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Abstract: The cosmetic segment is a rapidly growing industry that has been challenged in recent
years due to the origin and impact of its ingredients and manufacturing techniques. With a focus on
reducing carbon dioxide emissions and improving the degradability of products, many conventional
ingredients are being dismissed to meet more exigent regulations and consumer ethical demands.
Biotechnology, and fermentation as the core technology, is a solution to support and drive more sus-
tainable growth for the cosmetic industry. This review presents the latest research and development
in fermentation applied to cosmetics and showcases multiple examples throughout all classes of
ingredients: from functional compounds, such as oil and surfactants, to multi-faceted molecules with
a wide spectrum of formulations and skin benefits derived from their emulsifying, antimicrobial or
antioxidant properties. The bottlenecks associated with the commercialization of such ingredients,
together with successful examples, are also discussed. The shift towards a bio-based beauty industry
requires a combination of technical, regulatory and marketing efforts. Fermentation strategies to
better utilize low-cost substrates and optimize microorganisms and processes will reduce overall
costs, reducing the price gap with traditional methods of production. The testing, standardization
and regulation of these new ingredients need to catch up with the fast research happening in the field.
Finally, consumer communication is key to achieve a successful introduction of biotech ingredients in
the market.

Keywords: biotechnology; skin care; sustainability; circular economy; bioprocesses; microorganisms;
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1. Fermentation: An Ancient Technology with a Prosperous Future

Biotechnology can be generally defined as the application of scientific and engineering
principles to the processing of materials using biological agents. Bioprocesses are commonly
defined as (specific) biochemical reactions carried out by living cells or their components
and whose objective is the production of desired components. The metabolic process that
converts certain organic substrates to products is called fermentation and, thus, is the heart
of bioprocessing [1].

Although the word fermentation is more popular than ever, the use of living organisms
(or their parts) to generate desired products has been practiced since the dawn of civilization.
It is known that ancient Egyptians were regular consumers of fermented beverages, such
as beer, wine or mead. Other fermented products such as tofu, tempeh, natto, bread, kefir
and cheese have been essential for diets in Eastern and Western cultures for centuries [2].

Today, fermentation offers sustainable solutions for many industries, ranging from
pharmaceuticals and food to the textile and construction sectors, the production of chemi-
cals, consumer goods and energy. The dependance on renewable feedstocks (biomass) and
normally mild operation conditions (temperature, pression) make fermentation a process
with a much lower environmental footprint than conventional (petro)chemical synthesis.
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Feedstocks can be in the form of crops (with the consequent uptake of carbon dioxide
during growth), by-products or wastes from other industries or sometimes even carbon
dioxide itself [3,4]. This fact aligns perfectly with the axiomata of the circular economy
and represents a great asset in the reduction of greenhouse gas emissions. The cosmetic
industry is a rapidly growing business (valued at USD 262 billion in 2022 and forecast to
expand at a compound annual growth rate (CAGR) of 4.2% until 2030 [5]) with, in many
cases, an arguably expansion required to obtain virgin raw materials.

As for the food market, the interest in fermentation for the cosmetic sector emerged in
Asia (mainly Korea, Japan and China). A more traditional awareness and acceptance of
fermented foods’ benefits was probably what extended the application of fermentation to
cosmetics in a natural and logical manner. One of the first best-selling cosmetic ingredients
was Pitera by Procter & Gamble’s Japanese SKII. According to the International Nomencla-
ture of Cosmetics Ingredients (INCI), Pitera is actually Galactomyces ferment filtrate. The
company claims that after realizing that the hands of elderly women working at a sake
brewery were soft and youthful-looking, they started examining the potential of yeast
fermentation by-products as potent anti-aging ingredients [6].

With the advent of chemistry and technology, the production of cosmetics moved away
from natural ingredients (such as goat’s milk or honey) to synthetic chemicals that can be
produced on a large scale. However, this trend is reversing, and consumers are demanding
natural products that are safe, respectful to the environment and do not compromise future
generations. At the same time, fermentation has emerged as a technological field disrupted
with new innovations which enable more efficacious ingredients. Skin-related benefits
from fermentation are attributed to different factors. During fermentation, substrates
(such as soybean or wheat bran) are broken down to smaller molecules, increasing the
bioavailability of nutrients in the final fermented product. In other words, good molecules
“trapped” in the substrate structure are liberated after fermentation and become available
and prone to be absorbed by the skin. Secondly, numerous reactions happening in the cells
are responsible for the formation of multiple metabolites, many of which occur and can be
recognized in our own body. For example, fermentation can result in organic acids such as
malic, fumaric and citric acids. These are intermediates in the Krebs cycle and act as quick
energy substrates for skin-cell mitochondria. They act also as essential mineral (Ca, Mg,
Zn, Cu) chelator agents, which in turn reduces the toxicity of skin care formulations [7].

Furthermore, it is the value of fermentation delivering on sustainability pledges which
will make biotechnology the future of many fields, including the skin care segment. New
policies around bioeconomy are already putting pressure on the market to use bio-based
and biodegradable materials. It was, for example, the need to eliminate non-degradable
microplastics from formulations that pushed the development of bioplastics. As depicted
in Figure 1, the number of scientific publications produced on the topic of fermentation
related to cosmetics has exponentially grown in recent years, which reflects the interest of
using biotechnology in skin applications. The objective of the present review is to showcase
how fermentation can provide the cosmetic industry with countless alternatives to replace
controversial ingredients. The advantages and limitations in the development of some of
these alternatives are critically described.
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Figure 1. Scopus search with “fermentation” and “cosmetics” in the title, abstract or keywords.
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2. Introduction to Cosmetic Formulations

The skin is the largest organ in the human body and acts as a protective shield
against external aggressors, enables tactile sensation and oversees the regulation of body
temperature, among other functions (vitamin D synthesis, wound healing, skin flora).
The skin consists of three functional layers: epidermis, dermis, and subcutis/hypodermis.
The epidermis is the uppermost skin layer and hence the first line of defense against the
environment. The most exposed 0.015 mm of skin constitute the stratum corneum, which
is composed of a laminated structure formed by the corneocytes (brick) and specialized
lipids (ceramides, fatty acids, sterols) that bind the cells together as a kind of mortar [8].

Cosmetics can be defined as any substances or mixtures intended to be placed in
contact with the external parts of the human body (epidermis, hair system, nail and
external genital organs) or with the teeth and the mucous membranes of the oral cavity
with the exclusive or main intention of cleaning them, perfuming them, changing their
appearance, protecting them (including sun tanning), keeping them in good condition
or correcting body odors [9]. It is important to remark that this definition includes not
only items fulling specific actions such as skin whitening or minimizing the appearance
of lines in the face and body, but also important products such as toothpaste, sun cream,
washing gels and deodorants, which are essential according to our modern hygienic and
healthy habits.

Skin care formulations, often referred to as creams, are often water in oil, oil in water
emulsions or hydrogels. An emulsion is a dispersion of two immiscible liquids (e.g., oil
and water) that do not dissolve in each other. To stabilize the dispersed liquid, they require
one or more emulsifiers, which are small molecular surface-active substances. Hydrogels
are three-dimensional polymeric networks held together by cross-linked covalent bonds
and weak cohesive forces in the form of either hydrogen bonds or ionic bonds [10]. Several
raw materials are thus used in cosmetic preparation and are selected to comply with
regulations which may vary and depend on a region and/or country. The most common
types of molecules besides water, together with their function in skin care formulations, are
presented in Figure 2.
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Figure 2. Role of the main ingredients contained in a skin product in the form of emulsion.

3. Fermentation in the Cosmetic Industry

Fermentation is no stranger in Western cosmetics neither [11]. Very well-known
brands and cornerstone ingredients are manufactured via fermentation, e.g., ubiquinone
(Q10), hyaluronic acid and resveratrol. Ubiquinone is a co-enzyme produced by the
human body with an important function in cellular energy production [12]. Microbial
production of the coenzyme Q10 has become a research topic with an increasing interest for
pharmaceutical and cosmetical applications. Hyaluronic acid is a very popular moisturizer
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and anti-aging compound that can be extracted from animal sources or produced via
fermentation. Similarly, resveratrol is a secondary metabolite produced in plants that
can also be synthesized by yeasts such as Saccharomyces cerevisiae or Pichia pastoris. Other
functional and very common ingredients such as xanthan gum and lactic acid (LA), used
as a thickener and a preservative, respectively, have been included in formulations for
decades [13,14].

As we can see, sometimes fermentation is the only process to produce a molecule; other
times, chemical and biological routes lead to the same compounds and the latter is often a
more sustainable approach. In fact, fermentation enables the switch from extracting raw
material to growing ingredients under controlled conditions. A good example to showcase
the environmental advantages of biotech production is the case of squalene. Traditionally
sourced from shark liver and later replaced by an impure/inconsistent olive-derived squa-
lene, this natural emollient can be instead manufactured via sugarcane fermentation [15].
The main benefits of fermentation-based production in skin care are shown in Figure 3.
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Figure 3. Possible advantages of fermentation-derived ingredients for cosmetic purposes compared
to conventional chemical counterparts.

The beauty of fermentation and the incredible potential in skin care is related to
the enormous portfolio of ingredients that can be synthesized by microorganisms and
be suitable for a wide range of cosmetic products. Table 1 shows examples of the main
ingredient classes. Although there are some recent reviews on this topic in the literature, the
majority focus on active ingredients or plant extracts [16-19]. The present work instead aims
to provide a more complete overview on the different molecules and functionalities possible
within fermentation, highlighting the additional benefit brought through its incorporation
into a skin care product. A chemical substance can play many different roles in skin care
formulation, e.g., film former, rheology modifier or emollient. For practicality, we decided
to group fermented molecules by the function they have in the final product and not based
on their chemical structure. In this way, the reader can find under the same section, for
example, the different biomolecules that act as emollients.
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Table 1. Examples of fermentation-derived products with application in the cosmetic industry.

Type 2 £ Product Producer Organism Substrate Titer Reference
Ingredient
Emollient Microbial oil Candida curvata Cheese whey 15.6 g/L [20]
Humectant Lactic acid Lactobacillus rhamnosus Kitchen waste 60g/L [21]
. . Cottonseed molasses
Surfactant Sophorolipid Starmerella bombicola and cottonseed oil 58.4¢g/L [22]
Thickener Gellan gum Sphingomonas paucimobilis Rice bran 12¢g/L [23]
. . Recombinant
Active Human-like collagen Escherichia coli Glucose 9.68 g/L [24]
Pigment B-carotene Dunaliella salina Seawater 25mg/L [25]
Aroma Vanillin Recombinant Isoeugenol 28.3g/L [26]

Escherichia coli

4. Emollients

Emollients constitute the largest ingredient group (volume-wise) in skin care products
and are generally responsible for the main carbon emission contribution. They can comprise
between 5 to 30% of an oil-in-water formulation [27]. Emollients are used to soothe
and maintain hydration of the skin through creating a hydrophobic protective layer that
prevents water loss. From a chemical point of view, they can have diverse structures: fats
and oils (triglycerides and fatty acids), hydrocarbons, esters, ethers, alcohols, siloxanes and
silanes (precursors of silicon) [28]. In recent years, many oil-derived emollients (e.g., mineral
oils and silicones) have been replaced by naturally sourced compounds (e.g., vegetable
oils and waxes). Although this reduces fossil fuel dependance, indiscriminate usage of
such compounds has put pressure on the sustainability aspect of their sourcing. Palm oil,
with a global production of 70 million tons per year [29], is a perfect case to illustrate the
deforestation and loss of biodiversity caused by one of the most common vegetable oils used
in cosmetics [30]. Biotechnology offers solutions for the production and transformation
of emollients that can contribute to greenhouse emission savings, not requiring extensive
land use and not competing with food purposes [31].

Algae and oleaginous yeasts (lipid content can exceed 20% of the dry biomass weight)
have been extensively researched for their natural capacity to accumulate lipids, often
as survival mechanisms to cope with stress conditions such as lack of carbon sources or
nutritionally unbalanced growing environments [32,33]. Advances in microbial production
from microalgae, fungi and bacteria for the synthesis of the major emollient types are
described next.

4.1. Hydrocarbons

Hydrocarbons, used as emollients, are generally saturated with more than 16 carbon
atoms in their molecules. These are normally mineral oils produced from petroleum with
high stability, tolerability and an affordable price. Bioproduction of hydrocarbon in bacteria,
although possible, has some inherent challenges and most of the research in the area is di-
rected to the production of jet fuels and diesel [34]. Nonetheless, there are some examples of
hydrocarbons synthesized through biological means intended for use in personal care. Global
Bioenergies has developed a process to produce isobutene from renewable resources (agricul-
tural feedstock and residues) via a genetically modified microorganism. The fermentation
product can be later processed into other derivatives such as polyisobutenes [35]. The threats
associated with establishing bio-based hydrocarbon production from cheap feedstocks relate
to the cost of developing efficient and robust microbial cell factories and establishing more
efficient routes for biomass hydrolysis to sugars [36].
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Squalene

Previously mentioned as an already-available biotechnological cosmetic ingredient,
squalene is a naturally occurring isoprenoid compound and has been discovered as a basic
intermediate in the biosynthesis of sterols, hopanoids and triterpenes as well as a key
precursor in cholesterol production [37]. The addition of several organic supplements
and genetic modification of microbial strains to, for example, achieve an overexpression
of rate-limiting enzymes, has been attempted to enhance the squalene content and to
reduce production costs derived from the lower microbial content compared to plants
such as Amaranthus seed oil and olive oil [15,38]. Xu et al. engineered Rhodopseudomonas
palustris to use as a host organism for squalene production due to its natural ability to
grow photosynthetically [39]. The biotechnology company Apprinova has commercialized
Brazilian-sugar-cane-derived squalene under the trade name Neossance, which is a stable
and lot-to-lot consistent, highly pure hydrocarbon, as opposed to natural-based squalene
from plants (olive) or animals (shark) which typically has high levels of impurities [40].
Microbial processes relying on metabolically engineered Yarrowia lipolytica and S. cerevisiae
strains can overcome the limitations of native producers (slow growth and low titers) [41].
A shorter alkane (C13-15) produced through fermentation (hemisqualane) and commercial-
ized with the name Neossance Hemisqualane has been made available as a replacement for
silicone (dimethicone) by Apprinova, too [42].

4.2. Fatty Acids

Fatty acids (FAs) containing oils are another class of common emollients. Most fatty
acids used in cosmetics are unsaturated and polyunsaturated fatty acids (PUFAs) present
in triglycerides (TGs) of vegetable origin, but microorganisms are also a great source for
this valuable compound [43—-45]. Essential fatty acids (EFAs) such as linoleic acid (omega-6)
and o-linolenic acid (omega-3) are known to have beneficial effects in the prevention and
treatment of inflammatory skin diseases [46]. The degree of saturation and the length of the
fatty acid chain play an important role in the properties of the emollient and the function
of the formula. Normally, a combination of emollients with different physical and chemical
properties is required to achieve the desired product performance (stability, spreadability,
sensory, etc.).

The production of medium-chain fatty acids, e.g., caprylic/capric acid, through fer-
mentation is limited since the natural metabolism of lipids is more often wired to produce
longer-chain fatty acids (C > 14). Nonetheless, strain engineering has allowed the produc-
tion of C8/C10 free fatty acids (FFAs) using E. coli with yields of 0.35 to 0.37 g /g, but the
process has not been scaled up yet [47,48].

Direct microbial production (with no chain elongation required) of long-chain fatty
acids (C > 14) is feasible and extracellular production of FFA has been achieved. Genetically
modified cyanobacteria can achieve an increased FFA secretion, although the cytotoxic
effects of overproduction seem to have a detrimental effect on the cells [49]. On the other
hand, intracellular lipid accumulation can be achieved with relative high titers, and the
long-chain molecules synthetized within the cells can be processed afterwards to reach
high levels of FFAs. This approach exhibits higher maturity levels for commercial purposes.
Actually, the first process for microbial oil production developed obtained an oil rich in
v-linoleic acid, an attractive nutraceutical useful in the treatment of eczema [50].

Corbion, through its global collaboration agreement with Lubrizol, has introduced a
highly stable algae oil in the market under the trade name AlgaPtar™ (INCI name: triolein).
The manufacturing process involves the bioconversion of sugarcane-derived sugars (one of
the crops with the highest yields) in triglycerides inside algae cells, which are later pressed,
and the contained oil is extracted and refined. Those downstream operations are powered
by the combustion of sugarcane waste material, which improves the economic feasibility
of the process. When compared to vegetable oils, this process is claimed to have a lower
carbon footprint and lower water consumption [51].
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C16 Biosciences in the US and Colipi in Hamburg make use of oleaginous yeast to
produce palm oil alternatives [52]. NoPalm Ingredients in the Netherlands valorizes agri-
cultural wastes and other by-product streams as a nutrient source for oil-producing yeast.
The Dutch company has recently signed a collaboration agreement with Colgate-Palmolive
to intensify their pilot studies and scaling-up efforts [53]. A similar approach is taken
by the Clean Food Group that makes use of ready-to-waste food stocks to produce palm
oil substitutes for food and cosmetics via fermentation with a non-GM yeast and has
received the support of the Doehler group to accelerate commercialization [54]. Geno-
matica and Unilever have also joined forces to scale plant-based alternatives based on
biotechnology [55].

4.3. Fatty Alcohols

Fatty alcohols can be microbially synthetized from fatty acyl-CoAs or free fatty acids
using E. coli and S. cerevisiae strains [56]. Guo et al. aimed at the utilization of xylose
instead of glucose for the production of 1-hexadecanol via an engineered S. cerevisiae [57].
Y. lipolytica has also been extensively researched as a host microorganism for this matter [56].

4.4. Wax Ester

Wax ester emollients are long-chain esters of fatty acids esterified to fatty alcohols
with chain lengths of 12 carbons or more. Rhyme Biotechnology harnesses a genetically
modified bacterium, naturally present in soil from the genus Rhodococcus, to synthetize a
wax-ester-based emollient [58]. Life cycle assessments (LCAs) performed on the chemical
and enzymatic production of a typical emollient ester used in cosmetics (myristyl myristate)
revealed that the biotechnological approach outperformed, in a positive way, traditional
synthesis in all the categories assessed: energy consumption, global warming potential,
acidification potential, nutrient enrichment potential and smog formation potential [59].

The US start-up Upwell Cosmetics has recently licensed their technology to produce
a marine-microalgae-derived wax. According to the company’s research team, the ingre-
dient, a long-chain alkenone sourced from Isochyrsis sp., has the potential to substitute
petroleum-based and other types of waxes in various applications such as lip stick, sham-
poo, deodorant and sunscreen, among others [60].

In addition to the direct production of emollients, biotechnology tools also allow
to adjust the lipid profile of existing emollients or to create tailored-made emollients to
satisfy specific requirements relying on synthetic biology or enzyme transformation. E. coli
is neither a natural oleaginous bacteria nor a high FA producer but an easily genetically
modifiable microbe and has been established as a model organism for the next generation of
tailored FAs [61]. As an example of how biotechnology can be used for lipid transformation,
enzymes can be applied to produce new branched esters. In the study from Papadaki et al.,
microbial oils were converted to wax ester via enzymatic catalysis [62]. Enzymatic synthesis
of bio-based wax esters from palm and soybean fatty acids has been performed using crude
lipases produced on agricultural residues [63]. The Korean company LABIO ferments
vegetable oils with Pseudozymas spp. to generate emollients with enhanced properties [64].

5. Humectants

For the skin to look and feel healthy, the water content in the stratum corneum should
be between 10 and 30%. As water is lost through evaporation, it must be replenished from
water in deeper layers to maintain a value within that range. When the natural skin barrier
is compromised, the transepidermal water loss (TEWL) exceeds healthy values and skin
problems such as xerosis can occur (disorder of the natural barrier function and or lack of
moisturizing factors of the skin which lead to a reduced hydration of the skin). The role of
moisturizers is thus to restore skin water content [65].

Some of the compounds previously described, such as hydrocarbons, fatty acids, fatty
alcohols or wax esters, also serve as moisturizers through creating an occlusive layer on the
skin that prevents water loss and are thereby often referred to as occlusive moisturizers.
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However, in the current section, the focus is on humectant molecules that attract water
from the deeper epidermis and dermis, as depicted in Figure 4. When that happens, the
skins feels smoother as the holes in the stratum corneum are filled through swelling [66].
Common humectants used in cosmetics include glycerin, sodium lactate, urea, propylene
glycol, sorbitol, hyaluronic acid, sodium pyrrolidone carboxylic acid (PCA), gelatin, etc. [67].
Most of them can nowadays be produced via fermentation.

[ MOISTURIZERS _

OCCLUSIVES HUMECTANTS

Corneocytes
Stratum corneum

Bind water from deeper skin layers
and surrounding environment
(when humidity is high)

Form a layer on top of the
epidermis which locks in water

Figure 4. Mechanisms of action of main types of skin moisturizers.

5.1. Glycerin

Glycerin is the most widely used humectant in skincare. Although it is a metabolic
product from many yeasts, the current low price of the glycerol obtained as a by-product of
biodiesel production makes research on its biotechnological synthesis not so attractive [68].
Glycerol can be produced with conversion efficiencies around 40% using genetically mod-
ified yeasts, in which the synthesis of by-products (ethanol, acetic acid, acetaldehyde) is
minimized. Zhuge and co-workers achieved a glycerol yield above 50% using an osmotol-
erant yeast isolated from environmental conditions of high osmotic pressure growing in an
optimized glycerol production medium [69].

5.2. Hyaluronic Acid (HA)

HA is an abundant glycosaminoglycan in human and other mammalian tissues. Its
property of forming viscoelastic hydrogels in aqueous solutions makes it a first-class
humectant, in addition to finding many other applications in the esthetic and medical
fields [70]. It was precisely the increasing demand of this polysaccharide linked to the
low yield of its extraction from animal sources (e.g. rooster combs) which encouraged the
commercial introduction of the biotechnologically produced version. Research on microbial
synthesis of HA focuses primarily on the search for safe and high-performing producing
strains and the control of its molecular weight. The original Gram-positive Streptococcus
strain used in the production of high-molecular-weight HA in the 1980s contains potentially
harmful compounds such as endotoxins and proteins in the membrane that need to be
removed in a series of filtration steps. The use of recombinant B. subtilis, which secretes HA
into the medium, eliminates these tedious purification stages and delivers an HA powder
obtained after high-temperature spray drying of the fermentation medium [71].

Depending on its molecular weight, HA may serve different purposes in the formu-
lation [72]; a simplified representation can be observed in Figure 5. High-molecular HA
(around 1 MDa) reduces TEWL (and therefore has a positive effect on hydrating the upper
layers of the epidermis) through increasing the viscosity and stability of the product film
formed on the skin. As molecular weight decreases to approximately 250 kDa, HA can
penetrate deeper into the skin and interact with skin cells and extracellular components
(serving as signal molecule to trigger natural HA production), enabling more profound
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hydration and wrinkle reduction. It has been claimed that a lower molecular weight results
in more potent anti-aging properties [73]. Since the molecular weight has such an impact,
research has been carried out to modify the enzymes responsible for HA biosynthesis
(hyaluronan synthase) and, in this way, alter the molecular weight of the polymer [74].
An overview of titers and polymer length obtained with different microorganisms and
different culture conditions can be found in the study by Liu et al. [75].

Low-molecular weight
hyaluronic acid

250 kDa

Medium-molecular
weight hyaluronic acid

Increase viscosity

1000 kDa

uonesyauad ups asealou|

High-molecular
weight hyaluronic acid

Figure 5. Classification and properties of hyaluronic acid based on molecular weight.

5.3. Natural Moisturizing Factors (NMFs)

NMFs are molecules present in the skin that promote moisture binding capacity. A
lack of NMFs is thus directly associated with dry skin, and such molecules (urea, LA,
glycolic acid and amino acids) are often included in moisturizing products. Many of them
are also metabolic intermediates in microbial catabolism. The so-called alpha hydroxyl
acids (lactic and glycolic acid), very popular as moisturizers and exfoliators, can be ob-
tained with fermentation-based methods. LA is a perfect paradigm of a molecule that has
traditionally been produced via fermentation. Unlike chemical synthesis, the biotechno-
logical production of this molecule allows us to obtain a single enantiomer. Most of the
applications require L-LA at high purities, and only specific bacteria can metabolize such
an enantiomer [76]. Furthermore, several studies have been devoted to the production
of LA from renewable sources instead of the traditional simple sugars from sugarcane,
cassava or corn [77-79].

5.4. Butylene Glycol

Butylene glycol is another humectant commonly used in cosmetic formulations. The
California-based company Genomatica has commercialized natural butylene glycol under
the trade name of Brontide. Produced from sugar instead of crude oil, the fermentation
process is more sustainable and safer than the petrochemical route since the mutagen and
group 1 carcinogen acetaldehyde used in the latter is no longer an intermediate. Plant-based
dextrose can be converted to 1,3-butanediol, also known as butylene glycol or BD, through
an engineered strain of E. coli in batch fermentations. Microfiltration and nanofiltration
of the fermentation broth, followed by ion-exchange evaporation and distillation, are
carried out to manufacture cosmetic-grade 1,3 BD. Genomatica performed an LCA to
compare Brontide and petroleum-based 1,3-BD. LCA data showed that reductions in
global warning potential (51% greenhouse gases emissions) and the use of non-renewable
resources can be achieved when using the bio-based production route. The petrochemical
route, however, outperformed Brontide in indicators/impact categories such as acidification
and eutrophication, smog formation potential and blue water consumption. The greater
impact of Brontide on those metrics is attributed to the cultivation of corn used as feedstock.
Careful selection of cultivation conditions and processes, together with an eventual selection
of secondary/third generation feedstock, would improve the score of these less important,
but still relevant, categories in the future [80].



Fermentation 2023, 9, 463

10 of 34

5.5. 1,3-Propanediol

1,3-propanediol (PDO) is another diol used to hold moisture and is employed as a
replacement for synthetic propylene glycol. Different microbial strains including Klebsiella,
Clostridia, Citrobacter, Enterobacter and Lactobacilli metabolize 1,3 PDO using glucose and/or
glycerol as a carbon source [81,82]. Royal DSM collaborated with Metex Novista, a subsidiary
of Metabolic Explorer, to develop the first European fermentation process for 1,3 PDO. The
product was launched as TILAMAR® PDO with NO@VISTA and is made in France [83].

5.6. Erythritol

Erythritol is produced by microorganisms as an osmoprotectant and is nowadays
commonly used as a natural sweetener. Yeasts such as Moniliella sp. are used in industrial
production of erythritol. Its high retail price has limited its popularity across the food,
pharmaceutical and cosmetics sectors. Research on yeast metabolism and genetic engi-
neering to increase yield and productivity and on the utilization of low-cost substrates is
directed to reduce production costs. Recent studies show how Y. lipolytica can utilize pure
or crude glycerol for erythritol production [84] and Candida magnoliae is able to assimilate
the sucrose content of cane molasses and convert it to erythritol [85].

5.7. Xylitol and Sorbitol

Xylitol and sorbitol are among the top 12 high-value-added building block intermedi-
ate chemicals listed by the US Department of Energy that can be produced from renewable
sources and, similar to erythritol, has found applications in the pharma, food and cosmetics
sectors [86]. Xylitol can be produced via fermentation using C. guilliermondii, while sorbitol
can be biosynthetized from glucose after an isomerization stage to fructose using Strepto-
myces sp. Galan et al. modeled an integrated biorefinery for the production of xylitol and
sorbitol from lignocellulosic biomass [87]. Xylitol is also used in toothpaste formulations to
combat gingivitis and other serious oral problems [88].

5.8. Sacran

Sacran is a freshly discovered sulfated polysaccharide with a megamolecular weight
(>107 g/mol). It is secreted by the cyanobacterium Aphanothece sacrum and exhibits unique
physicochemical characteristics and assembly properties. For instance, sacran is able to
form complexes in a gel-like sheet form in presence of polyols [89]. When used in topical
applications, it creates an artificial barrier that protects against external stimuli and inhibits
excessive water evaporation. This high moisture retention capacity confers superior hy-
dration, but sacran has also been investigated in dermatology due to its anti-inflammatory
properties and potential wound dressing application [90,91]. Studies describing its use
against atopic dermatitis have also been published since its recent finding [92,93]. Algae,
producer of sacran, has been used in the Japanese diet for a long time.

5.9. Schizophyllan

Schizophyllan is an extracellular polysaccharide secreted by the fungi Schizophyllum
commune and is considered a bioactive polymer in the pharmaceutical sector and used as a
humectant in cosmetics [94,95]. Traditionally produced from the fermentation of glucose,
low-cost agricultural feedstocks have been recently evaluated to reduce production costs.
Novel substrates include cellulosic materials such as corn fiber, distiller’s dried grains and
date syrup [96-99]. Co-production of the biopolymer together with cellulolytic enzymes
from bagasse can constitute another cost-effective route [100].

6. Biosurfactants

Surfactants are compounds with ambivalent character as they contain a water-insoluble
tail with hydrophobic groups and a water-soluble head with hydrophilic groups. Synthetic
surfactants of petrochemical origin, traditionally used across a wide range of industries
including cosmetics, are being replaced by plant-based and microbial-based biosurfactants
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due to their lower eco-toxicity, biodegradability and use of renewable sources including
waste streams [101]. Furthermore, the critical micelle concentration of biosurfactants,
frequently used to measure the efficiency of a surfactant, is often lower than that of the
conventional non-bio-based counterparts [102]. Extensive literature on the topic of bio-
surfactants and their comparison to synthetic surfactants is available [103-107] as the
biosurfactant market size is expected to grow at 15.7% CAGR until 2030. The global market
distribution of surfactants according to their origin is shown in Figure 6 [108]. In cosmetics,
surfactants fulfill different functions, including emulsification, foaming and solubilization,
and can serve as wetting agents and cleansers depending on the hydrophilic-lipophilic
balance [109].

Fully biobased
p e

Glycolipids

% biomass derived

Lipopeptides and lipoproteins

Fatty acids and phospholipids

Polymeric substances and others

~409% biomass derived <5% biomass derived

Partially biobased
52%

Non-biobased
44%

Figure 6. Market distribution of surfactants according to their origin.

Biosurfactants (methyl ester sulphonates, alky polyglucosides, sucrose esters, etc.)
produced through chemical synthesis (using green chemistry principles) from renewable
sources are normally classified according to the nature of the polar group as anionic (e.g.,
methyl ester sulfonates, lignosulfonates), cationic (e.g., amides), non-ionic (e.g., sugar-
based) and amphoteric (e.g., cocoamidopropyl) [103]. However, the classification of mi-
crobially produced surfactants is based on their molecular structure. Bacteria from soil
and marine environments as well as fungi and yeasts produce biosurfactants in different
stages of microbial growth and with various purposes (cell motility, biofilm, pathogenesis,
substrate solubilization) [110].

6.1. Glycolipids

Glycolipids are the most important group of biosurfactants, from a commercial point of
view, and are already produced in high quantities [111]. Yeast and bacteria from the genus
Pseudomonas are the main producers. Within glycolipids, sophorolipids, rhamnolipids and
mannosylerythritol lipids are the most relevant groups regarding industrial application for
skin care. Examples of commercially available glycolipids are listed in Table 2.
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Table 2. Principal biosurfactants in the cosmetic market with corresponding producers.

Company (Country) Product (INCI)

Rewoferm SL (sophorolipid)
Evonik (Germany) Rheance Neo (rthamnolipid)
Rheance One (rthamnolipid)

Oleon (Belgium) Radiasurf ML (Mannosylerythritol lipids)
Kaneka (Japan) Surfactin, mannosylerythritol lipids
Toyobo (Japan) Ceramela (ceramide-like glycolipid)

HoliSurf HF (sophorolipid)
HoliSurf LF (sophorolipid)
Holiferm (UK) HoneySurf HF (sophorolipid)
HoneySurf LF (sophorolipid)
HoneySurf AG (sophorolipid)

Biotensidon (Germany) Rhapynal (rhamnolipid)

Logos Technologies (USA) NatSurFact (thamnolipids)

Solvay (Belgium) Niasoh® SL AG) aycoid)
Sophorolipids SLMP

Deguan Biosurfactant Supplier (China)  Sophorolipids SLAP
Rhamnolipids RLM

Saraya (Japan) Soforo (sophorolipid)

Givaudan (Switzerland) Sopholiance (sophorolipid)

Glycosurf (US) Glycolipids

CD BioGlyco (US) Customized glycolipids

AGAE Technologies (US) Rhamnolipids

TensioGreen (US) Rhamnolipids, lipopeptides, trehalolipids

MG Intobio (Korea) Sophorolipids

Allied Carbon Solution (Japan) Sophorolipids

Biotopia (Korea) Mannosylerythritol lipids

Kanebo (Japan) Surfactin

6.1.1. Sophorolipids

Sophorolipids constitute the most-studied type of low-molecular-weight biosurfactant
and very recent reviews on the topic have been published by Pal et al. and Cho etal. [112,113].
They are formed by a carbohydrate linked to a hydroxyaliphatic acid or a long-chain FA.
Starmerella bombicola, for some time classified as Candida bombicola, is a yeast with a high
capacity of sophorolipid production (exceeding 400 g/L) over a wide range of substrate
choices [114-117]. Additionally, S. bombicola offers the possibility of regulating the structural
diversity of sophorolipids either via genetic manipulation or adjustment of the fermentative
conditions. Other strains with high potential for industrial application, together with
different fermentation configurations and production process metrics, are summarized by
Roelants et al. [109].

6.1.2. Rhamnolipids

Rhamnolipids are formed by one or two rhamnose molecules attached to one or
two molecules of 3-hydroxydecanoic acid. Rhamnolipids have been typically obtained
from Pseudomonas sp., an opportunistic pathogen, with very high yields [118]. Similar to
sophorolipids, they are known to exhibit antimicrobial activities against various microor-
ganisms [119,120]. To circumvent safety and regulatory limitations caused by the risk of
pathogenicity, non-harmful strains, such as those from the genus Burkholderia, have been
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intensively investigated [121-123]. Another production strategy is the use of recombinant
strains; such an approach can allow for growth-decoupled production of rhamnolipids, as
opposed to what happens with P. aeruginosa, and constant rhamnolipid production can be
achieved even when the stationary phase of cell growth is reached [124].

6.1.3. Mannosylerythritol Lipids (MELs)

MELs have created great interest as a cosmetic ingredient, especially in Japan [125].
Their self-assembling properties make them suitable to form lamellar structures similar to
those of the natural lipid bilayers of our own skin [126]. Ceramela is the trade name used
by Toyobo for such an ingredient positioned as a ceramide replacement. Studies conducted
with cultured human skin fibroblasts were aimed at investigating the antioxidant properties
of several MEL derivatives; they confirmed the hypothesis and showed a protective effect in
human cells, suggesting that MELs could be ideal candidates as anti-aging ingredients [127].

6.2. Lipopeptides and Oligopeptides

Lipo- and oligopeptides are often cyclic structures whose best-known producers are
bacteria. The most popular example is surfactin, a strong and commercially available
biosurfactant with antibacterial and antiviral properties. Its commercial production process
uses Bacillus subtilis and has a fermentation titer that does not exceed 10 g/L. [128].

6.3. Polymeric Substances

Polymeric substances such as emulsan have also been applied in cosmetics as emul-
sifiers. Acinetobacter calcoaceticus secretes this lipopolysaccharide, which acts as a potent
surfactant able to emulsify hydrocarbon in ratios from 1:100 to 1:1000 [129].

All in all, microbial biosurfactants constitute interesting molecules that can bring
additional benefits to a cosmetic’s formulation beyond its functional role. Many of them
can be considered microbiome-friendly compounds when compared to chemical surfactants
due to their prebiotic character [120,130]. Low toxicity, moisturizing capacities and even
skin penetration enhancement have been reported in the literature [107,131].

There are still several bottlenecks preventing microbial biosurfactants from reaching a
broader market. They currently are more expensive than chemically derived surfactants,
and the structural variation is determined by the microorganisms and substrates selected;
therefore, the versatility can be reduced when compared to chemical synthesis. Thus, there
is a need for structural variation that can expand applicability and properties. Nonetheless,
biotechnology methods (special substrate utilization and better pathway understanding, ge-
netic engineering, molecular tools, genomic and enzymatic information) can assist with this
task. It is important to mention here that microbial biosurfactants are normally produced
as a mixture of congeners and not as single compounds, which can be challenging from a
toxicology point of view. That is why rigorous characterization and subsequent evaluation
of their interaction with the environment is essential for successful commercialization [132].
A systematic study performed by Briem et al. highlighted the importance of conducting
more LCAs to ensure the green credentials of bio-based surfactants [133].

7. Rheology Modifiers

Present in almost all products in cosmetics, including leave-on and rinse-off products,
and every personal care sector, the role of rheology modifiers is to thicken and stabilize
formulations. They can also act as texturizing agents and are therefore very influential on
consumer perception. Besides that, they have a direct impact on the formula’s behavior
during use; this means aspects such as the pick-up from a jar, the flowing out of a bottle,
spreading performance on the skin or the immediate and after-feel sensation. They are
often referred to as thickeners [134].

The portfolio of rheology modifiers is composed of synthetic polymers, such as
acrylates, biopolymers, fatty alcohols, polyethylene glycol (PEG), soaps and other mi-
nor groups [135]. Due to the recalcitrant properties of traditionally used synthetic rhe-
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ology modifiers such as polyacrylate/acrylate copolymers (carbomers), there is a need
for biodegradable alternatives that replace materials with higher negative environmental
impact (toxic/harmful to aquatic life). Such biopolymers can be of natural (e.g., gelatin,
collagen, chitin) or plant sources (e.g., pectin, Locust bean gum, guar gum, tara gum, gum
arabic, corn/tapioca/potato starch, agarose, alginate, carrageenan) or can be obtained from
living microorganisms, i.e., bacteria, fungi or microalgae. There are also semi-synthetic
rheology modifiers which include modified cellulose, obtained from vegetal or micro-
bial origin, that has been altered to generate carboxymethyl cellulose, methyl cellulose,
hydroxyethyl cellulose, hydroxypropyl cellulose and dehydroxyxanthan gum [136-138].
Microbial species can secrete polysaccharides (exopolysaccharides or EPSs) under certain
environmental conditions, such as stress, or can produce them intracellularly as integral
components of the cellular wall. In this section, we describe some of the most-researched
microbial biopolymers with applications in the cosmetic sector.

7.1. Xanthan Gum

Xanthan gum is probably the most famous microbial polysaccharide in skin care
and its applications extend to the food industry and even oil drilling [139]. It is a high-
molecular-weight and branched anionic polymer composed of glucose, mannose and
glucuronic acid monomers. It is soluble in water and increases formulation viscosity even
at low concentrations. Furthermore, it maintains its viscosity in the presence of electrolytes
and can withstand a wide range of pHs and temperatures. Beyond thickening, it is used
as a stabilizer for pigment suspension and as solubilizer for antidandruff or antiacne
agents across many different cosmetic categories [14]. Kelco was the first company to
commercialize its production using the Xanthomonas campestris strain grown on corn syrup
molasses and has recently partnered with ExoPolymer to develop the next generation
of functional biopolymers. Optimization of xanthan gum production from cheese whey
conducted by Mesomo and co-workers resulted in concentrations close to 50 g/L [140].

7.2. Succinoglycan Gum

Succinoglycan gum is an acidic heteropolysaccharide with glucose, galactose, pyruvate
and succinate units. It exhibits similar properties to xanthan gum and can also be used
in a wide range of pHs and electrolyte-containing media for thickening and stabilizing
purposes. It is produced by Agrobacterium tumefaciens and other species of Pseudomonas
and Rhizobium [141]. It has been commercialized under the trade name of Rheozan SH by
Solvay Novacare.

7.3. Gellan Gum

Gellan gum is another water-soluble anionic polysaccharide that is also used in the
food sector as a gelling agent. It has a tetrasaccharide repeating unit formed by two
glucose units, one glucuronic and one rhamnose unit. This hydrocolloid has a high-acyl
and a low-acyl form. The first produces hard, non-elastic and transparent gels while the
latter creates soft, elastic and opaque gel products. [14]. It is produced by the bacterium
Sphingomonas elodea and was brought to the market by CP Kelco. High-acyl gellan gum is
also commercialized for the cosmetic sector by Jungbunzlauer.

7.4. Sclerotium Gum

Sclerotium gum is a homopolysaccharide of glucose used as emulsifier, stabilizer and
thickener in the food and beauty industries. It is produced from the fungus Sclerotium
rolfsii. In general, the term scleroglucan is used to designate similar EPSs produced from
fungi such as Schizophyllum rolfsii, S. glucaniucm, S. commune, Botrytis cinerea and Epicoccum
nigrum [142]. Sclerotium gum has been commercialized under the Amigel and Actigum
trade names.



Fermentation 2023, 9, 463

15 of 34

7.5. Chitin and Chitosan

Chitin is a very abundant polysaccharide distributed in the animal (e.g., exoskeleton
of crustaceans) and vegetal kingdoms. Chemically, it is a co-polymer of glucosamide
and N-acetylglucossamide. Chitosan is the N-deacetylated derivative of chitin and only
found in some fungi. Chitosan is soluble in acidic media and is normally produced from
chitin extracted from shellfish waste. Chitosan and its derivatives have been researched
for use in oral, hair, nail and skin care with UV-protection properties [143]. Among the
benefits of the fungal approach for chitin and chitosan synthesis is the fact that different
properties can be obtained (e.g., lower molecular weight) through varying species and
culture conditions [144]. KitoZyme, Mycoved and Chibio are manufacturers of these
multifunctional polysaccharides via fugal fermentation. Solid-state fermentation has been
regarded as a promising alternative to submerged fermentation for this matter, but further
studies on the scalability of this technology are necessary.

7.6. Bacterial Cellulose

Bacterial cellulose (BC) is another example of a biopolymer gaining importance in the
cosmetic market. Oliveira et al. carried out a systemized review that compiles the main
research works on BC exclusively for cosmetic use [145]. Its wide spectrum of biological
properties makes BC not a simple rheology modifier but rather a cosmetic ingredient with
great biocompatibility, antimicrobial and water retention capacities. BC can be produced
in static conditions or in stirred mode when cellulose precursors are provided. Layers
with different thicknesses and 3D forms are produced under static conditions while pellets,
granules or cocoons are produced with an agitated set-up [146]. The most active producer
is Gluconacetobacter xylinus (Acetobacter xylinum) [147]. BC is also used for the fabrication of
beauty masks [148].

7.7. Alginate

Alginate is not only used for thickening, gel-forming and stabilizing purposes but
also as an encapsulating agent for hydrophilic compounds in cosmetic and pharmaceutical
formulations, including nanoparticles [149]. Its easy chemical modification allows the pro-
duction of materials with, for example, different mechanical properties. In the biomedical
field, alginate is especially valuable for wound healing and tissue engineering thanks to its
high biocompatibility and extremely low toxic risks [150]. Alginate is found in the cell walls
of red and brown macroalgae but also in some microalgae. There exist alginate producers
in the bacteria domain, e.g., Pseudomonas and Azotobacter spp. [151].

7.8. Dextran

Dextran is another exopolysaccharide produced from sucrose substrates. The Leu-
conostocaceae family contains the most prominent wild dextran producers even though
mutants from Streptococcus have also been exploited for EPS synthesis [19]. Besides thicken-
ing, dextran and its derivatives can exhibit moisturizing, soothing and anti-inflammatory
properties [152].

In conclusion, there is a long list of naturally occurring polysaccharides, some of
which are already used in the food industry, that find applications in the beauty sector as
well; these include levan, schizophylan, $5-glucan, dextran, welan, rhamsan, pullulan and
curdlan. Some of the most common molecules are listed in Table 3. Through extending their
application use and therefore increasing the market demand, these microbial counterparts
could finally become competitive with plant-derived alternatives.
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Table 3. Microbial-origin polysaccharides used in the cosmetic industry.
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8. Active Ingredients

In the pharmaceutical industry, an active ingredient is a biologically active substance
present in a drug; the term “active” in cosmetics refers to a molecule/compound or extract
that has a proven (perceivable) skin benefit, e.g., wrinkle reduction, anti-acne, sebum
reduction, skin whitening, boost collagen production, etc. Actives are normally efficacious
substances that, even in low concentrations, are responsible for various product claims
(anti-ageing, firm skin, stretch mark reduction, etc.). In the past, actives could have a
synthetic, animal or plant origin. With the advent of biotechnology, the possibilities for
the discovery, design and reproduction of existing actives in a more sustainable manner or
enhancement of current actives are countless. In addition, the non-utilization of animals
and the lack of dependance on synthetic raw materials can alleviate the concerns of the
most eco-friendly consumers.

8.1. Fermentation as a More Sustainable Process to Produce Existing Actives
8.1.1. Resveratrol

Resveratrol (3,4,5-trihydroxystilbene) is a secondary metabolite found in several
plants, including grapes, berries, nuts and Japanese knotweed. It exhibits many interesting
features for derma/skin care and therapeutical applications. It is a strong antioxidant
with anti-inflammatory and anti-aging properties and has already been used for skin
disease control [153]. Its natural production in plants, harvested seasonally, occurs at
low concentrations, and the isolation and purification are tedious multistep processes.
Transgenic plants designed to yield larger amounts of resveratrol still require very specific
growth conditions—normally, stress conditions and the presence of elicitors—and have not
yet been so effective. The chemical synthesis of resveratrol generates other by-products
and requires the use of toxic solvents [154]. Metabolic engineering of microorganisms for
high production of resveratrol could be a solution to meet the increasing demand of this
molecule. S. cerevisiae and Y. lipolytica appear as potential workhorses for the task, although
the yields obtained with such host yeasts are still low [155]. Endophytic fungi have also
demonstrated good resveratrol production ability and metabolic engineering techniques
applied on them could enable large-scale production [156].
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8.1.2. Collagen

Collagen is a structural protein that accounts for one-third of the proteins in the human
body and is present in skin, bones, sinews, blood vessels and teeth. Composed of glycine,
proline and hydroxyproline, collagen molecules are fiber-forming proteins used in sports
orthopedics and regenerative medicine (tissue engineering) but also in cosmetics, for a
plumping and smoothing effect on the skin and hair strengthening. Its animal origin
has raised concerns among many consumers who demand safer and more sustainable
alternatives [157]. Therefore, the production of collagen via fermentation coupled to
synthetic biology tools appears as a hot area of research [157]. Evonik has developed a
microbial fermentation process to produce high-quality human-like collagen of different
types through implanting the genetic information that encodes a specific collagen structure
into bacteria or yeast cells [158]. Other companies such as Cambrium, Jellatech and Geltor
are also in the business of animal-free and biotechnology-derived collagen.

8.1.3. Ceramides

Ceramides is the common name given to a heterogeneous group of sphingolipids,
which, along with free fatty acids and cholesterol, form the lamellar structure in our
stratum corneum that greatly contributes to the barrier function of the skin [159]. Ceramide-
containing formulas are trendy cosmetic products, which claim to be efficacious even
with very low concentrations of sphingolipids. Plants as well as animals are a source of
ceramides, but the extraction process is difficult and expensive. Therefore, ceramides in
the cosmetic market are generally of synthetic origin. Companies such as Evonik have
developed fermentation technologies to produce ceramides which can be later converted to
human-skin-identical molecules. Croda has recently acquired the Korean supplier Solus
Biotech in order to strengthen their position in the ceramide market [160]. Wickerhamomyces
ciferrii (formerly known as Pichia ciferrii), S. cerevisiae and Y. lioplytica have been reported as
ceramide producers [14,161].

8.1.4. Plant Cell Culture

Plant cell culture, or the growth of plant cell tissues in vitro, can be seen as not
just a means of reducing the environmental impact of growing the entire plant used for
extract generation (soil, water, fertilizer and pesticide use) but also as a way of controlling
the production process with the highest-quality standards and consistency, avoiding the
impacts of seasonality or climate change and simplifying supply chain logistics [162].
Moreover, selected growing conditions can trigger the overproduction of metabolites of
interest which, in the end, can have an effect on the potency of the extract [163,164]. A
representation of plant cell culture procedures is shown in Figure 7. Mibelle Biochemistry
is regarded as a pioneer in the field of plant cell culture and introduced the first ingredient
using an endangered species of a Swiss apple variety [165]. Although nowadays, there are
several suppliers of plant stem cells and their extracts, the development in plant culture is
not as advanced as in microbial fermentation due to the intrinsic difficulties of cell culture,
e.g., slower growth [166]. The Horizon-2020-funded European research and innovation
project InnCoCells is precisely working in the development of naturally sourced cosmetic
ingredients obtained through biotechnological means, such as plant cell culture, and new
production methods such as aeroponic farming.

Besides the described ingredients, vitamins (vitamin A or retinol, vitamin B5 or pan-
thenol), hydroxyacids (ellagic and gallic acids), aminoacids (leucine) and even cannabidiol
(CBD) are all examples of beauty actives of high demand that can currently also be produced
via fermentation [167-169].
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Figure 7. Possible plant cell culture procedures to produce cosmetic active ingredients.

8.2. Fermentation for Enhancement of Current Active Ingredients/Active Ingredient Booster

Fermentation can also be used in cosmetics to further improve the biological compounds
of existing active ingredients, plant extracts or even agriculture by-products [170]. For some
of these fermented ingredients, clinical studies have been carried out to demonstrate their
superior efficacy; a few examples are presented next.

8.2.1. Ginseng

Red ginseng fermented with L. brevis was found to be richer in ginsenosides, flavonoids,
polyphenols and uronic acid compared to non-fermented red ginseng. Tyrosinase- and
elastase-inhibitory activities were increased compared to non-fermented red ginseng, while
irritation and sensitizing potential were reduced [171]. Besides that, the fermentation of
black ginseng using S. cerevisiae was proved to have anti-wrinkle activity in cultured human
fibroblasts first and also a non-cytotoxic effect [7]. A clinical study on 23 subjects confirmed
the anti-wrinkle and skin whitening effect of fermented black ginseng at 1% concentration
in a cream after eight weeks [172].

8.2.2. Soybean

Soybean and soybean milk ferments, rich in polyamines and isoflavones (genistein
and daidzein), have also been tested for topical application [173,174]. Improvement in skin
elasticity was achieved after six weeks due to an increase in natural HA production [175].
Another study comparing fermented and non-fermented soybean extracts showed that
antioxidant and skin-whitening properties are greater in the former after determination of
DPPH, superoxide radical and hydroxyl radical scavenging activities, linoleic acid inhibi-
tion activity and tyrosinase inhibition activity [176]. LA bacteria (LAB) and Bifidobacteria
and B. subtilis have been employed in the fermentation of soybeans [177-179].

8.2.3. Aloe Vera

Fermentation of aloe vera mediated by L. plantarum led to a fourfold increase of
the moisturization capacities of the extract [180]. Malic acid present in the plant was
converted to LA, which together with fructose increases the skin water content. A rise
in serine, alanine and glycine levels was detected after fermentation, and these amino
acids constitute natural moisturizing factors in human skin. An in vivo study showed
that fermented aloe has a positive impact on the production of eosinophils and fibroblasts,
which explains the good anti-inflammatory and wound-healing properties of fermented
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aloe [10]. The reduction of the molecular weight of the polysaccharides present in the plant
(with 20% of the total in the 600-900 range) can be linked to the attributed anti-wrinkle
activities [181].

8.2.4. Kombucha

Niziol-Lukaszewska and colleagues studied the effect of different kombucha ferments
as potential cosmetic ingredients. Kombucha is the name given to a functional tea brewed
using a symbiotic culture of bacteria and yeast (SCOBY). When using this mixed culture
for the fermentation of green coffee beans, red berries and berry leaf extracts, ingredients
with various beneficial dermatological and cosmetic properties were found [182,183].

Examples of other fermented raw materials with cosmetic properties include coffee,
pomegranate, berries, milk, honey and also by-products especially from the food industry
such as rice bran [16]. The effect of fermentation also varies with the type of microorganisms
and conditions used in fermentation.

8.3. Fermentation for Novel Actives Production

Fermentation can also be regarded as a discovery tool for the generation of new active
compounds or tailor-made substances to fulfill concrete problems.

8.3.1. Enzymes

Enzymes have been used in the cosmetic industry already for some years with various
purposes and action mechanisms. Enzymes such as lysyl and prolyl hydoxylases promote
collagen formation, which in turn contributes to skin firmness [184]. Superoxide dismutase
(SOD) converts free radicals into less reactive forms and proteolytic enzymes, such as
keratinases and other proteases, act as exfoliating agents removing dead cells from the
skin [185]. Photolyases have also gained lot of attention for their capacity to protect against
solar radiation through reversing lesions present in the DNA [186].

8.3.2. Extremolytes

Extremolytes are low-molecular-weight organic molecules which protect macromolecules
and the cell structures of extremophiles, these are organisms that inhabit hostile environments,
such as hot geysers, arctic areas or volcanoes. Such molecules act as multifunctional agents
against various stress sources (cytotoxins, radiation or salts). Ectoince, hydroxyectoine, proline
and trehalose are extremolytes of interest in the cosmetic, medical and food industries where
protection of sensitive compounds is sought. Biotechnological production of these compounds
is already possible using non-GMO (natural extremolyte producers) or metabolically engineered
E. coli, C. glutamicum and S. cerevisiae [187].

8.3.3. Growth Factors

Growth factors are signal molecules of protein nature that promote various cellular
processes, including growth. Exogenous supplementation of growth factor either via
injection or topical application is perceived as promising tool to fight the signs of skin aging,
although further studies on tolerability, stability and safety are needed. Human epidermal
growth factors can be exploited, for example, in the treatment of age spots, wrinkles or
freckles. Eukaryotic systems such as S. cerevisiae can be used to produce these in greater
amounts than prokaryotic cells, and the formation of inclusion bodies in the cell host is
avoided [188].

8.3.4. Stem Cells

Stem cells are unspecialized cells with a long-term self-renewal capacity. Such an
internal limitless repair system enables the replenishment of cells lost due to disease or
injury in an adult tissue. The second important feature of stem cells is that they can be
induced to become any specialized cell, exactly as it happens in the early stages of an
embryo [189]. There are cosmetics-manufacturing companies already marketing (plant)
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stem cell technology for the production of some of their ingredients, even though the
formulations do not contain live stem cells [190]. A report contrasting product claims with
scientific evidence was published by Trehan and colleagues [162].

8.3.5. Bacteriophages

Bacteriophages, or simply phages, are bacteria-infecting viruses that have drawn the
attention of the scientific community as antibiotic resistance among the human population
continues to rise. Phages have the advantage of specifically targeting certain prokaryotic
cells. Therefore, they could be used to combat pathogenic bacteria linked to skin diseases
without harming beneficial species. Such an approach could, in principle, replace antibiotic-
based treatments for skin problems such as acne [191,192]. Challenges in the manufacturing,
formulation and short longevity of phages on the skin surface still need to be addressed for
the successful implementation of this kind of biotech active ingredient in the future [193].

9. Preservatives

Cosmetics, same as many food products, require some form of preservation to guaran-
tee a certain shelf-life (maintenance of product properties) without jeopardizing consumers’
safety [194]. The most common form of preservation is the addition of synthetic or nat-
ural compounds that act as antimicrobial agents and have proved their activity in the
formulation in suitable microbiological tests, i.e., challenge tests [195]. Some of these
chemicals (triclosan, phenoxyethanol) can expose the consumer to other undesirable ef-
fects (toxicity), and there has been a shift towards the use of natural compounds, with
some preservatives that had been commonly utilized for a long time (i.e., parabens) be-
ing banned [194,196]. Although the idea of preservative-free or self-preserving cosmetics
is already quite mature [197], new physical tools and multifunctional ingredients, such
as fermented ingredients with antimicrobial effect, and suitable packaging designs can
contribute to existing methods in so-called “Hurdle Technology” [198].

9.1. Organic Acids

Organic acids, such as lactic, citric, acetic, fumaric, propionic, malic and levulinic
acid, prevent the growth of pathogenic and spoilage microorganisms through creating un-
favourable conditions for their propagation. These acids can be produced via carbohydrate
conversion in the metabolism of different species of bacteria and fungi. LAB are well known
for the synthesis of such metabolites and are often used in food preservation [199]. Recently,
even anisic acid derivatives have been produced via fermentation using Rhizopycnis vagum
isolated from the tissues of Nicotiana tabacum [200].

9.2. Lactobacillus Ferment

Lactobacillus ferment is the INCI name of different trade name ingredients positioned
as a multifunctional ingredient with strong preservation capacity. Lactobacillus spp. are
also capable of producing bacteriocins, which, in combination with lactic acid and the
aforementioned organic acids, confer antimicrobial properties [201,202].

9.3. Bacteriocins

Bacteriocins are a complex group of protein-consisting compounds with a bactericidal
action towards organisms that closely resemble the producer. Nisin is an example of
bacteriocin belonging to the lantibiotic class produced by Lactococcus lactis [201,203].

9.4. Enzymes

Enzymes such as lisozymes, lactoperoxidase and other lytic enzymes, initially re-
searched for their application in food preservation, could become attractive for cosmetic
use provided regulatory clearance is achieved, which often requires high investments. It is
foreseen that biotechnological techniques will play an important role in the development
of effective antimicrobials in the form of engineered /recombinant peptides [204].
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Antimicrobial compounds with specific activity against fungi are desired as cur-
rent preservatives tend to have weak antifungal activity. A recent review on antifungal
compounds produced from the fermentation of food waste has been published by Marti-
Quijal et al. [205]. Plants and algae are also known to synthesize an impressive array of
antimicrobial compounds, which will enlarge the options for preservative systems in the
future [206].

10. Pre/Pro/Postbiotics

The terms pre/pro/postbiotics have rapidly gained popularity among cosmetics users
during the last years [207]. Prebiotics in skin care refers to fermentation metabolites that
have a positive impact on maintaining a healthy skin microbiome, serving as nutrients for
the “good bacteria” in our skin. Formulations with probiotics contain living microorganisms
in a dormant stage that are reactivated when the product is applied. These microorganisms
help to populate the skin with beneficial microorganisms and combat pathogens or other
microorganisms linked to skin disorders. Postbiotics, on the other hand, are just cell lysates
or inanimate/non-viable microorganisms but not live forms [208-210]. The difference
between the three terms is shown in Figure 8.
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Figure 8. Schematic representation of the origin and differentiation between pre/pro and postbi-

otic molecules.

Interest in the topic of skin microbiome started after an exploration of the so-called
gut-to-skin axis, since many skin alterations are accompanied by an altered gut micro-
biome [211]. Products intended to restore and regulate or modulate a healthy skin mi-
crobiome were first found in the form of pills and capsules and were to be administered
orally. Nowadays, there are also pre/pro/postbiotics formulations for skin care to be
applied topically.

Bifidobacterium, Lactobacillus and Streptococcus thermophilus are the most common strains
used, alone or as blends, as probiotics. Their production, compared to pre- or postbiotics,
presents additional challenges to formulate stable forms of viable microorganisms. Mi-
croencapsulation and oil suspension have been investigated as possible formats to deliver
skin-friendly microorganisms that can colonize and rebalance the cutaneous microbiota.
A list of microorganisms associated with probiotic properties for dermal health can be
found in [212]. Postbiotics are often derived from the Lactobacillus genera and S. cerevisiae
and comprise different metabolites such as polysaccharides or teichoic acids, which have
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biological properties ranging from anti-inflammatory to anti-oxidants [213]; their shelf-life
and manufacturing process is of course simpler than the case of probiotics.

LAB, generally recognized as safe (GRAS), constitute an easy entry point for the man-
ufacture of ferments to be sold as prebiotics in skin care. Indeed, LA and other metabolites
have revealed to cause an improvement of the skin condition and even prevent atopic
diseases [214]. Lipoteichoic acid is reported to increase dermal cellular defence against
bacterial infection [212]. Other examples of prebiotics include oligo- and polysaccharides,
amino acids, vitamins, lipids and proteins. Such compounds can be used as nutrients,
induce the growth or activity of a microorganism and be utilized as an energy source
for the production of biomolecules. The number of compounds with potential prebiotic
activity is hence very high, and rapid methods for detecting prebiotic activity need to
be developed [215,216]. At the same time, there is a lack of a regulatory framework for
cosmetic ingredients specifically intended to work with the skin microbiome.

Breakthroughs in the field of sequencing and bioinformatics have catapulted the
understanding of microbiome composition. Even though insights on the biochemical routes
of specific strains and metabolic routes of given compounds within the skin microbiome
are needed, these new technologies open the door to innovative therapy platforms for the
treatment of skin conditions through, for example, genetically engineered probiotics that
can perform certain tasks [217,218].

11. Other Compounds
11.1. Aromas and Delivery Systems

Aromas and perfumes are frequently added to skin care products to mask the natural
smell of certain raw materials and produce a pleasant sensation for the consumer in
the using phase. The production of fragrances demands a high consumption of raw
materials [219] and biotechnological means could be used to replicate essential oils and
produce volatile compounds (e.g., terpens) with pleasant notes [220]. Common fragrance
compounds such as sandalwood, patchouli and vanilla have already being produced by
fermentation processes [221-224]. A more exhaustive list of natural-identical fragrances
obtained via biotransformation can be found in [225].

Cyclodextrins (CDs) are oligosaccharides of cyclic structure produced from the enzy-
matic conversion of starch. They have attracted considerable attention as active delivery
systems for pharmaceutical and cosmetic applications. CDs encapsulate active molecules
and increase their stability and solubility through creating a reservoir effect on the stratum
corneum, which ensures a sustained release [226]. They can also be used to reduce ester
volatility in perfumes. B. subtilis, B. agaradhaerensis, Brevibacterium terrae and Microbacterium
terrae are examples of bacteria investigated for cyclodextrinase enzymes [19].

The LA polymer (polylactic acid or PLA) is used in the preparation of biodegradable
microbeads as a substitute for plastic non-degradable particles [227]. PLA has been ap-
proved by the US Food and Drug Administration for food, pharmaceutical and cosmetic
applications due to its non-toxicity and high biocompatibility properties [228].

11.2. Pigments and UV Filters

Synthetic colorants were frequently added to cosmetic formulations to modify the
product appearance and make it more appealing to consumers. The side effects, including
health and environmental problems related to such toxic compounds, have motivated the
search for natural and harmless substances. Bacteria (cyanobacteria or prokaryotic microal-
gae), fungi and microalgae (eukaryotic microalgae) are all sources of microbial pigments,
which have been the subject of many studies in recent years [229,230]. Due to their photo-
synthetic activity, microalgae are rich in chlorophyll, carotenoids (lycopene, astaxanthin,
[-carotene), phycobiliproteins, astaxanthin, xanthophyl and phycocyanin, to name some of
the most well-known. These compounds have multifaceted roles and can serve not only as
pigments for the food and cosmetic industries but also as antioxidant-active compounds
and microbial enzymes. Additionally, photoprotective formulations can be achieved using
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these or similar cyanobacteria secondary metabolites, investigated for their UV radiation
properties [231]. An example of a promising UV screen is scytonemin [232]. Extremophiles
living in areas of high solar incidence can accumulate carotenoids in response to environ-
mental stress and are thus good candidates for photoprotectant biofactories [233]. Although
UV filters are the segment of cosmetics with the strictest regulations, current chemical
filters have raised the alarm of consumers due to potential human and environmental
toxicity (e.g., coral and marine life). Nature-inspired and biotechnologically produced com-
pounds, such as the secondary metabolites of plants and cyanobacteria, could constitute
safer alternatives to avobenzone and octrocrylene [234].

Chlorella is a genus of single-cell green algae with photoautotroph, heterotroph and
mixotroph metabolism. Its industrial application started in 1960 as a food additive. Nowa-
days, there are more than 70 industrial producers of the microalgae with a total supply
of 2000 tons/year [235]. In cosmetics, the species C. vulgaris, C. fusca, C. minutissima,
C. sorokiniana and C. pyrenoidosa have been investigated for the production of sporopollenin
and mycoscoporine-like amino acids, which can protect the skin from UV radiation [236].
Dermachlorella (Chlorella vulgaris extract) is the name of the cosmetic ingredient positioned
as a firming and anti-agent active that also prevents the formation of black circles [237].
Based on SuperPro Designer simulations using data from their bibliography, Caicedo and
co-workers calculated that a production volume of 48 to 70 m? is required for a commer-
cially viable production of biomass and extracellular metabolites of C. vulgaris intended for
cosmetic application [238].

12. Conclusions

Many cosmetic ingredients have been scrutinized for their environmental impact
and/or consumer risk. The search for new ingredients and ingredient sources is pivotal
for the sustainable growth of this sector. Biotechnology, and fermentation as the core
technology, will have a predominant role in the composition of the future skin care raw
materials portfolio. Bio-sourced compounds often constitute highly biocompatible multi-
functional ingredients with a lower ecological footprint than those derived from fossil-based
or plant-based materials. Furthermore, biotechnology is a great source for innovation, since
the endless combinations of microorganisms and substrates favor the discovery of new
molecules with interesting cosmetic attributes. Nowadays, it is already possible to formu-
late a cosmetic product containing only microbial-derived ingredients (including packaging
material). To speed up the transition into biotech-based beauty, challenges in regulations
and new method development for testing still need to be addressed (see Figure 9). The
final decision about an ingredient should be made based on comprehensive evaluation,
e.g., cradle-to-grave LCA, where the supposed fermentation benefits are not standalone
indicators of sustainability but rather inputs for the assessment.

OPPORTUNITIES BOTTLENECKS -> POSSIBLE SOLUTIONS

QO Great versatility of compounds and opportunity to O Higher production costs translate in more expensive raw
replace controversial ingredients material ingredients

O Reduce environmental impact, e.g. low CO, * For manufacturing companies to assume the difference ->
emissions, high-biodegradability sustainability benefits must be demonstrated

0O Embrace circular economy principles, e.g. utilization Consumers not \‘/vi.lling to pay more
of agro-industrial by-products, CO, -> highlight additional benefits, e.g.

O Release pressure on “naturals”, linked to loss of multifunctional ingredients, high skin tolerability
biodiversity, extensive land utilization, high use of The advent of biotechnology, process optimization and
water, fertilizers and pesticides synthetic biology tools will bring down overall costs

Q simplify supply chains, elude raw material shortages O Many fermentation process still based on first-generation

Q Control over quality, avoid variability due to seasons, feedstocks
climate change -> develop efficient process for lignocellulosic materials

O Discover new active and functional substances O Technology moves faster than regulation

0 Possibility of creating tailor-made molecules with -> need for new safety and toxicology assessments
enhanced properties -> follow example food industry

Q Invest in future-prooftechnologies Q Consumer can be reluctantto the idea of

0 Link to popular trends, e.g. skin microbiome biotechnology  -> delivery transparency about the

origin of products

Figure 9. Summary of opportunities and bottlenecks in the adoption of fermentation-derived ingredi-
ents for skin care.
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Abbreviations
BD Butanediol
BC Bacterial cellulose

CAGR Compound annual growth rate
CBD Cannabidiol

CD Cyclodextrins

EFA Essential fatty acid

EPS Exopolysaccharide

FA Fatty acids

FFA Free fatty acids

GRAS  Generally recognized as safe
HA Hyaluronic acid

INCI International nomenclature of cosmetic ingredients
LA Lactic acid

LAB Lactic acid bacteria

LCA Life cycle assessment

LTA Lipoteichoic acid

MEL Mannosylerythritol lipid
NMF  Natural moisturizing factor
PCA Pyrrolidone carboxylic acid
PDO Propanediol

PEG Polyethylene glycol

PLA Polylactic acid

PUFA  Polyunsaturated fatty acid
TEWL  Transepidermal water loss
TG Triglycerides
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