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ABSTRACT: Bioplastics are biomaterial-derived plastics and are superior to petrochemical-based plastics
in terms of resource renewability, planetary sustainability, and environmental biodegradability. Extensive
research has been carried out over the last decades to identify and characterize desirable biomaterials for
bioplastic manufacturing, and among those explored, microalgal biomass has received special attention due
to its numerous advantages over other bioresources, including high areal productivity, the potential to use
non-arable land, and the ability to reduce waste. Nonetheless, the cultivation and biorefinery processes for
microalgae still need innovative development to make microalgal bioplastics economically viable. The
primary focus of this review is to examine the established and emerging technologies for manufacturing
bioplastics from microalgal biomass, starting from the exploration of bioresource availability and outlining
technical routes of production. In particular, both upstream and downstream processes of microalgal
cultivation pertinent to bioplastic production are reviewed in detail, analyzed in depth, and evaluated from
the perspective of economic viability. The technical challenges and research opportunities, as well as
prospects of current approaches and future methodologies for microalgal production of bioplastics, are also
discussed, mostly based upon our research experiences in microalgal bioengineering, and it is our opinion
that, despite these existing challenges, microalgal biomass could still be one of the most promising
feedstocks for sustainable manufacturing of bioplastics.
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1. Introduction

Bioplastics, bio-derived plastics made in whole or in part from biological sources, have become an
attractive alternative to conventional petrochemical-based plastics. Plastics are defined as organic materials
that are based on polymeric structures composed of monomers that determine the physical and chemical
properties of the plastics. Once the material is soft, it can be molded into shape and set to form a rigid or
elastic material. However, bioplastics are not as well defined, since the term has been used to describe bio-
based and biodegradable plastics. The terminology has been used in the literature by many scientists;
however, some have focused specifically on biodegradable bioplastics [1,2]. The focus of this review article
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is on bio-based plastics, including polyhydroxyalkanoates (PHAs) such as polyhydroxybutyrates (PHBs)
[3], as well as precursor biopolymers that can be used to make bioplastics such as the polysaccharides starch
and chitin [4,5], and synthetic plastics such as polyethylene (PE), which can be prepared from biomaterial
precursors [6]. Unlike petrochemical-based plastics, bioplastics are derived from renewable sources such
as plants, bacteria, and algae and are usually, but not always, biodegradable [7,8]. A shift from conventional
petrochemical-based plastics produced from fossil fuels to bioplastics might be imperative for reasons
including plastic pollution and associated health risks from their propagation through the food chain, the
use of non-renewable resources, which makes plastics less sustainable, and the mitigation of CO2 emissions
to address the ongoing climate crisis. Regarding plastic pollution, a recent study estimated that between
48.3 and 56.3 million metric tons of plastic waste are discharged each year [9]. Further, the use of
bioplastics has the potential to reduce greenhouse gas (GHG) emissions [10]. Also, even when comparing
petrochemical-derived high-density polyethylene (HDPE) and polyethylene terephthalate (PET) with
chemically similar but biologically-derived HDPE and PET, the GHG emissions and use of fossil fuels
tended to be lower for the bioplastics [11]. However, it has been estimated that 61 million hectares of land
would be required to attain the same annual production from plant-derived bioplastics as conventional
plastics [12]. It is therefore necessary to develop a more sustainable alternative with lower impacts on land
use for bioplastics.

As a third-generation source of biomass, microalgae can be more sustainable than plants and bacteria
(Figure 1), with high growth rates and strong potential for the production of organic compounds [13,14].
Unlike crops, algal cultures do not require arable land for growth, preventing competition with food crops
and associated costs [15,16]. While bacteria do not compete with food crops directly for arable land, the
majority of bacteria used as a source of biomass require organic carbon sources, most commonly from
agriculture [17], but photosynthetic microalgae are more sustainable by minimizing the amount of organic
carbon compounds needed for growth [18]. Another advantage of microalgae is their ability to be cultivated
in a controlled environment, potentially enabling year-round production, compared to crops, which have a
growing season [19]. Microalgae can also be used for carbon fixation, providing the carbon compounds
needed for growth and bioplastic synthesis while sequestering atmospheric CO2 [20]. Not only is this valuable
for reducing the costs of organic carbon nutrients, but carbon fixation could potentially help with climate
change mitigation strategies. Currently, bioplastics only account for <1% of annual plastic production, but
the market growth rate for algal bioplastics has been predicted to grow by 13.2% by 2030 [21,22].

Does not require arable land
Easier genetic modification
Can produce PHAs

Bioplastic
Production

Requires arable land Feedstock Indirectly requires arable land
Primarily starch and cellulose Easier genetic modification

Uses agriculture waste . Can produce PHAs

Figure 1. Sources of biomass for bioplastic manufacturing.

The biomanufacturing of bioplastics has been identified as a potential method of mitigating the
environmental impacts of plastics. As outlined in Figure 2, bioplastics have found applications in food
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packaging [23], as mulch films in agriculture [24], biodegradable biomedical scaffolds [25], and other
household items [26]. As of 2025, it is estimated that ~0.5% of plastics produced annually are bioplastics,
with this proportion projected to increase [21].

Biomedical Scaffolds

Food
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Bioplastics for a
Green Economy

Seeding
Pots
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Figure 2. Applications of bioplastics as sustainable alternatives.

The biomanufacturing processes for bioplastics from microalgae can be an essential element of the
green economy. As an example, microalgal cultivation may be able to capture carbon and perform
wastewater valorization [27-29]. Biodegradable bioplastics can reduce microplastic dissemination by being
completely degraded upon disposal, unlike most petroleum-based plastics, although caution should be taken,
as microplastics may still form if the digestion of bioplastics is incomplete [30]. Addition of algal biomass
to biocomposites may also improve biodegradability, although this needs further study [31]. Life cycle
assessments (LCAs) of bioplastics have shown lower GHG emissions and energy use as well as end-of-life
biodegradability compared to conventional petrochemical-derived plastics [32,33]. It should be noted,
however, that the land use change for the microalgae cultivation sites, as well as chemical additives to the
bioplastics, may still increase overall GHG emissions [34,35]. Both positive and negative environmental
impacts of bioplastics should therefore be considered in quantitatively evaluating the sustainability of
microalgae-derived bioplastics.

Microalgae have shown great potential for biomanufacturing bioplastics, but technical and economic
factors have limited their implementation. This review is therefore aimed at assessing potential scenarios
for microalgae-derived bioplastics biomanufacturing, starting with microalgal bioresources for bioplastics
and followed by technical routes for polymerization, microalgal cultivation, and downstream processing of
microalgal biomass, from both technical and economic perspectives. We put our primary emphasis on
reviewing established and emerging microalgal technologies suitable for bioplastic manufacturing from
microalgae, such as synthetic biology, cultivation strategy, inexpensive dewatering, etc., with particular
focus on advancements over the past decade. Lastly, several technical and economic challenges that prevent
the large-scale adoption of microalgae-derived bioplastics are discussed, along with emerging technologies
that may help overcome these obstacles.

2. Microalgae as Bioresources for Bioplastics

Microalgae can be used to manufacture bioplastics due to their ability to provide biopolymers and their
precursors in their biomass, and the process’s sustainability can be enhanced by the fact that microalgae
can utilize nutrients from waste streams such as wastewater or agricultural runoff for carbon and nitrogen,
as well as CO2 from flue gases [36]. Microalgae have more flexibility to grow on a variety of nutrient
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supply scenarios compared to terrestrial plants and bacteria in suspension cell culture. Waste streams can
be used to provide nutrients for the algal cultures, thereby integrating the processes into a circular economy
framework, such as the cultivation of Tribonema minus on wastewater from food waste using Tribonema
minus [37]. For an example of this approach in bioplastic production, polyhydroxybutyrates (PHBs) have
been produced from B. braunii microalgae grown on sewage wastewater [38]. Microalgae can capture
carbon and nitrogen compounds from flue gases and use them for growth, although pretreatment, such as
photocatalysis, is required due to the inhibitory effect of nitric oxide on algal growth [39]. However, this
process could be enhanced by upregulating microalgal genes to use sulfate (SOx) and nitrate compounds
(NOx) found in flue gases. For example, Cheng et al. used strains of Chlorella exposed to simulated flue
gases (composed of 10% CO2, 100 ppm SOx, and 200 ppm NOx), which showed upregulation of genes
involved in sulfur and nitrogen metabolism, such as sulfur transport (CysA4) and nitrate reductase (NR) [40].
These microalgae could therefore directly use sulfate and nitrate compounds in metabolic processes,
increasing their tolerance to these compounds.

As an illustration of the advantages of microalgae-derived bioplastics, PHA synthesis can be compared
and contrasted with other synthetic methodologies. Synthetic production of PHAs, especially PHBs
produced from B-butyrolactone, is more controllable and tailorable than biosynthesis, but conventional
chemical synthesis approaches require metal catalysts, which are toxic both to human health and the
environment, may affect the conductivity of the resulting plastics, and are costly [41]. For biosynthesis,
PHAS can be produced from plant biomass [42]. However, plants require arable land to grow and may still
require an additional microbial fermentation step due to lower PHA production levels. As previously
described, photosynthetic microalgae do not require arable land or the addition of large quantities of organic
compounds for cultivation. Another potential advantage of using microalgae would be the ability to
generate various products from the biomass, including PHAs and/or high-value products [43].

In this section, we will describe the biochemical composition of microalgae used in the manufacturing of
bioplastics and their precursor molecules. A description of the algal species and the biopolymers they produce
is given in Table 1. Species of microalgae (including cyanobacteria) that either produce a large quantity of
precursors or can be engineered to do so using synthetic biology approaches will also be highlighted.

Table 1. Production of biopolymers from eukaryotic microalgae and cyanobacteria.

Algae Species Algal Product Bioplastics Approach Yields and Productivity References
Eukaryotic

. Biosynthesis from microalgae isolated 0.382 mg/g dry weight by day 25

Botryococcus braunii PHBs PHBs . [44]
from lake water 16.4% purity
. 200 g of starch from 430 g dry
Thermoplastic _. . . . .
Starch tarch Biosynthesis with nitrogen starvation ~ weight, with recovery of 98.5% [45]
starc
and purity of 86.9%
. PHAs PHAs Biosynthesis 20.0% (dry weight) [46]
Chlorella vulgaris . . . ..
L Supercritical COz fluid extraction of 46.74% (w/w) lipids (PHA
Lipids PHAs . . [47]
lipids for PHA synthesis precursors)

) Bacterial fermentation of biomass for Lactic acid yield of 0.99 g/g, with

Biomass PLA . . . .. (48]
lactic acid production productivity of 9.93 g/L/h
Celulose content was 34 % of
Nannochloropsis Cellulose Extraction of cellulose followed by solid waste

. Cellulose . . G [49]

oceania nanofibrils oxidation Produced nanofibrils with average

height of 9.0 nm

. Biosynthesis followed by extraction
Selenastrum gracile PHBs PHBs ) 325 pg/mL PHB [50]
with chloroform

Bacterial fermentation of biomass from  0.27 g PHB/g biomass (dry
Chlorococcum sp. PHBs PHBs . - [51]
microalgae grown on wastewater weight)
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Up to 21.6 mg/g (dry weight)

Chlamydomonas Biosynthesis enhanced by expression of .
) - PHBs PHBs . 3600-fold increase compared to [52]
reinhardtii bacterial PHB pathway genes L
production in cytosol
27.9 mg/L with supplemented
Phaeodactylum Biosynthesis enhanced by expression of .g PP
. PHBs PHBs . CO2, which was three-fold greater [53]
tricornutum bacterial PHB pathway genes . )
than with ambient CO2
Biosynthesis using two-phase
Desmodesmus L ; 0.11 g (w/w) PHB per day
. PHBs PHBs cultivation (phototrophic growth phase [54]
communis 95% recovery of extracted PHBs

and mixotrophic stresss phase)

. L . . 5.7% per dry weight
Biosynthesis with nutrient-enrichment .
Scenedesmus sp. PHAs PHAs 26.92% increase compared to [55]
by carbon dots

control
Cellulose- ) . . .
Biosynthesis followed by cross-linking 28% yield
Cladophora sp. Cellulose ECH . . [56]
with ECH 97% purity
hydrogel
Cyanobacteria
. .. . 15.2 % PHBs (dry weight) DW
. ) Biosynthesis with supplementation of :
Arthrospira platensis PHBs PHBs trehal 0.003 M trehalose increased [57]
rehalose
biomass and PHB concentration
Leptolyngbya sp. PHAs PHAs Biosynthesis by cons:ortiurn with C. 31.4%. w/w PHAs using cranberry (58]
SB090721 vulgaris residues as a carbon source
Biosynthesis enhanced by expression of Over 20% PHB (dry weight) after
Nostoc PHBs PHBs ynthest Y exp ver 20% PHB (dry weight) [59]
bacterial PHB pathway genes 7 days of cultivation
Synechococcus Biosynthesis enhanced by expression of 607.2 mg/L with acetate and 225
PHBs PHBs . . [60]
elongatus bacterial PHB pathway genes mg/L without
. . . Maximum yield of 12.0% PHBs
. Biosynthesis enhanced by expression of .
Synechocystis PHBs PHBs (dry weight) compared to 8.0% for [61]

bacterial PHB pathway genes .
wild-type

2.1. Microalgal Metabolites for Bioplastics

There are several metabolites produced by microalgae that have potential applications in the
manufacturing of bioplastics. Microalgae contain lipids (7-23%), carbohydrates (5-23%), and proteins (6—
52%) [62]. These biopolymers may be used as macromolecule precursors or serve as substrates in the
synthesis of precursor molecules. Additionally, the algal cells may synthesize other biopolymers for energy
or carbon storage that, in turn, can be employed for the preparation of bioplastics. Two common polymers
used in bioplastic biomanufacturing from microalgae will be discussed here: polyhydroxyalkanoates (PHAs)
and polylactic acid (PLA). A schematic illustration of these biopolymers and two polysaccharides
commonly used in bioplastic production, starch and cellulose, and their metabolic pathways within
microalgal cells, is shown in Figure 3.

One of the biopolymers mostly studied for their application in bioplastics is PHAs, which have been
demonstrated to have protective roles against cold and salinity stress for microbes [63,64]. The chemical
structure of PHAs is polyesters, with a variable main chain length and side chain (R) for each monomer
that can be repeated between 100 and 30,000 times, as shown in Scheme 1. The length of the side chain can
be used to further divide PHAs into classes of short-, medium-, and long-chain PHAs. Short-chain PHAs
such as poly(3-hydroxybutyrate) and poly(3-hydroxyvalerate) contain 4—5 carbons in the side chain, while
medium-chain PHAs contain 6-14 carbons, such as poly(3-hydroxyhexanoate), and long-chain PHAs
contain 15 or more carbons, such as poly(3-hydroxyhexadecanoate) [65].
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Figure 3. Schematic diagram of microalgal metabolic pathways towards biopolymers PLA, PHAs (including PHBs), starch, and
cellulose.
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Scheme 1. Structure and a few examples of PHAs.

Special interest should be paid to poly(3-hydroxybutyrate) in the formation of PHBs, which have been
commonly explored from various sources, including bacteria and microalgae [66]. Both lipid and
carbohydrate content can be converted to acetyl-CoA, which can then lead to the synthesis of various
monomers for PHAs.

PLA is a polymer of lactic acid, which is usually found in cells in the form of lactate. Lactate can be
biosynthesized using fermentation from different carbon sources, including carbohydrates and lipids, which
form pyruvate that can then be reduced to lactate via the enzyme lactate dehydrogenase (LDH) [67]. In
addition to providing lactate for chemical synthesis of PLA, microalgae can be metabolically engineered to
produce PLA using the PHA synthetic pathway, although with lower specificity than PHAs [68]. The
biosynthesis of PLA uses a similar polycondensation mechanism to PHA synthesis, with the exception that
coenzyme A (CoA) is first transferred from acetyl-CoA to lactate to form lactyl-CoA (via the enzyme CoA
transferase), then the lactyl-CoA is used as the monomer for PHA synthase [69].



Synth. Biol. Eng. 2026, 4(3), 10010. doi:10.70322/sbe.2026.10010 7 of 36

Not surprisingly, commonly occurring biopolymers from microalgal cells, such as carbohydrates
(especially polysaccharides) and proteins, can be modified for use as bioplastics. Polysaccharides in algal
cells have been used for bioplastics, including starch and cellulose [70,71]. As polysaccharides are
produced by microalgae for structural or energy storage uses and are readily digestible by many microbes,
they are easy to produce and biodegradable. This makes polysaccharide-based bioplastics attractive for
further modification [72]. Downsides of this class of bioplastics include their hydrophilicity, brittle
structures, and thermal instability [73]. Hydrophilicity is a particular issue for food packaging, and though
biodegradable, such materials would also be less effective at repelling water [74]. A more hydrophobic
polysaccharide that has been investigated for bioplastics applications is chitin, which is commonly found
in the shells of crustaceans [75]. In fact, chitin is also a component of the cell walls of some microalgae,
such as Chlorella vulgaris, which has recently been studied as a potential alternative source for chitin [76].
Additionally, chitin nanofibers are excreted by diatoms of the genera Cyclotella and Thalassiosira [77,78].
Protein-based bioplastics have been less of a focus in microalgae due to their less desirable mechanical
properties, particularly their higher hydrophilicity and stiffness, as well as lower tensile strength [79-81].
However, the high protein content of the cyanobacterium Spirulina and its low production cost have led to
the whole-cell biomass being explored for manufacturing biocomposites rather than extracting proteins
[82,83], which will be discussed further in Section 3.3: Biocomposite Blends.

2.2. Wild-Type Microalgal Species for Bioplastics

There are several microalgae that have shown potential for bioplastic and biocomposite
biomanufacturing, including both wildtype strains that can produce large quantities of the precursor
molecules, such as Chlorella sp., Spirulina (Arthrospira platensis), Botryococcus braunii, and
Nannochloropsis sp., as well as algae that can be engineered using synthetic biology approaches for
bioplastic biomanufacturing, such as Chlamydomonas reinhardtii and Phaeodactylum tricornutum. A few
examples of microalgal species and their potential bioplastic applications are discussed below.

The microalga Chlorella, especially the species C. vulgaris, is commonly used in commercial
microalgae cultivation, and it can accumulate starch for bioplastic manufacturing [45]. Botryococcus
braunii has shown the ability to accumulate large amounts of PHBs [44]. This species also undergoes cycles
of natural algal blooms that can generate large quantities of biomass, making it a potential source of
bioplastics that can be harvested from natural environments [84]. Nannochloropsis is a microalga with high
lipid content that is easy to cultivate and has therefore been commonly used in aquaculture [85]. Residual
biomass of N. gaditana from biodiesel biomanufacturing has been plasticized with glycerol for
incorporation into biocomposites with poly(butylene adipate-co-terephthalate (PBAT) [86]. Another
species, N. oceania, has been used in the preparation of cellulose nanofibrils [49]. Other microalgae
investigated for bioplastic biomanufacturing from PHBs include Selenastrum gracile [50] and
Chlorococcum sp. [51].

Several cyanobacteria have also found applications as bioplastic producers. Most notably, biomass
consisting of whole dried Spirulina cells has shown potential use for biopolymers and biocomposites [87].
PHB production from A. platensis has been induced in nitrogen-deficient conditions when supplemented
with the disaccharide trehalose [57]. The marine cyanobacteria species Leptolyngbya valderiana,
Oscillatoria salina, and Synechococcus elongatus have also demonstrated the ability to produce PHAs,
with the highest growth and extraction of most thermally stable PHAs being exhibited by L. valderiana
[88]. Another species of Leptolyngbya was cultivated in a consortium with C. vulgaris and yielded 31.4%
w/w PHAS using cranberry residues as a carbon source [58].
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2.3. Microalgal Species Modified by Synthetic Biology

Synthetic biology can promote bioplastic manufacturing from microalgae through two commonly
employed strategies. One strategy is to use synthetic biology to modify wild-type microalgae to improve
yield. Another strategy is to develop commonly used microalgal strains that are easier to grow or less
sensitive to changes in cultivation conditions into chassis and to further engineer these chassis for bioplastic
manufacturing. Transgenic strains of C. reinhardtii were developed earlier to increase PHB production [89].
More recently, transgenic C. reinhardtii were used to express the phaA, phaB, and phaC genes for PHB
synthesis and to target the products to peroxisomes rather than the cytosol, thereby further increasing PHB
concentration [52]. The diatom P. tricornutum has been used to biosynthesize PHBs by increasing the
expression of the phaA, phaB, and phaC genes [53,90]. Increased PHB production could then be achieved
by supplementation of P. tricornutum with glycerol as an organic carbon substrate. A mutant strain of the
cyanobacterium Synechocystis with a knockout of the adcl gene (which codes for the enzyme arginine
decarboxylase (ADC)) achieved an increase of 36.1% by weight for PHB, without having a significant
impact on cell growth [91]. A better understanding of metabolic pathways for PHA synthesis would be
needed to more precisely control the biosynthetic processes. For example, a recent study used genomic and
phylogenetic analyses to examine Spirulina cyanobacteria to identify the mechanisms involved in PHB
biosynthesis [92]. In particular, Spirulina major was found to utilize other stress mechanisms such as
degradation of chlorophyll as well as metabolism of xanthine and selenocysteine instead of PHBs, while a
strain of Limnospira fusiformis was identified for relatively high PHB production under nutrient limitation.
Further study into the evolution of these adaptive mechanisms together with systematic metabolic
engineering approaches could therefore provide new opportunities to optimize strains for processes such as
bioplastic biomanufacturing.

3. Technical Routes of Bioplastic Manufacturing from Microalgal Biomass

Microalgal biomass represents a promising renewable feedstock for bioplastic production, offering
advantages such as rapid growth, high photosynthetic efficiency, and the ability to thrive in non-arable
environments while sequestering carbon dioxide. Unlike traditional petroleum-based plastics, bioplastics
derived from microalgae can be biodegradable, reducing environmental pollution and supporting circular
economy principles. This section explores the primary technical routes for converting microalgal biomass
into bioplastics, including direct synthesis within the algae, chemical or microbial processing of extracted
precursors, and the formation of biocomposite materials. These approaches leverage the natural accumulation
of polymers such as PHAs, polysaccharides, and lipids in microalgae while addressing challenges in yield,
cost, and scalability through innovative cultivation, extraction, and engineering strategies.

3.1. Direct Microbial Synthesis

In addition to common polymers such as carbohydrates, lipids, and proteins, certain species of
microalgae can naturally synthesize PHAs [93,94]. A schematic diagram of the major PHA synthetic
pathway is shown in Scheme 2. Two acetyl-CoA molecules are subsequently converted to acetoacetyl-CoA
by an acetyl-CoA transferase (encoded by the gene phad). Next, the resulting acetoacetyl-CoA can be
reduced by an acetoacetyl-CoA reductase (encoded by the gene phaB) to produce the corresponding
monomer, such as 3-hydroxylbutanoyl-CoA for PHBs. The polymerization of these monomers into PHAs
is catalyzed by the enzyme PHA synthase, encoded by the gene phaC [95]. Both Spirulina and C. vulgaris
have been identified as potential PHA-producing organisms, specifically PHB with comparable properties
to commercial products [46]. Stress conditions can be used to trigger the production of precursors that are
used for carbon and energy reserves, including PHAs, lactic acid, and lipids. The stress may be due to
nutrient limitation, especially nitrogen or phosphorus [66], or salinity [64]. Direct synthesis of bioplastics
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such as PHAs is desirable not only for reducing chemical synthesis, which can reduce toxic or
environmentally harmful waste products, but as a simpler and potentially cost-effective synthetic approach.
On one hand, PHAs synthesis by microalgae may result in better quality control and higher molecular
weight polymers than can be achieved synthetically [96]. On the other hand, microalgae generally produce
lower quantities of PHAs compared to bacteria, but the corresponding increased costs may be offset using
circular economy and biorefinery approaches.

2x (0} (0} 0
PhaA
Jj\ CoA M CoA
H,C e -

Acetyl-CoA - CoA-SH Acetoacetyl-CoA

PhaB ‘
NADP*
CH, O Phac OH O
H aC H
H : /\/”\ _CoA
O OH ; H,C
. - CoA-SH
PHB 3-hydroxybutylaryl-CoA

Scheme 2. Primary biosynthesis pathway of PHB in microalgae.

A variety of strategies have been applied to increase the synthesis of biopolymers in microalgae. Higher
production of PHB was achieved in Desmodesmus communis using a two-phase cultivation approach, with
a phototropic phase to enhance growth of the cells, followed by a mixotrophic stress induction and PHB
production phase [54]. Carbon dots with attached nitrogen and phosphorus compounds were added to
cultures of Scenedesmus sp. to enhance growth and PHA production [55]. These carbon dots enabled more
concentrated nutrients that can be used for growth, despite general nutrient-depletion conditions in the
media, thereby triggering a stress response. In addition to cultivation conditions, the extraction of precursor
molecules can also be enhanced to achieve higher recovery from algal cells. For instance, the extraction of
PHA precursors with supercritical COz after cultivation of C. vulgaris demonstrated improved recovery
and reduced heavy metal contamination [47]. Finally, consortia of photosynthetic algae (including
cyanobacteria and eukaryotes) may reduce the chance of contamination by heterotrophic microbial species
while maintaining the output of precursors such as PHAs and polysaccharides [97]. However, it is important
to consider that interactions among individual species in the consortium will be critical for promoting the
synthesis of specific molecules of interest [98].

Synthetic biology can be used to upregulate the synthetic pathways to increase the yield of precursors
for further conversion into bioplastics. For example, a recombinant strain of Nostoc has been used to
enhance PHB synthesis using the phaC1A4B operon of the PHB pathway from the heterotrophic bacterial
strain Cupriavidus necator H16 [59]. Genes from the same operon have previously been used in the
genetically modified cyanobacterium Synechococcus elongatus, with the addition of acetate to increase the
concentration of acetyl-CoA, yielding an increase in PHB concentration [60]. Random mutations using the
chemical mutagen ethyl methanesulfonate (EMS) followed by selection using fluorescence-activated cell
sorting (FACS) have been used to identify PHB producing mutant strains of Synechocystis [61]. These
mutant strains not only serve as potential PHB overproducers, but future work could be done to introduce
stable mutations into wild-type strains using synthetic biology. Modification of microalgae using synthetic
biology approaches such as metabolic pathway engineering or ab initio design of biosynthetic networks
would allow for a simpler approach using direct biosynthesis of bioplastic precursors, while potentially
achieving production comparable to chemical or microbial synthesis using the algal biomass.
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3.2. Chemical and Microbial Synthesis from Algal Biomass

Another approach to bioplastic biomanufacturing is to cultivate the microalgae to produce biomass,
then synthesize the bioplastics from the precursors either through chemical treatments or by further
processing using other microbes, such as bacteria. For example, chemical synthesis of PLA can use lactic
acid derived from microalgae. After cultivation, the lactic acid monomers (both L- and D-isomers) can be
converted to oligolactides via polycondensation, as shown in Scheme 3 [99]. The resulting oligolactides
then undergo depolymerization into cyclic lactide dimers. These cyclic L-, D-, or meso-lactides subsequently
undergo ring-opening polymerization, resulting in PLAs with a range of potential stereoisomers.

0

HO
OH

CH; 0
D-lactic acid )

) Polycondensation 0
#&¢ Biomanufacturing o

CH;

oo \ 0 n
. Oligolactide
Biomass HO\)J\ £
OH

CH
3 Depolymerization
L-lactic acid

0
0 'Il,,
i . o O
_ Ring-opening
o polymerization O\”)\ Oj‘) tyy \’H.,.,,,,,/
H
CH; "
Polylactic acid (PLA) L-lactide D-lactide meso-lactide

Scheme 3. Synthetic pathway for chemical polymerization of PLA.

Biopolymers from microalgae may also be chemically modified to form bioplastics. For instance,
cellulose from Cladophora sp. was crosslinked through epichlorohydrin (ECH) in a hydrogel method [56].
The resulting bioplastic showed improved thermal and mechanical performance due to higher crosslinking.
In addition, after five days of being buried in soil, the bioplastic exhibited 40% weight loss, showing that it
was highly biodegradable. A common approach used for bioplastics is the polymerization of ethanol to
form bio-PE, which is chemically identical to PE derived from petrochemicals [100]. While biorefinery for
ethanol from microalgae has been a focus of research [101], these “drop-in” bioplastics are identical to
petrochemical-derived plastics, which tend to be non-biodegradable [102]. Drop-in bioplastics are,
therefore, less sustainable and should be avoided in favor of more sustainable, biodegradable alternatives.
An advantage of these synthetic approaches includes a higher yield that can be refined into bioplastic
precursors. Alternatively, chemical treatments have more adverse impacts on sustainability (especially if
the resulting plastics are non-biodegradable) and energy consumption compared to biosynthesis.

Bacterial biomanufacturing could also be performed on microalgal biomass rich in carbohydrates
and/or lipids to produce the bioplastics or their precursors [103]. Advantages of this method include
improved yields due to the higher growth rates of heterotrophic bacteria, as well as the previously described
advantages of microalgae, including no need for arable land and ability to perform carbon fixation.
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Conversely, this method requires an extra step compared to biomanufacturing by the microalgae alone,
which in turn would increase process costs. Bacterial cultivation has been used to produce lactic acid for
PLA using Lactobacillus plantarum to ferment hydrolyzed biomass of C. vulgaris as a feedstock [48].
There has been some recent research into improving the activity of bacterial fermentation of microalgal
hydrolysates for the production of lactic acid. For example, Bilgin et al. used pretreatment of C. vulgaris
by the commercial enzymes Viscozyme and Alcalase for enzymatic hydrolysis, producing 151.18 mg/g dry
weight of reducing sugars, which were converted into 17.35 g/L lactic acid by Lactobacillus plantarum
[104]. Similarly, Tu et al. used dilute sulfuric acid to hydrolyse C. vulgaris, which allowed for 10.7 g/L
lactic acid after 24 h of fermentation by Lactobacillus casei. However, the use of these approaches in the
polymerization of PLA, as well as production on larger scales, would require further investigation [105]. A
combination of microbial and chemical treatments may also be applied, as shown by the work of Won and
coworkers [106]. The authors proposed an integrated co-production process for PLA and azelaic acid using
microbial biosynthesis, while polyurethane (PU) was derived from microalgal triglycerides through
chemical conversion to polyols and reaction with toluene diisocyanate for crosslinking [ 106]. Additionally,
PHB may be efficiently generated from microbial fermentation of the de-oiled biomass cake (of Chlorella
or Scenedesmus) remaining after biodiesel biomanufacturing [107,108]. These studies used aerobic bacteria
from wastewater for the fermentation process, demonstrating the potential for circular economies in both
microalgal-derived biofuel and bioplastic biomanufacturing. Additionally, the combination of biofuel and
bioplastic biomanufacturing could be more cost-effective than either process alone. Engineering of E. coli
has been employed to improve biomanufacturing, while using the microalgae as a feedstock for bacterial
fermentation [109]. While direct synthesis by microalgae is simpler as it requires only a single step, growth
and levels of precursor production are higher for bacterial biomanufacturing. In addition, synthetic biology
approaches for the synthesis of bioplastic precursors, such as PHAs, have been better established in bacteria
than in microalgae [110]. As a result, bacteria are currently used for biomanufacturing large quantities of
bioplastics using algal feedstock as raw material. However, if the growth and production of precursors in
algae could be enhanced, direct synthesis of bioplastics could become competitive with bacterial
biomanufacturing.

3.3. Biocomposite Blends

In addition to bioplastics, various biopolymers may be blended to create biocomposites with improved
properties that serve similar purposes to bioplastics. Ideally, biocomposites may be made from multiple
biodegradable biopolymers to take advantage of each component’s properties without use of petrochemical-
derived plastics. For example, blends of starch and chitosan can be extracted from microalgae to generate
biodegradable plastic films with greater water stability and strength than similar starch-based films [111].
The addition of plasticizers, such as glycerol, and compatibilizers, such as maleic anhydride, to biopolymers
can also improve mechanical properties [112,113].

Algal biomass can also be used directly to make biocomposites with existing polymers. Biomass from
the cyanobacterium Spirulina of particular interest due to its ability to form fibers with relatively high
tensile strength. A PE composite with Spirulina was constructed through rotational molding and represented
up to 15% biomass by weight [114]. This composite also had increased thermal stability due to inhibited
oxidation of PE. A biocomposite of gluten, plasticized with glycerol and 1,4-butanediol, using Spirulina
biomass as a filler, reduced water absorption in addition to maintaining the elasticity and strength of the
resulting materials [115]. Spirulina biomass, treated with glycerol as a plasticizer, has also been shown to
form plastic sheets [116]. These sheets were not just non-toxic but even edible, which made them usable as
food packaging materials. Although the energy consumption to produce them (3.83 MJ/kg) was higher
compared to two conventional plastic films, 22% higher than for polyvinyl chloride (PVC) and 12% for
LDPE, only 1.99 kg CO2 equivalents were released, i.e., 47% lower than PVC and 23% lower than LDPE.
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While Spirulina has been a focus of study, other microalgae have also been investigated for the
formation of biocomposites. Addition of C. sorokiniana to ethylene vinyl acetate (EVA) resulted in a higher
level of crosslinking, which was consistent with the larger foam expansion and tensile strength exhibited in
comparison with EVA alone [117]. Also, the microalgal biomass yielded superior melt flow (2—5x higher)
for EVA foam, improving its recyclability. A composite of PLA and microalgal residual biomass from a
water treatment plant was prepared by Machado et al., who noted that 10% algal biomass improved the
elasticity and tensile strength properties of the resulting composite, with an increase in Young’s modulus
from 2140.15 MPa of PLA alone to 6442.58 MPa and the stress at break from 25.01 to 84.15 MPa [118].
Further, composites with 40-50% algal content could be rapidly biodegraded within 120 days. Similarly,
microalgal residual biomass from a water treatment station in China was added to PLA as well as PBAT to
form a biodegradable composite with low phytotoxicity [119]. PU and an extract of Scenedesmus obliquus
in chloroform were combined to form antimicrobial biocomposite films. Films containing 40% PU by
weight resulted in complete inhibition of Gram-positive Enterococcus faecalis and Gram-negative
Escherichia coli growth after two hours [120]. Finally, microalgae have recently also shown potential for
being integrated into 3D-printed scaffolds [121]. For example, a composite of hydroxyethyl cellulose with
Chlorella was used to prepare a bioink for 3-D printing [122]. Hydrogen bonding between the polymer and
the microalgal cells formed a stronger, more flexible material that could serve as a thermal insulator, while
controlled dehydration ensured the biocomposite would not crack during drying. These examples
(summarized in Table 2) demonstrate the potential value of biocomposites containing microalgal biomass.
It should be noted, however, that the effect of algal biomass on biodegradability in biocomposites is not
well-explored and needs further study as this field continues to expand [123].

Table 2. Physical, mechanical and thermal properties of biocomposites containing microalgal biomass.

Biocomposite Physical Mechanical Thermal References

Microalgal biomass allows composite to
resist thermooxidation of PE, increasing

Tensile st th reduced by 18% oxidation induction time from 0 min
ensile strength reduced by 18%

Water absorption increased from . . (pure PE) to 58.0 min (10% biomass)
by addition of 5% biomass.
0.34% for PE to 18.77% for
PE-Spirulina  composite containing 15% . . Reduction in the initial thermal [114]
. . Tensile elastic modulus was not .
biomass, allowing for greater . . degradation temperature (Ts%) by 32%
. . . significantly different from PE . . :
dimensional stability (~16 MPa) for composite containing 15% biomass,
~ a

but these temperatures are below the
mold temperature and would not affect

processability
Increased tensile modulus from
Reduced the water contact angle  36.5 to 273.1 MPa
Gluten-Spirulinafrom 41° to 22°, resulting in higher Improved thermal stability up to 120 °C [115]
hydrophobicity of the composite  Increased tensile strength from 3.3
to 4.9 MPa
8.8-16.7 times larger foam Higher stress values for spra
. . £ .g . pray Yielded superior melt flows of 5-12 g/10
EVA-C. expansion relative to EVA dried formulation 1.23-1.29 MPa | .
L . . min, 2-5x higher than EVA foam, [117]
sorokiniana due to nucleation around compared to freeze dried (0.86— . L. .
. improving its recyclability
microalgal cells 0.90 MPa)
Optimal 10% algal biomass Maximum thermal degradation
content increased Young’s temperature decreased from ~350 °C for

PLA-residual  Increase in film thickness to 0.270
. . modulus three-fold from 2140.15 PLA to as low as ~330 °C for films [118]
algal biomass mm for 50% algal biomass content .. . .
to 6442.58 MPa and stress at breakcontaining 50% biomass, but still within

from 25.01 to 84.15 MPa a narrow range close to PLA
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20% biomass yielded tensile

Biodegradable with a maximum ) Enhanced thermal stability ranged from
PLA-PBAT- . . . strength of 6.24 MPa, with low . .
. weight loss of ~18% after burial in . 120-180 °C, which would improve
residual algal . flexural modulus of 200 MPa in ) . i ) 19]
i soil for 8 weeks, no detectable o processing below melting points of either
biomass . blends with high PLA content,
phytotoxicity PLA or PBAT

showing increased softness.

Film containing 40% algal extract . .
L . 10% algal extract increased YoungIncreased thermal stability, as shown by
inhibits growth of Gram-positive S. ) . .
) modulus 11.56 MPa and tensile  increased mass residue of 25.6% after
. aureus and E. faecalis, Gram- » .

PU-S. obliquus . o . strength to 58.9 MPa (compared to addition of larger proportions of algal ~ [120]

negative E. coli and P. aeruginosa,

. 9.98 MPa and 10.72 MPa for pure extract (20-40%) compared to 21.9% for
and fungus C. albicans by >99.7%
PU) pure PU.

after 2 h of contact

HEC content increased density of ) ..
Hydroxyethyl . Chlorella with 10% HEC Low thermal conductivity of 0.10
composite due to smaller defects on
the surface, from 0.87 g/cm? for 3%

HEC to 0.96 g/cm? for 10% HEC

cellulose-
Chlorella

exhibited bending stiffness of 1.7 W/mK, allowing these materials to act as [122]
GPa-cm’/g thermal insulators

4. Microalgal Technologies for Bioplastic Biomanufacturing

Microalgae represent a promising platform for the sustainable production of bioplastics, offering a
renewable, carbon-neutral alternative to petroleum-based polymers. These photosynthetic microorganisms
can convert CO: and sunlight into valuable biomass rich in biopolymer precursors, such as PHAs, PHBs,
and starches, while requiring minimal arable land and potentially integrating with wastewater treatment or
carbon capture systems. This section explores the key microalgal technologies underpinning bioplastic
biomanufacturing, beginning with the selection of cultivation modes—autotrophic, heterotrophic, and
mixotrophic—to optimize growth and precursor accumulation. It then delves into process optimization
strategies, including nutrient management, light distribution, temperature control, and pH regulation, which
are essential for maximizing yields. A comparative analysis of cultivation systems follows, contrasting
open ponds with closed photobioreactors (PBRs) and their various designs, highlighting trade-offs in
scalability, contamination risk, and energy efficiency. Subsequent discussion addresses biomass harvesting
techniques, such as flocculation, centrifugation, sedimentation, filtration, and flotation, which constitute a
significant share of production costs and require innovation to achieve industrial viability. The section
concludes with an examination of research needs, future directions, and emerging technologies, including
synthetic biology tools like CRISPR/Cas9, IoT-enabled monitoring, and Al-driven optimization, to
overcome current bottlenecks and enhance economic and environmental sustainability. By addressing these
technological facets, this review underscores the potential of microalgae to drive a circular bioeconomy in
bioplastics production.

4.1. Optimization of Cultivation Conditions

Optimization of the cultivation conditions for microalgae is critical to enhancing their growth and
bioplastic output. Therefore, optimizing these parameters involves strategic manipulation of environmental
and nutritional factors to maximize biomass accumulation and the synthesis of bioplastics such as PHAs
and polysaccharides in microalgae [124,125]. One of these parameters is the growth mode used to cultivate
the microalgae, including both autotrophy and heterotrophy. For autotrophy (specifically phototrophy),
algae harness sunlight and inorganic carbon to grow via photosynthesis, resulting in lower yields of biomass
and biopolymer precursors but ensuring low levels of microbial contamination. Autotrophic cultivation
enhances environmental sustainability through carbon sequestration and synergy with wastewater
remediation, but suffers from inherently lower biomass productivity and bioplastic precursor accumulation
rates [126]. The other downside of autotrophy is its vulnerability to environmental fluctuations and
microbial contamination in outdoor open cultivation systems, making the process highly influenced by local
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climate conditions. Heterotrophic growth of microalgae allows the use of organic carbon sources for energy,
which can lead to higher biomass yields. Conversely, heterotrophic cultivation, dependent as it is on organic
carbon feeds often sourced from industrial byproducts, excels in delivering superior precursor content and
rapid growth under controlled conditions, minimizing external dependencies like weather while facilitating
scalability in bioreactors [127]. However, this comes at the expense of heightened energy demands and
potential substrate costs, underscoring the need for waste-integrated strategies to bolster sustainability and
affordability. Therefore, a synergistic mixture of both modes, known as mixotrophy, has been employed to
enhance microalgal growth [128]. Mixotrophic approaches, blending photosynthetic and heterotrophic
mechanisms, offer a compelling middle ground by optimizing resource utilization, such as combining COz
fixation with organic supplements from effluents to enhance productivity and bioplastic precursor yields,
while reducing operational complexity compared to pure heterotrophy [129,130]. An advantage of
mixotrophy is that microalgae can grow effectively even under nutrient stress, thereby enabling stimulation
to produce diverse high-value compounds [131]. On the other hand, the addition of high concentrations of
organic compounds in mixotrophic conditions may actually inhibit algal growth [132]. As an example of
mixotrophy for bioplastic biomanufacturing, the mixotrophic cultivation of Synechococcus elongatus
grown under the stress of nitrogen and phosphorus deficiency resulted in an increase in yield for both
biomass and production of PHAs [133]. Also, the use of mixotrophy has been shown to cause accumulation
of long-chain carbohydrates such as starches [134]. The challenges for mixotrophy can stem from
instrumentation and implementation because the relatively inexpensive mixotrophic cultivation systems
have not yet been fully developed and established. In summary, cultivation modes might be the primary
factor influencing overall process viability of microalgal bioplastics in terms of environmental impact,
economic feasibility, and operational efficiency. Ultimately, in order to advance microalgal bioplastics
toward commercial maturity, it will be important to integrate these modes with emerging tools like genetic
modifications and adaptive stress protocols, which together could unlock greater efficiencies, particularly
in circular economy frameworks where wastewater valorization plays a pivotal role.

In addition to the growth mode, nutrient management, particularly through controlled depletion of
elements like nitrogen or phosphorus, can trigger metabolic shifts that favor the storage of lipids and
carbohydrates, thereby enhancing the overall quality of biomass suitable for biopolymer production. While
microalgae require nutrients to grow effectively, specific nutrient depletion can stimulate enhanced
production of lipids and fatty acids [135], as well as specific biomolecules used as bioplastic precursors
such as PHBs [136]. There are also factors that can fluctuate across the volume and duration of the
microalgal culture, resulting in variable growth rates, including light, temperature, gas exchange, and pH.
Light and COz are necessary for photosynthesis, but need to be distributed evenly throughout the culture.
Light optimization focuses on adjusting intensity, duration, and spectral composition, often emphasizing
red and blue wavelengths to improve photosynthetic efficiency and carbon fixation, while ensuring even
distribution to prevent photoinhibition and support uniform growth across the culture. [137]. The pH of the
culture media affects growth and nutrient uptake, particularly nitrogen in the form of ammonium (NHs"),
although the ideal range varies based on the microalgal species [138]. Temperature regulation, maintained
within species-appropriate ranges, influences enzymatic activities and metabolic processes, with advanced
monitoring and modeling techniques helping to mitigate fluctuations and sustain consistent productivity
[139]. Additionally, CO2 enrichment paired with pH control in alkaline conditions promotes better carbon
uptake and nutrient assimilation, though mixing methods must be balanced to avoid shear stress that could
harm sensitive strains [140]. Several different cultivation systems have therefore been designed to optimize
these conditions for the industrial cultivation of microalgae. Complementary approaches, such as
integrating symbiotic microbial communities or utilizing industrial waste streams for CO2 and nutrients,
can reduce costs and boost precursor accumulation through efficient resource cycling, further aided by data-
driven tools like machine learning for parameter fine-tuning [141]. Moreover, synthetic biology techniques
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offer potential to develop more resilient strains tailored for higher yields under varying conditions, but face
ongoing challenges related to ethics and regulations [142]. In essence, these holistic optimizations are
crucial for advancing sustainable bioplastic production from microalgae and ultimately depend on balanced
assessments of energy use and scalability for industrial viability.

Finally, although extremophilic microalgae have not been well studied for their use in the production
of bioplastics, their ability to grow in extreme conditions that inhibit potential contamination may have
potential applications in this area. For example, the extremophilic algal species Galdieria sulphuraria has
been investigated for cultivation in non-sterile culture conditions, thanks to its high tolerance to acidity and
heat [143]. In particular, this alga can be grown in the heterotrophic mode, allowing for greater biomass
production while maintaining extreme culture conditions. Although G. sulphuraria has not been studied
for the production of bioplastics, it has been shown to produce biomass rich in proteins and lipids that could
serve as potential feedstocks for bioplastic production [144]. Another extremophile microalga,
Chlamydomonas pacifica, has been a focus of research for high lipid and starch by the Mayfield group due
to its ability to tolerate extremely basic pH (up to 11.5), high salinity (up to 2% sodium chloride), and heat
(up to 42 °C) [145]. Genetic engineering was performed using mutagenesis via exposure to UV light
followed by breeding and selection to yield a strain that showed increased light tolerance as well as lipid
and starch production [146]. The biomass produced by this mutant strain was then converted into PU as a
proof of concept for the use of C. pacifica in bioplastic production.

4.2. Cultivation Systems for Microalgae

To grow sufficient microalgal biomass at a large scale, industrial cultivation systems are needed. These
may be open or closed, depending on whether they are exposed to the environment or enclosed inside a
vessel, which can have drastically different impacts on microalgal growth, environmental impacts, and
associated costs [147]. A key aspect of these cultivation systems is the scale, as some approaches may be
highly efficient at smaller scales in the laboratory, but increase in cost or complexity at larger scales. A
summary of open ponds and closed photobioreactors (PBRs) will be discussed, as well as examples of
different designs and their advantages and disadvantages.

4.2.1. Open Ponds

In open ponds, microalgae are exposed to the environment, allowing access to air and light [148]. The
main type of open system used for industrial cultivation is the raceway pond, which forms closed loops
with microalgal cell culture circulating around the loop in order to mix the culture for homogeneous nutrient
dispersion and to enhance convective gas transfer, typically with the stirring action of a paddle wheel [149].
Open ponds are cost-effective and suitable for large-scale cultivation, as the light for photosynthesis is
provided by solar radiation, and atmospheric gas exchange can prevent accumulation of Oz [150]. Raceway
ponds are the most widely used systems for high-tonnage, low-cost products like bulk algal biomass, as
they have relatively low capital and operating costs, as well as lower energy consumption than closed
systems [151]. Open systems, particularly raceway ponds using paddle wheels for mixing, are also simpler
and more robust, as well as being easier to clean and maintain [152]. On the other hand, the exposure to the
ambient environment in open systems can lead to an increased risk of contamination [153]. In addition,
open ponds may have environmental impacts from accidental discharges, including potential eutrophication
from high nitrogen and phosphorus concentrations [154]. Another disadvantage of cultivation with an open
system is photoinhibition, a decrease in photosynthetic quantum yield due to excessive light exposure [155].
This can be handled in closed systems by improved vertical mixing, which is more difficult in open systems
[156,157]. With regard to bioplastics, a pilot-scale open raceway pond was employed by Grivalsky et al.
for the production of PHBs from Syrnechocystis using urban wastewater, with a volume of 100 L, a depth
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of 15-25 mm, 5 m? surface area, 0.2 m/s flow speed, and a maximum light intensity of 100-800
pmol-photons-m2-s! [158].

4.2.2. Photobioreactors (PBRs)

An alternative to open systems is the use of closed photobioreactors (PBRs). In PBRs, the microalgae
are grown in closed vessels filled with media supplemented with CO: and light, provided either from
sunlight or artificial lamps [159]. The enclosed environment allows for greater control over the growth
conditions, reducing emissions and contamination while improving productivity [160]. Also, PBRs can be
used in the capture of emissions to use as nutrients for microalgal growth [161]. However, depending on
the context, PBRs can have a number of disadvantages, including being energy-intensive and more difficult
to scale up [162]. As a result, open ponds remain more commonly used in industrial cultivation, although
research is ongoing into designing PBRs with higher yields that can work on larger scales [163,164].

A few examples of different PBR designs are shown in Figure 4 [165]. Stirred tank PBRs agitate the
microalgae culture broth in a tank using an impeller to mix the nutrients and promote gas exchange [166].
This class of PBRs is often not suitable for use in industrial cultivation due to the low surface area to volume
ratio of the tank, which continually decreases while scaling up, as well as the force of the impeller on the
medium, which results in shear stress that may kill or inhibit the growth of algal cells. For PHB generation
from Synechocystis salina, Thuan and coworkers used cylindrical PBRs (volume 30 L) containing paddle
stirrers, which were integrated with wastewater treatment [167]. However, the authors did identify the
difficulty in scaling up this system for a pilot-scale bioreactor, although the high efficiency of nutrient
removal by the cyanobacteria may reduce associated costs. Bubble column PBRs use large columns of algal
cultures with CO2 bubbles to simultaneously deliver gas and stir the culture [168]. As an example of a
bioplastic production using a bubble column, Dey et al., in a hybrid PBR that employed a 3D printed bubble
generator attached to a 1.2 m bubble column, combined with a 200 L high-rate algal pond (HRAP) [169].
This system was designed for the fixation of atmospheric COz and production of PHBs from the indigenous
microalga Poterioochromonas malhamensis. These bubbles may result in greater shear stress on the algal
cells [170]. As with the stirred tank, the columns will have a lower surface area for light distribution, which
will affect the overall efficiency of algal growth [171]. Tubular PBRs, such as vertical tube PBRs and
horizontal tube PBRs [172], circulate microalgae through narrow tubes arranged in loops. Tubular PBRs
increase light exposure and contain a degasser that can remove accumulated oxygen. Limitations of tubular
PBRs include potential oxygen accumulation and a relatively narrow diameter, which may lead to fouling
by the microalgae or difficulty removing contamination [173]. A horizontal tubular PBR (HTH-PBR) was
applied for the valorization of wastewater effluents, with a volume of 2.5L (for a laboratory scale PBR)
[174]. This reactor was used for the cultivation of Synechocystis sp., Synechococcus sp., or mixed cultures,
using a mixture of wastewater from a septic tank and agricultural run-off. The highest PHB concentration
achieved using this PBR was found for Synechocystis sp., with 5.04% PHB by dry weight. Another example
of a tubular PBR was used with non-sterile conditions to grow Synechocytis for the production of PHB
[175]. This hybrid PBR consisted of a 200 L reactor with an inner diameter of 60 mm, combined with a 2
m bubble column for degassing and LED lighting to compensate for the shaded location of the PBR. Flat
panel PBRs, in which the culture flows in a thin layer mixed by agitation or gas bubbles, allow for equal
distribution of light across the entire culture [176]. Flat panel PBRs could be scaled up by not increasing
the size of the panel but rather adding more panels. However, the thin panels can lead to biofilm formation,
causing biofouling that can result in shear stresses on the cells [177]. Innovative PBR designs combining
distinct chemical reactor elements like airlift modules with features such as columns or flat panels are
especially promising in terms of scalability and energy efficiency [178,179].

As can be seen from these examples, several parameters are important to consider for selecting PBR
designs. First, light exposure is critical and needs to be well distributed throughout the reactor to prevent
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both photoinhibition and low light exposure. Additionally, effective mixing is required for gas exchange,
homogeneous nutrient dispersion, and preventing temperature or pH gradients without causing stress to the
cells. Finally, scaling up is a major concern, especially for PBR designs, which do not scale well regarding
volume vs. surface area.
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Figure 4. Different types of PBRs, including bubble column, stirred tank, flat panel, and vertical/horizontal tubes.
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4.3. Microalgal Biomass Harvesting

After algal cultivation, the biomass needs to be harvested to continue with processing into bioplastics.
Harvesting microalgal biomass uses similar approaches for biofuels, bioproducts, and wastewater treatment,
although there are advantages for different downstream methods based on certain desirable properties. For
example, harvesting via flocculation for the biomanufacturing of biogas needs to maintain methane
generation by the cells [180]. However, the process of harvesting microalgae from liquid media can cost
up to 20% to 30% of the total cultivation process [181]. Several different harvesting methods include
flocculation, centrifugation, sedimentation, membrane filtration, and flotation, which are illustrated in
Figure 5. There are several considerations for methods of harvesting microalgal biomass, including their
cost, potential for scale up, and environmental impacts.
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Flocculation involves the aggregation of cells into flocs (small clumps of suspended particles), thereby
enabling easier, more cost-effective separation [182]. Flocculation has therefore been a commonly used
step in the harvesting process. Several methods of flocculation have been developed, with the goal of
overcoming charges that keep cells separate [183]. Self-flocculation (also known as auto-flocculation) can
occur in nature due to extracellular polymeric substances (EPS) or other cationic molecules produced by
the microalgae interacting with anionic cellular membranes [184]. For example, cellulose hydroxyapatite
extracted from EPS of Chlorella sorokiniana and Scenedesmus abundans triggered flocculation when
introduced to other cultures [185]. Self-flocculation in the microalgal culture can also be induced by
changing conditions, such as the addition of ZnCl2, which has been demonstrated to initiate self-flocculation
of Scenedesmus quadricauda [186]. Bio-flocculation uses similar mechanisms, but includes co-flocculation
with other microbes like bacteria, such as Melaminivora jejuensis for the alga C. sorokiniana [187] or yeast,
such as Saccharomyces cerevisiae for the alga Chlorella pyrenoidosa [188]. Further, bio-flocculation can
also utilize the flocculants extracted from other microbes alone, such as EPS taken from Klebsiella bacteria
[189]. Synthetic flocculants can also be added, including polyelectrolytes such as
polydiallyldimethylammonium chloride (PDADMAC), which are less desirable than environmentally
friendly biomolecule alternatives [190]. Other methods have been studied for inducing flocculation,
including electrochemical flocculation and magnetic harvesting, both of which have been demonstrated for
Chlorella vulgaris [191,192]. Microalgal cell surfaces are mostly negatively charged, and therefore, the
cells can be collected by application of an electrical current to attract the cells to a positively charged
electrode [192]. Similarly, magnetic harvesting involves the uptake of magnetite nanoparticles by the
microalgae, followed by application of a magnetic field [191].

Centrifugation may also be used to collect the cells for harvesting [193]. It can be combined with filters
to improve solid-liquid separation by increasing the removal of water. Unfortunately, while the centrifugal
force can effectively collect the cells, it can also cause cellular damage due to shear stress [194]. Centrifuges
are also difficult and costly to scale up as the volume of algal cultures increases, making this approach less
effective at an industrial scale.

Microalgal cells can also be allowed to settle by relying on gravity, a process referred to as
sedimentation [195]. This separation method is simpler and less energy-intensive, requires no chemical
additives, and is easily scalable. On the other hand, the efficiency is low, and there are many factors that
can affect the sedimentation rate, including but not limited to pH, ion concentrations, the properties of the
microalgal cells, and the composition of the growth medium. Non-invasive imaging of sedimentation by C.
sorokiniana and Monoraphidium convolutum was used to optimize cultivation conditions, thereby
increasing harvesting efficiency [196]. Another advantage of sedimentation is that it can be combined with
other approaches, such as flocculation, to further dewater microalgal biomass, thereby improving
sedimentation efficiency while keeping overall cost and energy requirements low.

Filtration separates the media from the cells using a membrane without the addition of chemical
treatments [197]. Filtration can also be combined with other harvesting methods to further concentrate the
cells. However, filtration can be difficult to scale up, as the filters can be overloaded, requiring larger filters
for larger volumes to prevent fouling or slow filtration. Using other methods of harvesting and dewatering
the cells before filtering, such as the use of flocculation, may be potential solutions for this issue [198].

Flotation allows the algal cells to rise to the surface, usually through the use of air bubbles, where they
can then be skimmed off the surface to collect the biomass [199]. This approach includes both dispersed
air flotation, in which the air is injected through a diffuser to form bubbles [200], and dissolved air flotation,
in which the bubbles are generated through pressurization of recycled water [201]. Flotation has been used
in water treatment to remove algae, but it can also be used to harvest microalgal cells. As with filtration,
this technique can be used after other methods, such as flocculation, allowing for enhanced harvesting
efficiency. Different algae and media will affect flotation behavior, so the treatment will not be universal
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for different algal species. While flotation does not necessarily require chemical additives, different
surfactants may be applied to assist in the harvesting process [202].

As an example of the importance of the specificity of the harvesting method, Rahman et al. examined
the effects of different techniques on the production of PHB from bacterial fermentation (using E. coli) of
mixed culture microalgal biomass cultivated with wastewater [203]. Two bioflocculants, cationic potato
starch and cationic corn starch, one inorganic flocculant, potassium aluminum sulfate (alum), and
centrifugation were used to harvest the algal slurry. Although centrifugation may have been expected to be
less effective than flocculation, the significantly highest PHB production (7.8% PHB of E. coli dry weight)
was observed for the centrifuged biomass, because all flocculants inhibited bacterial growth more than
centrifugation. Therefore, the harvesting method would need to be suitable not only for the microalgal cells,
but also for the downstream processes involved in the bioplastic production methodology.

4.4. Research Needs and Future Directions

Several challenges remain for the adoption of bioplastics produced from microalgae. First, several
technical factors reduce the output or efficiency of bioplastic biomanufacturing. The biomass productivity
can be low for wild-type microalgae, though this may be overcome using synthetic biology methods to
improving biomass concentration. Further, open systems are inexpensive but increase the risk of
contamination with other organisms, which can reduce productivity and increase higher maintenance costs
(such as with antibiotics), while research into photobioreactors that can be cost-effectively scaled up while
achieving comparable yields to open systems remains ongoing [204]. Factors that can impact scaling up
include light, gas exchange, contamination, and fouling [204,205]. Information on mixing and self-shading
effects on light exposure is key to maintaining algal growth at a larger scale due to different light path
lengths, which makes modelling valuable for scaling up [157,206]. In addition, there are requirements that
will vary for specific species, including media and acetate supplementation [207]. The cost per kilogram
for biomanufacturing of currently available bioplastics is approximately twice that of conventional plastics
derived from petrochemicals (US$2.68 per kg and US$1.37 per kg, respectively) [208].

Even with a large quantity of microalgal biomass, efficient harvesting methods are needed to make
bioplastic biomanufacturing viable on a larger scale [209]. Methods such as filtration and centrifugation
are less efficient at larger scales than in the laboratory, whereas flocculation is simple, inexpensive, and
energy-efficient, as flocs can be separated more easily by sedimentation than dispersed cells [210].
However, the flocculants used need to be sustainable and be able to achieve high recovery, which can be
species-specific. For example, chitosan caused flocculation of the cyanobacterium Synechococcus
bigranulatus, while CaCl> was effective against the eukaryotic Pseudococcomyxa simplex and
Porphyridium cruentum, but not Galdieria phlegrea [211]. Bioflocculants are less toxic, reducing biomass
lost during harvesting, contamination of the end products, and environmental impacts, but the aggregation
is slower (hours or days compared to minutes for other approaches), and the mechanisms have not been
comprehensively studied, especially at large scales [212]. Additionally, newer methods such as magnetic
or electrocoagulation-flocculation are faster than bioflocculation but still require development and large-
scale investigation [191,213]. Magnetic flocculation maintains the low energy requirements, but needs
optimization of the addition of nanoparticles and the design of the magnetic separator [191].
Electroflocculation can be faster and more effective, but requires energy for the application of the electric
current. On the other hand, green electricity produced in other aspects of a larger circular economy scenario
could provide the electric current for this process. Chemical or bioflocculants may be added as part of the
electroflocculation process to improve the formation of flocs, but the flocculant concentration and mixing
time will impact the removal efficiency [213]. Other hybrid methods, such as the use of flotation with
flocculation, reduce the number of processing steps and improve efficiency, but, again, require optimization
for maximal effect [201].
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Microalgae could be more cost-effective sources of bioplastics if the potential environmental and
economic benefits are sufficient to offset the costs of capacity expansion, although techno-economic
analyses are therefore required for the biomanufacturing pipeline [214,215]. Price et al. conducted a techno-
economic analysis using cyanobacteria such as Synechocystis cultivated in raceway ponds and harvested
by centrifugation [214]. They calculated a yield of 10% PHB (dry weight), with operating costs for the
plant of $147.3 million USD/year and a capital cost of $193.5 million USD. The capital costs were primarily
related to establishing the raceway ponds, which made up 70% ($136.3 million USD). However, 60% of
the yearly operating costs ($88.5 million USD/year) were projected to be from the energy needed for
dewatering and drying microalgal biomass. This could be reduced by flocculation using polyacrylamide,
reducing the operating costs by $41.1 million USD/year and the capital costs by $10.4 million USD, with
additional costs of only 1.2 million USD for the flocculation tank and 7 million USD/year to pay for the
flocculant. As an example of a circular economy approach, Watkins et al. conducted a techno-economic
analysis on the production of bioplastics using microalgae from wastewater cultivated in a rotating algae
biofilm reactor (RABR) [215]. The biofilm reactor would reduce the cost of concentrating the slurry for
harvesting, which would result in a cost of $1.415 million USD for dewatering and drying, while producing
577 tonnes of a PLA-microalgal biomass composite. Lipid extraction pretreatment of the microalgae for
conversion to bioplastic would yield 561 tonnes of the biocomposite, as well as reduced costs of $751,000
USD for dewatering and drying. However, the lipid extraction process would add a cost of $2.009 million
USD. The authors therefore concluded that, if the lipid extraction process resulted in bioplastics with similar
properties, the biocomposites using whole algae would be more cost-effective. An analysis by Chaudry et
al. was performed for a production facility comprising 557 ponds with 4 hectares of surface area each [216].
The capital costs were determined to be $298.24 million USD, with operating costs of $84.07 million
USD/year, and a corresponding output of 100,000 tonnes/year of algal biomass. An important finding is
that the residual algal biomass determined the economic viability of PHA- and starch-based bioplastics
produced from microalgae, as the bioplastics alone would not be viable. However, the biomass would be
rich in protein and or carbohydrates, which would be valuable, and if the resulting byproducts generated
revenue worth more than $1 USD/kg, the overall process would become viable. This reinforces the
importance of examining microalgae-based bioplastic production as part of larger systems, whether the
valorization of waste in circular economies or use of residual algal biomass. A potential solution to
improving the economic impacts of bioplastics is to couple their biomanufacturing with other industries in
circular economies [217]. The photosynthetic nature of microalgae also facilitates their use in carbon
fixation, such as for the removal of CO: from biogas [218].

Although bioplastics are generally thought of as an environmentally friendly alternative to
conventional petrochemical-derived plastics, their biodegradability is a measure that reflects a spectrum
ranging from full degradation to minor partial degradation, and may be dependent on environmental factors
[219-221]. Therefore, not all bioplastics may be completely degraded in a short time, especially in landfills
as opposed to composting, which may contribute to GHG and microplastic emissions [222,223]. A proper
regulatory framework would also be needed to implement industrial biomanufacturing, especially given its
critical role in mitigating the environmental impacts of both algal cultivation as well as the bioplastics
themselves from cradle to grave. Moreover, infrastructure for plastic recycling has been well established,
but installations for degradation or mechanical recycling of bioplastics and biocomposites vary due to
differences in biodegradability [224,225]. By contrast, chemical recycling of biopolymers is much less
effective. A recent method has been developed, using crotonic acid as a breakdown product to serve as a
carbon source for bacteria, with potential for circular economy approaches by feeding back more directly
into the production process [226]. Given recent findings on the end-of-life outcomes of bioplastics,
improved standardized LCAs are needed to fully understand the potential impacts of microalgae-derived
bioplastics on health and the environment [227]. Further, a focus on compostable biodegradable bioplastics
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from microalgae would be important to improve the efficiency of mitigating emissions. Also, some of these
bioplastics or biocomposites are not just compostable but even edible, such as a composite of Chlorella sp.
biomass plasticized using pomegranate seed oil to make an edible film [228]. Biodegradation of a
biocomposite of PLAs/PHBs with starch as a filler was investigated in a home compost using kitchen waste
as well as an industrial composter [229]. Both conditions achieved full degradation within six months, which
would be highly desirable for sustainable bioplastics. A crucial point is that PLAs, PHBs, and starch can all
be produced by microalgae, demonstrating their ability to synthesize multiple biodegradable biopolymers.

4.5. Emerging Technologies for Manufacturing of Bioplastics from Microalgae

The past decade has seen tremendous progress in the transformative technologies of the internet-of-
things (IoT), machine learning (ML) algorithms, artificial intelligence (Al), and synthetic biology, in light
of the ever-growing advancements in computational processing power and data storage, as well as the
development of new synthetic biology techniques [230-235]. In this section, we will briefly highlight the
potential advantages of these emerging technologies in the field of microalgae-derived bioplastics.

4.5.1. IoT, ML, and Al for Cultivation of Microalgae and Production of Bioplastics

There are a variety of emerging technologies that, when used in a targeted manner, may contribute to
improving the cultivation of microalgae and biomanufacturing of bioplastics, including IoT, ML, and Al
For example, new loT-compatible LED sensors have been developed that may allow for precise continuous
measurement of biomass concentration during large-scale cultivation [236]. These sensors use multiple
wavelengths in the ultraviolet and near-infrared regions to quantify biomass concentration, with internet
connectivity allowing real-time monitoring of the culture. The cultivation of S. obliquus was analyzed using
the sensing system, which was able to precisely determine the biomass concentration of the algae between
40-800 mg/L (dry weight). Additionally, PBRs could be designed with integrated sensors that could detect
different key cultivation parameters, including pH, temperature, and illumination, which could in turn
communicate using [oT technologies for better monitoring and online control [237]. The integrated system
constructed by Rahmat et al. combined with electronic sensors for these parameters to the temperature
control to maintain optimal temperature and actuators to circulate media. IoT could not only be used to
automate these processes, but the graphical user interface (GUI) allowed the operator to examine the data
from PBR as well as manually control the conditions. ML and Al algorithms have also been used to
optimize algae cultivation by predicting these parameters [238]. For instance, two artificial neural networks
have been designed for differentiating between various algal strains, which is critical in assessing the state
of the algal cultures [239]. The networks were used to analyze results from FlowCAM, a flow imaging
microscope that can detect particles in moving fluids. The resulting networks were trained on light
absorption features of two microalgae, namely C. vulgaris and Scenedesmus almeriensis. Both networks
exhibited training errors below 4%, and a maximum validation error of 6.5%, and the methodology of the
networks could be applied to other algal species with the extension of the training data. Finally, predictive
modelling has been used to optimize the production system design for PHAs to select the most cost-
effective approach. Ramos et al. optimized a PHA production plant via a mixed integer nonlinear
programming (MINLP) model bacterial fermentation with several choices of carbon sources and techniques
for extraction and purification [240]. The optimal carbon source was sugarcane, while enzymatic digestion
provided the best extraction route, with a net present value (NPV) of 75.01 million USD. The resulting
production cost and energy consumption per kilogram of PHA produced were 3.02 USD and 22.56 MJ,
respectively. Although this system was implemented for bacteria rather than microalgae, the use of PHAs
suggests that this type of model could be used for similar algal biomanufacturing systems.
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4.5.2. Synthetic Biology Approaches for Microalgae-Derived Bioplastic Production

Furthermore, synthetic biology methods, such as metabolic and genetic engineering of microalgal
strains, may be optimized to enhance growth and biopolymer biomanufacturing. As an example of a
metabolic engineering approach, a mutant Synechocystis strain without the PirC regulator protein increased
PHB production by 15% [241]. A key advancement for the genetic modification of microalgae is the
landmark CRISPR/Cas9 system for gene editing [242]. There is currently limited research on CRISPR in
microalgae compared to other model organisms, with one of the major issues being overcoming Cas9
toxicity [243]. However, there is potential for gene editing in microalgae and for using CRISPR to improve
the biomanufacturing of bioplastics from microalgae [244]. CRISPR has been a primary focus of research,
but other genetic engineering approaches, such as transcription activator-like effector nucleases (TALENS)
and RNA interference (RNA1), may also be applied for microalgae. TALENSs recognize specific nucleotide
positions referred to as repeat variable di-residues (RVDs), while CRISPR uses guide RNA to recognize
protospacer-adjacent motifs (PAM) for the Cas9 enzyme [245]. As a result, TALENs can be more precisely
targeted, while CRISPR is easier to use. As an example, a system using TALEN vectors was designed in
Nannochloropsis oceanica by employing yeast centromere and autonomous replication sequence
(CEN/ARS) as episomes [246]. The presence of these episomes allowed for genetic modification of the
microalgae without transgenic strains and also decreased the likelihood of disruption of endogenous genes
that may occur using the CRISPR/Cas9 system. RNAi suppresses target gene expression by forming
dsRNA and has been utilized to select for lipid synthesis pathways over carbohydrate synthesis in
Nannochloropsis salina [247]. Lipid biosynthesis was promoted by using RNAi to downregulate the
expression of the enzyme uridine diphosphate-glucose pyrophosphorylase (UGPase), which is involved in
forming the polysaccharide chrysolaminarin. The effects of these systems for biomanufacturing bioplastic
precursors have not been well-explored. However, these examples demonstrated their applications for
synthesis of lipids, which are necessary for the biosynthesis of PHAs and other bioplastic precursors.
Another synthetic biology technique with potential to enhance biosynthesis in microalgae is plastome
engineering, which alters the chloroplast genome (the plastome) rather than the nuclear genome [248].
While this approach has not been explored for bioplastics, it may serve as a potential avenue for strain
optimization in the biomanufacturing process. Advantages of using the plastome for transformation include
high copy number, which improves expression of the target recombinant gene(s), and the absence of
transgene silencing in the chloroplast. This technique has several drawbacks that can lead to lower
expression levels in microalgae, including the lack of glycosylation in the chloroplast, the absence of a
secretory system for the proteins, and potential incorrect protein folding, and therefore, research into
plastome engineering is still ongoing [249]. A summary of selected synthetic biology approaches used for
the production of biopolymers in microalgae is shown in Table 3.

Table 3. Synthetic biology approaches are used for the production of microalgae biopolymers.

Algal Species Target Genes Techniques Outcomes References
Eukaryotic
Transfection
C reinhardiii phaA, phaB, and phaC genes Targeted proc'iucts to >3000-fold incre'ase in PHB [52]
from C. necator peroxisomes using type-2 production
peroxisomal targeting signal
(PTS2) sequence
phaA, phaB, and phaC genes Construction of episomes using By day 3, 27.9 mg/L PHB with
P. tricornutum from C. necator inducible alkaline phosphatase supplemented CO, compared to [53]

1 (AP1) promoter 8.0 mg/L with ambient CO»
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Higher lipid concentration of

yeast centromere and Platinum transcription 0.0484 me/mL triacvlelveerols
N. oceanica autonomous replication activator-like effector nucleases (TAG) fom ared t};g()}(lB 19 [246]
sequence (CEN/ARS) (PTALEN) pared fo &
mg/mL for wild-type
e . 71.0% increase in lipid
N salina uridine diphosphate-glucose RNAI to downregulate production with no detectible [247)
’ hosphoryl UGP i S o
pyrophosphorylase ( ase) expression change in lipid composition
Cyanobacteria
Gene knockout using restriction
Svnech ” enzyme sequences Increase in PHB accumulation to
ynechocystis .
dcl . . 36.1% ht d 91
sp. PCC 6803 ade Supplementation with acetate Y (dry weig . ) compare 1]
. . with 24.9% for wild-type cells
and restricted nitrogen-
phosphorous nutrients
phaC14B operon from C. Constitutive promoter P
necator expanded with phasin P 2P Over 20% PHB (dry weight)
Nostoc ene phaPl from the same from Amaranthus hybridus after 7 days of cultivation (5]
genep . cloned into plasmid pRL1049 4
species
Constitutive promoter Pepesso  Increased acetyl-CoA leading to
S el y phaC1AB operon from C. PHB concentration of 607.2 [60]
erongatus necator Cultivation with acetate mg/L with acetate and 225 mg/L
supplementation without
. . . . . Highest tration of PHB
Synechocystis Random (identification of Mutation with ethyl 1ghiest conieen .ra ono
. . from mutant strain of 18.8 mg/L [61]
sp. suitable mutant strains) methanesulfonate (EMS)

vs. 10.7 mg/L for wild-type

Gene knockout using restriction

enzyme sequences .
zy au Enhanced PHB synthesis up to

. . 0 . .
Synechocystis PirC Supplementation with acetate 81% (dry weight) .w1th acetate [241]
and 63% without

and restricted nitrogen-
phosphorous nutrients

5. Conclusions

Biodegradable plastics, especially bioplastics, are needed to reduce emissions to mitigate global
climate change and plastic pollution. Microalgal biomass shows promise as a more sustainable bioresource
than bacteria or plants, given that it could be produced by relatively fast-growing microalgae, requires less
arable land, and may be cultivated using waste products. Microalgal-derived bioplastics have potential for
environmental mitigation and the growth of the bioeconomy, especially in circular economies. This review
discussed the cultivation of both wild-type and genetically modified microalgae (including cyanobacteria)
for the biomanufacturing of sustainable bioplastics and biocomposites. These materials may be prepared
from microalgae alone or through chemical/microbial treatments of microalgal feedstocks. However,
several challenges remain, including microalgal cultivation and bioplastic synthetic methodologies, as well
as the costs involved in scaling up to industrial processes. Future research will focus on enhancing growth
of microalgae and/or improvement of bioplastic biomanufacturing using synthetic biology, guided by new
techniques such as artificial intelligence or machine learning.
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