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Abstract: Synthetic chemical surfactants (SCSs) are a versatile group of amphiphilic chemical com-
pounds synthesized from fossil fuel precursors which have found use in various industrial appli-
cations. Their global usage is estimated to be over 15 million tons annually, which has resulted in
unabated environmental damage and potential toxicological effects to humans and other organisms.
Current societal challenges to ensure environmental protection and reduce reliance on finite resources
have led to an increased demand for sustainable and environmentally friendly alternatives, such as
biosurfactants, to replace these toxic pollutants. Biosurfactants are biodegradable, non-toxic, and
generally environmentally compatible amphiphilic compounds. Although there is enormous poten-
tial for microbial biosurfactants to replace SCSs, the key challenge limiting their commercialization
relates to their low yields and substantial cost for production compared to that for the SCSs. In this
review, we discuss the release of SCSs, with wastewater treatment plants (WWTPs) as the major point
source of their release into the ocean, and we then delve into the consequences of these pollutants
on marine organisms and humans. We then explore microbial biosurfactants as a replacement for
SCSs, with a focus on thamnolipids, and end with some perspectives on current and future work for

commercializing microbial biosurfactants.

Keywords: synthetic chemical surfactants (SCSs); biosurfactants; rhamnolipids (RLs); wastewater

treatment (WWT); marine environment

1. Introduction

Synthetic chemical surfactants (SCSs) are a broad group of chemical compounds that
are widely used in the pulp and paper industry, in oil recovery, as antimicrobial agents for
fruit and vegetable preservation, in the manufacture of paints, pesticides, fungicides and
herbicides, in the treatment and dyeing of fabrics and leather, as additives in lubricating
oils, cosmetics and personal hygiene products, as well as in domestic and industrial
cleaning products, amongst other applications [1-4]. According to a report by Allied
Market Research [5], the surfactant market in 2019 was estimated at USD 41 billion and the
expected Compound Annual Growth Rate (CAGR) was 5.3% from 2020 to 2027, reaching
USD 58.5 billion. The report also states that the group of anionic surfactants are the
market leaders, with its main representative being linear dodecylbenzene sulfonates (LAS),
followed by non-ionic surfactants whose main representatives are nonylphenol ethoxylates
(NPEO) and linear alcohol ethoxylates (LAE). The entry of SCSs into the environment
occurs from a range of sources, the most important of which are wastewater treatment
plants (WWTP) [6,7] where these chemicals, depending on their susceptibility to microbial
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degradation, may be partially degraded into by-products [8]. Global surfactant usage is
estimated to be over 15 million tons annually. Since numerous consumer products are
marketed as down-the-drain disposable, most end up in WWTPs [9]. However, WWTPs do
not effectively remove SCSs, mainly because these compounds and their by-products are
not readily agglomerated and are subsequently sedimented out into the sludge fraction.
Whilst LAS are mostly removed in WWTPs via effective microbial biodegradation processes,
NPEOs are less biodegradable. NPEOs themselves show little toxicity, but their byproducts,
mainly nonyl and octyl phenols, are toxic and can be readily absorbed by suspended
soils [10]. This results in the unmitigated release of large quantities of SCSs from WWTP
discharge points where these compounds and their by-products find their way into rivers
and coastal areas and spread further out to sea [11-14]. These SCSs are potentially some of
the most concerning pollutants that are released into the environment from WWTPs, which
will be discussed in this review together with their partial degradation by-products. Since
many types of SCSs are toxic and can remain in the environment undegraded for many
years, their impact on marine ecosystems remains largely unknown. There is currently no
effective technology available that can be implemented into a WWTP to remove SCSs, and
as such this pollution problem continues unabated.

Growing public awareness about marine pollution and the risks it can pose to humans
and other life has led to increased interest toward the use of naturally derived, biological
surfactants (i.e., biosurfactants) which are commonly associated with low toxicity, high
biodegradability, better environmental compatibility, and may be sustainably sourced
compared to SCSs which are produced via organo-chemical synthesis in a laboratory or
industrial chemical plant [15]. Despite the advantages of biosurfactants over SCSs, their
commercialization for use in consumer products has been limited, mainly due to their cost
of production and the relatively low yields produced in comparison to the production of
SCSs. The most extensively studied biosurfactant for biotechnological applications are
rhamnolipids (RL), due to their physiochemical properties and potential to reach high
fermentation titers [16], but their entry into the market is still constrained by low yields
and the fact they are derived from pathogenic bacterial species.

In this review, we discuss WWTPs as a major point source for the release of SCSs into
the ocean, as well as some of the most important types of SCSs based on the risks they pose
to the environment and to humans. We explore biosurfactants as replacements for SCSs as a
way to help mitigate the risks, with a focus on RLs for applications in marine-safe personal
care products, and also discuss the pathways of current and future work for increasing the
uptake of this important biosurfactant class.

2. Priority SCSs of Concern and Pathways of Entry to the Ocean

The pathway for entry of SCSs into the environment is generally the same almost
anywhere in the world, regardless of climate, geographical location, or social and cultural
habits. The process begins with the industrial manufacture of the SCSs, followed by their
use and then discarding them by some form or another (commonly down roadside or
household drains). These pollutants find their way to a WWTP or, if such infrastructure
is not available, into streams and rivers [17,18]. Whilst a fraction of SCSs and their by-
products end their journey on land, the final destination for the bulk of these chemicals is
the ocean (Figure 1), mainly from the effluents of WWTPs [19-22]. Direct discharge of SCSs
into the environment is also possible, for example, as in the case of pesticide application to
agricultural land, and the spraying of synthetic chemical dispersants on the sea surface to
combat oil spillage.
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Figure 1. Pathways for entry of synthetic chemical surfactants (SCSs) into the oceans. Solid lines
represent treated discharge through a WWTP; dotted lined represent direct discharge of untreated
source SCSs into the environment.

2.1. LAS, NPEO, and Their By-Products in WWTPs

The first widely commercialized class of SCS was linear alkylbenzene sulfonates (LAS)
(Figure 2), which has increased in use over the years [23]. Due to extensive use for many
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years, there is concern regarding its long-term presence in the environment and its toxic
effects to a range of organisms. LAS are a class of anionic surfactants consisting of a hy-
drophilic sulfonate head-group and a hydrophobic alkylbenzene tail. First introduced in
the 1930s in the form of branched alkylbenzene sulfonates (BAS), LAS is one of the oldest
and most widely used SCSs. It is used in numerous consumer goods that include per-
sonal care products (e.g., toothpaste, shampoos, soaps) and household care products (e.g.,
dishwashing liquids, laundry detergents, spray cleaners) [24]. Following environmental
concerns, BAS were replaced with LAS during the 1960s [25], and since then production of
LAS has increased significantly, from approximately 1 million tons in 1980 to 3.5 million
tons in 2016, making them the most produced anionic surfactant after soaps.

Linear Alkylbenzene sulfonate (LAS)

CH; (CHy)g CH; (CHy)y, —CHs

SO;Na

Nonylphenol ethoxylate (NPEO)

H;C—H,C

CHs CH,
HC H,C <|: O —(CH,CH,0)H
CH,4 CH,

Figure 2. Chemical structure of Linear Alkylbenzene sulfonate (LAS) and Nonylphenol ethoxylate (NPEO).

Since the beginning of the commercial introduction of synthetic surfactants, they have
since been detected in the environment at increasing concentrations. Decades following its
commercial introduction, several researchers reported the occurrence of LAS in different
environmental matrices. For instance, McAvoy et al. [26] monitored fifty sewage treatment
plants in the USA and found that the average concentration of influent LAS was 5 mg L1,
with an average removal of 77% to 99%. Tabor and Barber [27] evaluated the occurrence
of LAS in the Mississippi River (USA), which is the largest river in North America and
its basin covers 41% of the US territory; the concentration of LAS along the river ranged
from 0.1 to 28.2 ug Ll Ina study by Gonzalez-Mazo et al. [28], the behavior of LAS was
evaluated in a coastal zone of the Bay of Cadiz (southwest Spain) under the effect of strong
tidal currents and directly receiving untreated wastewater discharge from a population
of approximately 100,000 inhabitants, and the occurrence of dissolved LAS was reported
to range from 2.7 to 1687.2 ug L~!, while the LAS adsorbed to suspended solids ranged
from 14.4 to 5941.0 pug L. Sakai et al. [29] reported the occurrence of LAS in two rivers in
Malaysia, with concentrations ranging from 3.3 to 2406.8 pg L~! in the Langat River, and
from 1.9 to 1044.8 ug L~! on the Selangor River.
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Another important group of SCSs that are prevalently in WWTP effluent discharge and
of concern are the nonylphenol ethoxylates (NPEO) (Figure 2). These are commercially im-
portant, non-ionic surfactants which are used in detergents, paints, pesticides, personal care
products, plastics, and a variety of other products and applications. The European Union
prohibits their use due to their effects on human health and to the environment [30,31]. The
main issue regarding this group of SCSs is that during their biodegradation, some recalci-
trant by-products are generated, such as 4-nonylphenol (4-NP) and 4-octylphenol (4-OP),
which can act as endocrine disrupters [32-34]. The occurrence of 4-NP has been reported in
tap water [35,36] and across various environmental matrices, such as in rain and snow [37],
and in waters and sediments of rivers [38-41], lakes [42], estuaries [43,44], and marine
environments [45]. Concentrations differ depending on the discharge source and location.
4-NP has been detected in rivers at 0.015-2.25 g L~1[46] to 15 ug L~1[19], whereas in
river sediments concentrations can be higher, reaching 5100 mg kg ! [47]. In 2021, Lalonde
and Garron [48] assessed the freshwater environment at 35 sites in Canada and reported
concentrations of 4-NP, nonylphenol monoethoxylate (NP;EO), nonylphenol diethoxylate
(NP,EO), and octylphenols ranging from 1.29 to 477.22 ng L~!. Based on the dominant
activities present upstream in their watersheds, the sampling sites were categorized into the
following groups: mixed use, municipal wastewater treatment plant (MWWTP)-associated,
textile mill, urban, and reference sites. The study found that 4-NP and 4-OP activities were
detected more frequently in sites associated with urban and effluent launch from WWTP.

Surface runoff can also carry SCSs (and other pollutants) from urban areas, due to
the use of these compounds in a diverse range of products for use outdoors, such as
lubricants used for motor vehicles [49]. In 2021, Zhao et al. [50] investigated the occurrence
of 4-NP and 4-OP in Pearl River in rainfall runoff, and the maximum 4-NP concentrations
found were 14.5 ug L~ in surface water and 3.1 pg g~ ! in sediments. According to their
study, the mass loads from runoff rainfall were 3-62 times higher than those from WWTP
effluents, suggesting runoff from rainfall is an important source of SCSs into receiving
waters. In a study by Salgueiro-Gonzélez et al. [39], the concentrations of 4-NP and 4-
OP were measured in water and sediment collected along the Minho River estuary in
Portugal. It was reported that these NPEO degradation by-products were present in almost
all samples and was directly related to the release of treated effluent into the river from a
WWTP. The concentrations of 4-NP and 4-OP ranged, from 0.05 ug L~ t0 0.888 pg L~ ! in
liquid samples, and from 13 ng g~ ! to 4536 ng g~ ! dry weight in sediment samples.

Compared to anionic and non-ionic surfactants, cationic surfactants represent a smaller
class of surfactants. It is worth noting that cationic surfactants such as quaternary ammo-
nium compounds (QACs) have been identified as emerging contaminants in sewage sludge
and estuarine sediments with values above 100 ug g~! [51]. Although cationic surfactants
are not widely used, their higher sorption capacity and poor anaerobic biodegradation
are the reasons for such high concentrations in sewage-impacted estuarine sediments [52].
Cationic surfactants are used in personal care products such as hair conditioners, as qua-
ternary ammoniums are positively charged which attracts to negatively charged hair
providing a very effective binding to allow absorption of conditioning compounds to
act [53]. Since such products are disposed down the drain, cationic surfactants can accu-
mulate and become persistent in the environment considering the increased consumer
use of such products. More research is necessary to monitor the accumulation of cationic
surfactants compared to anionic and non-ionic surfactants since their levels are rising [51].

2.2. Fate of SCSs through WWTPs

Due to the widespread and extensive use of SCSs in many products and their appli-
cations worldwide, their presence in sewage effluent is omnipresent. As such, assessing
pollutant loads in effluent treatment processes needs to account for the presence of these
chemicals. The aim of a WWTP is to significantly reduce the quantity of carbonaceous
(organic; predominantly determined as biological oxygen demand (BOD)) materials, as well
as pathogens and, where sensitive waters are involved, nitrogen (N) and phosphorus (P)
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compounds prior to being discharged into receiving systems [54,55]. If these materials are
not removed, this will result in their release in large quantities into the environment which
can have deleterious effects on dissolved oxygen concentrations, as well as the trophic state
and ultimately the well-being of the flora and fauna in receiving waters [56]. There are
technologies capable of effectively eliminating these compounds, but this requires high in-
vestment, increased operating costs, and specialized staff. The most promising technologies
include advanced oxidative processes (AOP), ozonation associated with hydrogen peroxide,
photocatalysis, micellar enhanced ultra-filtration (MEUF), as well as more current methods
such as adsorption on activated carbon, nanofiltration in membranes, reverse osmosis,
chlorination, and reactors with UV lamps [3]. Implementation of such technologies occurs
at a much slower rate compared to the increasing industrial manufacture, commercial and
consumer use of SCSs.

A WWTP works as a “factory” that, by established microbial consortia, executes
a diversity of metabolic pathways that direct energy from organic matter to a central
metabolic pathway, ending up in products such as gases (methane and carbon dioxide) and
new biomass. An in-depth description on the workings of a WWTP is outside the scope
of this review, so the reader is referred to other works that focus on this topic (e.g., [57]).
In this WWTP “factory”, the consortia of microbial “employees” prioritize the use of
simpler and easily metabolizable substrates over more complex ones, such as SCSs, that
metabolically require more energy to break them down by biological systems, as can be
seen principally in microorganisms. For example, with respect to LAS, the most widely
used SCS, its biodegradation begins with the hydroxylation of the alkyl chain attached to
the aromatic ring [58] with successive [3-oxidations, followed by desulfonation, and finally
the cleavage of the ring [59]. This process is dependent on oxygen which, under anaerobic
conditions, is generated from water molecules via dioxygenases which are subsequently
added to the alkyl chain via hydroxylases. As an alternative to this route, Lara-Martin
et al. [60] reported that the degradation of alkylphenols can be initiated by the addition
of fumarate to the alkyl chain instead of via hydroxylation. The following steps proceed
via the conventional (3-oxidations leading to the formation of benzoyl-CoA and cleavage
of the aromatic ring. These degradation steps are specific for each type of SCS chemical
and may vary according to the type of WWTP since each treatment facility will vary in
microbial consortia, as well as geochemical and abiotic conditions. Due to these reasons, it
is difficult to remove SCSs in conventional WWTP, and the majority of these chemicals end
up passing through wastewater facilities and are released into receiving waters.

The average influent and effluent LAS concentrations going through WWTPs have
been monitored in different countries, as summarized in Figure 3. Whilst the majority
of LAS is removed in WWTPs, a proportion of effluent LAS passes through WWTP and
ultimately enters the ocean. Considering the scale of products containing LAS, and although
concentrations of effluent LAS appear to be minimal, the volume of effluent LAS released
into the oceans each year around the world is staggering. Considering its very slow rate
of biodegradation under environmental conditions, its environmental accumulation will
be expected to result in deleterious consequences to marine life. It is worth bearing in
mind that the figures are approximate values since treatment types vary from one WWTP
to another, due to different methods and country legislations. These values are likely to
be a great underestimate in comparison to the actual amounts, emphasizing the greater
concern of SCS effluents into the ocean and the consequences and ramifications associated
with this. In effect, it is largely not possible to remove SCSs using conventional WWT
systems to curb their release into the environment. Additional infrastructure is required to
be implemented to a plant in order to more effectively capture these chemicals, either by
physically separating them out of the wastewater, or chemically or biologically breaking
them down into innocuous end products before they are released into effluent streams.
However, this increases the operational complexity and cost of the treatment process,
which is a major impediment toward this end. To circumvent this problem, one way is
to address the problem at the source. For example, recent years have seen manufacturers
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of SCSs investing into less harmful (i.e., biosurfactants) replacements for these chemicals.
Consumer awareness about the impacts of SCSs (and other anthropogenic pollutants) to the
environment and to human health has spurred manufacturers to invest in biosurfactants
(discussed below).

Average LAS Influent Concentration by Country
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Figure 3. Mean influent (A) and effluent (B) values of LAS concentration (mg/L) in WWTPs across
different countries (Germany, Italy, The Netherlands, UK, Spain, and USA). Error bars represent
standard deviation. Values are taken from Feijtel et al., 1996 [61] and McAvoy et al., 1993 [26]. Values
are approximate and will vary from one WWTP to another as well as country. Negative standard
deviation error bar in (B) Italy is likely due to a lack of data in day one of the monitoring study due
to major plant disturbance from data obtained by Di Corcia et al., 1994 [62].
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3. Environmental Risks of SCSs on Aquatic Organisms and Humans

SCSs and their degradation by-products have been shown to exhibit toxicological
effects on humans and upon the full trophic range of aquatic organisms. Once in the
environment, these chemicals can cause deleterious consequences to living cells, such as
impairing cell membrane function [63]. Table 1 presents some of the reported effects of LAS,
which is the most widely used and arguably the most concerning SCS, and 4-NP which
is the most common SCS degradation by-product detected in WWTPs and released into
receiving waters. An important concern relates to WWTPs located upstream of aquaculture
farms, considering the ease at which by-products of some types of SCSs, like 4-NP, become
transported through the trophic chain and may end up on a plate for human consumption.

Table 1. Effects of LAS and 4-NP on aquatic species.

Organism Surfactant Effect Dose Ref.

Acartia tonsa LAS Larval mortality and reduced development rate. 0.54 mg L1* [64]

Oncorkynchus mykiss LAS Hy‘pertr'ophy of the lamellar gill epithelium and reduction of 02mg L1+ [65]
swimming ability.

Daphnia magna LAS 50% mortality (EC50) during 48 h of exposure. 354 mg L=1 * [66]

Lithobates catesbeianus LAS Enlargement of liver sinusoids and vacuolization of hepatocytes. 0.5 mgL~!* [67]

Lithobates catesbeianus LAS Hypertrophy of the myocardium. 0.5mgL~1* [68]

Channa punctatus ANP ngh DNA damage. Genotoxicity in gills, liver and 630 ng L1 * [69]
kidney tissue.

) X Swelling and rupture of the secondary gill lamella, necrosis in 1a
Labeo rohita 4-NP liver tissue, reduction of hemoglobin, and blood erythrocytes. 548 ugL [70]
Salmo trutta caspius 4-NP Injuries to branchial tissues and intestinal tissues. 100 ug L=1# [34]
. Change in estradiol and testosterone levels, histopathological s

Salmo trutta caspius 4-NP lesions in the liver and kidney. 100 ug L [71]

Lithobates catesbeianiis ANP O(?cyt.e atrophy., erythrocyte nuclear abnormality, darkening of 100 g L1 * [72]
skin pigmentation.

Oreochromis niloticus 4-NP Increased frequency of reproductive stages. 0.032mLL~1*  [73]

Oreochromus spilurs ANP Alt.ere.d hvgr architecture, with lysis, core loss, necrosis and 15 ug L1+ [74]
fat infiltration.

Heteropneustes fossilis ANP High accumulation in the brain, followed by gills, liver, kidney, 164 ug L1 * [75]
ovary, and muscles.

Danio rerio 4-NP Testicular damage and reduced sperm density. 150 ug L=1+* [76]

Clarias gariepinus 4-NP DNA damage and erythrocyte apoptosis. 100 pg L=1++ [77]

Rana catesbeiana 4-NP Abnormalities in the nucleus of erythrocytes. 100 ug L=1 # [78]

*=LC50, * = NOEC (no observed effect concentration), ** = EC50, ** = Not determined.

LAS has been shown to directly affect biological activity by binding with enzymes,
proteins, and phospholipids, altering their function and, consequently, triggering undesir-
able biochemical reactions and promoting metabolic imbalance [79]. Kusk and Petersen [64]
evaluated the acute toxicity of LAS for the crustacean species Acartia tonsa (during 48 h
and 18% salinity) and verified a mortality rate of 50% (LC50) at a LAS concentration of
2.1 mg L~!. The authors also found that a concentration of 0.54 mg L~! caused a 50%
larval mortality rate and a reduced development rate. Hofer et al. [65] studied the chronic
effects of LAS in rainbow trout (Oncorhynchus mykiss) at a concentration of 0.2 mg L1
over 54 days and observed hypertrophy of the lamellar gill epithelium and reduction of
swimming ability.

As mentioned before, the degradation by-products of SCSs can pose a greater risk to the
environment as they are more toxic than their respective precursor parent compound. This
has been reported in the cases of 4-NP and 4-OP [69-71,75,80], which are generated from
the degradation of the surfactant NPEO [7,30,47,81-84]. NPEO is a non-ionic surfactant
widely used in the production of detergents, lubricants, antistatic agents, high-performance
textile cleaning agents, pesticides, antioxidants for rubber production, and lubricating
oil additives [85]. The alkylphenols are a group of SCSs with an enormous diversity of
compounds, each with distinct characteristics [86,87]. Their degradation produces by-
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products that are more harmful than their respective parent compound [88], and have
a high capacity for bioaccumulation [42,43,89], allowing them to be easily transported
through the trophic chain and to potentially end up in food for human consumption.
NPEO has nine carbons attached to the aromatic ring in the para position in relation to the
n-ethoxylated group. When these NPOEs reach a WWTP, they may be partially degraded
by microorganisms, forming 4-NP and 4-OP. In addition, genotoxic effects have been
reported in test organisms like fish [34,42,69-71], birds [90], plants [46,91,92], rats [93-96],
and human cells [33,97-99]. The diffusion of these compounds in the environment is so
high that levels of these by-products have also been detected in umbilical cord blood
samples [99] and urine [100,101], and they have been associated with increased childhood
obesity and early puberty.

Concerns about NPEO emerged when Soto et al. [102] observed that 4-NF, generated
from the degradation of NPEO, was able to mimic estrogen and act as an endocrine
disruptor, inducing the proliferation of mammary tumor cells. This motivated several
other research groups to investigate the xenobiotic effects of 4-NP, leading several research
groups to confirm the ability of this degradation by-product to mimic the female hormone
17 B-estradiol [30,47,88,97,103,104]. Furthermore, it was observed that the recalcitrance
of 4-NP is greater with the decrease in the number of ethoxylated groups [30,83,105].
173-estradiol is a natural hormone that influences the development and maintenance of
female sex characteristics [106]. Because of this, 4-NP is expected to trigger a variety of
reactions in exposed organisms. 4-NP can bind to the same receptors as the hormone 17§3-
estradiol, generating competition for binding to the estrogen receptor due to similarities in
its chemical structure [30]. The same functional regions for protein synthesis are activated by
both compounds. However, different biological responses are provoked, such as reduction
of hemoglobin and blood erythrocytes [70], oocyte atrophy [72], increased frequency of
reproductive stages [73], testicular damage and reduced sperm density [76], and apoptosis
and DNA damage [69,77]. Some of the effects of 4-NP on aquatic organisms are presented
in Table 1.

Shirdel et al. [71] evaluated the effects of 4-NP (1-100 ug L~1) on the levels of plasma
reproductive hormones and liver antioxidant enzymes, as well as the histopathology of
reproductive and non-reproductive organs of brown trout (Salmo trutta Caspius). After
21 days of exposure, the authors found an increase in the concentration of estradiol in the
plasma of both male and female organisms and a reduction in antioxidant enzymes in
the liver. Also observed were histopathological lesions in liver and kidney tissues, such
as congestion, cytoplasmic degeneration, hypertrophy, necrosis, nuclear degeneration,
pyknosis, and vacuolar degeneration. In male organisms, different levels of hyperemia
in the testes, a decrease in seminiferous lobe thickness, and spermatogonial degeneration
were observed.

The effects of SCS by-products in humans (in vivo) and on human cell lines have been
reported and have highlighted some concerning effects that included decreased secretion
of oxytocin [97], increased proliferation of aberrant cells [33], childhood obesity [100], and
increase in inflammatory processes [107] (Table 2). Bechi et al. [97] studied the effects of
SCS by-products in human placental cells and observed that, even at low concentrations
(0.022-220 ng L1 of 4-NP), there was a reduction in oxytocin secretion, which inferred
the potential of these chemicals to lead to pregnancy interruption and other complications.
Forte et al. [33] analyzed the effects of NPEO on lymph node carcinoma of the prostate
(LNCaP) cell line and found that it induced proliferation of LNCaP and increased the
expression of estrogen receptor « (ERx) and its translocation from the cytoplasm to the
nucleus. Moreover, the authors found NPEO also resulted in up-regulation of key target
genes involved in the cell cycle and inflammation processes.
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Table 2. Effects of 4-Nonylphenol (4-NP) and 4-Nonylphenol (4-NP) on human and in vitro human cells.

Source Surfactant Effect Dose Ref.

In vitro

Human placenta ANP Decreased sec‘retl.on of oxytocm, which may 0.022-220 ng L1 [97]
lead to complications during pregnancy.

Human prostate ANP Increased prohfe'ratlon of aberrant cells. Cell 022 mg L1 [33]
cycle dysregulation.

Human cell lines

Urine and serum samples 4-NPand4-0p  Childhood obesity in biological samples of 3.95-4415ngmL-1  [100]
young girls.
Decreased age at menarche estimates in breast

Urine 4-NP development, pubic hair, and menstruation 5.03ng mL~1! [101]
status in girls.

Adenocarcinoma ANP Induced cell proliferation and key target genes 22.04ng mL~! [107]

prostate cells

involved in cell cycle and inflammation process.

Consumption of SCSs by humans is a common occurrence, especially in societies in
which plastic containers and packaging are usually used for storage of food and drink,
and is related to certain symptoms, diseases, and defects in adults, children, and unborn
babies. SCSs are used in the synthesis of polymers for the manufacture of plastic containers
and packaging and, as such, they can be released into food and water and in turn ingested
by humans. Loyo-Rosales et al. [108] evaluated the migration of NPEOs in plastic bottles
used to store drinking water. The authors observed concentrations ranging from 180 to
300 ng L~! in drinking water stored in plastic containers made of HDPE (high-density
polyethylene), PET (polyethylene terephthalate), and PVC (polyvinyl chloride) bottles
purchased at a supermarket. In a study by Chen et al. [99], the authors reported 1.82 to
211 ng of 4-NP g~ ! plasma in cord blood samples from 174 human fetuses, with the
highest concentrations detected in samples from pregnant women residing in metropolitan
areas. The authors posited that through repeated consumption of food contained in plastic
containers, fetuses of pregnant women are more likely to encounter high exposure levels
to SCSs due to transplacental absorption, and the accumulation of these chemicals due to
inefficient detoxification mechanisms in the fetus. In another study, Choi et al. [100] studied
the association between obesity in young girls and several endocrine-disrupting chemicals
(EDCs), including 4-NP. The concentration of 4-NP (and other EDCs tested) was lower in
serum and urine in the control group compared to that in the obese group, and the results
showed a statistically significant relationship to childhood obesity. Similarly, Hou et al. [101]
investigated the exposure effects of NP on obesity and pubertal maturity to compare the
body sizes of general adolescents in Taiwan. Urine samples were analyzed from 270 children
aged 6 to 15 years old, and the study showed that 4-NP exposure was positively correlated
with abdominal obesity, including skinfold thickness, waist circumference, waist-to-height
and waist-to-hip ratios, and indicated a dose-response relationship. The pathway of SCSs
affecting human and aquatic organisms has been summarized in Figure 4.

Consumer products, including personal care products like shampoo, are important
sources of human exposure to SCSs and harmful chemicals including volatile organic
chemicals (VOCs). Diethanolamine (DEA) is widely used to precipitate diethanolamides
and diethanolamine salts of long-chain fatty acids used in soaps and surfactants in various
products including shampoos, conditioners, and cosmetics. This chemical is banned in the
EU and Canada in cosmetics due to its ability to react with other ingredients in products
to form carcinogenic chemicals [109]. In the study by Knox et al., 2023 [109], it was found
that many consumer products sold in California contained chemicals associated with
cancer, reproductive harm, and developmental harm. Considering the extortionate usage
of personal care products, these chemicals will accumulate individually as well as in
combination which could be very harmful. These findings emphasize the need for safer
products for consumers to ensure humans are not exposed to such risks. Safer products
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not only have to be safe for humans, but also marine organisms. Not only will suitable
replacements need to be safe and non-toxic, but also function as suitable replacements
for the purpose of the product, at the same extent if not better. In a study by BIOWAYS
assessing public perception of biobased products, 50.2% of respondents consider biobased
products to be as good as conventional products and 53.1% were willing to pay more for a
biobased product if they have the same functionality and properties of a fossil-fuel-derived
product [110]. There is clearly a market for biobased personal care products, but such
products will need to be suitable alternatives to conventional ones already being used.

v
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Use of products
containing SCSs
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Figure 4. Flowchart showing the pathway of SCSs to the oceans, humans, and aquatic organisms.
Orange represents sources; yellow represents the use of products containing SCSs as the source
activity, green represents wastewater containing SCSs and treatment of wastewater, blue represents
water bodies where SCSs are present.

4. The Need for Greater Biosurfactant Uptake by Industry: Toward a Turn in the Tide
for Reducing the Entry of SCSs into the Ocean

As noted earlier, the volume of SCSs entering the marine environment annually
is enormous, and their toxic effects to aquatic organisms (including terrestrial model
organisms) has been extensively researched and documented. Since enormous quantities
of healthcare products (soaps, shampoos, detergents, cosmetics etc.) are flushed down
domestic drainage systems, WWTPs are a significant point source of SCS release to the
oceans due to their inability to capture and remove these chemicals [111]. To-date, most
of the research to improve the capture and removal of SCSs in WWTPs has focused on
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installing new infrastructure for the treatment of wastewater. However, this approach is
somewhat synonymous with the age-old idiom “treat the symptom, not the disease”. It
would be far more effective to begin to address the problem at the root cause, in this case
to reduce the quantities of SCSs used in commercial and industrial products by replacing
them with innocuous or, at least, less toxic alternatives that do not harm marine life and
accumulate in the food chain where they could find a route to human consumption.

There are countless reviews on biosurfactants (also referred to more generally as
surface-active agents) which also include their higher-molecular-weight sister group called
the bioemulsifiers. As such, we will not dwell or go into any lengthy description about
these molecules in this review, except to provide a glance-over on the basic nature of these
molecules which will become useful when we discuss a special class of biosurfactants;
the RLs.

Briefly, biosurfactants are like SCSs in that they are surface-active and amphipathic
compounds, but the difference is that the former are derived from biological sources,
principally microorganisms and plants, but also animals [112]. Because of their amphipathic
nature, biosurfactants can dissolve in both polar and non-polar solvents, and as such
they are able to interface between aqueous and non-aqueous solvents/substances [113].
The effectiveness of these chemicals is determined by their ability to lower the surface
tension (ST) of water, or to lower the interfacial tension (IFT) between two immiscible
phases (e.g., of a non-polar and polar liquid) [113]. The ST is a measure of the energy
(per unit area) that is required to increase the surface area of a liquid by lowering of
the intermolecular forces between water molecules. An effective biosurfactant is able to
lower the ST of water from 72 to <35 mN/m, whereas the IFT should be lowered from
40 to 1 mN/m in the case of a water and non-aqueous (e.g., n-hexadecane) mixtures [114].
Further to the description on what defines an efficient biosurfactant, it is one that has a low
critical micelle concentration (CMC)—the CMC is the minimum concentration required
to initiate micelle formation and generally correlates with the ST and IFT [114]. A low
CMC means that less biosurfactant is required to reduce the ST or IFT. Biosurfactants are
biodegradable, less toxic, and highly specific in comparison to SCSs. Most biosurfactants
are thermostable and pH resistant. For example, a psychrophilic strain of Arthrobacter
protophormiae produced a biosurfactant that was resistant to temperatures over the range
of 30-100 °C and resistant to high sodium chloride concentrations of 100 gL_1 [115].
Biosurfactants are also biodegradable under aerobic, anaerobic, and anoxic conditions.
The biodegradation of biosurfactants occurs in two stages: firstly, the hydrocarbon chains
are broken causing a structural change and thereby the loss the amphiphilicity of the
biosurfactant and the second stage is the conversion of the byproducts in the first stage
into water, minerals, and CO, [116]. Biosurfactants have a higher degradation potential
than SCSs and also display the capacity to reduce the risk of their accumulation in the
environment [117]. They also display high specificity due to their complex structures and
specific functional groups, allowing them to be used in highly specific applications. The
combination of these characteristics distinguishes biosurfactants from SCSs, allowing them
to have wider applications across multiple industrial processes. Various biosurfactants and
their associated applications, advantages, and disadvantages have been summarized in
Table 3.
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Table 3. Various microbial biosurfactants and their associated applications, advantages, and challenges.

Biosurfactant
Group Sub Group Class Application Advantages Challenges References
High emulsifying properties, . .
. Pharmaceutical, personal care, low to no toxicity, highly Primary producer pathogemc
Rhamnolipids . . . . (Pseudomonas aeruginosa), high [16,118,119]
agriculture, enhanced oil recovery biocompatible and -
biodegradable cost of production
) Cleaning products, agriculture, Excellent surface activity, Sosiﬁsxﬁcilt}{ zgsPt)};}f]Slfégilc‘:t?én
Low-molec.ular weight Glycolipids Sophorolipids pharmaceutical, cosmetic, enhanced biodegradable, low toxicity, szron fé)arﬁ formatio}; ver 7 [120,121]
surface active agents oil recovery high biocompatibility & L s Very
low productivity
. - . - Low production yields,
Trehalolipids Blorem.edlatlon, enhan.ced oil recovery, Excellent surfac.e.actlwty, cell-bound biosurfactant, [122,123]
cosmetic, pharmaceutical excellent emulsifier X
expensive recovery methods
. Bioremediation, pharmaceutical, Excellent surface activity, Low prodgctlon yield, high cost )
Surfactin . . . of production, complex [124,125]
. . enhanced oil recovery, food, cosmetics  excellent emulsifier . . .
Lipopeptides and regulation of biosynthesis
Lipoproteins Excellent surface activity,
Viscosin Pharmaceutical, agriculture, enhanced  excellent emulsifier, inhibit Low production yield, high cost [126,127]
oil recovery metastatic cancer of production !
cell migration
Fatty acids, neutral lipids Fatty acids, neutral . . . Low production yield, high cost
and phospholipids lipids and phospholipids Food industry, gene carrier system Excellent surface activity of production [128,129]
Emulsan Medicine, pharmaceuticals, cosmetics
gﬁrgfl;;?giif‘?elzr ‘elvrilsght Polymeric surfactants illo dispersan agriculture, water purification, fgzzgzr:siznr;%sﬁﬁers'rzagﬁ?ess Hig}}: divers.i ty poses challenges [130]
& -asan electronic, enhanced oil recovery & prop In characterization
Liposan
Particulate surfactants Vesicles and fimbriae Alkane uptake in microbial cells Not studied NOt we}l—studlgd fF)r [113]
industrial applications
Whole cells Not studied Not studied Not studied
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Owing largely to their enormous genomic diversity, microorganisms are recognized
as the most sustainable and commercially promising source for biosurfactants. To-date,
bacteria and yeast have been the main focus of this enterprise as many species of these or-
ganisms have been shown to produce biosurfactants with different structures, chemistries,
and functional qualities for potential commercial application, and indeed a few have
reached a commercial endpoint. These compounds are found forming structural compo-
nents of microbial cells, such as of cell walls, or they are excreted extracellularly out of the
cell [131]. With respect to their structure and chemical composition, biosurfactants vary
greatly depending on the producing microbial species, and, broadly speaking, they are
classified based on their chemical charge (i.e., anionic, non-ionic, or cationic) or molecular
weight [132-134]. Based on the latter, biosurfactants are classified as either low molecular-
weight (LMW) surfactants, which reduce surface tension between two immiscible liquids,
or high molecular weight (HMW) emulsifiers, which enable the formation of oil-in-water or
water-in-oil emulsions and are also referred to as polymeric surfactants (or bioemulsifiers)
that are commonly composed of exopolysaccharides (EPS) with/without protein and lipid.

There is a major market opportunity, societal need, and increasing consumer pull for
scientifically proven, eco-compatible products. As a case example, in the personal care mar-
ket, no products in the USD 29 billion shampoo global market can claim to be safe to marine
life based on robust multi-species ecotoxicity testing. Current marketing and product la-
belling by many industries of their personal care products is flooded with ‘green washing’,
with claims such as “reef safe”, but where the evidence is lacking. As the world becomes
increasingly conscious of the damage inflicted on marine life by pollutants, including
plastics from fishnets, bags, and other sources, liquid pollutants, such as SCSs, have become
a focus of significant attention [3,135]. Up to 82,000 personal care ingredients flow into the
ocean, even after wastewater treatment—shampoos account for a significant proportion of
that outflow by virtue of their frequent use by the world’s population [135,136]. Significant
quantities of shampoo-derived chemicals enter the oceans from coastal populations through
so-called ‘grey water” outflows, even after water treatment [3]. Fossil fuel-based surfactants
are used most often in shampoos as active ingredients, and have been demonstrated to
be damaging to marine life [17,137,138]. Yet, to-date, no commercial retailer or supplier
has provided substantiated evidence of the true eco-compatibility of surfactant ingredients
used in shampoos, let alone for the other ingredients in shampoo formulations, such as by
adopting ecotoxicity testing with different, and relevant, model species.

One of the key challenges for the 21st century is to reduce dependence on finite supplies
of fossil fuels (oil, coal, gas) by moving toward the use of renewable and sustainable sources
to supply our energy needs and the wide range of materials and fine chemicals that are
largely still derived from crude oil and its derivatives. Under current climate change scenarios,
even plant and animal sources used for supplying industrial materials and fine chemicals are
non-sustainable since they can be seriously affected by political upheavals and meteorological
events. As noted earlier, SCSs are synthesized from organo-chemical synthesis using fossil
fuel-based precursors [139], which is problematic, not only because they are derived from a
non-renewable resource, but also because of their proven or perceived toxicological effects
to humans and to the environment [140] compared with their biogenic counterparts, the
biosurfactants [141]. Biosurfactants, which are of biological origin, have gained increasing
interest in recent years, mainly driven by changing government legislation requiring a shift
toward industrial use of renewable and less toxic compounds, and an increasing consumer
demand for natural and ‘environmentally-friendly” ingredients [142]. An important trend
in the household products, personal care products, food, and healthcare industries is the
adoption of ‘natural’ ingredients that are eco-compatible (i.e., biodegradable and non-toxic to
life) and, where possible, with perceived benefits to the wellbeing of consumers.

For commercial exploitation, microorganisms offer a reliable and sustainable alterna-
tive for producing biosurfactants compared to surfactants derived via organo-chemical
synthesis, or deriving these chemicals from plant or animal sources [143]. In contrast to
biosurfactants derived from plant and animal sources, which can be hampered by lim-
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ited production (e.g., low crop yields), political constraints, and increasing energy and
transport costs, biosurfactants produced by microorganisms offer a much more sustainable
source. Additionally, microorganisms possess enormous genetic diversity, which offers
considerable promise in identifying novel compounds, including biosurfactants. The peer
review literature and worldwide patent databases contain a plethora of reports and de-
scriptions of biosurfactants produced by many different species of microorganisms, yet
notably less than a handful have ever reached the market. In other words, the uptake of
microbial-produced biosurfactants by industry still significantly falls short compared to
that for the SCSs, and this is largely due to the economics of producing these chemicals—
specifically, upscaling the process for biosurfactant production is rarely economically viable.
The price of microbial-produced biosurfactants is approximately USD 20-25 per kg~ !,
which is 20-30% more expensive in comparison to their synthetic counterparts at USD
1-3 per kg ! [144]. There are two major reasons for this, the first of which relates to insuffi-
cient production, as, quite often, yields from microbial cells fall short of satisfying industrial
demand [145]. While it is well established that growth parameters (e.g., pH, temperature,
aeration, agitation, O2/CO2 levels, C:N ratios, substrate composition/concentration etc.)
affect biosurfactant production during fermentation [146], a major reason preventing their
commercialization is still the low final quantities that are produced per liter volume of
fermentation broth—for example, in the case of the RLs, often anywhere from mg/L to
<2 g/L of fermentation medium, even under optimized fermentation conditions [147].

The other major reason is that in many cases, the biosurfactant-producing organisms
are pathogenic, or they can become pathogenic under certain conditions, which prevents
their usage in a range of applications. For example, high water content cosmetic products,
such as shampoos, shower gels, creams, and dental products, are susceptible to microbial
contamination of pathogenic microorganisms, including P. aeruginosa and Burkholderia
species, which in turn pose potential harm to the user [148]. Recently in the UK, a batch
of Vernacare personal cleaning products were recalled due to P. aeruginosa contamination
and resulted in a stoppage of their production until the issue had been resolved [149]. With
these concerns regarding natural microbial contamination of pathogenic strains in cosmetics
products, there is more incentive to not implement the use of pathogenic biosurfactant-
producing organisms in commercial products destined for human use or consumption.
Attempts also to modify genetic/physiological processes, such as quorum sensing to
upregulate biosurfactant production of RLs [150], have to a point been successful, but have
not been able to yield the quantities required to supply the market to replace fossil fuel-
based surfactants, or biosurfactants sourced from non-sustainable sources. It is important
to note that microbial biosurfactants are and will remain more expensive than conventional
fossil fuel-derived SCSs for the foreseeable future. Currently, their use can therefore only be
justified on the basis of added functionality, synergistic interaction with other ingredients,
or PR value. All easily produced microbial biosurfactants are commercialized (Table 4).
Hence, the most important limitation in getting a microbial biosurfactant commercialized
has been the economics associated with their production.

More so than environments on terra firma, including freshwater, the marine environ-
ment remains a highly promising source for the discovery of biosurfactants and other
novel natural products, particularly from extreme habitats, such as hydrothermal vents,
polar regions, and the deep sea [151]. Due to its vastness (>70% of the Earth’s surface
area), variable depth (<1 m down to ca. 10 km), and physical and chemical conditions,
scientists and explorers across the many fields in oceanography still consider the oceans
a frontier for discovery. This has much to do with the wider range of abiotic conditions
found in marine environments than on land. Genetic diversity is also enormous in the
oceans, as microbial cell abundances in seawater are estimated to average 105 cells/mL
with an average taxonomic diversity of 1000 species/mL [152]. Oil-degrading microorgan-
isms, in particular, are recognized for producing these types of surface-active compounds,
principally as a way to gain access to utilizable hydrocarbons from oil as a source of their
carbon and energy. In this way, many species of microorganisms thrive in oil spills, pro-
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ducing biosurfactants (or bioemulsifiers) that reduce the interfacial tension of the oil, and
resulting in smaller oil droplet sizes, as well as increasing the solubility of hydrocarbon
species in the oil [153,154]. Bioemulsifiers, which are excreted by many species of marine
bacteria, are high-molecular-weight macromolecules, commonly exopolysaccharides (EPS)
with/without other associated chemical groups, and which have amphiphilic qualities
that contribute to many functions in the marine environment [155]. Like biosurfactants,
bioemulsifiers can increase the bioavailability of poorly soluble hydrophobic substrates,
which in the event of an oil spill will facilitate oil hydrocarbon dispersion, emulsification,
and ultimately biodegradation [156]. Marine environments are a particularly rich source for
discovering biosurfactant- and bioemulsifier-producing microorganisms (Table 5). Despite
this, the rate of interest for exploring the marine environment for microbial biosurfactants
had only increased in recent years, as there are considerably far fewer publications on this
compared to biosurfactants from terrestrial microbes [154].

Table 4. Microbial biosurfactant-producing companies and their applications.

Company Location(s) Biosurfactant Application
. . s . Pharmaceutical, cosmetics,
TeeGene Biotech Teeside, UK Rhamnolipid/lipopeptide antimicrobial, anti-cancer ingredients
AGAE Technologies LLC Corvallis, OR, USA Rhamnolipid Pharm.a Ceutlca!, cbosmetlcs, personal
care, bioremediation
Jeneil Biosurfactant Co. LLC Saukville, WI, USA Rhamnolipid Cleaning products, EOR
Agriculture, cosmetics, EOR,
Paradigm Biomedical Inc. New York, NY, USA Rhamnolipid bioremediation, food
products, pharmaceutical
Unilever and Evonik London, UK/ Slovenska Lup¢a, Rhamnolipid Personal care products,

Altinbio Scientific Pvt. Ltd.

MG Intobio Co., Ltd.
Synthezyme LLC

Ecover Belgium

Kaneka Co.
Groupe Soliance
Lion Corporation

Slovakia cleaning products

Personal care, cleaning products,

Navi Mumbai, India .
agrlculture, wastewater treatment

Rhamnolipid /Surfactin

Incheon, Korea Sophorolipid Cosmetics, personal care
Rensselaer, NY, USA Sophorolipid Cleaning product.s, cosme.tl.cs, .fOOd
products, crude oil emulsification
. . Cleaning products,
Malle, Belgium Sophorolipid cosmetics, bioremediation
Tokyo, Japan Sophorolipid Cosmetics, personal care
Pleumeur-Bodou, France Sophorolipid Cosmetics

Tokyo, Japan Methyl-ester sulfonate Cleaning products, detergents

Fraunhofer IGB Stuttgart, Germany Glycolipid Pharmaceuticals, washing detergent
Table 5. Microbial biosurfactant-producing bacteria from marine environments. The high-molecular-
weight bioemulsifiers are included since these types of compounds have amphipathic properties that
can serve as ingredients in personal care products.

Environment Organism Type of Biosurfactant/Bioemulsifier Ref.

Sea water/sediment Alcanivorax borkumensis Glucose-lipid [157]

Oil-contaminated site Alcanivorax dieselolei Glycolipid [158]

Hydrothermal vent Alteromonas infernus Acidic EPS * [159]

Hydrothermal vent Alteromonas macleodii Sulfated EPS * [160]

Coastal pond Cobetia sp. MM1IDA2H-1 Lipidic surfactant [161]

Arctic marine sediment Colwellia psychrerythraea 34H Capsular EPS * [162]

Marine sediment Enterobacter cloaceae 71a EPS * [163]

Seawater Flexibacter sp. TG382 Glycoprotein EPS * [164]

Oil-contaminated site Gordonia amicalis LH3 Rhamnolipid [165]

Hypersaline soils Halomonas eurihalina Sulfated heteropolysaccharide * [166]

Shoreline sediment Idiomarina sp. 185 Glycolipid [167]

Surface seawater Marinobacter sp. MCTG107b Rhamnolipid [168]

Orthogenic soil Pantoea sp. A-13 Glycolipid [169]

Surface seawater Paracoccus sp. MJ9 Rhamnolipid [170]

Surface seawater Planococcus sp. XW-1 Glycolipid [171]

Seawater Pseudomonas sp. MCTG214(3b1) Rhamnolipid [172]

Hydrothermal vent Pseudoaltermonas sp. 93 Glycolipid EPS * [167]

Hydrothermal vent Vibrio diabolicus HE800 EPS* [173]

* High-molecular-weight bioemulsifier.
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Gene transfer is highly frequent amongst marine microbial communities, and as
such these organisms are provisioned with a higher genomic flexibility that allows them
to adapt to varying environmental conditions [174]. This high gene transfer frequency
could allow unique biochemistry and novel characteristics, ideal for biotechnological
applications. For example, biosurfactants from psychrophilic microorganisms have been
explored in formulations for washing products since they can work efficiently at lower
temperatures [175]. Particularly as consumer goods companies are aiming for products
to be energy saving and reduce environmental impact, such characteristics are beneficial
to meet such criteria [175]. Marine bacteria are generally mesophilic, which could be
advantageous to industrial production since less energy is required and does not require
high-temperature production. In addition, it has been noted that biosurfactants produced
from mesophiles have high levels of thermo-stability [154], a characteristic that could be
advantageous in industrial applications. Marine-derived biosurfactants have also been
shown to have antimicrobial, anti-adhesive, and biofilm disrupting properties, and for
these reasons could be suitable for cosmetics and personal care products [176]. As such,
biosurfactants are considered viable replacements to SCSs, yet the marine environment
remains relatively unexplored for microorganisms that produce these molecules.

5. The Rhamnolipids: Speeding Up the Turn in the Tide?

Rhamnolipids (RLs) are glycolipids, one of the major categories of biosurfactants.
Global interest in RL production has been on the rise due to their broad range of applications
in various industries and their excellent physicochemical properties [16,177]. RLs are
low-molecular-weight compounds of relatively simple molecular structure—i.e., they are
composed of one or two rhamnose sugars with up to two 8-hydroxy fatty acid tails ranging
in chain length (from 8 to 16 carbons). Thus, their synthesis is achieved using either just
two or three separate enzymes (RhlA and RhiB, and/or RhIC), as shown in Figure 5. The
first two enzymes are encoded by the genes rhlA and rhiB, respectively, and are located on
a single operon alongside an AHL-mediated quorum sensing system (vhIR, rhIRI), whereas
the third enzyme is encoded by rhIC, and is located ca. 2.5 Mb downstream of the rhl
operon. In comparison to other glycolipid surfactants, RLs are unique as they contain a
hydrophilic group consisting of either one or two (L)-rhamnose molecules with a glycosidic
link to a hydrophobic group made up of one or two 3-hydroxy fatty acids. RLs have two
forms dependent on the presence of one or two rhamnose molecules (Figure 5) and are
known as mono-RLs and di-RLs, respectively [178].

Among the various different types of biosurfactants, RLs stand apart [177]. This
is because high yields of production can be achieved after relatively short incubation
periods and since the primary producer is P. aeruginosa, it is easy to cultivate and is
a well-understood bacterial species [179]. Compared to other biosurfactants (tannins,
saponin, lecithin), rhamnolipids showed the best emulsifying properties in distilled water
and seawater [180]. They are widely recognized in industry as eco-compatible, ‘green’
replacements of the classic fossil fuel-based surfactants. A major and recent advancement
in the commercialization of RLs was the partnership between Evonik and Unilever to build
the world’s first industrial-scale production plant for RLs [181]. The partnership dated
back several years, when Unilever developed the first household cleaning product, Quix,
containing biosurfactants which was distributed in Chile in 2019. The success of Quix led
to another pilot release of a biosurfactant-based hand dishwash in Vietnam. Following this,
both companies intended to distribute these on a global scale, leading to a large investment
between EVONIK and Unilever in the construction of a new million-euro production
plant in Slovakia for, largely, RLs production. This demonstrates significant industry-led
commitment to these biomolecules by major global players.
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Figure 5. Pathway for the synthesis of mono-and di-rhamnolipids.

Other companies around the world that have also invested into research for producing
RLs are TeeGene Biotech (Teeside, UK), AGAE Technologies (Corvallis, OR, USA), Jeneil
(Saukville, WI, USA), and Paradigm Biomedical Inc. (New York, NY, USA) Table 4).
However, production yields of RLs by these companies is limited to approximately a couple
of grams per L of fermentation volume, as the producing strains have been stretched as
far as they can be optimized for maximal RL synthesis, and because genetic engineering
attempts to obtain overexpressing strains have been unsuccessful. Quite recently, only
EVONIK has been successful in cloning the RL synthesis pathway from P. aeruginosa into
the overexpression host Escherichia coli.

It also accomplished RL-overexpression using the chassis Pseudomonas putida, but only
overexpression of RL-producing genes in the host E. coli resulted in market entry for these
compounds. For other companies to source this RL product, this comes with a cost higher
than from having this ingredient autonomy via inhouse production. From a company’s
financial perspective, vertical integration and supply line control are valuable and preferred
over depending on other suppliers.

RLs have found usage in enhanced oil recovery (EOR) [182], agriculture [183], pharma-
ceuticals and therapeutics [184], detergent compositions, laundry products, shampoos and
soaps [185], cosmetics and skin treatments [186], and show low toxicity and antimicrobial
activities against both Gram-positive and Gram-negative bacteria [187], and as such show
promise for uses in pharmaceuticals and therapeutics [184]. The antimicrobial activities
of RLs are also a favorable property as it acts as a preservative, thereby removing the
requirement to add additional preservative ingredients to extend the shelf-life of a product.
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The RL market is expected to reach over USD 145 million by 2026 with a compound annual
growth rate of >5% [188].

Until recently, RLs were known to be produced by principally P. aeruginosa, with some
strains producing mono- or di-RLs, or both. Historically, RLs were first described just over
70 years ago from P. aeruginosa [189], thereafter becoming the key species in RL research.
Despite the vast number of reports in the literature describing RL-producing bacteria [190],
it is important to note that some publications misinform on the production of RLs from
“non-Pseudomonas” strains, either because the strains were incorrectly identified or their
produced biosurfactants were misidentified as RLs [191]. The second major microbial
RL-producers comprise species of Burkholderia [192-195], and a few other members of
the class Gammaproteobacteria, mainly species of Pseudoxanthomonas [196], Pantoea [197],
and Acinetobacter and Enterobacter [198], and have since been identified as RL producers.
In addition to varying, albeit low, quantities of RLs produced by these organisms, their
potential as pathogens in humans, animals, or plants has made them unappealing for
commercial development in various applications, especially where human/animal contact
or ingestion is involved [190,199].

Whilst RL-producing microorganisms are ubiquitous across different environments,
generally they have been isolated from terrestrial habitats. In two recent keystone pub-
lications, RLs were found to be produced by two new strains of marine bacteria that are
not related to pathogenic P. aeruginosa. 16S rRNA gene sequencing identified one of the
strains to represent a new species of Pseudomonas (strain MCTG214(3b1)) that is unrelated
to pathogenic P. aeruginosa [172]. The strain was found to express RL synthesis genes rhlA
and rhiB, although no rhlC homologue was identified. The study also found the strain
produced a significantly high level of short-chain di-RLs, the first to have been described
in a non-pathogenic marine Pseudomonas species [172]. The other study identified a RL-
producing Marinobacter species, and optimization of culturing conditions to optimize RL
production found that it could be cultured in cheap and renewable feedstocks [168]. In
these studies, RL synthesis by each of the two strains was confirmed by analytical methods
(e.g., NMR and GC/MS) and bio-molecular tools (e.g., qPCR) [168,172], and their produced
RLs were subsequently shown to be non-cytotoxic or mutagenic [200]. These characteristics
present these two strains as excellent candidates for the development of a microbial chassis
for the heterologous overexpression of RLs. These RL-producing strains, which were
isolated from the marine environment, represent the first non-pathogenic RL-producers,
as P. aeruginosa and the other above-named RL-producers are known pathogens or can
turn pathogenic under certain conditions [168]. This opens up a huge opportunity to
develop the overexpression of these biomolecules for use in applications whose doors
have for so long been closed off because the producing organisms, or the native sources
of RLs, display pathogenicity. The overexpression of RL production using the genetic
pathway encoded by organisms other than pathogenic P. aeruginosa (cf. production of
RLs by EVONIK in collaboration with UNILEVER) has not been completed before, thus
representing a unique opportunity (discussed in the next section below) to attempt this and
which could open new opportunities for using RLs in a much wider field of applications
than is currently happening.

6. Genetic Engineering: The Most Promising Road to Market?

Microbial biosurfactants have enormous potential in commercial products, and many
published reports proclaim biosurfactants from microorganisms as viable alternatives to
replacing fossil fuel-derived SCSs. However, the major setback to their commercialization
is the cost competitiveness compared to SCSs which, quite often, the latter are significantly
cheaper to produce. All current commercially available microbial biosurfactants—i.e.,
sophorolipids, mannosylerythritol lipids, RLs, and surfactin—are derived from industrial
fermentation based on renewable raw materials. These four biosurfactant types currently
occupy only small market niches because their upscaled production, via mainly optimiza-
tion of the fermentation conditions, has been marginal compared to the non-optimized
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strain. To obtain higher yields (from mg/L to g/L of biosurfactant per L of fermentation
medium), history shows that genetic engineering, such as cloning of the respective biosyn-
thetic pathway in a competent host, is duly necessary to circumvent the limitations that are
inherent in the wild-type producing strain. However, the expertise in genetic engineering
and funding to support this is commonly a limiting factor to achieving this.

Before delving into the genetic engineering possibilities, we would like to summarize
some of the options that have commonly been attempted for upscaling the production
of biosurfactants, including that of the RLs, as these options are generally cheaper and
systematic for almost any lab around the world to use. The biggest limitation in introducing
biosurfactants into consumer products is cost, and this can only be achieved when profit
is achieved. In general, studies have determined mg/L yields of biosurfactant, which
is extortionately low compared to g/L yields of SCSs [154]. Microbial production of
biosurfactants can be increased by optimization of growth conditions, but the cost of raw
materials for RL fermentation is estimated to be approximately 50% of the total production
costs, and as such this makes it difficult for these and other biosurfactant classes to compete
economically with SCSs [144]. Many studies have investigated the use of waste and
renewable substrates as a carbon source (e.g., mannitol, glucose, glycerol, n-paraffin, n-
alkane, polycyclic aromatic hydrocarbons, or vegetable oils) to reduce the production cost
of RLs [201-204]. The use of such waste materials has other benefits, such as in circularity
of economics and waste management. Despite this, not much progress has been made
on commercial upscaling of biosurfactant production using waste feedstocks. It is also
noteworthy that whilst many published reports on biosurfactants note that the cost of raw
or waste feedstocks contribute a significant cost to the overall economics of production,
this is possibly still a small fraction compared to the costs of energy required for prolonged
periods, as when running a multi-day fermentation.

Another way of reducing total production costs is by addressing the downstream
process as this has the largest impact, accounting for approximately 80% of the total
production costs [205]. The recovery and purification of RLs usually involves the use of acid
precipitation and organic solvent extraction [147,205]—chemicals which, in large volumes,
contribute a significant expense from their purchase and also for their appropriate disposal.
In addition, the use of such chemicals can result in reduced biosurfactant activity and
undesirable product aggregation [206], as may be affected by the biosurfactant molecule’s
ionic charge, water solubility, and location of the product [15]. How much processing is
involved will of course depend on the intended application of the respective biosurfactant,
and as such affect the cost of production [207]. For low-cost applications which do not
require a high-purity product, such as in oil recovery, RLs can be recovered directly from
fermentation broth, and there is research exploring the use of a cell-free fermentation broth
in place of purified RLs for industrial applications [208]. A low-cost, integrated foam
fractionation process has also been proposed, resulting in relatively high-purity RLs [209].

Of all avenues to tackle the problem of production costs, genetic engineering is un-
questionably the most promising, and history holds testament to this by the fact that most
antibiotics, therapeutics, pharmaceuticals, and other compounds are today produced by
a recombinant overexpression system. As noted earlier, P. aeruginosa is the most studied
RL-producing strain, and as such this species has been the focus for increasing RL yields
by genetic engineering. The two main approaches in this respect have involved either the
introduction of genes that promote RL production, or the deletion of genes that inhibit
RL production. The introduction of the strong promoter of the oprL gene to the RL genes
rhlAB increased the copy number of rhlAB genes and the engineered strain produced a
higher yield of RLs [210]. Alternatively, it was found that deletion of the cpl/X and lon
genes, which expresses the negative regulators of quorum sensing in P. aeruginosa, was
found to increase RL production since RL biosynthesis genes are closely linked to the
quorum-sensing mechanism in this organism [211]. Whilst these are promising approaches,
as they have led to reported increases in RL yields, there is still the problem relating to the
pathogenicity of the strain which can severely limit its application, especially in certain
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industrial sectors. Yet even with non-pathogenic strains of marine or terrestrial origin,
quite often the biosurfactants they produce have not reached a commercial endpoint due to
low yields, as well as insufficient structural elucidation and uncharacterized genes [154].
One method of tackling this could be by removing the pathogenic trait of the strain [16].
The synthesis of pyocyanin, a secondary metabolite of P. aeruginosa which interferes with
multiple cellular functions, is the cause of its pathogenicity [212] and inhibition of its
synthesis is suggested to remove its pathogenic trait. This could be achieved by inhibiting
the synthesis of the precursors involved in the expression of phzABCDEFG and phzHMS,
which are the genes involved in the synthesis of pyocyanin [213]. More research would be
required to assess the effects of removing the pathogenicity of the strain on RL production
for the recombinant strain to have potential in industrial applications.

E. coli is one of the most characterized and commonly used chassis in recombinant
technology. Undoubtedly, it has played a pivotal role in developing the tools we use
today in synthetic biology since E. coli was one of the primary species these tools were
built upon [214]. For the recombinant production of RLs, as a microbial chassis E. coli
could be suitable since it has been highly characterized and proven to be useful for many
industrial biotechnological applications. However, there is an apparent requirement for
new chassis to advance metabolic engineering across numerous applications. In recent
decades, bacterial species, including P. putida and Bacillus subtilis, have been extensively
characterized with many defined genetic toolkits developed for these species for metabolic
engineering [215,216]. For example, P. putida KCTC1067 expressing both rhlAB and rhil
was reported to produce 7.3 g of RL per L of fermentation medium [217]. Although, it
should be noted that it has been found to be difficult to overproduce RLs in heterologous
hosts. This was made evident when comparing the results of one study aiming to express
rhlAB to produce mono-RLs and HAAs, which resulted in 0.25 g/L using an E. coli chassis,
and 0.6 g/L with Pseudomonas fluorescens [218], to another study where both rhlAB and
rhIBDAC were introduced into E. coli, and a yield of 120.6 mg/L was achieved [219]. Since
the precursors to RL biosynthesis are derived from central metabolic pathways native to
P. aeruginosa, heterologous hosts may not have the essential genes required to synthesize
these precursors, and as such it is more difficult to overproduce RLs. Considering these
limitations, a highly characterized pseudomonad would be a more suitable option for the
heterologous expression of RLs compared to E. coli, and other non-pseudomonad species,
since the central metabolic pathways will have more similarity or compatibility. Once a
suitable candidate for heterologous expression of RL genes has been identified and with
more research optimizing the strain for RL production, it could be possible to develop an
industrially viable process for high RL production in the future [220].

7. Conclusions

The abundance of products and widespread applications of SCSs means their presence
in sewage effluent is omnipresent. In the Mississippi River alone, concentrations of LAS
along the river ranged from 0.1 to 28.2 ug L1 [27] indicating the volume of SCSs enter-
ing the marine environment is extensive and is even likely to be undervalued. SCSs are
detrimental to aquatic organisms, human health, and the environment in general, as they
can cause complications in pregnancy, obesity, and cancer [97,100,107]. The occurrence of
these chemicals in the environment is mainly associated with their incomplete removal at
WWTPs, leading to their unmitigated release, including that of their by-products, into the
oceans. Proper removal of SCSs at WWTPs is one approach to tackle this problem, but it
would be far more effective to replace SCSs with a greener and environmentally friendly
alternative(s), particularly with increasing public demand for this considering these pollu-
tants are recognized to inflict detrimental damage to marine life and ultimately find a route
to human consumption. As well as the toxicity of SCSs, there is a worldwide push to move
away from a dependence on finite resources, including fossil fuels, to produce materials and
chemicals like SCSs. Surfactants from biogenic sources (biosurfactants), and in particular
the RLs, are seen as promising alternatives to SCSs since they are biodegradable, non-toxic,
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and can be produced from renewable resources—ideal characteristics toward implementing
more eco-conscious products into industrial and domestic usage.

From a production standpoint, microbial biosurfactants are more sustainable than
those from other sources. Microorganisms are also more genetically diverse than, for
example, higher animals and plants, and different species of microbes have been shown
to be excellent sources of novel biosurfactants. Despite this, the uptake of microbial
biosurfactants by industry falls significantly short compared to their synthetic chemical
counterparts, due mainly to the costs of production and low yields, making them eco-
nomically uncompetitive compared to SCSs. In order for microbial biosurfactants to reach
a commercial endpoint, production costs and yield must be optimized. To achieve this,
marine microorganisms have been considered a highly promising source for the discovery
of biosurfactants, as well as other types of biomolecules. Whilst there are several methods
that are currently being explored to reduce production costs, such as via the use of waste
and renewable substrates/feedstocks as a carbon source for the producing organisms, or by
optimizing the downstream process, the most promising approach going forward in this
respect is considered to be genetic engineering. Various genetic engineering approaches,
particularly for microbial RLs production, have been explored in order to improve yield,
such as via the deletion of non-competitive genes or the introduction of genes to promote
RLs synthesis. However, much more research is needed for achieving the overexpression
of RLs to meet commercial demand. The heterologous expression of RL genes derived
from marine organisms could be a promising solution to the limitations of microbial bio-
surfactant production, but a highly characterized synthetic biology chassis will need to
be identified for an industrially viable process for high RL production. Advancements in
synthetic biology coupled with the growing demand for biosurfactants will undoubtedly
see RLs become more commercially viable, perhaps not so far into the future.
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