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Abstract. Cyanobacterial exopolysaccharides (EPS) are diverse biopolymers
with significant ecological roles and growing industrial potential due to
their biocompatibility, biodegradability, and functional versatility. This
study presents a bibliometric and patent analysis of cyanobacterial EPS
research between 2004 and 2023, exploring academic and industrial
advancements. The bibliometric analysis of 1,022 articles identified
pharmaceuticals and environmental applications as dominant research
themes, while the food, agriculture, and energy sectors showed emerging
interest. A manually curated subset of 79 articles focusing on industrial
applications highlighted EPS’s potential in pollutant removal, drug
development, and biofertilization. Patent analysis, with data from 618
entries, revealed a surge in filings post-2014, predominantly in the USA,
reflecting growing industrial interest. While healthcare and environmental
sectors lead in EPS applications, translational gaps between academic
research and industrial adoption persist, particularly in underdeveloped
domains. This study presents the multidisciplinary appeal of cyanobacterial
EPS, striving to offer insights into future research directions and their
potential for sustainable innovation across diverse sectors.
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Introduction

Cyanobacterial exopolysaccharides (EPS) are a diverse group of biopolymers
with remarkable structural and functional properties. These extracellular
polysaccharides play important roles in ecological processes such as biofilm
formation, nutrient cycling, and microbial interactions (Rossi & De Philippis,
2015; Potnis et al,, 2021; Nishanth et al, 2021; Debnath et al, 2024). Beyond
their environmental significance, cyanobacterial EPS have garnered increasing
attention for their potential industrial applications, covering diverse fields like
healthcare, environmental remediation, food production, agriculture, and
bioenergy (Kumar et al., 2018; Laroche, 2022).

In recent decades, the expanding interest in sustainable and biotechnological
innovations has driven research into cyanobacterial EPS. These biopolymers exhibit
a range of desirable properties, including high biocompatibility, biodegradability,
and functional versatility, making them attractive candidates for applications such
as drug delivery systems, wound healing materials, biofertilizers, and biosorbents
for pollutant removal. Advancements in analytical techniques and interdisciplinary
approaches have enabled the exploration of novel cyanobacterial strains and
optimized EPS production processes, further stimulating scientific inquiry and
industrial interest (Li et al., 2001; Mota et al., 2020; Potnis et al, 2021; Reignier
etal, 2023; Rodrigues et al., 2024; Yousaf et al., 2024).

The technological transfer of cyanobacterial EPS from research to industrial
applications involves several critical steps, including strain selection, optimization
of production parameters, and downstream processing. Selecting appropriate
cyanobacterial strains is essential, as EPS yield and composition can vary
significantly among species. Optimization of cultivation conditions, such as nutrient
availability, light intensity, and temperature, can impact EPS production. Efficient
downstream processing techniques, including extraction and purification methods,
are crucial to obtaining high-quality EPS suitable for industrial use (Cruz et al,
2020).

Cyanobacterial EPS have demonstrated potential in various industrial
settings. In the food industry, they can serve as natural thickeners, stabilizers,
and emulsifiers, improving the texture and shelf-life of products (Vicente-
Garcia et al., 2004; Jindal et al., 2013; Najdenski et al., 2013; Nath et al.,, 2021).
In pharmaceuticals, their bioactive properties, such as antioxidant, antibacterial,
and antiviral activities, make them suitable for developing new therapeutic
agents (Gacheva et al,, 2013; Bhatnagar et al., 2014; Shen et al, 2018; Flores
et al, 2019; Ramachandran et al, 2020). Environmental applications include
bioremediation, where EPS can bind heavy metals and pollutants, facilitating
their removal from contaminated sites (Colica et al., 2010; Santos et al., 2014;
Mota et al, 2016; Mohamed et al, 2023). Additionally, in agriculture, EPS-
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producing cyanobacteria contribute to soil stabilization and fertility, promoting
sustainable farming practices (Van Camp et al., 2022; Falsini et al., 2023; Vinoth
etal, 2023).

The current study aims to map the academic and industrial landscapes of
cyanobacterial EPS research through a bibliometric analysis of publication
trends, prominent contributors, and thematic areas of research for potential
industrial applications. Additionally, it explores the translational potential of
this research through an analysis of patent filings, offering insights into the
intersection of scientific discovery and technological application. While other
studies have performed bibliometric analysis on cyanobacterial exopolysaccharides
(Qi et al, 2019; Kim et al., 2024; Mugani et al., 2024), to our knowledge none
had approached this analysis through the concepts of technological transfer and
had the scope of exploring the link between patent data and publication records
for this research niche.

Materials and methods

Bibliometric data retrieval

The bibliometric data was retrieved from Clarivate’s Web of Science and
analyzed using Biblioshiny, a Bibliometrix R package (Aria & Cuccurullo, 2017).

The search was performed on Web of Science’s Core Collection (edition:
SCI-Expanded) using the following search string: (all fields) exopolysaccharide
OR extracellular polysaccharide OR EPS OR exopolysaccharide-producing
cyanobacteria OR exopolysaccharides OR extracellular polysaccharide EPS OR
extracellular polysaccharides EPS OR exopolysaccharides OR released
polysaccharides RPS AND (all fields; second row) cyanobacteria OR
cyanobacterium. We then selected only the articles, in English, and published
between 2004-2023. The specific year range was selected in order to explore
publications within the past two decades, however, publications from 2024 are
yet to be published and indexed, therefore we limited the search to 2023.

We obtained a query result of 1035 articles, based on the above-mentioned
search, criteria, and filters. Data was exported in BIB format and imported into
Bibliometrix. Further screening was performed using this tool - filtering out
papers that were included in the WoS export, but that were flagged as indexed
in 2024 issue releases. A total of 1022 articles met the inclusion criteria. In this
paper, we will refer to this dataset as the “full dataset”, to distinguish it from the
filtered one. We proceeded to manually filter which papers out of the total 1022
report data on industrial or biotechnological application of cyanobacterial EPS
(selection criteria listed in Section 2.1.1), and this dataset will be referred to as
“filtered dataset” moving forward (Figure 1).

21



M. BOCANEALA, G. M. GORON, E. RAKOSY-TICAN

Articles selection criteria for the filtered dataset

The filtered dataset contains a subset of articles from the full dataset that
reference information on possible technological applications of cyanobacterial
EPS. In order to meet the selection criteria, articles must report direct or potential
applications of cyanobacterial EPS that the authors have experimentally tested.
Additionally, studies should relate these findings to potential industrial integration,
either through proposed applications or by comparing EPS characteristics with
those of existing products (e.g, gums, adhesives). Articles mentioning applications
without presenting adequate methodological details were excluded from the
dataset. Cyanobacterial EPS must either constitute the primary product or
serve as a key ingredient within the product.

1,311 SCI-E results for the query

v

1,035 articles, filtered as: Type:Atrticle; Language:English; Years:2004-2023

v

1,022 articles filtered via Biblioshiny; full dataset

v

79 articles selected that fit the selection criteria in the section Charting the research
output on cyanobacterial EPS industry applications - filtered dataset

Figure 1. Chart presenting the filtering process of the articles from both the full
dataset and the filtered one.

Filtered dataset

We conducted a manual screening of articles that report research on
potential industrial applications of cyanobacterial EPS, following the selection
criteria outlined in Section 2.1.1. From this process, 79 articles were identified
and reviewed. For each selected article, we extracted and compiled relevant
data into a dataset, which includes a rationale for inclusion based on the selection
criteria, details on the methodologies reported or referenced, the specific properties
of cyanobacterial EPS examined, potential industrial applications, industries
mentioned, and the cyanobacterial organisms studied.
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Espacenet patent data

In order to collect data on the patents published on cyanobacterial EPS,
we performed a query on Espacenet (the European Patent Office) using the
following search string: (nftxt = “cyanobacteria” OR nftxt = “cyanobacterium”)
AND (nftxt = “exopolysaccharide” OR nftxt = “extracellular polysaccharide” OR
nftxt = “EPS”), and parameters: query language: en, filters: earliest publication
date (family): 2004-01-01 — 2023-12-31. A total of 618 patents resulted. Data
was exported and analyzed further using Microsoft Excel.

Results

Charting the research output on cyanobacterial EPS - full dataset

We analyzed the research output focused on cyanobacterial EPS from the
full dataset. Using InCites, we determined that there are 4173 distinct authors
that have contributed to the 1034 articles.

Annual scientific production

Figure 2 illustrates the annual production of articles from 2004 - 2023 on
cyanobacterial EPS. Over this period, the research output has shown a steady
increase, with an annual growth rate of 13.14%. This growth highlights an
expanding interest and investment in the field, which can point towards
potentially promising industrial and biotechnological applications of cyanobacterial
EPS. The increasing volume of publications seen in almost every year suggests
that researchers are actively exploring the potential of cyanobaterial EPS.

We note a dip in research output between 2014 and 2016, and then again
between 2020 and 2022. In our opinion the first decrease in research output
can be linked to a reduction of funds, which can be seen in the federal
obligations for research and development reports for that time in the United
States of America (National Center for Science and Engineering Statistics,
2021). The USA being one of the most prolific scientific outputs produced in this
niche (Figure 3A), further strengthens this link. Additionally, in 2015 China
launched the “Made in China 2025” initiative, a national strategic plan and
industrial policy (Center for Strategic and International Studies, 2021). This
marked a shift in its focus on supporting manufacturing capabilities. China also
being the first country by affiliation frequency, appearing 1162 times in the full
dataset (Figure 3B), can further point towards this research output dip. The
reduced research output on this niche between 2020 and 2022 could be
attributed in part to the COVID-19 Pandemic and/or limited access to on-site
research facilities.
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Figure 2. Annual scientific production, generated using Microsoft Excel,

based on data analyzed in Bibliometrix.
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Figure 3. Top 10 most prolific countries in terms of scientific production

from the full dataset. Data was analyzed with Bibliometrix and Excel.
A: World map with the frequency of country of origin attributed
to each publication (generated in Microsoft Excel).
B: Figure legend containing the raw data of the frequency of
publications attributed to each of the top 10 countries.
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Regarding the top 10 most globally cited articles (Figure 4), leading this
list is an article by Borowitzka, published in the Journal of Applied Phycology in
2013 (Borowitzka, 2013), which has accrued 936 total citations and stands out
for its high annual citation rate of 78. This prominence highlights its significant
influence on the field, likely due to its focus on practical applications of EPS in
biotechnology. Ward’s 2009 article in Applied and Environmental Microbiology
(Ward et al., 2009) follows, with 709 citations and a steady annual citation rate
of 44.31, indicating its sustained relevance within environmental microbiology.
Additonally, articles by Qu (Qu et al, 2012) and Parikh (Parikh et al., 2006)
achieved high citation counts and annual rates. We note that most of the top 10
papers in this list are published in journals that focus on applied research.

Most Global Cited Documents

BOROWITZKA MA, 2013, J APPL PHYCOL @

WARD NL, 2009, APPL ENVIRON MICROBIOL @

RYJENKOV DA, 2005, J BACTERIOL @

DUPRAZ C, 2004, SEDIMENTOLOGY 2

QUF, 2012, WATER RES 2

Documents

PARIKH A, 2006, BIORESOUR TECHNOL

TAMARU Y, 2005, APPL ENVIRON MICROBIOL

XIAO M, 2018, BIOL REV

XU H, 2013, WATER RES

DECHO AW, 2005, PALEOGEOGR PALEOCLIMATOL PALEOECOL
500
Global Citations

Figure 4. Top 10 most globally cited articles from the 1022 full dataset;
figure generated in Bibliometrix.

Authorship and research networks

The analysis of the top 10 most prolific authors in cyanobacterial EPS
research reveals a small group of researchers who have consistently contributed to
advancing the field (Figure 5). Leading this group is Paula Tamagnini, with 22
articles published in the full dataset, followed closely by Roberto De Philippis
with 21 articles. Both authors have significantly influenced the literature on
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cyanobacterial EPS, likely focusing on key topics such as EPS characterization
and its industrial applications. Ming Li also stands out with 16 articles, while
Shi-Ru Jia and Rita Mota each contributed 12 articles. Other notable contributors
include Peter Capek, Xiang Gao, Federico Rossi, and Li Wu, each with 11 publications,
and Alessandra Adessi, who has published 10 articles. The collective work of these
prolific authors points to a concentrated effort among a select few researchers who
are driving the development and visibility of cyanobacterial EPS studies. Their
sustained productivity likely aligns with the field’s shift towards applied
research and suggests a readiness for industry-related exploration, particularly
in biotechnology and resource management contexts.

Authors' Production over Time
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Figure 5. Top 10 most prolific authors based on the number of articles from
the full dataset. Here we visualize using Bibliometrix the production
over time of these authors.

In Figure 6, we visualize the collaborative efforts between countries
related to publishing cyanobacterial EPS research. The United States emerges
as the most collaborative nation, engaging in 132 recorded partnerships,
followed by China (n=124), Germany (n=64) and Italy (n=54). This analysis
illustrates a geographically diverse yet interconnected research ecosystem
when it comes to exploring cyanobacterial EPS and its applications.
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Figure 6. Countries’ collaboration world map, generated using Bibliometrix.

Publishing avenues for cyanobacterial EPS research

The 1022 articles were published in 349 distinct sources (journals). Out
of these, the top 10 in terms of the number of papers published from the full
dataset are shown in Figure 7. This visualization indicates the core journals
where cyanobacterial EPS research is most frequently published, the first being
the Journal of Applied Phycology, with 48 published papers.
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Figure 7. Top 10 most relevant journals publishing cyanobacterial EPS research,
showing the distribution of the 1022 articles across the top 10 journals, highlighting
the primary publication venues in this field, generated with Bibliometrix.
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The growth of the number of articles published within each of the top
10 journals is highlighted in Figure 8. The analysis of publication trends across
the top 10 journals for cyanobacterial EPS research reveals a distinct pattern
that aligns with the hypothesis that this field is maturing toward technological
transfer and industrial applications. Overall, journals with an applied focus,
particularly those dedicated to biotechnology and resource management, have
shown significant growth in publication counts over the years. This trend is led
by the Journal of Applied Phycology and Bioresource Technology, where
consistent increases in published articles indicate strong interest in potential
practical applications of cyanobacterial EPS. The growth of the number of
articles in these journals likely reflects a growing interest in finding solution
that incorporate these polymers. In contrast, journals with a more general
environmental or microbiological focus, such as Environmental Science and
Pollution Research and FEMS Microbiology Ecology, maintained steady but
modest publication output. These journals contribute to the fundamental
understanding of EPS, particularly within environmental and ecological
contexts, yet they do not exhibit the same dynamic growth as journals with
applied orientations. This suggests that while cyanobacterial EPS remains a
relevant topic within environmental studies, the current momentum is largely
driven by its potential for practical application, which is better suited to
journals emphasizing biotechnology and resource use.
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Figure 8. Annual publication growth of the number of articles on cyanobacterial EPS in the
top 10 journals (2004-2023), generated using Bibliometrix data in Microsoft Excel.
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Research interests

There are 2904 distinct author keywords in the full dataset. We illustrate
a word cloud of the most prominent keywords used in Figure 9. This analysis
reveals key research themes and concepts within cyanobacterial EPS studies.
Unsurprisingly, the most frequently used term is “cyanobacteria” (179 occurrences).
This is closely followed by “growth” (157), “polysaccharides” (119), and
“exopolysaccharides” (108), indicating a strong emphasis on understanding
both the general growth dynamics and specific biopolymer production by these
organisms. Terms like “biosynthesis”, “extracellular polymeric substances” and
“extracellular polysaccharides” suggest ongoing interest in the biological processes
and structural components that underpin EPS production, which are relevant
for exploring practical applications.

_ biological soil crusts
microcystis-aeruginosa escherichia-coli
extracellular polysaccharides

extracellular polymeric Substances
viofims IVEISItY vanl] acte" mmmalglatama on
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Figure 9. Word cloud generated in Bibliometrix using author keywords
from the full dataset of 1022 published articles on cyanobacterial EPS.

Regarding how research trends evolved over time, in Figure 10 we
visualize this concept using Bibliometrix and the author keywords. Some
prominent and long-standing terms, such as “cyanobacteria”, “exopolysaccharides”
and “extracellular polymeric substances” while to be expected in the context of
this specific dataset, reflect important concepts in this field, emphasizing them
as core research areas. Notably, “microbial”, “microalgae” and “biosynthesis”
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have also shown continuous interest, pointing towards ongoing research into
both EPS origins and production mechanisms. In recent years, there has been a
rise in terms associated with applied and environmental applications, such as

» o«

“adsorption”, “removal” and “biosorption”, which can indicate growing attention
towards using cyanobacterial EPS for bioremediation, pollutant binding, and

T

environmental cleanup. Additionally, terms like “ultrafiltration”, “nitrate” and
“diatoms”, even though they might not be directly linked to cyanobacterial EPS
on a first look, might reflect an applied focus, potentially linked to water
treatment technologies and the use of EPS in managing specific environmental

” o«

contaminants. Similarly, terms like “biocrusts”, “phytoplankton” and “stromatolite”
suggest a niche interest in studying EPS within ecological and geological contexts,
connected to soil stabilization and their impact on geological history records.

Trend Topics
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Figure 10. Author keywords are visualized as trends through time (2004-2023) and
the frequency of use within the full dataset, generated with Bibliometrix. Horizontal
axis: time; vertical axis: author keywords. The horizontal blue lines represent the time
span in which each keyword was used within articles, while the circular dots and their
dimensions are directly correlated with the frequency of use in the dataset.

The thematic map (Figure 11) highlights a few prominent trends within
cyanobacterial EPS research. The Motor Themes quadrant contains terms like
“extracellular polymeric substances” (EPS), “microbial mats” and “biomineralization.”
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These topics are relevant and well-developed, suggesting they are important to
the field and involve complex, multidisciplinary applications. Their placement
reflects an advanced understanding of EPS roles in environmental contexts,
such as the formation of microbial mats and biomineral structures, which are
key to ecological and industrial applications. In the Basic Themes quadrant,
terms such as “cyanobacteria”, “exopolysaccharides”, “polysaccharide” and
“microalgae” represent foundational areas that form the scientific basis of the
field. These themes seem less intensively developed recently, indicating they
serve as the foundation of cyanobacterial EPS research but may be more mature
with fewer current innovations.
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Figure 11. Thematic map of cyanobacterial EPS research showing four quadrants:
Niche Themes, Motor Themes, Basic Themes, and Emerging or Declining Themes. Each
term represents a distinct research focus, with its position on the map determined by
relevance (centrality) and development (density). Topics in the Motor Themes quadrant
are highly relevant and developed, indicating advanced and widely applicable research
areas. Niche Themes are specialized but less central, focusing on specific applications or
topics. Basic Themes represent foundational areas with broad importance but limited
recent development. Emerging or Declining Themes are less relevant and show lower
density, indicating potential areas of decreasing interest or nascent topics in need of
further exploration; generated with Bibliometrix.
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Niche Themes like “antioxidant activities” and “soil biocrust inoculation”
occupy a specialized role within the field, showing strong development. These
topics relate to particular applications, with reference to bioactive compounds
derived from cyanobacteria or specific extraction techniques, pointing towards
ongoing interest in specific technological and biochemical applications that may
not be widely explored across the field. The presence of other types of
molecules within this quadrant, namely “phycobiliproteins” also indicates the
catalog of potentially useful molecules that cyanobacteria have to offer and the
ability to be a multiple compound-producing organism without significant human
intervention. Emerging or declining themes are represented by “biosorption”
positioned with low density and centrality. This suggests that while biosorption
may hold potential in applications like pollutant removal, it remains
underdeveloped within the current EPS research framework, or it may be an
area of declining interest as other approaches become more favorable.

The thematic evolution (Figure 12) is divided into three branches. During
the 2004-2014 period, themes such as “cyanobacteria”, “extracellular
polymeric substances” and “biological soil crust” are seen, laying the foundation
for understanding EPS structures and their ecological roles. Themes such
as “biosorption” and “phylogeny” also reflect an early interest in the
environmental applications and genetic backgrounds of cyanobacteria. Then, in
the 2015-2020 period, more diverse and application-oriented themes
emerged, including “biofilm”, “antioxidant” and “biosynthesis”. This shift
reflects a growing interest in the functional properties of EPS and its
biochemical applications, aligning with industry-related uses in biotechnology.
Topics like “16S rRNA gene” and “biomineralization” indicate increased focus
on microbial community dynamics and EPS’s role in mineralization processes,
suggesting that researchers were expanding their scope from basic
characterization to more complex environmental interactions. The most recent
period, 2021-2023, shows a further transition towards specialized applications
and environmental relevance, with the emergence of terms like “microbial
community”, “water quality”, “adsorption” and “biodeterioration”. These themes
indicate a strong emphasis on EPS in ecological and environmental contexts,
with applications in water treatment, pollutant removal, and microbial community
interactions.
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Figure 12. Thematic evolution of author keywords in cyanobacterial EPS research from
2004 to 2023. It illustrates the transition and development of major themes in 2004-
2014, 2015-2020, and 2021-2023. Each colored block represents a research theme,
with the size of each block indicating the relative focus on that theme. Lines between
blocks connect related themes across periods, showing the continuity or emergence of
research areas over time.

Charting the research output on cyanobacterial EPS industry
applications - filtered dataset

There are 1022 articles in the full dataset and only 79 in the filtered one.
The papers that focus specifically on industry applications of cyanobacterial
EPS make up only 7.73% of the total articles in English that report research on
cyanobacterial EPS indexed in Web of Science between 2004 and 2023. In this
section, we analyze the industry-specific research applications of cyanobacterial
EPS by examining the curated subset of 79 studies from the larger dataset.
These papers were manually selected based on their explicit focus on potential
industrial uses of cyanobacterial EPS. In this section we analyze these papers,
providing a closer look at the specific industries that are emerging as key areas
of interest for EPS applications, as well as the unique properties and functions
driving their relevance.

In Figure 13 we visualize the analysis of the 79 studies from the perspective of
industries mentioned as potential beneficiaries of each research. There seems
to be a strong emphasis on healthcare and pharmaceutical applications for
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cyanobacterial EPS, with 35 papers reporting potential uses in this sector. Of
these, 29 studies specifically mention pharmacological applications, indicating
a significant interest in EPS’s bioactive properties for drug development,
therapeutic interventions, immune modulation, and other related applications.
A smaller subset (6 articles) highlights uses in general healthcare, most being
related to the EPS’s biocompatibility and potential in wound healing. Environmental
applications constitute the second-largest category, with 20 studies focusing on
sustainability-oriented uses. Metal removal is the primary environmental sub-
category (12 articles), followed by wastewater treatment (8 articles), both
being related to the potential of EPS’s utilities in pollution control. In the food
and agriculture field, 12 studies highlight applications, with food industries
accounting for the majority (9 articles), most mentioning their potential uses in
food preservation and additives. The agriculture subset includes 3 studies, with
specific references to biofertilizers (2 articles) and biopesticides (1 article).
Applications in the energy sector remain exploratory, with individual studies
mentioning hydrogen production and energy production (bioethanol) as potential
uses. Other applications make up a total of 16 mentions, with diverse fields
represented. This distribution illustrates that, while healthcare and environmental
applications dominate, there is emerging interest in other industrial uses of
cyanobacterial EPS.

Pharmacological Industries: 29

Healthcare & Pharmaceutical: 35

Healthcare: 6

Wastewater Treatment: 8

All Industries: 85 Environmental: 20
I Metal Removal: 12
Food & Agriculture: 12 Food Industries: 9
Energy: 2 Agriculture: 3

= Hydrogen Production: 1

= Energy Production: 1

Other Applications: 16 Adhesive Production: 1

= Biosensors: 1

Various Industries: 14

Figure 13. Potential applications for cyanobacterial EPS across various industries and
sub-industries. Diagram created using SankeyMATIC.
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We examined the publication trends across the main unified industries to
identify potential distinct patterns that emerge over time, based on the
publication year of the filtered dataset, as shown in Figure 14 (where x-axis
represents the publication years, and the y-axis shows the publication count -
each paper being counted once for each industry it mentions). Environmental
applications, as well as healthcare and pharma-focused ones consistently exhibit
high research activity, suggesting that these fields have maintained constant
scientific interest, likely due to their relevance. In contrast, food and agriculture-
related industries and other industries reveal sporadic peaks, which may
correlate with periods of relevance, possibly driven by specific advancements
or funding opportunities targeting these sectors. Energy-related industries
show relatively low representation, indicating limited research in this direction
or slower adoption of cyanobacterial EPS uses in this domain.

Publication count

1

N

o 0 (g ot IR o 0 gV 0T (P o\ (g 0 oo g0 g (S N (g P

Publication Year

B Energy [ Environmental Food & Agriculture [l Healthcare & Pharmaceutical [l Other Applications

Figure 14. Distribution of publication counts across
various main industries over time.

We also examined the distribution of cyanobacteria genera per main
industry based on the data. We compiled this analysis in Figure 15. This
heatmap reveals distinct patterns in the focus of cyanobacterial EPS research
across industries. Healthcare and pharmaceutical, as well as environmental
applications, dominate the distribution, with several genera such as Cyanothece,
Nostoc, and Synechocystis frequently cited, reflecting these genera’s known
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benefits in therapeutic and ecological contexts (Colica et al., 2010; Santos et al.,
2014; Leite et al, 2017; Strieth et al, 2020). Genera like Phormidium and
Spirulina, which have established roles in nutritional and agricultural products
(Vicente-Garcia et al., 2004; Li et al.,, 2011; Ruangsomboon et al., 2013; Vinoth
et al., 2023), were associated with applications in food and agriculture in our
analysis. Notably, the top 10 genera mention in the filtered dataset (by the
number of mentions) are Nostoc (23 occurrences), Cyanothece (11 occurrences),
Anabaena (11 occurrences), Synechocystis (8 occurrences), Oscillatoria
(5 occurrences), Phormidium (4 occurrences), Gloeocapsa (4 occurrences),
Lyngbya (3 occurrences), Aphanothece (3 occurrences), Cyanobacterium
(3 occurrences).
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Figure 15. Heatmap that illustrates the distribution of unique genera (39) across
the five main industries (Energy, Environmental, Healthcare & Pharmaceutical,
Food & Agriculture, and Other Applications). Each cell indicates the count of unique
publications where a specific genus is mentioned within a particular industry.
Darker shades represent higher publication counts, showing which genera are most
frequently associated with each industry.
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Espacenet patent analysis

In this section, we analyze the patent landscape for cyanobacterial EPS
using data extracted from the Espacenet database of the European Patent Office.
This section highlights the industrial relevance and translational potential of
cyanobacterial EPS. Our analysis aims to explore the connections between
academic research output and industry adoption (through the intellectual
property space) in the context of technological transfer.

Upon performing the search query as mentioned in the Materials and
Methods (section 2.3), a total of 618 patents resulted.

Analyzing the geographical distribution of the patent document applications,
we observe 59 distinct countries or jurisdictions for which a total of 2162
documents were filed. Here we mention that the discrepancy between the total
number of patent documents (2162) and unique patent entries (618) reflects
the grouping of related patents under a single patent family. Each patent family
may include multiple filings across different jurisdictions for the same
invention. For most countries (42 jurisdictions) there were between 1 and 12
documents filed. In Figure 16 we illustrate the distribution of the top 15
countries or entities for which intellectual property protection was sought
based on the number of patent documents filed between 2004 and 2023 on
cyanobacterial EPS. While we note some diversity in terms of the countries, it
is clear that notable jurisdictions of interest where legal protection is of interest
emerge. USA leads with the highest number of document filings (329), reflecting its
interest in patenting potential industrial and research applications of the
cyanobacterial EPS. This is closely followed by documents filed under the World
Intellectual Property Organization (312), indicating international interest
in securing broad patent protection, while China ranks third (286). Other
jurisdictions, including the European Patent Office (205) and Canada (154), also
demonstrate moderate interest.

When comparing the publication frequency of each country based on co-
authors (Figure 3), China emerges as the leader. This aligns with China’s
growing interest in biotechnology and environmental sciences (Cao & Zhang,
2023; Xiao & Kerr, 2022). However, the majority of patents are filed in the USA
and through the World Intellectual Property Organization (WO), with China
coming in third (Figure 16). This discrepancy suggests a divergence between
academic output and intellectual property strategies. Filing through WO under
the Patent Cooperation Treaty (PCT) indicates a strategic approach to securing
global intellectual property rights, while the USA’s robust biotech industry
incentivizes direct filings within its jurisdiction.
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Figure 16. Geographical distribution of patent filings related to cyanobacterial EPS
based on Espacenet data. The bar chart depicts the number of patent documents for
the top 15 countries or jurisdictions (by the total number of documents filed
between 2004 and 2023). OX-axis: countries (family) indicates the country or
patent jurisdiction where the patent family was filed (e.g., US for the United States,
CN for China, EP for European Patent Office, etc.). OY-axis: the number of
documents represents the number of patent documents filed in that country or
jurisdiction.

Next, we analyzed the temporal distribution of patent document filings
for cyanobacterial EPS (Figure 17). Patent filings were sporadic between 2004
and 2010, with fewer than 15 patent documents published annually. This
period likely represents the early stages of research and industrial interest in
cyanobacterial EPS. Which matches the observations regarding the number of
articles published in that period (Figure 2). A notable increase in patent activity
began around 2011, with a sharp rise observed from 2014 onwards. This trend
suggests a growing recognition of the commercial and biotechnological potential
of cyanobacterial EPS. Additionally, the sustained high level of filings in recent
years suggests an ongoing interest and active development in this field, which
is confirmed by the growing number of articles published in the same time span
(Figure 2).
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Figure 17. Temporal trends in patent filings for cyanobacterial EPS. Horizontal
axis: the earliest publication date (family) refers to the year when the earliest
patent in a family was published, representing the initial disclosure of the invention.
Vertical axis: the number of documents represents the number of patent documents
filed in that year.

In the dataset, between the 618 entities exported and the 2162 documents,
there are 1000 distinct applicants. Most of the 1000 distinct applicants (971
applicants) have filed between 1 and 3 documents to be patented, and a select
few have filed for more than that. Table 1 encompasses the top 10 applicants
based on the total number of documents they have applied for, as well as the
countries in which these entities are based, alongside a short description of
their business focus based on publicly available information. The analysis of
patent applicants highlights key players driving innovation in cyanobacterial
EPS. Pivot Bio Inc leads with 26 patent documents, followed by Cool Planet
Energy Systems Inc with 21 documents. The third player would be Native
Microbials Inc with 20 documents - 10 plus the 10 from Ascus Biosciences Inc
(company rebranded). Other notable applicants include Heliae Dev LLC (15
documents), Carbon Tech Holdings LLC (13 documents), and Algenol Biotech
LLC (12 documents). The concentration of the number of patents among a few
organizations suggests the presence of industry leaders heavily engaged in the
research and commercialization of cyanobacterial EPS applications. Interestingly,
the University of California seems to be the only educational-focused entity
from the top applicants.
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Table 1. The top 10 applicants filing patents related to cyanobacterial EPS, based on
the total number of documents in the extracted Espacenet database.

Applicants

Documents

Focus

Country

Pivot Bio Inc

26

Specializes in developing microbial
solutions to enhance nitrogen delivery to
crops, aiming to reduce reliance on
synthetic fertilizers.

USA

Cool Planet
Energy Systems
Inc

Developes engineered biocarbon
technology designed to improve soil
health while sequestering carbon. Their
technology produced biochar-based
agricultural products from biomass.

USA

Heliae Dev LLC

15

Focuses on developing microalgae-based
technologies for agriculture, nutrition,
and personal care products.

USA

Carbon Tech
Holdings LLC

13

Involved in developing technologies for
carbon capture and utilization, aiming to
create sustainable materials and
chemicals from carbon dioxide.

USA

Algenol Biotech
LLC

12

Industrial biotechnology company that
commercializes patented algae
technology for the production of ethanol
and other fuels. They utilize proprietary
technologies to produce various
products, including personal care items,
food supplements, and industrial
products, from a patented strain of
cyanobacteria and a proprietary
photobioreactor system.

USA

Univ California

US-based university.

USA

Sumitomo
Chemical Co

11

Develops a wide range of products,
including chemicals, petrochemicals, and
agrochemicals. They invest in
biotechnology research for applications
in agriculture and materials science.

Japan

Ascus
Biosciences Inc

10

Develops microbiome-based solutions for
animal health and nutrition. It was later
rebranded as Native Microbials Inc.

USA

Ecolab USA Inc

10

Develops solutions for water treatment,
purification, cleaning, and hygiene across
various industries, including food,
healthcare, and hospitality.

USA

Native
Microbials Inc

10

Rebrand of Ascus Biosciences Inc

USA
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We observe that among the top 10 applicants, 9 are US-based companies,
which explains why the majority of patent applications seek legal protection in
the USA (Figure 16). This observation also somewhat explains the earlier
discrepancy noted in this section that while China leads in the number of co-
authors affiliated with publications, it ranks third in patent filings. This suggests
that the robust academic collaboration in China does not yet fully translate into
comparable levels of patent activity, unlike in the USA, where strong industry
participation drives patent filings.

Discussion

Our study offers an analysis of the academic and industrial landscape
surrounding cyanobacterial EPS between 2004 and 2023. By using bibliometric
and patent analyses, we have identified key trends, contributors, and an
increased potential for industrial applications of cyanobacterial EPS research.
Below, we discuss the implications of these findings, their relevance to the
scientific and industrial communities, and the limitations of this study.

Our findings reveal a steadily growing body of research on cyanobacterial
EPS, with an annual growth rate of 13.14% over the study period (2004-2023).
This growth shows an increased interest in this field. However, the thematic
focus remains concentrated around healthcare, pharmaceuticals, and environmental
applications, hence we understand that these industries dominate the research
agenda.

The analysis of authorship and collaborative networks highlights the
concentrated effort among a select group of researchers and institutions,
particularly in China, the USA, India, and Europe. This collaboration aligns with
the multidisciplinary nature of EPS applications but also indicates geographic
and institutional disparities in research intensity and focus.

The filtered dataset illustrates a notable interest in the healthcare and
environmental sectors, accounting for over half of the research focus. The
bioactive and bioremediation properties of EPS have driven these trends,
making them promising candidates for drug development, wound healing, and
pollutant removal. Despite this focus, research on applications in the food,
agriculture, and energy sectors remains sporadic and underdeveloped, possibly
due to limited funding.

The positive annual growth rate of publications, dominance of leading
global economies as top research producers, and the applied focus of top
journals and highly cited articles highlight the field’s translational orientation.
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These findings point to the fact that cyanobacterial EPS research is oriented
towards potential applications.

The increase in patent filings post-2014 mirrors the expansion of
potential industrial interest, with the USA and China being prominent players.
However, a disconnect between academic output and patent filings is evident,
particularly in countries like China, which leads in publication frequency but
lags in patent activity. This may suggest challenges in translating academic
research into commercial products.

We note potential IP-related search limitations - the Espacenet search
was done based on two terms: cyanobacteria and exopolysaccharide. It is
possible that some patent filings would be more specific and name a particular
cyanobacteria genus, species, strain, a particular extracellular polysaccharide,
or process, and not necessarily use these relatively general terms. However, we
have conducted the search using the “full text” filter, meaning all patents having
the keywords within the documentation were included. While this does not
guarantee all relevant patents were included, it brings the result closer to
reality.

Regarding the publishing data collection - our study relies on WoS for
bibliometric data, and we have included only English-language articles. We
have used a relatively general search string, which should have included the
majority of relevant research. We did not include in the search query specific
cyanobacteria species names, but we used the “all fields” option. Since it is
unlikely that papers focusing on specific cyanobacterial strains would not have
used the term cyanobacteria or similar in any of the indexing fields, we believe
all relevant results have been included.

Conclusions

Our study provides a bibliometric and patent analysis of cyanobacterial
EPS, highlighting their academic and industrial significance. The growth in
publications (13.14% annual growth), the active involvement of leading global
economies, and the applied focus of top journals and cited articles underscore
the increasing translational potential of these versatile biopolymers. Healthcare
and environmental applications dominate the research landscape, reflecting
the bioactive and bioremediation properties of EPS, while interest in other
industries, such as food, agriculture, and energy, remains emergent. Patent data
further supports the industrial readiness of EPS, with a growing number of
filings and significant contributions from key players in biotechnology. Patent
data further substantiates the industrial readiness of EPS, with a sharp increase
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in filings post-2014 and a concentration of activity in the USA and globally
through the Patent Cooperation Treaty. Leading contributors, including industry
and some academic institutions, are driving innovation, with patents addressing
diverse applications ranging from microbial solutions in agriculture to bio-based
materials and energy production. These findings highlight the multidisciplinary
appeal and industrial potential of cyanobacterial EPS. With sustained academic
and industrial investment, EPS are positioned to contribute significantly to
sustainable technologies and solutions across a range of sectors. This study
provides a potential roadmap for future research and innovation, emphasizing
the critical role of EPS in advancing biotechnology and sustainability.
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