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Abstract

Petroleum based plastic waste causes serious ecological damage, particularly in marine
environments, thereby increasing interest in biodegradable alternatives. Seaweed
polysaccharides and fungal mycelium are renewable raw materials, each of which has
limitations in terms of film-forming properties. This narrative review summarizes the
characteristics of seaweed-based and mycelium-based bioplastics, compares their reported
mechanical and biodegradation properties, and evaluates the prospects for combining them
into a single biocomposite. A literature search was conducted on ScienceDirect, PubMed,
Google Scholar, and ResearchGate, and 47 publications (20 core studies, including one
preprint, and 27 supporting publications) were selected for thematic synthesis. Reported
tensile strengths ranged from 0.54 to 45.07 MPa for seaweed films and from 0.7 to 12.3 MPa
for mycelium-based materials (24.21 MPa for one engineered material), while seaweed films
modified with chitosan reached 25 MPa. Biodegradation results were obtained under
different testing conditions and cannot be directly compared. No studies have yet reported on
seaweed bioplastic films combined with mycelium,; however, compositions such as mycelium
with alginate and seaweed with chitosan suggest that these two polysaccharide-rich
materials may be compatible. Standardized testing, formulation studies, and life-cycle
assessments are needed to validate this concept.
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1. INTRODUCTION

Plastic waste derived from petroleum poses a serious threat to global ecosystems,
particularly in marine environments. Global plastic production has reached billions of
metric tons, and most of this waste accumulates in landfills or in the environment
(Geyer et al., 2017), while millions of metric tons enter the ocean from land each year
(Jambeck et al., 2015). Conventional plastics also contribute to greenhouse gas
emissions and perpetuate dependence on fossil resources (Zheng & Suh, 2019), and
the amount of plastic in the oceans could exceed the number of fish by 2050 if current

trends continue (Khan et al., 2024). Therefore, bioplastics materials derived from
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biological resources that can degrade naturally are considered a promising option for
achieving a circular and low carbon economy (Karan et al., 2019; Kumar et al., 2024).
However, their biodegradability does not occur automatically, it is highly dependent
on the receiving environment, as degradation in both seawater and freshwater is not
guaranteed and can proceed slowly (Bagheri et al., 2017; Haider et al., 2019;
Narancic et al., 2018). Therefore, their benefits depend on the choice of raw materials
and end-of-life management, as well as on the properties of the materials (Rosenboom
et al., 2022).

Seaweed is a rapidly growing renewable biomass resource that does not require
fertile land, fresh water, or fertilizer, and absorbs CO: through photosynthesis, which
can help mitigate the impacts of climate change (Ayala et al., 2024; Duarte et al.,
2017). Indonesia is the world’s second-largest producer of seaweed, with production
of approximately 9.66 million metric tons in 2019, and seaweed-based biodegradable
plastics have become one of the country’s national development initiatives (Basyuni
et al., 2024). Hydrocolloids primarily alginate, agar, and carrageenan are
biodegradable polysaccharides with good film-forming properties (Jayakody et al.,
2022; Santana et al., 2024). Alginate forms a gel with divalent cations such as
calcium (Lee & Mooney, 2012), while carrageenan is a sulfated galactan (Campo et
al., 2009).

Fungal mycelium the filamentous vegetative body of fungi grows rapidly on
organic substrates and produces lightweight, flexible, and biodegradable materials at
low cost, making it an attractive candidate for environmentally friendly bioplastics
(Shao et al., 2024). A review of mycelium composites describes their growth on
lignocellulosic substrates as well as their applications in design, architecture, and
construction (Attias et al., 2020; Girometta et al., 2019; Jones et al., 2020), and
fungus-based materials have also been studied in the patent literature (Cerimi et al.,
2019).

However, every material has its limitations. Seaweed-based bioplastics are
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generally brittle when dry (Hanry & Surugau, 2023), and calcium cross linking of
alginate has been used to enhance strength and reduce water solubility (Ridlo et al.,
2022). Unmodified mycelium films exhibit low tensile strength and an uneven texture
(Shao et al., 2024), although they are hydrophobic, with a water contact angle above
120° (Haneef et al., 2017). These contrasting profiles have prompted the combination
of the two in a single formulation.

To date, only a few studies have explicitly explored seaweed-derived polymers
and mycelium in a single bioplastic formulation. The closest examples are an
alginate-mycelium paste developed for additive manufacturing (Chen et al., 2021)
and an alginate-chitosan film combining seaweed-derived polysaccharides and
filamentous fungi (Gomaa et al., 2018). Therefore, data on optimal formulations and
life cycle assessments (LCA) are still unavailable (Bordeos et al., 2024).

This narrative review aims to (1) summarize research on bioplastics derived from
seaweed; (2) review bioplastics based on fungal mycelium; (3) compare reported
mechanical properties and biodegradability, taking data consistency into account; and
(4) discuss the prospects, hypothesized mechanisms, and research needs for

combining seaweed extracts and mycelium.

2. METHODS
2.1 Literature Search and Selection

This study is a narrative review that presents a thematic and critical synthesis
of representative studies; it is not a comprehensive systematic review. The literature
search was conducted on ScienceDirect, PubMed, Google Scholar, and ResearchGate,
beginning in July 2025 and supplemented with targeted searches using keywords that
combined seaweed extracts (including Eucheuma cottonii, Kappaphycus sp., and
Sargassum sp.), fungal mycelium (including Ganoderma Ilucidum and Pleurotus
ostreatus), and bioplastics. Publications from 2015 to 2026 were considered. Papers
were included if they discussed bioplastic or biopolymer materials relevant to

seaweed, fungal mycelium, or chitosan, whether as original studies or reviews; others
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were excluded. In total, 47 publications were included: 20 core studies, which form
the basis for the synthesis of materials and properties, and 27 supporting publications
that provide background, mechanisms, and standards.

Twelve of the core studies reported tensile strength data, which are
summarized in Tables 1-3. The supporting publications covered plastic pollution,
polysaccharide chemistry, fungal cell walls, biodegradation, and related systems
(Chen et al., 2021; Zaghbib et al., 2024) and were not used for numerical
comparisons.

2.2 Data extraction and synthesis

For each study, the material, extraction or cultivation method, additives, tensile
strength, elongation, thickness and biodegradation result were extracted as reported,
compiled in tables and synthesized thematically, without formal quality appraisal.
Values were not pooled or statistically compared because formulation, sample form
and test method differ, and the non exhaustive search means that the findings may be

affected by selection bias.

3. RESULTS AND DISCUSSION
3.1 Bioplastics from seaweed extract

Seaweed extract is a biopolymer fraction consisting mainly of polysaccharides
such as alginate, carrageenan and agar. Extraction generally involves washing,
drying, softening with acid or base, heating and separation of the solution (Santana et
al., 2024); for example, semi-refined carrageenan from Gracilaria sp. was obtained
by pressurized hot water extraction (PHWE) (Khan et al., 2024), and alginate from
the residual biomass of cultivated brown seaweed (Ayala et al., 2024).

Several studies illustrate the potential of different seaweeds for bioplastic
production (Table 1). Ulva reticulata films were prepared by solvent casting with
glycerol, gelatin and polyvinyl alcohol (PVA) (Bordeos et al., 2024). In Kappaphycus

alvarezii, tensile strength fell as glycerol content and water ratio increased, reaching
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7.2 MPa at 1% glycerol and a 1:50 biomass to water ratio (Hanry & Surugau, 2023),
although this preprint should be interpreted with caution. In Sargassum sp.,
carboxymethyl cellulose (CMC) improved flexibility and CaCl2 crosslinked the
alginate chains, enhancing strength and reducing water solubility (Ridlo et al., 2022).
Gracilaria sp. plasticized with polyethylene glycol (PEG) 1540 reached up to 20.17
MPa and 44% elongation, with over 90% biodegradation in 16 days (Khan et al.,
2024). Without plasticizer, sodium alginate alone reached 45.07 MPa, and the
alginate—k-carrageenan blend selected as optimal 22.97 MPa (Putri et al., 2025).

Table 1. Characteristics of bioplastics from various seaweed species

Seaweed Extraction Plasticizer / Tensile Thickness Biodegradability Reference
method additives strength (mm)
(MPa)
Ulva Natural Glycerol (with 0.54 0.30 82.05% in 21 Bordeos et al.
reticulata extract gelatin and days (2024)
PVA)
Kappaphycus Whole Glycerol (1%) 7.2 0.071 Complete in 14  Hanry & Surugau
alvarezii seaweed days (2023) ¥
Sargassum Alginate Glycerol (with 11.61 0.16 57.54% in 6 days Ridlo et al.
sp. CaClz and (2022)
CMCO)

Gracilaria Pressurized PEG 1540 20.17 0.10-0.13 >90% in 16 days Khan et al.
sp. hot water (2024)

extraction

(PHWE)
Alginate + k- Commercial  None 22.97 0.138 16.6% (1 week,  Putri et al. (2025)
carrageenan  sodium soil)
(optimal alginate and
blend) K-carrageenan
Alginate Commercial ~ None 45.07 0.057 15.5% (1 week,  Putri et al. (2025)
only sodium soil)

alginate

PVA, polyvinyl alcohol; CMC, carboxymethyl cellulose; PEG, polyethylene glycol; n.r., not reported. {Preprint
(not peer reviewed).

There are two interesting findings from these studies. First, the tensile strength
spans nearly two orders of magnitude (0.54-45.07 MPa); however, the extraction
methods, plasticizers, film thicknesses (0.057—-0.30 mm), and testing protocols varied,
so these differences cannot be attributed solely to the seaweed species. Second,
plasticizers were added to address the brittleness of the biopolymers (Vieira et al.,

2021) , and their effect depends on the type and amount: the strongest K. alvarezii
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film used only 1% glycerol (Hanry & Surugau, 2023), and in Schizophyllum
commune mycelium films, 1-4% glycerol increased tensile strength, whereas 32%
actually reduced it and increased the elongation at break (Appels et al., 2020).
Blending alginate with kappa-carrageenan (Putri et al., 2025) and reinforcing
carrageenan with nanocellulose (Adam et al., 2022) are other strategies for tailoring
the properties of seaweed based bioplastics.

3.2 Fungal Mycelium-Based Bioplastics

Mycelium biocomposites are based on fungal hyphal networks grown on organic
substrates and can be molded and dried into solid materials or bioplastic films (Shao
et al.,, 2024). Hyphal walls are layered nanocomposites in which crystalline chitin
fibers form a structural framework embedded in a matrix of glucans and cell wall
proteins (Fredricks et al., 2023; Gow et al., 2017). The composition is not fixed:
Ganoderma lucidum and Pleurotus ostreatus films grown on cellulose contained more
chitin and showed a higher Young’s modulus and lower elongation than films grown
on dextrose-containing substrates, and all films were hydrophobic (water contact
angle above 120°) (Haneef et al., 2017). Substrate and fabrication conditions likewise
influence the mechanical and moisture-related properties of mycelium composites
(Appels et al., 2019; Elsacker et al., 2019).

Mycelium of G. lucidum, P. ostreatus and Auricularia polytricha can be
processed into films or composites (Table 2). Adding glycerol to G. lucidum films
increased tensile strength by 207% and elongation by 84.83% relative to films
without glycerol (1.14 MPa and 19.05%) (Shao et al., 2024); in S. commune films
post-treated with glycerol, 2% raised tensile strength from 5.0 to 12.3 MPa, whereas
32% lowered it to 1.8 MPa and raised strain at failure from 1.5% to 29.6% (Appels et
al., 2020). Tween-20 added to liquid cultures of G. lucidum, together with a glycerol-
based plasticizer, gave a tensile strength of 24.21 MPa (Cui et al., 2026). Hot pressing
has been used for oyster mushroom composites (Kohphaisansombat et al., 2023), and

films grown on cellulose-based substrates showed a stress at break of 0.7-1.1 MPa
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and elongation of 4-33% (Haneef et al., 2017).

Two caveats apply to Table 2: the P. ostreatus value comes from a substrate-
grown composite rather than a pure mycelium film, and the G. lucidum value of Shao
et al. (2024) 1is the baseline before glycerol addition. Most mycelium materials in
Table 2 show low to moderate tensile strength (0.7—12.3 MPa) and elongation of 1.5—
33%, and plasticizers, reinforcement or culture engineering can change these
properties substantially, as in the Tween-20-engineered G. lucidum material (24.21
MPa) (Appels et al., 2020; Cui et al., 2026; Kohphaisansombat et al., 2023; Shao et
al., 2024; Vandelook et al., 2021).

Table 2. Characteristics of fungal mycelium bioplastics

Fungus Cultivation / Tensile Elongation Biodegradation Application Reference
processing strength (%)
(MPa)
Ganoderma  PDB culture + 1.142 19.05 <4 weeks Packaging Shao et al. (2024)
lucidum hot pressing
Pleurotus Spent coffee 1.21 11 >80% in 30 Composite  Kohphaisansombat
ostreatus grounds (SCG) days et al. (2023)
composite®
Auricularia ~ PDB culture + 0.75 15 Fast (28 days)  Flexible film Shao et al. (2024)
polytricha hot pressing
G. lucidum Liquid culture + 24.21 n.r. Biodegradable  Packaging,  Cui et al. (2026)
Tween-20, (reported) consumer
glycerol-based goods
plasticizer
S. commune  Shaken liquid 1.8-12.3°  1.5-29.6° nur. Material Appels et al.
film culture; post- classificatio  (2020)
treatment with n
0-32% glycerol
G. lucidum,  Cellulose or 0.7-1.1 4-33 n.r. Fibrous Haneef et al.
P. ostreatus  cellulose-PDB films (2017)
substrate, 20-
day films

PDB, potato dextrose broth. *Baseline value before glycerol addition. ®Composite grown on spent coffee grounds
with pineapple fibre reinforcement, not a pure mycelium film. “Untreated films: 5.0 MPa, 1.5%; 2% glycerol: 12.3
MPa (maximum); 32% glycerol: 1.8 MPa, 29.6%. n.r., not reported.

3.3 Seaweed with chitosan films as an analogue
Combining seaweed extract with chitosan has been widely studied to improve the
properties of natural polymer films. Chitosan has antimicrobial activity and

biocompatibility and is commonly used as an additive in polymer matrices (Elsabee
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& Abdou, 2013; Sinaga et al., 2021). Because it is derived from chitin, the structural
polymer of fungal hyphae, seaweed with chitosan films offer an indirect model of
how a chitin-related polysaccharide interacts with seaweed polysaccharides, although
chitin in mycelium is embedded in a glucanprotein cell-wall matrix. Chitin glucan
nanofibers isolated from mushroom tissue have been processed into nanopapers with
tensile strength above 200 MPa (Fazli Wan Nawawi et al., 2019), and mycelium has
been proposed as a source of chitin and chitosan (Yang et al., 2021)

Marsa et al. (2023) combined K. alvarezii carrageenan with carboxymethyl
chitosan (CMK) and glycerol; higher CMK content increased tensile strength,
attributed to hydrogen bonding, and the best film degraded within 373 minutes in an
effective microorganism (EM) solution (Table 3). Sinaga et al. (2021) added chitosan
and glycerol to Gracilaria sp. films; 3% chitosan gave the highest tensile strength
compiled here (25 MPa), better elongation and homogeneity, and antibacterial
activity against Escherichia coli and Staphylococcus aureus. Chitosan thus improved
strength and antibacterial properties, but concentrations above the optimum can
reduce flexibility. Adding Ulva lactuca powder (0.5-2.5%) to chitosan films likewise
increased tensile strength and elongation, and the films decomposed within 12 days in
soil (Zaghbib et al., 2024).

Table 3. Tensile strength and degradation of seaweed—chitosan bioplastics

Main composition Tensile Degradation / Result Reference
strength thermal test
(MPa)
Carrageenan (3 g), glycerol 1.61 Biodegradation in Degraded in 373 min Marsa et al.
(1.7 mL), carboxymethyl effective (2023)
chitosan (5 g) microorganism
(EM) solution
Gracilaria sp. (2.5 g), 25 Thermogravimetric ~ Stage 1 (35-105 °C): 8-  Sinaga et al.
glycerol (0.2%), chitosan analysis (TGA) 15% mass loss; stage 2 (2021)
(3%) (175-340 °C): 47-55%
mass loss

Film thickness of the carrageenan-CMK formulation: 0.82 mm.
3.4 Comparison of Mechanical Properties and Biodegradation

Figure 1 shows a comparison of the tensile strength values listed in Tables 1-3.

Among the seaweed films, pure alginate (45.07 MPa; Putri et al. (2025)) is the
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strongest, followed by the Gracilaria film with chitosan (25 MPa), the alginate-x-
carrageenan blend (22.97 MPa), and Gracilaria sp. with PEG 1540 (20.17 MPa).
Most mycelium-based materials have tensile strengths ranging from 0.7 to 12.3 MPa,
and one modified G. [ucidum material reached 24.21 MPa (Cui et al., 2026).
Mycelium strength is highly dependent on the species, strain, and processing method.

Because formulations, thicknesses, and testing conditions vary, Figure 1 provides
a general descriptive overview rather than a ranking; ASTM D882 does not specify a
minimum tensile strength value, so strength claims require benchmarks specific to a
given application.

The biodegradation results in Tables 1-3 cannot be ranked due to differences in
media, sample forms, and endpoints (seaweed films, 6-21 days; mycelium-based
materials, 28-30 days; carrageenan film with CMK, 373 minutes in EM solution),
making testing under identical conditions necessary (Bagheri et al., 2017; Narancic et

al., 2018).

71 EER Seaweed extract
EE Fungal mycelium
B Seaweed + chitosan

017

Tensile strength (MPa)

Figure 1. Tensile strength of bioplastics from seaweed extract, fungal mycelium and seaweed with
chitosan combinations, as reported in the original studies (Tables 1-3). Values come from
different formulations, thicknesses and test conditions and are not directly comparable.
*Baseline value before glycerol addition; fvalue for a substrate grown composite, not a pure
mycelium film; imidpoint of the reported 0.7-1.1 MPa range (bar marks the range);
§untreated and post-treated with 2% or 32% glycerol. CMK, carboxymethyl chitosan; PEG,
polyethylene glycol.

3.5 Prospects for combining seaweed extract and mycelium

The reviewed studies suggest that seaweed polysaccharides and mycelium have

complementary profiles (Table 4): seaweed extracts provide film-forming
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polysaccharides that can reach high tensile strength when plasticized or crosslinked
but are brittle and water-sensitive, whereas mycelium provides a hydrophobic, chitin-
rich fibrous network but forms weak, heterogeneous films on its own.

No study identified in this review has reported a bioplastic film that combines
seaweed extract and mycelium; indirect evidence comes from related systems. Chen
et al. (2021) prepared extrudable pastes from inactive Fomes fomentarius mycelium
and alginate; Ca2+ crosslinking and freeze-drying gave porous objects stable in
water, whereas uncrosslinked ones fell apart overnight. The products were foams
rather than films, and tensile properties were not reported. Alginate with chitosan
films combining seaweed and fungus derived polysaccharides (Gomaa et al., 2018)
and the seaweed—chitosan films in Section 3.3 point the same way.

Table 4. Complementary characteristics of seaweed extract and fungal mycelium and
the hypothesized benefits of combining them

Characteristic Seaweed extract Fungal mycelium Hypothesized benefit of the
combination
Film formation Good film-forming Films from unmodified A polysaccharide matrix may
polysaccharides (alginate, mycelium are improve film homogeneity
carrageenan, agar) heterogeneous
Tensile 0.54-45.07 MPa, depending 0.7-12.3 MPa (24.21 MPa  The hyphal network may
strength on species and formulation  in one engineered material) reinforce the polysaccharide
matrix
Flexibility Brittle under dry conditions  Elongation 1.5-33%; Better balance between strength
unless plasticized glycerol effect depends on  and flexibility
the system
Water behavior Hydrophilic; Ca®* Hydrophobic (contact angle Reduced water sensitivity of the
crosslinking reduces >120°); low water uptake composite
solubility
Biodegradation Substantial degradation Degradation within 28-30  To be determined under identical
within 6-21 days (various  days (various tests) test conditions
tests)

Compiled from Tables 1-3 and the studies cited in Sections 3.1-3.5. The right-hand column is hypothetical and
has not been tested experimentally.

Based on these studies, several mechanisms can be hypothesized. (i) The hyphal
network, with chitin fibers in the glucan matrix, may act as a fibrous reinforcement
within the seaweed polysaccharide matrix. (ii) The hydroxyl and acetamido groups of
chitin and glucan may form hydrogen bonds with alginate, carrageenan, or agar, as

described in seaweed films reinforced by carboxymethyl chitosan (Marsa et al.,
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2023). (iii) Calcium cross-linking in alginate (Lee & Mooney, 2012), which reduces
water solubility in seaweed films (Ridlo et al., 2022) and stabilizes mycelium with
alginate assemblies (Chen et al., 2021), may also stabilize the composite. (iv) The
hydrophobic nature of the mycelium (Haneef et al., 2017) may reduce sensitivity to
water. These mechanisms have not yet been tested in films (see also Sarkar et al.
(2024)).

Marine resources and agricultural waste can serve as raw materials and mycelium
substrates, thereby supporting the use of local biomass (Khan et al., 2024); food
contact applications will require safety assessments.

3.6 Limitations of the evidence and research gaps

Several limitations constrain the current evidence. First, the central hypothesis
that seaweed extract and mycelium act synergistically has no direct experimental
support in the literature reviewed; the seaweed to mycelium ratio, plasticizer,
crosslinker, mycelium inactivation and forming method need systematic examination.

Second, the available data are not comparable because formulation, thickness and
test method differ. Tensile properties should follow a recognized method such as
ASTM D882, and biodegradation should be assessed under defined soil or controlled
composting conditions (e.g., ASTM D5988, ASTM D5338).

Third, conformity with biodegradability standards cannot be claimed. ASTM
D6400 and EN 13432 require at least 90% biodegradation within 180 days under
controlled composting, and Indonesia’s ecolabel standard SNI 7188-7:2022 likewise
addresses compostable products (BSN, 2022). The degradation times in Tables 1-3
were obtained under other conditions and do not demonstrate compliance.

Fourth, evidence on long-term stability, water resistance, food-contact safety,
scale-up and environmental impact is limited. Life cycle assessment is needed to
determine whether a seaweed with mycelium composite offers a net benefit, because
biological origin alone does not guarantee lower impact (Hottle et al., 2013;

Rosenboom et al., 2022); supply chain analyses of cultivated seaweed provide a
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starting point (Ayala et al., 2024).
4. CONCLUSION AND RECOMMENDATIONS
4.1 Conclusion

This narrative review shows that seaweed extract and fungal mycelium are
natural materials with potential as sustainable raw materials for environmentally
friendly bioplastics. Seaweed-based films reached tensile strengths of 0.54-45.07
MPa depending on the species, plasticizer and crosslinker, mycelium-based materials
mostly 0.7-12.3 MPa (24.21 MPa in one engineered material), and a chitosan
containing Gracilaria film 25 MPa. Biodegradation methods differ too much to rank
the materials.

No study has yet reported a seaweed with mycelium bioplastic film. Related
mycelium with alginate and seaweed with chitosan systems nevertheless suggest that
the combination is plausible and merits experimental study.

4.2 Recommendations

Future work should define formulations and processing conditions, test the
materials with standardized tensile and biodegradation methods, assess water
resistance and safety, and include life cycle assessment and scale up analysis.
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