, and gases .Unlike synthetic surfactants, biosurfactants are biodegradable, environmentally friendly, and exhibit
low toxicity, making them attractive for industrial and biomedical applications [6]. They are broadly classified based on
chemical structure and microbial origin, with five major categories:

Glycolipids

Glycolipids are among the most extensively studied biosurfactants due to their diverse structures and wide-ranging
applications [7, 8]. They consist of a sugar moiety-typically glucose, rhamnose, or sophorose-linked to long-chain fatty acids
or hydroxy fatty acids .This configuration imparts strong surface activity, enabling emulsification and wetting functions .Key
examples include rhamnolipids (produced by Pseudomonas aeruginosa( and sophorolipids (Candida bombicola(, which also
exhibit antimicrobial, anti-adhesive, and antibiofilm properties. Their production from renewable substrates enhances their
appeal for sustainable and halal-compliant formulations [2]. Current research focuses on strain engineering and process
optimization to improve yield and purity at commercial scale.

Lipopeptides and Lipoproteins

These biosurfactants are composed of a fatty acid tail covalently linked to a short peptide chain-either linear or cyclic-
enabling interaction with biological membranes .Notable lipopeptides include surfactin, iturin, and fengycin, primarily produced
by Bacillus subtilis .They possess strong antimicrobial, antiviral, antifungal, and hemolytic activities by disrupting cellular
membranes [2]. Their surface activity and emulsifying ability make them valuable in pharmaceuticals, agriculture, food safety,
and cosmetics .Halal-compliant production requires attention to fermentation substrates and purification methods.

Phospholipids

Produced under stress or nutrient-limited conditions, microbial phospholipids consist of glycerol backbones with fatty acid
chains and phosphate-containing head groups .Found in genera such as Corynebacterium and Acinetobacter, they contribute
to membrane stabilization, emulsification, and solubilization of hydrophobic substances [6]. Although less studied than
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glycolipids or lipopeptides, phospholipids are biocompatible and potentially useful in halal-certified emulsions, drug delivery,
and biodegradable detergents-pending further research into scalable production and halal validation.

Polymeric Biosurfactants

These high-molecular-weight biosurfactants are composed of complex polymers such as polysaccharides, proteins, lipids,
or conjugates .Unlike low-molecular-weight surfactants, they stabilize emulsions over longer periods and under harsh
conditions .Examples include emulsan (Acinetobacter calcoaceticus), liposan (Candida lipolytica), and alasan
(Acinetobacter). Their emulsifying strength, stability across pH and temperature ranges, and compatibility with halal substrates
make them suitable for enhanced oil recovery, wastewater treatment, food-grade emulsions, and eco-friendly detergents [9].

Particulate Biosurfactants

These cell-associated biosurfactants remain embedded in microbial structures such as outer membranes, vesicles, or cell
wall fragments .Rather than being secreted into the medium, they act through direct surface contact, facilitating microbial
adhesion, biofilm formation, and hydrophobic substrate colonization .Although understudied, their emulsifying capabilities and
local activity make them promising for immobilized biocatalysis, soil remediation, and probiotic formulations [10]. Their
relevance is growing in halal-compliant applications where localized action and structural integrity are critical.

Comparative Analysis of Biosurfactants and Synthetic Surfactants

A comparative evaluation of biosurfactants and synthetic surfactants is provided in Table 1. Biosurfactants offer several
advantages, particularly biodegradability, low toxicity, renewable production routes, and potential compatibility with halal-
certified supply chains [11]. In contrast, many synthetic surfactants are derived from petrochemical sources and may persist
in the environment, contributing to ecological contamination and aquatic toxicity [12]. These differences are especially
important for halal and sustainable product development, where both ingredient origin and environmental responsibility are
key considerations.

Table 1: Comparative features of biosurfactants and synthetic surfactants in halal and sustainable applications

Property Biosurfactants Synthetic Surfactants References

Source Produced by microorganisms, Mainly synthesized from
plants, and biological renewable petrochemical sources [13,14]
sources

Biodegradability Highly biodegradable and easily Moderate to low biodegradation rate (1]
broken down by microorganisms with some resistant compounds

Toxicity Low toxicity and high Higher toxicity to aquatic life and the 3]
biocompatibility ecosystem

Environmental impact Environmentally friendly and Possible contribution to
causes minimal ecological damage  environmental pollution and [15]

bioaccumulation

Renewability of raw Made using renewable sources Mainly rely on non-renewable

materials such as agricultural waste and petroleum sources [13]
vegetable oil

Surface tension They have the capability to reduce Efficacious surface tension reduction

reduction surface tension of water to 25-35 though comparable or slightly less [9]
mN/m from 72 mN/m effective

Critical micelle Lower CMC, suggesting efficiency Usually have high CMC compared to (1]

concentration (CMC) at low concentrations some biosurfactants

Emulsification activity Good emulsifying and emulsion Efficacious emulsification though [16]
stabilizing characteristics they may need higher concentrations

Stability at extreme High stability under broad They are stable based on the

conditions conditions of pH, salt surfactant category and formulation [6, 17]
concentration, and temperature

Antimicrobial activity Have innate antimicrobial, anti- Lack antimicrobial properties
fungal, anti-viral, and antibiofilm [18,19]

g ’ )

qualities

Foaming properties Good foaming power and foam Foam ability is good but depends on [20]
stability the surfactant used

Biocompatibility High biocompatibility and therefore ~ Possibility of irritation or toxicity
useful in foods, drugs, and depending on application [3]

cosmetics
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Halal compliance Halal in nature if microorganisms It depends on raw material sourcing

potential and substrates used are halal and production process [4, 21]

Production cost Relatively expensive as a result of Low because the processes are
fermentation and purification well-established and industrialized [17, 22]
stages

Commercial availability Commercial production is not yet They are easily accessible with well- [17, 23]
common established markets

Functionally, biosurfactants can provide effective surface tension reduction, low Critical Micelle Concentration (CMC),
strong emulsifying activity, and good stability under broad ranges of pH, salinity, and temperature. Some biosurfactant classes
also possess intrinsic antimicrobial, antifungal, and antibiofilm activities, which may add value in food preservation,
pharmaceutical formulations, cosmetic products, and sanitation systems [19]. However, these functional advantages must be
interpreted together with practical constraints, including lower commercial availability, product variability, and the need for
application-specific safety and halal validation.

From an industrial perspective, biosurfactants hold substantial promise because they can be produced through
fermentation using renewable and potentially halal-certified substrates. Nevertheless, broader adoption remains limited by
relatively high production costs, yield variability, scale-up constraints, and expensive downstream processing compared with
established synthetic surfactants [13]. Whereas Table 1 gives an overview of the physicochemical and functional differences
between biosurfactants and synthetic surfactants, a more comprehensive comparison of their industrial feasibility, economic
viability, and difficulties in practical application is provided in Table 2. There are certain advantages that biosurfactants possess
in regard to sustainability, biodegradability, environmental friendliness, and compatibility with halal requirements.
Nevertheless, conventional surfactants still dominate in world markets owing to their relatively inexpensive production, well-
developed technology, supply chain, and scalability. The economic viability of biosurfactants is limited by low production
capacity, expensive post-production processing, and poor commercial availability. Thus, although biosurfactants have many

environmental and halal advantages, they are used mainly for special applications due to their relatively high cost.

Table 2: Comparison of biosurfactants and surfactants in relation to their use in industry

Aspect Biosurfactants Conventional Implications for References
Surfactants Industry
Source of raw Renewable resources Petrochemical Biosurfactants promote [24]
materials from biomass, plant oils  derivatives sustainability, however,
and agro-industrial depend upon substrate
residues supply
Process of production Fermentation and Chemical synthesis The process of [25]
downstream processing biosurfactant production
is more complicated
Production cost High Low Huge limitation for [26]
commercializing
biosurfactants
Production yield Sometimes low and High and consistent Biosurfactants have [27]
strain-dependent economic drawbacks
Scalability Studied in many Well-developed and Conventional surfactants [28]
products but not yet industrialized have an edge over
achieved for most of biosurfactants in
them industrialization
Downstream process Expensive and Simple and well- Contributes greatly to the [29]
complicated process optimized process overall cost of
biosurfactants
Consistency of product  May vary from batch to High consistency Requires more quality [30]
batch control measures
Development of the Maturing market Well-established supply ~ Conventional surfactants [15]
supply chain chains are easily accessible
Market penetration Limited, but growing Dominant global market  Biosurfactants have a [31]
niche presence, with
valuable applications
Regulatory acceptance  The regulatory Established regulations Can hamper [27]
framework is developing commercialization of new
slowly biosurfactants
Environmental High biodegradability Variable Biosurfactants provide [32]

sustainability

and non-toxic

biodegradability and
toxicity

strong environmental
benefits
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Halal certification
prospects

Industrial application

Economic viability

Limitations of

technologies

Prospects for future

High when substrates Dependent on Biosurfactants offer [33]
and processes are halal  feedstock source and possibilities for halal
certified manufacturing process certification
Largely specialty Widely applicable in Conventional surfactants [34]
purposes (foods, detergents, oil, are prevalent in industrial
cosmetics, agriculture, sectors
pharmaceutics) manufacturing
Presently hindered by Highly economical by Necessity for cost [31]
high costs virtue of economies of reduction cannot be
scale overstated
Poor production Environmental impacts Limitations vary from one [27]
efficiency, foam and reliance on non- technology to another
formation problems, renewable raw
scaling problems, high materials
purification costs
Good growth prospects Slow growth, May increase market [31]

development due to sustainability and  sustainability challenges  shares with
halal trends improvements in
technology

Table 3: Overview of biosurfactants in the halal economy: definition, applications, challenges, and future opportunities

Aspect

Details

Definition

Relevance to halal
economy

Sustainability
dimension
Applications in food
industry
Applications in
pharmaceuticals
Applications beyond
food and pharma
Halal certification
benefits

Market opportunities

Challenges

Future directions

Biosurfactants are surface-active compounds produced by microorganisms (e.g., bacteria, yeast, fungi) that
reduce surface and interfacial tension. They are biodegradable, less toxic, and eco-friendly alternatives to
synthetic surfactants [10, 17, 37]

Ensuring that production processes, microbial strains, raw materials, and downstream processing comply
with halal principles (e.g., free from porcine-derived ingredients, alcohol, or cross-contamination). This
compliance allows biosurfactants to be used in Muslim-majority markets and in global industries seeking
halal certification [35, 38, 39]

Biosurfactants align with green chemistry and circular economy goals by using renewable resources (e.g.,
agricultural by-products, plant oils, waste biomass). Their biodegradability supports environmental
sustainability and reduces chemical pollution [40]

- Emulsifiers: Stabilize food products such as sauces, dressings, and bakery items [41]

- Antimicrobial agents: Inhibit spoilage and pathogenic microbes [18]

- Cleaning agents: Safe for food-contact surfaces [18]

- Texture enhancers: Improve quality and shelf-life of halal-certified products [42]

- Drug delivery systems: Enhance solubility and bioavailability of poorly soluble drugs [3]

- Antimicrobial and antiviral properties: Support halal-certified medicines [3]

- Wound healing and tissue engineering: Biosurfactants promote cell adhesion and regeneration [43]

- Cosmetics & Personal Care: Natural, skin-friendly emulsifiers and cleansers [44]

- Agriculture: Biopesticides, biofertilizers, and soil remediation agents [45, 46]

- Environmental: Oil spill management, wastewater treatment, bioremediation of pollutants [47] - Energy
Sector: Enhanced oil recovery and biodiesel production [9]

- Builds trust among Muslim consumers [1, 48]

- Expands access to rapidly growing global halal markets [43, 48, 49]

- Encourages innovation in sustainable, ethical biotechnology [48, 50]

Rising global demand for halal-certified, eco-friendly products in food, pharmaceuticals, and cosmetics.
Biosurfactants serve as a competitive advantage in meeting both halal and sustainability standards [19]

- High production costs compared to synthetic surfactants [48]

- Scale-up limitations in industrial production [51]

- Need for regulatory harmonization across halal-certifying bodies [21]

Limited consumer awareness of biosurfactant benefits [52]

- Use of low-cost renewable substrates (e.g., agricultural waste to reduce costs) [53, 54]

- Genetic and metabolic engineering for higher yield and productivity [53]

- Development of standardized halal biosurfactant production guidelines [55]

- Strengthening collaborations between scientists, halal authorities, and industry [19]

Halal Considerations

As global demand for halal-certified products continues to grow across the food, pharmaceutical, cosmetic, and personal
care sectors, ensuring full compliance with Islamic law (Shariah (has become both a religious obligation and a strategic priority
for industries targeting Muslim-majority markets [35]. In this context, biosurfactants, biodegradable and low-toxicity surface-
active agents derived from microorganisms, have emerged as promising alternatives to conventional synthetic surfactants
(Table 3) .However, the use of biosurfactants in halal-certified formulations is not automatically permissible .Their halal status
depends on a comprehensive evaluation of multiple factors, including the microbial strains employed, the composition of
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fermentation media, the use of processing aids, and the risk of cross-contamination with non-halal substances during
production, purification, packaging, and distribution [36]. Ensuring halal integrity also requires adherence to established
certification standards, supported by rigorous documentation and traceability systems .This section outlines the critical
technical and regulatory considerations required to ensure the halal-compliant development and application of biosurfactants,
forming the foundation for their ethical and lawful integration into halal-focused product innovation (Fig. 1).

Halal Principles and Halal Status of Biosurfactant

Certification Requirements Sources

Halal Considerations for
Biosurfactants in the Halal

Economy

i Regulatory Guidelines
Processing and egulatory Guidelines

Cross-Contamination Issues

Fig. 1: Halal Considerations for Biosurfactants in the Halal Economy
Halal Principles and Certification Requirements

The Arabic term halal means "permissible "under Islamic law, encompassing both the ingredients used and the processes
involved in the manufacturing, handling, and distribution of products .In sectors such as food, pharmaceuticals, and cosmetics,
halal compliance extends beyond excluding haram (prohibited (substances-such as pork derivatives, blood, carrion, and
intoxicants like alcohol -to include principles of ethical sourcing, hygienic preparation, and lawful processing [49]. To be eligible
for halal certification, products must meet strict criteria:

1. Use of plant-based, synthetic, or animal-derived materials from properly slaughtered sources

2. Exclusion of intoxicants beyond allowable limits

3. Prevention of contamination with haram materials throughout manufacturing, storage, and transport

4. Implementation of sanitation and quality control protocols that satisfy both religious and scientific standards

In addition, a robust system of traceability and documentation is essential to maintain halal assurance throughout the
supply chain Halal certification is granted by internationally recognized bodies such as JAKIM (Malaysia), MUI (Indonesia),
IFANCA (USA), and (GSO) Gulf countries [56]. These authorities apply standardized guidelines and conduct on-site
inspections to verify compliance .Third-party halal certification plays an increasingly vital role in building consumer trust,
enhancing brand credibility, facilitating international trade, and ensuring access to the rapidly expanding global halal economy.

Halal Status of Biosurfactant Sources
Microorganisms

Selecting appropriate microbial strains is a fundamental step in halal-compliant biosurfactant production .Common strains
such as Bacillus spp., Pseudomonas spp., and Candida spp .are generally acceptable, provided they are non-pathogenic and
have not been genetically modified using haram materials) e.g., porcine genes or non-halal animal vectors. (Strains granted
GRAS) Generally Recognized as Safe status are preferred for halal-certified products [36].

However, strains like Pseudomonas aeruginosa, despite their efficiency in producing rhamnolipids, pose safety concerns
due to their pathogenic potential .Alternatives such as Pseudomonas putida or engineered GRAS organisms are increasingly
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explored .Any genetic modifications must avoid haram-derived elements to maintain halal integrity [43]. Therefore, the safety
and permissibility of microbial strains must be carefully evaluated to align biosurfactant production with both scientific and
Islamic ethical standards.

Culture Media

The composition of culture media plays a critical role in determining the halal status of biosurfactants .Many
microorganisms require complex nutrients, such as peptones, tryptones, or yeast extract, which may be derived from non-
halal animal sources and therefore may be unacceptable under halal guidelines .Halal compliance requires plant-based,
synthetic, or halal-certified alternatives, such as soy peptone, halal-certified yeast extract, ammonium salts, or chemically
defined media [19]. Common halal-compatible carbon sources include glucose, molasses, vegetable oils, and glycerol from
halal biodiesel .Agro-industrial by-products such as molasses, whey, or used cooking oil are acceptable when their origins
are halal contamination-free [4]. Rigorous sourcing and verification are therefore essential to ensure the halal integrity of
fermentation systems.

Processing and Cross-Contamination Issues

Even when halal-compliant inputs are used, biosurfactants can lose their halal status due to cross-contamination during
processing. Shared facilities that also handle non-halal materials pose risks. In such cases, Islamic purification) tahir) must
be applied to cleanse equipment in accordance with Shariah law [57]. Downstream processes often involve organic solvents
like ethanol or methanol, which must be halal-certified or used in trace amounts) typically <0.5 %vV/v (as accepted by Islamic
scholars and fatwas [58]. Packaging must also avoid contact with haram substances such as gelatin-based coatings or
animal-derived polymers .To ensure consistent compliance, manufacturers must implement detailed Standard Operating
Procedures (SOPs) covering the entire production process .These SOPs should be routinely audited by recognized halal
certification bodies [38]. Thus, even with halal inputs, robust process control and risk mitigation are essential to preserve halal
status.

Regulatory Guidelines

Halal biosurfactant production is governed by both national and international standards that regulate ingredient sourcing,
processing, and certification. Key authorities include JAKIM (Malaysia), which provides the Manual Procedure for Malaysia
Halal Certification (MPPHM) outlining requirements for ingredients, processing aids, sanitation, and documentation [[58.
MUI/BPJPH (Indonesia), which enforces halal product assurance requirements with strict scrutiny of microbial and enzyme
components; and GSO (Gulf region), which issues harmonized halal standards such as GSO 2055-1 and GSO 993 across
Gulf Cooperation Council (GCC) countries .In addition, organizations such as the Organization of Islamic
Cooperation/Standards and Metrology Institute for Islamic Countries (OIC/SMIIC (and the Indonesian National Standard
(SNI (contribute to international standardization and mutual recognition of halal certifications] 38 .[Across these frameworks,
core regulatory principles include traceability of raw materials, certification of upstream suppliers, prevention of cross-
contamination, and compliance with Good Manufacturing Practices (GMP) and Halal Assurance Systems (HA)] .57 For [
biosurfactant producers, engagement with accredited halal authorities and adherence to these protocols, from strain selection
to final packaging, are essential to ensure both religious compliance and successful market entry.

Regulatory and Halal Certification Considerations

The expanding global halal market creates substantial opportunities for biosurfactant applications in food,
pharmaceuticals, cosmetics, agriculture, and environmental technologies. Although biosurfactants are microbially derived and
environmentally favorable, they must satisfy both religious and regulatory requirements throughout the production chain. In
halal certification, evaluation extends beyond the microorganism itself to include strain origin, culture-media components,
processing aids, fermentation additives, and materials or reagents used during downstream recovery and purification [4].
Therefore, biosurfactants cannot be assumed to be halal solely because they are bio-based; they may lose halal status if
produced from non-compliant inputs or exposed to cross-contamination during manufacturing [36].

Several authorities provide halal certification guidance for biotechnology-related products, including JAKIM in Malaysia,
BPJPH and MUI in Indonesia, the Gulf Cooperation Council’s Standardization Organization, and SMIIC under the OIC [39,
56]. However, the absence of a universally harmonized standard for microbial and biotechnological ingredients creates
challenges for manufacturers seeking access to multiple markets [1, 49]. A biosurfactant certified as halal in one jurisdiction
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may require additional documentation, testing, or facility audits in another because of differences in national rules. Regulatory
harmonization would therefore facilitate international trade, strengthen consumer confidence, and support the growth of halal-
certified biosurfactant industries [21]. Advances in synthetic biology and precision fermentation may further improve
production efficiency, but these technologies must be accompanied by transparent traceability systems and halal assurance
throughout the supply chain.

Economic Feasibility Considerations in Halal Biosurfactant Production

Despite the increasing demand for sustainable and halal-approved biosurfactants, economic feasibility remains one of the
major barriers to commercial-scale production. Reported biosurfactant yields vary substantially depending on the microbial
producer, biosurfactant class, feedstock, and fermentation strategy. As shown in Table 4, some lipopeptide-producing strains
generate less than 1 g/L, whereas sophorolipid-producing yeast such as Starmerella bombicola can produce more than 300
g/L. Such differences directly influence production economics because higher productivity can reduce unit production costs
and improve industrial competitiveness [6, 17].

Table 4: Recent biosurfactant characteristics, production yields and applications by various microorganisms and substrates

Microorganism Substrate Biosurfactant Yield (g/L) Main Application Reference
Type
Bacillus subtilis Pineapple Surfactin 24.3 Bioremediation [59]
peels
Pseudomonas aeruginosa Soybean meal rhamnolipid 19.68 g/kg Bioremediation [27]
PTCC 1074 dry substrate
Kocuria marina DAGII waste cooking Polymeric 3.16 Cosmetics [40]
oil
Starmerella bombicola Glucose + Sophorolipid 200 Cosmetics and [60]
vegetable oil personal care
Pseudomonas aeruginosa residual frying Rhamnolipid 52.2 Bioremediation [61]
6K-11 oil processes
Pseudomonas aeruginosa sugarcane Rhamnolipids 45 Bioremediation, [62]
15GR bagasse + Agriculture,
sunflower seed Medicine
meal
Streptomyces sp. 60s waste Surfactin 1.64 Recovery heavy [63]
vegetable metals
frying oil +
whey
Pseudomonas aeruginosa Waste glycerol Rhamnolipid 11.32 Environmental [64]
RS6 remediation
Bacillus subtilis ATCC 21332  Glucose Surfactin 14.1 Environmental [65]
remediation
Pseudomonas aeruginosa Water chestnut  Lipopeptide 0.99 Soil remediation [66]
IITR110 shell
hydrolysate
Bacillus velezensis IITR111 Water chestnut  Rhamnolipid 1.18 Soil remediation [66]
shell
hydrolysate

Substrate cost is another critical component of production expenditure. Consequently, considerable attention has been
given to low-cost alternatives such as molasses, crude glycerol, waste frying oil, rice bran hydrolysate, and other agro-
industrial residues. These feedstocks can reduce production costs while converting waste streams into value-added products,
supporting both circular economy principles and sustainable goals [52]. For halal applications, however, the origin and
handling of these substrates must be verified to ensure that they are halal-compliant and free from contamination.

Downstream processing is also a major economic constraint and may account for a substantial proportion of total
production cost [17]. Recovery, purification, and concentration steps often require specialized equipment, solvents, and
energy-intensive operations, especially when high-purity products are required for food, pharmaceutical, or cosmetic
applications [19]. Future work should therefore focus on optimizing fermentation, improving in situ or low-solvent recovery
methods, and using halal-compatible renewable resources to enhance economic viability and sustainability [40]. These
strategies are essential for positioning biosurfactants as commercially realistic alternatives to conventional synthetic
surfactants.
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Applications of Halal-Compliant Biosurfactants

The multifunctional nature of biosurfactants, combined with their potential for halal compliance, makes them valuable
across diverse industrial sectors .These compounds serve as ethical, sustainable alternatives to synthetic or animal-derived
surfactants, particularly in industries where halal certification is essential [67]. This section outlines their application in food,
pharmaceutical, cosmetic, and industrial contexts, emphasizing functionality, sustainability, and religious permissibility (Fig.
2).

Cosmetics
and
Personal Care

Pharmaceuticals
and Biomedicine

Applications of
Halal-
Compliant
Biosurfactants

Household
and Industrial
Cleaning

Products

Textile
Industry

Environmental
Applications

Fig. 2: Diverse Sectors of Biosurfactants Application in the Halal Economy
Food Industry

Biosurfactants are increasingly recognized in the food industry for their roles as natural emulsifiers, preservatives, and
biofilm inhibitors [41]. Glycolipids such as rhamnolipids and sophorolipids have shown excellent performance in stabilizing oil-
in-water emulsions, making them suitable for use in products such as salad dressings, baked goods, and dairy analogs [50].
These biosurfactants offer a halal-friendly alternative to conventional emulsifiers (e.g., mono -and diglycerides), which may
originate from non-halal animal fats [67]. Beyond emulsification, biosurfactants exhibit antimicrobial activity against common
foodborne pathogens such as Listeria monocytogenes, Salmonella spp., and Escherichia coli, thereby enhancing food safety
and shelf life [2]. They also possess anti-biofilm properties, helping prevent microbial buildup on food-contact surfaces such
as stainless steel and plastic, which is critical for maintaining hygiene in halal-certified production facilities [6]. Together, these
attributes position biosurfactants as clean-label, sustainable, and halal-compatible ingredients that support modern food
manufacturing while aligning with Islamic dietary laws and consumer preferences.

Pharmaceuticals and Biomedicine

Biosurfactants offer significant potential in halal pharmaceutical and biomedical applications, particularly where alcohol,
porcine gelatin, or non-zabiha animal-based excipients are prohibited. Their amphiphilic structure enhances drug
solubilization and permeability, making them valuable for improving the bioavailability of poorly water-soluble drugs. For
example, rhamnolipids and surfactin have been incorporated into micelles and nanoparticle systems for oral and transdermal
delivery, showing improved therapeutic outcomes [67]. Certain lipopeptides, such as surfactin and iturin, also possess anti-
inflammatory and antimicrobial properties, supporting their use in wound care formulations without alcohol-based antiseptics.
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Additionally, some biosurfactants exhibit anti-cancer activity by inducing apoptosis in tumor cells [18]. These multifunctional
properties make biosurfactants promising candidates for halal-compliant therapeutic systems, where efficacy, safety, and
religious compliance must align. As global demand for halal pharmaceuticals grows, biosurfactants represent a convergence
of performance, ethical sourcing, and faith-based acceptability.

Cosmetics and Personal Care

In halal-certified cosmetics and personal care products, biosurfactants offer a skin-friendly, sustainable alternative to
conventional surfactants like Sodium Lauryl Sulfate (SLS), which is known for causing skin irritation ]23[. Biodegradable and
non-toxic, biosurfactants such as rhamnolipids and sophorolipids provide effective cleansing, foaming, and emulsifying
properties for use in shampoos, facial cleansers, body washes, lotions, and creams .Many also demonstrate antioxidant and
antimicrobial activity, contributing to anti-aging and acne-fighting effects by reducing oxidative stress and inhibiting skin
pathogens such as Propionibacterium acnes [18]. Their natural origin and compatibility with Islamic principles of cleanliness
Jtaharah (and purity further reinforce their suitability for halal-compliant, clean-label personal care formulations.

Household and Industrial Cleaning Products

Biosurfactants are gaining attention as sustainable alternatives in household and industrial cleaning products .They excel
in removing oils, greases, and hydrophobic residues, making them suitable for dishwashing liquids, laundry detergents, floor
cleaners, and multipurpose surface cleaners .Unlike petroleum-based surfactants, biosurfactants are biodegradable and
break down into harmless by-products, minimizing environmental impact, especially in aquatic systems [68]. For halal-
conscious consumers, biosurfactants offer assurance against ingredients such as alcohol, porcine enzymes, and non-halal
solvents that may be found in conventional cleaning agents .Their production from halal-certified microbes and substrates,
together with low irritancy and favorable safety profiles, makes them attractive for eco-conscious and religiously observant
households [23]. As demand for halal and green products rises globally, biosurfactants stand out as ethical, effective, and
environmentally responsible cleaning agents.

Agriculture

Biosurfactants have shown strong potential in agriculture as multifunctional agents that enhance plant health and
environmental sustainability, making them ideal for halal-compliant and eco-conscious farming .These microbial compounds
can act as biopesticides, plant growth promotors, and soil conditioners, offering natural alternatives to synthetic agrochemicals
that may raise health, ecological, or religious concerns. Lipopeptides like fengycin and iturin, produced by Bacillus spp.,
display potent antifungal activity against phytopathogens such as Fusarium and Rhizoctonia, reducing reliance on
conventional fungicides [46]. Additionally, biosurfactants can enhance nutrient availability, seed germination, and beneficial
microbial colonization (e.g., Rhizobium and Pseudomonas), contributing to better crop yields under low-input conditions [45].
Their ability to mobilize hydrocarbons and heavy metals also supports soil remediation without introducing potentially non-
halal additivesT .hese characteristics align with Islamic values of environmental stewardship (khalifah) and purity in food
production, positioning biosurfactants as strategic innovations in halal-certified agriculture.

Environmental Applications

In environmental biotechnology, biosurfactants are increasingly used for pollution remediation and ecosystem restoration.
They are particularly effective in treating oil-contaminated soils and marine environments .Compounds such as rhamnolipids
and sophorolipids emulsify petroleum hydrocarbons, enhancing their bioavailability to native microbes and accelerating
biodegradation in both land and water systems [52]. Compared to conventional chemical dispersants, biosurfactants are
biodegradable, less toxic, and derivable from renewable sources, making them suitable for green interventions .Moreover,
their ability to chelate heavy metals such as cadmium, lead, and zinc enables effective removal from industrial effluents and
contaminated soils [13]. These applications support global sustainability goals and reflect Islamic principles such as khalifah
(earth stewardship) and (amanah) responsibility, which emphasize environmental protection and resource purification. As
halal-conscious industries and governments pursue eco-friendly solutions, biosurfactants offer a powerful blend of scientific
utility and ethical integrity.

Textile Industry

Biosurfactants provide a sustainable and ethically sound alternative to chemical surfactants in textile manufacturing,
particularly for halal-compliant processing .They are used in bioscouring, dyeing, finishing, and softening, improving process
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efficiency and reducing environmental load .In bioscouring, biosurfactants act as natural wetting and emulsifying agents,
effectively removing oils and waxes from cotton without harsh alkaline treatments. This lowers environmental impact and
enhances fabric quality [69]. During dyeing and finishing, biosurfactants improve dye penetration and fixation while eliminating
the need for petrochemical or animal-derived emulsifiers that may be incompatible with halal standards . Their ability to soften
fabrics without harmful substances is especially relevant in emerging halal fashion markets such as Indonesia and Malaysia,
where regulatory efforts are expanding to cover textiles [70]. The adoption of biosurfactants supports both sustainability and
religious compliance, contributing to the broader goals of ethical, clean-label manufacturing in the global textile sector.

Challenges and Future Perspectives

While biosurfactants offer great promise as multifunctional, halal-compliant ingredients, several technical, economic, and
regulatory challenges hinder their broader adoption. Overcoming these barriers will require collaboration among researchers,
industry stakeholders, and halal certification authorities to ensure sustainable and ethical development.

Technical and Economic Barriers

Despite their benefits, including biodegradability, low toxicity, and multifunctionality, biosurfactants remain cost-
prohibitive, with production expenses often 3-10 times higher than those of synthetic surfactants .Contributing factors
include low microbial yields, high-cost substrates, and complex downstream processing, which alone can account for over
50% of total cost [11]. Halal production imposes additional constraints, such as the need for halal-certified media and
solvents (e.g., plant-based peptones, ethanol-free processes), which restrict purity and traceability requirements, and
extensive documentation for halal certification, all of which may increase costs and time to market [19] .To address these
issues, innovative strategies are needed, such as using low-cost halal substrates (e.g., agro-industrial waste) and
developing scalable, cost-efficient purification technologies to improve economic viability and expand access to halal-
certified biosurfactants.

Scale-up and Commercialization

Scaling up biosurfactant production from laboratory to industrial scale presents numerous challenges. Technical
issues such as inefficient oxygen transfer, excessive foaming, and uneven mixing can disrupt fermentation performance,
while contamination risks increase with scale and require rigorous quality control [17]. For halal production, halal
integrity must be preserved throughout manufacturing by preventing cross-contamination, using halal-certified inputs
and validated purification procedures (e.g., tahirah protocols), and maintaining strict traceability. Halal certification itself
adds complexity through facility audits, ingredient traceability, and regulatory classification challenges, especially when
determining whether biosurfactants should be treated as food additives, processing aids, or pharmaceutical actives
[19]. In addition, consumer awareness of halal biosurfactants remains low, limiting market demand. Addressing these
barriers requires collaboration among scientists, engineers, regulators, and certification bodies to streamline processes
and support commercialization.

Research Gaps and Innovations Needed
Future Progress Depends on Filling Several Critical Research Gaps

(1) Strain development: Engineering high-yield, halal-compliant, non-pathogenic strains using tools like clustered regularly
interspaced short palindromic repeats (CRISPR) provided no haram genetic material is used [71]

(2) Substrate optimization: Utilizing halal-certified, low-cost feedstocks such as cassava peels or date palm residues to
improve sustainability and reduce costs [22]

(38) Process intensification: Integrating in situ product recovery and membrane bioreactors can enhance yield and efficiency.

(4) Functional validation: Further studies are needed to understand biosurfactants’ bioactivities (e.g., anti-inflammatory,
anti-aging, and antibiofilm effects) in real-world food, pharmaceutical, and cosmetic applications

(5) Halal traceability tools: Advanced analytical methods like LC-MS and DNA-based detection could help identify non-halal
contaminants in media or process downstreams, ensuring compliance and transparency

Collaboration among scientists, engineers, halal scholars, and regulators is essential to ensure that future innovations are
not only technologically advanced but also aligned with Islamic ethical values and market expectations.
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Future Trends in Halal Biosurfactant Development

The outlook for halal biosurfactants is highly promising, driven by technological innovation and growing demand for
ethically aligned products among Muslim and eco-conscious consumers. One major trend is the use of synthetic biology
to develop microbial platforms capable of producing biosurfactants via halal-compliant metabolic pathways. These
engineered systems use microbial chassis that exclude haram genetic materials and enable full traceability, ensuring both
ethical and regulatory compliance [72]. Another emerging approach is the integration of halal biosurfactant production into
circular economy frameworks, where agro-industrial waste (e.g., fruit peels, molasses, or plant oils) is repurposed as
feedstock within halal-certified supply chains. This model aligns with Islamic values of environmental stewardship and the
principle of maslahah (public benefit). Artificial Intelligence (Al) and data-driven technologies are also being used to
optimize fermentation parameters, predict biosurfactant yields, and enhance process efficiency while ensuring compliance
with halal input requirements [19]. Market demand for halal-certified biosurfactants is expected to grow across
pharmaceutical, personal care, and green chemistry sectors. To support this expansion, regulatory harmonization efforts
by bodies such as the Organization of Islamic Cooperation (OIC) and Standards and Metrology Institute for Islamic
Countries (SMIIC) are working to establish unified guidelines for halal microbial and biotechnological products. As halal
science advances in tandem with sustainability goals, biosurfactants are poised to become key clean-label ingredients in
ethically responsible, cross-sector innovation [39].

Current Limitations and Challenges

Although biosurfactants have shown considerable promise as green chemistry solutions that are potentially compatible
with halal requirements, several challenges still limit their large-scale application. First, biosurfactants produced via
fermentation are relatively expensive because they require controlled operating conditions, specialized equipment, and
energy input [6, 17]. Other cost-driving factors include culture-media components, carbon sources, and downstream recovery.
Nevertheless, inexpensive substrates such as molasses, crude glycerol, waste frying oils, and agricultural residues can
improve economic feasibility when their halal status and supply-chain integrity are verified [52]. Another challenge is
downstream processing, including extraction, purification, and product recovery, which can be technically complex and costly
[17]. Moreover, transferring lab-scale biosurfactant production to an industrial scale requires solutions for oxygen transfer,
foaming, mixing, sterility, and process stability [73]. Variability in microbial strains, substrates, and fermentation conditions
may also cause batch-to-batch inconsistency [6]. Therefore, standardization of production protocols, quality specifications,
halal documentation, and analytical validation is essential before biosurfactants can be widely adopted in halal-certified
industrial applications.

Conclusion

Biosurfactants represent a promising class of bio-based compounds that align with the growing global demand for halal-
certified, sustainable, and multifunctional ingredients. Their ability to serve as natural emulsifiers, antimicrobials, and surface-
active agents makes them valuable across food, pharmaceutical, cosmetic, environmental, and industrial sectors. Unlike
conventional surfactants, biosurfactants are biodegradable, less toxic, and can be produced from renewable resources using
halal-compliant microbial strains and substrates. However, their halal status depends on strict adherence to Islamic principles
throughout the production process. This includes the use of non-pathogenic and GRAS-approved microorganisms, halal-
certified culture media, halal-compatible processing aids, and careful control to avoid contamination during processing,
packaging, and distribution. Halal certification also requires robust documentation, traceability, and compliance with standards
set by recognized authorities such as JAKIM, MUI/BPJPH, GSO, and SMIIC/OIC. Despite their potential, challenges such as
high production costs, limited industrial-scale adoption, downstream-processing complexity, batch-to-batch variability, and
regulatory fragmentation remain. Addressing these barriers requires innovative strategies, including the use of agro-industrial
waste as halal feedstocks, advanced bioreactors, improved recovery methods, standardized quality systems, and Al-driven
optimization. Collaboration among scientists, engineers, industry stakeholders, and halal certifiers is essential to ensure both
technical and religious compliance. Looking ahead, halal biosurfactants are well positioned to support ethical, sustainable,
and cross-sector innovation. With the integration of synthetic biology, green chemistry, circular economy principles, and
regulatory harmonization, these ingredients can help drive inclusive growth in the halal market. As awareness and
technological readiness increase, biosurfactants have the potential to become key enablers of a global halal-certified
bioeconomy.
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