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Microalgae are utilized for various purposes through cell content extraction and

application. Cell walls are not utilized and not studied in an extensive manner. At

the same time, composition of multilayer and fibrillar structures with various chemical

compositions depends on microalgae species, they present an interesting object for

chromatography. However, it requires the application of novel processing technologies

(such as pulsed electric fields [PEFs]), which are able to selectively permeabilize the cell

walls with pores of various sizes and shapes. The current review indicates the application

of potential of microalgae cell walls for separation by size exclusion, ion-exchange, and

hydrophobic interaction chromatography. However, such a hypothesis should be further

experimentally proven.
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INTRODUCTION

The principle of chromatography is the interaction of an analyte with a stationary phase,
which captures, binds, or interacts with the analyte. To mention are, for example, ion-exchange,
hydrophobic interaction, size exclusion, or affinity chromatography. The stationary phase is usually
made of defined resins that are packed in a column. Depending on the chemical modification of
resins, the separation of certain analytes from complex mixtures can be achieved. Chromatography
is not only used in analysis but also in preparation to purify molecules during downstream
processing from complex mixtures of organic compounds, such as biomass hydrolysates.

Irrespective of the principle of chromatographic separation, the prerequisite is the application
of chemically defined and uniform spheric resin particles. This prerequisite would usually exclude
the direct use of biological material without modification and unification. Nevertheless, nature
provides interesting structures with unique forms and properties. Even though unification is not
given, these structures might be worth investigating as the chemical functionality might be unique
as well. Cell walls of algae, for instance, can consist of modified polysaccharides, proteins, and in the
case of diatoms also silicate (Domozych, 2016). Cell walls maintain the structure and protect the
cells from the impact of the environment even under harsh conditions (Domozych, 2019). So far,
the utilization potential of algal cells is among others connected to the carbohydrate, lipid, protein
contents, and availability of pigments (Baudelet et al., 2017). What remains after the extraction
of carbohydrates, lipids, proteins, and pigments is the empty cell wall with different levels of
proliferation or destruction. In many cases, the cell wall is destroyed after extraction and loses its
potential to be applied in chromatography.
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To shed light on the application of cell walls that are
obtainable after the extraction of cell compartments, the aim of
this mini-review was the systematization of knowledge on the
biochemical composition and use of cell walls from microalgae
species. Starting with the introduction of extraction methods and
particularly pulsed electric fields (PEFs) to obtain cell walls from
algal cells, their chemical properties were illuminated, and the
application as a solid phase in chromatography was discussed
(Figure 1). The focus was laid onmaintaining the stability of algal
cell walls and their chemical functionality to allow an application
in chromatographic separation. The outcomes of this review
are expected to contribute to the development of holistic algal
biomass utilization strategies, such as cell walls.

EXTRACTION OF CELL COMPARTMENTS

Microalgae are known to accumulate considerable amounts of
carbohydrates, proteins, and lipids and contain pigments, such
as chlorophyll, carotenoids, and phycobilins. Conventionally,
mechanical measures are applied to disintegrate cell walls
and liberate cell compartments. To mention are ultrasound,
microwave, hydrothermal liquefaction, enzymatic disruption,
supercritical carbon dioxide extraction, oxidative stress, and
osmotic shock (Ghasemi Naghdi et al., 2016). Furthermore,
organic solvents are dominantly used to de-fat biomass and
extract valuable lipids and fatty acids. Even though the measures
are developed and can be considered safe, cost-effective, robust,
efficient, selective, environmentally friendly, feasible for large-
scale production, and free of product contamination, which are
prerequisites, for instance, for biodiesel production (Ghasemi
Naghdi et al., 2016), the different measures destroy the cell wall or
create undefined pores to allow the organic solvent to penetrate
and to improve extraction efficiency. Thus, these measures may
not be appropriate for allowing extraction and maintaining cell
walls as they cause non-specific leakage (Martínez et al., 2020).

Recently, PEF technology has been gaining attraction as it
allows the creation of pores in the cell wall and facilitates the
release of cell compartments. PEF “is based on the formation
of a potential difference across a conductive biological material
between two electrodes.” The created electric field depends on
electric voltage, the shape of electrodes, and the gap between
electrodes (Toepfl et al., 2006; Buchmann and Mathys, 2019).
Martínez et al. have outlined that PEF fosters the extraction of
valuable compounds not only from microalgae but also from
bacteria and yeast. They emphasized the non-thermal character
and low energy input and highlighted the selective release
of intracellular compounds without compromising the cell’s
general structure. Furthermore, fresh biomass instead of dried
biomass can be applied (Martínez et al., 2020). Nevertheless, it is
controversially discussed whether a mechanical treatment using
bead mills or the application of PEF is beneficial in terms of
the release of cell compartments and the energy needed. Lam
et al. found a decreased protein yield and higher energy input
when PEF was used for protein extraction from Chlorella vulgaris
and Neochloris oleoabundans as compared to bead milling

(Lam et al., 2017a). Application of bipolar pulses (4–32 µs) and
specific energy of 25–150 kJ kg−1 to Chlorella sorokiniana
demonstrated a marginal extraction effect (Leonhardt et al.,
2020). However, a lower energy input was reported for the release
of around 70% (w/w) of the proteins from Chlamydomonas
reinhardtii using PEF (Lam et al., 2017b) and Buchmann et al.
were able to release 96.6% (w/w) of the proteins from C. vulgaris
(Buchmann et al., 2019).

From the information about PEF and its effect on the
cell permeability, it can be concluded that this technique is
appropriate for the extraction of valuable compounds. To achieve
a proper extraction of cell compartments without destroying
the structural and chemical functionality of algal cell walls, PEF
seems an appropriate technique as well. Carullo et al. stated
that PEF contributes to an extraction “without the formation of
cell debris, which might facilitate the subsequent downstream
purification operations” (Carullo et al., 2020). Usually, without
cell disruption, the extraction of lipids using solvents is a slow
process that relies on the passive diffusion of solvents and lipids
across the cell wall. Contrarily, cell rupture enables lipids to
be rapidly recovered by solvents (Yap et al., 2014; Parniakov
et al., 2015). Mechanical treatment usually destroys the cell wall
and does not allow further use of it. As mentioned above, PEF
creates pores in cell walls or partly opens it but keeps the wall
basically intact. This is a particularly important aspect when
it comes to utilization of it. Bensalem et al. found pores in
the cell wall of C. reinhardtii with a radius between 0.77 and
1.59 nm for reversible (5 kV cm−1) and irreversible (7 kV cm−1)
electroporation with 5 µs pulse duration. The longer the pulse
the larger the radius of the pores, and 5.11 nm of radius was
obtained for a pulse duration of 10µs (Bensalem et al., 2020). The
characterization of the pore size was carried out using a Confocal
Laser Scanning Microscope and by fluorescein-labeled dextran
molecules of different sizes. To determine the permeability of
cells, the presence or absence of dextran fluorescence inside the
cell was analyzed. The authors further found that in all cases,
the cell wall of C. reinhardtii showed permeability toward 3
kDa large dextran molecules. The penetration of larger dextran
molecules was found when cells were exposed to additional
mechanical stress, such as compression. Thus, PEF not only
allows the extraction of larger molecules but apparently also
the creation of defined pores size by changing electric field
strength and pulse duration. However, it should also be noted
that even with PEF severe cell disruption can occur at high
forces (Sheng et al., 2011) and the right balance needs to be
found to create defined pores while keeping the overall cell
wall intact.

It is an asset that PEF does not result in the destruction of
the cell wall and the creation of cell debris. This does not only
ease the downstream processing for the separation of proteins
and lipids as concluded by Carullo et al. (2020) but may also
ease the separation of perforated and empty cell walls. Algal cells
are usually harvested using flocculation, floatation, filtration, and
centrifugation (Zhu et al., 2018). Filtration is an easy measure
to separate solvent and extracted compounds from cell walls.
Another separation method is centrifugation, which relies on
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FIGURE 1 | Illustration of the treatment of algal cells by a pulsed electric field (PEF) and proposed use of empty and perforated algal cells in the separation of

carbohydrates, proteins, and fatty acids from complex hydrolysates.

the density of substances and their separation by gravitational
force. Using centrifugation, a solid concentration of up to 10–20%
(w/w) can be achieved. However, the energy demand can be high
(Najjar and Abu-Shamleh, 2020). Nevertheless, centrifugation
would allow the separation of “empty” from “full” cells due to
the different densities but similar sizes. It is an asset as compared
to filtration, flocculation, and floatation.

CHARACTERIZATION OF CELL WALLS

The potential of algal cell walls as solid-state material in
chromatography depends on the size and on the composition.
Domozych stated that a typical algal cell wall “consists of
crystalline fibrillar polysaccharides (e.g., cellulose) that interact
with a surrounding matrix of polysaccharides and proteoglycan”
(Domozych, 2019). An algal cell wall is usually formed by an
inner and an outer cell walls and has biological functions, such as
structural function, intercellular communication (Kinnaert et al.,
2017), defense, absorption of key ions, water, and biochemicals
(Domozych, 2019). The characterization of the composition of
algal cell walls was already under investigation almost 60 years
ago. Punnett and Derrenbaker identified various amino acids and
amino sugars in the walls of Chlorella sp., Scendesmus sp., Lyngby
sp., and Nostoc sp. (Punnett and Derrenbacker, 1966). Their
major finding was the presence of eight amino acids (aspartic

acid, glutamic acid, glycine, alanine, serine, valine, isoleucine,
and leucine) in the composition of the walls. This led to the
conclusion that “there is a common basal structure in the walls
of algae.”

Over the years with improving analytical equipment, more
detailed information regarding the composition could be
revealed. In Velazquez-Lucio et al. (2018) and other studies, the
cell wall of algae is described as a combination of “cellulose,
pectin (polygalacturonic acid), and sulfated polysaccharides, that
can be impregnated with inorganic substances, such as calcium
carbonate, silica, and magnesium” (Chen et al., 2013; Vahabisani
and An, 2021). A detailed analysis chemical composition of theC.
vulgaris highlighted the presence of chitin or chitin-like polymers
(glucosamine found in strong alkali extracts) and starch or
cellulose (glucose detected in strong acidic extracts) (Weber et al.,
2022). The composition is considered particularly important as
a cell wall is in contact with the molecules to be separated.
However, algal cells are highly diverse. Most obvious is not only
the range of size from micrometers to tens of micrometers (Mata
et al., 2012) but also the wall structure and shape. Structures, such
as scales, theca, fibrillar composites, frustule, or amphiesma, have
been described for the different algal taxon (Table 1). The shape
can be oval, round, or even like a needle.

Relatively hidden is the biochemical composition (Table 1).
Scholz et al. investigated the cell wall of Nannochloropsis
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TABLE 1 | The structure and biochemical characteristics of cell walls of selected

algal taxon after (Domozych, 2016, 2019) and references therein (Canelli et al.,

2021).

Algal taxon Wall

structure

Biochemical characteristics

Green algae Scales, theca,

and fibrillar

composite

Cellulose, pectins, xyloglucans, xylans, lignin,

1,3 ß-glucans, mixed linkage glucans,

xylogalactorhamnans,

rhamnoxyloglactogalacturonans, Kdo and

5-O-Kdo polymers, arabinogalctan proteins,

extensin

Red algae Mucilage,

fibrillar

composites

Cellulose, mannans, xylans, mixed linkage

glucans, sulfated galactans, lignin

Brown algae Fibrillar

composites

Cellulose, alginates, fucoidans

Diatoms Frustule Silica-complexed polysaccharides, proteins

Dinoflagellates Amphiesma Cellulose and other polysaccharides

gaditana and found around 79% (w/w) carbohydrates, 6% (w/w)
proteins, and 1% (w/w) minerals. In total, they were able to
characterize 86% (w/w) of the cell wall. The general composition
is made of polysaccharides, such as pectin, agar, alginate, and
algaenan polymers; fucans, hemicellulose, and glycoproteins in
a microfibrils matrix of cellulose; and traces of fucose, xylose,
rhamnose, arabinose, and galactose (Scholz et al., 2014). Similar
results are indicated in another study; however, with other
microalgae species, the chemical and structural compositions are
different (Rashidi and Trindade, 2018). This composition can
vary between algal species (Table 1). Common for green, red,
and brown algae and dinoflagellates is cellulose in combination
with other polysaccharides in cell walls. Diatoms are special as
they contain silica, which is complexed with polysaccharides.
Examples of polysaccharides found in a selection of microalgae
are shown in Table 1. A detailed explanation of polysaccharides
found in various algal cell walls is out of the scope of this mini-
review and can be seen in Voigt et al. (2014), Domozych (2016),
Baudelet et al. (2017), Domozych (2019), and references therein.

From the review published by Kinnaert et al., it is impressive
to see how complicated synthetic routes can be to create
the complex structures of macromolecules present in plant
cell walls (Kinnaert et al., 2017). They further concluded that
there is “clearly no lack of unexplored structures to serve as
inspiration for synthetic chemists, especially within the marine
polysaccharides.” New molecules are continuously found in
micro- and macroalgal cells and cell walls. Pankiewicz et al.
isolated the polysaccharide ulvan from the greenmacroalgaeUlva
flexusa and Cladophora glomerata (Pankiewicz et al., 2016). In
accordance with the authors, this was the first time that sulfated
polysaccharides were isolated from freshwater macroalgae. In
2009, Robic et al. extracted ulvan from the cell wall of the marine
green algaUlva rotundata (Robic et al., 2009). Thus, it is assumed
here that the chemical potential and many interesting molecules
are still to be discovered, which may foster the use of algal cell
walls in special applications.

APPLICATION OF CELL WALLS IN
CHROMATOGRAPHY

Commercially defined resins are applied as a stationary phase
for the chromatographic separation of molecules. Molecules that
interact strongly with the stationary phase migrate through the
resin slowly, whereas molecules that interact weakly migrate
through it quickly. As mentioned in the introduction, various
principles of chromatographic separation exist. Depending on
the principle, the resin and its modification need to be selected
accordingly. Ion-exchange chromatography is used to separate
charged molecules, such as anions and cations, amino acids,
peptides, and proteins. Depending on the charge, anion and
cation resins exist. To mention are resins with quaternary
ammonium or diethylaminoethyl groups as anion exchanger,
or sulfopropyl or carboxymethyl groups as a cation exchanger.
Hydrophobic interaction chromatography separates molecules
based on their hydrophobicity. This technique is usually applied
to separate proteins under less denaturing conditions and to
maintain their activity. The resin for hydrophobic interaction
chromatography can contain t-butyl and/or carboxyl groups
interfering with the molecule of interest.

Size exclusion chromatography separates molecules based on
their size by filtration through a gel of spherical beads that
contain pores of a specific size. Separation occurs whenmolecules
of different sizes are included or excluded from the pores. Small
molecules diffuse into the pores and their flow through the
column is retarded according to their size, while large molecules
do not enter the pores and are eluted. Consequently, molecules
are separated based on their size as they pass through the column
and are eluted in order of decreasing molecular weight. For
instance, bead sizes between <45 and 180µm are available.
Affinity chromatography is a separation method based on a
specific binding interaction between an immobilized ligand and
its binding partner, such as antibody/antigen, enzyme/substrate,
and enzyme/inhibitor interactions (Bio-Rad, 2022).

It needs to be shown to what extent an empty algal cell can
contribute to a chromatographic separation process. The success
of chromatography is based on the specific resins, and thus it
needs to be shown whether PEF-treated algal cells and their
walls can be applied as a stationary phase. As outlined, algal cells
exhibit an interesting biochemical composition, and the different
molecules at the outer surface of the walls might be appropriate
for the interaction with various molecules. Thus, algal cells have
been tested for the adsorption of ions at their walls, which has
basically the same result as ion-exchange chromatography but
is based on adsorption of ions rather than an exchange. For
instance, Gu and Lan have shown the biosorption of Pb(II),
Hg(II), Zn(II), Cd(II), and Cu(II). The adsorption capacities
were between 1.03 and 1.23 mmol per gram biomass of N.
oleoabundans (Gu and Lan, 2021). Heavy metal adsorption
occurred on the cell surface. The authors concluded that peptide-
containing molecules and non-cellulosic polysaccharides on the
cell wall are primary sites of adsorption. In 50 ppm metal ion
solutions to which 0.3 g dry N. oleoabundans was added and
adsorption was carried out at pH 7, 25◦C for 30min around 90%
of Pb was removed. Pb thereby did reveal an almost three-times
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higher removal than Zn, Cd, and Cu, while Hg was removed
by around 70%. Gu and Lan further reported that heavy metal
removal is influenced by biomass dosage, pH value, contact
time, and ion concentration. Cu(II) caused cell aggregation and
reduced the apparent adsorption capacity. Pb(II) revealed the
largest affinity to the cell surface (Gu and Lan, 2021). Spain et al.
(2021) described, based on Javanbakht et al. (2014), that various
functional groups, such as carboxyl, hydroxyl, sulfate, sulfhydryl
(thiol), phosphate, amino, amide, imine, thioether, phenol, and
carbonyl (ketone, imidazole, phosphonate, and phosphodiester),
at the outer layer of the cell wall have the potential to be
involved in metal binding. Andrade et al. reported that the
brown alga Padina gymnosporamodifies its polysaccharides when
exposed to heavy metals, such as Cd and Pb. Polysaccharides,
sulfate groups, uronic acids, fucose, mannose, and galactose
were found in higher amounts as compared to control cultures.
These compounds were responsible for metal sorption. From
the initial 351.3 and 547.5mg L−1, 39.5 and 60.8% remained of
Cd and Pb, respectively. The authors concluded that adoption
of extracellular compounds might be a defense mechanism to
avoid an accumulation in the cells (Andrade et al., 2010). This
is of interest as it might imply that the specificity to bind
certain molecules can be created by exposing living algal cells to
respective compounds. However, it should be highlighted that the
use of dead, PEF-treated cells is superior to living cells, as the last
ones tend to bioaccumulate metals (Spain et al., 2021) or modify
their biochemical characteristics.

An example of the hydrophobic interaction might be the
biosorption of organic compounds by microalga. Using living
cells, an accumulation and adsorption may take place. Wang
et al. used the four microalgal species, i.e., Phaeocystis globosa,
Nannochloropsis oculata, Dunaliella salina, and Platymonas
subcordiformis, to remove nonylphenol. They found “a sharp
reduction of nonylphenol in medium containing the four
microalgal species during the first 24 h of incubation, and the
four species exhibited the greatest capacity for nonylphenol
adsorption and absorption within 24 h of culture” (Wang et al.,
2019). The aspect of accumulation and even degradation or
formation by the respective cells emphasized the use of dead
cells without intact metabolism. Furthermore, the advantages
of using deadly over living cells are avoidance of toxicity-
related problems, no maintenance is required, storage of biomass
for long periods without loss of effectiveness, regeneration is
more feasible, and the possibility to work on a greater range
of environmental variables (Torres, 2020). Torres concluded
in his review that biosorption “is a technology that presents
a great diversity of options and combinations, demonstrating
great flexibility for its application.” However, Torres also
concluded that “the amount of possible materials (living or
dead) is enormous.” This is certainly correct, however, with
increasing algal biomass production and increasing cases where
PEF is applied, sufficient prepared cells might be available for
chromatography. Nevertheless, the new biosorbent needs to be
compared with commercially available sorbents to illuminate its
advantages and disadvantages.

A drawback that may hinder the application of PEF-treated
algal cells in chromatography is the fact that biosorption does not

only rely on a selective binding but may also rely on chelation and
electrostatic attraction (Vahabisani and An, 2021). As long the
binding is irreversible, it will not be possible to selectively desorb
molecules from algal cells. However, also using commercial
resins, desorption needs to be carried out to selectively release
molecules from a chromatography column, and thus there is
most likely a chance to achieve selective desorption. Spain et al.
stated that it is possible to recover biomass and heavy metals
(Spain et al., 2021), and thus defined desorption should function.

Whether compounds form the cell wall or are a part of the
outer layer and exposed to the surrounding environment is of
relevance for chromatographic applications. Themolecules at the
outer layer interact with a molecule and can bind it, while the
compounds found in walls may not interfere with molecules.
Thus, every characterization of compounds, such as sulfonated
polysaccharides or proteins, at the outer layer is of relevance
to develop novel applications. What is most likely to work is
size exclusion chromatography when pores of defined sizes are
created using PEF in cell walls. The possibility to create different
pore sizes by longer or shorter PEF treatments has been shown
already (Bensalem et al., 2020). Assuming that the functional
groups on the cell wall surface are still intact after PEF treatment,
cell wall-based stationary phases can enable a separation not
even by size exclusion but also by ion-exchange or hydrophobic
interaction chromatography. Another aspect, whichmay increase
the performance, is the interaction of molecules with the inner
structural compounds of cell walls. Structural compounds are
usually not exposed to or in contact with the environment.
However, once a molecule passes through PEF-created pores, it
may interact with the compounds inside.

ECONOMIC ASPECTS

The cost of PEF application depends on the applied field
strengths and specific energy input per unit of the treated
product. While investment costs depend more on the scale
and capacity of applications (field strength), operation costs
are more related to the daily operation needs (specific energy
inputs) (Töpfl, 2006). It is expected that total PEF costs for the
application to microalgae in the scope of 14–20 Euros per ton
of treated biomass are lower than similar thermal treatments.
Investment costs for the cell disintegration equipment at the scale
of 20 tons per hour of liquid with the accounting of the inflation
should account for capital investment up to 630,000 Euro.
Despite the high initial investment costs, lysing of microalgae
cells for extraction of valuable components is pointed to be in the
scope of 2.69 USD (3.47 USD with the accounting of inflation)
per barrel of extracted lipids (Roth, 2011). It corresponds well
with the recent estimates on the cost of PEF application for the
extraction of proteins from C. vulgaris, when protein costs are
indicated to be in the scope of 4.16 USD per 1 kg (4.58 USD with
the accounting of inflation) (Soto-Sierra et al., 2020).

Themass of an algal cell wall is different between algae species.
Even if only 1% (w/w) of the biomass is made of the cell walls
and under consideration that 14–20 Euros are needed to treat 1
ton of biomass (Töpfl, 2006), then 1,400–2,000 Euros are needed
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to produce 1 ton of perforated cell walls. This seems relatively
cheap as compared to the cost of synthetic resins. For instance,
100 g of commercially available hydroxylamine wang resin costs
around 3,000 Euros. However, a direct comparison of perforated
cell walls with synthetic resin is challenging as it depends on
the performance and purity. Synthetic resins are highly effective
for a specific task and highly pure. This needs to be shown for
perforated algal cell walls.

CONCLUSIONS

Microalgae content extraction methods vary in their approaches,
efficiency, and selectivity not only for the cell content separation
but also for further utilization of cell walls. PEF technology
demonstrates to be one of the most tender techniques for the
permeabilization of microalgae cell walls, selective extraction of
cell components, and preservation of cell wall components and
their integrity. Such an approach is useful for further potential
uses, e.g., the use of cell walls in chromatography. Different
microalgae species demonstrate various cell wall structures, most
of them are of multilayer and fibrillar nature. Such “onion-
like” structures and variations in chemical composition make
them an interesting object for chromatographic applications.
PEF technology, being a flexible technique, can deliver pulses
of various intensities, duration, and shapes to microalgae cells.
Such selective permeabilization allows to preserve the functional
groups on different levels of cells and enables separation by

size exclusion and by ion-exchange or hydrophobic interaction
chromatography. The advantage that may foster an application
of PEF-treated cells in chromatography is the presence of various
functionalized molecules on the surface of algal cells. This diverse
functionality can result in the chromatographic separation of
various organic compounds. This potential may be used for
the separation of proteins, peptides, amino acids, carbohydrates,
oligosaccharides, and sugars from complex organic waste
streams. However, the efficiency might be not comparable to
synthetic resins, which are defined to separate a certain class
of organic compounds. The hypothesis on the potential of
microalgae cell wall application for chromatography should be
thoroughly tested in experiments and biochemical studies.
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