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ABSTRACT: Driven by the possibility of precise transformational
change in nutrient-enrichment technology to meet global food
demand, advanced nutrient delivery strategies have emerged to
pave the path toward success for nutrient enrichment in edible
parts of crops through bioderived nanocarriers with increased
productivity. Slow and controlled release of nutrient carrier
materials influences the nutrient delivery rate in soil and in the
edible parts of crops with a sluggish nutrient delivery to enhance
their availability in roots by minimizing nutrient loss. With a
limited understanding of the nutrient delivery mechanism in soil
and the edible parts of crops, it is envisaged to introduce nutrient-
enrichment technology for nutrient delivery that minimizes
environmental impact due to its biodegradable nature. This article attempts to analyze the possible role of the cellulose matrix
for nutrient release and the role of cellulose nanocomposites and nanofibers. We have proposed a few cellulose derived biofortificant
materials as nutrient carriers, such as (1) nanofibers, (2) polymer−nanocellulose−clay composites, (3) silk-fibroin derived
nanocarriers, and (4) carboxymethyl cellulose. An effort is undertaken to describe the research need by linking a biopolymer derived
nanocarrier for crop growth regulation and experimental nitrogen release analysis. We have finally provided a perspective on
cellulose nanofibers (CNFs) for microcage based nutrient loading ability. This article aims to explain why biopolymer derived
nutrient carriers are the alternative candidate for alleviating nutrient deficiency challenges which are involved in focusing the nutrient
delivery profile of biopolymers and promising biofortification of crops.

1. INTRODUCTION
Conventional agricultural practices may no longer be a
sustainable option to meet the increasing food demands for
a growing population without damaging the environment.1

Sustainable agricultural techniques need to be adopted in every
sector as urgently as possible to mitigate some of the growing
hurdles of toxic pesticides, resistant pests, and increasing soil
contaminants and more importantly address the challenges of
micronutrient deficiency in soil.2 Modern agriculture is seeking
alternatives for the use of agrochemicals through implementa-
tion of nanotechnology with bioderived nanomaterials to
achieve precision farming that aims at increased productivity
with minimal resources.3 Two major areas where nano-
technology can contribute to agriculture cropping are
improving crop yields and increasing resource utilization
efficiency. This is an exciting and promising area that contains
a scope of rapid expansion by means of improved under-
standing of fundamental interactions between plants and
engineered nanomaterials.4 Nature derived polymeric nano-
materials can be utilized in varying applications including
nanoherbicides, nanodetectors, and nanofertilizers to resolve
the conventional challenges of agriculture.5 For instance,
nanocarriers are employed to carry and deliver pesticides in a

more controlled and slow release profile to achieve “precision
farming”, which targets major crop production with nutrients
in edible parts without affecting water and soil resources.6

Major global health challenges arise within one-third of the
population from micronutrient deficiencies such as zinc (Zn),
iron (Fe), iodine(I), selenium (Se), and vitamin A which are
simply due to the lack of availability. Low dietary diversity and
over-reliance on staple crops have led to a situation where we
expect nanotechnology to potentially offer micronutrients
more directly into the edible part of a crop.7,8 Micronutrient
deficiencies are generally problems in the region where soil
contains low plant available micronutrients such as Zn
deficiencies in food products.9 Staple cereal grains, such as
wheat, are, however, inherently low in micronutrient
concentration and bioavailability to adequately attain human
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nutritional requirements.10 Molecular and genetic research into
Zn uptake, transport, and grain deposition in cereals is
critically important for identifying “bottlenecks” in the
biofortification of food crops with Zn.11 Zinc deficiency in
soil potentially affects millions of hectares of cropland globally
in cereal-growing regions.9,12 Therefore, increasing the level of
Zn uptake by crops needs further investigation.13 Transgenic
strategies for the biofortification of cereals with Zn are still in
their infancy for enhanced root uptake, transport, and grain
accretion capacity for Fe or Zn or both in recent work.14,15

Providing crop plants with sufficient Zn through the soil and
foliar fertilizer strategy under field conditions is essential for
biofortification efforts.16−18

As compared to traditional fertilizers, not only can cellulosic
biopolymer based slow release nanocarriers currently improve
the nutrient conversion ratio, but also their degradation by soil
microorganisms occurs at a slower rate which creates a
controlled release profile.19 Biofortification of staple foods can
be achieved through a sequence of conventional breeding, by
selecting genotypes with the highest micronutrient con-
tent.20,21 For example, in a lignin based slow release system,
a lignin coating layer offers hydrophobicity that can slow down
dissolution and release of micronutrients in the soil.22 In the
case of slow release fertilizers, various natural, synthetic, or
biological coatings act as a barrier to restrict or optimize the
translocation of fertilizer nutrients into soil solution.23

2. CONTROLLED RELEASE MECHANISM OF
NUTRIENTS

The nutrient release rate is controlled by the preparation
method and ratio of the coating layer. For example, the
hydroxyl and carbonyl groups of lignin may generate insoluble
chelates and complexes with Fe and Zn metal ions.22 However,
the slow release mechanism is challenging to visualize.24 To
understand the effects of lignin on retarding the dissolution of
urea (i.e., release of urea), the properties of lignin obtained
from the pulping spent liquor were investigated to realize the
water penetration and dissolution of urea from the
impregnated straws.25 Conventionally, multimicronutrient
slow release fertilizers of zinc, iron, manganese, and copper
were introduced.26 The rate curve reveals a multistage process
with linear rates at each stage. In recent times, several
nanoscale nutrient delivery systems and their interaction
mechanisms with active ingredients were found to act through
(a) encapsulation, emulsion, entrapment, surface adsorption,
(b) crop field application of nanoscale delivery agents, and (c)
nutrient release from nanoscale delivery agents. as shown in
Figure 1. Generally, micronutrient release from a carrier occurs
via water penetration, nutrient dissolution, and nutrient release
through porous channels as shown in Figure 2. Toward this
pathway, for example, alginate biopolymer rapidly cross-links
to divalent cation Ca2+ by forming a rigid shell which entraps
small molecules in the core, which enhances the porosity of the
granules.27 This incorporation affects the morphological
features, which leads to different combinations of the
mechanism of nutrient delivery via polymer relaxation and
diffusion through porous architectures.
We try to understand the controlled release of micro-

nutrients via the following steps: (a) controlled release of a
fertilizer with a porous surface architecture, (b) penetration of
soil water through the surface pores of controlled release
fertilizers (CRF), (c) dissolution of nutrients through soil
water, and (d) release of dissolved nutrients. It was observed

that graphene oxide (GO) sheets are loaded with the
micronutrients Cu or Zn metal ions attached to the oxygen
functional groups on the surface and edges of the sheets.28

This significant difference in the release patterns of the
micronutrients from the GO based carriers compared to the
ZnSO4 and CuSO4 salts is partly due to tight coordination of
the metal ions and oxygen functional groups on the GO
surface.29 In the cases of Zn2+ and Cu2+, the Cu2+ tends to bind
in a syn conformation with oxygen containing functional
groups (e.g., carboxylate groups), whereas Zn2+ ions are more
likely to bind in a direct conformation, while they are sharing
two oxygen atoms of the same carboxylic group (Figure 3).
The similar porous surface architecture of biochar based

controlled release nitrogen fertilizers (BCRNFs) with water
retention was derived via a hydrothermal method and
characterized their physicochemical and morphological proper-
ties.30 The N-release profile (biochar nitrogen fertilizer (BNF-
2), biobased biochar nitrogen fertilizer (BBNF), and BCRNF)
following a parabolic diffusion model indicates that the release
involves a combination of dissolution, adsorption, and
diffusion processes.31 As revealed from SEM based micro-
structure analysis of biochar+urea (B+U), postnutrient release
in water results in a smooth and strongly networked surface
morphology with microholes (Figure 4a). However, an
undulating and coarse surface was evident for BCRNF
including nanoscale rough bulges (Figure 4b).
It is proposed that the nutrient release mechanism for

BCRNF involves adsorption of biochar and bentonite followed
by multistage diffusion as distinct controlled release processes
(Figure 5).30 Initially granules adsorb moisture, resulting in
swelling of bentonite at the orifice of pores and channels in the
biochar. A subsequent buildup of osmotic pressure and
irrigation water penetrates the channels of the biochar to
condense on the solid fertilizer. This is followed by diffusion
based slow release of the nutrient solution under a
concentration or pressure gradient.
There are a series of chelated micronutrient fertilizers that

were employed in the past as conventional fertilizers with a
maximum chelation rate of iron (Fe), copper (Cu), and
manganese (Mn) under acidic pH and with maximum
chelation of zinc (Zn) under alkaline pH.32 Chelated zinc,

Figure 1. Nanoscale nutrient delivery systems’ encapsulation,
emulsion, entrapment, surface adsorption, binding of active
ingredients, field application of nanofertilizers, and nutrient release
from nanofertilizers.
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soluble and coated fertilizers for zinc nutrition of maize, i.e.,
fertilizers containing either Zn-EDTA or Zn-ligno-sulphonate
(Zn-LS) which were fixed over pellets of urea and then coated,
had the advantage of adding both Zn and N in a single dose
with a coating for the slow release feature for the availability of
Zn in soil.33 Zinc and manganese micronutrient applications
with an increase in Zn ratio in compound foiler nitrogen
phosphorous pottasium (NPK) fertilizer for the growth, yield,
and quality of corn plants were reported which are sensitive to
the zinc (Zn) deficiency in soil.34

3. NEUTRACEUTICAL PROPERTIES OF CROPS
Chitosan nanoparticles may be used as a delivery system for
micronutrients to crops, and these chitosan nanoparticles
possess antimicrobial activity.35 Maize waste mainly consists of
lignin and cellulose that can be useful36 and corncob biochar
based nanocomposites and can be successfully used as carriers
of microelements. On a smaller scale, arabic gum37 and active
carbon composites38 can be used as carriers for micronutrients.
Slow release fertilizers have been reported to increase the yield

and vitamin C content in potatoes and were proven to be an
effective source of micronutrients and superior over conven-
tional micronutrient sulfates. The good response to the slow
release fertilizer was due to the facts that sufficient Mo is
released at the initial stages (20−50% over 3 weeks) and the
root nodule activity is higher. Slow release Mo fertilizer
increased nodulation by 105−161%.39

Chillies (Capsicum frutescens) grown on a black soil showed
excellent response to slow release Fe−Mn fertilizer. At 2 kg/ha
Fe and 1 kg/ha Mn, the yield increased by 179% compared to
the control (no Fe−Mn fertilization). The average Fe uptake
and vitamin C in chillies were observed to be higher in slow
release fertilizer treatments.40 Rana et al.41 reported that the
growth attributes and quality parameters of cabbage signifi-
cantly increased with the application of biofertilizers and
micronutrients. Fertilizer release control and soil property
improvement are two major issues for which multicomponent
and multifunctional sustained release zinc fertilizer was derived
from lignosulfonic acid waste.42 If we survey the global annual
micronutrient production trend in metric tons as per each year
of data which were averaged from two previous years from the
US Geological Service for the micronutrients (Figure 6),43,44

Figure 6 shows that, other than boron, the production of
micronutrients has shown a significant increase over the
years.43,44 Table 1 presents a series of the selected most
promising research results of the application of Engineered
nanomaterials (ENMs) as nanofertilizers.

4. CONTROLLED RELEASE TIME SCALE OF
BIOPOLYMERS

Zn, ZnO, Cu, and CuO nanoparticles were identified as
alternatives for seed coating and foiler application based
nutrient delivery.56 Therefore, we got to investigate how

Figure 2. Controlled release of micronutrients from slow release fertilizers via multiple steps.

Figure 3. (a) Schematic diagram of GO sheets’ interactions with (a) Zn2+ ions and (b) Cu2+ ions (Originally drawn images following Figure 7a and
b from ref 28. Copyright American Chemical Society 2017).

Figure 4. Drawn pattern from the SEM images of (a) B+U and (b)
BCRNF in the postnutrient release phase. (Adapted in part with
permission from ref 30. Copyright 2019 Springer Nature.)
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immobilization of ZnO NPs on biopolymers will possibly slow
down Zn release.57 Tensile properties can be modulated in a
formulation with a biopolymer from lignin which offers a
barrier to phosphorus diffusion through triple phosphate
(TSP) fertilizer.58 Tensile strength can be varied by using
PEG, which increases the tensile strength of polysaccharide
film composites. In this regard, slow release of dicyandiamide
poly(hydroxybutyrate-co-hydroxyvalerate) (DCD-PHBV) pel-
lets was fabricated using a laboratory scale based on the
diffusion and biodegradable nature of the PHBV matrix.59 In
another strategy, superhydrophobic biopolymer coated slow
release fertilizers (SBSFs) display formidable slow release.
Nutrient release is influenced by the slow diffusion of water
vapor into the internal urea core of the SBSF, which enhances
the slow release feature.60 A strategy of using urease inhibitor

helps in increasing the efficiency of fertilizers, which is further
enhanced by an encapsulation process by an appropriate
biopolymer to control the nitrogen release behavior on soil of
the biopolymer urea fertilizer, in which case chitosan/starch/
Allicin/urea cross-linked biopolymers were prepared.61

5. CELLULOSE MATRIX FOR NUTRIENT RELEASE
Encapsulation in a chitosan alginate nanocarrier as nano-
encapsulation in chitosan nanoparticles to reduce the toxicity
of herbicides and chitosan alginate nanocarriers retards the
rapid release of the water-soluble insecticide acetamiprid.62

Chitosan and hydroxyapatite (HA) were two naturally
occurring forms used for micro- and macronutrient delivery
to soil, respectively. The natural cellulose and other
biopolymer pores in wood stems can be used for storing
nanofertilizers for N and other element release under different
soil samples.63 The major focus of the early stage investigation
was the process of nitrogen release by fertilizer with cellulose
nanofibrils which prevents the fertilizer granules from sticking
onto each other.64 It was found that matrix based fertilizer
delivery reduced nutrient leaching while maintaining growth of
crops.65 For example, matrix based fertilizer (MBF) helps
formulations of both anionic and cationic compounds such as
in the case of Al(SO4)2·3H2O and/or a Fe2(SO4)3·3H2O−
lignin−cellulose matrix. While using these MBFs for addition
of pesticides to soil, the ion-exchange matrix will likely bind
metochlor and diazinon to the starch−cellulose−lignin matrix,
which reduces leaching for both pesticide and nutrients,
thereby creating a connection between an effective biofortifi-
cant and the cellulose based matrix.66 The porous architecture
spans length scales from the micro- (within particles) to the
macro- (within the polymeric matrix) levels, leading to tunable
patterns of nitrogen release.27

The cellulose matrix has been widely used for either
thickening or gelling agent emulsion stabilization.67 It is
possible to create nanoscale capsules for cellulose for
protection and hosting micronutrients for delivery in soil.68

Figure 5. Controlled release mechanism of biochar in soil: (a) granules−moisture interaction, (b) adsorption of moisture and swelling of bentonite,
(c) nutrient dissolution and release via diffusion, (d) dehydration of bentonite and stored nutrient solution diffusion into soil, (e) adsorption of
moisture under higher osmotic pressure. (Adapted in part with permission from ref 30. Copyright 2019 Springer Nature.)

Figure 6. Global annual micronutrient production trend in metric
tons against years. (Adapted in part with permission from ref 43 and
44. Copyright 2015 and 2016 Springer Nature.)

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.2c02494
ACS Omega 2022, 7, 25909−25920

25912

https://pubs.acs.org/doi/10.1021/acsomega.2c02494?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02494?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02494?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02494?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02494?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02494?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02494?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02494?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02494?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In a recent study, it was shown that slow and sustained release
of nitrogen fertilizer is dependent on a natural cellulose based
outer core containing micro-/nanoporous cavities consisting of
two sections: (1) an inner nanocore for micronutrient
nanoparticles and (2) a natural cellulose based outer core
containing micro-/nanoporous cavities.69 Among these combi-
nations, a ZnO NP/alginate composite offers a steady Zn
delivery in soil pores while avoiding the early stage Zn toxicity
induced by conventional methods of Zn delivery.57 Evidence in
favor of the mechanistic side of nutrient release is not easily
derivable; however, the limited scope in comparing the
nutrient release mechanism is described herein. In this process,
the uptake and translocation of nanomaterials or nanocarriers
of nutrients within plants develop nanoenabled biofortifica-
tion.70 The urea loaded hydroxyapatite nanocarrier delivers
plant nutrients efficiently for rice production therein. Urea
doped hydroxyapatite nanoparticles (Ur@HANP) was also
tested in sand columns and agricultural soil for understanding
the retention capacity of plant nutrients.71,72 A combination of
faster and slow release behavior of nutrient release attains an
equilibrium after a well-defined number of days which was
witnessed for mesoporous silica nanoparticles (MeSiNPs) with
a water-soluble N-polymer.73 The FeII content of ≥37 mg kg−1

in rice plants (on a dry weight basis) at 60 days after sowing
was found to be a guide value for monitoring the Fe-nutrition
status of rice.74 In a study of the aluminum−organic acids
interaction in the rice rhizosphere in acid soil, the major
organic acids, total weak acid concentration, and monomeric
and polymeric Al were identified and quantified in the
rhizosphere and nonrhizosphere of rice.75−77

6. CELLULOSE NANOCOMPOSITE AND NANOFIBER
The controlled release of micronutrients for biofortification of
soil by cellulose nanocomposite and nanofibers was never
known until recently.78 Nanocellulose derived hydrogels based
on electrostatic interaction result in ionic gelation, molecular
assembly, and chemical cross-linking based hydrogels with
heterogeneity in linking density.79 Nanocellulose is now used
in fertilizers for precision agriculture by developing super-

adsorbent nanocomposites by using hydrolyzed polyacrylamide
and methylcellulose.80 In this context, nanocellulose can
promote high water absorption capacity, biodegradability,
and slow release of inputs due to the “obstruction effect” and
imprisonment of the input in the percolation network or
“locking effect”. However, nanocellulose remains an obstacle
for agriculture application due to the cost barrier.81

In general, cellulose nanomaterials in the form of cellulose
nanofibers (CNFs) and cellulose nanocomposites (CNCs)
exhibit high stiffness and specific surface area and low
density.82 The inorganic nanoparticle encapsulations of Zn,
Cu, Fe, cerium (Ce), and titanium (Ti) are extensively studied
both in laboratory and field conditions.83 Biopolymeric
nanocarriers of natural polymers, chitosan, and pectin were
developed to provide a sustained and controlled release of
encapsulated carbendazim with good bioefficacy and inhibition
against fungi such as Fusarium oxysporus and Aspergillus
parasiticus. Mostly, nanocellulose derived materials as delivery
agents remain within certain morphology types such as films/
nanofibers and nanoparticles which help in nanoencapsulation
in agriculture applications.8485 Drug releasing approaches by
cellulose based materials are known of with carboxymethyl
cellulose/Cu biocomposite hydrogels with pH sensitive
swelling ratios with promising results from drug release tests
in vitro.8687 In the process of drug release, entanglement of
individual particles in partially fibrillated microcrystalline
cellulose led to formation of an elastic network.88 First order
and zero order drug release profiles compared to the optimum
filament were achieved by using a hydroxypropyl cellulose
(HPC) blend with ethyl cellulose (EC).89

7. CELLULOSE DERIVED BIOFORTIFICANTS
The effects of a combined spray of Zn and Fe on the grain
concentrations of different crops grown on a range of soil types
and under different environmental conditions are not known.
Slow mineralization of N in T1 (cellulose-g-poly(acrylamide))
MN content and higher C contents is known.64 Similarly, a
recycled cellulose fiber and clay saturated with micronutrient
copper ions and copper nanoparticles transformed into a

Table 1. Series of Different Types of ENMs Exhibiting Nanofertilizer Potential

Nanomaterial Concentration Plant
Application

type Details Ref

ZnO 6 mg kg−1 Sorghum Root and
foliar

Improved plant productivity and stimulated grain nutritional values and N use efficiency, compared
with untreated control

45

2−16 mg L−1 Tomato Root At 8 mg L−1, shoot length (35.8%), root length (28.6%), leaf area (27.9%), antioxidant activities;
proline content (65%) and photosynthetic rate increased, compared with control

46

25−200 mg L−1 Cotton Root Significantly increased growth (131%), total biomass (131%), total chlorophyll (139%), carotenoids
(139%), total soluble protein contents (179%), compared with untreated control

47

Zn−chitosan 20 mg g−1 (w/w) Wheat Foliar Enhanced Zn uptake; about 27 and ∼42% increase in the two wheat varieties, compared to the
control

48

Fe2O3 0.25−1 g L−1 Soybean Foliar Increased grain yield by 48%, compared to control 49
100−200 mg L−1 Spinach Root At 200 mg kg−1, the plant biomass and Fe uptake increased in the plant, compared to control 50
50−800 mg L−1 Tomato Root Enhanced seed germination, increased plant growth and total biomass, compared to control 51

FeS 2−10 mg L−1 Mustard Foliar Induced growth and yield of plant and increased antioxidant enzyme activities, compared to control 52
CuO 0.02−8 mg L−1 Maize Root and

foliar
Both solution culture and foliar exposure enhanced maize growth (51%) and regulated different
enzyme activities, compared to control

53

10−500 mg L−1 Tomato and
cauliflower

Root Root length (18%), chlorophyll (14%) and sugar (7%) contents increased in tomato plant at 10
mg L−1, compared to control. Concentration dependent increase in antioxidant enzyme activities,
and lignin deposition observed.

54

Cu−
chitosan−
PVA

0.02−10 mg kg−1 Tomato Root At 10 mg kg−1, tomato yield (17%), stem diameter (13%), and dry biomass (30%) increased. At
0.02 mg kg−1, lycopene content, and antioxidant capacity (10%) increased, compared to control

54

Cu−chitosan 0.06 g L−1 Tomato Root Enhanced plant growth (21−29%) and yield (30%), stomata conductance (7%), and increased the
leaf catalase (462%) and fruit lycopene content (12%), compared to control

55
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mineral cellulose fiber carrier.90 Therefore, we propose a
number strategies to obtain cellulose and similar biopolymeric
composites.
7.1. Cellulose Nanofiber. The tool of heterogeneous

amphiphilic interactions between materials of biological and
synthetic origin will be implemented for deriving a self-
assembled cellulose nanofiber (CNF) composite filled with
Zn-EDTA or Zn-lignosulfonate with an extension to cellulose
nanofiber (CNF) with ethylene diamine (ED) in the presence
of Zn2+ salt (Scheme 1).91,92

7.2. Polymer−Nanocellulose−Nanoclay. A uniform
bonding of hydrophilic poly(N-isopropylacrylamide)
(PNIAAm) and CNF occurs through hydrogen bonds, in
which PNIAAm would undergo conformational change above
the lower critical solution temperature (LCST) where the
hydrogel film engages with both hydrophobic PNIAAm and
hydrophilic CNF.93 Poly(N-isopropylamide) (PNIPAm)/CNF
films can be prepared through a photoinitiated radical
polymerization with 1.5 wt % photoinitiator (2-hydroxy-2-
methylpropiophenone). PNIPAAm chains are fully extended
and locked through interchain hydrogen bonding below the
LCST (Scheme 2). This strategy can further be modified by a
PNIPAAm/CNF-Laponite composite (Scheme 2).

7.3. Silk Fibroin Based pH Responsive Composite. We
envisaged construction of a silk fibroin (SF) based self-
assembly by using tannic acid (TA), a biocompatible molecular
glue to gelation with SF through hydrogen bonding, hydro-
phobic interactions, and π−π stacking. This process of sol−gel
transition of SF under physiological conditions (37 °C, pH
7.4) can generate a supramolecular assembly (Scheme 3).94,95

7.4. Redox Responsive Carboxymethyl Cellulose
(CMC). Considering a lower redox potential (equilibrium Eh
−20 mV) due to the low oxygen content in the soil, a large
amount of reductive substances accumulates in the soil.
Reductive substances in soil provide “‘triggers’” for redox

responsive hydrogels for controlled release of nutrients.96,97

CMC was cross-linked by cystamine dihydrochloride
(CYS_2HCl) in the presence of 1-(3-(dimethylamino)-
propyl)-3-ethylcarbodiimidehydrochloride (EDC) and N-
hydroxysuccinimide (NHS) (Scheme 4).

8. CELLULOSE BASED SLOW RELEASE AGENTS
For the cellulose derived nanofiber class of materials as
nanoenabled carriers for nutrient release, previous studies of
different kinds of nanostructured materials as nutrient carriers
such as nanoclays, hydroxyapatite, nanoparticles, mesoporous
silica, carbon nanomaterials, and polymeric nanoparticles are
more known.98 Recent developments of superadsorbent
nanocomposites use hydrolyzed polyacrylamide and methyl-
cellulose reinforced with montmorillonite for the loading and
slow release of agricultural nutrients including macronutrients
(urea) and micronutrients (sodium octaborate).80 Such
strategies have also offered formation of rigid hydrogels due
to formation of a percolation network capable of avoiding the

Scheme 1. UA Coating on CNF Assembly upon Loading Nutrients Zn

Scheme 2. Dual-Charged Nanoclay Laponite Scaffold
Directed PNIAAM/CNC-Laponite Composite for Fe and
Zn Delivery

Scheme 3. Illustration of the Process for Preparing the SF−
TA Composite for Loading Zn and Fe

Scheme 4. Gelation Strategy of CMC-Cyst Formation for
Nutrient Delivery to Soil and Redox Responsive Behavior of
CMC-Cys via Regeneration under H2O2
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conversion of type I CNC into type II, which is more
lyophilized.99 The incorporation of nanocellulose into the
hydrogel type of nanocarrier formulation promotes improve-
ments in features and a significant improvement in the
mechanical properties as a function of particle−particle and
particle−polymer interactions.79 The cellulose derived carriers
for micronutrient delivery will involve controlled release
systems through CNC composites (e.g., CNC-alginate micro-
sphere) with consistent swelling patterns, higher encapsulation
efficiency, and promising sustained release profiles of micro-
nutrients which would sort of resemble drug delivery.100 It is
claimed that highly ordered mesoporous channels have been
created with a pore size of ∼2.9 nm in mesoporous silica
nanoparticles (MeSiNPs) and with a source of N-nutrients
which involves a water-soluble branched polyethyleneimine
(bPEI) attachment.73 In such a case secondary interactions
such as hydrogen bonding and van der Waals forces dominate
the release mechanism of pesticides.101

9. PERSPECTIVE ON CELLULOSE NANOFIBERS (CNFS)
AS NANOCARRIERS

Microcage type tunable porous structures with hydrophilicity,
mechanical stability, and pH triggering features can bring
required kind of on-demand nutrient loading and release
delivery systems.102 This opens a new avenue for such size
based micronutrient delivery based on the polymer network of
CNFs.103,104 A schematic (Figure 7) shows the formation
process of the CNF architecture with microcage for microsized
nutrients.102

Nanoencapsulation involves coating of chitosan, liposome,
polylactide, and lipids and protein nanoparticle encapsula-

tion.105 Therefore, effective translocation of nutrients is carried
by a CNF colloidal dispersion to the shoot and root length and
chlorophyll by a significant increase of the protein content with
effective translocation.106 To design new generation nano-
carriers for the biofortification of nutrients, not only controlled
release capabilities for effective nutrient release but also
mitigation of harmful effects on the environment and human
health is a prerequisite.107 Either for crop growth regulation of
pest control, for efficient utilization of fertilizer, a nanoplatform
should satisfy several requirements: (1) biodegradability, (2)
higher nutrient or fertilizer loading capacity, (3) flexible
response to stimuli in the external environment (pH, light,
temperature), and (4) a stable delivery system.

10. RESEARCH NEEDS IN SPECIFIC AREAS
Nanoclays, hydroxyapatite, nanoparticles, mesoporous silica,
carbon based nanomaterials, polymeric nanoparticles, and
similar other nanomaterials offer their nutrient loading
capacities and rapid nutrient release profiles.108 The choice
of nanoenabled carrier to deliver nutrients for biofortification
depends on a few factors, which include the following: (1)
holding of a large amount of nutrients, (2) a suitable release
rate, and (3) minimizing nutrient conversion to non-
bioavailable forms.
The set of data in Table 2 suggests various modes of

releasing agricultural chemicals.
In comparison to urea−HA nanohybrids with slow release

behavior with use efficiency of nitrogen ∼48% (Table 2, entry
2), a further increase of nitrogen release up to 80% was
achieved via a coating strategy (Table 2, entry 3). The future
prospect of micronutrient delivery to the edible parts of crops

Figure 7. Schematic showing the formation process of a CNF architectured microcage for large-sized drug delivery. (Adapted with permission from
ref 102. Copyright 2020 Wiley-VCH.)

Table 2. Nanocarriers for Crop Growth Regulation Based on Macro- and Micronutrient Delivery

Entry Nanocarrier Fertilizer Role Ref

1 SA@MSN-SS-C10 Phytohormone SA delivery An increasing release of SA was observed in the presence
of GSH due to the cleavage of disulfide bonds between
decanethiol and MSNs.

109

2 [(Ca10(PO4)6(OH)2] NPs (HA NPs) Slow release of nitrogen to
crops

Urea-HA NPs revealed a slow and sustained release
behavior, which released 86% urea within 55 min and
with a long-term drug release up to 1 week

63

3 Superhydrophobic BPU coated fertilizer (SBPCF) Nitrogen released Biobased polyurethane (BPU) coating containing numer-
ous hydrophilic groups and microholes coat urea prills

110

4 Hollow mesoporous carbon NPs (HMCNs) and cationic
polymer (polyethylenimine) coated PHMCN

Selenate from PHMCN-Se
under alkaline pH

Release of selenate from PHMCN-Se could also be
stimulated by anions including PO4

3+, CO3
2−, and OH−

111

5 Gibberellin acid (GA3) hormone delivery system based on
water-soluble carboxylatopillar [5]arene ammonium (WP[5]
A) functionalized Fe3O4 NPs (WP[5]A-Fe3O4)

Bidirectional pH-responsive
capability under pH < 4 or
pH > 5 conditions

The lengths of stems and roots of cabbages increased
obviously after GA3-HMSN/Fe3O4 treatment for 5 d

112

6 Hydrophobic carboxymethyl cellulose (HCMC) and
3,3′- dithiobis(propionohydrazide)

pH- and redox-dual respon-
sive 3D nanogel (HCMC)

Simultaneous release of SA and remediation of soil 113

7 Nano U-NPK Ca, P, K, urea, and NO3 −
from the nano U-NPK

Macronutrients to durum wheat via a controlled manner
by slow release behavior

114
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depends on several factors, as revealed from the results in
Table 2. To enhance the effectiveness of fertilizers, core ethyl
cellulose (EC) as an inner coating and cellulose based
superabsorbent polymer (SAP) with the biochemical inhibitors
dicyandiamide (DCD) and thiourea as an outer coating,115

bromoacetylated cellulose cross-linked with urea hydrogel,116

carboxymethyl cellulose-Na+-g-cl-poly(AAm) hydrogel,117 and
superabsorbent polymers SAPWS (grafting wheat straw (WS)
to poly(acrylic-co-acrylamide))118 are known. In addition,
ethyl cellulose (EC) as an inner coating and starch based
superabsorbent polymer (starch-SAP) as an outer coating with
a stretched 3D network119 and carboxymethyl cellulose-g-
poly(acrylamide)/montmorillonite superabsorbent composite
were reported.120 A comparison is shown between the release
behavior of urea from superabsorbent composite with 2.7%
montmorillonite at pH 4 and 10 (Figure 8a))120 and the
release behavior of pure urea particles and coated products in
soil at ambient temperature (Figure 8b).119 The nutrient
release from the fertilizer involves three main stages: (i) water
imbibition into the starch-SAP via penetration through the EC
layer; (ii) the urea core being gradually dissolved by water; and
(iii) nutrient delivery to soil by penetration through the layers
of EC and starch-SAP hydrogel.

12. SUMMARY AND OUTLOOK
The nanoenabled technology for crop growth regulation
includes pesticide detection, mycotoxins’ detection, phytopath-
ogen inactivation, and pest control for improving agricultural
nanotechnology for biofortification.121 The specific agricultural
applications include micronutrient delivery for replacement of
mesoporous silica with biopolymers for the cargo delivery
system. The biopolymeric carrier systems contain the following
features: (1) improved utilization efficiency of nutrients from
leaves, stems, petioles, and roots and (2) functionalization by
gated materials to respond to exogeneous and endogenous
stimuli such as pH, light, temperature, and enzymes. In the
process of nanocarrier implementation for micronutrient
delivery to breeding plants, global agricultural techniques can
be integrated which include mutagenesis, genetic modification,
organic farming, pesticides, and organic fertilizer management.
There are limited studies on toxicity analysis and long-term
monitoring of the degradation process of nanomaterials used

for biofortification and analysis of the ultimate impact on the
environment. There are limited data available on the
premature release of micronutrient cargoes during storage in
the nanocarriers. Therefore, effective design principles for the
surface to lock the micronutrients into the porous network for
long-term protection of fertilizers are key challenges.122,123

Therefore, future research must address the following
conditions for macro- or micronutrient release: (1) fluctuating
temperatures and (2) fertilizer placement.
Nanonutrient carrier based delivery of micronutrients may

also affect the inhibition of chlorophyll synthesis and
photosynthetic efficiency. Micronutrient fertilizer may offer
an inhibitive effect on the dissolution rate of nutrient
nanoparticles such as ZnO nanoparticles. Therefore, controlled
decrease of the nanoparticle size depends on precise surface
engineering of nanoparticles, which offers better control of
dissolution; however, sometimes it increases the toxicity of the
system in the case of micronutrient formation. Even though
engineered nanoparticles can generally enhance plant growth
and be effective for suppressing disease, however, regarding
crop damage for root fungal pathogens and other similar kinds
of sudden death syndrome, nanoenabled modulation of the
nutrition and transport systems of plants has not been
developed by using engineered nanoparticles. Besides nano-
scale metal particle induced disease suppression and plant
growth, however, effective delivery of critical micronutrients at
the early stages of plant growth is further challenging.124 The
feature of bioaccumulation of metal nanoparticles within the
plants and crops is one of the major concerns that involves
particle translocation to edible tissues. The particle size and
shape dependent phytotoxicity can cause a potential risk to the
environment unless pursued under caution. Even when zinc
micronutrient plays a significant role, however, Zn phytotox-
icity in plants results from Zn interference in chlorophyll
biosynthesis and additional biochemical reactions by causing
iron deficiency chlorosis as a result of excessive Zn in soil. An
adverse modification of protein, lipis, and nuceic acid content
by generation of unwanted radical species cannot be ruled out
as a result of Zn-NPs accumulation due to the uncontrolled
delivery pattern of Zn micronutrients.125 Apart from
bioaccumulation and phytotoxicity related issues, reversal of
photosynthesis parameters as a results of the antioxidant
activity level change due to accumulation of nanoparticles as a

Figure 8. (a) Nitrogen release behavior of urea from superabsorbent composite with 2.7% montmorillonite at pH 4 and 10. (b) Release behaviors
in oil for pure urea particles, urea particles coated with ethyl cellulose (EC) (Reprinted with permission from ref 120. Copyright 2018 Wiley-VCH),
and urea particles coated with EC plus starch based superabsorbent polymer (SAP) (Reprinted with permission from ref 119. Copyright 2016
Elsevier).
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result of nutrient delivery is a matter of consideration as a
coexposure effect.
This review attempts to foresee where the current situation

is heading and possible solutions if we rely on natural
polymeric nanostructural carriers for the delivery of micro-
nutrients. In this context, we revisited the origin of slow release
techniques of micronutrients and recollected knowledge of
using advanced slow release carriers. We have proposed a few
strategies and derived a perspective on cellulose nanofiber
based nutrient carriers for biofortification.126
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(14) Trijatmiko, K. R.; Dueñas, C.; Tsakirpaloglou, N.; Torrizo, L.;
Arines, F. M.; Adeva, C.; Balindong, J.; Oliva, N.; Sapasap, M. V.;
Borrero, J.; Rey, J.; Francisco, P.; Nelson, A.; Nakanishi, H.; Lombi,
E.; Tako, E.; Glahn, R. P.; Stangoulis, J.; Chadha-Mohanty, P.;
Johnson, A. A. T.; Tohme, J.; Barry, G.; Slamet-Loedin, I. H.
Biofortified indica rice attains iron and zinc nutrition dietary targets in
the field. Sci. Rep. 2016, 6, 19792−19792.
(15) Alloway, B. J. Soil factors associated with zinc deficiency in
crops and humans. Environ. Geochem Health 2009, 31 (5), 537−48.
(16) Ludwig, Y.; Slamet-Loedin, I. H. Genetic Biofortification to
Enrich Rice and Wheat Grain Iron: From Genes to Product. Front.
plant Sci. 2019, 10, 833−833.
(17) Bhatnagar, M.; Bhatnagar-Mathur, P.; Dumbala, S.; Anjaiah, V.;
Sharma, K. Crop Biofortification Through Genetic Engineering:
Present Status and Future Directions. Conference: Genomics and Crop
Improvement: Relevance and Reservations, Institute of Biotechnology,
Acharya NG Ranga Agricultural University, Hyderabad 500 030 India,
2011.
(18) Kumar, J.; Gupta, D. S.; Kumar, S.; Gupta, S.; Singh, N. P.
Current Knowledge on Genetic Biofortification in Lentil. J. Agricul.
Food Chem. 2016, 64 (33), 6383−6396.
(19) Hess, S. Y. Zinc: Deficiency Disorders and Prevention
Programs. In Encyclopedia of Human Nutrition, 3rd ed.; Caballero,
B., Ed.; Academic Press: Waltham, 2013; pp 431−436.
(20) Zhang, H.; Demirer, G. S.; Zhang, H.; Ye, T.; Goh, N. S.;
Aditham, A. J.; Cunningham, F. J.; Fan, C.; Landry, M. P. DNA
nanostructures coordinate gene silencing in mature plants. Proc. Nat.
Acad. Sci. 2019, 116 (15), 7543−7548.
(21) Demirer, G.; Zhang, H.; Goh, N.; Chang, R.; Landry, M.
Nanotubes Effectively Deliver siRNA to Intact Plant Cells and Protect
siRNA Against Nuclease Degradation. SSRN Electronic Journal 2019,
DOI: 10.2139/ssrn.3352632.
(22) Chen, J.; Fan, X.; Zhang, L.; Chen, X.; Sun, S.; Sun, R.-C.
Research Progress in Lignin-Based Slow/Controlled Release Fertil-
izer. ChemSusChem 2020, 13 (17), 4356−4366.
(23) Li, Y.; Sun, Y.; Liao, S.; Zou, G.; Zhao, T.; Chen, Y.; Yang, J.;
Zhang, L. Effects of two slowrelease nitrogen fertilizers and irrigation
on yield, quality, and water-fertilizer productivity of greenhouse
tomato. Agric. Water Manag. 2017, 186, 139−146.
(24) Sipponen, M. H.; Rojas, O. J.; Pihlajaniemi, V.; Lintinen, K.;
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