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Environmental Significance Statement

Vascular diseases in plants are becoming a widespread threat to food crop production and 

sustainability. Nanoengineered particles have shown some promise as new alternatives to 

conventional antibiotics but systemic delivery of the functional material to tackle pathogens 

lodged in the phloem or xylem remains challenging. The ability to study the behavior of 

antibacterial nanomaterials exhibiting promising efficacy in the field, including their movement 

in the plant and their effect on bacteria at the micro- and nanoscale is critical. Invoking trans-

disciplinary methods unlocks new ways to ascertain the mechanisms of action of the 

nanomaterials in plants. Monitoring minute changes taking place at the nanoscale, including 

morphology and chemical fingerprint, is expected to reveal new behaviors of biological systems 

that are not detectable with conventional analytical tools. In turn the multiscale analysis is likely 

to deepen the understanding of nanoparticles interaction with their environment. 
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Abstract

Delivering active ingredients with high antibacterial efficacy at infected sites in plants is essential to reach 

the global goals for food security and sustainable agriculture productivity. Engineering nanomaterials is a 

suggested approach to attain systemic delivery of antibacterial active ingredients, thereby improving the 

efficacy of the treatments and minimizing harmful effects related to leaching in the environment.  Herein, 

surface defect engineering of nanotherapeutics is used as a new form of active ingredient for systemic 

antimicrobial action in the phloem. The nanoparticle-based formulation, called Zinkicide®, features a 

spherical particle composed of a zinc oxide (ZnO) core and zinc peroxide (ZnO2) shell with a total 

diameter below 5 nm.  This formulation exhibits significant efficacy to manage citrus huanglongbing 

(HLB) disease as seen by the decrease in severity of symptoms and the increase from ~ 7% to 19% of 

medium and large fruits in HLB infected citrus groves, during field trials. Further analysis of the bacterial 

responses to Zinkicide® in situ indicates high potency at concentration as low as 9-18 g/mL and biofilm 

growth inhibition at concentration of 50 g/mL.  Nanoscale infrared spectroscopy reveals morphology 

and secondary structure changes of the bacterial membrane upon treatment. The origin of the changes is 

considered, based on the optical signatures of the nanoparticles, indicative of surface defects. These 

inform a theoretical description of the participation of a ZnO2/ZnO surface containing a pair of missing O 

atoms in the production of reactive oxygen species (ROS).  The key participation of defects in the 

antibacterial action is confirmed experimentally by the slow decrease in antibacterial efficacy as 

nanoparticles age in media with passivation effects on the surface.  This study reveals the importance of 

size and surface defects in the design of nanotherapeutics for targeted delivery and antibacterial activity.  
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 Pathogens in food crops and feedstock constitute a significant threat to the food-water-energy 

security nexus, adding to the existing pressure of the growing population worldwide (1, 2). Challenges 

associated with global food production requirements (3, 4) to feed the 10.9 billion people projected in 

2100 (5) are deeply intertwined with agricultural practices, environmental concerns, and new risks of 

disease emergence (1, 2, 6). Yet, disease management tools remain inadequate against numerous endemic 

plant diseases origination from bacteria, fungi or nematodes, which considerably hinders crop yields and 

increases the use of pesticides (7-11). Bacterial diseases are particularly challenging to manage. Current 

copper (Cu)-based and antibiotic-based treatments used in the field not only exhibit poor antimicrobial 

efficacy against new forms of bacterial resistance (10), but also prove to be ineffective in the treatment of 

bacterial infections situated in plant vascular tissues (11, 12). Trunk injection of the active ingredient, 

such as antibiotics, is being evaluated for phloem delivery (13, 14), though the technique is impractical 

for large scale deployment, and the widespread use of antibiotics can be concerning. Thermotherapy has 

also been studied but did not offer significant improvement in plant health in the long term (15).  Overall, 

growers are left with limited option for the management of phloem-bound or xylem-bound pathogens. As 

a result, phloem-restricted pathogens will continue to have significant impacts on the crop yields of plants 

they target, with no effective treatment available to manage them. Left unaddressed, they may 

significantly hamper the sustainability of food production, which is particularly alarming in the context of 

a growing worldwide population.

Innovations in functional material engineering (16, 17), delivery systems (18) and sensing 

technologies (19, 20) have been relatively slow in the treatment of plant diseases, despite their potential to 

transform crop protection tools of high relevance to food-water-energy security deliverables. For instance, 

some engineered nanomaterials have been shown to provide superior bactericidal efficacy in situ, by 

increasing the bioavailability of active ingredients interacting with bacterial membranes (21-24), or by 

introducing modes of action that contrast from existing technologies such as Cu-products or antibiotics 

(25, 26). Yet, reports considering the field efficacy of engineered nanomaterial-based pesticides are 

infrequent (27). In addition, many countries have stringent processes for nanomaterial-based pesticide 

registration, which can impede their potential commercialization. Despite the hurdles associated with 

achieving large scale commercial use of nanomaterial-based bactericides for agriculture, they offer truly 

unique advantages, such as tunable dimensions, geometries, and surface chemistry. Thus, currently it is 

considered a tangible option to combat phloem- or xylem-restricted pathogens responsible for persistent 

plant diseases, as is the case for citrus greening, also known as Huanglongbing (HLB) (8, 28). HLB is a 

phloem-restricted bacterial disease associated to Candidatus Liberibacter asiaticus (CLas), which is 

decimating the citrus industry worldwide, due to the persisting lack of viable treatment (29-32). HLB has 
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results in global annual economic losses of billions of dollars (33). The rapid uptake and systemic 

mobility of nanoparticles below 100 nm observed in various plant systems (34), could bring about a 

paradigm shift in the treatment of vascular plant diseases, which remains to be explored. 

It is well-established that the properties of nanomaterials are distinct from their bulk counterparts. 

For instance, catalytic properties can be observed in zinc oxide (ZnO) nanoparticles but not in larger 

particles (35, 36). ZnO nanoparticles also have interesting properties as catalysts (37). Nanocatalysts offer 

new avenues for catalysis, which is ubiquitous in industrial applications (38), including in agriculture for 

waste water remediation (39) or agri-food production (24, 40). Naturally-occurring catalysts are known to 

facilitate nutrient solubility in soils (41), while material engineering is used to produce oxidation catalysts 

for targeted applications such as water filtration (42), production of ammonia-based fertilizers (43), or 

formulation of stable and selective antibacterial agents (44, 45). In nanocatalysts, the presence of atomic 

surface defects acting as reaction centers is very appealing (46), especially thanks to the various avenues 

available to functionalize the surface of nanomaterials.  Defects can introduce lower activation energy 

pathways that facilitate chemical reactions (47). As a result, defect-laden nanoparticle-based treatments 

are particularly potent in situ, including against multi-drug resistant bacteria (48-50) and viruses (51).  

Although mechanisms and modes of actions are not yet fully understood (52, 53), it has been suggested 

that the formation of reactive oxygen species (ROS) including hydrogen peroxide (H2O2) and hydroxyl 

radicals (.OH), which impact the cycle of cell development to cause cell death, contributing to the overall 

killing mechanism (54).

Here, we study the properties of the ZnO-based nanoparticles contained in the formulation, 

coined Zinkicide®, and their antibacterial efficacy in situ and in planta.  We evaluate the effect of the 

treatment on tree health and fruit size in HLB-infected citrus trees. A comprehensive characterization of 

the nanoparticles is carried out to understand the properties contributing to the efficacy observed in 

planta. Structural and compositional analyses are supported by density functional theory (DFT)-based 

computational modeling. The effects of Zinkicide® on bacterial morphology, composition and on biofilm 

growth are evaluated with conventional bioassays and nanoscale infrared spectroscopy. Changes 

experienced by the nanoparticles aging in different environments are determined. The experimental 

evidence of the presence of surface defects on the nanoparticles leads to the development of 

computational DFT models to describe the mechanistic pathway of ROS generation at defect sites.
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Materials and methods

ZnO nanoparticles synthesis:

A one pot wet synthesis method was used for the synthesis of Zinkicide® (55). 4.321 mg of Zinc 

nitrate hexahydrate powder (Fisher Scientific) was dissolved in 25 mL of DI water under continuous 

magnetic stirring at 400 rpm. Subsequently, 930 mg sodium salicylate (Alfa Aesar) was added to the Zn2+ 

solution to provide binding of salicylate to Zn and control the particle growth. The synthesis was 

completed by adding 3.33 mL of Hydrogen Peroxide (34% FG from Hydrite Chemical) into the solution, 

then raising the solution pH to 7.5 using 2 M NaOH(aq) (Fisher Scientific). The final volume of the sample 

was adjusted to 50 mL using DI water, and the concentration was calculated to be 19,000 g/mL of Zn. 

pH was measured using a Delta 320 pH meter (Mettler Toledo), calibrated using commercial buffer 

solutions with known pH of 4, 7, and 10 (Fisher Science). 40 gallons of Zinkicide® were prepared for 

each field trial.

Zinkicide® nanoparticles were washed by centrifuging at 10,000 rpm for 5 min before decanting 

the supernatant and adding fresh DI water. The sample was vortexed and sonicated for 5 min to re-

suspend the nanoparticles before the next round of washing. Each wash involved 10 repetitions of the 

previous steps. 

To understand the mechanisms by which Zinkicide® offers such promise for canker and HLB 

treatments, compared to other standards such as Firewall or Nordox 30/30, we carried out a 

comprehensive analysis of the characteristics of the formulation.

Structure of the nanoparticles with electron microscopy:

High resolution Transmission Electron Microscopy (TEM): TEM measurements were carried out 

on freshly synthesized Zinkicide® solutions. Solutions were diluted to 250 µg/mL using DI water, then 

sonicated for 30 min before being drop-casted onto commercial TEM grids (CF-400-Au, Electron 

Microscopy Sciences). TEM images were acquired on a FEI Tecnai F30 microscope, with an electron 

beam intensity of 300 kV. Image analysis was carried out on the Gatan Microscopy Suite (GMS) 3 

software.

Scanning Electron Microscopy (SEM) and elemental analysis: Freshly synthesized Zinkicide® 

solutions were prepared and drop-casted onto a freshly cleaned silicon wafer before sputter coating with 

gold-palladium (EMITECH sputter coater). Samples were then imaged using a ZEISS ULTRA-55 FEG 

SEM using the secondary electron detector. Multiple regions of samples were studied to determine the 

structure of the nanoparticles and their aggregation properties. The accelerating voltage used for imaging 

was 10 kV with a working distance of 13 mm. Elemental analysis, conducted concurrently with SEM 
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imaging, was performed using a Noran system 7 energy-dispersive x-ray spectroscopy (EDS) module 

with a silicon drift detector. The EDS spectral accuracy was verified by measuring the position of specific 

line intensities in the X-ray spectrum recorded with on reference SiO2 and carbon-rich samples. This was 

used to screen for the presence evaluate the presence of Zinc in the various plant tissues. Data collection 

and analysis was performed using NSS software package.

Nanoparticle size with neutron scattering:

Small-angle neutron scattering (SANS) data was collected on the Bio-SANS instrument (CG3) at 

the High-Flux Isotope Reactor (HFIR) at the Oak Ridge National Laboratory (56). The instrument uses a 

passive collimation system of monochromatic cold neutron beam and a dual detector setup to access a 

wide dynamic q-range (Q ~ 0.003 to 0.85 Å-1 ) in a single measurement. The main detector was placed at 

15.5 m from the sample and the wing detector at 1.4° from direct beam.  All measurements were 

performed using 6 Å neutron wavelength (λ) and 13.2% wavelength spread (/λ) and a sample aperture 

of 14 mm diameter placed at 17.48 m from the source aperture of 40 mm diameter. The processed SANS 

data used for analysis was obtained by correcting the raw SANS data for dark current, pixel sensitivity, 

solid angle and sample transmission prior to subtracting the scattering contribution of the background 

solvent.

Based on the composition of the Zinkicide® nanoparticles, we inferred that the nanoparticles as a 

whole would exhibit maximum contrast in 0% D2O solvent, while at that 42% D2O solvent would mask 

the surface coating making only the core is visible.  As-synthesized Zinkicide® solutions were washed by 

placing 10 mL of the synthesized formulation in a semi-permeable cellulose membrane bag (MWCO 3.5 

kD, Spectrum™ 132594) for dialysis. The wash was carried out with 4 L of DI water over a period of 72 

h, refreshing the dialysis media every 8 h. The dialyzed solution was then freeze-dried before being 

redispersed at a high concentration (1 g/mL) in both 0% D2O and 42% D2O solutions, before being placed 

in titanium cells with detachable walls for ease of loading and unloading sample and mounted on a 

tumbler setup to prevent settling. Background signals including 0% D2O and 42% D2O were collected and 

subtracted from sample scattering prior to analysis. The SANS profiles were fit using the Unified fit 

approach(57, 58), especially useful for extracting hierarchical system structural features. The most 

relevant structural parameter is the primary particle diameter obtained from the high-Q region of the data. 

The relevant fit parameter is level-1 radius of gyration, Rg, which was converted to particle diameter, D 

(in Angstroms) assuming the particles are spherical (see supplementary information).
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Chemical composition with Raman spectroscopy:

Raman spectra were acquired on a Alpha300 RA system (WITec) with excitation laser 

wavelength of 532 nm with output power of ~ 5 mW using a 10X objective. Silicon was used to ensure 

the relative Raman shift was located at 520 cm-1 before characterization of our solutions. Three 10 μL 

drops were casted on glass substrates for each solution. 100 spectra were acquired over a 100 μm2 area on 

each drop to take into account variations across the drop. An integration time of 1 s per spectrum was 

used for spectra collection. For each measurements, 100 spectra were corrected with cosmic ray removal 

before being averaged and background corrected using the Project 4 software suite. 

Nanoparticle size with dynamic light scattering (DLS): 

100 µL of the stock solution was pipetted into a glass vial and filled with DI water to an adjusted 

final volume of 10 mL. The solution was then sonicated for ~ 1 min (Elmasonic S30H, Elma 

Schmidbauer GmbH) to completely disperse the particles. After sonication, 1.2 mL of the sample was 

pipetted into a clear disposable cuvette and placed in the DLS instrument (Zetasizer ZS90, He-Ne 632.8 

nm, Malvern Panalytical). The instrument was set for dispersant DI water at 25ºC. The instrument 

attenuator used illumination laser power (4 mW). After an initial run was conducted, the samples were 

diluted as needed to obtain photon count rate between 100 kilo counts per second (kcps) and 300 kcps. 

Three subsequent measurements within range of the optimum conditions were collected and averaged to 

calculate the Z-average particle size. 

Nanoparticle surface charges with Zeta potential: 

Surface charges of the particles was studied using a Zetasizer (Malvern Zetasizer ZS90). Zeta 

potential (ζ) measurements were conducted on the same solutions as the ones used for size analysis. 0.75 

mL of solution was pipetted into a Malvern zeta folded capillary cell (DTS1070) and placed inside the 

instrument. Program selections were identical to those chosen for size analysis. The sample values were 

tested and recorded for the determined optimal concentration (100-1000 kcps, 0.1 to 10 mS/cm). Three 

successive measurements within the range of optimal conditions were collected and averaged to 

determine the zeta potential.

Metal content with flame Atomic absorption spectroscopy (AAS): 

The metallic zinc content of the Zinkicide® solutions was quantified with AAS (Perkin Elmer 400 

AAS). 100 µL of Zinkicide® solution was placed into a 20 mL glass vial with 5 mL of aqua regia. The 

solution was stirred overnight in order to fully digest particles. After complete digestion, the volume was 

adjusted to 10 mL with DI water. Zinc standard solution concentrations spanning from 0.2 g/mL to 2 
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g/mL were prepared from a commercial AAS Zinc Standard solution of 1000 g/mL for calibration. The 

first step of the measurement was carried out with a DI water blank to establish the background. The 

absorbance readings for standard solutions were recorded to form a standard calibration curve. Next, the 

digested samples were diluted with DI water to obtain the absorbance values corresponding to the 

standard calibration curve. The concentration of the initial stock solution was calculated using a linear 

conversion from the dilution factors. Each AAS was tested in triplicate.

Fluorescence and lifetime spectroscopy: 

Fluorescence Lifetime Imaging (FLIM) was carried out with a custom-built fluorescence 

microscope(59) using a 373 nm pulsed diode laser (LDH-P-C-375, PicoQuant) excitation source at a 

repetition rate of 125 kHz. Photon arrival times were detected with a single photon avalanche diode 

(SPAD, PerkinElmerSPCM-AQR-14). For sample imaging, a cleaned glass slide was mounted onto the 

microscope and 50 µL of the formulation was transferred onto the substrate. The suspension was 

characterized in a liquid state within 5-10 min of application to the glass slide. Fluorescence intensity and 

FLIM data were collected simultaneously. FLIM images were captured with Symphotime software 

(Version 5.1.3.1, PicoQuant) synchronized with Labview (LabVIEW 9.0, National Instruments). After 

imaging, Time-Correlated Single Photon Counting (TCSPC) decay curves for each pixel in the FLIM 

image were tail fitted to determine the sample’s lifetimes. All decay curves were fitted with bi-

exponential functions and yielded τ1 and τ2 values reported herein.

Computational modeling: 

For calculation of the Raman vibrational bands, three structural models were constructed: ZnO2 

bulk, ZnO2(100) surface, and hybrid shell-core ZnO2(100)/ZnO(10-10) system (see supplementary 

information). For the study of catalytic activity, a defective ZnO2/ZnO hybrid with two missing O surface 

atoms was constructed. DFT calculations were performed using the QE package (60). The projector-

augmented wave (PAW) pseudopotentials (61) were used to describe the electron-nuclei interaction. The 

plane wave basis set, with a kinetic energy cut-off of 634 eV (46.6 Ry) was employed. The geometry and 

frequencies of ZnO2 systems were calculated with the PBEsol functional (62). The vibrational frequencies 

of the DFT-optimized structures were computed using the linear response approach within density 

functional perturbation theory (DFPT). To model non-local Van der Waals (vdW) interactions of 

adsorbates with the oxide surface, vdW-DF2-B86R (63) was implemented in QE (64). The usage of this 

functional made it possible to reproduce the experimentally established structural parameters for ZnO 

(47). Further details of our computation are provided in the supporting information. The energetics of the 

formation of ROS was evaluated by the energy difference ( ) between the pristine and defect-laden ∆𝐸
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systems with different adsorbates (H2O2, H2O, O2, OOH, and OH), where E is the DFT energy. The 

activation energy for a reaction on a representative nano ZnO surface was calculated using the climbing-

nudged elastic band method (65).  

Zn movement in plant:

Zn uptake by the plants was conducted using 5 phenotypically similar seedlings (6-month old 

greenhouse Young “Bitter Orange” (Citrus × aurantium) seedlings (~ 50 cm shoot length)) that were 

washed using DI water to remove residues from the greenhouse. 2 leaves from each plant were selected, 

placed into a 1 mL microcentrifuge tube containing 1 mL of Zinkicide® at 19,000 g/mL (metallic 

content). The dose was selected to reach a level of nanoparticle uptake in the system that would be 

detectable with our characterization tools. UTC was placed in DI water. The leaves were kept in growth 

chamber for a total of 24 h with settings mimicking Florida grove conditions (temperature held between 

25 °C and 31 °C, and humidity cycled between 60% and 80%). Seedlings experiments were conducted in 

a modified root uptake approach. The roots were carefully removed from the soil and thoroughly rinsed 

with DI water. They were then placed in 250 mL graduated cylinders filled with the treatment (150 mL of 

19,000 g/mL Zinkicide® for treated seedlings, DI water for UTC) for a total of 24 h in growth chamber 

set to mimic Florida grove conditions. The top of the graduated cylinder was sealed around the stem using 

parafilm to prevent evaporation. The graduated cylinder was wrapped in aluminum foil to maintain a dark 

environment of the treatment while in the chamber.  After 24 h, the single leaves were collected and 

sectioned to retrieve the exudate for Raman spectroscopy measurement. In the case of the seedlings, 

leaves were separated from the stems. Stems were cross-sectioned at the approximate middle of the shoot. 

SEM with EDS measurements were conducted on the leaf and stem cross-sections. XRF measurements 

were carried out as described in the SI.

Antimicrobial efficacy: 

Antibacterial efficacy of the formulations was determined using Gram-negative E. coli (ATCC 

10536) and Gram-negative Xanthomonas alfalfae subsp. citrumelonis strain F1 (ATCC 49120, a citrus 

canker surrogate). Conventional minimum inhibitory concentration (MIC) assays using a broth 

microdilution method, as standardized by the Clinical and Laboratory Standards Institute (CLSI), were 

modified with resazurin dye to improve detection. Kanamycin, a standard antibiotic, was used at a 

concentration of 50 μg/ml as the positive control for killing. After 24 h of incubation at 37° C, 10 μL of 

resazurin dye (0.0125 % w/v) per 100 μL/well was added to provide visualization of inhibition efficacy 

via color changes (blue to pink for live organisms).
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After MIC determination, a range of concentrations (31-500 µg/mL) were selected for further 

quantification using colony forming units (CFU) assays. As per CLSI requirements, a culture 

concentration of 0.5 McFarland standards was used as a starter culture for all the bacterial species, from 

which 1x105 CFU/well (final concentration 5x105 CFU/ml) was added, as previously described.(66) 

Bacteria were treated using the same formulations and following the same procedure as the one described 

for the MIC assay. Each sample was serially diluted in 1X PBS and plated on nutrient or LB agar at 26 or 

37ºC. After 24 or 48 h of incubation, individual colonies were counted and CFU/mL quantified. All 

measurements were done in triplicate.

Microfluidic chambers:

Fabrication of microfluidic chambers (MC) was performed as previously described by De La 

Fuente et al.(67) MC experiments were set up as described in Mendis et al. (68) for evaluation of biofilm 

formation of Xanthomonas citri subsp. citri (Xcc) strain 306. Xcc was grown at 28°C with shaking at 150 

rpm in Silva Buddenhagen (SB) (69) broth or on SB agar plates. Briefly, MC used in the experiments 

consisted of two parallel-channels, 80 µm wide, 3.7 cm long and 50 µm deep. Each channel in the MC 

has two inlets to introduce media and bacteria and one outlet to remove all the liquid flowing in the 

channel. All the inlets and outlets were connected to tubing, syringes and syringe pumps (Pico Plus; 

Harvard Apparatus, Holliston, MA, USA) as described by De La Fuente et al. (67)  Xcc bacteria 

suspensions were introduced to both MC channels and media flow was set to 0.05 µL/min. Introduction 

of Xcc cells to MC was stopped after 2-3 hours, when enough Xcc cells were attached to the MC glass 

surface. Attached Xcc cells formed biofilms for 3 days, then SB medium with 50 g/mL Zinkicide® 

(metallic Zn content) was introduced only to the top channel after Xcc formed biofilm in both channels. 

Nikon Eclipse Ti inverted microscope (Nikon, Melville, NY) with phase-contrast and Normarski 

differential interference contrast (DIC) optics was used to observe MC, and time-lapse images were 

recorded every 1 min for 240 min with a Nikon DS-Q1 digital camera (Diagnostic Instruments, Sterling 

Heights, MI, USA) connected to the microscope and controlled by NIS-Elements imaging software.

Atomic Force Microscopy and nano-IR spectroscopy:

Bacterial samples were prepared by collecting 1 mL aliquots of recently grown stationary phase 

Xanthomonas alfalfae subsp. citrumelonis strain F1. Samples were a 1:1 mixture of bacteria and treatment 

(DI water for control) which were incubated at 28 C for 2 h. Bacteria were treated with a) Cu hydroxide 

at  250 g/mL (control), b) Cu2O/ZnO at 125 g/mL(Cu)/125 g/mL(Zn) (control), c) as-synthesized 

Zinkicide® at 38 g/mL, and d) washed Zinkicide® at 130 g/mL and were compared to untreated control 

incubated in growth media. For rinsing, bacteria were centrifuged at 5000 rpm for 5 min to pellet. The 
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supernatant was discarded, and the pellet was resuspended in 500 μL of ddH2O. This washing process 

was repeated 3 times to remove residues for infrared spectroscopy and nanoscale imaging measurements. 

For imaging, silicon wafers were cut into squares, and thoroughly cleansed by sonicating for 20 min each 

in acetone, ethanol, and DI water, then dried with compressed air.

Bacteria topography was imaged in contact mode (scan rate 1 Hz) using a NanoIR2 AFM (Bruker 

Nano Surface, Santa Barbara, CA, USA). Nanoscale infrared spectra and chemical maps at selected 

wavenumbers of the same bacteria were collected. All images were obtained under ambient conditions 

(23ºC, ~35% relative humidity) using silicon n-type cantilevers coated with gold on both sides (model: 

PR-EX-nIR2-10, nominal resonance frequency of 13 ± 4 kHz, spring constant of 0.07-0.4 N/m). For 

nano-IR measurements, the laser pulse was tuned at a contact resonance of the cantilever. Spectra were 

collected by monitoring the variation in amplitude of the contact resonance as a function of wavenumber 

in the range 1740-1580 cm-1 at a fixed location. Chemical maps were acquired by fixing the wavenumber, 

1650 cm-1 for the images displayed here, while nano-IR spectra (N ≈ 75 for each treatment) were collected 

using a step size of 2 cm-1. Images collected were further analyzed using Anasys Analysis, OriginLab 

2017, and Fityk 1.3.1. 

Greenhouse and field trials:

The systemic movement and efficacy of Zinkicide® were evaluated using soil drench and spray 

application on canker-infected citrus trees, obtained by leaf inoculations of bacterial pathogen Xanthomonas 

citri subsp. citri (Xcc) (SI Section S2) (Fig. 1a). Greenhouse canker bioassays were performed as previously 

described (70), with slight modification of the treatment application. The former study focused on screening 

the efficacy of earlier formulation of valence-engineered ZnO nanoparticles against citrus Canker. Briefly, 

‘Pineapple’ sweet orange (Citrus sinensis) seedlings grown in 4000 cm3 containers in Metro Mix 500 

(Hummert International, Earth City, MO) soilless medium and fertilized with 10 g of controlled release 

granular fertilizer (18-5-10; Harrell’s, Lakeland, FL).  Uniform seedlings with approximately 1 cm stem 

caliper were cut back so that only two dominant shoots were allowed to develop.  At about 25-50% leaf 

expansion on three to four leaves of each shoot, treatments were applied. In the case of spoil drench 

application, treatments (100 and 400 μg/mL) were applied to run through. In the case of foliar application, 

the entire plant was treated by applying the treatment with an airbrush (Crown Spra-Tool, Aervoe 

Industries, Inc., Gardnerville, NV) at 10 ml per seedling.  Runoff into the soilless medium was minimized 

at that stage.  One day after treatment applications five seedlings per treatment were inoculated with 104 

CFU/ml of X. citri subsp. citri strain X2002-0014 in PBS buffer.  The bacterial suspension was injection-

infiltrated in three panels on each side of the midrib to six distinct inoculations per leaf on three to four 

leaves per replicate seedling.  Inoculated shoots were covered with plastic bags to maintain humidity and 
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randomly distributed on a bench in an air-conditioned greenhouse with 28/25°C day/night temperatures.  

Plastic bags were removed after 1 day.  Lesions were counted at each inoculation site and summed as lesions 

per leaf at 14 days post inoculation. The efficacy was evaluated by the percent decrease in lesion numbers 

following treatment of inoculated leaves, compared to untreated control (UTC) and control treated with 

translaminar streptomycin-based standard (Firewall 17WP from Agrosource, Inc.) using 18 mg of product 

per plant.

Field evaluation of Zinkicide against HLB was done on a subset of treatments in a citrus canker 

trial previously described (70). Doses of 100 and 400 μg/mL were evaluated via soil drench or foliar 

spray, as described in the Results. Fruit quality and HLB disease rating data was taken in November 2015 

after two years of treatment to the experimental plots with 10 foliar sprays per year at 21-day intervals 

from March to October.  One hundred fruit per plot were harvested and sized on a Color Vision System 

(CVS) fruit sizing line at the University of Florida Citrus Research and Education Center.  Visual disease 

rating was performed independently by two people on a scale of 1=no symptoms, 2=leaf symptoms 

present, 3=mild decline, 4=moderate decline, 5=severe decline or death.  Decline was considered a 

combination of leaf drop (canopy thinning) and branch dieback. 

Statistics were conducted using Proc GLM with SNK means separation in SAS 9.4.

Results and discussion 

Green house and field efficacy for canker and HLB

Large quantities of Zinkicide®, a formulation containing engineered ZnO nanoparticles, were 

synthesized for field trials (~ 40 gallons per field trial, see methods in Supplementary Information (SI)). 

Application of Zinkicide® formulation in greenhouse and field settings showed significant improvements 

in the health and yield of canker- and HLB-infected citrus trees (Figure 1). The reduction of canker 

lesions on the leaves up to ~55% was observed compared to UTC after soil drenching of 400 μg/mL 

(metallic Zn content) Zinkicide® (Fig. 1a), which surpasses the performance of Firewall (~80% of lesions 

remaining compared to UTC). The soil drenching with 100 μg/mL Zinkicide® did not show any reduction 

in the number of lesions, whereas foliar spray of Zinkicide® exhibited significant reduction of the lesions 

at both 100 and 400 μg/mL concentration (Fig. 1a). Zinkicide® applied by spray or soil drench at 400 

µg/mL showed equivalent efficacy (~ 60%) (Fig. 1a). This indicates that the delivery of Zinkicide® is 

systemic in citrus trees and present antibacterial activity above a threshold concentration. 
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Fig. 1 a, Effect of concentration (100 µg/mL, and 400 µg/mL Zinkicide®) and application methods (root drench vs. foliar spray) 

on canker lesion reduction as % of lesions formed on untreated control (UTC) leaves for two trials (* = treatments excluded from 

Trial 1). Treatments were compared to UTC and translaminar streptomycin-based Firewall. Statistical analysis was carried out for 

SNK means separation. b, Efficacy of Zinkicide® in mitigating visual HLB disease symptoms compared to untreated (UTC) and 

Nordox 30/30 (standard insoluble copper with equal amount of Zinc oxide) treated HLB-affected citrus. HLB disease rating of 1 = 

no symptom present, 2 = sectored symptoms present, 3 = mild decline, 4 = moderate decline, 5 = severe decline/death was used. 

Statistical analysis was carried out for SNK means separation. c, Distribution of grapefruit size collected after treatment with 

Zinkicide® (0.28 kg/ha and 0.56 kg/ha) compared with a control of citrus canker trial Nordox 30/30 (containing 0.56 kg/ha of ZnO). 

The control was selected to avoid any bias caused by canker induced fruit drop. Size categories are based on diameters for 

commercial fruit per box: small (56-64 fruits per box), medium (40-48 fruits per box), and large (32-36 fruits per box). 

Improvements in HLB symptoms were observed in field trials carried out in HLB-affected groves 

(SI Section S2). Visual disease rating of trees treated with Zinkicide® showed a significant decrease in 

symptoms severity, with a rating of 2, corresponding to sectored symptoms (Fig. 1b). UTC and Nordox 

30/30 (mixture of cuprous oxide/zinc oxide)-treated trees both rated at ~2.7, corresponding to signs of 

mild decline of the trees. Though signs of the disease were still visible on the leaves, a decrease in 

symptoms severity from ~2.7 to  ~2.1 is currently not achievable without trunk injection of antibiotics 

(71). The distribution of grapefruit size after Zinkicide® treatment indicated a significant increase in the 

proportion of medium (from ~6% to ~14%) and larger fruits (from <1% to ~5%) (Fig. 1c), which are 

commercially valuable and extremely difficult to obtain on HLB-affected trees. Increasing the amount of 

Zinkicide® used from 0.28 kg/ha (ZnO) to 0.56 kg/ha (ZnO) further improved the proportion of medium 

and large fruits. The efficacy of  Zinkicide® in planta is in agreement with prior work reporting the 

antimicrobial effect of nano-zinc oxide -2S albumin protein formulation on growth of CLas in planta 

(72).
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Structure and composition of Zinkicide®

Transmission electron microscopy (TEM) revealed aggregates of nanoparticles (Fig. 2a) with 

polycrystalline orientation (Fig. 2c) in the deposits of Zinkicide®. Scanning electron microscopy (SEM) 

images of the air-dried formulations corroborate the TEM observations (SI section S3, Fig. S1). 

Individual nanoparticles with a diameter between 2.5 and 5 nm were observed with high resolution TEM 

(Fig. 2b and Fig. S2). Fast Fourier Transform (FFT) analysis of the single nanoparticles confirmed their 

crystalline nature, with five distinctive lattice fringes supporting the assignment to a ZnO wurtzite 

structure (JCPDS Card No. 36-1451) (Table S1). Small-angle neutron scattering (SANS) also confirmed 

significant agglomeration in the suspension of a high concentration of Zinkicide® particles in water, with 

a hierarchical structure extending over multiple length scales (Fig. 2d and SI section S3). The most 

notable feature was found in the high-Q region (> 0.1 Å-1), which is related to the Zinkicide® primary 

particle shape, size, and the low degree of order in their arrangement (i.e., not random). The nanoparticles 

were suspended in two different H2O/D2O ratios of aqueous solvents to highlight, respectively, the entire 

core-shell structure of the particles (0% D2O solvent) and only their cores (42% D2O). Analysis of the 

SANS spectra (SI Section S3, Table S2) revealed an average core of the particles of 2.7 nm with a shell 

thickness of at most 0.4 nm (Fig. 2d), in good agreement with the TEM findings. 

The composition of the nanoparticles found in Zinkicide® was confirmed using Raman 

spectroscopy (Fig. 2e, Figure S3). The signature of the as-synthesized formulation containing all excess 

reagents exhibited bands corresponding to sodium salicylate (818 cm-1 bending mode of C-C, 1020 cm-1 

in-plane bending mode of C-H, 1260 cm-1 stretching mode of C-O in hydroxyl group, 1390 cm-1 

stretching mode of C-O in carboxyl group, 1460 cm-1 stretching mode of C-C, 1630 cm-1 stretching mode 

of C=O, and 3070 cm-1 stretching mode of C-H) (73), nitrate (1050 cm-1 and 1360 cm-1 symmetric and 

antisymmetric stretching modes of the nitrate ion, respectively) (74), and hydrogen peroxide (870 cm-1 

stretching mode of O-O) (75). To evaluate the properties of the nanoparticles without excess reagents, the 

solution was thoroughly washed (see methods in SI) and resuspended in DI water. The corresponding 

Raman spectrum reveals a band at 840 cm-1 corresponding to the stretching mode of O-O, likely in a form 

of ZnO2 (76) (inset in Fig. 1e). The presence of this band was not evident in the spectrum of the as-

synthesized formulation due to the dominating signal of excess hydrogen peroxide at 870 cm-1. 
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Fig. 2 a, TEM image of Zinkicide® aggregates. b, High resolution TEM image of ZnO nanoparticles demonstrating their ultra-

small size between 2.5 nm and 6 nm. c, FFT analysis of the TEM image in b revealed lattice d-spacings of Zinkicide® corresponding 

to ZnO Wurtzite (JCPDS: 36-1451). d, Small-angle neutron scattering of Zinkicide® particles in 0% (blue dots) and 42% (green 

dots) D2O solvents. Total Unified fit (red solid line) consists of 3 levels of structural regimes (black line represents individual 

Zinkicide® particles). Inset: Inter-particle distance (peak) highlighted by plotting the porod plot- Q4I(Q) vs. Q of the primary 

structural level. e, Raman spectra of (i) as synthesized (unwashed) Zinkicide® and (ii) washed Zinkicide® in DI water. Inset: 

fingerprint region (500-1500 cm-1) unveiling the presence of ZnO2 in the nanoparticles with representative band at 840 cm-1. 

The chemical species corresponding to the Raman-active vibration at 840 cm-1 was confirmed by 

calculating, using density functional perturbation theory, the O-O stretching frequencies of three 

structural model systems: (i) ZnO2 bulk (Fig. S4a,b), (ii) ZnO2 (100) surface (Fig. S4c), and (iii) hybrid 

shell-core system of a ZnO2 surface monolayer supported by ZnO with three layers, constructed to mimic 

a nanoparticle with a ZnO core and a ZnO2 surface (Fig. S5). A change in O-O bond length, d(O-O), was 

noted between the bulk (1.46 Å), the ZnO2 surface (1.49 Å), and the shell-core hybrid (1.51 Å). This 

resulted in a O-O stretching frequency of 873 cm-1 for the bulk ZnO2, 860 cm-1 for the ZnO2-(100) 

surface, and 837 cm-1 for the shell-core ZnO2/ZnO system (Table S3), supporting our experimental 

evidence that the shell of the nanoparticles is made of ZnO2.
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To understand one possible mechanism of the formation of the ZnO2 surface monolayer, we 

modeled, with DFT, a defective (77) ZnO (10-10) surface, with a single O vacancy interacting with H2O2. 

The model shows that H2O2 adsorbs at a surface Zn site near an O vacancy with an adsorption energy of -

1.02 eV. We calculated the reaction pathway for the reaction H2O2*  OOH*(O-vac) + H*(O-surf), where * 

indicates an adsorbed species and found it to be energetically favorable by 0.55 eV with an activation 

energy of 0.41 eV (~16 kBT) (Fig. 3a-c). In the dissociated state, H*(O-surf) adsorbs at a surface O atom and 

OOH*(O-vac) occupies the O vacant site (Fig. 3c).  The reaction, OOH*  O2*(O-vac) + H*(O-surf), which 

yields the bound O2 species on the nano surface (Fig. 3d-f), is slightly exothermic ΔE = -0.05 eV and has 

an activation energy of 0.29 eV. After dissociation, O2 adsorbs at the vacancy site with one O atom 

attached to a surface Zn atom while the other O occupies the vacant site. The H atom adsorbs at a surface 

O atom (Fig. 3f). The H2O2*  OOH*(O-vac) + H*(O-surf) reaction constitutes the rate-limiting step with a 

relatively high barrier. Overall, the DFT calculations suggest that surface defects facilitate the formation 

of bound O2 on the ZnO surface, which may serve as a precursor of the ZnO2 surface layer observed in 

Zinkicide®. 

     

Fig. 3 DFT energy profile for the dissociation of a-c, hydrogen peroxide (H2O2) and d-f, hydroperoxyl (OOH) on a defective 

ZnO(10-10) surface with an O vacancy (shown by the blue circle). a, Initial state consisting of a H2O2 adsorbed at a surface Zn site 

near the O vacancy. The energy of the system is set as reference energy. b, Transition state with an activation energy of 0.41 eV. 

c, Final state, where H adsorbs at a surface O atom and OOH adsorbs at an O vacancy site. This process is exothermic with ΔE = -

0.55 eV. d, Initial state, where OOH adsorbs at an O vacancy site. e, Transition state with an activation energy of 0.29 eV. f, Final 

state, where H adsorbs at surface O atom and oxygen molecule adsorbs at the vacancy site. The process is slightly exothermic with 

ΔE = -0.05 eV. The energy on the vertical axis is not shown to scale. 
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Movement of ZnO nanoparticles in citrus

Uptake of Zinkicide® via the roots was confirmed by analyzing the Raman signature of leaf 

exudates from root-treated citrus seedlings (Fig. 4b and SI Section 5, Fig. S3). After 24 h of exposing the 

seedling roots to the formulation, Zn nitrate was found in leaves exudates (Figure S3). A notable band at 

1060 cm-1 corresponding to nitrate indicates that the formulation translocated from the roots to the leaves 

via the xylem, as depicted in Fig. 4a. Elemental analysis, using SEM and energy dispersive x-ray 

spectroscopy (EDS), was carried out on cross-sections of the midrib to probe the pith, inner and outer 

xylem, and the phloem (Fig. 4c,d). In all regions of the treated plant cross sections, except the pith, a band 

at 1.01 keV corresponding to the Zn L transition was observed. However, this band was absent in the 

same regions of the untreated plant cross sections (Fig. S7). SEM images of the vasculature (Fig. 4c, Fig. 

S7) revealed the presence of nanoparticle-like features with a strong Zn signal at 1.01 keV in several 

vascular channels (Fig. S7). Additional quantitative studies showed that it is possible to tune the Zn 

concentration delivered to the phloem and xylem of the seedlings treated with Zinkicide® to levels above 

2000 µg/g (Fig. S8).

The observations are in agreement with a study by Etxeberria et al., which demonstrated that 

nanoparticles with diameters below 5 nm exhibit improved uptake by plant leaves followed by their 

systemic movement after treatment (78). Uptake of nanoparticle of different size up to several hundred 

nanometers in diameter through soil drench application has also been previously reported (79). However, 

smaller nanoparticles are expected to have a better propensity for systemic movement (78). Furthermore, 

engineered micronutrient-based nanoparticles with biocompatible coatings have been found to prevent 

plant tissue damage and phytotoxicity, and have beneficial effects on plants (80), which agrees well with 

our observations.  However, to remain potent in planta, the treatment in the system should be delivered at 

the infected sites at a concentration above the minimum inhibitory concentration (MIC). 
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Fig. 4 a, Schematic representation of conventional translocation in the plant after root uptake.  b, Raman spectra of leaf exudates 

from untreated seedlings, and from leaves collected in the upper and lower foliage of treated seedlings. c, SEM of leaf midrib cross-

section. d, Corresponding EDS spectra collected in the pith, inner xylem, outer xylem and phloem, as marked in c. e, Modeling of 

the growth of Xanthomonas citri subsp. citri (Xcc) biofilm growth in presence of Zinkicide® using microfluidic channels. Growth 

of Xcc biofilm monitored under constant flow (0.05L/min) of SB medium with Zinkicide® (50 g/mL, noted ZnO NPs) (top 

channel) and SB medium only (bottom channel).

Page 20 of 34Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

Effect of ZnO nanoparticles on bacteria

As Zinkicide® uptake studies confirmed that high levels of Zn in the vascular system of the plants 

can be achieved (Fig. S8), we investigated the minimum concentration required to inhibit bacterial and 

biofilm growth. CLas biofilms formed in the phloem as a result from HLB infections cannot currently be 

cultured in vitro (81). Instead, we evaluated the antibacterial efficacy of freshly synthesized Zinkicide® on 

X. alfalfae and E. coli using standard bioassays in vitro (Table 1, Fig. 5) and its inhibiting effect on 

biofilms using the citrus pathogen Xcc in a microfluidic platform (Fig. 4e) (68, 82, 83). Zinkicide®, as 

formulated, inhibited growth at 9-18 g/mL (metallic Zn content) against E. Coli and 38 g/mL (Zn 

content) against X. alfalfae (Table 1). The MICs of copper hydroxide (Kocide) and cuprous oxide/ZnO 

(Nordox 30/30) controls observed at 250-500 µg/mL (metallic Cu content) and 125-250 µg/mL (Cu:Zn 

content), respectively. This corresponds to a ~14-fold improvement in lowering MIC when using 

Zinkicide® compared to controls for E. coli, and a ~3-fold improvement for X. alfalfae. 

We evaluated the effect of  Zinkicide® in conditions that mimic the vascular system using a 

microfluidic channel, as described in a recent study (84) (See Methods).  As seen in the images presented 

in Fig. 4e, the presence of Zinkicide® (top channel) disrupted the growth of the Xcc biofilm. Partial removal 

of the biofilm was observed compared to the growth of Xcc biofilm in the control medium (bottom channel), 

as shown by the red arrows in the middle and right panels. However, we note that some of the biofilm 

remained in the channel for the conditions considered, suggesting that further optimization of the 

concentration and frequency of application should be considered to reach the MIC required to fully inhibit 

CLas in planta.

We also investigated the effect of replacing excess reagents with water on the antimicrobial 

efficacy of the remaining ZnO nanoparticles. The MIC (Table 1) and colony-forming unit (CFU) (Fig. 

5c,d) measurements indicate a loss of efficacy when treating with the ZnO nanoparticles dispersed in 

water (labeled Zinkicide® in water in Table 1 and Fig. 5), although their potency remained higher than 

that of cuprous oxide/zinc oxide (Nordox 30/30) and copper hydroxide (Kocide) for E. coli. For X. 

alfalfae, the nanoparticles in water exhibited a MIC similar to the cuprous oxide/zinc oxide (Nordox 

30/30) control, but higher than copper hydroxide (Kocide). CFU assays (Fig. 5c,d) confirmed that the 

efficacy of ZnO nanoparticles is comparable to industry standards but lower than as-synthesized 

Zinkicide®. A trend of efficacy loss could also be noted over the course of the 18-weeks aging process.
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Table 1. E. coli and X. alfalfae minimum inhibitory concentrations (MIC). MIC values reported for the nanoparticles as-synthesized 
with excess of reagents (Zinkicide® as-synthesized), after removal of reagent excess (Zinkicide® in water) and controls for week 
1 to 4 after synthesis.

Next, we evaluated the effect of the treatment on the morphology and composition of individual 

X. alfalfae bacteria using atomic force microscopy (AFM) and nanoscale infrared spectroscopy (nano-IR) 

(85-87) (Fig. 5e-g). Topography AFM images of individual bacteria (Fig. 5e) revealed significant changes 

in size, shape, and roughness of the cell membranes compared to the untreated X. alfalfae, especially for 

bacteria treated with Zinkicide®. Nano-IR spectra, in the 1720-1580 cm-1 range, were collected at various 

locations across the bacteria and on several bacteria. Spectra, representative of the signature for each 

treatment, are presented in Fig. 5f. The band observed with maximum amplitude ~1660 cm-1 corresponds 

to the amide I vibration in the bacterial cell (88). Deconvolution of the amide I band was used to estimate 

the contribution of -turns (~1710 cm-1), random coil (~1660 cm-1) and -sheets (~1625 cm-1) (89). The 

findings indicate that different treatments affected the percentage of secondary structural features of 

proteins in the cell wall. Small position shifts were observed, which could be due to the local relative 

humidity of the samples during imaging. The relative amplitude of the bands revealed a change in 

secondary structure, specifically for Zinkicide®. -sheets made up ~25% of the signature of untreated X. 

alfalfae. Treatments with Nordox and as-synthesized Zinkicide® increased the amount to ~30-35%. On 

the other hand, treatments with Kocide and Zinkicide® nanoparticles in water led to a decrease to 18% 

MIC Range (μg/mL)Antimicrobial agent activity 
on E. coli Week 1 Week 2 Week 3 Week 4

Zinkicide® as-synthesized 9 – 18 9 – 18 9 – 18 9 – 18

Zinkicide® in water 32 – 65 260 260 260

Copper hydroxide (Kocide) 250 – 500 250 – 500 250 – 500 250 – 500

Cuprous oxide/zinc oxide 
(Nordox)

125 – 250 (Cu):
125 – 250 (Zn)

125-250 (Cu):
125-250 (Zn)

125-250 (Cu):
125-250 (Zn)

125-250 (Cu):
125-250 (Zn)

MIC Range (μg/mL)Antimicrobial agent activity 
on X. alfalfae Week 1 Week 2 Week 3 Week 4

Zinkicide® as-synthesized 38 38 38 38

Zinkicide® in water 130 – 260 260 – 520 260 – 520 260 – 520

Copper hydroxide (Kocide) 250 – 500 250 – 500 250 – 500 250 – 500

Cuprous oxide/zinc oxide 
(Nordox)

125 – 250 (Cu):
125 – 250 (Zn)

125-250 (Cu):
125-250 (Zn)

125-250 (Cu):
125-250 (Zn)

125-250 (Cu):
125-250 (Zn)

Page 22 of 34Environmental Science: Nano

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



21

and 0.1%, respectively. Although these do not translate directly to the quantity of -sheets in the bacteria, 

they indicate a change in secondary structure, potentially denaturation of the proteins.

Fig. 5 a, b, Antibacterial mode of actions of Zinkicide®, including a, cell wall degradation, and b, ROS generation. c, CFU analysis 

of antimicrobial efficacy of 1-week old as-synthesized Zinkicide® nanoparticles compared to copper hydroxide, cuprous oxide/zinc 

oxide, and ZnO nanoparticles in water at weeks 1, 6, 12, and 18 on E. coli. d, CFU analysis of antimicrobial efficacy of 1-week old 

as-synthesized Zinkicide® nanoparticles compared to copper hydroxide, cuprous oxide/zinc oxide, and ZnO nanoparticles in water 

at weeks 1, 6, 12, and 18 on X. alfalfae. e, AFM height images with f, corresponding nano-IR spectra and g, chemical maps (1650 

cm-1) of X. alfalfae untreated, and treated with copper hydroxide (Kocide), cuprous oxide/zinc oxide (Nordox), as-synthesized 

Zinkicide® and Zinkicide® in water. 

Additional details of the bands are listed in Table S5. The corresponding chemical maps (Fig. 5g), 

obtained by fixing the laser wavelength (1650 cm-1) to excite random coil vibrations in the cell and by 
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measuring the resulting photothermal expansion across the sample with the AFM probe, suggest that 

chemical heterogeneities appear in the cells for all treatments. However, the variations are distributed across 

the membranes treated with Kocide, while changes were found in specific regions (yellow regions) in the 

bacteria treated with Nordox. Images of Zinkicide®-treated cells indicated that changes occurred in some 

bacteria but not others. We note that the morphological aspect of all bacteria treated with Zinkicide® 

nanoparticles in water (no excess reagents) were affected more significantly than with any other treatment 

suggesting that direct contact with the nanoparticles does play a role in the activity of the treatment. Such 

heterogeneities cannot be captured with conventional infrared spectroscopy.

Transformation of Zinkicide® nanoparticles over time

We studied the physical traits and antibacterial efficacy of the nanoparticles after aging in 

reagents versus aging in water (referred to as washed in SI) in ambient conditions over the course of 18 

weeks. Dynamic light scattering (DLS) measurements indicate that the size of the nanoparticle aggregates 

(Fig. S9) remained constant for 18 weeks. At week 1 hydrodynamic diameters of ~ 159 ± 23 nm and 170 

± 18 nm were obtained for as-synthesized Zinkicide® and for Zinkicide® in water, respectively, while 

respective diameters of 164 ± 14 nm and 173 ± 3 nm were measured at week 18 (Fig. S9a). Surface 

charges of as-synthesized Zinkicide® did not experience any statistical change, with a Zeta potential of ~ -

12.5 (± 9) mV at week 1 and ~ -17.1 (± 11) mV at week 18 (Fig. S9b). On the other hand, the potency of 

as-synthesized Zinkicide® remained constant for the first five weeks despite minor fluctuations (Table 

S4), followed by a noticeable decay in antibacterial activity at week 6 against X. alfalfae. The loss in 

efficacy was only observed at week 18 against E. coli (Table S4). Control treatments (copper hydroxide 

(Kocide) and cuprous oxide/zinc oxide (Nordox30/30)) exhibited constant, though poorer, performance 

than as-synthesized Zinkicide®. Zinkicide® nanoparticles aging in water showed efficacy either superior 

or comparable to that of copper hydroxide (Kocide), for both bacterial strains considered.  
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Fig. 6 Evolution of the hydrogen peroxide to water content evaluated from the Raman intensity ratio I870/I3410 of a, reagents without 

nanoparticles and b, as-synthesized Zinkicide® over 12 weeks. Evolution of the zinc peroxide of the nanoparticle shell to water 

content over 12 weeks evaluated using the Raman intensity ratio I840/I3400 of c, nanoparticles aging in reagents with excess reagents 

removed and suspended in water at the time of measurement, and d, nanoparticles with excess reagents removed from as-

synthesized Zinkicide® on week 1, followed by continued aging in water. The solid lines represent estimated linear trends of the 

experimental data.

Next, we investigated the evolution of the solution composition accompanying the changes in 

antibacterial efficacy. The hydrogen peroxide content in the aging as-synthesized Zinkicide® was assessed 

by monitoring the ratio of the characteristic hydrogen peroxide Raman band intensity at 870 cm-1 to the 

water band intensity at 3410 cm-1, labeled I870/I3410 (Fig. 6b), from Raman spectra presented in Fig. S10. 

The ratio varied from ~ 0.70 to ~ 0.55 during the first 12 weeks. The slope of the decay was steeper than 

that of the control solution containing all excess reagents without the ZnO nanoparticles (Fig. 6a), which 
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remained constant around 0.9. The slight decrease observed for the control solution is attributed to some 

evaporation during storage in ambient conditions, while the larger decrease of as-synthesized Zinkicide® 

(Fig. 6b) is attributed to a reaction at the surface of the nanoparticles, which is consistent with the DFT 

calculations (Fig. 3) and the antibacterial efficacy of as-synthesized Zinkicide® (Table S4). When 

considering the evolution of the nanoparticles aged in reagents as in the case in as-synthesized Zinkicide® 

but focusing on the nanoparticles themselves (Fig. 6c), the ratio of the intensity of the Raman ZnO2 band 

at 840 cm-1 to the intensity of the 3410 cm-1 water Raman band (I840/I3410) reaches a maximum at week 8. 

This suggests that the reaction of hydrogen peroxide with the nanoparticle surface defect sites, described 

in Fig. 3, evolves until a maximum content of ZnO2 is reached at week 8, followed by a decay in 

nanoparticle efficacy, which correlates well with the slight loss of efficacy observed around week 6 

against X. alfalfae. For the nanoparticles aged in water (Fig. 6d and Table S4), we observed an increase in 

I840/I3410 for the first four weeks, likely due to a reaction between the defects of the ZnO2 shell and water. 

Similarly, immediately after removing excess reagents, the MIC against E. coli decayed from 32-45 

g/mL in week 1 to 270 g/mL after week 4. Against X. alfalfae the MIC remained constant from week 2 

to 12 at 260-520 g/mL. This suggests that the particles did not dissolve during the 12 weeks of the study 

but experienced changes to the reactivity of the ZnO2 shell. Correspondingly, a low amount of Zn was 

found in water with Atomic Absorption Spectroscopy (AAS) between week 1 to 12 (Fig. S11). 

Fluorescence lifetime imaging measurements (FLIM) (Fig. S12) revealed that as-synthesized Zinkicide® 

nanoparticles consistently returned relatively short lifetimes (τ1 and τ2 values), with none exceeding 9 ns 

for the 18-week period considered (Table S6). The shorter lifetime component dominated, with a much 

larger amplitude than the τ2 component (Table S6). However, after the first two weeks of aging, 

maximum laser power (800-850 nW) was required to collect sufficient counts/sec (Table S7). Control 

solutions without nanoparticles were characterized and did not exhibit any fluorescence. Although the 

qualitative yield of emission appears lower over time, the consistency of the excited state lifetime data 

suggests that the ZnO core of the particles remained intact, while the loss of radiative recombination is 

due to the changes taking place in the environment of surface defects. Potential processes taking place at 

surface defects and their role in the evolution of the antibacterial efficacy of the formulation are discussed 

hereafter.

Catalytic properties of ZnO nanoparticles 

We explored the catalytic properties of ZnO and ZnO2/ZnO surfaces with defects (Fig.7). Using 

DFT, we evaluated the energetics of the reactions of selected adsorbates on the surface of a defective 

surface monolayer of ZnO2 with two missing O atoms, supported by ZnO (Fig. 7b), consistent with the 

shell-core model identified from the Raman spectra (Fig. 2e) and DFT model (Fig. 7a) indicating that 
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ZnO facilitates the formation of a peroxide overlayer. The adsorbates considered were those potentially 

involved in surface-catalyzed generation of ROS: H2O2, H2O, O2, OOH, and OH. Taking the adsorbed 

H2O*+O2* as a reference state (Fig. 7c), the reaction H2O* + O2*  OH* + OOH* was found to be 

endothermic (ΔE=+0.30 eV, Fig. 7d), while the reaction H2O* + O2*  OH* + OH* + O* was 

exothermic (ΔE=-1.13 eV, Fig. 7e). Thus, bound hydroxyls were identified as the energetically favorable 

ROS on the defective ZnO2/ZnO system. 

Fig. 7. a, DFT structural model of shell-core ZnO2/ZnO system (Top panel: top view; bottom panel: side view). The ZnO2 surface 

monolayer (blue dashed line) is supported by ZnO(10-10) (side view). b, Defective ZnO2/ZnO system containing a pair of missing 

O atoms. c-e, DFT-optimized geometries, and relative energetics of binding of adsorbates on the defective ZnO2/ZnO shell-core 

system. c, O2* and H2O*; d, OOH* and OH*; e, OH*, OH* and O*. The values given in eV, represent the difference in DFT-

calculated energy ( E) relative to a configuration shown in c and (*) represents the adsorbed species. The configuration shown in ∆

e has the lowest DFT energy. 

Our DFT model shows that the defects, i.e., the oxygen vacancies, serve as the binding sites for 

the oxygen atoms of the adsorbates, and therefore play an important role for surface-catalyzed ROS 

(OH*, O*) generation (Fig. 3c and 3f, Fig. 7e). Hence nano-ZnO2 and ZnO (54, 90) surfaces can serve as 

active components for the antibacterial formulation. The changes in chemical signatures and morphology 

of the bacteria observed with nano-IR seem to support this inference as ROS have been reported to affect 

the structural conformation of proteins in bacteria (91).

Conclusion

We demonstrated the superior efficacy of Zinkicide®, a sub-5 nm ZnO-based nanoparticle as an 

active nanotherapeutic, to combat HLB disease in citrus groves. The ability to manufacture the product in 
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large quantities using a one-pot synthesis method enabled greenhouse and field trials, which showed 

reduction of the leaf canker lesions when applied to the root system. This strong evidence of systemic 

movement from roots to leaves was further confirmed by in-depth characterization of the treated plant 

tissues. Notably, SEM images and elemental analysis detected the presence of Zn-rich nanoparticles in the 

phloem and xylem after Zinkicide® treatment. Consistently low levels of Zn ion released in water under 

the conditions considered suggests that the nanoparticles, rather than Zn ions, are systemically delivered 

in planta.

An important study moving forward will be the evaluation of the MIC of Zinkicide® on CLas, 

followed by in-depth analyses of nanoparticle-bacteria interactions to identify the mechanisms of action. 

However, this effort is currently on hold due to the challenges associated with in vitro culture and 

manipulation of CLas. Despite this limitation, in vitro measurements were carried out on model systems 

and confirmed the high antibacterial efficacy and biofilm growth inhibition efficacy of Zinkicide® 

compared to common growers’ standards. Considerations of the evolution of Raman spectra, MIC, AAS 

and fluorescence lifetime data collected on Zinkicide® aging for up to 18 weeks converge to suggest that 

modification of the nanoparticle surface is a more probable cause of the observed loss in efficacy over 

time than a dissolution of the nanoparticles. DFT calculations indicate that surface defects play an 

important role in the generation of ROS that can contribute to biocidal reactions. More specifically, the 

oxygen vacancies serve as the binding sites for the oxygen atoms of the adsorbates, participating in 

surface-catalyzed ROS (OH*, O*) generation. Treatment of the bacteria model systems with Zinkicide® 

resulted in morphological and structural changes confirmed by nanoscale imaging and spectroscopy.  A 

change in secondary structure, potentially denaturation of the proteins due to ROS, was noted as well as 

the fact that not all bacteria were affected by the treatments the same way.

Based on the observations of in situ and greenhouse trials, the lack of efficacy observed when 

treating citrus trees by soil drench with Zinkicide® at 100 g/mL could be due to a dilution of the 

treatment in the tree before it reaches the necessary sites. Optimizing concentration and frequency of 

application should be considered to ensure the systemic delivery of Zinkicide® to infected phloem 

channels is done above MIC levels, for greater impact on plant health. We showed that treating seedlings 

with higher concentration of Zinkicide® (19000 g/mL) resulted in Zn content up to 7000 g/g delivered 

to the plant. Hence, dilution effect should be taken into account when translating studies from seedlings to 

larger trees for field trials. The density of defect sites at the surface of the nanoparticles, and their ability 

to remain catalytically active to interact with bacteria in planta will be critical to maintain to maintain 

high efficacy of the treatment over long periods of time. Nevertheless, the demonstrated efficacy against 

canker and symptoms of HLB in the present study (i.e., Zinkicide® applied at 400 g/mL) remains 

significantly superior to what can be achieve with growers ‘standards currently used in the field. Despite 
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the promising efficacy of Zinkicide®, further challenges related to regulatory concerns lie ahead. This will 

require, for instance, a more general assessment of the environmental impacts such a new active would 

have as a commercial product.

Associated content

The Supporting Information is available, including the methods and additional figures and tables.
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