Downloaded via 193.91.35.119 on January 31, 2025 at 07:33:30 (UTC).

See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

HeoO606

Www.acsnano.org

Phyto-Courier, a Silicon Particle-Based Nano-
biostimulant: Evidence from Cannabis sativa
Exposed to Salinity

Gea Guerriero, Flavia Maria Sutera, Nissim Torabi-Pour, Jenny Renaut, Jean-Francois Hausman,
Roberto Berni, Holly Cherise Pennington, Michael Welsh, Ashkan Dehsorkhi, Lali Ronsoni Zancan,

and Suzanne Saffie-Siebert™*
I: I Read Online

Article Recommendations

Cite This: ACS Nano 2021, 15, 3061-3069

ACCESS |

[l Metrics & More | @ Supporting Information

ABSTRACT: Global warming and sea level rise are serious threats to agriculture.
The negative effects caused by severe salinity include discoloration and reduced
surface of the leaves, as well as wilting due to an impaired uptake of water from the
soil by roots. Nanotechnology is emerging as a valuable ally in agriculture: several \

studies have indeed already proven the role of silicon nanoparticles in ameliorating é
the conditions of plants subjected to (a) biotic stressors. Here, we introduce the o
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concept of phyto-courier: hydrolyzable nanoparticles of porous silicon, stabilized
with the nonreducing saccharide trehalose and containing different combinations of |
lipids and/or amino acids, were used as vehicle for the delivery of the bioactive ‘
compound quercetin to the leaves of salt-stressed hemp (Cannabis sativa L.,
Santhica 27). Hemp was used as a representative model of an economically
important crop with multiple uses. Quercetin is an antioxidant known to scavenge
reactive oxygen species in cells. Four different silicon-based formulations were
administered via spraying in order to investigate their ability to improve the plant’s
stress response, thereby acting as nano-biostimulants. We show that two formulations proved to be effective at decreasing
stress symptoms by modulating the amount of soluble sugars and the expression of genes that are markers of stress-response in
hemp. The study proves the suitability of the phyto-courier technology for agricultural applications aimed at crop protection.
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biotic stress constitutes a severe threat to crops as it
Aimpacts growth and, consequently, productivity.'

Among the top-ranking stresses of abiotic nature,
salinity deserves special attention, considering that sea levels
rise at an alarming average of >3 mm per year.” Therefore,
ensuring agricultural productivity under changing environ-
mental conditions is a societal challenge of the utmost
importance and urgency.’ Salinity causes secondary stresses
in plants, notably osmotic imbalances, nutrient deficiency, and
oxidative stress. The absorption of water decreases as a result
of the lowered soil osmotic potential due to salt, and this, in
turn, causes a decreased uptake of nutrients with consequences
on growth and development. High salinity also causes oxidative
stresses to plant tissues because of the induction of reactive
oxygen species (ROS), which are scavenged by means of
enzymatic [e.g, superoxide dismutase (SOD), glutathione
reductase (GR), ascorbate peroxidase (APX)] and non-
enzymatic systems (for example, through the synthesis of
flavonoids).”
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The impact of salinity is of economic importance in the case
of multipurpose crops, that is, plants that are used in different
industrial sectors. One such model is industrial hemp, Cannabis
sativa L., grown both for fibers and for seed oil. Hemp is also a
treasure trove of specialized metabolites with known
pharmacological interest, namely, cannabinoids and phenolic
compounds,” such as cannflavins and lignanamides.”*

It was previously shown by us that hemp growth and
development was affected by salinity, which decreased the
number of both primary and secondary bast fibers in the
stems,” affected the leaf biomass, and impacted the xylem
vessels’ lumen by making them smaller.'’ At the gene level,
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salt-stressed hemp leaves were characterized by an up-
regulation of transcripts involved in secondary cell wall
formation (cellulose synthase gene CesA4), together with the
lignification-related genes [i.e., cinnamyl alcohol dehydrogen-
ase (CAD) and phenylalanine ammonia lyase (PAL)]. An
increase in stress-responsive genes partaking in ethylene
response (ethylene response factor 1, ERFI) and protein
folding (heat shock proteins HSP70 and HSP81.4) was also
observed.'’

The root application of silicon (Si) in the form of 2 mM
sodium metasilicate was recently shown to mitigate stress
symptoms in the leaves of salt-exposed C. sativa plants, where
older fan leaves showed xylem vessels with a wider lumen
compared to plants that did not receive Si.""

Si is a quasi-essential metalloid whose role in protecting
against stress is well-documented and is in large part due to its
association, as silica, with plant cell walls.">"* Hemp is not a Si
accumulator but can deposit Si in its stems and leaves'* and
has aquaporins orthologous to the Lsil gene from rice."”” C.
sativa subjected to abiotic stresses (salinity and heavy metals)
showed an improvement of the stress symptoms.'® It is
therefore a suitable model of a multipurpose crop to study the
response to both salinity and Si application.

The use of nanotechnology already showed promising
results for the management of biotic stress, for example, by
decreasing the spread of chemicals or by improving the soil
quality and stimulating the growth of plants.'” Additionally, the
efficacy of lignin-based nanocarriers loaded with fungicides was
demonstrated in the treatment of the grapevine trunk disease
Esca.'® The lignin nanocarriers can be injected at the site of
infection where fungi degrade them by secreting ligninolytic
enzymes, thereby promoting the release of the fungicide. It was
shown that only small amounts of fungicide (<10 mg) are
needed to cure an infected tree, and that only Esca-infected
trees trigger the release of the fungicide.

In addition to lignin nanocarriers, Si nanoparticles (Si-NPs)
are also used in crop protection for the delivery of different
molecules, namely, nucleic acids, proteins, or chemicals.” Si-
based formulations belong to the category of biostimulants in
EU regulations”””" and have been applied as foliar sprays for
crop protection for three decades.

In the present study, hydrolyzable porous Si-NPs combined
with trehalose (and referred to as phyto-courier) were
prepared and used as carrier systems of the flavonoid quercetin
to study whether they mitigated the stress symptoms in the
leaves of textile hemp subjected to salt stress. Trehalose, a
nonreducing disaccharide acting as osmo-protectant, has
demonstrated efficacy in alleviating stress-induced symptoms
in several plants.””~*> Additionally, its role in improving plant
tolerance in the presence of salt-induced oxidative stress has
been investigated in several commercial crops, including wheat
and rice.”®”” This disaccharide is also an ideal lyoprotectant
used in the formulation of nanosized liposomes.*

Quercetin was chosen in the light of the available literature
data on its use as a stress-mitigating compound in plants. This
flavonoid was indeed shown to protect thale cress, tobacco,
and Lemna gibba against oxidative stresses caused by Paraquat
by reducing carbonylated proteins and stabilizing the
chlorophyll content.”” Additionally, the provision of quercetin
also protected tomato against the oxidative damages of salinity
by inducing the antioxidant enzymatic system and by
increasing the root/shoot fresh and dry weight.4 Quercetin
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thus shows properties that are equivalent to those of natural
extracts falling under the category of plant biostimulants.

The results presented here prove that the Si-based phyto-
courier containing quercetin conferred protection to hemp
leaves against salt stress by affecting the content of some
soluble sugars and the expression of stress-responsive genes.
Among the four different formulations (indicated by GS1-—
GS2—GS3—GS4), GS1 and GS2 showed the best stress-
mitigating effects both macroscopically and from a molecular
point of view.

The results demonstrate the suitability of the Si-based
phyto-courier in acting as a nanobiostimulant and in mitigating
the stress response in hemp. Follow-up studies will address
whether other administration routes (i.e., root amendment) are
more effective and whether other types of compounds and
mixtures thereof can be used for the functionalization of the
phyto-courier.

RESULTS AND DISCUSSION

Si-NPs and Phyto-Couriers’ Characterization. Si-NPs
(purity above 98%), after being subjected to methanolic
rinsing and a slow evaporation process, were characterized for
the available surface of the particles, particle size, and residual
solvent. The average available surface was determined to be
approximately 34.8 m’/g, and the average particle size
measured by transmission electron microscopy (TEM) had a
size of <100 nm (Figure 1). The methanol (MeOH) content

Figure 1. Transmission electron microscopy picture of the
nanoporous Si after MeOH rinsing and a slow evaporation process.

was assessed to be less than 3000 ppm and in line with ICH
(International Council for Harmonization of Technical
Requirements for Pharmaceuticals for Human Use) specifica-
tions.

The zeta-potential of Si-NPs was determined to be —30.4 +
3.3 mV and accounted for the expected negative charge of
porous Si material that relates to the presence of hydroxyl
groups on the surfaces of the Si-NPs.

After formulating the Si-based phyto-courier according to
the process described above, the samples were analyzed again
for residual solvents: the MeOH level was determined to be
less than 3000 ppm, whereas ethanol (EtOH) was less than
5000 ppm.

The quercetin content in the samples was determined prior
to in planta studies and was found to be in the range of 95—
105% with respect to the nominal content.

https://dx.doi.org/10.1021/acsnano.0c09488
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GS3NaCl

Figure 2. Macroscopic phenotypes of plants aged 27 days grown in the absence/presence of 250 mM NaCl and treated with the phyto-
courier formulations. C, control; B, buffer; P, phyto-courier alone; Q, quercetin alone; GS1—GS4, phyto-courier formulations containing

quercetin. NaCl: stressed plants.

Phenotype, Leaf Fresh/Dry Weights, and Moisture
Percentage. Comparisons of the control (C) versus treated
plants in the absence of NaCl showed no noticeable differences
when all of the phyto-courier formulations were compared,
while under salt exposure, an amelioration of the stress signs
could be noticed in the plants treated with the hybrid
formulations GS1 and GS2 (Figure 2). Indeed, drooping of the
leaves was very evident in the salt-exposed plants that were not
subjected to any treatment, as well as in those treated with B
(Figure 2a,b). The phenotype was even more evident in plants
aged 31 days (Figure Sla,b). The phenotype was less marked
in the hemp plants that had been sprayed with the hybrid
formulations GS1 and GS2 (Figure 2e,f and Figure Sle/f): in
those, the leaves were indeed more turgid. The plants treated
with the formulations GS3 and GS4, despite having more
turgid leaves than those treated with buffer alone (Figure
2gh), showed necrotic tips (Figure S2gh). Plants treated with
Q_(quercetin alone) or with P (phyto-courier alone without
the active ingredient quercetin) showed less evident signs of
stress compared to those that received no treatment or that
were sprayed with the buffer (Figure 2c,d).

For two formulations (ie, GS3 and GS4), some leaf
discoloration was already noticeable on plants aged 20 days
(Figure S2): the tips of the leaves showed intravein
discoloration on the dorsal side. The phenotype was
particularly evident under salt exposure. A possible explanation
of this phenotype is provided by considering the different
discrete amounts of quercetin taken up by the leaf epidermal
cells following the application of the phyto-courier formula-
tions GS3 and GS4 compared to GS1 and GS2. A faster and/
or greater entrapment may have caused quercetin overfeeding,
which led to high levels of oxidation of the flavonoid (with pro-
oxidant effects), especially under salt exposure (Figure Slgh).

The leaf fresh weight (FW) of plants that were subjected to
salinity was lower than that of C plants; this difference was
statistically significant, with the exception of plants that were
sprayed with P, GS2, and GS4, for which the differences were
not significant (Figure S3).

The dry weight (DW), however, showed no statistically
significant changes, except for the pairwise comparisons of GS1
versus GS1 NaCl, where the differences were significant after
the ANOVA one-way and Tukey’s posthoc test (Figure S3b).
As Si applied via roots and foliar spraying was shown to
maintain the relative water content in plants under water
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deficit,’ the leaf moisture percentage was measured (Figure
S3c). The control leaves or those treated with B showed
statistically significant decreases in moisture content under
stress; however, for P, Q, GS1, GS2, GS3, and GS4, the
differences between unstressed and stressed conditions were
not significant (Figure S3c). It should be noted that this result
was in agreement with the visual inspection described
previously (Figure 2 and Figure S1). A higher standard
deviation was, however, present in the DW of stressed samples
treated with GS3 and GS4, and a tendency toward a decrease
could be observed.

Si Quantification in C. sativa Leaves. Si contents did not
show statistically significant changes among the leaves that
were not sprayed or sprayed with buffer alone and those
treated with the four phyto-courier formulations GS1—-GS4,
both in the absence and presence of salt stress (Figure S4).
The only exception was represented by the nonstressed leaves
sprayed with the phyto-courier alone (P). This difference is not
meaningful in physiological terms, as the leaves are not the
main organs responsible for Si absorption (the cuticle
represents a barrier to the diffusion of substances) and may
be due to the high variation among the four biological
replicates in the control (C) and buffer (B) conditions. It
should also be noted that, although hemp was previously
shown to accumulate Si in the leaves,'"'* it cannot be
considered a silicifier. The content of Si after fertilization with
sodium metasilicate increased from 0.34 to 0.66% DW.'" Rice,
a known silicifier, was reported to contain up to 10% of the
shoot DW.*!

The phyto-courier degrades over time, thereby releasing the
active ingredient (in this case quercetin) and orthosilicic acid
(OSA). OSA is the Si form taken up by plants via the roots,
through aquaporins belonging to the family of Nodulin-26-like
intrinsic proteins (NIPs)."> Studies on Si foliar spraying are
available for several crops and mainly in relation to biotic
stress;”’ in tomato, rice, finger millet, and sugar cane, the
highest Si content was recorded in sprays containing 4 mL/L
PEG stabilized silicic acid (corresponding to 30 ppm of Si).”
In our experimental setup, the amount of Si delivered via one
spraying is estimated to be 6.4 ppm: the low amount of Si
detected is thus explained by the low doses delivered via
spraying.

Content of Soluble Sugars. The quantification of the
soluble sugars showed a response in salt-stressed hemp leaves
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Figure 3. Content of soluble sugars (expressed as gmol/g of FW), namely, glucose, sucrose, and fructose (a) and galactose and raffinose (b)
in the leaves of plants treated or not with the formulations under control or salt stress conditions. Error bars correspond to the standard
deviation calculated from four biological replicates. Different letters on the vertical bars indicate statistically significant differences (p < 0.05)
among groups. An ANOVA one-way followed by Tukey’s posthoc test was used for raffinose results [F(15,48) = 1.53, p-value = 0.133],
whereas a Kruskal—Wallis test with Dunn’s posthoc test was applied to glucose [X*(15) = 52.03, p-value = 0.000], fructose [X*(15) = 47.11,
p-value = 0.000], sucrose [X*(15) = 54.58, p-value = 0.000], and galactose [X*(15) = 40.79, p-value = 0.000]) data. C, control; B, buffer; P,
phyto-courier alone; Q, quercetin alone; GS1—GS4, phyto-courier formulations containing quercetin. NaCl: stressed plants.

entailing a decrease of glucose and fructose and an increase in
the content of sucrose (Figure 3). One of the mechanisms
activated in response to salinity in plants is the increased
content of sugars which act as osmo-protectants.’”

In salt stress conditions, glucose showed a tendency toward
increase in BNaCl wversus GS3NaCl and BNaCl versus
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GS4NaCl, but the differences were not statistically significant
because of the high standard deviation, while fructose
increased significantly in BNaCl versus GS3NaCl and BNaCl
versus GS4NaCl (Figure 3a).

Sucrose increased significantly in the leaves treated with Q,
GS1, GS2, GS3, and GS4 under salt stress. However, when
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B, buffer; P, phyto-courier alone; Q, quercetin alone; GS1—GS4: phyto-courier formulations containing quercetin. NaCl: stressed plants.

comparing the sucrose levels in stressed versus nonstressed
leaves treated with GS1 and GS2, the fold change was higher
than that in GS3 and GS4: the increase was 18- and 11.5-fold
under salt stress for GS1 and GS2, whereas it was 6- and 4-fold
in GS3 and GS4, respectively. The sucrose levels increased 2.8-
fold under salinity in the leaves treated with B alone.

The higher increase observed for GS1 and GS2 is due to
lower values of sucrose in the nonstressed leaves treated with
these products (Figure 3a). These phyto-courier formulations
may induce the activity of sucrose-metabolizing enzymes which
generate the UDP-glucose required, among others, for
cellulose biosynthesis.

Galactose increased significantly in the leaves sprayed with
GS2 and GS4, compared to those sprayed with B alone,
whereas raffinose did not show any statistically significant
changes (Figure 3b).

Gene Expression Analysis. To determine, from a
molecular perspective, whether the formulations protected
the leaves after salt exposure, a subset of genes involved in the
response to exogenous constraints and previously studied on
hemp was chosen.'”"" The molecular analyses were carried out
on the plants sprayed with B, Q, P, GS1, and GS2. These
conditions were chosen because of the evident macroscopic
effects of GS1 and GS2 compared to the leaves sprayed with B
alone and the absence of discoloration (Figures Slc,g and
S2e,f) and in the light of the higher induction of sucrose levels
under salt stress (Figure 3a).

The genes targeted encode the calcium-dependent lipid-
binding family protein isoform 4-3 (CALB4-3), the ethylene
response factor ERF1, two glutathione reductases (GR), the
gibberellin receptor (Gibb rec), the heat shock proteins
HSP70-2 and HSP81-4, and the auxin-responsive protein
(1AA11).
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The statistical tests highlighted the occurrence of significant
decreases in the expression of ERFI in BNaCl versus PNaCl,
Gibb rec in BNaCl versus PNaCl, and HSP70-2 in BNaCl versus
PNaCl and BNaCl versus GSINaCl (Figure 4). Although not
significant, lower values in gene expression were also observed
for the stressed leaves that had received the treatment with
GS2.

The gene expression results indicated an amelioration of the
formulations GS1 and GS2 and of P in the response to salt
exposure: NaCl is known to cause oxidative stress, which
results in the activation of genes involved in phytohormone
signaling, that is, ethylene and gibberellin which are
particularly important in young tissues,” as is the case for
the tissues sampled here for qPCR analysis, and in macro-
molecules’ protection (i.e, HSPs). The decreased expression
observed after the treatment with P, GS1, and GS2 suggests
mitigation of oxidative stress in the treated leaves.

CONCLUSIONS

Ensuring crop productivity under adverse environmental
conditions is an important challenge for agriculture. Nano-
technology can offer solutions to this problem, although safety
and health aspects are a matter of debate. Here, the concept of
phyto-courier is introduced: hydrolyzable Si-NPs in a hybrid
system were used to deliver the flavonoid quercetin to textile
hemp stressed by salinity. The results indicate a protective
effect of the hybrid formulations GS1 and GS2 against NaCl.
The leaves treated with these phyto-courier formulations
accumulated higher levels of sucrose and showed a decreased
expression of genes related to abiotic stress response. The
results warrant follow-up studies to test additional admin-
istration routes (e.g, soil drenching). Different exposure time
windows and frequencies need to be evaluated, too, to avoid
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Table 1. Composition of Tested Si-Based Formulations and Related Controls”

trehalose quercetin phosphatidyl choline arginine glycine total formulation volume
sample name Si (mg) (mg) (mg) (mg) mg) (mg) (mL)
GS1 4 4 2.5 16 4 2 NY
GS2 4 4 2.5 4 2 50
GS3 4 4 2.5 16 N
GS4 4 4 2.5 50
GSS (referred to as Q) 2.5 S0
GS6 (referred to as P) 4 4 50
GS7 (referred to as B) S0

“Note: a fixed 1:1 weight ratio of Si-NPs to trehalose was used in all Si-based formulations. The vehicle is constituted by a viscous spray solution
containing hypromellose and Pluronic L-61 at 0.01% (w/v) concentration in the finished product.

the occurrence of leaf discolorations, such as those observed
for the hybrid formulations GS3 and GS4.

METHODS

Preparation of the Si-Based Phyto-Courier Hybrid For-
mulations by Slow Evaporation and Assessment of Surface
Area, Particle Size, and Residual Solvent. The Si-based hybrid
carrier system was prepared with various compositions. Si-NPs were
sourced from a number of suppliers (Si nanopowder, purity >98%,
Sigma-Aldrich, UK and Zhengzhou Dongyao Nano Materials,
China).**

L-a-Phosphatidylcholine (from soybean), trehalose (purity
>99.0%), quercetin (purity >99.0%), glycine (ACS reagent, purity
>98.5%), and arginine (L-Base, purity >98.0%), phosphate-buffered
saline (PBS tablets), hypromellose 2910, and Pluronic L-61 (average
M, ~ 2000) were purchased from Sigma-Aldrich, UK. Methanol
(MeOH, HPLC grade) and ethanol (EtOH, HPLC grade) were
purchased from Rathburn, UK. For analysis, EtOH and MeOH GC
standards were purchased from Sigma-Aldrich, UK; trifluoroacetic
acid was obtained from Tokyo Chemical Industries (TCI, Hong
Kong).

Si-NPs were assessed and compared in preliminary studies and
determined to be suitable for use, with the Zhengzhou Dongyao
material used for the study in planta.

Si-NPs (500 g) were preliminary rinsed with 500 mL of MeOH,
gently stirred for 2 h, and then subjected to a slow evaporation
technique until dryness was reached.** >’ Subsequently, Si-NPs were
characterized for surface area, particle size, and residual solvent prior
to further formulation of the phyto-courier.

Surface area analysis was performed by gas sorption using a
Quantachrome Nova 2200e and calculated according to the
Brunauer—Emmett—Teller theory. Before the measurements, the
samples were degassed at 350 °C o/n.

TEM was used to visually examine the size and structure of the Si-
NPs. The particle suspension was diluted to 0.01% (w/v) in deionized
water, and a drop of sample was dried at reduced temperature under
vacuum over a carbon-coated copper grid. The samples were then
observed at an accelerating voltage of 100 kV under an FEI Talos
L120C G2 TEM.

The surface charge of Si-NPs was determined by means of zeta-
potential using a ZetaSizer Nano ZS (Malvern Panalytical, UK). All
measurements were undertaken in deionized water. Samples were
sufficiently diluted to yield a count rate at a range of 100—400 kcps.
All measurements were made at 25 °C in triplicate and reported as
means + standard deviation.

Solvent residual analysis was performed via a Shimadzu GC-2030
connected to an FID detector, using a Shimadzu RTx-624 column.
Autosampler/headspace conditions were as follows: incubation 80 °C
for 60 min, syringe temperature 90 °C, 250 rpm, prepurge time 30 s,
injection flow rate 10 mL/min. Injector conditions were as follows:
hydrogen as gas carrier, 140 °C, split ratio S:1, carrier gas linear speed
3S cm/s; oven temperature = baseline at 40 °C for 12 min, then
ramp/rate 16.7 °C/min for 12 min then held at 240 °C for 12 min;
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FID temperature = 250 °C, nitrogen flow 30 mL/min, air flow 400
mL/min.

A standard curve of EtOH was made for quantification using the
EtOH stock standard and deionized water at the concentrations of
25—75—150—500—1000—5000 ppm. A blank was prepared by simply
injecting deionized water. One milliliter of each standard concen-
tration was accurately measured into a headspace vial and capped. For
MeOH, an ampule of residual solvent MeOH reference standard and
deionized water was used to prepare a standard curve at the
concentrations of 50—100—150—300—1000—3000 ppm. A blank was
prepared by simply injecting deionized water. One milliliter of each
standard concentration was thoroughly measured into a headspace
vial and capped.

To determine the residual solvent in the prepared samples, 1 mg of
the sample was weighed into a GC headspace vial. Thereafter, 1 mL of
deionized water was added and the sample vial was capped with a
magnetic lid and analyzed.

Inductively coupled plasma mass spectrometry (ICP-MS) analysis
was performed to determine the concentration of 2Si in the Si-
NPs_ 3440

Formulation of the Phyto-Couriers. Hybrid formulations were
made, where appropriate, by creating a lipid film using a rotary
evaporator. L-a-Phosphatidylcholine was solubilized in a sufficient
quantity of EtOH and then subjected to solvent evaporation by rotary
evaporation (Heidolph Laborota 4001). The film was rehydrated with
premixed quercetin, trehalose, amino acids, and activated Si particles
in aqueous solution (samples GS1 and GS3). All remaining
formulations were made by directly mixing powders in aqueous
medium (samples GS2, GS4, GSS, and GS6). For all samples, the
aqueous mixture was vortexed and left on the shaker for 5 h. The fully
suspended components were left in the refrigerator for another 3 h.
The samples were then placed at —40 °C until they were fully frozen.
The frozen samples were placed in a freeze-dryer to obtain a fully dry
powder. For each sample, the dry powder was then suspended in an
appropriate amount of 0.1 M PBS. This solution was thereafter
properly mixed with an aqueous vehicle containing hypromellose and
Pluronic L-61, reaching a final concentration of 0.05% (w/v)
quercetin and 0.01% (w/v) hypromellose and Pluronic L-61 in the
finished product, thus obtaining a viscous spray solution ready to be
used.

Four Si-based formulations were prepared and referred to as GS1—
GS4. GSS refers to quercetin (Q) alone; GS6 refers to the Si-NPs
devoid of quercetin (P), whereas GS7 indicates the aqueous vehicle
(B). Table 1 resumes all of the samples analyzed.

Quercetin Quantification in the Si-Based Phyto-Courier
Samples. Standard stock solutions of quercetin were dissolved in 1:1
MeOH/H,0 at the concentration of 0.75—100 pg/mL. All standard
solutions were filtered through a 0.22 um polytetrafluoroethylene
(PTFE) syringe filter.

The HPLC system used was a Shimadzu Nexera-i (Kyoto, Japan)
chromatograph equipped with a solvent delivery unit (LC-30AD), an
autosampler (SIL-30AC), a column oven (CTO-20A), a degasser
(DGU-20ASR), and a photodiode array detector (SPD-M20A).
Separation was conducted on a Kinetex (4.6 X 250 mm column, 5
um; Phenomenex, UK). The column temperature was set at 40 °C.
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Table 2. List of Primer Pairs Used in This Study and Specific for Two Glutathione Reductase Isoforms (GRI-
XM_030652414.1 and GR2-XM_030624243.1), with Details of the Amplicon Sizes and the Efficiency of Amplification

primer name sequence (5'—3')

CsGR1 Fwd TGCTGTGTTTTCGCAACCAC
CsGR1 Rev TGTCAACATCGCCATACTGC
CsGR2 Fwd TTCCGTTGGCGTCGAAATTG
CsGR2 Rev AGGCGACAGGGGTAAGATTTAC

amplification efficiency (%)
94.7

amplicon size (bp)

80

125 96.9

The mobile phase consisted of H,O containing 0.1% (v/v)
trifluoroacetic acid (A) and MeOH (B), at the ratio of 50:50. Elution
was performed in isocratic mode; the flow rate was 1.00 mL/min, and
the injection volume was 10 yL. The detection wavelength of all
standards and samples was in the UV range at A, =254 nm and at

A

max, = 370 nm. The average retention time was 4.5 min and the total
elution time set at 10 min.

Fractions of prepared samples were digested by mixing withdrawn
aliquots (0.3 mL) with MeOH at a 1:1 ratio. Samples were vortexed
and then filtered through a 0.22 ym (PTFE) syringe filter and moved
to amber glass vials prior to injection. Analyses were performed in
triplicate per sample.

Plant Growth and Treatments. Plants were grown for 31 days in
pots with 1/3 sand and 2/3 potting soil in controlled chambers (60%
humidity) with a 16 h light 25 °C/8 h dark 20 °C cycle. The
formulations were sprayed for a total of six times on the leaves (the
first time when the plants were 10 days old, the second time when
they were 17 days old, and then the applications were repeated with
an interval of 3—4 days). For young plants with only the first pair of
true leaves, the spraying covered the whole leaf area; for adult plants,
spraying was performed in the middle of the new leaf clusters and, for
older leaves, at the base (to favor absorption via the leaf veins), where
the lobes are connected. The soil was covered during spraying to
avoid runoff. Three weeks passed from the first application of the
formulations to the sampling.

Salt (60 mL of NaCl 250 mM) was applied for the first time when
the plants were 17 days old, and then it was supplied to the soil three
more times (when the plants were 17, 24, and 27 days old). Control
plants received 60 mL of water. The conditions are abbreviated as
follows: control (C), buffer alone (B) (i.., the real control of the
formulations since it is composed of the medium in which the Si-NPs
are dissolved), phyto-courier alone without quercetin (P), quercetin
alone (Q), the four phyto-courier formulations with quercetin (GS1—
GS4). Salt stress treatments are indicated with the same abbreviations
followed by NaClL

Hemp leaves were harvested and immediately weighed to
determine the fresh weight (FW); the tissues were subsequently put
in an oven at 37 °C until constant weight (approximately after 72h)
and weighed again to determine the dry weight (DW). From the FW
and DW values, the leaf moisture percentage [M(%)] could be
calculated as follows:

M(%) = [(FW — DW)/FW] X 100

Si Quantification in Hemp Leaves. The dried leaves were
milled to a fine powder and mineralized in a microwave oven
Multiwave Pro (Anton Paar) by adding 4.5 mL of HCl and 1.5 mL of
HNO; to 250 mg of dried sample. The mineralization was done at a
maximal pressure of 40 bar and at a maximal temperature of 210 °C.
For each digestion cycle, a blank and a certified reference material (
Citrus leaves, NCS ZC 73018, LGC Standards) were added to,
respectively, control the cleanliness of the tubes and determine the Si
extraction recovery. After the mineralization process, the final volume
was adjusted to 25 mL by adding ultrapure water, and then the
samples were centrifuged at 4700 rpm for 10 min, filtered through 0.2
pum PTFE filters, and stored at 4 °C until the analysis.

After being diluted, the samples were analyzed by ICP-MS (7900
ICP-MS, Agilent). The quantification of 2%Si was performed with a
calibration curve between 100 and 2500 pg/L. Blanks and quality
control standards were analyzed every 10 samples to ensure the
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validity of the analytical method. '**Rh was used as internal standard
to correct any factor affecting the analyte signal. After measurement,
the dilution factor and the recovery factor obtained from the certified
reference material were applied. The concentrations were then
expressed in micrograms of Si per gram of dried sample.

Extraction of Soluble Sugars and Quantification. Carbohy-
drates were extracted and quantified as previously reported.”**
Briefly, hemp leaves were ground to a fine powder in liquid nitrogen,
and 100 mg of material was added to 1 mL of an EtOH/H,O (80:20,
v/v) mixture. Four technical replicates were performed per biological
replicate. Four independent biological replicates, each consisting of a
pool of mature leaves (sampled at the middle of the stem) from two
plants, were performed in the experimental setup. After vortexing and
shaking for 30 min at 1400 rpm and at a temperature of 4 °C, the
tubes were centrifuged at 17000g for 10 min at 4 °C. The supernatant
was removed, and the residue was re-extracted with 0.5 mL of the
same EtOH/H,0 mixture (80:20, v/v). The supernatant thus
obtained was pooled to the first one and evaporated at reduced
pressure (Speedvac). The final dried extract was resuspended in 1 mL
of ultrapure water and filtered through 0.45 ym PVDF filters before
analysis using high-performance anion exchange chromatography
coupled with pulsed amperometric detection HPAEC-PAD (Dionex
ED 40, Dionex Corp.). The analytical column was a Dionex CarboPac
PA-20 (3 X 150 mm) maintained at 35 °C. The mobile phase was
online generated with KOH at 0.5 mL min~'. The PAD detection was
performed with a gold working electrode and a Ag/AgCl reference
electrode, with a data collection rate of 2 Hz. Soluble sugars were
quantified using a seven-point calibration curve with standard
solutions of galactose, glucose, sucrose, fructose, and raffinose ranging
from 1 to 100 uM. The concentrations were expressed in micromole
per gram of fresh weight (FW).

RNA Extraction and Gene Expression Analysis. Total RNA
was extracted from the youngest pair of fully expanded leaves (right
below the stem apex) with the Qiagen RNeasy plant mini kit with the
on-column DNase treatment. Extracted RNAs were quantified at the
Nanodrop and their integrities checked at the bioanalyzer (all RINs >
7.5). One microgram of RNA was retrotranscribed into cDNA using
the ProtoScript II RTase (NEB) and random hexamers. RT-qPCR
was carried out in 384-well microplates which were prepared using a
liquid handling robot (epMotion, Eppendorf) and run using the
Takyon Rox SYBR MasterMix dTTP blueMix in a ViiA7 thermal
cycler.” The expression was calculated using 2 reference genes
(eTIF4E and GAPDH which geNORM, implemented in qBASE+*
identified as sufficient for data normalization). Primers were designed
using Primer3Plus (http://www.bioinforrnatics.nl/cgi—bin/
primer3plus/primer3plus.cgi/) and verified with the OligoAnalyzer
3.1 tool from Integrated DNA technologies (http: //eu.idtdna.com/
calc/analyzer). Primer efficiencies were calculated via RT-qPCR using
a serial 5-fold dilution of cDNA (25, 5, 1, 0.2, 0.04, 0.008 ng/uL).
The primer sequences, amplification efficiencies, and R* are shown in
Table 2 or have been previously published.'”*

Statistics. Data were log,-transformed prior to statistical analysis.
Normal distribution of the data was checked using a Shapiro—Wilk
test in IBM SPSS statistics v19. Homogeneity of the data was checked
with the Levene’s test. For data following normal distribution, a one-
way ANOVA with Tukey’s posthoc text was performed. For data not
following normal distribution and not homogeneous, a Kruskal—
Wallis test was performed with Dunn’s posthoc test.
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