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Abstract
There is a continuous demand on the agricultural sector to enhance the crop production in order to fulfil the food require-
ments of increasing global population. Favourably, nanotechnology has provided innovative and significant advantages 
in agricultural sector by augmenting the crop yields and by protecting crops against pathogens. On the other hand, the 
advanced polymeric nanocomposites have proved to be the smart delivery systems for agrochemicals including fertilizers, 
insecticides, pesticides and other plant growth regulators owing to their higher stability, solubility, uniform distribution and 
controlled release. Besides, the recent research has also confirmed that the utilization of polymeric nanoparticles as deliv-
ery systems enhanced the efficiency of agricultural inputs by delivering agrochemicals more effectively and subsequently 
lead to agriculture development. In light of this, the current review summarizes the advanced synthesis methods of various 
nature-derived polymeric nanoparticles and their application towards the improved targeting, controlled release and lower 
losses of agrochemicals, by which high efficiency/crop yields and lower environmental impacts can be achieved compared 
to traditional formulations of agrochemicals. The review ends with a perspective on the fate of polymeric nanoparticles fol-
lowed by concluding remarks on future directions of polymer nanoparticles in sustainable agriculture.
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Introduction

The prime focus of sustainable agriculture is to produce 
long-term crops and livestock to meet the society’s food 
and textile requirements for the surging global population 
without compromising the ability of future generations to 
meet their own needs. Furthermore, sustainable agriculture 
tries to establish a good balance between the production of 
sustainable food production and the preservation of ecologi-
cal system within the environment. The current agricultural 
practices are striving towards the sustainability due to the 
exploitation of natural resources by the extensive use of 
agrochemicals and their impact on environment. In response 

to the environmental impacts such as soil degradation, cli-
mate change, water pollution and emerging pathogens and 
disease causing agents, the research and development has 
been striving for new employable and safer technologies [6, 
12, 50, 53]. Sustainability in agriculture has always been a 
primary concern providing a framework for the selection of 
the best combination of approaches in agricultural produc-
tivity [19].

The introduction of nanotechnology in agricultural sector 
has provided several potential benefits including the reduc-
tion in agricultural inputs, enhancement of food quality and 
safety, and enrichment of absorbing nanoscale nutrients from 
the soil. Undoubtedly, the sustainable growth of agriculture 
largely depends on innovative techniques like nanotechnol-
ogy [53]. The significant interests of using nanotechnology 
in agriculture includes specific applications like nanoferti-
lizers and nanopesticides to trail products and nutrients lev-
els to increase the productivity without decontamination of 
soils, waters, and protection against several insect pest and 
microbial diseases [28]. In modern agriculture, sustainable 
production and efficiency are unimaginable without the use 
of agrochemicals such as pesticides and fertilizers. However, 
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these agrochemicals pose considerable threats to human 
beings and ecosystem when contaminated with soil and 
water bodies. Therefore, effective technologies that reduce 
and/or eliminate the influence of modern agriculture on the 
environment and enhance the crop yields are highly desir-
able [52]. The emergence of scientific capabilities across the 
globe have unfolded the viable and promising techniques to 
contend these issues.

In recent years, polymer-based nanoparticles have been 
appeared as safe option for the delivery of agrochemicals 
without polluting the soil and air. The polymer nanoparticles 
protect the active ingredients of agrochemicals by minimiz-
ing interactions of the encapsulates with the environment 
through a coating. These approaches also relate controlled 
release of agrochemicals [70]. Also, the outlook is gradu-
ally shifting towards the use of natural polymers such as 
polysaccharides [36]. The significant advantage of natural 
polymers is that they are degradable by soil microorgan-
isms and results environmentally non-toxic products when 
compared to their non-degradable synthetic counterparts 
[34]. Furthermore, the combined use of nanoparticles and 
polymers in encapsulation agrochemicals improves the sus-
tainability and provides new research opportunities for the 
evaluation of their efficiency compared to the conventional 
formulations [16]. Polymeric nanocarriers can also act as 
more sustainable alternatives to other conventional materials 
with respect to the biocompatibility and material integrity 
thereby keeping down the potential of ecotoxicity [56]. This 
review intends to serve as a fundamental for agricultural 
researchers to instigate on the development and applica-
tion of polymeric nanoparticles (PNPs) as nanocarriers in 
delivery systems for the agricultural sustainability. Further, 
the significance of nanoformulations in encapsulation and 
controlled release of agrochemicals has been discussed com-
prehensively. Next, the various synthesis methods of PNPs 
through dispersion and polymerization approaches have 
been presented in detail. Subsequently, the encapsulation of 
agrochemicals into PNPs followed by the fate of PNPs on 
environment is described extensively followed by the future 
implications of PNPs.

Emergence of polymeric nanoparticles

In general, agrochemicals are used to improve the crop 
yield and productivity, decrease crop losses, combat plant 
diseases and to improve food quality [10]. However, agro-
chemicals are hazardous and pose threat to the ecosystem 
after their leaching, degradation, volatilization and pho-
tolysis. In this context, nanotechnology has emerged as a 
choice of technology to overcome the above listed disad-
vantages and provided effective results for the controlled 
release of agrochemicals and subsequently improved crop 

yields. The essence of “nano” in science and technology 
has provided unique properties to the materials having the 
size range between 1 and 100 nm, which are highly desir-
able for practical applications. Nanoparticles and nano-
based composites are very useful to enhance the controlled 
release of agrochemicals including pesticides, fungicides, 
herbicides and fertilizers protecting bioactive compounds 
from premature degradation [48, 57, 59].

Polymer nanoparticles (PNPs) are simplest soft mate-
rials and are proved to be capable to serve as sustainable 
alternatives in various branches of technologies over the 
years [1]. The PNPs can be synthesised through various 
routes including size downscaling, new phase transition 
and are explored into different approaches like self-assem-
bled nanostructures, nonself-assembled nanostructures and 
number of nanoscale dimensions. The decreased size of 
polymer nanoparticles without changing their molecu-
lar arrangement from bulk size imparts various quantum 
impacts that lead to many folds increase in surface to vol-
ume ratio prevailing unique and exceptional properties 
[18]. This advancement has created great interest in com-
munity to develop PNPs for their applications in various 
domains including environment, medicine, science and 
technology. The PNPs with excellent physicochemical 
properties are significant in the development of various 
bionanomaterials and offer sustainable solutions in the 
field of agriculture to enhance the productivity and pro-
tection of crops [60, 61].

Owing to their biodegradability, biocompatibility, cost-
effectiveness, augmented productivity and lower toxicity, 
PNPs have received significant consideration for various 
agricultural applications [30]. It is believed that PNPs could 
overcome the disadvantages of conventional methods with 
better results at lower doses and are expected to lower the 
risk of environmental toxicity. Considering the environmen-
tal aspects, PNPs can precisely encapsulate agrochemicals 
and enhance their aqueous dispersibility and bioavailability 
thereby extends the effective lifetime of active ingredients. 
PNPs by encapsulating the active ingredient either by physi-
cally or chemically binding within the core of nanoparti-
cles, release the agrochemicals in predetermined way by the 
cleavage of chemical bond or by physical diffusion [7].

These PNPs can be fabricated using various types of bio-
degradable, synthetic or natural polymers. Most popularly, 
chitosan, pectin, carboxymethyl cellulose have emerged as 
promising and favourable natural polymers for the controlled 
delivery of agrochemicals with improved stability [8]. 
Among the synthetic polymers, polyethylene glycol (PEG), 
polyvinyl alcohol (PVA), polylactide-co-glycolides (PLGA), 
polyepsilon caprolactone (PCL), polycitric acid(PCA) are 
used for nanoagroparticle formulations [67, 68]. Polymeric 
nanoparticles with perspective ratio of ingredients have been 
found satisfactory and present excellent substitutes for their 
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enlarged potential applications in modern technologies [5, 
45].

PNPs can be fabricated either from pre-existing polymers 
or by the direct polymerization of monomers [32]. Based 
on various requirements of PNPs such as release pattern, 
solubility and desirable penetration of agrochemicals, well-
designed nanostructured delivery systems with size and 
charge control, surface, physical and chemical properties are 
necessary. The choice of polymers to employ in agricultural 
applications should possess selective properties like stabil-
ity, permeability, transmission on which the growth and pro-
tection of crops depends significantly [4]. In this perspec-
tive, functionalization of polymers or PNPs with improved 
characteristics have become an overwhelming domain and 
gained the attention of scientists globally.

Nanoformulations in encapsulation 
of agrochemicals and controlled release

Encapsulation is a technique intended to surround the active 
ingredient in the core maintaining the chemical stability 
[66]. The active ingredient from the encapsulated system 
releases into the environment under certain conditions for a 
predetermined time by breaking the core and dissolves after 
reaching the target. Encapsulation technique also generates a 
new product with improved storage and transportation prop-
erties, better synthesising formulation and greater particle 
size. The performance of encapsulated PNPs depends on the 
technology, formulation of the shell material, physicochemi-
cal properties of the active ingredient and release mecha-
nism [17]. The active part of agrochemicals in the formula-
tion gets protected from the external forces such as light, 
water, pH, temperature, oxidation and evaporation. Based 
on the particle size of coating material, there are two types 
of encapsulation techniques, i.e. microencapsulation and 
nanoencapsulation [64]. Microencapsulation deals with the 
change of colloidal and surface properties of a shell material 
that encapsulates the active ingredient with a diameter size 
of 1–1000 μm [62]. Common release profiles in this tech-
nique are zero-order, immediate (burst) and retarded release. 

Nanoencapsulation is a promising technology with the par-
ticle size ranges in nanoscale in which the active ingredi-
ents are effectively released in slow, controlled and gradual 
manner from the particles. The release mechanisms such as 
diffusion, dissolution could play major role in the delivery 
of nanoencapsulated materials [2].

Table 1 shows the major differences between micro- and 
nanoencapsulation. The possible advantages of nanoen-
capsulation compared to microencapsulation includes the 
increased biological activity or performance, faster dissolu-
tion, better distribution and soil mobility [44]. Nanostruc-
tured systems owing to their unique properties can be used 
as carriers of agrochemicals (active ingredient) to combat 
loss of efficiency and increased productivity. PNPs are inno-
vative materials reported for the controlled release of agro-
chemicals and their targeted delivery. PNP formulations are 
prepared to encapsulate the active ingredient of agrochemi-
cals using different techniques. The main purpose of the 
encapsulation of agrochemicals by smart delivery systems 
utilise PNPs enabling the accurate and targeted delivery with 
the goal of obtaining larger yields over a longer period of 
time. The technical advances in PNP formulations discrimi-
nate the abusive use of agrochemicals with extended benefits 
of stimuli response, reduced dosing frequency and prolong-
ing activity. Biodegradable polymers used in nanocarrier 
systems such as chitosan, carboxymethyl cellulose, alginic 
acids, polylactic acids, polyglycolic acids, polycaprolactone 
are considered as promising in advancing agricultural tech-
nologies that are safe and efficient [20].

The main functions of polymer nanoscale carriers are 
to retain the agrochemicals until it reaches the target, to 
enhance the aqueous dispersibility and bioavailability until it 
reaches the target and extends the lifetime by controlling the 
active release functions in neighbouring environment [21]. 
The release pattern of active ingredient from the polymer 
matrix is generally illustrated in terms of diffusion, swell-
ing or relaxation and surface or bulk erosion of nanoparticle 
[22]. Figure 1 shows the nanoformulations of polymers with 
various types of agrochemicals that can be encapsulated, 
methods to prepare polymer nanoparticles, properties and 
strategies of advantages of PNPs in agriculture.

Table 1  Differences between microencapsulation and nanoencapsulation [17]

Microencapsulation Nanoencapsulation

Dependent on technology, material chemistry and composition Less influenced on technology and more by materials
Capsule dispersions and powders are usually obtained Nanoparticle powders are more difficult to achieve
Smaller surface to volume ratio Larger surface to volume ratio
Larger shell thickness Smaller shell thickness
Comparably less performance Comparably increased biological activity or performance and 

soil mobility
Exhibit less dispersibility, stability and dissolution Easily dispersible, exhibit high stability and faster dissolution
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These release pattern functions depend on size, shape 
and synthesizing formulations, i.e. combinations of dif-
ferent materials used for synthesis of nanocarrier [46]. 
The other factors like solubility, density, crystallinity, 
orientation, polarity, chemical degradation, cross-linkage 
and biodegradability affects the release of agrochemicals. 
In addition, temperature, pH, humidity, pressure are also 
the external parameters that result in controlled release. 
Encapsulation by PNPs allows protection of agrochemi-
cals from external forces like light, water, oxidation and 
evaporation for the improved storage [11].

Synthesis of polymer nanoparticles

PNPs have been conveniently prepared by dispersing the 
preformed polymers (top-down approach) and the direct 
polymerization of monomers (bottom-up approach). Meth-
ods like desolvation, dialysis, salting-out, solvent evapo-
ration, nanoprecipitation, spray drying, and supercritical 
fluid technology have been employed for the preparation of 
PNPs from preformed polymers [26, 55]. PNPs can also be 
synthesized by direct polymerization of monomers using 
several techniques such as emulsion, mini- and micro-
emulsion, interfacial and controlled/living radical polym-
erization. The method chosen to synthesize PNPs depends 
on the nature of polymeric system, area of application, 
surfactant, active component and other additives.

Dispersion of preformed polymers

Due to the versatility of PNPs, several methods have been 
reported for the preparation of PNPs and utilized success-
fully by dispersing the preformed polymers.

Solvent evaporation

Solvent evaporation is very common technique that 
emerged to prepare PNPs from a preformed polymer [69]. 
Briefly, the polymer is dissolved in an organic phase into 
which active ingredient is included by dissolution/disper-
sion. The resulting solution is added to aqueous phase that 
contains surfactant/emulsifying agent and is processed by 
using ultrasonication or homogenization to form an emul-
sion [3]. The solvent is evaporated on formation of stable 
emulsion either by continuous stirring or by increasing 
the temperature at reduced pressure. The nanosuspension 
is then washed and freeze dried to acquire fine powder of 
nanoparticles.

Salting‑out

Salting-out process is formulated without employing any 
surfactants/emulsifying agents and chlorinated solvents. 
This method involves dissolution of polymer in the organic 
phase, which is totally miscible with water, like acetone, 
tetrahydrofuran and emulsified under strong shear stress 
[15]. The aqueous phase contains high concentration of 
salt that are insoluble in organic phase. In general, mag-
nesium chloride, calcium chloride and magnesium acetate 
[43, 72] are used in 1:3 polymer to salt ratio. The addition 
of such salts modifies the miscibility properties of water 

Fig. 1  Nanoformulation of poly-
mers with various agrochemi-
cals, properties and advantages 
of PNPs in agriculture
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with other solvents. By the addition of large excess of 
water to the emulsion under gentle stirring decreases the 
ionic strength and leads to the precipitation inducing nano-
sphere formation. Finally, centrifugation is used to remove 
the salting-out agent from the nanoparticles.

Nanoprecipitation method

The nanoprecipitation method was formulated for the syn-
thesis of PNPs [14]. This method results in instantaneous 
formation of nanoparticles can be scaled up easily and is a 
one-step procedure. The process is based on the interfacial 
deposition of a polymer after displacement of a semipolar 
solvent that is water miscible. PNPs are formed instantane-
ously by adding the organic phase slowly to the aqueous 
phase under gentle stirring by rapid diffusion. Although 
the surfactant is not required in this method, the nanosus-
pensions can be prevented from agglomeration by adding 
surfactants. Moreover, the nature and concentration of sur-
factant influence the size of nanoparticles [25].

Supercritical fluid technology

As the preceding methods involve organic solvents, super-
critical fluid technology can be strategically less harmful to 
the environment for the potential production of PNPs with 
high purity [24]. Supercritical fluids have low and tuneable 
densities allowing them to have transition from gas to liquid 
with ease, through a small change in pressure at constant 
temperature. This method is interesting and expected to pro-
duce nanoparticles evading most of the limitations of tradi-
tional methods. Two principle processes have been emerged 
for the production of nanoparticles using supercritical fluids;

(a) Rapid expansion of supercritical solution (RESS)
In this process, the solute dissolves in a supercritical fluid 

and the solution rapidly expands into the ambient air through 
the capillary nozzle. The degree of supersaturation followed 
by rapid pressure reduction has considerable impact on the 
particle size, morphology and dispersity of the particles. 
The method produces microscaled rather than nanoscaled 
particles.

(b) Rapid expansion of supercritical solution into liquid 
solvent (RESOLV)

With this technique, the researchers have modified the 
RESS technique to expand the supercritical solution into 
a liquid solvent instead of ambient air. The RESOLV tech-
nique primarily reduces the coagulation rate in the free jet 
expansion of RESS. This technique produces nanosized 
particles as liquid solvent suppresses the particle growth in 
expansion jet making it feasible to overcome the limitations 
of RESS technology.

Polymerisation of monomers

Polymerisation of monomers fabricates PNPs with required 
properties for a particular application. Few techniques that 
produce PNPs through polymerisation such as mini-, micro- 
and emulsion polymerisation techniques that are progressed 
recently in use are discussed. In addition, other hetero-phase 
polymerisations such as interfacial and living/controlled 
radical polymerisation utilised in preparation of PNPs are 
conferred.

Emulsion polymerisation

Based on the use of surfactant, this approach can be catego-
rized into conventional and surfactant-free polymerisation. 
In conventional emulsion polymerisation, colloidal stabi-
lisers such as electrostatic, steric or electrosteric are used 
and the surfactant required to be removed from the final 
product. As the removal of surfactant is time consuming 
and increases the cost of production, surfactant-free emul-
sion polymerisation has been emerged significantly to pre-
pare PNPs by emulsion polymerisation [31]. In this method, 
stabilization of PNPs can be obtained through the use of 
ionisable initiators or ionic co-monomers. Hence, surfactant-
free emulsion polymerisation has manifested as a simple and 
green method for PNP production.

Miniemulsion

Miniemulsions are typical class of emulsions that are sta-
bilised by a surfactant and are produced by high-energy 
homogenization and usually yield stable droplets [9]. Poly-
mers, in this technique are usually synthesized in the disper-
sion phase at the interface of the droplets. A large range of 
polymers can be generated by miniemulsion due to their col-
loidal properties and stability. The functional polymers have 
been synthesized by researchers by miniemulsion method 
for their specific properties and their applications in various 
fields.

Micro‑emulsion

Micro-emulsion polymerisation is an effective approach for 
synthesis of PNPs. Though micro-emulsion polymerisation 
generates colloidal polymer particles with high molar mass, 
similar to emulsion polymerisation, the kinetics of micro-
emulsion is different comparatively. The polymerisation 
depends on high quantities of surfactant systems lowering 
the surface tension of materials, thereby completely covering 
the surface of particles. Micro-emulsion method produces 
considerably smaller number of chains per particle and par-
ticle size [23].
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Interfacial polymerisation

Interfacial polymerisation is one of the preparation strate-
gies to fabricate PNPs [39]. This is a type of step-growth 
polymerisation occurs at the interfacial region of the two 
miscible liquid phases, endowing PNPs with unique topo-
logical and chemical properties. A number of varieties of 
PNPs such as ultra-thin films, nanocapsules, and nanofibres 
can be prepared using this method. Various types of inter-
facial polymerisation such as liquid–solid interfaces, liq-
uid–liquid interfaces and liquid-in-liquid emulsion interfaces 
are approachable [63]. Several polymers, e.g. polypyrrole, 
polyaniline, polythiophene, etc., have been synthesized by 
interfacial polymerisation.

Controlled/living radical polymerisation

Free radical polymerisation, one of the most widely 
employed approaches for polymerisation, has some con-
straints such as poor control of molecular weight and its 
distribution. The recent emergence of controlled/living 
radical polymerisation is one of the most useful techniques 
for the development of PNPs with desired molecular size, 
design and size distribution. These polymerisations stop 
only when there is no monomer and not when termination 
occurs. The concentration and nature of monomer, control 
agent, initiator and emulsion type are considerable impera-
tive parameters in determination of the PNP size. The PNPs 
with narrow molecular weight distribution can be achieved 
by various strategies like atom transfer radical polymerisa-
tion, reversible addition-fragmentation chain transfer poly-
merisation and nitroxide-mediated polymerisation [33, 42].

Polymer nanoparticles as carriers 
of agrochemicals

PNPs act as carrier systems for agrochemicals in agricul-
ture that transport these substances in a slow and controlled 
approach, due to their high surface/volume ratio. Research 
showed that nanometric particle size is considered to have 
subsistence for the controlled delivery of agrochemicals as 
nanoparticles possess advantages such as easy fixation and 
accelerated mass transfer [58]. The chemical properties spe-
cifically in polymeric materials with nanometric scale may 
be attributed to present various advantages imperatively such 
as the better mode of action/interaction at the target site of 
plant due to their tuneable-controlled release properties con-
ferring an artificial immune system in plants [13, 48]. These 
smart delivery systems confer more selectivity without 
restraining the agrochemicals activity with potential formu-
lations towards the target. Additionally, the PNP formulation 
reduces the troubles associated with drifting and leaching 
and leads to a more effective interaction. These features 
associated with PNPs enable to use very smaller number of 
agrochemicals per area as the formulation provides an opti-
mal concentration delivery for prolonged time. Hence, it is 
not required for further application of agrochemicals reduc-
ing the phytotoxicity and the environmental deterioration 
to other nontargeted organisms [35, 51]. Few examples of 
polymer nanocarriers that have been utilised for agrochemi-
cal delivery are outlined in Table 2. In one of the studies, 
Tong et al. demonstrated the block copolymer of biocompat-
ible polyethylene glycol and biodegradable polylactic-co-
glycolic acid as a carrier of metolachlor herbicide. These 
PNPs were shown to have good water solubility and lower 
toxicity towards nontarget human cells when compared to 
free herbicide [67, 68].

In another report by Maruyama et al. nanoencapsulation of 
herbicides such as imazapic and imazapyr in alginate-chitosan 
and chitosan-tripolyphosphate polymer nanoparticles was 
acquired by ionotropic gelation. When compared to the results 

Table 2  Polymer nanocarriers used in Agrochemical delivery

Polymer used as Nanocarrier Agrochemical Used Nature of Carrier Release Property References

Chitosan-Alginate Imazapic Nanoparticle Diffusion Maruyama
Chitosan-Alginate Imazapyr Nanoparticle Relaxation of polymer matrix Maruyama
Poly(ε-caprolactone) Atrizine Nanocapsule and Nanosphere Diffusion and relaxation of 

Polymer matrix
Pereira

Polyacrylate Emamectin benzoate Nanoparticle – Shang
Chitosan-pectin Carbendazim Nanoparticle Diffusion Kumar
Nanocellulose NPK fertilzer Nanoparticle Diffusion Messa
DPPE conjugated chitosan-co-PLA chlorpyrifos Nanoparticle Diffusion Zhang
azidobenzaldehyde-functionalized chitosan methomyl Nanocapsule pH responsive Sun



811Nanotechnology for Environmental Engineering (2023) 8:805–814 

1 3

of free chemicals, they discovered that these nanoencapsulated 
herbicides were more efficient and had lower genotoxicity. 
Pereira et al. reported the effects of nanocapsules and nano-
spheres of poly ((ε-caprolactone) for the substantial delivery 
of the atrazine, an herbicide in both target and nontarget plant 
species. It was found that nanocapsules have lesser physiologi-
cal stability compared to nanospheres due to aggregation of 
nanocapsules. However, both nanospheres and nanocapsules 
were loaded at almost 90% encapsulation efficiency with pro-
longed release into water and exhibited less genotoxicity when 
compared to free atrazine. Shang et al. reported the enhanced 
pesticide photostability of polyacrylate nanoparticles bearing 
emamectin benzoate in the polymer framework. N-acrylate 
emamectin benzoate was copolymerised with butyl acrylate 
and methyl methacrylate by emulsion polymerisation. The 
experimental results demonstrated that the nanoformulation 
showed greater photostability compared to the commercial 
emamectin benzoate. Laboratory studies showed that nano-
formulation demonstrated significant prevention and treatment 
effects against Helicorvapa armigera than the control.

Chitosan-pectin nanoparticles loaded with carbendazim, an 
active pesticide was prepared by Kumar et al. by ionic inter-
action method to impede Fusarium oxysporum and Aspergil-
lus parasiticus. The nanoparticles with size 70 and 90 nm 
were obtained and exhibited 100%inhibition of fungi at 0.5 
and 1.0 ppm concentrations, respectively. The carried-out 
laboratory tests concluded that nanoformulated carbendazim 
is noticeably more effective and protective for the germina-
tion and root growth of cucumber seeds than the pesticide 
applied directly. In another study, Sigmon et al. fabricated the 
biodegradable polymer nanocomposites containing polyhy-
droxyalkanoate (PHA) and calcium phosphate nanoparticles 
(Ca–P–NPs) and evaluated the delivery of a Phosphate nutri-
ent, and assessed the efficiency. PHA-Ca-P polymer nanocom-
posites have showed sustained plant performance comparably 
to the control and found the significant reduction in nutrient 
loss from the soil over 80%.

Messa et al. reported the preparation and properties of the 
persistent release of NPK fertilizer based on nanocellulose. 
The inclusion of 10 wt% nanocellulose to microparticles 
resulted in the considerable reduction in fertilizer release rate 
within 5.0 h. Their work demonstrated the possible use of sul-
phated nanocellulose in biopolymeric framework to fabricate-
enhanced fertilizer release systems. Zhang et al. synthesized an 
amphiphilic copolymer of chitosan with poly(lactide) and1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) by 
nanoprecipitation method and loaded with chlorpyrifos, an 
organophosphorus pesticide for control delivery. Utilization 
of this nanoparticle system has prolonged the pesticide release 
time and showed enhanced stability due to the amphiphilic 
nature of the copolymer.

Encapsulation of hydrophilic Methomyl pesticide in cross-
linked nanocapsules of copolymer of azido benzaldehyde and 

carboxyl methyl chitosan was reported by Sun et al. The result 
showed that the encapsulation efficiency was maximised to 
90% in aqueous medium at pH 4.0. Release profile of metho-
myl loaded nanocapsules was shown to be diffusion controlled 
and the insecticidal activity was significantly superior to the 
non-nanoformulated methomyl compound.

Fate of polymer nanoparticles

Polymer nanoparticles own distinct features to establish a 
successful technology that enhances the desired function 
while minimizing the adverse effects in the environment. 
The goal of polymer nanoparticles in agriculture is to reduce 
the quantity of agrochemicals required and enhanced uptake 
of active ingredient and protect from degradation [41]. 
Owing to their characteristic functional groups, PNPs have 
potential ability for their enhanced ability in accumulation, 
controlled release behaviour and simple use. The uptake and 
translocation of agrochemicals by PNPs depend on surface 
charge, size and chemical nature. The degradation of PNPs 
can be attributed to chemical, physical or biological meth-
ods. The specific parameters such as pH, temperature, light 
exposure, enzymatic activity could provide the promising 
strategies for the PNP degradation. PNPs typically have 
low toxic effect on environment and are often reported to 
minimize the toxic effect of agrochemicals, presenting an 
extensive benefit in progressing the competence and safe use 
of active ingredient. However, PNPs showed slight change 
in activity of microbial interactions [37]. Current research 
reports suggest that PNPs pose minimal or short-term envi-
ronmental hazards and are alleviated when compared to 
non-encapsulated formulations of agrochemicals. However, 
further studies are required to evaluate the potential toxicity 
and long-term soil studies of PNP degraded products.

Conclusions

To maintain the sustainability in agriculture field, research-
ers have been relied on nanotechnology. The basic principle 
of sustainability in agriculture is acquiring the minimisa-
tion of the agrochemicals with low production costs and 
higher outputs. In this context, nanocarriers with sustained 
release are the smart products for modern agriculture. The 
recent developments in PNP technology for the encapsula-
tion of agrochemicals have promoted sustainable and suc-
cessful formulations in agriculture. This review addressed 
the emergence of PNPs in agriculture for the encapsulation 
of agrochemicals that reduce undesirable toxic effects and 
enhance their stability. The properties of PNPs depend on 
design and method of polymerisation. Owing to this, various 
synthesis methods were explored in the article. The article 
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also provides insights into nanoformulations of PNPs that 
endows the aspect of carriers of agrochemicals.

Future recommendations

The emergence of PNPs has provided the promising alter-
native to the conventional technologies in delivering agro-
chemicals. Figure 2 represents the future perspectives of 
PNPs for well-defined strategic applications in the field of 
agriculture. The field of PNP is still in blossoming stage 
and requires attention of researchers in the development of 
precise control of particle size and morphology as these are 
the key stimulus that determines the properties and applica-
tions. Work has to be done explicitly on the PNP interaction 
and their accumulation in plant cells. Exploration is still 
being done on applications of PNPs for safety assessment, 
evaluation standards and public concern issues. Addition-
ally, the behaviour of PNPs containing agrochemicals with 
soil and water physic-chemical properties is to be further 
investigated. Finally, studies on long-term stability, effects of 
nanoparticles and product economics need to be addressed 
for the appropriate and realistic agricultural applications of 
PNPs.
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