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Abstract: Microalgae, small single or multicellular photo-
synthetic active organisms, could be a component to solve
our urgent global challenges. This review provides a con-
cise introduction to biology and applications of microalgae.
On an example from our own scientific studies, we illus-
trate how these organisms could replace respectively opti-
mize carbon producing processes. We will also describe the
potential of microalgae for sustainable production towards
atmospheric CO, sequestration. Development of machine
learning techniques forecast a paradigm shift regarding
scientific methods. It concerns synthetic biology as well as
engineering of metabolism in microalgae.

Keywords: biological engineering; biology-based solutions;
microalgae; photosynthesis; metabolic engineering

Zusammenfassung: Mikroalgen, kleine einzelne oder
mehrzellige photosynthetisch aktive Organismen, konnten
eine Komponente sein, um unsere dringenden globalen
Herausforderungen zu lésen. Diese Ubersicht bietet eine
kurze Einfilhrung in die Biologie und Anwendungen
von Mikroalgen. In einem Beispiel aus unseren eigenen
wissenschaftlichen Studien veranschaulichen wir, wie diese
Organismen die Kohlenstoffproduktionsprozesse ersetzen
kdénnen. Wir werden auch das Potenzial von Mikroalgen fiir
eine nachhaltige Produktion in Bezug auf atmosphérische
CO2 -Sequestrierung beschreiben. Die Entwicklung von
Techniken fiir maschinelles Lernen prognostiziert eine
Paradigmenverschiebung in Bezug auf wissenschaftliche
Methoden. Es betrifft die synthetische Biologie sowie das
Engineering des Stoffwechsels in Mikroalgen.
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1 Introduction

To successfully address urgent challenges such as the esca-
lating impacts of climate change, the demographic shift
towards larger and older population, and the limitations
imposed by finite resources, it is imperative to adopt a
comprehensive and forward-thinking approach [1], [2]. To
sustain our quality of life and prevent the imminent threat
of energy shortages, we need to find innovative scientific
strategies which integrate cutting-edge production chains,
and energy generation methods that liberate us from depen-
dence on fossil fuels [3]. One promising way opens by estab-
lishing green production lines that employ photosynthetic
microorganisms, in particular microalgae, as versatile pro-
duction platforms — a solution with potential transforma-
tive impact [1], [2]. Their ability to propagate in simple
growth media, their high contents of vitamins, nutrients,
and trace elements, coupled with their capability to synthe-
size a diverse array of high-value products and their unique
capacity to bind atmospheric carbon dioxide (CO,) together
with oxygen-production, speaks for them as a promising
tool for the management of current and future tasks con-
cerning environmental challenges as well as human food
and medicine supply (Figure 1). These goals can only be
achieved by interdisciplinary cooperation of engineering
and biological science. Only if the expertise from both sites
are combined, the joint effort can provide systems that are
effective enough to be of commercial interest and at the
same time energy efficient as well as environment friendly.

2 Microalgae: biology, applications
and challenges

Microalgae, photosynthetic uni- or multi-cellular organ-
isms, comprise between 45,000 and 100,000 species thriving
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Figure 1: Main applications of microalgae.

across a wide range of habitats worldwide. These include
marine environments and freshwater and unexpected
niches such as forests, stone walls or ice surfaces [4]-[6].
Often, microalgae play pivotal roles in ecosystems or influ-
ence conditions even in worldwide extend. Marine microal-
gae, for instance, contribute significantly to nearly half of
the Earth’s oxygen production [7] which is substantially
more than trees for example. Moreover, these microorgan-
isms serve as a fundamental food source for aquatic organ-
isms, permitting the complexities of marine life. On the
other hand, algal blooms, a phenomenon characterized by
rapid and excessive proliferation of microalgae, frequently
is caused by over-fertilization in agriculture and poses sig-
nificant risks to the environment. Under these conditions,
in some microalgae species release of toxic substances is
induced [8].

Humans use the potential of microalgae for industrial
applications [9]. Microalgae cultivation primarily focussed
on bulk biomass production for food or feed industry. In
recent years a shift towards more value-generating pro-
cesses can be observed. Here, microalgae are employed
in bio-based production of different chemical compounds
[10]-[12]. These encompass products with applications in
chemistry, medicine, cosmetics, or food industry, e.g., as
food supplement [13]. For cosmetics and pharmaceutical
industry, microalgae can produce high-value active com-
pounds. The biosynthetic pathways are occurring natu-
rally or were artificially added through metabolic engi-
neering. Currently, there is intensive research exploring
the potential of engineered microalgae to produce biofuels
and fine chemicals [14]. Beyond production, microalgae are
applied in waste industry such as the treatment of industrial
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or municipal wastewater or they ensure water quality in
aquaculture [15], [16]. In comparison to other widely used
microorganisms in industrial production, microalgae offer
some advantages. Unlike yeast or bacteria, microalgae don’t
rely on energy-rich, high-quality carbon sources such as
sugars or proteins; instead, they grow in medium with min-
imal nutrient requirements. They use CO, and solar energy
to produce sugar and release O, to the atmosphere while
still achieving rapid growth rates [2], [12], [17]. By using CO,
for metabolism and growth, they efficiently absorb it from
atmosphere, making them a promising solution to achieve
CO, neutrality or even positive atmospheric CO, removal
(71, [17).

Despite the considerable potential of microalgae, the
prospect of large-scale production is hindered by quite a few
issues which require more careful scientific research. These
obstacles encompass suitable strain selection, cultivation
techniques, harvesting methods, the high production costs,
and the complexity of metabolic regulation in the cell [18].

The fabrication and commercialization of algal prod-
ucts face regulations. As a consequence, only a limited num-
ber of microalgae species are reckoned “generally recog-
nized as safe” (GRAS), allowing their direct approval for
human consumption. The approval process for all other
products, especially new algae species or products, tends
to be prolonged and complicated. Engineered microalgae,
often falling under the category of gene-modified organ-
isms (GMO), are subjected to even more stringent con-
trols. These regulatory barriers set a significant obstacle
to develop innovative industrial production opportunities,
particularly in highly regulated regions such as the Euro-
pean Union [5].

The rapid advancement of modern technologies
includes the promise to revolutionize cultivation proce-
dures of microalgae and unlock their previously untapped
potentials. Ongoing research is focused on several
dynamically evolving fields, including the refinement of
cultivation techniques, the reduction of energy
consumption and production cost, and the biological
enhancement of production strains (Figure 2).

To date, microalgae were primarily cultivated in open
pond systems, offering low production costs but prone to
contamination and inconsistent biomass yields caused by
variable environmental conditions such as temperature,
PH, and light [11], [19]. To overcome these challenges, sophis-
ticated closed photobioreactors are in favour. These pre-
cisely engineered systems allow meticulous control on fac-
tors such as temperature, light, or flow, ensuring consis-
tent yields and minimizing contamination [20] (Figure 3A).
Moreover, insights from hydrodynamics were applied to
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Figure 2: Photobioreactor for research. Flexible regulation and control of growth parameters for an optimal study of microalgae.

optimize photobioreactors. By leveraging the behavior of
liquids it becomes possible to refine mixing processes,
optimize fluid flow dynamics, mitigate shear forces, and
enhance the transfer of both gas and light energy to microal-
gae cells [21] (Figure 3C). Modern materials also allow
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lighter, sturdier photobioreactors with improved light trans-
parency and reduced susceptibility to fouling from microal-
gae growth [22] (Figure 3B).

Cultivating microalgae under sunlight is feasible, it
proves most practical in regions near the equator with

Figure 3: Development of cultivation solutions. (A) Key innovations in microalgae cultivation practice; (B) prototype of a photobioreactor with internal
blue light and external red/blue light lighting; (C) model of a flat-panel photobioreactor with an internal system for turbulent flow.
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ample daily sunlight hours, only. Conversely, in countries
of Northern Europe, artificial light sources become indis-
pensable in algal production albeit at the cost of increased
production costs [23]. Here, modern technologies offer a
pivotal solution to reduce overall production expenses. For
example, employing light-emitting diodes (LED) technology
allows targeted manipulation of cell biology. By adjusting
the intensity, wavelength, frequency, and dynamics of the
illumination, significant improvements can be achieved.
This includes bolstering photosynthetic efficiency, fostering
better growth, enhancing light penetration into cell cul-
tures, and elevating the production of specific desired sub-
stances [23]-[25].

Looking at future developments, there is considerable
potential for improving the productivity/economic viability
of microalgae via biological enhancement. High-throughput
phenotyping technologies hold the promise of identifying
previously undiscovered strains with superior character-
istics such as faster growth rates, greater robustness, and
the ability to produce high-value products [26]. Further-
more, there are opportunities to enhance the value of
already established ones. Due to their comparable simple
but still complex construction and single cell based biol-
ogy, microalgae can be manipulated and optimized for pro-
duction. Employing modern genetics and metabolic engi-
neering techniques enables the precise “engineering” of a
species. This includes improvement of favorable traits (e.g.
robust growth, valuable metabolites), eliminating undesir-
able ones (e.g. toxin production, thick cell wall), and even
introduction of novel biosynthetic pathways, leading to the
production of high-value products not native to the species
[27], [28].

The future of microalgae cultivation holds immense
promises as researchers continue to explore innovative
solutions in modern cultivation practices, energy efficiency,
and hiological enhancement. The ongoing convergence of
technology and biology is paving the way for a more sustain-
able and economically viable exploitation of microalgae’s
unexploited potentials [29], [30], [31].

3 Case study: metabolic
engineering of microalgae
for production of high-value
carotenoids

Carotenoids, a diverse group of water-insoluble pigments,

are prevalent in the natural world, being synthesized by
virtually all photosynthetically active organisms and by
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many bacteria and fungi. In the realm of microalgae, more
than 30 distinct carotenoids are synthesized and play piv-
otal roles in photosynthesis. They act as pigments for light
absorption and offer protection against photo-oxidative
damage [32], [33]. Beyond their fundamental biological func-
tions, carotenoids have also found widespread application
in industrial settings. Their importance in the food and
pharmaceutical industries is underscored by their vibrant
colours, antioxidant properties, anti-aging attributes, and
stress-relieving effects coupled with the role as precursors
of essential vitamins. Among these carotenoids, astaxan-
thin, a deep red pigment, distinguishes with remarkable
antioxidant potency — about ten times higher estimated
biological activity than other carotenoids and a thousand
times more potent than vitamin E [13]. Presently, astax-
anthin is predominantly utilized in animal feed for aqua-
culture for enhancing pigmentation in salmon, trout, and
crab flesh while also conferring additional health benefits
to these aquatic species. However, the attraction of astaxan-
thin doesn’t end in aquaculture. It’s extraordinary qualities
pushed it into spotlight, leading to an increasing demand
for its inclusion in pharmaceutical and cosmetic products
[13], [32], [33].

In 2019, the global market for astaxanthin reached a
value of USD 1.0 billion, and it is anticipated to experience a
robust growth rate of 16.2 % until 2027 [34]. Within this mar-
ket, synthetic astaxanthin, primarily derived from chemical
synthesis, dominates the fish and animal feed sector due to
its comparatively low cost at USD 1000 per kilogram. Con-
versely, the food, pharmaceutical, and cosmetics industries
exhibit a preference for natural astaxanthin sourced from
biological origins. Despite its higher price tag of USD 5000
per kilogram compared to synthetic alternatives, natural
astaxanthin is favoured due to the significantly enhanced
and proven health effects [13], [34].

Various species spontaneously produce astaxanthin,
with Haematococcus pluvialis being the most prominent
and well-established source. This freshwater algae species
exhibits an impressive ability to produce up to 5 % of its dry
mass astaxanthin [35]. However, cultivation is not that sim-
ple. This arises from the fact that astaxanthin is produced in
high quantities only during a specific stage of the cell’s life
cycle. Therefore, a two-stage production process is manda-
tory, which makes production in industrial scale difficult. In
addition, the growth rate of H. pluvialis is notably slower
than that of other microalgae species. To overcome these
challenges, current research aiming to enhance astaxanthin
production focusses on three key strategies: (1) continu-
ous production route in fast-growing cells; (2) increase the
dry weight percentages of astaxanthin; and (3) fine-tuning
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cellular and metabolic processes to facilitate more efficient
harvesting and purification.

Metabolic engineering is the tool of choice for these
strategies. Here, in some examples biosynthetic enzymes
from astaxanthin-producing microalgae or bacteria, such
as Haematococcus pulvialis, Chlamydomonas reinhardtii,
or Brevundimonas spp. [13], [35], were integrated into the
existing carotenoid biosynthetic network of fast-growing
microalgae species. In theory, this pathway extension seems
simple yet proves highly effective. In principle, astaxan-
thin production in microalgae that also rapidly generate
large amounts of biomass is the goal. In practice, however,
metabolic engineering is a highly complex process. Chal-
lenges include the establishment of stable genetic modifica-
tions and selection of suitable combinations of enzymes and
their interactions. Moreover, expanding the synthesis path-
way is just the first step. Subsequent pathway refinements
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are crucial for achieving high yields. Despite these com-
plexities, the astaxanthin biosynthetic pathway has been
successfully introduced into some microalgae species, such
as Synechocystis sp. PCC6803 and C. reinhardtii [36]-[38].
A notable breakthrough includes our recent establishment
of the astaxanthin biosynthetic pathway in Synechococ-
cus sp. PCC7002, a very fast-growing cyanobacterium nat-
urally synthesizing only p-carotene and small amounts of
zeaxanthin, an astaxanthin precursor. By integrating three
distinct components — (1) an artificial, optimized astaxan-
thin biosynthetic pathway, (2) an engineered carotenoid
biosynthetic pathway with increased output, and (3) cel-
lular transport system — into a single organism, we have
successfully achieved the continuous production and extra-
cellular export of a substantial amount of astaxanthin
into the growth medium (Figure 4A). This breakthrough
marks the first-ever achievement of astaxanthin secretion

Figure 4: Metabolic engineering of Synechococcus sp. PCC7002 as a platform for astaxanthin production. (A) The organism has been engineered to
include three main components: (1) an optimized astaxanthin biosynthetic pathway, (2) a carotenoid biosynthetic pathway optimized for enhanced
performance, and (3) a cellular transport system to facilitate astaxanthin production and secretion; (B) astaxanthin-producing microalgae in a
photobioreactor; (C) comparison between controls (top) and an engineered strain that produces astaxanthin (bottom); (D) microscope view of
astaxanthin producing microalgae cells.
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by microalgae, which not only streamlines the extraction
process, but also promises to significantly reduce costs [39].
These achievements highlight the ongoing advancements
in conquering the complexities of metabolic engineer-
ing for astaxanthin production in microalgae and under-
scores the enormous potential of this pioneering approach
(Figure 4).

4 Case study: engineering
of microalgae for carbon
sequestration

In our world today, with escalating challenges posed by cli-
mate change, there is an increasingly urgent need to transi-
tion towards a more sustainable and resilient future. At the
heart of these efforts lies a fundamental question: how can
we effectively halt the increase of atmospheric CO, concen-
trations, the primary driver of global warming [40]? More
than 100 countries have either adopted, announced, or are
actively discussing net-zero commitments, collectively rep-
resenting over two-thirds of global greenhouse gas (GHG)
emissions [40], [41]. While most of these nations are target-
ing net-zero emissions by 2050, some, like Finland, have set
even more ambitious goals, aiming for carbon neutrality by
2035 [42].

In our pursuit for net-zero emissions, microalgae
present a valuable opportunity due to their unique capa-
bility to remove CO, from the atmosphere by photosyn-
thesis. This process, shared by algae and plants, uses light
energy to convert CO, and water into biomass and oxy-
gen. What raises some microalgae species out of a lot is
their remarkable ability, known as carbon concentration
mechanisms (CCMs), to actively accumulate CO, within spe-
cialized cellular compartments. This significantly enhances
their photosynthetic efficiency and CO, removal capacity
[43]. The photosynthetic activities of oceanic microalgae
alone contributes up to 40 % of the total CO, absorption
in the global carbon cycle, far superior to their terrestrial
plant counterparts and even though microalgae make up
just no more than 2 % of the world’s total plant biomass
[44]. Ongoing research is focused on developing and refin-
ing algae-based carbon capture and storage technology. This
process involves the cultivation of algae, which can absorb
CO, through photosynthesis. The captured CO, can be uti-
lized in various carbon-neutral applications or stored in
a manner that prevents its release into the atmosphere.
Moreover, the substantial profit generated by algal prod-
ucts, including biofuels and other valuable compounds,
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would also help offset the expenses associated with CO,
sequestration [45].

Despite the potential for algae-based carbon capture
and storage, there is work ahead to enhance current effi-
ciency levels. This can be achieved by various methods,
for example the identification and characterization of new
algal species for more efficient photosynthesis or robust
growth [36], [46]. Genetic engineering techniques can fur-
ther enhance the capability of existing species [47]. More-
over, efforts are underway to increase the capacity of the
carbon concentration mechanism (CCM) [47] and reduce
the decline in photosynthetic efficiency under unfavourable
conditions [40]. Improved production of diverse algal prod-
ucts can reduce costs and by this support CO, sequestra-
tion efforts. From a technical perspective, fulfilling these
tasks is essential to establish economically viable and sus-
tainable algae-based CO, sequestration. These challenges
include minimizing water footprint [48], reducing energy
consumption and carbon footprint in industrial produc-
tion — particularly concerning lighting and biomass harvest-
ing [22], and optimizing bioreactor design [49]. Researchers
are actively exploring innovative solutions, such as the use
of artificial LED lighting for algae cultivation, which allows
the implementation of novel light settings like unique light
spectra, flashing light, and dynamic light profiles [23]. Inte-
grating bioreactors into CO,-rich sources, such as flue gas,
also remains a pivotal focus [50].

In 2021, the city of Belgrade, Serbia, took a significant
step by installing a 600-liter solar-powered algae bioreac-
tor in a busy urban area with considerable air pollution.
Dubbed “Liquid Tree” is expected to absorb up to 20 kg of
CO, per day, equivalent to the amount absorbed by two 10-
year-old trees or 200 square meters of lawn [51]. While this is
aprove of concept, it suggests that larger and more powerful
algae-based CO, capture devices could well become a reality
in not-too-far future.

5 Applications of machine learning
in microalgae research
and production

Machine Learning (ML) is a cutting-edge technology that
empowers computer algorithms to extract valuable insights
from intricate data, uncover hidden patterns, and deliver
precise predictions. The Machine Learning Revolution,
which gained momentum in the 2010s, has reshaped count-
less industries and sparked innovation across a wide array
of applications. In microalgae research, ML technologies are
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driving innovation, revolutionizing cultivation techniques,
and expanding our knowledge of these species.

Machine learning advance greatly benefits from the
recent remarkable progress in various so called “omics”
disciplines. These deal with the comprehensive study of
an organism’s entire set of genes and genetic elements
(genomics and epigenomics), gene activities (transcrip-
tomics), protein profiles (proteomics), or the intricate web of
metabolic processes (metabolomics, lipidomics, fluxomics).
Together, they offer an unprecedented wealth of data that
provides valuable comprehensive insights into the biol-
ogy of an organism [52]. The integration of ML algorithms
with “omics” data is truly revolutionizing biology in gen-
eral and algal research in particular, unlocking signifi-
cant potential for both fundamental research and indus-
trial applications: expedite the identification of new species
[53], enhancing the selection of promising cell lines for
diverse production purposes [54], and rapidly discovering
biomarkers linked to desired traits, such as robust growth
or high production yield [55]. Furthermore, it opens doors
to unravel novel metabolic pathways and, if combined
with precision genome editing techniques like CRISPR-Cas,
enables rational and highly precise genetic engineering
[56]. ML also empower the development of highly capable
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predictive models to anticipate the impact of genetic varia-
tions and environmental factors on biological systems such
as in photobioreactors [57]. This predictive capability is cru-
cial for the industrial production of microalgae, ensuring
precise control over cultivation and early detection of stress,
disease, or contamination.

ML also has the potential to revolutionize the way we
collect biological data. While traditional analytical meth-
ods are known for their precision, they are often expen-
sive and time-consuming. To overcome these limitations,
researchers are actively exploring innovative alternatives
such as remote sensing and non-invasive or minimally
invasive sensors. These methods collect parameter that are
technically easy to measure, such as reflectance [58], flu-
orescence [59], or electrical signals [60], and use this data
to predict critical biological information. In this context,
ML plays a key role by leveraging its ability to analyse
large data sets and uncover meaningful patterns and trends
that would be difficult for humans to detect. Moreover, the
wealth of data generated by these simple measurement
techniques enhances the accuracy and resilience of ML pre-
dictions. This synergy between innovative data collection
methods and ML provides cost-effective and efficient solu-
tions for biological and physiological analysis. Ultimately, it

(2]
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Figure 5: An innovative concept for a fully automated real-time monitoring and control system for microalgae cultivation. Sensor data (1) is
continuously collected and analysed using machine learning algorithms (2) to determine parameters related to growth conditions and cell physiology
(3). This information is then used by an Al-driven central control unit (4) to make real-time adjustments (5) to ensure effective microalgae growth and

productivity.
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significantly improves both the quantity and quality of bio-
logical data and promises to have a transformative impact
on the field.

Soon, we can anticipate the emergence of fully
automated real-time monitoring and control systems for
microalgae cultivation, all because of the power of ML
(Figure 5). These systems are set to revolutionize the way
we foster the microscopic powerhouse microalgae. Oper-
ating as closed-loop ecosystems, ML-devices continuously
gather data from an array of sensors, ranging from tem-
perature, pH, and nutrient levels to various vital physi-
ological parameters of microalgae. These data are anal-
ysed by ML algorithms, provide immediate insights into
the growth and overall physiological status of microal-
gae. Upon the detection of any irregularities or less-than-
ideal conditions, these automated control systems swiftly
and seamlessly adjust variables such as lighting, tempera-
ture, and nutrient dosing to create the perfect environmen-
tal conditions. Real-time monitoring and control approach
asserts the ability to identify issues before they escalate
into serious problems, securing the steadfast stability and
reliability of microalgae production. As we look ahead, it
becomes evident that these systems will be an indispensable
element in the field of large-scale, commercial cultivation
endeavours.

6 Conclusion and outlook

Microalgae are truly fascinating organisms. At first glance,
their potential seems boundless: they grow rapidly and effi-
ciently, offer a diverse array of valuable products and appli-
cations, and even have the power to combat climate change
by capturing CO, from atmosphere. Yet, considering today’s
global microalgae production, the total value remains small
with a focus predominantly on the food and feed industries.
Algae-derived pharmaceuticals and nutraceuticals repre-
sent only a fraction of the market, while promising sectors
like biofuels and carbon sequestration have not yet found
commercial success [61]. The primary roadblock seems the
high investment and production costs [62].

Back in the 1950s and 1960s, there was another
wave of excitement about microalgae, especially regard-
ing their potential as a future food source. However, var-
ious challenges in the production processes, combined
with the significant advancements in traditional agricul-
ture thanks to new technologies, hindered the widespread
adoption of algae production [63]. Microalgae might for-
ever remain a niche market unless the persistent produc-
tion challenges can be addressed. Fortunately, we are cur-
rently witnessing a transformative shift in technologies.
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Modern techniques, including genetic and metabolic engi-
neering, machine learning, and more, promise to revo-
lutionize microalgae production and finally unlock their
full potential. This underscores the need for robust sup-
port frameworks from governments, research institutes and
international organisations to foster extensive multidisci-
plinary collaboration across different scientific fields. Only
through such collaborative efforts we can ensure the effec-
tive integration of microalgae as an essential element of
sustainable solutions, thereby securing a resilient and sus-
tainable future for our global community.
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