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Abstract 

Porous silica nanocarriers have the potential to improve agricultural crop productivity. However, 

the impacts of nanoencapsulated pesticides on soil health and plant growth, and how they compare 

with conventional pesticide have not been systematically elucidated. In this study, we investigated 

how applying azoxystrobin encapsulated in porous hollow SiO2 nanocarriers to agricultural soil 

impacted the soil microbial community and plant development, using Solanum lycopersicum 

grown in the laboratory in soil microcosms. The data show that plant growth was heavily inhibited 

by the non-encapsulated pesticide treatment compared to that with encapsulated pesticide yielding 

3.85-fold less plant biomass, while the soil microbial community experienced few to no changes 

regardless of the treatment. There was a 2.7-fold higher azoxystrobin uptake per unit dry plant 

biomass after 10 days of exposure for the non-encapsulated pesticide treatment when compared to 

that of nanoencapsulated pesticide, but only 1.5-fold increase in total uptake.  After 20 days of 

exposure, however, the total uptake and uptake per unit of dry biomass were 3-fold and 10-fold 

higher, respectively, for the nanopesticide treatment. The differences in uptake can be attributed 

to phytotoxicity caused by the high the bioavailability of the non-encapsulated pesticide. The 

nanocarrier promoted slow release of the pesticide over days, which prevented phytotoxicity, and 

allowed healthy plant growth.  

  



Environmental Significance 

Nanoencapsulated pesticides are viewed as promising agents for improving pesticide utilization 

rates in agriculture. While there has been significant recent focus on studying the feasibility and 

mechanisms of uptake of nanoparticles to plants, the bioavailability of organic pesticides to plants 

and its implications on plant health when encapsulated in inorganic nanocarriers is poorly 

understood. In this study, we reported higher uptake to azoxystrobin supplied in the 

nanoencapsulated form compared to those of the non-encapsulated form, following their 

application in soils. Furthermore, the silica nanocarrier in itself did not affect soil and plant health 

adversely, but more importantly, mitigated the toxic effect of high concentrations of pesticide 

towards plant growth. This indicates that nanoencapsulated pesticides can be more efficient in 

delivering organic pesticides and thus reduce the number of applications required, which will 

reduce pesticide and energy use. 

  



Introduction 

There is growing interest in exploring the development and use of nanomaterials of various 

composition and forms for efficient delivery of pesticides, nutrients or other growth factors to crop 

plants, towards increasing crop yields and reducing agrochemical wastage and environmental 

contamination.1-5 Nanocarriers are a class of nanomaterials that can facilitate targeted delivery and 

controlled release of pesticides and fertilizers in plants.6 There is significant interest in using 

nanocarriers both for foliar or root applications. Although application of nanoformulations on 

leaves, rather than directly on soils, can better reduce fertilizer and pesticide wastage and avoid 

soil contamination,2-4 soil drenching with nanomaterial dispersions may be necessary to condition 

agricultural soils before the addition of seeds, to minimize pests and to provide optimal plant 

growth conditions.7-14 Nanocarriers may be provide advantages over conventional formulations by 

aiding the dispersion of hydrophobic chemicals, providing controlled release of the active 

ingredient, and prevent their abiotic or abiotic degradation in soil. 

SiO2 nanoparticles (NPs) designed as porous structures have been recently suggested as promising 

nanocarrier for pesticides. SiO2 is an earth-abundant material, it is a potentially safe for use in 

agriculture.15-17 Enhanced uptake of silicon increased plant resistance to pathogens and abiotic 

stress.16, 18-21 Furthermore, SiO2 NPs have been shown to enhance growth, protein content and 

photosynthesis in lupin,22 protect wheat against UV-B stress,23 chromium- and arsenic-induced 

oxidative stress,24, 25 and improve its germination,26 root growth and chlorophyll content.27 Tian et 

al.28 reported that continuous application of SiO2 NPs increased activity of enzymes associated 

with carbon and nitrogen cycling in soil. A few studies have shown that encapsulating pesticides 

within SiO2 NPs could increase pesticide translocation and fungicidal activity, provide controlled 

and targeted delivery properties, and promote physical protection against premature degradation, 

but the application of pesticides encapsulated in SiO2 nanocarriers in soils have not been 

investigated.29-35 Xu et al.35 reported that encapsulating pyraoxystrobin within a carbon nanotube-

mesoporous silica nanoparticle (MSN) composite and introducing it in growth medium, enhanced 

the upward translocation of the fungicide 3.5-fold in cucumber seedlings in hydroponic systems. 

Abdelrahman et al.29 developed a stimuli-responsive MSN to control the delivery of prochloraz to 

rice plants. Pectin was functionalized into the MSNs surface to cover the pores, acting as a 

gatekeeper compound, and when pectinase was added to the system, pectin was hydrolyzed, 



releasing the prochloraz. The authors reported enhanced pesticide translocation and fungal activity 

over a prolonged period when compared to conventional prochloraz formulations in aquatic 

microcosms.  

Herein, we encapsulated azoxystrobin within porous hollow SiO2 NPs (PHSNs) and examined its 

impacts on plant growth in soil systems as well the soil microbial population, and how they 

compare with non-encapsulated azoxystrobin applications following soil application. PHSNs are 

particularly promising nanocarriers because they allow for the high-density loading of molecules. 

Unlike MSNs, PHSNs have larger pore volume than MSN due to a void core, where one of the 

same or several different molecules can be encapsulated. Bueno and Ghoshal (2020)36 

demonstrated that solutes can be transported across the porous shell of the PHSN. Azoxystrobin 

was selected because it is a commonly used fungicide for crop agriculture worldwide, is highly 

efficient,37 has broad spectrum coverage and is a systemic pesticide. Studies have reported 

phytotoxicity of azoxystrobin to apple and grape cultivars38-40 as well as to soil microbiota other 

than targeted pathogenic micoorganisms.41 Therefore, an ideal nanocarrier for azoxystrobin would 

mitigate its toxicity towards crops and vital soil microbiota by providing controlled release of the 

azoxystrobin. Assessing adverse effects of PHSN and the encapsulated azoxystrobin on soil 

microbiota is important to verify because they regulate nutrient cycling and carry out other 

important functions for plant growth. Major shifts in key soil microbial communities other than in 

the targeted pathogenic microorganisms can affect the soil health and the ability to cultivate crops.  

In this work, we demonstrated the slower release of nanoencapsulated azoxystrobin from PHSN 

compared to the dissolution rate of the non-encapsulated azoxystrobin. We hypothesized that the 

nanoencapsulated form of azoxystrobin will have different uptake extents and distributions 

compared to the non-encapsulated form, and thus different impacts on plant health.  

Materials and Methods 

Materials. Tetraethyl orthosilicate (TEOS, reagent grade 98%), ammonium hydroxide solution 

(NH4OH, 28.0-30.0% NH3 basis), hexadecyltrimethylammonium bromide (CTAB) and Pluronic 

P123 were purchased from Sigma-Aldrich. Deionized (DI) water ASTM type 1, Invitrogen 

UltraPure DNAse-, RNAse-free DI water, HPLC grade solvents (water, acetonitrile and methanol), 

formic acid, ammonium acetate, anhydrous magnesium sulphate (MgSO4), dimethyl sulfoxide, 



and sodium acetate were purchased from Thermo Fisher Scientific. Primary and secondary amine 

(PSA) salt was purchased from Agilent. Anhydrous ethanol (100%) was purchased from 

Commercial Alcohols (Canada). Solanum lycopersicum seeds were purchased from McKenzie 

Seeds (Canada). iTaq Universal SYBR Green Supermix was purchased from BioRad. Bovine 

serum albumin was purchased from New England BioLabs. Azoxystrobin (C22H17N3O5, CAS 

Registry Number 131860-33-8, log Kow 3.7) was provided by Vive Crop Protection Inc (Canada) 

in powder form. Deuterated internal standard (D4-azoxystrobin) was purchased from Toronto 

Research Chemicals (Canada). 

Soil was collected from an agricultural site at the Macdonald campus of McGill University. The 

soil was characterized by A&L Canada Laboratories (Ontario, Canada) and the soil properties are 

shown in Table S1. 

SiO2 NP synthesis. Porous hollow SiO2 NPs (PHSN) were synthesized as reported in our previous 

work.36 Briefly, in a round-bottom flask, 300 mg of CTAB and 850 mg of Pluronic were added to 

a mixture containing 75 mL of anhydrous ethanol and 125 mL of DI water. The surfactants self-

assembled forming the hollow core for the SiO2 NP. Then, 15 mL of NH4OH is added to alkalinize 

the medium and accelerate the hydrolysis of the silica precursor, TEOS, which was added dropwise 

at a rate of 0.75 mL/min for 13.33 min. The reaction was allowed to proceed for 5 hours under 

vigorous magnetic stirring. The suspension was dried overnight under 80 ℃ and calcined under 

550℃ for 5 h to remove any trace of surfactants and ammonia by-products. Detailed 

characterization data for PHSN has been reported in our prior studies and the primary particle 

diameter was determined by transmission electron microscopy to be  253 nm in diameter,36 with a 

porous shell of thickness ranging from 22 to 38 nm.36 BET analysis indicated pores in the order of 

1.5 nm,36 and a specific surface area of 287 m2 g-1.36 Electrophoretic mobility measurements 

provided ae zeta potential of - 29.2 ± 1.1 mV at pH 6.5 and ionic strength 1 mM (NaCl).42 

Azoxystrobin loading and release rates. 0.1 mg/mL of azoxystrobin was solubilized in a mixture 

containing DI water (80%) and methanol (20%). Without methanol, most of the azoxystrobin 

added at this concentration would remain in its solid phase due to its low aqueous solubility (6 

µg/mL). Furthermore, when solubilized, the solute (azoxystrobin) is able to infiltrate the pores and 

reach the hollow core of the PHSN.36 These experiments were performed in Nalgene Teflon tubes 

to avoid azoxystrobin sorption onto the container’s walls. This ratio was determined by measuring 



the dissolved azoxystrobin in mixtures of varying water-methanol ratios, to identify low methanol 

doses that provide sufficient solubilization of azoxystrobin. Then, PHSN were added to the system 

at a concentration of 0.67 mg/mL. The tubes were stirred at 200 rpm. Solution aliquots were 

collected at specific time intervals, diluted in acetonitrile, and analyzed using an Agilent 1260 

Infinity II HPLC system equipped with UV detector (at 255 nm characteristic wavelength), using 

acetonitrile and water (80:20 v/v) as the mobile phase. At the 8th day, the PHSN were separated 

from the solution through centrifugation under 5500 rpm for 15 min. The final azoxystrobin 

concentration in the solution and loaded in the PHSN were quantified in the HPLC-UV to account 

for the mass balance. The loaded azoxystrobin was extracted from the PHSN through successive 

acetonitrile extractions until no further azoxystrobin could be extracted. 

The release time profile of the nanoencapsulated azoxystrobin was obtained by dispersing the 

azoxystrobin-loaded PHSN in a mixture of DI water-methanol (80:20 v/v). Due to azoxystrobin’s 

low aqueous solubility as previously discussed, the release profile would be limited by the 

dissolution rate. The addition of methanol eliminates the solubility limitation and allows the 

investigation of the release profile of the pesticide in the PHSN hollow core and porous shell and 

as well from the solid phase non-encapsulated azoxystrobin. Aliquots were collected at different 

time intervals and analyzed in HPLC-UV. The dissolution profile for pure azoxystrobin was 

obtained to compare the release profiles of the pure compound and the loaded compound. 

Plant growth conditions and soil amendment. The Solanum lycopersicum seeds were sterilized 

in a 1.5% sodium hypochlorite solution for 15 min and then rinsed thoroughly with DI water. The 

seeds were covered in slightly wet tissue paper placed inside Petri dishes and allowed to germinate 

for 10 days in total darkness. Seedlings at the same growth stage were carefully picked and 

transplanted to soil. Each pot contained approximately 61.6 g of dry soil and the humidity was 

kept at 70% of the water holding capacity at 1/3 bar. Four different treatments were analyzed to 

assess the impact of nanoencapsulated pesticides (i) Azo@PHSN: For the encapsulated pesticide, 

the soil was homogeneously amended with a suspension containing 5 mg of SiO2 NPs and 0.75 

mg of azoxystrobin in 7.5 mL of an 80:20 water-methanol mixture. (ii) Azo: For the non-

encapsulated pesticide formulation, the soil was amended with 0.75 mg of azoxystrobin in 7.5 mL 

of an 80:20 water-methanol mixture (v/v). (iii) PHSN: A control with only SiO2 NPs amendment 

was prepared by suspending 5 mg of SiO2 NPs in a 7.5 mL 80:20 water-methanol mixture. (iv) 



Lastly, a control amendment was prepared by homogenizing a 7.5 mL 80:20 water-methanol 

mixture in soil to assess the impact of the water-methanol mixture would have itself in the plant 

growth and soil microbial community. It is important to note that the soil was amended with more 

than the recommended amount of azoxystrobin established by the EPA,43 Health Canada44 and 

commercial suppliers. This was done to ensure observable effects of the pesticide and 

quantitatively assess if the SiO2 nanocarrier was able to mitigate the pesticide toxicity/inhibitory 

effects. The pots were placed randomly and equidistant in an incubator with controlled conditions 

for 20 days: relative humidity at 70 ± 5%, a light/dark cycle of 16:8 h, and constant temperature 

of 21 ± 1 ℃. 

Plant health data. The plants (N = 3) were harvested at days 10 and 20. The plant health was 

assessed by quantifying five observable characteristics and traits of the plants, including dry 

biomass (mg), root length (cm), shoot length (cm), number of leaves, and length of the longest leaf 

(cm). Statistical analysis (ANOVA one-way, p < 0.05) was performed to identify significant 

statistical differences among the phenotypic traits assessed. 

Azoxystrobin uptake measurements in plants. The plants were thoroughly rinsed with DI water 

and dried overnight at 110˚C. Then the dried biomass was homogenized followed by pesticide 

extraction using a modified version of the QuEChERS (quick, easy, cheap, effective, rugged, and 

safe) method.45 In summary, a mixture containing 4 mL of acetonitrile in 1% acetic acid, 0.8 g of 

MgSO4, and 0.2 g of sodium acetate were added to each 0.2 g of homogenized biomass (N = 3) 

for each treatment. The mixture was vortexed for 15 min, followed by centrifugation at 2240 × g 

for 5 min under 20℃ and recovery of the supernatant. Then, 1 mL of the supernatant was 

transferred to centrifuge tubes containing 50 mg of PSA and 150 mg of MgSO4, which were further 

vortexed for 1 min, followed by another step of centrifugation at 2240 × g for 5 min under 20℃. 

Finally, the supernatant was passed through a 0.22 µm polytetrafluoroethylene (PTFE) filter before 

proceeding to the measurements. Azoxystrobin quantification from the extract solution was 

performed in an Agilent 1290 Infinity II liquid chromatograph (LC) coupled to a quadrupole time-

of-flight mass spectrometer (QToF-MS) (Agilent) operating in positive electrospray ionization 

mode.  The method validation for the recovery rates in homogenized plant biomass was assessed 

in the Table S2. Azoxystrobin was extracted and measured from soil based on a protocol described 

previously.46 1 g of soil dried in room temperature was shook with 2 mL of acetonitrile for 1 h 



under 20 rpm on a vertical shaker, followed by centrifugation (1882 × g for 5 min) and filtration 

(0.22 µm PTFE filter) steps before LC analysis. 

DNA extraction and sequencing. Bulk soil (N = 3) and soil loosely attached to roots (N = 3) were 

collected at days 10 and 20. The genomic DNA was extracted from approximately 250 mg of dry 

soil using a DNeasy PowerSoil Pro kit (Qiagen). The extracted DNA concentration was quantified 

using the PicoGreen method47, 48 (Invitrogen Quant-iT PicoGreen dsDNA Assay Kit, Thermo 

Fisher) to make sure it was within the range required by Genome Québec (Canada). The V4 region 

of the 16S rRNA gene in archaea and bacteria was amplified using the primers 515F (5’-

GTGCCAGCMGCCGCGGTAA-3’) and 806R (5’-GGACTACHVGGGTWTCTAAT-3’). The 

ITS1 region of the ITS rRNA gene in fungi was amplified using the primers ITS1F (5’-

CTTGGTCATTTAGAGGAAGTAA-3’) and 58A2R (5’-CTGCGTTCTTCATCGAT-3’). The 

amplified sequences were sequenced on Ilumina MiSeq using the PE250 protocol. 

Sequencing data analysis. The sequence reads were processed using QIIME2 (version 2019.4) 

pipeline.49 The processing included (i) pairing forward and reverse sequence reads, (ii) 

demultiplexing sequences by linking the barcode information with the corresponding samples, (iii) 

denoising the amplicon sequence data with DADA2 pipeline50 and truncating at position 240 

where quality started to drop significantly. Taxonomic ranks were assigned to the 16S rRNA 

processed sequences using Naïve Bayes Taxonomic Classifier51 trained with the Greengenes 

database.52 Taxonomic ranks were assigned to the ITS rRNA processed sequences fitting a 

classifier for the UNITE database53 and training it with a fungal ITS mock community published 

in Taylor et al.54 Alpha (α) diversity metrics (Faith phylogenetic diversity (PD)55 and Pielou’s 

evenness indices56), and beta (β) diversity metrics (weighted UniFrac57) for the Principal 

Coordinate Analysis (PCoA) were performed through the q2-diversity pipeline. 

Quantitative Polymerase Chain Reaction (qPCR). To determine bacterial and fungal population 

size changes in each treatment, relative qPCR quantifications of the 16S rRNA and 18S rRNA 

genes for bacteria and fungi, respectively, were undertaken. Universal primers, Ba519F and 

Ba907R, for bacteria community and, Fung5F and FF390R, for fungi community, were used as 

previously reported by Lueders et al.58, 59 A standard curve was established using 10-fold dilutions 

of soil genomic DNA (gDNA) (100 – 10-4). Each 20 μL reaction contained 10 μL of iTaq Universal 

SYBR Green Supermix, 500 nM of each primer, 0.2 μg/μL bovine serum albumin, 5% dimethyl 



sulfoxide, and 1 μL of the serial dilutions of the standard soil gDNA, or 100-fold dilution of 

unknown gDNA for bacteria and 20-fold dilutions for fungi. The reaction was run on a CFX 

connect real-time PCR detection system (BioRad). The thermal cycling parameters can be found 

in Supporting Information. The specificity of each reaction was verified after each run through a 

melting curve analysis between 65℃ and 95℃. The efficiency of the reaction was calculated to 

be above 90% for both, and the purity of reagents was verified by running no template controls.  

 

Results and Discussion 

PHSN encapsulation provides controlled release properties. The decrease in the concentration 

of azoxystrobin over time in the solution phase outside the particles indicates the loading of the 

fungicide within the PHSN (Figure 1a). These data suggest that adsorption of azoxystrobin on the 

PHSN pore walls is the dominant process for loading of the PHSN, because only the seepage of 

the solution phase into the pores and hollow core of the dry PHSN would not have lowered 

azoxystrobin concentration in the exterior solution phase.  We compared the loading rates of PHSN 

with solid SiO2 NPs with similar sizes (~ 200 – 250 nm) as shown in Figure S1, which suggests 

that surface area plays a dominant role in the loading capacity of the nanocarrier. While SSNs 

(specific surface area: 29 m2 g-1) did not sorb a significant amount of the pesticide, PHSN (specific 

surface area: 287 m2 g-1) were loaded with azoxystrobin 14-fold higher than that of SSN after 8 

days of contact in solution. The mass balance of azoxystrobin at the end of the experiment in day 

14 was satisfactory, with 66.9 ± 1.4% of the initial azoxystrobin mass was extracted from the 

PHSNs, and 42.2 ± 3.4% of remained in solution, accounting for approximately of 107.8% of the 

initial azoxystrobin in the system. Most of the loading of azoxystrobin within PHSNs took place 

in the first 2 days, and the solution phase azoxystrobin concentrations plateaued after day 3, as 

shown in the loading profile in Figure 1a. 

Following the loading, the PHSN suspension was centrifuged to separate the PHSNs from the 

solution, and the pellets were introduced in a release medium similar to the loading medium (20% 

v/v methanol solution), to compare the release profile of nanoencapsulated azoxystrobin and the 

non-encapsulated fungicide. Figure 1b shows that non-encapsulated and nanoencapsulated 

azoxystrobin had considerably distinct release profiles in the release medium. All the non-



encapsulated azoxystrobin was dissolved after few hours, whereas the nanoencapsulated 

azoxystrobin followed a controlled, prolonged release that extended over days. In fact, only 43.5 

± 5.8% of azoxystrobin was released after 240 hours. Due to the high loading of azoxystrobin, 

excessive dosing of PHSN is not required, making the process cost-effective.  

Azoxystrobin uptake profiles differed significantly among the treatments. Although the same 

amount of azoxystrobin (0.75 mg) was added in the Azo and Azo@PHSN treatments, the 

azoxystrobin uptake varied significantly among them. Figure 2a shows that the concentration of 

azoxystrobin per unit mass of the plant dry weight (dw) for the non-encapsulated treatment (Azo) 

at 12.77 ± 0.68 mg/kg dw at day 10 was more than double the nanoencapsulated treatment 

(Azo@PHSN). In terms of azoxystrobin mass uptake (Figure 2b), there was no significant 

difference in the uptake between Azo and Azo@PHSN treatments on day 10, and thus the changes 

in concentration were primarily related to the change in plant biomass (Figures 2c and 3a). At day 

20, the azoxystrobin concentration in the plants with the Azo treatment decreased to 0.89 ± 0.11 

mg/kg dw, which is partly attributable to an increase in the biomass, and partly due to a decrease 

in the mass of azoxystrobin present in the plants (Figures 2d and 3a). The latter suggests that the 

plants were able to metabolize and/or excrete the fungicide through guttation droplets from leaves 

and through roots exudates.60 Evidence of azoxystrobin metabolism inside the plants with both 

Azo and Azo@PHSN was confirmed by identifying peaks for suspected azoxystrobin metabolites 

by LC-MS. This indicates that the nanoencapsulated azoxystrobin was bioavailable to the plant 

tissues. The list of suspected metabolites found in plants for different treatments and time points 

is presented in Table S3.  On the other hand, the concentration of azoxystrobin in plants for the 

nanoencapsulated treatment (Azo@PHSN) did not differ by much from day 10 to day 20, 

decreasing from 4.72 ± 0.14 to 2.65 ± 0.13 mg/kg dw, respectively. However, for that treatment, 

azoxystrobin mass uptake increased 3.4-fold between days 10 and 20 and was accompanied by 

significant increases in biomass growth (Figures 2c, 2d and 3a), which resulted in relatively 

constant azoxystrobin concentrations in the plant, suggesting the sustained uptake of pesticide over 

time during an active growth period.  

The azoxystrobin plant uptake efficiency (ratio of pesticide mass uptake to dosed) was 1% for the 

Azo treatment) to 5% for the Azo@PHSN treatment over the 20-day experiment, indicating that 

nanoencapsulation leads to more efficient pesticide uptake. Xu et al.35 reported comparable uptake 



efficiencies for another kind of strobilurin pesticide, pyraoxystrobin. The non-encapsulated form 

yielded 1.5% while the MSN-encapsulated form yielded 3.5% of uptake after 10 days. Plant-free 

soil microcosms dosed with the azoxystrobin showed that the concentration of azoxystrobin in soil 

did not decrease after 20 days, indicating that biodegradation is not playing a role in the differences 

of uptake in the nanoencapsulated and non-encapsulated systems in this work. Si uptake in plants 

was not monitored because of the limitations to identify what fraction constitutes the Si from the 

engineered NPs and that from naturally occurring SiO2 in the environment. Moreover, the amount 

of Si added to the system is significantly below the background level of Si in soil, and plants can 

accumulate Si in the form of SiO2 that could potentially lead to the biosynthesis of SiO2 NPs.61 

Azoxystrobin when loaded in a SiO2 porous nanocarrier minimized its inhibitory effects on 

plants. The plant health was quantified by monitoring five measurable indicators in the plants 

harvested in days 10 (Figure 2b) and 20 (Figure 2c). These observable traits included the plant 

biomass (dry wt), the number of leaves, and the length of the roots, shoot and longest leaf. The 

quantitative measure for each trait, separated by treatments, is shown in Figure 3. ANOVA one-

way analysis was performed to identify significant statistical differences among the treatments and 

the error bars represent the standard deviation for each treatment (N = 3). 

The dry biomass at day 10 varied little among control, nanoparticle only (PHSN), and encapsulated 

azoxystrobin (Azo@PHSN) treatments. However, the treatment with non-encapsulated pesticide 

(Azo) yielded 4.4-fold, 5.2-fold and 3.8-fold less biomass than control, PHSN and Azo@PHSN 

treatments, respectively. It is evident that at the concentration applied, azoxystrobin caused 

inhibitory effects on the plant growth. However, the Azo@PHSN treatment resulted in biomass 

yield somewhat in between the PHSN and Azo treatments, with no statistical difference compared 

to control (p > 0.05). The same trends in the pesticide concentration and biomass yield were 

observed at day 20.  This suggests that the non-encapsulated azoxystrobin is somehow inhibiting 

plant growth and the PHSN might be limiting the negative effects of high levels of pesticide 

exposure to a certain extent by releasing it over time, thus mitigating its toxicity. Azoxystrobin has 

been shown to cause toxicity towards some varieties of cultivars.38-40, 62, 63 

Similarly, the length of the roots at day 10 and 20 was similar among the control, PHSN and 

Azo@PHSN treatments, leading to no significant statistical difference among the three treatments 



(p > 0.05). The Azo treatment yielded the smallest root length. The Azo treatment led again to the 

least root development.  

There was no significant difference in the shoot length between control and PHSN treatments at 

days 10 and 20 of harvesting. The shoot development was somewhat impacted at day 10 for both 

azoxystrobin treatments (Azo and Azo@PHSN), but at day 20 the shoot development was evident 

for the Azo@PHSN. The Azo treatment continued to inhibit the plant development in a greater 

extent than the other treatments. 

To some extent, the results for the other two observable indicators (number of leaves and length 

of the longest leaf) follow similar trends as the previous three observable traits: (i) Azo@PHSN 

overall showed little difference to control and PHSN, except for dry mass and length of the longest 

leaf, for which the treatment yielded lower values.  (ii) Azo treatment always yielded the indicators 

with the lowest values, which suggests that azoxystrobin caused inhibitory effects on the plant 

development. (iii) PHSN treatment in all cases yielded similar results when compared to control, 

with the exception to the number of leaves indicator where PHSN treatment yielded significantly 

more leaves than control (p < 0.05).  

Overall, the growth of Solanum lycopersicum was negatively impacted by the pesticide-dosed 

treatments. While the treatment with non-encapsulated azoxystrobin yielded the lowest amount of 

biomass and highest growth inhibition, the treatment with nanoencapsulated azoxystrobin was 

placed somewhat in between the treatment with azoxystrobin and controls with respect to those 

parameters. The treatment with the nanoencapsulated azoxystrobin yielded less growth inhibition 

because the release profile of azoxystrobin in a porous nanocarrier was controlled and slowly 

released the AI for days, while the treatment with non-encapsulated azoxystrobin resulted in an 

immediate dissolution. The uptake per unit of dry biomass profiles in Figure 3 suggest that 

azoxystrobin was rapidly available in the Azo treatment and decreasing rapidly from then on, while 

the nanoencapsulated treatment released the pesticide in a controlled manner over time, which 

helped minimize the phytotoxic effects observed with the Azo treatment. 

Nanopesticides had limited impact on the soil microbial community structures. Between 95 

to 99% of the pesticide applied remained in the soil after nanoencapsulated and non-encapsulated 

pesticide treatments over the 20-day experiment. Therefore, the effect of the remaining 

azoxystrobin on the soil microbiota should also be investigated to grasp the full impact of applying 



nanoencapsulated pesticides and how that compare with non-encapsulated pesticide or no pesticide 

at all. 

There are conflicting results about the azoxystrobin impacts on the microbial community in the 

literature. While some studies reported azoxystrobin reduced microbial diversity by inhibiting the 

growth of a number of bacteria and fungi in soil,64-66 particularly its target pathogens, 

Deuteromycetes, Ascomycetes, Basidiomycetes and Oomycetes,37 others have suggested that the 

fungicide had little to no significant effect on soil microbial communities.67-69 Such contrasting 

conclusions are likely attributed to differences in the soil properties, fungicide doses and 

application methods used in each study. 

The level of richness and diversity in the soil microbiota is a key indicator to assess the health of 

the soil because the microbial communities work symbiotically to maintain its fertility, 

productivity and sustainability.70 A diverse consortium of soil bacteria drives nitrogen and carbon 

cycling ensuring proper nutrient distribution,71 suppression of (a)biotic stresses due to pathogens,72 

drought, high salinity and metabolization of pesticides.73 Fungi are normally responsible for 

nutrient translocation and metabolization of biomolecules, enhancing nutrient availability to other 

microorganisms.74 Therefore, any disruption or deregulation in the soil microbiota may have 

serious consequences to the whole ecosystem. Figure 4 and Figure 5 show the taxonomic 

abundance of fungi at class level and bacteria and archaea at phylum level, respectively. 

With few exceptions, there was no significant effect on the fungi community coming from any of 

the treatments in terms of relative abundance, for both bulk soil and the soil loosely attached to the 

roots. The soils treated with azoxystrobin saw a significant increase (p < 0.05) in Saccharomycetes 

of 44-fold at day 10 and of 15-fold at day 20 when compared to the soils without pesticide dosing 

(control and PHSN treatments). The increase of 5 to 6% in relative abundance of Saccharomycetes 

was accompanied by an evenly decrease of all the other classes between 1 and 2%. 

Saccharomycetes play an important role in mineralization processes and nutrient cycling in soil.75 

In both cases, it is noticeable that when differences occurred, they tended to be more significant at 

day 10 than at day 20. This suggests that the soil microbiota acclimated to the pesticides over time. 

Nonetheless, the small differences in taxonomic relative abundance suggest that microbial 

community changes are not the driver for the differences in plant growth reported above. 



Similarly, with few exceptions, there was no significant effect on the bacterial community 

composition for any of the treatments, for both bulk soil and the soil loosely attached to the roots. 

The soils treated with azoxystrobin (Azo and Azo@PHSN treatments) experienced higher relative 

abundance of Proteobacteria on day 10 (+ 6.7%), but relatively no difference at day 20 when 

compared to the soils without pesticide dosing (control and PHSN treatments). Among key 

functions in the soil, Proteobacteria are generally associated with cycling of nitrogen, sulphur and 

carbon.76 On the other hand, the soils treated with azoxystrobin (both as Azo and Azo@PHSN) 

experienced lower relative abundance of Acidobacteria at days 10 (- 6.9%) and 20 (- 4.0%). 

Acidobacteria is very sensitive to change in soil physicochemical properties,77 thus the addition of 

pesticides likely negatively disrupted this phylum.  

The PCoA for the bacterial and archaea communities (Figure 6a) revealed that there are two 

parameters affecting the β-diversity (the measurement of the change in diversity of species from 

one system to another) of these communities: (1) time, and to a smaller extent (2) different 

treatments. There are two distinct clusters based on time periods, one that includes the triplicates 

from day 0, most treatments from day 20 and azoxystrobin-free treatments from day 10, located 

mostly in the border between Q1 and Q4, and the other cluster includes the treatments involving 

azoxystrobin at day 10 which are primarily in Q2 and Q3. Furthermore, the pesticide treatments at 

day 10 are further away from the initial soil stage (at day 0) than the same treatments at day 20. 

Therefore, the pesticide-based treatments had a more significant impact on the β-diversity of 

community compared to other treatments. This effect, however, was more significant in the first 

10 days, and the microbial community in the soils tended to bounce back to their initial stage as 

the day progressed until day 20. Similarly, the PCoA for the fungi communities (Figure 6b) 

revealed that pesticide-dosed treatments and time also influenced the β-diversity of these 

communities. Although the different treatment triplicates are more spread out in the fungi 

communities PCoA, the pesticide-dosed treatments located mostly in Q2 and Q3 are still the 

furthest away from the initial stage triplicates at day 0 in Q4, and as time progressed to day 20, the 

triplicates tended to bounce back to the initial stage. This is another instance where the data 

suggests that the soil microbiota acclimated to azoxystrobin. While relative abundance did not 

change considerably among samples (Figures 4 and 5), β-diversity shifts are more evident (Figure 

6), suggesting that although the pesticide treatments (Azo and Azo@PHSN) did not affect the 



relative abundance, they seemed to have an effect in the overall richness and evenness of the 

samples when compared to the ones treated without pesticides (control and PHSN). 

Furthermore, α-diversity (the measurement of the change in diversity within one sample) analyses 

were performed to investigate whether there are statistically significant differences among 

treatments. Overall, the α-diversity analysis indicated that there were a few differences among 

treatments, mostly associated with treatments dosed with pesticides (Figure S2). Lo78 reported that 

soils with high organic matter content enhance sorption of hydrophobic agrochemicals, such as 

azoxystrobin, making them unavailable to microorganisms. Thus, hydrophobic pesticides may 

have minimal effects on microbial community in soils with abundant organic matter. These results 

suggest that the toxic effect of azoxystrobin may be a direct effect on the plant, rather than an 

effect on the soil microbiota which then would affect the plant growth. 

The qPCR data for bacterial and archaea communities (Figure S3) and fungi communities (Figure 

S4) confirmed the trends observed with the relative abundance and diversity analyses. The 

bacterial and archaea community population size changes (Figure S3) do not vary significantly 

compared with control at day 0 or the control systems at day 10 and 20 to an extent that would 

explain the abrupt inhibition in plant growth that was observed during Azo treatments. The fungi 

community population size changes (Figure S4) showed that Azo@PHSN was the only instance 

where the community numbers decreased when compared to day 0, particularly at day 10 for bulk 

soil and soil loosely attached to the roots. The continuous supply of the pesticide over a longer 

period of time promoted by the encapsulated formulation likely was responsible for decreasing the 

overall fungi community numbers, while a one-dose non-encapsulated pesticide formulation was 

not able to maintain the biocidal effects for the same period of time.   

 

Conclusion 

In this study, the pesticide encapsulation promoted the slow, controlled release of the AI over days, 

whereas the non-encapsulated formulation of pesticide experienced a rapid dissolution within 

hours. This controlled release mitigated the impacts of the pesticide in the plant health. Plants in 

soils which were treated with non-encapsulated azoxystrobin yielded less biomass than those 

treated with nanoencapsulated azoxystrobin. In terms of soil microbiota, all treatments led to 



relatively minor changes in the soil microbial communities. It is unlikely that these shifts 

influenced the plant growth, because key bacterial and fungi communities responsible for soil 

health, were not heavily impacted.  

Overall, the use of nanocarriers to encapsulate and transport AIs did not seem to negatively impact 

the plant health and soil microbial community, rather it helped mitigate the phytotoxicity by slowly 

releasing the pesticide over time. The nano-encapsulated azoxystrobin was bioavailable in the 

plants as evidenced by generation of its metabolic products. The relatively small mass of PHSN 

added in soil (5 mg per 61.6 g soil) led to a five-fold increase in azoxystrobin uptake, with almost 

no phytotoxicity. In our prior study, we also found that the PHSN have limited mobility in 

subsurface granular media, due to their high surface roughness42. These are particularly promising 

results for pesticide application of silica nanocarriers and imply that fewer pesticide applications 

may be necessary with the use of nanocarriers. However, these results need to be verified with 

different soil types and crops. 
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Figures 

 

Figure 1.  (a) Relative concentration (C/C0) of azoxystrobin in solution (20% v/v methanol) phase 

over time and (b) Concentration of azoxystrobin over time in solution (20% v/v methanol) released 

from pure (Azo) and encapsulated azoxystrobin (Azo@PHSN).  

  



 

 

Figure 2. (A) Azoxystrobin concentration per unit of dry plant biomass at days 10 and 20 for Azo 

and Azo@PHSN treatments. The dry biomass was derived from plants after thorough rinse of the 

roots. (B) Azoxystrobin absolute uptake at days 10 and 20. Different letters (A, B, C and D) indicate 

significant statistical differences among samples (ANOVA one-way test, p < 0.05 threshold). (B) 

Photos of the plants harvested at day 10. (C) Photos of the plants harvested at day 20. 

  



 

 

Figure 3. The measures of five phenotypic traits (dry mass, root length, shoot length, number of 

leaves and length of the longest leaf) as indicators of the impacts of each treatment in the plant 

growth. Different letters (a, b and c for samples at day 10, A, B and C for samples at day 20) 

indicate significant statistical differences among samples (ANOVA one-way test, p < 0.05 

threshold). 

  



 

Figure 4. Relative taxonomic abundance of fungi communities at a class level. The communities 

obtained from loosely attached soil to the roots have the prefix R- in front of the treatment ID. The 

communities obtained from bulk soil have no prefix in front of the treatment ID. 

  



 

Figure 5. Relative taxonomic abundance of bacterial and archaea communities at a phylum level. 

The communities obtained from loosely attached soil to the roots have the prefix R- in front of the 

treatment ID. The communities obtained from bulk soil have no prefix in front of the treatment 

ID. 

  



 

Figure 6. PCoAs for (a) bacterial and archaea communities and (b) fungi community. The 

communities obtained from loosely attached soil to the roots have the prefix R- in front of the 

treatment ID. The communities obtained from bulk soil have no prefix in front of the treatment 

ID. 
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