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aracterization of novel dual-
capped Zn–urea nanofertilizers and application in
nutrient delivery in wheat†

Christian O. Dimkpa, ‡§*a Maria G. N. Campos, §*b Job Fugice,f Katherine Glass,f

Ali Ozcan,beg Ziyang Huang,be Upendra Singhf and Swadeshmukul Santra bcde

Nanoscale nutrients are promising for improving crop performance. However, size-induced potential for

drifting, segregation, or transformation warrants strategies to streamline fertilization regimes. Herein, we

developed three nanofertilizers by coating urea granules with Zn nanoparticles capped with binary

capping agents: N-acetyl cysteine (NAC) and sodium salicylate (SAL); NAC and urea; or SAL and urea.

Coating was accomplished at 80–100% efficiencies. When evaluated in sorghum through soil application

at 6.4 (rate-1) and 2.1 (rate-2) mg Zn per kg soil, the nanofertilizers influenced sorghum performance,

plant accumulation, and soil retention of Zn, N, and P comparably with the control (Zn-sulfate).

However, SAL–urea–Zn, NAC–SAL–Zn, and NAC–urea–Zn nanofertilizers evoked rate-dependent

significant (P < 0.05) effects compared to Zn-sulfate. Early SPAD (chlorophyll) counts were significant

with SAL–urea–Zn rate-1, compared to Zn-sulfate. NAC–SAL–Zn and SAL–urea–Zn rate-1 significantly

increased shoot biomass, compared to Zn-sulfate. Notably, NAC–urea–Zn rate-2 strongly promoted

grain or total above-ground Zn or N accumulation compared to SAL–urea–Zn rate-1, NAC–SAL–Zn

rate-1, or NAC–urea–Zn rate-1, indicating that a lower rate of Zn can be used for NAC–urea–Zn to

facilitate Zn and N delivery. Residual soil Zn was significantly higher with NAC–SAL–Zn rate-1, compared

to Zn-sulfate. However, residual ammonium was significantly higher in Zn-sulfate, compared to other

treatments, except for NAC–urea–Zn rate-2. Contrarily, residual P was significantly higher with SAL–

urea–Zn rate-1 than with Zn-sulfate. These findings indicate that coating of urea with Zn nanoparticles

can facilitate the application of nanoscale nutrients in agriculture, without any penalty on plant

performance or nutrient delivery.
Environmental signicance

Nanoparticles are applied in agriculture as agrochemicals. However, use of nano-forms of trace nutrients like zinc is hampered by size-induced dri (and
associated environmental/human health hazards), and particle segregation in bulk-fertilizer blends. There is, therefore, a need for strategies to deliver nano-
scale micronutrients to plants. Also, the possibility of reducing nutrient application rates, thereby reducing the environmental footprint of chemical-fertilizers
deserves exploration. We developed novel nano-enabled Zn-NP–urea fertilizers. The products showed comparable or better effects on plant performance, plant
uptake or soil retention of nutrients than Zn-sulfate. Grain Zn fortication using a lower amount of Zn is especially important given widespread human Zn
deciency. This effect clearly demonstrates one of the goals of nano-enabled agriculture: reduction of nutrient input rates into the biosphere.
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Introduction

Over-exploitation of renewable and non-renewable resources
due to rising global population warrants alternative technolo-
gies to harness and deploy natural resources in a more
sustainable manner. Among such resources, zinc (Zn) is used
mostly in applications other than agriculture.1 However, Zn is
a critically important crop nutrient oen co-lacking in soils,
crops, and humans globally, due to a strong interlinkage in the
soil–crop–human continuum.2,3 Notably, global Zn resources
are not innite; estimates indicate that their depletion could
happen in less than 25 years.1 Conventionally, Zn fertilizer is
applied to crops mainly in the form of salts, particularly zinc-
sulfate (ZnSO4). Other forms of Zn used in agriculture include
bulk-scale ($1000 nm) zinc oxide (ZnO) powder, and chelated
Zn such as Zn-EDTA (ethylenediaminetetraacetic acid), Zn-
EDDHA [ethylenediamine-N,N0-bis(2-hydroxyphenylacetic
acid)] and Zn-lignosulfonate.4 In contrast to these Zn forms,
the advent of nanotechnology has permitted the development of
novel Zn types based on the particle size, with markedly
different reactivities and bioenvironmental responses.5–8

Notably, zinc oxide nanoparticles (ZnO-NPs;#100 nm in at least
one dimension) are incorporated into a variety of industrial,
medical, and household products, to enhance the quality and
functionality of Zn.9 These NPs are increasingly being explored
as fertilizers and pesticides to harness their novel properties in
maximizing crop productivity.5,7,10–13

The increasing number of studies show that Zn-based NPs
can enhance plant performance when used at judicious appli-
cation rates.5–8 However, such benets are still far from being
maximized for large eld-scale crop production due to the
inherent and practical problems associated withmicronutrients
needed by plants in trace amounts, which are further compli-
cated by the ultra-small size of nanoscale nutrients. As previ-
ously discussed,6 whereas a conventional fertilizer can be
applied by surface broadcast, the inherency of nanoparticles to
suspend in air would lead to dri losses, negating the applica-
bility of surface broadcast with dry ZnO-NPs. Moreover, driing
of nanoscale materials can potentially result in exposure of the
handler and other unintended biological targets to the mate-
rials. On the other hand, whereas deep placement of the
nanopowder into the soil can eliminate dri hazards, nano-
particle adhesion to equipment surfaces, especially under wet
conditions, could alter the form and function of the nano-
fertilizer product. Similarly, suspensions of nanoparticles in
water, especially of non-surface modied products, for use as
soil drench, foliar spray, or fertigation can also be problematic.
In aqueous environments, pristine nanoparticles either dissolve
into ions or aggregate into non-nanoscale structures. Particle
dissolution obfuscates the effect of the nanofertilizer treatment
owing to the prevalence of ionic activity.14,15 Similarly, aggre-
gation of nanoparticles negates the denition of “nano” and
associated size-specic reactivity. Both scenarios essentially
counteract the underlying functionality of the nanofertilizer.

From a practical standpoint, there is a large mass difference
between macronutrient fertilizers, such as NPK granules (2–
48 | Environ. Sci.: Adv., 2022, 1, 47–58
4 mm size), and conventional Zn fertilizer particles (mm size).
Such difference causes size-dependent particle segregation
when nutrients are blended and packaged. Given the smaller
size of nanoscale materials, it is highly likely that particle
segregation will exacerbate when using nanoscale ZnO for
blending with macronutrient granules. Furthermore, large-
scale eld application of micronutrients such as Zn that are
required in small amounts is known to result in non-uniform
distribution of the nutrients, leading to sporadic and unpre-
dictable effects on crop productivity.16

Considering the above-mentioned issues, it is critical to
develop strategies for delivering nano-scale nutrients to plants
that are both effective and safe, and that simultaneously
accommodate size differences in fertilizer-nutrient particles.
One strategy that is starting to be explored in this regard is the
physical incorporation of a nanopowder and a macronutrient
fertilizer such as urea or NPK granules17–20 to generate so called
‘‘nano-enabled’’ fertilizers, dened as conventional fertilizers
having one or more nanoscale components or additives.6,8,21

Previous studies reported doping or coating urea with ZnO-
NPs.5,17,18 Such coatings involved using facile systems that
involved water or vegetable oil as a binding agent. We hypoth-
esized that dual capping of Zn NPs prior to coating of fertilizer
granules would further improve product efficiency through
increasing the dispersibility of Zn, as well as controlling the
particle size to obtain ultra-small particles (�5 nm). Therefore,
in the present study we have developed a novel nano-enabled
fertilizer composed of urea and Zn involving coating of urea
with dual-capped Zn-NPs. In the formulation, the Zn NPs were
rst capped with binary combinations of N-acetyl cysteine
(NAC), sodium salicylate (SAL), and urea, before being coated
onto urea granules. The present study deals with the efficiency
of nanofertilizers in enhancing plant performance and nutrient
delivery, in comparison with the gold standard Zn fertilizer,
ZnSO4.

Materials and methods
Synthesis of dual-capped Zn-NPs

In this work, Zn-NPs, rather than ZnO NPs were synthesized at
room temperature using a wet chemical precipitation method
following a published protocol,22 with slight modication to
accommodate two surface capping agents. Briey, 91 g zinc
nitrate hexahydrate was dissolved in 700 mL DI water and the
two capping agents (NAC–SAL: 12.5 g NAC and 12.2 g SAL; NAC–
urea: 12.5 g NAC and 4.6 g urea; or SAL–urea: 12.2 g SAL and
4.6 g urea) in powder form were added directly to the solution
under stirring.

Dual-capping was conducted to enhance the stability of the
nano Zn for use in urea coating. In addition to being a stabilizer,
NAC is an antioxidant that modulates plant response to biotic
and abiotic stresses,23–25 and has been previously used to cap
ZnO NPs, with a strong stabilization outcome for the NPs
(reviewed in 7). In terms of application as an agrochemical, the
co-application of NAC and Zn or Cu has been reported to
increase metal availability to plants,26,27 while the formulation
of NAC with ZnO and albumin demonstrated antimicrobial
© 2022 The Author(s). Published by the Royal Society of Chemistry
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activity against candidatus Liberibacter asiaticus (cLas) in
citrus.22 On the other hand, SAL, a plant-derived hormone, plays
a role in plant growth and development.28 Notably, the co-
application of SAL and Zn improved plant performance under
water stress29 as well as under prolonged low temperature
exposure.30 Therefore, we suppose that use of these stabilizers
in the synthesis of Zn NPs could produce interesting surface
properties that can be leveraged to coat urea, in addition to
potential benecial effects in plants.

During stirring, the pH was slowly raised to 9 by dropwise
addition of 1 M NaOH(aq) solution, under vigorous stirring
using a mechanical stirrer (800 rpm). The nal volume was
adjusted to 1 L, and the solution was le stirring overnight. In
all cases, the nal metallic Zn concentration was 20 000 ppm
(mg L�1). For subsequent characterization (except for DLS and
zeta potential measurements), the Zn-NP aqueous suspension
was centrifuged at 10 000 rpm for 5 min (Eppendorf Centrifuge
5810R, 15amp version). The Zn-NP pallet was then lyophilized
(FreeZone® 4.5 Liter Freeze Dry Systems Model# 7750020) to
obtain solid powder.

Characterization of dual-capped Zn NPs

The dual-capped Zn-NPs were characterized by zeta potential,
dynamic light scattering (DLS), atomic absorption spectroscopy
(AAS), infrared spectroscopy (FTIR), X-ray diffraction (XRD), and
high-resolution transmission electron microscopy with fast
Fourier transform (HR-TEM/FFT) analysis. For DLS and zeta
potential, the ‘as-synthesized’ dual-capped Zn-NP suspensions
were diluted in DI water and analyzed for hydrodynamic particle
size and surface charge using a Malvern Zetasizer (model Nano
ZS90). AAS was done using a Perkin Elmar Analyst 400 spec-
trometer to determine the Zn content of the NP suspension. For
the AAS sample preparation, 10 mg lyophilized powder of each
dual-capped Zn-NP formulation was digested using 10 mL of an
aqueous solution of 1% HCl in a 15 mL disposable centrifuge
tube. A PerkinElmer Spectrum 100 Series Infrared Spectrometer
was used for FTIR measurements. The scan was focused to
identify any peak associated with the zinc–oxygen interaction in
addition to other characteristic FTIR peaks of urea, SAL and
NAC. The crystalline pattern of the lyophilized powder was
studied by X-ray diffraction (PANalytical Empyrean, model
number). For HR-TEM/FFT, the lyophilized powders were re-
suspended in DI water to obtain the Zn-NP suspension (1 mg
mL�1). The NP suspension was sonicated using an ultra-
sonicator (Elmasonic S 30 H) prior to drop-casting on a TEM
grid (Electron Microscopy Sciences, CF300-AU-UL). The grid was
then air-dried overnight. HR-TEM analysis was performed on
a FEI Tecnai F30 Transmission Electron Microscope. Fast
Fourier Transform (FFT) analysis was performed and the results
were compared with those of wulngite zinc hydroxide.

Coating of urea granules with dual-capped Zn NPs

The nanofertilizers used in this study were developed by coating
urea granules with the dual-capped Zn-NPs. To this end,
commercially obtained urea granules were sieved to between 1.7
and 4 mm particle sizes and approximately 0.5 kg of urea was
© 2022 The Author(s). Published by the Royal Society of Chemistry
loaded into a batch, laboratory-scale, uidized bed unit (UNI
Glatt, Norwood, NY, USA) having a cylindrical receptacle, with
an inner cylinder with a spray nozzle directed upward. A
suspension of each dual-capped Zn-NP formulation, dilute
enough to allow for spraying, was rst colored using water-
soluble food-grade dye (McCormick, Hunt Valley, Maryland) to
enable contrasting between each formulation and urea gran-
ules, both of which are white in color. Subsequently, the
nanosuspensions were pumped at a rate of 1–3 mLmin�1 to the
uidized bed nozzle via a peristaltic pump and atomized with
compressed air. The granular urea was coated using a layering
technique. Approximately 200 mL of the Zn-NP suspension was
sprayed repeatedly until the desired Zn concentrations of 1 and
3% Zn were reached. This process was conducted for each of the
products. Separately, plain urea was coated with the same food-
grade dye as a control. These food grade dyes had been used in
the past and shown to have no effect on crops.19

Characterization of dual-capped Zn NPs-urea nanofertilizers

Upon coating, a representative sample of each product was
analyzed for Zn content by acid digestion (20 mL of 50% HCl),
followed by boiling for 15min, ltration and dilution, and using
an Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES; Spectro Arcos, SPECTRO Analytical Instruments
GmbH, Kleve, Germany). Furthermore, each product was
morphologically characterized by scanning electron microscopy
(Zeiss ULTRA-55 FEG SEM). To this end, the coated granules
were placed in a desiccator for 24 h and then carefully sliced
with a razor blade for cross-sectional imaging. EDS spectra of
the core and the shell parts were recorded.

Soil preparation and plant growth

A sandy loam soil (pH, 6.87; organic matter content, 0.92%;
N : P : K, 4.0 : 2.05 : 246.0 mg kg�1, and [DTPA-extractable] Zn
level, 0.1 mg kg�1, indicating a Zn deciency status)31 was used
in a pot experiment conducted under greenhouse conditions at
the International Fertilizer Development Center (IFDC) in
Muscle Shoals, Alabama, to evaluate the effects of the nano-
fertilizers on plant performance and delivery of Zn, nitrogen (N)
and phosphorus (P) to plants. Treatments were randomly
assigned using a block design that comprised three replications
per treatment. To this end, pots (z162 cm2) were loaded with 7
kg of soil, and basal P and potassium (K) were added at 75 mg
kg�1 and 50 mg kg�1, respectively, by mixing into the soil using
a rotary shaker. The sources of P and K were monocalcium
phosphate and potassium sulfate, respectively. Four seeds of
Sorghum bicolor (variety 251) were planted 2 cm deep in each
potted soil. On week post germination, seedlings were thinned
down to 1 per pot. Subsequently, the urea–Zn nanofertilizer
experimental treatments were surface-applied 2 weeks aer
germination by placing the coated urea granules on the soil,
2 cm away from the plants. For the control Zn treatment, the
appropriate amount of Zn-sulfate (as a heptahydrate salt;
ZnSO4$7H2O) corresponding to 3% Zn was added. This control
Zn was physically separated from the urea but placed in the
same general vicinity on the soil. The control urea was coated
Environ. Sci.: Adv., 2022, 1, 47–58 | 49
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with food-grade dye but lacked the presence of Zn on it. The
following 6 treatments were established: control (urea with
separate application of ZnSO4); NAC–SAL–Zn, rate 1 (6.4 mg Zn
per kg soil) and rate 2 (2.1 mg Zn per kg soil); SAL–urea–Zn rate-
1; and NAC–urea–Zn, rates 1 and 2. The rate-1 products repre-
sented urea coated with Zn at 3% of the granule weight, and the
rate-2 products represented granules coated with Zn at 1% by
weight. Due to differential efficiencies of coating urea with the
dual-capped Zn-NP, the %, and thus, Zn concentration of the
Zn-coated products varied slightly among the products. The pre-
application product Zn concentrations for the 3% products
amounted to 7.7 mg kg�1 soil for NAC–SAL, 6.4 mg kg�1 for
NAC–urea, and 6.4 mg kg�1 for SAL–urea. The Zn application
rate was, therefore, normalized to 6.4 mg kg�1 soil by reducing
the amount of coated granular urea used in the NAC–SAL–Zn
treatment application to 1.26 g and replacing the urea with the
control urea to, again, achieve 1.5 g urea per pot (100 mg N per
kg soil) for all treatments. The normalized Zn application
concentration for the 1% (rate-2) coating was, thus, 2.1 mg kg�1.

Top-dressing with N was performed at around V6–V8 stages
of vegetative development, whereby 0.75 g of control urea
amounting to 50 mg N per kg soil was supplemented in each
pot. Watering and other management practices for all treat-
ments followed standard greenhouse plant growth procedures.
During plant growth, data were collected on chlorophyll content
using a SPAD Meter (Soil-Plant Analyses Development) meter
(Konica Minolta). Standard SPAD measurement consisted of
placing an intact plant leaf in between the meter and recording
the values indicated. Three leaves were measured from different
positions in a plant and averaged, to generate a SPAD reading
for each plant. At full physiological maturity, plants were har-
vested, separated into straw (stems, leaves and panicle head)
and grains. These tissues were then dried at �60 �C to deter-
mine the dry-matter yield. Subsequently, straw and grains were
ground separately and analyzed for shoot nutrient uptake or
grain nutrient translocation, respectively. Ground plant tissues
were acid-digested in a solution of sulfuric acid (3 mL) and
hydrogen peroxide (1 mL), heated for one h at 350 �C, cooled to
ambient temperature, and then equilibrated with dd-H2O. A
skalar segmented ow analysis was used to determine the N and
P contents in the samples, while inductively coupled plasma-
optical electron spectroscopy (ICP-OES) was used for
measuring the Zn content. In addition, soil samples were also
collected post-harvest for each treatment, to determine avail-
able residual levels of N (in the forms of nitrate and ammo-
nium), P and Zn. To this end, soil samples in replicates were
ground and sieved, followed by extraction using KCl for
ammonium and nitrate-N; for P by using an iron oxide-
Table 1 Particle size, surface charge and Zn contents of dual-capped Z

Product
Average hydrodynamic
diameter (nm)

NAC–SAL Zn-NP 116 � 27
NAC–urea Zn-NP 123 � 25
SAL–urea Zn-NP 135 � 32

50 | Environ. Sci.: Adv., 2022, 1, 47–58
impregnated lter paper (the Pi method;32); and for Zn by
DTPA (1 : 2 w/v [soil : DTPA solution]). All soil samples were
shaken for 2 h and ltered before being subjected to analytical
measurements using the respective instruments used for the
plant tissues.
Data analysis

A one-way analysis of variance (ANOVA; OriginPro 2018) was
used to determine signicant differences in crop responses to
the treatments. A Fisher LSDmeans comparison was performed
to further explore the differences with signicant (p # 0.05)
ANOVA.
Results and discussion

Herein we report a novel nano strategy for Zn delivery in agri-
cultural plants. Previous studies directly used ZnO NPs for
coating on urea. The current study is novel in its use of dual-
capped Zn-NPs to enhance the stability of the nano Zn for use
in urea coating. The results of this approach and effects on
wheat performance are presented below.
Characterization of dual-capped Zn NPs

The surfaces of the NAC–SAL Zn-NP and NAC–urea Zn-NP
suspensions were negatively charged, with similar zeta poten-
tial values (Table 1). The negative charge can be attributed to the
carboxylic group of NAC that is in the anionic form at pH 9.0
(pKa¼ 3.24).33 That contrasted with the positive zeta potential of
the SAL–urea Zn-NP formulation (Table 1), which can be
attributed to the lower prevalence of negative charge in SAL
being suppressed by the higher prevalence of positive charge in
urea, rendering a net positive charge. DLS analysis indicated an
average hydrodynamic size range of 125 nm for the Zn-NP
formulations (Table 1), suggesting low colloidal stability
caused by the lower surface charges (�30 mV < zeta potential <
+30 mV). However, this nding also indicated that dual capping
minimally increased the particle size from the conventional
theoretical 100 nm denition of nanoscale materials (Table 1).
Subsequent analysis of the metal content following acid-
digestion of the lyophilized powder of each dual-capped Zn-
NP formulation indicated that the Zn content was around
20% in all three formulations (Table 1).

The negative surface charge observed with two of the
suspensions at pH 9 was lower than that previously reported for
ZnO-NPs,�24mV, in dd water suspension at pH 7.34,35However,
both positive and negative surface charges have been reported
for ZnO-NPs at pH 9, and are dependent on the presence of
n nanoparticles

Zeta potential
(mV; pH ¼ 9.0)

Zinc content
(%, w/w)

�17 � 6.7 18 � 2.8
�16 � 8.4 19 � 1.8
+28 � 3.5 22 � 1.9

© 2022 The Author(s). Published by the Royal Society of Chemistry
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additives and their interactions.36 Thus, the overall data on
surface charge for the Zn-NPs were not surprising. Generally,
colloidal suspensions with high negative or positive zeta
potential are considered stable.37–39 The zeta potentials recorded
with the formulations appear to be high enough to maintain
their stability, as supported by the HR-TEM data (see below).
Although the DLS data would suggest that the particle sizes are
above 100 nm, DLS and microscopy data are known to oen
show inherent divergence in their estimation of particle size
due to solution chemistry effects that modulate the particle
hydrodynamic size but are absent in microscopic analysis.38

To investigate the interactions among the capping agents
and Zn-NPs, FTIR spectra were analyzed, and the peaks were
compared to those of the respective capping agents. ESI (Table
SI 1†) shows the main peaks identied by FTIR for the dual-
capped Zn-NP formulations. Due to the presence of multiple
components in the system, some of the peaks overlapped, but
the main peaks were identied (Table SI 1†). As indicated, for
the NAC containing samples, namely, NAC–SAL Zn-NPs and
NAC–urea Zn-NPs, main peaks were found for N–H bending
around 1600 cm�1 and O–H around 1350 cm�1. However, the
peak at around 2550 cm�1, characteristic of the S–H bond,40 was
not found in both NAC–SAL Zn-NP and NAC–urea Zn-NP
spectra. This may suggest that NAC interacts with Zn-NPs
through the sulfur bond, although the band at around
1600 cm�1 can also be attributed to Zn-carboxylic acid.41

Comparing the SAL-containing formulations, namely NAC–SAL
Zn-NPs and SAL–urea Zn-NPs, several peaks attributed to the
aromatic compound not found for NAC–urea Zn-NPs were
identied, including a C]C stretch around 1450 and 1490 cm�1

and C–H bending peaks between 700 and 820 cm�1. Moreover,
a peak indicating the Zn–carboxylate interaction was found at
1596 cm�1 and 1603 cm�1 for NAC–SAL Zn-NPs and SAL–urea
Zn-NPs, respectively. Rawal et al.41 reported that salicylate
strongly interacts with Zn NPs via the formation of oxygen–zinc
bonds in a coordination ring structure. Notably, comparing
NAC–urea Zn-NPs and SAL–urea Zn-NPs, the characteristic
bands of N–H stretching in the amine group were only observed
in the SAL–urea Zn-NP spectrum, while a shoulder was found
for NAC–urea in the same region.
Fig. 1 X-ray diffraction pattern of (black) NAC–urea Zn NP, (blue) SAL–

© 2022 The Author(s). Published by the Royal Society of Chemistry
ESI (Fig. SI 1 and SI 2†) shows the spectra of the capping
agents only, and for the dual capped Zn-NPs, respectively.
Similar to a previous report,40 NAC showed main absorption
peaks characteristic of carboxylic acid (1711 cm�1), amide II at
1533 cm�1 and the N–H stretching band at 3376 cm�1; as well as
of the S–H stretching bond (2548 cm�1), as previously demon-
strated (Fig. SI 1†). For urea, which has a simpler structure than
NAC, the peaks of the N–H stretching in amine groups were
identied at 3320 and 3430 cm�1. The N–H bond deformation
peak was found at 1598 cm�1, and the stretching frequency of
C–N was found at 1462 cm�1, followed by the stretching peak
for C]O at 1676 cm�1, in agreement with prior data.42 SAL
exhibited the most complex structure among the capping
agents, showing multiple peaks, including those characteristic
for aromatic compounds, such as C–H bending (all peaks from
680 to 900 cm�1), C]C stretching (1466 and 1620 cm�1), and
phenyl (739 and 1141 cm�1). In addition, the C]O stretching
band at 1647 and the benzene ngerprint peak at 1910 cm�1

were identied as previously observed.43 The pKa for the thiol
group is 9.52; as such, part of the sulfur is expected as the thi-
olate anion at pH 9.0.44 However, as indicated in Fig. SI† 2,
a thiol peak was not found for both NAC–SAL and NAC–urea Zn-
NPs, suggesting that the NAC-thiol group interacts with Zn-NPs.
In contrast, the positively charged SAL–urea Zn-NPs have
a higher modulus in comparison to NAC–SAL and NAC–urea Zn-
NPs. As a consequence of the interaction of urea with Zn, the
amine group becomes protonated as the NCO group assumes its
polar resonance form, causing an increase in the frequency of
the CN bond. This was observed in the FTIR spectrum (Fig. SI
2†) where two peaks in the amine N–H stretching region were
present around 3300–3500 cm�1.45 Notably, given the higher
surface charge, the SAL–urea Zn-NP suspension wasmore stable
in aqueous suspension than the NAC–urea and NAC–SAL Zn-
NPs, which resulted in a more uniform coating of urea gran-
ules by this formulation.

XRD analysis of the formulations is shown in Fig. 1. The
SAL–urea Zn-NP formulation presented more dened and
intense peaks, compared to the NAC–SAL and NAC–urea Zn-NP
formulations. However, in all cases, the peaks did not match
ZnO or Zn(OH)2 XRD diffraction peaks. This can be due to the
urea Zn NP and (red) NAC–SAL Zn NP.
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Fig. 2 HR-TEM images for (a) NAC–urea Zn NPs, (b) SAL–urea Zn NPs, and (c) NAC–SAL Zn NPs.
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complex nature of the composition of the formulations, which
may obfuscate the crystalline structure. As XRD analysis was
inconclusive, HR-TEM Fast Fourier Transform (FFT) analysis
was performed (Fig. 2), showing an individual particle size of
around 5 nm in all three formulations. Based on the crystal
lattice distances (d-spacing) from HR-TEM, it was possible to
match the crystalline structure of the samples with wulngite
zinc hydroxide (Table SI 2†). Accordingly, the nanoparticles can
be described more appropriately as Zn-NPs, rather than as ZnO-
NPs.
Morphological studies on dual-capped Zn NP–urea
nanofertilizers

Visual observation of the coated urea indicated that coating
urea with the SAL–urea Zn-NP formulation resulted in more
homogeneous distribution of the coat around the urea granules
than with the other formulations. In contrast, the NAC–SAL and
NAC–urea Zn-NPs showed a “popcorn” like coating (Fig. 3).
However, when preparing samples for SEM, the SAL–urea
coating (shell) was more susceptible to segregation from the
core (urea granule) aer cross-sectioning. This suggested NAC–
urea and NAC–SAL Zn-NP coatings adheredmore strongly to the
surface of the urea granules, probably due to the negative
charges of these formulations. In this regard, although pure
urea is as a neutral molecule, its processing into a granular
commercial fertilizer involves the inclusion of additives such as
anticaking agents, some of which are cationic,46,47 and hence,
could alter the urea surface properties thereby modulating
interactions when used in subsequent formulations. In addi-
tion, the greater adhesion of NAC–SAL and NAC–urea Zn-NPs to
the granules could also be due to the amorphous nature of these
coatings as well as due to their topography which increases the
interfacial surface area between the core and shell.

Scanning electronmicroscopy shows the core–shell structure
of the urea granules coated with the dual-capped Zn-NPs
Fig. 3 (Left to right): Photo of control urea, NAC–SAL Zn NP-coated
urea granules, NAC–urea Zn NP-coated urea granules, and SAL–urea
Zn NP-coated urea granules.

52 | Environ. Sci.: Adv., 2022, 1, 47–58
(Fig. 2). Thus, these formulations could be successfully coated
onto urea granules, produced in the case of the NAC–urea and
NAC–SAL Zn-NP structures that were similar to previously
observed.18 The higher crystallinity of SAL–urea Zn-NPs
observed by XRD was conrmed by SEM. Rod-shaped crystals
can be found in the zoom image of this coating (Fig. 4, bottom
le). These crystals were not present in the NAC–SAL and NAC–
urea Zn-NP coated granules, which showed an amorphous
structure (Fig. 4, top right zoom and bottom le zoom,
respectively). As with the SAL–urea Zn-NP product, granules
with high crystallinity and needle-like shapes were also
observed with urea coated with ZnO in a previous study in
which a mixture of honeybee wax and gallic acid was used as
a binder.48 This suggests a potential role for organic acid
constituents in the process. Notably, such shapes were absent in
the granules coated with NAC-containing formulations, sug-
gesting that the related mechanism may have been altered by
the presence of NAC. Elemental analysis was performed by EDS
in cross-sectioned granules to assess the presence of Zn in the
core and shell. The average Zn weight percentages on the shell
of the coated granules were comparable, 26.6 � 2.2, 25.5 � 2.2
and 22.6 � 0.2, respectively, for the NAC–SAL Zn-NP, NAC–urea
Zn-NP, and SAL–urea Zn-NP coatings. No zinc was found in the
control granules (urea only), as well as in the core of the Zn-
coated granules. Fig. 3 further shows the SEM images as EDS
peaks for the outer surface of the granules. As expected, peaks
for carbon, oxygen and nitrogen were observed in the control
granules. All dual-capped Zn-NP coated granules showed a peak
for Zn in addition to peaks present in the control granule. The
NAC–SAL and NAC–urea–Zn-NP-coated granules also showed
sulfur peak due to the NAC chemical composition. The peak for
Na found in all Zn-coated granules can be attributed to the
NaOH used during the nanoparticle synthesis. The peak for
gold is due to the sample sputter coating.
Coating efficiencies of dual-capped Zn NP–urea
nanofertilizers

The Zn contents of the coated urea granules by weight are 3.5
and 0.9%; 2.9 and 0.8%; and 2.9 and 1.0%, for NAC–SAL Zn,
rate-1 and rate-2; NAC–urea Zn, rate-1 and 2; and SAL–urea Zn,
rate-1 and rate-2, respectively. Specically, the NAC–SAL Zn,
rate-1 product contained a Zn amount that was higher than the
targeted Zn rate of 3%. Typically, coating losses can occur
during fertilizer production that involves surface coating.19 The
NAC–SAL Zn at rate-1 showed less coating loss, resulting in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SEM images and EDS spectra of control urea granule, and of NAC–SAL, NAC–urea and SAL–urea Zn NP coated urea granules. Middle
inset is a representative cross-section of the Zn-NP coated urea, in this case, SAL–urea, showing the core and the coated shell.
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a higher % Zn content. The coating process was considered
efficient, overall. Efficiency is dened here as the ratio of Zn in
the products to the initial target amount of Zn used for coating
each product [3 and 1%, respectively, for rate-1 and rate-2]
expressed as a percentage. The efficiencies were 100% and
90% for NAC–SAL Zn rate-1 and rate-2. They were 97% and 80%
for NAC–urea Zn, rates-1 and 2. And they were 97% and 100%
for SAL–urea Zn rate-1 and rate-2. Thus, coating efficiency was
highest with the NAC–SAL Zn rate-1 and SAL–urea Zn rate-2
products, and lowest with the NAC–urea Zn rate-2 product.
Fig. 5 Effects of Zn–urea nanofertilizers on chlorophyll content (SPAD co
accumulation of zinc (C); nitrogen (D), and phosphorus (E) in sorghum
analyzed) production, bars followed by different letters are significantly d
for grain and total accumulation of each nutrient), bars followed by diffe

© 2022 The Author(s). Published by the Royal Society of Chemistry
These high efficiencies demonstrate the effectiveness of the
uidized bed coating process used in the present study.
Effect of Zn NP–urea nanofertilizers on the agronomic
performance of sorghum

SPAD count, a measure of the chlorophyll content of plants, was
promoted by all the Zn-NP–urea nanofertilizers during early
vegetative growth (25 days aer treatment; DAT), when
compared to the ionic Zn control. The values were signicant (P
unt) (A), and biomass (grain and shoot) production (B) in sorghum; and
. Separately for SPAD count and biomass (shoot or grain, differently
ifferent at P < 0.05 (n ¼ 3). Separately for Zn, N and P (and in each case,
rent letters are significantly different at P < 0.05 (n ¼ 3).
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< 0.05) with the SAL–urea–Zn rate-1 product, whereas other
products resulted in median values, relative to SAL–urea–Zn
rate-1 and the control treatments (Fig. 5A). In contrast, all
treatments evoked a similar effect on SPAD counts at the later
development stage (45 DAT), except for the NAC–SAL–Zn rate-2
treatment where the SPAD value was signicantly lower
(Fig. 5A). These SPAD values agree with those previously
observed in sorghum exposed to ZnO NPs when provided
separately from NPK fertilizer.49 Indeed, as with SPAD data at 25
DAT, Subbaiah et al.50 also observed uncapped ZnO NPs to
increase SPAD levels in maize plants, relative to Zn ions,
although exposure in the study was at high Zn levels, 50–
2000 mg kg�1. Zn is well known to be involved in chlorophyll
metabolism, being linked to enzyme and protein activities of
the chloroplast and photosynthetic systems.3,7 The current
ndings, demonstrate that coating of urea with the dual-capped
products does not negate the role of Zn in chlorophyll
production.

In line with the early SPAD data, shoot biomass growth was
enhanced by all of the Zn-NP–urea nanofertilizers, with the
NAC–SAL–Zn and SAL–urea–Zn rate-1 treatments resulting in
signicantly greater shoot biomass, relative to the control.
However, grain biomass yield was similarly affected by all
treatments (Fig. 5B). These ndings suggest that the products
may be targeted more at shoot production and thus would be
particularly benecial in vegetable crop production for human
consumption, or forage for animal feed. These assumptions
warrant further evaluation in vegetable and forage crops.
Effect of Zn NP–urea nanofertilizers on nutrient accumulation
by sorghum

Grain Zn accumulation and total above-ground (grain + shoot)
Zn accumulation were generally similar across all treatments,
except for NAC–urea–Zn at rate 2 which signicantly promoted
grain Zn translocation compared to the SAL–urea–Zn rate-1 by
47%, and total above-ground Zn accumulation by 63% and 64%
respectively, compared to NAC–SAL–Zn rate-1 and NAC–urea–
Zn rate-1 (Fig. 5C). This nding demonstrates that a lower rate
of Zn can be used for this product to deliver adequate Zn
comparable to higher doses from other products to fortify both
sorghum grain or shoot with Zn, for human or animal nutrition.
This conrms our recent report from a study devoid of dual-
capping of the nanoscale Zn that coating urea with ZnO NPs
can allow for using less Zn in fertilizers, without any penalty on
Zn delivery, compared to higher Zn rates.19 Moreover, the fact
that the control treatment composed of a more readily
bioavailable Zn species (ions) did not result in a signicantly
different amount of Zn in the plant tissues than the nano
formulations indicates that the coating was effective for deliv-
ering Zn. Therefore, whether by facile techniques, such as using
water or vegetable oil as a binding agent,17–19 or by more
sophisticated approaches, such as with dual-capped Zn nano-
particles, coating Zn onto urea represents an effective strategy
to circumvent the previously described constraints to the
application of nanoscale micronutrients in plant fertilization.
Notably, it has been shown that nano-scale Zn can enhance the
54 | Environ. Sci.: Adv., 2022, 1, 47–58
Zn contents in the aleurone layer, grain crease, and endosperm
of wheat grains.51 By implication, the delivery of Zn into plants
using agronomic fortication and the successful translocation
of the Zn to edible portions of plants as demonstrated in the
current study holds strong promise to address widespread Zn
deciency in plants, animals and humans. However, the
chemical nature of Zn in edible plant tissue oen reported to be
present in the form of Zn-phosphate (see for e.g., ref. 51),
a largely nutritionally non-bioavailable Zn form, warrants
further studies to understand the nature of the Zn in the tissue
from novel nano delivery strategies.

In the case of N, grain N accumulation and total above-
ground N accumulation were also generally similar across all
nanofertilizer treatments, compared to the control. However,
the NAC–urea–Zn rate-2 treatment signicantly promoted
grain N translocation, relative to the NAC–SAL–Zn rate-1, SAL–
urea–Zn rate-1, and NAC–SAL–Zn rate-2 treatments. Also, NAC–
urea–Zn rate-2 increased total above-ground N accumulation
than did NAC–SAL–Zn rate-1, SAL–urea–Zn rate-1, and NAC–
SAL–Zn rate-2 (Fig. 5D). It is worth noting that the nanofertilizer
produced with Zn-NPs capped with urea contained a higher
amount of N by default (see materials and methods); however,
that fact did not necessarily translate into higher plant N in the
case of NAC–urea–Zn rate-1 and SAL–urea–Zn rate-1. This
suggests that a lower rate of Zn used in the NAC–urea–Zn
(namely, rate-2) can facilitate N accumulation. Previously, we
reported that Zn enhanced total N uptake in sorghum,
compared to treatments lacking Zn, whereby at 6 mg kg�1, Zn
sulfate resulted in higher total N uptake than ZnO NPs.52

Similarly, under drought stress, N accumulation was inhibited;
however, ZnO NPs at 5 mg kg�1 restored sorghum above-
ground N to levels obtained under sufficient water supply.
Notably, the Zn products were separately administered from
urea in the study.52 Contrary to sorghum, Zn did not inuence N
uptake in wheat, irrespective of whether coated or not onto
urea,19,31 indicating a possible species-dependent response.
With P, there was no effect of Zn treatment on grain and total
above ground P, irrespective of the Zn type (Fig. 5E). A
concentration-dependent interaction of P and Zn in soil that
results in the formation of insoluble Zn phosphate can limit the
uptake of either or both elements by plants.53–55 This knowledge
led us to evaluate the effect of the urea–Zn nanofertilizers on P
uptake by the sorghum plants. Our data indicate that coating of
urea with these products does not inuence the Zn–P interac-
tion, and hence, P uptake, any more than the conventional Zn
sulfate.
Effect of Zn NP–urea nanofertilizers on soil residual Zn, N and
P

Total residual Zn in the soil aer growth and harvest of
sorghum was highest in the NAC–SAL Zn rate-1 treatment,
which was signicantly different than the Zn content of the
control soil, and those of the NAC–SAL Zn rate-2 and NAC–urea
Zn rate-2 treatments (Table 2). In general, there was a trend for
more Zn in the soil treated with the nanofertilizers at rate-1,
suggesting that these products can better retain Zn in soil,
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1va00016k


Table 2 Effect of Zn–urea nanofertilizers on residual contents of zinc, nitrogen (separately as ammonium and nitrate), and phosphorus in the
experimental soil. Values (mg kg�1) aremeans and SDs and values followed by different letters are significantly different at P# 0.05, separately for
Zn, ammonium, nitrate and P (n ¼ 3)

Treatment Zn NH4–N NO3–N P

ZnSO4 (control) 1.02 � 0.14bc 1.8 � 0.22a 0.23 � 0.02a 7.73 � 1.51b
NAC–SAL Zn rate-1 2.21 � 1.02a 1.45 � 0.11b 0.24 � 0.03a 11.73 � 5.06ab
NAC–urea Zn rate-1 1.43 � 0.79ab 1.46 � 0.06b 0.26 � 0.02a 12.53 � 1.40ab
SAL–urea Zn rate-1 1.98 � 0.47ab 1.1.5 � 0.02b 0.36 � 0.18a 14.00 � 4.92a
NAC–SAL Zn rate-2 0.32 � 0.04c 1.61 � 0.05ab 0.24 � 0.03a 7.73 � 1.51b
NAC–urea Zn rate-2 0.58 � 0.15c 1.68 � 0.21ab 0.26 � 0.03a 8.13 � 0.83ab
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than the control ZnSO4. These data agree with the report of
Baddar et al.,56 in which the total soil concentrations of Zn at pH
6 were higher with negatively- and positively charged ZnO nano
formulations than with ZnSO4. In the case of N, residual total
nutrient was determined as the two fractions in which N exists
in soil, namely, ammonium and nitrate. Soil ammonium–N
(NH4–N) content was signicantly higher in the control treat-
ment, compared to all other treatments, with the exception of
NAC–urea Zn rate-2 treatment, which showed a median value,
compared to other treatments. In contrast to NH4–N, none of
the Zn treatments altered the residual level of nitrate–N (NO3–

N) in the soil (Table 2). Previous studies indicate that ZnSO4 can
be used to regulate the process of urea–N transformation to
nitrate by acting as both a urease and a nitrication inhib-
itor.57,58 This effect leads potentially to more ammonium being
retained in the soil. These aspects were not investigated in the
present study, although it is tempting to postulate that the
control, and to a lesser extent NAC–urea Zn rate-2, promoted
ammonium retention possibly due to these effects. For P,
residual content was signicantly higher in the SAL–urea Zn
rate-1 treatment, relative to the control and NAC–SAL Zn rate-2
treatments. Other treatments were of median value, compared
to those (Table 2). Coincident with the residual Zn, the trend for
Fig. 6 Schematic depiction of the synthesis of dual-capped Zn
nanoparticles, functionalization of urea granules with the capped nano
formulations, and evaluation of the nanofertilizer products in plant.

© 2022 The Author(s). Published by the Royal Society of Chemistry
higher (albeit not signicant in all cases) residual soil P in the
nanofertilizers with a higher Zn rate is also notable. In partic-
ular, data with the SAL–urea Zn rate-1 treatment indicate that in
soil with high P leachability, this product has the potential to
increase P xation in soil, ostensibly as Zn phosphate.59

Increased P xation due to the interaction with metals such as
Zn could have implications for lowering P leaching, which could
avail soil of more P in the subsequent cropping season, and
thereby lower future P application. However, a potential trade-
off could be reduced Zn availability. These aspects are topics
of ongoing investigation.
Conclusions

In this study, we report the development of novel nano-enabled
fertilizers based on dual capping of Zn nanoparticles with NAC
and SAL, and the formulation of urea with the same via surface
coating. The nanofertilizers showed the potential to maintain
plant performance, deliver nutrients to plants and retain
nutrients in soil to comparable, if not better, extents to the
conventional Zn-sulfate fertilizer. A schematic representation of
the synthesis of dual-capped Zn nanoparticles, the functional-
ization of urea granules with the nanoformulations, and
application of the Zn–urea nanofertilizers on wheat to under-
stand their agronomic performance is shown in Fig. 6. The
nanoscale Zn species in the formulation was identied to be
Zn(OH)2. Given that Zn(OH)2 (7.8 � 10�4 mol dm�3) is more
soluble than ZnO (7.75 � 10�5 mol dm�3), the generally similar
effects on plants as the conventional Zn-sulfate are not
surprising. Coating of urea granules with Zn-NPs capped with
the stabilizing agents resulted in comparable, and in several
instances better, effects on plant performance, plant delivery
and soil retention of Zn, N and P to Zn-sulfate under normal
growth conditions. In particular, the rate-2 NAC–urea–Zn
treatment indicated the potential of achieving grain Zn forti-
cation for human health using a lower Zn rate. This is impor-
tant, considering widespread human Zn deciency and the
concern about the sustainability of Zn resources mentioned in
the introduction. From a practical standpoint, coating of Zn
onto urea permitted achieving the important goal of applying
nanoscale Zn in the same fertilization regimen as urea, thereby
precluding the need for multiple fertilization events, separately
for N and Zn. Furthermore, by itself, Zn is effective in alleviating
environmental stresses in plants, as demonstrated by several of
our previous studies.19,47 Based on the above-described
Environ. Sci.: Adv., 2022, 1, 47–58 | 55

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1va00016k


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ja

nu
ar

y 
20

22
. D

ow
nl

oa
de

d 
on

 8
/2

2/
20

25
 9

:0
2:

21
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
biological effects of the capping agents and Zn, it is highly likely
that the observed effects of the nanofertilizers on plant perfor-
mance and nutrient delivery will be escalated under adverse
environmental conditions such as drought and disease infes-
tation, wherein plant productivity and nutrient acquisition are
negatively impacted. Research is currently ongoing to assess the
potential of these products on crop performance and nutrient
fortication under disease and abiotic stress conditions.

The question of cost-effectiveness oen arises with novel
agrochemical formulations and needs to be evaluated. Nano-
scale products are presumed expensive initially simply because
their manufacture is an add-on to an existing process or
product. However, subsequent validation of their enhanced
effects on crop performance over conventional products, espe-
cially when used at lower rates, is a potential cost-saving
outcome for both the farmer and the environment. Moreover,
scaling up the nano production process should bring about
a reduction in the cost of production, and consequently, the
cost of nano inputs.

Author contributions

Christian Dimkpa, Upendra Singh, and Swadeshmukul Santra
conceived the research.

Maria Campos, Ali Ozcan, and Ziyang Huang conducted
nano synthesis, capping and characterization of the nished
product.

Job Fugice and Katherine Glass performed urea coating with
the nanoformulations.

Katherine Glass, Job Fugice and Christian Dimkpa per-
formed plant studies and analysis of nutrient content in plant
and soil.

Christian Dimkpa and Maria Campos wrote the dra
manuscript.

Christian Dimkpa, Maria Campos, Upendra Singh, and
Swadeshmukul Santra revised the manuscript.

Conflicts of interest

There is no conict of interest for this research.

Acknowledgements

This work was funded by the United States Agency for Interna-
tional Development (USAID) through the Feed the Future Soil
Fertility Technology Adoption, Policy Reform and Knowledge
Management Project Cooperative Agreement (Number AID-BFS-
IO-15-00001) with the International Fertilizer Development
Center. The authors acknowledge the UCF Materials Innovation
for Sustainable Agriculture Center for facilities and technical
support.

References

1 C. O. Dimkpa and P. S. Bindraban, Micronutrients
fortication for efficient agronomic production Agron,
Sustainable Dev., 2016, 36, 1–26.
56 | Environ. Sci.: Adv., 2022, 1, 47–58
2 D. L. Jones, P. Cross, P. J. A. Withers, T. H. DeLuca,
D. A. Robinson, R. S. Quilliam, I. M. Harris,
D. R. Chadwick and G. Edwards-Jones, Review: Nutrient
stripping: the global disparity between food security and
soil nutrient stocks, J. Appl. Ecol., 2013, 50, 851–862.

3 C. Noulas, M. Tziouvalekas and T. Karyotis, Zinc in soils,
water and food crops, J. Trace Elem. Med. Biol., 2018, 49,
252–260.

4 D. Montalvo, F. Degryse, R. C. da Silva R. Baird and
M. J. McLaughlin, Agronomic effectiveness of zinc sources
as micronutrient fertilizer, in Advances in Agronomy, ed.
D. L. Sparks, Elsevier Academic Press Inc, San Diego, 2016,
pp. 215–267.

5 L. Abeywardana, M. de Silva, C. Sandaruwan, D. Dahanayake,
G. Priyadarshana, S. Chathurika, V. Karunaratne and
N. Kottegoda, Zinc-doped hydroxyapatite–urea nanoseed
coating as an efficient macro–micro plant nutrient delivery
agent, ACS Agric. Sci. Technol., 2021, 1, 230–239.

6 C. Dimkpa and P. Bindraban, Nanofertilizers: new products
for the industry?, J. Agric. Food Chem., 2018, 66, 6462–6473.

7 T. C. Thounaojam, T. T. Meetei, Y. B. Devi, S. K. Panda and
H. Upadhyaya, Zinc oxide nanoparticles (ZnO-NPs):
a promising nanoparticle in renovating plant science, Acta
Physiol. Plant., 2021, 43, 136.

8 R. Raliya, V. Saharan, C. Dimkpa and P. Biswas,
Nanofertilizer for precision and sustainable agriculture:
current state and future perspectives, J. Agric. Food Chem.,
2018, 66, 6487–6503.

9 F. Piccinno, F. Gottschalk, S. Seeger and B. Nowack,
Industrial production quantities and uses of ten
engineered nanomaterials in Europe and the world, J.
Nanopart. Res., 2012, 14, 1109.

10 M. Kah, R. S. Kookana, A. Gogos and T. D. Bucheli, A critical
evaluation of nanopesticides and nanofertilizers against
their conventional analogues, Nat. Nanotechnol., 2018, 13,
677–684.

11 I. O. Adisa, V. L. R. Pullagurala, J. R. Peralta-Videa,
C. O. Dimkpa, W. H. Elmer, J. L. Gardea-Torresdey and
J. C. White, Recent advances in nano-enabled fertilizers
and pesticides: A critical review of mechanisms of action,
Environ. Sci.: Nano, 2019, 6, 2002–2030.

12 W. Elmer and J. C. White, The future of nanotechnology in
plant pathology, Annu. Rev. Phytopathol., 2018, 56, 111–133.

13 J. C. White and J. L. Gardea-Torresdey, Achieving food
security through the very small, Nat. Nanotechnol., 2018,
13, 627–629.
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