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Biofilm-based algal cultivation has many advantages over the conventional suspended
growth methods and has received increased attention as a potential platform for algal
production, wastewater treatment (nutrient removal), and a potential pathway to supply
feedstock for microalgae-based biorefinery attempts. However, the attached cultivation by
definition and application is a result of a complex interaction between the biotic and abiotic
components involved. Therefore, the entire understanding of the biofilm nature is still a
research challenge due to the need for real-time analysis of the system. In this review, the state
of the art of biofilm definition, its life cycle, the proposed designs of bioreactors, screening of
carrier materials, and non-destructive techniques for the study of biofilm formation and
performance are summarized. Perspectives for future research needs are also discussed to
provide a primary reference for the further development of microalgal biofilm systems.
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INTRODUCTION

Microalgae are a vast group of oxygen producing photosynthetic organisms that live using
autotrophic, mixotrophic or heterotrophic metabolic strategies. Many of the microalgae species
have been used for producing valuable bioactives since the 1950’s (Goodwin and Jamikorn, 1954). In
recent decades, the requirements for environmental protection and renewable energy substitution
have inspired the renaissance of research on microalgae (Mata et al., 2010; Wang et al., 2017).

Several studies have been focused on the use of microalgal biomass as a source of biofuel and other
valuable products in biotechnology, i.e., food, cosmetic, aquaculture and pharmaceutical industries
(Borowitzka, 1999; Spolaore et al., 2006; Mata et al., 2010; Wiley et al., 2011; Abdel-Raouf et al., 2012;
Wijffels et al., 2013; Ravindran et al., 2016; Chen et al., 2018; Dixon and Wilken, 2018) as well as on
the recovery of compounds, e.g., phosphorous (Mukherjee et al., 2015) and iodine (Han et al., 2016).
Microalgae are considered living cell factories (Ravindran et al., 2016), and the ability of microalgae
to adjust their metabolic activity to different culture conditions provides a wide range of
opportunities for biotechnological applications (Bumbak et al., 2011; Mohammad Mirzaie et al.,
2016). The ability to switch the biomass production from batch to continuous mode is another
significant reason for implementing microalgal biofilms in bioprocesses since more efficient
processes may be arranged (Strieth et al., 2018).
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Microalgae are able to use polluted municipal or industrial
wastewater as a growth medium, have lower nutrient
requirements as compared to terrestrial crops (Boelee et al.,
2011; Moreno Osorio et al., 2018) and can be cultivated on
land not suitable for food production (Berner et al., 2015).
Bio-product production from microalgae can be more
environmentally sustainable, cost-effective and profitable, if
these are coupled with processes such as wastewater treatment
(Figure 1) (Ravindran et al., 2016). Even so these advantages, the
production of microalgae for biofuel has been hardly scaled up
due to it is not economically competitive compared to the
production of other fuels (Christenson and Sims, 2011). The
reasons for this include some challenges associated with
industrial-scale production, particularly for bioproducts with a
large market volume but low value (Abdel-Hameed and
Hammouda, 2007; Gross et al., 2015); lower growth rates due
to photoinhibition, contamination with less productive species,
poor harvesting efficiency, mixing/transportation costs and high
water requirement. These can all be traced back to a fundamental
characteristic of microalgal suspended cultures: low biomass
concentration leading to high harvesting costs (Richmond,
2004; Hu et al., 2008; Berner et al., 2015). In the last decade,
natural photoautotrophic conditions for biomass production
have been implemented with CO2 supplementation (Gupta
et al., 2016) and considerable research is going on into
improving cultivation of microalgae in suspension, both
through increasing the biomass concentration and through
improved process and bioreactor designs, especially more
efficient biomass-recovery technologies (Acien et al., 2012;

Berner et al., 2015). Besides, great interest lies in investigating
a fundamentally different approach: the potential of attached
cultivation of microalgae as biofilms (Irving and Allen, 2011).

Attached microalgae cultivation enlightened an alternative
pathway to solve the problem of efficient production of
microalgae biomass for industrial applications (Lee et al., 2014;
Cheng et al., 2017; Wang et al., 2017). The key advantages of
microalgal biofilms for biomass production are the higher
biomass concentration (i.e., high number of cells per unit
volume) and the simple way with which the attached cells can
be separated from their surrounding growth medium (Abdel-
Hameed and Hammouda, 2007; de-Bashan and Bashan, 2010;
Ozkan et al., 2012) without using additional electrical energy or
chemical methods (Johnson and Wen, 2010; Ozkan et al., 2012).
The harvesting/dewatering process is simpler for biofilms as the
cells can be easily scraped off the surface (Johnson and Wen,
2010; Shi et al., 2014) without requiring costly separation
techniques like centrifugation or filtration, and there is no
need to flocculate and settle/float the biomass (Christenson
and Sims, 2011; Berner et al., 2015). High biomass
concentration results in reduced cultivation medium
requirements, compared to production of the same amount of
biomass via suspended growth systems (Barros et al., 2015).

There are several recent reviews by worldwide leading research
groups in microalgal attached cultivation (Table 1). Some
reference reviews on the topic are those focused on the use of
microalgal biofilms for wastewater treatment, especially removal
of nitrogen, phosphorous and metal (Mallick, 2002; Wang et al.,
2016a; Han et al., 2017; Mohsenpour et al., 2021), but a big

FIGURE 1 | Principles of production and recovery of valuable biomolecules usingmicroalgae integrated with wastewater treatment. DSP: DownstreamProcessing.
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amount of information about all these and other uses for algal
biofilms still remains scattered.

Microalgal biofilm cultivation is an active research field in the
early stage. The experimental results are promising compared to
suspended microalgae cultivation. Considering that this review is
focused on relevant aspects of current research and research not
fully discussed before; it provides forward perspectives on
emerging systems and attached microalgae cultivation.

DEFINITION OF MICROALGAE BIOFILM

Definitions
Tampion and Tampion (1987) defined an immobilized cell as a
living cell that, by natural or artificial means, is prevented from
moving freely from its original location to all parts of an aqueous

phase of a system. On the other hand, the term “biofilm”
comprises both organisms growing attached to a surface and
organisms which grow as aggregates, where the cells are sticked
together by extracellular polymeric substances (EPS) (Strieth
et al., 2018). These are molecules produced by both algae and
other microorganisms in response to physiological stresses
encountered in the natural environment (Romaní et al., 2008).
EPS serve to protect the cell from the surrounding environment
and to bind the cell to a surface. EPS are composed of
polysaccharides, proteins, nucleic acids, and phospholipids
(Sheng et al., 2010).

Biomass Immobilization
Besides these recent definitions, many terms have been used in
the literature by different research fields during the last decades.
This section will give a glance of the extensive work on the topic.

TABLE 1 | Compilation of featured informative published reviews in the research field of microalgae biofilms on topics as cultivation, reactor designs, analysis techniques,
applications and promising potentialities.

Key topics Research review Country References

Biofilm, sensing, imaging, electrode devices, electrochemical,
optodes, nanosensors

Chemosensors and biosensors for monitoring biofilm
dynamics

United States Saccomano et al. (2021)

Algal membrane fouling, composition and characteristics of
algal foulants, feedwater, membrane surface, hydrodynamics,
and cleaning methods

Membrane fouling in algal Separation Processes:
Influencing Factors and Mechanisms

Saudi Arabia Novoa et al. (2021)

Economic challenges, wastewater treatment, factors
influencing treatment, cultivation conditions, bioreactors

Integrating micro-algae into wastewater treatment United Kingdom Mohsenpour et al. (2021)

Biomass productivity, water management and biomass
recovery, parameters affecting biofilms

Microalgal biofilms: A further step over current microalgal
cultivation techniques

Greece Mantzorou and Ververidis,
(2019)

Cultivation requirements, operation of biofilm reactors,
modeling of phototrophic growth

Application of phototrophic biofilms: from fundamentals
to processes

Germany Strieth et al. (2018)

Photobioreactors, wastewater treatment, biomass productivity Progress in microalgae cultivation photobioreactors and
applications in wastewater treatment

China Han et al. (2017)

Cultivation technologies, bioreactors Porous substrate bioreactors Germany Podola et al. (2017)
Bioreactor, application, modeling, carrier material, engineering
aspects

Biofilm cultivation technology for microalgal biorefineries China Wang et al. (2017)

Bioreactors Algal biofilm reactors for integrated wastewater treatment
and biofuel production

United States Hoh et al. (2016)

Strategies for strain selection, the effect of wastewater types,
photobioreactor design, economic feasibility assessment,
microalgae-bacteria biofilm

Perspectives on the feasibility of using microalgae for
industrial wastewater treatment

China Wang et al. (2016a)

Biomass, cultivation conditions, bioproducts Microalgal biofilms for biomass production Australia Berner et al. (2015)
Design and operation of biofilm systems Algal biofilm cultivation systems United States Gross et al. (2015)
Aeroterrestial microalgae, cultivation conditions Non-enclosure methods for non-suspended microalgae

cultivation
United Kingdom Katarzyna et al. (2015)

Advanced fluorescence techniques, lifetime imaging,
correlation spectroscopy, laser-based imaging techniques

Innovative techniques, sensors, and approaches for
imaging biofilms at different scales

Germany Neu and Lawrence, (2015)

Microbial bioaggregates and biofilms, EPS, CLSM Investigation of microbial biofilm structure by laser
scanning microscopy

Germany Neu and Lawrence, (2014)

Wastewater, microalgae biomass production Algal biofilm for wastewater treatment United States Kesaano and Sims, (2014)
Microalgae cultivation, biofuels, non-fuel products Microalgae–bacteria-based systems for wastewater

treatment and biorefinery products
Mexico Olguin, (2012)

Light and electron microscopy, laser scanning microscopy
(LSM), magnetic resonance imaging (MRI), scanning
transmission X-ray microscopy (STXM), quantitative analytical
imaging approaches

Advanced imaging techniques for assessment of
structure, composition and function in biofilm systems

Germany Neu et al. (2010)

Passive and active immobilization techniques, applications,
biosensors, biofuels

Microalgae immobilization: current techniques and uses Spain Moreno-Garrido, (2008)

Microalgae cultivation, biodiesel, hydrogen Biotechnological uses of different immobilized algae
techniques

Egypt Abdel-Hameed and
Hammouda, (2007)

Wastewater treatment Biotechnological potential of immobilized algae for
wastewater N, P and metal removal

India Mallick, (2002)
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Two common approaches are used for increasing cell mass
concentrations inside reactors: one is the use of a permeable
membrane to retain cells; and the second one is using
immobilized cell techniques. Membranes allow retention of the
cells, while the liquid, substrate, and product out pass through the
reactor. Thus, high cell concentrations can be achieved (Gao et al.,
2015). However, the interest in the use of entrapped biomass is
increasing because reactors with these types of biomass retention
may offer high reaction rates, and solve some drawbacks that
membrane methods have, as harvesting and maintenance
(Qureshi et al., 2005).

Six different immobilization types have been proposed:
covalent coupling, affinity immobilization, adsorption,
confinement in liquid–liquid emulsion, entrapment in
polymers and capture behind semi-permeable membranes
(Mallick, 2002). These types of immobilization can be grouped
into two groups: “passive and active,” using the natural ability of
microorganisms to attach to (natural or synthetic) substrates or
using flocculant agents, chemical attachment, and gel
encapsulation, respectively (Moreno-Garrido, 2008). Other
authors grouped them in three techniques, namely,
“adsorption, entrapment, and covalent bond formation”
(Qureshi et al., 2005). These two definitions are compatible
because the techniques cited by Qureshi et al. (2005) can be
included in the groups defined by Moreno-Garrido (2008)
(Figure 2). Nevertheless, it should be considered that in some
cases it may be difficult to classify a certain method as belonging
to a specific group.

Microalgal Cell Entrapment- Active
Immobilization
The entrapment and covalent bond formation techniques are
active immobilization techniques. They require the use of
chemicals, i.e., flocculant agents, chemical attachment or gel
entrapment. This increases the cost of production and restricts
further propagation or increase in cell concentration inside the
reactor. With this technique, the biomass grows around the
particles or surrounded by them and the size of the granules
grows with time usually to several mm in diameter (de-Bashan
and Bashan, 2010). The polymer is mixed with the microalgae

cells and consequently stabilized with divalent ions to form
immobilized microalgae beads through a nozzle (Lam and Lee,
2012). The density of the support particles is higher than the
growing broth and bioparticles thus tend to remain in the lower
section of the reactor. Since the immobilized beads are relatively
large in size compared free cell cultures, a simple filtration
method (e.g., sieving) is sufficient to separate the beads from
water without significant energy input. Hence, handling of
microalgae biomass is easy and feasible to be implemented at
commercial scale (Lam and Lee, 2012; Castro-Ceseña et al., 2015).
Some immobilization media, such as alginates, carrageenans and
polacrylamide gel have been used for several purposes (Muñoz
et al., 2009; de-Bashan and Bashan, 2010; He and Xue, 2010; He
et al., 2014; Gagliano et al., 2017). Immobilization based on these
polymeric matrices provides on low mechanical strength and can
result in restrictive diffusion of substrate (Qureshi et al., 2005;
Moreno-Garrido, 2008).

Adsorption- Passive Immobilization
Many microalgae, bacteria, archaea, fungi, and protozoa cells
have a natural tendency to attach (adsorb/adhere) to surfaces and
grow on them (Huang et al., 2016). This technique, called
adsorption, has been extensively used to attach microbial cells
and is what was defined by Moreno-Garrido (2008) as “passive”
immobilization. Normally, these processes are easily reversible.
Adsorbent materials (carriers) for passive immobilization can be
natural or synthetic (Ozkan and Berberoglu, 2013a; Gross et al.,
2015; Katarzyna et al., 2015; Podola et al., 2017). The application
of surface-attached growing algae is an interesting option, where
algae are continuously harvested or extracted to obtain target
compounds. Katarzyna et al. (2015) categorized this kind of
immobilization as non-enclosure methods. Wimpenny et al.
(2000) grouped in the term “aggregates” those accumulations
of microorganisms that are developed on surfaces and those on
interfaces were named as “biofilms.” Biofilms form most
commonly at water/solid interfaces, although it can appear at
an interface between two immiscible liquids like oil or water, at
air-water interfaces and at gas-solid surfaces (Wimpenny et al.,
2000). Similarly, a definition of a biofilm as an “aggregate of
microorganisms,” in which cells are frequently embedded within
a self-produced matrix of EPS adhere to a surface and/or to each
other, binding firmly in the form of flocs and aggregates, property
known as autoflocculation (Gonzalez-Fernandez et al., 2012)
i.e., granular biofilms (González-Fernández and Ballesteros,
2012), was proposed by other authors with the aim to provide
terminology useful and non-confusable between different
research fields (Vert et al., 2012).

Algal Biofilms
Algal biofilms can be established on any surface that receives
sufficient light and moisture. These films are complex
communities of both autotrophic and heterotrophic organisms
(Callow, 2000). Thus, these films can contain different
microorganisms, from diatoms and cyanobacteria to bacteria
and/or protozoa. As an alternative, the term “photosynthetic
biofilm” is often used to differentiate these films from those
where the main source of energy is a dissolved or solid substrate

FIGURE 2 | Approaches to increase the biomass concentration in
bioreactors.
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(heterotrophic). However, the terms “algal biofilm,”
“photosynthetic biofilm,” and “microalgal biofilm” have been
used interchangeably to describe films in which microalgae
constitute a significant portion of the microbial community
(Irving and Allen, 2011).

Microalgal biofilms, composed of cyanobacteria and/or green
microalgae, are ubiquitously distributed in almost all the photic
aquatic environments. An important attribute of biofilms is that
they both create and are functionally controlled by gradients of
energy sources and chemical products (Bernstein et al., 2014). A
determinant point involved in attached cultivation as defined
before is the need of distinguishing two basic sub-types of “algal
biofilm” (Wang et al., 2017). The first type is the biofilm
consisting of pure and single species of microalga (axenic
culture). For this biofilm, the attached cultivation is initiated
from the concentrated algal biomass inoculum that is pasted onto
the carrier material (Cheng et al., 2013; Liu et al., 2013; Shi et al.,
2014; Zhang et al., 2015; Cheng et al., 2017). In this case, the
biofilm diversity keeps stable during cultivation and no obvious
contamination by exotic organisms occurs. The second type of
biofilm is related with biofouling (Katarzyna et al., 2015). It may
also start from axenic microalgal biomass, however, during the
growth process, allochthonous bacteria, fungi and cyanobacterial
also settle inside the biofilm and it becomes a diverse microbial
community (Wang et al., 2017). Therefore, Mantzorou and
Ververidis (2019) defined that a biofilm could be characterized
as a consortium of microorganisms, embedded in EPS, forming a
complex structure which is developed on solid surfaces.

APPLICATIONS OF MICROALGAE BIOFILM

As was stated on the introduction of this review, among all
biological systems, microalgae are on top of interest due to their
biotechnological applications. Microalgae can be used in aqueous
treatment processes (secondary and tertiary) for a range of
purposes (Mohsenpour et al., 2021), some of which are: the
removal of coliform bacteria, reduction in both chemical and
biochemical oxygen demand, removal of phosphorous and/or
nitrogen, as well as the removal of heavy metals (Agarwal et al.,
2019) since they can further converting them to more amenable
forms. Additionally, microalgae biofilms have promising
applications on toxicity measurements (biosensors) (Brayner
et al., 2011; Lam and Lee, 2012; Nandimandalam and Gude,
2019), CO2 capture (Hamano et al., 2017), as well as polycyclic
aromatic hydrocarbons accumulation and degradation (Zhang
et al., 2019).

Industrial applications including wastewater treatment have
mainly employed biofilms where no support material is used and
cells form biomass granules and flocs that also grow in size with
time (Moreno-Garrido, 2008). This granular biofilm has been
used in the so-called granular biofilm reactors. Granule formation
may take from several weeks to several months. Thus,
phototrophic biofilms of microalgae bring beneficial features
within the whole process scale: i) the biological system
tolerates higher inhibitor concentrations in the medium, what
simplified the upstream processing; ii) a separate cell

concentration step might be neglected, which could reduce
drastically downstream costs and iii) the biological reaction
step can be accomplished in a continuous mode of operation
(Wimpenny et al., 2000; Buhmann et al., 2012; Han et al., 2017).

Algal biodiesel production is limited by the downstream cost
of lipid extraction and the availability of water, CO2 and nutrient
(Ravindran et al., 2016). However, algae biomass can also be used
to produce biogas. This idea was first proposed by Golueke et al.
(1957), and it continues to be a research field to which a great
effort is devoted to increase its efficiency (Zabed et al., 2020). The
coupled process of algae cultivation and succeeding biogas
production is a better option compared to algal biodiesel
production. A recommended solution for overcoming the high
cost is to integrate algae attached-cultivation with an existing
biogas plant, where algae can be cultivated using the digestate as
nutrient input and discharges of CO2, and then the attained
biomass can be converted directly to biogas or biomethane by the
existing infrastructures (Wang et al., 2013; Zabed et al., 2020).

Single species biofilms are used to produce industrially
important chemicals (Abdel-Hameed and Hammouda, 2007).
For chemical production is preferred to control and maximize the
production of desired target products (Qureshi et al., 2005),
scenario that can be obtain with the inoculation of a single
species into a sterile environment and allowed to form a
biofilm before being used to produce a particular product
(Zhang et al., 2015; Cheng et al., 2017). Production of high
added value molecules by microalgae allows that forms of
valorization, i.e., health food and quality feed, carbohydrates,
polyunsaturated fatty acids, pigments (Dixon and Wilken, 2018),
are currently penetrating their markets and reach economic
competitiveness (Levasseur et al., 2020). Beyond its rich
macronutrient composition, microalgae are able accumulate
and to express secondary metabolites under stressful
conditions (Mukherjee et al., 2015). This paves the way to
targeted bioactive compounds production throw biofilm
cultivation systems, and eventually penetrate cosmetics and
pharmaceutical markets (Levasseur et al., 2020).

Despite the importance of microalgal biofilms in nature, their
potential as biological indicators in wastewater systems, and the
detrimental role they can play in fouling of surfaces, further
research is still needed to fully understand the factors influencing
microalgae biofilm development (Burns and Ryder, 2001;
Ljaljevic-Grbic et al., 2010; Nováková and Neustupa, 2015;
Novoa et al., 2021). This particularly contrasts to the extensive
study that has been devoted to the formation of bacterial biofilms,
e.g., Buckingham-Meyer et al. (2007) and Zeng et al. (2017), in
particular using architectural non-destructive techniques such as
continuous culture flow cells and confocal laser scanning
microscopy (Barranguet et al., 2004; Zippel and Neu, 2005;
Garny et al., 2008; Hille et al., 2009; Neu et al., 2010).

An innovative research area is the use of microalgal
nanoparticles for enhanced removal efficiency, because
physical and chemical methods used to obtain nanoparticles
have some consequences due to their negative environmental
impact, laborious production technique, and unaffordable cost
(Dahoumane et al., 2016; Sharma et al., 2016). Nanoparticle
synthesis through a biosynthetic route (via plant extracts or
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microorganisms) is a simpler technique and has attracted
considerable interest globally (Agarwal et al., 2019; Benettoni
et al., 2019).

Biomedical applications of algal nanoparticles comprise
wound healing as well as antifungal, anticancer, and
antibacterial activities. It has been reported that metallic
nanoparticles (gold, silver, and copper oxide) synthesized
using Bifurcaria bifurcata, Galaxaura elongata, Sargassum
plagiophyllum, Caulerpa racemosa, Microcoleus sp. and
Chlorococcum humicola have antibacterial activity against
Gram-positive and Gram-negative bacteria (Agarwal et al.,
2019). Benettoni et al. (2019) demonstrated the suitability of
C. vulgaris biofilms for nanoparticles production and the way to
study nanoparticles fate and localization in complex
environments simultaneously using high resolution 3D
visualization techniques. The current and future research trend
is leading to the promising application of algal nanoparticles as
antibiofilm agents against multidrug resistant bacteria due to
their capability to penetrate EPS and cell membranes (Sharma
et al., 2016). Moreover, they can be further explored in
nanocomposites and biosensing applications (Agarwal et al.,
2019).

BIOFILM LIFE CYCLE

Microalgal colonization on hard surfaces is a common
phenomenon in natural aquatic and aero-terrestrial (Hallmann
et al., 2013) environments which has both ecological and
industrial significance (Sekar et al., 2004a; Roeselers et al.,
2008; Ozkan and Berberoglu, 2013a; Sirmerova et al., 2013). In
general, four stages of the development of a microbial mature
biofilm can be observed: initial attachment (adsorption),
irreversible attachment by the production of EPS
(consolidation), early development (colonization), and
maturation of biofilm architecture (Stoodley et al., 2002;
Lewandowski and Boltz, 2011).

Initial Attachment
Colonization of a surface is characterized by the alternation from
freely moving cells in a, aquous medium, to a sessile, immobile
community adhering to a surface. This transition is determinant
on the microbial composition from the beginning of biofilm
establishment to its maturity (Berner et al., 2015). The
concentration of glycoproteins, proteins, cations and organic
compounds at the surface can provide a nutritive zone for
microorganisms compared to the bulk aqueous environment.
Furthermore, fluid flow at the interface allows microorganisms to
approach the hard surface. Once near the surface,
microorganisms either get in contact with the surface by
chemotaxis or by Brownian motion towards the surface in
response to the chemical concentration gradient, and then the
cell will form a temporary association with the microbes already
present on the surface (Qureshi et al., 2005; Roeselers et al., 2007).

The initial adhesion of microbial cells to solid materials is
mainly determined by the cell–solid and cell–cell interactions
based on the physicochemical properties of the interacting

surfaces, such as the thermodynamic balance of interaction
energies (Sirmerova et al., 2013). Initially, cells can displace
towards the conditioned surface in many ways: they can be
transported by gravity, be transferred by advection or actively
move via motile mechanisms (Ozkan and Berberoglu, 2013a).
Attachment of most marine algae is thought to be facilitated by its
specialized reproductive propagules which allow initial contact
with a solid surface. Motile spores have the ability to respond to
external stimuli such as surface chemistry and texture. On the
other hand, non-motile spores are led by gravity and by the
adhesive properties of the extracellular residual mucilage. After
this initial contact all spores secrete adhesive materials which
allow a permanent attachment to be made (Fletcher and Callow,
1992).

Irreversible Attachment
In freshwater, the primary colonizers are considered to be mainly
diatoms, which are unicellular or colonial algae (Romaní et al.,
2008). The spontaneous, often reversible, adsorption of organic
and inorganic aqueous molecules to the solid surface is followed
by a non-reversible secondary attachment of cells through the
production of EPS. This provides protection from any toxic
compounds that could harm the cells and from phagocytes
and bacteriocides by granting a diffusive barrier to biofilm
cells (Barranguet et al., 2005; Qureshi et al., 2005). The
binding strength of EPS found in Algogenic Organic Matter
(AOM) occurs by hydrogen bonding, electrostatic interactions
and van der Waals forces between functional groups (Ozkan and
Berberoglu, 2013a). Once the coating and the first biofilm layer is
established, the colonization for other organisms is eased by the
modification of the initial surface properties of the material
(Lobelle and Cunliffe, 2011).

The second attachment, based on cell−surface interactions,
has led to numerous adaptation strategies; e.g., surface charge
(Hori and Matsumoto, 2010) and hydrophobicity of the cell walls
and membranes can be adjusted by forming surface structures
(Krasowska and Sigler, 2014), such as pili, curli, fimbriae (Bullitt
andMakowski, 1995; Lasaro et al., 2009), and flagella (Guttenplan
and Kearns, 2013) or by regulating EPS production (Romaní
et al., 2008), all of which may improve adhesion to an habitable
solid surface, establishing a stronger binding of the algal cells
forming colonies (Rummel et al., 2017).

Colonization
The micro-colonies produce more EPS, which serves to maintain
the growing biofilm on the surface and increase its thickness
during the development phase (Figure 3) as EPS supports
cell–cell communication (Toyofuku et al., 2016). The biofilm
can be colonized by secondary organisms and serve as a sink for
other particulate matter in the environment (Wimpenny et al.,
2000). The architecture of the biofilm develops during this phase
in response to shear forces. Biofilms can form thick mushroom-
like masses in low shear environments and may be flatter or form
long strands in high shear environments (Costerton et al., 1995).
This structure is shaped mainly by heterogeneous matrices with
clusters made of cells and polymers, randomly distributed along a
three-dimensional (3D) architecture and surrounded by water
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channels that sometimes extend from the bottom to the top of the
biofilm (Lewandowski and Beyenal, 2003; Melo, 2005; Petroff
et al., 2011; Toyofuku et al., 2016).

Biofilm Maturation
In this development phase, the cells living in the biofilm take up
nutrients, mainly towards production of EPS rather than to
biomass growth. When nutrients become scarce, cells must
emigrate from the EPS matrix. Biofilm associated cells are able
to release enzymes capable of breaking down the EPS matrix in
times of nutrient starvation (Qureshi et al., 2005). Biofilm
development is intrinsically linked to the accumulation of
cellular and polymeric biomass. The loss of small or larger
areas of biofilm biomass, called biofilm detachment, has been
recognized as a part of the biofilm life cycle decades ago (Chang
et al., 1991). In addition to abiotic growing factors that have an
impact on the biofilm architecture, i.e., chemical factors such as
cell detachment due to starvation or nutrient deficiency (Hunt
et al., 2004; Wijeyekoon et al., 2004), and physical factors,
i.e., abrasion, shear stress, sloughing and grazing (Stoodley
et al., 2002; Telgmann et al., 2004; Celmer et al., 2008), there
are also biotic factors as the microbial metabolic activity (Allison
et al., 1998) and microbial gene expression (Kaplan et al., 2004)
that influence biofilm detachment. A balance between
attachment, growth and detachment of biofilm is important in
the production and maintenance of a functional biofilm
community (Garny et al., 2008; Woodcock and Sloan, 2017).

FACTORS INCREASING MICROALGAE
BIOFILM FORMATION

Factor Classification
Several parameters affect how quickly biofilms form and mature.
Microalgal adhesion to a hard surface is one of the main steps of
biofilm development and strongly depends on different factors
that can be grouped according to the origin/place where the effect
occurs as: surface (interface), environmental and cellular factors
(Qureshi et al., 2005; Irving and Allen, 2011; Liao et al., 2015). On
other hand, other authors have divided these factors regarding
their nature into: physicochemical properties, biological factors
and environmental conditions (Barros et al., 2018). Both types of

aggrupation can be exchangeable, as biological factors are mainly
cellular and physiological properties that mostly occur at the
interface. Important interface factors are the surface charge,
surface energy, chemical nature, hydrophobicity (wettability),
lubricity and surface topography. Environmental variables
affecting photosynthetic biofilm formation include light
availability, pH, hydrodynamic conditions, nutrient quality and
quantity, temperature, carbon source and the target surface for
attachment (Tan et al., 2020). Cellular influences are the
microalgae genetics, growth stage and metabolic activity (Irving
and Allen, 2011). Although there are many studies focusing on
factors that impact the biofilm formation, especially surface
physico-chemical properties of microorganisms and surface
materials, studies comparing metabolism and experiments under
in vivo conditions are uncommon or even absent for microalgae
and cyanobacteria (Sekar et al., 2004a; Irving and Allen, 2011;
Ozkan and Berberoglu, 2013a; Sirmerova et al., 2013).

Physico-Chemical Properties
The effect of substrate material on the algal attachment and
attached growth is a complicated process (Schnurr and Allen,
2015). The physico-chemical properties of material surface such
as hydrophobicity (Finlay et al., 2002.; Ozkan and Berberoglu,
2013b), surface energy (Genin et al., 2014), and dispersive surface
energy (Cui and Yuan, 2013) are relevant parameters for the
initial algal colonization, but this highly depends on the materials
and model strain used.

Hydrophobicity
Hydrophobicity is a factor that affects the surface of the algal cell and
substrate, for this reason considered an interface and a cellular factor.
In diverse multi-species microbial biofilm, the presence of fimbriae,
proteinaceous bacterial appendages rich in hydrophobic amino
acids, can increase cell surface hydrophobicity (Barros et al.,
2018). Flagellated cells show increased ability to attach to
surfaces. Flagellar motility may serve to overcome initial
electrostatic surface repulsion (Bullitt and Makowski, 1995;
Qureshi et al., 2005; Krasowska and Sigler, 2014).

Surface Topography
Some studies have shown that cell adhesion tends to occur
preferably on hydrophobic surfaces (Sekar et al., 2004b; Ozkan

FIGURE 3 | Stages of biofilm development. (A) initial attachment, (B) irreversible attachment, (C) development/growth and (D) maturation/detachment. EPS,
Extracellular Polymeric Substances.
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and Berberoglu, 2013a). Ozkan and Berberoglu (2013a) reported
differences in cell attachment between green algae and diatoms
relating to the hydrophobicity of the surface. The principle is that
hydrophobic molecules, cells and particles, prefer a hydrophobic
environment and adhere to each other to minimize their contact
with water (Palmer et al., 2007). A different micro-pattern of the
material surface, i.e., texture or roughness of the material surface,
affects cell attachment and retention (Ozkan and Berberoglu,
2013b; Gross et al., 2016; Huang et al., 2018). Cao et al. (2009)
proposed that by increasing the surface texture (roughness),
zones where the flow velocity is slower are created which
allows algal cells to settle on the surface. The appropriate
texture also minimizes the shear forces and reduces cell
sloughing. It was demonstrated by Huang et al. (2018) and
Kardel et al. (2018) that the shear stress on the surfaces with
grooves was weaker than that on the surface without grooves, and
differences for cells attachment were found between the different
groove shapes tested. The initial attachment time was shortened
under the hydraulic shear stress on the grooved surfaces
compared to that of the surface without microgrooves.

The materials with an appropriate surface texture provide a
“shelter” for the attached cells; as a result, the sloughing of the
attached cells can be significantly reduced (Irving and Allen,
2011). Initial algal colonization on smooth surfaces was tested by
Gross et al. (2016). The tetradecane contact angle of the materials
had a good correlation with cell attachment. Therefore, porous
materials work well for biofilm formation. Inside pores, the shear
forces are very low even under conditions where bulk fluid
velocity is high. Pores provide a protected environment for
cells to attach and grow. Porous materials such as brick and
bone char have been used to immobilize microbial cells used in
biofilm reactors (Ozkan and Berberoglu, 2013a; Boelee et al.,
2014), as well as textile materials (Christenson and Sims, 2012;
Gross et al., 2013; Lahin et al., 2016; Carbone et al., 2017; Moreno
Osorio et al., 2020). However, Hook et al. (2012) concluded that
the hydrophobicity (wettability) and polymer topography did not
affect the attachment of bacteria to synthetic polymeric
substrates. Selection of an appropriate attachment material is
important in the development of a microalgal biofilm system.
However, only a limited number of materials has been studied so
far (Gross et al., 2016).

Biological Factors
Role of Biomolecules on Initial Adhesion
Altering the substrate surface can drastically increase algal
attachment (Kohler et al., 1999; Sekar et al., 2004a; Gross
et al., 2016). The initial conditioning film may have the
capacity to lead the colonizing community by altering the
material-specific surface properties (Jones et al., 2007; Limoli
et al., 2015) At the nano-scale, the behavior of particles in fluids is
driven by the phenomenon of sorbed molecules and it is a key
point for the rapid establishment of a coating layer consisting of
proteins and other biomolecules around nanoparticles in
biological fluids, e.g. cytoplasm and serum, that affects the
physicochemical interaction of the materials with tissues and
individual cells (Galloway et al., 2017). Lorite et al. (2011)
concluded that the chemical nature of the aforementioned

conditioning film appears to be more relevant for the
settlement of organisms than the hydrophobicity or surface
roughness of the initial substratum, which highlights the
importance of this very first sorption process (Rummel et al.,
2017).

EPS Production
Microbial cells have the ability to rapidly manipulate their
production of EPS in response to changing environmental
conditions (Latour, 2004). Thus, while hydrophobicity is one
of the important factors in algal adhesion, it is not a simple matter
to predict how the growth material affects algal EPS production
(Genzer and Efimenko, 2006). Becker (1996) monitored the
production of EPS by diatoms colonizing six different surfaces
ranging from hydrophobic to hydrophilic ones. The organisms
were able to colonize all surfaces tested with little difference
between the amounts of EPS produced on a per cell basis.
However, the nature of the polymer produced was not
measured; it is possible that it changed from surface to
surface. On the contrary, Arce et al. (2004) studied the
attachment of a single diatom on intersleek and mica surfaces,
determined from force versus distance curves. The attachment
strongly depended on the individual Navicula cell and not on
their growth stage, because the adhesion of Navicula sp. to
surfaces with different physicochemical properties was
governed by macromolecular specificity of diatom EPS; as
Navicula diatoms secrete EPS with hydrophobic and
hydrophilic properties. Recently, other studies have also
demonstrated the relation between substrate and the
production of EPS (Shen et al., 2015; Barros et al., 2018). Shen
et al. (2015) tested two support materials and two medium
compositions to evaluate the enhancement of biofilm
formation. A significant effect of the culture period, nutrient,
and substrate on the EPS production was observed. They
concluded that the increase of EPS production enhanced the
biofilm growth.

Biological Versus Physio-Chemical Properties
The research conducted on the effects of material properties on
microalgal biofilm growth is inconclusive. Some researchers have
demonstrated a correlation between biofilm formation and
growth and hydrophobic surfaces. Specifically, they conclude
the suitability of hydrophobic surfaces for the growth of
biofilms (Finlay et al., 2002; Ozkan et al., 2012; Ozkan and
Berberoglu, 2013a). Other researchers, on the contrary, have
demonstrated that hydrophilic materials with good liquid-
holding capacity can be preferable for the attachment
cultivation (Zhang et al., 2015). Many algal species belonging
to the genera Chlorella, Chroococcus, Chlorosarcinopsis,
Synechococcus, and Scenedesmus could be immobilized by
hydrophilic polymers (Zeng et al., 2015). In contrast, other
authors have found no or only weak correlations between
hydrophobicity and microalgal biofilm formation and growth
(Irving and Allen, 2011; Genin et al., 2014). These contrasting
results could be due to different length of cultivation time and cell
density of biofilm adopted in the experiments. Researchers
reporting an effect of material properties on growth mainly
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study the initial biofilm adhesion (Schnurr and Allen, 2015).
However, other factors, such as microbial species and culture
medium, can play an imperative role on microalgal attachment to
a surface (Becker, 1996; Johnson and Wen, 2010; Irving and
Allen, 2011).

Environmental Factors
Liquid Flow
Biofilm structure and species distribution can vary considerably
depending of environmental factors and culture conditions
(Irving and Allen, 2011). Therefore, biofilm structure is not
simple and uniform, but instead it dynamically changes
depending on environmental conditions. Biofilm formation
has been suggested to be a microbial preparation for unstable
environmental conditions (Boles and Singh, 2008; Toyofuku
et al., 2016). However, biofilms can also proliferate in
nutrient-rich, stable-flowing streams, causing water
management problems (Zippel et al., 2007). The
hydrodynamics and composition of the external liquid are
important factors affecting the biofilm formation and physical
structure changes (Vieira et al., 1993; Beyenal and Lewandowski,
2000; Barberousse et al., 2007). Mechanical forces, in particular
shear develop in many natural environments where liquids,
generally water, are flowing across substrata surfaces. The
strength of adhesion is determined by subjecting the cells to a
shear force and determining the percentage remaining after a
certain period of time (Schultz et al., 2000). Shear forces are lower
near a rough surface, and there is a larger surface area to which
cells can adhere (Qureshi et al., 2005). Strength of adhesion varies
with microalgae strain and substrate surface, but substantial
numbers of algal cells have been reported to remain attached
at shear rates of 200 s−1 or more (Barberousse et al., 2007).
Besemer et al. (2007) showed that turbulent flow conditions
favored the growth of filamentous green algae, while single-
celled green algae were better able to thrive under laminar
conditions.

Liquid Composition
The amount of nutrients present in themedium can affect the rate
of biofilm formation. Biofilm formation tends to be more readily
in the presence of adequate nutrient concentrations, e.g.,
phosphorus is a particularly important nutrient. Saturation
with phosphate increases the tendency of cells to flocculate
and adhere due to their raised hydrophobicity, while cells
depleted in phosphate are more hydrophilic and less likely to
adhere (Qureshi et al., 2005). Similarly, in other studies on diatom
and green algae species, Domozych (2007) and Shen et al. (2015)
demonstrated that EPS production increases by incrementing
nutrient concentrations, particularly nitrogen. As a significant
fraction of EPS is composed of proteins (Shen et al., 2015), and
while nitrogen is abundant and environmental conditions are
favorable, algae can unrestrictedly produce aminoacids. Evidence
suggests that algal cells increase their EPS production along their
colonies age and maturity (Becker, 1996). This could be due to
mature colonies investing less resources into reproduction,
i.e., reaching a stationary growth phase, and more into
stabilizing their biofilm community (Schnurr and Allen, 2015).

A pioneer study demonstrated that the colony size directly
correlated with the substrate concentration in the flowing
medium; showing that the substrate concentration regulates
the microbial colony size, i.e., growth and detachment of cells
(Szewzyk and Schink, 1987). van Loosdrecht et al. (1995) reported
that biofilm structure was related to both substrate concentration
and hydrodynamic conditions. Although the authors considered
substrate concentration and shear force as two dependent factors,
it can be preferable to consider these two as separate factors
(Wimpenny et al., 2000).

Temperature
Temperature can have an effect on biofilm formation. Depending
upon the species involved, high temperature increases the rate of
cell growth, surface adhesion, and EPS production, all of which
enhance biofilm formation (Qureshi et al., 2005). Biofilms
cultivated under a thin water layer are more sensitive to
ambient temperature fluctuations than conventional suspended
cultures (Posadas et al., 2013). Domozych (2007) reported that
temperature stress and mineral (calcium) accumulation stress
adversely affect EPS production from algal cells. The calculations
in the study of Fica and Sims (2016) indicated that both an
increase in temperature of the wastewater (7–27°C) and an
increase in the level of organic carbon (300–1,200 mg L−1)
contributed significantly to the increase of the biomass growth
rate in the algae-based biofilm system.

Light Intensity
Zippel and Neu (2005) observed that biofilms developed under
high irradiance were thick (<900 nm), loosely structured, and
dominated by Scenedesmus-like green algae. In contrast, those
grown under low irradiance using the same inoculum were
thinner, more compact and included a wider variety of
species, including cyanobacteria. Hultberg et al. (2014)
demonstrated the direct effect of light quality using
monochromatic illumination in biofilm formation; indicating
that light quality can improve cellular growth and lipid
content at the same time. Furthermore, the authors concluded
that the optimal wavelength depends on the species and showed
the potential for using light as a tool for managing algal biofilm
formation and harvesting.

Cellular Factors
From the cellular point of view, the genome, which determines
the biofilm developmental potential of the organism, is one of the
most important determinants of the biofilm structure. Thus,
filamentous organisms might be expected to form a different
multicellular array than non-motile coccoid organisms. Biofilms
can be mainly regarded as approximately planar systems which
include micro-colonies and more or less abundant EPS, which
differentiates them from clearly filamentous structures
(Wimpenny et al., 2000). Kokare et al. (2009) proposed that
bacteria in biofilms express different phenotypic characteristics
from planktonic counterparts. This is due to different genes
transcribed in the planktonic and biofilm associated phases of
the bacterial life cycle. Some genes may be expressed in response
to a specific surface on which bacteria settle (Becker et al., 2001),
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e.g., genes involved in the attachment to chitin diverge from those
required for attachment to abiotic, non-nutritive, surfaces such as
glass or plastic (Keyhani and Roseman, 1996). Research on the
role of metabolic and gene expression in microalgae biofilm
formation is still a wide research field to explore, which can
bring novel strategies to improve and enhance microalgae biofilm
systems.

BIOFILM CARRIERS

As it has been highlighted above, the material of the surface where
the microalgal cells attach has an important effect on the biofilm
formation. The ideal supporting material for large scale
cultivation should be cheap, non-toxic, durable, porous/rough
texture and show proper water retention ability. Currently most
of the substratum materials used on laboratory studies are from
local markets (Wang et al., 2017). Supplementary Table S1
provides a comprehensive summary of the different carrier
materials used on microalgal biofilm systems. In this review,
based on its origin and its degradability of “substrate,” “support”
or “carrier” materials, we categorized them as artificial/synthetic
and natural materials (Supplementary Table S1), similar as other
authors have defined, bio-materials and non-bio-materials (Han
et al., 2017). The term “carrier” will be exclusively used in this
review.

Synthetic Carrier Materials
Considering the entrapped materials for biofilm formation,
immobilized S. obliquus cells in polyvinyl and polyurethane
were cultivated in order to remove nitrate from wastewater
(Urrutia et al., 1995). Bench scale studies were performed
using rotating disks of aluminum (Torpey et al., 1971) or
polystyrene (Przytocka-Jusiak et al., 1984) to grow algae
biofilms and reduce phosphorus and nitrogen levels in
wastewater. The Algal Turf Scrubber (ATS) was developed by
Adey and associates at the Smithsonian Institution (Washington
D.C., United States) as a more natural means of maintaining
water quality in model ecosystems (Adey et al., 1993). Plastic
mesh has been frequently used to grow filamentous algae in a ATS
by intermittently pouring water over the surface (Adey et al.,
2011).

Some researchers have studied the differences in biofilm
growth with different synthetic materials without any material
property measurement, and differences in growth rates were
found. Some representative studies of enclosed biofilm
bioreactors screening carrier materials are for instance, the
work of Sekar et al. (2004b) who used two species of green
algae: Chlorella vulgaris and Nitzschia amphibian. Both green
algae adhered most readily to titanium, stainless steel perspex and
glass, while brass and copper showed fewer attached cells.
Subsequent experiments with N. amphibian showed that cells
were more likely to adhere to surfaces that had been roughened
with sandpaper than the smooth control. Likewise, Johnson and
Wen (2010) studied biofilm growth rates on six different carriers
(Supplementary Table S1). They observed that polystyrene foam
yielded significantly higher biomass productivities than the other

materials tested. On the other hand, Genin et al. (2014) examined
six materials for their capability of supporting algal growth in a
parallel airlift bioreactor. In this case, cellulose acetate showed the
highest biomass productivity. Shen et al. (2014) evaluated the
microalgal biofilm formation on nine carrier materials and the
higher biomass productivity was observed using glass fiber
reinforced plastic.

Christenson and Sims (2012) tested eight synthetic and
natural carrier materials for the ability to support algal
attachment and found that cotton rope showed the best
performance. Gross et al. (2013) screened 16 potential biofilm
carriers and found that cotton duct was the best material for
microalgal biofilm growth. Likewise, (Moreno Osorio et al.,
2019b; Moreno Osorio et al., 2020) reported efficient attached
microalgal growth of C. vulgaris ACUF_802 and ACUF_809 as
well as to S. vacuolatus ACUF_053 on cotton fabric. Similarly,
Chuah et al. (2020) found that attached growth of C. vulgaris on
cotton duct served as a better supporting material than
polystyrene foam as it promoted microalgae attachment at
low-cost, supporting an easy microalgae harvesting process.

An extensive and detailed study was performed by Gross et al.
(2016), 33 synthetic materials with smooth surface were tested.
The materials were grouped as metals, plastics and rubbers to
evaluate their surface physico-chemical properties. Similarly,
Barros et al. (2018) studied the influence of physicochemical
properties of selected microalgae strains, growth medium
composition and six carrier materials, using a lab scale
methodology that allowed to evaluate multivariables in parallel.

Other authors used the same type of bioreactor configuration
when testing different substrate materials. Naumann et al. (2013)
developed a solid-state bioreactor, denominated “twin layer
system” that combines a nutrient substrate and works as a
support layer of an attachment surface where the biofilm
grows. They evaluated the biofilm formation performance of
four microalgae strains on plain printed paper. They
concluded that Phaedactylum tricornutum has the higher
biomass productivity (Supplementary Table S1).
Complementary, (Shi et al., 2014) tested nylon filter sheets as
attachment substrate material for the biofilm formation of
Hallochlorella rubescens.

Studies for testing materials with different surface textures
have demonstrated that the patterns on the substrate cannot only
offer larger areas for cell attachment, but also act as anchor points
sheltering cells from shear stresses (Huang et al., 2018). As
expected, higher biomass productivity is achieved on materials
with relatively larger surface area. Cao et al. (2009) confirmed that
micro-dimple surface features of corrosion resistant steel sheets
could significantly enhance the attachment of algal cells to the
carrier, compared to a surface without microdimple features.

Additional materials have been used at laboratory scale to
screen the biofilm formation capability of microbial consortia or
microalgae axenic cultures, most of them aiming for the selection
of a cheap and easily produced surface material that could be
applied at large-scale in-land systems. The system used by Ozkan
et al. (2012) is notable for its use of concrete as a cultivation
surface, which can mean a significant reduction in the
maintenance cost. The same material was used by Sukacova
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et al. (2015) with effective results. Locally produced materials as
glass (Schnurr et al., 2013), foam PVC with surfaces sanded in
order to promote microbial attachment and polyvinyl chloride
(Posadas et al., 2013) were selected based on availability, non-
toxicity, ease of manipulation and costs.

Natural/Biodegradable Carrier Materials
Various types of natural materials have been used as carriers for
the microalgal biofilm cultivation (Supplementary Table S1).
The advantages of a natural carrier material are the low cost and
the environmental sustainability of the biofilm system, especially
compared to the immobilization technologies where (although
these can employ natural polymers, i.e., alginate and
carrageenan), the high cost of the polymeric matrix prohibits
their use at large scale (Hoffmann, 1998; Christenson and Sims,
2011). Several immobilization media, such as alginates,
carrageenans and polacrylamide gel have been used for
entrapped the microbial biomass (Moreno-Garrido, 2008).
Akhtar et al. (2003) and Akhtar et al. (2008) provided an
immobilized microalgal biosorption process using a highly
porous, ridged, physically strong and low cost immobilization
matrix (luffa sponge) that consists of discs obtained from
matured dried fruit of Luffa cylindrica for the removal of
Ni(II) and Cr (III) using Chlorella sorokiniana as model
organism. Surface immobilization of the microalgae on luffa
sponge, providing direct contact of the biomass to the metal
solution, was better suited for metal biosorption than microalgae
cells enclosed or beaded immobilized in a polymeric gel structure.

Filter paper was used as carrier material for algal growth
vertically, and differences in biomass productivity were observed
between three microalgae biofilms (4.2–6.1 m−2 d−1) (Naumann
et al., 2013). Zhang et al. (2017) explored the feasibility of using
lignocellulosic materials as biofilm carriers, which had a similar
chemical composition to the algal cell wall. Of the materials
tested, pine sawdust as carrier achieved high biomass productivity
(10.2 g m−2 d−1). Lignocellulosic-based materials are generally
characterized by a high surface energy and achieved greater
attachment than synthetic polymers which have a low surface
energy (Christenson and Sims, 2012). Moreover, lignocellulosic
materials are hydrophilic natural polymers and have a good
liquid-holding capacity (Zhang et al., 2017). The biofilm
productivity was found to be increased with the increase of
material surface roughness (p < 0.05) (Cao et al., 2009). Fica
and Sims (2016) characterized the biofilm formation and nutrient
removal of a microbial consortium dominated by algae species.
The biofilm was grown on cotton cords in a Rotating Algal
Biofilm Reactors (RABR) as described by Christenson and Sims
(2012). They found that different concentrations of total organic
carbon and temperature influenced the biomass productivity.

The rotating algal biofilm system proposed by Gross et al.
(2013) was a conveyor belt system that had cotton as carrier
material. The carrier moved around several rotating shafts,
passing through a reservoir of nutrient-rich liquid at the
bottom. Cotton duct promoted a high biofilm productivity in
other studies with different alga strains (Christenson and Sims,
2012; Gross et al., 2016; Zhuang et al., 2016; Carbone et al., 2017).
A clinoptilolite rotating photobioreactor (cRPB) was used by

Young (2011) for removal of nitrate and ammonium from
synthetic wastewater, the zeolite surface can be bio-regenerated
through continued nitrogen removal. A microbial consortia
biofilm productivity of 12 m−2 d−1 was obtained. Two
component biodegradable carriers for Biofilm Airlift
Suspension (BAS) reactors were used to investigate the oxygen
transport inside the biofilm and the development of the biofilm
structure (Hille et al., 2009). The carriers were composed of PHB
(polyhydroxybutyrate), which is easily degradable, and PCL
(caprolactone), which is less easily degradable by heterotrophic
microorganisms (Hille et al., 2009).

Talukder et al. (2014) studied for the first time the
immobilization of microalgae on exogenous fungal mycelium.
Mycelium is a natural carrier material that can be obtained free or
at low-cost as waste from fungal fermentation processes that
produce valuable products, i.e., enzymes or soy sauce. The
positively charged hyphae interact with the negatively charged
algal cell surface and cause flocculation (Alam et al., 2016). The
occurrence of filamentous microorganisms could thus be
considered as a beneficial factor for microalgal biofilm
cultivation by the promotion of algal cell attachment on the
substrate layer. Meanwhile, respiration of the microorganisms
could enhance algal productivity by decreasing O2 inhibition of
algal growth (Bai et al., 2015).

MICROALGAL BIOFILM REACTORS

Biofilm-based production of microalgae is gaining more attention
as a proven alternative to traditional suspension cultures. There
are an increasing number of systems with biomass production
and controlled cultivation of a single target species as their
primary focus that has been proposed in the literature, and
most of them still retain strong links to wastewater treatment
as coupled application. Several new and innovative designs have
the potential to fundamentally change the approach to microalgal
cultivation and many have been extensively reviewed previously
(Kesaano and Sims, 2014; Berner et al., 2015; Gross et al., 2015;
Hoh et al., 2016; Han et al., 2017; Mantzorou and Ververidis,
2019; Zuccaro et al., 2020).

Microalgal biofilm reactors were first reported in the 1970’s
(Torpey et al., 1971) with a rotating aluminum disk design used
for removing phosphorus and nitrogen from municipal
wastewater. Several microalgal biofilm reactors have been
reported (Supplementary Table S1) with applications in
wastewater treatment (Mulbry and Wilkie, 2001; Adey et al.,
2011; Posadas et al., 2013; Kesaano and Sims, 2014; Gao et al.,
2015) and biomass production (Gross et al., 2013; Liu et al., 2013;
Blanken et al., 2014).

“Algal biofilm-based cultivation” systems have been classified
by Berner et al. (2015) into three irrigation procedures or relative
position of the cultivation medium and the microalgae on the
cultivation surface: constantly submerged, intermittently
submerged, and perfused systems. In the first two categories,
the microalgae are directly submerged in the growth medium,
either all the time or some of the time (Mantzorou and Ververidis,
2019). Perfused systems use a porous substrate that supplies
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nutrients and moisture to the microalgae which grow on the
outside, exposed to the surrounding gas phase (Podola et al.,
2017). The advantages of perfused systems are i) ease of
harvesting, algal cells can be harvested from a surface by
biofilm scraping; ii) direct contact to atmospheric CO2, the
cells on a solid surface can thus absorb CO2 directly from the
atmosphere; and iii) light exposition, to maximize the capture of
solar radiation, the surface plane of the substratum can be
oriented in the best direction, and inclined at the optimal
angle for the highest photosynthetic quantum yield to
maximize biomass productivity per horizontal footprint area
(Hamano et al., 2017). Gross et al. (2015) classified the
different types of algal biofilm systems based on the relative
movement of the algal biofilm to the liquid medium, i.e., rotating
biofilm or stationary.

Hoh et al. (2016) categorized the biofilm reactor designs for
wastewater treatment according to their configuration as
horizontal, vertical, flow cell, rotating, and rocker bioreactors.
The rocker reactors in the horizontal category and “floating”
category are included in this review as they are still widely used
biofilm (immobilized) configurations in wastewater treatment.
The horizontal biofilm reactor has the advantage of effective
absorption of light for photosynthesis. Similarly, the flow lane
biofilm reactor, which uses water flow-over the biofilm growing
on the carrier materials allows to switch different carriers for
biofilm attachment into the flow lanes (Zippel et al., 2007).
However, a large surface area is required in order to increase
biomass productivity and wastewater treatment efficiency
(Sukacova et al., 2015). The most typical vertical biofilm
reactor is the twin layer vertical reactor. The two-layer vertical
configuration helps to deliver nutrients to the microalgae (Podola
et al., 2017), similar to perfused systems defined by Berner et al.
(2015). Recently the rotating biofilm reactor has been intensively
studied. Different rotating designs have been developed, offering
different patterns of contact between the biofilm, liquid and
atmospheric phases (Gross et al., 2015).

Moving bed biofilm reactors (MBBR) are common floating
systems when the wastewater treatment plant needs to have a
strongly limited footprint (Zkeri et al., 2021). Two systems were
compared for medium-strength dairy wastewater treatment: i) a
methanogenic Moving Bed Biofilm Reactor (AnMBBR) and an
aerobic MBBR (AeMBBR), ii) an AnMBBR and a sequencing
batch reactor (SBR) with C. sorokiniana. The coupling of a
microalgae reactor with a methanogenic MBBR results in
complete elimination of COD, but lower removal of NH4

+-N
(65%), TKN (69%) and PO4

3--P (31%). This effluent can be used
for agricultural irrigation due to the high concentrations of
contained N and P (Zkeri et al., 2021). Another study using
floating reactors, the role of bacterial EPS on microalgae biofilm
formation was evaluated using coated cotton carriers in a
suspended-solid phase photobioreactor (sspBR). Their results
showed that pre-coating significantly improved the attachment
of microalgae cells (Zhuang et al., 2016).

Various microalgal biofilm systems have been developed over
the past few years. Depending on the application of the system,
the attachment materials (Supplementary Table S1), design
rationale and configuration geometry (Table 2) employed have

varied widely. The geometries of the microalgal biofilm systems
are also highly variable, from a flat plate to a rotating drum (Gross
et al., 2015). Some biofilm systems use carriers with many
crevasses that generate additional attachment area, but this
additional area does not have light contact. This system is
commonly used in wastewater treatment, with a consortium of
algae and bacteria involved (Fitch and England, 2002). The
biomass in this system is not harvested but rather sloughed off
into the liquid (Hassard et al., 2015). In contrast, the application
of flat attachment materials allows maximal light exposure to the
biofilm and biomass in these systems can be easily harvested. The
algal cells in the biofilm are predominant due to the favorable
conditions for photosynthesis, although some level of bacterial
contamination has been reported, especially when microalgal
biofilms grow in wastewater containing organic carbon
(Pohlon et al., 2009; Irving and Allen, 2011).

TECHNOLOGIES FOR MICROALGAL
BIOFILM ANALYSIS

A real time assessment of the biofilm structure and distribution of
microorganisms in the matrix is compulsory for ecological and
environmental studies (Wimpenny et al., 2000). Recent
technologies focus on offer non-destructive techniques for
biofilm studies (Fanesi et al., 2019; Saccomano et al., 2021).
The matrix components and spatial arrangement of
microorganisms define the number and size of voids and
channels, altering in turn the transport of nutrients and gases.
Therefore, the biofilm architecture induces marked gradients of
light, nutrients and gases, along depth, inducing the cells to
displace or acclimate in order to maintain optimal growth
(Stewart and Franklin, 2008). Thus, structural data are of
major importance to improve the productivity of biofilm-
based technologies through a better understanding of the
complex behavior of biofilms, i.e., development and activity
(Fanesi et al., 2019).

Sensing and Imagining
The simple identification of the microbial groups is not
informative enough, as the microbial activity is influenced by
the biofilm spatial structure (Barranguet et al., 2004). Many
different methods to characterize the properties of biofilms
including detection, imaging, and sensing methods have been
proposed in the literature (Neu and Lawrence, 2015). Sensing and
imaging differ from each other in that sensing refers to the
quantifiable measurement of some analyte or property of the
subject or system, while imaging is used to generate visual
information (topography, area, colour) related to a subject,
and some combine it with the detection of analytes or even
concentration measurements (Saccomano et al., 2021).

Techniques that do not disrupt biofilm structure and its
microgradients have been given priority for understanding
biofilm formation and development (de Beer et al., 1993;
Zippel and Neu, 2005). Non-destructive methods for
examining photosynthetic biofilms (Table 3) include various
forms of microscopy and chemical imaging: simple light
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microscopy, Helium Ion Microscopy (HIM) (Schmidt et al.,
2021); Scanning Electron Microscopy with Energy Dispersive
X-ray analysis (SEM-EDX) (Moreno Osorio et al., 2019a),
Confocal Laser Scanning Microscopy (CLSM) (Neu and
Lawrence, 2014; Moreno Osorio et al., 2020), Confocal Raman
Microscopy (CRM1) (Moudříková et al., 2017; Keleştemur et al.,
2018), Pulse Amplitude Modulation (PAM) (Wimpenny et al.,
2000; Moreno Osorio et al., 2020), Vibrational Spectroscopy
(ATR-FTIR spectroscopy) (Fanesi et al., 2019), Time-of-Flight
Secondary Ion Mass Spectrometry (ToF-SIMS) (Benettoni et al.,
2019) and imaging analysis (De Muynck et al., 2009).

An increasing trend in nanoscale research is the combination
of more than two techniques (high resolution microscopy +
chemical imaging) to analyze different parameters in parallel

to greatly improving the sensitivity and spatial resolution to
visualize and quantify nutrients, metabolites and toxic
elements in single cells at the subcellular and cell to cell level.
Many of these are considered emerging imaging technologies that
can be combined to correlate elemental, isotopic and molecular
information from a region of the cell or from the entire cell in two
or three dimensions (Decelle et al., 2020).

Microscopy
Optical methods have arisen as promising techniques in biofilm
studies. Although biofilms can be observed with an unaided eye,
imaging their structure, distribution of EPS and microbial
community structure requires the use of several types of
microscopy instruments combined with various probes, such

TABLE 2 | Microalgal biofilm reactors classification.

Biofilm configuration Contact with medium References

Vertical Horizontal Perfused Constant Submerged Moreno Osorio et al. (2019b), Barros et al. (2018)
Flow lane Constant Submerged Huang et al. (2018)
Flow lane Constant Submerged Zhang et al. (2017)
Flotating Constant Submerged Zheng et al. (2017)
Horizontal Constant Submerged Cheng et al. (2017)
Floating Constant Submerged Zhuang et al. (2016)
Rotating Intermittently submerged Fica and Sims, (2016)
Rotating Intermittently submerged Gross et al. (2016)
Floating Constant Submerged Wongthanate and Polprasert, (2015)
Flow lane Constant Submerged Zhang et al. (2015)
Horizontal Constant Submerged Zhang et al. (2014)
Vertical Perfused Shi et al. (2014)
Rotating Intermittently submerged Blanken et al. (2014)
Horizontal Constant Submerged Shen et al. (2014)
Floating Constant Submerged Talukder et al. (2014)
Vertical Constant Submerged Genin et al. (2014)
Horizontal Constant Submerged Posadas et al. (2014)
Rotating Intermittently submerged Gross et al. (2013)
Horizontal Constant Submerged Schnurr et al. (2013)
Vertical Perfused Naumann et al. (2013)
Horizontal Constant Submerged Sirmerova et al. (2013)
Vertical Perfused Liu et al. (2013)
Rotating Intermittently submerged Christenson and Sims, (2012)
Horizontal Constant Submerged Ozkan et al. (2012)
Flow lane Constant Submerged Irving and Allen, (2011)
Flow lane Constant Submerged Boelee et al. (2011)
Rotating Intermittently submerged Young, (2011)
Horizontal Constant Submerged Johnson and Wen, (2010)
Flow lane Constant Submerged Cao et al. (2009)
Vertical Constant Submerged Silva-Aciares and Riquelme, (2008)
Flow lane Constant Submerged Guzzon et al. (2008)

TABLE 3 | Non-destructive imaging techniques of architectural features for biofilm studies.

Optical High resolution
microscopy

Spectrometry Sensors

Required sample
preparation

Epifluorescence microscopy SEM Cryo-SEM SEM-EDX
CLSM AFM FM-AFM

IMS SIMS NanoSIMS
ToF-SIMS NMRS

—

Non-required
sample preparation

Stereo microscopy Colorimetric detection
Imaging analysis (CIELAB®, Correlia®)

HIM CRM1 CRM2

COCRM OCT
CRS FTIR ATR-FTIR Plane Optodes Micro-optodes

Nanoparticle optodes Imaging-PAM-
fluorometry

CRM1, Confocal Raman Microscopy; CRM2, Confocal Reflection Microscopy.
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as fluorescent proteins (FPs) used as reporter genes and labels or
fluorescent in situ hybridization (FISH) probes (Azeredo et al.,
2017).

HIM resembles a field-emission scanning electron microscope
(FE-SEM) in many aspects, but several advantages are provided
by the use of helium ions rather than electrons, including higher
surface sensitivity, larger depth of field and a straightforward
charge-compensating electron flood gun, which enables imaging
of non-conductive samples, rendering HIM a promising high-
resolution imaging technique for biological samples. The key
remarkable capabilities of HIM in bio-imaging, in terms of spatial
resolution, very large depth of field, and the ability to image non-
conductive samples as biofilms without the application of
conductive coatings support the growth in the number of
studies which has been published in related fields and the
opportunity for further developments (Schmidt et al., 2021).
However, every problem in microscopy cannot be solved by
HIM alone. In subcellular chemical imaging, for instance,
correlative workflows combining nanoanalytics (e.g., X-ray
spectroscopy and SIMS) and high-resolution electron
microscopy are currently being established (Decelle et al., 2020).

ToF-SIMS
In ToF-SIMS, a release of atoms from the outer few nanometers
of the surface is caused by the bombarding with ions of the
sample surface, and their identification is based on their mass.
In SIMS imaging, high resolution in the mass spectrum comes
at the price of lower image spatial resolution. However,
development of the Nanoscale Secondary Ion Mass
Spectrometry (NanoSIMS) allowed imaging at sub-micron
resolution while maintaining high mass resolution (Azeredo
et al., 2017). LeTourneau et al. (2018) used SEM, HIM, and
NanoSIMS as correlate imaging tools to show that phenazine-
1-carboxylic acid, produced by rhizobacteria in unirrigated
wheat fields, and soil moisture promotes biofilm formation
at root surfaces. The stable isotope labelling in combination
with NanoSIMS, electron microscopy and HIM was used to
study the carbon and nitrogen cycles. SIMS has demonstrated
to be a powerful tool to study the unicellular and cell to cell
interaction of microalgae (de Bashan et al., 2016) that make it a
promising technique for the characterization of nanoparticles
in biological media. In fact, high spatial resolution, its
sensitivity and mass resolution offer label-free chemical 3D
imaging capabilities down to the nanometer scale. Benettoni
et al. (2019) used ToF-SIMS in an experiment on C. vulgaris
biofilms to confirm the presence of TiO2 nanoparticles and to
clarify their 3D distribution within this complex system.
Similarly, Moreno Osorio et al. (2019) performed ToF-SIMS
analyses on biofilm samples to analyze the distribution of
phosphorus-containing molecular species in Chlorella
pyrenoidosa and C. vulgaris biofilms. Furthermore, the high
resolution and the wide range of molecular species that can be
3D-detected with this imaging technique allowed to understand
the role of the cotton fabric as algal biofilm support material
and confirmed that the cotton carrier does not accumulate
phosphates and thus phosphate removal was the result of
biofilm metabolic activity.

CLSM
The favorite types of microscopies among biofilm researchers are
those that allow the examination of living and fully hydrated
biofilms. In addition, sophisticated image acquisition devices that
can selectively image and stimulate various probes are often
required when more than one type of multicolored probe is
used simultaneously (Lewandowski and Boltz, 2011). Among
them, CLSM enables the in vivo reconstitution of the 3D
structure of microbial biofilms in their naturally hydrated
form (Zippel and Neu, 2005). CLSM provides simultaneous
identification of the different components and the information
about the 3D structure of the biofilms, either by using specific
fluorescent dyes for bacterial DNA or EPS glycoconjugates or by
algal autofluorescence (Staudt et al., 2004; Neu et al., 2010; Neu
and Lawrence, 2015).

Most of the understanding about biofilm architecture and
composition (Chen et al., 2007; Neu and Lawrence, 2014) as well
as their relation to mass transfer (Yawata et al., 2010) and
metabolism is gained from rather simple CLSM point
scanners. Several studies have been carried out using CLSM as
informative technique for microalgae biofilm formation
performance (Norton et al., 1998; Barranguet et al., 2004;
Mueller et al., 2006; Blanken et al., 2014; Cole et al., 2014;
Sommerfeld Ross et al., 2014; Zhang et al., 2017). A set of
computational tools for extraction of the biofilm morphology
from the 3D structural data obtained from CLSM imaging, and
the accompanying web-based interface was described by Xavier
et al. (2003).

A variation of the reflection microscopy technique employing
a CLSM is defined as confocal reflection microscopy (CRM2).
This technique allows the visualization of 3D samples without
fluorescent labeling and fixation. Yawata et al. (2010) achieved a
successful non-destructive monitoring of the entire biofilm
development of Streptococcus mutans, on microfluidic-device
experiments by a modified CRM2 technique. This modified
version of CRM2 with continuous gain adjustment was termed
Continuous Optimizing CRM (COCRM) and the mean
biovolume measured showed good correlation with those
calculated based on SYTO9 staining.

Biofilms are of outstanding interest for biological wastewater
treatment, however in situ and real time techniques for analyses
of biofilm systems (aerobic and anaerobic) are still limited. In
contrast to invasive techniques for imaging analysis, such as
FISH, Patzold et al. (2006) were able to identify anaerobically
ammonium-oxidising (anammox) bacteria without pretreatment
in samples just by its Raman vibrational signature. The presented
results provided new insights into the complex interactions of
different organisms in microbial communities without interfering
with them. On the other hand, analytical techniques used to
investigate the presence of lipids in the selection of microalgae for
the optimal production of biofuels include Gas
Chromatography–mass spectrometry - GCMS (Bigelow et al.,
2011), Liquid chromatography–mass spectrometry - LCMS
(MacDougall et al., 2011), Nuclear magnetic resonance – NMR
(Nuzzo et al., 2013), Fourier-Transform Infrared Spectroscopy -
FTIR (Dean et al., 2010), and Raman spectroscopy (Wei et al.,
2014). Confocal Raman spectroscopy on the other hand, allows
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access to full spectral information with high spatial resolution
(Sharma et al., 2015). Combination of Raman spectroscopy with
confocal optical microscopy resulting in 3D spatial
characterization of the samples has resulted in CRM1

becoming the method of choice for label-free and real-time
monitoring of various biological samples, including microalgae
and bacterial biofilms (Murdock et al., 2008; Efeoglu and Culha,
2013; Wei et al., 2014; Moudříková et al., 2017; Keleştemur et al.,
2018).

Measurement of Biofouling
The pioneer study of Valladares Linares et al. (2016) assessed
three novel in-situ biofouling characterization techniques on
membrane systems: i) nuclear magnetic resonance (NMR), ii)
oxygen imaging with planar optodes, and iii) optical coherence
tomography (OCT). These non-destructive tools can elucidate
the interaction of hydrodynamics and mass transport on biofilm
accumulation in membrane systems. OCT is a key emerging
imaging technique of the last decade in biofilm research.
Remarkable features of this technique are the in-situ
application, the real-time-acquisition of multi-dimensional
datasets as well as the fact that no sample preparation is
necessary allowing for a non-invasive and complete
characterization of an unaltered biofilm structure (Wagner and
Horn, 2017). A significant advantage of OCT against other
microscopy imaging techniques is the availability of
investigating biofilms directly inside the cultivation device
(e.g., biofilm reactor) under operational conditions. 2D and
3D datasets contain a representative description of the overall
biofilm structure (Wagner and Horn, 2017). In-situ
characterization using NMR techniques were successfully
applied for non-invasive online monitoring of biofilm
development, sloughing, forced detachment, and chemical
cleaning. It allows quantification and visualization of
development of biofilm and the cell interactions with the
surrounding fluid at the mesoscale (McLean et al., 2008;
Wagner et al., 2010).

Measurement of Photosynthetic Activity
Planar optodes use luminescent O2 indicators immobilized in an
O2 permeable polymeric matrix, which can be coated on glass or
foils surfaces. The principle is based on measuring the dynamic
collisional quenching of the indicator luminescence by O2

(DeGraff and Demas, 2005). Optical O2 sensing was first
developed in the medical field for blood gas analysis and was
introduced in aquatic microbiology when fiber-optic O2

microsensors were developed and applied to biofilm studies
(Kühl et al., 2007; Neu and Lawrence, 2015; Khosravi et al.,
2020; Saccomano et al., 2021).

In microalgal biofilms, PAM fluorimetry allows the
measurement of algal biomass on undisturbed biofilm samples,
maximum quantum yield and algal photosynthetic activity
(Genty et al., 1989; Barranguet and Kromkamp, 2000).
Variable fluorescence emerged as a promising and non-
intrusive tool to estimate photosynthesis in phytoplankton
(Kolber et al., 1998). The principle of variable fluorescence is
also used by PAM fluorimeters (Schreiber et al., 1995) and this

technique has been used to measure algal photosynthesis,
although mainly on laboratory cultures. Increasing
applications of PAM fluorimetry for biofilm studies have been
reported in the literature of the past decade (Eggert et al., 2006;
Häubner et al., 2006; Malapascua et al., 2014; Manso et al., 2014;
Ng et al., 2014; Schuurmans et al., 2015; Wang et al., 2016b).

De Muynck et al. (2009) evaluated the algal fouling on
concrete by means of colorimetric and image analysis. The
fouling intensity parameter and the image analysis is based
upon the quantification of the area covered by algae by means
of threshold analysis on the a* (green to red axis) and b* (blue to
yellow axis) coordinates of the CIELab colour space of ImageJ
software (Rasband, 1997–2008). This analysis allows a clear
distinction between fouled and unfouled areas of concrete.
Imaging analysis has been an effective tool to follow the
biofilm growth in external facades and monuments (Sanmartin
et al., 2010; Fernandez-Silva et al., 2011; 2011; 2012). Colorimetric
measurements and image analysis were used to evaluate the
intensity of the alga Klebsormidium flaccidum biofilm to
evaluate the intrinsic properties of porosity, roughness, and
surface pH on the susceptibility of mortars to biodegradation
(Tran et al., 2012; Tran et al., 2014). Eyssautier-Chuine et al.
(2016) and Carbone et al. (2017) combined the analysis of color
changes in the carrier surface (stone and cotton duct,
respectively) and the algal photosynthetic activity using PAM
fluorometry. Both studies concluded that both techniques are
complementary in the analysis of microalgae biofilm formation.

Another study that combined and correlated different non-
destructive imaging techniques analyzed the early colonization
stages of Chlorella biofilms by coupling imaging analysis
techniques and mathematical methods (Moreno Osorio et al.,
2020). Different parameters were measured correlating imaging
techniques: the biomass growth and health condition were
measured using PAM fluorometry; carrier colonization was
studied by imaging analysis (Weka Segmentation) and through
CIELAB colorimetry the green tones variations in the biofilm
were measured. Biofilm vertical distribution and structural
features were estimated by multichannel CLSM, and some
parameters were aligned to the Gompertz model (Moreno
Osorio et al., 2020). However, studies of this type are not
common (Wagner and Horn, 2017; Fanesi et al., 2019), the
combination of different techniques in bacterial biofilms is an
extensive research field (Yang et al., 2013; Decelle et al., 2020) as
has been shown along this section.

CONCLUSIONS AND PERSPECTIVES

Many microalgae, bacteria, archaea, fungi, and protozoa cells
have a natural tendency to attach to surfaces and grow on them.
This absorption property has been used extensively in the
development of biofilm bioreactors and the factors that
stimulate and enhance it are still an open research topic.

During the last decade, a lot has been learned about the spatial
distribution of different species and the species diversity in
biofilms. The challenge for the future is to underline
physiological properties, understanding the patterns in gene
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expression and the interaction between cells in biofilms. The fast
development of molecular tools (i.e., metagenomics) has opened a
new field to study in detail the physiological activity and status of
individual cells in a spatial order. Among all promising beneficial
applications of microalga biofilms, the production of algal
nanoparticles is one of the most innovate and more research
on production of recombinant proteins from algae is needed not
only to identify the compounds responsible but also to better
understand the mechanism of nanoparticle formation by
microalgae and interactions in biofilms, what will lead to
further exploration in nanocomposites and biosensing
applications.

A variety of materials has been used as the supports for
microalgal biofilms. Stainless steel, nylon, and natural fibers
(porous fabrics) were found to be highly effective support
materials for microalgal biofilms. The integration of algal
bioreactors and wastewater treatment has been limited mainly
to municipal wastewater, while a few agricultural and industrial
wastewaters have been used for algal bioreactors due to inhibition
of algal growth with high nutrient or toxic compounds
concentrations or lack of essential nutrients. Overall,
microalgal biofilm reactors integrated with wastewater
treatment would have significant potential for high
productivity of algal biomass and efficient wastewater
treatment if various conditions and factors are optimized.

Microalgal suspended cultures are currently limited by their
high operating costs associated with substrate/nutrients
acquisition, high energy-consuming harvest of algal cells and
low productivity of algal biomass. Various types of microalgal
biofilm reactors integrated with wastewater treatment were
developed to overcome current limitations of algal biofuel
production. To date, different configurations, designs and
geometries of biofilm reactors have been studied to produce
algal biomass especially for biofuel production, and secondary
valuable products, in the same time removing nutrients from
wastewater. Intermittently submerged and perfused biofilm
reactors are promising options among various types of biofilm
to provide efficient utilization of nutrients in wastewater and high

biomass productivity. However, the development of algal biofilm
systems is still immature compared to suspension-based systems.
Identifying appropriate strains and carrier materials for optimal
biofilm formation and growth are still focus of interest in future
research on algal biofilm systems.

There is a substantial need for novel measurement techniques
that enable non-destructive, spatially resolved and real-time
observation of biofilm formation and structures in membrane
systems. CRM1, CRM2 and OCT can be beneficial to improve the
understanding of structure/function relationships as these tools
enable detailed visualization at the mesoscale and cell level.
However, for a comprehensive and fundamental
understanding of biofilm development and fate of molecules in
the biofilm, a combination of different methods that conserve the
biofilm structure is required.
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