Pre prints.org

Review Not peer-reviewed version

Alginate Hydrogels in Agriculture: A
Bibliometric and Patentometric Analysis
of Technological Applications (2001-
2024)

Jesus Diestra-Balta, Belén Ponce , Paola Izquierdo-Reyna, Italo F. Cuneo , Alvaro Diaz-Barrera i

Posted Date: 25 November 2025
doi: 10.20944/preprints202511.1937v1

Keywords: hydrogels; alginate; Azotobacter vinelandii; sustainable agriculture; bibliometric analysis;
patentometric analysis

Preprints.org is a free multidisciplinary platform providing preprint service
that is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This open access article is published under a Creative Commons CC BY 4.0
license, which permit the free download, distribution, and reuse, provided that the author
and preprint are cited in any reuse.



https://sciprofiles.com/profile/4917542
https://sciprofiles.com/profile/2277765
https://sciprofiles.com/profile/4917474
https://sciprofiles.com/profile/1604034
https://sciprofiles.com/profile/2871348
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 November 2025 d0i:10.20944/preprints202511.1937.v1

Disclaimer/Publisher’'s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Review

Alginate Hydrogels in Agriculture: A Bibliometric
and Patentometric Analysis of Technological
Applications (2001-2024)

Jesus Diestra-Balta 1, Belén Ponce 7, Paola Izquierdo-Reyna ?, Italo F. Cuneo 2
and Alvaro Diaz-Barrera 13*

1 Escuela de Ingenieria Bioquimica, Pontificia Universidad Catolica de Valparaiso, Av. Brasil 2147 Casilla
4059, Valparaiso, Chile

2 Escuela de Agronomia, Pontificia Universidad Catdlica de Valparaiso, 2340025 Valparaiso, Chile

3 Centro de Investigacién Interdisciplinaria en Biomedicina, Biotecnologia y Bienestar (CID3B). Pontificia
Universidad Catdlica de Valparaiso. Av. Brasil 2950, Valparaiso, Chile

* Correspondence: alvaro.diaz@pucv.cl

Abstract

Hydrogels are gaining prominence in sustainable agriculture due to their water-retention capacity,
biocompatibility, and tunable physicochemical behavior. Among natural polymers, alginate is
particularly attractive because it forms hydrogels under mild conditions and provides a versatile
platform for controlled release, soil conditioning, and environmental remediation. This review
integrates advances in alginate-based hydrogel technologies from 2001 to 2024 through a combined
bibliometric and patentometric analysis. A total of 266 scientific articles and 460 patent families were
identified, revealing sustained growth in both research output and technological development.
Encapsulation and controlled-release systems dominate the landscape, followed by soil and water
treatment applications, while postharvest preservation, in vitro cultivation, and biodegradable
packaging emerge as expanding areas. Overall, alginate-based hydrogels represent a multifunctional,
biodegradable platform supporting precision agriculture and sustainable production systems within
a circular bioeconomy framework.

Keywords: hydrogels; alginate; Azotobacter vinelandii; sustainable agriculture; bibliometric analysis;
patentometric analysis

1. Introduction

Hydrogels are three-dimensional, water-swollen polymeric networks widely used in
biomedicine, food technology, environmental engineering and agriculture due to their
biocompatibility, tunable mechanical properties and capacity to retain large amounts of water [1-7].
Among natural hydrogel-forming polymers, alginate stands out because it forms gels under mild
conditions and provides a versatile platform for designing materials with highly adjustable
physicochemical characteristics [8,9].

The source of alginate plays a decisive role in the structure—function relationship of hydrogels.
Although commercial alginate is mainly extracted from brown seaweeds such as Laminaria digitata,
Macrocystis pyrifera and Ascophyllum nodosum [10-12], its composition and molecular weight (MW)
can vary substantially depending on species, geography and harvesting season, which affects
reproducibility and leads to marked differences in gel stiffness, porosity and swelling capacity [13—
15]. This intrinsic variability often limits the consistency of alginate-based agricultural formulations.
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In contrast, microbial systems offer far greater control over polymer architecture. Pseudomonas
aeruginosa produces acetylated alginate associated with its mucoid phenotype, while Azotobacter
vinelandii a non-pathogenic, industrially relevant bacterium synthesizes high-MW alginate whose
block composition, acetylation pattern and epimerase activity respond to oxygen transfer and
hydrodynamic conditions [16-18]. Engineered microbial strains can also produce alginates above
3,000 kDa when biosynthetic and depolymerization pathways are altered [19,20]. Taken together,
algal alginates provide abundance and low cost, whereas microbial alginates offer higher
reproducibility, controllable architecture and improved performance in applications requiring
consistent hydrogel behavior attributes increasingly relevant for agricultural technologies.

The functionality of alginate hydrogels originates from the molecular architecture of the polymer
[21]. Alginate is a linear anionic polysaccharide composed of 3-D-mannuronic (M) and a-L-guluronic
(G) acids arranged in MM, GG and MG/GM sequences, which determine ion affinity, crosslinking
capacity and viscoelastic behavior [22]. Gelation typically proceeds through Ca?-mediated ionic
crosslinking, as described in the classical “egg-box” model, where G-blocks form cooperative junction
zones that provide mechanical integrity [23,24]. Key structural parameters including M/G ratio, block
distribution, degree of acetylation and molecular weight (MW) govern hydrogel stiffness, elasticity,
porosity, swelling and degradation rates [14,25]. G-rich alginates form stronger but more brittle gels,
while M-rich polymers produce softer and more elastic matrices [26,27]. Acetylation increases
hydration and permeability [28], and high-MW alginates exhibit greater viscosifying power,
mechanical robustness and slower degradation than lower-MW fractions [16,20,29].

Recent studies further show that crosslinking strategies and network architecture modulate
hydrogel performance. The delivery form of Ca?" alters mesh size, swelling and mechanical stability
[30], and chemically modified cyclodextrins can increase storage modulus and modify release
behavior [31]. Additional work highlights how marine biopolymer hybrids improve swelling,
antioxidant activity and wound closure [32], and how pre-gelation rheology and post-deposition
crosslinking influence the fidelity of 3D-printed alginate structures [33]. Together, these studies
illustrate that alginate hydrogel performance results from the combined effects of polymer structure,
crosslinking chemistry and network organization.

Figure 1 provides an overview of alginate chemical structure, its main biological sources and the
broad spectrum of agricultural applications enabled by its hydrogel-forming capacity. Reported
applications include the delivery of biostimulants in tomato [37], the release of Streptomyces
fulvissimus for disease control in cucumber [38], slow-release fertilizers [39] and the preservation of
recalcitrant plant tissues [40]. Alginate-based materials also contribute to biodegradable coatings
[41,42] and nanosensors for pesticide detection [43].

Microbial alginate generally shows enhanced performance in these formulations, with higher
molecular weight and acetylation patterns offering improved functionality compared to algal
alginate [44,45]. This advantage supports its use in biofertilizer stabilization [46], pesticide
bioremediation [47], pest management [48,49] and environmental remediation through alginate—
biochar composites [15].

Amid soil degradation, water scarcity, agrochemical dependence and climate pressures,
alginate-based hydrogels emerge as biodegradable, multifunctional materials capable of improving
soil structure, nutrient efficiency and environmental sustainability. Accordingly, this review
integrates bibliometric and patentometric evidence from 2001-2024 to map trends and identify
emerging opportunities for alginate-based agricultural technologies.
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Figure 1. Schematic of the main sources of alginate, its chemical structure and the wide range of agricultural
applications enabled by its hydrogel-forming properties. Adapted from [34-36]. Created in
https://BioRender.com.

2. Results and Discussion
2.1. Bibliometric Analysis of Scientific Production on Alginate Applications in Agriculture

2.1.1. Clustering Analysis

Table 1 summarizes the six keyword clusters identified in the analysis. The red and green
clusters focus on encapsulation, microbial inoculants and biostimulants, while the blue and light-blue
clusters highlight environmental applications such as biodegradation, adsorption and pollutant
removal. The yellow and purple clusters relate to soil conditioners, hydrogels, water retention and
plant growth promotion. Together, these clusters delineate the main thematic areas in which alginate
is applied in agriculture.

Table 1. Cluster analysis based on keywords using VOSVIEWER.

Cluster
Top 5 keywords .
(color (ocurrerI:ces , lyi‘r:,ks, TLS)* Analysis
code)
encapsulation (18, 29, 46),
Red  microencapsulation (9, 16, 24), The keywords reflect the role of alginate in the
. temperature (8, 15, 17), encapsulation and controlled release of microorganisms
rhizobacteria (6, 16, 21), and bioactive compounds.
biological control (4, 12, 16).
nanoparticles (7, 13, 17),
Creen microalgae (4, 11, 12) The keywords are closely related to the red cluster,
. survival (4, 8, 11), emphasizing alginate as a matrix for microbial inoculants
biostimulants (4, 5, 6),
inoculants (3, 7, 8)
Blue biodegradation (12, 16, 26), The keywords highlight the applications of alginate in

. degradation (9, 13, 20),

h iation of agricultural soil .
immobilization (8, 17, 22), the remediation of agricultural soils and water
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bioremediation (4, 11, 13),
toxicity (3, 8, 9)
soil (6, 10, 10),
stability (5, 5, 5),
water retention (3, 7, 7),
fertilizer (3, 5, 5),
superabsorbent (3, 3, 3)
plant growth (11, 17, 24),
hydrogels (8, 13, 15),
. plant growth-promoting
rhizobacteria (PGPR) (6, 11, 15),
matrix (3, 5, 5),
controlled release (3, 2, 2)

The keywords are associated with soil amendments,
water retention, and nutrient management

Yellow

The keywords describe a transversal cluster linked to
plant growth promotion.

Purple

growth-promoting bacteria (6,

Light 1?’ 19), The keywords also describe a transversal cluster related
blue adsorption (8, 9, 12) to pollutant removal
® beads (7, 17, 23), P ‘

removal (6, 9, 12),
slow release (5, 9, 11)

* Occurrences, links, and TLS are indicators of the number of times a term appears in the title, abstract, or
keywords of a scientific article, as well as its connections with other keywords. Higher values are preferred. For

more information, see the Materials and Methods section.

Figure 2 visualizes how these six clusters interact within the keyword co-occurrence network.
The map reveals strong connections among encapsulation technologies, soil and water management,
plant growth promotion and environmental remediation, providing an integrated view of how the
thematic areas identified in Table 1 structure the research landscape.

Together, Table 1 and Figure 2 show that alginate research in agriculture is organized into three
main thematic axes: (i) microbial encapsulation and controlled release, (ii) soil improvement and
water retention, and (iii) pollutant removal and environmental remediation. The table defines the
content of each cluster, while the figure illustrates how these themes interconnect within a unified

research landscape.
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Figure 2. Keyword co-occurrence network for scientific publications (266 articles) related to alginate applications
in agriculture between 2001 and 2024. Created with VOSviewer.

2.1.2. Categorization of Scientific Documents According to Clustering Categories and Validation
Levels

Table 2 classifies alginate-based agricultural technologies according to their application category
and level of experimental validation. Encapsulation and controlled-release systems dominate the
scientific output, particularly those involving fertilizers, bioactive compounds and microorganisms.
Technologies for soil and water treatment form the second major group, with significant
contributions in hydrogels for water retention and bioremediation. Smaller but emerging categories
include postharvest coatings and packaging, in wvitro cultivation systems and miscellaneous
formulations. Regarding validation stages, most studies remain at the in vitro (41.4%) or semi-
controlled level (39%), while field trials are still limited (19.6%). This distribution reveals a strong
research foundation but a persistent gap in large-scale, real-environment validation of alginate
technologies.

Table 2. Classification of technologies described in scientific documents between 2001 and 2024 according to

categories of technological applications of alginate and levels of experimental validation.

. Semi controlled Field
Category Subcategory In vitro tests . .
conditions tests trials
Encapsulation and controlled release
] . 15* 30 3
of microorganisms and spores
Encapsulation and .
Encapsulation and controlled release
controlled release of B ) .
. . of fertilizers, bioactive compounds, 33 33 12
microorganisms and o
. and similar substances
agrochemicals
Encapsulation and controlled release ) 6 3
of seeds
Soil amendments and improvements 2 11 9
Hydrogels for water absorption and
18 12 4
Treatment of retention
agricultural soil and
Bioremediation of agricultural soils
water 128 2 P 3
and water
Fertilizers made from algae extracts or ) . )
alginate oligosaccharides
Post-harvest Edible coatings 0 0 5
treatments,
. Biodegradable containers and
biodegradable .
. packaging 5 - 2
packaging and
containers for
agricultural products Other post-harvest treatments 0 1
In vitro and soilless In vitro cultivation 3** - -
cultivation
Substrates for soilless cultivation 0 1 0
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Agricultural formulations with 0 1 0
Other applications alginate (unspecified function)
Others 8 1 8

* Values in the columns refer to the number of scientific articles at each level of experimental validation. **

Applications relating to in vitro cultures were considered at the level of experimental validation of in vitro tests

due to their nature.

Figure 3 presents a Sankey diagram illustrating how scientific documents between 2001 and 2024
are distributed across the main alginate application categories and their corresponding subcategories.
The visualization highlights the predominance of encapsulation and controlled-release technologies,
followed by treatments for agricultural soils and water. Hydrogels, soil amendments and
bioremediation appear as key subfields, while postharvest applications, in vitro systems and other
uses contribute smaller flows. Overall, the diagram provides a clear overview of how research efforts
are allocated across technological domains.
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Figure 3. Sankey diagram of the distribution categories and subcategories identified for scientific documents
between 2001 and 2024. Diagram generated using SankeyMATIC.

2.1.3. Research Topics According to Clustering Categories

Building on the patterns identified in the clustering analysis, the following sections examine each
research category in detail, highlighting the technological approaches, experimental trends, and
agricultural applications that define their current development.

2.1.3.1. Encapsulation and Controlled Release Of Microorganisms and Agrochemicals

2.1.3.1.1. Encapsulation and Controlled Release Of Microorganisms and Spores

Alginate has been widely employed for immobilizing beneficial microorganisms and spores due
to its biocompatibility, gentle gelation process and capacity to protect cells from desiccation, UV
exposure and other environmental stresses. Encapsulation of Bacillus spp. in alginate beads has
demonstrated significant improvements in root development and biomass accumulation in hazelnut
seedlings, evidencing enhanced establishment and persistence of microbial inoculants in soil [50].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Likewise, spray-dried alginate-maltodextrin systems have been used to formulate Beauveria
bassiana conidia, producing stable bioinsecticides with prolonged shelf-life and robust insecticidal
activity [48]. In addition, alginate matrices have enabled the sustained release of Streptomyces-derived
herbicidal metabolites, broadening the applicability of microbial-based weed control strategies [49].
Altogether, these advances confirm that alginate encapsulation strengthens microbial stability and
field performance, consolidating its role in biocontrol and plant health technologies.

2.1.3.1.2. Encapsulation and Controlled Release of Fertilizers and Bioactive Compounds

Beyond microbial agents, alginate has shown great potential for encapsulating fertilizers,
herbicides, and diverse bioactive molecules as part of controlled-release agricultural systems.
Pickering capsules based on alginate have been engineered to gradually release nutrients, supporting
precision fertilization while minimizing nutrient leaching and environmental losses [2]. More
sophisticated designs include dual-encapsulation systems, where herbicides such as atrazine are
retained in the inner core and biostimulants in the outer shell, allowing staggered and more efficient
release profiles [51]. Multilayered alginate capsules have also been reported to improve nutrient-use
efficiency under variable soil conditions, enhancing crop performance and reducing agrochemical
input requirements [52]. Collectively, these advances highlight alginate as a versatile and
environmentally friendly alternative to conventional delivery systems in modern agriculture.

2.1.3.1.3. Encapsulation and Controlled Release of Seeds

Alginate has also been incorporated into seed coating and priming technologies aimed at
improving germination and early crop establishment. Alginate-based hydrogel coatings enriched
with bioactive compounds have been shown to increase germination rates, enhance seedling vigor
and improve tolerance to abiotic stresses such as drought and salinity [53]. By creating a hydrated
and protective microenvironment around the seed, these coatings enable gradual release of nutrients
or stimulatory molecules, ensuring more uniform seedling emergence and stronger establishment in
field conditions. As a result, alginate seed encapsulation represents a promising strategy for
developing climate-resilient seed technologies and improving crop performance under stress-prone
agricultural systems.

2.1.3.2. Soil and Water Treatments

2.1.3.2.1. Soil amendments and Conditioners

Alginate-based formulations have been widely explored as soil amendments aimed at
improving soil fertility, structure and biological activity. Alginate—fertilizer composites have been
shown to enhance nutrient cycling within the rhizosphere, stimulating beneficial microbial
populations and increasing nutrient availability for cultures [54]. Likewise, alginate mulches enriched
with fertilizers increased soil microbial biomass and enzymatic activity, demonstrating positive
impacts on soil health and crop productivity [55]. These findings illustrate alginate’s multifunctional
role as both a soil conditioner and a nutrient carrier, positioning it as a promising tool for sustainable
soil management and regenerative agricultural practices.

2.1.3.2.2. Hydrogels for Absorption and Water Retention

One of the most promising agricultural applications of alginate involves its use in hydrogel
formulations designed to enhance soil water retention under drought-prone conditions. Alginate-
graft-polyacrylamide (alginate-g-PAM) hydrogels markedly increased soil water-holding capacity
and improved plant performance, raising photosynthetic efficiency and biomass accumulation in
drought-stressed cultures [56]. Additional research has combined alginate with cellulose or starch
derivatives to produce biodegradable hydrogels capable of maintaining soil moisture for extended
periods while reducing irrigation needs [57]. Overall, alginate-based hydrogels represent highly
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effective nature-derived materials for mitigating water scarcity and improving crop resilience in
water-limited environments.

2.1.3.2.3. Bioremediation of Agricultural Soils and Waters

Alginate also plays a significant role in bioremediation strategies aimed at reducing agricultural
pollution. Alginate beads containing Azotobacter vinelandii were shown to degrade chlorpyrifos,
leading to substantial reductions in cytotoxicity and genotoxicity in contaminated soils [47].
Furthermore, porous alginate-biochar-FeCls composites exhibited high adsorption capacities for
heavy metals present in agricultural wastewater, demonstrating that alginate-based materials can
serve as effective adsorbent matrices for soil and water purification [15]. Together, these approaches
illustrate alginate’s dual contribution to environmental remediation both as a support for microbial
degraders and as a component in engineered sorbent systems.

2.1.3.2.4. Fertilizers from Algal Extracts and Alginate Oligosaccharides

Alginate derivatives, particularly oligosaccharides and algal extracts rich in alginates, have
gained growing interest as natural biofertilizers and plant biostimulants. Alginate oligosaccharides
have been reported to enhance nutrient uptake efficiency, stimulate antioxidant responses, and
increase tolerance to abiotic stresses such as drought and salinity [54]. Likewise, fertilizers based on
seaweed extracts containing alginates promoted root elongation, supported secondary metabolic
pathways, and improved stress resilience in horticultural cultures [58]. These strategies underscore
the potential of alginate-derived compounds to support sustainable fertilization practices while
reducing dependence on synthetic agrochemicals.

2.1.3.3. Postharvest Treatments and Biodegradable Packaging for Agricultural Products

2.1.3.3.1. Edible Coatings

Alginate-based edible coatings have been widely explored as an environmentally friendly
strategy to prolong shelf life and maintain the physicochemical quality of fresh produce. These
coatings form semi-permeable films that reduce moisture loss, delay physiological ripening, and
inhibit microbial proliferation. Recent studies demonstrated that alginate coatings supplemented
with essential oils or antioxidant compounds improved the postharvest quality of strawberries,
tomatoes, and citrus fruits, reducing decay incidence while preserving firmness and color [59,60].
Moreover, composite formulations combining alginate with chitosan or cellulose derivatives
enhanced antimicrobial activity and maintained desirable sensory attributes [61]. Altogether, these
findings illustrate the potential of alginate-based edible coatings to reduce postharvest losses in a
sustainable and consumer-safe manner.

2.1.3.3.2. Biodegradable Packaging

Alginate is also a promising candidate for the development of biodegradable films and
packaging materials. Blends of alginate with starch, polyvinyl alcohol, or proteins have resulted in
films with improved mechanical resistance and barrier properties, offering an eco-friendly alternative
to petroleum-based plastics [56,62]. The incorporation of natural fillers, such as cellulose nanocrystals
or plant fibers, further enhanced tensile strength and reduced water vapor transmission rates [63].
These biodegradable alginate-based materials not only reduce plastic pollution but also meet
consumer demand for sustainable packaging in the food industry.

2.1.3.3.3. Other Postharvest Treatments

Beyond coatings and packaging, alginate-based systems have been applied in innovative
postharvest technologies. Alginate hydrogels loaded with antimicrobial agents have been tested as
inserts in packaging to create active systems that reduce microbial contamination [64]. Other
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approaches include the use of alginate beads as carriers for slow-release fumigants or ethylene
absorbers to control ripening and decay in stored fruits and vegetables [65]. These emerging
applications expand the role of alginate in integrated postharvest management, contributing to waste
reduction and food safety.

2.1.3.4. In Vitro and Soilless Cultivation

2.1.3.4.1. In Vitro Cultivation

Alginate has long been utilized in plant tissue culture as an immobilization matrix and as a key
material in artificial seed technology. Its mild gelation in the presence of divalent cations enables the
encapsulation of somatic embryos, shoot tips, and microspores, providing mechanical protection
during manipulation, transport, and storage. Recent studies have shown that alginate encapsulation
enhances germination and conversion rates of somatic embryos in species such as Daucus carota and
Capsicum annuum, contributing to more efficient and reliable micropropagation protocols [9,53].
Additionally, combining alginate with other biopolymers including carrageenan and agarose has
improved bead integrity and prolonged storage duration without compromising embryo viability
[56]. These advancements reaffirm alginate’s central role in developing synthetic seeds and
optimizing micropropagation techniques across a range of plant species.

2.1.3.4.2. Substrates for Soilless Cultivation

Beyond tissue culture, alginate-based materials have been investigated as substrates for
hydroponic and soilless cultivation systems. Alginate hydrogels exhibit high water-holding capacity
and efficient nutrient retention, creating a stable growth environment that reduces irrigation needs
while enhancing nutrient-use efficiency [49]. Furthermore, composites of alginate with perlite or
vermiculite have been evaluated as sustainable alternatives to conventional soilless substrates,
providing improved root aeration, moisture distribution, and mechanical stability [65]. These
findings highlight alginate’s potential as a renewable medium for hydroponic production,
supporting sustainable and resource-efficient horticultural practices.

2.1.3.5. Other Applications of Alginate in Agriculture

This category encompasses additional agricultural uses of alginate that fall outside the major
application groups but nonetheless illustrate the polymer’s versatility as a functional material across
diverse technological contexts.

2.1.3.5.1. Agricultural Formulations with Alginate (Unspecified Function)

Alginate is frequently incorporated into agricultural formulations in supporting roles where its
specific function is not explicitly highlighted but contributes significantly to product performance.
Many commercial bioformulations include alginate as a stabilizing or viscosity-enhancing agent,
improving shelf-life, ease of handling and the physical stability of suspended biological or chemical
inputs [66]. Alginate has also been employed as a binder in foliar sprays and soil amendments, where
it enhances adhesion, persistence and uniform distribution of active compounds on plant surfaces
[54]. These examples demonstrate that even when not serving as the primary active component,
alginate plays a crucial role as an excipient that improves formulation quality and overall agricultural
efficacy.

2.1.3.5.2. Miscellaneous: Pest Monitoring and Culture Protection

Alginate has also been applied in innovative pest management approaches. Alginate capsules
containing volatile attractants have been tested for monitoring Drosophila suzukii in cherry orchards,
increasing trap efficiency while reducing the environmental footprint associated with conventional
formulations [67]. In parallel, alginate-based hydrogels integrated with silver nanoparticles have
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provided both antimicrobial protection and plant growth-promoting effects, functioning as dual-
action materials for culture health management [68]. These developments reveal alginate’s
adaptability in supporting novel strategies for pest surveillance and integrated culture protection.

2.1.4. Trends and Emerging Topics Research

Recent research has expanded alginate applications into cutting-edge agricultural technologies.
Advances in nanotechnology have enabled the creation of alginate-based nanocomposites for smart,
stimuli-responsive delivery of agrochemicals, designed to release payloads under specific pH or
enzymatic conditions [2]. Furthermore, alginate has been incorporated into biosensor platforms
aimed at monitoring soil moisture, nutrient availability and other key parameters relevant to
precision agriculture [51]. These emerging approaches illustrate the growing convergence between
materials science and digital agriculture, positioning alginate as a foundational component in next-
generation agricultural systems.

2.2. Patentometric Analysis

Building upon the scientific trends identified in the bibliometric analysis, a patentometric
evaluation was conducted to determine how these research advances translate into technological
innovation and intellectual property protection. This complementary analysis reveals the maturity,
industrial relevance and commercial trajectory of alginate-based technologies within the agricultural
sector.

2.2.1. Patent Landscape of Alginate Hydrogel-Based Technologies

Figure 4 presents the global patent landscape for alginate-based technologies, including the
geographic distribution of patent families and the main applicants ranked by number of filings. China
overwhelmingly dominates the field, accounting for 423 of the 460 patent families identified. This is
consistent with the top 10 assignees, all of which correspond to Chinese companies, universities,
research institutes or independent inventors, highlighting the country’s strategic emphasis on
intellectual property protection for alginate-related agricultural innovations.

A distant second is South Korea (11 families), followed by Russia (8), the United States (5),
Mexico and Japan (3 each), and the WIPO and European Patent Office (2 each). Malaysia and Romania
contribute a single patent family. This distribution reveals a highly asymmetric technological
development pattern concentrated in Asia, particularly China.

Table 3 summarizes the top 10 IPC codes, which largely correspond to agrochemical mixtures
(fertilizers, biocides, plant growth regulators, insecticides), biotechnological products containing
microorganisms or fermentation derivatives, and seed treatment technologies. These classifications
indicate that patented innovations are strongly aligned with controlled-release systems and
biologically active formulations.

Table 3. Top 10 international patent classification codes for patent families filed between 2001 and 2024.

IPC codes Description Mentions

C05G 3/00 Mixtures of one or more fertilizers with non-fertilizer additives. 80

CO5G 3/80 Mixtures of one or more fer.tilizers.vtiith non-fertilizer additives 56
(...): Soil conditioners.

Biocides, pest repellants or attractants, or plant growth
AOQ1IN 43/16 regulators, containing heterocyclic compounds (...) having 43
oxygen as a ring hetero atom.

A01P 7/04 Insecticides. 33
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Biocides, pest repellants or attractants, or plant growth
regulators, containing heterocyclic compounds (...) containing
several defining heterocycles condensed among themselves or

with a common carbocyclic system.

AO1IN 43/90 32

Biocides, pest repellants or attractants, or plant growth
regulators, characterized by their form, inactive ingredients, or
AOQ0IN 25/28  methods of application; Substances reducing the noxious effects 19
of the active ingredients on organisms other than pests (...)
microcapsules.

Biocides, pest repellants or attractants, or plant growth
regulators, containing microorganisms, viruses, microscopic
AOQIN 63/22 fungi, animals, or substances produced by, or obtained from, 19
microorganisms, viruses, microscopic fungi, or animals, e.g.
enzymes or fermentation products (...) Bacillus.

Microorganisms, e.g. protozoa; Compositions comprising them;
preparation of medicinal compositions containing bacterial
antigens or antibodies; Processes for culturing or preserving

C12N 1/20 _ . s .
microorganisms, or compositions containing them; Processes for

18

the preparation or isolation of a composition containing a
microorganism; Culture media (...) Bacteria.

AOQ1P 21/00 Plant growth regulators. 18

Apparatus, or methods of use thereof, for testing or treating
A01C 1/06 grain, roots, or the like, prior to sowing or planting (...) Coating 15
or dressing of seeds.

Among the largest patent families defined by the number of national applications three stand
out: [69] (29 documents), [70] (28 documents), and [71] (24 documents). These relate respectively to
seed-coating alginate formulations, in-furrow seed treatment, and alginate-coated agrochemical
granules. Notably, [70] reaches the widest international protection, with filings in 18 jurisdictions.

However, technological relevance is better reflected by citation counts than by family size. The
most cited patents [72] (38 citations), [73] (31 citations), and [74] (29 citations) involve alginate film
coatings for mushrooms, sodium alginate-based nanocomposites for soil treatment, and seed-coating
agents incorporating biomass carbon and alginate. These highly cited patents, all originating from
Chinese universities, indicate China’s central role in defining foundational technologies upon which
subsequent innovations are built.

2.2.2. Categorization of Patent Families According to Clustering Categories

Figure 5 presents the categorization of patent families according to the same clustering
framework applied to scientific publications. Encapsulation and controlled-release systems represent
the dominant technological domain (175 families; 38%). Within this group, formulations containing
fertilizers, bioactive compounds and related agents are most prevalent (97 families), followed by
encapsulation of microorganisms and spores (56 families) and seed encapsulation (22 families).
Importantly, two of the most cited global patents [73] and [74] fall within this category, reinforcing
its technological relevance. Most IPC codes associated with this group refer to agrochemical or
microbial mixtures delivered as hydrogels or similar controlled-release matrices.

The second largest technological domain corresponds to soil and water treatment (163 families;
35.5%). The prevalence of patents related to fertilizers derived from algal extracts or alginate
oligosaccharides (59 families) indicates the expanding use of alginate as both a functional

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202511.1937.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 25 November 2025 doi:10.20944/preprints202511.1937.v1

12 of 28

biostimulant and a carrier for active compounds. Additional filings include soil amendments and
conditioners (56 families), bioremediation technologies (30 families) and hydrogels for water
retention (17 families), reflecting a clear trend toward integrated soil restoration strategies and
circular agricultural practices. These technologies leverage alginate’s water retention, soil-structuring
and microbe-supporting properties.

a) 8,04%

91,96%

B China BOthers

Wang Dehe
Wang Sumin
Nanjing Agricultural University

Guangdong Ocean University

Shenzhen Batian Ecotypic Engineering CO
LTD

Shandong Academy of Agricultural Sciences

Applicants

University Hainan

Shaanxi Meibang Pesticides CO

Zhejiang Sega Science and Technology CO
LTD 1 |

0 5 10 15
Patent families number (n)

Figure 4. Patent landscape of alginate-based technologies: (1) Geographic distribution of alginate-related patent
families by office or jurisdiction where the first application for the patent family was filed. (b) Top 10 main

applicants ranked by number of alginate-related patent families.

Postharvest technologies and biodegradable packaging accounted for a smaller portion of
patents (15 families; 3.3%), though their relevance is exemplified by the most cited patent globally
[72], which relates to edible alginate-based coatings for mushroom preservation. Other patents in this
category address biodegradable packaging films and postharvest treatment inserts.
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In vitro and soilless cultivation represented a limited share (8 families; 1.7%), with equal
contributions from alginate-based tissue culture materials and substrates for hydroponic systems.

Finally, the “other applications” group comprised 99 families (21.5%), most of which describe
agricultural formulations containing alginate without a clearly specified functional role (86 families).
This suggests that alginate is frequently included as an excipient improving viscosity, adhesion,
stabilization or structural properties —even when not explicitly identified as the active component.

I Microorganisms and spores

Encapsulation and controlled release " o o
Fertilizers, bioactive compounds, and similar

Il Seeds
I Soil amendments and improvers

M Hydrogels for water absorption and retention

Treatment of agricultural soils and water . " ) )
[ Bioremediation of agricultural soils and water

I Fertilizers made from algae extracts or alginate oligosaccharides
Edible coatings
Post-harvest treatments, biodegradable packaging and containers (...) = = Biodegradable containers and packaging
Other post-harvest treatments

= In vitro cultivation

In vitro and soilless cultivation == } ——
— Substrates for soilless cultivation

Other applications I Agricultural formulations with alginate (unspecified function)

M Others

Figure 5. Sankey diagram of the distribution categories and subcategories identified for families patent filled
between 2001 and 2024. Figure created using SankeyMATIC.

2.2.3. Technological Development Areas According to Clustering Categories

2.2.3.1. Encapsulation and Controlled Release of Microorganisms and Agrochemicals

2.2.3.1.1. Encapsulation and Controlled Release of Microorganisms and Spores

Patents in this category reveal a shift from simple bead-type encapsulation toward engineered
systems that enhance microbial stability and targeted delivery. Representative inventions include in
situ film formation directly on leaves ([75]), bioinspired adhesive matrices incorporating dopamine
[76], and core-shell structures integrating biochar with alginate—chitosan for improved microbial
protection [77]. Some technologies address extreme environments, combining alginate hydrogels
with exopolysaccharide-producing bacteria to improve soil structure under arid conditions [78].
Collectively, these patents reflect increasing sophistication toward multifunctional and stress-
resilient microbial delivery systems.

2.2.3.1.2. Encapsulation and Controlled Release of Fertilizers and Bioactive Compounds

Technological development in this subcategory emphasizes nanostructuring and stimulus-
responsive release. Light-activated systems incorporating rare-earth ions ([79] exemplify active
delivery mechanisms, while nanocapsules generated via microemulsion templating improve
solubility and uptake of hydrophobic agrochemicals [80]. Efforts to minimize environmental
contamination include chemically modified alginates, such as cholesterol-grafted copolymers
designed to adsorb pesticides and reduce leaching [81]. These patents demonstrate a transition
toward high-precision and environmentally conscious agrochemical formulations.

2.2.3.1.3. Encapsulation and Controlled Release of Seeds
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Seed-related innovations increasingly rely on biomimetic architectures and nanotechnology.
Examples include dual-layer artificial seeds designed to mimic protective seed coats [82] and alginate
matrices stabilizing selenium nanoparticles to enhance germination and early vigor [83].
Additionally, inventions aimed at improving sowing efficiency —such as wax-coated gel spheres that
standardize micro-seed size [84] highlight alginate’s relevance in seed handling and precision
agriculture.

2.2.3.2. Soil and Water Treatments

2.2.3.2.1. Soil Amendments and Conditioners

Patents in this group focus on replacing synthetic mulches and improving soil structure.
Examples include in situ formation of biodegradable mulch films via alginate—calcium reactions [85]
and self-healing agricultural films combining alginate with PLA [86]. Alginate also appears as a key
binder in substrates for slope restoration and erosion control [87]. These technologies emphasize
sustainable alternatives to conventional soil covers and structural conditioners.

2.2.3.2.2. Hydrogels for Absorption and Water Retention

Innovations highlight advanced hydrogel architectures that couple moisture retention with
controlled release of actives. Representative designs include sandwich-like structures separating
water absorption layers from pesticide-releasing cores [88] and core-shell hydrogels that encapsulate
nutrient-rich biomass residues [89]. Advances in gelation chemistry, such as EDTA-mediated
crosslinking at neutral pH [90], address stability and soil compatibility limitations of traditional
hydrogels.

2.2.3.2.3. Bioremediation of Agricultural Soils and Waters

Alginate-based systems play a growing role in remediation, often integrating adsorbent or
catalytic materials. Examples include iron-crosslinked hydrogels that capture phosphates and
repurpose them as fertilizers [91], alginate-biochar-TiO: composites for arsenic adsorption [92], and
magnetic or floating structures that facilitate post-treatment recovery of adsorbents [93]. These
technologies combine pollutant removal with material recovery and resource circularity.

2.2.3.2.4. Fertilizers from Algal Extracts and Alginate Oligosaccharides

Patents using alginate oligosaccharides emphasize their roles as biostimulants, stress-mitigation
agents and enhancers of rhizosphere activity. For instance, [94] describes oligosaccharide-mediated
stimulation of beneficial bacterial motility, while [95] and [96] propose their use to counteract
herbicide phytotoxicity or damage from immature organic amendments. These technologies position
oligosaccharides as active contributors to culture resilience.

2.2.3.3. Postharvest Treatments and Biodegradable Packaging for Agricultural Products

2.2.3.3.1. Edible Coatings

Patents extend alginate coatings beyond passive barriers, incorporating self-repair functions
[97], microbial consortia for biological preservation [98], and fat-absorption-modulating films that
improve fried vegetable quality [72]. These systems enhance shelf life while adding functional
properties to edible coatings.

2.2.3.3.2. Biodegradable Packaging

Alginate is increasingly integrated into active and structurally enhanced packaging materials.
Innovations include films that modulate gas exchange for controlled respiration of fruits [99],
coatings that release preservatives during storage [100], and solid biodegradable containers produced
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from biomass residues bound with alginate [101]. These patents illustrate alginate’s role in
sustainable packaging transitions.

2.2.3.3.3. Other Postharvest Treatments

Additional patents propose cryoprotective alginate—calcium matrices that reduce damage
during freeze—thaw cycles [102], oxygen-scavenging films incorporating glucose oxidase to delay
browning [103], and alginate derivatives used both for flavor retention and removal of pesticide
residues in plant infusions [104]. These multifunctional systems address several preservation
challenges simultaneously.

2.2.3.4. In Vitro and Soilless Cultivation

2.2.3.4.1. In Vitro Cultivation

Patents demonstrate alginate’s utility in controlling the microenvironment of explants.
Representative inventions include fungicide-loaded alginate matrices for persistent disinfection
[105], anti-browning coatings that reduce oxidative stress [106], and nutrient-enriched encapsulation
systems that support regeneration of small tissues such as meristems [107]. These technologies
enhance sterility, viability and regeneration in tissue culture.

2.2.3.4.2. Substrates for Soilless Cultivation

Technological progress includes composite hydrogels for vertical farming that integrate water
retention, ion buffering and microbial activity [108], the valorization of plant ash into alginate-
modified substrates [109], and alginate-agarose matrices that prevent pathogen spread in
recirculating systems [110]. These innovations align with sustainable controlled-environment
agriculture.

2.2.3.5. Other Applications of Alginate in Agriculture

2.2.3.5.1. Agricultural Formulations with Alginate (Unspecified Function)

These patents incorporate alginate as a standard excipient (e.g., thickener, stabilizer or binder)
without introducing structural or mechanistic innovations. Their presence reflects routine
formulation use rather than technological advancement.

2.2.3.5.2. Miscellaneous: Pest Monitoring and Culture Protection

Emerging applications include alginate-based biosensors—for example, fluorescence devices
produced via 3D printing for heavy-metal detection [111] and enzymatic electrochemical sensors for
pesticide monitoring [112]. Additional patents propose anti-fog greenhouse films [113] and advanced
delivery vehicles ranging from superabsorbent “wicks” for insecticides [114] to volatile-release
capsules for attracting beneficial insects [115].

2.2.4. Technological Development Trends and Emerging Technologies

The patent analysis shows that alginate-based technologies have evolved from conventional
hydrogel applications toward more advanced and multifunctional engineered materials. Five major
innovation trends were identified.

First, architectural evolution is evident in the transition from homogeneous beads to
hierarchical structures such as core-shell, multilayer and biomimetic systems that enhance
protection, spatial control of release and mechanical stability.

Second, nanotechnology and chemical modification are increasingly integrated, with alginate
matrices stabilizing nanoparticles or being chemically modified to create amphiphilic or functional
copolymers, improving agrochemical delivery, pollutant adsorption and stress tolerance.
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Third, smart and stimulus-responsive systems are emerging, including light-triggered release,
self-healing coatings for fruits and greenhouse plastics, and biosensing platforms for monitoring
contaminants or environmental conditions.

Fourth, in situ hydrogel formation represents a disruptive trend in which crosslinking occurs
directly on plant surfaces or in soil, reducing manufacturing and transport requirements while
improving adaptability and coverage under field conditions.

Finally, multifunctional composites aligned with circular-economy principles are gaining
relevance, particularly formulations combining alginate with biochar, ash or other agricultural
residues to create materials capable of simultaneous water retention, soil improvement and pollutant
remediation. Together, these trends illustrate a clear technological shift toward more integrated,
intelligent and sustainable alginate-based agricultural innovations.

2.2.5. Comparative Analysis of Scientific and Technological Production

Figure 6 presents the annual distribution of scientific publications (266 articles) and patent
families (460) related to alginate applications in agriculture between 2001 and 2024. The dataset
reveals distinct phases in the co-evolution of research and innovation. From 2001 to 2010, both
scientific and technological outputs were minimal, with fewer than 10 documents per year. A first
inflection point appeared in 2008, driven primarily by an increase in patent filings (15 families) related
to controlled-release systems and soil conditioners, while scientific output remained comparatively
low.

Between 2011 and 2017, patent activity expanded markedly reaching a peak of 50 families in
2017 whereas scientific publications grew more moderately, with only 14 articles reported that same
year. This asymmetry indicates a period in which industrial development and intellectual property
protection advanced faster than academic research, particularly in formulations involving
encapsulation, fertilizers and microbial delivery.

A shift occurred after 2018. Patent filings stabilized between 22 and 49 families per year, but
scientific publications increased sharply, surpassing patent activity for the first time in 2021 (31
articles vs. 27 patent families). This trend persisted through 2022-2024, culminating in 2024 with the
highest scientific productivity of the entire period (59 articles), while patent activity also remained
strong (49 families). Overall, the combined dataset comprises 460 patent families and 266 scientific
articles.

These results demonstrate a progressive convergence between academic knowledge generation
and technological development. Early dominance of patent activity reflects initial industrial
leadership in alginate-based technologies. In contrast, the surge of scientific publications after 2018
indicates the consolidation of mechanistic understanding particularly regarding alginate structure—
function relationships and hydrogel performance which has reinforced translational innovation. The
parallel rise of publications and patent families in recent years highlights a growing synergy between
academia and industry, positioning alginate as a key biomaterial for sustainable and bio-based
agricultural technologies.
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Figure 6. Annual distribution of scientific publications (266 articles) and patent families (460) related to alginate

applications in agriculture between 2001 and 2024.

Notably, the categories and subcategories with the highest production volume align between
scientific articles and patent families. It is noteworthy that, while temporal growth trends coincide in
both documentary groups, the volume of patent families exceeds that of scientific articles by 1.7 times.
This finding is counter-intuitive to the traditional R&D model, where a broad base of fundamental
research would be expected to support a smaller number of protectable technological applications.
This discrepancy becomes even more relevant when considering that only a minority fraction of
academic research has reached experimental field validation.

The dominance of intellectual property not only underscores the immediate commercial
applicability of alginate in agriculture but also evidences that patents constitute a critical reservoir of
cutting-edge technology frequently ignored by academia. The omission of this source in bibliographic
citations could be introducing a significant bias in the definition of the state of the art. Consequently,
a systematic review integrating patent knowledge is indispensable to reorient scientific research lines
towards designs with greater technology transfer potential.

3. Conclusions and Future Directions

Alginate-based hydrogels have emerged as versatile, biodegradable materials with strong
potential to support sustainable agriculture. The 2001-2024 bibliometric and patentometric analysis
shows a clear convergence between scientific research and technological innovation, with
encapsulation and controlled-release systems leading both domains, followed by soil and water
treatment applications. Although postharvest technologies, tissue culture, and biodegradable
packaging are still developing, they represent promising areas for future growth. A key limitation is
the limited number of field-scale studies, indicating the need for multidisciplinary efforts that
integrate materials science, agronomy, and environmental engineering. Looking ahead, advances in
stimuli-responsive hydrogels, nanocomposites, and in situ gelation are expected to drive the next
generation of alginate-based technologies, reinforcing their role in climate-resilient and resource-
efficient agricultural systems.

4. Materials and Methods

4.1. Bibliometric Analysis of Scientific Production on Alginate Applications in Agriculture
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4.1.1. Data Collection and Processing

The bibliographic search was conducted in the Web of Science (WOS) database to retrieve
scientific documents related to the technological applications of alginate in agriculture. The following
search equation was applied:

TS = ((alginate OR  “alginic acid”) AND agric)* 1)

Only documents classified as research articles and published between 2001 and 2024 were
considered. The records were filtered by relevant research areas, including Biotechnology Applied
Microbiology, Agriculture Multidisciplinary, Agronomy, Food Science Technology, Applied
Chemistry, Plant Sciences, Soil Science, Entomology, Environmental Sciences, Agricultural
Engineering, Microbiology, Horticulture, Environmental Engineering, Marine Freshwater Biology,
Nutrition & Dietetics, Biology, Forestry, Ecology, Green & Sustainable Science Technology, Polymer
Science, Materials Science Coatings & Films, and Mycology.

After refining the dataset and excluding documents not directly related to the scope of the study,
a total of 266 relevant articles were identified.

4.1.2. Clustering Analysis

Analysis clustering was performed using VOSviewer software. Thematic clusters were
identified based on keyword co-occurrence, links and total link strength (TLS). “Occurrences”
indicate the number of times a term appears in the title, abstract, or keywords of a scientific article.
On the other hand, “link” indicates the number of other keywords in the network with which a
keyword is connected (i.e., with which it co-occurs at least once). Finally, “TLS” is the most important
metric. It measures the centrality and importance of a keyword across the entire network. A high TLS
score means the topic is a central hub connecting many other areas.

4.1.3. Categorization of Scientific Documents According to Clustering Categories and Validation
Levels

Based on the clustering of scientific publications performed with VOSviewer, a number of
categories of technologies with their respective subcategories were established, which were
subsequently applied to classify both the retrieved scientific documents. In addition, to determine
the level of technological maturity, the technologies reported in scientific publications were classified
according to their degree of experimental validation, considering the following categories: In vitro
tests, semi-controlled condition tests, and field trials. In this case, for in vitro tests, testing level
laboratory-level tests, mainly in vitro and under controlled conditions, were considered [116,117]. For
semi-controlled conditions, culture trials with soil or artificial substrates in pots [118,119], trays [120],
bags [121], or similar containers [122], or in climate-controlled chambers under semi-controlled
conditions [40] were considered. Finally, for field trials, culture trials on agricultural land under
environmental conditions [123,124] were considered.

4.2. Patentometric Analysis of Technological Applications of Alginate in Agriculture

4.2.1. Data Collection and Processing

The patent search was carried out using the European Patent Office (EPO) database -
ESPACENET (https://worldwide.espacenet.com/) to identify patents related to the use of alginate in
agriculture. In this database, the search results are organized by patent families, defined as groups of
patent applications sharing the same original or priority filing date but submitted across different
jurisdictions or intellectual property offices.

The following search Equation 2 was applied:

(ti="alginate” OR ti = “alginic acid” OR ab = “alginate” OR ab ="alginic acid”) AND (ti = “agric”
OR ab = “agric”)** 2)
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Patent families with original or priority filing dates between 2001 and 2024 were selected. It
should be noted that a single patent family may include more than one individual patent document.
After refining the dataset and excluding documents not directly related to the scope of the study, a
total of 460 relevant patent families were identified.

4.2.2. Patent Landscape of Alginate Hydrogel-Based Technologies

The following information was determined at the global level:
e  Main jurisdictions of patent filing.
e Leading applicants.
e  Main International Patent Classification (IPC) codes.
e  Patent families with the highest number of applications.
e  Specific patent documents with the highest number of citations in other patents.

4.2.3. Categorization of Patent Families According to Clustering Categories

Based on the clustering of scientific publications performed with VOSviewer, categories of
technologies with their respective subcategories were established and were applied to classify the
retrieved patent families.
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