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1 Introduction

Microalgae form a diverse collection of microorganisms that conduct
oxygen-evolving photosynthesis. Both prokaryotic and eukaryotic photosynthetic
microorganisms are covered in this group; they can grow rapidly, live even in harsh
conditions, and are present in almost all ecosystems around the globe. Examples of
prokaryotic microorganisms are cyanobacteria (Cyanophyceae) and eukaryotic
microalgae are, for instance, green algae (Chlorophyta) and diatoms
(Bacillariophyta) (Mata et al. 2010). Large-scale cultivation of microalgae is a
promising way to produce large amounts of biomass containing a wide variety of
high-value products with considerable commercial value, with great potential use in
the aquaculture, food, feed, pharmaceutical, cosmetic, fuel, and other industries.
Species of Chlorella and Arthrospira (also known as Spirulina) are sold as dried
biomass with a high content of proteins, carotenoids, phycobilin pigments, fatty
acids, sterols, polyhydroxyalkanoates, polysaccharides, or vitamins (mainly B12, C,
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and D2). The green alga Haematococcus pluvialis is the producer of the carotenoid
astaxanthin (a potent antioxidant) used as a food and feed supplements. Microalgal
species, including Anabaena, Botryococcus, Dunaliella, Nostoc, Parietochloris,
Porphyridium, Scenedesmus, and Synechococcus, are exploited for the production
of antioxidants (carotenoids, especially beta-carotene) and important vitamins (e.g.,
retinol, biotin, thiamine, riboflavin, folic acid, L-ascorbic acid, and tocopherol).
Furthermore, the increasing consumer awareness of the therapeutic properties of
omega-3 polyunsaturated fatty acids (PUFAs), such as eicosapentaenoic and
docosahexaenoic acids, and the expensive procedures for extracting them from fish
oils boost the research toward marine microalgae (e.g., Chrysophyceae,
Eustigmatophyceae, Chlorophyceae, and Cryptophyceae), where some species are
capable to provide high levels of PUFAs (Sastre 2012; Encarnação et al. 2015;
Borowitzka 2013; Lambreva et al. 2015; Bishop and Zubeck 2012; Guarnieri and
Pienkos 2015). Microalgae are also intensively studied as a rich source of
polysaccharides and oils important for biorefinery processes (Gouveia 2011).

Microalgae research and technology employ a wide variety of techniques,
instrumentation, and materials. In this chapter, the attention is focused on the
application of magnetically responsive nano- and microparticles which have already
been used in many biotechnology applications (Borlido et al. 2013; Garcia et al.
2015; Safarik et al. 2012; Safarik and Safarikova 2009). In the microalgae tech-
nology, they can be especially used for magnetic flocculation of microalgae cells
from cultivation media, magnetic modification of microalgae cells, magnetic iso-
lation of target compounds produced by microalgae, magnetic detection of algae
produced toxins, and preparation of magnetically responsive catalysts applicable in
microalgae biotechnology. Despite the fact that there is a real boom of studies
employing magnetic particles for microalgae separation from large volumes, other
areas of microalgae research and technology have not fully employed the potential
offered by magnetically responsive materials. This chapter should stimulate the
microalgae research community in finding new progressive applications of mag-
netically responsive materials.

2 Preparation of Magnetic Materials

Magnetically responsive biocompatible materials have found many important
applications in various areas of biosciences, medicine, biotechnology, and envi-
ronmental technology. Both basic ferro- and ferrimagnetic materials (e.g., mag-
netite, maghemite, and different types of ferrites) and magnetically responsive
composite materials formed by magnetically labeled diamagnetic materials are of
great importance. One of the most significant properties of magnetic materials is
their possibility to be selectively separated (removed) from the complex samples
using an external magnetic field (e.g., by means of an appropriate magnetic sepa-
rator, permanent magnet, or electromagnet). This process enabling efficient selec-
tive separation of magnetic materials is very important for bioapplications due to
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the fact that absolute majority of biological materials have originally diamagnetic
properties (Safarik and Safarikova 2009).

Various procedures have been used to synthesize magnetic nano- and
microparticles, such as classical coprecipitation, reactions in constrained environ-
ments (e.g., microemulsions), sol-gel syntheses, hydrolysis and thermolysis of
precursors, sonochemical and microwave reactions, hydrothermal reactions, flow
injection syntheses, electrospray syntheses, and mechanochemical processes
(Laurent et al. 2008; Safarik et al. 2011; Wu et al. 2015).

Coprecipitation technique (aging stoichiometric mixture of ferrous and ferric
salts in aqueous alkaline medium) is the simplest procedure to synthesize large
amount of iron oxide nanoparticles, either in the form of magnetite (Fe3O4) or
maghemite (c-Fe2O3). The addition of chelating organic anions (e.g., citric, glu-
conic, or oleic acids) or polymer surface complexing agents (dextran, carboxy-
dextran, starch, or polyvinyl alcohol) during the formation of magnetite can help to
control the size of the nanoparticles (Laurent et al. 2008).

Synthesis of uniform iron oxide nanoparticles can be performed in synthetic and
biological nanoreactors, such as water-swollen reversed micellar structures in
nonpolar solvents, apoferritin protein cages, dendrimers, cyclodextrins, and
liposomes.

Hydrothermal syntheses of magnetite nanoparticles are carried out in aqueous
media in reactors or autoclaves at high pressure and temperature. The sol-gel
process is based on the hydroxylation and condensation of molecular precursors in
solution, originating a “sol” of nanometric particles; further condensation and
inorganic polymerization followed by heat treatments are needed to acquire the final
crystalline state. The polyol process employs, e.g., polyethylene glycol as a solvent
exhibiting high dielectric constants, which can dissolve inorganic compounds.
Polyols also serve as reducing agents as well as stabilizers to control particle growth
and prevent interparticle aggregation (Laurent et al. 2008).

The flow injection synthesis employs continuous or segmented mixing of
reagents under laminar flow regime in a capillary reactor which enables precise
external control of the process. The obtained magnetite nanoparticles had a narrow
size distribution in the range of 2–7 nm. Spray pyrolysis and laser pyrolysis enable
high rate production of nanoparticles. In spray pyrolysis, a solution of ferric salts
and a reducing agent in organic solvent is sprayed into a series of reactors, where
the aerosol solute condenses and the solvent evaporates. Maghemite particles with
size ranging from 5 to 60 nm with different shapes have been obtained using
different iron precursor salts in alcoholic solution (Laurent et al. 2008; Safarik et al.
2011).

A wide variety of chemical reactions accelerated by microwave irradiation of
reactants has been observed. Recently, a simple, quick, and cost-effective micro-
wave method to prepare relatively uniform magnetite nanoparticles directly from
Fe2+ salts has been developed; the formation of magnetic nanoparticles using
microwave method requires only a few seconds or minutes (Zheng et al. 2010;
Safarik and Safarikova 2014). Nanosized iron oxide powders can also be synthe-
sized via a mechanochemical reaction. Ball milling of ferrous and ferric chlorides
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with sodium hydroxide led to the formation of magnetite (Lin et al. 2006) or
maghemite (Safarik et al. 2014a). To avoid agglomeration, the excess of NaCl is
usually added to the precursor before ball milling.

In order to obtain biocompatible magnetically responsive materials, stabilization
of the prepared iron oxide nano- and microparticles by appropriate modification of
their surface or by their incorporation into appropriate biocompatible matrix is
usually necessary. Compounds with carboxylic and phosphate functional groups
(e.g., citric and oleic acids) can bind to the surface of magnetic particles and
stabilize them. Water-based ferrofluids can also be stabilized by ionic interactions,
using, e.g., perchloric acid or tetramethylammonium hydroxide (Laurent et al.
2008).

Biocompatible (bio)polymers are also used for magnetic particles’ stabilization
and modification. Dextran has often been utilized as a polymer coating mostly
because of its excellent biocompatibility. The formation of magnetite in the pres-
ence of dextran 40,000 was reported for the first time in 1980s. Other common
biopolymer coatings are formed, e.g., by carboxymethylated dextran, carboxy-
dextran, starch, chitosan, alginate, arabinogalactan, or glycosaminoglycan, while
polyethylene glycol (PEG) and polyvinyl alcohol (PVA) represent biocompatible
synthetic polymers (Laurent et al. 2008).

Magnetic nanoparticles are often a magnetic component part of magnetically
responsive composite microparticles formed from various synthetic polymers,
biopolymers, inorganic materials, microbial cells, or plant materials (Safarik et al.
2012).

3 Magnetic Materials for Microalgae Harvesting

Algal cells can be harvested using various solid–liquid separation steps and
methods such as centrifugation, sedimentation, flocculation, filtration, flotation, or
by a combination of these methods. However, current harvesting methods have
many disadvantages. Therefore, new harvesting procedures employing different
types of magnetic nano- and microparticles have been developed and tested also for
industrial-scale harvesting of algal biomass (Safarik et al. 2016; Wang et al. 2015).

Magnetic flocculation of microalgae enables simple magnetic separation. Naked
magnetite is an efficient flocculation agent for the separation and removal of
microalgal biomass. Magnetic iron oxide particles can be prepared using various
methods (see above) and subsequently applied for microalgae harvesting. Magnetite
particles synthesized by chemical coprecipitation with an average diameter of
approximately 10 nm and an isoelectric point of approximately 7 were efficient in
harvesting Botryococcus braunii, Chlorella ellipsoidea, and Nannochloropsis
maritima (Xu et al. 2011; Hu et al. 2013).

An extremely simple procedure for the magnetic modification of algal cells
which is based on the use of microwave-synthesized magnetic iron oxide nano- and
microparticles has been developed recently. Two very inexpensive precursors are
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employed (ferrous sulfate heptahydrate and sodium or potassium hydroxide); after
alkalization of ferrous salt and formation of mixed iron hydroxides precipitate, the
suspension underwent microwave treatment (a regular kitchen microwave oven can
be used successfully) and nano- and microparticles of magnetic iron oxides were
formed (Zheng et al. 2010; Safarik and Safarikova 2014). Mixing of magnetic
particles with algal cell (C. vulgaris) suspensions caused cell flocculation and
magnetically responsive cell aggregates (usually ca. 100–300 lm in diameter)
formation. Naked magnetite has ion-exchange characteristics, and the separation is
primarily based on the electrostatic interactions between the magnetite and the algal
cells. In addition, Fe2+/3+ ions released from the magnetic particles’ surface may act
as flocculating agents and benefit the harvesting process (Prochazkova et al. 2013).

Due to the negative surface charge of microalgal cells, a positive charge on the
surface of magnetic particles improves separation. Functionalization of the mag-
netic particles’ surface with cationic groups improves the cells’ magnetic floccu-
lation. Two potential strategies can be used based on the place where a positively
charged polyelectrolyte (polymer) is bound. One strategy consists in coating the
cells with a suitable polymer in the first step and then attaching the naked magnetic
particles; in another approach, the naked magnetic particles are first
surface-functionalized with a polyelectrolyte and then bound to the microalgal cells
(Toh et al. 2014b; Lim et al. 2012).

Recently, several review papers summarizing the application of magnetic
particles for microalgae harvesting have been published (Lee et al. 2015; Safarik
et al. 2016; Wang et al. 2015).

4 Magnetic Modification of Microalgae Cells and Their
Applications

Magnetic modification of prokaryotic and eukaryotic cells leads to the formation of
extremely interesting biocomposites. The common characteristics of all magneti-
cally modified cells are their specific interactions with an external magnetic field
(Safarik et al. 2014b). The individual procedures used for magnetic modification of
microalgae cells are given below (Safarik et al. 2016).

Dried Chlorella vulgaris cells were magnetically modified using perchloric
acid-stabilized magnetic fluid in acidic buffer which led to the deposition of
magnetic iron oxide nanoparticles onto the cell surface and formation of magnet-
ically responsive algal cells. Modified cells were applied as a new inexpensive
magnetic adsorbent for the removal of six water-soluble organic dyes. Data from
dye adsorption process were fitted to Langmuir isotherm, and the maximum
adsorption capacities were 24.2 and 257.9 mg of dye per g of dried magnetically
modified cells for Saturn blue LBRR and aniline blue, respectively. Increasing pH
value can positively affect the adsorption capacities of some dyes (e.g., crystal
violet and safranin O) (Safarikova et al. 2008). The same acid magnetic fluid has
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been successfully used for magnetic modification of selected diatoms or
chrysomonads (Diadesmis gallica, Mallomonas kalinae); in this case, magnetic
modification can be performed in methanol (Kratosova et al. 2013). Diatom par-
ticles have also been magnetically labeled with human serum albumin (HSA)-
coated iron oxide nanoparticles, prepared from oleic acid/oleylamine-coated
nanoparticles after subsequent surface exchange with dopamine. Diatoms were
contacted with the modified particles in PBS at room temperature for 2 h. Multiple
amine groups on the surface of the MNPs ensured their partial positive charge,
making them appropriate to interact with negatively charged cell surfaces (Todd
et al. 2014).

Cationic polyelectrolyte promoted effective attachment of iron oxide nanopar-
ticles onto microalgal cells through electrostatic attraction. Chitosan and
poly(diallyldimethylammonium chloride) (PDDA)-modified magnetic iron oxide
nanoparticles can easily modify Chlorella sp. cells during simple mixing.
Subsequent magnetophoretic separation of magnetized Chlorella cells was carried
out under low-gradient magnetic separation (LGMS) with a NdFeB permanent
magnet in an inhomogeneous magnetic field with magnetic field gradient
(∇B) < 80 T/m. It was also shown that magnetic nanoparticles can enter the cells.
The internalization of nanoparticles may be through a passive uptake or adhesive
interaction (Toh et al. 2014a, b). PDDA also promoted effective attachment of
IONPs onto other microalgae cells (Lim et al. 2012; Toh et al. 2012).

Another procedure for coating algal cells by magnetite nanoparticles via elec-
trostatic interactions has been described recently. (Poly)allylamine hydrochloride-
stabilized positively charged MNPs (average diameter around 15 nm) were used for
the magnetization of living Chlorella pyrenoidosa cells. The single-step magneti-
zation procedure is very simple and consists of the dropwise introduction of the
aqueous suspension of algal cells into the nanoparticles solution, followed by
intensive shaking for 10 min. TEM images demonstrated the uniform layer of
MNPs on the cell walls with the thickness around 90 ± 20 nm (Fakhrullin et al.
2010). The modified cells have been employed for the construction of a whole-cell
amperometric herbicide biosensor using screen-printed electrodes. The electrode
was connected with supporting tetrafluoroethylene plate with inserted NdFeB
cylindrical magnet (2 mm in diameter) in the cavity below the working electrode
area to produce strong magnetic field in the vicinity of the electrode. The mag-
netically modified cells were mixed with the electron mediator (K3Fe(CN)6) and
electrolyte (Na2SO4), and the drop of this suspension was placed onto the working
area of the electrode. The magnetized cells were immediately assembled above the
magnet in the area of magnetic field. This biosensor was applied for the detection of
triazine herbicides, inhibitors of photosynthetic activity. The biosensor was able to
detect atrazine (from 0.9 to 74 mM) and propazine (from 0.6 to 120 mM) (the
limits of detection 0.7 and 0.4 mM, respectively) (Zamaleeva et al. 2011). The same
magnetic C. pyrenoidosa cells were used as “nanobait,” which was ingested by a
nematode Caenorhabditis elegans as a sole food source. The magnetized cells were
localized inside the digestive tract of the worms. Delivery of modified cells resulted
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in magnetic labeling of living nematodes, rendering them magnetically responsive
(Daewlaetsina et al. 2013).

A magnetic material based on montmorillonite, a commonly used clay, was
manufactured by the supporting of Cu(II)/Fe(III) oxides on pillared montmorillonite
prepared from Na-montmorillonite using aluminum polycation. This magnetic
material was used for modification and subsequent magnetic removal of the
cyanobacteria Microcystis aeruginosa (Gao et al. 2009).

A specific modification procedure was employed for the magnetization of
cyanobacterium Synechocystis sp. PCC 6803. This photosynthetic microorganism was
immobilized on amine-functionalized MBs (Dynabead M-270 Amine) by 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide (EDC) – N-hydroxysulfosuccinimide (NHS)
coupling chemistry. The carboxylic groups present in the Synechocystis cell wall were
activated with EDC and then subjected to NHS to produce amine-reactive NHS esters
enabling interaction with amine-functionalized MBs to produce covalent amide bonds.
Individual microorganisms immobilized on the magnetic beads (transporting objects)
were directionally manipulated using a magnetic rail track, which was able to
manipulate particles as a result of asymmetric forces from the curved and flat edges of
the pattern on the disk. Transporting objects were then successfully trapped in a
magnetic trapping station pathway (Venu et al. 2013).

Immunomagnetic detection and modification of cells is based on the use of
magnetic nano- or microparticles with immobilized monoclonal- or
polyclonal-specific antibody enabling their selective attachment to target cells.
After incubation, target cells with attached magnetic particles are isolated with the
help of an appropriate magnetic separator. In the direct method, the antibodies
against target surface epitopes are attached to the magnetic particles, which are then
added to the cells containing sample. In the indirect method, the cell suspension is
incubated with free primary antibodies, which bind to the target cells; then, mag-
netic particles with immobilized secondary antibodies, protein A or protein G, are
added, enabling the beads to bind rapidly and firmly to the primary antibodies on
the target cells. Alternatively, primary antibodies can be biotinylated, and magnetic
particles with immobilized streptavidin are used for capturing the target cells
(Safarik and Safarikova 1999; Safarik et al. 2014b). Recently, the cells of toxic
dinoflagellate Alexandrium fundyense have been isolated from natural seawater
plankton samples using Dynabeads with immobilized monoclonal antibody against
the surface antigens. Both direct and indirect procedures were tested as well as three
types of modified magnetic beads (MBs) (streptavidin, and two secondary anti-
bodies: sheep anti-mouse and goat anti-mouse). Optimal indirect bead attachment
protocol enabled the separation of 90% of the labeled A. fundyense cells in unialgal
cultures (with non-specific binding from 5 to 10%). Simpler “direct” technique
(with recovery 80% and non-specific binding ca. 2%) enabled pre-coating of beads
with the specific antibody in bulk before use, which shortened the procedure and
eliminated target cell losses (Aguilera et al. 1996, 2002). Alternatively, purified
polyclonal antibodies against Heterosigma akashiwo were immobilized to
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carboxylated MBs Seradyn; immunomagnetic separation enabled to detect an
important species responsible for harmful algal blooms (Huang et al. 2012).

Immobilization of algal cells into different non-magnetic matrices has been
described many times (Mallick 2002). However, only exceptional examples of algal
cell entrapment into magnetic gels can be found in the literature such as the
entrapment of microalgal cells (C. vulgaris) within a non-toxic polyvinylpyrroli-
done (PVP) polymer matrix containing superparamagnetic magnetite nanoparticles
using continuous flow vortex fluidic device. High entrapment efficiency (up to
95%) was obtained. Entrapped cells can be separated from the PVP matrix using
mild sonication (Eroglu et al. 2013).

5 Magnetic Separation of Microalgae Biologically Active
Compounds

Isolation, separation, and purification of various types of biologically active com-
pounds, including proteins, peptides, (poly)saccharides, nucleic acids, oligonu-
cleotides, lipids, as well as of other specific molecules, are used in almost all
branches of biosciences and biotechnologies. Recently, separation techniques,
capable of treating dilute solutions or solutions containing only minute amounts of
target molecules, in the presence of vast amounts of accompanying compounds,
even in the presence of particulate matter, have become available for both small-
and large-scale processes. Specific group of separation processes is based on the use
of magnetically responsive materials, which can be applied for magnetic affinity,
ion exchange, hydrophobic or adsorption batch separation processes, applications
of magnetically stabilized fluidized beds or magnetically modified two-phase sys-
tems (Safarik and Safarikova 2004; Franzreb et al. 2006).

The basic principle of batch magnetic separation is very simple. Magnetically
responsive carriers bearing an immobilized affinity or hydrophobic ligand or
ion-exchange groups, or magnetic biopolymer particles having affinity to the target
compound, are mixed with appropriate source of biomolecules and incubated in
order to capture the target compound(s). Then, the whole magnetic complex is
easily and rapidly removed from the suspension using an appropriate magnetic
separator. After washing out the contaminants, the isolated target compound(s) can
be eluted and used for further work (Safarik and Safarikova 2004).

Large amounts of biologically active compounds have already been isolated
using magnetic separation techniques (Franzreb et al. 2006; Safarik and Safarikova
2004). Surprisingly, this advanced technology has not found many applications in
microalgae research and technology. The few existing examples should stimulate
the interest of the broad microalgae research community.

Microalgae cells have to be disintegrated in order to enable efficient separation
of intracellular components. Mild but efficient cell disruption is necessary. Various
mechanical procedures (e.g., bead milling, high-pressure homogenization,
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high-speed homogenization, ultrasonication, microwave treatment, explosive
decompression, and pulsed electric field treatment), chemical cell disruption, and
enzymatic cell lysis can be successfully used. A review paper summarizing the
microalgae disintegration procedures has appeared recently (Gunerken et al. 2015).

Magnetic particles have been successfully used for the isolation of algal cells
that derived biologically active compounds and toxins. Genomic DNA from fixed
cultures of Alexandrium minutum cultures was separated using silica-magnetite
beads (Taylor et al. 2000); in this case, the silica-magnetite beads adsorb DNA
under high salt conditions and release it when salt concentration decreases.
Alternatively, DNA was separated using DEAE-agarose-magnetite microparticles
(Bruce et al. 1996), and the ionically bound DNA was subsequently eluted via ion
competition. Among the DNA extraction techniques compared, the magnetic par-
ticle-based methods provided the best results (Bertozzini et al. 2005).

A magnetic bead-based system for DNA isolation utilizing monodisperse beads
(Dynabeads DNA DIRECT; originally designed for isolating PCR-ready DNA
from human whole blood) was employed to produce a general approach for
PCR-ready DNA. Different types of algae (Gyrodinium aureolum, Heterocapsa
triquetra, Scrippsiella trochoidea, Chlorella vulgaris, Chlamydomonas reinhardtii,
Caulacanthus ustulatus, Chrysochromulina polylepis, and Ceramium strictum)
were used; all algae tested gave DNA yields in the range 100–200 ng/105 cells (50–
100% relative to phenol-/chloroform-based isolations). Also, potential
PCR-inhibitory polysaccharides as well as other inhibitory compounds, such as
polyphenols, were removed (Rudi et al. 1997).

Silica-coated, superparamagnetic nanoparticles conjugated to a DNA capture
sequence (probe) complementary to a specific region of 5.8S rDNA of the genus
Alexandrium have been used for the specific purification of microalgal DNA from
the cells of Alexandrium catenella in cultured or environmental samples. Then, a
PCR assay was performed with primers specific for the genus Alexandrium to
assess the specificity and sensitivity of the nucleic acid extraction method. In both
cultured and field samples, the detection limit was one A. catenella cell (Galluzzi
et al. 2006).

Bacterial magnetic particles (BMPs) were used for the identification of
cyanobacterial DNA. Genus-specific oligonucleotide probes for the detection
of Anabaena spp., Microcystis spp., Nostoc spp., Oscillatoria spp., and
Synechococcus spp. were designed from the variable region of the cyanobacterial
16S rDNA of 148 strains. These oligonucleotide probes were immobilized on
BMPs via streptavidin-biotin conjugation and employed for magnetic capture
hybridization against digoxigenin-labeled cyanobacterial 16S rDNA. Bacterial
magnetic particles were magnetically concentrated, spotted in 100-lm-size
microwell on MAG-microarray, followed by the fluorescent detection. The entire
process of hybridization and detection was automatically performed using a mag-
netic separation robot, and all five cyanobacterial genera were successfully dis-
criminated (Matsunaga et al. 2001).

Paralytic shellfish poisoning (PSP) toxins from a toxic strain of the marine
dinoflagellate Alexandrium tamarense CCMP-1493 have been isolated after cells’
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disintegration using glutaraldehyde-activated amine-coated hollow glass magnetic
microspheres (Ferrospheres-N) with immobilized monoclonal antibody. High toxin
recovery (up to 96.2%) was obtained using optimized separation conditions (Devlin
et al. 2011b). Alternatively, these coated microspheres were utilized for extracting
PSP toxins from naturally contaminated mussel samples; it was shown that mag-
netic separation could be a convenient alternative to conventional extraction pro-
cedures used in toxin purification prior to sample analysis (Devlin et al. 2011a).

Recently, magnetic solid phase extraction (Safarikova and Safarik 1999)
employing C18-functionalized magnetic silica nanoparticles (Fe3O4@SiO2@C18
MNPs) was successfully used for the determination of hepatic toxin microcystin-LR
(MC-LR) in reservoir water samples, followed by high-performance liquid chro-
matography–diode array detection (HPLC–DAD). After the extraction, the adsor-
bent can be conveniently and rapidly separated from aqueous samples by an
external magnet. High enrichment factor 500 was attained. The calibration curve of
MC-LR was linear in the range of 0.1–10.0 mg/L; limit of detection was
0.056 mg/L. The developed method was successfully applied to the determination
of MC-LR in reservoir water samples (Ma et al. 2015).

6 Magnetically Responsive Catalysts in Microalgae Oil
Biotechnology

Biodiesel is a renewable, clean-burning diesel replacement; currently, mainly veg-
etables and seed oils are used as its precursor. In addition, the microalgae with high
lipid content could also be employed as an oil source. The biodiesel synthesis is
based on the triacylglycerol transesterification with a short-chain alcohol (e.g.,
methanol and ethanol); such a conversion is usually performed in the presence of the
catalyst. Both enzymes (lipases) and solid acid/base catalysts have been successfully
used (Mata et al. 2010; Takisawa et al. 2014). In the following part, only examples of
magnetically responsive (bio)catalyst utilized for biodiesel synthesis and some other
organic reactions using microalgae oil as a substrate will be presented. Magnetically
responsive catalysts can be reused after their simple recovery by a magnetic field,
thus avoiding the filtration or centrifugation separation processes.

6.1 Magnetic Lipases in Microalgae Biotechnology

An extracellular halo-thermo-tolerant, solvent stable lipase was purified from a
bacterial strain isolated from brackish water. The purified enzyme showed optimum
activity at pH 7 and temperature 30 °C. The enzyme was found to be stable at broad
ranges of pH (5.0–9.0), temperature (10–60 °C), and salinity (up to 30%).
Interestingly, the enzyme showed stability in different polar solvents of log P < 2 at
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a concentration of 75% (v/v) for 7 days. Lipase was immobilized on magnetite
particles modified with [3-(2-aminoethylamino)propyl]trimethoxysilane after acti-
vation by glutaraldehyde. The recyclability of the enzyme was shown practically
unchanged for seven consecutive cycles. The lipase-catalyzed hydrolysis of
Chlorella oil showed selective enrichment of oleic acid content with a substantial
threefold increase in concentration (Jain and Mishra 2015).

Lipase from Candida rugosa (CRL) was immobilized and stabilized on mag-
netically separable, large pore mesostructured magnetic hollow mesoporous silica
microspheres (MHMSS) by means of multiple-mode adsorption based on both
hydrophobic and strong cation-exchange interactions. Benefiting from the hollow
large mesoporous structure, ultrafast enzyme immobilization could be realized in
5 min, with a high loading of CRL (95.2 mg g−1). Stabilized CRL@MHMSS was
successfully used for the ultrafast transesterification of phytosterol with refined and
bleached algae oil and other triglycerides in a solvent-free system, which reached
high conversions (≧90.9%) within 15 min at 55 °C. Magnetic separation of
MHMSS facilitated the repeated usage of CRL@MHMSS for more than 50 suc-
cessive reactions without negative effect on its catalytic activity. Its high activity
and stability make the MHMSS-immobilized enzyme an attractive catalyst for
green synthesis in a solvent-free system (Zheng et al. 2015).

An indigenous microalga Chlorella vulgaris ESP-31 grown in an outdoor
tubular photobioreactor with CO2 aeration obtained a high oil content of up to
63.2%. The microalgal oil was then converted to biodiesel by enzymatic transes-
terification using a lipase from Burkholderia sp. C20. Lipase was immobilized on
commercial magnetic nanoparticles modified with tetraethyl orthosilicate and
dimethyloctadecyl[3-(trimethoxysilyl)propyl] ammonium chloride (Tran et al.
2012a). The conversion of the microalgae oil to biodiesel was conducted by
transesterification of the extracted microalgal oil (M-I) and by transesterification
directly using disrupted microalgal biomass (M-II). The results showed that M-II
achieved higher biodiesel conversion (97.3 wt% oil) than M-I (72.1 wt% oil). The
immobilized lipase worked well when using wet microalgal biomass (up to 71%
water content) as the oil substrate. The immobilized lipase also tolerated a high
methanol to oil molar ratio (>67.93) when using the M-II approach and can be
repeatedly used for six cycles (or 288 h) without significant loss of its original
activity (Tran et al. 2012b).

In other experiments, Chlorella vulgaris ESP-31 containing 22.7% lipid was
harvested by coagulation (using chitosan and polyaluminium chloride (PACl) as the
coagulants) and centrifugation. The harvested cells were directly employed as the
oil source for biodiesel production via transesterification catalyzed by Burkholderia
lipase immobilized as described above. The enzymatic transesterification was sig-
nificantly inhibited in the presence of PACl, while the immobilized lipase worked
well with wet chitosan-coagulated cells, giving a high biodiesel conversion of
97.6% w/w oil, which is at a level comparable to that of biodiesel conversion from
centrifugation-harvested microalgae (97.1% w/w oil). The immobilized lipase can
be repeatedly used for three cycles without significant loss of its activity (Tran et al.
2013b).
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Wet oil-bearing microalgal biomass of Chlorella vulgaris ESP-31 was directly
converted into biodiesel using Burkholderia lipase immobilized on magnetic carrier
as the catalyst. The microalgal biomass (water content of 86–91%; oil content 14–
63%) was pre-treated by sonication to disrupt the cell walls and then directly mixed
with methanol and solvent to carry out the enzymatic transesterification. Addition
of a sufficient amount of solvent (hexane is most preferable) is required for the
direct transesterification of wet microalgal biomass. The biodiesel synthesis process
was more efficient and economic when the lipid content of the microalgal biomass
was higher (Tran et al. 2013a).

Experiments employing a mixture of free fatty acids which simulates the com-
position of fatty acids coming from microalgae (Scenedesmus sp.) to synthesize
biodiesel were carried out using commercial lipase B of Candida antarctica (EC
3.1.1.3; Lipozyme, Novozymes, Denmark). Lipase was immobilized on magnetite
nanoparticles functionalized by 3-aminopropyltriethoxysilane and activated by
glutaraldehyde. Alternatively, magnetic cross-linked enzyme aggregates were pre-
pared using amino-modified magnetite nanoparticles and glutaraldehyde. Both
robust magnetically separable biocatalysts formed by lipase showed higher stability
and better performance for biodiesel formation than the soluble enzyme (López
et al. 2014).

6.2 Magnetic Solid Acid/Base Catalysts

Green approach to biodiesel production has stimulated the application of sustain-
able solid acid catalysts as replacements for liquid acid catalysts so that the use of
harmful substances and generation of toxic wastes are avoided; meanwhile, the easy
way of catalyst separation after the reactions can be realized. Recent studies have
proven the technical feasibility and the environmental and economical benefits of
biodiesel production via heterogeneous acid-catalyzed esterification and transes-
terification. In this perspective, various solid acids including sulfated metal oxides,
H-form zeolites, sulfonic ion-exchange resins, sulfonic-modified mesostructured
silica materials, sulfonated carbon-based catalysts, heteropolyacids, and acidic ionic
liquids can be used as catalysts for esterification and transesterification (Su and Guo
2014; Lee et al. 2014).

Recently, a new magnetic solid base catalyst has been employed in microalgae
technology. Core–shell Fe3O4@silica magnetic nanoparticles functionalized with a
strong base, triazabicyclodecene (TBD), were successfully synthesized for har-
vesting microalgae and for one-pot microalgae-to-fatty acid methyl ester (biodiesel)
conversion. Three types of algae oil sources (i.e., dried algae, algae oil, and algae
concentrate) were used, and the reaction conditions were optimized to achieve the
maximum biodiesel yield. The results obtained in this study show that
TBD-functionalized Fe3O4@silica nanoparticles could effectively convert algae oil
to biodiesel with a maximum yield of 97.1%. Additionally, this material acts as an
efficient algae harvester because of its adsorption and magnetic properties. This
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method demonstrates the wide scope for the use of covalently functionalized core–
shell magnetic nanoparticles for the production of biodiesel from algal biomass
(Chiang et al. 2015).

7 Future Trends

Magnetically responsive nano- and microparticles or their composites with dia-
magnetic materials have increasing potential for applications in many fields of
biosciences, biotechnology, and environmental technology. A relatively novel
approach to the application of magnetic materials and techniques in the field of
microalgae flocculation can significantly simplify the harvesting processes even in
industrial scale. Appropriate interaction of magnetic particles with microalgae
biomass is an extremely simple step leading to the flocculation of algal cells with
subsequent efficient magnetic separation. Future attention in this field should be
focused on further development of simple and inexpensive methods for the
preparation of magnetic materials or on the improvement of large-scale magnetic
separation processes. Microalgae cells (or cell walls after disintegration and target
compounds separation), magnetically modified by various types of magnetic par-
ticles, could be further applied for the adsorption of harmful xenobiotics from
wastewaters. Equally interesting is the possibility of harmful algae detection in the
environment after their interaction with immunomagnetic particles. Very promising
is also the utilization of magnetically modified microalgae in bioanalytics, where
the cells can act as a sensitive biorecognition element of biosensors for monitoring
the inhibitors of algae photosynthetic activity, especially herbicides.

Despite the fact that microalgae magnetic harvesting is currently experiencing a
real boom, other applications of magnetic materials in microalgae research are still
in infancy. Magnetic separation of microalgae biologically active compounds using
appropriate magnetic adsorbents has several advantages in comparison with
“standard” separation techniques; they can be separated in a single step even from
complex mixtures, often bypassing other more complicated isolation and purifica-
tion procedures. Few examples of recently published articles focused on the sep-
aration of genomic DNA or microalgae toxins should stimulate the microalgae
research community to develop magnetic separation protocols using magnetic
affinity or ion-exchange particles to isolate efficiently the target compounds. Such a
development should lead to the construction of industrial-scale separation processes
employing relatively inexpensive magnetic adsorbents and relatively simple
magnetic separators.

Applications of immobilized enzymes have become a routine in many
biotechnological processes. Immobilization of enzymes (specifically lipases) on
magnetic carriers for biodiesel production from microalgae oils is only the first step
which should be followed by the application of other relevant enzymes
(e.g., polysaccharide hydrolases or proteinases) immobilization and application.
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Magnetically responsive solid/base and enzyme-like catalysts represent another
promising direction leading to cost-effective transformation of microalgae raw
materials and metabolites.
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