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Introduction
Globally, direct

losses due to agricultural pests and
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Targeted delivery of oxytetracycline to the epidermal cell junction
and stomata for crop protection

Jorge Pereira, > Daniela Negrete Moreno, € Giuliana Gan Giannelli, @ Edwin Davidson, #° Javier
Rivera-Huertas,>? Hehe Wang ¢ and Swadeshmukul Santra 2b:d*

Scalable targeted delivery methods are urgently needed for crop protection in modern agriculture. Herein, we report on the
use of a novel borate-zinc nanoformulation (Bz) for the targeted delivery of Oxytetracycline (OTC). Fluorescence
spectroscopy demonstrated the formation of the OTC-Zn complex when Bz is tank-mixed with OTC. Scanning electron
microscopy (SEM) studies confirm that OTC changes the morphology of Bz residue after desiccation. SEM study was
conducted on peach saplings with three different antimicrobial treatments, Bz, OTC and Bz-OTC. Results revealed that Bz
alone or in combination with OTC preferentially deposited in the junction between epidermal cells as well as around the
stomata. Fluorescence Microscopy also confirmed that OTC was preferentially deposited in the same areas. In contrast, the
OTC treatment produced sessile drop patterns with no special affinity for any leaf structures. Antimicrobial studies were
conducted on OTC-resistant and OTC-sensitive Xanthomonas arboricola pv. pruni strain (XAP) strains. Results demonstrated
moderate synergistic antimicrobial activity of Bz-OTC against the OTC-sensitive XAP strain and no loss in activity against the
OTC-resistant XAP strain. To the best of our knowledge, this is the first report of targeted delivery of OTC to the epidermal
cell junction and stomata using a micronutrient-based nanosystem.

Environmental Significance

Conventional pesticides used for crop protection are usually applied through foliar sprays. However, most of the active
ingredient never reaches its target and therefore disease control is not at the optimal level. To mitigate crop loss, farmers
often maximize the frequency and the rate of application of pesticides. Long-term and frequent applications lead to
chemical accumulation in soil, off-target toxicity, and promote the development of pesticide-resistant pathogens. Foliar
antibiotics are currently used to protect many crops despite their low bioavailability due to limited chemical stability and
lack of targetability to the leaf’s most vulnerable areas. This work presents a rational design of a Zinc and Boron - based
nanosystem that can deliver oxytetracycline to the stomata and epidermal cell junction while significantly increasing leaf
surface coverage. These findings exemplify the potential of the nanosystem to be used as a tank-mix adjuvant to improve
oxytetracycline performance and reduce the negative environmental impact of antibiotics.

and run-off®’ and pesticide-resistant pathogens.®® Among
pathogens, phytopathogenic bacteria are estimated to
collectively cause losses over 1 billion dollars annually.® The

pathogens range from 20 to 40%.! To ameliorate this, over 4
million tonnes of pesticides are utilized globally per year.2*
Even though pesticides are regularly used, it is estimated that
less than 1% reach their target due to spray drift, runoff, and
off-target deposition.> Their poor efficacy and constant use
have led to environmental problems associated accumulation

% NanoScience Technology Center, University of Central Florida, Orlando, FL, 32826,
USA.

b Department of Chemistry, University of Central Florida, Orlando, FL, 32816, USA.

¢ Edisto Research and Education Center, Clemson University, Blackville, SC, 29817,
USA.

4. Burnett School of Biomedical Sciences, University of Central Florida, Orlando, FL,
32827, USA.

t Footnotes relating to the title and/or authors should appear here.

Electronic Supplementary Information (ESI) available: [details of any supplementary

information available should be included here]. See DOI: 10.1039/x0xx00000x

Xanthomonas spp. is one of the most economically impactful
bacterial genus causing disease in a multitude of crops.1%11

An example of an economically important Xanthomonas
subspecies is Xanthomonas arboricola pv. pruni (Xap), which
causes bacterial spot on Prunus species worldwide.??14
Bacterial spot disease symptoms can be found on the tree's
leaves, fruit, twigs, branches, and trunk.}* Foliar disease
symptoms include necrotic angular lesions, shot holes,
yellowing, and in severe cases, defoliation. Early defoliation
from bacterial spot infection causes weakened trees and
impacts winter hardiness.’> Normally, infected fruit is
unmarketable due to necrotic spotted lesions. It has been
reported that under optimal environmental conditions the
disease can affect 100% of the fruit.121¢ Twig infection from Xap
leads to twig cankers, often observed in spring, and is
considered a major inoculum source for leaf and fruit
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Figure 1. A) Representation of bacteria colonizing the surface of a leaf, B) proposed strategy of protecting the leaf W|th antimicrobials that target the epidermal cell boundaries and

stomata.

infection.#1517 Bacterial spot of peach results in reduced
orchard productivity, reduced quality and marketability of the
fruit, and increased nursery cost.1?

Bacterial spot management is challenging, mainly due to the
susceptibility of most commercial peach cultivars, and the
availability of limited chemical control options. Peach growers
in the Southeastern United States rely heavily on routine sprays
of copper and oxytetracycline (OTC) to manage bacterial spot,
but disease incidence is still high especially when the
environmental conditions are favourable (warm and
rainy).13%>18 Moreover, management options are further
complicated by the rise of oxytetracycline-resistant and copper-
tolerant Xap strains.'>17 Thus, novel chemical control options
are in desperate need to better manage this disease.

Over the past decade, a significant amount of research has
been done to demonstrate the potential of nanotechnology as
an emerging tool for crop protection. A recent meta-analysis
estimated that nanopesticides provide 31.5% increased efficacy
against target organisms, 43.1% lower toxicity toward non-
target organisms, and 41.4% reduced premature loss of active
ingredients among other benefits, over conventional
pesticides.'® Due to the limited effectiveness and long-standing
use of copper biocides in agriculture, copper-tolerant strains
have emerged in several pathogenic bacterial species.'”2-22 To
manage these copper-tolerant pathogens several alternatives
such as magnesium,?3-25 sulphur,?62° and transition metal-
based3%3¢ nanomaterials have been identified to conventional
copper-based biocides. These alternatives possess have
demonstrated plant compatibility, biological efficacy, and
economical feasibility.3”

The foliar disease cycle starts when the pathogen reaches
the leaf surface. This is a complex environment inhabited by a
multitude of other microbes, commonly known as
phyllosphere.3840 |n this ecosystem bacteria usually form
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aggregates or microcolonies in the boundary or junctions
between epidermal cells, the stomata, the base of trichomes,
and along the grooves of leaf veins.383%4142 Xanthomonas
pathogens have been documented to populate the epidermal
cell junction, surround the stomata, and colonize the stomatal
cavity.*>*> Since the leaf surface holds a limited amount of
sugars and nutrients, it has been proposed that bacteria
colonize and aggregate around “hot spots” that provide higher
sustenance.***° Due to the importance of these leaf structures
for bacterial colonization in the phyllosphere, it might be
possible to disrupt the bacterial infection cycle by preventing
pathogens from occupying these vulnerable areas. Because the
epidermal cell junctions are the most abundant structure on the
leaf surface, it would be most effective to protect it against
pathogens to prevent infections. Herein, we propose to target
antimicrobials specifically to these vulnerable areas to prevent
the formation of bacterial colonies and thereby reducing the
number of viable bacteria (Figure 1).

To target specific areas of the leaf tissue, it is necessary to
understand its composition. The surface of the leaf is covered
with a waxy cuticle made of long chain fatty alcohols,
hydrocarbons, fatty acids, aldehydes, and terpenoids,®®°! but it
also contains proteins, polysaccharides, and fatty acid
polyesters.>2 Underneath this waxy layer lies the epidermal cells
which are protected by a cell wall that is mainly composed of
cellulose, hemicellulose, and pectins.®®>* The spatial
distribution of polysaccharides in the leaf tissue can be
visualized through immunolabeling using fluorescent
monoclonal antibodies (MAbs). JIM7 is a MAb that recognizes a
wide range of Homogalacturonans (HGA). When JIM7 is tagged
with a fluorophore, it clearly defines the junctions between leaf
cells in the epidermis.>>6 This occurs because pectin is located
between plant cells to promote cell-cell adhesion, among other
roles.>3>457 Due to their specificity, MAbs have been utilized to

This journal is © The Royal Society of Chemistry 20xx
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target gold nanoparticles to the stomata of Vicia faba.>® Despite
their effectiveness, MAbs would be challenging to use for crop
protection because of their limited production, and stability and
cost. Therefore, it is important to explore other alternate
targeted delivery systems that are more robust, scalable and
economical.

To deliver antimicrobials to the epidermal cell junctions the
formulation must have affinity for pectin. It has been reported
that boric acid covalently crosslinks through the formation of
borate esters of rhamnogalacturonan |l moieties.>?%2
Additionally, pectin has also been documented to crosslink due
to the interaction between unesterified HGA moieties with
divalent metal cations.?3%* Given these interactions, it is logical
to infer that a divalent metal-borate formulation would adhere
and accumulate in the pectin-rich areas, such as the cell
boundaries and stomata. A more pronounced effect can be
obtained by reducing the size of the material to the nanoscale
to increase its leaf cuticle penetration and surface interactions.
Furthermore, borate and several divalent transition metal ions
are essential plant micronutrients, which would enable the
formulation to be assimilated and fertilize the plant over time.
Therefore, it is hypothesized that metal-borate laden design of
new materials can be utilized as a pectin-targeted delivery
system. Such targeted delivery systems for agrochemicals will
increase the efficacy of the agrochemicals delivered and reduce
their negative environmental impact.

In this work, a borate-zinc nanoformulation was designed
and developed to study its performance for delivering OTC to
the epidermal cell junction and stomata of peach saplings.
Dynamic Light Scattering (DLS), Scanning electron microscopy
(SEM), Fluorescence and Nuclear Magnetic Resonance (NMR)
spectroscopy were utilized to study the interaction between the
nanoformulation and OTC. The effects of Bz-OTC on the leaf
surface coverage upon foliar spray were evaluated through
digital image analysis of the residue on the leaves. The results
were compared with their respective controls, Bzand OTC. SEM
and Fluorescence Microscopy were utilized to map the spatial
distribution of the Bz-OTC nanoformulation and OTC on the
adaxial and abaxial surface of the leaf. Antimicrobial studies
were performed to assess the compatibility of the Bz-OTC
nanoformulation and their antimicrobial potency against OTC
sensitive and resistant Xap strains in comparison to the
controls.

Materials and Methods
Synthesis of the nanoformulation

The nanoformulation was prepared through an aqueous
precipitation method.?3%° First, 7.42 g of boric acid (BA) (Fisher
Chemicals) and 13.10 g of sodium gluconate (Acros Organic)
were dissolved in 27.0 mL of 2.2 M sodium hydroxide solution.
Separately, 17.85 g of zinc nitrate hexahydrate (Fisher
Chemicals) were dissolved in 5.0 mL of DI water and slowly
added to the boric acid solution while stirring at 600 rpm.
Afterward, the pH was adjusted to 7.0 by adding 5.0 M sodium
hydroxide solution at a rate of 1.43 mL/min with a peristaltic

This journal is © The Royal Society of Chemistry 20xx
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pump. The suspension was stirred for 24 hours before storage
at room temperature. Hereafter, this nanoformulation will be
referred to as Bz.

Dynamic light scattering studies (DLS)

First, Bz was filtered through a 0.2 um PTFE syringe filter and
then sonicated for 1 minute to separate particle aggregates.
Afterwards, the suspension was studied using a Zetasizer ZS90
(Malvern Panalytical). DI water was selected as the dispersant
and the scattering angle was set to 90°. The experiment was
conducted in duplicate. The average and standard deviation of
the Z-average, polydispersity index (PDI), and intensity
distribution were reported.

Pesticide application to plants

Peach saplings (Sweet Dream/MP-29) were grown in an air-
conditioned greenhouse at 28°C. A hand-operated pump was
utilized to spray the peach saplings with the treatments until
the foliage was saturated with formulation (75.0 mL). The plants
were rotated and sprayed at an angle of approximately 50 and
-50° to cover both the adaxial and abaxial sides of the leaves,
respectively. The saplings were left to air dry in the dark, to
prevent photobleaching, until the formulations had completely
evaporated from the leaves. Afterwards, leaves and tissue
specimens were collected for fluorescence imaging and
microscopy studies. Subsequently, plants were kept under
natural day/night conditions and observed 72 hours after
pesticide application for any signs of necrotic lesions or leaf
burn to determine acute phytotoxicity.3>66:67

Bz was sprayed at a concentration of 800 pg of Zn/mL, while
OTC was applied at 250 pg/mL. The combination of both
pesticides (Bz-OTC) was applied also keeping the same
concentration as the individual treatments (800 pg of Zn/mL;
250 pg of OTC/mL). OTC solutions were freshly prepared by
dissolving oxytetracycline HCI (Alfa Aesar) in DI water for each
study to prevent degradation. Peach saplings sprayed with DI
water were used as the control.

Fluorescence Spectroscopy of the formulations

Fluorescence studies were performed on a 96-well plate using
a Tecan 200M Infinite well plate reader with instrument
parameters set at an excitation of 395 nm, scan range of 430 -
700 nm, Z-position of 20,000 um and detector gain of 109. To
better understand the interaction between Bz and OTC, they
were mixed at the applied concentrations for 30 minutes. The
mixture was then lyophilized (Labconco, FreeZone). The
obtained powders were then resuspended separately in DI
water and DMSO (Fisher Chemicals) at the applied
concentrations.

Nuclear Magnetic Resonance (NMR) of the formulations

The lyophilized reaction mixtures were resuspended in D,O
(atomic % 99.8; Acros Organic) and sonicated before being
analyzed at 400 MHz (Ultrashield Bruker) NMR.

SEM-EDS of the material

The Bz sample was prepared following the same method used
in the DLS studies, as stated above. Afterwards, Bz, OTC, and

their combination were adjusted to the application
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concentration and left to interact for 10 minutes. Then the
formulations were diluted with DI water (Bz at 100 ug of Zn/mL
and OTC at 31.25 pg/mL) first and then drop-casted on a silicon
wafer. These samples were set to dry overnight within a silica
gel desiccator.

The SEM images were obtained after 24 hours of dessication
using a Zeiss Nvision 40 equipped with an In-Lens detector,
operated at an acceleration voltage of 5 kV. Images were
collected at 10,000x and 5,000x magnification.

EDS mapping was performed on a Zeiss ULTRA-55 equipped
with Noran 7 EDS system with Silicon Drift Detector.

Chemical residue analysis using fluorescence imaging technique

The coverage of residue on leaf surface was assessed using
fluorescence imaging of treated leaves®. The analysis was done
through setting a colour threshold of the recorded images.5°
Leaf specimens (n=15) were collected from the saplings after
the pesticides had dried up completely. The specimens were
then placed on a black velvet mat and illuminated with a
handheld UV light source (395 nm, Everbrite, LLC). Digital
images were acquired at 17 cm above the specimen with a
camera (13 MP; G6, LG Electronics Inc). The lighting and camera
positions were kept constant for collecting digital images of all
samples.

The digital images were processed using the Imagel software.
To measure the percentage of area covered with OTC, the
images’ colours were separated. Red colour threshold analysis
was utilized to generate binary masks and calculate the total
area of the leaves. Green colour threshold analysis was utilized
to measure the area covered with OTC. The percentage of area
covered was then calculated using the following equation:

% Covered with OTC = [(Pixels exceeding the green threshold)/
(Pixels exceeding the red threshold)] *100%

Subsequently, the data was analyzed for statistical significance
using a one-way ANOVA and Tukey post hoc (P < 0.05) using
GraphPad Prism 9.4.1 (GraphPad Software Inc).

Fluorescence microscopy of chemical residue on the leaves

Samples from treated peach plants were collected using a hand-
held hole punch device. The leaf discs were then dry-mounted
on clean glass slides and imaged using a confocal (fluorescence)
microscope (BZ-X800, Keyence). Fluorescence images were
acquired using a plan-apochromat (Keyence; 20x/0.75)
objective and the GFP filter (Excitation 470/40 nm, Emission
525/50 nm).

SEM of chemical residue on the leaves

Leaf specimens were collected from treated plants and secured
on the stage with carbon tape. The edges of the leaf were
removed to avoid an excessive release of water vapor. No
additional sample preparation was done to minimize distortion
of the tissue or displacement of the residue. SEM images were
acquired using a Hitachi 3000 tabletop microscope, operated at
15 kV using standard imaging mode at 600x magnification.
Checkerboard assay for the assessment of antimicrobial synergy

Five Xap strains were used (Table 1) for the assessment of
antimicrobial synergy. All Xap strains were grown on nutrient

4| J. Name., 2012, 00, 1-3

agar (NA; Thermo Fisher Scientific) for 1-2 days before being
transferred into 25 mL Erlenmeyer flasks with ~10 mL of
nutrient broth (NB). Bacterial suspensions were then incubated
overnight on an orbital shaker at 28°C at 150 rpm. The next day,
bacterial suspensions were adjusted to ~10% CFU/mL (ODggo =
0.1) with NB, and further diluted to 10 CFU/mL for all the
antimicrobial studies.

Table 1. Strains of Xanthomonas arboricola pv. pruni (Xap) used for the checkerboard

assay.
Strain oTC OTC resistance- Year of Reference
S/Ra threshold® (ug/mL) Isolation

2WF91 S - 2018 17
M1 R 100 2017 s
F1 R 100 2020 s
R1 R 250 2020 1’
T1 R 100 2017 1’

3S: sensitive; R: resistant.

bThe OTC resistance-threshold was determined on NA amended with different
concentrations of OTC.*

To assess the interaction of OTC and Bz, the checkerboard assay
was performed.’®’! Briefly, Bz and OTC were combined in a
sterile 96-well cell culture plate. Both treatments were serially
diluted in opposite orientations of the plate to attain a final
concentration gradient of 256 —0.25 pg of Zn/mL for Bz and 128
—2 pug/mL for OTC. Then the 106 CFU/mL suspension of bacteria
was added to each well to achieve a final concentration of ~5 x
10° CFU/mL. Afterwards, the plates were covered with a sterile
lid, sealed with parafilm and placed on an orbital shaker, set at
28 °C and 150 rpm. After 48 h of incubation, the ODgyy Was
measured using a plate reader (Agilent BioTek, Epoch). For the
OTC-sensitive Xap strain, the same protocol was used, except
the OTC concentrations were amended to a lower
concentration (4 — 0.0625 pg/mL OTC). Each experiment
included a growth control and run in triplicate.

The minimum inhibitory concentration (MIC) of OTC and Bz was
determined for each replicate of the experiment for each Xap
strain; ODggo = 0.15 was the threshold used to identify the MIC.
To evaluate the potential interaction between OTC and Bz, the
fractional inhibitory concentration (FIC) index was calculated
using the equation:”

FIC = (MICOTC combinaﬁon/MICOTC alone) + (MICBZ combination/MICBz alone)

Where MICOTC combination and MICBZ combination ~al€ the
concentrations of OTC and Bz in the antimicrobial combinations
that meet MIC threshold. Subsequently, the FIC values were
used to assess synergistic (<0.5), antagonistic (>4), and additive
or indifferent (0.5-4) interaction between OTC and Bz.7°

Results and discussion
Material characterization

Bz appeared as a transparent liquid capable of light diffraction
(Figure 1SA). DLS studies revealed that Bz possesses a bimodal
distribution with an average particle diameter of ~ 9 nm (Figure
1SB). Interestingly, SEM images (Figure 2A and 2D) reveal
irregularly-shaped particles with diameter ranging 200 — 800

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. SEM images of Bz (A, D), OTC (C, F), and Bz-OTC (B, E). Black scale bar set at 1
um, white scale bar set at 200 nm.

nm. This suggests that Bz particles of larger size are formed
during the desiccation process.

When OTC was mixed with Bz, the Bz-OTC particles were in the
micron-size (Figures 2B, 2E, and Figure 2S). Additionally, this
composition seemed to arrange in branched structure as shown
in Figure 3S. OTC residue displayed a similar branched structure
(Figures 2C and 2F). Based on the morphological differences, it
is apparent that OTC interacts with Bz.

EDS mapping of Bz and Bz-OTC (Figure 2S) confirmed high signal
originated from zinc, sodium, oxygen, and nitrogen, which
suggests the presence of zinc nitrate and sodium nitrate. As
expected, the signal from boron could not be reliably detected.
The mechanism of the formation of larger sized particles of Bz
and Bz-OTC during the drying process is complex and yet to be
understood. Typically, larger-size crystalline particles are
formed when a sessile drop of salt solution dries up.’?73 During
the drying process, other ions and molecules in the suspension
influence the nucleation and growth processes as reported
previously with surfactants,’7> small organic molecules,”®
macromolecules,”””7? and cations.”® The formation of
submicron-sized Bz and Bz-OTC particles with different
arrangements is likely due to the presence of nitrates,
gluconates, borates and sodium ions.

It has been reported that the optical properties of OTC
(absorption and emission) change when it is complexed with
divalent metal cations (M?*).80-83 |t is also reported that borate
and boronic acids react to form borate complexes with 1,2 and
1,3 diols, carboxylic acids, amines, and imines, among others.8-
88 leading to changes in spectroscopic properties. Such changes
in the spectroscopic properties formed the basis for developing
chemical sensors®7.89-°1 and quantifying analytes of interests.?>~
97 Therefore, to corroborate the chemical interactions between
OTC and Bz, the fluorescence spectroscopic studies were
conducted in two different solvents, DI water and Dimethyl
Sulfoxide (DMSO). Borate complexes and OTC are susceptible to
hydrolysis in aqueous environment but not in DMSO. As shown
in Figure 4S, OTC fluorescence maxima appeared at 510 nm and
520 nm in DI water and DMSO, respectively when excited at 395
nm. In presence of Bz, the emission band of OTC broadened,
and the peak maxima shifted to red by 10 nm in both solvents,

This journal is © The Royal Society of Chemistry 20xx
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which is significant. Furthermore, Bz increased the emission
intensity of OTC by two orders of magnitude. The above change
in OTC fluorescence characteristics confirms that Bz is
interacting chemically with OTC where Zn is likely forming a
complex with OTC, altering its electronic properties. Broadening
of OTC fluorescence band could be due to OTC-BA (in Bz)
interaction that reduces OTC solubility leading to the formation
of larger size particles. Similar changes in fluorescence have
been reported for OTC-M?* complexes.80.83

To further understand the chemical interaction between OTC
and Bz, *B-NMR studies were performed in D,0. Figure 5S
shows the *B-NMR spectra of the formulations. Bz and Bz-OTC
demonstrate very similar spectra with a shallow peak around
18.64 ppm assigned to the uncharged trigonal planar [B(OH)s]
species®® and broad peaks at 9.7, 5.11, and 1.0 ppm. The first
and second broad peaks are assigned to the mono and bis 5-
member cyclic borate esters, respectively.®®®® The broad peak
at 1.0 ppm represents the presence of the tetragonal species
[B(OH)4¥], mono and bis 6-member cyclic borate esters.%®
Additionally, there are small peaks located at 4.4 and 3.2 ppm
that are consistent with the presence of 5,6-member cyclic
borate esters and mono 6-member cyclic borate esters from the
hydroxy carboxylate moiety of gluconic acid.’®10 11B-NMR
spectra of BA and BA-OTC displays peaks at 19.28, 13.07, and
1.14 ppm characteristic of the pentaborate species.100101 13C-
NMR of OTC and BA-OTC (Figure 6S) corroborate that borate
complexes are not being formed, but the *H-NMR demonstrates
an up-field shift for OTC spectra when it is mixed with BA. This
result correlates with the changes in fluorescence and suggests
that BA alters OTC’s solvation, which could have ramifications
on its solubility leading to formation of larger size particles as
well as accumulation on the leaf surface.

Considering the above findings, it is reasonable to say that Bz
particles surface-immobilize OTC through OTC-Zn complexation
in hydrophilic environment, producing sessile droplets. In
subsequent experiments, this special property of Bz-OTC was
exploited to target OTC to leaf structures that have an affinity
for Bz.

OTC leaf surface coverage

J. Name., 2013, 00, 1-3 | 5
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Figure 3. Representative binary images generated through green colour threshold
analysis (ImageJ) from digital images of treated peach leaves under UV/blue light (A-H).
The shaded area denotes the pixels exhibiting green fluorescence over the threshold.
Leaf surface covered in OTC represented as surface coverage % of the abaxial (I) and
adaxial (J) sides of treated peach leaves. Error bars indicate standard deviation. A p-
value of 0.05 was used for Tukey’s post hoc analysis; different letters were assigned to
statistically different groups.
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Pesticide leaf coverage and deposition play an important role in
protecting crops against microbes.1°2711° Traditionally, pesticide
leaf coverage and spray patterns are studied through water-
sensitive paper strips!'112 or fluorescence imaging using tracer
dyes.113686% Given the inherent fluorescence of OTC, its leaf
surface coverage was assessed through fluorescence imaging.
Figure 3 A-H represent the leaf surface covered with OTC based
on its green fluorescence. The recorded green emission from DI
and Bz treated leaves constitutes a small percentage of the total
leaf surface area (Figure 3, | and J) and are attributed to high
intensity light reflection that likely originated from uneven leaf
surface. OTC treated leaves showed a droplet pattern with
more confluent coverage near the tip and edges of the leaf. Bz-
OTC treated leaves displayed a uniform coverage in comparison
to the OTC treatment. Moreover, Bz-OTC coverage area is about
2x than that of OTC on both the abaxial and adaxial sides of the
leaves (Figure 3, | and J). Previous studies showed that an
increase in pesticide coverage leads to better biological
efficacy.39-414%  Agriculture agents
recommend growers to use specialized nozzles, mist sprayers,
or fans to enhance leaf coverage of agrochemicals in an effort
to improve use efficacy.'’>1%6 This study shows that by mixing Bz
with OTC, it is possible to achieve better disease management
using traditional foliar spray equipment.

extension commonly

Microscopy analysis of chemical residue on the leaves

Bz OTC OoTC

Figure 4. SEM images of chemical residue on the abaxial (A-D) and adaxial side (E-H) of the peach leaves. Inorganic residue appears light gray (B, C, F, G) against the background.
OTC residue is delineated with dashed lines (D, H). Fluorescence Microscopy images of the chemical residue on the adaxial (I-L) and abaxial side (M-P) of the peach leaves. Inorganic
residue lacks fluorescence at the excitation (I, J, M, N), while OTC residue fluoresces green (K, L, O, P). Bright fluorescent stomata are encircled in the abaxial Bz OTC residue (K).
The scale bar was set to 100 um.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Quantification of bacterial growth for each of the four OTC-resistant (B: R1, C: T1, D: M1, and E: F1) and one OTC-sensitive (A: 2wf91) Xap strains in response to different
concentrations and combinations of Bz and OTC. The ODggo was measured to quantify bacterial growth after 48 hours of incubation and represented using a heat scale to facilitate
visualisation. Values next to the heat scale represent the threshold values for each level. The error bars represent the standard error of the mean.

Scanning electron and fluorescence microscopy studies of the
chemical residue on the leaves were performed to assess the
microscopic distribution of the deposited formulations. SEM
images of the treated leaves (Figure 4, A-H) adeptly shows the
deposition of inorganic residue due to the difference in
conductivity between the leaf tissue and the deposited
inorganic material. SEM/EDS mapping of Bz treated leaves
(Figure 7S) correlate the presence of Zn, N and Na to the light
grey residue. Bz and Bz-OTC treated leaves demonstrated
similar deposition pattern on the adaxial and abaxial sides
(Figure 4, B-C and F-G). The adaxial side of the leaf showed
residue deposition almost exclusively at the epidermal cell
junctions, leaving the outer periclinal surface of the epidermal
cells mostly uncovered (Figure 4, F-G). Furthermore, Bz and Bz-
OTC were preferentially deposited around the stomata on the
abaxial surface of the leaf. The epidermal cell junction and
stomata areas are prone to bacterial colonization requiring
better protection, while the outer periclinal surface is rarely
populated by bacteria. Therefore, this unique spatial
distribution is promising for disease control. The spatial
distribution of OTC residue was assessed through fluorescence
microscopy. Contrary to the other treatments, the residue on
OTC-treated plants exhibited a “coffee ring” pattern,’279117.118
forming a large crust on the edges of the droplet, with no
affinity for any leaf feature (Figure 4, D, H, L, and P). These
images show that despite OTC residue mostly covers the outer

This journal is © The Royal Society of Chemistry 20xx

periclinal surface of the epidermal cells, which is not usually
inhabited by bacteria. Fluorescence micrographs (Figure 4, K
and O) confirm that when mixed with Bz, OTC is also
preferentially deposited between the epidermal cells and
stomata. This demonstrates that Bz preferential deposition is
exploitable for targeted delivery of OTC and perhaps similar
agrochemicals in general. Additionally, the saplings were
observed 72 hours after foliar application (Figure 8S) to ensure
that the treatments did not cause acute toxicity to plant tissue.
It was observed that treated plants did not exhibit any necrotic
lesions, leaf burn, or defoliation, suggesting Bz and Bz-OTC
materials are safe (non-phytotoxic). Further longitudinal
studies are needed to confirm if leaf expansion, respiration or
chlorophyll content are not negatively impacted because of the
preferential deposition around and inside the stomata and
between epidermal cells.

Checkerboard Bz - OTC

The MIC of OTC ranged from 0.125 - 2 ug/mL for the sensitive
strain (2WF91) and 16 — 64 pug/mL for the resistant strains (R1,
M1, T1, and F1). The MIC of Bz ranged from 8 — 16 ug of Zn/mL
for both sensitive and resistant strains (Table 2). An additive
effect was observed for the two bactericides (Bz and OTC) in all
the experiments, except for MICgorc combination & MICg; combination OF
0.0625 and 2 pg/mL where synergism was detected (FIC =
0.3281) (Table 2).
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Table 2. The Minimum Inhibitory Concentration (MIC) and Fractional Inhibitory Concentration (FIC) index of OTC and Bz in the checkerboard assay.

MIC (ug/mL) FIC
OTC resistance phenotypes (no. of bacterial
strains) MICorc alone MICs; atone Best MICorc combination & MICa; combination (PPM)° | Mean®
OTC sensitive (n=1)
2WF9 0.125-2 8-16 0.0625 & 2 0.32*
OTC resistant (n=4)
R1 32-64 8-16 64 & 0.25 1.36
F1 32 8-16 16 & 4 1.00
M1 16 - 64 8 328&4 1.25
T1 32-64 8 3284 1.25

2 Combination of OTC and Bz concentrations yielding the lowest FIC value.!?® ® The FIC means were calculated based on three replicated experiments for each strain.

*The FIC value indicates synergistic interaction between OTC and Bz.

Bz exhibited significant antimicrobial potency against all tested
Xap strains and no phytotoxicity up to 800 pg of Zn/mL.
Therefore, it has strong potential for the management of
bacterial spot on peach. Furthermore, Bz- OTC will likely slow
down the development of resistant genes in OTC-sensitive
populations through an enhanced antimicrobial potency and
additional mode of action from Zn.

Conclusions

The synthesized boron-zinc nanoformulation exhibited an
affinity for the epidermal junction and stomata of peach
saplings. This property was exploited for the targeted delivery
of OTC to these specific areas. Moreover, Bz-OTC nearly
doubled the leaf surface coverage compared to OTC alone. This
suggests that Bz-OTC could improve performance in planta
compared to OTC only. Antimicrobial studies demonstrated that
Bz inhibits the growth of OTC sensitive and resistant strains of
Xap at very low concentrations. Additionally, Bz-OTC showed
synergistic or additive effect in antimicrobial potency,
depending on the Xap strain. These findings suggest that Bz-OTC
is a more effective tool than OTC alone for managing bacterial
spot of peach saplings. Furthermore, other agrochemicals
capable of undergoing transition metal complexation or boron
ester formation, such as dithiocarbamates'?®-12* or salicylic
acid, 100125126 could potentially be more efficiently delivered
using this foliar targeting strategy. This newly discovered
targeting strategy has merits to be translated to other plant
systems for managing a wide variety of foliar diseases.
Moreover, given that Bz residue presented a similar pattern to
that of fluorescent nanoparticle uptake through the cuticular

Please do not

and stomatal pathway,'?’ it might increase leaf absorption of
pesticides and micronutrients. Further work is underway to
assess the effectiveness of targeting strategy on various active
ingredient absorption and translocation in planta.

In summary, targeted delivery is an active area of research with
great potential to increase agrochemical use efficiency and
reduce their environmental footprint. In this work, we reported
a new foliar targeting strategy for agrochemicals. To
demonstrate this strategy, Bz was designed and developed,
keeping in mind industry viability and environmental safety. Bz
effectively delivered OTC to leaf epidermal cell junction and
stomata, the most vulnerable areas for pathogen invasion.
Future research is needed to fully understand the specific
molecular/particle interactions that cause Bz to preferentially
deposit on specific leaf structures. Understanding this mode of
action will lead to the development of better targeting delivery
systems for agriculture.
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