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Agrochemical delivery is highly inefficient, and novel application methods are necessary to promote crop
health and yields while reducing environmental impact. In this work, a vacuum infiltration seed priming
strategy was developed to incorporate silica nanoparticles into soybeans. Although successful in initial
greenhouse and field studies, little is known about the amount of nutrient being delivered and the
conditions for optimum accumulation. Herein, various infiltration conditions were evaluated using
fluorescent silica nanoparticles and confocal microscopy, including nanoparticle surface charge and
concentration, infiltration time, infiltrate ionic strength and pH, and seed presoaking. Negative
nanoparticle surface charge, higher nanoparticle concentration, shorter infiltration time, and potassium-

based salts resulted in greater nanoparticle infiltration. Seed coat elemental analysis complemented
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magnesium under ionic salt infiltration conditions. Overall, these findings illustrate a new strategy to
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Introduction

Of the Sustainable Development Goals outlined by the United
Nations in 2015, Goal #2, eradicating world hunger, continues
to be a problem that is increasingly challenged by global pop-
ulation growth, climate change, and the COVID-19 pandemic.*
Furthermore, the rate of agricultural yield increase continues to
decline, resulting in less available food to feed the growing
population.? In the last century, it is clear that the application of
fertilizers and agrochemicals has played a substantial role
towards improving global food production as today, more than
50% of the crops feeding the world are grown on synthetic
nitrogen (N) fertilizers to enhance crop health and yields.?
Despite this clear benefit, a significant portion of the applied
agrochemicals are not taken up by plants, resulting in a usage
efficiency as low as 40% globally.* Today, agriculture heavily
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and crop species to promote sustainable agriculture.

relies on traditional application methods, such as foliar spray or
soil treatments; however, these methods are highly inefficient,
with anywhere from 10-75% of the applied agrochemicals not
reaching their desired targets.>>® This inefficiency often leads to
repeated application or overapplication of agrochemicals.
Specifically, in the case of N fertilizers, 50-70% of applied
nitrogen is lost to volatilization, leaching, and degradation
processes. This allows various forms of N, such as ammonia
(NH;3) and nitrous oxide (N,O), to enter the environment,
causing negative agronomic, environmental, and human health
impacts.” These negative impacts include increased greenhouse
gas emissions, ozone degradation, water pollution, and changes
to biodiversity.”® As poor and inefficient application methods,
such as spray or soil treatments, contribute to significant
agrochemical loss, innovative approaches towards developing
simple, rapid, and cost-effective application methods are
needed to reduce the aforementioned negative consequences of
applied agrochemicals.

One such alternative involves seed treatments. For instance,
seed priming involves the hydration of seeds with a treatment of
interest to the point of pre-germination, followed by the drying
of the seeds prior to planting.” This process allows seeds to
progress through the initial stage of germination, enabling
faster and more uniform emergence when planted.® Previously,
seed priming treatments have been investigated in several plant
systems using water,' plant regulators (e.g. jasmonic acid),"
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nutrients,””™* and fertilizers."® Plants grown from priming
treatments have shown increased germination rates, increased
abiotic and biotic stress resistance, and increased crop
production.®"” Furthermore, nanoparticles (NPs), materials that
have at least one dimension less than 100 nm, have shown great
promise as new agricultural technologies and are also used as
seed priming agents."*® Seed coating is another strategy that
involves applying the desired treatment to the external surface
of seeds, and recent work has investigated the used of NP-based
seed coatings.” For example, Abeywardana et al. coated maize
(Zea mays) seeds with zinc-doped urea-hydroxyapatite nano-
hybrids to deliver both macro (nitrogen and phosphorous) and
micro (zinc) nutrients.* Their seed coating increased the
growth of maize by ~69% and improved germination rate by
~19%.%' Zinc oxide NPs were also used as a coating for wheat
(Triticum aestivum) seeds by Elhaj Baddar et al, promoting
higher Zn accumulation in wheat grain compared to soil
amendments, making them a great alternative to soil fertilizers.
Furthermore, nanofibers were employed in a seed coating by Xu
et al. as a copper-based delivery agent to tomato and lettuce
seeds in both healthy and diseased conditions.” Greenhouse
studies revealed increased germination rates, particularly in
diseased conditions.”® While seed treatments have obvious
benefits, both seed priming and coating come with certain
limitations. The seed priming process results in uncontrolled
water uptake that could result in unwanted germination of the
seeds prior to planting and reduces the shelf life of seeds.
Additionally, storage conditions of seeds (humidity, tempera-
ture) after priming can negatively impact their viability.® Seed
coatings, on the other hand, only incorporate the treatment
onto the outside of the seed, and some coating techniques
require special instrumentation and expensive raw materials,
making the large scale application a costly hurdle.*® Thus, this
work demonstrates the utility of a novel vacuum infiltration
method that has the potential to overcome these limitations by
(i) treating seeds under vacuum to incorporate treatments
further into the seed and (ii) conducting treatments at shorter
time scales where the risk of accidental seed germination is
greatly reduced. This method was tested using soybeans
(Glycine max) as a plant model.

Soybean (Glycine max) is among the top-produced crops in
the world, with over 372 million tons being produced globally in
2021,>* making them a high protein crop that could play
a significant role in achieving global food security. Additionally,
soybean seeds form symbiotic relationships with soil bacteria to
perform biological nitrogen fixation, allowing soybeans to play
a significant role in our ecosystem.*® However, this crop, like
most others, heavily relies on fertilizers and other agrochemi-
cals for growth and crop yield, and as already mentioned, this
agrochemical delivery process is highly inefficient. Soybean
seed morphology has two main components: a seed coat and
embryo (Fig. 1).>” As the outermost layer, and first point of
contact, the seed coat is a crucial parameter to consider for seed
treatments. The soybean seed coats contain similar seed coat
characteristics to other legumes with 3 distinct regions: an
epidermal layer, a sub-epidermal layer, and a few layers of inner
parenchyma tissue, all of which account for 4-6% of the total
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Fig.1 Soybean seed morphology highlighting the pod, seed coat and
embryo of a soybean seed. The seed coat contains hourglass cells that
are air-filled and targeted by vacuum infiltration. Adapted from ref. 26
with permission Canadian Science Publishing, copyright 2008.
Figure created in https://www.biorender.com/.

individual seed weight.”**” An interesting feature of mature
soybeans seed coats is the presence of hourglass cells (or
osteosclereids) within the sub-epidermal layer which are known
for their significant air spaces between cells.”® Vacuum infil-
tration targets those air spaces to allow for efficient delivery of
various treatments into seeds. More specifically, after being
placed in a suspension of the desired treatment under vacuum,
this method relies on the removal of air from the air pockets,
allowing for the intracellular air pockets to backfill with the
treatment of choice upon vacuum release, thereby targeting the
hourglass cells within the seed coat (Fig. 2a). Herein, we are
focused on optimizing this vacuum infiltration method to
deliver nanoparticles (NPs) as the treatment of interest. With
the development of new agricultural technologies to increase
food production, NPs are showing promise towards improving
agrochemical delivery, and in turn, plant disease suppression
and crop yield in a variety of crops.>?' The control over NP
characteristics such as size, surface charge,** shape,* surface
modifications,** dissolution and other transformations?®*3¢
allows for their improved efficacy at lower doses when
compared to conventional agrochemical formulations.’” In
particular, mesoporous silica NPs have drawn attention for
agricultural applications due to their sustainability, easy
tunability, biocompatibility, and ability to load and release
agrochemicals or other cargo.*®*® Their ability to transform and
release silicic acid is responsible for their success in plant
studies due to the benefits of silicic acid increasing plant stress
tolerance. Furthermore, the synthetic flexibility of these silica
NPs allows for the incorporation of fluorescent dyes, such as
fluorescein isothiocyanate (FITC) or rhodamine B
thiocyanate (RITC), permitting the efficient tracking of NPs
within plants which is key to mechanistic understandings of
their uptake and mode of actions. The infiltration trends
revealed with fluorescent silica nanoparticles in this work can
be used in future work where the nanoparticles of interest are
not easy to track and quantify.

A limited number of studies have employed vacuum infil-
tration as a seed treatment and fortification strategy in green-
house and field studies. Buchman et al. vacuum infiltrated
mesoporous silica NPs into watermelon (Citrullus lanatus)
seeds, which were then followed by a foliar dip application of
the NP suspension, prior to greenhouse and field studies.* This
method resulted in a ~27-40% reduction in watermelon

iso-
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(A) Vacuum infiltration process where vacuum application removes air from seed coat and allows for nanoparticle incorporation into

soybean seeds. (B) Seed and slide preparation for confocal microscopy. Figure created in https://www.biorender.com/.

disease in the greenhouse studies and a 70% increase in
disease-free plant yield in the field. O'Keefe et al. subsequently
compared foliar application to vacuum infiltration of the same
mesoporous silica NPs with soybean.” The seed treatment
proved to be more effective than foliar application, with a single
seed treatment reducing disease severity (Fusarium fungal
infection) by 30% in the greenhouse and 12-15% in the field.
Despite the success in these seed treatments towards disease
suppression and increased crop health and yield, much
remains unknown about the vacuum infiltration method in the
context of how much NP is being incorporated into the seeds,
how they distribute within the seed, and what conditions are
ideal for improved nanoscale nutrient fortification.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Overall, this is the first study to systematically evaluate
vacuum infiltration of silica nanoparticles for a simpler, safer,
and more efficient delivery method for nanoscale nutrients.
While this work focuses on soybean seeds, similarity in seed
physiology across crop species suggests that the optimized
conditions are likely generalizable, or at least a reasonable
starting point, for other crop species.

Methods

Materials

Cetyltrimethylammonium bromide (CTAB), N,N-dimethylhex-
adecylamine (DMHA), chlorotrimethyl silane, tetraethylortho-
silicate ~ (TEOS), (3-aminopropyl)triethoxysilane (APTES),
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rhodamine B isothiocyanate (RITC), magnesium nitrate, and
magnesium sulfate were obtained from Sigma-Aldrich (St.
Louis, MO). Ammonium hydroxide (28-30%) was purchased
from Avantor Performance Materials (Center Valley, PA).
Potassium nitrate, potassium sulfate, and sodium hydroxide
were obtained from Fisher Scientific (Waltham, MA). Soybean
seeds (Glycine max) were purchased from Jonny's selected seeds
(Winslow, ME). All chemicals were used as received without
further purification.

RITC-UMN synthesis

To synthesize RITC-UMNSs, a previously reported procedure for
making fluorescent mesoporous silica nanoparticles was
adapted.” First, RITC (2.14 mg) was dissolved in 200 proof
ethanol (4 mL). Then, 8 mL of (3-aminopropyl)triethoxysilane
(APTES) was added, and the solution was stirred in the dark for
18 h at room temperature before use. This produces a RITC
silane that can be incorporated directly into the silica network
by co-condensation with the silica precursor, TEOS.

RITC-UMNs were synthesized via the sol-gel method as
previously  reported.*>  Briefly, 0.1450 g of cetyl-
trimethylammonium bromide (CTAB) was mixed with 10 mL of
Milli-Q water, 150 pL N,N-dimethylhexadecylamine (DMHA),
and 116 uL of decane. The solution was stirred for 1 h at 50 °C
and 700 rpm. The mixture was then sonicated for 1.5 h in
a sonication bath to increase micelle formation. Simulta-
neously, 150 g of 0.256 M NH,OH in an Erlenmeyer flask were
heated to 50 °C and stirred at 300 rpm. After sonication, the
micelle solution was transferred to the Erlenmeyer flask con-
taining NH,OH. Next, 2.5 mL of 0.88 M ethanolic tetraethyl
orthosilicate (TEOS) and 1 mL of the RITC solution was added
dropwise via an addition funnel, and the solution was allowed
to react for 1 h at 50 °C and 700 rpm. The UMN surface was then
functionalized by adding 450 pL of 2 methox-
y(polyethyleneoxy)-propyl]s_o-trimethoxysilane dropwise. The
solution was stirred for 30 min at 50 °C and 700 rpm before
adding 68 pL of TMS and allowed to age overnight. After aging,
the solution was transferred to a glass media bottle and
hydrothermally treated in a 90 °C oven for 24 h. Following
hydrothermal treatment, the suspension of RITC-UMNs was
removed from the oven, filtered using a Buchner funnel, and the
filtrate was transferred to centrifuge tubes. The nanoparticles
were centrifuged (Beckman Coulter Optima L) at 66 000xg,
under vacuum, at 4 °C for 35 min. The supernatant was
removed, and the pellet was re-dispersed in NH,NOj; to perform
an ion exchange reaction to remove the surfactant, CTAB. The
suspension was stirred under reflux for 1 h at 50 °C before
centrifuging and washing with 190 proof ethanol. Another
reflux step using NH,NO; was carried out, followed by several
washing steps with ethanol. Upon the final centrifugation, the
UMN s were re-dispersed in 200 proof ethanol.

APTES-modified RITC-UMN synthesis

APTES-modified RITC-UMNs were synthesized in a similar
manner as above. However, 30 min after the addition of TMS,
184 pL of APTES was added to incorporate amine functionality
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and positive charge to the surface. This solution was allowed to
stir for an additional 24 h before proceeding with the hydro-
thermal treatment and purification as outlined above.

Dynamic light scattering and zeta potential measurements

The RITC-UMNs and APTES-modified RITC-UMNs were diluted
to approximately 1 mg mL™" in Milli-Q water after drying by
rotary evaporator for dynamic light scattering (DLS) and ¢-
potential measurements. The RITC-UMN suspensions were
sonicated for 10 minutes prior to measurement to ensure full
dispersion. Both measurements were performed using a Mal-
vern Zetasizer Pro instrument (Westborough, MA). Values for
hydrodynamic diameter and zeta potential were recorded from
3 material replicates that also included 3 technical replicates.

N, physisorption

After purification, the RITC-UMN samples were dried by rotary
evaporator at 10 torr for 1 hour. The nitrogen physisorption
glassware was weighed three times, and the dried sample (~60
mg) was transferred into the sample tube. The sample was
degassed on the Micromeritics ASAP 2020 surface area and
porosity analyzer (Norcross, GA) for 5 h at 150 °C under high
vacuum. The glassware and degassed sample were removed
from the instrument and weighed three times to calculate the
average sample mass of dried particles. The sample was then
analyzed at cryogenic temperature using the analysis port. The
surface area and pore volume were determined using the Bar-
rett-Joyner-Halenda (BJH) method.

Transmission electron microscopy (TEM)

To prepare RITC-UMNs for TEM imaging, the particles were
diluted to approximately 0.5 mg mL ™" in ethanol and sonicated
for 10 minutes before sample preparation. Then, 200 mesh
copper grids with Formvar and carbon supports (Ted Pella, Inc.)
were dipped in the suspension and dried for 30 seconds at 65 °
C. TEM images were acquired using a Thermo Fisher Talos
F200x G2 at an acceleration voltage of 200 keV with a Thermo
Fisher Ceta camera.

Fluorescence measurements

Fluorescence measurements were performed on a Horiba PTI
QM-400 fluorometer (Irvine, CA); the nanoparticle suspensions
(~1 mg mL™" in ethanol) were excited at 560 nm to collect the
corresponding steady-state emission.

Preparation of different ionic strength and pH solutions

Solutions of KNO3, K,SO,4, Mg(NO3),, and MgSO, were prepared
in 500 mL volumetric flasks to obtain ionic strengths of 40 and
200 mM. For KNOg, solutions with an ionic strength of 10 mM
and 50 mM were also prepared to allow for concentration
comparisons to the other solutions in addition to the 40 mM
and 200 mM comparisons. To prepare the solutions with
varying pH, the pH of water was adjusted using 0.01 M NaOH to
values of 6, 6.5, 7, and 7.5.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Vacuum infiltration of soybean seeds

Six soybean (Glycine max) seeds were placed in 30 mL of the
desired treatment suspension in a 50 mL beaker, and the
beakers were transferred to a vacuum desiccator. A vacuum was
applied to reach —0.1 MPa, and the seeds were under pressure
for 10, 20, or 30 minutes. The vacuum was slowly released after
the vacuum infiltration time was reached. The beakers were
then removed from the desiccator, suspensions were decanted,
and the soybean seeds were placed into small Petri dishes for
24 h to dry. After 24 h, a razorblade was used to slice the seeds in
half, and sliced seeds were stored in epitubes until imaging.

Confocal microscopy and image analysis

Prior to imaging, two layers of Press-to-Seal silicone spacers
(Thermo Fisher) with 2 inch-diameter-holes were attached to no.
1.5 coverslips. Half of the seeds were placed inside the holes
while allowing for the seed coat to come into contact with the
coverslip (Fig. 2b). DL immersion oil was added to optimize
refractive index and to stabilize the sample within the spacer.

The exterior of the half seed was imaged with a 10x objective
(0.45 NA, PlanApo, WD 4 mm) using excitation wavelengths of
405, 488, 561, and 640 nm on a Nikon A1Rsi confocal micro-
scope (Tokyo, Japan) with a 32-channel spectral detector.
Spectral images were acquired with a bandwidth of 6 nm,
spanning a range of 564 nm to 742 nm, to generate a lambda
stack of 32 images.

Spectral images were unmixed using a linear unmixing
algorithm on Nikon Elements (vers. 6.02.01) using fluorescence
spectra of RITC-UMNSs and APTES-modified RITC-UMNSs. Once
unmixed, images were processed and analyzed in FIJI (Fig. S17).
Upon opening the images in FIJI, the RITC channel was
thresholded using percentile thresholding. Then, the wand tool
was used to select a region of interest (ROI) that has the same
intensity reading around the entire outside of the seed. The
image was duplicated to zoom in on the ROI, and the ROI was
left in place. The duplicate image was thresholded with
moments thresholding. A measurement was taken, and the
average intensity over the area of the ROI was recorded. The
measurement also recorded the area and standard deviation, as
well as the minimum and maximum threshold. Triplicate seed
measurements were recorded for each condition tested. The
values were averaged and plotted in GraphPad Prism for further
analysis. Additionally, the seeds were inverted to place the seed
interior in contact with the microscope coverslip and at the
imaging plane. Similar imaging was performed; the edge of the
seed was first identified based on bright field and fluorescent
visualization before moving away from the edge to obtain an
image of the seed interior (embryo). The seed interior was
assumed to be relatively homogenous and that the selected
image area was representative of that homogeneity. Unmixing
was performed as described above; the unmixed images were
thresholded using moments thresholding, and the average
intensity was recorded for the entire image for triplicate seed
measurements. To ensure consistency, only seeds that were
processed in the same infiltration were compared to each other
for image analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Soybean seed coat elemental content

The content of silicon, potassium, magnesium and sulfur in
seeds that were vacuum infiltrated for 10 minutes with RITC-
UMNSs at 500 mg L 'in water, 50 mM KNOjz, 200 mM KNO3;,
K,S0,4, Mg,(NO);, or MgSO, was measured using inductively
coupled plasma optical emission spectroscopy (ICP-OES). The
elemental content in seeds treated with salt controls with no
nanoparticle present was also measured. Specifically, following
infiltration, seed coats were separated from the embryo and
dried in air for 48 h. For a single measurement, seed coats from
12 different seeds were combined to attain the required mass
for ICP-OES. Dried plant tissue samples were weighed and
digested in digestion tubes with 5 mL of plasma-pure nitric acid
(HNOg; Fisher Scientific, Massachusetts). The digestion process
was conducted at 115 °C for 45 minutes using a hot block
(DigiPREP MS, SCP SCIENCE, Quebec City, Canada). After
digestion, the samples were diluted to a final volume of 50 mL
using deionized water. Elemental analysis of macronutrients
and micronutrients was performed using ICP-OES (iCAP 6500,
Thermo Fisher Scientific, Massachusetts). To ensure quality
assurance and quality control (QA/QC), blanks (no plant tissue),
Si-spiked samples (1, 5, 10, and 50 mg Si/kg SiO, powder), and
certified reference materials (NIST SRM 1570a and 1547, New
Jersey) were included in the analysis. Yttrium was used as an
internal standard, and a continuing calibration verification
(CCV) sample containing 1 ppm Si was analyzed every 25
samples to maintain analytical precision. Element recovery
rates were within the acceptable range of 85-115%.

Soybean seed germination

Soybean seeds were vacuum-infiltrated with negatively-charged
RITC-UMNSs and positively-charged APTES RITC-UMNs for 10
minutes at 500 mg L™ in water. A no vacuum control treatment,
referred to as seed priming, was also conducted at the same
conditions. Seeds were then germinated using the wet paper
towel germination test.** Ten seeds were placed between
two paper towels that were moistened with water. The paper
towel was rolled and placed in a sealed plastic container to
retain moisture, and containers were stored at ambient
temperature. Seed biomass and radicle length were measured
every 3 days.

Statistical analysis

For RITC-UMN and APTES-modified RITC-UMN characteriza-
tion comparisons, the mean and standard deviation for three
material replicates is reported, and unpaired ¢tests (p < 0.05)
were used to determine statistical significance. For the initial
vacuum infiltration study where infiltration time and RITC-
UMN concentration were investigated, statistical analysis was
performed using a two-way ANOVA with Tukey's multiple
comparisons test (p < 0.05). For the remainder of conditions
tested, a one-way ANOVA with Dunnett's multiple comparisons
(p < 0.05) was used to determine statistical significance unless
otherwise stated.
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Results and discussion

Characterization of RITC-UMNs and APTES-modified RITC-
UMNSs

TEM was used to analyze the structure of negatively-charged
RITC-UMNs and positively-charged APTES-modified RITC-
UMNSs (Fig. 3a and b). RITC was chosen as the fluorophore of
interest, over FITC, since the fluorescence signal from nano-
particles modified with RITC have minimal overlap with chlo-
rophyll a. As RITC is incorporated directly into the UMN
framework using a co-condensation method, it allows for the
stable incorporation of the fluorophore into the nanoparticle
while avoiding any change to the physico-chemical nanoparticle
properties. Both nanoparticles are spherical as expected. Addi-
tionally, there is mass-thickness contrast between the internal
pore and the edges of the of the UMNSs, indicating that there is
silica network in the center with a thicker silica shell on the
edges. For APTES-modified RITC-UMNSs, the mass-thickness
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Fig. 3 Representative transmission electron micrographs of (A) RITC-
UMNs and (B) APTES RITC-UMNs. (C) Hydrodynamic diameter and (D)
{-potential of RITC-UMNs and APTES RITC-UMNs. Error bars repre-
sent the standard deviation of 3 material replicates. (E) Fluorescence
emission spectra of RITC-UMNs, APTES RITC-UMNs, and RITC alone.
Unpaired t-tests were used to evaluate statistical significance (*p <
0.05, ****p < 0.0001).

7254 | Chem. Sci., 2025, 16, 7249-7263

View Article Online

Edge Article

contrast is less evident, and the silica shell appears to be
thicker; this is likely due to the additional modification with
APTES. Dynamic light scattering was used to assess the hydro-
dynamic size of the nanoparticles (Fig. 3c). The APTES-modified
RITC-UMNSs have a statistically larger hydrodynamic diameter
(148 £+ 4 nm) when compared to the RITC-UMNSs (121 + 10 nm).
This increase in size is again due to the extra modification and
addition of APTES to the RITC-UMN surface. For RITC-UMNSs,
the {-potential is —22 + 2 mvV, while APTES-modified RITC-
UMNSs have a {-potential of +46 + 7 mV; this is a statistically
significant difference (Fig. 3d) that is expected as the addition of
APTES adds amine functionality to the RITC-UMN surface,
creating a positive surface charge. It should be noted that the ¢-
potential values also indicate that both of the RITC-UMN NPs
are colloidally stable in suspension. Fluorescence spectra were
measured and produced a maximum emission intensity at
approximately 580 nm for both RITC-UMNs and APTES-
modified RITC-UMNSs (Fig. 3e). This agrees with the RITC
reference spectra and previous literature for RITC-silica NPs,**
revealing that the molecular structure of RITC is not signifi-
cantly impacted by incorporation into the silica structure.
Nitrogen physisorption was also performed to assess differ-
ences in the surface area and pore volume between RITC-UMNs
and APTES-modified RITC-UMNs (Fig. S21). A significant
decrease in surface area was observed upon APTES modification
and is likely due to APTES modification narrowing some of the
mesopores and decreasing the N,-accessible surface area.
However, the pore volume of APTES-modified RITC-UMNSs is the
same as that of RITC-UMNSs.

Vacuum infiltration and seed priming comparison

Conventional leaf applications of agrochemicals are inherently
inefficient due to the significant loss of product that is caused
by chemical volatilization or foliar runoff. Additionally, with
directly spraying agrochemicals, or nanoparticles, onto mature
plants comes the risk of introducing chemicals into the food
chain. However, new seed treatment strategies, like vacuum
infiltration, can help mitigate this effect due to the fact that as
the seed grows into a mature plant and gains significant
biomass, any seed treatment that was applied at the start will be
effectively diluted. Furthermore, a previous study led by Buch-
man et al. determined that when silica nanoparticles were
applied to watermelon seeds using vacuum infiltration, there
was no evidence of silica nanoparticles present in the edible
tissue of watermelon, indicating that the risk of nanoparticles
entering the food chain is minimal.** This exciting result
prompted our study to further understand vacuum infiltration
and compare it with conventional seed treatment strategies like
seed priming. The vacuum infiltration process is shown in
Fig. 2a. Briefly, seeds are placed in a nanoparticle suspension,
and a vacuum is applied to remove air from the air pockets on
and within the seed coat. This allows for the incorporation of
nanoparticles into the seed coat and perhaps, deeper into the
seed embryo. Seeds are then sliced in half for confocal imaging,
and the mean fluorescence intensity was then used as
a measure of nanoparticle infiltration. Vacuum infiltration was

© 2025 The Author(s). Published by the Royal Society of Chemistry
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first compared to a common conventional method of treating
seeds known as seed priming, which is similar to vacuum
application but lacks the vacuum application. The mean fluo-
rescence response for the exterior and interior of soybean seeds
that were vacuum infiltrated or primed is shown in Fig. 4. The
seed exteriors had similar fluorescence readouts with 750 + 300
a.u. and 790 £ 200 a.u for vacuum infiltrated and seed priming,
respectively. Previously, NP incorporation into the interior and
exterior of the seed through seed priming treatments has been
shown for Ag NPs in watermelon (Citrullus lanatus).* Due to the
large water uptake by the soybean seeds, it is not surprising that
some RITC-UMNSs are incorporated into the exterior of the seed
through conventional priming. However, the seed interior had
a higher fluorescence readout for the vacuum infiltrated seeds
with 1190 £+ 400 a.u, compared to 690 + 410 a.u for the
conventional priming treatment, although the large variation
precluded statistical significance. This suggests that applying
a vacuum during infiltration may result in more RITC-UMN
incorporation deeper into the seed embryo, offering a poten-
tially significant competitive advantage over conventional seed
treatment strategies. Following this, various conditions for
vacuum infiltration such as ionic strengths, suspension pH,
nanoparticle concentration, infiltration time and seed pre-
soaking were tested to optimize this process for RITC-UMNSs.
The specific parameters are outlined in Table 1.

Vacuum infiltration time and nanoparticle concentration

First, the vacuum infiltration time and nanoparticle concen-
tration were investigated for both negatively-charged RITC-

Table 1 Range of optimization conditions tested for vacuum infiltra-
tion of RITC-UMNs

Condition Range of condition values

0, 125, 250, and 500 mg L™"

10, 20, and 30 minutes

K,S0,, KNO3;, MgSO0,, and Mg(NO;),
Ionic strength 40 and 200 mM

Seed pre-soaking time 0, 2, 4, 8, and 24 hours

pH 6, 6.5, 7, and 7.5

Nanoparticle concentration
Vacuum infiltration time
Ionic salts

© 2025 The Author(s). Published by the Royal Society of Chemistry

UMNSs and positively-charged APTES-modified RITC-UMNS to
determine the best concentration and time for further optimi-
zation, as well as to evaluate the effect of nanoparticle surface
charge on seed exterior measurements. For negatively-charged
RITC-UMNSs (Fig. 5a), there is a dose-dependent increase in
fluorescence intensity for nanoparticles infiltrated for 10 and 30
minutes. Conversely, positively-charged APTES-modified RITC-
UMNSs (Fig. 5b) did not show any changes in fluorescence
when compared to controls, indicating that positively-charged
nanoparticles are not infiltrating effectively. The soybean seed
coat is largely comprised of carbohydrates (hemicellulose,
cellulose, and pectin) that contain carbonyl and hydroxyl
groups,* so it is somewhat unexpected for negatively-charged
RITC-UMNs to outperform the positively-charged nano-
particles. Furthermore, these results contradict previous trends
reported for uptake of NPs in plant leaves®*****” that have an
analogous cuticle and palisade cell structure as the soybean
seed coat. However, much remains unknown about how
vacuum infiltration impacts the biochemistry on the outside
surface of the seed coat. Importantly, vacuum application does
have an impact on the nanoparticle characteristics, and this
phenomenon is explored in a later section.

The fluorescence of the seed interior was also investigated
for the 500 mg L' and 30-minute RITC-UMN and APTES-
modified RITC-UMNs (Fig. S31). The seed interior for RITC-
UMNSs (1085 =+ 190 a.u.) positively correlated with the exterior
of the seed (695 + 35 a.u). The same was observed for APTES-
modified RITC-UMNSs that had a fluorescence of 385 + 100
a.u. for the interior and 203 + 65 a.u for the exterior. Since both
treatments have similar trends for the fluorescence in the
exterior and interior of the seeds, this suggests that results from
the exterior of the seed, which is easier to image, can be used to
draw general conclusions about cargo delivery into the interior
of the seed, as well as the overall vacuum infiltration of RITC-
UMNSs. Since higher concentrations yield increased fluores-
cence and there was no difference in infiltration times,
500 mg L' of negatively-charged RITC UMNs with a 10-minute
infiltration time used for ongoing infiltration
investigations.

was
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Infiltration solution composition and ionic strength

Magnesium and potassium are essential macronutrients that
promote plant health and growth, while sulfates and nitrates
are incorporated into fertilizers to help soybeans meet their S
and N requirements.”® Changes in ionic strength of the NP-
containing suspensions can also influence the uptake and
transport of the suspension based on osmolarity gradients. To
investigate the impact of different salts and ionic strength on
RITC-UMN vacuum infiltration, RITC-UMN suspensions were
prepared with ionic strengths of 40 mM and 200 mM using
K,S0,, KNO3, MgSO, and Mg(NO3),. Additional suspensions for
KNO; were prepared at 10 and 50 mM to have appropriate
concentration comparisons since the KNOj; ionic suspensions
have the largest difference in concentrations when compared to
the other treatments. Soybean seeds were also infiltrated with
NP-free salt control solutions, and their fluorescence was
comparable to the water controls, indicating that the K'-based
and Mg>"-based salt treatments do not alter the auto-
fluorescence of the soybean seeds (Fig. S41).

For the seed exterior K'-based salt RITC-UMN treatments
(Fig. 6), the mean fluorescence signal was larger than the
500 mg L~' RITC-UMN in water control treatment, with
a statistically significant increase for the 50 mM KNO;

7256 | Chem. Sci, 2025, 16, 7249-7263
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treatment. The interior of the seed also showed increased
fluorescence for K'-based treatments, with greater fluorescence
observed for higher ionic strengths. Contrary to the K'-based
salt RITC-UMN treatments, Mg>"-based salt RITC-UMN treat-
ments had reduced mean fluorescence for both the exterior and
interior measurements (Fig. 6). We originally hypothesized that
the increase in fluorescence observed for K'-based treatments
and decrease in fluorescence for Mg”>*-based treatments was
due to the different concentrations of K and Mg>" inside the
seed, resulting in preferential diffusion of K' ions and addi-
tional RITC-UMNSs into the soybean seeds, with less diffusion
into the seed for Mg®". However, the baseline K" and Mg**
content in seeds infiltrated with water were measured by ICP-
OES; the K' content (11270 4+ 718 ppm) was significantly
higher than the Mg”* content (2283 & 87 ppm), indicating that
diffusion is not the main driving force for the preferential
uptake of K'-based RITC-UMN solutions. Overall, these fluo-
rescence measurements tell us that ionic strength alone does
not impact uptake upon vacuum infiltration since matched
ionic strengths of different salts have different impacts on the
RITC-UMN infiltration, but that type of ion (K vs. Mg>")
contributes more to efficiency of nanoparticle infiltration.

Seed coat elemental content and nanoparticle stability

To complement the fluorescence-based infiltration data, the
elemental content of relevant ions from the nanoparticles or
infiltration solutions (i.e. silicon, potassium, magnesium and
sulfur) in soybean seed coats were measured using ICP-OES.
Although the seed has background concentrations of all of
these nutrients, the silicon content is representative of the
presence of either RITC-UMNs or APTES-modified RITC-UMNSs,
while potassium, magnesium and sulfur ions were tracked to
account for co-infiltration of beneficial nutrients. Fig. 7a
compares the silicon content and the mean fluorescence
readout of soybean seed coats for negatively-charged RITC-
UMNs and positively-charged APTES-modified RITC-UMNSs.
Compared to controls, both nanoparticles significantly
increase the silicon content in the seed coat (Fig. S5aft).
However, the negatively-charged nanoparticles have a signifi-
cantly higher silicon content compared to the positively-
charged nanoparticles, which aligns with the seed exterior
fluorescence intensity measurements that also show a prefer-
ence for the negatively-charged nanoparticles (Fig. 7a). This
effect is due to differences in nanoparticle stability pre- and
post-vacuum application and seed priming. More specifically,
as seen in Fig. 8a and b, the hydrodynamic size of negatively-
charged RITC-UMNSs is unchanged before and after vacuum
infiltration and seed priming; however, there is a significant
increase in the hydrodynamic diameters of positively-charged
APTES RITC-UMNSs from 200.4 + 3.31 nm to 4526 + 395.6 nm
(vacuum infiltration) and 200.4 + 3.31 nm to 3068 + 202.9 nm
(seed priming). Vacuum infiltrations and seed priming appli-
cations also result in changes for the {-potential measurements
as shown in Fig. 8c and d. In water, the RITC-UMNs have a ¢-
potential of —46.86 + 1.02 mV while the APTES RITC-UMNSs
have a {-potential of 26.03 + 1.05 mV, which indicates that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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both RITC-UMNSs are more stable in the pre-infiltration condi-
tions. Similar to the changes shown in size, the APTES-modfied
RITC-UMNs show significant changes to the {-potential upon
vacuum infiltration (reduced to —0.73 + 0.32 mV) and conven-
tional priming (reduced to 8.49 + 0.68 mV). The RITC-UMNs
also show changes in {-potential, but the values stay within
the generally acceptable nanoparticle stability range of
>|20| mV. These significant changes to nanoparticle character-
istics and stability for the positively-charged nanoparticles
explains the preferential accumulation of negatively-charged
nanoparticles, which are smaller and more stable in solution.
Additionally, these nanoparticles are in contact with biological
systems that could result in the formation of a biomolecule
coronas that can affect their size, stability, and overall uptake.
The total protein content in the left-over vacuum infiltration
and seed priming solutions was measured; there is a dose-
dependent increase in the total amount of protein released
into solution when seeds are placed in water (Fig. S6af).

© 2025 The Author(s). Published by the Royal Society of Chemistry

Proteins were also detected in the treatment solutions in the
presence of UMNSs, although there is no surface charge-
dependent difference (Fig. S6bt). The presence of protein
indicates corona formation is likely and may play a role in
nanoparticle uptake; however, further investigation of corona
impact on vacuum infiltration is outside the scope of this paper
and needs to be further studied.

The soybean seed coat silicon content of RITC-UMNs infil-
trated with potassium- and magnesium-based ionic salt solu-
tions at 200 mM is shown in Fig. 7b. Similar to water-based
treatments, RITC-UMNSs significantly increased silicon content
(Fig. S5c and df) compared to controls, but ion-specific differ-
ences were observed; importantly, these findings again align
with the mean fluorescence intensity results (Fig. 6). For the
sulfate counter ions at the same ionic strength (Fig. 7b), there is
a statistically significant higher silicon content for K" (730 + 39
ppm) compared to Mg>" (486 4+ 8 ppm). A similar trend is
observed for the nitrate counter ions, although not statistically

Chem. Sci., 2025, 16, 7249-7263 | 7257
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significant. Even at the lower ionic strength (50 mM KNO3), K*
(623 £+ 127 ppm) resulted in a significantly higher silicon
content when compared to Mg®" (384 + 86 ppm) at a higher
ionic strength (200 mM Mg(NOs3),) (Fig. S5b¥), further demon-
strating the significant impact of ion-type (K" over Mg”") rather
than ionic strength, which was previously observed for the
fluorescence measurements (Fig. 6). Lastly, the benefits of using
ionic salts as infiltration solutions are seen in Fig. 7c, where the
beneficial nutrients potassium, magnesium, and sulfur are
being co-delivered to the seed coat with the nanoparticle treat-
ment. As expected, the vacuum infiltration of RITC-UMNs with
ionic salts results in a statistically significant increase in
potassium, magnesium, and sulfur content compared to the
baseline content with water. Similar to the fluorescence
measurements, there is a corresponding trend of greater
potassium delivery from potassium salts compared to

7258 | Chem. Sci,, 2025, 16, 7249-7263

magnesium delivery from magnesium salts, likely due to the
fact that magnesium ions are known to weakly bind to soybean
seed coat cell walls.* Furthermore, soybeans are known to have
high-affinity potassium transporters that can facilitate the
preferential uptake in potassium-based solutions.*® Given this
added benefit of co-delivery and fortification of nutrients, future
work will focus on greenhouse and field studies to measure
downstream plant impacts of ionic salt infiltrations, including
potential nano-enabled biofortification of crop edible tissues.
By optimizing vacuum infiltration with varied ionic conditions,
we were able to fortify soybean seeds with beneficial nutrients in
addition to the nanoparticle treatment. This result shows the
promise that changing the infiltration solution to include other
agrochemicals, like pesticides, can enable pesticide delivery.
Additionally, it would be interesting to explore the delivery of
pesticide-loaded nanoparticles whereby the controlled, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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long-term, release of pesticide can allow for crop protection
across the growth cycle of the seeds. Overall, using seed treat-
ments in tandem with nanoparticles may allow growers to use
decreased field treatment inputs, facilitating precision delivery
while maintaining, or improving, agricultural productivity.

Seed pre-soaking and solution pH

Presoaking of seeds was studied to investigate if coat softening
would increase permeability and enable greater incorporation
of vacuum infiltrated RITC-UMNs. However, seeds soaked in
water for 2, 4, 8, and 12 hours showed no changes in mean
fluorescence intensity (Fig. S7t), indicating that presoaking
does not enable greater incorporation of RITC-UMNs onto the
outside surface of the seeds. It is possible that presoaking the
seeds in water saturated the outer portions of the seeds, thereby
inhibiting uptake of more water and RITC-UMNSs upon vacuum
infiltration. Additionally, the impact of pH was studied using

© 2025 The Author(s). Published by the Royal Society of Chemistry

environmentally relevant pH values ranging from pH 6 to pH 7
as intracellular pH gradients may help drive suspension uptake.
The RITC-UMN control suspensions (with no pH adjustments)
that were used throughout these experiments had a pH of
approximately 7. Compared to the fluorescence readout of the
RITC-UMNSs in water (757 £ 302 a.u.), there was a slight increase
in the fluorescence of RITC-UMN suspensions with a pH of 6,
6.5 and 7.5, at 1003 + 99 a.u., 1002 + 147 a.u. and 1084 + 261
a.u., respectively, although high replicate variability precluded
statistical significance (Fig. S71). The seed interior fluorescence
was examined for RITC-UMNSs with a pH of 7.5 since it had the
largest exterior seed fluorescence. The seed interior fluores-
cence positively correlated with the exterior and produced larger
fluorescence response with 1195 + 400 a.u. and 1070 + 535 a.u.
for RITC-UMNSs in water and adjusted pH to 7.5, respectively.
While the seed interior fluorescence was greater, large vari-
ability precluded statistical significance between the interior
and exterior of the seeds.

Chem. Sci., 2025, 16, 7249-7263 | 7259
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Impact of vacuum infiltration on soybean seed germination

The process of soaking seeds in a solution of interest without
initiating germination, also known as seed priming, has long
been used to enhance germination by facilitating more rapid
initiation of radicle emergence and growth.***> Some common
priming strategies include hydropriming (water treatments),
halopriming (salt solution treatments), hormopriming
(hormone treatments), and more recently nanopriming (nano-
particle treatments).>** The current work involves a modified
seed priming method that includes a vacuum application; as
such, a germination test was used to measure the resulting
germination of seeds treated with infiltration salt treatments as
well as negatively- and positively-charged UMNs at 500 mg L™*
with a 10-minute infiltration time (Fig. 9, S8 and S97). The
soybean seed biomass was measured over the course of 9 days
post-application; there was no difference in biomass in the
presence or absence of a vacuum application (Fig. 9a and b) for
either nanoparticle type. This result was consistent over all days
reported (Fig. S81) and suggests that the application of vacuum
does not negatively impact the quality of seeds that were

7260 | Chem. Sci, 2025, 16, 7249-7263

germinated. However, the final radicle length, measured on the
last day of germination and shown in Fig. 8c and d, highlights
some benefits of vacuum application. For both negatively- and
positively-charged nanoparticles, the radicle length was signif-
icantly longer in vacuum applied nanoparticles when compared
to their no-vacuum counterparts. Seed priming treatments have
been shown to promote root growth, especially in stress-
induced conditions, due to the accelerated metabolism of
primed seeds.*® Here, the combination of the seed priming
treatment with an external vacuum application seems to
promote root development that would facilitate greater acqui-
sition of nutrients from the soil, and later promote seedling
development and establishment.

Conclusion

This is the first study to systematically investigate a novel
vacuum infiltration-based seed treatment strategy that provides
a simpler, safer and more targeted delivery method compared to
in-field agrochemical applications. Nanoparticle surface charge

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and concentration, infiltration time, seed presoaking, infiltrate
ionic strength and pH, were investigated to optimize nanoscale
nutrient loading via vacuum-infiltration based seed treatment.
Higher nanoparticle concentrations at shorter infiltration times
allow for more incorporation into the seed showing that infil-
trations can be performed faster than previously reported
without compromising performance. The enhanced incorpora-
tion of negatively-charged nanoparticles as demonstrated by
both fluorescence and elemental content measurement was
shown to be a function of changes to the stability and size of the
positively-charged particles during infiltration and conven-
tional priming. Enhanced nanoparticle delivery and nutrient
fortification was achieved in potassium-based suspensions
compared to magnesium due to high-affinity potassium trans-
porters in soybean seeds. Future work will translate these
optimized protocols to greenhouse and field studies and eval-
uate positive downstream plant impacts (e.g. enhanced nutrient
fortification, biomass, disease suppression, gene expression).
Since the presoaking treatments in water yielded no difference
in fluorescence, subsequent experiments should examine the
effect of presoaking seeds in nanoparticle suspensions prior to
infiltration to evaluate additive or synergistic effects of
combined novel and conventional seed treatments strategies.
Additionally, since these nanoparticles are fluorescently
labelled, the vacuum-infiltrated seeds can be used to under-
stand the translocation and localization within soybean plants
as they germinate and grow. Lastly, similar optimization
conditions should be evaluated for other crop species and
nanoparticle types, as well as with other agrochemicals, to
diversify treatment options and enable commercialization. This
work adds to a rapidly growing literature and field of research
demonstrating that nano-enabled agriculture can be a safe and
effective strategy to significantly increase food quality and
production. The development and deployment of such strate-
gies will be a foundational component of the necessary trans-
formation of agriculture to combat global food insecurity in
a changing climate.
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