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ABSTRACT

Biosurfactants are a diverse group of amphiphilic biomolecules derived from microbial sources, offering a promising alternative to synthetic 
surfactants for pharmaceutical applications. Their exceptional biocompatibility, biodegradability, and low toxicity make them attractive candidates 
for drug delivery systems. This review comprehensively explores the principles, types, and production of biosurfactants, with a specific focus on 
their integration into advanced pharmaceutical formulations. Various biosurfactant classes – including glycolipids, lipopeptides, and polymeric 
and particulate biosurfactants – are discussed in detail, highlighting their structural features and functional relevance. The production process, 
encompassing microbial fermentation, isolation, purification, and formulation strategies, such as micelles, nanoemulsions, liposomes, solid lipid 
nanoparticles, and hydrogels, is critically analyzed. Characterization techniques, including tensiometry, spectroscopy, electron microscopy, and 
biocompatibility assays, are also reviewed. Key pharmaceutical applications, such as solubility enhancement, controlled and targeted delivery, 
gene and protein transport, wound healing, cancer therapy, and vaccine delivery are addressed with current strategic advancements. The review 
concludes by outlining future perspectives, emphasizing synthetic biology, personalized nanomedicine, and artificial intelligence as tools to enhance 
biosurfactant utilization in drug delivery. Overall, biosurfactants represent a sustainable, multifunctional platform for next-generation therapeutic 
systems.

Keywords: Biosurfactants, Drug delivery, Glycolipids, Lipopeptides, Micelles, Nanoemulsions, Solid lipid nanoparticles, Hydrogels, Gene therapy, 
Vaccine delivery, Biocompatibility, Nanomedicine, Sustainable pharmaceuticals.

INTRODUCTION

Biosurfactants, a diverse group of amphiphilic biomolecules produced 
by microorganisms, have gained tremendous attention in the past 
decade due to their multifaceted roles across various scientific 
disciplines [1]. These surface-active compounds composed primarily 
of peptides, lipids, or polysaccharides, possess the ability to reduce 
surface and interfacial tension between individual molecules at the 
surface and interface, respectively [2]. The relevance of biosurfactants 
has been magnified by the present global shift toward sustainable, 
biodegradable, and biocompatible technologies, especially within the 
pharmaceutical and biomedical sectors [3].

Their environmental compatibility, lower toxicity, and functional 
versatility make biosurfactants ideal alternatives to synthetic 
surfactants, which are often associated with environmental hazards 
and cytotoxic effects [4]. Moreover, biosurfactants have demonstrated 
robust antimicrobial, antiadhesive, and antitumor properties, further 
solidifying their value in therapeutic formulations [5]. Of particular 
significance is their role in enhancing drug solubility, bioavailability, 
and stability, thereby facilitating targeted and controlled drug 
delivery [6].

In drug delivery systems, biosurfactants have emerged as promising 
candidates for the formulation of microemulsions, niosomes, solid lipid 
nanoparticles (SLNs), liposomes, and hydrogels [7]. Their ability to 
self-assemble into micelles and vesicles under physiological conditions 
enables the encapsulation and release of poorly soluble drugs, proteins, 
and genes, ensuring efficient delivery to targeted tissues [8].

Despite their immense potential, the commercialization of 
biosurfactant-based drug delivery platforms remains limited [9]. 
Challenges related to cost-effective large-scale production, purification, 
standardization, and regulatory approval need to be addressed through 
interdisciplinary research [10]. The integration of synthetic biology, 
nanotechnology, and process engineering holds the key to overcoming 
these limitations.

This review provides a comprehensive exploration of biosurfactants 
with emphasis on their classification, production, formulation 
strategies, characterization techniques, pharmaceutical applications, 
and emerging strategies for optimized drug delivery systems [11]. It 
also outlines future directions for biosurfactant research in the context 
of personalized and precision medicine.

Although biosurfactants demonstrate versatile pharmaceutical 
potential, their clinical translation remains hindered by application-
specific challenges. In cancer therapy, tumor heterogeneity and 
biosurfactant-related hemolysis are major barriers. For gene delivery, 
maintaining stability in blood serum and achieving efficient endosomal 
escape remain unresolved. Vaccine applications demand careful 
optimization to avoid excessive immune activation while maintaining 
safety. Topical wound healing requires balancing sustained release with 
antimicrobial efficacy. Furthermore, large-scale production, regulatory 
approval, and reproducibility of biosurfactant-based formulations 
are ongoing hurdles. Comparative analysis suggests that no single 
biosurfactant class is universally superior; rather, each application 
requires tailored design and hybrid strategies to overcome these 
limitations.
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PRINCIPLE OF BIOSURFACTANTS AND THEIR TYPES

Principle of biosurfactants
Biosurfactants operate on the fundamental principle of amphiphilicity. 
The dual affinity of biosurfactant molecules – comprising hydrophilic 
(water-attracting) and hydrophobic (water-repelling) domains – 
facilitates their alignment at interfaces, such as oil-water or air-water 
boundaries [12,13]. This alignment disrupts the cohesive forces 
between molecules at the surface, effectively lowering the surface and 
interfacial tension [14].

The amphiphilic structure enables biosurfactants to form a variety of 
supramolecular assemblies, including micelles, bilayers, and vesicles, 
which are crucial for encapsulating and transporting therapeutic 
agents  [15,16]. These self-assembled structures play a vital role in 
solubilizing hydrophobic drugs, protecting labile molecules from 
degradation, and enhancing cellular uptake [17].

In addition, biosurfactants exhibit a critical micelle concentration 
(CMC), above which micelles spontaneously form [18]. This property 
is exploited in drug delivery systems to modulate the release 

rate and enhance solubilization [19]. Their interaction with cell 
membranes, ability to modulate permeability, and potential to trigger 
immunological responses form the mechanistic basis of their action in 
drug delivery [20].

Fig. 1 shown that Representative chemical structures of biosurfactants 
and phospholipids. Rhamnolipid and sophorolipid are glycolipid 
biosurfactants; surfactin and mycosubtilin are lipopeptide 
biosurfactants; sphingomyelin and lecithin are phospholipids 
commonly found in biological membranes. These amphiphilic molecules 
exhibit surface-active properties that are exploited in drug delivery and 
therapeutic applications. CID for PubChem: 5458394.

Fig. 2 represents the biosurfactants, which are amphiphilic compounds 
containing hydrophilic sugar moieties and hydrophobic fatty acid 
chains, enabling surface tension reduction and emulsification. 
Rhamnolipids (mono- and di-) have one or two rhamnose units linked 
to β-hydroxy fatty acids. Sophorolipids exist in lactonic (closed-ring) 
and acidic (open-chain) forms. Trehalolipids consist of a trehalose 
disaccharide esterified with long-chain fatty acids. These structural 

Fig. 1: Chemical structure of various biosurfactant
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differences influence their physicochemical properties and potential 
applications in pharmaceuticals, cosmetics, and bioremediation.

Biosurfactant types
Biosurfactants can be broadly categorized according to their microbial 
source, structure, and chemical makeup [21]. Fatty acids and phospholipids, 
polymeric biosurfactants, particulate biosurfactants, glycolipids, and 
lipopeptides/lipoproteins are the main categories  [22]. The distinct 
physicochemical and biological characteristics of each category dictate its 
appropriateness for particular industrial and pharmaceutical uses [23].

Glycolipids
One of the most researched classes of biosurfactants is glycolipids. These 
are molecules based on carbohydrates that have long-chain hydroxy 
fatty acids joined to monosaccharide or disaccharide moieties  [24]. 
Glycolipids are prized for their superior emulsifying, surface-active, 
and antimicrobial qualities and are primarily produced by bacterial and 
yeast strains [25].

Pseudomonas aeruginosa is the primary producer of rhamnolipids, 
which are among the best-characterized biosurfactants [26]. They 
are made up of one rhamnose sugar molecule (mono-rhamnolipid) or 
two (di-rhamnolipid) linked to one or two chains of β-hydroxy fatty 
acids [27]. Excellent emulsification ability and bioactivity, including 
antimicrobial and anti-adhesive properties, have been demonstrated 
by rhamnolipids [28]. They are thought to be very appropriate for drug 
delivery because of their low toxicity and biodegradability, especially in 
topical and pulmonary formulations [29].

Yeast species, such as Candida bombicola secrete sophorolipids, which 
are made up of a long-chain hydroxylated fatty acid joined to a sophorose 
sugar, a glucose disaccharide [30]. Depending on how the carboxylic 
group is esterified, these biosurfactants can be either lactonic or 
acidic [31,32]. It has been investigated how they interact with immune 
cells, especially macrophages, to improve antigen presentation in the 
treatment of infectious diseases [33].

Lipoproteins and lipopeptides
Biosurfactants made of peptides or proteins coupled with lipid moieties 
are known as lipopeptides and lipoproteins. These biosurfactants, 

which are mostly produced by Streptomyces and Bacillus species, are 
well-known for their diverse structural makeup and strong biological 
activity [34].

Bacillus subtilis produces surfactin, one of the most potent 
biosurfactants on the market. It is made up of a chain of β-hydroxy fatty 
acids connected to a cyclic heptapeptide. At very low concentrations, 
surfactin can lower the surface tension of water from 72 to 27 mN/m, 
demonstrating its exceptional surface activity. Surfactin is a promising 
agent for pharmaceutical applications, especially in drug solubilization 
and gene delivery, because it has been demonstrated to have 
antibacterial, antifungal, antiviral, and antitumor activities in addition 
to its emulsifying qualities [35].

Iturins and Fengycins are cyclic lipopeptides with potent antifungal 
effects that are also produced by Bacillus species [36]. Fengycins have 
a decapeptide with a fatty acid tail, while iturins are made up of a 
heptapeptide ring connected to a β-amino fatty acid chain [37]. These 
substances are useful for antifungal medication formulations because 
they compromise the integrity of fungal membranes. In addition, 
their cytolytic and hemolytic properties are being used to create 
biosurfactant-based anticancer treatments [38].

Neutral lipids, phospholipids, and fatty acids
Microorganisms, such as Corynebacterium lepus frequently produce 
these simpler biosurfactants as secondary metabolites. They have 
a moderate level of surface activity and are usually made up of 
phospholipid molecules or long-chain fatty acids [39].

Under specific stress conditions, these molecules, which are essential 
parts of microbial membranes, can be released into the surrounding 
medium. Their capacity to alter lipid bilayer structures and take part 
in emulsification is their main advantage. They are especially helpful 
as co-surfactants in emulsions and liposomal drug delivery systems 
in pharmaceutical formulations because they increase the stability of 
lipid-based carriers and improve membrane permeability [40].

Biosurfactants made of polymers
High molecular weight amphiphilic macromolecules made of repeating 
monomeric units of lipids, proteins, or carbohydrates are known as 

Fig. 2: Representative chemical structures of major biosurfactants includes mono-rhamnolipid and di-rhamnolipid (glycolipids 
produced by Pseudomonas spp.), lactonic and acidic sophorolipids (produced by Starmerella bombicola), and trehalolipids (produced by 

Rhodococcus spp.)
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polymeric biosurfactants [41]. Their superior emulsifying ability and 
thermal stability are frequently attributed to their complex structure [42].

The most well-known type of polymeric biosurfactant is emulsan, 
which is made by the bacteria Acinetobacter calcoaceticus. It consists 
of a heteropolysaccharide backbone that is covalently bonded to 
proteins and fatty acids [43]. Even at high temperatures and low 
concentrations, emulsan is especially effective at stabilizing oil-in-water 
emulsions[44]. Because of its strong emulsifying ability, it can be used 
to create sustained-release formulations and stabilize hydrophobic 
drug suspensions. Furthermore, polymeric biosurfactants’ low toxicity 
and biodegradability increase their attractiveness for use in cosmetic 
and pharmaceutical applications [45].

Biosurfactants in particulate form
Bioemulsifiers and particles coated with biosurfactants are examples 
of the special class of surface-active agents known as particulate 
biosurfactants. These are typically made up of polysaccharides or 
lipoprotein complexes with particulate properties that stabilize rather 
than significantly reduce surface tension [46].

The protein-polysaccharide complex that makes up Liposan, a well-
researched particulate biosurfactant made by Candida lipolytica, 
is excellent at stabilizing oil-in-water emulsions. Because of 
their emulsifying power and biocompatibility, liposan and other 
bioemulsifiers are especially helpful in the food, pharmaceutical, and 
cosmetic industries [47]. Particulate biosurfactants, in contrast to 
low-molecular-weight surfactants, offer steric stabilization, which 
is essential for avoiding droplet coalescence in emulsions and 
suspensions, but they do not considerably reduce surface tension [48].

FORMATION AND PRODUCTION OF BIOSURFACTANTS

For biosurfactants to be used in pharmaceutical drug delivery, their 
formulation and efficient production are essential [49]. Under ideal 
fermentation conditions, biosurfactants can be made from a range 
of microbial sources. Following production, these compounds go 
through a number of downstream procedures, including formulation 
into various delivery systems, isolation, and purification. To preserve 
the biosurfactants’ structural integrity and functionality throughout 
storage and use, stabilization techniques are also essential [50-52].

Microbial origins and culture
Numerous microorganisms, such as bacteria, yeasts, and fungi, 
naturally produce biosurfactants [53-56]. The most common 
producers among bacterial species are Rhodococcus, Bacillus, and 
Pseudomonas [57-60]. For example, B. subtilis produces strong 
lipopeptides, such as iturin and surfactin, while P. aeruginosa is known 
to produce rhamnolipids [61-65]. However, yeasts and fungi, such as 
Aspergillus niger, Torulopsis bombicola, and C. bombicola are efficient in 
producing mannosylerythritol lipids and sophorolipids [66].

particularly for large-scale production, since it uses solid materials, 
such as bran or agro-waste instead of free-flowing water [68]. 
Researchers frequently use low-cost, renewable feedstocks, such as 
sugarcane bagasse, whey, molasses, and other agro-industrial wastes 
to lower production costs. These feedstocks also support sustainable 
manufacturing practices [69-72].

Conditions of fermentation
To increase the yield and activity of biosurfactants, fermentation 
conditions must be optimized. A number of factors, such as pH, 
temperature, the carbon-to-nitrogen (C/N) ratio, dissolved oxygen 
levels, and agitation speed, have a major impact on microbial growth 
and biosurfactant synthesis [73]. Because it directly affects the kind 
and amount of biosurfactant produced, choosing the right carbon 
source is especially important. Many species tend to produce more 
biosurfactants when exposed to hydrophobic carbon sources, such as 
vegetable oils and alkanes.

Bioreactor systems, such as airlift fermenters or stirred tank reactors 
are usually needed for industrial-scale production. These systems make 
it possible to effectively regulate temperature, mixing, oxygen transfer 
rates, and foam management. Replicating lab-scale fermentation 
conditions while increasing volumetric productivity and decreasing 
batch-to-batch variability is a common goal of scale-up studies. 
Substrate feeding techniques are optimized in fed-batch or continuous 
bioreactor systems to extend the production phase and prevent 
substrate inhibition [74].

Although many studies describe biosurfactant-producing microbes, 
few provide reproducible quantitative yields under defined conditions. 
Table 2 summarizes representative examples from the literature, 
highlighting microbial species, substrates, and typical yields. For 
instance, P. aeruginosa commonly produces 2–10g/L rhamnolipids in 
shake flasks using glucose or vegetable oils, while optimized fed-batch 
fermentations can exceed 40–50g/L. Similarly, C. bombicola has been 
reported to produce sophorolipids up to 100–300g/L using renewable 
substrates, such as waste oils.

Table 2 shows the typical fermentation parameters also influence 
yield: For P. aeruginosa, a C/N ratio of ~20:1, pH6.5–7.0, and 30°C are 
frequently optimal, while aeration rates of 0.5–1.0 vvm and agitation at 
200–300rpm are commonly used in bioreactors. B. subtilis lipopeptides 
generally reach 2–5 g/L in submerged culture, with productivity 
strongly dependent on oxygen transfer and trace mineral availability.

Purification and isolation
Following fermentation, a number of separation and purification 
procedures are needed to recover biosurfactants and produce high-
purity, biologically active products [80]. To get rid of the microbial 
cells, the culture broth is first centrifuged. The biosurfactant is then 
precipitated by acidifying the supernatant to a pH of 2–4. It is then 
extracted using organic solvents, such as ethyl acetate, methanol, or 
chloroform [81,82].

Advanced purification techniques include chromatographic methods, 
such as high-performance liquid chromatography and ion-exchange 

Category Compound PubChem CID(s) Structural Info
Glycolipid Rhamnolipid 425975, 5458394 Sugars+fatty acids

Sophorolipid 11856871 Sophorose+FA [49]
Trehalolipid – Trehalose+FA

Lipopeptide Surfactin 73170 (example isoform) Cyclic peptide+FA [50]
Iturin various CIDs Cyclic lipopeptide 
Fengycin various CIDs Cyclic lipopeptide 

Fatty acids/phospholipids – – Modular lipid structures
Polymeric biosurfactant Emulsan – Polysaccharide–lipid complex [51,52]
Particulate Liposan – Protein–polysaccharide mix [53]

Usually,  solid-state  fermentation  (SSF)  or  submerged  fermentation (SmF) is used to cultivate these microorganisms [67]. Microorganisms are  grown  in  a  liquid  nutrient  medium  during  SmF,  which  allows  for exact  control  over  environmental  factors  through  regulated  aeration and  agitation.  SSF  is  more  cost-effective  and  ecologically  friendly,
Table 1: Summary of types and classes of biosurfactants
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chromatography for finer purification, as well as ultrafiltration, which 
enables the separation of biosurfactants according to molecular 
weight [83]. Because downstream processing is expensive and yields 
low, isolation and purification continue to be bottlenecks in the 
commercialization of biosurfactants, despite the availability of these 
techniques. Innovations in membrane technology and solvent-free 
extraction methods are currently being explored to enhance economic 
viability [84].

Methods of formulation
Biosurfactants are added to a variety of drug delivery systems that 
enhance drug solubility, stability, and bioavailability to make their 
use in pharmaceutical applications easier [85]. Various formulation 
techniques have been used, depending on the therapeutic agent’s and 
the biosurfactant’s physicochemical characteristics [86,87].

Drugs that are poorly soluble in water can be effectively dissolved by 
micelles and nanoemulsions [88]. To improve drug dispersion and 
absorption, biosurfactants in these systems self-assemble into micellar 
structures that contain hydrophobic drugs at their core [89]. Additional 
benefits of nanoemulsions include enhanced skin or mucosal 
penetration and quick drug release, with droplet sizes ranging from 20 
to 200 nm [90,91].

Both hydrophilic and lipophilic medications are delivered by liposomes 
and niosomes, which are vesicular systems made of phospholipids and 
non-ionic surfactants, respectively [92,93]. By adding biosurfactants 
to these vesicles, the fluidity and stability of the membrane can be 
increased, allowing for targeted and regulated drug release [94]. These 
vesicles are especially helpful for pulmonary and transdermal delivery 
systems [95].

Biosurfactants can be added to hydrogels and films, which are networks 
of polymers, to deliver drugs topically. These formulations support 
tissue regeneration and wound healing by delivering sustained drug 
release and preserving a moist wound environment. These systems’ 
antimicrobial and anti-inflammatory qualities are improved by the 
addition of biosurfactants [96].

Submicron colloidal carriers made of solid lipids are known as 
SLNs  [97]. The utilization of biosurfactants as emulsifying agents 
in SLNs enhances sustained release, drug loading effectiveness, and 
particle stability. Because of their controlled drug release profile 
and safety, these systems are becoming more and more popular for 
parenteral and oral drug delivery [98].

Table  3 shows practice, biosurfactant-stabilized formulations exhibit 
defined physicochemical ranges critical for reproducibility and scale-up. 
For example, SLNs prepared with rhamnolipids typically yield particle 
sizes of 120–200 nm with polydispersity index (PDI) between 0.2 and 

0.3 and zeta potentials of −25–−40 mV, ensuring colloidal stability. 
Nanoemulsions stabilized with sophorolipids or surfactin often have 
droplet sizes of 50–150 nm, with PDIs <0.25. Liposomes incorporating 
glycolipids frequently display mean diameters of 100–200  nm and 
zeta potentials near neutrality or slightly negative, depending on the 
formulation.

Strategies for stabilization
The shelf-life and functional effectiveness of formulations based on 
biosurfactants are significantly impacted by stability. To prevent 
biosurfactants from deteriorating in the environment while being 
stored and used, a variety of stabilization techniques are used [103].

To maintain the structural integrity of biosurfactants, cryoprotectants, 
such as mannitol, sucrose, and trehalose are frequently added before 
lyophilization, also known as freeze-drying [104]. When it comes 
to transforming biosurfactants into a stable, dry form that can be 
reconstituted before use, lyophilization is especially efficient [105]. 
Another successful tactic is polymer-based encapsulation, in which 
biosurfactants are trapped in biodegradable polymer matrices, 
such as poly (lactic-co-glycolic acid), chitosan, or alginate [106]. 
This encapsulation prevents the biosurfactant from being broken 
down by enzymes, enhances mechanical stability, and regulates 
drug release  [107]. To create stable biosurfactant-loaded particles 
appropriate for a range of drug delivery methods, spray-drying and 
microencapsulation techniques are also employed [108,109].

Biosurfactants can be efficiently used for cutting-edge pharmaceutical 
applications with the help of these production and formulation 
techniques [110]. To overcome present obstacles and increase 
the clinical utility of these multifunctional biomolecules, ongoing 
innovation in formulation science, downstream processing, and 
microbial engineering is crucial [111,112].

The flowchart that depicts the multistep process for producing 
biosurfactants is displayed in Fig. 3 and Table 4. First, microbial producers, 
such as Pseudomonas, Bacillus, and Candida species are chosen, and 
then they are cultivated in ideal fermentation conditions (such as pH, 
temperature, and nutrient ratios). Purification procedures, such as 
solvent extraction and acid precipitation are part of the downstream 
processing. SLNs, hydrogels, liposomes, micelles, and nanoemulsions 
are among the pharmaceutical formulations that incorporate the 
purified biosurfactants. These formulations are designed to improve 
drug solubility, stability, and controlled release [114].

The properties of biosurfactants
To assess biosurfactants’ effectiveness, stability, safety, and suitability 
– especially in pharmaceutical drug delivery – exact characterization is 
crucial. Using a variety of analytical and instrumental techniques, the 

Table 2: Representative biosurfactant production yields

Microorganism Biosurfactant Type Substrate(s) Yield (g/L)
Pseudomonas aeruginosa [75] Rhamnolipid Glucose, vegetable oil 2–10 (shake flask); up to 50 (fed‑batch)
Candida bombicola [76] Sophorolipid Waste frying oil, glucose 100–300
Bacillus subtilis [77] Surfactin Glucose, peptone 2–5
Rhodococcus erythropolis [78] Trehalolipid n‑alkanes 1–3
Acinetobacter calcoaceticus [79] Emulsan Ethanol, hydrocarbons 2–10

Table 3: Representative physicochemical properties of biosurfactant‑based formulations

Formulation type Biosurfactant used Particle size (nm) PDI Zeta potential (mV)
Solid Lipid Nanoparticles [99] Rhamnolipid 120–200 0.2–0.3 −25–−40
Nanoemulsion [100] Sophorolipid 50–150 <0.25 −20–−35
Liposome [97] Glycolipid (rhamnolipid) 100–200 0.2–0.3 −5–−15
Hydrogel composite [101] Surfactin‑loaded 200–400 (swelling dependent) – Neutral
Niosome [102] Sophorolipid+non‑ionic surfactant 100–180 <0.3 −10–−20
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process includes physicochemical, structural, morphological, thermal, 
and biocompatibility analyses [115-117].

Properties of physicochemistry
The capacity of biosurfactants to lower surface and interfacial 
tension is one of the main markers of their activity [118]. 

Tensiometric techniques, such as the Wilhelmy plate method and the 
Du Noüy ring, are frequently used to measure this. Water’s surface 
tension can usually be lowered by effective biosurfactants from 
72mN/m to levels below 30mN/m [119]. To assess emulsification 
capabilities, the interfacial tension between two immiscible liquids 
– such as water and oil – is also measured. Another important 
physicochemical parameter is the CMC, which is the concentration 
at which biosurfactant molecules self-assemble into micelles [120]. 
When creating dosage forms, such as micelles, liposomes, and 
nanoemulsions, figuring out CMC is essential. In pharmaceutical 
formulations, a lower CMC typically denotes higher surface activity 
and greater efficiency at lower concentrations [121-123].

In addition, the colloidal stability and homogeneity of biosurfactant 
dispersions are evaluated by measuring the zeta potential and particle 
size using Dynamic Light Scattering [124]. Strong electrostatic 
repulsion between particles is implied by a high absolute value of zeta 
potential, either positive or negative, which reduces aggregation and 
thus indicates formulation stability [125].

Clarification of structure
Understanding the functional groups of biosurfactants and how they 
interact with biological targets requires an understanding of their 
chemical structure [126]. Functional groups, such as hydroxyl, carboxyl, 
ester, and amide are frequently identified using Fourier Transform 
Infrared (FTIR) Spectroscopy. These groups are important for surface 
activity and biological compatibility [127-129].

The molecular weight and fragmentation pattern of the biosurfactant 
are verified by mass spectrometry (MS), such as matrix-assisted laser 
desorption/ionization-time of flight or electrospray ionization-MS [134]. 
It is particularly helpful for verifying the identity of complex polymeric 
biosurfactants, lipopeptides, or glycolipids [135]. Understanding the 
mechanism of action in drug delivery systems and maintaining quality 
control depend on these structural details [136-138].

Analysis of morphology
The way biosurfactants and their prepared nanoparticles or emulsions 
behave in drug delivery applications are greatly influenced by 
their morphological properties [139]. The internal structure and 
surface topography of biosurfactant assemblies are visualized using 
transmission electron microscopy (TEM) and scanning electron 
microscopy (SEM) [140]. While TEM gives details on internal 
organization and vesicular structures at the nanoscale, SEM provides 
detailed surface images that show the texture and distribution of 
materials coated with biosurfactants.

Table4: Summary of biosurfactant production and formulation techniques

Stage Description Techniques/Examples
Microbial sources Biosurfactants produced by bacteria, fungi, and yeasts. Pseudomonas, Bacillus, Candida, Aspergillus [113]
Cultivation methods Microbial growth on suitable substrates. Submerged fermentation, Solid‑state fermentation 
Fermentation parameters Optimized to enhance yield and activity. pH, temperature, C/N ratio, aeration, and agitation
Bioreactor systems Used for controlled and scalable biosurfactant production. Stirred‑tank, airlift, bubble column reactors
Isolation techniques Recovery of crude biosurfactants post‑fermentation. Centrifugation, acid precipitation, solvent extraction
Purification methods Enhancement of biosurfactant purity and quality. Ultrafiltration, high‑performance liquid chromatography, 

chromatography
Formulation strategies Incorporation into drug delivery systems. Micelles, liposomes, solid lipid nanoparticles, hydrogels, 

nanoemulsions
Stabilization techniques Preserve structural integrity and bioactivity. Lyophilization, cryoprotectants, polymer encapsulation

Fig.3: Schematic representation of the biosurfactant production 
process involving microbial source selection, fermentation 

optimization, isolation and purification methods, followed by 
advanced formulation strategies, including nanoemulsions, 

liposomes, hydrogels, and solid lipid nanoparticles

Both  1H  and  13C  nuclear  magnetic  resonance  (NMR)  spectroscopy offer  comprehensive  details  about  the  molecular  structure  of  the biosurfactant [130]. It makes it possible to identify the hydrophilic (like sugar or amino acids) and hydrophobic (like fatty acids) components, as  well  as  their  connections.  These  data  are  useful  for  customizing particular formulations to improve their interaction with target tissues or pharmaceutical carriers [131-133].
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Furthermore, 3D nanoscale topography and surface roughness analysis 
are provided by Atomic Force Microscopy (AFM). Because AFM doesn’t 
require a vacuum environment, such as SEM or TEM does, samples can 
be observed in their naturally hydrated state. Aggregation tendencies, 
film homogeneity, and surface adhesion can all be assessed by 
correlating AFM data with physicochemical measurements [141-143].

Crystalline and thermal characteristics
For biosurfactants to remain stable during processing and storage, 
it is essential to comprehend their thermal behavior. The heat flow 
connected to thermal transitions, such as melting, crystallization, or glass 
transition, is examined using Differential Scanning Calorimetry (DSC). 
For drug delivery systems based on biosurfactants, this information aids 
in the selection of appropriate excipients and storage conditions [144].

By tracking weight loss as a function of temperature, thermogravimetric 
analysis, or TGA, is used to assess the degradation profile and thermal 
stability. This information is particularly crucial for guaranteeing the 
stability of biosurfactants during lyophilization and formulation [145].

The crystalline or amorphous nature of biosurfactants and their 
formulations is evaluated using X-ray diffraction (XRD). Although 
amorphous structures can be less stable than crystalline forms, they 
are usually more soluble and bioavailable. Therefore, maintaining 
crystallinity balance is essential for creating stable and effective 
pharmaceutical systems [146-148].

Testing for biocompatibility
Biosurfactants need to be assessed for safety and biocompatibility 
before being used in pharmaceutical applications. Mammalian cell 
line viability in the presence of biosurfactants is frequently evaluated 
using cytotoxicity tests, such as the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide and lactate dehydrogenase release 
assays. For formulations based on biosurfactants, these tests aid in 
determining the right dosage and therapeutic window [149-152].

An important safety concern for injectable formulations is the ability 
of biosurfactants to lyse red blood cells, which is measured by the 

hemolysis assay. For pharmaceutical applications, a hemolysis rate of 
<5% is usually regarded as acceptable [153].

Additional functional tests that shed light on the therapeutic potential 
of biosurfactants include antimicrobial and antioxidant tests [154]. 
When biosurfactants are utilized for oral care, wound healing, or 
dermatological formulations, these activities can work in concert to 
provide both delivery and therapeutic benefits [155,156].

The main analytical methods for biosurfactant characterization are 
categorized in Table 5 and Fig. 4. Tensiometry is used to assess surface 
characteristics, such as surface tension and CMC. FTIR, NMR, and MS are 
used to clarify structural features, allowing for a comprehensive molecular 
profile. Imaging methods, such as SEM, TEM, and AFM are used to record 
morphological features. To ascertain material stability, DSC, TGA, and 
XRD are used to evaluate thermal and crystalline behaviors. Finally, 
cytotoxicity and hemolysis assays are used to test biocompatibility, 
guaranteeing safety for pharmaceutical applications [157].

USE OF BIOSURFACTANTS IN THE DELIVERY OF PHARMACY

Because of their surface activity, amphiphilia, and biocompatibility, 
biosurfactants have drawn a lot of attention in pharmaceutical drug 
delivery systems. The solubility, bioavailability, and controlled, 
targeted delivery of therapeutic agents can all be improved by these 
biomolecules [158]. They are extremely valuable in a variety of delivery 
platforms, such as hydrogels, liposomes, nanoparticles, and micelles, 
due to their distinct functional properties [4]. Biosurfactants are being 
incorporated more and more into novel drug delivery systems in the 
current research environment in an effort to get around traditional 
pharmacokinetic and pharmacodynamic constraints [159,160].

Improving hydrophobic drug solubility
The improvement of drug solubility and bioavailability is one of the 
most well-known uses of biosurfactants in drug delivery. Many recently 
developed medications, such as ibuprofen, paclitaxel, and curcumin, 
have poor aqueous solubility, which results in poor absorption and 
uneven therapeutic effects. These hydrophobic substances can be 

Table 5: Summary of biosurfactant characterization techniques

Characterization 
parameter

Purpose Technique(s) Outcome

Surface and interfacial 
tension

Measure surfactant efficiency Tensiometry (Du Noüy, Wilhelmy plate) Reduced surface tension, 
enhanced solubilization

CMC determination Determine optimal concentration 
for micelle formation

Surface tension versus concentration plot Ideal formulation dosage

Zeta potential and 
particle size

Assess stability and dispersion Dynamic light scattering Colloidal stability, uniformity

Functional group 
identification

Understand chemical 
composition

Fourier transform infrared Spectroscopy Identification of carboxyl, 
hydroxyl, and ester groups

Molecular structure Confirm biosurfactant framework nuclear magnetic resonance 
(1H and 13C) Spectroscopy

Backbone structure 
confirmation

Molecular weight Analyze purity and structural 
identity

Mass spectrometry (electrospray ionization-mass 
spectrometry, matrix-assisted laser desorption/
ionization-time of flight)

Molecular identity validation

Surface morphology Visualize surface and particle 
features

Scanning electron microscopy, transmission 
electron microscopy

Nanostructure analysis

Topography at nanoscale Assess height, roughness, and 
interactions

Atomic Force Microscopy Nanoscale structure imaging

Thermal stability Detect melting, degradation, and 
crystallization points

differential scanning calorimetry, 
thermogravimetric analysis

Storage and processing 
temperature limits

Crystalline nature Examine solid-state 
characteristics

X-Ray Diffraction Crystalline versus amorphous 
state

Cytotoxicity and 
biocompatibility

Assess safety on cell lines and 
tissues

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide, lactate dehydrogenase assays

Suitable dose range and safety 
profile

Hemolysis potential Evaluate RBC lysis risk Hemolysis Assay Safety for injectable use
Additional bioactivity Assess antioxidant or 

antimicrobial action
DPPH, ABTS, MIC assays Functional benefits in pharma 

applications
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encapsulated in micelles and nanoemulsions by biosurfactants, such as 
rhamnolipids and sophorolipids, which increases the solubility of these 
substances in biological fluids [161].

The process depends on biosurfactant molecules self-assembling 
into micellar structures at concentrations higher than their CMC. By 
retaining an aqueous-compatible exterior and efficiently solubilizing 
lipophilic drug molecules in their hydrophobic core, these micelles can 
improve systemic delivery [162]. Biosurfactant-based nanoemulsions 
co-loaded with hydrophilic and hydrophobic medications are 
frequently used in current formulation strategies because they 
provide dual solubility and enhanced permeability across epithelial 
barriers [163].

Targeted and managed drug administration
Using biosurfactants as carriers for targeted and regulated drug delivery 
is another essential use for them. Biosurfactants can be designed into 
intelligent delivery systems that release medications selectively at 
specific locations because of their capacity to react to environmental 
cues, such as pH or temperature. For example, by functionalizing 
liposomes with ligands that recognize hepatocyte-specific receptors, 
rhamnolipids have been integrated into liposomes for liver-targeted 
drug delivery [164].

For illnesses, such as cancer and inflammation that are marked by 
localized pH changes, the use of biosurfactants in the creation of pH-
responsive or enzyme-triggered systems is also being investigated. 
The formation of vesicles or micelles that are stable at physiological 
pH but break down in the acidic tumor microenvironment to release 
their cargo is made possible in these systems by biosurfactants. This 
guarantees a better therapeutic index and less systemic toxicity [165]. 
Furthermore, the enhanced retention of surfactin-loaded nanocarriers 
in tumor tissues through the Enhanced Permeability and Retention 
(EPR) effect is being studied [166].

Delivery of genes and proteins
Biosurfactants are appropriate for the delivery of proteins and genetic 
materials due to their membrane-interactive characteristics and 
biocompatibility. It has been demonstrated that lipopeptide-based 
biosurfactants can combine with therapeutic proteins, siRNA, and 
plasmid DNA to form stable complexes that protect against enzymatic 
degradation and make transfection across cell membranes easier. 
After internalization, these carriers have the ability to exit endosomal 
compartments and release their genetic cargo into the nucleus or 
cytoplasm, which is essential for efficient gene expression [167].

The development of biosurfactant-based cationic liposomes and 
nanocarriers for CRISPR-Cas9 delivery and gene silencing in viral 
infections and cancer is an example of a recent tactic [168]. These 
materials’ inherent biodegradability also allays worries about long-term 
cytotoxicity or tissue accumulation, which is frequently a drawback of 
synthetic gene carriers [169].

Despite encouraging in vitro results, serum instability, enzymatic 
degradation, and immune activation remain key hurdles for 
biosurfactant-mediated gene/protein delivery. Glycolipid-based carriers 
offer stable micellar complexes but suffer from poor endosomal escape, 
limiting transfection efficiency. Lipopeptides facilitate membrane fusion 
and endosomal escape, improving transfection rates, but cytotoxicity 
and batch variability require attention. Polymeric biosurfactants 
enhance stability in circulation and enable sustained release but often 
display reduced cellular uptake compared to lipopeptides. Overcoming 
these limitations requires hybrid strategies (e.g., glycolipid–lipopeptide 
conjugates) to integrate stability with efficient intracellular delivery.

Topical medication delivery and wound healing
Biosurfactants also show great promise in topical application, especially 
in dermal therapy and wound healing. Hydrogels, films, and ointments 
loaded with biosurfactants have been created to take advantage of 
their natural antimicrobial, anti-inflammatory, and wound-healing 
qualities [170]. For instance, it has been observed that sophorolipid and 
surfactin formulations prevent the formation of biofilms by pathogens, 
such as P. aeruginosa and Staphylococcus aureus, which are major 
contributors to chronic wound infections [171].

In addition, biosurfactants enhance transdermal absorption by 
interacting with the lipids in the stratum corneum to improve the 
penetration of therapeutic agents through the skin [172]. The goal 
of present research is to develop multifunctional wound dressings 
that can deliver growth factors, antibiotics, or even stem cell-derived 
vesicles to speed up tissue regeneration by combining biosurfactants 
with polymeric matrices, such as chitosan and alginate [173].

Topical delivery systems benefit from the antimicrobial and biofilm-
disrupting properties of biosurfactants, yet several formulation 
challenges persist. Maintaining sustained release while preventing 
microbial colonization is particularly difficult. Glycolipids are highly 
skin-compatible and display antimicrobial activity, but their ability to 
deliver growth factors remains limited. Lipopeptides effectively disrupt 
biofilms and accelerate wound healing, though irritation at higher 
doses has been reported. Polymeric biosurfactants integrate well into 
hydrogels, enabling stable, long-term release, but they provide weaker 
antimicrobial activity compared to glycolipids or lipopeptides.

Treatment for cancer
Biosurfactant-stabilized nanoparticles have been investigated in 
oncology as chemotherapeutic agent carriers to increase cellular 
uptake, lower systemic toxicity, and boost therapeutic efficacy [174]. 
Hydrophobic anticancer medications, such as doxorubicin and paclitaxel 
can be encapsulated thanks to their capacity to form nanostructures, 
such as liposomes or micelles. These biosurfactant-based carriers allow 
endosomal escape, which is essential for intracellular drug release, and 
facilitate effective tumor penetration, which is frequently facilitated by 
the EPR effect [175].

Fig. 4: Diagrammatic overview of key techniques used for 
biosurfactant characterization, grouped under surface 

properties, structural elucidation, morphological analysis, 
thermal/crystalline evaluation, and biocompatibility assessment
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In addition, certain biosurfactants, such as surfactin, have inherent anti-
cancer qualities that work in concert to increase the cytotoxic effect of 
loaded medications. Folate, transferrin, or antibodies have been added 
to biosurfactant-based nanoparticles to enable receptor-mediated 
targeting of cancer cells, providing site-specificity and reducing off-
target effects [176].

Biosurfactant-stabilized nanocarriers hold promise in oncology, but their 
translation faces critical barriers. The EPR effect varies across tumor types, 
limiting universal applicability. Moreover, rapid clearance and potential 
hemolysis at higher biosurfactant concentrations restrict clinical use. 
Glycolipids, such as rhamnolipids form stable micelles and liposomes, 
improving hydrophobic drug solubility, but their intrinsic anticancer 
effect is relatively weak. Lipopeptides, particularly surfactin, display 
inherent anticancer activity and synergize with chemotherapeutics; 
however, their hemolytic potential and immunogenicity during repeated 
dosing pose safety challenges. Polymeric biosurfactants (e.g., emulsan) 
provide superior stability and controlled release but remain difficult to 
scale up economically. Thus, application-specific tailoring is essential to 
balance efficacy, safety, and manufacturability.

Adjuvant activity and vaccine delivery
The potential of biosurfactants as immunomodulatory adjuvants and 
vaccine delivery vehicles is becoming more widely acknowledged [177]. 
Surfactin and other lipopeptides can increase humoral and cellular 
immune responses, stimulate antigen-presenting cells, and improve 
mucosal absorption of antigens [178]. Biosurfactants enhance mucosal 
penetration and antigen stability when added to oral or nasal vaccine 
formulations [179].

The creation of biosurfactant-containing nanocarriers that encapsulate 
antigens for subunit vaccines – specifically for pathogens, such as 
influenza and HPV – is one recent tactic. By providing the benefits 
of prolonged antigen release, adjuvant qualities, and non-invasive 
administration, these systems lessen the need for potentially harmful 
chemical adjuvants [180].

In vaccine formulations, biosurfactants must balance safety with 
immune activation. Glycolipids, such as sophorolipids provide moderate 
adjuvanticity with minimal toxicity, making them suitable for mucosal 
vaccines. Lipopeptides strongly activate antigen-presenting cells and 
enhance both humoral and cellular responses, but their potency raises 
concerns of local inflammation and requires precise dose optimization. 
Polymeric biosurfactants contribute to prolonged antigen release and 
mucosal adhesion but may lack sufficient intrinsic immunogenicity. 
Comparative studies suggest that combining biosurfactants with 
conventional adjuvants could help achieve a safer and more balanced 
immune response [181,182]. The overall advantages and disadvantages 
of biosurfactant inmajor pharmaceutical applications shown in Table 6.

Present pharmaceutical application strategies
Green synthesis, customized delivery methods, and the integration 
of nanotechnology are the main areas of recent developments in the 
pharmaceutical use of biosurfactants. To create hybrid nanoparticles 
with improved stability and multifunctionality, researchers are now 
mixing biosurfactants with other natural or synthetic polymers. For 

example, nanostructured lipid carriers and biosurfactant-stabilized 
SLNs are being developed for both imaging and drug delivery [183].

Furthermore, biosurfactant-coated vectors are being used in the 
development of CRISPR-based gene editing tools to improve genome 
editing accuracy and intracellular delivery. To precisely control the timing 
and location of drug release, there is also increasing interest in creating 
biosurfactant-based smart drug delivery systems that use stimuli-
responsive materials (such as thermo-, pH-, or enzyme-sensitive) [1].

From the perspective of formulation, present trends highlight scalable 
and environmentally friendly production methods that use agro-
industrial waste as substrates, which is consistent with the ideas of 
green chemistry and sustainable pharmacy. All things considered, the 
versatility and functionality of biosurfactants are pushing the limits of 
pharmaceutical formulation science [184].

FUTURE THOUGHTS

Future research should shift from generalized optimism toward targeted 
problem-solving. Synthetic biology and metabolic engineering can help 
reduce production costs and tailor biosurfactant structures for specific 
applications. Hybrid systems combining glycolipids, lipopeptides, and 
polymers may overcome limitations of individual classes, e.g., achieving 
both stability (polymeric) and efficient transfection (lipopeptides) in gene 
delivery. Advanced delivery platforms – such as exosomes, dendrimers, and 
3D-printed scaffolds – offer opportunities to integrate biosurfactants into 
multifunctional carriers. Clinical translation requires robust toxicological 
studies, especially regarding immunogenicity and hemolysis in chronic 
or repeated dosing. Artificial intelligence and machine learning should 
be leveraged to predict biosurfactant–drug interactions and optimize 
formulation parameters. Addressing these hurdles with interdisciplinary 
strategies will accelerate the transition of biosurfactants from experimental 
platforms to clinically approved pharmaceutical agents [185].

CONCLUSION

Biosurfactants represent a powerful and versatile class of 
biomolecules with far-reaching implications in pharmaceutical drug 
delivery. Their unique physicochemical and biological properties 
– such as amphiphilicity, surface activity, biodegradability, and 
biocompatibility – make them highly suitable for addressing many of the 
limitations associated with conventional surfactants and drug carriers.

Across various mechanisms, including solubility enhancement, 
controlled release, targeted delivery, and biofilm disruption, 
biosurfactants have demonstrated superior performance in diverse 
pharmaceutical applications. Their roles in cancer therapy, gene and 
protein delivery, wound healing, and vaccine adjuvant systems are 
expanding rapidly, supported by novel formulation strategies, such as 
micelles, liposomes, nanoemulsions, and SLNs.

Despite the present challenges in large-scale production, regulatory 
acceptance, and clinical validation, the future of biosurfactants in drug 
delivery is bright. Ongoing advancements in microbial biotechnology, 
nanoscience, and pharmaceutical formulation, coupled with a strong 
push toward green and sustainable technologies, are expected to propel 

Table 6: Advantages and disadvantages of biosurfactant classes in major pharmaceutical applications

Application Glycolipids (e.g., Rhamnolipids, 
Sophorolipids)

Lipopeptides (e.g., Surfactin, Iturin) Polymeric biosurfactants 
 (e.g., Emulsan)

Cancer therapy Stable micelles/liposomes; low toxicity; 
weak intrinsic anticancer effect

Strong anticancer synergy; hemolytic 
and immunogenic risk

Good sustained release; scale-up 
difficult

Gene/protein delivery Serum-stable micelles; limited endosomal 
escape

Efficient membrane fusion and 
transfection; cytotoxicity risk

Excellent stability; lower cellular 
uptake

Vaccine/ADJUVANT Safe; moderate immune stimulation Strong immune boost; risk of 
inflammation

Long release and safe; weaker 
immunogenicity

Wound healing/topical Antimicrobial; skin-compatible Potent biofilm disruption; irritation 
risk

Excellent hydrogel integration; 
weaker antimicrobial effect
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biosurfactants into the mainstream of next-generation drug delivery 
systems. As our understanding deepens, biosurfactants are poised to 
transition from niche biomaterials to essential components of modern 
pharmaceutics.
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