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Smart nanocomposites of chitosan/alginate
nanoparticles loaded with copper oxide as
alternative nanofertilizerst
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Simona Boninelli,® Giusy Curcuruto,® Massimo Zimbone,? Maria Allegra,®
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In order to best nutrient use efficiency, as required by the increasing food demand for the future global
population, in this work an innovative hybrid nanocomposite was designed as an alternative nanoscale
fertilizer. An environmentally friendly chemical preparation based on polyelectrolyte complexation was
used. A chitosan and sodium alginate complex was selected as a biodegradable shell to release the
nanoscale nutrient, CuO nanoparticles. By optimizing the synthesis conditions, i.e. pH and polymer/cross-
linker ratio, good stability and accurate size control of the resulting nanocomposites were achieved. The
morphology features were evaluated using scanning and transmission electron microscopy, and chemical
characterization was performed using X-ray diffraction, thermogravimetric analysis, Fourier-transform
infrared spectroscopy, dynamic light scattering and inductively coupled plasma optical emission
spectrometry. All the collected data confirmed spontaneous polymeric aggregation in nanostructures of
sperical shape, having a mean diameter of about 300 nm, as well as CuO encapsulation inside the
polymeric coating. Moreover, the role of the biopolymer shell in the significant slowing of copper release
from the hybrid nanocomposite was reported. Finally, the nanocomposite efficacy in seeding and
germination was evaluated on Fortunella margarita Swingle seeds. The tests demonstrated the benefits in
the seedling growth together with a synergic effect in developing both the epigean and hypogean parts.
The obtained results indicated that the proposed hybrid nanocomposite could be a potential alternative to
realize a smart delivery nanofertilizer using an eco-sustainable method.

The emergent increase in global food demand is a direct consequence of the growth in the world population. To address this issue, mass fertilization is
used, but inefficient plant nutrition is still an issue and there are important environmental drawbacks to this process. Herein, an innovative nanofertilizer
is proposed, a hybrid nanocomposite mainly made up of chitosan and alginate loaded with copper oxide nanoparticles, prepared using an environmentally
friendly and ecosustainable method. A biopolymer shell enhances the adhesion of the material to leaves and protects the nutrients from degradation,
limiting the loss of chemicals and slowing the nutrient release. Thus, the developed approach both avoids undesired accumulation in soil and increases

nutrient use efficacy.
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Introduction

In 2050 the world population is estimated to reach 10 billion
people, and a simultaneous increase in global food demand
is predicted. This scenario would require the extension of
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arable land," but currently 37% of the land is already
dedicated to agriculture and no more is available because of
soil degradation (erosion, mineral deficiency, drought and
salinity) and competition with industry and municipalities.
However, the current methods of cultivation are known not
be efficient enough to address the estimated food demand;
nowadays around 50% of used fertilizers are not taken up by
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plants, but instead lost in the soil, causing collateral
environmental impact such as eutrophication,
groundwater poisoning and greenhouse gas production.”
Their impact on the environment is further increased if they
are based on essential micronutrients such as copper, since
this element is also used for the control of plant fungal
disease. As far as this micronutrient is concerned, elevated
concentrations of Cu are toxic towards normal plant
development.® Indeed, Cu affects metabolic reactions and
plays a key role in several physiological processes, such as
photosynthesis, respiration, carbohydrate distribution and
protein metabolism,* but an excess of this element has
negative effects, resulting in leaf chlorosis,” reduction in root
growth and exploration,”” reduction in net photosynthesis®
and, in some cases, tissue necrosis and plant death.’ Copper
toxicity starts when it is accumulated in the cells and arises
due to oxidative stress as a result of the increase in the
reactive oxygen species levels, such as superoxide anion (O, ),
singlet oxygen (*0,), hydrogen peroxide (H,0,) and hydroxyl
radical (OH).>*'™ On the contrary, under severe Cu
deficiency, die-back of stems has been observed in trees. In
particular, in citrus this has been verified in nursery by the
formation of gum pockets in new branches resulting from
tissue breaking down and consequent sap leakage from the
xylem and phloem vessels."' In non-bearing trees, these
symptoms are characterized by the growth of branches that
curve in an “S” shape, excessive development of leaf blades
and protruding veins on their underside.'” Therefore, the
importance of controlling fertilizer input and increasing
uptake efficacy is evident.

In order to address these issues, nanotechnology has been
explored" in recent years, for example by realizing
nanostructured biosensors for the real-time detection of plant
health status and for the controlled distribution of bioactive
fertilizer compounds® and by developing novel nanoscale
fertilizers."> A nanofertilizer refers to a product that delivers
nutrients to crops when i) encapsulated inside nanomaterials,
such as a nanoporous network, or ii) coated with a thin polymer
film, or iii) delivered as particles or emulsions of nanoscale
dimensions. One of the most studied and promising inorganic
materials for nanofertilization are metal oxide nanoparticles
(MO NPs)," such as iron, copper and zinc,"'® or those based
on more exotic elements, such as cerium.'” NPs based on metal
oxides have been demonstrated to have a better uptake efficacy
than their bulk counterpart, since the high surface/volume ratio
allows better absorption within the plant tissue. Among their
positive effects, there are resistance to abiotic stress, greater
production of metabolites, increase of radical elongation and of
net photosynthesis. For example, fertilization with copper oxide
NPs leads to increased root length, leaf chlorophyll and berry
sugar contents in tomatoes'® and boosted enzyme activities in
maize."® Moreover, CuO NPs exhibit antimycotic activity against
Fusarium oxysporum sp. in watermelon plants.** However, to
regulate the nutrient dose absorbed by plants and to reduce
waste, it is necessary to manage the controlled release of the
nanofertilizer.

water
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In this paper, a novel nanocomposite of CuO NPs
encapsulated in a biopolymeric shell, based on chitosan and
sodium alginate, has been proposed. Thanks to their
chemical structure and the presence of amino and hydroxyl
groups, biopolymers can interact with MO NPs, protecting
them from the environment and also preventing the leaching
of the elements into the soil.****> Herein, a particular class of
physically cross-linked hydrogels is presented that are
sensitive to pH and to other environmental factors, such as
temperature and ionic strength, known as polyelectrolyte
complexes (PECs).”>** These properties make them
particularly interesting for the controlled release of
encapsulated material. The formation of PEC nanoaggregates
in solution is driven by strong coulombic interaction between
two oppositely charged polymers (polyelectrolytes), together
with the contribution of hydrophobic interactions. When the
polymers interact, the small counter-ions bound to the
polymer escape from the polymeric network into the solution.
The generated entropy favours the self-assembly of polymeric
nanoparticles. In particular, ion-ion interactions take place
between the charged portions of the two polymers, in
addition to the hydrogen bonding. In this work the chosen
polyelectrolyte polymers were chitosan (CS) and alginate
(ALG). CS is a derivative of chitin and the most abundant
natural polymer in the world after cellulose,”® while ALG, a
polyanion polymer, is a negatively charged polysaccharide
consisting of 1 — 4 linked B-p-mannuronic acid and o-t-
guluronic acid, derived from brown algae, such as kelp algae
(order Laminariales). The ionic bonds between CS protonated
amine residues and ALG carboxylic residues are responsible
for PEC nanoparticle formation. Furthermore, the presence
of hydroxylic, amino and carboxylic groups permits the two
polymers to interact via hydrogen bonding (i.e. ion-dipole
and dipole-dipole interactions).>® However, although CS, CS-
based hybrid nanocomposites and CS/ALG have been used as
smart delivery systems in different application fields from
medicine to sensors,”” " and CS is also a good candidate for
application in agriculture® as a result of its beneficial effects
on plant growth,?***?* there are very few papers that report
on the application of CS/ALG in agriculture.*>*® Moreover, to
the best of our knowledge there are no papers on hybrid
nanocomposites made from CS/ALG and inorganic NPs.

Here, the proposed hybrid nanocomposite made from
CuO and PEC NPs combines the known positive effects of
CuO on plant growth and development, and the benefits of
the biopolymer shell, which slows nutrient release. This
approach also permits better adhesion of this material to the
leaf surface by enabling the prolonged presence of copper
cations, thus obtaining better nutrient use efficiency. The
environmentally friendly preparation of the CuO/PEC hybrid
nanocomposite is reported in detail. Structural investigation
is carried out, in order to demonstrate the morphology and
the chemical structure of the hybrid nanocomposite. Finally,
the influence of the material on the germination of Fortunella
margarita Swingle (kumquat tree) seeds, belonging to the
Rutaceae family, the genus of which is related to the most
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important Citrus spp. is evaluated. Also, the effects of
different concentrations of the novel hybrid treatment on
germination are taken into account.

Experimental
Materials

Chitosan (with low molecular weight and >75%
N-deacetylation) and alginic acid sodium salt were procured
from Sigma-Aldrich. Sodium tripolyphosphate (STPP) was
supplied by Acros Organics. Copper(n) oxide nanopowder
(30-50 nm particle size, 99% purity) was purchased from Alfa

Aesar.

Preparation

PEC NPs were prepared according to the method proposed by
Goycoolea et al., with some slight modifications.?” CS (1.0 mg
ml™) was fully dissolved into 5 ml of acetate buffer (0.1 M,
pH = 5.2) under magnetic stirring (1000 RPM) for about 1 h
at room temperature. Deionized Milli-Q water was used in all
the experiments. A 1 ml solution of STPP (1.0 mg ml™") was
mixed with a 1 ml alginate solution (0.45 mg ml™), in order
to obtain CS:STPP and CS:ALG ratios respectively equal to
5:1 and 11:1. Both solutions were prepared in the same 0.1
M acetate buffer, to guarantee constant pH during the
subsequent preparation steps. Upon the mixing of the STPP-
ALG solution (1 ml min™") into the CS solution kept under
magnetic stirring (750 rpm) at room temperature, PEC NPs
were spontaneously formed. Agitation was maintained for a
further 30 minutes, in order to assure optimal dispersion of
nanoparticles.

In order to realize a CuO/PEC nanocomposite, CuO
nanopowder was dissolved in CS solution (1.0 mg ml™)
under ultrasound treatment (50 kHz) for 15 minutes to
obtain a well-dispersed suspension. Then, after stirring the
suspension for 30 min, STPP-ALG solution was added to the
CS-CuO solution using the same procedure used for the PEC
NP preparation. The optimized CuO concentration was 100
ppm in the final suspension.

Methods

Thermal analysis. Thermogravimetric analyses (TGA) of
both PEC and the CuO/PEC nanoparticles were performed
using thermogravimetric apparatus (TA Instruments Q500)
under a nitrogen flow (gas flow: 40 ml min ™" at 10 °C min™"
heating rate, up to 800 °C). PEC and CuO/PEC suspensions
were centrifuged at 22000 g for 30 minutes. The resulting
pellet at the bottom of the vial was gently washed with water
to remove excess salts and was dried in a vacuum oven at 60
°C for 48 h. A quantity of about 6 mg of the dried samples
was used for TGA, where samples were weighed at room
temperature. After an equilibration step carried out at 50 °C
for 60 minutes, the weight loss percentage was recorded as a
function of temperature.
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X-ray diffraction (XRD). X-ray Diffraction (XRD) analysis of
the CuO/PEC nanocomposite was performed using a Bruker-
AXS D5005 6-6 diffractometer equipped with a Cu Ko
radiation source, operating at 40 kV and 30 mA in grazing
incidence configuration. In order to perform the analysis, the
CuO/PEC suspension was centrifuged at 22000 g for 30
minutes to allow nanocomposite sedimentation on the vial
bottom. Thus, the solid precipitate, separated from the water
solution, was placed on Si slides using a micropipette and
dried overnight prior to measurements being carried out.

Fourier-transform infrared (FTIR) spectroscopy. Fourier-
transform infrared (FTIR) spectroscopy was performed on the
CuO/PEC nanocomposite and PEC NPs after freeze-drying.
Spectra were acquired in the 400-4000 cm™' range using a
PerkinElmer Spectrum 1000 spectrometer.

Dynamic light scattering (DLS). Dynamic light scattering
(DLS) measurements were performed using homemade
apparatus comprising a quartz scattering cell, confocal
collecting optics, a Hamamatsu photomultiplier mounted on
a rotating arm, a BI-9100 AT hardware correlator (Brookhaven
Instruments Corporation) and a 660 nm diode laser. The
laser power ranged between 5 and 50 mW. The auto-
correlation function was provided by the hardware correlator
operating in single photon counting regime.*® We also
evaluated the intensity distribution of the samples using a
multi-exponential fitting procedure.

Electron microscopy. Electron Microscopy analysis was
performed using scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). The SEM apparatus,
ZEISS Supra 25, was equipped with an EDAX PV7715/89-ME
energy dispersive X-ray (EDX) spectrometer for elemental
characterization. For conventional morphological SEM
analyses, the nanocomposite dispersion was drop cast onto a
piece of silicon wafer and dried overnight at room
temperature prior to analyses being carried out. The applied
electron beam voltage was lowered to 5 keV to avoid charging
effects and polymer modifications during image acquisition.
For the EDX characterization, in order to avoid X-ray
contribution from the underlying Si wafer, TEM 300 mesh
nickel or golden grids were used. They were firstly dip coated
into a dispersion of PEC and CuO/PEC nanocomposites,
respectively, and then installed on a 6-sample carousel,
conventionally conceived for TSEM (transmission SEM). For
EDX maps, the operating voltage and the working distance
were set to 25 keV and 8.5 mm respectively, to optimize the
X-ray detection efficiency. TEM analyses were performed on
JEOL JEM 2010F apparatus, operating at 200 keV.

Inductively coupled plasma optical emission spectrometry
(ICP-OES). In order to evaluate the nanocomposite efficacy to
bind the analyte and to delay its release, an in vitro
dissolution test was performed using ICP-OES (Optima 2000
DV, PerkinElmer). The Cu release from the CuO/PEC
nanocomposite and, as a reference, from CuO nanopowder
dissolved in the same proportions in water was evaluated.
Thus, 5 mg of both samples were placed in a 50 ml solution
of 0.1 acetate buffer, at pH = 5.5. This value permits the
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simulation of the acidic environment of the rhizosphere,
which influences the availability of the essential elements
and their absorption by the plants. Aliquots of 1.5 ml of both
solutions were collected on days 0, 1, 2, 3, 4, 5, 7, 11, 14, and
22 (three replicates for each solution), then replaced by an
equal volume of water and centrifuged at 22000 g for 30
minutes. Then, 1.3 ml of supernatant were stored in vials,
and a 400 pl aliquot was placed in 25 ml of a 1% HNO;
solution to be analysed using ICP-OES.

Firstly, the calibration curve was set. Using a 1000 ppm
ICP multi-elemental standard solution VI (Merck, Darmstadt,
Germany), Cu-standard solutions were prepared at
concentrations of 0.10, 0.25, 0.50, 1.00, 1.50, 2.00, and 2.50
ppm, and stabilized with the addition of 1% HNO;. The
reproducibility of the calibration curve was tested. Three
calibration curves were obtained for the same solutions at
three different emission lines for Cu (224.700, 324.752, and
327.393 nm) for each day of analysis.

Thus, for both samples, CuO and CuO/PEC, on all of the
fixed days the release rate was calculated as the ratio between
the measured Cu concentration and the total amount of Cu
in the prepared solutions.

Germination assay

In laboratory, the efficacy of the nanocomposite as a seed
germination promoter was tested. The research was
conducted on Fortunella margarita Swingle. This species was
chosen since, compared to the Citrus spp., its seeds are
monoclonal, thus the risk of germination of non-zygotic
plants during the trial was avoided. Seeds were extracted
from fresh fruits and air-dried for 5 days in the laboratory.
They were subsequently immersed in a 1% sodium
hypochlorite solution for 30 minutes, under magnetic
agitation, to ensure tegument sterility. Then, they were rinsed
three times with distilled water, 15 minutes per rinse. Filter
paper was put into a 100 mm x 15 mm Petri dish, and 8 ml
of distilled water were added. Seeds were transferred above
the filter paper, with 10 seeds per dish at a distance of 1 cm.
Thus, the seeds were treated with 3 ml of treatment, and
each treatment was repeated for three replicates. The used
treatments were: CuO nanopowder at three concentrations, i)
10 ppm (CuO-10), ii) 50 ppm (CuO-50) and iii) 100 ppm
(Cu0-100); CuO/PEC solution at three concentrations, iv) 10
ppm (CuO/PEC-10), v) 50 ppm (CuO/PEC-50) and vi) 100 ppm
(CuO/PEC-100); and two controls were used, vii) water and
viii) only PEC solution. Petri dishes, covered and sealed using
parafilm, were stored in a climatic chamber at 25 + 0.1 °C in
the dark. After incubation, the germination phases were
followed for 31 days, when the seeds not yet germinated were
moldy or dead for all the treatments. The emergence of
radicles (the embryonic roots) and plumules (the embryonic
shoots) was recorded on the following days (in hours) after
incubation: 7 (168), 14 (336), 15 (360), 18 (432), 23 (552), 25
(600), and 31 (744). A spreadsheet was organized as suggested
by Ranal et al,*® in order to evaluate the main germination
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parameters: germination percentage (G), mean germination
time (¢), coefficient of the variation of the germination time
(CVt), mean germination rate (v), uncertainty (U), and
synchrony (Z). In addition, the Vigor index (VI) was calculated
as the product of germination (in %) and seedling length (in
cm). The germination data were subjected to statistical
analysis. Once the null hypothesis was rejected in the
analysis of variance, we applied the Duncan test at 95%
confidence interval. Finally, on day 31 the shoot development
in seedlings, the root elongation and the presence of the
secondary roots were registered.

Results and discussion

In order to obtain the nano formulated hybrid system of
CuO/biopolymer with a low-cost production of nanoparticles,
an eco-sustainable and green preparation method was
selected. This avoids commonly wused emulsion or
precipitation methods, that require organic solvents, together
with the use of high temperatures during the synthetic
step.’®** As reported in literature by Goycoolea et al,’” by
adding the STTP/ALG solution to the CS solution, the self-
assembly of nanoparticles occurred spontaneously through
the ionic gelation of CS-STTP and the concomitant
complexation of the polyelectrolyte with ALG. In more detail,
the process was regulated by the concomitant ionic cross-
linking of CS to TPP, driven by the cross-linking between the
negatively charged groups of STPP, the P;0,,°~ and HP;0,,"
ionic species, and a fraction of the positively charged amino
groups of CS, -NH;  groups, and the formation of an
electrostatic complex between alginate carboxylic groups and
chitosan amine groups. By adjusting the main synthesis
parameters that regulate the solution ionic strength, such as
pH, CS:ALG ratio and STPP amount, a stable solution of PEC
nanoaggregates can be obtained.

When the CuO nanopowder was introduced in the CS
solution, the polymeric chains easily bonded to the Cu
cations owing to electrostatic interactions (e.g. hydrogen-ion
bonding) between the metal oxide surface and the high
number of functional amine (-NH,) and hydroxyl (-OH)
groups of CS.*>** The further addition of STPP guaranteed
an extra linkage. As suggested by Koukaras et al, the CS
molecules were cross-linked to each other by STPP
polyanions, thanks to the strong ionic interactions between
the positively protonated polymeric amino and the negatively
charged phosphate groups.** Finally, the carboxylic groups of
ALG interacted with the residual positive sites of CS,
wrapping all the previous layers.””** Thus, a coating of PEC,
made of CS, STTP and ALG, was able to envelop the CuO
NPs. A scheme of the used flowchart and of the hybrid
structure formulated in this work with a photograph of the
nanocomposite are reported in Fig. 1.

The thermogravimetric analyses of both PEC and CuO/
PEC nanoparticles were performed to obtain thermal
behaviour of the samples, but also to gain quantitative
information on the CuO residue and chemical composition.

Environ. Sci.: Nano, 2021, 8,174-187 | 177
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(b)

Fig. 1 (a) and (b) Schematic of the preparation of the CuO/PEC nanocomposite with a scheme of its chemical structure; (c) photograph of the

CuO/PEC solution; (d) scheme of the CuO/PEC structure and interactions.

PEC nanoparticles presented complex thermograms
characterized by different degradation steps, as evident from
the TGA (shown in Fig. 2(a)) and DTG (derivative
thermogravimetric) profiles (Fig. S1t). Although materials
were kept in a vacuum oven at 60 °C for 2 days, an initial
weight loss (up to 3% at 100 °C for CuO/PEC), due to residual
water evaporation, was registered for both samples. This
trend is reasonable due to the high hydrophilicity of the
materials, as reported by Castelld et al®® At a higher
temperature, several degradation phenomena caused by the
decomposition of both alginate and chitosan components
took place. The weight loss in the range 200-360 °C was due
to chitosan and alginate degradation and carbonization.
Specifically, this range is linked to the dehydration of the
saccharide rings, depolymerization, and decomposition of
the polymer units.*”*® The weight loss at temperatures
higher than 360 °C was attributed to the release of CH, due
to a further dehydrogenation mechanism, which includes
alginate decomposition to form Na,CO;. The final step at T
>700 °C corresponded to the initial decomposition of Na,-
CO3, which contributed to the formation of residue (ca. 32
wt%) at 800 ©°C. The TGA curve of the CuO/PEC
nanocomposite revealed that the presence of CuO
nanoparticles showed a slight decrease in the degradation
temperatures of the material, most likely due to the
occurrence of a catalytic effect induced by the metal oxide.

178 | Environ. Sci.. Nano, 2021, 8, 174-187

The polymer decomposition step at a higher temperature
(>700 °C) was not appreciable due to the measurement
sensitivity. Indeed, the residue registered for this sample
corresponded to around 60%, revealing a metal oxide content
of around 30% if compared with the unloaded samples.

The chemical interactions between the biopolymer and
CuO were investigated by carrying out FTIR analysis on the
PEC and CuO/PEC NPs. Although the acquired spectra,
compared in Fig. 2(b), appear to be similar, there are some
noticeable differences. Firstly, the PEC spectrum reveals a
well-defined typical broad band in the 3600-3000 cm™
spectral window," corresponding to the stretching vibrations
of -OH and -NH,. Instead, in the CuO/PEC spectrum,
sharper peaks at 3412, 3277 and 3164 cm™" characterize this
band, indicating some possible interactions between the
polymeric ~OH and -NH, groups and the CuO NP surface.”®
This point is also supported by the further appearance of
new bands in the spectrum of the CuO/PEC at around 1690
em™', which are usually attributed to the C=N stretching of
amide vibrations.”* In particular, the vibration at 1637 cm™
was assigned to the modified amide I stretching of chitosan,
ascribed to the strong interactions between the metal oxide
and polymer (-NHCOCHj;) groups. In the CuO/PEC spectrum,
a slight red shift can be observed at 1542 cm™, attributed to
(COO0-) stretching, compared to the 1557 ¢cm™" position in
the PEC spectrum, as well as at 1338 cm™" versus 1342 cm™*,

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 (a) Thermogravimetric profiles of the PEC (blue trace) and CuO/PEC (green trace) samples. (b) Fourier-transform infrared spectra of PEC
and CuO/PEC. Dashed lines refer to peaks indicative of the CuO/PEC complex formation. (c) X-ray diffraction patterns of the CuO/PEC and CuO
nanopowder. The indexed peaks for the monoclinic CuO lattice are reported [JCPDS no. 41-0254]. (d) Hydrodynamic diameter, Dy, distributions
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Fig. 3 Scanning electron microscopy images of (a) PEC and (b) CuO/PEC. The diameter distributions and the relative Gaussian fits for the (c) PEC
and (d) CuO/PEC NPs.
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associated with the chain skeleton vibration.®* Furthermore,
the bands near to 1070 cm ™, usually attributed to the C-O
and C-N stretching vibrations, appear sharper in the
spectrum of the CuO/PEC, indicating that the C-O and C-N
groups are also involved in metal coordination.>® The peak at
923 cm™ can be attributed to the P-O-P stretching.”” Finally,
in the CuO/PEC spectrum the new band in the 520 cm™
range is often attributed to the stretching vibrations of N-
CuO and O-CuO.”°°***** In conclusion, the FTIR data,
herein reported, reveal the existence of ion-ion and ion-
dipole interactions and hydrogen bonding between the ions
pairs on the amide groups, the negatively charged carboxylic
group, the positively charged amino groups, and the
hydroxylic groups with atoms on the CuO NP surface. Thus,
these results demonstrate the formulation of a CuO/PEC
complex formed by polyelectrolyte complexation and therefore
the effective incorporation of CuO inside the biopolymer.

Further support from XRD measurements revealed the
presence of crystalline CuO in the CuO/PEC preparation. As
visible in Fig. 2(c), the XRD pattern measured for the CuO/
PEC nanocomposite appears identical to the pattern acquired
for the commercial CuO nanopowder, the main diffraction
peaks of which are indexed in the same figure. Any
diffraction peaks relative to the biopolymer were not
observed in the detection range.

DLS experiments were performed in order to obtain the
hydrodynamic diameter (Dy) and the relative particle
polydispersity for the PEC and CuO/PEC samples. The
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obtained correlation function showed the presence of two
families of particles for both nanocomposites. The larger
sized one, in the order of microns, was associated with very
few (less than 0.01%) large aggregates present in solution,
thus it was not further analyzed. Instead, the hydrodynamic
diameter, Dy, distributions of the smaller particles,
representative of the samples, are compared in Fig. 2(d). They
show peaks at 122 and 317 nm with standard deviations of
25 and 95 nm for the PEC and CuO/PEC samples,
respectively. Moreover, the polydispersity indices of the
diameters (defined as the normalised variance of the
diameter distribution) were estimated to be 0.04 and 0.09,
respectively. The estimated values of polydispersity confirmed
the goodness of the produced nanoparticles and the
uniformity of the samples.””

The morphologies of both the PEC and CuO/PEC were
analysed by SEM and TEM. SEM images are reported in
Fig. 3(a) and (b) for PEC and CuO/PEC, respectively. All of the
collected images show the formation of a high density of
well-defined spherical NPs for the two samples. This evidence
demonstrates the efficacy of the used preparation to induce
the agglomeration of well separated nanostructures, also
during the introduction of the CuO nanopowder.

Several plan view SEM images were analysed using the
Image] software, in order to evaluate the distribution of the
nanoparticle diameter, d, for both preparations. The
distributions and the relative Gaussian fits are reported in
Fig. 3(c) and (d) for PEC and CuO/PEC, respectively. It is

500 nm
|

(a) EDX spectrum of a CuO/PEC nanoparticle dried on an Au grid; (b) TSEM micrograph of a single CuO/PEC nanoparticle superimposed on

a combined EDX map of O-K (dark yellow) and Cu-K shells (light blue); (c) intensity line profiles of Cu and O along the diameter of a CuO/PEC NP

with the relative Gaussian fits.
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(@) Bright field TEM image of an agglomeration of well separated nanostructures. (b) Higher magnification of a portion of CuO

nanoparticles in the PEC matrix. (c) HR-TEM of a copper oxide nanoparticle. (d) Left: SAED of a portion of the nanoparticle. Right: Sketch of some
diffraction rings, the interplanar spacings of which are in agreement with theory.>®

noteworthy to observe the increased diameter of the CuO/
PEC NPs, 309 + 56 nm, compared with that of the PEC NPs,
174 + 40 nm. The obtained values are compatible with the
hydrodynamic diameters estimated by DLS (122 nm for PEC
and 317 nm for CuO/PEC), which further suggests that the
CuO NPs incorporated inside the polymeric
nanostructures.

To evaluate the spatial distribution of the metal oxide
inside the biopolymer nanoparticles, EDX chemical mapping
was performed on both samples, by working in TSEM
(transmission SEM) mode. A micrograph for a single PEC NP
is reported in Fig. S2(a)f and is superimposed with the
elemental EDX maps relative to the O-K (yellow) and P-K
(purple) signals acquired from the same nanoparticle in Fig.
S2(b). In all the area of the PEC NP, the O signal, associated
with the PEC polymeric chains, is uniform, together with the
P signal due to the STPP linker, which indicates spontaneous
polymer nanoaggregation. These data further confirm the
polymeric nature of the nanoparticles observed in the
micrographs.

The analysis of the hybrid CuO/PEC nanocomposite
reveals the presence of Cu, as demonstrated by the
appearance of the Cu-Lo peak, detected at 0.930 eV, and the
Cu Ko and K peaks, in the energy range between 8.0 and 9.0
keV, in the EDX spectrum, reported in Fig. 4(a). The other
observed peaks are associated with C (C-Ka at 0.277 keV), O
(O-Kow at 0.525 keV) and Na (Na-Ko at 1.041 keV) relative to
the two polymers, whereas Au (Au-La at 2.120 keV) is derived
from the grid used as a support. Thus, the EDX elemental
maps, acquired from a single CuO/PEC NP, allowed
localization of the metal oxide, by superimposing the EDX
elemental maps obtained by the O-K signal (fingerprint of
both polymers, in yellow) and the Cu-K signal (fingerprint of
the CuO nanopowders, in green) with the corresponding
TSEM image, as shown in Fig. 4(b). The good matching
between the O map and the NP morphology further
corroborates the polymeric nature of the observed NP for the
hybrid nanocomposite preparation. Moreover, from the
comparison of the intensity line profiles relative to the O and
Cu signals, recorded along the NP diameter and shown in

were

This journal is © The Royal Society of Chemistry 2021

Fig. 4(c), the O profile appears slightly larger than the one of
Cu, indicating that the Cu-based nanostructure is well-
embedded inside the polymer coating.

This assumption is also supported by TEM analyses, as
visible in the bright field TEM image in Fig. 5(a), in which
an ensemble of several dark nano-aggregates appears to be
embedded inside a polymeric nanostructure of around 400
nm in size. The detailed CuO/PEC nanostructure is
reported in Fig. 5(b), in which the nanopowder appears to
be clearly embedded in the polymer matrix and the
contours of the hybrid nanocomposite are clearly
distinguishable. The high-resolution TEM (HR-TEM) image
of a single nanostructure confirmed that the dark nano-
aggregates in Fig. 5(a) are CuO NPs. Indeed the observed
fringes in the HR-TEM image in Fig. 5(c) corresponded to
interplanar spacings of 2.62 + 0.33 A, that are equal to the
theoretical CuO {-1 1 1} distances.>® Selected area electron
diffraction (SAED) analyses were also performed, as shown
in Fig. 5(d), in which the coloured semicircle on the right
side highlights the diffraction rings. The obtained
interplanar distances are d(; 1 1) = 2.52 A, d(; 1 1) = 2.33 A,
dis o o) = 1.82 A, dy 1 5y = 1.44 A, in accordance with
theory.>®

In addition, it is interesting to note that no other metal
oxide aggregates were observed when the CuO nanopowder
was added into the solution. This further confirms the
outstanding efficacy of CuO nanopowder incorporation
inside the polymer nanostructures during the hybrid
nanocomposite preparation.

The role of polymeric coating in the release of Cu ions
from CuO/PEC NPs was evaluated by performing release
experiments for a period of 22 days. Firstly, calibration curves
were obtained for Cu at the three used emission lines
(224.700, 324.752, and 327.393 nm), as shown in Fig. S3.f
Thus, copper release was evaluated by comparing the results
from the CuO/PEC nanocomposite with the ones from bare
CuO nanopowder, used as a reference. Fig. 6(a) shows the
cumulative percentage release of Cu ions from the
solubilisation of the two samples in aqueous solution under
mild acidic conditions (acetic buffer, pH = 5.5).

Environ. Sci.. Nano, 2021, 8,174-187 | 181
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Fig. 6 (a) Cumulative percentage release of Cu versus time from CuO
nanopowder and the CuO/PEC NPs, under a constant of pH = 5.5. (b)
Schematic of the mechanism of Cu release from the CuO/PEC
nanocomposite.

The red line indicates that the CuO NPs show a faster
release of Cu ions in the solution during the first 2 days,
reaching a percentage release of almost 90%, and the
maximum on day 22. On the contrary, in the presence of the
polymeric coating, the profile (black line) evidences a
significantly slower Cu ion release. After 1 day of testing, the
released of Cu was 3 times lower than from bare CuO
nanoparticles. Upon an increase in the time, the Cu ion
delivery from the CuO/PEC NPs continued to slowly increase,
reaching 80% release after 22 days. This behaviour was
reasonably attributed to the encapsulating action of the
polymeric coating, which limited the rapid dissolution
compared with that observed for bare CuO NPs in the used
acidic medium. In addition, copper ions were linked to
chitosan functional groups, characterized by their chelating
capacity, which contributed to slow the Cu diffusion and
release into the medium, as observed®” for copper ions
encapsulated in a CS porous network and for iron in iron
oxide nanoparticles coated with CS.>® Therefore, in the case
of the CuO/PEC NPs, two main mechanisms can be
hypothesized to describe the Cu release, Cu diffusion out of
the polymeric nanoparticles, driven by the concentration
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gradient, and polymer swelling and degradation,’”*® which
took place over several days, as schematized in Fig. 6(b).

The information obtained herein can be proficiently used
in the design of future slow-release nanofertilizers to mitigate
metal ion accumulation in soil and plants.

Seed germination

The effects of three concentrations of CuO/PEC
nanocomposite solution (10, 50 and 100 ppm) were tested on
the germination of Fortunella margarita Swingle seeds. The
same concentrations of CuO nanopowder were evaluated, as
references, together with water and PEC controls. During the
first days after incubation, the seeds grew by absorbing water
and activating hydrolytic enzymes. The first evidence was the
emergence of the radicles, the embryonic roots of the
seedling. Then the radicles converted into roots and
absorbed water and nutrients to supply the other parts of the
plant. Secondly, a structure called a plumule emerged. The
plumule is the embryonic part that forms the stem of the
plant. In Fig. S4t the radicle (a) and plumule (b) emergence
of the six treatments and the two controls are represented.
The first radicle emission was observed after 14 days (336 h)
from sowing for all the treatments, although each one was
observed for a variable number of seeds. On day 14 the
germination percentages were 43.4 for CuO/PEC_10, 36.7 for
CuO/PEC_50 and water, 23.3 for CuO_10 and PEC, 16.7 for
CuO/PEC_100 and CuO_50, 10.0 for CuO_100, as shown in
Fig. 7(a). The main germination parameters (G, ¢, CVt, v, U,
Z) measured on day 31 (344 h) are reported in Table S1.f By
comparing all of the treatments, CuO/PEC_10 and CuO/
PEC_50 showed the highest germination rates after 31 days,
although without statistically significant differences.

In terms of plumules, the first emergences were observed
on day 23 (400 h) from sowing, simultaneously in all
treatments, but with differences in the number of seeds
involved, as shown in Fig. S4. The germination percentages
were 26.7 for CuO/PEC_50, 16.7 for CuO/PEC_100, 13.3 for
CuO/PEC_10 and PEC, 10.0 for CuO_50 and water, 6.7 for
CuO_100 and 0.0 for CuO_10, as reported in Fig. 7(b). All the
germination parameters obtained after 31 days are reported
in Table S2.f Statistically significant differences emerged
among the treatments only in terms of germination
percentage. CuO/PEC_10 shows the highest rate of plumules
emergence (80%), significant compared to water, PEC and
CuO_10.

In terms of the vigor index both for radicles and plumules,
the CuO/PEC_10 treatment showed the highest values, as
evident in Fig. 7(c), which reports the calculated VI values for
all the treatments and the controls. By further increasing the
CuO/PEC concentration, we observed that for the radicle the
CuO/PEC_100 treatment showed the worst performance,
similar to the control water and to the CuO_10 treatment.
Therefore, CuO/PEC_100 seemed to be a detrimental
concentration also for the above-ground part of the seedling.

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Effects of the CuO/PEC NPs, at three different concentrations, on the germination percentage, G, of (a) radicles on days 14 and 31 and (b)
plumule on days 14 and 31, on the (c) vigor index for both radicles and plumule on day 31, on (d) radicle and (e) plumule length on day 31. The
effects of also CuO, at the same three concentrations, and only PEC and the water control are reported. Each value is the mean of triplicates, and
each experiment consisted of 10 seedlings. Different letters indicate the significant differences among the treatments based on the Duncan test at

p < 0.05 and p < 0.01 (lowercase and uppercase letters, respectively).

Finally, the radicle and plumule lengths were evaluated as,
respectively, the distance from the root-shoot junction to the
tip of the primary root and the vegetative apex. Both values
together with the percentage of secondary rootlets are reported
for all of the treatments in Table 1 and in Fig. 7(d)-(f).

This journal is © The Royal Society of Chemistry 2021

By comparing all the data, the two control treatments,
water and PEC, showed high values of root lengthening
(hypogean part), but no development in secondary roots. In
terms of the treatments, we observed that while CuO allowed
a high development of the root (up to about 5.5 cm), but a

Environ. Sci.. Nano, 2021, 8,174-187 | 183
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Table 1 Effect of the application of different concentrations of CuO and CuO/PEC solutions on Fortunella margarita Swingle seeds on radicle and
plumule length, plumule/radicle ratio and development of secondary rootlets. Means followed by different letters in each column are significantly
different based on the Duncan test at p < 0.05 and p < 0.01 (lowercase and uppercase letters, respectively)

Radicle length Plumule
Treatment (cm) length (cm) Plumule/radicle ratio Secondary rootlets (%)
Water 4.41 £1.71 AB 3.50 £ 0.38 AB 0.86 + 0.27 B 0+0 b
PEC 4.73 £ 0.40 AB 4.39 = 0.39 A 0.93 £ 0.01 B 00 b
CuO_10 5.46 + 0.34 A 4.40 £ 0.10 A 0.81 + 0.07 B 0.13 £ 0.18 ab
Cu0O_50 4.82 £ 0.46 A 3.38 £ 0.07 AB 0.70 £ 0.06 B 0.11 £ 0.19 ab
Cu0O_100 3.88 £0.78 AB 3.26 £ 0.25 AB 0.86 + 0.13 B 0.40 + 0.43 ab
CuO/PEC_10 4.76 £ 0.97 AB 3.70 £ 0.38 AB 0.79 + 0.09 B 0.19 £ 0.20 ab
CuO/PEC_50 3.42 £ 0.75 AB 2.44 + 0.48 B 0.72 + 0.04 B 0.68 + 0.36 a
CuO/PEC_100 0.96 + 0.34 B 2.25 £ 0.32 B 2.64 £ 1.33 A 0.06 + 0.09 ab

low development of secondary roots, instead the CuO/PEC
treatments positively affected both germination and root
elongation with a greater number of secondary roots
observed. This result is of great interest, because it offers a
better development of the shoots, the epigean part, as also
evident in the photographs shown in Fig. 8, which show a
comparison of the morphological characteristics of the seeds
after each of the treatments and controls. Shoot development
in seedlings is strongly linked to the reserved substances
stored in the roots, while the development of the root as well
as being related to the reserves of the cotyledons is also
influenced by the physical and chemical characteristics of
the growth substrate. Therefore, since the CuO/PEC
treatment positively affected the development not only of the
principal root (taproot) but also the secondary root emission,
it ensures, in addition, a greater exploration of the growth
substrate, thus improving the nutrient adsorption.
Concerning the dependence of germination on the metal
oxide concentration, it was evident that CuO/PEC_10 and
CuO/PEC_50 revealed the best root and shoot development
balance with respect to the treatment at higher

Fig. 8 Morphological characteristics of Fortunella margarita Swingle
seeds after 30 days of treatment: in only water, PEC solution, CuO
nanoparticles at 10 ppm, 50 ppm and 100 ppm, and CuO/PEC solution
at 10 ppm, 50 ppm and 100 ppm.

184 | Environ. Sci.: Nano, 2021, 8, 174-187

concentration, 100 ppm. Indeed, it is known that an excess
of micronutrients becomes toxic, in particular, high Cu
concentrations reduce root development, leading to deficient
and nutrient uptake and consequent growth
61,52 Eco-toxicity aspects are not the subject of
investigation in this paper. Although NP toxicity strongly
depends on the plant species, growth conditions, exposure
time, concentration, type and size of NPs, we can assume
that the concentration optimized for germination was in the
range of low concentration that is reported in several works
to not cause damage but to stimulate the plant growth by
playing a crucial role as a microelement useful for the
plant.®*7°¢

water
reduction.

Conclusions

Using an environmentally friendly approach, CuO NPs were
successfully encapsulated inside PEC nanoparticles to obtain
hybrid gave
information about their hydrodynamic diameter and the
polydispersity index. Combined SEM and EDX analysis
revealed that the as-performed synergic assembly of CS-ALG
and STPP significantly influenced the nanoaggregrate
formation, producing nanoparticles with a diameter of 174 +
40 nm, which increased up to around 309 + 56 nm after CuO
incorporation. TEM confirmed the hybrid
nanocomposite structure, in particular, the HR-TEM image
confirmed the crystalline nature of the CuO nano-aggregates

novel nanoparticles. DLS measurements

analyses

inside the polymeric matrix. The interactions between the
PEC functional groups and CuO were proved through the
characterization of functional groups by FTIR analysis,
whereas its presence was quantified by TGA, indicating a
30% metal core.

As tested by ICP-OES measurements, the synthesized
hybrid CuO/PEC NPs showed ability to slow Cu release, where
80% copper release was achieved after 22 days compared
with 1 day for bare CuO NPs. Finally, the nanocomposite also
showed efficacy in increasing seed germination when applied
on Fortunella margarita Swingle seeds.

Since the biodegradable coating reduces environmental
impact, by slowing the release of the nanofertilizer, the novel
CuO/PEC nanoformulation effectively acts as an efficient and
eco-sustainable medium to regulate Cu fertilization without

This journal is © The Royal Society of Chemistry 2021
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dispersion in the soil. The latter property makes these
materials attractive for the future design of slow-release
nanofertilizers, specifically aimed at preventing their
undesired accumulation in soil and plants. The results herein
demonstrated are of great interest regarding the recent policy
in agriculture, which recently saw the imposing of a strong
reduction in Cu use in orchards.
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