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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• Cell wall biosynthesis is a metabolic in
vestment leading to renewable sources.

• Chlorophyta cell walls contain bio
technologically valuable compounds.

• Cell wall components may serve as bio
materials, bioactives, and sustainable 
polymers.

• Insight in Chlorophyta cell walls will 
boost biotech and support a green 
bioeconomy.
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A B S T R A C T

Microalgae hold great promise as sustainable feedstocks for a broad spectrum of biotechnological applications. 
However, their use is still constrained by the significant financial and energy demands of downstream processing, 
particularly biomass harvesting and extraction of high-value metabolites. A major barrier represents their robust, 
often biochemically complex cell wall that hinders efficient processing. Because cell-wall biosynthesis consumes 
large amounts of photosynthetically fixed carbon, the wall itself represents not only a major metabolic invest
ment but also a largely untapped, renewable bioresource with significant industrial potential. To advance algal 
biotechnology, comprehensive knowledge of cell-wall structure, biosynthesis, and variability is essential. 
However, for Chlorophyta—the green algae most frequently used in biotechnological applications—available 
information on cell-wall composition remains fragmented. Existing studies often describe divergent or even 
contradictory findings, reflecting the remarkable diversity of cell-wall architectures within this phylum. This 
review addresses this knowledge gap by synthesizing and critically evaluating current research on Chlorophyta 
cell walls. An outline of the major structural components reported across species, including polysaccharides, 
glycoproteins and algaenan-like materials is provided. In addition, current industrial applications of these cell- 
wall components—ranging from biomaterials and bioactive compounds to environmentally friendly 
polymers—are discussed, along with their potential roles in future biotechnological innovations. By integrating 
these scattered data, the review aims to provide a unified perspective that supports both fundamental research 
and practical application. Ultimately, this review seeks to facilitate the development of more efficient 
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biotechnological processes and to advance a more sustainable bioeconomy by strengthening the understanding of 
the biochemistry of Chlorophyta cell walls.

1. Introduction

Microalgae are ubiquitous microorganisms, capable of oxygenic 
photosynthesis, occurring in both freshwater and marine ecosystems. 
Ecologically, microalgae serve as the base of aquatic food webs, account 
for nearly half of the worldwide carbon fixation and generate an esti
mated 75% of atmospheric photosynthetic oxygen. Based on their 
exceptional photosynthetic efficiency, rapid biomass accumulation, and 
capacity to produce diverse feedstocks for food, feed, energy, and high- 
value biochemicals, they rank among the most productive photosyn
thetic organisms on Earth. In addition to their metabolic versatility, 
microalgae actively assimilate CO2 when performing photosynthesis. In 
this way they have a major impact on the alleviation of climate change. 

Microalgae can be grown in diverse media, including saline waters, 
wastewater streams; further, bioreactors can be built on non-arable 
drylands. Consequently, mass algae cultivation does not engage in 
competition with regular agricultural practices for land or water 
resources.

The term microalgae describes not a taxonomic group, but rather a 
functional or ecological classification that includes organisms from three 
kingdoms and various lineages (Fig. 1) including prokaryotic cyano
bacteria as well as eukaryotic unicellular algae, e.g. green algae (Chloro- 
and Charophyta), diatoms (Heterokonts), and dinoflagellates.

According to their wide evolutionary origin and ecological adapta
tion microalgae also exhibit remarkable diversity both in the chemical 
composition and spatial organization of their cell walls. Depending on 

Fig. 1. Overview over the main lineages of microalgae with biotechnological importance (adapted from Guiry, 2024). Details and references are given in Table 1.
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the phylum, their cell walls can be built of polysaccharides, glycopro
teins, lipids, and sometimes other components, like silica in diatoms. 
While cyanobacteria possess peptidoglycan layers characteristic of 
gram-negative bacteria, diatoms are encased in intricate silica-based cell 
walls that exhibit highly ordered nanostructures. Green algae first 
emerged more than one billion years ago and now are estimated to 
comprise 22 000 species (Guiry, 2024, 2012). However, the taxonomy of 
green algae remains dynamic, with the ongoing genome sequencing and 
accumulation of new data, the classification continues to be refined. 
Green algae are currently divided into three major subgroups: a) the 
Prasinodermophyta (Li et al., 2020a), the Charophyta (or Streptophyta), 
including six morphologically divergent lineages of freshwater algae. 
The streptophyte algae, most closely related to extant Zygnematophy
ceae, throughout the course of evolution have undergone the transition 
from aquatic to terrestrial habitats that ultimately led to the emergence 
of terrestrial flora (de Vries and Archibald, 2018; Zhong et al., 2015). 
The third subgroup are c) the large and diverse taxa of Chlorophyta, 
covering 10 classes of micro- and macroalgae (Fang et al., 2017). 
Chlorophyta include most green algal species exploited in biotechno
logical applications. Their structural organization, developmental pro
grams, physiological functions, and ability to inhabit and persist in 
marine, freshwater, and terrestrial environments are largely dependent 
on their extracellular matrix, which can occur as a cell wall, as highly 
ordered glycoprotein layers, scale coverings, and/or sticky extracellular 
polymeric substances (Domozych and LoRicco, 2024).

The number of (micro)algal strains used within current biotechno
logical applications is restricted so far to surprisingly limited number of 
genera (Thoré et al., 2023) and unfortunately basic knowledge on these 
commercially used algae still remains highly insufficient. In the past 
decade the structure, chemical composition and functionalities of 
extracellular compartments in different microalgae have been exten
sively reviewed (Baudelet et al., 2017; de Almeida Gonçalves and Fig
ueredo, 2020; Domozych and LoRicco, 2024; Fuertes-Rabanal et al., 
2025; Shivakumar et al., 2024). The aim of this review is to integrate 
and critically evaluate current knowledge on the structural diversity, 
biochemical composition, and dynamic nature of cell walls of Chlor
ophyta − the most varied and widely used in applied research phylum of 
green algae (Fig. 1, Table 1), with particular emphasis on the relevance 
of cell walls and their components for biotechnological applications.

2. Cell walls of Chlorophyta: organization and structural 
diversity

The cell walls of Chlorophyta exhibit considerable structural di
versity (Fig. 2), reflecting their wide range of habitats and evolutionary 
lineages. Often, they consist of a cellulose microfibrils framework 
inserted in an amorphous mold of glycoproteins, hemicelluloses and 
pectin-like substances, similar to the higher plants primary cell walls. In 
some Chlorophyte species, additional layers or specialized polymers 
such as algaenan or sporopollenin-like compounds provide enhanced 
mechanical robustness and resistance to chemical and enzymatic 
degradation. Importantly, Chlorophyta cell walls are highly diverse not 
only between species, but differences may occur even within the same 
species depending on culture conditions, reproductive phase or stress 
(Spain and Funk, 2022). Consequently, cell walls are highly dynamic 
entities, exhibiting variability both in chemical composition and in 
physical properties. Recently, Demir-Yilmaz et al. (2023) developed a 
complex approach involving atomic force microscopy together with 
chemical hydrolysis and x-ray photoelectron spectroscopy, to investi
gate Chlorella vulgaris cell wall dynamics. They revealed that chemical 
composition and structure of Chlorella cell wall change in the stationary 
phase, with increased lipid fraction, altered polysaccharide composi
tion, and increased rigidity. However, the cell wall stiffness significantly 
decreased when Chlorella became exposed to salt stress. Similarly, Duval 
et al. (2023) provided complementary findings on how Chlorella vulgaris 
cell walls are affected by their growth phase and treatment with 

enzymes. They addressed the cell wall as a main challenge that limits 
extraction of intracellular lipids. In Haematococcus pluvialis, Guo et al. 
(2021) identified a compositional transition from cellulose-dominated 
cell walls in flagellate stages to mannose-rich walls in aplanospore 
stages, with coordinated expression of genes associated with both cel
lulose and mannose metabolism. The finding that differences in sulfated 
polysaccharide structure in Cladophora surera are season-dependent 
rather than morphotype-dependent also highlights the importance of 
environmental factors in determining cell wall composition (Basualdo 
et al., 2023). Also, significant alterations of cell wall thickness have 
recently been revealed in three Chlorophyta species of subarctic origin: 
Coelastrella sp. 3–4, Chlorella vulgaris sp. 13–1, and Scenedesmus sp. B2- 2 
at different cell cycle phase and growth temperature (González-Hour
cade et al., 2026; Spain and Funk, 2022). All these results emphasize that 
the growth phase, culture state and environmental context are crucial 
both for cell wall characterization and for the improvement of the 

Table 1 
Biotechnological applications of algae. Cell wall-related applications are marked 
in bold.

Genus Applications References

Tetraselmis Feed in aquacultures Andreotti et al., 2020; Conlon & 
Touzet, 2025; Enzing et al., 
2014; Mehariya et al., 2024

Stigeoclonium Bioremediation Liu et al., 2016; Valero- 
Rodriguez et al., 2019

Dunaliella В-carotene production Enzing et al., 2014; Harvey & 
Ben-Amotz, 2020; Hosseini 
Tafreshi & Shariati, 2009

Chlamydomonas Cellular factory Rasala et al., 2010; Scaife et al., 
2015

Haematococcus Astaxanthin production Khoo et al., 2019; B. Kim et al., 
2022; Lorenz & Cysewski, 2000

Scenedesmus Biofuels, Cosmetics, 
Bioremediation

Álvarez-Díaz et al., 2015; Aslam 
et al., 2025; Cuellar-Bermudez 
et al., 2015; Martínez et al., 
2000; Spain et al., 2021

Oedogonium Bioremediation, Cellulose 
production

Lawton et al., 2017; Piotrowski 
et al., 2020

Chlorella Bioremediation, Food, 
Biofuels

Aslam et al., 2025; Enzing et al., 
2014; Moradi & Saidi, 2022

Botryococcus Biofuels Banerjee et al., 2002; Nath 
et al., 2025

Prasiola Food Choi et al., 2019
Bryopsis Pharmaceuticals Ibrahim et al., 2017; B. Wang 

et al., 2015
Cladophora Bioremediation Lee & Chang, 2011; Michalak & 

Messyasz, 2020; Zhang et al., 
2018

Ulva Food, Pharmaceuticals, 
Bioremediation, Elicitors

Aslam et al., 2025; Bulgariu 
et al., 2015; Tziveleka et al., 
2019

Spirogyra Bioremediation Aslam et al., 2025; Lee & 
Chang, 2011

Euchema Carrageenan production Cesário et al., 2018
Gracilaria Agar production, Feed de Almeida et al., 2011
Porphyridium Food, Pharmaceuticals, 

Cosmetics
Cuellar-Bermudez et al., 2015; 
Enzing et al., 2014

Crypthecodinium Omega-3 fatty acid (DHA) 
production

Enzing et al., 2014; Mendes 
et al., 2009

Isochrysis Aquaculture, Food, 
Pharmaceuticals, Cosmetics

Cuellar-Bermudez et al., 2015; 
Enzing et al., 2014

Nannochloropsis Biofuels, Aquaculture, 
Food, Pharmaceuticals

Cuellar-Bermudez et al., 2015; 
Enzing et al., 2014; Xu, 2022

Phaeodactylum Aquaculture, Food Enzing et al., 2014
Laminaria Food, Alignate production Enzing et al., 2014; Nøkling- 

Eide et al., 2024
Arthrospira Food, Feed, Cosmetics Enzing et al., 2014
Synechococcus Methanol production 

(putative)
Abed et al., 2009

Synechocystis Bioplastic Abed et al., 2009
Nostoc Food, Biofertilizers, 

Cosmetics
Nøkling-Eide et al., 2024

Anabaena Biofertilizers Abed et al., 2009
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efficient disruption techniques, indispensable in many applications of 
green algae and/or algae-derived products.

In the genus Chlorella, the cell wall consists of microfibrils that are 
distinguishable in cross sections of mature cells (Němcová and Kalina, 
2000). During the autosporulation process, the biosynthesis of cell 
walls of daughter cells may lead to the formation of additional 1–2 
microfibrillar layers as distinguishable by different electron density, 
within the outermost maternal cell (Yamamoto et al., 2005, Yamamoto 
et al., 2004). The lifecycle of Scenedesmaceae includes the formation of 
thick sporangial (maternal) cell walls (Burczyk et al., 1981). In Scene
desmus, the uniform microfibrillar layer surrounding the cell protoplast 
is embedded into an algaenan-containing trilaminar sheath. Other 
genera of Scenedesmaceae may form various types of epistructures 
(spikes, combs, spines etc.) at the outer surface of the sheath and/or so 
called coenobial adhesive − an additional layer of polymers surrounding 
four-cell colonies (coenobia) (reviewed by Baudelet et al., 2017). The 
high electron density fibrils surrounded by a layer of low-density ma
terial was revealed by initial studies on the cell wall compartment of 
Ulvaceae (McArthur and Moss, 1977). Whereas the fibrils were identi
fied as cellulose, the external layer consists of non-cellulose poly
saccharides, including a sulphated ulvan and less abundant xyloglucan 

and glucuronan (Domozych and LoRicco, 2024; Olatunji, 2020). In 
Chlamydomonas, motile vegetative and gamete cells have multilayered 
cell walls, composed of 5 layers (Poulhazan et al., 2024). Similarly, 
Chlamydomonas non-motile zygospores (Malmberg and VanWinkle- 
Swift, 2001) and Dunaliella aplanospores (Borowitzka and Huisman, 
1993) are surrounded by thick, multilayered, microfibrillar walls. A 
schematic outline of the structural diversity of representative cell wall 
architectures among selected Chlorophyta classes is presented in Fig. 2.

2.1. A wall built to break again − the Chlorophyta cell wall during 
reproduction

Different to higher plant cell walls, the walls of Chlorophyta are in 
constant turnover due to the ongoing cell division during reproduction. 
Green algae reproduce through either or both asexual and sexual modes 
of division, allowing them to adapt to varying environmental conditions. 
In some algae, such as Chlamydomonas, environmental stress like 
nutrient depletion triggers the shift from asexual to sexual reproduction. 
This dual reproductive strategy provides algae with remarkable resil
ience and adaptability in dynamic aquatic ecosystems. Asexual repro
duction is most common and typically occurs through binary fission, 

Fig. 2. Schematic representation of cell wall structure of A. Chlorella, B. Scenedesmus, C. Chlamydomonas and D. Ulva. HRGP- hydroxyproline-rich glycoproteins, 
LWGP- low molecular-weight glycoproteins (Baudelet et al., 2017; Domozych and LoRicco, 2024; Poulhazan et al., 2024).
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multiple fission, or fragmentation, where a single parent cell divides to 
produce genetically identical offspring. In species like Chlorella and 
Scenedesmus, daughter cells (autospores) form within the parental cell 
wall before being released. In synchronized cultures of Neochloris 
oleoabundans, which also divides by multiple fission (Bǐsová and 
Zachleder, 2014), cell expansion was observed to occur during day 
light, while cell division took place during the dark period (Rashidi, 
2019). The authors used scanning electron microscopy (SEM) to study 
maternal and daughter cell walls, which were visible as a single electron- 
dense layer during the early light phase. An electron-dense inner sheet 
corresponding to the daughter cell wall could be seen after six hours of 
light, covered by a middle layer with lower electron density and high 
electron density outer sheet. During the day both maternal and daughter 
cell walls became thicker and as the light phase ended, a “scar” formed 
at the maternal cell wall (Rashidi, 2019), which the authors interpret as 
a division site. While the first protoplast division was observed during 
the early dark period, the second one happened towards its end; the 
maternal cell wall broke and released the daughter cells. Certain pro
teolytic enzymes have been related to cell wall degradation (Fukada 
et al., 2006; Kubo et al., 2009), which specifically target the maternal 
cell wall, while leaving the walls of daughter cells intact. These cell 
division–related autolysis enzymes (autolysins) are known to degrade 
algal walls at certain places and at defined stages of the cell cycle. 
Autolysins belong to the subtilase-like serine protease family (Kubo 
et al., 2009), which are well represented in the sequenced algal ge
nomes of the phylum Chlorophyta (Demuez et al., 2015a).

2.2. The building blocks of Chlorophyta cell walls

Due to the few analyzed Chlorophyta genomes, insufficient infor
mation exists regarding the conservation mechanisms of cell wall 
biosynthesis in contrast to land plants; however, many of the polymers 
commonly observed in the cell walls of terrestrial plants are believed to 
have evolved in green algae. Mechanisms underlying cell wall biosyn
thesis may have arisen independently multiple times driven by gene 
families diversification, conservation from ancestral lineages, or acqui
sition via horizontal gene transfer (Popper, 2024).

2.2.1. Polysaccharides
Cellulose is built from β-D-glucose monomers that are linked by β-(1 

→ 4) glycosidic bonds. These β-D-glucose polymeric chains establish 
microfibrils via extensive hydrogen bonding interactions, giving cellu
lose its remarkable tensile strength. Two cellulose allomorphic forms, 
cellulose Iα and Iβ were found as natural components of living organisms 
(Rongpipi et al., 2019). Recent studies demonstrated that these allo
morphs show distinctions in hydrogen bond interactions, chain organi
zation, and molecular configuration (Held et al., 2014; Wang et al., 
2016). Contrary to terrestrial plant cell walls, which are mainly built of 
cellulose Iβ, Chlorophyta cellulose typically occurs as cellulose Iα allo
morph, which was found to be specific to algae and bacteria (Hindi, 
2017). The inherent crystallinity of native cellulose exhibits vari
ability, for example, in Chaetomorpha linum (Ulvophyceae), cellulose 
crystallites are unusually large (up to 16 nm), compared to 2.5–5 nm in 
other Chlorophyta and terrestrial plants (Wang et al., 2016). Unlike the 
cellulose-rich cell walls found in higher plants, the cellular walls of 
Chlorophyta exhibit considerable variability in their polysaccharide 
composition, with heteropolysaccharides comprising different mono
saccharides including, apart from glucose, other monomers like 
mannose, arabinose, galactose, and uronic acids. Cellulose is present but 
not dominant, constituting usually 15–25% of the dry weight of the cell 
wall material (Baudelet, 2017). The fibrillar structure of cellulose is, in 
some taxa, enhanced by associated hemicelluloses, pectin-like polymers 
and hydroxyproline-rich glycoproteins (HRGPs). Certain classes of 
Chlorophyta (e.g. Scenedesmaceae) have walls noticeably rich in 
hydroxyproline-rich glycoproteins (Baudelet, 2017). Filamentous algae 
(e.g., Cladophorales) display cellulose microfibrils with highly 

crystalline structure (Mihranyan, 2011). In contrast, cell walls of other 
Chlorophyta contain amorphous layers of polymers composed of neutral 
sugars (rhamnose, xylose, arabinose, mannose, glucose) as found in e.g. 
Scenedesmus, and sometimes of glucosamine (Abo-Shady et al., 1993). 
Consistent with this biochemical variability, the cell wall poly
saccharides in Chlorophyta show significant differences in molecular 
structure and spatial organization.

A remarkable exception in the class of Chlorophyceae is Chlamydo
monas reinhardtii, where recent structural studies demonstrated that the 
cell wall is non-crystalline, water-insoluble, and composed primarily of 
hydroxyproline-rich glycoproteins. This organism underwent evolu
tionary transformations that have led to cell walls entirely absent of 
cellulose or any typical glycan polymers (Poulhazan et al., 2024). 
Furthermore, the halophilic organism Dunaliella salina lacks a rigid 
cellulosic cell wall, being instead surrounded by an elastic plasma 
membrane in conjunction with a variably expressed, spongy pericellular 
mucilage matrix. Its ultrastructure and the presence of unique plasma- 
membrane lipids support extreme osmotic flexibility of the cell (Polle 
et al., 2020). In contrast, the zygote-embedding Dunaliella aplano
spores were shown to develop thick, protective cell walls containing 
sporopollenin-like polymers (Komaristaya and Gorbulin, 2006).

In Trebouxiophyceae, cellulose microfibrils are surrounded by 
hemicelluloses, whereby some species also produce hydroxyproline-rich 
glycoproteins (Domozych et al., 2012). Thus, Trebouxiophyceae contain 
cellulose mainly in inner layers of their cell walls. Outer layers often 
contain non-cellulosic polysaccharides and sometimes aliphatic poly
mers (algaenans). Some species (e.g., Chlorella vulgaris) have a rigid wall 
with glucosamine-rich chitin-like substances and other amorphous 
polysaccharides (Spain and Funk, 2022). Lichen phycobionts (Trebouxia, 
Pseudotrebouxia) have multilayered walls containing cellulose, non- 
cellulosic polysaccharides, sporopollenin-like material and outer poly
saccharide sheath (Němcová, 2003).

In marine Ulvophyceae (e.g., Ulva, Chaetomorpha), cell walls are 
characterized by distinctive cellulose microfibrils and, in some species, 
large crystallites. Their cellulose content can shift during life cycle 
phases, when, in diplophase (vegetative) cell walls, β-mannans and/or 
β-xylans replace cellulose, dominating during the gametangial (hap
loidal) phase (Dunn et al., 2007). Ulvophyceae are characterized by the 
presence of sulfated polysaccharides, which are unique among green 
algae. These sulfated polysaccharides contribute to ionic interactions 
and flexibility in marine environments. The principal component −
ulvan (Fig. 3) − predominantly comprises rhamnose, xylose, glucose, 
glucuronic acid, and occasionally includes galactose and mannose. 
Coenocytic forms (Bryopsidales, Cladophorales) synthesize sulfated 
galactans and arabinans, which have been found to be pyruvylated and 
featuring extensive branching (Ciancia et al., 2020; Fávero Massocato 
et al., 2024; Figueira et al., 2020).

Chlorodendrophyceae (e.g., Chlorodendron, Tetraselmis) have 
carbohydrate-rich walls, often reinforced with glycoproteins. In cell 
walls of these algae, the polysaccharide fraction exhibits a unique 
structural complexity due to the presence of extracellular scales 
(Domozych et al., 2012). Uncommon 2-keto sugars, specifically 3-deoxy- 
lyxo-2-heptulosaric acid (Dha), 3-deoxy-manno-2-octulosonic acid (Kdo) 
and 5-O-methyl-Kdo were identified as prominent components of the 
isolated theca (cell wall) of Tetraselmis striata (Becker, 1998).

In many Chlorophyta, polymers of mannose (mannans) or glucose 
and mannose (glucomannans) interconnected by β-(1 → 4) glycosidic 
bonds occur as major cell wall and extracellular polysaccharides (Popper 
and Tuohy, 2010). Mannans act as primary wall hemicellulosic com
ponents in many coenocytic ulvophytes (e.g., Codium, Bryopsis) occu
pying middle layers of the wall and delimiting fibrillar zones, as shown 
by immunolabeling and SR‑FTIR imaging (Chi et al., 2024). The poly
meric backbone may undergo further modifications, including sulfation, 
pyruvylation, and side‑chain substitution (galactose, xylose, arabinose), 
producing sulfated mannans, xylogalactomannans, and arabino
mannans in different taxa (Fernández et al., 2011; Pieper et al., 2012; 
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Zhu et al., 2024). In Codium vermilara, partially sulfated mannans have 
been chemically characterized (Chi et al., 2024).

In Caulerpa okamurae, a water-soluble sulfated xylogalactomannan 
was extracted. The polymer predominantly consisted of mannose, 
galactose, and xylose, and possessed a molecular weight of 470 kDa and 
a sulfate content of 12.78% (Zhu et al., 2024).

In Haematococcus pluvialis, variable accumulation of cell wall- 
associated mannans were reported dependent on certain life phases. 
Notably, in protective layers of the thick aplanospore cell walls high 
abundance of mannan was identified. Genetic downregulation of 
α‑1,6‑mannosyltransferase (HpOCH1) could diminish the amount of 
mannan. Simultaneously, the degradation rate of the cell wall increased 
by 58% in the knockdown strains (Xu et al., 2022).

Among monosaccharides, a heteropolysaccharide consisting of 
mannose with a molar ratio Glc 40.7: Man 19.0: Gal 19.0: others has 
been detected as component of the extracellular material in Neochloris 
oleoabundans. This heteropolysaccharide was excreted to the medium (Li 
et al., 2020b).

Both in cell walls and in extracellular polymeric substances (EPS) of 
Chlorella (Trebouxiophyceae), galactose-rich polysaccharides consisting 
of galactans and galactomannans, constitute a major structural element. 
These polymers contain galactose as the primary sugar, frequently 
accompanied by mannose, with varying concentrations of uronic acids. 
Their complex chemical composition includes galactose units linked by 
β-1 → 3, β-1 → 6, and β-1 → 3,6 glycosidic bonds, which results in 
remarkable branching (Colusse et al., 2022; Ferreira et al., 2020; Yuan 
et al., 2020; Zatta et al., 2023). Particularly, arabinomannan, containing 
mannan main chains with arabinose branches, has been identified 
within the alkali-soluble extracts obtained from the cell wall fractions of 
C. vulgaris (Pieper et al., 2012). A surprising discovery in Chlorella was 
the identification of chitin-like amino-sugar polymers. These com
pounds were initially reported in the endosymbiotic Chlorella strain Pbi, 
representing the first documentation of chitin-like glycans in unicellular 
green algae (Kapaun and Reisser, 1995). These polysaccharides contain 
glucosamine and other amino-sugar components, exhibiting a crystal
line organization similar to chitin, as demonstrated by multiple methods 
(Kokarakis et al., 2022).

Whereas canonical plant-like 1,4-β-xylans and xyloglucans are 
mainly found in Streptophyte (Charophyte) algae, Chlorophyta xylans 
are often crystalline β-1,3-linked polymers that form microfibrils. These 
polymers are abundant and best studied so far in siphonous Ulvophy
ceae. X-ray diffraction–based studies of Penicillus and other siphonous 
algae showed that 1,3-β-xylan architecture is founded upon triple- 
stranded or multi-stranded helical chains, forming microfibrils that are 
highly crystalline and negatively birefringent, with hexagonal packing 
and water-dependent lattice expansion (Atkins et al., 1969; Hsieh and 
Harris, 2019). These fibrils are often embedded or overlaid with other 

polysaccharides (incrusting 1,3‑linked glucans or sulfated galactans), 
producing layered wall architectures in species such as Bryopsis and 
Codium (Fuertes-Rabanal et al., 2025; Hsieh and Harris, 2019).

Ulvan and ulvan-type heteropolysaccharides are the dominant 
water-soluble sulfated polymers of Ulvales (Ulva spp.) accounting for 
9–36% of its DW (Li et al., 2022). In ulvans, the repeating disaccharide 
includes ulvanobiuronic acid and associated rhamnose/xylose motifs 
(Fig. 3) (Ciancia et al., 2020; Li et al., 2023). Also, sulfated galactans and 
arabinans occur widely in Ulvophycean coenocytic algae. Bryopsidales 
often produce 3‑linked β‑D‑galactans (pyruvylated and partly sulfated), 
while Cladophorales synthesize highly substituted 4‑linked 
β‑L‑arabinopyranan backbones with sulfation and terminal xylosyl or 
galactofuranose residues (Ciancia et al., 2020).

Pectin-like polysaccharides were identified among green algae, 
although their structure and chemical composition seem to be depen
dent on their taxonomic affiliation. Charophytes possess homo
galacturonan (HG) and rhamnogalacturonan I (RG-I) that are 
reminiscent of those found in terrestrial plants whereas many members 
of the Chlorophyta display structurally unique, anionic polysaccharides 
characterized by diverse monosaccharide compositions (Ciancia et al., 
2020; Domozych et al., 2012; O’Rourke et al., 2015). In particular, 
pectin‑like acidic polysaccharides and RG‑I/HG‑like polymers were 
identified in several of charophyte‑adjacent Chlorophyta (e.g., Closte
rium and Oedogonium), including GalA‑rich CDTA‑extractable fractions 
resembling HG and RG‑I signatures localized to the Golgi and cell walls 
(Baylson et al., 2001; Estevez et al., 2008).

Unusual or niche polysaccharides include algaenan-associated cel
lulose/ether linkages found in trilaminar walls (Coelastrum) (Rodríguez 
et al., 1999), chitin localized to outer walls/crosswalls (Pithophora) 
(Pearlmutter & Lembi, 1978), and, as above mentioned, 2‑keto sugar 
acids present in Tetraselmis thecae (Becker et al., 1998).

2.2.2. Lipids
The lipid content in the cell walls of Chlorophyta algae differs with 

species and the stage of development. In stationary growth phase, the 
lipid fraction constitutes 13% of the cell wall dry weight in Nordic 
strains of Chlorella vulgaris, 30%, in Scenedesmus sp., 22%, in Coelastrella 
sp., and 15% in Haematococcus pluvialis (Spain and Funk, 2022). Simi
larly, the cell walls of Neochloris oleabundans contain approximately 22% 
lipids (Rashidi and Trindade, 2018), Kirchneriella lunaris 13% (Abo- 
Shady et al., 1993) and Ulva 13% (Baudelet et al., 2017). Despite this 
important contribution to the Chlorophyta cell wall, data on the 
composition and structure of lipids are fragmentary and only general. 
The few reports on lipid profile indicate that some lipids are cell wall 
specific, whereas others are found in both the cytoplasm and the cell 
wall.

Characterisation of the lipid profile of some Chlorophyta cell walls 

Fig. 3. Structure of the main repeating disaccharide unit constituting ulvan − ulvanobiuronic acid 3 sulfate type A (
adapted from Li et al., 2022).
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indicates the presence of wax/cutin-like substances. The cell walls of 
N. oleabundans contain saturated fatty acids: palmitic and stearic (both 
also present in the cell cytoplasm), unsaturated fatty acid C19:1, fatty 
acid methyl ester and a sterol derivative. Since C16 and C18-ω-hydroxy 
fatty acids are recognized as key intermediates in the elongation path
ways involved in plant cutin and wax biosynthesis, cell wall lipids of 
Neochloris oleabundans might be generally considered of the wax/cutin 
type.

The cell wall lipid fraction of the Chlorophyceae representatives 
Scenedesmus communis and Tetraedron minimum consists of unusually 
long chain alcohols, α,ω-diols with chain lengths > C36, acids, ω 
− hydroxy acids (Allard et al., 2002). Blokker et al. (1998) described 
similar components of the cell wall in the latter strains, including C16- 
C28 fatty acids detected also in the cytoplasmic fraction, as well as a 
range of ω-hydroxylated long-chain fatty acids with one or two double 
bonds found exclusively in the lipid fraction associated with the cell 
wall. Long-chain unsaturated ω-hydroxy fatty acids present in the cell 
walls may be precursors of algaenans (Fig. 4) in S. communis and 
T. minimum (Blokker et al., 1998). Chlamydomonas reinhardtii, which 
does not accumulate algaenan, is unable to synthesize very long-chain 
fatty acids with > C20. Its cell wall lipid fraction contains mainly C16 
and C18 fatty acids, which indicates the presence of wax-like compo
nents, different from the waxes present in terrestrial plants (Kondo et al., 
2016).

The term algaenan(s) refers to recalcitrant, non-hydrolysable, 
insoluble, aliphatic polymers that occur in the cell wall compartment 
of various algae (Kodner et al., 2009). For many years, acid-resistant 
polymers found in algae were referred to in literature as sporopol
lenin, sporopollenin-like material or acetolysis-resistant biopolymers 
due to their similar chemical properties to the pollen cell wall compo
nent. However, over time, the term algaenan was used to distinguish the 
algal polymer from the plant one. Algaenan provides cell rigidity and 
incredible resistance to external factors. The algaenan layer makes the 
cell wall of some algae less permeable to small molecules (Baudelet 
et al., 2017) and constitutes an effective barrier for extracellular en
zymes and detergents (Versteegh and Blokker, 2004). The occurrence of 
algaenan has been recently found to significantly restrict the protein 
secretion outside the cells of Chlorella and Scenedesmus (Zych et al., 
2022). It also provides resistance to microbial attack of viruses, bacte
ria, fungi, zooplankton and phytoplankton (Dunker and Wilhelm, 2018). 
The biosynthetic pathway of algaenans remains unresolved, although 
recent work investigating the algaenan biosynthesis pathway in Nan
nochloropsis (Eustigmatophytes) indicates long-chain alkenols and 
mono- and di-hydroxylated fatty acids, which are converted through 

reduction into long-chain alkyl diols, as putative algaenan precursors. 
The authors emphasize the possible importance of the enzymes fatty 
acid elongases (FAE) and polyketide synthase (PKS) in these processes 
(Balzano et al., 2019; Blasio and Balzano, 2021).

The chemical structure of algaenan from individual strains of algae 
may differ from each other, and its structure changes with different 
isolation procedures (Obeid et al., 2014). Botryococcus braunii was found 
to have a high algaenan content, constituting a significant part of its 
biomass: 24–26% in the case of race L and about 10% in the case of races 
A and B (Ao et al., 2024). Algaenan of B. braunii have been characterized 
so far by several putative models, in which C40 isoprenoids presumably 
form polymeric structure connected with ether, acetal, or ester linkages 
(Ao et al., 2024). Elemental analysis of algaenan from Botryococcus 
braunii indicated a carbon content of 79–83%, hydrogen of 11–13%, and 
oxygen of 4–7% (Baudelet et al., 2017). Algaenans in Scenedesmus are 
suggested to consist of linear polyester chains interconnected with an 
ether bond (Blokker et al., 1998) (Fig. 4). Elemental analysis of Scene
desmus algaenans has shown a carbon content of 70%, hydrogen 10%, 
oxygen approximately 16%, and nitrogen 1% (Allard and Templier, 
2000). Whether algaenan is present in Chlorella cell walls is still under 
discussion as many of the reported “Chlorella” strains that claim to 
contain algaenan changed their phylogenetic classification after 
genomic studies. Allard et al. (2002) described algaenan isolated from 
Chlorella emersonii (CCAP 211/8P), which is now assigned to Graesiella 
vacuolata; the same author isolated algaenan from Chlorella minutissima 
(Utex 2219), now assigned to Neodesmus pupukensis. Atkinson et al. 
(1972) reported the existence of algaenan in Chlorella vacuolatus 
CCAP211/8b, now assigned to Scenedesmus vacuolatus. Notably, the 
Chlorella strain Utex 1230 is considered equivalent to strain SAG 211–8 k 
(Kodner et al., 2009). However, in Utex 1230 algaenan was detected 
(Zelibor et al., 1988) while it was absent in strain SAG 211–8 k (Atkinson 
et al., 1972). Therefore, the occurrence of algaenan in Chlorella is 
debatable and requires comprehensive studies including both algaenan 
isolation and genomic analysis. This dispute further demonstrates the 
problematic nature of attempting to classify and generalize the presence 
of algaenan in algae.

Due to its mechanical and chemical stability and extreme resistance 
to treatment with acids/bases, algaenan can be a significant obstacle in 
obtaining biotechnologically useful metabolites from Chlorophytes. It 
was reported that extracting intracellular compounds from algal strains 
containing algaenan in their cell walls demands significantly higher 
energy than extraction from strains that do not accumulate algaenan 
(Lee et al., 2012). However, algaenan itself has potential in biotechno
logical applications, e.g. as an important source for biofuels (Bondurant 

Fig. 4. Proposed structural model of algaenan from Tetraedron minimum and Scenedesmus communis
adapted from (Blokker et al., 1998; Versteegh and Blokker, 2004).
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et al., 2023).

2.2.3. Proteins
Proteins constitute a relatively large portion of Chlorophyta cell 

walls. Their contents range from 36 to 54% in Chlorella vulgaris, 41–46% 
in Scenedesmus sp., 30–34% in Coellastrella sp., and 42–47% in Haema
toccocus pluvialis (Spain and Funk, 2022), 31.5% in Neochloris oleoa
bundans (Rashidi and Trindade, 2018). Chlorophyta cell wall proteins 
are mainly glycoproteins, and the most numerous group of glycoproteins 
present in the walls are hydroxyproline-rich glycoproteins (HRGPs), 
which are generally classified into three principal groups: proline-rich 
proteins, extensins and arabinogalactan proteins (Johnson et al., 2017).

Extensins (EXTs) are moderately glycosylated HRGPs proteins that 
have been shown to affect primary cell wall structure and growth, 
provide structural support, help maintain cell wall integrity, and play a 
role in plant defense mechanisms (Estevez et al., 2008). EXTs possess 
repetitive Ser-Hyp3–5 moduls, characterized by monogalactosylation at 
specific serine residues and oligoarabinosylation at the majority of hy
droxyproline sites (Showalter and Basu, 2016). Chlamydomonas cell 
walls are composed entirely from layered hydroxyproline-rich glyco
proteins, resembling plant cell wall extensins. More specifically, the 
walls consist of five dense, glycoprotein-rich layers (W1, W2, W4, W6, 
and W7), which provide a protective cover (Fig. 2 A) (Poulhazan et al., 
2024). The layers W3 and W5 correspond to the space between layers 
W2 and W4, and between W4 and W6 (Baudelet et al., 2017). Earlier QF- 
DE (quick-freeze deep-etch) analysis postulated the crystalline structure 
of layers forming so called “central triplet” (W2 W4, W6) containing 
fibrillar material and granules (Baudelet et al., 2017; Goodenough et al., 
1986), and non-crystalline nature of the layers: innermost (W1) and 
outermost (W7) (Goodenough and Heuser, 1985). Recently, an NMR 
study with improved detection sensitivity revealed the abundant pres
ence of glycans and proteins accompanied by the low molecular weight 
glycoproteins (LWGPs), along with a significant mannans content. Thus, 
it was concluded that the central triplet consists of glycoprotein-rich 
domains that are highly mobile and connected to strongly hydrated 
regions rich in glycans, which are less mobile (Poulhazan et al., 2024). 
W2 forms a non-crystalline, chaotropic-insoluble scaffold composed of 
proteins (8%) − mainly hydroxyproline-rich − and carbohydrates (16%) 
and is proposed to have a structural function in the central triplet. W4 is 
chaotropic-soluble layer built of a glycine-rich glycoprotein GP1.5 (170 
kDa), with amino acid composition predominantly consisting of glycine 
23% and serine 11%. W6 is also chaotropic-soluble and is composed of 
three glycoproteins rich in hydroxyproline: GP1 (~300 kDa), GP2 (155 
kDa) and GP3 (135 kDa) (Baudelet et al., 2017). Besides, there have 
been identified low-molecular-weight proteins (30–50 kDa), which are 
presumed to function as precursors of cross-links within the cell-wall 
matrix. The remaining part of the cell wall, which is insoluble in 
water, comprises a layer of membrane-anchoring proteins (W1), and an 
outer covering (W7) (Poulhazan et al., 2024). Chaotropic-soluble gly
coproteins have also been observed in several other algal cell walls. GP2 
and GP3 homologues have been found in the Volvocaceae family. GP3- 
like proteins have been described in the cell walls of some representa
tives of the Zygnematales and in Scenedesmus obliquus (Voigt et al., 
2014).

Arabinogalactan proteins (AGPs) form a broad, and incredibly varied 
family of highly glycosylated HRGP proteins (Silva et al., 2020). 90–98% 
(w/w) of the AGP protein mass is the carbohydrate moiety, consisting 
primarily of galactose and arabinose as primary sugars, along with 
secondary sugars in particular glucuronic acid, fucose, and rhamnose. 
The AGPs backbone generally consist of repeating motifs containing 
high levels of the hydroxyproline/proline, alanine, and serine/threonine 
(PAST) amino acids. Proline 4-hydroxylases (P4Hs) catalyze proline 
hydroxylation in plants, and in some green algae such as Chlamydomonas 
and Volvox (Hervé et al., 2016). In the cell, AGPs can be plasma 
membrane-bound through a glycosylphosphatidylinositol anchor, 
located in the cell wall matrix (pectin, hemicelluloses), or present in the 

apoplast (Přerovská et al., 2021). AGPs are ubiquitous in plants and 
algae, occurring in the cell walls of brown and green algae (Estevez 
et al., 2009). AGP-like proteins have been characterized in the cell 
walls of Chlorophyta, i.e. in Ulva (Přerovská et al., 2021), Codium 
(Bryopsidales) (Estevez et al., 2009) and Oedogonium (Estevez et al., 
2008). AGPs contribute to various processes within plants including 
signaling, stress response as well as growth and development (Ma and 
Johnson, 2023; Silva et al., 2020). Less information is available on their 
role in algae. It has been proposed that arabinogalactan proteins from 
Ulva lactuca can activate the immune response, indicating a signaling 
role (Přerovská et al., 2022), while AGPs from brown algae were re
ported to be involved in the control of embryogenesis (Hervé et al., 
2016).

Expansins play a role in cell wall modifications, in particular they 
facilitate loosening of the cell wall. They usually consist of 250–275 
amino acids and are composed of two distinct domains (Sampedro and 
Cosgrove, 2005). Recently, three presumed expansins with low molec
ular weight were discovered in the cell wall proteome of Scenedesmus 
obliquus (Kowalczyk et al., 2025). Also, in Ulva genes encoding expan
sins were found (Osorio et al., 2022). The putative function of expansins 
in algae might be connected to enlargement and/or breakdown of the 
maternal cell wall during maturation of sporangia in the algal lifecycle 
(Kowalczyk et al., 2025).

Pherophorins are glycoproteins containing a hydroxyproline-rich 
rod-like domain, flanked at either end with A and B domains. Proteins 
of the pherophorin family have been discovered in the extracellular 
matrix of Volvocales members: Chlamydomonas reinhardtii, Volvox car
teri, Gonium pectorale and Pandorina morum (Hallmann, 2006). 
Pherophorin-S from Volvox carteri was found to function as an extra
cellular matrix plasticizer; together with lytic enzymes it might loosen 
and solubilize the extracellular matrix to facilitate the hatching of ju
veniles during sexual reproduction (von der Heyde and Hallmann, 
2020). Also, the transcription of pherophorin 1 and 2 are induced by 
mechanical injuries and by proteins that trigger sexual development 
(Godl et al., 1995; Hallmann, 2006).

Enzymatic activities associated with the cell walls were observed in 
some Chlorophyta. Activities of phosphatases, esterases and glycosi
dases were experimentally detected in isolated cell walls of Chlorella and 
Scenedesmus (Burczyk and Loos, 1995). Additionally, glycosyl hydro
lases and thiolase domains were discovered in the cell walls of Scene
desmus (Kowalczyk et al., 2025). Also, laccase-like enzymatic activities 
that are able to oxidize phenolic compounds were identified to be 
extracellularly exported in several genera of Chlorophyceae (Otto et al., 
2015).

2.2.4. Other components
Cell wall-related reports of Chlorophyta document the presence of 

carotenoids, specifically xanthophylls and ketocarotenoids, across 
different species. These studies emphasize secondary (non‑thylakoid) 
carotenoids rather than the primary carotenoids typically bound to in
ternal and photosynthetic membranes. Canthaxanthin, astaxanthin 
along with lutein and unidentified ketocarotenoid(s) were found to be 
linked to maternal (sporangial) cell walls of Scenedesmus obliquus 633 
(Burczyk, 1979; Burczyk et al., 1981). In the extracellular matrix of 
Botryococcus braunii colonies echinenone and canthaxanthin were 
identified (Grung et al., 1994). Interestingly, carotenoids were isolated 
as integral components of the outer (trilaminar) sheath, a structure that 
in some taxa (Scenedesmus spp.) also contains highly resistant polymers 
(Burczyk, 1987, 1986; Burczyk et al., 1981). Also, amine compounds, 
including glucosamine and polyamines were identified in the cell walls 
of Scenedesmus sp. and of several strains of Chlorella sp. The concentra
tion of amines in the cell walls was estimated to range 0.4–8.4 nmol/mg 
dry weight (Burczyk et al., 2014, Burczyk et al., 1995).
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3. Applications of cell wall components in nature and 
biotechnology

3.1. Biogeochemistry

In natural ecosystems, cell walls contribute to microalgal resilience 
against environmental stress-inducing factors, e.g. alterations in 
nutrient availability, pH or salinity, thereby influencing primary pro
ductivity and biogeochemical cycles. Their complex polysaccharide- and 
glycoprotein-rich matrices mediate interactions with microbes, grazers, 
and dissolved organic matter, affecting carbon sequestration and 
nutrient fluxes in aquatic environments.

Microalgal cell walls play an essential role in shaping biogeochem
ical cycles of major and trace elements and ecosystem functioning. Their 
diverse compositions regulate how microalgae interact with their envi
ronment and influence global carbon dynamics. Elements included in 
the organic matter of microalgal (including Chlorophyta) cell walls are 
eventually recycled and mineralized. Robust or highly recalcitrant cell 
walls slow decomposition, enhancing long-term carbon sequestration by 
facilitating the burial of organic carbon in sediments. At the same time, 
the extracellular polysaccharides produced at or released from these cell 
walls promote clustering of cells and particles, boosting the creation of 
marine snow − clumped organic debris descending from the upper strata 
of the water column, increasing carbon export to deeper waters (Mann & 
Lazier, 2006). These exopolymers also mediate the development of 
biofilms in natural ecosystems, where microalgae bind to surfaces, trap 

nutrients, and create microscale habitats for bacteria and other micro
organisms. Through these mechanisms, microalgal cell walls profoundly 
affect nutrient cycling, carbon export, and the structural complexity of 
aquatic ecosystems (Reinthaler et al., 2010). However, enhanced by 
eutrophication, also pollutants, e.g. Methylmercury (MeHg), can be 
adsorbed by the cell wall of Chlorophyta, assimilated and introduced 
into the food web (Skrobonja et al., 2019).

3.2. Harvesting and processing

From a biotechnological perspective, microalgal cell walls are a vital 
resource of unique biopolymers with possible applications in food, 
pharmaceuticals, cosmetics, and materials science (Fig. 5). At the same 
time, cell wall composition and architecture critically determine 
biomass processing efficiency, impacting cell harvesting, disruption, and 
extraction of cellular products. The algal cell wall therefore often is seen 
as an obstacle that adds significantly to production costs, but also offers 
an possibility, e.g., for bioremediation of heavy metals or other com
ponents of emerging concern. The cell wall is important in downstream 
processes like harvesting or extraction processes.

Harvesting microalgae, i.e. separating microscopic cells from their 
growth medium, is considered to be one of the bottlenecks in biotech
nological application: due to the small size of microalgae and their low 
density the process is energy-expensive. Harvesting and de-watering the 
microalgal biomass accounts for up to 30% of the production costs 
(Fasaei et al., 2018). Common methods include physical processes like 

Fig. 5. Overview of current applications of Chlorophyta cell wall material and/or cell wall derived products in biotechnology. Colors reflect the diverse areas of 
biotechnology (white − industry, gray − environment, yellow − nutrition, red − medicine/health, green − agriculture) according to (Kafarski, 2012).
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centrifugation, which uses high-speed rotation to concentrate cells, 
floatation, or sedimentation and filtration for larger or denser species 
(reviewed in Roy & Mohanty, 2019). Only a few microalgal cells settle 
spontaneously. This gravity-driven separation depends largely on the 
cell diameter. Faster sedimentation occurs when the effective cell size 
increases, such as through flocculation of algal cells. Flocculation of 
microalgae is a key process used to aggregate cells, facilitating biomass 
recovery (reviewed in Matter et al., 2019). This process is strongly 
affected by the zeta potential of the algal cell wall, which reflects the 
surface charge and electrostatic stability of the suspension. Typically, 
microalgal cells possess a negative zeta potential due to functional 
groups including carboxyl, phosphate, and sulfate moieties on their cell 
surfaces, leading to electrostatic repulsion between cells and preventing 
natural aggregation (Pandey et al., 2019). During flocculation, the 
addition of coagulants or alterations in pH and ionic strength can reduce 
the magnitude of the zeta potential, thereby decreasing electrostatic 
repulsion and promoting cell–cell interactions through van der Waals 
and hydrophobic forces. When the zeta potential approaches zero—the 
isoelectric point—cells become more prone to aggregation, forming 
larger and more stable flocs that can be efficiently separated from the 
liquid phase. Biological harvesting methods include autoflocculation or 
bioflocculation (Salim et al., 2010), while chemical processes use inor
ganic or organic chemicals to induce cell aggregation. The constituents 
of the microalgal cell wall directly affect how cells aggregate and 
respond to separation techniques.

The cell walls of Chlorophytes are highly resistant, and the compo
nents discussed above influence the cell’s mechanical strength, perme
ability, and resistance to environmental stress. These differences, 
however, also have practical implications for biotechnology, as the ri
gidity and chemical complexity of Chlorophyta cell walls can impact cell 
disruption methods and the isolation of valuable intracellular com
pounds. This rigidity is provided by the various layers of polysaccharides 
in the microalgal cell wall structure, but also by extremely resistant 
biopolymers like algaenan. Disruption of the cell wall is regarded as one 
of the most difficult bottlenecks in industrial applications involving 
algae as it significantly raises the costs and energy demand (Corrêa et al., 
2020). Common methods for cell disruption include mechanical tech
niques like bead milling, high-pressure homogenization, or ultra
sonication, which physically break the cells to release intracellular 
contents. Non-mechanical methods, like enzymatic digestion, osmotic 
shock, or the use of chemical solvents, can also be employed to weaken 
or dissolve the cell wall. Comparing mechanical methods (sonication, 
bead-beating, French-press, autoclavation, and microwave) with the use 
of osmotic shock to extract lipids from Botryococcus braunii LB572 
identified microwave treatment as the most efficient and simple method 
(Gim and Kim, 2018), which, however, might be difficult to perform in 
industrial scale. Pulsed electric fields (PEF) outcompeted bead-beating, 
ultrasound, freezing–thawing, chemical and thermal treatment in effi
ciency to extract astaxanthin from Haematococcus pluvialis (Martínez 
et al., 2019). Cell disruption also can be directly combined with 
extraction methods to purify the compounds of interest. Associating cell- 
disruption with extraction using organic solvents is very common (e.g. 
Breil et al., 2017). The use of alternative solvents also should be 
considered as they have lower environmental impacts, which also in
fluences safety and health issues. These so-called green solvents or bio- 
based solvents include terpenes, liquid polymers, deep eutectic solvents 
(DES), and ionic liquids (reviewed in Corrêa et al., 2020). Additionally, 
supercritical fluid extraction (SFE) is often used in the pharmaceutical 
and food sector (Manjare and Dhingra, 2019).

Inducible autolysis, the controlled self-degradation of algal cells 
triggered by specific internal or external stimuli, has attracted growing 
interest because it can simplify biomass harvesting and intracellular 
product recovery, reducing the need for energy-intensive mechanical or 
chemical approaches for cell disruption (Demuez et al., 2015b). Autol
ysis involves the activation of endogenous hydrolytic enzymes, e.g. 
proteases, lipases, to break down the cell wall and membranes (Khamila 

et al., 2025). Engineered strains are designed to express autolytic en
zymes under specific conditions, such as the depletion of nitrogen or 
induction by a chemical signal. Research continues to explore synthetic 
biology approaches to introduce inducible promoters or environmen
tally responsive circuits to achieve reliable and scalable autolytic sys
tems in diverse microalgal species.

3.3. Biotechnological applications of Chlorophyta cell wall materials

Microalgal cell wall material is receiving growing attention due to its 
wide range of potential applications, driven by its unique chemical 
composition and bioactivity (Fig. 5, Table 2). Their natural abundance 
and sustainability make microalgal cell walls a promising resource for 
circular bioeconomy applications.

3.3.1. Biofuels
Although algaenan is one of the main obstacles to cell wall disrup

tion, it has been found that it can undergo selective preservation in 
sediments and is believed to convert over time to petroleum (Obeid 
et al., 2015). Bondurant et al. (2023) proposed the use of a 2-step 
method to produce hydrocarbon-based fuels from Scenedesmaceae. 
The first stage involved the isolation of algaenan using hydrothermal 
hydrolysis, avoiding the use of organic solvents while in the second 
phase, the resulting algaenan residues were treated to generate a bio-oil 
with reduced heteroatom content. Also, Obeid et al., (2015) reported 
that isolation of hydrocarbon oil directly from algaenan obtained from 
Scenedesmus resulted in better quality of the oil, which resembled many 
Type I kerogen derived crude oils, compared to an isolation from whole 
algal cells.

Despite the promising properties of algaenan, its processing and in
dustrial use will be limited, if not impossible, until comprehensive basic 
research is conducted on this compound. This research should incor
porate comprehensive techniques, including genomic species classifi
cation and biosynthetic pathway analysis.

3.3.2. Packaging
Manikandan & Lens (2023) showed that ulvan can be used to pro

duce edible packaging. Edible films were formed by crosslinking and 
plasticizing ulvan with citric acid and xylitol, respectively. Thanks to its 
biodegradability and food safety it has the potential to be used as bio- 
based packaging. Similarly, Gomaa and coworkers (2022) prepared 
edible material with endogenous antioxidant properties using algal 
cellulose and ulvan as well as polyvinyl alcohol and plasticizer-glycerol. 
Addition of ulvan to the cellulose increased the material’s thickness and 
enhanced its physicochemical properties such as aqueous solubility or 
reduced permeation of the oxygen. The resulting films were also an 
efficient shield against UV/VIS radiation, making them a promising 
material for use in bio-based packaging that prolongs the shelf-life of 
products.

3.3.3. Superabsorbent hydrogels
Ulvan is able to form thermally reversible gels in the occurrence of 

boron and calcium ions and pH 7.5–8.0 (Tziveleka et al., 2019). 
Yoshimura et al. (2016) reported superabsorbent ulvan-based hydrogels 
obtained by crosslinking ulvan with divinylsulfone in an alkaline envi
ronment. Since superabsorbent hydrogels have extremely high capacity 
of water absorbency, they are widely used in many applications 
including e.g. sanitary napkins, soil conditioners, wound dressings. Even 
though the ulvan-based hydrogel obtained by Yoshimura and coworkers 
had lower absorbance efficiency than commercially available hydrogels, 
cell-wall derived hydrogels have great potential for future applications.

3.3.4. Electroactive materials / conductors
Cellulose extracted from algal cell walls has advantages over plant 

and bacterial celluloses thanks to its unique properties: strong crystal
linity (>95%), low hygroscopicity, high porosity, and large available 
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surface (Zhou et al., 2019). Although cellulose is electrochemically 
inert, when combined with active materials and conductive agents such 
as electrically conductive polymers, carbon and metal oxides, it opens 
numerous opportunities for the design of energy storage and sensor 
systems that are lightweight, affordable, scalable, and ecologically 
friendly (Nyström et al., 2009; Zhou et al., 2019).

Mihranyan obtained conductive material from Cladophora (Ulvo
phyceae) cellulose by pyrrole polymerization utilizing iron (III) chloride 
as a catalyst. The newly obtained material was portable yet mechani
cally stable and could be processed into paper-like sheets. Due to these 

properties, it is considered promising for applications such as electro
chemically regulated ion-exchange, separation technologies or sensors 
(Mihranyan et al., 2008). Polypyrrole-coated cellulose was also sug
gested as a standalone electrode in the preparation of “paper batteries”. 
Formed from Cladophora-derived cellulose with a 50 nm polypyrrole 
coating, the paper batteries exhibited exceptionally high charge capac
ity and rapid charging performance compared to other all-polymer 
paper-based batteries reported so far (Nyström et al., 2009). Clado
phora cellulose membranes have been also proposed as a good candidate 
for battery separators, as they enhanced the lithium-ion batteries 

Table 2 
Summary of applications of cell wall components from biotechnologically important Chlorophyta.

Genus Cell wall 
component

Extraction 
yield (% dry 
weight)

Functionality Industrial Applications References

Scenedesmus/ 
Desmodesmus 
spp.

Algaenan 4–12% (Obeid 
et al., 2014)

Generation crude bio-oil Biofuels Bondurant et al., 2023; Obeid 
et al., 2014

Chlamydomonas, 
Chlorella, 
Scenedesmus

Functional groups 
on cell surface

Not reported Biosorption of heavy metals via 
functional groups (–COOH, –OH, 
–SO3

− )

Bioremediation, Wastewater 
treatment

Spain et al., 2021

Ulva spp. Ulvan 8–29% (
Tziveleka et al., 
2019)

Bioactive properties (antioxidant, 
radical-scavenging, metal-chelating 
and immunostimulatory activities); 
physicochemical properties (UV–Vis 
and oxygen barrier enhancement, 
thermal stability, emulsifying and 
viscosity-enhancing properties); 
material properties (high water 
absorption capacity, mechanical 
resistance, biodegradability and 
biocompatibility); biomedical 
properties (promotion of cell adhesion 
and proliferation, sustained drug 
release capability, 
immunostimulatory activities)

Food packaging, edible films; 
cosmetics, food; superabsorbent 
hydrogels; wound dressings; tissue 
engineering scaffolds; drug delivery 
systems; vaccine adjuvant 
development

Alves et al., 2012; Foroughi 
et al., 2024; Gomaa et al., 
2022; Guevara-Torrejón et al., 
2025; Manikandan & Lens, 
2023; Morelli et al., 2019; 
Pradhan et al., 2023; Toskas 
et al., 2012; Yoshimura et al., 
2016

Ulva spp. Oligoulvan Not reported Prebiotic effects (stimulates the 
growth of beneficial gut bacteria, 
inhibit enteric pathogens, resistance 
to upper gastrointestinal digestion); 
elicitation of plant immune responses

Prebiotics, functional foods, 
nutraceuticals, elicitors for 
sustainable agriculture

Abouraïcha et al., 2015; Chi 
et al., 2020; Gouda et al., 2022; 
Jagtap et al., 2022; Roy et al., 
2025

Ulva spp. Sulfated 
polysaccharides

Not reported Bioactive properties (antimicrobial, 
antibacterial, antiviral, antioxidant, 
anti-inflammatory, anticancer, and 
immunomodulatory activities, 
promotion of cell growth, fibroblast 
proliferation, and collagen synthesis)

Wound healing, therapeutic 
adjuvants

Dong et al., 2025; Kondaveeti 
et al., 2025; Kuznetsova et al., 
2020; Magnabosco et al., 2025; 
Tziveleka et al., 2022

Ulva spp. Arabinogalactan- 
like proteins

Not reported Elicitation of plant immune responses Elicitors for sustainable agriculture Přerovská et al., 2022

Ulva lactuca Cellulose 6% (Gomaa 
et al., 2022) 

High crystallinity (94%); film-forming 
agent; providing mechanical strength 
and matrix stability 

Edible films, biodegradable 
packaging materials, food coatings

Gomaa et al., 2022

Cladophora Cellulose 28% (Yuvarani 
et al., 2017)

High porosity and surface area, high 
crystallinity (>95%), low 
hygroscopicity, strong mechanical 
stability

Excipients in medicines; energy 
storage and sensor systems, battery 
separators

Ek et al., 1998; Mihranyan 
et al., 2004; Zhou et al., 2019

Chaetomorpha 
aerea

Polysaccharide PCA 48% (Kraiem 
et al., 2025)

Promoting re-epithelialization, 
collagen deposition and tissue 
regeneration; anti-inflammatory and 
antioxidant properties; enhancing 
dermal repair in vivo

Wound healing Kraiem et al., 2025

Chlorella 
sorokiniana

Water-soluble 
polysaccharides

Not reported Immunomodulatory activity, 
stimulating proliferation of bone 
marrow cells and splenocytes; 
enhancing hematopoietic and immune 
cell growth

Immunostimulants, therapy 
adjuvants

Ishiguro et al., 2022

Chlorella vulgaris Extracellular 
polysaccharides

Not reported Anti-asthmatic, immunomodulatory, 
anti-inflammatory

Respiratory therapeutics, 
pharmaceutical formulations

Barboríková et al., 2019

Tetraselmis suecica Kdo (3-deoxy-D- 
manno-oct-2- 
ulosonic acid)

5% (
Kermanshahi- 
Pour et al., 
2014)

Constituent of the inner core region of 
lipopolysaccharides (LPS) in Gram- 
negative bacteria

Development of glycoconjugate 
vaccines and novel antibacterial 
drugs against bacteria

Kermanshahi-Pour et al., 2014
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stability, safety, and capacity (Zhou et al., 2019).

3.3.5. Bioremediation
Their fast growth and adaptability to survive in diverse environ

mental conditions make microalgae a sustainable and cost-effective 
option for large-scale wastewater treatment and bioremediation. 
Microalgae can absorb and/or degrade various pollutants from waste
water and contaminated environments ranging from nutrients (nitrogen 
and phosphorus) via pharmaceuticals to microplastic particles. Their 
removal mechanisms include bioadsorption, bioaccumulation, followed 
sometimes by intracellular or extracellular biodegradation (Xiong et al., 
2018).

Bioremediation typically occurs through a biphasic mechanism 
(Ethiraj et al., 2024; Leon-Vaz et al., 2025; Spain et al., 2021) with phase 
1 involving biosorption and phase 2 involving bioaccumulation. Bio
sorption is an extracellular process that primarily involves the micro
algal cell wall. Both living and dead algal biomass are commonly used, 
as pollutants attach to the functional groups on the cell surface. The 
efficiency of sorption depends strongly on hydrophobic character and 
chemical composition of contaminants as well as on the composition of 
the microalgal cell wall (Xiong et al., 2018). Particles with positive 
charge are attracted to the algal surface via electrostatic interactions, 
enabling rapid and effective biosorption, which is largely independent of 
environmental factors like light and nutrient availability. Living algae 
provide the advantage of self-replication and continuous remediation, 
whereas dead biomass is more resilient to toxic conditions and easier to 
handle in wastewater treatment systems. Bioaccumulation is an active, 
energy-demanding metabolic process of living cells to uptake substrates. 
Microalgae can take up contaminants either together or instead of nu
trients through various transporters present in the plasma membrane. In 
this second, metabolic phase, living cells actively absorb and accumulate 
contaminants. This process is slower and dependent on parameters like 
temperature and the cell’s energy state (Perales-Vela et al., 2006). 
Several models are available to investigate the underlying kinetics of 
bioremediation (Spain et al., 2021).

Many Chlorophytes can tolerate relatively high concentrations of 
heavy metals, making it possible to cultivate them in municipal or in
dustrial wastewaters contaminated with these elements (El-Sheekh 
et al., 2025; Zhao et al., 2025). While most strains are capable of 
adsorbing/removing single elements of a heavy metal, their adsorption 
efficiency tends to decrease when exposed to a mixture of two or more 
elements (Han et al., 2023). The ionizable, functional groups of carbo
hydrates, proteins and lipids present in the microalgal cell wall result in 
a negative surface charge of the wall, which therefore attracts metal- 
binding (reviewed in Spain et al., 2021). Of those, carboxyl groups 
seem to be most important to adsorb heavy metals (Doshi et al., 2007; 
Sheng et al., 2004). Additionally, amino and hydroxyl groups associated 
with the cell wall were identified as cation-binding sites in Chlorella 
vulgaris (Wang et al., 2021). This non-metabolic process depends on the 
type of microalgae species, their concentration and size, pH, metal 
concentration and contact time (Abinandan et al., 2021; Gu and Lan, 
2024).

Attaching or entrapping microalgae within a support 
matrix—thereby immobilizing the cells—has been shown to enhance 
bioremediation efficiency (Moreno-Garrido, 2008). Higher microalgal 
cell densities provide increased surface area for contaminant binding, 
while immobilization also facilitates the separation of the algae from the 
aqueous medium after treatment. Matrices, which often are used to 
entrap microalgae for wastewater treatment are alginate, sponge or 
activated carbon (Chen et al., 2021; Wang et al., 2020; Xie et al., 2020). 
Recently, a low-cost and sustainable polymer was developed using in
verse vulcanization of sulfur originating from petrochemical waste and 
waste cooking oil; Chlorophytes immobilized to this polymer displayed 
enhanced bioremediation even when exposed to solutions containing 
multiple heavy metals. After desorption the sorbent could be reused in 
subsequent rounds of wastewater purification (Leon-Vaz et al., 2025). 

Immobilization not only improves the ability of microalgae to remove 
contaminants but also lowers the costs of harvesting and recovering 
biomass.

3.3.6. Prebiotics
Algal oligosaccharides are produced by reducing the polymerization 

degree of the polysaccharides from the cell walls (e.g. ulvan). They have 
lower molecular size and enhance bioavailability compared to naturally 
occurring polysaccharides, which might lead to more extensive and 
superior biological activities. The prebiotic activity of oligosaccharides 
was recently investigated (Chi et al., 2020; Jagtap et al., 2022, Gouda et 
al, 2022) and showed that oligosaccharides stimulate the growth of 
probiotic bacteria while inhibiting enteric pathogens. Also, these oli
gosaccharides could influence the lipid metabolism in mice that were fed 
a high-fat diet, leading to reduced lipid concentrations in blood and 
liver. These results indicate that cell wall-specific polysaccharide de
rivatives may act as prebiotics and food additives in personalized diets 
and functional nutrition (Wang & Zhu, 2024).

3.3.7. Emulsifiers
Chlorophyta cell wall components are potential sources of natural 

emulsifiers due to their abundance of polysaccharides, glycoproteins, 
and other surface-active biopolymers (Pino et al., 2025). These wall- 
derived compounds exhibit strong viscosity-modifying and stabilizing 
properties that enable them to effectively disperse and maintain 
immiscible phases like oil and water. Their ability to form hydrated, gel- 
like networks around droplets reduces coalescence and enhances the 
stability of food, cosmetic, and pharmaceutical emulsions. The diversity 
of algal cell wall polymers allows for fine-tuning of emulsifying per
formance, offering biodegradable, renewable alternatives to synthetic 
surfactants. As demand grows for sustainable, clean-label ingredients, 
algal cell wall–derived emulsifiers are becoming increasingly important 
in formulating stable, eco-friendly products.

The polysaccharide ulvan has been analyzed for its possible use in 
colloid-based formulations as a stabilizer and emulsifier in cosmetics 
and food products resulting from its edibility and amphiphilic nature 
(Morelli et al., 2019). So far, such stable emulsions have been obtained 
and successfully implemented in body lotions as stabilizing and 
perfuming agents. These observations demonstrate the potential of 
ulvan for novel applications in the cosmetic industry.

3.3.8. Biomaterials
Extensive studies on ulvan indicate its numerous crucial therapeutic 

properties, including antibacterial, antifungal, antiviral, anti- 
inflammatory, antioxidant, anticoagulant, and make this poly
saccharide potentially useful as a biomaterial (reviewed by Tziveleka 
et al., 2019).

While ulvan itself is water soluble, ulvan membranes obtained by 
Alves et al. (2012) are water insoluble and stable at physiological con
ditions. They can be obtained by crosslinking via ether bonds on the 
hydroxyl groups of ulvan. These membranes showed an exceptional 
capacity to absorb water − they can adsorb 180 times more than their 
initial dry weight − while also exhibiting enhanced mechanical per
formance suitable for wound dressings (Alves et al., 2012). Foroughi 
et al. (2024) presented three-dimensional biomaterials, utilizing an 
ulvan hydrogel, which had desirable properties: biocompatibility, me
chanical resistance and could be used as wound dressing.

Ulvan-based biomaterials might be also applied in tissue engineer
ing. Toskas et al. (2012) reported ulvan membranes (or ulvan/chitosan) 
that enhanced osteoblast adhesion and growth, maintaining physiolog
ical cell morphology and viability. These unique properties might have 
high impact in biomedical applications as potential scaffold materials in 
osteoblast cultivation. Also, Alves and coworkers (2012) produced 3D 
porous structures, utilizing cross-linked ulvan, which might be imple
mented in a field of tissue-engineering.
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3.3.9. Drug delivery systems
Steady or controlled release of a drug is crucial − as it maintains a 

consistent therapeutic concentration in the body, minimizing peaks and 
troughs that can cause side effects. Alves et al., 2012 observed that 
nearly half of the dose of a model drug, dexamethasone, was released 
from the ulvan membrane initially, followed by a slower, steady release 
lasting for 14 days. These data make ulvan membranes potentially useful 
in pharmaceuticals as drug delivery systems.

3.3.10. Excipients in medicines
Microcrystalline cellulose is one of the most generally utilized ex

cipients in tablets (Mihranyan et al., 2004). The structural order and 
moisture content of cellulose particles are important features when used 
in pharmaceuticals. Cellulose powder from Cladophora has been tested 
as an excipient in medicines (Ek et al., 1998). Cladophora cellulose dif
fers from plant and bacterial cellulose due to a special combination of its 
properties including high porosity, surface area, and crystallinity, which 
makes it a useful alternative to commercially available cellulose in 
pharmaceutical products (Ek et al., 1998; Mihranyan et al., 2004).

3.3.11. Therapeutic agents in wound healing
Ulvaceae polysaccharides have shown remarkable efficiency in 

promoting wound healing through various mechanisms (Kondaveeti 
et al., 2025; Kuznetsova et al., 2020). These sulfated polysaccharides 
accelerate the wound healing by controlling inflammation, enhancing 
cell growth, and facilitating tissue restructuring. The wound healing 
properties of these polysaccharides involve several signaling pathways, 
including the activation of growth factors, modulation of cytokine 
expression, and stimulation of fibroblast proliferation (Kondaveeti et al., 
2025). Particularly, a newly identified marine polysaccharide obtained 
from Chaetomorpha aerea showed remarkable capability to promote 
dermal wound healing in rat models, with improved re-epithelialization 
and collagen deposition (Kraiem et al., 2025).

3.3.12. Vaccine and therapy adjuvants
Sulfated polysaccharides obtained from marine Chlorophyta 

demonstrate remarkable antimicrobial and antiviral capabilities. The 
sulfate groups and specific structural features enable these compounds 
to interfere with microbial adhesion and viral entry into host cells (Dong 
et al., 2025). Ulvan and other polysaccharides demonstrate antibacterial 
activity, even against strains resistant to antibiotics. The incorporation 
of these polysaccharides into drug delivery systems enhances the anti
microbial efficacy of conventional antibiotics (Tziveleka et al., 2022).

Green algae polysaccharides are essential in immune system regu
lation. Recent reviews emphasize that microalgal polysaccharides have 
the ability to influence immune responses through their interaction with 
pattern-recognition receptors (PRRs) found on macrophages and den
dritic cells, leading to enhanced cytokine activity and improved innate 
immunity. The therapeutic potential of algal cell wall polysaccharides is 
deemed to correlate with their structural features such as: sulfation, 
which enhances anticancer and antiviral actions; molecular weight 
affecting receptor binding and immune activation, and monosaccharide 
composition, which influences solubility, cell uptake, and bioactivity 
(Magnabosco et al., 2025). Algae-derived metabolites, including bio
polymers such as complex polysaccharides, have been shown to inhibit 
cancer progression by affecting multiple oncogenic signaling pathways 
and reducing proliferation of cancer cells (Sharma et al., 2023). 
Particularly, a recent review highlights ulvan’s combined anti- 
inflammatory, antioxidant, and immune‑boosting effects, supporting 
its potential use as a therapeutic immunomodulator and even as a 
co‑treatment in cancer immunotherapy (Pradhan et al., 2023). Also, a 
recent study shows that crude ulvans from Ulva spp. stimulated the 
expression of CD86 immunoglobulin triggering inflammatory processes 
through IL-6 cytokines and promoted the release of nitric oxide in 
differentiated macrophages, indicating their strong immunostimulatory 
potential relevant e.g. for vaccine adjuvant development (Guevara- 

Torrejón et al., 2025). Extracts from Chlorella cell walls stimulated 
both innate and adaptive immune responses through multiple mecha
nisms. They increased bone marrow and splenic cell proliferation 
together with elevating populations of antigen-presenting cells, T-cells, 
and induced expression of key signaling cytokines, including Tumor 
Necrosis Factor Alpha (TNFα) and γ- interferon (IFNγ) as well as the 
apoptosis-triggering protease granzyme B in human lymphoblasts 
(Ishiguro et al., 2022). Chlorella polysaccharide fractions also elevated 
expression of cytokines interleukin-2 and IFN-γ in mononuclear cells of 
the chicken blood, with the activity correlating to distinct mono
saccharide composition, molecular weight, and linkage arrangements 
(Mirzaie et al., 2021).

An extracellular polysaccharide fraction from Chlorella vulgaris 
demonstrated anti-asthmatic and anti-remodeling properties in experi
mental models, with the arabino-rhamno-galactan configuration linked 
to its anti-inflammatory effects (Barboríková et al., 2019). The Chlorella- 
derived resistant cell wall components have been used experimentally to 
bind and promote fecal elimination of lipophilic toxins in rodents (Pore, 
1984).

Kdo (3-deoxy-D-manno-oct-2-ulosonic acid), a rare acidic mono
saccharide present in the cell wall polysaccharides of Tetraselmis 
(Kermanshahi-pour et al., 2014), is also a conserved structural compo
nent of the lipopolysaccharides (LPS) core in Gram-negative bacteria 
(Camci-Unal et al., 2012). LPS constitutes the outer membrane of Gram- 
negative bacteria being crucial for cell growth, virulence and endotox
icity (Adachi et al., 2006; Camci-Unal et al., 2012). Enzymes involved in 
Kdo biosynthesis represent promising targets for the development of 
novel antibacterial agents, while Kdo-containing structures have 
attracted considerable interest as potential vaccine candidates targeting 
conserved regions of LPS of Gram-negative bacteria (Wen et al., 2016). 
Due to the complexity of its chemical synthesis, the high cost of 
commercially available products and the potential risk of contamination 
with toxic LPS, Tetraselmis has emerged as a promising and non-toxic 
alternative source of this monosaccharide (Camci-Unal et al., 2012). 
Kdo, which accounts for approximately 5% of the dry biomass of Tet
raselmis (Kermanshahi-pour et al., 2014), has attracted increasing 
attention owing to its pharmacological potential and prospective ap
plications in the development of novel vaccines and antibacterial 
therapeutics.

3.3.13. Biostimulants & elicitors
A recent study on algal cell wall glycoproteins indicated that AGP- 

like proteins might act as elicitor and enhance the immune system of 
plants. Isolated from cell walls, the AGP-like-rich extract was examined 
for its capacity to stimulate immunological responses and shield oilseed 
rape (Brassica napus) cotyledons from fungal pathogen (Leptosphaeria 
maculans). Adding the AGP-like protein fraction to Brassica napus, fol
lowed by infection of cotyledons with the hemibiotrophic fungus 
L. maculans, significantly limited the spread of infection and activation 
of signaling pathways. These results offer the potential for exploring 
AGP-proteins from Chlorophyta cell walls to be used as elicitors for plant 
protection strategies, especially within sustainable agriculture 
(Přerovská et al., 2022).

Besides AGP-like glycoproteins, algal oligosaccharides produced 
from ulvan (oligoulvan) and ulvan itself are being considered as good 
candidates for sustainable agriculture. Lastly, Roy et al., (2025)
reviewed cell wall marine algae oligosaccharides as eco-friendly elici
tors. Abouraïcha et al., (2015) investigated stimulation of natural de
fense in apples by ulvan and oligoulvan. Adding ulvan or oligoulvan to 
apple fruit significantly reduced the incidence of selected fungal dis
eases. Interestingly, oligoulvans showed better effectiveness than ulvan 
in activating enzymes and metabolites involved in plant defense. These 
results indicate the possible use of cell wall polysaccharides and their 
derivatives as bioelicitors.
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4. Perspectives & future directions

The cell wall compartment of Chlorophyta exhibits exceptional 
structural and compositional variability, which reflects the extensive 
phylogenetic span of this group, including multiple taxa with distinct 
evolutionary trajectories and ecological adaptations. The polymeric 
layers constituting their cell walls differ in both quantity and chemical 
composition across various taxonomic units. However, even within the 
same genus, the architecture and chemical constituents of the cell wall 
might be shaped by the lifecycle phase and specific environmental fac
tors. This literature review emphasizes the significant potential inherent 
in the cell wall compartment of Chlorophyta as a resource for a number 
of substances characterized by a highly diverse array of structural and 
functional attributes. Numerous cell wall-derived compounds, despite 
being only superficially characterized recently, demonstrate properties 
that facilitate their targeted applications both across various sectors of 
the economy and in the field of medicine. Consequently, cell walls of 
green algae and their specific components are gaining the emerging 
interest in all areas of modern biotechnology (Fig. 5). Nevertheless, to 
entirely harness the biotechnological potential of Chlorophyta cell walls 
and their constituents, it is still necessary to solve a number of problems. 
In particular, for harvesting and processing of cell wall material, 
developing cost-effective, energy-efficient cell disruption methods re
mains a priority. For this purpose, the integration of cell wall charac
terization with process engineering could lead to optimized biorefinery 
designs that maximize the recovery while minimizing processing costs. 
Addressing the low solubility and poor bioavailability of some cell wall 
polysaccharides via chemical modification or controlled depolymeriza
tion into oligosaccharides is a key focus for their pharmaceutical use (Li 
et al., 2023). A recent study by Chi et al. (2024) elucidated strategies to 
overcome industrialization barriers for sulfated polysaccharides, with 
emphasis on scale-up and quality management. Comparable efforts are 
required for other cell wall–derived products, and pre-clinical and 
clinical trials of promising bioactive compounds from Chlorophyta cell 
walls are essential to translate laboratory discoveries into therapeutic 
applications.

Identifying and selecting novel cell wall–associated compounds with 
biotechnological potential remains a significant challenge. As high
lighted by Domozych and LoRicco (2024), the scarcity of genomic and 
transcriptomic data for the majority of Chlorophyta taxa, leaves 
numerous fundamental inquiries concerning the composition and 
functioning of their extracellular compartment still open. Therefore, a 
paramount objective in Chlorophyta cell wall research is the expansion 
of genomic and transcriptomic screening across a much broader di
versity of taxa. Systematic sequencing and annotation of genomes from 
representatives of all major Chlorophyta lineages, with particular 
emphasis on cell wall–related genes, would establish a robust founda
tion for comparative analyses. Concurrently, comprehensive in
vestigations utilizing glycomics, lipidomics, and proteomics are 
imperative to elucidate the structural and functional roles of the con
stituents of the cell wall. Recent observations, such as the finding of 
congeneric diversity of N-glycans in Chlorella (Mócsai et al., 2020) and 
the characterization of ubiquitin-like proteins within the maternal cell 
walls of Scenedesmus (Kowalczyk et al., 2025) suggest that comprehen
sive glycomic and proteomic surveys are likely to uncover additional 
novel components. Also, the recent discovery of novel xylosylated 
fucoglucuronan (XFG), a rhamnogalacturonan-I (RG-I)-like poly
saccharide associated with cell walls of the charophyte Penium margar
itaceum, provides insight into evolutionary relations between main 
subgroups of green algae (Tan et al., 2026). Overall, the integration of 
genomic, transcriptomic, proteomic, lipidomic, and glycomic data, 
together with multifaceted approaches employing advanced structural 
analysis techniques, including among others nuclear magnetic reso
nance, X-ray photoelectron spectroscopy, as well as cryo- and atomic 
force microscopy, will be essential for constructing comprehensive 
models of cell wall biosynthesis and functioning in Chlorophyta. Such 

advances will expand opportunities for the exploitation of Chlorophyta 
cell walls and their specific components in future bio-based 
technologies.

5. Conclusion

Chlorophyta cell walls represent highly diverse, dynamic, and 
functionally complex extracellular compartments that are crucial to 
both microalgal biology and biotechnology. Their composition, span
ning polysaccharides, glycoproteins, lipids, and recalcitrant polymers 
such as algaenan, varies widely across Chlorophyta lineages, develop
mental phases, and environmental conditions. This variability supports 
both their ecological roles (e.g., in carbon sequestration, biogeochemical 
cycling) and their emerging relevance as a renewable source of bio
materials, bioactive compounds, and industrial polymers. In parallel, the 
structural robustness of Chlorophyta cell walls constitutes a major 
bottleneck in biomass processing, significantly increasing the cost and 
energy demand of harvesting and extraction.

Despite substantial progress, key knowledge gaps remain. In partic
ular, data on cell wall composition are fragmented and sometimes 
contradictory, reflecting limited taxonomic coverage and insufficient 
integration of genomic, biochemical, and structural analyses. The 
biosynthetic pathways of major components, especially algaenan, 
remain poorly understood and lipid composition within cell walls is still 
inadequately characterized. Moreover, the functional roles of many 
glycoproteins and minor cell wall constituents in Chlorophyta are 
largely unresolved.

Future research should prioritize comprehensive multi-omics ap
proaches (genomics, transcriptomics, proteomics, glycomics, lip
idomics) across a broader diversity of Chlorophyta subtaxa, combined 
with advanced techniques of structural analysis. Integrating cell wall 
characterization with process engineering will be critical to improve 
biomass processing efficiency. Additionally, systematic evaluation is 
required to translate promising cell wall–derived compounds into 
practical applications. Such efforts will be essential to fully exploit 
Chlorophyta cell walls in sustainable bioeconomy strategies.
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Moenne, A., 2022. The genome of the marine alga Ulva compressa (Chlorophyta) 
reveals protein-coding genes with similarity to plants and green microalgae, but also 
to animal, bacterial, and fungal genes. Int. J. Mol. Sci. 23, 7279. https://doi.org/ 
10.3390/ijms23137279.

Otto, B., Beuchel, C., Liers, C., Reisser, W., Harms, H., Schlosser, D., 2015. Laccase-like 
enzyme activities from chlorophycean green algae with potential for bioconversion 
of phenolic pollutants. FEMS Microbiol. Lett. 362. https://doi.org/10.1093/femsle/ 
fnv072.

Pandey, A., Pathak, V.V., Kothari, R., Black, P.N., Tyagi, V.V., 2019. Experimental 
studies on zeta potential of flocculants for harvesting of algae. J. Environ. Manage. 
231, 562–569. https://doi.org/10.1016/j.jenvman.2018.09.096.

Pearlmutter, N.L., Lembi, C.A., 1978. Localization of chitin in algal and fungal cell walls 
by light and electron microscopy. J. Histochem. Cytochem. 26, 782–791. https:// 
doi.org/10.1177/26.10.722047.

Perales-Vela, H.V., Peña-Castro, J.M., Cañizares-Villanueva, R.O., 2006. Heavy metal 
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