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HIGHLIGHTS

• Safer and biodegradable nano/micro-supramolecular biopolymers transform farming practices.

• Supramolecular biopolymers improve soil structure, water retention, and plant nutrient uptake.

• Encapsulation of bioactive compounds and their controlled release by nano/micro-supramolecular biopolymers enables targeted delivery.

• Biopolymer networks can potentially be embedded in biosensors for crop protection goals.

ABSTRACT Sustainable agriculture plays a crucial role in meeting the growing 
global demand for food while minimizing adverse environmental impacts from the 
overuse of synthetic pesticides and conventional fertilizers. In this context, renewable 
biopolymers being more sustainable offer a viable solution to improve agricultural 
sustainability and production. Nano/micro-structural supramolecular biopolymers are 
among these innovative biopolymers that are much sought after for their unique fea-
tures. These biomaterials have complex hierarchical structures, great stability, adjusta-
ble mechanical strength, stimuli-responsiveness, and self-healing attributes. Functional 
molecules may be added to their flexible structure, for enabling novel agricultural uses. 
This overview scrutinizes how nano/micro-structural supramolecular biopolymers may 
radically alter farming practices and solve lingering problems in agricultural sector 
namely improve agricultural production, soil health, and resource efficiency. Controlled bioactive ingredient released from biopolymers allows 
the tailored administration of agrochemicals, bioactive agents, and biostimulators as they enhance nutrient absorption, moisture retention, 
and root growth. Nano/micro-structural supramolecular biopolymers may protect crops by appending antimicrobials and biosensing entities 
while their eco-friendliness supports sustainable agriculture. Despite their potential, further studies are warranted to understand and optimize 
their usage in agricultural domain. This effort seeks to bridge the knowledge gap by investigating their applications, challenges, and future 
prospects in the agricultural sector. Through experimental investigations and theoretical modeling, this overview aims to provide valuable 
insights into the practical implementation and optimization of supramolecular biopolymers in sustainable agriculture, ultimately contributing 
to the development of innovative and eco-friendly solutions to enhance agricultural productivity while minimizing environmental impact.
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Additionally, these biopolymers can engage in reversible 
supramolecular interactions, enabling dynamic behaviors 
like self-repair and responsiveness to external stimuli. 
Their inherent flexibility allows them to function effectively 
in various scenarios, making them valuable in controlled 
release systems and drug delivery platforms. Compared to 
standard biopolymers, their enhanced biodegradability holds 
remarkable significance in several appliances, particularly in 
controlled release systems [21, 22].

This new generation of biopolymers is formed through 
non-covalent interactions, such as hydrogen, chalcogen, 
halogen bonding, electrostatic interactions, and hydrophobic 
interactions, enabling intricate network assembly [23–25]. 
These supramolecular biopolymers exhibit unique proper-
ties, including high stability, tunable mechanical strength, 
stimuli-responsiveness, ease of functionalization, and self-
healing [26, 27]. Their structural versatility allows the incor-
poration of various functional molecules, such as enzymes, 
growth factors, and antimicrobial agents, further expand-
ing their applications [28]. Supramolecular biopolymers 
are increasingly recognized as promising biomaterials for a 
wide range of applications, including but not limited to bio-
medical and agricultural fields [29–31]. Despite the afore-
mentioned advantages, they encounter several complexities, 
and constraints, a significant obstacle being their evalua-
tion procedure. Evaluating the aggregation mechanism in 
supramolecular polymerization is an intricate process, as 
the concentration of the oligomers can significantly impact 
the extent of aggregation [32] thus necessitating meticulous 
management and measurement. The biological properties 
of certain biopolymers, such as proteins, rely on 3D third-
dimensional structures [33]. These exceptional and dynamic 
structures are achieved through carefully designed folding 
processes of polypeptide chains encoded by sequences, 
with the help of various noncovalent connections within the 
chains. However, replicating this folding process to create 
higher-order structures is extremely difficult for supramo-
lecular polymers. In order to synthesize such copolymers, it 
is necessary to develop appropriate methods for combining 

1 Introduction

The requisite for sustainable agriculture is driven by several 
issues, such as growing populations, finite resources, and 
environmental concerns. The use of agrochemicals, exces-
sive water consumption, and soil deterioration are common 
in traditional farming methods, which harm ecosystems and 
human health [1]. Sustainable agriculture is an ecological 
approach to food production that aims to minimize envi-
ronmental impacts, conserve natural resources, and protect 
biodiversity for the long term [2, 3]; it ensures food secu-
rity, reduces the effects of climate change, and promotes 
a healthier ecosystem [4, 5]. Consistent with the ideals of 
sustainable agriculture, ongoing efforts are being made to 
investigate inventive approaches that can improve the sus-
tainability and productivity of farming methods. An emerg-
ing alternative that has garnered considerable interest in 
recent years is the utilization of biopolymers in the field 
of agriculture [6], mainly owing to their capacity to aug-
ment sustainability and productivity as they offer a more 
sustainable approach to agriculture [7, 8]. They are derived 
from renewable resources such as plants [7, 9, 10], microbes 
[11], animals [12–14], sea sources [15, 16], or biomass [17] 
and are biodegradable, thus minimizing their environmental 
effects. Biopolymers can reduce reliance on non-renewable 
resources, reduce pollution from chemical fertilizers and 
pesticides, and minimize the soil erosion and nutrient runoff 
[18–20]. Emerging from ongoing scientific developments 
in biopolymer research, a novel category of biopolymers 
known as nano/micro-structural supramolecular biopolymers 
has been developed.

The advent of nano/micro-structural supramolecular 
biopolymers has significantly transformed several domains, 
presenting unparalleled prospects for their advanced appli-
cations. They refer to a class of biomaterials composed of 
complex, hierarchical structures at the nano- and micro-
scale levels. These novel biopolymers possess unique quali-
ties compared to regular polymers, notably in terms of their 
natural propensity for self-assembly, a trait that results in 
highly organized structures, providing increased stability. 
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chemically different monomers that can generate distinct 
domains. Due to the inherent tendency of these monomers 
to separate themselves, construction of these unique supra-
molecular block copolymers poses a challenge [34]. Not-
withstanding these obstacles, the domain of supramolecu-
lar biopolymers is growing, and scientists are investigating 
novel approaches to surmount these constraints and create 
materials with enhanced functionality.

The agricultural industry is currently facing significant 
challenges. However, the distinctive characteristics and 
potential of nano/micro-structural supramolecular biopol-
ymers offer a promising opportunity to modernize the 
approach and practice of agriculture. Indeed, the potential 
of nano/micro-structural supramolecular biopolymers in 
agriculture can be a great transformation as these innovative 
networks hold promise for addressing several challenges the 
agricultural industry presently encounters. They can radi-
cally reform farming practices, enhance crop productivity, 
improve soil health, and contribute to sustainable agricul-
ture. These systems enhance nutrient absorption, nutrient 
utilization, and soil structure, promoting moisture retention, 
aeration, root development, water use efficiency, and reduced 
irrigation needs [35–37]. These biopolymers can enhance 
plant defenses against pests and diseases by incorporating 
antimicrobial agents and immune-stimulating compounds, 
thus reducing reliance on chemical pesticides [38, 39]. The 
use of these novel biopolymer networks in crop protection 

is also noteworthy in view of their potential utilization as 
biosensors; they can be used as coatings on transducers, 
influence the immobilization and stabilization of biologi-
cal elements and reduce non-specific interactions with the 
sample matrix [40]. Moreover, these biopolymers are in line 
with sustainable agriculture practices as they minimize envi-
ronmental impact, promote resource efficiency, and serve 
as eco-friendly alternatives to synthetic materials [41]. Fig-
ure 1 depicts the potential of supramolecular biopolymers 
for enhancing sustainable agricultural.

Notwithstanding the demonstrated significant promise 
in profoundly altering agriculture and addressing critical 
complications, there is dearth of additional understanding 
regarding their precise uses and tactics for optimization. 
Although the current body of literature mostly centers on 
synthesis and characterization of supramolecular biopoly-
mers and their utilization in medicine, there is a noticeable 
paucity of research examining their potential applications 
in the agricultural sector. Hence, due to the lack of exten-
sive study on the specific applications of these unique gen-
erations of biopolymers in the context of various farming 
practices, it is imperative to address this knowledge gap to 
promote sustainable agriculture by examining their specific 
uses. The present overview initially presents fundamental 
scientific knowledge about supramolecular biopolymers, 
highlighting them distinctively from conventional polymers, 
elucidating their structural characteristics, and exploring 

Fig. 1  The potential of supramolecular biopolymers for enhancing sustainable agriculture
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their applications in the development of hydrogels with 
emphasis centering around utilization in agriculture. Fur-
thermore, this analysis investigates the potential of nano/
micro-structural supramolecular biopolymers as biosensors 
in crop protection applications, including challenges and 
future prospects for their deployment in agriculture. Through 
experimental investigations and theoretical modeling, this 
enquiry provides valuable insights into the practical imple-
mentation and optimization of supramolecular biopolymers 
in sustainable agriculture. The outcomes will help contribute 
to the development of innovative and eco-friendly solutions 
for enhancing agricultural productivity while minimizing the 
environmental impact.

2  How do Supramolecular Biopolymers Differ 
from Conventional Polymers?

Supramolecular biopolymers differ from conventional pol-
ymers in their molecular structure and behavior (Fig. 2). 
Conventional polymers typically comprise covalently 
bonded repeating units, forming long, chain-like struc-
tures and encompassing fixed molecular weights and well-
defined chemical compositions [42]. On the other hand, 
supramolecular biopolymers are formed through non-cova-
lent interactions, such as hydrogen bonding, � − � stack-
ing, metal–ligand coordination, host–guest interactions 
and hydrophobic interactions [43], which allow them to 
self-assemble into higher-order structures, such as heli-
ces, fibers, or gels; proteins, nucleic acids, and polysac-
charides are examples of supramolecular biopolymers [26]. 
They often display dynamic and reversible behavior, as 
the non-covalent interactions can be disrupted or reestab-
lished under appropriate conditions. This flexibility endows 
new biopolymer materials with many attractive properties, 
including ease of synthesis and functionalization, structur-
ally responsive nature, and the possibility of incorporat-
ing an array of assorted ligands via co-assembly of the 
building blocks [44]. In contrast, conventional polymers 
have more rigid structures and limited ability to external 
cues or self-repair [45]. It can be concluded that supra-
molecular polymers offer three main advantages. Firstly, 
the reversibility of their non-covalent interactions allows 
for easy modification and recovery of the polymer. They 
also exhibit a wide range of response capabilities to differ-
ent stimuli. Secondly, supramolecular biopolymers have 

superior environmental adaptability and resilience com-
pared to other polymer types. Furthermore, research has 
discovered that supramolecular polymers can engage in 
covalent crosslinking to create shape-memory materials. 
Thirdly, the formation process of supramolecular polymers 
in a water system indicates that the primary factors respon-
sible for their formation are hydrophobic, electrostatic, and 
ionic-dipole interactions [46].

3  Supramolecular Structures

The supramolecular structure of biopolymers, such as 
proteins, nucleic acids, and polysaccharides, is crucial for 
their properties and functions. For instance, proteins are 
composed of amino acid building blocks and exhibit sev-
eral levels of supramolecular organization. The primary 
structure represents the linear sequence of amino acids, 
while the secondary structure involves the local folding 
patterns, such as alpha-helices and beta-sheets; hydro-
gen bonds and other non-covalent interactions stabilize 
these secondary structures. The tertiary structure refers 
to the spatial arrangement of the secondary structure ele-
ments, and the quaternary structure describes the assembly 
of multiple protein subunits into a fully functional pro-
tein complex. Through these hierarchical arrangements, 
proteins acquire their specific shapes and functions [47] 
and similarly nucleic acids also possess a supramolecu-
lar structure; DNA, the genetic material, adopts a dou-
ble-helical structure formed by the complementary base 
pairing between nucleotides. Hydrogen bonding between 
adenine, thymine, cytosine, and guanine stabilizes this 
double helix structure. The twisted arrangement of the two 
DNA strands allows for efficient packaging and accessi-
bility of genetic information during processes like DNA 
replication and transcription [48]. Polysaccharides, like 
cellulose and chitin, are additional examples of biopoly-
mers encompassing supramolecular structures. Cellulose, 
for instance, forms strong fibers due to extensive hydro-
gen bonding between individual cellulose chains. These 
intermolecular interactions form a highly organized and 
rigid structure, contributing to the strength and rigidity of 
plant cell walls [49]. Thus, the supramolecular structure 
of biopolymers contributes to their unique properties and 
functionalities, including enzymatic activity, information 
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storage, structural support, and recognition capabilities. 
Understanding and manipulating these supramolecular 
structures are essential in various fields, including biotech-
nology, material science, medical science, and agriculture.

Supramolecular biopolymers, including polysaccha-
rides, exhibit a diverse binding mode facilitated by non-
covalent interactions [50]. Polysaccharides, known for 
their remarkable biological and biomedical applications, 
are an exciting class of molecules [51, 52]. Within these 

polymers, inter- and intra-chin interactions along with ion 
pairs, give rise to primary, secondary, tertiary, and quater-
nary structures, resulting in supramolecular architectures. 
These architectures serve as a foundation for various appli-
cations, including agrochemical delivery, to enhance the 
stability and availability of poorly soluble fertilizers and 
pesticides [53]. Supramolecular chemistry mainly relies on 
non-covalent interactions such as metal–ligand coordination, 
hydrogen bonds, hydrophobic, and Van der Waals forces. 

Fig. 2  Covalent and hydrogen bonds that illustration the difference between conventional polymers and supramolecular biopolymers
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These interactions are essential in controlling self-assembly 
processes, including those involved in biological systems. 
Moreover, they serve as a design principle for developing 
innovative products tailored for agricultural and biomedical 
applications [54]. In the context of supramolecular biopoly-
mers, hydrophobized polysaccharides have been synthesized 
to create supramolecular structures in aqueous environments. 
Their interactions with soluble proteins and other molecular 
assemblies, such as liposomes, oil-in-water emulsions, black 
lipid membranes, and monolayers, have been extensively 
studied [55]. These investigations aim to understand and har-
ness the unique binding modes of supramolecular biopoly-
mers, leading to advancements in fields like agrochemical 
delivery of nanopesticides and nanofertilizers.

4  Supramolecular Polymers as Hydrogels

Supramolecular hydrogels, also called physical hydro-
gels, are created through reversible, non-covalent interac-
tions between macromolecules such as biopolymers and 
low-molecular-weight gelators [43]. Typically, supramo-
lecular hydrogels develop in two steps: self-assembly and 
crosslinking. The formation of hydrogen bonds along with 
other interactions such as host-guest, hydrophobic, coordi-
nation, and electrostatic attractions contributes to the sta-
bilization conferred by this structure [56]. The process of 
gel formation can be initiated by a range of chemical (pH 
alteration), physical (light, temperature, magnetic field, and 
ultrasound) factors, and enzymatic reactions [57]. Supramo-
lecular polymers as hydrogels offer several benefits. One 
remarkable benefit of these structures is their capacity to 
self-repair and regain their original characteristics (self-
healing property) by creating reversible non-covalent inter-
actions [58]. Moreover, their inherent biocompatibility and 
biodegradability make them attractive for biomedical and 
agricultural applications. Improving the gelation process 
provides precise control over the hydrogels’ mechanical 
properties, porosity, water retention, and release kinetics, 
tailoring them to specific requirements [59]. Furthermore, 
supramolecular hydrogels possess a distinctive property of 
undergoing a reversible sol–gel transition in response to 
stimuli relevant to biological systems. This unique prop-
erty makes them particularly valuable for the preparation 
of injectable hydrogels, enabling precise delivery of bioac-
tive compounds [43]. This versatility allows hydrogels to 

be applied in diverse areas such as biomedical applications, 
medicine, tissue engineering, environmental engineering, 
and agriculture [60]. Nano-scale hydrogels or nanogels 
based on supramolecular biopolymers have gained signifi-
cant recognition and attention in agriculture due to their 
various beneficial features and potential applications, 
including large surface area, high water retention capac-
ity, controlled and targeted delivery of agrochemicals and 
bioactive agents [61, 62]. Additionally, their nano-scale 
properties enable them to penetrate complex plant tissues, 
exerting their benefits at the cellular level [63].

Research in supramolecular hydrogels is advancing rap-
idly, with ongoing efforts to explore new design strategies, 
optimizing their properties, and broaden their application. 
By harnessing the power of non-covalent interactions, supra-
molecular polymers hold great promise as hydrogels, paving 
the way for innovative solutions in agricultural science and 
beyond.

5  Supramolecular Liquid Crystals

In recent decades, liquid-crystalline polymers, often known 
as LC polymers, have garnered much attention. The well-
designed LC polymer structures can contribute to a wide range 
of disciplines, including new electronics, energy, environment, 
resources, and biotechnologies [64, 65] as their novel develop-
ments have brought attention to their prospective deployment 
in various fields. The term “liquid crystal” (LC) describes a 
phase transition between a solid with a highly organized crys-
tal structure and an isotropic liquid; accordingly, they are com-
monly known as intermediate phases (or mesophases) [66]. 
Liquid crystals, with their hierarchical molecular arrangement 
or ability to self-assemble, offer a foundation for the creation 
of a wide range of nanostructured materials [67, 68]. In addi-
tion, LC-based biosensors are extensively used in diagnos-
tics [69] as they can potentially be incorporated in the design 
biosensors for the diagnosis of phytopathogens. Additionally, 
the self-assembly and molecular arrangement of LCs are 
appealing for creating materials that can respond to stimuli. 
In these materials, modifications in the nanostructure can 
lead to changes in attributes such as form, color, or porosity. 
Therefore, LC polymers have been prominent in the field of 
sustainable agriculture for encapsulating bioactive substances, 
being considered smart and functional materials in view of 
their ability to respond to stimuli features [70–73].
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Furthermore, there are recently developed functional LC 
polymers alongside the formation of covalently linked tradi-
tional LC polymers. Supramolecular hydrogen-bonded liquid 
crystal (LC) polymers have been developed by using supramo-
lecular entities as exemplified by Kato and Frechet who ini-
tially synthesized these polymers by creating complementary 
hydrogen bonds [74]. Due to their selectivity, directionality, 
and dynamic nature, hydrogen bonds are perfect noncovalent 
interactions for the fabrication of supramolecular materials. 
Hydrogen-bonding interactions play a crucial role in directing 
the arrangement of molecules in LC materials and improving 
the durability of polymers. They can also serve as a key factor 
in bestowing materials the capacity to respond to stimuli [75].

Initially, supramolecular hydrogen-bonded LC polymers 
were synthesized by linking side-chain of LC polymers with 
stilbazoles via the benzoic acid groups [74]. Furthermore, 
Kato et al. [76] and van Nunen et al. [77] described the crea-
tion of host–guest liquid crystal supramolecular polymers by 
forming inclusion compounds.

Thus, it can be construed that the organized molecular struc-
ture or self-assembly in supramolecular LCs offers a foun-
dation for creating diverse nanostructured materials. These 
materials have potential applications in agriculture, includ-
ing controlled release systems, intelligent sensors for detect-
ing plant pathogens, and carriers for agricultural chemicals. 
Interestingly, supramolecular LCs possess a dynamic nature 
and exhibit responsiveness to environmental changes, a trait 
that renders them highly suitable for various advanced agricul-
ture appliances. These applications comprise the creation of 
stimuli-responsive and self-healing materials for agricultural 
infrastructure, such as encapsulation goals, as well as the con-
trolled release of fertilizers and pesticides.

6  Difference Between Nano‑ 
and Micro‑Supramolecular Polymers

Nano- and micro-supramolecular polymers are both fascinat-
ing fields of study in material science and chemistry, as they 
differ in size and properties. Micro-supramolecular polymers 
are larger structures, formed by self-assembling larger mac-
romolecules or by aggregating smaller supramolecular units. 
They exhibit higher mechanical strength and larger sizes 
than nano-supramolecular polymers, making them more 
suitable for applications requiring bulk material or macro-
scopic structures. On the other hand, nano-supramolecular 

polymers refer to structures on nano-scale, typically ranging 
from 1 to 100 nm, and comprise smaller molecular units 
or building blocks that assemble into ordered arrangements 
through nan-covalent interactions [78]. Nano-supramolec-
ular polymers often possess unique properties such as high 
surface area, enhanced stability, and tailored functionali-
ties, making them suitable to be applied in agriculture as 
innovative delivery systems [79]. Under specific conditions, 
micro-supramolecular polymers can undergo a remarkable 
transformation, transitioning into nano-supramolecular 
structures. Factors such as alterations in solvent character-
istics, temperature variation, concentration adjustment, or 
the application of external stimuli drive this metamorphosis. 
These diverse factors play integral roles in orchestrating the 
shift from micro- to nano-structures, unraveling unique pos-
sibilities in the realm of supramolecular chemistry [80, 81]. 
It should be considered that depending on the system and the 
nature of the supramolecular structures involved, the specific 
conditions required for this transformation may vary.

7  Potential of Nano/Micro‑Structural 
Supramolecular Biopolymers in Sustainable 
Farming Agriculture

Nano/micro-structural supramolecular biopolymers have 
tremendous potential in transforming agriculture, offering 
a range of applications that can enhance crop protection, 
improve soil health, and mitigate environmental health. 
Their non-toxicity and biodegradability render these 
novel materials appealing to modernized agriculture with 
improved sustainability in farming. Additionally, their ver-
satility makes them central players in defining the future 
of farming [82, 83]. First, these advanced materials act as 
a matrix for developing controlled-release agrochemicals, 
ensuring a steady and targeted nutrient supply to plants 
over an extended period, minimizing waste, and reducing 
frequency use and environmental impact [20]. They can be 
exploited to develop smart nanomaterials that encapsulate 
and deliver agrichemicals such as pesticides, herbicides, 
and fungicides directly to targeted plant tissues. Moreover, 
applying nano/microstructural supramolecular for stimuli-
responsive encapsulation of agrochemicals introduces an 
innovative approach to agriculture. These biopolymers 
have the ability to respond to specific triggers such as 
pH, temperature, moisture rate, and enzymes, improving 
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their efficiency and minimizing the risk of overdosing and 
underdosing [84]. These smart carrier systems also open 
up new possibilities to increase the efficiency and effec-
tiveness of various agricultural agents, including biologi-
cal control agents, other bioactive agents, and plant stimu-
lants [85, 86]. Secondly, incorporating these biopolymers 
into soil amendments enhance soil structure and fertility 
due to superior water retention, promoting nutrient avail-
ability and preventing soil erosion [18, 87]. A critical role 
of nano/micro-structural supramolecular biopolymers is 
their application in soil improvement and nutrient man-
agement. By forming stable nano/micro-networks, they 
improve soil aggregation, which promotes better root 
penetration, aeration, and moisture retention [88]. They 
can act as carriers for fertilizers and slow-release agents, 
improving nutrient efficiency and reducing potential 
environmental impacts such as nutrient volatilization and 
leaching [89]. In sustainable agriculture, water scarcity is 
a significant concern. In the context of water management 
strategies, these superabsorbent structures enhance water 
retention in the soil, particularly in arid and drought-prone 
regions, thus reducing irrigation requirements and enhanc-
ing water-use efficiency [90]. Thirdly, coating seeds with 
supramolecular biopolymers protects against biotic and 
abiotic stresses. Slow-release coatings also offer a sustain-
able release of nutrients, pesticides, and growth-promoting 
components, providing better germination and seedling 
growth [91]. These structures also contribute to develop-
ing eco-friendly and biodegradable packaging materials 
that can potentially replace conventional plastic packaging 
and decrease the environmental contamination [92]. By 
utilizing renewable resources, they promote a more sus-
tainable strategy in the agricultural industry. For example, 
Ma et al. [93] developed a hydroxypropyl cellulose-modi-
fied Uio-66 for pyraclostrobin delivery wherein the system 
exhibited a good biological safety, and did not have any 
detrimental effect on the soil microbial community, normal 
growth of the target rice crop and non-target organisms 
especially Daphnia magna, was observed with a toxicity 
of 4.6 times lower than that of PYR-TC after 48 h.

By exploiting the application potential of nano/micro-
structural supramolecular biopolymers, agriculture can 
embrace sustainability and efficient practices while reducing 
the environmental impact. Table 1 summarized a variety of 
supramolecular biopolymers, their formulation, and targeted 
appliances.

7.1  Supramolecular Biopolymers for Improving Soil 
Structure and Moisture Retention

Nano/micro- supramolecular polymers have the potential to 
enhance soil structure and improve moisture retention. Due 
to their unique properties, these polymers can facilitate the 
formation of a well-structured soil matrix, promoting bet-
ter water infiltration and reducing the risk of soil erosion 
[90]. Moreover, the nano-scale dimension of these poly-
mers allows them to effectively bind soil particles together, 
forming aggregates that enhance soil stability. This property 
improves the soil structure, promotes moisture retention and 
enhances the nutrient availability and root development, thus 
contributing to better plant growth and increasing agricul-
tural productivity [106]. On the other hand, nano/micro-
supramolecular polymers possess superabsorbent capability, 
absorbing and retaining large amounts of water several times 
higher than their own weight. Superabsorbent have remark-
able adsorption characteristics, enabling them to bind and 
collect specific molecules or contaminants efficiently. These 
materials, such as activated carbon, zeolites, or silica gel, 
are frequently manufactured synthetically [107–109]. High-
adsorbent materials have significant adsorption capability 
due to their expanded surface area and pore geometries. 
On the other hand, biopolymers, are obtained from organic 
origins from substances like chitosan [110, 111], alginate 
[110], cellulose [111], and proteins such as gelatin [110]. 
They are acknowledged for their ability to interact well 
with living organisms, their capability to break down natu-
rally, and their capacity to be maintained over time [112]. 
Biopolymers are utilized in controlled drug release, waste-
water treatment, and delivery systems for active components 
in many industries. In terms of the release strategy, super-
absorbent can be used to absorb and retain molecules or 
compounds, preventing their discharge into the environment 
[17]. Biopolymers can be deployed as matrices or carriers in 
controlled release systems to encapsulate active compounds 
and aid in their release [113–115]. Highly adsorbent mate-
rials mostly utilize adsorption or physical interaction for 
retaining chemicals, whilst biopolymers commonly employ 
diffusion or degradation processes to achieve regulated 
release. The specific material and application determine the 
variation in the release mechanism [17]. Superabsorbent 
has a greater adsorption capacity because of their optimized 
architectures. Hence, by integrating with superabsorbent, 
biopolymers can be customized and modified to improve 
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their adsorption characteristics for targeted contaminants. 
For instance, chitosan, a biopolymer derived from chitin, 
effectively adsorbs heavy metals and dyes from wastewater 
[116]. Furthermore, biopolymeric adsorbent systems, such 
as chitosan/cellulosic materials, have demonstrated high 
efficiency in the biosorption of industrial textile effluents 
[117]. While high-adsorbent materials are well-established 
for their adsorption capabilities, biopolymers offer a sus-
tainable and versatile alternative with promising adsorption 
performance, especially in environmental remediation and 
sustainable agricultural practices.

Under soil conditions, these nano/micro-gels act as res-
ervoirs, storing water during periods of excess and gradu-
ally releasing it during water insufficiency. Accordingly, 
this superabsorbent property significantly enhances soil 
water-holding capacity, reducing irrigation frequency and 
conserving water resources [118]. For example, supramo-
lecular microgel based on chitosan, salicylaldehyde, and 

urea have demonstrated impressive water absorption of 
68 g  g−1, resulting in a notable upsurge in soil water hold-
ing capacity by 154%. Moreover, this formulation nearly 
doubled the nitrogen content in the soil, resulting in approxi-
mately 70% higher plant growth compared to the bulk soil 
[94]. Li et al. [95] fabricated a multifunctional microsphere 
supramolecular soil conditioner based on chitosan, gela-
tin, β-cyclodextrin, and Arabic gum loaded with ferrous 
sulfate. This formulation exhibited thermal decomposi-
tion temperature, high water retention capacity, controlled-
release behavior, antibacterial performance, and heavy metal 
ions adsorption, making it ideal for improving soil qual-
ity. An unusual type of supramolecular microsphere was 
prepared through physical crosslinking of gelatin, sodium 
alginate, and pickling zeolite loaded with FeO(OH); they 
encapsulated urea, exhibiting high swelling, water reten-
tion, and sustained-release properties [96]. This innovative 

Table 1  Several types of synthesized supramolecular biopolymers, their formulation, and targeted applications

Supramolecular biopolymer type Formulation Application(s) Refs

Hydroxypropyl cellulose-modified Uio-66 Microsphere Delivery system, fungicidal activity [93]
Supramolecular microgel based on chitosan, salicylalde-

hyde, and urea
Hydrogel Increasing water holding capacity [94]

Supramolecular polymer based on chitosan, gelatin, 
β-cyclodextrin, and Arabic gum loaded with ferrous 
sulfate

Microsphere Increasing water retention capacity, controlled-release of 
actives, antibacterial activity, heavy metal ions adsorption

[95]

Supramolecular polymer based on gelatin, sodium alginate, 
and pickling zeolite

Microsphere Encapsulation goals, increasing water retention, controlled-
release of actives

[96]

Supramolecular polymer based on guar gum with acrylic 
acid and crosslinking with ethylene glycol di methacrylic 
acid

Hydrogels Enhancing moisture retention of soil [97]

Supramolecular polymer based on bacterial cellulose Hydrogels Irrigation applications [98]
Supramolecular polymer based on chitosan, polyvinyl 

alcohol and lignin nanoparticles
Microsphere Controlled-release of actives [99]

Supramolecular polymer based on cationic starch and 
chitosan

Microcapsules Encapsulation goals [100]

Supramolecular polymer based on soy whey protein and 
pyridine-grafted poly (hydroxyethyl methacrylate)

Microsphere Encapsulation goals [39]

Supramolecular polymer based on pectin on porous hollow 
silica microcapsules loaded with prochloraz

Microcapsules Fungicidal activity [101]

Supramolecular polymer based on alginate carboxyl, and 
the amino residues of chitosan

Microcapsules Delivery system [102]

Supramolecular polymer based on chitosan nano-humic 
acid-curcumin

Microcapsules Antibacterial and antioxidant agent [103]

Supramolecular polymer based on sodium alginate and 
poly(diallyl dimethyl ammonium chloride)

Biosensors Diagnosis [104]

Supramolecular polymer/Co2+ Biosensors Immobilizing glucose oxidase for enzymatic glucose sens-
ing

[105]
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formulation acts as an effective soil conditioner, enhancing 
soil quality and plant growth. Novel superabsorbent hydro-
gels have been fabricated by grafting guar gum with acrylic 
acid and crosslinking with ethylene glycol di methacrylic 
acid. These hydrogels significantly improve several soils’ 
physiochemical properties, including enhancing moisture 
retention capacity by up to 54%, and increasing its poros-
ity by up to 9% compared to the original soil composition 
[97]. A supramolecular composite hydrogel, consisting of a 
double crosslinked interpenetrating network within a porous 
matrix of bacterial cellulose, was employed for monitoring 
irrigation applications. This hydrogel exhibited exceptional 
mechanical properties and showcased distinctive fluores-
cence capabilities. It retained a high level of strength even 
after undergoing repeated cycles of swelling and drying, as 
well as enduring long-term compressive processes. Addi-
tionally, the hydrogel demonstrated a non-conventional 
fluorescence behavior, which remained stable even under 
extreme environmental conditions like high/low tempera-
tures and exposure to various organic solvents [98]. Besides 
their direct impact, nano/micro- supramolecular biopolymers 
can indirectly affect soil structure by promoting favorable 
conditions for soil microorganisms. By increasing mois-
ture retention, these structures support the proliferation of 
microbial populations, leading to a potential increase in soil 
microbial community and their ability to function effectively 
[119]. A thriving microbial community can further enhance 
soil structure by producing extracellular substances such as 
polysaccharides and glues, acting as natural adhesives, bind-
ing soil particles together, and improving soil stability [120]. 
For instance, Ramachandran et al. [121], found that in situ 
bacterial dextran produced by Leucononstoc mesenteroids, 
demonstrated impressive efficiency in soil stabilization with 
comparable mechanical properties as commercial polymers. 
Applying xanthan gum biopolymer as a soil amendment 
improved particle binding in sandy soil and improved water 
uptake efficiency under drought conditions [122]. This, in 
turn, contributes to better water infiltration, reduced soil ero-
sion, and enhanced nutrient availability for plants. There-
fore, while micro/nano-supramolecular biopolymers do not 
directly increase soil microbial population, their positive 
impact on soil moisture can create conditions supporting soil 
microorganisms’ growth and activity. Figure 3 depicts the 
water-absorbing mechanism of supramolecular hydrogels.

7.2  Supramolecular Biopolymers for Enhancing 
Nutrient Absorption

The prospective application of nano/micro-structural supra-
molecular biopolymers in enhancing nutrient absorption and 
crop utilization is promising. These advanced biopolymers, 
with their intricate structures at nano- and micro-levels, 
offer several advantages in improving plant nutrient uptake 
and utilization. The unique properties of supramolecular 
biopolymers make them ideal for acting as stimuli-respon-
sive carriers, providing controlled and targeted release of 
macro- and micro-nutrients, ensuring a more efficient deliv-
ery to plant roots. This can improve nutrient absorption and 
plant utilization [123, 124]. Moreover, these biopolymers 
can encapsulate and protect nutrients from degradation or 
leaching in the soil, thereby enhancing their stability and 
availability over a more extended period [125]. The superab-
sorbent capability of these biopolymers positively influences 
nutrient absorption and utilization in plants by maintaining 
optimal soil moisture levels; this property ensures a consist-
ent water supply, promotes efficient nutrient uptake, facili-
tates nutrient transport within the plant, and buffer against 
extreme moisture fluctuations [126, 127]. Furthermore, 
these biopolymers promote the development of robust root 
systems by offering a favorable growth environment, which 
enables plants to explore a large soil volume for extracting 
nutrients, leading to better nutrient absorption and utiliza-
tion. Host–guest supramolecular hydrogels based on cyclo-
dextrin have gained significant promise in drug delivery as 
they exhibit shear-thinning behavior, possess stimuli-respon-
sive properties, and have remarkable biocompatibility [128]. 
The structure of host–guest supramolecular hydrogels based 
on cyclodextrin is depicted in Fig. 4. As a result, they are 
not limited to drug delivery applications alone but also hold 
great potential for the intelligent delivery and controlled 
release of agrochemicals.

The construction of a self-assembly structure based on 
silk fibroin (SF) and tannic acid (TA) as a biocompatible 
molecular glue has been investigated. The gelation of SF 
with TA was achieved through hydrophobic interactions, 
� − � stacking, and hydrogen bonding. This sol–gel transi-
tion of SF occurs under physiological conditions (pH 7.4, 
37 °C), which created a supramolecular assembly for loading 
elements like Zn and Fe [124, 129]. Loading urea granules 
using a supramolecular structure composed of chitosan/poly-
vinyl alcohol and lignin nanoparticles resulted in excellent 
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slow-release nitrogen properties over a period of time. The 
outcomes revealed that addition of lignin nanoparticles was 
advantageous as it significantly extended the lifespan of the 

coated urea fertilizer, reaching up to 18 days compared to 
5 days of unmodified chitosan/polyvinyl alcohol [99]. Foliar 
application of supramolecular humic acid modified with 

Fig. 3  The mechanism for water absorption by supramolecular hydrogels
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monocalcium caused an increase of about 30% in all growth 
and yield parameters of cauliflower in calcareous soils [130]. 
Lima-Tenório et al. [100] encapsulated Azospirillum Bra-
silense, a biofertilizer, using supramolecular microbeads 
based on cationic starch and chitosan physically crosslinked 
with sodium tripolyphosphate. The remarkable outcome was 
that these microbeads not only maintained the viability of 
S. brasilense for at least 60 days, but also improved maize 
chlorophyll content, shoot fresh weight, and root length. 
Although the application of these biopolymers in agriculture 
is still being researched and developed, their potential for 
enhancing nutrient utilization in plants holds great promise 
for sustainable and efficient agricultural practices.

7.3  Supramolecular Biopolymers for Protecting Plants 
Against Biotic and Abiotic Stresses

Supramolecular biopolymers, with their unique micro- and 
nano-scale structures, can enhance plant systems’ resilience 
and immune responses in the face of biotic stresses. These 
structures stimulate defense compounds and cell walls, 
activating specific signaling pathways against pathogens 
and pests [131]. Chitosan’s strong impact on plant immune 
response may be due to its interaction with acidic pectin 
in the plant cell wall, which can bind to calcium and form 
chain dimers. This interaction alters the structure of pectin 
and pectin dimers, triggering an alarm signal about cell wall 
degradation and pathogen presence. The plant reacts to chi-
tosan–pectin dimer complexes significantly stronger than the 

individual components [132]. In addition to their potential 
as plant protectors, nano/micro-structural supramolecular 
biopolymers serve as carriers for pesticides, biological con-
trol agents, antimicrobial natural compounds, and biostimu-
lators. These structures improve pest and disease manage-
ment efficiency by allowing controlled release and targeted 
delivery of active substances, as encapsulated agents are 
released gradually and precisely at the desired site [133]. 
Supramolecular hydrophobic modified agar exhibited sig-
nificant promise in effectively encapsulating curcumin and 
achieving controlled release specifically under weak alkaline 
conditions [134]. This finding highlights the potential appli-
cation of these hydrogel microspheres in delivering hydro-
phobic pesticides for agricultural purposes. In a recent study, 
Xiang et al. [39] introduced a novel nanocarrier composed 
of soy whey protein and pyridine-grafted poly (hydroxy-
ethyl methacrylate). This supramolecular nanocarrier was 
designed to encapsulate a potential antiviral candidate agent 
called Bingqingxiao (BQX). Under in vivo conditions, the 
formulated BQX@PP@S NPs (nanoparticles) demonstrated 
a protective activity 1.4 times higher than BQX alone against 
the tobacco mosaic virus. Moreover, when the BQX@
PP@S NPs were applied to plants’ leaves, they activated 
host plant defense responses by upregulating the expression 
of genes associated with salicylic acid (SA) and abscisic 
acid (ABA). This finding suggests that the BQX@PP@S 
NPs exhibit antiviral activity and serve as plant nutrition, 
leading to a considerable increase in crops’ fresh and dry 
weight by 24.7%, and 19.9%, respectively. Figure 5 depicts 
the mechanisms of supramolecular polymers against biotic 
and abiotic stresses.

A novel approach was employed to achieve smart deliv-
ery of chlorpyrifos using supramolecular nanoplatforms 
composed of alginate and  (Ca2+)-ethylenediamine tetraac-
etate. These halloysite nanocarriers demonstrated dual 
pH responsiveness, extending their control efficiency, and 
enhancing their resistance to ultraviolet irradiation and 
high temperatures. Additionally, the strong interaction 
between alginate and plant leaves significantly improved 
the foliar adhesion property of HCECA (halloysite,  Ca2+, 
 EDTA2−, chlorpyrifos, and alginate) against rinsing by 
the rain. Compared to pristine chlorpyrifos and HCECA 
(the control pesticide without alginate), the foliar adhesion 
property of HCECA was strengthened by 86% and 45%, 
respectively. This enhancement highlights the potential of 
using these nanocarriers to mitigate the impact of rain 

Fig. 4  Supramolecular hydrogel based on cyclodextrin host–guest 
interaction
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rinsing on pesticide effectiveness [135]. In a recent study 
[93], researchers have designed a remarkable method for 
delivering pyraclostrobin using a hydroxypropyl cellu-
lose-modified Uio-66 framework. The investigation dem-
onstrated that this system displayed exceptional release 
behavior of PYR when exposed to acidic and cellulose-
rich environments, mimicking the conditions during 
Rhizoctonia solani infestation. Moreover, this innovative 
formulation exhibited significantly higher fungicidal activ-
ity compared to commercially available microencapsulated 
formulations. Yang et al. [101] fabricated a highly innova-
tive pH and pectinase dual responsive smart delivery sys-
tem of pesticide by incorporating pectin on porous hollow 
silica microcapsules loaded with prochloraz by electro-
static adsorption. Notably, these microcapsules exhibited 
a long-term control efficiency against Sclerotinia scle-
rotiorum without compromising rapeseed plant growth. 
The implementation of this controlled-release vehicle also 
resulted in a significant reduction in pesticide usage. More-
over, this core–shell structure successfully enhanced the 

stability of prochloraz, preventing its degradation under 
alkaline and light conditions while concurrently minimiz-
ing its detrimental impact on the aquatic environment. 
Similarly, the supramolecular self-assembly of pectin with 
calcium carbonate  (CaCO3), precipitated on the surface of 
prochloraz ionic liquid micelles, led to the development of 
double-shelled microcapsules as a green delivery system 
for pesticides. The control efficacy of these dual pH and 
pectinase-responsive microcapsules against S. sclerotio-
rum was 1.65 times higher compared to PR emulsion in 
water at the same concentration. Furthermore, the pho-
tostability of these microcapsules surpassed that of PRO 
EW by 1.58 times, indicating their superior performance 
[136]. In a study by Singh et al. [102], the physical and 
chemical properties of alginate beads were improved by 
the electrostatic interaction of their carboxyl residues and 
the amino components of chitosan. This supramolecular 
polymer, combined with cenosphere, was employed as a 
delivery system for imidacloprid, providing a controlled 
and gradual release behavior in response to various pH 

Fig. 5  Mechanisms for supramolecular polymers against biotic and abiotic stresses
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conditions, replicating different soil types. Moreover, it 
demonstrated twice the reduced leaching of the pesticide 
compared to commercially available formulations. Hydro-
gen-bonding interactions initiated supramolecular chitosan 
nano-humic acid-curcumin nano/micro-coatings with dis-
tinctive mechanical properties as well as antibacterial and 
antioxidant activities. They can be applied to control the 
long-term release of natural preservatives onto fruit sur-
faces. Applying this coating significantly decreased the 
fruit decay, resulting in an extension of the shelf-life of 
perishable fruits by at least 9 days compared to uncoated 
samples [103].

Regarding abiotic stresses, supramolecular biopoly-
mers have the potential to function as protective barriers, 
safeguarding plants against detrimental environmental 
conditions, such as drought, excessive temperature, or 
high salinity. These structures offer a range of benefits by 
retaining moisture, regulating temperature, or scavenging 
reactive oxygen species, ultimately mitigating plant stress. 
However, it is essential to note that despite their potential, 
studies exploring the use of supramolecular biopolymers 
for abiotic stress mitigation are relatively scarce. Further 
research is therefore necessary to understand their effec-
tiveness in different abiotic stress conditions and their 
compatibility with diverse plant species.

7.4  Supramolecular Biopolymers in Biosensors

Plant diseases offer considerable obstacles to worldwide 
agriculture, resulting in significant financial repercus-
sions and jeopardizing the food supply’s stability. The 
timely identification and precise diagnosis of plant dis-
eases are crucial for successfully implementing efficient 
disease management approaches. Conventional diagnostic 
approaches frequently depend on time-consuming tech-
niques, imposing constraints on their feasibility to monitor 
diseases on a broad scale. Hence, an urgent need exists for 
novel sensing and diagnostic methodologies that afford 
expeditious, highly responsive, and discerning identifica-
tion of plant pathogens [137]. Over time, several screening 
approaches have been devised to detect and diagnose vari-
ous illnesses resulting from pathogenic agents.

The standard analytical detection methods for plant patho-
gens have been classified into distinct categories, including 

direct and indirect procedures. The direct approaches encom-
pass two specific techniques namely Polymerase Chain 
Reaction (PCR) and detection of volatile organic chemicals 
(VOCs) emitted by the infected plants. In instances when 
there is a need for high selectivity and sensitivity, nucleic 
acid-based detection methods are employed, including 
destructive analysis conducted within a laboratory setting 
subsequent to the sample extraction. The increasing preva-
lence of biosensors has demonstrated their efficacy in on-
site applications, offering enhanced sensitivity, mobility, and 
time efficiency [137]. Biosensors have been developed as 
potent instruments for detecting plant diseases due to their 
notable attributes of high sensitivity, selectivity, and quick 
response [138]; they afford a detectable signal from chemi-
cal reactions by incorporating a biologically active compo-
nent and suitable transducer [139]. Biosensors comprise a 
physiochemical transducer and a molecular recognition ele-
ment, referred to as a bioreceptor molecule, which interacts 
with specific target analytes. The bioreceptor encompasses 
diverse biological components, including but not enzymes, 
DNA, antibodies, entire cells, tissues, and organelles. The 
production of biorecognition information occurs when 
receptors engage with the target analytes. The transducer 
then transforms this information into various forms, such as 
electrochemical, electrical, optical, or thermal signals [40, 
137, 140].

In recent decades, increasing evidence has demonstrated 
the feasibility of employing biosensing approaches to detect 
plant pathogens. These techniques have shown promising 
potential in delivering meaningful diagnostic outcomes in 
many practical settings. Khater et al. [138] and Patel et al. 
[137] have presented a comprehensive overview of several 
biosensing methodologies used in identifying and detecting 
Pythium sp., the causal agent of damping-off. A biosensor 
was synthesized utilizing cellulose films wherein it has been 
suggested that this approach for detecting phytopathogenic 
pythium could be applied to surveillance plant diseases 
within the agricultural sector [141]. Also, Regiart et al. 
devised an electrochemical immunosensor to facilitate the 
timely identification of Xanthomonas arboricola in walnut 
plant samples. The diagnosis exhibited a threefold increase 
in speed compared to (enzyme-linked immunosorbent assay) 
ELISA, while also demonstrating considerably enhanced 
specificity and sensitivity [142]. Biosensors consist of vari-
ous components: (1) To detect and respond to analyte, a 
bioreceptor could come as a nucleic acid, enzyme, antibody, 
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gene, or a whole cell or orange [143]. (2) Various immobi-
lization procedures are employed to link bioreceptors with 
base materials [144]. (3) Base materials (transducer surface) 
commonly comprise several substances, such as metals, 
glass, or composites [145–147].

The effective creation of a biosensor relies on the connec-
tion between the biorecognition unit and the analyte. The 
immobilization and stabilization of the biological treatments 
on the transducer’s surface affect several aspects of the sen-
sor’s performance, including the degree of its sensitivity, and 
selectivity [40]. One of the primary obstacles in advancing 
biosensors is the necessity to immobilize and stabilize the 
bioreceptors on the base materials, a process that signifi-
cantly impact the sensor’s sensitivity, selectivity, and stabil-
ity [148, 149]. A potential solution to this challenge involves 
applying nano/micro-structural supramolecular biopolymers 
as a coating on the transducer surface (base material). This 
approach enables the bioreceptors’ immobilization on the 
base materials, improve the biosensor’s performance, and 
mitigates non-specific interactions with the sample matrix 
[150]. Figure 6 depicts a schematic of biosensor components 
and the application of supramolecular polymer in their struc-
ture as an immobilizer.

The use of nano/micro-structural supramolecular biopol-
ymers as a coating on transducer surfaces offers several 
advantages over conventional polymers, including (1) the 
assembly of supramolecular biopolymers at the nanoscale 
has the potential to enhance the surface area, thereby offer-
ing advantageous prospects for application in catalysis or 
sensing [151]; (2) supramolecular biopolymers are synthe-
sized via non-covalent interactions, encompassing hydrogen 
bonding, electrostatic interactions, and Van der Waals forces. 
The mechanism described enables the polymer structure to 
undergo dynamic and reversible assembly, disassembly, and 
rearrangement in response to various environmental stimuli, 
including changes in pH, temperature, or the presence of 
other molecules [152]; (3) supramolecular biopolymers pos-
sess the ability to self-heal, thereby repairing any damage to 
their structure without requiring external intervention. The 
aforementioned characteristic is significant in biosensors, 
where the biopolymer is susceptible to mechanical impair-
ments [153].

Several studies have presented conclusions on the 
creation and use of nano/micro-structural supramolecu-
lar biopolymers in the diagnostics context. Qin et  al. 
developed a polymer composite of sodium alginate 
and poly(diallyl dimethyl ammonium chloride), which 

Fig. 6  Schematic components of biosensors and the application of supramolecular polymer in their structure as immobilizers



 Nano-Micro Lett.          (2024) 16:147   147  Page 16 of 23

https://doi.org/10.1007/s40820-024-01348-x© The authors

exhibited electrostatic interaction and was then used to 
cast a film onto a gold electrode. Their findings demon-
strated that the analytical efficacy of these supramolecular 
biopolymers displayed superior characteristics compared 
to biosensors that utilize conventional biopolymers, such 
as polysaccharides, as matrices for enzyme immobiliza-
tion [104]. Also, Hue, et al. applied a matrix based on 
 Co2+ and supramolecular polymer to immobilize glucose 
oxidase for enzymatic glucose sensing [105]. In this con-
text, other documented evidences have also confirmed that 
these biopolymers can be utilized to synthesize biosensors 
as superior biosensors.

Although limited information is available on applying 
supramolecular biopolymers to detect plant pathogens, the 
research conclusions suggest that these polymer-based bio-
sensors can be as effective and superior tools to immobi-
lize biological elements on the transducer’s surface.

8  Challenges and Future Prospectives

In applying nano/micro-structural supramolecular biopoly-
mers in agriculture, several current limitations and obsta-
cles need to be addressed. One major challenge is the cost 
associated with producing and processing these materials, 
as the manufacturing processes tend to be expensive, limit-
ing their accessibility to farmers, particularly in develop-
ing countries. To overcome this limitation, it is crucial to 
have a resolved focus on cost-effectiveness and identify-
ing pathways to make these entities affordable. Another 
obstacle is the scalability of production. Scaling up the 
manufacturing processes to meet the demand of large-scale 
agricultural operations is necessary for widespread imple-
mentation. It is essential to optimize production techniques 
to ensure efficient and scalable manufacturing without 
compromising quality. The stability of these polymers is 
another concern as they need to withstand environmental 
conditions such as extreme temperature, UV radiation, 
and microbial degradation. Ensuring their stability over 
extended periods in various agricultural environments is 
essential to maximize their effectiveness.

Aside from the technological difficulties, the use of nano/
micro-structure supramolecular biopolymers in agriculture 
ought to be considered ethically. In this regard, a comprehen-
sive evaluation of the safety and possible effects on human 

health and the environment is required when new materials 
are introduced into the agriculture industry. It is necessary to 
establish or update regulatory frameworks in order to assure 
the conscientious and sustainable use of nano/micro-struc-
tured supramolecular biopolymers in agricultural contexts. 
This entails evaluating their enduring impacts on soil health, 
water quality, and biodiversity, while also defining protocols 
for appropriate use and disposal techniques. Additionally, 
collaborative endeavors among academics, policymakers, 
industrial stakeholders, and agricultural communities are 
important to advance the secure and morally sound deploy-
ment of these biopolymers. Adopting a multidisciplinary 
approach helps guarantee that regulatory frameworks and 
standards are based on scientific data, social values, and 
the practical requirements of farmers. It is necessary to cre-
ate educational and awareness initiatives to educate farm-
ers, agricultural practitioners, and the general public about 
the advantages, hazards, and correct application of nano/
micro-structured supramolecular biopolymers. Facilitating 
the appropriate adoption of these novel materials may be 
achieved by promoting responsible stewardship and offering 
resources for training and technical assistance.

Further research and development can address these 
limitations and pave the way for advancement with a focus 
on optimizing the performance and functionality of nano/
micro-structural supramolecular biopolymers. Improv-
ing their mechanical strength, water absorption capacity, 
controlled release properties, and stability under different 
environmental conditions will enhance their effectiveness 
in agricultural applications. Tailoring these biopolymers to 
specific crops and soil types are another avenue for research. 
Understanding their interaction with different crop species 
and soil compositions will enable targeted and effective 
applications. Moreover, integration with precision agricul-
ture and smart farming technologies offers exciting possi-
bilities. Combining nano/micro-structural supramolecular 
biopolymers with sensors, data analytics, and automated 
systems can optimize their usage and application efficiency. 
Nano/micro-structural supramolecular biopolymers enhance 
the sustainability aspects by being non-toxic, biodegrad-
able, and eco-friendly. Their application reduces the need 
for conventional pesticides and fertilizers, thus promoting 
safer farming practices and minimizing environmental con-
tamination. These biopolymers also have the potential to 
build climate-resilient agricultural practices. By improving 
soil structure, water management, and nutrient efficiency, 
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they help farmers adapt to changing climate conditions and 
enhance crop resilience. Therefore, despite current limita-
tions, nano/micro-structural supramolecular biopolymers 
hold great promise for the future of agriculture. Overcoming 
cost barriers, optimizing performance, and integration with 
emerging technologies will drive their widespread adoption. 
Implementing these biopolymers can lead to sustainable 
farming practices that prioritize resource efficiency, reduce 
chemical inputs, and enhance climate resilience.

9  Conclusion

Nano/micro-structured supramolecular biopolymers have 
gained significant attention in the agricultural industry due 
to their non-toxicity, biodegradability, self-assembly, adapta-
bility, and biocompatibility. These biopolymers offer tailored 
solutions to various agricultural challenges, such as improv-
ing plant growth and development, increasing soil fertility 
and structure, enhancing water retention, and promoting 
crop resilience in dry areas. One of the key advantages of 
these biopolymers is their ability to release nutrients and 
agrochemicals in a controlled manner, reducing environmen-
tal pollution and optimizing nutrient absorption by plants. 
They also function as intelligent delivery systems, allowing 
precise administration of bioactive substances to targeted 
sites, thereby enhancing effectiveness, and minimizing unin-
tended impacts. Supramolecular biopolymers can also be 
used in targeted formulations to activate defense chemicals 
and cell walls, triggering specific signaling pathways against 
infections and pests. Additionally, they show promise as 
biosensors for detecting phytopathogens by immobilizing 
biological components on transducer surfaces. Nevertheless, 
additional investigations are warranted to fully understand 
the potential of biopolymers in agriculture as these struc-
tures offer sustainable and efficient farming methods that 
ensure food security, protect the environment, and improve 
agricultural systems.

Acknowledgments V.K.T. would like to acknowledge the research 
support provided by the UKRI via Grant No. EP/T024607/1 and 
Royal Society via grant number IES\R2\222208.

Conflict of interests The authors declare no interest conflict. They 
have no known competing financial interests or personal relationships 
that could have appeared to influence the work reported in this paper. 
Rajender S. Varma is an editorial board member for Nano–Micro-
Letters and was not involved in the editorial review or the decision to 
publish this article.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and 
the source, provide a link to the Creative Commons licence, and 
indicate if changes were made. The images or other third party 
material in this article are included in the article’s Creative Com-
mons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Com-
mons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain 
permission directly from the copyright holder. To view a copy of 
this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. C.F. Okey-Onyesolu, M. Hassanisaadi, M. Bilal, M. Barani, 
A. Rahdar et al., Nanomaterials as nanofertilizers and nan-
opesticides: an overview. ChemistrySelect 6, 8645–8663 
(2021). https:// doi. org/ 10. 1002/ slct. 20210 2379

 2. M. Chaichi, A. Nemati, A. Dadrasi, M. Heydari, M. Hassan-
isaadi et al., Germination of Triticum aestivum L.: effects of 
soil–seed interaction on the growth of seedlings. Soil Syst. 
6, 37 (2022). https:// doi. org/ 10. 3390/ soils ystem s6020 037

 3. M. Hassanisaadi, M. Barani, A. Rahdar, M. Heidary, A. Thy-
siadou et al., Role of agrochemical-based nanomaterials in 
plants: biotic and abiotic stress with germination improve-
ment of seeds. Plant Growth Regul. 97, 375–418 (2022). 
https:// doi. org/ 10. 1007/ s10725- 021- 00782-w

 4. A. Gamage, R. Gangahagedara, J. Gamage, N. Jayasinghe, 
N. Kodikara et al., Role of organic farming for achieving 
sustainability in agriculture. Farming Syst. 1, 100005 (2023). 
https:// doi. org/ 10. 1016/j. farsys. 2023. 100005

 5. M. Hassanisaadi, G.H. Shahidi Bonjar, A. Hosseinipour, R. 
Abdolshahi, E. Ait Barka et al., Biological control of Pythium 
aphanidermatum, the causal agent of tomato root rot by two 
Streptomyces root symbionts. Agronomy 11, 846 (2021). 
https:// doi. org/ 10. 3390/ agron omy11 050846

 6. R.S. Riseh, M.G. Vazvani, J.F. Kennedy, β–glucan-induced 
disease resistance in plants: a review. Int. J. Biol. Macromol. 
253, 127043 (2023). https:// doi. org/ 10. 1016/j. ijbio mac. 2023. 
127043

 7. H.E. Emam, T.I. Shaheen, Investigation into the role of sur-
face modification of cellulose nanocrystals with succinic 
anhydride in dye removal. J. Polym. Environ. 27, 2419–2427 
(2019). https:// doi. org/ 10. 1007/ s10924- 019- 01533-9

 8. R.S. Riseh, M. Hassanisaadi, M. Vatankhah, F. Soroush, R.S. 
Varma, Nano/microencapsulation of plant biocontrol agents 
by chitosan, alginate, and other important biopolymers as a 
novel strategy for alleviating plant biotic stresses. Int. J. Biol. 
Macromol. 222, 1589–1604 (2022). https:// doi. org/ 10. 1016/j. 
ijbio mac. 2022. 09. 278

 9. R.S. Riseh, M. Hassanisaadi, M. Vatankhah, J.F. Kennedy, 
Encapsulating biocontrol bacteria with starch as a safe and 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/slct.202102379
https://doi.org/10.3390/soilsystems6020037
https://doi.org/10.1007/s10725-021-00782-w
https://doi.org/10.1016/j.farsys.2023.100005
https://doi.org/10.3390/agronomy11050846
https://doi.org/10.1016/j.ijbiomac.2023.127043
https://doi.org/10.1016/j.ijbiomac.2023.127043
https://doi.org/10.1007/s10924-019-01533-9
https://doi.org/10.1016/j.ijbiomac.2022.09.278
https://doi.org/10.1016/j.ijbiomac.2022.09.278


 Nano-Micro Lett.          (2024) 16:147   147  Page 18 of 23

https://doi.org/10.1007/s40820-024-01348-x© The authors

edible biopolymer to alleviate plant diseases: a review. Car-
bohydr. Polym. 302, 120384 (2023). https:// doi. org/ 10. 1016/j. 
carbp ol. 2022. 120384

 10. R.S. Riseh, M.G. Vazvani, M. Hassanisaadi, V.K. Thakur, 
Agricultural wastes: a practical and potential source for the 
isolation and preparation of cellulose and application in agri-
culture and different industries. Ind. Crops Prod. 208, 117904 
(2024). https:// doi. org/ 10. 1016/j. indcr op. 2023. 117904

 11. M.E. Valentine, B.D. Kirby, T.R. Withers, S.L. Johnson, T.E. 
Long et al., Generation of a highly attenuated strain of Pseu-
domonas aeruginosa for commercial production of alginate. 
Microb. Biotechnol. 13, 162–175 (2020). https:// doi. org/ 10. 
1111/ 1751- 7915. 13411

 12. R. Saberi Riseh, M. Gholizadeh Vazvani, M. Hassanisaadi, 
V.K. Thakur, J.F. Kennedy, Use of whey protein as a natural 
polymer for the encapsulation of plant biocontrol bacteria: a 
review. Int. J. Biol. Macromol. 234, 123708 (2023). https:// 
doi. org/ 10. 1016/j. ijbio mac. 2023. 123708

 13. R. Saberi Riseh, M. Vatankhah, M. Hassanisaadi, J.F. Ken-
nedy, Chitosan-based nanocomposites as coatings and pack-
aging materials for the postharvest improvement of agri-
cultural product: a review. Carbohydr. Polym. 309, 120666 
(2023). https:// doi. org/ 10. 1016/j. carbp ol. 2023. 120666

 14. R. Saberi Riseh, M. Vatankhah, M. Hassanisaadi, Z. Shafiei-
Hematabad, J.F. Kennedy, Advancements in coating technol-
ogies: unveiling the potential of chitosan for the preservation 
of fruits and vegetables. Int. J. Biol. Macromol. 254, 127677 
(2024). https:// doi. org/ 10. 1016/j. ijbio mac. 2023. 127677

 15. R.S. Riseh, M. Hassanisaadi, M. Vatankhah, S.A. Babaki, 
E.A. Barka, Chitosan as a potential natural compound to 
manage plant diseases. Int. J. Biol. Macromol. 220, 998–1009 
(2022). https:// doi. org/ 10. 1016/j. ijbio mac. 2022. 08. 109

 16. M.M. Pour, R.S. Riseh, R. Ranjbar-Karimi, M. Hassanisaadi, 
A. Rahdar et al., Microencapsulation of Bacillus velezensis 
using alginate-gum polymers enriched with  TiO2 and  SiO2 
nanoparticles. Micromachines 13, 1423 (2022). https:// doi. 
org/ 10. 3390/ mi130 91423

 17. M. Hassanisaadi, R. Saberi Riseh, A. Rabiei, R.S. Varma, 
J.F. Kennedy, Nano/micro-cellulose-based materials as 
remarkable sorbents for the remediation of agricultural 
resources from chemical pollutants. Int. J. Biol. Macromol. 
246, 125763 (2023). https:// doi. org/ 10. 1016/j. ijbio mac. 2023. 
125763

 18. D.S. Stefan, M. Bosomoiu, A.M. Dancila, M. Stefan, Review 
of soil quality improvement using biopolymers from leather 
waste. Polymers 14, 1928 (2022). https:// doi. org/ 10. 3390/ 
polym 14091 928

 19. R. Saberi Riseh, M. Vatankhah, M. Hassanisaadi, J.F. Ken-
nedy, Increasing the efficiency of agricultural fertilizers 
using cellulose nanofibrils: a review. Carbohydr. Polym. 
321, 121313 (2023). https:// doi. org/ 10. 1016/j. carbp ol. 2023. 
121313

 20. T.O. Machado, J. Grabow, C. Sayer, P.H.H. de Araújo, 
M.L. Ehrenhard et al., Biopolymer-based nanocarriers for 
sustained release of agrochemicals: a review on materi-
als and social science perspectives for a sustainable future 

of agri- and horticulture. Adv. Colloid Interface Sci. 303, 
102645 (2022). https:// doi. org/ 10. 1016/j. cis. 2022. 102645

 21. Q. Zhang, D. Tang, J. Zhang, R. Ni, L. Xu et al., Self-heal-
ing heterometallic supramolecular polymers constructed by 
hierarchical assembly of triply orthogonal interactions with 
tunable photophysical properties. J. Am. Chem. Soc. 141, 
17909–17917 (2019). https:// doi. org/ 10. 1021/ jacs. 9b096 71

 22. Y. Zhu, W. Zheng, W. Wang, H.-B. Yang, When polymeriza-
tion meets coordination-driven self-assembly: metallo-supra-
molecular polymers based on supramolecular coordination 
complexes. Chem. Soc. Rev. 50, 7395–7417 (2021). https:// 
doi. org/ 10. 1039/ D0CS0 0654H

 23. A.S. Novikov, Non-covalent interactions in polymers. Poly-
mers 15, 1139 (2023). https:// doi. org/ 10. 3390/ polym 15051 
139

 24. H.E. Emam, T.I. Shaheen, Design of a dual pH and tem-
perature responsive hydrogel based on esterified cellulose 
nanocrystals for potential drug release. Carbohydr. Polym. 
278, 118925 (2022). https:// doi. org/ 10. 1016/j. carbp ol. 2021. 
118925

 25. H.E. Emam, F.H.H. Abdellatif, R.M. Abdelhameed, Cationi-
zation of celluloisc fibers in respect of liquid fuel purifica-
tion. J. Clean. Prod. 178, 457–467 (2018). https:// doi. org/ 10. 
1016/j. jclep ro. 2018. 01. 048

 26. R. Pérez-Pedroza, A. Ávila-Ramírez, Z. Khan, M. Moretti, 
C.A.E. Hauser, Supramolecular biopolymers for tissue engi-
neering. Adv. Polym. Technol. 2021, 8815006 (2021). https:// 
doi. org/ 10. 1155/ 2021/ 88150 06

 27. A. Roy, K. Manna, S. Pal, Recent advances in various stim-
uli-responsive hydrogels: from synthetic designs to emerging 
healthcare applications. Mater. Chem. Front. 6, 2338–2385 
(2022). https:// doi. org/ 10. 1039/ D2QM0 0469K

 28. F. Fontana, F. Gelain, Modeling of supramolecular biopoly-
mers: leading the in silico revolution of tissue engineering 
and nanomedicine. Nanotechnol. Rev. 11, 2965–2996 (2022). 
https:// doi. org/ 10. 1515/ ntrev- 2022- 0455

 29. H.E. Emam, M. El-Shahat, A.K. Allayeh, H.B. Ahmed, Func-
tionalized starch for formulation of graphitic carbon nanodots 
as viricidal/anticancer laborers. Biocatal. Agric. Biotechnol. 
47, 102577 (2023). https:// doi. org/ 10. 1016/j. bcab. 2022. 
102577

 30. H.E. Emam, M. El-Shahat, R.M. Abdelhameed, Iodine 
removal efficiently from wastewater by magnetic  Fe3O4 incor-
porated within activated porous cellulose. Ind. Crops Prod. 
193, 116201 (2023). https:// doi. org/ 10. 1016/j. indcr op. 2022. 
116201

 31. H.E. Emam, A.L. Mohamed, Controllable release of povi-
done-iodine from networked Pectin@Carboxymethyl pullulan 
hydrogel. Polymers 13, 3118 (2021). https:// doi. org/ 10. 3390/ 
polym 13183 118

 32. R. Vill, J. Gülcher, P. Khalatur, P. Wintergerst, A. Stoll 
et  al., Supramolecular polymerization: challenges and 
advantages of various methods in assessing the aggrega-
tion mechanism. Nanoscale 11, 663–674 (2019). https:// 
doi. org/ 10. 1039/ C8NR0 8472F

https://doi.org/10.1016/j.carbpol.2022.120384
https://doi.org/10.1016/j.carbpol.2022.120384
https://doi.org/10.1016/j.indcrop.2023.117904
https://doi.org/10.1111/1751-7915.13411
https://doi.org/10.1111/1751-7915.13411
https://doi.org/10.1016/j.ijbiomac.2023.123708
https://doi.org/10.1016/j.ijbiomac.2023.123708
https://doi.org/10.1016/j.carbpol.2023.120666
https://doi.org/10.1016/j.ijbiomac.2023.127677
https://doi.org/10.1016/j.ijbiomac.2022.08.109
https://doi.org/10.3390/mi13091423
https://doi.org/10.3390/mi13091423
https://doi.org/10.1016/j.ijbiomac.2023.125763
https://doi.org/10.1016/j.ijbiomac.2023.125763
https://doi.org/10.3390/polym14091928
https://doi.org/10.3390/polym14091928
https://doi.org/10.1016/j.carbpol.2023.121313
https://doi.org/10.1016/j.carbpol.2023.121313
https://doi.org/10.1016/j.cis.2022.102645
https://doi.org/10.1021/jacs.9b09671
https://doi.org/10.1039/D0CS00654H
https://doi.org/10.1039/D0CS00654H
https://doi.org/10.3390/polym15051139
https://doi.org/10.3390/polym15051139
https://doi.org/10.1016/j.carbpol.2021.118925
https://doi.org/10.1016/j.carbpol.2021.118925
https://doi.org/10.1016/j.jclepro.2018.01.048
https://doi.org/10.1016/j.jclepro.2018.01.048
https://doi.org/10.1155/2021/8815006
https://doi.org/10.1155/2021/8815006
https://doi.org/10.1039/D2QM00469K
https://doi.org/10.1515/ntrev-2022-0455
https://doi.org/10.1016/j.bcab.2022.102577
https://doi.org/10.1016/j.bcab.2022.102577
https://doi.org/10.1016/j.indcrop.2022.116201
https://doi.org/10.1016/j.indcrop.2022.116201
https://doi.org/10.3390/polym13183118
https://doi.org/10.3390/polym13183118
https://doi.org/10.1039/C8NR08472F
https://doi.org/10.1039/C8NR08472F


Nano-Micro Lett.          (2024) 16:147  Page 19 of 23   147 

1 3

 33. D. Baker, A surprising simplicity to protein folding. Nature 
405, 39–42 (2000). https:// doi. org/ 10. 1038/ 35011 000

 34. D.D. Prabhu, K. Aratsu, Y. Kitamoto, H. Ouchi, T. Ohba 
et al., Self-folding of supramolecular polymers into bioin-
spired topology. Sci. Adv. 4, eaat8466 (2018). https:// doi. 
org/ 10. 1126/ sciadv. aat84 66

 35. M. Wypij, J. Trzcińska-Wencel, P. Golińska, G.D. Avila-
Quezada, A.P. Ingle et al., The strategic applications of 
natural polymer nanocomposites in food packaging and 
agriculture: chances, challenges, and consumers’ percep-
tion. Front. Chem. 10, 1106230 (2023). https:// doi. org/ 10. 
3389/ fchem. 2022. 11062 30

 36. R.K. Farag, S. Hani, Crosslinked polymer hydrogels. 
Reacti. Funct. Polym. (2020). https:// doi. org/ 10. 1007/ 
978-3- 030- 45135-6_4

 37. M. Rizwan, S. Rubina Gilani, A. Iqbal Durani, S. Naseem, 
Materials diversity of hydrogel: synthesis, polymerization 
process and soil conditioning properties in agricultural 
field. J. Adv. Res. 33, 15–40 (2021). https:// doi. org/ 10. 
1016/j. jare. 2021. 03. 007

 38. N.A. Zainul Armir, A. Zulkifli, S. Gunaseelan, S.D. 
Palanivelu, K.M. Salleh et al., Regenerated cellulose prod-
ucts for agricultural and their potential: a review. Polymers 
13, 3586 (2021). https:// doi. org/ 10. 3390/ polym 13203 586

 39. H. Xiang, J. Meng, W. Shao, D. Zeng, J. Ji et al., Plant 
protein-based self-assembling core–shell nanocarrier for 
effectively controlling plant viruses: evidence for nanopar-
ticle delivery behavior, plant growth promotion, and plant 
resistance induction. Chem. Eng. J. 464, 142432 (2023). 
https:// doi. org/ 10. 1016/j. cej. 2023. 142432

 40. S.N. Sawant, Development of biosensors from biopolymer 
composites. Biopolym. Compos. Electron. (2017). https:// 
doi. org/ 10. 1016/ b978-0- 12- 809261- 3. 00013-9

 41. Z. Yhobu, A. Siddiqa, M. Padaki, S. Budagumpi, D.H. 
Nagaraju, Lignocellulose biopolymers and electronically 
conducting polymers: toward sustainable energy stor-
age applications. Energy Fuels 36, 14625–14656 (2022). 
https:// doi. org/ 10. 1021/ acs. energ yfuels. 2c031 01

 42. P.C. Pires, F. Mascarenhas-Melo, K. Pedrosa, D. Lopes, J. 
Lopes et al., Polymer-based biomaterials for pharmaceuti-
cal and biomedical applications: a focus on topical drug 
administration. Eur. Polym. J. 187, 111868 (2023). https:// 
doi. org/ 10. 1016/j. eurpo lymj. 2023. 111868

 43. J.A. Sánchez-Fernández, Structural strategies for supramo-
lecular hydrogels and their applications. Polymers 15, 1365 
(2023). https:// doi. org/ 10. 3390/ polym 15061 365

 44. L. Sun, Z. Zhang, K. Leng, B. Li, C. Feng et al., Can supra-
molecular polymers become another material choice for 
polymer flooding to enhance oil recovery? Polymers 14, 
4405 (2022). https:// doi. org/ 10. 3390/ polym 14204 405

 45. R. Freeman, J. Boekhoven, M.B. Dickerson, R.R. Naik, 
S.I. Stupp, Biopolymers and supramolecular polymers as 
biomaterials for biomedical applications. MRS Bull. 40, 
1089–1101 (2015). https:// doi. org/ 10. 1557/ mrs. 2015. 270

 46. Y. Chen, S. Sun, D. Lu, Y. Shi, Y. Yao, Water-soluble 
supramolecular polymers constructed by macrocycle-based 

host-guest interactions. Chin. Chem. Lett. 30, 37–43 (2019). 
https:// doi. org/ 10. 1016/j. cclet. 2018. 10. 022

 47. X. Zottig, M. Côté-Cyr, D. Arpin, D. Archambault, S. Bour-
gault, Protein supramolecular structures: from self-assembly 
to nanovaccine design. Nanomaterials 10, 1008 (2020). 
https:// doi. org/ 10. 3390/ nano1 00510 08

 48. J. Kondo, S. Nakamura, BasePairPuzzle: molecular models 
for manipulating the concept of hydrogen bonds and base 
pairs in nucleic acids. J. Chem. Educ. 100, 946–954 (2023). 
https:// doi. org/ 10. 1021/ acs. jchem ed. 2c009 64

 49. J.L. Fredricks, A.M. Jimenez, P. Grandgeorge, R. Meidl, E. 
Law et al., Hierarchical biopolymer-based materials and com-
posites. J. Polym. Sci. 61, 2585–2632 (2023). https:// doi. org/ 
10. 1002/ pol. 20230 126

 50. R. Ladiè, C. Cosentino, I. Tagliaro, C. Antonini, G. Bianchini 
et al., Supramolecular structuring of hyaluronan-lactose-mod-
ified chitosan matrix: towards high-performance biopolymers 
with excellent biodegradation. Biomolecules 11, 389 (2021). 
https:// doi. org/ 10. 3390/ biom1 10303 89

 51. H.E. Emam, Carbon quantum dots derived from polysac-
charides: chemistry and potential applications. Carbohydr. 
Polym. 324, 121503 (2024). https:// doi. org/ 10. 1016/j. carbp 
ol. 2023. 121503

 52. H.B. Ahmed, H.E. Emam, Polysaccharide-based metal nano-
particles. Polysacch. Nanoparticles. (2022). https:// doi. org/ 
10. 1016/ b978-0- 12- 822351- 2. 00006-1

 53. M. Diener, J. Adamcik, A. Sánchez-Ferrer, F. Jaedig, L. 
Schefer et al., Primary, secondary, tertiary and quaternary 
structure levels in linear polysaccharides: from random coil, 
to single Helix to supramolecular assembly. Biomacromol 
20, 1731–1739 (2019). https:// doi. org/ 10. 1021/ acs. biomac. 
9b000 87

 54. S. Talreja, S. Tiwari, Supramolecular chemistry: unveiling the 
fascinating world of non-covalent interactions and complex 
assemblies. J. Pharm. Pharmacol. Res. 7, 133–139 (2023). 
https:// doi. org/ 10. 26502/ fjppr. 075

 55. A. Acevedo-Fani, A. Dave, H. Singh, Nature-assembled 
structures for delivery of bioactive compounds and their 
potential in functional foods. Front. Chem. 8, 564021 (2020). 
https:// doi. org/ 10. 3389/ fchem. 2020. 564021

 56. H. Jing, J. Shi, P. Guoab, S. Guan, H. Fu et al., Hydrogels 
based on physically cross-linked network with high mechani-
cal property and recasting ability. Colloids Surf. A Physico-
chem. Eng. Aspects 611, 125805 (2021). https:// doi. org/ 10. 
1016/j. colsu rfa. 2020. 125805

 57. M. Bustamante-Torres, D. Romero-Fierro, B. Arcentales-
Vera, K. Palomino, H. Magaña et al., Hydrogels classifica-
tion according to the physical or chemical interactions and 
as stimuli-sensitive materials. Gels 7, 182 (2021). https:// doi. 
org/ 10. 3390/ gels7 040182

 58. V.K. Aunpama Devi, R. Shyam, A. Palaniappan, A.K. 
Jaiswal, T.H. Oh et al., Self-healing hydrogels: preparation, 
mechanism and advancement in biomedical applications. 
Polymers 13, 3782 (2021). https:// doi. org/ 10. 3390/ polym 
13213 782

https://doi.org/10.1038/35011000
https://doi.org/10.1126/sciadv.aat8466
https://doi.org/10.1126/sciadv.aat8466
https://doi.org/10.3389/fchem.2022.1106230
https://doi.org/10.3389/fchem.2022.1106230
https://doi.org/10.1007/978-3-030-45135-6_4
https://doi.org/10.1007/978-3-030-45135-6_4
https://doi.org/10.1016/j.jare.2021.03.007
https://doi.org/10.1016/j.jare.2021.03.007
https://doi.org/10.3390/polym13203586
https://doi.org/10.1016/j.cej.2023.142432
https://doi.org/10.1016/b978-0-12-809261-3.00013-9
https://doi.org/10.1016/b978-0-12-809261-3.00013-9
https://doi.org/10.1021/acs.energyfuels.2c03101
https://doi.org/10.1016/j.eurpolymj.2023.111868
https://doi.org/10.1016/j.eurpolymj.2023.111868
https://doi.org/10.3390/polym15061365
https://doi.org/10.3390/polym14204405
https://doi.org/10.1557/mrs.2015.270
https://doi.org/10.1016/j.cclet.2018.10.022
https://doi.org/10.3390/nano10051008
https://doi.org/10.1021/acs.jchemed.2c00964
https://doi.org/10.1002/pol.20230126
https://doi.org/10.1002/pol.20230126
https://doi.org/10.3390/biom11030389
https://doi.org/10.1016/j.carbpol.2023.121503
https://doi.org/10.1016/j.carbpol.2023.121503
https://doi.org/10.1016/b978-0-12-822351-2.00006-1
https://doi.org/10.1016/b978-0-12-822351-2.00006-1
https://doi.org/10.1021/acs.biomac.9b00087
https://doi.org/10.1021/acs.biomac.9b00087
https://doi.org/10.26502/fjppr.075
https://doi.org/10.3389/fchem.2020.564021
https://doi.org/10.1016/j.colsurfa.2020.125805
https://doi.org/10.1016/j.colsurfa.2020.125805
https://doi.org/10.3390/gels7040182
https://doi.org/10.3390/gels7040182
https://doi.org/10.3390/polym13213782
https://doi.org/10.3390/polym13213782


 Nano-Micro Lett.          (2024) 16:147   147  Page 20 of 23

https://doi.org/10.1007/s40820-024-01348-x© The authors

 59. N.H. Thang, T.B. Chien, D.X. Cuong, Polymer-based 
hydrogels applied in drug delivery: an overview. Gels 9, 
523 (2023). https:// doi. org/ 10. 3390/ gels9 070523

 60. J. Skopinska-Wisniewska, S. De la Flor, J. Kozlowska, 
From supramolecular hydrogels to multifunctional carri-
ers for biologically active substances. Int. J. Mol. Sci. 22, 
7402 (2021). https:// doi. org/ 10. 3390/ ijms2 21474 02

 61. M.Z. Quazi, N. Park, Nanohydrogels: advanced polymeric 
nanomaterials in the era of nanotechnology for robust func-
tionalization and cumulative applications. Int. J. Mol. Sci. 
23, 1943 (2022). https:// doi. org/ 10. 3390/ ijms2 30419 43

 62. R.M. Abdelhameed, E. Alzahrani, A.A. Shaltout, H.E. 
Emam, Temperature-controlled-release of essential oil via 
reusable mesoporous composite of microcrystalline cellu-
lose and zeolitic imidazole frameworks. J. Ind. Eng. Chem. 
94, 134–144 (2021). https:// doi. org/ 10. 1016/j. jiec. 2020. 10. 
025

 63. V.D. Rajput, A. Singh, T. Minkina, S. Rawat, S. Man-
dzhieva et  al., Nano-enabled products: challenges and 
opportunities for sustainable agriculture. Plants 10, 2727 
(2021). https:// doi. org/ 10. 3390/ plant s1012 2727

 64. T. Kato, J. Uchida, T. Ichikawa, B. Soberats, Functional 
liquid-crystalline polymers and supramolecular liquid crys-
tals. Polym. J. 50, 149–166 (2018). https:// doi. org/ 10. 1038/ 
pj. 2017. 55

 65. V.S. Sharma, V.K. Vishwakarma, P.S. Shrivastav, A. 
Ammathnadu Sudhakar, A.S. Sharma et al., Calixarene 
functionalized supramolecular liquid crystals and their 
diverse applications. ACS Omega 7, 45752–45796 (2022). 
https:// doi. org/ 10. 1021/ acsom ega. 2c046 99

 66. P.J. Collings, M. Hird, Introduction to liquid crystals: 
chemistry and physics. CRC Press, 1–298 (2017). https:// 
doi. org/ 10. 1201/ 97813 15272 801

 67. C.F.J. Faul, Ionic self-assembly for functional hierarchical 
nanostructured materials. Acc. Chem. Res. 47, 3428–3438 
(2014). https:// doi. org/ 10. 1021/ ar500 162a

 68. J. Zhai, C. Fong, N. Tran, C.J. Drummond, Non-lamellar 
lyotropic liquid crystalline lipid nanoparticles for the next 
generation of nanomedicine. ACS Nano 13, 6178–6206 
(2019). https:// doi. org/ 10. 1021/ acsna no. 8b079 61

 69. J. Prakash, A. Parveen, Y.K. Mishra, A. Kaushik, Nanotech-
nology-assisted liquid crystals-based biosensors: towards 
fundamental to advanced applications. Biosens. Bioelec-
tron. 168, 112562 (2020). https:// doi. org/ 10. 1016/j. bios. 
2020. 112562

 70. C. Ohm, M. Brehmer, R. Zentel, Liquid crystalline elasto-
mers as actuators and sensors. Adv. Mater. 22, 3366–3387 
(2010). https:// doi. org/ 10. 1002/ adma. 20090 4059

 71. Z. Wen, K. Yang, J.-M. Raquez, A review on liquid crystal 
polymers in free-standing reversible shape memory mate-
rials. Molecules 25, 1241 (2020). https:// doi. org/ 10. 3390/ 
molec ules2 50512 41

 72. T.J. White, D.J. Broer, Programmable and adaptive mechan-
ics with liquid crystal polymer networks and elastomers. 
Nat. Mater. 14, 1087–1098 (2015). https:// doi. org/ 10. 1038/ 
nmat4 433

 73. R.S. Kularatne, H. Kim, J.M. Boothby, T.H. Ware, Liquid 
crystal elastomer actuators: synthesis, alignment, and appli-
cations. J. Polym. Sci. Part B Polym. Phys. 55, 395–411 
(2017). https:// doi. org/ 10. 1002/ polb. 24287

 74. T. Kato, J.M.J. Frechet, Stabilization of a liquid-crystalline 
phase through noncovalent interaction with a polymer side 
chain. Macromolecules 22, 3818–3819 (1989). https:// doi. 
org/ 10. 1021/ ma001 99a060

 75. D.J. Broer, C.M.W. Bastiaansen, M.G. Debije, A.P.H.J. 
Schenning, Functional organic materials based on polym-
erized liquid-crystal monomers: supramolecular hydrogen-
bonded systems. Angew. Chem. Int. Ed. 51, 7102–7109 
(2012). https:// doi. org/ 10. 1002/ anie. 20120 0883

 76. T. Kato, N. Hirota, A. Fujishima, J.M.J. Fréchet, Supra-
molecular hydrogen-bonded liquid–crystalline polymer 
complexes. Design of side-chain polymers and a host–
guest system by noncovalent interaction. J. Polym. Sci. A 
Polym. Chem. 34, 57–62 (1996). https:// doi. org/ 10. 1002/ 
(sici) 1099- 0518(19960 115)

 77. J.L.M. van Nunen, B.F.B. Folmer, R.J.M. Nolte, Induction 
of liquid crystallinity by host–guest interactions. J. Am. 
Chem. Soc. 119, 283–291 (1997). https:// doi. org/ 10. 1021/ 
ja960 3113

 78. A. Pal, M. Malakoutikhah, G. Leonetti, M. Tezcan, M. 
Colomb-Delsuc et al., Controlling the structure and length 
of self-synthesizing supramolecular polymers through nucle-
ated growth and disassembly. Angew. Chem. Int. Ed. 54, 
7852–7856 (2015). https:// doi. org/ 10. 1002/ anie. 20150 1965

 79. D. Trache, A.F. Tarchoun, M. Derradji, T.S. Hamidon, N. 
Masruchin et  al., Nanocellulose: from fundamentals to 
advanced applications. Front. Chem. 8, 392 (2020). https:// 
doi. org/ 10. 3389/ fchem. 2020. 00392

 80. M. Crippa, C. Perego, A.L. de Marco, G.M. Pavan, Molecular 
communications in complex systems of dynamic supramo-
lecular polymers. Nat. Commun. 13, 2162 (2022). https:// doi. 
org/ 10. 1038/ s41467- 022- 29804-5

 81. W. Zhang, C. Gao, Morphology transformation of self-assem-
bled organic nanomaterials in aqueous solution induced by 
stimuli-triggered chemical structure changes. J. Mater. Chem. 
A 5, 16059–16104 (2017). https:// doi. org/ 10. 1039/ c7ta0 
2038d

 82. S. Chand Mali, S. Raj, R. Trivedi, Nanotechnology a novel 
approach to enhance crop productivity. Biochem. Biophys. 
Rep. 24, 100821 (2020). https:// doi. org/ 10. 1016/j. bbrep. 
2020. 100821

 83. J. Baranwal, B. Barse, A. Fais, G.L. Delogu, A. Kumar, 
Biopolymer: a sustainable material for food and medical 
applications. Polymers 14, 983 (2022). https:// doi. org/ 10. 
3390/ polym 14050 983

 84. M.C. Camara, E.V.R. Campos, R.A. Monteiro, A. do Espirito 
Santo Pereira, P.L. de Freitas Proença et al., Development of 
stimuli-responsive nano-based pesticides: emerging oppor-
tunities for agriculture. J. Nanobiotechnol. 17, 100 (2019). 
https:// doi. org/ 10. 1186/ s12951- 019- 0533-8

 85. A. Detsi, E. Kavetsou, I. Kostopoulou, I. Pitterou, A.R.N. 
Pontillo et al., Nanosystems for the encapsulation of natural 

https://doi.org/10.3390/gels9070523
https://doi.org/10.3390/ijms22147402
https://doi.org/10.3390/ijms23041943
https://doi.org/10.1016/j.jiec.2020.10.025
https://doi.org/10.1016/j.jiec.2020.10.025
https://doi.org/10.3390/plants10122727
https://doi.org/10.1038/pj.2017.55
https://doi.org/10.1038/pj.2017.55
https://doi.org/10.1021/acsomega.2c04699
https://doi.org/10.1201/9781315272801
https://doi.org/10.1201/9781315272801
https://doi.org/10.1021/ar500162a
https://doi.org/10.1021/acsnano.8b07961
https://doi.org/10.1016/j.bios.2020.112562
https://doi.org/10.1016/j.bios.2020.112562
https://doi.org/10.1002/adma.200904059
https://doi.org/10.3390/molecules25051241
https://doi.org/10.3390/molecules25051241
https://doi.org/10.1038/nmat4433
https://doi.org/10.1038/nmat4433
https://doi.org/10.1002/polb.24287
https://doi.org/10.1021/ma00199a060
https://doi.org/10.1021/ma00199a060
https://doi.org/10.1002/anie.201200883
https://doi.org/10.1002/(sici)1099-0518(19960115)
https://doi.org/10.1002/(sici)1099-0518(19960115)
https://doi.org/10.1021/ja9603113
https://doi.org/10.1021/ja9603113
https://doi.org/10.1002/anie.201501965
https://doi.org/10.3389/fchem.2020.00392
https://doi.org/10.3389/fchem.2020.00392
https://doi.org/10.1038/s41467-022-29804-5
https://doi.org/10.1038/s41467-022-29804-5
https://doi.org/10.1039/c7ta02038d
https://doi.org/10.1039/c7ta02038d
https://doi.org/10.1016/j.bbrep.2020.100821
https://doi.org/10.1016/j.bbrep.2020.100821
https://doi.org/10.3390/polym14050983
https://doi.org/10.3390/polym14050983
https://doi.org/10.1186/s12951-019-0533-8


Nano-Micro Lett.          (2024) 16:147  Page 21 of 23   147 

1 3

products: the case of chitosan biopolymer as a matrix. Phar-
maceutics 12, 669 (2020). https:// doi. org/ 10. 3390/ pharm 
aceut ics12 070669

 86. M.P. Silva, J.P. Fabi, Food biopolymers-derived nanogels 
for encapsulation and delivery of biologically active com-
pounds: a perspective review. Food Hydrocoll. Health 2, 
100079 (2022). https:// doi. org/ 10. 1016/j. fhfh. 2022. 100079

 87. H.P.S. Abdul Khalil, K. Jha, E.B. Yahya, S. Panchal, N. 
Patel et al., Insights into the potential of biopolymeric aero-
gels as an advanced soil-fertilizer delivery systems. Gels 9, 
666 (2023). https:// doi. org/ 10. 3390/ gels9 080666

 88. H. Sun, Y. Cao, D. Kim, B. Marelli, Biomaterials tech-
nology for AgroFood resilience. Adv. Funct. Mater. 32, 
2201930 (2022). https:// doi. org/ 10. 1002/ adfm. 20220 1930

 89. Z. Li, M. Zhang, Progress in the preparation of stimulus-
responsive cellulose hydrogels and their application in 
slow-release fertilizers. Polymers 15, 3643 (2023). https:// 
doi. org/ 10. 3390/ polym 15173 643

 90. S. Malik, K. Chaudhary, A. Malik, H. Punia, M. Sewhag 
et al., Superabsorbent polymers as a soil amendment for 
increasing agriculture production with reducing water 
losses under water stress condition. Polymers 15, 161 
(2022). https:// doi. org/ 10. 3390/ polym 15010 161

 91. N.S. Zaim, H.L. Tan, S.M.A. Rahman, N.F. Abu Bakar, 
M.S. Osman et al., Recent advances in seed coating treat-
ment using nanoparticles and nanofibers for enhanced 
seed germination and protection. J. Plant Growth 
Regul. 42, 7374–7402 (2023). https:// doi. org/ 10. 1007/ 
s00344- 023- 11038-4

 92. R.K. Gupta, P. Guha, P.P. Srivastav, Natural polymers in bio-
degradable/edible film: a review on environmental concerns, 
cold plasma technology and nanotechnology application 
on food packaging—A recent trends. Food Chem. Adv. 1, 
100135 (2022). https:// doi. org/ 10. 1016/j. focha. 2022. 100135

 93. Y. Ma, M. Yu, Y. Wang, S. Pan, X. Sun et al., A pH/cellu-
lase dual stimuli-responsive cellulose-coated metal–organic 
framework for eco-friendly fungicide delivery. Chem. Eng. 
J. 462, 142190 (2023). https:// doi. org/ 10. 1016/j. cej. 2023. 
142190

 94. M.M. Iftime, G.L. Ailiesei, E. Ungureanu, L. Marin, Design-
ing chitosan based eco-friendly multifunctional soil condi-
tioner systems with urea controlled release and water reten-
tion. Carbohydr. Polym. 223, 115040 (2019). https:// doi. org/ 
10. 1016/j. carbp ol. 2019. 115040

 95. Y. Li, P. Rao, J. Wang, S. Song, R. Wang et al., Study on 
preparation and application of a multifunctional microspheric 
soil conditioner based on Arabic gum, gelatin, chitosan and 
β-cyclodextrin. Int. J. Biol. Macromol. 183, 1851–1860 
(2021). https:// doi. org/ 10. 1016/j. ijbio mac. 2021. 05. 205

 96. W. Lu, H. Tang, Y. Li, J. Wang, J. Sun, Preparation and 
application of a natural microspheric soil conditioner based 
on gelatin, sodium alginate, and zeolite. ACS Appl. Polym. 
Mater. 5, 5211–5220 (2023). https:// doi. org/ 10. 1021/ acsapm. 
3c006 82

 97. N. Thombare, S. Mishra, M.Z. Siddiqui, U. Jha, D. Singh 
et al., Design and development of guar gum based novel, 

superabsorbent and moisture retaining hydrogels for agricul-
tural applications. Carbohydr. Polym. 185, 169–178 (2018). 
https:// doi. org/ 10. 1016/j. carbp ol. 2018. 01. 018

 98. C. Ding, S. Zhang, X. Fu, T. Liu, L. Shao et al., Robust supra-
molecular composite hydrogels for sustainable and “visible” 
agriculture irrigation. J. Mater. Chem. A 9, 24613–24621 
(2021). https:// doi. org/ 10. 1039/ d1ta0 5442b

 99. C.E. Elhassani, A. El Gharrak, Y. Essamlali, S. Elamiri, K. 
Dânoun et al., Lignin nanoparticles filled chitosan/polyvi-
nyl alcohol polymer blend as a coating material of urea with 
a slow-release property. J. Appl. Polym. Sci. 140, e53755 
(2023). https:// doi. org/ 10. 1002/ app. 53755

 100. M.K. Lima-Tenório, F. Furmam-Cherobim, P.R. Karas, 
D. Hyeda, W.Y. Takahashi et al., Azospirillum brasilense 
AbV5/6 encapsulation in dual-crosslinked beads based on 
cationic starch. Carbohydr. Polym. 308, 120631 (2023). 
https:// doi. org/ 10. 1016/j. carbp ol. 2023. 120631

 101. J. Yang, Y. Gao, Z. Zhou, J. Tang, G. Tang et al., A sim-
ple and green preparation process for PRO@PIL-PHS-PEC 
microcapsules by using phosphonium ionic liquid as a mul-
tifunctional additive. Chem. Eng. J. 424, 130371 (2021). 
https:// doi. org/ 10. 1016/j. cej. 2021. 130371

 102. A. Singh, A.K. Kar, D. Singh, R. Verma, N. Shraogi et al., 
pH-responsive eco-friendly chitosan modified cenosphere/
alginate composite hydrogel beads as carrier for controlled 
release of Imidacloprid towards sustainable pest control. 
Chem. Eng. J. 427, 131215 (2022). https:// doi. org/ 10. 1016/j. 
cej. 2021. 131215

 103. G. Huang, L. Huang, C. Geng, T. Lan, X. Huang et al., Green 
and multifunctional chitosan-based conformal coating as a 
controlled release platform for fruit preservation. Int. J. Biol. 
Macromol. 219, 767–778 (2022). https:// doi. org/ 10. 1016/j. 
ijbio mac. 2022. 08. 038

 104. C. Qin, C. Chen, Q. Xie, L. Wang, X. He et al., Ampero-
metric enzyme electrodes of glucose and lactate based on 
poly(diallyldimethylammonium)-alginate-metal ion-enzyme 
biocomposites. Anal. Chim. Acta 720, 49–56 (2012). https:// 
doi. org/ 10. 1016/j. aca. 2012. 01. 033

 105. C.-Y. Hsu, T. Sato, S. Moriyama, M. Higuchi, A Co(II)-based 
metallo-supramolecular polymer as a novel enzyme immobi-
lization matrix for electrochemical glucose biosensing. Eur. 
Polym. J. 83, 499–506 (2016). https:// doi. org/ 10. 1016/j. eurpo 
lymj. 2016. 06. 007

 106. L. Wang, Y. Yao, J. Li, K. Liu, F. Wu, A state-of-the-art 
review of organic polymer modifiers for slope eco-engineer-
ing. Polymers 15, 2878 (2023). https:// doi. org/ 10. 3390/ polym 
15132 878

 107. G. Sharma, S. Sharma, A. Kumar, C.W. Lai, M. Naushad 
et al., Activated carbon as superadsorbent and sustainable 
material for diverse applications. Adsorpt. Sci. Technol. 
2022, 4184809 (2022). https:// doi. org/ 10. 1155/ 2022/ 41848 
09

 108. C. Wang, B. Yang, X. Ji, R. Zhang, H. Wu, Study on acti-
vated carbon/silica gel/lithium chloride composite des-
iccant for solid dehumidification. Energy 251, 123874 
(2022). https:// doi. org/ 10. 1016/j. energy. 2022. 123874

https://doi.org/10.3390/pharmaceutics12070669
https://doi.org/10.3390/pharmaceutics12070669
https://doi.org/10.1016/j.fhfh.2022.100079
https://doi.org/10.3390/gels9080666
https://doi.org/10.1002/adfm.202201930
https://doi.org/10.3390/polym15173643
https://doi.org/10.3390/polym15173643
https://doi.org/10.3390/polym15010161
https://doi.org/10.1007/s00344-023-11038-4
https://doi.org/10.1007/s00344-023-11038-4
https://doi.org/10.1016/j.focha.2022.100135
https://doi.org/10.1016/j.cej.2023.142190
https://doi.org/10.1016/j.cej.2023.142190
https://doi.org/10.1016/j.carbpol.2019.115040
https://doi.org/10.1016/j.carbpol.2019.115040
https://doi.org/10.1016/j.ijbiomac.2021.05.205
https://doi.org/10.1021/acsapm.3c00682
https://doi.org/10.1021/acsapm.3c00682
https://doi.org/10.1016/j.carbpol.2018.01.018
https://doi.org/10.1039/d1ta05442b
https://doi.org/10.1002/app.53755
https://doi.org/10.1016/j.carbpol.2023.120631
https://doi.org/10.1016/j.cej.2021.130371
https://doi.org/10.1016/j.cej.2021.131215
https://doi.org/10.1016/j.cej.2021.131215
https://doi.org/10.1016/j.ijbiomac.2022.08.038
https://doi.org/10.1016/j.ijbiomac.2022.08.038
https://doi.org/10.1016/j.aca.2012.01.033
https://doi.org/10.1016/j.aca.2012.01.033
https://doi.org/10.1016/j.eurpolymj.2016.06.007
https://doi.org/10.1016/j.eurpolymj.2016.06.007
https://doi.org/10.3390/polym15132878
https://doi.org/10.3390/polym15132878
https://doi.org/10.1155/2022/4184809
https://doi.org/10.1155/2022/4184809
https://doi.org/10.1016/j.energy.2022.123874


 Nano-Micro Lett.          (2024) 16:147   147  Page 22 of 23

https://doi.org/10.1007/s40820-024-01348-x© The authors

 109. M. Moradian, A. Maleki, A. Alinejadian Bidabadi, The 
effect of super absorbent polymer a, perlite, and zeolite on 
physical properties of sandy loam soil. Iranian J. Soil Water 
Res. 50(5), 1219–1230 (2019)

 110. M. Moradi Pour, R. Saberi Riseh, Y.A. Skorik, Sodium 
alginate-gelatin nanoformulations for encapsulation of 
Bacillus velezensis and their use for biological control of 
pistachio gummosis. Materials 15, 2114 (2022). https:// doi. 
org/ 10. 3390/ ma150 62114

 111. R. Saberi Riseh, M. Gholizadeh Vazvani, M. Hassanisaadi, 
Y.A. Skorik, Micro-/ nano-carboxymethyl cellulose as a 
promising biopolymer with prospects in the agriculture sec-
tor: a review. Polymers 15, 440 (2023). https:// doi. org/ 10. 
3390/ polym 15020 440

 112. R.S. Riseh, E. Tamanadar, M.M. Pour, V.K. Thakur, Novel 
approaches for encapsulation of plant probiotic bacteria 
with sustainable polymer gums: application in the man-
agement of pests and diseases. Adv. Polym. Technol. 2022, 
4419409 (2022). https:// doi. org/ 10. 1155/ 2022/ 44194 09

 113. R. Saberi Riseh, Y.A. Skorik, V.K. Thakur, M. Moradi 
Pour, E. Tamanadar et al., Encapsulation of plant biocon-
trol bacteria with alginate as a main polymer material. Int. 
J. Mol. Sci. 22, 11165 (2021). https:// doi. org/ 10. 3390/ ijms2 
22011 165

 114. R. Saberi-Riseh, M. Moradi-Pour, R. Mohammadinejad, V.K. 
Thakur, Biopolymers for biological control of plant patho-
gens: advances in microencapsulation of beneficial microor-
ganisms. Polymers 13, 1938 (2021). https:// doi. org/ 10. 3390/ 
polym 13121 938

 115. R. Saberi Riseh, M. Moradi Pour, E. Ait Barka, A novel route 
for double-layered encapsulation of Streptomyces fulvissimus 
Uts22 by alginate–arabic gum for controlling of Pythium 
aphanidermatum in cucumber. Agronomy 12, 655 (2022). 
https:// doi. org/ 10. 3390/ agron omy12 030655

 116. B. Chen, H. Zhao, S. Chen, F. Long, B. Huang et al., A mag-
netically recyclable chitosan composite adsorbent function-
alized with EDTA for simultaneous capture of anionic dye 
and heavy metals in complex wastewater. Chem. Eng. J. 356, 
69–80 (2019). https:// doi. org/ 10. 1016/j. cej. 2018. 08. 222

 117. M.N. Alam, L.P. Christopher, Natural cellulose-chitosan 
cross-linked superabsorbent hydrogels with superior swelling 
properties. ACS Sustain. Chem. Eng. 6, 8736–8742 (2018). 
https:// doi. org/ 10. 1021/ acssu schem eng. 8b010 62

 118. A. Saha, S. Sekharan, U. Manna, Superabsorbent hydro-
gel (SAH) as a soil amendment for drought management: a 
review. Soil Tillage Res. 204, 104736 (2020). https:// doi. org/ 
10. 1016/j. still. 2020. 104736

 119. V. Guliyev, B. Tanunchai, M. Noll, F. Buscot, W. Purahong 
et al., Links among microbial communities, soil properties 
and functions: are fungi the sole players in decomposition 
of bio-based and biodegradable plastic? Polymers 14, 2801 
(2022). https:// doi. org/ 10. 3390/ polym 14142 801

 120. O.Y.A. Costa, J.M. Raaijmakers, E.E. Kuramae, Microbial 
extracellular polymeric substances: ecological function 
and impact on soil aggregation. Front. Microbiol. 9, 1636 
(2018). https:// doi. org/ 10. 3389/ fmicb. 2018. 01636

 121. A.L. Ramachandran, A. Mukherjee, N.K. Dhami, Nanoscale 
to macroscale characterization of in-situ bacterial biopoly-
mers for applications in soil stabilization. Front. Mater. 8, 
681850 (2022). https:// doi. org/ 10. 3389/ fmats. 2021. 681850

 122. A. Tran, I. Chang, G.-C. Cho, Soil water retention and veg-
etation survivability improvement using microbial biopol-
ymers in drylands. Geomech. Eng. 17, 475–483 (2019). 
https:// doi. org/ 10. 12989/ gae. 2019. 17.5. 475

 123. S. Antony, T.R. Anju, B. Thomas, Nature-inspired biomi-
metic polymeric materials and their applications. ed. by 
(Springer; 2022), pp. 1–31.

 124. S. Dutta, S. Pal, P. Panwar, R.K. Sharma, P.L. Bhutia, 
Biopolymeric nanocarriers for nutrient delivery and crop 
biofortification. ACS Omega 7, 25909–25920 (2022). 
https:// doi. org/ 10. 1021/ acsom ega. 2c024 94

 125. S. Fertahi, M. Ilsouk, Y. Zeroual, A. Oukarroum, A. 
Barakat, Recent trends in organic coating based on biopoly-
mers and biomass for controlled and slow release fertiliz-
ers. J. Control. Release 330, 341–361 (2021). https:// doi. 
org/ 10. 1016/j. jconr el. 2020. 12. 026

 126. Y. Oladosu, M.Y. Rafii, F. Arolu, S.C. Chukwu, M.A. 
Salisu et al., Superabsorbent polymer hydrogels for sustain-
able agriculture: a review. Horticulturae 8(7), 605 (2022). 
https:// doi. org/ 10. 3390/ horti cultu rae80 70605

 127. L. Yang, Y. Yang, Z. Chen, C. Guo, S. Li, Influence of super 
absorbent polymer on soil water retention, seed germina-
tion and plant survivals for rocky slopes eco-engineering. 
Ecol. Eng. 62, 27–32 (2014). https:// doi. org/ 10. 1016/j. 
ecole ng. 2013. 10. 019

 128. G. Fang, X. Yang, S. Chen, Q. Wang, A. Zhang et  al., 
Cyclodextrin-based host–guest supramolecular hydrogels 
for local drug delivery. Coord. Chem. Rev. 454, 214352 
(2022). https:// doi. org/ 10. 1016/j. ccr. 2021. 214352

 129. J. Jing, S. Liang, Y. Yan, X. Tian, X. Li, Fabrication of 
hybrid hydrogels from silk fibroin and tannic acid with 
enhanced gelation and antibacterial activities. ACS Bio-
mater. Sci. Eng. 5, 4601–4611 (2019). https:// doi. org/ 10. 
1021/ acsbi omate rials. 9b006 04

 130. A.F. Rachid, B.R. Bader, H.H. Al-Alawy, Effect of foliar 
application of humic acid and nanocalcium on some 
growth, production, and photosynthetic pigments of cauli-
flower (Brassica oleracea var. Botrytis) planted in calcare-
ous soil. Plant Arch. 20(1), 32–37 (2020)

 131. G. Korbecka-Glinka, K. Piekarska, M. Wiśniewska-Wrona, 
The use of carbohydrate biopolymers in plant protection 
against pathogenic fungi. Polymers 14, 2854 (2022). 
https:// doi. org/ 10. 3390/ polym 14142 854

 132. M. Stasińska-Jakubas, B. Hawrylak-Nowak, Protective, 
biostimulating, and eliciting effects of chitosan and its 
derivatives on crop plants. Molecules 27, 2801 (2022). 
https:// doi. org/ 10. 3390/ molec ules2 70928 01

 133. A.M. Ram, R. Singh, M. Rana, S.A. Dwivedi, K. Parmar 
et al., Nanobiotechnology: synthesis components and a few 
approaches for controlling plant diseases. Plant Nano Biol. 4, 
100038 (2023). https:// doi. org/ 10. 1016/j. plana. 2023. 100038

https://doi.org/10.3390/ma15062114
https://doi.org/10.3390/ma15062114
https://doi.org/10.3390/polym15020440
https://doi.org/10.3390/polym15020440
https://doi.org/10.1155/2022/4419409
https://doi.org/10.3390/ijms222011165
https://doi.org/10.3390/ijms222011165
https://doi.org/10.3390/polym13121938
https://doi.org/10.3390/polym13121938
https://doi.org/10.3390/agronomy12030655
https://doi.org/10.1016/j.cej.2018.08.222
https://doi.org/10.1021/acssuschemeng.8b01062
https://doi.org/10.1016/j.still.2020.104736
https://doi.org/10.1016/j.still.2020.104736
https://doi.org/10.3390/polym14142801
https://doi.org/10.3389/fmicb.2018.01636
https://doi.org/10.3389/fmats.2021.681850
https://doi.org/10.12989/gae.2019.17.5.475
https://doi.org/10.1021/acsomega.2c02494
https://doi.org/10.1016/j.jconrel.2020.12.026
https://doi.org/10.1016/j.jconrel.2020.12.026
https://doi.org/10.3390/horticulturae8070605
https://doi.org/10.1016/j.ecoleng.2013.10.019
https://doi.org/10.1016/j.ecoleng.2013.10.019
https://doi.org/10.1016/j.ccr.2021.214352
https://doi.org/10.1021/acsbiomaterials.9b00604
https://doi.org/10.1021/acsbiomaterials.9b00604
https://doi.org/10.3390/polym14142854
https://doi.org/10.3390/molecules27092801
https://doi.org/10.1016/j.plana.2023.100038


Nano-Micro Lett.          (2024) 16:147  Page 23 of 23   147 

1 3

 134. S.-H. Jin, T.-E. Kwon, J.-U. Kang, S.-H. Yoo, P.-S. Chang 
et al., Production of branched glucan polymer by a novel 
thermostable branching enzyme of Bifidobacterium thermo-
philum via one-pot biosynthesis containing a dual enzyme 
system. Carbohydr. Polym. 309, 120646 (2023). https:// doi. 
org/ 10. 1016/j. carbp ol. 2023. 120646

 135. G. Teng, C. Chen, N. Jing, C. Chen, J. Zhang, Halloysite 
nanotubes-based composite material with acid/alkali dual pH 
response and foliar adhesion for smart delivery of hydropho-
bic pesticide. Chem. Eng. J. 451, 139052 (2022). https:// doi. 
org/ 10. 1016/j. cej. 2022. 139052

 136. Z. Zhou, Y. Gao, G. Tang, Y. Tian, Y. Li et al., Facile prepa-
ration of ph/pectinase responsive microcapsules based on 
 CaCO3 using fungicidal ionic liquid as a nucleating agent 
for sustainable plant disease management. Chem. Eng. J. 446, 
137073 (2022). https:// doi. org/ 10. 1016/j. cej. 2022. 137073

 137. R. Patel, B. Mitra, M. Vinchurkar, A. Adami, R. Patkar et al., 
Plant pathogenicity and associated/related detection systems. 
A review. Talanta 251, 123808 (2023). https:// doi. org/ 10. 
1016/j. talan ta. 2022. 123808

 138. M. Khater, A. de la Escosura-Muñiz, A. Merkoçi, Biosensors 
for plant pathogen detection. Biosens. Bioelectron. 93, 72–86 
(2017). https:// doi. org/ 10. 1016/j. bios. 2016. 09. 091

 139. J. Tavakoli, Y. Tang, Hydrogel based sensors for biomedi-
cal applications: an updated review. Polymers 9, 364 (2017). 
https:// doi. org/ 10. 3390/ polym 90803 64

 140. P.D. Skottrup, M. Nicolaisen, A.F. Justesen, Towards on-site 
pathogen detection using antibody-based sensors. Biosens. 
Bioelectron. 24, 339–348 (2008). https:// doi. org/ 10. 1016/j. 
bios. 2008. 06. 045

 141. K. Yamaguchi, Y. Uriu, K. Kageyama, M. Shimizu, Devel-
opment of a biosensor for selective detection of phytopatho-
genic pythiums, in 2017 IEEE 7th International conference 
nanomaterials: application & properties (NAP). Odessa, 
UKraine. IEEE, (2017)., 4NB03–1–04NB03–3.

 142. M. Regiart, M. Rinaldi-Tosi, P.R. Aranda, F.A. Bertolino, 
J. Villarroel-Rocha et al., Development of a nanostructured 
immunosensor for early and in situ detection of Xanthomonas 
arboricola in agricultural food production. Talanta 175, 535–
541 (2017). https:// doi. org/ 10. 1016/j. talan ta. 2017. 07. 086

 143. T. Vo-Dinh, Nanobiosensors: probing the sanctuary of indi-
vidual living cells. J. Cell. Biochem. 87, 154–161 (2002). 
https:// doi. org/ 10. 1002/ jcb. 10427

 144. G. Ertürk, B. Mattiasson, Molecular imprinting techniques 
used for the preparation of biosensors. Sensors 17, 288 
(2017). https:// doi. org/ 10. 3390/ s1702 0288

 145. E. Jabbari, J. Tavakoli, A.S. Sarvestani, Swelling character-
istics of acrylic acid polyelectrolyte hydrogel in a dc electric 
field. Smart Mater. Struct. 16, 1614–1620 (2007). https:// doi. 
org/ 10. 1088/ 0964- 1726/ 16/5/ 015

 146. M. Cretich, G. Pirri, F. Damin, I. Solinas, M. Chiari, A new 
polymeric coating for protein microarrays. Anal. Biochem. 
332, 67–74 (2004). https:// doi. org/ 10. 1016/j. ab. 2004. 05. 041

 147. N. Dehbari, J. Tavakoli, J. Zhao, Y. Tang, In situ formed inter-
nal water channels improving water swelling and mechani-
cal properties of water swellable rubber composites. J. Appl. 
Polym. Sci. 134, 44548 (2017). https:// doi. org/ 10. 1002/ app. 
44548

 148. M.A.C. Mhd Haniffa, Y.C. Ching, L.C. Abdullah, S.C. Poh, 
C.H. Chuah, Review of bionanocomposite coating films and 
their applications. Polymers 8, 246 (2016). https:// doi. org/ 10. 
3390/ polym 80702 46

 149. S. Sharma, B. Sharma, P. Jain, Graphene based biopoly-
mer nanocomposites in sensors. B. Sharma, P. Jain, (eds.) 
Graphene Based Biopolymer Nanocomposites. Singapore: 
Springer Singapore, (2020), 273–286. https:// doi. org/ 10. 
1007/ 978- 981- 15- 9180-8_ 15

 150. S. Pradhan, A.K. Brooks, V.K. Yadavalli, Nature-derived 
materials for the fabrication of functional biodevices. Mater. 
Today Bio 7, 100065 (2020). https:// doi. org/ 10. 1016/j. mtbio. 
2020. 100065

 151. M. Hassanisaadi, A.H.S. Bonjar, A. Rahdar, R.S. Varma, N. 
Ajalli et al., Eco-friendly biosynthesis of silver nanoparticles 
using Aloysia citrodora leaf extract and evaluations of their 
bioactivities. Mater. Today Commun. 33, 104183 (2022). 
https:// doi. org/ 10. 1016/j. mtcomm. 2022. 104183

 152. S. Zhang, Fabrication of novel biomaterials through molecu-
lar self-assembly. Nat. Biotechnol. 21, 1171–1178 (2003). 
https:// doi. org/ 10. 1038/ nbt874

 153. A. Campanella, D. Döhler, W.H. Binder, Self-healing in 
supramolecular polymers. Macromol. Rapid Commun. 39, 
1700739 (2018). https:// doi. org/ 10. 1002/ marc. 20170 0739

https://doi.org/10.1016/j.carbpol.2023.120646
https://doi.org/10.1016/j.carbpol.2023.120646
https://doi.org/10.1016/j.cej.2022.139052
https://doi.org/10.1016/j.cej.2022.139052
https://doi.org/10.1016/j.cej.2022.137073
https://doi.org/10.1016/j.talanta.2022.123808
https://doi.org/10.1016/j.talanta.2022.123808
https://doi.org/10.1016/j.bios.2016.09.091
https://doi.org/10.3390/polym9080364
https://doi.org/10.1016/j.bios.2008.06.045
https://doi.org/10.1016/j.bios.2008.06.045
https://doi.org/10.1016/j.talanta.2017.07.086
https://doi.org/10.1002/jcb.10427
https://doi.org/10.3390/s17020288
https://doi.org/10.1088/0964-1726/16/5/015
https://doi.org/10.1088/0964-1726/16/5/015
https://doi.org/10.1016/j.ab.2004.05.041
https://doi.org/10.1002/app.44548
https://doi.org/10.1002/app.44548
https://doi.org/10.3390/polym8070246
https://doi.org/10.3390/polym8070246
https://doi.org/10.1007/978-981-15-9180-8_15
https://doi.org/10.1007/978-981-15-9180-8_15
https://doi.org/10.1016/j.mtbio.2020.100065
https://doi.org/10.1016/j.mtbio.2020.100065
https://doi.org/10.1016/j.mtcomm.2022.104183
https://doi.org/10.1038/nbt874
https://doi.org/10.1002/marc.201700739

	NanoMicro-Structural Supramolecular Biopolymers: Innovative Networks with the Boundless Potential in Sustainable Agriculture
	Highlights
	Abstract 
	1 Introduction
	2 How do Supramolecular Biopolymers Differ from Conventional Polymers?
	3 Supramolecular Structures
	4 Supramolecular Polymers as Hydrogels
	5 Supramolecular Liquid Crystals
	6 Difference Between Nano- and Micro-Supramolecular Polymers
	7 Potential of NanoMicro-Structural Supramolecular Biopolymers in Sustainable Farming Agriculture
	7.1 Supramolecular Biopolymers for Improving Soil Structure and Moisture Retention
	7.2 Supramolecular Biopolymers for Enhancing Nutrient Absorption
	7.3 Supramolecular Biopolymers for Protecting Plants Against Biotic and Abiotic Stresses
	7.4 Supramolecular Biopolymers in Biosensors

	8 Challenges and Future Prospectives
	9 Conclusion
	Acknowledgments 
	References


