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Abstract: There is a groundswell of interest in applying phototrophic microorganisms, specifically
microalgae and cyanobacteria, for biotechnology and ecosystem service applications. However,
there are inherent challenges associated with conventional routes to their deployment (using ponds,
raceways and photobioreactors) which are synonymous with suspension cultivation techniques.
Cultivation as biofilms partly ameliorates these issues; however, based on the principles of process
intensification, by taking a step beyond biofilms and exploiting nature inspired artificial cell immobilisation, new opportunities become available, particularly for applications requiring extensive
deployment periods (e.g., carbon capture and wastewater bioremediation). We explore the rationale
for, and approaches to immobilised cultivation, in particular the application of latex-based polymer
immobilisation as living biocomposites. We discuss how biocomposites can be optimised at the
design stage based on mass transfer limitations. Finally, we predict that biocomposites will have
a defining role in realising the deployment of metabolically engineered organisms for real world
applications that may tip the balance of risk towards their environmental deployment.
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1. Introduction
Two of the three dominant mass microalgae and cyanobacteria (hereon microalgae)
cultivation systems (ponds and photobioreactors) focus on maintaining the cells as a
colloidal suspension, equivalent to the microalgae living within the planktonic state, i.e.,
free floating within the water column with minimal physical cell–cell or cell–substratum
interactions. The third main cultivation system (biofilm bioreactors) exploits surface
attachment, equivalent to the cells living within the benthic or substratum-associated state,
defined by more or less continuous cell–cell and cell–substratum interactions (Figure 1a,b).
There are pros and cons for each approach, particularly when attempting to culture at
industrial scale. Ponds are advantageous in terms of their simplicity (both to build and
operate) and their low capital costs, but they consume large tracts of land, are inefficient
with water use [1] and, if used for remediation services (e.g., wastewater treatment),
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Photobioreactors ameliorate many of the drawbacks of open ponds (reduced land
and water consumption, improved control of culture conditions, and substantially reduced
threat from non-target organisms) culminating in greater biomass yield [8,9]; however,
these gains come at the cost of higher capital and operating costs [10].
Both approaches share some drawbacks, such as challenges around maximising
carbon dioxide (CO2 ) mass transfer [11]. However, other shortcomings are more explicitly
linked with the colloidal suspension, notably limitations in cell density and difficulty in
harvesting. The planktonic state has evolved partly to minimise intraspecific resource
competition, particularly for light and nutrients (including carbon). Microalgae typically
have negative cell surface charges (measured as the zeta-potential) which drives cell–cell
repulsive forces and establishes stable colloidal suspensions. This allows each cell to occupy
its own space (c.f. sphere of influence) within the water column, together with the light
and nutrients associated with that space. Further, by limiting physical cell–cell interactions,
the microalgae (many of which have no means of independent motility) reduce the risk of
floc formation (flocculation) which would otherwise increase the cell’s sinking rate (Stoke’s
Law) from sunlit surface waters (photic zone), thereby compromising photosynthesis and
threatening cell survival.
In stark contrast, algae that constitute biofilms have made a virtue out of a necessity.
Rather than investing in means to maintain spatial separation, benthic microalgae proactively engage in intimate associations with the substratum, as well as actively encouraging
close association with both con- and heterospecifics. This benthic niche negates the risk
of sinking from the photic zone (the cell is attached to a stable surface), thus enabling
the cells to focus on beneficial cell–cell interactions rather than treating these antagonistically. Nevertheless, the electrochemical repulsive forces must still be overcome. This
is achieved through the production of copious extracellular polymeric substances (EPS)
which function both as glue and medium through which the cells may move (many benthic
microalgae are motile, particularly diatoms, often using EPS production and release to
facilitate gliding movement).
Whereas the evolutionary benefit of overcoming the existential threat of sinking is
recognised, it does come at a cost. Biofilm dwelling cells compromise on the guaranteed
access to ‘wrap around’ space and resource beholden of their planktonic siblings. Whereas
the living space along the xy-plane is only limited by the dimensions of the substratum,
occupation of the z-plane is strictly limited by light penetration and EPS cohesiveness,
particularly under shear stress. This commonly results in biofilm failure (Figure 1b), which
may be accidental or deliberate (many biofilm organisms maintain the capacity to escape
the biofilm as a means of dispersal).
Biofilm or attached microalgae cultivation, both as monospecific and mixed cultures,
have been developed as alternatives to suspension culture [12,13], particularly for wastewater treatment applications. Biofilm formation can be initiated by adhering a concentrated
algae cell paste to a solid supporting material such as glass fiber reinforced plastic [14],
filter paper [15], cellulose ester membrane [16], polyester [17,18], polypropylene, [19],
polyvinyl chloride, polyacrylonitrile [20], polytetrafluoroethylene [21], polycarbonate, cellulose acetate/nitrate, or polyethylene membranes [22], polyurethane [23,24], nylon or
stainless steel mesh [25] and even concrete [26]. Natural fibres such as cotton, chamois cloth
and loofah sponge (aka Luffa plant) have also been trialled [27–29] and have successfully
outperformed suspension culture controls [30,31]. Subsequently, the cells produce EPS to
assist surface attachment, forming a stable matrix [32].
Biofilm cultivation may be divided into three types: (1) permanently immersed in
a liquid medium, (2) biofilms that alternate between gaseous and liquid phases, and
(3) permeated biofilms wherein liquid medium is delivered through the substratum [33]
(Figure 2). The productivity of two phase systems can greatly exceed that of raceways [34],
although they generally require rotation or a rocking motion to expose the biofilm to both
gaseous and liquid phases [35,36], although this may be difficult to scale up. Most studies
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biofilm formation, i.e., the genetic ties to the planktonic existence are so deep rooted that
other than through radical intervention (e.g., gene editing) such species must be deemed
non-starters. Or must they?
There is a “Fourth Way” [37] to mass microalgae cultivation that involves the deliberate
immobilisation of microalgae within ‘engineered biofilms’ or ‘living biocomposites’ [38–40]
(Figure 1c,d). A number of studies have developed biocoatings (a binder containing live
microbes) and biocomposites (a biocoating applied to a supporting structural material) with
different microorganisms for a range of environmental applications including biofuel production, gas and chemical synthesis, environmental remediation, and as biosensors [41–44].
Many have successfully reported that biocoatings and biocomposites can intensify biological process and performance relative to suspension cultures [45–47]. In this article, we
explore the rationale for, and approaches to immobilised cultivation, focusing on latexbased polymer immobilisation, and discuss how biocomposites can be optimised at the
design stage based on mass transfer limitations.
2. Immobilised Cultivation
There are six immobilisation types: (1) affinity immobilisation, (2) adsorption, (3)
covalent coupling, (4) confinement in a liquid-liquid emulsion, (5) capture behind a semipermeable membrane, and (6) entrapment within polymers [40] (Figure 3). These techniques can be separated into passive and active methods. Passive immobilisation utilises
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brane [39]. It is important to note that biocomposites are different from biofilm reactors.
The matrix in which cells are held should also act as protection from non-target organisms whilst still providing room for cellular maintenance and growth [54]. Biocomposites
should support greater biomass within a smaller surface area, supported by improved cell
retention [47]. This in turn confers greater flexibility in bioreactor design compared with
suspension or biofilm counterparts.
Immobilising microalgae can improve photosynthetic rate, growth, and pigment and
lipid content compared with suspension cultures [49,55,56]. Some studies have reported
toxicity of some polymer immobilising techniques, with chemical forces and interactions
between the matrix and the cell wall causing significant stresses on both the material and
the entrapped microorganisms [39]. Mallick [40] summarised the fundamental elements
for effective immobilisation and argues for ideal properties of the matrix. Immobilisation
should retain cell viability and metabolic activity at high cell densities (through photosynthesis if using phototrophs), with low levels of cell loss from the matrix. To achieve this,
the immobilising matrix should be non-toxic, appropriately transparent, chemically stable
when exposed to growth media, and be mechanically robust.
Many immobilisation studies have focussed on entrapment within gel-like matrices
such as alginate, carrageenans or chitosan [57–59]. There are several problems with gel
immobilisation, notably cell leaching due to matrix breakdown over time. Furthermore,
as gels are often up to 90% water, they are prone to rapid desiccation resulting in poor
mechanical properties when rehydrated [60].
Alginates are permeable and transparent mannuronic and guluronic acid polymers
from brown macroalgae which are cheap, nontoxic, and easy to process [61]. The microorganisms do not experience extreme physicochemical conditions during the immobilisation
process [39]. Despite the benefits, the polymeric structure cannot be maintained when
high phosphate concentrations or high cation levels (e.g., K+ and Mg2+ ) are present [62].
Similarly, sodium alginate beads degrade when exposed for more than two weeks to
wastewater with high phosphorous and nitrogen levels [63]. However, their mechanical resistance can be doubled if mixed with 5–10 kDa chitosan [64]. Carrageenans are
polysaccharides extracted from red algae, and are known to support microalgae growth
and metabolism [65,66]. Iota carrageenan forms clear elastic gels in the presence of calcium
salts, and is thermo-reversible at 50–55 ◦ C [67]. Lambda-carrageenan only forms high
viscosity solutions [68] and cannot be used for microalgae biocoatings. Kappa-carrageenan
can be mixed with potassium salts to produce strong and rigid set gels or with calcium
salts to form brittle gels [68]; and although opaque, they can be made transparent with the
addition of sugar [67]. Chitosan, a linear amino polysaccharide of β-D-glucosamine [39], is
a promising microalgae immobilising agent [69–71]. It is insoluble in neutral and alkaline
solutions which allows the gel structure to be formed at room temperature [72].
The use of gel-hardeners such as CaCl2 can compromise bioprocess efficiency and
may result in cell loss [73]. Furthermore, increasing the thickness of a chitosan or alginate
matrix to prevent cell leaching will only reduce the mass transfer of target nutrients such
as N, P, and CO2 [74]. The use of cross-linkers in hydrogel systems can cause intracellular
damage to microalgae; most likely due to the presence of glutaraldehyde [49].
4. Latex Polymer Immobilisation
Latexes are widely used in the printing and coatings industries to ensure strong
adhesiveness, and greater flexibility and porosity of the products [74,75]. Latex coatings can
be made with high precision and with controllable thickness using Mayer rod drawdown.
The technique is limited to coating thicknesses of >10 µm although it can be used to produce
multi-layered coatings [76]. Convective assembly is an alternative method enabling the
creation of layer-by-layer coatings with rapid, well-ordered, and scalable fabrication [77].
Latex films form in three stages; (1) consolidation—the evaporation of water to form a
packed latex particle network, (2) compaction—particle deformation begins to eliminate
void space between latex particles, and (3) coalescence—polymer diffusion is initiated
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between particles in contact with one another to form the complete film (Figure 4) [78].
The first immobilisation of microorganisms (yeast and E. coli) using latex polymers was
Energies 2021, 14, x FOR PEER REVIEWconducted in 1991 [79]. The mixture was coated onto an activated carbon particle mesh
8 ofand
18
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studies have immobilised many microorganisms (mostly bacteria) with latex polymers
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Figure 4. Illustration of the formation of latex films on a surface: (a) the latex-cell suspension is
Figure 4. Illustration of the formation of latex films on a surface: (a) the latex-cell suspension is
deposited onto the scaffold surface. At this stage the cells and latex particles have some scope for
deposited (b)
onto
surface.
At this
stage thethe
cells
and
latex
particles
have
someconfined
scope for
movement;
asthe
thescaffold
dispersion
medium
evaporates
cells
and
latex
particles
become
movement;
(b)
as
the
dispersion
medium
evaporates
the
cells
and
latex
particles
become
to a thin layer and the immobilisation process has commenced; (c) following the evaporationconfined
of the
to a thin layer
and the
thelatex
immobilisation
process
haspack
commenced;
(c)cells,
following
the evaporation
the
dispersion
medium
particles deform
and
around the
both attaching
them toofthe
dispersion
medium
the
latex
particles
deform
and
pack
around
the
cells,
both
attaching
them
scaffold and creating a protective film at the atmosphere boundary; and, (d) immobilisation is com-to
plete
thecreating
interdiffusion
of the film
latexatparticles.
the following
scaffold and
a protective
the atmosphere boundary; and, (d) immobilisation is
complete following the interdiffusion of the latex particles.

5. Bioinspiration from Lichen
In addition to being low cost and with easy access to non-toxic waterborne latex emulMany materials have been assessed for their suitability to support biofilm and biosions [46,75], there are numerous biophysical advantages of using latex for cell immobilisacoatings, although these have mostly been synthetic materials which may pose sustaination. High cell loadings can be used (500–1000 fold greater than for suspension culture),
bility concerns. Natural, or even repurposed materials should improve the overall suscoinciding with good longevity of the microbes (>1000 h after re-hydration [76,84,85]),
tainability of biocomposites. Examples include recycled textiles which could function as
particularly if osmoprotectants (e.g., glycerol) are added [47,74,77], and mass transfer rates
2D scaffolds [96]. However, it is important to consider rugosity when selecting textiles as
can be improved due to the capacity to produce very thin coatings.
the increased number of surface microstructures increases the hydrophobicity which may
This is not to say that latex based immobilisation is without issues—film formation
affect the formation of a uniform film [97]. Porosity ultimately impacts the homogenous
and therefore subsequent efficacy of the biocomposites can be affected due to the coating
formation of latex films, with more porous structures resulting in faster wicking leading
formulation, glass transition temperature (Tg), particle size and distribution, particle
tomorphology,
non-uniformdrying
film formation
[98]. When
utilising
woven
fabrics, the
diameter
and spacand humidity,
substrate
choice,
and biomass
loading
[80,86–89].
The
ing
of
the
weave
affects
the
size
of
the
inter-yarn
pores
which
can
increase
the
swelling
drying temperature can have significant effects on latex coalescence on porous substrates,
capacity
of theabsorption
textile [99].ofAdditionally,
highlyinto
porous
fabrics such
asresult
cotton,
highof
where rapid
the aqueous phase
the substrate
may
in have
cracking
levels
of
pore-collapse
due
to
structural
fragility
leading
to
alterations
in
the
number
and
the latex [90]. There is also concern regarding gas and liquid mass transfer to immobilised
distribution
of
pores
[100].
Conversely,
the
pore
size
of
non-woven
fabrics
is
affected
by
microbes which may limit cellular productivity. There is an inverse relationship between
fibre
density,
with
less
dense
fibres
having
larger
pores
[101]
which
may
lead
to
poorer
film thickness and mass transfer, therefore film thickness should be minimised whilst
microbial
ensuringretention.
microbes remain immobilised yet metabolically active [85,91]. Therefore, a balance
However, from biomedical applications it is well documented that the behaviour of
cells grown on 2D surfaces differ to those in 3D matrices [102,103]. 3D scaffolds sustain
improved cell proliferation and metabolic activity [104]. The ability to develop 3D structures supporting metabolically active cells permits the development of customisable cul-
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must be struck between latex thickness (which will impact cell retention) versus cells
remaining metabolically active with mass transfer of CO2 and nutrients via the growth
media not being limited.
There are methods to mitigate these, for example, latexes that do not require drying
to adhere to paper, thus reducing osmotic stress [92], or application methods that deliver
cell monolayers [93] that reduce self-shading without compromising cell viability. Another
intriguing alternative is arrested coalescence using non-film forming particles (bimodal
blends) mixed into the coating formulation to increase the porosity of coatings, which have
been used with fungi and bacteria [77,94]. However, unless the particles are sufficiently
transparent, bimodal blends may decrease light transmission. In addition, the non-film
forming particles have to be non-toxic, inert (non-reactive to latex), ideally smaller sizes
than the immobilised cells, and larger than latex particles [47]. However, this approach
may increase the total capital cost of the biocomposites and may risk secondary pollution
if non-biodegradable additives are used, e.g., microplastics.
There is an additional and as yet poorly understood factor, the biological response of
the immobilised organism. The breadth of microalgae diversity that has been trialled for
immobilisation is very small, generally reflecting model organisms and those considered
as laboratory and industry ‘workhorses’. Additionally, species that have been immobilised
(e.g., Synechococcus elongatus, Chlorella vulgaris, Nannochloropsis oculata, Dunialella salina)
tend to be among those considered as structurally robust and capable of withstanding
the physical and chemical stressors associated with film formation and the consequent
low-water existence. An acid test for ubiquitous tolerance for immobilisation would be to
use more fragile species, notably among the dinoflagellates. Intuitively, we would expect
low successes during immobilisation; however, once the cells are immobilised (assuming
no damage) the structural support afforded by the latex may paradoxically extend cell
longevity. Naturally, this is speculative, but it is an intriguing target for future work.
Further, the capacity of microalgae to perform once immobilised is not universal. Indeed,
we have documented variation in tolerance to immobilisation both across and within
species [85,95]. The precise reasons for these variable responses are not known and will
required detailed transcriptomic and metabolomic investigation.
5. Bioinspiration from Lichen
Many materials have been assessed for their suitability to support biofilm and biocoatings, although these have mostly been synthetic materials which may pose sustainability
concerns. Natural, or even repurposed materials should improve the overall sustainability
of biocomposites. Examples include recycled textiles which could function as 2D scaffolds [96]. However, it is important to consider rugosity when selecting textiles as the
increased number of surface microstructures increases the hydrophobicity which may
affect the formation of a uniform film [97]. Porosity ultimately impacts the homogenous
formation of latex films, with more porous structures resulting in faster wicking leading
to non-uniform film formation [98]. When utilising woven fabrics, the diameter and spacing of the weave affects the size of the inter-yarn pores which can increase the swelling
capacity of the textile [99]. Additionally, highly porous fabrics such as cotton, have high
levels of pore-collapse due to structural fragility leading to alterations in the number and
distribution of pores [100]. Conversely, the pore size of non-woven fabrics is affected by
fibre density, with less dense fibres having larger pores [101] which may lead to poorer
microbial retention.
However, from biomedical applications it is well documented that the behaviour
of cells grown on 2D surfaces differ to those in 3D matrices [102,103]. 3D scaffolds sustain improved cell proliferation and metabolic activity [104]. The ability to develop 3D
structures supporting metabolically active cells permits the development of customisable
culture systems [105]. However, before the nascent microalgae biocomposite field can
afford serious consideration of 3D printed fabrication, we must advance the development
of more affordable and easily accessible options. To progress from 2D to 3D biocomposite
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Light transmission is a further critical design consideration. Based on cell growth,
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as
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[114]. These zone
issuespropagates
can be
towards the middle of the photobioreactor, reducing growth [114]. These issues can be
ameliorated at the photobioreactor design stage; for example, access to light may be alameliorated at the photobioreactor design stage; for example, access to light may be
tered by changing the tube or plate diameter, by altering the construction materials or by
altered by changing the tube or plate diameter, by altering the construction materials
regulating the quantity and quality of light, i.e., through artificial illumination. However,
or by regulating the quantity and quality of light, i.e., through artificial illumination.
However, post-construction, the available options are more limited. Mixing is a mainstay
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light limited, leaving little margin for error in designing the biocomposite equivalent of
with comparative ease; indeed, it is possible to craft interesting opportunities out of apthe photobioreactor maintenance zone. However, these potential issues can be designed
parent adversity.
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7. Immobilisation for Synthetic Biology
There remains a significant gap in understanding the organisms’ response to immobilisation. To progress the technology to commercial application, an increase in system
productivity and reproducibility is required. Systems biology is providing greater insight
into cellular and metabolic processes, and can be exploited to metabolically engineer
microorganisms for enhanced performance [115]. Synthetic biology combines genetic
engineering, systems biology, and computational modelling to design biological parts
and systems, or redesign existing systems for greater productivity; tailoring the organism to work as effectively as possible, e.g., towards greater production of biochemicals,
and by improving photosynthesis by enhancing light harvesting efficiency and CO2 fixation [116,117]. Wastewater treatment already relies, to some degree, on photosynthetic
microbes for bioremediation; this could be intensified by enhancing the robustness of target
synthetic microbes, simultaneously increasing CO2 capture [118]. Enhanced biosorption
and biotransformation of nutrients or pollutants from wastewater will lead to higher treatment efficiency, but this is still in its infancy and limited to laboratory scale experiments.
However, there are concerns about the use of synthetic microbes [119]. Accidental release
could have significant, permanent effects on ecosystems. With large-scale cultivation, the
escape of synthetic strains is inevitable, thus care should be taken to ensure the strain cannot
establish outside of a controlled environment [120]. Containment within photobioreactors
provides less risk as reactor design could feature mitigation measures such as sterilisation
prior to release of wastewater, but open-ponds must have enhanced containment such
as catchment areas, filters, or UV irradiation, and monitoring strategies when containing
synthetic strains [121]. Physical controls can be extremely costly, so biocontainment is
recommended by engineering strains to have specific requirements for survival that would
not be naturally found.
The development of risk assessments is complex as the fitness of the synthetic strain,
all native species of photosynthetic microbes, and all environmental perturbations must
be accounted for if models for risk assessment are to have any real meaning [120]. The
immobilisation of synthetic strains potentially alleviates some of the concerns about the accidental release by acting as another physical control. When immobilised onto loofah there
was just 0.61% release of S. elongatus PCC 7942 after 72 h [85]. If both physical and genetic
controls were applied, the risk of release to environment could be significantly reduced.
8. Conclusions
We have set out the rationale for immobilisation culture of microalgae as biocomposites within a process intensification framework, with a focus on latex-based systems,
particularly for applications that demand prolonged environmental exposure (e.g., carbon
capture), are vulnerable to biomass washout (e.g., wastewater bioremediation), or that
require secure retention of the cells (e.g., synthetic biology). The choice of organism to
immobilise should be driven by the end use of the process. In this article we have focused
on applications for bioremediation (air and water), but the technology can be used for
bioproducts synthesis, and we see great scope for roll-out as biosensors, particularly given
the biocomposites’ longevity and low levels of maintenance. Several improvements can be
made to increase the performance of biocomposites, aside from targeted species selection.
Further study on latex formulations can be used to optimise cell viability, gas mass transfer
and photosynthetic performance. Parameters such as cell loading, total solids content of
the binder, light intensity, light cycle, and nutrient concentration can greatly influence CO2
uptake but have not been adequately explored. For example, increasing cell loading can
lead to higher competition for nutrients meaning nutrient concentration has to be increased.
Design criteria for large-scale and longer-term use of biocomposites should consider the
following key points: (1) the need for a biologically safe coating method that delivers a
uniform coating throughout the scaffold; (2) the spatial arrangement of the biocomposite
should not hinder light penetration to the cells that lie in the inner parts of the biocomposite;
(3) the need for a nutrient delivery system that assists/augments the capillary action of
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loofah without compromising the structural integrity of the binder should be considered;
and (4) the containment infrastructure for the biocomposites (if needed) should be cheap
but robust enough to support long term operation as well as provide transparency for
light penetration.
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