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ABSTRACT: Micronutrient delivery by nanotechnology is becoming an

effective strategy in plant fortification and growth. Among element - ;@% L w Aloe vera extract
deficiencies, one of the most detrimental is Fe ion shortage, in that it may ) Ba?and VL. Cyanospira capsulata
affect many physiological processes, including photosynthetic and Y 4 citrate-capped exopolysaccharides

Fe;0, rticl
€304 nanoparticles Biological assays

respiratory pathways. Here, we used citrate-stabilized magnetite nano- '
particles (FeCi) which were postengineered by coverage with Overnight
polysaccharides of natural origin, to produce biocompatible iron carriers. ; -
Specifically, Aloe vera extracts (APS) and exopolysaccharides from S
Cyanospira capsulata (EPS) were chosen as capping agents for magnetite | ' i
nanoparticles to facilitate the interaction with the model plant Tillandsia
usneoides. The complex structure of these novel nanohybrids was [+ & .
elucidated by in-depth physicochemical characterization. In the plant o, .0
specimens, treatment with FeCi complexed with APS by foliar spray

improved the growth and photosynthetic activity. This was attributed to a 3—4 times increase in iron content. In turn, this evidenced
a synergistic activity between the nanoparticles and the employed polysaccharides. These results open the way to new agricultural
applications that may contribute to ameliorating both the yield and quality of crops.
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B INTRODUCTION a factor of micronutrient depletion in soils and reduced
micronutrient availability."' One of the most common
deficient elements in soil is iron, and this can be a severe
limitation for plant growth since the Fe(II)—Fe(III) redox
switch takes an active part not only in the electron transport
chain of photosynthesis and respiration, but also as a cofactor
of numerous enzymes.

Nanofertilizers represent an economically accessible and
environmentally sustainable strategy for enhancing micro-
nutrient availability by crops'® and in this context nano-
particles made by metal or metal oxides are recognized as a
potent means to deliver essential elements for vital processes in
plants."”> Two main routes can be followed for nanoparticle
administration to plants: (i) spraying directly onto the plant
surface is particularly effective for delivering nutrients and
pesticides to the aerial parts, since it allows rapid absorption
through stomata;'® (ii) root administration, which entails
applying nanoparticles to the soil, from where they are

Nanotechnology has recently been applied to plant science
with positive outcomes,' ™ fostering the development of new
pesticides and fertilizers. Respect to their macroscopic
counterparts, nanosystems show favorable properties such as
sustained release and targeted delivery. In turn, the improved
assimilation by plant tissues, granted by the small size of
nanoformulations, allows us to use reduced amounts of
agrochemicals, with beneficial effects for operators and the
environment. Thus, it is now recognized that nanotechnology,
especially if applied with biocompatible particles,”” can be as
valuable and more eco-friendly than genetic modification,
which presents non-negligible societal challenges, despite its
high technical potential.g’9 Alike other innovative practices,
nanotechnology aims to increase both the harvest yield and the
crop quality to combat the so-called “hidden hunger”, defined
by FAO (www.fao.org) as deficiencies in micronutrients.
Around two billion people currently suffer from hidden
hunger, with women and children being particularly suscep-
tible to these deficiencies."” Micronutrients also play a crucial
role in plant productivity.'”'* The main symptoms of their
deficiency in plants include abnormal pigmentation and
impairment of photosynthetic activity. The strong reliance of
intensive agriculture on fertilizers, based on macronutrients
(nitrogen, phosphorus, and potassium), has been identified as
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absorbed and transported via the xylem. This latter approach is
suitable for systemic delivery, but may cause unwanted
accumulation of agrochemicals in the soil.' '’

Building on decades of applications to materials science and
medicine, metal-based nanoparticles can be currently engi-
neered to possess tailored physicochemical properties such as
size, shape, surface charge, and surface functionalization, which
are known to govern solubility in aqueous environments, redox
activity, and interaction with plant cells. So, functionalization is
a key aspect for the application of nanoparticles to plants,
especially in light of recent studies which acknowledge that the
cell wall, far from merely representing a passive barrier, plays a
major role in cellular trafficking.'® Another important aspect of
surface capping with biocompatible agents is to reduce the
possible toxicity of bare metal-based nanoparticles.'”~>"

Here we used magnetite (Fe;0,) nanoparticles stabilized by
sodium citrate at the stage of synthesis as a vector of Fe ions.
The same particles have already shown good performance in
biomedical azpplications, i.e., photothermal therapy and
ferroptosis.””*’ Citrate-capped Fe;O, nanoparticles were
modified by further coverage with polysaccharides to obtain
nanocomposites that can facilitate the interaction with the
plant cell walls by similarity. Indeed, the chemical recognition
among sugar units is a well-documented mechanism of
interaction in biological systems and has been used to design
receptors in cellular imaging as well as in therapeutics.”"*’
Moreover, being intended for a large-scale use, the present
nanocomposites were prepared by choosing polysaccharides of
natural origin, available in huge quantities and low cost, that is
an added value from the point of view of circular economy.*®
Specifically, polymers from Aloe vera and Cyanospira capsulata
were used to engineer the surface of citrate-stabilized
magnetite nanoparticles. Aloe vera (L.) Burm.f. (syn. of Aloe
barbadensis Miller, Asphodelaceae) is a succulent plant typical
of hot and dry climates whose leaves can store a large amount
of water due to their abundant parenchyma, a semisolid clear
gel characterized by the presence of polysaccharides.””** Aloe
gel and extracts are known for their therapeutic and cosmetic
properties and are also increasingly used as edible coatings for
fruits and vegetables.”” Moreover, several studies reported how
A. vera extracts can be used as natural biostimulants, enhancing
plant growth and modulating the production of bioactive
compounds.”*~** Cyanospira capsulata Florenzano, Sili, Pelosi,
and Vincenzini is a species of cyanobacteria®*® possessing a
gelatinous envelope composed by polysaccharides.”” The
choice of this polysaccharide source®® was motivated by the
fact that many studies have evidenced how microalgae can
stimulate plant growth, productivity, and secondary metabo-
lites synthesis.*”*

The obtained formulations were applied to Tillandsia
usneoides (L.) L. (Bromeliaceae), commonly known as Spanish
moss, an epiphytic plant of the Bromeliaceae family, which has
been used as an air-quality biosensor,”** since it can take up
nutrients exclusively from the atmosphere through its
numerous absorbing trichomes.””** This characteristic and
the absence of roots make Tillandsia usneoides a perfect
candidate to test the foliar administration of nanosystems.

The main purpose of this work was devising novel delivery
agents for Fe ions, which are vital nutrients for healthy plant
growth. It was conducted first by characterizing the
physicochemical properties of newly prepared nanohybrids
and then by evaluating their potential to improve plant
development. The ion dose for administration experiments was

chosen in the range used in previous studies,”"”*> which
described the toxic action of airborne magnetite nanoparticles
(foes). This was done not only for the sake of comparison but
also to explore the possibility of different effects entailed by
Fe;O, nanoparticles when engineered by appropriate coating
(friends). The results obtained are very promising and
encourage further studies in the direction of applying metal-
based nanoparticles to suppress toxicity while improving
delivery performance.

B MATERIALS AND METHODS

Materials

Sodium hydroxide (NaOH, 98%), Fe** chloride tetrahydrate (FeCl,-
4H,0, 98%), and Fe®* chloride hexahydrate (FeCly-6H,0, >97%)
were obtained from Alfa Aesar. Trisodium citrate and nitric acid
(HNO;, 70%) were obtained from VWR (Paris, France). Ethyl
acetate (>99.5%), acetone (technical grade), ethanol (96%), and
diethyl ether (100%) were obtained from Sigma-Aldrich (Saint
Quentin Fallavier, France).

For the synthesis of bare magnetite (FeN), a stoichiometric
mixture of Fe** and Fe** chloride salts was mixed in a molar ratio of
1:2. The pH of the solution was increased to 10 by the addition of
sodium hydroxide to induce precipitation and the formation of
magnetite nanoparticles. The nanoparticles were isolated magneti-
cally, washed with ethanol, ethyl acetate, then ethanol (three times
each), before resuspending them finally in water at pH = 4. Citrate-
stabilized (FeCi) colloidal suspensions were elaborated as described
in our previous work.”

Bare and citrate-stabilized iron oxide nanoparticles were diluted
with distilled water at pH 8 to obtain a stock solution at iron
concentration of 1.25 mg/mL. This pH value was maintained
throughout all the operations in the present work, since it is well
compatible with both magnetite nanoparticles and plants, ensuring
colloidal stability. FeCi nanoparticles were used as a starting material
for further coating with two different polysaccharides, henceforth
called APS and EPS, according to the procedure described below. The
first polysaccharide was a gel obtained from a commercial product
(Equilibra Aloe Detox Zero, Aloe Vera Gel Concentrato 99%), while
the latter polysaccharide was extracted from C. capsulata cultured at
the Department of Agriculture, Food, Environment and Forestry
(DAGRI) of the University of Florence following the protocol of
Vincenzini et al. (1990)."° The APS gel was kept at 40 °C to obtain a
dry material from which solutions at known concentration by weight
could be obtained. Subsequently, both APS and EPS were dissolved in
distilled water adjusted to pH 8 with KOH at the concentration of 2.5
mg/mL. These solutions were finally filtered with 0.45 and 0.20 ym
Minisart carbon syringe filters (Sartorius s.r.l, Gottingen, Germany).
A citrate (Ci) solution was also prepared in water at pH 8 in
accordance with the concentration of citric acid present in the FeCi
system for comparison purposes (0.025 mg/mL). All the analyses and
applications to Tillandsia usneoides were carried out on solutions
diluted 1:1 with pH 8 distilled water in order to match the
concentration of nanoparticles, polysaccharides, and citrate adminis-
tered with the complexed nanosystems.

Preparation of Complexes FeCi with Polysaccharides

Prior to complexation with polysaccharides, FeCi nanoparticles were
sonicated in an ultrasonic bath for four cycles of S min interspersed
with 1 min breaks (Bandelin Sonorex RK100 transistor, Berlin,
Germany). FeCi nanoparticles were diluted 1:1 with APS or EPS
stock solution and incubated overnight at 4 °C. This protocol was
repeated concurrently with each administration throughout the
experimentation time.

Both types of formulations studied in this work, i.e.,, FeCi + APS
and FeCi + EPS, were stable for more than 1 month if kept at 4 °C in
closed vessels. This stability over time was checked by DLS and ZP
measurements, which ensured that the size of the aggregates and their
surface charge did not vary by more than 10%.
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Physicochemical Characterization and Morphological
Analysis

DLS measurements were performed on a Zetasizer Nano ZS (ZEN
1600 model, Malvern Instruments, Southborough, MA), equipped
with a He—Ne 633 nm, 4 mW laser and backscattering optics at a
173° detection angle. DLS analyses were performed over 11 runs in
duplicate. The ZP analysis was carried out using a Zetasizer Pro
Instrument (Malvern Panalytical Co. Ltd., Malvern, UK) using
DTS1070 cells, maintained at 25 °C. Each reported ZP value was
averaged over three runs. Transmission electron microscopy (TEM)
measurements were conducted at CEME—Centro di Microscopie
Elettroniche “Laura Bonzi”, CNR Research Area (Florence, Italy).
The instrument used for this purpose was a Gaia 3 (Tescan s.r.o.,
Brno, Czech Republic). A preliminary study of small-angle light
scattering (SAXS) was carried out at the high-brilliance beamline
ID02 of the European Synchrotron Radiation Facility (ESRF),
Grenoble, France. The wavelength of the incident photons was 4 =1
A. The range of the scattering vector g was 0.01—1 1/A, with a
sample—detector distance of 0.8 m. Samples were analyzed in a flow-
through cell with a diameter of 2 mm and a temperature of 24 °C.

Application on Tillandsia usneoides

Three T. usneoides plants were bought at a local nursery (Giulio
Celandroni Orchidee, San Giuliano Terme, Pisa) and maintained in a
growth chamber set with the following parameters: 24/16 °C day/
night, light intensity 300 ymol/m?’s, a 16-h (day) photoperiod, and
relative humidity 60—65%. Three strands were taken for every
treatment from each of the three plants, resulting in nine replicas per
treatment. T. usneoides does not have absorbing roots and normally
live suspended on tree branches. Also, its stem is very short and the
leaves are the most visible part of the plant. For this reason, we could
not measure the stem separately from the rest of the plant and we
used the term “length” to indicate the total dimension of an
individual, henceforth defined as “filament”. All filaments were
measured and selected according to two criteria: 1) weight and
length of approximately 1 g and 30 cm, respectively, and 2) a number
of ramifications not greater than five. Plants were hung upon ten
plastic nets according to the type of treatment applied, and the strands
were maintained in the growth chamber at a distance of 50 cm from
each other, as depicted in Figure 1.

Figure 1. Scheme of strand disposition on the net.

Uniform light exposure was ensured by cyclically changing the
filament position, while an adequate hydration level was guaranteed
by spraying each strand with 3 mL of distilled water twice a week.
Experiments on T. usneoides lasted for 31 days, during which 2 mL of
the designed treatment was administered to each strand three times a
week through foliar spray, in addition to collecting data on plant
growth and fluorescence parameters. To administer the nanosystems,
each net was removed from the growth chamber and placed in a box
located in a separate room for spraying. Between treatments, the room
was well ventilated to avoid airborne residual nanoparticles. The
applied treatments with the respective concentration are presented in
Table 1.

Plant Growth

Strand growth was monitored at each evaluated time by measuring
their length using the software Image] 1.53t (Java 1.8.0_34S (64-bit);
Rasband, W.S., Image], U.S. National Institutes of Health, Bethesda,
Maryland, USA, http://imagej.nih.gov/ij/). These measurements
included all of the existing ramifications, thus obtaining the
cumulative length for each strand.

Fluorescence Parameters

Chlorophyll fluorescence was evaluated using the portable fluorimeter
Plant Efficiency Analyzer—Handy PEA (Hansatech Instruments Ltd.)
on leaf samples adapted to darkness for 20 min and then flashed for 1
s with a saturated (1800 ymol m™2 s™') LED red light pulse (650
nm). During these measurements, two parameters were recorded: 1)
the potential quantum efficiency of photosystem II Fv/Fm; 2) the
general indicator of photosystem I and II efficiency Pindex
(Performance index).

Element Determination

Plant samples were analyzed with monochromatic X-ray fluorescence
analysis (E-max ULTRA, Z-Spec). The XRF analysis of the plant
powdered material was performed using a Z-Spec E-max instrument
(Z-Spec Inc.) in “Plant” mode.*” This instrumentation uses
monochromatic X-ray fluorescence excitation at 17.48 keV to analyze
elements from Z = 13 (Al) to 40 (Zr) on the K-lines and up to 92 (U)
on the L-lines. After collecting the strands at T31, the samples were
placed in an oven set at 40 °C and left to dry for a week. For each
treatment, three replicas were then individually pulverized with a
mortar and pestle. Around S0 mg of the produced fine powder was
covered with a thin film (12 ym) of polypropylene and measured for
60 s. Each sample was analyzed in three replicates by rotating the
sample cup by 120 degrees: all the collected measurements were then
averaged together. LGC7162—strawberry leaves were used as the
certified reference material.

Statistics

The experiment comprised ten groups of plants, each with nine
biological replicates. Plant length and chlorophyll fluorescence
measurements were measured over time during the 31-day
experimental period, at different time points: 7, 14, 21, 25, 28, and
31 days. Linear regression was used to analyze plant growth data
(GraphPad Prism 7, GraphPad Software, San Diego, CA), with plant
length increment as the dependent variable and the sampling time as
independent one. The slope of the linear regression was considered as
a descriptor of the plant growth rate.*® Differences among means at
the same experimental time points, as well as among the slope values,
were assessed using one-way ANOVA (p < 0.05) in GraphPad Prism
7, followed by Tukey’s HSD test for posthoc comparisons.

B RESULTS AND DISCUSSION

Physicochemical Characterization

Table 1 shows the average diameter (obtained from the DLS
intensity-weighted distribution) and the polydispersity index of
bare and citrate-stabilized nanoparticles as well as of the
polysaccharides alone and of the composite systems used in
this study. The average size measured by DLS for FeN is much
larger than what is extracted from TEM images on the same
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Table 1. List of the Treatments Administered on T. usneoides with Their Respective Abbreviations and Concentrations

Treatment
acronym Type of treatment [Fe] mg/mL [Ci] mg/mL [APS] mg/mL [EPS] mg/mL
H,0 pH8 distilled water
FeN Naked Fe;O, nanoparticles 0.625
FeCi Citrated Fe;O, nanoparticles 0.625 0.025
Ci Citrate 0.025
APS A. vera extract 1.25
EPS C. capsulata polysaccharides 1.2
Ci + APS Citrate with A. vera extract 0.025 1.28
Ci + EPS Citrate with C. capsulata polysaccharides 0.025 1.25
FeCi + APS Citrated Fe;O, nanoparticles complexed with A. vera extract 0.625 0.025 125
FeCi + EPS Citrated Fe;O, nanoparticles complexed with C. capsulata polysaccharides 0.625 0.025 1.25

system.”’ This clearly indicates that large transient aggregates
were formed in solution when no stirring was applied, as
expected for noncoated magnetic nanoparticles at such a pH.
However, these aggregates could be easily resuspended and
their presence did not prevent the administration of FeN to
plants.

FeCi nanoparticles had a mean diameter of 33 + 1 nm,
showing that the FeN particles were capped by 1-2 layers of
citrate ions, consistently with the good stability of this colloidal
suspension (essentially provided by electrostatic interactions)
in agreement with previous results.”’

Concerning the polysaccharides, the diameter of APS
aggregates ranged between 380 and 470, while for EPS, the
measured diameter was much larger, reaching the limits of
detectability in DLS experiments. We can explain this behavior
by assuming that the chains of EPS do not assume a coil
conformation in water, remaining stretched out in wires. This
picture was confirmed by looking at the autocorrelation
function (Figure 2), which presents an irregular, possibly not
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Figure 2. Autocorrelation functions of self-assembled EPS measured
by a Zetasizer Pro instrument in three different runs.

monomodal, decay with an inflection at times much longer
than the usual nano- or submicron size particles (see Figures
S1-SS in the SI for comparison with the other systems studied
in this work). By contrast, the DLS measurements of FeCi
formulations coated with APS and EPS showed the presence of
well-defined scattering objects, ensuring that globular

aggregates were formed by the interactions of FeCi nano-
particles and these two polysaccharides in solution. Specifically,
only one population of aggregates was detected in the FeCi +
APS systems, while in the FeCi + EPS a second contribution of
about 1.5 pym in size (equivalent spherical diameter) was
detected in small amount (<10% of the total), which could be
attributed to a minor fraction of noncomplexed polymer
chains.

In line with this interpretation, the PDI FeCi + APS was
0.17, corresponding to low polydispersity, while for FeCi +
EPS the PDI was higher, ie, 0.5. Notwithstanding this
evidence, which could suggest weak interaction of EPS with
nanoparticles, their physicochemical affinity was unambigu-
ously assessed by SAXS. Figure 3 shows the SAXS intensity

EPS 0.25 mg/mL
FeCi 0.2mg/L

1 FeCi 0.2mg/mL + EPS 0.25 mg/mL|
0,1
£
1S
= 0,014
=
0,001 5
|
1E-4 T T T
0,1 1 10
q, nm™

Figure 3. SAXS intensity diagrams of EPS, FeCi, and the complex
FeCi + EPS.

diagrams of the EPS, FeCi, and FeCi + EPS samples. The
curve of the polymer was a featureless decay typical of
structurally ill-defined aggregates in solution, in agreement
with the picture suggested by DLS. At low g, the scattering
intensity of the systems containing nanoparticles was higher
due to the electron density contrast of Fe;O, with respect to
organic molecules. At intermediate g the onset of a form factor
in the SAXS diagram of FeCi + APS was clearly the signature
of composite formation, while the shoulder at high g reported
on a characteristic length associated with the morphology of
the EPS chains.
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200 nm

Figure 4. TEM micrographs of FeCi nanoparticles complexed with APS (A) and EPS (B). Mag: (A) 220kx; (B) 246kx.

DLS measurement showed that the average radius of both
FeCi-polymer systems was compatible with the stomatal pore
size (~5 to 7 pum®), while zeta potential (ZP) analysis
evidenced a negative surface charge. The ZP values were in the
range —20 to —35 mV, confirming the stability also observed
during their application (see below).

TEM Micrographs

TEM images of bare iron oxide nanoparticles (FeN) and FeCi
are shown in Figure S6A and B, respectively. Although TEM
images are not fully representative of the colloidal state of
nanoparticles in solution, we note that FeN formed larger
agglomerates with sizes in the range of 1—2 ym, whereas FeCi
were almost spherical and monodisperse, with diameters of
30—40 nm. This difference in morphology was consistent with
their behavior in solution, as inferred by DLS, in that FeN
underwent precipitation and coalescence, while FeCi remained
stable in aqueous solution at pH 8.

Figure 4A and B shows TEM images of FeCi complexed
with APS and EPS, respectively. As shown in Figure 4A, FeCi
nanoparticles formed clusters with heterogeneous morphology
embedded within a polymeric layer attributed to APS. These
observations are consistent with the DLS analysis and indicate
that the APS-nanoparticle complexes have slightly larger sizes
with respect to the FeCi nanoparticles. Figure 4B shows that
EPS partially covered the nanoparticle surface, leading to the
formation of clusters in which the nanoparticles were
entrapped. A significant fraction of the EPS polymer remained
nonassociated with FeCi nanoparticles. This can be traced
back to the smaller size population detected by DLS (Table 2).

As mentioned above, all of the nanoformulations studied in
this work had a negative surface charge in water at pH = 8. The
obtained ZP values are reported in Table 2. Citrate-stabilized
nanoparticles gave higher absolute values than bare nano-
particles (—44 and —35 mV for FeCi and FeN, respectively),
confirming the binding with citrate anions. This was surely the
main reason for the enhanced stability of the citrate-capped
magnetite nanoparticles. APS aggregates in solution showed a
zeta potential of approximately —26 mV, while the FeCi—APS
complexes had a zeta potential of —32 mV. EPS aggregates
alone displayed a lower surface charge (—8 mV), and
accordingly, the zeta potential of the FeCi + APS composite
was closer to neutrality (—25 mV) than its APS counterpart.

Table 2. Average Diameter and Polydispersity Index of Bare
Nanoparticles (FeN) Citrated Stabilized Nanosystems
(FeCi), Polysaccharides Alone (APS and EPS), and the
Complexes FeCi + APS and FeCi + EPS, Respectively,
Obtained from DLS Intensity Weighted Distribution

Treatment Zeta
acronym Size average, nm PDI potential
FeN 600 + 50 0.6 -35=%1
FeCi 33+1 0.16 —44 +1
APS 420 = SO 0.6 26+ 1
EPS - - -8+1
FeCi + APS 35+ 1 0.17 =32 +1
FeCi + EPS 120 + 40 (~90%) >1000 (10%) 0.5 -25 %1

We can speculate that the lower charge density (in absolute
value) of EPS led to larger aggregates and that these latter were
less efficient at covering the nanoparticle surfaces. Thus, the
complexation behavior appears to be governed more by
morphological constraints than by electrostatics. We can also
suppose that EPS was less able to unfold or reorganize easily at
the interface compared with APS, which could benefit from
greater conformational flexibility due to the presence of smaller
molecular components in the extract.

Effect on Plant Growth and Photosynthetic Parameters

At the end of the experiment, FeCi + APS treatment produced
the highest increase in length (Figure S), compared with the
water-treated group and the other treatments, followed only by
APS-alone exposure. The increase in length over time is
reported in Table S1 and was used to calculate the slope of the
regression line as a proxy of the growth rate. Notably, APS-
treated specimens and, to a greater extent, FeCi + APS-treated
plants exhibited the highest growth rates (respectively ~50%
and 100% increase with respect to the control), while bare or
citrate-capped nanoparticles did not affect growth (Figure 5B).
Therefore, for the first time, these results demonstrate that the
coating of nanoparticles can turn them from inefficient to
efficient vectors of micronutrients provided that an appropriate
material such as APS is used. Actually, Aloe vera leaf extract can
contain numerous bioactive compounds, such as phytohor-
mones, as analyzed by Alkuwayti et al. (2022)°° that could
explain the stimulatory effect shown by APS treatment alone.
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T e 0.19:0.01  ef 0.89 <0.0001
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Figure S. A) Final increment in length (cm) of Tillandsia usneoides strands exposed to the most relevant treatments indicated in Table 1 for 31
days. The increment was calculated by subtracting the length values at the beginning of the treatment to the values measured at the end of the
treatment. Letters close to the histograms indicate significant differences among treatments, according to Tukey’s test (at least p < 0.01). The
reported values are means of 9 replicates + standard deviation. B) Growth rate of T. usneoides strands exposed to the treatments for 31 days
calculated as the slope of the linear regression between plant length increment and sampling time.
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Figure 6. A) Pindex and B) Fv/Fm values of Tillandsia usneoides strands exposed to the most relevant treatments indicated in Table 1 for 31 days.
The increment was calculated by subtracting the length values at the beginning of the treatment to the values measured at the end of the treatment.
Letters close to the histograms indicate significant differences among treatments, according to Tukey’s test (at least p < 0.01). The reported values

are means of 9 replicates + standard deviation.

For example, growth-promoting effects have been demon-
strated using foliar spray of Aloe vera leaf extract on dwarf
umbrella tree (Schefflera arboricola).”’ In addition, other
organic compounds contained in the Aloe extract, like organic
acids and glucosides (as indicated on the label Aloe Detox
Zero), could facilitate the acquisition of iron from nano-
particles, thus making the FeCi + APS the most effective in
promoting plant growth.

Regarding the photosynthetic parameters, Pindex and Fv/
Fm values in control and treated samples over the entire
exposure period are reported in Tables S2 and S3, respectively.
One-way ANOVA did not show any significant differences
among the treatments at any time point, despite an increase in
the values of both the indices observed in the FeCi + APS
group toward the end of the experiment. At T31, plants treated
with FeCi + APS showed the highest values of Pindex and Fv/
Fm, which were significantly different from those of the control
group (Figure 6A and B), thus explaining, at least in part, their

enhanced growth through an ameliorated photosynthetic
activity. No significant differences were observed in plants
exposed to Ci, APS, or EPS treatment compared with the
control.

Figure 7 reports the effect of different treatments on the iron
concentration in washed and unwashed T. usneoides strands
(the latter shown as bars with a diagonal line pattern). All the
samples exposed to nanoparticles showed an increase in iron
concentration compared with control and Ci + polysaccharides
treatments, while the washing of the strands produced
significantly lower iron levels only in plants treated with
FeCi + EPS. On the contrary, when citrate and polysaccharides
alone were applied iron accumulation did not display any
variation. Apparently, the larger dimension (over 1000 nm) of
most of the FeCi + EPS particles prevented their entry into the
plants, as indicated by the dramatic lowering of Fe
concentration measured after removing the particles loosely
adhered to the plant surface by the washing procedure.
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Figure 7. Iron amount (ug/g) in Tillandsia usneoides strands under
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different conditions, comparing washed samples (“w”) with unwashed
strands (bars with a diagonal line pattern).

Regarding the other treatments, the high iron concentration of
the samples, combined to unchanged values after washing,
suggested the internalization of particles inside the plants,
possibly due to their lower dimension and more globular
shape. Among the latter, once entered the plant, only FeCi +
APS particles were able to induce growth.

The better performance of iron at the nanoscale with respect
to bulk mineral salts could thus be ascribed to enhanced
absorption and assimilation, facilitated transport in the vascular
system and increased utilization by different organs.” In turn,
the higher iron availability in the FeCi + APS samples could be
the cause of the observed net higher photosynthetic perform-
ance, since this essential element is involved in chlorophyll
biosynthesis and electron transport processes, thus explaining
the enhanced growth.”> The effects observed on growth and
photosynthesis could be attributed exclusively to iron, since no
significant differences were observed for the other elements
(Ca, Cu, K, Mn, and Zn), as shown in Table S4.

B CONCLUSION

The systems studied in this work constitute a novelty in the
field of nanofertilizers. Due to the natural sources of the
polysaccharides used, the resulting formulations show a rather
complex composition and structure, which could be
deciphered only by performing in-depth physicochemical
characterization.

Experiments on T. usneoides evidenced an improvement of
plant growth correlated to the administration of FeCi + APS
and an increase of the photosynthetic activity, probably due to
ameliorated iron nutrition. This effect was attributed to a
synergistic interaction between the applied nanoparticles and
the polysaccharides. The resulting improvement in plant
growth opens the way to new agricultural applications that
may contribute to alleviating hidden hunger, in line with the
objectives of the ONU 2030 Agenda for Sustainable Develop-
ment. In the future we aim to engineer these nanohybrids and
scale up their production using flow chemistry and micro-
reactors as a sustainable strategy.”*
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