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Biosurfactants — Nature’s Solution for
Today’s Cleaning Challenges

Jakob J. Mueller* and Hans H. Wenk

Abstract: Biosurfactants are surface-active molecules, developed by nature through evolution and naturally
produced by different microorganisms. The most prominent examples are rhamnolipids and sophorolipids, mol-
ecules which contain hydrophilic sugar head groups and hydrophobic alkyl residues leading to an amphiphilic
behavior with unique properties. Recent developments in the field of biotechnology enable the large-scale pro-
duction of these biological molecules. The raw material basis is 100% renewable since sugars and oils are used
as major raw materials. Additionally, biosurfactants are fully biodegradable, which allows the path back into the
natural cycles. In comparison to established standard surfactants like SLES/SLS (sodium laureth (ether) sulfates)
or betaines, rhamnolipids are much milder and, at the same time, show similar or even better performance in
household or personal care applications. Foam behavior, solubilization and cleaning effectiveness are examples
where these natural substances give excellent results compared to the synthetic benchmarks. The commercial-
ization of biosurfactants at industrial scale now offers alternatives to consumers seeking sustainable solutions,
without compromising performance. Biosurfactants combine both and set a new standard for surfactant ap-
plications.
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1. Introduction

Biosurfactants are amphiphilic molecules naturally synthe-
tized by biological organisms like microorganisms, plants, and
animals.['l Usually, these substances contain at least a hydrophilic
head, and a lipophilic tail group. The combination of both groups
and their specific hydrophilic-lipophilic balance defines their
unique physical properties. Due to their amphiphilic nature, bio-
surfactants move and act on phase boundaries, leading to changes
of surface tension, having effects on foam behavior, or improv-
ing the solubilization of oils and fats in aqueous solutions.?! All
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these features play an important role in numerous personal and
household care applications, products used by all of us in our
daily life. One basic characteristic of biosurfactants is their natural
origin. Microorganisms like Pseudomonas aeruginosa can pro-
duce rhamnolipids,34! a type of molecule consisting of one or two
rhamnose units and one or two hydroxy fatty acids with different
alkyl chain length (Fig. 1). For the biosynthesis, the organism
needs only raw materials like sugars, oils and fats and the product
can be considered 100% biological — an important criterion in
consumer perception. Pushed by the current discussion about cli-
mate change, the increasing awareness about our own health and
sustainable production of food and consumer products, there is a
rapidly increasing demand for renewable, natural, and sustainable
ingredients.

o o) OH
HaC 0
HO o) o)
HO
HiC 0
HO
HO  On

Fig. 1. Chemical structure of a di-rhamnolipid molecule. It consists of
two rhamnose units, linked via an ether bond with two hydroxy fatty acid
residues. Usually, the chain length of the hydroxy fatty acids is between
C8 and C12. The final acid function gives the molecule an ionic behavior
with a pH dependency.

For the past century, the cleansing properties of most house-
hold cleaning and cosmetic products have been based on surfac-
tants derived from petrochemical sources. In response to shifting
consumer demand towards sustainable products, this fast-growing
$40 billion global market for surfactants is now undergoing a rap-
id transition towards green surfactants that are fully biodegrad-
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able, minimize CO, emissions and are not harmful to aquatic or
other natural organisms.!

However, early generations of bio-based surfactants developed
since 2000 have faced several challenges relating to raw material
sourcing and manufacturing that constrict their green credentials.
Most of all, there have been few, if any, bio-based surfactants
that have been able to generate the cleaning and foam-generating
functional properties of traditional raw materials. These unmet
market needs are addressed by several players in the chemical
industry, however only a few have commercialized the products
with respective amounts, necessary quality, and functionality.[®]
Multi-ton quantities of sophorolipids and rhamnolipids are al-
ready available today and used for example in different hand
dishwash and cosmetic applications (Fig. 2). A world-scale-plant
to produce rhamnolipids is currently in the planning and imple-
mentation phase.l”!

2. Technology

Nature developed biosurfactants by evolution: they play a spe-
cific role for the organisms synthetizing them.[®! This function in
nature does not necessarily follow the logic of an industrial pro-
cess, since the focus and intentions are different. Therefore, usu-
ally the organisms need to be optimized to provide higher yields
and form fewer unwanted by-products, which is done by well-
known approaches like directed evolution,!! random mutagen-
esis, rational approaches and specific gene transfers, e.g. by new
technologies like CRISPR/Cas.l!% The target of the production
process is to achieve a certain product quality with an adequate
technical effort, directly correlated to the production costs. For
the industrial production of the rhamnolipid product, a biotech-
nological process is used, which consists of a fermentation, fol-
lowed by a downstream process (Fig. 3). In the fermentation step
the microorganisms are converting sugars into the target product.
The sugar is usually obtained from corn, which is converted to
dextrose syrups by wet milling or dry milling processes. The uti-
lization of sugars from plant residues or other waste streams is
under investigation for biosurfactant production!!!-12I with further
potential to improve the overall sustainability profile.[13] As the
production host, Pseudomonas putida, a non-pathogenic organ-
ism, is used. The product, a mixture of different rhamnolipids, is
excreted to the liquid phase of the fermentation broth. Reaching
high titers in this process is challenging, since the product triggers
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the formation of foam, which becomes even more challenging in
aerated bioreactors, the industrial standard for aerobic fermenta-
tion processes. There are several approaches to deal with this issue
including using mechanical foam breakers, antifoam addition or
adjusting the process conditions like pressure and aeration. After
the fermentation phase the cells are inactivated and removed from
the fermentation broth. This byproduct can be treated in anaero-
bic wastewater treatment processes for biodegradation and biogas
formation. In the following downstream process, the rhamnolip-
ids are separated and purified from the fermentation broth to a
high concentrated and highly pure aqueous solution.

3. Specific Properties of Biosurfactants

Biosurfactants are produced by renewable raw materials, like
sugars or oils and fats. These basic raw materials make them
100% renewable, which is a strong argument in times where cus-
tomers are demanding more sustainable products.'4l Additionally,
no tropical oils are used, unlike in the group of biobased sur-
factants. But a sustainable product alone is not enough, the per-
formance and economics of biosurfactants needs to be at least a
similar level compared to chemical equivalents. In this case, bio-
surfactants must compete with established molecules like sodium
laureth ether sulphate (SLES, SLS) or betaines. In this section,
three examples are presented showing the unique properties and
strong performance of rhamnolipids.

3.1 Aquatic Toxicity and Biodegradability

For every product produced today, it is important that its sub-
stances can be degraded and fed back tonatural cycles. Additionally,
the amphiphilic behavior can have certain toxic effects on living
organisms. Rhamnolipids, due to their natural background, show
a significantly lower aquatic toxicity and a maximum biodegrad-
ability compared to other standard and widely used surfactants.
To test the acute effects on water organisms, the water organisms
Daphnia magna (small crustacean, common name water flea) and
green algae Pseudokirchneriella subcapitata were selected. For
both organisms, the EC50 (half maximal effective concentration)
and No Observed Effect Concentration (NOEC) values were de-
termined, which are standard tests for the determination of eco-
logical toxicity. For the organism Daphnia magna, no increased
mortality up to a concentration of 94.6 mg rhamnolipid per liter
after 48 hours was detected (acute NOEC value). The EC50 value
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Fig. 2. Why are biosurfactants unique? Biosurfactants are based on renewable resources and the production technology is based on a biotechno-
logical process. The challenges with large-scale production were overcome recently and all signs point in the direction of a significant increase in

market share in the coming years.
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was estimated to be >196 mg rhamnolipids per liter. For the green
algae Pseudokirchneriella subcapitata, the acute toxicity was de-
termined within 72 hours. No growth or yield inhibition was de-
tected for the product concentrations used. Therefore, the NOEC
value was calculated to be >220 mg rhamnolipid product per liter
(based on an 84% pure rhamnolipid product). The EC50 value is
based on the same value but is referred to as a 100% rhamnolipid
product. This led to an EC50 value of >185 mg rhamnolipid per
liter. Comparing these numbers with the ecological toxicity re-
sults for the surfactants SLES 1EQO (sodium laureth ether sulfate),
alkyl poly glycosides (APG) C10-16, cocoamidopropyl betaine,
sodium cocoyl glycinate and disodium cocoyl glutamate, differ-
ences are observed (Fig. 4). The surfactants shown have EC50
values in the range of approximately 2—-60 mg/L and NOEC val-
ues between approximately 1-22 mg/L. Rhamnolipids indicate

Fig. 3. Process overview. To pro-
duce rhamnolipids, natural sugars
are used. These are extracted
from plant material (e.g. starch
from corn) (1). In the fermentation
step, the sugar is converted to
the product (2). The product is
purified in a dedicated down-
stream process (3). After storage
and application, the product, due
to its biological degradability, is
fed back to the natural cycles (4
and 5).
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significantly better EC50 and NOEC values for both organisms
compared to the above-mentioned standard surfactants. These re-
sults confirm that rhamnolipids have a significantly lower impact
on aquatic organisms and show better bio-compatibility. At the
same time, rhamnolipids are 100% biodegradable either via aero-
bic or anaerobic degradation. Those aspects make rhamnolipids
the perfect solution for many applications. Using materials with
a biological origin and simple biodegradability is important for
products which are rinsed off, like shampoos and washing so-
lutions. Rhamnolipids have valuable advantages for the aspects
presented here and outperform well-established products.

3.2 Mildness
The cleaning behavior, solubilization, and foaming behavior
are typical and important performance indicators of surfactants.
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Fig. 4. Comparison of aquatic toxicity and biodegradability for different industrial relevant surfactants. Rhamnolipids show the lowest aquatic toxicity

and are 100% biodegradable.
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In cases where the surfactant meets human skin, eyes and mu-
cosa, the product mildness also plays an important role. In an ideal
world, the surfactant performance and mildness should go hand in
hand and not be compromised. The interaction of biosurfactants
with proteins, known as sensitive molecules with regard to tem-
perature or pH, is a common indicator for surfactant mildness. It
can be measured by the red blood cell or Zein test, where dena-
turation effects on specific proteins are analyzed. Rhamnolipids
show a significantly higher L/D value (lysis-to-denaturation ratio)
in the red blood cell test compared to standard surfactants (Fig. 5),
which is an indication of significant lower protein denaturation.
The same result was obtained when the surfactants were added to
a suspension containing the maize protein Zein. A reduction of
turbidity is a sign of denaturation, since the denaturated Zein has a
better water solubility compared to the native form. Rhamnolipids
show reduced interaction with the chemical structure of proteins
compared to standard surfactants, here shown for sodium laureth
ether sulfate and cocoamidopropyl betaine (Fig. 5). These results
demonstrate the superior behavior of rhamnolipids in terms of
mildness and low protein interaction, which is reasonable, since
due to their natural origin from microorganisms, a negative effect
on enzymes and proteins would be a disadvantage in evolution.
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This property is a significant advantage for applications like
shampoos, hand soaps, but also manual dishwashing detergents,
where the human skin is in direct contact with the surfactant.

3.3 Foam Behavior

Formation of foam is an important performance parameter for
cleaning solutions and specific cosmetic applications. Consumers
prefer products with good and long-lasting foam formation in the
field of hand dishwashing, shampoos and shower/bath products.
Foam supports the sensory sense of cosmetic and cleaning prod-
ucts and is a strong indicator for a good quality cleaning per-
formance. The foam structure and stability are usually analyzed
to compare the performance between different products. In the
Dynamic Foam Analyzer (DFA) method (Fig. 6), it has been con-
firmed that rhamnolipids give a dense and stable foam, which is
comparable to industrial-standard products like sodium laureth
ether sulphate (SLES) and cocoamidopropyl betaine (CAPB).
Also, for the foam kinetics, which can be analyzed by a SITA
foam tester (SITA lab technologies), the required energy input for
getting to a high volume in rhamnolipids is lower than for standard
surfactants (Fig. 6). That makes the foam formation more efficient
and quicker.

Zein test results
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Fig. 5. Mildness comparison for different surfactants. The mildness was measured by the red blood cell and the Zein tests, both tests indicate the
protein denaturation impact. Rhamnolipids show significantly reduced protein denaturation compared with different standard surfactants in both
tests. CAPB = Cocoamidopropyl Betaine; SLES = Sodium Laureth Sulfate; % = % active matter.
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Fig. 6. Foam structure and foam kinetics of rhamnolipids with different standard surfactants like SLES (sodium laureth ether sulphate), CAPB (co-
coamidopropyl betaine) and other. The foam forming kinetic is faster and the foam structure is denser, both indicators for a good cleaning and ap-

plication performance.
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4. Summary and Conclusion

Industrially produced biosurfactants are a class of surfactants
based on renewable resources and green and biological produc-
tion technologies that have become newly commercially avail-
able. Recent breakthroughs in technology enable the large-scale
production of biosurfactants like rhamnolipids and sophorolipids.
In contrast to examples where compromises must be made when
changing to alternative green and renewable products, rhamno-
lipids offer excellent technical, sensory and sustainability perfor-
mance. Additionally, rhamnolipids show significant advantages
in the field of mildness, biodegradability and lower eco-toxicity.
This makes this product much more compatible with nature and
enables it to enter the natural recycling streams. The strong cus-
tomer demand for clean and renewable solutions, especially in
cosmetics and cleaning applications, led to a significant increase
of market growth for biosurfactants. The availability of commer-
cial production processes is a major game changer in supporting
this development. We are at the beginning of a new era for renew-
able, green and effective surfactant solutions with an expanding
product portfolio, inspired by nature.
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