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Abstract 

Agriculture is under heavy pressure to innovate due to the needs of feeding a rapidly growing 

global population while agricultural productivity has largely plateaued in recent decades. It is 

estimated that the world population will reach 9.1 billion by 2050 and the yearly demand for 

cereals, for instance, will increase by 43%, from 2.1 to 3 billion tonnes. Optimizing crop 

productivity and addressing current process inefficiencies are critical to meeting the increased 

demand without creating excessive energy and materials resource demands. Pesticide application, 

for example, is a highly inefficient process and it is estimated 2.45 billion kg of pesticides are 

wasted every year because of current application practices. That corresponds to 90% of the total 

pesticide applied, which end up contaminating the soil, water bodies, and impacting a range of 

living organisms, including humans. Nanotechnology is viewed as a promising technology to 

improve pesticide application. Nanocarriers, a class of nanomaterials, can be used as delivery 

agents for pesticides to provide slow and targeted release in the plant, and protect them against 

premature degradation and uptake in plants. Therefore, the use encapsulated pesticides within 

nanocarriers, have the potential to reduce wastage during application. The objective of the thesis 

is to explore the feasibility and efficacy of deploying silica nanoparticles as pesticide nanocarriers 

for agriculture. The scope includes the synthesis, characterization, and application of silica 

nanocarriers and assessing their mobility in the subsurface. The first objective was to develop a 

reproducible method to synthesize porous hollow silica nanoparticles (PHSN) through soft 

templating. In summary, when combined in the right ratio, two surfactants, 

cetyltrimethylammonium bromide and Pluronic P123, self-assemble forming the template onto 

which the SiO2 precursor can anchor to grow the SiO2 shell. The resulting PHSN population was 

monodisperse with diameter of 258 nm, specific surface area of 287 m2 g-1 and pore size ranging 

from 1.5 to 2 nm. The characterization was performed using a suite of techniques, including solid-

state nuclear magnetic resonance, Fourier-transform infrared spectroscopy, transmission electronic 

microscopy and light scattering. It was also the first imaging demonstration of nanoencapsulation 

where iron (Fe) and borohydride ions diffused in the pores to reach the hollow cavity and reacted 

forming entrapped Fe nanoparticles.  The second objective was to investigate the impacts of 

particle architecture and surface properties on transport in saturated porous media. Solid SiO2 

nanoparticles and PHSN were tested under varying experimental conditions of pH and ionic 
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strength. Retention of PHSN was significantly higher across the board, which was not captured by 

modeling. This suggests that particle architecture and surface properties play a role in the transport 

profile. The third objective was to investigate the impacts of nanoencapsulated azoxystrobin added 

to soils on plant growth and soil microbial community and how these compare with non-

encapsulated formulations. Not only did the nanocarriers mitigate the toxicity of the pesticide, they 

also did not interfere with the soil and plant health. The fourth objective was to explore the uptake 

and translocation of the nanoencapsulated azoxystrobin in tomato plants following foliar 

application. It was demonstrated that both the nanocarrier and the pesticide were taken up and 

distributed throughout the plant, even though the particle size exceeded the size excluding limits 

discussed in the literature.   
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Résumé 

L'agriculture est soumise à une forte pression pour innover en raison des besoins de nourrir une 

population mondiale en croissance rapide, tandis que la productivité agricole a largement plafonné 

au cours des dernières décennies. Il est estimé que la population mondiale atteindra 9,1 milliards 

d'ici 2050 et que la demande annuelle de céréales, par exemple, augmentera de 43%. L'optimisation 

de la productivité des cultures et la résolution des inefficacités actuelles des processus sont 

essentielles pour répondre à la demande accrue sans créer de demandes excessives en matière 

d'énergie et de ressources matérielles. L'application de pesticides, par exemple, est un processus 

très inefficace et il est estimé que 2,45 milliards de kg de pesticides sont gaspillés chaque année 

en raison des pratiques d'application actuelles. Cela correspond à 90% du total des pesticides 

appliqués, qui finissent par contaminer le sol, les plans d'eau et impacter une gamme d'organismes 

vivants, y compris les humains. La nanotechnologie est considérée comme une technologie 

prometteuse pour améliorer l'application des pesticides. Les nanotransporteurs, une classe de 

nanomatériaux, peuvent être utilisés comme agents de libération des pesticides pour assurer une 

libération lente et ciblée dans la plante et les protéger contre la dégradation et l'absorption 

prématurées par les plantes. Par conséquent, l'utilisation de pesticides encapsulés dans des 

nanotransporteurs a le potentiel de réduire le gaspillage lors de l'application. L'objectif de la thèse 

est d'explorer la faisabilité et l'efficacité du déploiement de nanoparticules de silice comme 

nanotransporteurs de pesticides pour l'agriculture. La portée de la thèse comprend la synthèse, la 

caractérisation et l'application de nanotransporteurs de silice et l'évaluation de leur mobilité dans 

le sous-sol. Le premier objectif était de développer une méthode pour synthétiser des 

nanoparticules de silice creuses poreuses (PHSN). En résumé, lorsque deux tensioactifs, le 

bromure de cétyltriméthylammonium et le Pluronic P123, sont combinés dans le bon rapport, ils 

s'auto-assemblent pour former le gabarit sur lequel le précurseur de SiO2 peut s'ancrer pour faire 

croître la coque de SiO2. La population de PHSN résultante était monodisperse avec un diamètre 

de 258 nm, une surface spécifique de 287 m2 g-1 et une taille de pores allant de 1,5 à 2 nm. La 

caractérisation a été effectuée à l'aide d'une suite de techniques, notamment la résonance 

magnétique nucléaire à l'état solide, la spectroscopie infrarouge à transformée de Fourier, la 

microscopie électronique à transmission et la diffusion de la lumière. Il s'agit également de la 

première démonstration d'imagerie de nanoencapsulation des nanoparticules de Fe dans des PHSN. 
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Le deuxième objectif était d'étudier les impacts de l'architecture des particules et des propriétés de 

surface sur le transport dans des milieux poreux saturés. Des nanoparticules de SiO2 solides et les 

PHSN ont été testés dans diverses conditions expérimentales de pH et de force ionique. La 

rétention de PHSN était significativement plus élevée dans l'ensemble, ce qui n'a pas été capturé 

par la modélisation. Cela suggère que l'architecture des particules et les propriétés de surface jouent 

un rôle dans le profil de transport. Le troisième objectif était d'étudier les impacts de 

l'azoxystrobine nanoencapsulée ajoutée aux sols sur la croissance des plantes et la communauté 

microbienne du sol. Non seulement les nanotransporteurs ont atténué la toxicité du pesticide, mais 

ils n'ont pas non plus interféré avec la santé du sol et des plantes. Le quatrième objectif était 

d'explorer l'absorption et la translocation de l'azoxystrobine nanoencapsulée dans les plants de 

tomates après application foliaire. Il a été démontré que le nanotransporteur et le pesticide étaient 

absorbés et distribués dans toute la plante, même si la taille des particules dépassait la taille hors 

limites discutée dans la littérature. 
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Preface and Contribution to Original Knowledge 

Preface 

In accordance with the McGill Guidelines of Thesis Preparation, this thesis was prepared in the 

manuscript-based format. Chapter 1 presents the introduction to the field, knowledge gaps, thesis 

objectives and structure. Chapter 2 presents a literature review focusing in the nano-enabled 

agriculture field and was prepared as a book chapter. Chapters 3 to 6 were prepared as research 

articles and include the experimental methods, results of the experimental work and discussions. 

Chapter 7 presents the conclusions, major implications of the findings and potential future work. 

The author of this thesis is the primary author for all the manuscripts stated above. A detailed 

description of the contributions to new knowledge is presented below. 

Contribution to knowledge 

1) Development of a novel method to synthesize hollow porous silica (SiO2) 

nanoparticles (PHSN). Previously reported synthesis of such particles can be separated in 

hard template and soft template methods. While hard template methods require the use of 

a hard sphere, such as polystyrene, and functionalization of its surface to allow for the SiO2 

precursor to attach and grow, soft template methods use a combination of surfactants and 

a swelling agent, usually an oil phase, and further functionalize the water-oil interface of 

the nano-emulsion to allow for the SiO2 precursor to attach and grow. Here, a protocol was 

presented using two surfactants, cetyltrimethylammonium bromide and Pluronic P123, that 

self-assemble forming the template for the PHSN without the need for a hard or soft 

template and their functionalization. The resulting PHSN was determined to be hollow and 

porous, an ideal structure for nanocarriers. Furthermore, the size distribution was 

monodispersed, and batch-to-batch reproducibility was achieved. 

2) First imaging demonstration of active ingredient (AI) post-synthesis 

nanoencapsulation within PHSN. Previous studies claimed that AI nanoencapsulation 

within nanoparticles was successful by comparing the release profile of AI in the 

encapsulated form and how that compared with the non-encapsulated form. Then, these 

results were combined with measurement of the decrease of the concentration of the AI in 
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the bulk solution during the loading experiments to show proof that the AI was being 

loaded into the nanocarrier. Nonetheless, no images could be provided to show proof of 

encapsulation post-synthesis. The main obstacles were that post-synthesis encapsulation 

are usually done with organic molecules, which cannot be imaged, e.g., using transmission 

electron microscopy (TEM). TEM images were provided of the post-synthesis 

encapsulation of iron (Fe) and borohydride ions, that subsequently reacted forming Fe 

nanoparticles within the PHSN, indicating the successful nanoencapsulation of the AI. 

3) Experimental demonstration of how particles surface roughness can influence the 

transport of nanoparticles in saturated porous media. Previous studies on how 

nanoparticle characteristics influence the transport of a nanoparticles in porous media have 

largely focused on attributes such as particle size, aggregation extent, charge, and 

presence/absence of polymer coatings. Here, the transport profile of solid SiO2 

nanoparticles was compared to PHSN of the same size in varying experimental conditions 

of pH and ionic strength. Although they had the same size and were comprised of the same 

material, the retention of PHSN was 3-fold higher than that of solid SiO2. Detailed 

characterization and analysis showed that surface roughness and porosity of PHSN play an 

important role in the transport profile of nanoparticles and cause deviations in the particle-

collector interactions from that predicted by the Derjaguin-Landau-Verwey-Overbeek 

theory. 

4) Demonstration of the impacts of an inorganic nanocarrier-encapsulated pesticide on 

plant growth and soil microbial community. In this study, the effects of 

nanoencapsulated pesticides on plant and soil health was demonstrated and compared to 

non-encapsulated pesticide. It is the first study to assess uptake of pesticide encapsulated 

in a silica nanocarrier in soil system. Furthermore, it was unclear whether the 

nanopesticide, or the encapsulating nanoparticle alone, would have any detrimental impact 

on agricultural practices. Overall, the experiments showed that not only the 

nanoformulation did not negatively impacted the plant and soil health, but it also mitigated 

the toxic effects of the pesticide towards tomato plants evidenced with the non-

encapsulated pesticide. Moreover, it was demonstrated that the pesticide uptake was higher 

for the nanoencapsulated pesticide when compared to the non-encapsulated pesticide. 
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5) First evaluation of the uptake and translocation of PHSN-encapsulated pesticide by 

tracking both the nanocarrier as well as the pesticide. Previous studies have tracked 

uptake and translocation of nanopesticides by tracking the pesticide alone. Therefore, it 

was unclear whether the pesticide was being taken up and translocated while encapsulated 

in the nanocarrier particle. It was also unclear whether the nanoparticles played a role in 

the uptake and translocation of the pesticide, or they depended solely on the 

physiochemical properties of the pesticide. This knowledge gap was address by tracking 

the uptake and translocation of the nanoparticle and pesticide simultaneously and provided 

important insights of the mechanisms of distribution of a nanoencapsulated pesticide in 

tomato plants and how it compared with the distribution of the non-encapsulated pesticide. 

6) First analytical quantification of Si in plant matrices without the use of hydrofluoric 

acid (HF). Previous studies employing SiO2 nanoparticles either did not quantify Si uptake 

in plant matrices or utilized HF as part of the process to dissolve SiO2 before the 

measurements. The HF-protocol, however, is highly hazardous because it involves the 

handling of HF, an extremely toxic and corrosive chemical, which requires specialized 

laboratories and training for handling. Here, a modified version of a protocol without the 

use of HF described in the literature was implemented and was able to quantify Si 

translocation in plants using Inductively Coupled Plasma Optical Emission Spectroscopy 

(ICP-OES). 
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Chapter 1. Introduction 

1.1. Nano-enabled agriculture 

A recent report on the global market of pesticides, published in 2017 by the United States 

Environmental Protection Agency (EPA), estimated that approximately 2.7 billion kilograms of 

pesticides are used annually.1 This study, however, analyzed the market between 2008 and 2012, 

and therefore the current number may be even greater. It is estimated that only 10% reach their 

final destination,2 i.e., 2.45 billion kilograms of unused pesticides are discharged into the 

environment as a result of losses during application. Hence, contaminating the soil, water bodies 

and affecting a range of living organisms, including humans. Several pathways contribute for these 

losses. Approximately, 20 to 50% of the pesticides can be lost due to emissions into the air, which 

are controlled by factors such as wind speed, humidity, and temperature.3, 4 The rest is lost to runoff 

by leaching from soil to groundwater, and by chemical and biological degradation.5 Agricultural 

practices rely on pesticides to protect the crops against pests. Pesticides are essential to help supply 

the ever-growing food demand worldwide. Studies estimate that the projected world’s population 

will reach 9.1 billion by 2050.6 As a result, the demand for cereals will increase from 2.1 billion 

tones yearly to 3 billion tones6 for both food and animal feed.7 Reducing the use of these 

agrochemicals would have a severe impact in the food availability around the world. For this 

reason, the major challenge is to maintain the efficacy of pesticides, while reducing the quantity 

applied. Encapsulation of pesticides in carrier media does not only protect the pesticide against 

degradation and volatilization but can also provide targeted controlled release. 

Nanotechnology is increasingly viewed as a promising tool to increase crop productivity 

and reduce the environmental footprint of the agriculture industry.8-10 Interestingly, while the 

nano-market is still in its early stages in agriculture,11 nanotechnology research in the biomedical 

field increased tremendously over the past few years, particularly in targeted drug delivery for 

cancer and autoimmune disease treatments.12-15 Some of the knowledge from biomedicine may 

establish the grounds to develop technologies for targeted delivery of active ingredients (AI) for 

agriculture, such as pesticides,16 nutrients,17 genetic material18 and growth hormones. Targeted 

delivery could ensure that the right amount of the AI is delivered in the specific target, thus 
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reducing the quantity of chemicals wasted during application. Furthermore, the nanocarriers also 

function as a protective barrier against premature degradation of the AI.19, 20  

Most of the research on nanoencapsulation of pesticides has focused on loading the AI 

within polymeric structures.21 However, their lack of thermal and chemical stability has led to the 

investigation of other nanomaterials such as silica. Polymeric structures can be easily degraded by 

enzymes in the soil or inside the plants, which may not be desirable when prolonged released is 

required. Moreover, the monomers generated from the structure breakdown may be toxic or acidic, 

thus adversely impacting plant growth.21 Inorganic compounds such as silica are earth-abundant, 

a micronutrient for plants and have low toxicity potential. Thus, silica nanoparticles are deemed 

to be a promising encapsulation alternative to polymeric nanoparticles.22 Concomitantly, it is 

important to mention that other compounds are also being studied as alternatives for nanocarrier 

materials, such as lipid nanoparticles, nanoemulsions, liposomes, dendrimers, carbon nanotubes, 

nanocomposites and wax-based nanoparticles.23, 24 

The overall objective of this thesis was to develop silica nanoparticle capsules for organic 

pesticides, such that they are effective pesticide delivery agents and lead to substantially reduced 

environmental impacts. This will be achieved by optimizing different methodologies to synthesize 

distinct nanosilica structures loaded with pesticides, particularly hollow shell particles. Then, the 

most promising nanoformulation, in terms of size range, polydispersity index (PdI) and colloidal 

stability, will be tested for their respective pesticide loading, release rates and uptake in plants. 

The environmental impact of nanoencapsulated pesticides and their non-encapsulated 

formulations will be compared through assessment of the effective mobility of pesticides in 

saturated porous medium, as well as the pesticide biodegradation and effects on the microbial 

community in soil. 

1.2. Nanoencapsulation for sustainable agricultural practices 

The applications of engineered nanoparticles are already mature and well-developed in the food 

industry where synthetic amorphous silica has been used as anti-caking agent in food processing 

for many years25 and are deemed safe for the human health by the World Health Organization.26 

Also in medicine, liposomes, silicon and metal oxide nanoparticles have been used for drug 
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delivery, bio-sensing and cancer treatments.27 Given the growing knowledge and examples of the 

safe use of nanomaterials, there exists considerable room for new applications and contributions 

in the rapidly growing agrochemical industry. A literature review carried out by Peters et al.11 

underscored that research on nanomaterials in the biomedicine far exceeds that in agriculture. A 

major challenge in agriculture is to reduce the extensive use of pesticides and fertilizers while 

maintaining their efficiency. In line with this rationale, nanomaterials can potentially be used for 

targeted and effective delivery of these agrochemicals to plants through drug delivery. One 

strategy is to encapsulate these agrochemicals within nanocarriers, which provides two distinct 

advantages: (1) the nanostructure protects the AI from chemical and biological degradation, (2) 

while providing slow and controlled release of the AI for extended protection against pests. 

Nanoencapsulation also reduces the dosage of the AI applied, hence the exposure to the 

environment and ultimately the exposure to humans.11  

A diverse range of materials have been used to fabricate nanocarriers for delivery of 

pesticides. Organic nanoshell structures can be synthesized using polypeptides and 

polysaccharides as blocs for the polymeric matrix. Alternatively, inorganic materials for 

nanocarriers comprise metals (silver, titanium, iron, and gold) and metalloids (silicon). Most of 

the research has focused on polymer-based structures.21 Polymer-based nanocarriers present some 

limitations such as limited thermal stability, limited internalization of the nanostructures in plants, 

potential risk for their (bio)degradation before pesticide release, and accumulation in the 

environment as byproducts from incomplete degradation reactions.21, 28 Based on these limitations, 

inorganic porous materials have emerged as an option to encapsulate agrochemical compounds.21 

Metal and metalloid nanomaterials are resistant to degradation and are stable over a large range of 

pH and ionic strength. Some inorganic compounds are often taken up as nutrients for plants, such 

as silica, iron, magnesium, among others, thus taking advantage of natural transportation pathways 

to internalize the nanoparticulate formulations. In particular, mesoporous silica nanoparticles 

(MSN) and porous hollow silica nanoparticles (PHSN) have structural properties and surface 

chemistry that facilitate surface functionalization with organic compounds and high loading rates. 

Furthermore, their meso-structures and pores are essential for the sustained controlled release of 

the AI.29 
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The simplest method to synthesize silica nanoparticles is through the Stöber method,30 

which consists in utilizing tetraethyl orthosilicate (TEOS) as the silica precursor, ammonium 

hydroxide as the catalyst and short alkyl chain alcohols as solvent. Stöber et al.30 showed it is 

possible to obtain solid monodispersed silica spheres with diameter ranging from 50 to 2,000 nm 

by varying the concentration of the reactants and the conditions of the solution (pH, temperature, 

ionic strength). More recent methods have synthesized structures as small as 5 nm.31 Several 

studies have suggested different modifications for the synthesis of monodisperse spherical silica. 

For MSN synthesis, surfactants are added to the solution to provide the basic porous structure, 

which are further removed by calcination or washing in order to form the pore cavities.21 Popat et 

al.22 showed that the loading rate of the pesticide imidacloprid varied amongst different structures 

of MSN. In this study, the loading method consisted in suspending the particles in the pesticide 

solution overnight; hence, the phenomenon that dictated the loading was diffusion and deposition 

of the pesticide within the spherical silica. The most popular MSN structures are MCM-41 (named 

after Mobil Corporation as Mobil Composition Matter), MCM-48, SBA-15 (named after the 

University of California, Santa Barbara), TUD-1, HMM-33, FSM-16 among many others. The 

main differences between each structure are the chemicals used for synthesis, and its physical 

characteristics, such as pore size, pore distribution, pore shape and surface area. Wanyika32 

incorporated the fungicide metalaxyl by the same method as Popat et al.,22 with the exception that 

the solution was slowly evaporated using a rotary evaporator rather than centrifuged.   

The hollow structure of PHSN allows a higher AI loading rate, and its synthesis follow a 

different approach than for MSN and solid spherical particles.33 Generally, the silica shell is grown 

around a solid spherical template that is further removed by calcination or chemical dissolution. 

Chen et al.34 synthesized PHSN with the aid of CaCO3 nano-spheres as template. The authors 

obtained PHSN of around 100 nm which were loaded with avermectin and validamycin pesticides 

by immersion method aforementioned. Using a similar approach for the synthesis, Liu et al.35 

loaded PHSN with a water-soluble pesticide using supercritical carbon dioxide and improved 

loading while reducing the adsorption saturation period. Sasidharan et al.36 showed adsorption of 

ibuprofen in PHSN improved with the functionalization of the silica particles with 3-aminopropyl. 

The greatest potential for nanoencapsulation, however, relies on the synthesis on nanoemulsion 

templates. Qian et al.37 solubilized the fungicide tebuconazole within an organic non-aqueous 
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liquid phase, which was further suspended in aqueous solution resulting in a micro-emulsion. This 

oil-in-water emulsion served as template for the oil-core PHSN synthesis.  

A number of studies have confirmed that the release of the AI can be controlled by the 

conditions of the medium such as pH, temperature and ionic strength. Wen et al.38 showed that the 

release rate of avermectin increased substantially with increasing pH and temperature. Popat et 

al.22 demonstrated that the release rate of the same pesticide reduces dramatically after some 

minutes of the application. The nanoshell also provided UV protection to the photosensitive 

avermectin as shown in other studies.19, 20 Ultimately, the encapsulation of avermectin within 

PHSN resulted in an improved stability of the pesticide from 6 hours to 30 days.39 

One of the major gaps in this field is the lack of reproducibility of synthesis protocols, 

particularly during the pesticide encapsulation phase. Furthermore, no study so far compared the 

loading and release rate of chemicals within mesoporous and porous hollow silica. Although, 

porous silica offers a greater volume for loading, mesoporous have orders of magnitude higher 

surface area, which can play a role in loading and release rates if the AI sorbs on silica. 

1.3. Plant uptake of engineered nanoparticles 

Research into synthesizing the ideal nanostructures for encapsulating AI would be meaningless if 

the plant is not able to internalize the AI in the aftermath. Ideally, the goal is to have the uptake of 

the nanocarrier-AI system to avoid premature degradation and losses of the active material. When 

plants are transplanted to media spiked with metallic nanoparticles, it is possible to measure an 

increase in the respective metal concentration inside the plants. One phenomenon to explain the 

uptake of these metals from nanoparticles is through its dissolution and further uptake of ions40. 

However, plants can also take up metal nanoparticles directly. This is derived from the following 

observation: when plants are exposed to metal nanoparticles, the total concentration of the 

respective metal inside the plant does not match the amount of dissolved metal generated from the 

nanoparticles alone,41 and thus another source of this metal is required. In conclusion, the plant is 

likely able to internalize whole nanoparticles as well. Moreover, Yang et al.42 showed that the 

concentration of cerium inside Arabidopsis was greater when exposed to CeO2 nanoparticles (NPs) 

than when it was exposed to the same concentration of bulk CeO2. Wang et al.43 demonstrated that 
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silver nanoparticles of sizes varying from 30 nm to 120 nm were directly internalized by wheat 

and cucumber in their intact form, without any substantial modification. This is rather surprising 

because the plant root size exclusion limits (SEL) are smaller than 20 nm, suggesting there must 

exist a mechanism to uptake whole nanoparticles. Coincidently, here lies a major knowledge gap 

in the field, the uptake mechanism of whole nanoparticles into plants is still unclear.41  

 Mazumdar and Ahmed44 showed that nanosilver taken up by the root was later found in 

the aerial parts including stem and leaves. Although this transport is probably regulated by the 

xylem, little is known on how such relatively large and dense particles move upward from the 

roots to aerial parts.45 Keller et al.46 demonstrated what few studies before have: the uptake of 

nanoparticles by edible plants. Lettuce, kale, and collard were exposed to nano-copper (nCuO). 

Although most of the nCuO were washed away, a small fraction of nCuO were identified within 

the plants’ tissue through Single Particle Inductively Coupled Plasma Mass Spectrometry 

techniques. Furthermore, Roche et al.,47 simultaneously exposed imidacloprid, silver and CeO2 in 

bulk and in nanoparticle form to zucchini plants. Although the phytotoxicity remained unaltered 

in all cases, the uptake of imidacloprid decreased when the drug was co-exposed to the Ag and Ce, 

both as NP and bulk forms. In its turn, bioaccumulation of Ag and Ce in aerial parts of the plant 

decreased 80% when exposed to NPs compared to when exposed to the bulk elements. In 

conclusion, the uptake of the drug follows the following order: free drug > drug-bulk Ag and Ce 

> drug-NP Ag and Ce, and the uptake of Ag and Ce was higher when exposed to the bulk material 

rather than the NPs. Differences in DNA suppression and toxicity between NP and bulk elements 

were not representative. Nevertheless, it is important to understand why the uptake of Ce and Ag 

decreased so steeply when the elements were co-exposed with pesticides. A recent study48 showed 

that titanium and iron nanoparticles were deployed to suppress viral infection in tobacco. Both 

elements accumulated in chloroplasts and increased production of phytohormones by 40%, which 

stimulated the plant growth and boosted defense mechanisms. Sun et al.49 evaluated the 

internalization of MSN marked with fluorescent proteins inside lupin, wheat, and maize plants. 

The authors observed that nanosilica spheres with diameter as small as 20 nm were internalized 

by all three species of plants through the roots and transported to their stems and leaves. 

Nanoparticles distribution in the tissues were identified by transmission electron microscopy, and 

confocal microscopy techniques were used to quantify the amount of NP in these tissues by 
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evaluating the intensity of the fluorescence. Rui et al.50 assessed the uptake, transport, distribution, 

and toxicity of different concentrations of nanosilica in cotton. They observed that nanosilica 

uptake in cotton had significant positive effects on the root and shoot biomass size as well as in 

the height of the plants. Moreover, the increase in the concentration of Si NPs led to increased 

uptake of other micronutrients such as iron, manganese, potassium, zinc, magnesium, and copper. 

TEM images confirmed the existence of intact Si NPs in the roots, xylem, and shoots, suggesting 

that the transport of such nanoparticles occur through the plant vascular systems, the xylem and 

possibly phloem. Pyrimethanil-loaded MSN ranging from 200 and 300 nm was also observed to 

be assimilated in various compartments of the plant. 

The capacity of plants to assimilate nanoencapsulated pesticides is critical to their efficacy. 

However, limited research has been conducted about the extent to which plants can assimilate 

nanostructures, in terms of size, mass, as well as the mobility of more complex nanostructures 

(such as nanopesticides) within the plant vascular system.  There are also knowledge gaps on how 

the size, surface charge and surface composition influence the uptake of the nanoparticles, and 

what the effects of functionalizing the surface with bioactive compounds are. 

1.4. Environmental fate of nanoencapsulated pesticides 

A handful of studies have briefly characterized nano-enabled agrochemicals in terms of their 

efficiency in hindering pest proliferation while promoting plant growth.51-53 Nonetheless, one of 

the major gaps in these studies was not comparing the environmental fate of AIs in nano-

formulations with conventional, non-encapsulated AI. Environmental fate is a very general term, 

but four direct measurements can give a better picture in how these nanopesticides behave in the 

ecosystem. They include the rate to which these materials sorb to soil, the rate to which these 

materials are degraded in soil, the photolysis kinetics, and the efficacy (pest inhibition rates). 

Studies on nanopesticides tend to analyze the nanocarrier synthesis, AI loading, AI release and 

formulation efficacy solely, leaving the environmental fate analysis unaddressed. The lack of 

information concerning the plant uptake of these nanopesticides and their subsequent effect in the 

ecosystem hinders the commercial deployment of the technology, because policy makers have no 

basis to decide whether these particles pose a risk to the ecosystem and to the human health. One 
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of the major gaps in this area is the lack of understanding on how nanoparticles affect the microbial 

community, which co-exist in symbiosis with the plants being exposed to such chemicals. 

Ideally, the AI-nanocarrier formulations should demonstrate a great potential to improve 

efficiency of the AI while reducing the environmental impacts resulted from its application. The 

efficiency of pesticides, for instance, is determined by assessing the rate of mortality and 

specificity towards the pest that threatens the crops. It is also important to demonstrate prolonged 

pest inhibition and decrease in the pesticide concentration applied. A number of studies identified 

that certain nanostructures are able to sustain prolonged and controlled AI release for days19, 54 and 

improved mortality compared to conventional pesticide formulations.55 According to Kah et al.,56 

nanopesticides are in average twice as effective to the target organisms when compared to the 

conventional pesticide formulation. These studies, however, tend to be limited to assessments of 

mortality and whether the AI release rates are more efficient in the nanoform, whereas experiments 

assessing the environmental fate of the nanoformulations are not addressed. 

Encapsulating the AI will likely change the way it behaves in the environment. Desirable 

environmental fate behavior of nanoencapsulants will protect the AI against premature 

degradation, improve its mobility in soil and ensure to reach its predetermined destination without 

leaching into areas beyond the target and water bodies. The transport of colloids 

(nanoencapsulants) is influenced by its physicochemical properties such as size, surface charge 

and composition57, 58 as well as soil properties, groundwater flow and chemistry.59 AI transport on 

the other hand is a function of the charge and hydrophobicity of the molecule, which will have 

different interactions with soil surfaces and groundwater constituents.60, 61 Transport of colloids 

are largely dependent on deposition/attachment to soil particle surfaces whereas the transport of 

the non-encapsulated AI is regulated by sorption of the AI to soils – and thus their transport will 

be fundamentally different. Firdaus et al.62 demonstrated that nanoencapsulated bifenthrin, when 

compared to its conventional formulation, decreased the sorption rate to soil, increased the 

persistence of the pesticide after the application, and altered the uptake and distribution of 

bifenthrin in earthworms. Hence, it is urgently recommended that new research on this field 

include a comprehensive study comparing the mortality, concentration efficiency, prolonged 

release and environmental fate of nano-enabled products and their respective conventional 
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formulation. It is important to understand that encapsulation, on one hand, renders the AI 

protection against premature degradation, reduces losses during application and, in some cases, 

facilitates the mobility in complex media. On the other hand, the same protection envisaged during 

the application can result in rendering the AI more persistent and recalcitrant than the conventional 

formulation in the aftermath. After the crops have grown and been harvested, the residual 

nanoparticle-AI conjugate that remains in the soil become a liability/contaminant if it cannot be 

recovered. When this happens, the so-desired protective properties become an issue because the 

natural degradation of the AI is hindered. Understanding how the fate differs between non-

encapsulated and nanoencapsulated pesticide is fundamental to guarantee the safe deployment of 

this technology in large scale.  

Another major knowledge gap in this area is the lack of field work studies. Kah et al.56 

published a critical literature review stressing that no single field study comparing nano-enabled 

agrochemicals and their respective commercial formulation has been developed. Field studies are 

of extreme importance especially after the work of Graham et al.63 demonstrated that the efficiency 

of nanopesticides in the field were different from the results obtained in laboratory experiments. 

Moreover, Takeshita et al.64 reported that nanoencapsulated atrazine had greater and higher leaf 

uptake than the conventional formulation, and as well, positive impacts of the nanoformulation in 

the field was greater than that in greenhouse conditions. In summary, having a better understanding 

on how the nanopesticides differentiate from the non-encapsulated formulation in terms of their 

behavior and fate in the environment are necessary to estimate the risks they impose to human 

health and the ecosystem. 

1.5. Impacts of nanoencapsulated pesticide on the microbial community 

If nanopesticides are to be deployed in agricultural practices, this may involve intentional 

(application to soil) or unintentional (runoff from foliar application) introduction of engineered 

nanostructures to agricultural soils. These engineered nanoparticles will thus interact with the soil 

microbes, including rhizosphere microbes, which are involved in very significant elemental 

cycling processes. A very important example of plant-microbe symbiosis is the pathway for 

nitrogen fixation in plants.65 If the population of nitrogen-fixing bacteria abruptly shifts, it will 

directly affect the health of the plant. For instance, if a nanomaterial is toxic towards this 
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population of microbes, less symbiotic interaction will take place, diminishing the quantity of 

ammonia available for the plant. On the other hand, if the nanomaterial promotes the growth of 

these bacteria, there might be enhanced plant growth and other negative environmental 

consequences such as increased carbon dioxide, methane, and nitrous oxide, which are known 

greenhouse gases contributing to global warming.  

Advancements in genetics, DNA amplification through PCR and high throughput 

sequencing techniques allow identifying a great number of microorganisms that was once 

constrained by cultivation limitations. Most recently, utilizing amplified gene markers, 16S 

ribosomal RNA for instance, has been the preferred technique to evaluate microbial community 

phylogenetic diversity.66, 67 Muturi et al.68 assessed the effects of pesticides in aquatic microbial 

communities by evaluating how the community shifted before and after the pesticide applications. 

The study demonstrated that pesticides reduce the diversity of the microbial population and 

induces shifts in the taxonomic characteristics of the aquatic environment. For example, they 

observed that some bacteria taxa benefited from the pesticide exposure, using the chemical as 

carbon and nitrogen source, whereas others were completely eradicated after the exposure. 

Furthermore, the new classes of pesticides are synthetic and in most cases not easily 

biodegradable69. Thus, these agrochemicals persist in the environment after application and end 

up leaching to groundwater reservoirs or even more remote locations. Thus, endangering the 

indigenous organisms of that region.  

A major question to be explored is how the microbial diversity will be impacted by the 

presence of nanocarriers. Some heavy metals, such as zinc, are often necessary for adequate 

enzyme activity, as they play an important role in the enzyme structure, catalytic properties, and 

thus, in the microorganism metabolism.70 Nonetheless, in high concentrations, these metals can be 

toxic. Asadishad et al.71 observed shifts in microbial community and impairment in certain 

enzymes’ activity. Such enzymes could potentially be associated with nitrogen and phosphorous 

cycling – or simply put, the health of the soil. On the same line, Wu et al.72 assessed the toxicity 

of zinc towards the soil microbiota as nanoparticle as well as its ionic form. The results revealed 

that the impacts of zinc in the nitrification rate are not only associated with the ionic species – 

dissociated from the NP – but the NP itself also caused disruption in the N-cycling and triggered 
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the death of certain taxonomic units. Among SiO2, Al2O3, CeO2 and TiO2, silica impacted 

anaerobic ammonium oxidation the most, which are associated to N-cycling.73 Whether the 

nanocarriers will cause a shift in the microbial community needs to be determined. Any 

disturbance in the soil media – in this case the addition of a foreign compound (the AI-nanocarrier 

conjugate) – can trigger changes in the community. The focus should be in whether these 

alterations are causing any representative impact in terms of soil fertility, nutrients cycling and 

crops yield. 

In terms of degradation and environmental fate of these pesticides, azoxystrobin have its 

own trends. Azoxystrobin is a synthetic broad-spectrum fungicide and accounted for more than 

415 million dollars within the first four years of sale.74 Adetutu et al.75 studied the impact of 

azoxystrobin in soil microbial community in both dark and light conditioned microcosms. Less 

than 1% of the compound mineralized and over 60% was degraded within 21 days of incubation. 

The genomic analysis comprised the sequencing of 16S and 18S rRNA up to 84 days of incubation. 

The results revealed that for microcosms exposed to light, fungal diversity increased, but for 

microcosms without light, fungal diversity decreased, while bacterial diversity remained unaltered 

in both scenarios. 

1.6. Knowledge gaps 

Based on the literature review in this chapter and the scope of this thesis, the knowledge gaps that 

must be prioritized to assess the feasibility of deploying nano-enabled agriculture are summarized 

below: 

1) Lack of reproducible and uncomplicated protocols to synthesize porous hollow 

nanocarriers capable of carrying a high-density load of AI in a restricted space. Current 

methodologies are based on hard templating, where surface modifications must be 

performed on hard templates to allow the anchorage and growth of the porous nanoshell, 

and on soft templating, where the use of surfactants and an oil phase as the swelling agents 

are necessary. In both cases, surface functionalization for hard templates or in the water-

oil interface of nano-emulsions increases the degree of complexity of the synthesis. 
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2) Lack of evidence of the encapsulation of AI within porous nanocarriers. Based on the 

publications in the literature, authors claimed that slow, controlled release of the AI is proof 

of encapsulation, while no imaging is available. Because porous nanocarriers possess 

enhanced surface area, instead of encapsulation, AIs could be depositing onto the 

nanocarrier outer surface. 

3) Lack of data to understand whether structure properties, such as particle architecture and 

surface characteristics, play a role in the transport profile of nanoparticles through saturated 

porous media. This is the initial steps towards understanding the fate of nanoparticles in 

more complex matrices such as unsaturated agricultural soil. 

4) Little is known about the impacts of nanoformulations on plant and soil health. It is unclear 

whether the nanoparticles alone may have malign effects on the plant development and soil 

microbial community, or the nanoencapsulated pesticides will behave differently from 

their non-encapsulated counterparts. It is important to assess whether the potential benefits 

of deploying nanotechnology in agriculture will outweigh the shortcomings, that is, 

creating a new emerging contaminant. 

5) Lack of data in understanding the uptake and translocation of nanoparticles and 

nanoencapsulated pesticides in plants, particularly when their diameter surpasses the size 

exclusion limits reported in the literature. Furthermore, more sophisticated methodologies 

are necessary to efficiently quantify nanoparticles extracted from plant matrix. 

1.7. Research objectives 

The overall objective of this work was to develop SiO2-based nanocarrier capable of encapsulating 

pesticide and further delivering it to plants as well as to compare the environmental fate of the 

pesticides in soil when they are applied in the encapsulated and non-encapsulated forms. The 

pesticide selected for the entirety of the work was azoxystrobin because it is the top-selling broad-

spectrum fungicide (1.2 billion dollar market in 2014) extensively used in agricultural settings.76 

The specific objectives of this thesis were: 

1) Synthesize of hollow porous SiO2 NPs through soft-template methods, that is, using 

surfactants to create the template for the pores and hollow cavity in the SiO2 nanoshell. 
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2) Understand the formation mechanisms dictating the surfactant self-assembly followed by 

the SiO2 precursor anchorage in the surfactant template and growth of the SiO2 shell using 

Fourier-transform infrared spectroscopy and solid-state nuclear magnetic resonance 

techniques. 

3) Demonstrate proof of encapsulation of ions and organic molecules (azoxystrobin) within 

the SiO2 NPs and further quantifying the loading and release rates of the latter. 

4) Investigate the impacts of particle surface architecture on the transport profile of two 

different SiO2 NPs. 

5) Investigate the impacts of nanoencapsulated azoxystrobin in the plant growth and soil 

microbial community and how these compare with the non-encapsulated formulations. 

6) Investigate the uptake of nanoencapsulated azoxystrobin and this compare with non-

encapsulated formulations. 

1.8. Thesis organization 

▪ Chapter 1 introduces the thesis scope, objectives and structure. 

▪ Chapter 2 provides a detailed literature review on the research topics explored in this 

thesis, including the discussion of promising nanomaterials and their potential to be 

explored in nano-enabled agriculture, the impact of size and surface properties for efficient 

uptake in foliar and root systems, the role of surface functionalization to facilitate uptake 

and to target delivery, and a summary of stimuli responsive porous nanocarriers. 

▪ Chapter 3 presents a novel method to synthesize porous hollow SiO2 NPs using a 

combination of two surfactants, cetrimonium bromide and Pluronic P123, that self-

assembled forming the template for the nanoparticle’s hollow porous structure. The chapter 

also investigates the mechanism of formation of the self-assembled surfactant structure and 

the further SiO2 growth. Finally, it shows proof of the encapsulation of Fe and borohydride 

ions that reacted forming Fe NPs. 

▪ Chapter 4 investigates the effects of particle architecture and particle surface properties 

on the transport profiles through saturated porous medium. Solid spherical SiO2 and porous 

hollow SiO2 NPs were studied in this study and acid-washed white sand was the model 

saturated porous medium. 
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▪ Chapter 5 investigates the impacts of SiO2-nanoencapsulated azoxystrobin on plant 

growth and soil microbial community and how these compare with the non-encapsulated 

formulation. The impacts on plant growth were evaluated by observing five observable 

traits including plant dry biomass, root length, shoot length, number of leaves, and the 

length of the longest leaf. The impacts on soil microbial community were evaluated by 

extracting genomic DNA from soil, sequencing them targeting three genes, 16S rRNA, 18S 

rRNA and ITS rRNA, processing and analyzing the sequences based on relative 

abundance, absolute abundance, α diversity, and β diversity for bacteria, archaea and fungi 

communities. 

▪ Chapter 6 investigates the uptake profiles of SiO2-nanoencapsulated azoxystrobin 

following foliar application and how these compare with the non-encapsulated 

formulation. In this chapter, SiO2 NPs were extracted and quantified from plant matrix 

using a non-hydrofluoric acid method, which involves the safer handling of chemicals and 

will facilitate the tracking of the uptake of SiO2 in future works. 

▪ Chapter 7 summarizes the major findings in this thesis, highlights the importance of the 

results and how they contribute to fill current knowledge gaps, and indicates the future 

work necessary to advance research on the field. 
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Connecting Text to Chapter 2 

Chapter 1 introduced the specific literature review, knowledge gaps, thesis structure and objectives 

that are relevant to the scope of Chapters 3 to 6. Chapter 2, however, presents a broader review of 

the use of inorganic porous nanoparticles as carriers for agrochemicals, such as pesticides and 

fertilizers. While the scope of the research performed in this dissertation involved the use of silica 

nanoparticles for the encapsulation and transport of azoxystrobin (a commonly used pesticide), 

Chapter 2 reviews the use of different inorganic nanomaterials as promising nanocarriers in nano-

enabled agriculture, including silica, hydroxyapatite, iron, zinc, copper, and clay. Some of other 

topics also reviewed in this chapter includes the impacts of size and surface properties for efficient 

uptake in foliar and roots systems, the benefits of surface functionalization to facilitate uptake and 

target delivery, and finally, the promising use of stimuli responsive porous nanocarriers. 
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Chapter 2. Literature Review: Inorganic porous nanoparticles as pesticide or 

nutrient carriers 

2.1. Abstract 

Nano-enabled agriculture has been gaining interest recently as a pathway to improve crop yield 

and protection while reducing fertilizer and pesticide application rates compared to traditional 

agricultural practices.  Inorganic, porous nanoparticles can have a pivotal role in the successful 

deployment of nanotechnology. Inorganic porous nanoparticles can provide a structurally stable 

framework to encapsulate and transport active ingredients, such as pesticides and fertilizers. 

Herein, we provide a review of promising features that these porous nanocarriers possess that may 

be of interest in agriculture. For instance, porous nanocarriers can increase the apparent solubility 

and mobility of poorly soluble pesticides and control the release of these over time. Commonly 

studied inorganic nanomaterials include silica, iron oxide, zinc oxide, copper oxide, clays, and 

hydroxyapatites, each of which have their own attributes and characteristics that can be relevant 

to crop growth and protection in the field. This chapter also includes explanations of the uptake of 

these nanocarriers through roots and leaves, and their further translocation within the plants. The 

important role of particle physicochemical characteristics, e.g., zeta potential and size in uptake 

and translocation are reviewed along with emerging approaches for rational design of 

nanoparticles to provide them with stimuli-responsive characteristics that can be triggered by 

changes in pH, temperature, ionic strength, light, enzymes, and redox agents. 

2.2. Introduction 

Inorganic porous nanoparticles (NPs) are versatile, because of their wide range of mechanical and 

physicochemical properties. They can be chemically stable over long periods of time and are 

promising candidates for nanocarriers for pesticide agriculture. As a nanocarrier, they can provide 

the matrix to carry the active ingredient (AI), which includes a vast spectrum of organic and 

inorganic molecules,1, 2 and/or they can be used as an AI itself. Several metallic NPs have been 

reported to have antimicrobial properties, 3-5 thus can act as a nanopesticide. Furthermore, some 

metals are essential micronutrients to plants, such as zinc (Zn),6 and therefore, the respective 

metallic NPs can be directly used as a nanofertilizer. Inorganic NPs are in general more easily 



25 

 

manufactured with consistent properties when it comes to size distribution, shape, and batch-to-

batch reproducibility, compared to organic NPs.7 Furthermore, inorganic NPs are currently easier 

to analytically track in plant matrices and are more chemically stable in the field with respect to 

temperature, photo- and biodegradation over time.8, 9 

 A wide range of inorganic porous nanomaterials have potential applications in agriculture, 

such as those composed of SiO2,
10, Zn,11 Fe,12 hydroxyapatite,13 Cu,14 and clay.15 These inorganic 

nanoparticles can be tailored to specific sizes,16 porosity,17 intraparticle pore sizes,18 and 

functionalized with molecules to manipulate surface charge or functional groups.19, 20 Generally, 

surface modifications of nanocarriers are made to facilitate uptake and translocation, target the 

delivery and to provide controlled stimuli-responsive to the NPs.  

 

Figure 2-1. Commonly studied nanomaterials, morphologies, encapsulated active ingredients and 

application methods for nano-enabled agriculture. 

2.3. Nanoparticles as active ingredients and carriers of active ingredients 

Typically, metal oxides NPs (ZnO, Fe2O3, Fe3O4, CuO) and nHAP are themselves molecules of 

interest to be taken up by plants, because they are essential elements for plant development and 



26 

 

nutrition. Thus, these NPs are nanocarriers delivering the essential nutrients in their structural 

matrix, and a different AI embedded in the matrix. These NPs can be applied bare and as 

synthesized, without further modifications to the NP surface. This is generally the case when plants 

have dedicated internalization pathways for the elements delivered by the nanocarrier, e.g., Si, and 

thus no modifications are required to facilitate the internalization of the NPs. 

2.3.1. Silica Nanoparticles 

The use of silica NPs have been proposed for nano-enabled agriculture, primarily for two reasons: 

(1) Si is considered a quasi-essential nutrient for plants21 and the use of SiO2 NPs as a source of 

Si, has been shown to result in beneficial effects on plant health.22-25 (2) Synthesis and 

functionalization of SiO2 NPs of varied forms with a wide range of pore structures and particle 

characteristics are feasible.  Currently, there are established procedures for synthesis of SiO2 NPs 

of various structures, such as solid spherical nanoparticles,26 mesoporous nanoparticles,27 and 

porous hollow nanoparticles.28 Furthermore, certain characteristics can be controlled during 

synthesis, including particle size distribution,29, 30 pore size,31, 32 shell thickness,33 and even 

functionalization of the surfaces with bioactive molecules.34 Potential applications of SiO2 NPs in 

agriculture include acting as nanocarriers for pesticides and fertilizers 35, 36 as well as the AI itself, 

delivering Si to plants.37  

 Si is considered a quasi-essential nutrient, that is Si is not essential for plant development, 

but it is beneficial to plants when present.38 For this reason, Si also has dedicated transport 

pathways for uptake in plants. Si is generally internalized as Si(OH)4 through aquaporin-like 

channels.22 Foliar application of SiO2 NPs has demonstrated to be beneficial for plant growth.37, 39 

Porous hollow SiO2 NPs are promising candidates to carry a wide spectrum of organic and 

inorganic molecules. SiO2 NP structure is highly malleable during the synthesis, as one can tune 

characteristics such as the particle size, the size of the pores, the overall porosity, and the presence 

and size of a hollow core. The facile synthesis of different SiO2 NP structures and biocompatibility 

makes them exceptional candidates as nanocarriers. Although most research have been done on 

solid spherical nanoparticles first synthesized by Stöber et al.,26 most agricultural applications 

involve the use of mesoporous nanoparticles, such as the MCM-41, and porous hollow SiO2 NPs 

(PHSNs). MCM-41 is a popular choice for medical and agricultural applications because of the 
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enhanced surface area providing the potential for the high-density loading of molecules of interest 

through sorption. The synthesis procedure is a modification of the Stöber method with the addition 

of a surfactant called cetrimonium bromide (CTAB), which provides a highly uniform distribution 

of pores etched in the SiO2 matrix and an enhanced specific surface area that could reach over 

1000 m2 g-1.40 Several studies have reported having encapsulated pesticides such as prochloraz,42 

abamectin,43 and herbicides in general44 within mesoporous SiO2 NPs for targeted delivery. 

PHSNs have a more complex structure because of the presence of a hollow core within a porous 

SiO2 shell. This structure can be achieved either through hard templating using materials such as 

polystyrene45 or soft-templating using surfactants.28, 46 While hard-templating methods require the 

functionalization of the hard template to allow for the anchoring of the soon-to-be nanoshell and 

the post-synthesis removal of the template by either calcination of solvent extraction, soft-

templating methods involve the use of surfactants and/or oil phase as template, which could be 

part of the final nanoformulation or removed through means of heating or acid wash.28, 47 The 

hollow core of PHSNs provide a cargo space for the high-density loading of biomolecules or even 

other nanoparticles. Bueno and Ghoshal28 used the hollow core as a nanoreactor to synthesize Fe 

NPs within the porous SiO2 shell through the successive addition of Fe ions and sodium 

borohydride. Some studies reported the encapsulation of biomolecules, such as avermectin,41 

fipronil48 and even DNA strands.49 The PHSN shell also provides physical protection to the cargo 

molecules and avoid premature degradation.50 

2.3.2. Hydroxyapatite Nanoparticles 

Hydroxyapatite (HAP) is one of the most commonly occurring forms of calcium phosphate in 

nature, with well-defined crystalline structures.13 Most P-based fertilizers in current use are 

derived from phosphoric acid, such as triple super phosphate and ammonium dihydrogen 

phosphate, which rapidly chelate with Al3+, Fe2+/Fe3+ and Ca2+ in soil thus becoming unavailable 

for plants.51 Therefore, there is increasing interest in HAP as a fertilizer because it is a highly 

stable, naturally occurring material, which will not chelate with earth-abundant metal ions nor 

precipitate as easily as phosphoric acid-based fertilizers. Moreover, it is a naturally occurring 

compound in the environment instead of emerging contaminants from the transformation of 

phosphoric acid-based fertilizers, which carry in their commercial formulation, particularly triple 

superphosphate, a certain amount of heavy metals, such as As, Cd, Cr, Pb, Hg, Ni and V that are 
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released into the environment once the phosphorous fertilizer is metabolized.52, 53 HAP is 

biocompatible, naturally porous, and can be found in bones and teeth of vertebrates, and for this 

reason, it has been the target of study for biomedical applications.54-56 Due to the reduced size 

when compared to the bulk counterpart, nanosized HAP (nHAP) can be internalized through the 

roots and leaves. To date, although promising, few studies used nHAP as nanofertilizer to provide 

P to plants. However, Szameitat et al.51 recently reported the foliar and root application of nHAP 

in phosphorous deficient barley restored the plant metabolism and functionalities that were 

previously limited due to the lack of the element. These promising results may pave the way to 

more research on nHAP applications in nanoenabled agriculture in the near future. 

 Conventional phosphorous fertilizers, consisting mostly of soluble phosphates, are 

estimated to have an overall efficiency of 20% because of their high mobility in soil and 

susceptibility to being transported with runoff.57 In this context, nHAP can be a promising 

candidate to replace conventional phosphorous fertilizers due to its properties of slow but pH-

dependent dissolution, and hindered mobility in soil when compared to soluble phosphates.57, 58 

Generally, nHAP surfaces are functionalized to maintain their colloidal stability in suspension, 

and enhance uptake, for instance with carboxymethyl cellulose (CMC) as reported by Liu and 

Lau59 and with urea as reported by Kottegoda et al.60 

2.3.3. Iron Oxide Nanoparticles 

Fe is among the essential nutrients for plant health because it participates in several metabolic 

processes such as photosynthesis, nitrogen cycling, and biomolecules synthesis, as it is involved 

in the reaction mechanisms of the formation of chlorophyll, chloroplasts and cytochromes.61 The 

lack of Fe in plant nutrition hinders plant chlorophyll production and respiration, thus leading to 

chlorosis.62 In fact, the impacts of Fe deficiency go beyond the agriculture, as over 25% of the 

human population suffer from anemia,63 a condition directly correlated with the insufficient 

amount of Fe in the blood. Some studies have reported that increasing the amount of Fe in food 

crops, particularly rice, has a direct positive impact on human health.64, 65 Current methods for Fe 

fertilization have very low efficiencies, because Fe rapidly complexes with organic matter and 

becomes biologically unavailable to plants and microorganisms.66 The nano-sized forms of Fe 

minerals, however, is more stable and takes longer to release Fe ions compared to the salt-based 
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formulations. The synthesis of porous and hollow-porous Fe NPs can involve different synthesis 

mechanisms, such as sol-gel,67, 68 micelle-assisted,69 co-precipitation method,70, 71 radiation-

assisted method,72, 73 and hydrothermal-assisted method.74, 75 There are conflicting results in the 

agriculture about the use of Fe NPs in nano-enabled agriculture. Depending on the oxidation state 

of Fe and concentration of these NPs, they can lead to positive and negative impacts on the plant 

growth. Rui et al.76 reported that ppm levels of Fe2O3 NPs had a positive impact in the production 

of chlorophyll and increased the Fe stock in the Arachis hypogeae. Nonetheless, a higher 

concentration of  Fe2O3 NPs (50 mg L-1) led to decreased photosynthesis activity in another study.77 

At 30 mg L-1, Fe3O4 NPs have been reported to cause oxidative stress to ryegrass and pumpkin 

grown hydroponically.78 However, in another study, at 50 mg L-1, the treatment with Fe3O4 NPs 

resulted in higher chlorophyll activity and attenuated oxidative stress.79 

 There are two pathways for uptake of Fe in plants, particularly rice. The first pathway is 

through the adsorption of insoluble Fe(III) on the roots, followed by the its chelation and reduction 

to Fe2+ ions catalyzed by the ferric-chelate reductase, and lastly the transport of the ions from the 

cell wall to cytosol mediated by iron-regulated transporters (IRT).80, 81 Liu et al.82 recently reported 

that nZVI promoted the formation of an iron plate on rice root surface which resulted in further 

increase in biomass, chlorophyll content and grain yield up to 55%, while it simultaneously 

induced the removal of pentachlorophenol (PCP) from contaminated soil used for rice cultivation. 

The second pathway consists in excreting mugineic acid (MA) that complexes with insoluble 

Fe(III), forming MA-Fe(III) that are internalized to the cytosol mediated by YSL transporters.83 

Fe translocation from the cytosol to the other parts of the plants are then mostly mediated by 

protein members of the YSL family.84 

2.3.4. Zinc Oxide Nanoparticles 

Zn is an essential micronutrient for plant health that plays a critical role in maintaining key 

metabolic activities.85 It is also a cofactor for several metalloenzymes involved in antioxidant 

reactions as well as in the synthesis of biomolecules such as nucleic acids, proteins, carbohydrates, 

and lipids.86 Furthermore, it participates in the control of cell proliferation, and chloroplast 

formation, thus being directly involved in the photosynthesis activity.87 In terms of uptake and 

translocation within plants, Zn is internalized mostly by the roots in the form of Zn2+ or complexed 
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with organic chelators88 and is distributed through the xylem by transporters known as zinc 

regulatory transporters.89 Zn uptake could take place through the leaf surface or the roots. The 

latter is aided by dedicated protein transporters referred to as Zinc-Regulated, Iron-Regulated 

Transporter-Like Proteins, as known as ZIP protein family.90 These proteins are located in the cell 

wall and mediate the internalization of Zn to the cell plasma and vacuoles.89 The internalized Zn 

is then transferred to the xylem with the aid of another group of transport proteins called Heavy 

Metal ATPase, particularly HMA2 and HMA4.91 Then, from the xylem, the Zn is distributed 

throughout the plant. There are reports of translocation of Zn through the phloem with the aid of 

Yellow Stripe-Like (YSL) proteins, but the mechanism is not yet well elucidated.92 Foliar uptake 

of ZnO NPs has been reported to take place through the stomata, which then migrate to the apoplast 

to be dissolved into Zn2+.93 The cations and some undissolved ZnO NPs are then transferred to 

mesophyll cells before they finally reach the xylem, leading to the further translocation of Zn 

inside the plant.93  Porous Zn NPs can be synthesized by a variety of different methodologies, 

including microemulsion-based synthesis,94 co-precipitation,95 hydrothermal synthesis,96 sol-gel,97 

and self-assembly synthesis.98 

ZnO NPs have been suggested as a fertilizer alternative to increase the availability of Zn 

ions to plants. In practice, both positive and negative effects have been reported followed by 

application of ZnO NPs to plants. Khan and Siddiqui99 reported that ZnO NP application promoted 

pathogen resistant of beetroot crops against Pectobacterium betavasculorum, Meloidogyne 

incognita and Rhizoctonia solani. Semida et al.100 reported that ZnO NPs promoted drought stress 

resistance in eggplants. Dutta et al.101 synthesized ZnO NPs functionalized with humic acid and 

citrate, which promoted smart, sustained release of Zn when photoinduced, and enhanced the 

growth of wheat. In contrast, other studies listed toxic effects from the application of ZnO NPs 

such as inhibition of root and shoot growth, cell wall damage, and chlorophyll synthesis 

impairment.85, 102, 103 In summary, the factors influencing whether the application will result in 

positive or negative effects were mostly nanoparticle concentration, method of application, and 

plant species.  
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2.3.5. Copper Oxide Nanoparticles 

Cu is not only an essential nutrient for plant health, but also has antimicrobial properties. This 

allows the use of Cu-based products for both fertilization and pesticidal activity. Cu NPs have been 

tested to a variety of food crops leading to contrasting results depending on the dose concentration. 

At low doses (up to 20 mg per plant), CuO NPs have been reported to increase Cu accumulation 

inside the plant leading to beneficial metabolic activities, such as the oxidative stress tolerance and 

increased sulfur metabolization, due to the ROS generation from the internalized Cu.104, 105 Further 

increases in dosage, however, leads to increased ROS generation and damaging oxidative stress, 

which have been reported to impact seed germination,106 promote phytotoxicity,107 and inhibit 

photosynthesis.108 The synthesis of porous Cu NPs has been systematically reported in the 

literature.109-113 

Both excess Cu and a deficiency in Cu can lead to an increase in the formation of ROS 

leading to oxidative stress that can harm the plant.114 Therefore, plants have developed a 

mechanism that closely control the level of Cu inside the cells. Cu uptake takes place mostly 

through the rhizosphere with the aid of Cu-specific high-affinity protein transporters, as known as 

the COPT family, which mediate the internalization from the external media to the cell cytoplasm 

and further facilitate the transfer from the root cells to the xylem.115, 116 

2.3.6. Clay Nanoparticles 

Clays are naturally occurring minerals with varying shapes, sizes, and chemical compositions. 

When at least one the dimensions of these minerals are in the nano-sized range, they are generally 

referred to as nanoclays. These nanoclays are usually formed by stratified sheets of 

aluminosilicates, such as silicon tetrahedra and aluminum octahedra, stacked above one 

another.117, 118 Due to the porosity, elevated surface area, and ionic charge, nanoclays have been 

suggested as a promising nanocarrier for the delivery of AIs, such as fertilizers and pesticides.119, 

120 For instance, aluminosilicate nanoclays are generally negatively charged, allowing the 

complexation with charged or polar organic and inorganic chemicals that are essential for plant 

nutrition, such as zinc,121, 122  copper,123 ammonium,124 nitrate,125 urea,126 and potassium.127 The 

elevated surface area and ionic charge of nanoclays facilitates the loading of molecules of interest 

through sorption and ionic interactions. Some examples include diammonium phosphate (DAP),128 
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Zn2+,129 urea,130 potassium phosphate,131 and potassium nitrate.132 The high porosity of nanoclays 

allow for the loading of these AI through extended surface area of the structure followed by their 

subsequent slow and/or controlled release, which is one of the advantages of using porous 

inorganic nanocarriers to deliver AI. Although most studies with nanoclays involved the loading 

of small molecules and ions, these nanocomposites have also been tested, at a lesser extent, to 

analyze the sorption efficiency of larger molecule pesticides, such as atrazine, imidacloprid and 

thiamethoxam, on nano-montmorillonite and its potential to be used as a delivery system for larger 

agrochemical molecules.133 A more sophisticated application involved the topical delivery of RNA 

interference, loaded on layered double hydroxide clay nanosheets, to Arabidopsis thaliana, 

providing these plants with sustained protection against viruses.134   

 Nanoclays, however, are not as tunable and controlled during synthesis as SiO2 NPs. The 

size distribution is less uniform, and one can have population of nanoclay with different size and 

morphology, and thus unpredictable loading capacity. On the other hand, MCM-41 and PHSN are 

engineered NPs whereas most nanoclays occur naturally, reducing the energy and materials 

footprint of chemicals applied in the agriculture and in the environment as a whole. 

2.4. Impact of size and surface properties for efficient uptake in foliar and root systems 

Nanocarriers must possess very specific properties to overcome several chemical and physical 

barriers in plants. The NPs are primarily taken up through plant tissues in the roots and in the foliar 

region, particularly through cuticles, stomata, trichomes and specialized pores, such as lenticels 

and hydathodes.135, 136 To achieve significant uptake, NPs are required to have the right size and 

surface properties to cross cellular membranes until they successfully reach the vascular systems 

and translocate within the plant. The first barriers for foliar entry are the size exclusion limits 

(SELs) of each pore structure. The stomata are minute orifices on foliar surface to control gas 

exchange, with sizes ranging from 10 to 100 µm.137, 138 However, there is evidence that NPs can 

be internalized through stomatal uptake for particles up to 50 nm in diameter.139 A second route 

for foliar uptake would be through the cuticles, which is a protective waxy and porous layer for 

the leaves and stem. There are significantly more cuticular area than stomatal areas on leaves, 

however, the SELs for cuticles are remarkably smaller, ranging from 0.1 to 10 nm.135 However, 
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Larue et al.140 estimated that NPs up to 100 nm can traverse the cuticle region under certain 

conditions, such as a temporary disruption of the waxy layer. 

 Once the NPs cross the first barrier, they must navigate across cellular membranes and 

organelles before reaching the vascular systems. One important route to cross from one cell to 

another is the apoplastic transport, which is a channel where materials can diffuse freely between 

adjacent cells. The apoplastic pathway is restricted by the opening of the space which can vary 

from 5 to 20 nm.137, 141, 142 The apoplast, however, can be interrupted by Casparian strips which 

have a SEL below 1 nm limiting the diffusion of compounds.143 Following the apoplastic pathway, 

the symplastic pathway plays a crucial role in transporting low-density molecules through an 

interconnected network of protoplast plasmodesmata, which opening size vary from 3 to 50 nm 

and limit the transport of larger particles.144, 145 

 

Figure 2-2. Schematic representation of possible nanocarrier pathways for uptake through the roots 

or the leaves followed by translocation through the vascular systems (xylem and phloem). 

A priori, one would not expect uptake of NPs exceeding the upper size limit of the SELs. 

However, some studies reported the uptake and translocation of larger particles, such as gold NPs 



34 

 

of 50 nm139 and polymeric NPs of 258 nm,146 which clearly exceed the size barrier for apoplastic 

and Casparian strip transport. It is speculated that the SEL can be influenced by the particle’s 

surface charge, the presence of some elements such as Ca and Si, (a)biotic stress, which can induce 

structural changes in these openings.140, 142, 147, 148 

 Surface characteristics also play a crucial role in the uptake and translocation of NPs. 

Surface charge, for instance, can enhance adsorption to rhizodermis, facilitate the chelation process 

of specialized protein transporters within the cells and vascular systems that further distribute the 

NPs across the organism, and allow the passage of molecules through cellular ionic channels in 

plants. It has been reported that positively charged NPs easily attach to the commonly negatively 

charged rhizodermis of wheat and tomato roots,149, 150 whereas negatively charged particles have 

enhanced translocation to aerial parts.151-153 Both positively and negatively charged NPs are more 

likely to be internalized when their absolute surface charge surpass 30 mV, while NPs with surface 

charge close to zero have difficulties in crossing the cellular lipidic bilayer.154, 155 Furthermore, the 

combination of size and surface properties may facilitate or exclude the uptake of NPs. It has been 

suggested that smaller-sized NPs requires a greater absolute surface charge than larger particles of 

comparable chemical composition and surface structure.154-156 

Overall, it is known that surface charge plays a crucial role in the interaction of the NPs with 

different biological structures and the subsequent capability to cross the cuticular, stomatal, or 

rhizodermis barriers, diffuse between adjacent cells and be carried in the vascular system to distant 

organelles,154, 157 therefore it is important to produce a nanocarrier with specific size and surface 

properties that has the ability to enter the plant and target the delivery to the specific regions of 

interest. 

2.5. Surface functionalization to facilitate uptake and to target delivery 

Surface properties play an important role in the uptake of NPs in plants. Surface charge and charge 

intensity influences the ability of NP to be internalized and its further translocation.151-154 

Therefore, although the size is an important factor when designing nanocarriers, surface properties 

may dictate whether the NP will indeed be internalized and distributed to the organelles of interest. 

As synthesized NPs might not always fit in all the criteria and thus, surface modifications are a 
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popular pathway to transform bare NPs into a versatile nanocarrier. Santana et al.158 functionalized 

quantum dots (QD) with peptide recognition motifs to target the delivery of these NPs to 

chloroplasts in Arabidopsis thaliana. In this study, the authors used specific guiding peptides on 

the surface of the QD to mimic chloroplast-biorecognition mechanisms and to target its delivery 

to the organelle. Although QD are not relevant to plant growth or protection, this approach has the 

potential to be used for different porous materials as peptide-functionalization has been reported 

in MSN.159 

Future applications might rely on this mechanism to target the delivery of an AI-

encapsulated nanocarrier to specific organelles and tissues. Different plant compartments require 

specific molecules to ensure proper functioning. To obtain these molecules of interest, the cells 

forming the outer surfaces of these organelles and tissues developed mechanisms to selectively 

identify the essential biomolecules and facilitate their uptake. In the case of chloroplasts, the redox 

status controls the diffusion of molecules in and out of the organelle. Santana et al.158 took 

advantage of this mechanism to introduce a chain of polypeptides capable of imitating the redox 

conditions specific to this organelle and thus being identified by the chloroplast-biorecognition 

system in the cell membrane leading to the nanocarrier internalization. Another example was the 

use of citrate to enhance the adhesion of Au NPs to the leaf and the α-1,5-arabinan antibody to 

target stomata on the leaf surfaces, thus guiding and facilitating the internalization of the NPs.160 

Similar rationale can be used to design nanoformulations to target other organelles and tissues. 

These rationally designed surface modifications are crucial to further nano-enabled agriculture 

applications and thus are necessary for the next-generation porous inorganic nanopesticides and 

nanofertilizers. Nano-enabled agriculture can also benefit from the advances in nanomedicine, 

where a vast spectrum of molecules have been tested to target the delivery, including antibodies, 

peptides, aptamers, saccharides and proteins161 and porous SiO2 nanocarriers, in particular, are 

promising candidates because they can transport and deliver AI in plants and can be easily 

functionalized their surfaces.162 

 Functionalization can also enhance NP stability and improve the apparent solubility of 

hydrophobic compounds in aqueous media. For example, reported that functionalizing nHAP with 

citric acid163, 164 and CMC59 improved overall NP stability in suspension and thus increased P 
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delivery to plants. Carboxylic acid ligands have been reported to enhance the apparent solubility 

of carbon nanotubes in water by providing a hydrophilic surface coverage.165, 166 Other advantages 

of surface modifications include aiding the loading and release of AI in porous nanocarriers and 

provide different functionalities to the nanoformulation. MSN surfaces were functionalized with 

nontoxic trimethylammonium to enhance loading and promote the slow-release of 2,4-

dichlorophenoxy acetic acid167 and pyraclostrobin168. Functionalizing CuO NPs with 

biocompatible polymers provided fungicidal properties to the nanoformulation.169 

 More sophisticated surface modifications can use the surface ligands to trigger a reaction 

involving a second molecule of interest loaded within the NP.  Torney et al.170 loaded mesoporous 

SiO2 NPs (MSN) with β-oestradiol, capped the pores with small gold NPs to prevent the cargo 

from leaching out, and functionalized the MSN surface with a double-stranded DNA plasmid 

containing a green fluorescent protein (GFP) gene. Then, immature maize embryos were 

bombarded with the transformed MSN to assess whether these NPs could deliver not only the 

genetic material but also the β-oestradiol, which is responsible to trigger the GFP gene expression. 

This work successfully reported that the MSN system simultaneously delivered the plasmid as well 

as β-oestradiol, the chemical responsible to trigger the gene expression to targeted plant cells. 

Porous nanocarriers are particularly ideal to carry two or more biomolecules that complement each 

other activities because they can be stored in different areas of the nanoparticle, for example inside 

the pores, hollow core or on the surface of PHSN. Ultimately, these particles can be designed in a 

way that the multiple molecules of interest loaded in them will only interact with one another at 

the destination site, usually controlled by gatekeeper molecules, which control the release of AIs 

after chemical or physical stimuli. 

2.6. Stimuli responsive porous nanocarriers 

Porous nanoparticles are not only able to carry a wide variety of organic and inorganic compounds, 

protect them from premature degradation, and target their delivery, but they can also provide 

controlled release of molecules of interest upon triggered on-demand responses. That is, the AIs 

are loaded into the nanocarrier pores, which are further capped with another type of compound, 

referred to as gatekeepers, that prevent the AI from leaching out prematurely. These gatekeepers 

are designed to block the AIs from leaving the pores and unwanted molecules from entering the 
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pores, and to enable release of the cargo when triggered by a stimulus. Triggering factors include 

pH change,171-178 light stimulus,179-184 ionic strength,167, 185, 186 redox agents,187-191 enzymes,192-194 

and temperature195-197 as summarized in Table 2-1. 

For pH-triggered nanocarriers, the gatekeeper compound capping the pores is sensitive to 

pH. Compounds containing amines, hydroxyl and carboxylic acid functional groups are 

susceptible to protonation and deprotonation depending on the pH of the medium. This can affect 

the charge of the gatekeeper compound, and thus the interactions with the nanocarrier and AI. 

Mattos et al.198 functionalized thymol-loaded SiO2 NPs with amino functional group (-NH2), which 

at neutral pH is protonated (-NH3
+), thus strongly interacting with the electronegative group O- in 

thymol and preventing the AI from being released. At acidic pH, however, thymol undergoes 

protonation, weakening the interaction with the gatekeeper, which then leads to a greater release 

of the AI. Complex structures, such as polymers (i.e., hydrogels), denature and undergo structural 

changes depending on the pH of the medium. Sarkar and Singh199 reported that at alkaline pH, a 

hydrogel coating comprised of CMC and citric acid undergo hydrolysis, liberating the release of 

chlorpyrifos pesticide from a nanoclay matrix. 

Photo-responsive gatekeepers can undergo structural change when exposed to light of a 

certain wavelength. Some structural changes include oxidation, isomerization, and fragmentation 

of the interaction with the carrier.200 Chen et al.183 functionalized a glyphosate-loaded porous nano-

sized biochar with amino-silicon oil, which undergoes isomerization when exposed to light at 420 

nm wavelength. This process, then, releases the loaded glyphosate. Interestingly, when this 

nanoformulation ceases to be exposed to the specific wavelength of light, the gatekeeper returns 

to cap the pores of the nanocarrier and block the AI to be released. That is, one can turn on and off 

the release of the molecule of interest by simply exposing or not the nanoformulation to light. 

Ionic strength-responsive gatekeepers generally rely in the electrostatic interactions among 

the medium, nanocarrier, AI and the gatekeeper itself. Cao et al.167 functionalized 2,4-

dichlorophenoxy acetic acid (2,4-D)-loaded MSNs with trimethylammonium (TA) to avoid 

premature release of the pesticide. Because 2,4-D is extremely soluble in aqueous media, leaching 

is generally a threat when it is applied in agricultural soils. The TA acts as a binding agent for the 

2,4-D, increasing the loading by 21.7% and as a capping agent to avoid leaching. The change in 
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ionic strength, however, can affect the interaction between TA and 2,4-D, leading to either more 

release of the AI, or a stronger interaction thus preventing the discharge of the pesticide in the soil. 

 An example of redox-responsive release is when disulfide bonds between the nanocarriers 

and the capping agent are undone, liberating the loaded molecules to be released. The most 

common gatekeepers for redox-sensitive response are β-cyclodextrins, sulfidated polyethylene 

glycol (S-PEG), and cadmium sulfide. Yi et al.191 designed MSN functionalized with decanethiol, 

through disulfide conjugation. The disulfide bonds between the MSN and decanethiol could be 

easily cleaved by glutathione (GSH). In this study, the release of salicylic acid was directly 

controlled by the concentration of GSH in the medium. 

 Enzyme-triggered response involves using enzymes to degrade the gatekeepers associated 

with the loaded nanocarrier. Kaziem et al.192 synthesized PHSN, loaded these nanocarriers with 

chlorantraniliprole, and functionalized their surface with α-cyclodextrin. The α-cyclodextrin-

PHSN successfully retained the AI under thermal stress and UV radiation, however, the release 

was triggered when α-amylase was introduced, leading to the degradation of the capping agent, 

and unblocking the pathway for the AI to be discharged. 

 AI release can also be triggered by thermal stress. This happens when the gatekeepers are 

thermosensitive, particularly compounds that are sensitive to temperatures in the environmental 

range. Because high temperatures can lead to the degradation of the AI and nanocarrier as well, 

the gatekeeper must be able to undergo transformation with light variations of ambient 

temperatures. Ye et al.195 used a thermosensitive polymer, poly(N-isopropylacrylamide-co-

acrylamide), to cover MSN-coated Fe3O4 NPs. The subtle difference in temperature from 34 to 

42oC led to changes in structure and magnetic properties of the nanocarrier, that can be used in 

conjunction with molecules of interest to modulate their release. 

 

 



39 

 

 

Figure 2-3. Conceptual schematic of a (A) pH-responsive nanocarrier suggested by Mattos et al.198: 

at neutral pH there is a strong interaction between the negatively charged hydroxyl group in thymol 
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and the positively charged amino group in the functionalized biogenic nano-SiO2 and when the pH 

becomes more acidic, this interaction is weakened due to the protonation of the hydroxyl group in 

thymol; (B) light-responsive nanocarrier suggested by Chen et al.183: under UV-Vis light radiation 

at 435 nm, azobenzene undergoes isomerization releasing the encapsulated glyphosate from the 

porous biochar-attapulgite framework; (C) general stimulus-responsive nanocarrier: the AI is 

trapped within the nanocarrier until a stimulus disrupts the structure of the gatekeeper compound, 

thus liberating the pores and allowing the AI to be released.    

In the future, sophisticated applications of nanotechnology in agriculture will take 

advantage of the ability to functionalize porous nanocarriers, particularly SiO2 and clay NPs, to 

target the delivery of the formulation to specific plant organelles and tissues, and to promote 

stimuli responsive release of molecules of interest, all at once while carrying several molecules of 

interest that will only interact with one another at the destination. Two or more compounds will 

play a role in capping the pores to prevent AI premature release, mimicking biorecognition 

mechanisms in the different parts of the plants, and in some cases, activating the AI. More research 

should be focused on the functionalization of porous nanocarriers with biomolecules and how their 

interaction can modulate the uptake and release of pesticides, fertilizers, and genetic material to 

plants. 
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Table 2-1. List of stimuli responsive nanocarriers with their respective gatekeepers and active ingredients. 

Stimulus Nanocarrier material Gatekeeper(s) Active Ingredient Reference 

pH Mesoporous silica Poly(allylamine 

hydrochloride) 

Doxorubicin Yang et al.171 

Mesoporous silica Gold NPs and acid-labile 

acetal linker 

2,2'-bipyridine Liu et al.172 

Mesoporous silica ZnO QDs Doxorubicin Muhammad et al.173 

Mesoporous silica Poly(acrylic acid) Doxorubicin Yuan et al.174  

Mesoporous silica Calcium carbonate Prochloraz Gao et al.175 

Mesoporous silica Pluronic F127 Chlorpyrifos Chen et al.177 

Clay Hydrogel Chlorpyrifos Sarkar and Singh199 

Biogenic silica Functionalized amino group Thymol Mattos et al.198 

Light Mesoporous silica Gold NPs Doxorubicin Niu et al.179 

Mesoporous silica Sulfonatocalix(4)arene Gold nanorods Li et al.180 

Mesoporous silica Gold NPs Doxorubicin Zhang et al.181 

Porous biochar-attapulgite Azobenzene Glyphosate Chen et al.183 

Ionic Strength Porous hollow carbon Cationic polymer PEI Selenate Zhang et al.185 

Hydrotalcite Mg and Al Phosphate Bernardo et al.186 

Mesoporous silica Trimethylammonium 2,4-dichlorophenoxy 

acetic acid 

Cao et al.167 

Redox Agents Mesoporous silica Glutathione N-acetyl-L-cyteine Koo et al.187 

Mesoporous silica Glutathione Fluorescein Cui et al.188 

Mesoporous silica Glutathione Cyclodextrin Kim et al.189 

Mesoporous silica Glutathione Salicylic acid Yi et al.191 

Enzymes Hollow porous silica α-cyclodextrin Chlorantraniliprole Kaziem et al.192 

Mesoporous silica Isocyanate and 

poly(ethylenimine) 

Pendimethalin Liang et al.193 

Mesoporous silica Carboxymethylcellulose Emamectin benzoate Guo et al.194 

Temperature Hollow porous silica Poly(N-isopropylacrylamide) Fe3O4 Ye et al.195 
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2.7. Conclusions 

Inorganic porous nanoparticles play a pivotal role in nano-enabled agriculture and towards making 

agricultural practices more sustainable. A variety of methodologies for synthesis and structure 

modifications of inorganic nanomaterials have been extensively studied, providing us with the 

expertise to fabricate nanocarriers with specific features to encapsulate, transport and release 

agrochemicals in a way that avoids wastage by targeting specific sites in the plant. For instance, 

the shape, diameter and porosity can be tuned to optimize the loading of AI but keep it in the range 

for uptake through roots or leaves, and translocation through the xylem and phloem. Further 

modifications can be done to improve uptake and translocation as well as target specific organelles, 

such as changing the zeta potential or functionalizing the nanocarrier surfaces with biomolecules 

to mimic biorecognition mechanisms. 

 Given the immense possibilities for inorganic porous nanomaterials to increase crop yields 

and to offer crop protection many new nanotechnology solutions will be proposed in the near 

future, with the objective to make agricultural practices more efficient. However, to ensure these 

developments are sustainable, nanomaterials should be formulated with safe and/or earth-abundant 

chemicals and using green chemistry principles. However, given that in some instances materials 

at the nano-range may be toxic compared to their bulk counterparts, the environmental and human 

health exposures and risks of new nanomaterials used in agriculture need to be evaluated. Although 

the goal of use of nanomaterials and nanocarriers is to ensure that AI delivered is utilized 

efficiently, without wastage, some losses to the environment are expected. For example, the 

nanomaterials can be washed off leaves and deposit on the ground during precipitation events, and 

along with nanomaterials applied in soils, may be mobilized in the soil and groundwater. As well 

nanomaterials dosed in plants may lead to exposures to insects, including those involved in 

pollination, as well as birds. Thus, their ecological safety needs to be verified. Various silica and 

other inorganic porous nanomaterials are being used in medicine, which suggest that their safety 

to human health may already be verified.201, 202  

It is also important to assess the scalability of production of inorganic porous NPs for field 

applications, and as well field studies need to perform to verify if the efficacy determined in lab 

studies are translated adequately to the field. In a recent assessment of technology efficacy and 

readiness level for commercial applications, nanocarriers for fertilization and pesticide delivery 
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ranked high on both counts, suggesting that their commercial applications are likely to grow 

rapidly.203      
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Connecting Text to Chapter 3 

While Chapter 2 reviewed the field of nano-enabled agriculture using inorganic porous 

nanoparticles as nanocarriers for agrochemicals in general, Chapter 3 presents the reasons why 

silica has been chosen as the nanomaterial of interest and how it can be used to encapsulate and 

transport azoxystrobin, a commonly used fungicide in agriculture. In this chapter, a novel protocol 

was developed to synthesize hollow porous silica nanoparticles (PHSN), which were further 

characterized in terms of particle size and surface properties using a suite of different techniques, 

including transmission electron microscopy, light scattering, and nitrogen sorption/desorption 

isotherms. 
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Chapter 3. Self-assembled surfactant-templated synthesis of porous 

hollow silica nanoparticles: mechanism of formation and feasibility 

of post-synthesis nanoencapsulation 

3.1. Abstract 

SiO2 is bioinert and highly functionalizable, thus making it a very attractive material for 

nanotechnology applications such as drug delivery and nanoencapsulation of pesticides. Herein, 

we synthesized porous hollow SiO2 nanoparticles (PHSN) by using cetyltrimethylammonium 

bromide (CTAB) and Pluronic P123 as the structure directing agents. The porosity and hollowness 

of the SiO2 structure allow for the protective and high-density loading of molecules of interest 

inside the nanoshell. We demonstrate here that loading can be achieved post-synthesis through the 

pores of the PHSN. The PHSN are monodisperse with a mean diameter of 258 nm and a specific 

surface area of 287 m2 g-1. The mechanism of formation of the PHSN was investigated using 1-D 

and 2-D solid-state nuclear magnetic resonance (SS-NMR) and Fourier-transform infrared 

spectroscopy (FTIR). The data suggest that CTAB and Pluronic P123 interact forming a 

hydrophobic spherical hollow cage that serves as template for the hollow-porous structure. After 

synthesis, the surfactants were removed by calcination under 550oC and the PHSN were added to 

a Fe3+ solution followed by addition of the reductant NaBH4 to the suspension, which led to the 

formation of Fe(0) NPs both on the PHSN and inside the hollow shell, as confirmed by 

transmission electron microscopy imaging. The imaging of the formation of Fe(0) NPs inside the 

hollow shell provides direct evidence of transport of solute molecules across the shell  and their 

reactions within the PHSN, making it a versatile nanocarrier and nanoreactor. 

3.2. Introduction 

The development of different methods to synthesize mesoporous SiO2 nanoparticles (MSN) has 

generated a lot of interest from the research community due to the promising application of MSN 

as a nanocarrier system. SiO2 is an earth-abundant, bioinert compound and thus, can be safely used 

for many in vivo applications, particularly in medicine and agriculture.1 In medicine for example, 

MSN have been tested for targeted drug delivery,2 where drugs are loaded into the SiO2 matrix 

and inoculated in HeLa cells – an immortal human cell line. Regli et al.3 encapsulated ibuprofen 
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and silicon nanocrystals inside an MSN in order to create a platform for combined drug delivery 

and bioimaging. The high specific surface area of MSN (greater than 1000 m2 g-1), the ability to 

tune pore sizes and to functionalize the surface with different biomolecules enable the application 

of these nanoparticles for targeted binding to specific cellular sites.4 In agriculture, pesticides have 

been loaded in MSN nanocarriers and applied to plants to assess whether the pesticide in 

nanoformulations have either higher uptake, longevity or offer greater protection rather than 

pesticides applied with the traditional methods without nanocarriers.5 Furthermore, inorganic 

compounds such as silica are micronutrients for plants and have low toxicity potential, and thus, 

are a promising encapsulation medium for pesticides, nutrients, or other growth factors in 

agriculture.6 

An alternative structure to MSN that offers many of the advantages, but also a higher 

internal loading volume for active ingredient molecules, is the porous hollow SiO2 nanoparticle 

(PHSN). The higher internal volume can provide high local concentrations of active ingredients, 

and the potential for significantly higher loading per unit mass of silica, compared to MSN. 

Furthermore, PHSN can be used as a delivery agent that provides the slow release of active 

ingredient to the exterior over a more extended period. PHSN are being tested as drug delivery 

systems for cancer treatment for their slow release properties.7 The shell can also protect active 

ingredients from influence by certain environmental conditions. Li et al.8 demonstrated that the 

PHSN provided UV-shielding of the pesticide avermectin.  

A common approach to synthesize PHSN is to grow the silica matrix around hard-template 

materials, such as polystyrene beads9 or resorcinol-formaldehyde resin nanospheres,10 which are 

further removed by calcination or solvent extraction to create a hollow-core nanoshell. This is a 

lengthy procedure and can leave contamination in the PHSN. The hard-template synthesis also 

requires the functionalization of the template to allow the deposition of the silica coating.11 This 

requirement is eliminated with soft-template methods, which involves the use of one or more 

surfactants associated with a swelling agent – usually an oil phase. In the work of Wibowo et al.,12 

Miglyol 812, a nontoxic oil used for pharmaceutical formulations was used along with a 

customized polypeptide to form a positively charged nanoemulsion, which, in turn, attracted the 

silica precursor to the water-oil interface. 
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Herein, we report the synthesis protocol to produce PHSN using CTAB and Pluronic P123 

only, without the use of a solid or liquid (oil) phase as template. Thus, reducing the excessive use 

of organic solvents and the necessity to modify hard-template structures. CTAB was selected 

because it is a well-known pore directing agent for the synthesis of mesoporous silica nanoparticles 

since the introduction of MCM-41 in 2001.13 CTAB self-assembles forming an ordered hexagonal 

mesophase micelle14 which serves as a template for a symmetrical distribution (in terms of both 

size and structure) of pores in the silica matrix after calcination. Pluronic P123 with its spherical 

micellar structure comprised of hydrophobic core (polypropylene oxide) and hydrophilic corona 

(polyethylene oxide)15 served as the agent causing the formation of the hollow core-template for 

the PHSN.  

The morphology and mechanism of formation of the PHSN were studied using microscopy 

and spectroscopy techniques. More specifically, transmission electron microscopy (TEM) was 

performed to assess the PHSN shape and size, and nitrogen adsorption/desorption experiments 

were performed to characterize surface area and pore size distribution. Solid-state nuclear 

magnetic resonance (NMR) and Fourier-transform infrared spectroscopy (FTIR) analyses were 

performed to identify bonds and the chemical environment of different elements during the 

synthesis towards developing an understanding of the mechanism of formation of the PHSN.  

Although, alternative micellar soft-templated synthesis has been shown with a range of 

different surfactants,16-18 they produce PHSN with very different characteristics in terms of particle 

size, pore size distribution and shell thickness. Herein, we used CTAB and Pluronic P123 to 

produce PHSN with unique characteristics to be used in diverse downstream applications, such as 

the encapsulation of organic compounds or other nanoparticles. In addition, we characterized in 

detail the mechanism of formation that dictates the structure of this PHSN. Some other studies 

have used solely CTAB, or solely Pluronic P123, or a combination of both to produce MSN19-21 

but not PHSN. Furthermore, the previous studies did not provide evidence for whether the particles 

had porous shells. 

Encapsulating functional biomolecules inside nanocarriers for efficient transport and 

uptake at biological target locations is an emerging application of nanotechnology in medicine and 

agriculture.22, 23 However, although many studies24-27 report encapsulation of drugs, pesticides and 

biomolecules post-synthesis, they do not provide direct evidence (e.g., imaging) of the transport 
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of the target molecules into the hollow core of the PHSN. Slow-release rates are often cited as 

evidence of loading inside nanocarriers, but release rates of encapsulated compounds do not prove 

that the compounds were contained inside the nanoparticle core, because slow-release can occur 

from the compounds adsorbed on the nanoparticle pores. 

We address this major knowledge gap concerning nanoencapsulation by imaging 

internalized compounds, post-synthesis, in the PHSN. Two different compounds (FeCl3∙6H2O and 

NaBH4), were added sequentially to the PHSN. The formation of Fe(0) inside the PHSN, as shown 

by TEM imaging, suggests that Fe3+ and BH4
- migrated to the hollow core and reacted to form 

Fe(0) NPs. This post-synthesis encapsulation process could suggest that not only transport of mass 

between the interior and exterior of the nanoshell does happen, but also that reactions could take 

place within the PHSN. Having compounds internalized in a rigid porous structure such as a 

PHSN, post-synthesis, could ensure application of the nanocarriers with maximum loading and 

without the need for subsequent steps (e.g., calcination or acid-washing) that could otherwise 

damage the loaded compounds. Iron nanoparticles encapsulated in silica have promising 

applications in power transformers, magnetic recording heads, microwave, and magnetic 

sensing.28  

It should be noted that encapsulating compounds during synthesis, as opposed to post-

synthesis, may present some drawbacks: (1) if the shell is not porous, the encapsulated material 

will not be released unless the nanoparticle is disassembled, and (2) if the material has its pores 

filled by surfactants due to the synthesis, a subsequent step to open up these pores may be required, 

such as calcination and acid extraction. Both calcination and acid extraction, however, may risk 

destroying the encapsulated materials if they do not possess heat and/or acid resistant properties.    

3.3. Experimental Section 

3.3.1. Materials 

Tetraethyl orthosilicate (Si(OC2H5)4, TEOS) reagent grade 98%, ammonium hydroxide solution 

(NH4OH, 28.0-30.0% NH3 basis), hexadecyltrimethylammonium bromide (C19H42BrN, CTAB), 

symmetric triblock copolymer Pluronic P123 and sodium borohydride (NaBH4, 99.99%) were 

purchased from Sigma-Aldrich. Deionized (DI) water ASTM type 1 was purchased from Thermo 
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Fisher Scientific. Ethyl alcohol (anhydrous, 100%) was purchased from Commercial Alcohols 

(Canada). Iron (III) chloride (FeCl3∙6H2O, 99.9%) was purchased from Acros Organics. 

3.3.2. Synthesis of PHSN 

In a single-neck 500 mL round-bottom flask, DI water, ethanol (33% v/v), ammonium hydroxide 

solution (6.7% v/v), CTAB (3.6 mM) and Pluronic P123 (0.7 mM) were added sequentially and 

stirred under 1000 rpm for 1 hour, until the reagents were completely dissolved. Then, TEOS (45 

mM) was added dropwise at a rate of 0.75 mL/min. The solution acquired a milky color after 2 

minutes and remained under magnetic stirring (1000 rpm) for 5 hours. Next, the solution was dried 

overnight under 80oC. In order to remove the surfactants, the PHSN dried powder was calcined at 

550oC for 5 hours. Table S1 have the exact volumes and weight of each chemical used in a standard 

batch. 

3.3.3. Characterization of PHSN 

The frequency distribution of the hydrodynamic diameters of PHSN was obtained from dynamic 

light scattering (DLS) using Malvern Zetasizer Nano ZS (Malvern Instruments, UK). DLS analysis 

was conducted using PHSN suspensions in DI water with a concentration of 100 ppm. The 

morphology and thickness of the PHSN shell were determined by transmission electron 

microscopy (TEM) using a Philips model CM200 TEM at an acceleration voltage of 200 kV. For 

TEM analysis, 10 µL of the 100 ppm PHSN suspension placed on lacey carbon-coated grids and 

air-dried. The surface area and pore size distributions were determined by nitrogen 

adsorption/desorption experiments in a Quantachrome Autosorb-1 (Quantachrome GmbH & Co., 

Netherlands) using the Brenauer-Emmet-Teller (BET) and Barrett-Jyner-Halenda (BJH) 

approaches, respectively. 

3.3.4. Understanding the synthesis mechanism of formation with SS-NMR and FTIR 

Solid-State NMR experiments were performed on a Varian VNMRS with wide-bore 9.4T magnet 

and Varian T3 double-resonance 4 mm probe. A set of one-dimensional (1-D) and two-

dimensional (2-D) NMR were performed, including 1-D single-pulse magic angle spinning (MAS) 

1H, 1-D cross-polarization (CP) MAS 13C (3000 number of scans), 1-D CP-MAS 29Si (512 number 

of scans), 2-D 1H-1H exchange MAS, 2-D 1H-13C heteronuclear correlation (HETCOR) and 2-D 

1H-29Si HETCOR. The resonance frequency for 1H, 13C and 29Si were respectively 399.8, 100.5 

and 79.4 MHz. The spin rates were 10 kHz. The recycle delays were 4s, except to compute the 
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relaxation times T1 and T1ρ when it was 120 s. Total time for the 2-D experiments were 24h, 18h 

and 1.5 h for 1H-13C HETCOR, 1H-29Si HETCOR and 1H-1H exchange respectively. Acquisition 

times were 15ms for 13C, 20ms 29Si, 200 ms for 1H and 2s for 1H-1H exchange. CP contact times 

were 1500 µs for 13C and 1000 µs for 29Si HETCOR. The mixing times for 1H-1H exchange were 

20 ms and 100 ms. The spectra were obtained for calcined PHSN and pre-calcined PHSN. 

FTIR spectra for pure CTAB, Pluronic P123, PHSN pre and post-calcination were obtained 

with a Spectrum II (Perkin Elmer) Spectrometer with a single bounce diamond crystal. Spectra 

were recorded in the range from 4000 to 400 cm-1 at a resolution of 1 cm-1. Approximately 70 mg 

of each sample was deposited on the diamond crystal for analysis. 

3.3.5. Assessment of encapsulation in PHSN post-synthesis and calcination 

To obtain direct visual proof if the void in the PHSN can contain mass that is supplied externally 

post-synthesis, we created iron nanoparticles in the presence of PHSN by adding FeCl3∙6H2O and 

NaBH4. All the steps were carried out inside an anaerobic chamber containing an atmosphere of 

N2:H2 at a ratio of 99:1, or in sealed vials assembled inside the chamber.  Firstly, FeCl3∙6H2O (600 

mg) was solubilized in a mixture of DI water (21 mL) and ethanol (9 mL) previously purged with 

nitrogen for 40 minutes. Secondly, 400 mg of PHSN was suspended in the FeCl3 solution in a 

sealed vial was sonicated in a water bath at 37 kHz for 60 minutes (Fisherbrand 112xx Series, 

Thermo Fisher Scientific, operated at 100% power). The suspension was then centrifuged at 8500 

rpm for 10 minutes and the supernatant was discarded. Next, the pellet was washed with degassed 

DI water to remove the non-internalized ferrous ions. A second solution was prepared by 

dissolving NaBH4 (200 mg) in degassed DI water (6 mL). Then, 2 mL of the NaBH4 solution was 

added dropwise over the FeCl3@PHSN pellet. The pellet was allowed to dry inside the chamber.  

The PHSN with the Fe NPs were imaged and analyzed with TEM and energy-dispersive 

X-ray (EDX) spectrum using a Philips model CM200 TEM at an acceleration voltage of 200 kV 

by placing the dried powder directly on a lacey carbon-coated TEM grid. 

3.4. Results and Discussions 

3.4.1. PHSN Characterization 

The Z-average hydrodynamic diameter measured by DLS was 258 nm (Figure 3-1a). The size 

distribution showed a monodisperse population of particles with a polydispersity index (PdI) of 
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0.187. Similar particle size distribution was obtained from TEM (Figure 3-1b) with an average 

diameter of 253 nm (N=100). The TEM image (Figure 3-1c) showed synthesized PHSN as 

spherical shells, with most of the particles having shell thickness ranging from 22 to 38 nm and 

the core diameter ranging from 130 to 151 nm. The size of the pores is not clear from the TEM 

images; therefore, nitrogen adsorption-desorption experiments were performed to identify and 

quantify the porosity in the SiO2 shell. The surface area obtained from the BET method was 287 

m2 g-1 and, as shown in Figure 3-1d, the nitrogen sorption/desorption profile exhibited 

characteristic type IV isotherm which is expected in the presence of cylindrical micropores.29 The 

pore size distribution obtained from the BJH approach confirmed the presence of micropores, 

ranging between 1.5 and 2 nm (Figure 3-1d inset). The information about the available volume 

inside the shell and the pore size distribution help us understand what kind of compounds could 

be internalized and confined as cargo within the PHSN. 

Interestingly, in this study the size of the nanoparticles did not change by varying the 

concentration of surfactants. However, the structure itself changed significantly when the ratio 

between CTAB and Pluronic P123 varied as seen in the TEM images of Figure S3-1. While the 

optimal ratio of CTAB:Pluronic P123 to synthesize hollow-porous silica nanoparticles was found 

to be 0.35:1 wt%, in cases with excess CTAB the nanoparticle no longer featured a shell but rather 

formed a solid-porous silica nanoparticle, similar to an MSN (Fig S3-1a). When, however, 

Pluronic P123 was in excess, the nanoparticle featured a larger hollow core and a much thinner 

SiO2 shell (Figure S3-1b). It is interesting to note that in some studies using different surfactants, 

particle size varied with different surfactant concentrations but with no effect on the structure itself. 

For instance, in the work of Nakashima et al.30 using polyacrylic acid, they obtained particles 

between 10 and 20 nm. In the work of Ikari et al.31 using hexadecyltrimethylammonium chloride 

(CTAC) and Pluronic F127, they obtained porous particles from 50 to 150 nm. Lastly, in the work 

of Lv et al.32 using CTAC and triethanolamine (TEA), they obtained porous particles between 20 

and 110 nm.  
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Figure 3-1. The upper images represent (a) the particle size distribution of calcined PHSN obtained 

from DLS and (b) the particle size distribution (N=100) of calcined PHSN from TEM. The lower 

figures represent (c) the TEM image of calcined PHSN, (d) the nitrogen sorption/desorption 

isotherm type IV profile and (d, inset) the pore size distribution of calcined PHSN obtained from 

BET and BJH respectively. 

3.4.2. Interactions and bonds between Pluronic P123, CTAB and SiO2 with SS-NMR spectra 

1-D CP-MAS 29Si (Figure 3-2a), 1-D CP-MAS 1H (Figure 3-3a), 1-D CP-MAS 13C (Figure 3-3b), 

2-D 1H-29Si HETCOR (Figure 3-3c), 2-D 1H-13C HETCOR (Figure 3-3d) and 2-D 1H-1H exchange 

MAS (Figure 3-4) SS-NMR spectra were obtained for pre-calcined PHSN (pcal-PHSN), and 1-D 

CP-MAS 29Si (Figure 3-2b) was obtained for calcined PHSN (PHSN).  Note that both Q3 Si (≡Si-

OH) and Q4 Si (≡Si-O-Si≡) were present in the pcal-PHSN (Figure 3-2a) and only Q4 Si in the 

PHSN (Figure 3-2b). Q4 Si represents Si atoms bound to O atoms, which in their turn bind to other 

Si atoms (Figure 3-2d). In Q3 Si, however, only three oxygen are bound to other Si atoms whereas 
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the fourth oxygen is associated with H (Figure 3-2c). Analysis of both the SS-NMR and FTIR 

spectra (discussed in the following section), suggests that Q3 Si and Q4 Si were present in the 

conjugate between a Pluronic-CTA+ complex and the SiO2 precursor in the pre-calcined system. 

The presence of Q3 and Q4 Si in pcal-PHSN, and the absence of Q3 Si in PHSN suggest a shift in 

the chemical environment around the Si atom as a result of calcination.  

 

Figure 3-2. The upper images are SS-NMR spectra of (a) as-synthesized PHSN and (b) calcined 

PHSN. The lower images are schematic representations of (c) Q3 and (d) Q4 Si. 

In the 1-D CP-MAS 1H spectrum of pcal-PHSN (Figure 3-3a), we can identify the peaks 

for the protons in Pluronic, CTAB and Q3 Si. For Pluronic P123, the methyl (CH3) group in the 

PPO block is assigned at 1.27 ppm, the methylene (CH2) group in the PPO block is assigned at 

3.82 ppm, the methine group bound to oxygen in the PPO block in assigned at 3.51 ppm and both 

the methylene groups bound to oxygen in the PEO block are assigned at 3.68 ppm. These 

observations are consistent with the work of Bae and Han.33 The peak at 1.27 ppm and the shoulder 

at 1 ppm were attributed to an overlap of signals from the methylene groups of the CTAB and the 

methyl (CH3) group in the PPO block.34 The methyl groups of the hydrophilic head of CTAB are 

assigned in the same region and could explain the shoulder at 1.46 ppm. Once again, there may be 

an overlap between the resonance for –CH2–N(CH3)3 protons of the hydrophilic head of CTAB, 

and the methylene and methine groups in Pluronic. This could potentially suggest that the 
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hydrophilic head of CTAB aligns with the less hydrophobic moieties (PEO chains) and away from 

the hydrophobic core of Pluronic (the PPO chain). The negatively charged hydrolyzed TEOS (SiO2 

precursor) is attracted by the positively charged Pluronic-CTAB structure – as hypothesized above 

– provided by the CTA+ ions, which are located in the conjugate-water interface, whereas the PPO 

hydrophobic core is confined in the core. The broad peak at 5.37 ppm is assigned to the protons in 

Q3 Si which is confirmed by the HETCOR 1H-29Si spectra (Figure 3-3c). There, the resonance is 

observed exactly in the Q3 Si peak and the peak at 5.37 ppm. In the CP-MAS 13C (Figure 3-3b) 

spectrum the peaks can be assigned for the carbons in CTAB and Pluronic molecules with the 

support of the HETCOR 1H-13C spectra (Figure 3-3d). The peak at 30 ppm which had the highest 

density of protons is assigned to the carbon in the methyl groups for both Pluronic and CTAB. The 

peak at 53.6 ppm is assigned to the methine group in the PPO block of Pluronic and the peak at 

70.6 ppm is right in between the methylene groups in PPO and PEO blocks. 

The 2-D exchange 1H-1H correlation spectra indicate how neighboring protons interact and 

their chemical environment at mixing times of 20 ms (Figure 3-4a) and 100 ms (Figure 3-4b). As 

the experiment proceeds from 20 ms to 100 ms, we can observe an interaction among the protons 

in the Q3 Si and protons from the hydrocarbons, suggesting they are sufficiently close. The 

relaxation times (T1 and T1ρ), shown in Table S3-2, represent one common T1 (values ranging from 

0.442 and 0.571 s with standard deviation of 9%) and multiple T1ρ (values ranging from 0.004 to 

0.044 s with standard deviation of 55%) which suggests that the average distance between the 

functional groups are between 5 and 50 nm.35 The spread of the proton resonance in HETCOR 1H-

29Si spectra (Figure 3-4a and 3-4b) towards the methylene groups and the presence of Q3 Si in the 

PHSN could possibly suggest that the Si-O groups are sufficiently close to the methylene groups 

only present in the PEO chains of the Pluronic. 

Overall, the SS-NMR spectra observations show: (i) A chemical shift around the Si atom 

(possibly caused by the interaction between the negatively charged SiO2 colloids and the positively 

charged CTA+ cations from the Pluronic-CTA+ complex). (ii) An overlap between the methylene 

groups of CTAB and methyl groups in the PPO block of the Pluronic P123 (possibly indicating 

that the CTAB hydrophilic head and PEO chains of Pluronic in the surfactant-water interphase, 

whereas the PPO hydrophobic chains are confined in the core). 
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Figure 3-3. The upper image illustrates Pluronic P123 and CTAB structures with protons labeled 

from a to h. The lower images represent the pcal-PHSN SS-NMR spectra of (a) 1-D CP-MAS 1H, 

(b) 1-D CP-MAS 13C, (c) 2-D 1H-29Si HETCOR and (d) 2-D 1H-13C HETCOR. 

These observations were only possible because SS-NMR techniques track Si, H and C 

atoms individually while less specific techniques, such as FTIR, is best used to define the presence 

or absence of functional groups. That is, although FTIR, a less specific technique, can be used 

complementary to support NMR observations, FTIR alone could not precisely explain what is 

happening with functional groups individually. Martins et al.36 study showed how combining FTIR 

and NMR techniques permitted a comprehensive investigation of the chemical environment 

around silicate domains. Below, we describe the FTIR spectra and indicate how they are consistent 

with the observations from the SS-NMR. 
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Figure 3-4. PHSN SS-NMR spectra of 2-D 1H-1H exchange MAS with (a) mixing time = 20 ms 

and (b) mixing time = 100 ms. 

3.4.3. Using FTIR to complement the information obtained with SS-NMR 

FTIR spectra were obtained for pure CTAB, pure Pluronic P123, pre-calcined PHSN (pcal-PHSN) 

and calcined PHSN (PHSN) shown in Figure 3-5. Clear differences between the pcal-PHSN and 

PHSN spectra could be observed (Figure 3-5a, 3-5b and 3-6c) which could be related to the fact 

that the pre-calcined particle still have surfactants and residual ammonia (from the NH4OH) 

associated with it from the synthesis. More specifically, these differences are noted in the 1000-

900 cm-1, 1500-1300 cm-1 and 3000-2800 cm-1 regions (Figure 5a, b and c), all of which are present 

in the pcal-PHSN spectrum and absent in the PHSN spectrum. These bands are assigned as below. 

The band at 955 cm-1 present in the pcal-PHSN possibly indicates the presence of Si-OH 

bond (Figure 3-5a). The absence of the same band in the PHSN supports the observations in the 

SS-NMR and possibly suggests that Q3 Si (Figure 3-2c) content is transformed into Q4 Si (Figure 

3-2d) eliminating the band assigned to Si-OH bond. This could suggest a shift in the chemical 

environment around the Si atom after the calcination and, as discussed in the 1-D CP-MAS 29Si 

spectra, this shift could be attributed to the interaction between the SiO2 precursor and the CTA+ 

ions of the Pluronic-CTA+ complex.  

The 3000-2800 cm-1 region shows characteristic bands for CTAB – C-H stretch of sp3 

hybridized carbon –CH3 at 2855 cm-1 and C-H stretch of sp3 hybridized carbon –CH2 at 2925 cm-

1 – and for Pluronic P123 – symmetric C-H stretch of –CH2 broad peak from 2893 to 2865 cm-1 
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(Figure 3-5b). Even though these characteristic bands are present in the pcal-PHSN and absent in 

PHSN, some of them are shifted towards high energy levels and/or are broader than the ones 

observed in the pure surfactants. These changes could possibly suggest that the chemical 

environment of these bonds is different in the pure molecules from when they are associated with 

the silica nanoparticles. One change is the shift of the CTAB characteristics bands from 2850 cm-

1 (C-H stretch of –CH3) and 2915 cm-1 (C-H stretch of –CH2) towards 2855 cm-1 and 2925 cm-1 

(Figure 3-5c). This shift in the energy level is consistent with the work of Poyraz et al.37 and with 

the observations in the 1-D CP-MAS 29Si (Figure 3-2a and 3-2b). In fact, they concluded that 

CTA+ ions from CTAB are crucial for the surfactant-SiO2 assembly, because the CTA+ ions 

provide positive charge to the Pluronic-CTA+ complex, thus attracting the silica precursor with 

large negative zeta potential at neutral and basic pH.37, 38 The Pluronic broad band from 2865 cm-

1 to 2893 cm-1 (symmetric C-H stretch of –CH2) almost disappeared (Figure 5c). Pluronic peak at 

2933 cm-1 (asymmetric C-H stretch of –CH2) also disappeared or was overlapped (Figure 5c). As 

intensity provides information about concentration, and the amount of CH2 groups in 850 mg of 

Pluronic P123 is greater than the amount of CH2 groups in 300 mg of CTAB, the suppression or 

overlapping of bands in those regions of the pcal-PHSN spectra could indicate structural changes 

related to the CH2 groups in Pluronic P123. As explained above for the CTA+ ions, these shifts in 

energy levels may be attributed to the formation of the Pluronic-CTA+ complex. 

Differences between pure materials and pcal-PHSN spectra can also be observed in the 

1500-1300 cm-1 region (Figure 3-5b). The Pluronic peak at 1344 cm-1 (CH2 wag) slightly shifted 

to higher energy levels. The region between 1600-1650 cm-1 is only present in pcal-PHSN due to 

the N-H bending39 in residual ammonia in the system from the synthesis process (Figure 3-5b). 
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Figure 3-5. FTIR spectra of the (a) 400-200 cm-1 region, (b) 1300-1800 cm-1 region and (c) 2750-

3050 cm-1 region. 
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3.4.4. Mechanisms of formation and structure of PHSN 

The TEM image, pore size distribution, SS-NMR spectra and FTIR spectra provide meaningful 

information about the shape and morphology of the PHSN as well as the chemical environment 

and bonds involved in the structure. Combining all this information, we could suggest the possible 

mechanism of formation of the PHSN (Figure 3-6). From the FTIR spectra, there are indications 

that Pluronic P123 formed a positively charged complex with CTA+ ions possibly 

attracting/anchoring the SiO2 from the hydrolyzed TEOS to create the SiO2 shell. Q4 Si (Figure 3-

2d) are more hydrophobic and tend to be formed towards the core, while the more hydrophilic Q3 

Si (Figure 3-2c) are located in the interface between the surfactant complex and the aqueous phase, 

allowing condensation between hydrolyzed TEOS to happen and thus growing the silica shell. The 

observation of the proximity among the PEO chains, CTAB and the Q3 Si is also consistent with 

the FTIR and SS-NMR spectra. The PEO extremities of the Pluronic P123 aligned with each 

another forming a hydrophobic core structure of PPO chains with outward projections comprised 

of PEO chains and the CTAB (Figure 3-6). The CTAB deposited parallelly to and in between the 

PEO chains of the Pluronic. The hydrophobic tail of CTAB was in proximity to the PPO 

hydrophobic region, whereas the hydrophilic head was pointed towards the PEO hydrophilic 

terminus. This structure is consistent with the Pluronic-CTA+ complex model proposed by Poyraz 

et al.37 Although Poyraz et al. demonstrated the formation of a Pluronic-CTA+ complex, this study 

shows for the first time that a Pluronic-CTA+ complex can self-assemble in a configuration that 

allows the SiO2 precursor to form a spherical template for PHSN synthesis. The complexes formed 

by Pluronic P123 and CTAB in the study by Poyraz et al. led to formation of templates for silica 

nanorods. The hydrophobic core of the nanoemulsion in this study corresponds to the template 

onto which the SiO2 precursor electrostatically attaches to form the PHSN shell and the CTAB 

long hydrocarbon chains were responsible for the meso-scaled pores in the shell. After calcination, 

the Pluronic P123 core and CTAB were removed from the system, making the SiO2 nanoshell 

hollow and porous. 

3.4.5. Internalization of FeCl3/NaBH4 and formation of iron nanoparticles inside the PHSN 

The PHSN in the TEM images (Figure 3-7a to 3-7f) were filled with darker smaller circles which 

indicated the presence of Fe(0) nanoparticles. The existence of Fe was confirmed with EDX 

(Figure 3-7g), which showed peaks for Fe indicating the presence of iron species, Si and O 
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indicating the presence of SiO2, the Cu and C peaks are from the lacey TEM grids which have a 

base of copper and are coated with carbon, and lastly, the Na peak is presumably derived from 

unwashed sodium from NaBH4 that remained in the system. 

 

Figure 3-6. Schematic representation of the formation of CTAB-Pluronic emulsion, followed by 

its silanization with TEOS and calcination to make the PHSN ready for downstream applications. 

Previous studies24-27 have suggested the encapsulation of organic and inorganic compounds 

within the PHSN post-synthesis, but whether the location and distribution of the encapsulated 

molecules are on or inside the hollow nanocages were not reported. In this study we demonstrate 

through direct observation that molecules could be internalized in the PHSN core. Because a metal 

such as Fe has higher contrast in TEM compared to SiO2 it was a promising candidate for obtaining 

an image of an internalized mass inside the particle. In several PHSN, Fe(0) NPs were observed 

inside the silica shell, suggesting that the particles were formed inside the PHSN. This would not 
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be possible if NaBH4 and FeCl3 did not diffuse into the PHSN. Some Fe(0) NPs were also observed 

attached on the PHSN, which suggests that some of the Fe3+ did not stay internalized in the core.  

The TEM images (Figure 3-7a to 3-7f) also show that only one particle is present within each shell 

and that can be explained by the fact that once FeCl3, NaBH4 and H2O react forming Fe(0), which 

precipitates. The precipitated Fe(0) colloids create a nucleation seed for the growth of Fe(0) 

particles, thus the size of the iron oxide particle inside the shell is determined by the amount of 

reagents reacting within the shell. Figure 7b and d clearly shows differences in Fe(0) particle size 

inside the SiO2 shell. The transport and loading of molecules would be controlled by the size of 

the PHSN, the porosity of the shell, and how the molecules interact with SiO2. 

Although TEM images are two-dimensional, we can observe consistent features in the 

several images, which suggests that the Fe(0) was indeed in the hollow-core and not only on the 

exterior surface. First, the Fe(0) particles were always associated with the PHSN and not once 

found unassociated with the PHSN, suggesting that most of Fe3+ was loaded on or in the particles. 

Secondly, we can observe that when the Fe(0) particle was close to the walls of the PHSN (Figure 

3-7c and 3-7e), the circular shape was flattened out in the region in contact with the shell. This 

was more noticeable in Figure 3-7e, where the four external Fe(0) particles are flattened in the 

region of contact with the particle whereas the single Fe(0) particle inside the shell kept its circular 

shape. This was also somewhat noticeable in Figure 3-7c with the iron particles presumably inside 

the shell having a region flattened where it contacted the silica shell. Shells can be seen around the 

Fe(0) nanoparticles, particularly in Figures 3-7 (b, c and d), and these are typical iron oxide layers 

resulting from anaerobic corrosion reactions with water.40 Based on the TEM images alone, we 

have not found evidence that Fe(0) nanoparticles were formed inside the pores of the SiO2 shell. 

It is possible that, because the pores are in the microporous range, the available space restricted 

the formation of a seed and the subsequent nanoparticle. Some studies have shown the formation 

of gold nanoparticles inside the pores of MSN, such as MCM-41.41  



84 

 

 

Figure 3-7. FeNP@PHSN (a-f) TEM images and (g) EDX spectrum of the marked site (*) in 

Figure 3-7a. 

The internalization of FeCl3 and NaBH4 and the formation of Fe(0) both inside and on the 

particle could be explained as follows. (i) When the calcined PHSN was immersed in the FeCl3 

solution, some of the Fe and Cl ions infiltrated the pores and filled the hollow core. (ii) After 

centrifugation, decanting the supernatant, and rinsing the PHSN with DI water, the Fe3+ could 

found primarily inside the PHSN, as the non-internalized ions were washed away. However, after 

rinsing with DI water some of the ions inside the shell could possibly diffuse out of the PHSN or 

remain in the pores of PHSN. It is also possible that some Fe3+ was bound to silica by electrostatic 
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interactions or complexation.42-44 (iii) Later, when the sodium borohydride solution was added to 

the FeCl3@PHSN pellet, Na+ and BH4
- ions also infiltrated the pores and diffused into the Fe3+-

filled core and reacted to form Fe(0) inside of the PHSN, or in some cases on its outer surface. 

This imaging is a proof of concept that molecules can be loaded either within the nanoshell or 

attached onto its walls. It should be noted that encapsulation of iron oxide nanoparticles within 

nonporous silica nanoshells have been reported by Su et al.45 However, in that study the iron oxide 

particles in the core were formed through thermal treatment, from iron salts that were encapsulated 

in the silica shell during its synthesis, rather than the transport of dissolved iron through the silica 

shell. 

3.5. Conclusions 

The range of applications of porous nanoparticles has been increasing exponentially in different 

areas such as the biomedical field, and agriculture. This study demonstrates a new, more atom 

efficient synthesis of PHSN, which does not require a solid or non-aqueous phase as a template 

for synthesis. The NMR and FTIR analysis suggest that Pluronic P123 and CTA+ ions assembled 

forming a Pluronic-CTA+ complex. Thereafter, the positive charge provided by the CTAB 

hydrophilic head attracts the silica precursor and facilitates the growth of the silica shell. 

Furthermore, although several studies claim to have internalized molecules within the 

PHSN, there was no evidence if the molecules were either indeed internalized, adsorbed in the 

pore surfaces or whether they were adsorbed on the external surface of the nanoshell. The 

internalization of FeCl3 followed by the subsequent internalization of NaBH4, resulted in the 

reduction of Fe3+ to Fe(0) that precipitated and started the nucleation/growth of Fe(0) NPs inside 

and on the shell. This experiment was a proof of concept that the shell was indeed porous-hollow 

and allows transport of mass through it. Understanding how molecules are internalized within 

nanocages can enhance nanotechnology applications in drug delivery and agricultural practices. 
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3.6. Supporting Information 

Table S3-1. List of chemicals used for the synthesis of a standard batch of PHSN. 

Chemical Mass (mg) Volume (mL) Concentration in the final solution (mM) 

Water - 125 - 

Ethanol - 75 5709 

NH4OH - 15 480 

CTAB 300 - 3.7 

Pluronic P123 850 - 0.7 

TEOS - 10 200 

 

 

Figure S3-1. TEM image on the left (a) shows the nanoparticles synthesized with a high 

CTAB:Pluronic P123 ratio 0.75:1 wt% and on the right (b) nanoparticles synthesized with a low 

CTAB:Pluronic P123 ratio 0.1:1 wt%. When the amount of the pore-shell directing agent is 

exceeding (CTAB), the resulting nanoparticle that is porous without a hollow core. When the 

amount of core directing agent is exceeding, the resulting nanoparticle has a large hollow core and 

thin SiO2 shell (Pluronic P123). 
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Table S3-2. Relaxation times (T1 and T1ρ) assigned to the peaks in the 1-D CP-MAS 1H. The 

relaxation times were obtained with recycle delays of 120s. The standard deviation for both T1 and 

T1ρ were obtained to analyze whether the differences among different peaks are representative. 

Note that T1 was considered to be constant because the average was 0.51 s with a standard 

deviation of 0.04 s (9% of the average). Several T1ρ were found ranging from 0.004 to 0.044 s. 

According to Apperley et al.,35 when T1 is constant with multiple T1ρ the average domain sizes are 

in between 5 and 50 nm distant. 

Peak (ppm) T1 (s) Error (s) T1ρ (s) Error (s) 

5.37 0.442 0.030 0.004 3.0E-4 

3.82 0.494 0.005 0.022 0.004 

1.27 0.510 0.003 0.044 0.008 

1.20 0.557 0.007 0.017 0.004 

1.46 0.571 0.007 0.043 0.048 

3.51 0.499 0.007 0.037 0.008 

 

 

Figure S3-2. Schematic representation of the internalization of FeCl3 and NaBH4 in an oxygen-

deprived environment and the formation of iron nanoparticles (FeNP) inside the PHSSN. First, the 

calcined PHSN was immersed in a concentrated FeCl3 solution. Some of the dissolved Fe and Cl 

ions permeated through pores and filled the hollow-core. The suspension was centrifugated, 

followed by having the supernatant decanted and rinsed with DI water to remove the non-

internalized ions. It was observed Fe(0) formation on the PHSN shell, therefore, either some of the 

ions inside the shell possibly diffused out of the PHSN or some Fe3+ remained attached to the 
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surface of PHSN after rinsing with DI water. Later, NaBH4 solution was dripped over the 

FeCl3@PHSN pellet.  NaBH4 reacted to form Fe(0). 
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Connecting Text to Chapter 4 

While Chapter 3 presented a methodology to produce porous hollow silica nanoparticles (PHSN) 

and explored the potential to load molecules of interest within them, Chapter 4 investigates their 

mobility potential in the environment after the application of these nanoparticles in agricultural 

fields. In Chapter 4, the impact of the aforementioned characteristics on the environmental fate of 

these nanoparticles was investigated by assessing the transport and retention profiles of solid silica 

nanoparticles (SSN) and PHSN, which have significantly different structures, through model 

saturated porous media.  
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Chapter 4. Mobility of Solid and Porous Hollow SiO2 Nanoparticles 

in Saturated Porous Media: Impacts of Surface and Particle 

Structure 

4.1. Abstract 

Silica nanoparticles (SiO2 NPs) are of increasing interest in nano-enabled agriculture, particularly 

as nanocarriers for the targeted delivery of agrochemicals. The direct application of these in 

agricultural soils may lead to the release of SiO2 NPs in the environment. Although some studies 

have investigated transport of solid SiO2 NPs in porous media, there is a knowledge gap on how 

different SiO2 NP structures incorporating significant porosities can affect the mobility of such 

particles under different conditions. Herein, we investigated the effect of pH and ionic strength 

(IS) on the transport of two distinct structures of SiO2 NPs, namely solid SiO2 NPs (SSNs) and 

porous hollow SiO2 NPs (PHSNs), of comparable sizes (~200 nm).  Decreasing pH and increasing 

ionic strength reduced the mobility of PHSNs in sand-packed columns more significantly than for 

SSNs. The deposition of PHSNs was approximately 3 times greater than that of SSNs when pH 

was 4.5 and IS 100 mM. The results are non-intuitive given that PHSNs have a lower density and 

the same chemical composition of SSN but can be explained by the greater surface roughness and 

ten-fold greater specific surface area of PHSNs, and their impacts on van der Waals and 

electrostatic interaction energies. 

4.2. Introduction 

Rapid advances in nano-enabled agriculture have been focused on making significant 

improvements in enhancing crop yields, mitigating energy and water footprints, and reducing 

unintended pollution from the use of fertilizers and pesticides.1-3 The latter is achieved through 

precise delivery of pesticides and fertilizers using nanocarriers, which can dose these agents to 

plant tissues in a targeted manner and with a higher efficiency than traditional pesticide and 

fertilizer formulations.3-8 Porous nanosilica is a promising candidate for pesticide and fertilizer 

nanocarriers because SiO2 is an earth-abundant, biocompatible material9, 10 that promotes plant 

growth, and provides resistance towards pathogens and unfavorable environmental conditions.10-

12 SiO2 nanocarriers may be introduced to agricultural soils either through direct application or 



95 

 

through indirect releases such as discharges to soils following foliar application.13-17 It is important 

to investigate the mobility of silica nanocarriers to account for their subsurface transport and that 

of their cargo. Although several studies have investigated the transport of SSNs in geologic 

deposits,18-21 it is unclear how the differences in particle structure, in particular the high porosity 

of silica nanocarriers, fundamentally influence their mobility in porous media.  

Among studies on SSN transport, Wang et al.20 reported that particle size and concentration 

influenced the transport and retention profiles of SSNs in porous media. Small SSNs of 8 nm 

diameter caused higher retention and thus less mobility when compared to SSN with mean 

diameter of 52 nm. Moreover, that study showed that increased ionic strength reduced the overall 

SSN mobility in the porous medium. Zhang et al.22 reported that sorption of humic acid improved 

mobility of SiO2 nanoparticles in saturated porous media because of enhanced electrostatic forces. 

HonetschlÄgerová et al.23 showed that coating nanoscale zerovalent iron (nZVI) particles with a 

SiO2 shell enhanced their colloidal stability and mobility in porous media compared to bare nZVI, 

which have high aggregation tendency and thus are very colloidally unstable.  

Common parameters that influence the mobility of nano- and micro-colloids in porous 

media are (i) particle surface charge and coating,23 (ii) particle size,20 (iii) ionic strength,24 (iv) 

pH,25 and (v) temperature.26 However, few studies have analyzed the effects of the structure of 

nanoparticles. Among various SiO2 nanoparticles, most studies have investigated the transport of 

SSNs, most applications in agriculture focus on the use of mesoporous SiO2, such as MCM-41,27-

31 and SiO2 nanoshells, such as PHSNs,32-36 which are structurally different from SSNs and, 

therefore, may lead to different transport profiles. Given the increasing use of silica nanocarriers 

in agriculture, and the increased potential for release into soils, there is a critical knowledge gap 

on the transport behavior of silica nanocarriers in natural porous media, and whether their transport 

patterns differ from those of SSNs. 

The objective of this study was to evaluate how the porous structure of the SiO2 NPs 

influences their mobility. Two SiO2 NPs with very distinct structure and similar size were 

synthesized, namely (i) SSNs which are solid spheres and (ii) PHSNs which are porous and hollow 

and represent nanocarriers with high porosity. The synthesis methods ensured that the particles 

were composed only of SiO2. Experiments were conducted to assess the colloidal stability and 

mobility of these two particles in saturated, acid-washed, sand-packed columns, over a range of 
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pH and ionic strength (IS). Furthermore, theoretical Derjaguin-Landau-Verwey-Overbeek 

(DLVO) interaction energies and single collector contact efficiency calculations were performed 

to investigate how porosity and density differences in the two types of particles influenced 

colloidal stability and deposition on collector surfaces.  

A fundamental understanding of the impacts of particle structure on its mobility is essential 

before investigation of the effects of various environmental conditions and complex particle 

compositions. The scope of this work allowed evaluation for the first time, of the transport profiles 

of two different structures of SiO2 NPs under different solution chemistry conditions. Furthermore, 

it is the first experimental report of the study of the transport behavior of porous hollow 

nanoparticles in general. Although there have been studies with porous nanoparticles, such as in 

Lu et al.,37 porous particles and porous hollow nanoshells are very different structurally, 

particularly when it comes to the density of the particle and the energy interactions of the inner 

and outer part of the shell with the medium, collector and other particles. 

4.3. Materials and Methods 

4.3.1. Porous Media 

White quartz sand with 50-70 mesh particle size (Sigma-Aldrich) was used as the porous medium 

in this study. Scanning electron microscopy was used to confirm the sand grain morphology and 

size (Figure S4-1). The average grain diameter of the quartz sand was 250 μm, with diameters 

ranging from 210 to 297 μm. Prior to use, the sand was treated with HNO3 (70% v/v) for 16 hours 

to remove metal oxides and other impurities as reported elsewhere.38-41 The acid-washed sand was 

thoroughly rinsed with DI water (ASTM Type 1, Thermo Fisher) followed by three 20-minute 

cycles of sonication in water bath. The cloudy DI water was replaced at the end of each cycle. The 

electrical potential on the surface of the sand particles was quantified by measuring the zeta 

potential of crushed sand grains under varying conditions of pH and IS, and was negatively charged 

across the board (Table S4-1).  
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Table 4-1. Particle characterization data and calculated DLVO interaction energies by nanoparticle type, pH, IS (mM, electrolyte NaCl). 

Measurements of zeta potential (mV), Z-average diameter (nm), Polydispersity Index (PdI), depths of primary minima (Фmin), heights 

of energy barriers (Фmax) and depths of secondary wells (Фsec) for the DLVO energy profiles. Errors denote standard deviations 

corresponding to measurement of 3 samples. 

Experiment Structure pH IS 

(mM) 

Zeta Potential 

(mV) 

Z-avg dia. 

(nm) 

PdI Particle-Particle  

(kbT) 

Particle-Collector 

(kbT) 

Фmin Фmax Фsec Фmin Фmax Фsec 

Exp 1 SSN 4.5 1 -34.6 ± 0.9 238 ± 1.9 0.14 + 0.01 -160.4 120.2 / -789.2 178.7 / 

Exp 2 SSN 6.5 1 -52.5 ± 0.8 229 ± 5.4 0.12 ± 0.02 -4.5 255.7 / -555.9 355.4 / 

Exp 3 SSN 9.5 1 -71.3 ± 1.3 201 ± 4.9 0.05 ± 0.02 152.4 373.2 / -289.6 495.5 / 

Exp 4 SSN 9.5 10 -57.3 ± 1.1 214 ± 4.8 0.07 ± 0.03 33.2 238.0 / -381.7 358.5 / 

Exp 5 SSN 9.5 100 -37.4 ± 3.0 220 ± 3.6 0.07 ± 0.02 -132.5 82.8 -0.6 -587.9 171.2 -2.0 

Exp 6 PHSN 4.5 1 -10.7 ± 0.7 240 ± 1.1 0.20 ± 0.02 -142.0 10 / -791.3 49.1 / 

Exp 7 PHSN 6.5 1 -29.2 ± 1.1 239 ± 1.8 0.19 ± 0.02 -52.6 90.4 / -601.3 210.9 / 

Exp 8 PHSN 9.5 1 -42.5 ± 2.0 221 ± 1.9 0.20 ± 0.01 47.0 173.8 / -387.0 349.3 / 

Exp 9 PHSN 9.5 10 -42.1 ± 1.5 220 ± 3.1 0.27 ± 0.03 42.3 155.8 / -391.6 296.7 / 

Exp 10 PHSN 9.5 100 -31.3 ± 0.5 239 ± 2.0 0.18 ± 0.02 -41.6 72.3 -0.3 -536.6 158.2 -1.9 
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4.3.2. SiO2 Nanoparticles 

SSNs were synthesized following a protocol based on the Stöber method.42 A solution of 

anhydrous ethanol (200 mL, 100%, Commercial Alcohols, Canada) and NH4OH (15 mL, 28% 

NH3 basis, Sigma-Aldrich) was stirred under 400 rpm for 30 minutes to ensure complete mixing. 

Then, 10 mL of tetraethyl orthosilicate (TEOS 98%, Sigma-Aldrich) was added dropwise at a rate 

of 1 mL/min. After 5 hours, the reaction was stopped by drying the cloudy suspension overnight 

at 80oC. Finally, the nanoparticles were calcined for 5h under 500oC. 

PHSNs were synthesized based on a protocol previously described.36 In summary, a 

solution of DI water (125 mL), anhydrous ethanol (75 mL), NH4OH (7.5 mL), 

hexadecyltrimethylammonium bromide (CTAB, 300 mg, Sigma-Aldrich) and Pluronic P123 (850 

mg, Sigma-Aldrich) was stirred under 1000 rpm for 1 hour until reagents were completely mixed. 

Then, 10 mL of TEOS was added dropwise at a rate of 0.75 mL/min. After 5 hours, the reaction 

was stopped by drying the cloudy suspension overnight at 80oC. Finally, the nanoparticles were 

calcined for 5h under 500oC. 

The morphology of the nanoparticles was characterized by TEM (Philips, model CM200) 

at an acceleration voltage of 200 kV. The particle size distribution and zeta potential at different 

experimental conditions were characterized through DLS using Malvern Zetasizer Nano ZS 

(Malvern Instruments, UK). Both analyses were conducted using SSNs and PHSNs suspended in 

DI water with a concentration of 100 ppm.  The specific surface area was determined using the 

BET method through nitrogen sorption/desorption experiments using a Quantachrome Autosorb-

1 (Quantachrome GmbH & Co., Netherlands). FTIR spectra were obtained for both SSNs and 

PHSNs with a PerkinElmer Spectrum II Spectrometer with a single bounce diamond crystal. 

Spectra were recorded in the range from 4000 to 400 cm-1 at a resolution of 1 cm-1. 

4.3.3. Solution Chemistry 

100 ppm of SSNs and PHSNs were prepared by suspending the dried SiO2 powder obtained from 

the synthesis in DI water, followed by sonication in water bath for 30 minutes. IS was adjusted in 

the nanoparticle suspensions and background solutions using NaCl (ACS grade, Sigma-Aldrich). 

The pH was adjusted dropwise with 0.1 M HCl and 0.1 M NaOH, and the counter-ions (Na+ and 

Cl-) were taken into account in estimating the total IS of the system. The range of pH and IS was 
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selected to cover different environmental conditions that the nanoparticles may encounter. While 

aquifers and surface water bodies are commonly found to be near neutral pH (6.5 - 7.5), slightly 

acidic/alkaline conditions could be occasionally achieved specific geologic conditions, at 

contaminated sites or in industrial wastewater.43-45 

4.3.4. Column Experiments 

A 10-cm long acrylic column (Chromaflex, Fisher) with internal diameter of 1 cm was packed 

with acid-washed sand using a wet packing technique described in Oliviera et al.46 Prior to the 

addition of the acid-washed sand, the column was filled with DI water. Then, saturated acid-

washed sand was deposited in increments of 1-cm layers while vibrating the column for 20 

seconds. This procedure was repeated until the saturated acid-washed sand occupied the whole 

space within the 10 cm long column, yielding a porosity of 0.391 from fitting the advection 

dispersion equation to the tracer breakthrough curve (BTC).   

At the start of each run, 3 pore volumes (PVs) of DI water were introduced to the system 

with the aid of a peristaltic pump at a flow rate of 1.25 mL/min, which corresponds to a Darcy 

velocity of 2.64×10-4 m s-1 within our setting. The flow rate remained constant throughout the run 

and for all the different conditions. 10 PVs of background solution amended with NaCl (25 mM) 

followed to produce the breakthrough curve (BTC) for the tracer to ensure consistency and 

reproducibility of the column wet packing procedure. Then, 5 PVs of particle-free electrolyte 

solution at desired IS and pH were injected, followed by 10 PVs of the particle suspension at 100 

ppm at the respective IS and pH. Subsequently, 5 PVs of the particle-free electrolyte solution and, 

finally, 3 PVs of DI water were injected. Ten different experimental conditions were carried out 

in triplicates as detailed in Table 4-1. The SiO2 NP concentration of 100 ppm was selected based 

on concentrations employed in previous column transport studies for SSNs20 and concentrations 

relevant to foliar application of SiO2 NPs.13 

NaCl and particle (SSN and PHSN) concentrations exiting the column were quantified in 

real-time by UV-Vis spectroscopy (Agilent Technologies, Model 8453) in a quartz flow-cell 

(Hellma Analytics, GE, 10 mm path length, 300 μL volume) at wavelengths of 196 nm and 350 

nm, respectively. 
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4.3.5. Interaction Energies and Collector Efficiency 

The van der Waals forces and repulsive electrostatics forces for SSN and PHSN for the different 

experimental conditions were calculated to determine the particle-particle and particle-collector 

interaction energies according to the classical DLVO model (Equation 4-1) using the expressions 

proposed by Gregory47 (full list of equations and theoretical considerations in Supporting 

Information). Interaction energies due to Born repulsion forces were not accounted for because of 

their negligible magnitudes.48-50 The Hamaker constant was calculated using the expressions 

proposed by Lipkin et al.,51 and accounted for the contributions of water core and silica shell in 

PHSNs. The full list of physical properties used to compute the DLVO energy profiles for SSNs 

and PHSNs can be found in Table S4-2. For PHSNs, the interior and exterior fluid compositions 

were considered to be the same, thus the van der Waals energy profile was calculated by 

subtracting the resulting forces generated by a particle with diameter corresponding to the inner 

diameter of the PHSN from the resulting forces calculated for a particle with diameter 

corresponding to the outer diameter of the PHSN52, 53 as per Equation 4-2.  

Vtot = VvdW + Vedl (4-1) 

 

VvdW = VvdW
out − VvdW

in  (4-2) 

  

The depths of primary minima (Фmin), heights of energy barriers (Фmax) and depths of 

secondary wells (Фsec) for the DLVO energy profiles are summarized in Table 4-1. 

The single collector contact efficiency was calculated based on the empirical expressions 

derived from the following studies: Yao et al.,54 Rajagopalan and Tien,55 Tufenkji and Elimelech,56 

Ma et al.,57 Nelson and Ginn,58 Ma et al.,59 and Messina and Sethi.60 The comprehensive list of 

expressions used in this step is presented in Table S4-3.   

4.4. Results and Discussion 

4.4.1. SiO2 NPs Characterization 

The TEM images in Figure 4-1 show that while the SSN synthesized based on the Stöber method 

(Figure 4-1a and 4-1b) are solid with an average primary particle diameter of 184 nm, the PHSN 
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(Figure 4-1c and 4-1d) are hollow with an average diameter of 205 nm.  Figure 4-1b and 4-1d 

show a more magnified TEM image of a typical SSN and PHSN. The shell thickness of the PHSNs 

ranged from 22 to 38 nm. An important difference in the surface characteristics of the two particle 

types is the significantly higher surface roughness of PHSNs created in part by the highly porous 

shell surface. The calculated mass of the SSNs and PHSNs were very similar. Thus, the particle 

number concentration of SSNs and PHSNs were very similar in all experiments. 

 

Figure 4-1. TEM images of (a and b) SSNs and (c and d) PHSNs. The images on the right exhibit 

more magnified images of singular (b) SSN and (d) PHSN to show the different features between 

both structures. Although both structures are spherically shaped, PHSNs feature a hollow core and 
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pores. The latter is directly responsible for the increased surface area and roughness of PHSNs 

when compared to SSNs. 

The primary particle size distributions (N = 100) for SSNs and PHSNs represented in 

Figure S4-2a and Figure S4-2b, respectively, show that both particles have a comparable size 

distribution. The hydrodynamic diameter size distribution, obtained by DLS for SSNs (Figure S4-

2a) is slightly narrower than for PHSNs (Figure S4-2b) as reported in Table 4-1 represented by the 

polydispersity index (PdI). The DLS measurements were obtained at pH 9.5 and IS 1 mM because 

optimal colloidal stability was obtained at these conditions. Overall, both particle populations were 

successfully synthesized to yield comparable size and shape, to enable direct comparison of their 

mobility in porous media. 

The surface characteristics were investigated using BET and FTIR analyses (Figure S4-3). 

Although, SSNs and PHSNs have relatively similar sizes, the specific surface area of the PHSNs 

(287 ± 30 m2 g-1) is approximately 10 times greater than the specific surface area of the SSNs (29 

± 8 m2 g-1). This is due to the presence of micro-scale pores of around 2.5 nm in the PHSN surface 

as characterized in previous work.36 

The chemical composition of the SSNs and PHSNs were identical with no chemical bonds 

present other than those attributable to silica, as determined by FTIR analyses (Figure S4-3c). 

Although both populations of SiO2 nanoparticles have the same chemical composition, the 

differences in their structure result in different Hamaker constants (6.59×10-21 J for SSNs and 

5.79×10-21 J for PHSNs) and zeta potentials (Table 4-1).  Given the higher surface area of PHSNs, 

there are more counter-ions around the PHSNs compared to SSNs, resulting in a thinner solvation 

layer and zeta potential closer to zero.61 

4.4.2. pH Effect of the Transport Behavior 

The effect of pH on the transport of SSNs and PHSNs in saturated porous media was evaluated at 

IS 1 mM for both sets of nanoparticles. The BTCs obtained for SSNs (Figure 4-3a) show that the 

values for steady-state relative effluent concentration (at 9 PV) decreased as the pH also decreased, 

from 0.99 at pH 9.5, to 0.95 at pH 6.5 and then 0.91 at pH 4.5, suggesting that transport of SSNs 

is slightly hindered as the pH becomes more acidic, increasing retention of SSNs in the column. 

The changes in mobility of SSNs with pH are consistent with another study showing reduced 
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mobility of SiO2 nanoparticles in carbonate reservoirs at acidic pH.62 It should be noted that the 

SSN hydrodynamic diameter as measured by DLS increased slightly with pH decrease from 9.5 to 

4.5 (from 201 ± 4.9 nm at pH 9.5 to 238 ± 1.9 nm at pH 4.5) suggesting limited aggregation.  

 

Figure 4-2. Particle size distribution at pH 9.5 and IS 1 mM of (a) SSNs and (b) PHSNs. The width 

of the PHSN size distribution is broader than that for SSN, indicating a higher PdI as confirmed in 

Table 4-1. 
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Figure 4-3 BTCs at fixed IS 1 mM and varying pH for (a) SSNs and (b) PHSNs. The shaded zones 

represent the standard deviation of the particle concentration run in triplicates. Wider shaded areas 

represent greater standard deviation among replicates. The conditions with no visible shaded areas 

represent runs with not relevant difference among replicates. 

The DLVO energy profiles for the SSN particle-particle (Figure 4-4a) and particle-

collector interactions (Figure 4-4c) at IS of 1 mM, show highly unfavorable attachment conditions. 

Under these conditions, the repulsion forces between SSNs and between SSNs and the sand 

collector surfaces resulted in elevated energy barriers and absence of secondary minima (Table 4-



105 

 

1). The DLVO energy profiles for the SSN particle-collector interactions (Figure 4-4c) support the 

observations of low retention of SSNs from the BTC trends discussed above (Figure 4-3a). The 

calculated particle-particle energy barrier for SSNs at pH 4.5 was far greater than 15 kbT, an 

approximate threshold for colloidal stability, and thus do not suggest conditions favorable for SSN 

aggregation. However, the energy barrier was significantly lower at pH 4.5 (120.2 kbT) compared 

to pH 9.5 (373.2 kbT). 

 

Figure 4-4. DLVO energy profiles at fixed IS 1 mM and varying pH for (a) SSN particle-particle 

interactions, (b) PHSN particle-particle interactions, (c) SSN particle-collector interactions, and 

(d) PHSN particle-collector interactions. 

The values for steady-state relative effluent concentrations in the BTCs for PHSNs also 

decreased with decreasing pH, from 0.94 at pH 9.5 to 0.85 at pH 6.5 and then more substantially 

to 0.37 at pH 4.5. The extent to which the transport was hindered in PHSNs with decreasing pH 
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was much more significant than that in SSNs. As with SSNs, there was also a small increase in 

DLS-measured hydrodynamic diameters with decreasing pH (221 ± 1.9 nm at pH 9.5 to 240 ± 1.1 

at pH 4.5). Although the DLVO calculations suggest that the primary maximum for particle-

particle interactions of PHSNs at pH 4.5 was small at 10 kbT, the measured hydrodynamic 

diameters suggest limited aggregation, comparable to SSNs.  

At pH 4.5 and IS of 1 mM, the primary energy maximum for PHSN-sand grain interactions 

was the lowest (49.1 kbT) of the 3 pH conditions at the same IS, and thus the DLVO calculations 

are in qualitative agreement with the experimental observation of significantly low mobility of 

PHSNs at pH 4.5. However, there was no secondary minima predicted by DLVO calculations. 

This suggests that other parameters played a role in the transport of these nanoparticles. Straining 

is unlikely to be a cause for the significantly higher deposition of PHSN, given that the SSN have 

similar hydrodynamic diameters at corresponding pH, but had lower deposition. Furthermore, 

straining is not expected when the colloid diameter (dc) to sand grain diameter (dg) ratio (dc/dg) is 

below 0.008.63 Here, the dp/dg ratio is approximately 0.001 for both SSN and PHSN. According to 

Xu et al.,63 straining rates are negligibly small when dp/dg < 0.008 and, in this study, this ratio is 

one order of magnitude lower. There is, however, a gradual increase in C/C0 with increasing pore 

volumes, suggesting some blocking or detachment of deposited PHSNs. As a first layer of 

deposited nanoparticles is formed, the trajectories of the subsequent nanoparticles are significantly 

impacted by this monolayer of deposited particles, a phenomenon previously referred to as the 

shadow effect.64 The extent of the influence of the shadow effect in subsequent particle trajectory 

is directly related to the hydrodynamic interactions and electrostatic double layer repulsion. 

Therefore, as the conditions become unfavorable (lower pH and higher IS), repulsion forces 

decrease, thus increasing both the surface coverage of deposited nanoparticles on the sand grains 

and the blocking effects in the nanoparticle transport profiles.  

4.4.3. IS Effect on the Transport Behavior 

The effect of IS in the transport of SSNs and PHSNs in saturated porous media was evaluated at 

pH 9.5 and at the same SiO2 concentration of 100 ppm as the experiments described above. The 

BTCs for SSNs (Figure 4-5a) showed that the values for relative effluent concentration at 9 PVs 

decreased as the IS increased, from 0.99 at IS 1 mM, to 0.96 at IS 10 mM and then 0.92 at IS 100 

mM, which was expected and is consistent with the literature.20, 62 The addition of salt increases 
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the number of counter-ions migrating to the solvation layer of the nanoparticles, thus decreasing 

the Debye-length and the repulsive electrostatic forces. Although the total interaction energies 

calculated yielded a lowered energy barrier, a weak secondary minimum (-2 kbT) was obtained 

only at IS of 100 mM. 

The values for relative effluent concentrations at 9 PV in the BTCs for PHSN (Figure 4-

5b) also decreased with increasing IS, from 0.94 at IS 1 mM to 0.88 at IS 10 mM and then 0.34 at 

IS 100 mM. Once again, the mobility PHSNs was much more affected by the change in IS than 

for SSNs. The similarity in the BTC shape with changes in pH and IS suggests that similar 

deposition processes are involved. As for the SSNs at pH 9.5 and IS at 100 mM, a weak secondary 

minimum for PHSNs was calculated from the interaction energy profiles at an IS of 100 mM. 

Overall, low pH and high IS decreased the mobility of the nanoparticles in porous media. 

We observed similar trends between SSNs and PHSNs: (i) As pH decreased, zeta potential also 

decreased, which is expected because the isoelectric point of bare SiO2 is around pH = 2.65-67 (ii) 

As IS increased, zeta potential decreased as a result of the stabilization of the excess ions in the 

electrical double layer of each nanoparticle by the counter-ions from the NaCl added. In both cases, 

a decrease in zeta potential led to a decrease in the intensity of repulsion forces between 

nanoparticles and between nanoparticles and sand. However, the increased retention of PHSNs 

compared to the SSNs, which is non-intuitive because both particles have comparable sizes (Figure 

4-1) and surface chemical composition (Figure 4-2c). The DLVO interaction energies calculated 

are qualitatively in agreement with the mobility trends for SSNs and PHSNs, but the calculated 

values are not consistent in several instances. For example, if we compare the particle-collector 

interaction resulting energy profiles for Exp. 5 (SSNs, pH 9.5, IS 100 mM, Figure 4-6c) with Exp. 

10 (PHSNs, pH 9.5, IS 100 mM, Figure 4-6d) the heights of energy barriers were comparable, and 

yet, the steady-state relative effluent concentrations were 0.34 and 0.96 for PHSNs and SSNs, 

respectively. A theoretical analysis of DLVO interaction forces between SSNs or PHSNs and 

collector surfaces suggested relatively small differences in the magnitude of the interaction 

forces,53 and is in agreement with the calculations in this study. It is likely that the surface structure 

differences caused by the concave asperities in the PHSNs caused by the pores played an important 

role in the mobility of these particles.  
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Figure 4-5. BTCs at fixed pH 9.5 and varying IS for (a) SSNs and (b) PHSNs. The shaded zones 

represent the standard deviation of the particle concentration run in triplicates. Wider shaded areas 

represent greater standard deviation among replicates. The conditions with no visible shaded areas 

represent runs with not relevant difference among replicates.   
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4.4.4. Single Collector Contact Efficiencies (η0) and Particle-Collector Attachment 

Efficiencies (αpc) 

The η0 values as a function of particle radius (ap) for SSNs (Figure 4-7a) and PHSNs (Figure 4-

7b) were calculated based on expressions derived elsewhere.54-59 The expressions and parameters 

used to estimate the η0 can be found in Table S4-3 and Table S4-4, respectively.  

The average η0 predicted for SSNs (ap = 92 nm) and PHSNs (ap = 103 nm) were 0.007 and 

0.005, respectively. The η0 were slightly greater for SSNs, which is contrary to observations of 

lower mobility of PHSNs in the column experiments. To assess the size difference effect between 

SSNs and PHSNs, the η0 ratio was plotted as a function of particle size in Figure 4-7c. For any 

particle radius below 100 nm, SSNs and PHSNs have very similar predictions for η0. For any 

particle radius above 100 nm, the predicted η0 for SSNs surpassed the predicted η0 for PHSNs, 

indicating more chance of retention for SSNs than for PHSNs. Therefore, η0 could not explain why 

contrary trends with the experimental data exist. 

The αpc values remained below 0.04 for all experimental conditions with SSNs, whereas 

they reached 0.54 and 0.59 for PHSNs at pH 4.5 and IS 1 mM, and at pH 9.5 and IS 100 mM, 

respectively, which were the conditions where retention was more pronounced. The αpc values 

(Table S4-5) were calculated with Equation (4-3) below, where dg is the sand grain diameter [L], 

n is the porosity of the sand-packed column, L is the column length [L], η0 is the average single 

collector contact efficiency, C0 is the initial concentration of the colloidal suspension [mol L-3] and 

C is the concentration of the colloidal suspension exiting the column [mol L-3].  

αpc = −
2

3

dg

(1 − n)Lη0
ln (

C

C0
) (4-3) 

 

4.4.5. Surface Roughness and the DLVO Theory 

Deviations from DLVO predictions due to nanoscale physical heterogeneity have been previously 

reported.68-77 These deviations happen because the DLVO theory assumes that particle and 

collector surfaces are geometrically smooth and homogeneous, when in reality colloid may possess 

some degree of roughness.70 Modeling and experimental data have demonstrated that surface 

roughness reduces the repulsive energy barriers, and in some cases eliminates them altogether.70-
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72, 75 For instance, Liang et al.74 observed enhanced retention of silver nanoparticles in porous 

media with higher surface roughness (SR). Retention was 6.8-fold higher in relatively rough sand 

particles (root mean square roughness, Sq = 524 nm) when compared to the experimental condition 

using relatively smooth sand (Sq = 93 nm).   

 

Figure 4-6. DLVO energy profiles at fixed pH 9.5 and varying IS for (a) SSN particle-particle 

interactions, (b) PHSN particle-particle interactions, (c) SSN particle-collector interactions, and 

(d) PHSN particle-collector interactions. 
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Figure 4-7. Estimates of η0 for (a) SSNs and (b) PHSNs, and (c) the SSN-PHSN η0 ratio. 
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Specifically, two phenomena are relevant: (i) the concave asperities in PHSN surface, 

caused by the presence of pores in the surface, result in the separation distance among particle-

particle and/or particle-collector surfaces becoming larger at the pores, when compared to that of 

SSNs72 as depicted in Figure 4-8. Generally, as the separation distance increases, overall repulsive 

electrostatic forces generally decay faster than van der Waals interactions,78 resulting in enhanced 

attraction to the collector surface. (ii) The roughness caused by the asperities on a PHSN surface 

alter the flow field around the particle during the column experiments, enhancing resisting 

adhesive torque and diminishing applied hydrodynamic torque.79 These effects likely led to 

enhanced colloid immobilization on the collector in this study. 

Overall, we found evidence that particle structure, particularly SR, played an important 

role in the transport behavior of the PHSN population when compared to that of SSN, increasing 

the retention of the former 3-fold. These are non-intuitive results because PHSNs have lower 

density, same chemical composition and similar diameter when compared to the SSNs. In this 

case, the interaction energies, particularly van der Waals, behave differently in a porous-hollow 

structure, thus causing the differences in the transport behaviors. These results explore the 

fundamental energy interactions in porous structures can be extrapolated to other nanomaterials 

with environmental significance other than SiO2. Moreover, SSNs are used as the model particle 

to predict environmental fate of SiO2-based NPs such as in Wang et al.20 However, PHSNs and 

other mesoporous particles are being increasingly applied in agricultural fields rather than SSNs. 

Here we showed that the transport profile varies significantly depending on particle structure and 

we cannot use a one-fit-all NP model.   

It is also important to note that this work has assessed the transport behavior of SiO2 NPs 

in saturated sand, and thus, will differ from actual agricultural conditions. Agricultural soils are 

generally unsaturated, with some exceptions, such as when the soil is irrigated or during 

precipitation. Agricultural soil may also contain high organic matter content and other types of 

contaminants that could bind with the NPs and influence their mobility. These conditions, 

however, are not replicated in our experimental setting. Nevertheless, the use of saturated sand 

served as model towards a first step in assessing the fundamental differences in the transport profile 

of SSNs and PHSNs and how their structure plays a role in their mobility. These experiments also 
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replicate aquifer systems where these nanoparticles could eventually reach as it is not uncommon 

that residues from agricultural practices end up in groundwater.  

 

Figure 4-8. Schematic representation of the distance between sites in the SSN (a) and PHSN (b), 

and a hypothetical surface. For SSNs, the distance from point a to the surface, ha, and the distance 

from a relatively distant point a’ to the same surface, ha’, are approximately the same. Meanwhile, 

in PHSNs, the distances hb, hc and hd may vary significantly, even if they are at the same distance 

as points a and a’ in scheme (a). Effectively, the overall separation distance between rough 

spherical surfaces and a hypothetical surface is larger than the distance between smooth spherical 

surfaces and a hypothetical surface. 

4.5. Conclusions 

Herein, we synthesized, characterized, and investigated the mobility of SSNs and PHSNs in a 

saturated sand-packed column in various pH and IS conditions. As expected, the zeta potential of 

both sets of particles approached lower absolute values as pH became more acidic and closer to 

the isoelectric point of SiO2 nanoparticles. On the other hand, zeta potential approached lower 

absolute values as IS increased. The decrease in zeta potential indicates a decrease in the repulsive 

forces between nanoparticles, which in turn led to a small extent of agglomeration, and higher PdI.  
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During the column experiments, deposition was enhanced by the decrease of pH and 

increase of IS, as acidic pH and high salinity decrease the overall colloidal stability of SiO2 

nanoparticles in suspension. The PHSNs, however, experienced a higher degree of deposition 

when compared to SSNs.  DLVO energy profiles and single collector contact efficiency values 

were unable to explain why such discrepancies existed, and surface roughness likely contributed 

to the different extents of deposition. The surface roughness was not factored into the DLVO 

calculations because of the high complexity of the calculations and the many assumptions needed. 

The surface roughness related concave asperities of the pores lowered the repulsive energy barriers 

and led to more deposition.  

This study elucidates how nanoparticle architecture can influence their mobility in porous 

media and highlights the importance of a thorough experimental analysis of the fate and transport 

of nanoparticles of different architecture that are likely to be discharged in the environment, such 

those intended for use in nano-enabled agriculture. 

4.6. Supporting Information 

 

 

Figure S4-1. Scanning electronic microscopy (SEM) image of white quartz sand. 
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Table S4-1. White quartz sand zeta potential values at various conditions. 

Ionic Strength (mM) pH Zeta potential (mV) 

1 4.5 -27.4 

1 6.5 -37.2 

1 9.5 -45.8 

10 9.5 -37.0 

100 9.5 -18.7 

 

4.6.1. Equations Used for the DLVO Energy Profile Computations 

The DLVO theory predicts the interaction forces involving charged particles and surfaces 

immersed in electrolytes solutions. These forces govern stability and aggregation behavior in 

colloidal systems.80, 81 Classical DLVO takes into account the effects of attracting van der Waals 

forces and repulsive electrostatic forces, but a number of authors have introduced new expressions 

to include other nano-scale interactions, namely Born, steric and magnetic forces.48-50 These 

forces, however, are negligeable for non-coated SiO2 nanoparticles18, 20, 82 and thus will not be 

considered for the calculations. Herein we will consider the DLVO forces as the sum of van der 

Waals and electrostatic double layer contributions only: 

Vtot = VvdW + Vedl (S4-1) 

 

Gregory47 developed approximate expressions for retarded van der Waals forces for 

particle-particle interactions (Equation S2) and particle-collector interactions (Equation S3): 

VvdW = −
H131ap

12r (1 + 14
r
λ

)
 (S4-2) 

  

VvdW = −
H132ap

6r (1 + 14
r
λ

)
 (S4-3) 
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Where H131 [M L2 T-2] is the global Hamaker constant, ap [L] is the particle radius, r [L] is 

the separation distance between the two surfaces and λ [L] is the characteristic wavelength of the 

interaction. These expressions are valid for valid for r ≪ 𝑎𝑝. 

 

Gregory51 developed an expression to estimate the global Hamaker constant: 

 

H132 =
3kbT

4
(

εr,1 − εr,3

εr,1 + εr,3

) (
εr,2 − εr,3

εr,2 + εr,3

) +
3hve

8√2
[

(δ1
2 − δ3

2)(δ2
2 − δ3

2)

(δ1
2 + δ3

2)(δ2
2 + δ3

2)√(δ1
2 + δ3

2) + (δ2
2 + δ3

2)
] (S4-4) 

 

Where kb is the Boltzmann constant (1.38×10-23 J/K), T is the absolute temperature, εr,i the 

relative dielectric constant of i-th medium, h is the Planck’s constant (6.626×10-34 J s), ve is the 

electronic absorption frequency in the UV region (3×1015 s-1)  and δi is the refractive index of i-th 

medium. 

 

Table S4-2. Physical properties of SiO2, water and white quartz sand at 100 nm. 

Medium Refractive Index, δ Relative dielectric constant, ε 

SiO2 1.49 3.9 

White quartz sand 1.51 4.2 

Water 1.33 78.5 

 

 

For PHSNs, the interior and exterior fluid compositions are theoretically the same, thus the 

van der Waals energy profile is calculate by subtracting the resulting forces from the inner 

environment from the resulting forces from the outer surface of the shell52, 53: 

VvdW = VvdW
out − VvdW

in  (S4-5) 

 

Gregory83 also derived expressions to predict electrostatic double-layer interactions 

between particle-particle (Equation S6) and particle-collector (Equation S7): 
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Vedl = 64πε0εr

ap,1ap,2

ap,1 + ap,2
(

kbT

zq
)

2

Γ1Γ2e−kr (S4-6) 

Vedl = 64πε0εrap (
kbT

zq
)

2

Γ1Γ2e−kr (S4-7) 

  

Where ε0 [I2 t4 M-1 L-3] is the vacuum dielectric constant, Γ1,2 = 𝑡𝑎𝑛ℎ [
𝑧𝑞𝛹0

4𝑘𝑏𝑇
] is the 

dimensionless surface potential, 𝑧 the ion valence, 𝑞 [I t] is the electron charge and 𝜅 [L-1] is the 

inverse of Debye-length. The Debye length (𝜅-1) is calculated as per Equation S8:84 

𝜅−1 = √
ε0εrkb𝑇

𝑞2𝑛𝑎2𝐼
 (S4-8) 

 

Where na [mol-1] is the Avogadro number and 𝐼 = ∑ 𝑧𝑖
2𝑐𝑖 [mol L-3] is the solution ionic 

strength. 

 

Figure S4-2. TEM size distribution (N = 100) of (a) SSNs and (b) PHSNs. 
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Table S4-3. Expressions used for the prediction of single collector contact efficiencies. 

Yao et al.54 
 

η0 = 4.04NPe
−

2
3 + NG +

3

2
NR

2 

Rajagopalan-

Tien55 

 
η0 = 4.04NPe

−
2
3 AS

0.333 +  AS NR
1.875NLO

0.125

+ 0.00338 AS NG
1.2 NR

−0.4 

Tufenkji-

Elimelech56 

 η0 = 2.4 AS
0.333 NPe

−0.715 NR
−0.081 Nvdw

0.052

+ 0.55 AS NR
1.675NA

−0.125

+ 0.22 NG
1.11 NR

−0.24 Nvdw
0.053 

Ma et al.57 
 η0 = 2.3 AS

0.333 NA
0.052 NR

−0.08 NPe
−0.65 + 0.55 AS NR

1.8NA
0.15

+ 0.2 NG
1.11 NR

−0.10 NPe
0.053  NA

0.053 

Nelson-

Ginn58 

 
η0 = 2.4As

0.333 (
NPe

Npe + 16
)

0.75

NPe
−0.68NLo

0.015NGi
0.8

+ AsNLo
0.125NR

1.875 + 0.7 (
NGi

NGi + 0.9
) NG NR

−0.05 

Ma et al.59 

 
η0 =

8 + 4(1 − γ) AS
0.333 Npe

0.333

8 + 4(1 − γ) Npe
0.97 NLO

0.015NGi
0.8NR

0.028

+  AS NR
1.875NLO

0.125 + 0.7 NR
−0.05NG (

NGi

NGi + 0.9
) 

Messina-

Sethi60 

 
η0 = γ2 [1.5ASNR

1.98 +
7.56 NPe

−1

2 − 2γ
+ NG

+  AS
0.366 NPe

−0.634
 (2.935 + 2.748 NR

0.374 )

+ 0.946NR
0.655 NPe

−0.345]  

 

Where η0 is the single collector contact efficiency, NPe is the Peclet number, NG is the Gravity 

number, NR is the aspect ratio, AS = [
(1−γ5)

2−3𝛾+3γ5−2γ6] is a porosity-dependent parameter, NLO is the 

London-van der Waals number, Nvdw is the van der Waals number, NA is the attraction number, 

NGi is the gravitational number, and γ = [(1 − 𝑛)
1

3⁄ ] is a porosity (n)-dependent parameter. 
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Figure S4-3. Nitrogen sorption/desorption isotherms with inset representation of the structure and 

specific surface area for (a) SSNs and (b) PHSNs,36 and (c) FTIR spectra of the 4000-400 cm-1 

region for SSNs and PHSN previously reported. 
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The FTIR spectra suggest that the surfactants (CTAB and Pluronic P123) as well as the 

NH4OH used in the synthesis were successfully removed after calcination at 550oC as the only 

characteristic bands in the spectra belong to the bonds between silicon and oxygen atoms: (i) the 

band in 1060 cm-1 indicates the presence of Si‒OH stretch, (ii) the band in 955 cm-1 indicates the 

presence of Si‒OH bend, and (iii) the band in 450 cm-1 indicates the presence of Si‒O out of plane 

deformation. 

Table S4-4. Parameters used for calculations of single collector contact efficiency. 

Parameter SSN PHSN 

Pore-water velocity (m/s) 6.78×10-4 6.78×10-4 

Porous media porosity 0.391 0.391 

Collector diameter (m) 2.5×10-4 2.5×10-4 

Particle density (g/cm3) 2.65 1.8 

Fluid density (g/cm3) 1 1 

Fluid viscosity (Pa s) 1×10-3 1×10-3 

Fluid temperature (K) 293 293 

Global Hamaker Constant (J) 6.59×10-21 5.79×10-21 

 

Table S4-5. Particle-Collector Attachment Efficiencies (αpc) for the varying experimental 

conditions. 

Experiment Structure pH IS (mM) αpc 

Exp 1 SSN 4.5 1 0.037 

Exp 2 SSN 6.5 1 0.020 

Exp 3 SSN 9.5 1 0.004 

Exp 4 SSN 9.5 10 0.016 

Exp 5 SSN 9.5 100 0.033 

Exp 6 PHSN 4.5 1 0.544 

Exp 7 PHSN 6.5 1 0.089 

Exp 8 PHSN 9.5 1 0.034 

Exp 9 PHSN 9.5 10 0.070 

Exp 10 PHSN 9.5 100 0.590 
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Connecting Text to Chapter 5 

Chapter 5 continues to explore the environmental fate of porous hollow silica nanoparticles 

(PHSN) started in Chapter 4, where the mobility of PHSN was evaluated in model subsurface 

porous media. Chapter 5 investigates whether PHSN-encapsulated pesticides have an impact on 

plant and soil health and how these compare with non-encapsulated pesticide applications. In this 

chapter, several factors were assessed to gauge how plants and soil microbial community 

responded to different treatments involving nanoencapsulated azoxystrobin, non-encapsulated 

azoxystrobin, and nanocarrier alone. The factors assessed included overall pesticide uptake by 

plants, plant growth development, and soil microbial community shifts. Chapters 4 and 5 combined 

provide an overview of the environmental fate of nanoformulations after application and how they 

interact with living organisms and soils. 
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Chapter 5. Impacts of Porous Silica-Nanoencapsulated Pesticide 

Applied on Soils on Plant Growth and Soil Microbial Community 

5.1. Abstract 

Porous silica (SiO2) 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 nanoencapsulated 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 showed that plant growth was 

heavily inhibited by the non-encapsulated pesticide treatment compared to that with encapsulated 

pesticide yielding 3.85-fold less biomass, while 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 absolute uptake.  

After 20 days of exposure, however, the absolute 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.  

5.2. Environmental Significance 

Nanoencapsulated pesticides are viewed as a promising technology to improve pesticide utilization 

rates in agriculture. It is, however, unclear whether these nanoformulations are indeed more 

effective than the conventional pesticide formulations. In this work, we reported higher uptake and 

longer exposure of azoxystrobin in the nanoencapsulated form compared to those of the non-

encapsulated form. This indicates that nanoencapsulated pesticides can be more efficient in 

delivering the active ingredient and could potentially reduce application times. Furthermore, the 

nanocarrier did not seem to affect soil and plant health. In fact, it mitigated the toxic effect of the 
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pesticide towards plant growth. Overall, the deployment of nanocarriers in agriculture shows 

potential to increase efficiency while not creating negative implications to the environment. 

5.3. 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 could 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 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 material to be 

used 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 of lupin,22 and 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.29-35 For instance, 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 
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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, thus releasing prochloraz. The authors claimed to have enhanced pesticide 

translocation and fungal activity over a prolonged period when compared to conventional 

prochloraz formulations. 

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. 

5.4. Experimental Section 

5.4.1. Materials 

Tetraethyl orthosilicate (TEOS, reagent grade 98%), ammonium hydroxide solution (NH4OH, 

28.0-30.0% NH3 basis), hexadecyltrimethylammonium bromide (CTAB) and Pluronic P123 were 
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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 (Heirloom, Beefsteak Bush) 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 S5-1. 

5.4.2. SiO2 NPs 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 found to be approximately 253 nm in diameter,36 

with a porous shell of thickness ranging from 22 to 38 nm,36 micro-scaled pores in the order of 1.5 

nm,36 a specific surface area of 287 m2 g-1,36 and surface zeta potential - 29.2 ± 1.1 mV at pH 6.5 

and ionic strength 1 mM (NaCl).42 
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5.4.3. 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. 

5.4.4. 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 
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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, which is 

around 0.2 ppm for Solanum lycopersicum. 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 using 

a 36 W LED grow light system (IPower) with wavelengths at 430, 465, 630 and 660 nm to 

maximize chlorophyll activity, and constant temperature of 21 ± 1 ℃. 

5.4.5. Plan 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 leaflets, and length of the longest leaflet (cm). Statistical 

analysis (ANOVA one-way followed by Tukey’s test, p < 0.05) was performed to identify 

significant statistical differences among the phenotypic traits assessed. 

5.4.6. 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 
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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 S5-2. 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. 

5.4.7. 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. 

5.4.8. Sequencing 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 
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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. 

5.4.9. Quantitative polymerase chain reaction (qPCR) 

To determine bacterial and fungal load in each treatment, relative qPCR quantifications of the 16S 

rRNA and 18S rRNA genes for bacteria and fungi, respectively, were undertaken. It was performed 

using the universal primers, Ba519F and Ba907R, for bacteria community and, Fung5F and 

FF390R, for fungi community, 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). The relative 

concentrations in each treatment were quantified using triplicate samples per treatment, and 

technical duplicates for each sample. The percentage change as compared to day 0 control for each 

treatment was then calculated by dividing values by the average for day 0 controls. 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 protocol for bacteria was as follows: denaturation at 95℃ for 3 minutes followed 

by 40 cycles of amplification (10 s at 95 ℃, 30 s at 50 ℃, 60 s at 72 ℃). For fungi, the denaturation 

step took place at 95℃ for 3 minutes followed by 40 cycles of amplification (20s at 95℃, 30s at 

50℃, 90s at 72℃). 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.  

5.5. Results and discussion 

5.5.1. PHSN encapsulation provides controlled release properties 

The decrease in the concentration of azoxystrobin over time in the particle-free solution phase 

outside the particles indicates the loading of the fungicide within the PHSN (Figure 5-1a). These 
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results suggest that sorption is also taking place, because the entrapment of azoxystrobin in the 

void space of the pores and hollow core would not lower concentration in the bulk solution.  We 

compared the loading rates of PHSN with solid SiO2 NPs with similar sizes (~ 200 – 250 nm) as 

shown in Figure S5-1, 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. Control experiments confirmed 

that close to no azoxystrobin adsorbed was onto the Teflon tube’s walls. Therefore, all the decrease 

in the concentration of azoxystrobin can be attributed to its encapsulation within the nanocarrier. 

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 5-1a. 

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 5-1b 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.  
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Figure 5-1. (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).  

5.5.2. 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 5-2a shows that the 
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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 5-2b), 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 5-2c 

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 5-2d and 5-3a). 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 S5-3.  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 5-2c, 5-2d and 5-3a), 

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, the pyraoxystrobin. The non-

encapsulated form yielded 1.5% while the MSN-encapsulated form yielded 3.5% of uptake after 

10 days. This trend suggests that SiO2-based nanocarriers enhance pesticide uptake when 

compared to the non-encapsulated counterparts. 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 this work. Si 

uptake in plants was not monitored because of the limitations to identify what fraction constitutes 
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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 

 

Figure 5-2. (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 followed by 

Tukey’s test, p < 0.05 threshold). (B) Photos of the plants harvested at day 10. (C) Photos of the 

plants harvested at day 20. 



143 

 

5.5.3. 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 5-2b) and 20 (Figure 5-2c). These observable traits included the plant biomass 

(dry wt), the number of leaflets, and the length of the roots, shoot and longest leaflet. The 

quantitative measure for each trait, separated by treatments, is shown in Figure 5-3. ANOVA one-

way analysis followed by Tukey’s test were performed to identify significant statistical differences 

among the treatments and the error bars represent the standard deviation for each treatment (N = 

3). 

 

Figure 5-3. The measures of five phenotypic traits (dry mass, root length, shoot length, number of 

leaflets and length of the longest leaflet) 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 followed by 

Tukey’s test, p < 0.05 threshold). 

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, 
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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 leaflets and 

length of the longest leaflet) 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 leaflets indicator where PHSN treatment yielded 

significantly more leaflets 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 
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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 5-3 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. 

5.5.4. 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 5-4 and Figure 5-5 show the taxonomic 

abundance of fungi at class level and bacteria and archaea at phylum level, respectively. 
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Figure 5-4. 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. 

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 
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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. 

 

Figure 5-5. 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. 

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 
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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 5-6a) 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 days 10 and 20 located mostly in the border between Q1 and 

Q4, and the other cluster includes the treatments with azoxystrobin 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-dosed 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 5-6b) 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 5-4 and 5-5), β-diversity shifts are more 

evident (Figure 5-6), 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). 

Further α-diversity – the measurement of the change in diversity within one sample – 

analyses were performed to investigate whether there are statistically significant differences 
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among treatments and can be found in Supporting Information (Figure S5-4). Overall, the analysis 

in α-diversity analysis indicated that there were few differences among treatments, mostly 

associated with treatments dosed with pesticides. 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. 

 

 

Figure 5-6. 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. 

The qPCR data for bacterial and archaea communities (Figure S5-2) and fungi 

communities (Figure S5-3) confirmed the trends observed with the relative abundance and 

diversity analyses. The bacterial and archaea community changes (Figure S5-2) do not vary 

significantly compared with control at day 0 or the control systems at day 10 and 20 to the extent 
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to explain why such abrupt inhibition in plant growth was observed during Azo and Azo@PHSN 

treatments. The fungi community data (Figure S5-3) 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 root’s microbial communities. The continuous supply 

of the pesticide over a longer period of time promoted by the encapsulated formulation likely was 

responsible to decrease the overall fungi community numbers, while a one-dose non-encapsulated 

pesticide formulation was not able to maintain the biocide effects for the same period of time.   

5.6. Conclusions 

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 roughness. 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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5.7. Supporting Information 

Table S5-1. List of the soil properties. 

Analysis Result 

pH 7.0 

Com (%) 4.1 

P (ppm) 152 

K (ppm) 357 

Mg (ppm) 291 

Al (ppm) 759 

Na (ppm) 14 

CEC (meq/100 g) 16.9 

Water Holding Capacity at 1/3 bar (%)a 22.9 

Water Holding Capacity at 15 bars (%)a 13.26 

Available Water Capacity (%)a 9.69 

Sand (%) 31 

Silt (%) 34 

Clay (%) 35 

Note: Com: organic matter concentration, P: phosphate, K: potassium, Mg: magnesium, Al: 

aluminum, Na: sodium, CEC: cation exchange capacity, a USDA no. 42 method. 

5.7.1. Matrix Effects on the Azoxystrobin Detection 

To validate the azoxystrobin measurements from the biomass extract, recovery validation was 

determined by spiking control plant biomass after homogenization with azoxystrobin in different 

concentration ranges. The low-range and high-range concentration comprised in spiking 

azoxystrobin in homogenized biomass to a final concentration of 10 ppb and 500 ppb, respectively. 

The recoveries (N = 3) for the low range (RL) and high range (RH) can be found in Table S5-2. 
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Table S5-2. Azoxystrobin recoveries in homogenized biomass for low- and high-range 

concentrations. 

Range Sample ID Recovery (%) Average (%) Standard Deviation (%) 

Low 

RL1 102 

105 2.5 RL2 108 

RL3 106 

High 

RH1 107 

107 1.0 RH2 106 

RH3 108 

 

 

Figure S5-1. Relative concentration (C/C0) of azoxystrobin in solution (20% v/v methanol) phase 

over time using solid SiO2 NPs (SSN) and porous hollow SiO2 NPs (PHSN) as nanocarriers. 
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Figure S5-2. Percentage of day 0 soil microbial community following qPCR targeting the gene 

16S rRNA for total bacterial and archaea communities using (A) bulk soil and (B) soil loosely 

attached to the roots. Different letters (A and B) indicate significant statistical differences among 

samples (ANOVA one-way test followed by Tukey’s test, p < 0.05 threshold). 
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Figure S5-3. Percentage of day 0 soil microbial community following qPCR targeting the gene 

18S rRNA for total fungi communities using (A) bulk soil and (B) soil loosely attached to the 

roots. Different letters (A and B) indicate significant statistical differences among samples 

(ANOVA one-way test followed by Tukey’s test, p < 0.05 threshold). 
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5.7.2. Pielou’s evenness index (J’) and Faith’s Phylogenetic Diversity (PD) 

The Pielou’s evenness index (J’)56 is the numerical representation that quantifies how equal the 

microbial communities are in the sample. In other words, it is the mathematical measurement of 

the biodiversity in the sample. At day 10, there was no significant statistical difference among the 

bacterial communities for all treatments, based on the J’ (Figure S5-4a). The variance was analyzed 

through Kruskal-Wallis pairwise testing and no p-value was below the p < 0.05 threshold. 

Similarly, at day 20 there was no significant statistical difference among the bacterial communities 

(Figure S5-4b). The p-values of the pairwise comparison between control and Azo treatments, and 

control and Azo@PHSN treatments had the lowest p-values overall, 0.15 and 0.20, respectively. 

Faith’s phylogenetic diversity (PD) is another way to measure biodiversity mathematically55. It, 

however, revealed the same conclusions as for the J’: no statistical different could be determined 

among the bacterial communities with different treatments at days 10 (Figure S5-4c) and 20 

(Figure S5-4d). 

For fungi communities, at 10 days, three pairwise Kruskal-Wallis combinations of the J’ 

indicated significant statistical difference, (1) day zero and Azo treatments, (2) day zero and PHSN 

treatments, and (3) day zero and Azo@PHSN treatments (Figure S5-4e), indicating that except for 

the day zero and control, all other treatments showed significant differences in the biodiversity 

when compared to the initial stage. After 20 days, however, the variance analysis of the J’ indicated 

that only two combinations were statistically different, day zero and Azo@PHSN treatments, and 

control and Azo@PHSN treatments (Figure S5-4f), suggesting that the soil microbial community 

biodiversity differences tended to diminish as the days progressed. Faith’s PD showed a different 

trend from the J’ at day 10, where there were statistical changes only between Azo treatment and 

other three treatments: control, PHSN and Azo@PHSN (Figure S5-4g). At day 20, Faith’s PD 

variance analysis showed representative differences in biodiversity between Azo and Azo@PHSN 

treatments, control and Azo@PHSN treatments (Figure S5-4h). 
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Figure S5-4. α-diversity boxplots representing (a) Pielou’s evenness index for samples at day 10, 

(b) Pielou’s evenness index for samples at day 20, (c) Faith’s PD for samples at day 10, and 

(d)Faith’s PD for samples at day 20 for the bacterial and archaea communities. α-diversity boxplots 

representing (e) Pielou’s evenness index for samples at day 10, (f) Pielou’s evenness index for 

samples at day 20, (g) Faith’s PD for samples at day 10, and (h) Faith’s PD for samples at day 20 

for the fungi communities. The black dots above and below the error bars in some instances 

indicate outliers.  
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Table S5-3. List of suspected metabolites derived from azoxystrobin in tomato plants for different treatments and data points. The peaks 

were categorized by low, medium and high based on the comparison among them and do not have quantification purposes. 

Suspected metabolites of azoxystrobin in Solanum lycopersicum 

Structure 

      

Formula C11H7N3O2 C21H15N3O5 C7H5NO C20H13N3O5 C15H14N2O5 C20H15N3O5 

Ion m/z ratio 214.06166 390.10902 120.04494 376.09337 303.09813 378.10902 

Treatment Replicate Peak Intensity 

Azo  

[Day 10] 

1 Low Low Not detected Not detected Low Low 

2 Low Low Not detected Not detected Low Low 

3 Low Low Not detected Not detected Low Low 

Azo  

[Day 20] 

1 Low Low Not detected Low Low Low 

2 Low Low Not detected Low Low Low 

3 Low Low Not detected Low Low Low 

Azo@PHSN  

[Day 10] 

1 Medium Medium Not detected Low Low Medium 

2 Medium Medium Not detected Low Low Medium 

3 Medium Medium Not detected Low Low Medium 

Azo@PHSN  

[Day 20] 

1 High High Low High High High 

2 High High Low High High High 

3 High High Low High High High 
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Connecting Text to Chapter 6 

Previous chapters described the synthesis, pesticide encapsulation, and environmental fate of 

porous hollow silica nanoparticles (PHSN) formulations. In its turn, Chapter 6 explores the uptake 

and translocation of PHSN-encapsulated azoxystrobin following foliar application in tomato 

plants. Environmental fate analysis (Chapters 4 and 5) was performed before application analysis 

(Chapter 6) because if a promising product ends up becoming an emergent contaminant, it is not 

even worth pursuing the product deployment and production in larger scale, seen that companies 

are now aiming to create sustainable products with clean design. Therefore, after assessing the 

environmental implications of nanoformulation with azoxystrobin and PHSN, this chapter 

investigates what happens to this nanoformulation after its applications, including the 

internalization profiles and how it is transported within the plant. Tracking silica nanoparticles is 

particularly challenging, but it was possible here using a suite of advanced analytical techniques, 

including single particle inductively coupled plasma–mass spectrometry and inductively coupled 

plasma optical emission spectroscopy. 
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Chapter 6. Uptake and Translocation of a Silica Nanocarrier and an 

Encapsulated Organic Pesticide Following Foliar Application in 

Tomato Plants 

6.1. Abstract 

Pesticide losses are estimated to reach up to 99%, which poses a sustainability challenge to 

agriculture. Pesticide nanoencapsulation and its foliar application are a promising approach for 

improving the efficiency of pesticide application. Here, we investigated the uptake and 

translocation of azoxystrobin encapsulated within porous hollow silica nanoparticles (PHSNs) of 

mean diameter 253 ± 73 nm, following foliar application on tomato plants. The PHSNs enabled 

slow release of loaded azoxystrobin over several days. Azoxystrobin was quantified in five 

different plant parts, yielding 8.7 ± 1.3 µg of the pesticide distributed to other plant tissues after 4 

days following 20 µg nanoencapsulated pesticide application on a single leaflet of each plant. In 

parallel, the uptake and translocation of the PHSNs (as total Si and particulate SiO2) in the plant 

was characterized. The nanoencapsulated pesticide was taken up and distributed slower than the 

non-encapsulated pesticide, and the uptake rate and translocation patterns for PHSN and pesticide 

were different. Moreover, the data indicate knowledge gaps in the translocation mechanisms of 

nanoparticles in plants because PHSNs were translocated throughout the plant, although they are 

much larger than known size exclusion limits (up to ~ 50 nm) inside plant tissues.  

6.2. Introduction 

The agriculture industry must innovate to meet the increasing global food demand that is expected 

to increase 1.5-fold in the next 40 years, without increasing its environmental footprint.1 Based on 

current practices, this increasing pressure to produce more food will lead to the increase of the use 

of pesticides by almost 5 times.2 Traditional pesticide application practices, which involve 

application to soil or spraying over crops, are inefficient and it is estimated that up to 99% of 

pesticides are lost to the environment and not taken up in the plant.3, 4 These inefficiencies require 

addition of more pesticides than necessary, resulting in higher costs, and adverse environmental 

impacts from increased contamination of agricultural land, groundwater, and surface water 

bodies.5-7 The use of nanocarriers loaded with pesticides in precision foliar application can enable 
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efficient pesticide uptake by the plant and their controlled release in the plant over time. This 

provides an opportunity to tackle some of these shortcomings, by decreasing the loss of pesticides 

and the environmental contamination that follows, and by potentially reducing the number of 

application cycles required to grow crops. 

 Recent advances in the synthesis of SiO2 NPs of different structures have made them 

promising candidates for nanoencapsulation of molecules of interest, such as pesticides8, 9. Bueno 

and Ghoshal10 developed a protocol to synthesize porous hollow SiO2 NPs (PHSNs) and 

demonstrated the feasibility of encapsulating solutes and smaller nanoparticles within the porous 

SiO2 shell. PHSNs possess a hollow core that allows the high-density loading of molecules of 

interest within its core and shell. Porous nanocarriers can act as slow-release frameworks, which 

allow pesticides to be continuously released at a slow rate, reducing the need for multiple 

applications.11, 12 Moreover, previous studies have demonstrated that Si-based NPs dosed in plants 

induced tolerance towards biotic and abiotic stresses, such as disease, drought, and salinity 

imbalance.13-16 Furthermore, Si is an earth-abundant element and exhibit low toxicity towards 

living organisms.17  

 Despite the promising potential of nano-enabled agriculture, research in the field is still 

underexplored. Little is known about how plants internalize and transport NPs following foliar 

application, which hinders our capability to design optimal nanocarriers to transport the needed 

molecules of interest and deliver them to the desired plant parts, at a pace that is not too fast such 

that it could lead to potential toxicity, but not too slow such that it would provide insufficient 

protection against pests. 

 Based on the state-of-the-art knowledge, it is known that there are several pathways for 

foliar entry, including cuticle and trichome pores, stomata, foliar wounds, hydathodes and 

lenticels.18 While stomata, hydathodes and lenticels size exclusion limits (SELs) are in the micron-

scale, cuticular pore SELs often fall within 0.1 to 10 nm.18 NPs with 100 nm diameter have been 

reported to traverse the cuticle region upon momentary disruption in the waxy cuticular layer.19 

After foliar entry, NPs must overcome several internal barriers before reaching the vascular system 

(xylem and phloem), where the NPs can finally be translocated within plants. Two important routes 

to cross the epidermis and mesophyll (palisade and spongy) are the apoplastic and symplastic 

pathways. The former is the pathway between cells with SELs between 5 and 20 nm through which 



170 

 

molecules diffuse freely20-22 and the latter is the pathway to transport low-density molecules 

through an interconnected network of protoplasts with SELs ranging from 3 to 50 nm.23, 24 

Theoretically, we should not expect particles larger than the SELs to be able to be taken up and 

translocate within plants, but some studies have shown the uptake and translocation of larger 

NPs.19, 25, 26  

 Knowledge gaps in the mechanisms of uptake and transport of NPs within plants exist 

because tracking NP mobility in planta is hindered by limitations in detection and quantification 

of non-metal NPs, with common analytical techniques. To date, only a few studies have tracked 

translocation in planta of NPs (mainly metallic), such as TiO2,
27, 28 ZnO,25, 28 Au,26 CeO2

29 and 

Pt.30 Gao et al.25 showed translocation of mesoporous SiO2-coated ZnO NPs following foliar 

application, by characterizing the total Zn and the relative concentrations of the NPs in different 

plant parts using single particle mode inductively coupled plasma mass spectrometry (spICP-MS). 

However, the total Si uptake was not quantified. To understand the uptake and translocation in 

plants of different constituents in composite NPs such as nanoencapsulated pesticides, the 

distribution of all constituents needs to be characterized in the different plant parts.  The 

encapsulated pesticide could either be released from the nanocarrier at the site of application on 

the plant, or the nanocarrier can be taken up and translocated with the encapsulated pesticide. As 

well, the nanocarrier may be partly or entirely dissolved or disintegrated in the plant. 

 In this study, we assessed the uptake and translocation of azoxystrobin encapsulated within 

PHSNs. Azoxystrobin is applied to soils to remove fungal pests from the soil prior to sowing,31 

and to leaves to actively combat fungal infections in the plant.32 The application of azoxystrobin 

in fields and greenhouses for tomato cultivars has been reported by means of dips, soil drenches 

and foliar sprays.33 In this study, the nanoformulation was applied directly on a selected leaflet. 

The pesticide quantification in different plant parts was conducted using liquid chromatograph 

(LC) coupled to a quadrupole time-of-flight mass spectrometer (QToF-MS). Quantifying Si uptake 

in plant parts is challenging because SiO2 is not easily solubilized using conventional acid-based 

methodologies to allow elemental analysis. Currently, common protocols to digest SiO2 involve 

the use of hydrofluoric acid (HF), which is extremely toxic, and corrosive to instruments and 

glassware.34, 35 Furthermore, the quantification of digested Si alone is not direct evidence of NP 

translocation because Si may be dissolved and translocated as silicic acid in plants. Therefore, 
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appropriate techniques must be used to quantify total Si as well as identify whether the Si is in the 

particulate form as SiO2 nanoparticles. To circumvent the use of HF, we used a modified version 

of the HF-free protocol to dissolve SiO2 NPs developed by Bossert et al.36 to determine the total 

Si in plant tissues. We combined the results with those obtained from spICP-MS to evaluate the 

fraction of Si was solubilized or in the particulate form (as NP). This distinction between 

solubilized and particulate form is important because a recent study showed that solid SiO2 NPs 

can be solubilized within watermelon plants (Citrullus lanatus), thus Si can be found in both forms 

after uptake and translocation.37 In that study, evidence of dissolution of particulate SiO2 was 

obtained from transmission electronic microscopy (TEM) after incubation of the nanoparticles in 

simulated xylem sap. It is important to note that in that study, the SiO2 NP dissolution in the plant 

tissue was not verified and concentrations of NP in the plant tissues were not determined. 

 To the best of our knowledge, this is the first study to quantify the uptake and translocation 

of an organic compound encapsulated within an inorganic nanocarrier, as well as the inorganic 

nanocarrier. The model plant used in this study was tomato (Solanum lycopersicum), an important 

cash crop worldwide ($8.5 billion market38), and its protection from numerous pests is a priority.39, 

40  

6.3. Experimental Section 

6.3.1. Chemicals 

Chemicals used and their sources are stated in the Supporting Information. 

6.3.2. Nanocarrier synthesis 

The PHSNs were synthesized following a previously reported protocol.10 Briefly, 300 mg of 

CTAB, 850 mg of Pluronic P123 and 15 mL of NH4OH (30% v/v) were added sequentially to an 

aqueous solution containing ethanol (37.5% v/v). The reagents were allowed to mix until total 

dissolution. Then, the SiO2 precursor, TEOS, was added dropwise at 0.0125 mL/s for 800 s. 

Following the TEOS addition, the reaction was allowed to proceed for 5 hours under vigorous 

mixing. Finally, the suspension was dried overnight at 80℃ and the resulting powder was calcined 

at 550℃ for 5 h to remove the remaining surfactants and ammonia. These NPs were fully 

characterized in a previous work10, 41 and their key parameters are summarized in Table S6-1. 
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6.3.3. Azoxystrobin nanoencapsulation 

The encapsulation of azoxystrobin within the nanocarriers was achieved by suspending the PHSNs 

(0.67 mg/mL) in an methanol-water mixture (20% v/v methanol) containing azoxystrobin (0.1 

mg/mL) as previously reported.42 The water-methanol ratio in the solution was optimized to fully 

solubilize the pesticide while keeping conditions favorable for the azoxystrobin to be loaded within 

the nanocarriers, by infiltrating the porous shell and filling the hollow core and more importantly 

by sorption on the surface of the nanoporous shell. Then, aliquots of the suspension were analyzed 

periodically using an Agilent 1260 Infinity II HPLC system equipped with UV detector and 

quantified at 255 nm, the characteristic wavelength. 

6.3.4. Seed germination and hydroponic system 

Solanum lycopersicum seeds (McKenzie Seeds, Canada) were sterilized in a 1.5% sodium 

hypochlorite solution for 30 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 14 days in total 

darkness. Seedlings at the same growth stage were carefully picked and transplanted to hydroponic 

pots containing 25% Hoagland medium. The pots were illuminated with a 36 W LED grow light 

system (IPower) with wavelengths at 430, 465, 630 and 660 nm to maximize chlorophyll activity 

under a 16h-8h day-night cycle routine. Air was continuously supplied over the course of the 

experiment with the aid of a porous stone that sparged air bubbles. The plants were grown in 

ambient temperature (23 ± 2 ℃) and the Hoagland solution was replaced every 3 days for each 

treatment to maintain sufficient amount of nutrients in the media. After 14 days of growth, the 

azoxystrobin-PHSN formulation prepared previously was applied directly on a selected leaflet. 

The total volume applied totaled 200 µL applied dropwise at increments of 10 µL. The final dosing 

contained 133 µg of PHSNs and 20 µg of azoxystrobin. Two other treatments were prepared for 

comparison: (i) A treatment with no PHSN to compare the uptake of solubilized azoxystrobin with 

that of encapsulated pesticide, in this treatment, 200 µL of an aqueous methanol solution (20% 

v/v) containing 20 µg of solubilized azoxystrobin was applied on the leaflet surface; (ii) A 

treatment without PHSN and azoxystrobin as control, where 200 µL of a methanol solution (20% 

v/v) was applied directly on the selected leaflet. The treatments with the azoxystrobin-PHSN 

formulation and solubilized azoxystrobin will henceforth be referred to as Azo@PHSN and Azo, 

respectively. 
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 Half the plants were grown for 2 days and the others for 4 days. Upon harvesting, the plants 

were separated in 5 parts: (i) dosed leaflet, which represents the leaflet where the formulation was 

applied, (ii) mature leaflets, which represent the leaflets grown before the leaf that was dosed, (iii) 

young leaflets, which represent the leaflets grown after the leaflet that was dosed, (iv) stem, and 

(v) roots. Each treatment was prepared in triplicates (N = 3). Because the harvesting at day 2 and 

day 4 and the pesticide/SiO2 measurements are sacrificial, three sets of triplicates was prepared for 

each day for all treatments. 

6.3.5. Azoxystrobin uptake quantification 

Each one of the 5 plant parts was dried overnight at 110 ℃ on aluminum weighing dishes, and the 

respective dry masses (mg) were measured. The dried plant parts were then transferred to a falcon 

tube for the pesticide extraction and quantification using a modified version of the  QuEChERS 

(quick, easy, cheap, effective, rugged, and safe) method.43 The detailed pesticide extraction 

procedure is described in the Supporting Information. Then, the extract was filtered through a 0.22 

µm polytetrafluoroethylene (PTFE) filter and analyzed for azoxystrobin in an Agilent 1290 Infinity 

II LC coupled to a QToF-MS (Agilent) operating in positive electrospray ionization mode. The 

concentration of azoxystrobin in the medium was analyzed through direct injection in LC-QToF-

MS. 

6.3.6. Total Si uptake quantification 

Each plant part was digested using a modified 3-step method reported elsewhere.25, 36 First, the 

biomass was digested with a solution combining HNO3 and H2O2 at high temperatures. The 

biomass from each plant part was submerged in a solution containing 2.15 mL HNO3 (70% v/v) 

and 2.85 mL DI water at 95 ℃ for 2 h, then 1.5 mL of H2O2 (30% v/v) was added to the tube and 

allowed to react at 95 ℃ for 2 h to complete the biomass digestion. Second, the digestate was 

subjected to a modified version of the HF-free method to dissolve SiO2 NPs: 2.5 mL of KOH (4 

M) was added to every 1 mL of digestate to increase the pH to 13.6, then the SiO2 digestion was 

allowed to proceed overnight. Finally, H2SO4 (2.25 M) was added to the digestate dropwise until 

the pH decreased from 13.6 to 1.3 and, only then, the samples were analyzed for Si in the ICP-

OES. Dissolved Si(OH)4 was subjected to the same modified 3-step digestion protocol described 

previously and used for calibration. The concentration of Si in the medium was analyzed following 

the 3-step digestion protocol without further dilution. 
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6.3.7. spICP-MS measurements of PHSN uptake 

Each plant part was subjected to enzymatic digestion to facilitate extraction of the PHSNs by 

breaking down some of the organic matter, based on a protocol suggested by Dan et al.44 In 

summary, the biomass was homogenized using an IKA T10 Basic S1 Disperser in 8 mL of citrate 

buffer (pH 5.6), which according to the manufacturer is within the optimum pH range for 

Macerozyme R-10, a macerating enzyme for plant tissues. Then, 2 mL of the enzymatic solution 

(50 mg/mL) was added to the system and incubated at 37 ℃ for 24 h. After incubation, the samples 

were allowed to settle for 1 h and the supernatant was diluted 100 times prior to the analysis using 

a PerkinElmer NexION 300x ICP-MS in single particle mode. Particle size distribution and 

particle concentration in the samples were measured simultaneously in each analysis. An 

integration dwell time of 100 μs with sampling time of 100 s was used to measure the samples. 

Ultra-uniform gold NPs of size 55 nm (nanoComposix) at a concentration of 105 particles/mL were 

used for determination of spICP-MS transport efficiency (7.5 to 8.5%), both in DI water and the 

enzyme-digested plant matrix. The calibration of Si was performed using Single-Element (Si) and 

Multi-Element (Mo, Sb, Si, Sn and Ti) ICP and ICP-MS Certified Reference Standards (VWR). 

The concentration of PHSN in the medium was analyzed following the enzymatic digestion 

protocol. Leaflets, stem, and roots from control plants were spiked with PHSNs for method 

validation. 

6.4. Results and Discussion 

6.4.1. Azoxystrobin loading in PHSN 

The TEM image in Figure 6-1a shows the hollow core inside the porous silica shell of the spherical 

PHSN and are in agreement with the PHSN characterization performed in our previous studies.10, 

41, 42 Figure 6-1b (●) indicates the loading profile of azoxystrobin over time in the PHSNs in a 

methanol solution (20% v/v). The suspension containing the PHSNs and dissolved azoxystrobin 

was stirred at 130 rpm for 8 days, at which time the pesticide mass transfer from the solution to 

the PHSNs plateaued, yielding 0.50 ± 0.01 mg of azoxystrobin loaded into the PHSNs, accounting 

for 66.9 ± 1.4% of the initial pesticide in solution. The release time profile shown in Figure 6-1b 

(●) demonstrates that the PHSN enabled the slow release of the azoxystrobin over time as reported 

in our prior study42, releasing 43.5 ± 5.8% of azoxystrobin over 10 days into a fresh methanol 
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solution. In comparison, the non-encapsulated solid phase azoxystrobin completely dissolved in 

the methanol solution after 3 hours.42 

 

Figure 6-1. Characterization of (A) particle size and shape using TEM and (B) azoxystrobin 

loading and release profiles within the PHSN based on the data of a previous work.42 The black 

data points (●) represent the amount of azoxystrobin being loaded in the PHSN over time after 

introducing the nanocarriers in a methanolic solution of azoxystrobin. The red data points (●) 

represent the amount of azoxystrobin remaining in the PHSNs over time after separating the 

azoxystrobin-loaded PHSN and introducing them into an aqueous release medium containing 

methanol (20% v/v).  

6.4.2. Uptake and translocation of azoxystrobin in different plant parts 

Figure 6-2a shows the amounts of azoxystrobin in five different plant parts (dosed leaflet, mature 

leaflets, young leaflets, stem, and roots), towards characterization of the pesticide translocation, 

and how they differ among treatments and harvesting periods. The data suggest that 4 days after 

dosing, azoxystrobin was found in each one of the five plant parts with abundance as follows: Stem 

> Young leaflets > Mature Leaflets > Roots (ANOVA one-way test followed by Tukey’s test, p < 

0.05), for both the Azo and Azo@PHSN treatments. The distribution of azoxystrobin throughout 

the plant was expected because azoxystrobin is a well-known systemic fungicide. That is, once 

internalized, azoxystrobin is readily translocated to every part of the plant and makes the infiltrated 

plant tissue toxic to fungi.45, 46 In fact, azoxystrobin has been reported to have elevated uptake in 

leaflets, enhanced xylem-systemic movement and translaminar movement (leaf penetration), and 



176 

 

increased translocation to areas of new growth.47 While the xylem transport is unidirectional 

(upwards), phloem transport is bidirectional and is determined by the nutritional requirements of 

the plants.48 Furthermore, xylem-phloem exchanges may also occur through symplastic and 

apoplastic transport.49 Because the pesticide has elevated xylem-systemic activity, its upward 

translocation is favored, not surprisingly to areas of new growth, which in our case corresponds to 

the young leaflets and the stem that connects them to the mature part of the plant.  

Figure 6-2b shows the concentration of azoxystrobin in each plant part normalized by the 

total amount of azoxystrobin quantified for each treatment. It is evident that azoxystrobin uptake 

and translocation was faster for the non-encapsulated azoxystrobin treatment. At day 2 after 

dosing, 35% of the azoxystrobin was measured in different plant parts other than the dosed leaflet 

for the Azo treatment whereas only 21% of the azoxystrobin translocated for the Azo@PHSN 

treatment. The same trend follows at day 4 after dosing, where 58% of the azoxystrobin was 

translocated for the Azo treatment compared to only 42% for the Azo@PHSN treatment.  

 The targeted amount of azoxystrobin was 20 µg/plant and the amount of 

azoxystrobin recovered based on this target was 108 ± 6%, 98 ± 3%, 95 ± 7%, and 103 ± 8% for 

the Azo treatment at day 2, Azo@PHSN treatment at day 2, Azo treatment at day 4, and 

Azo@PHSN treatment at day 4, respectively. No azoxystrobin was detected in the control plants. 

The detection limit of azoxystrobin using LC-QToF-MS was 0.28 ng per g of dried plant tissue, 

and significantly lower than the concentrations of azoxystrobin in the plant parts. 
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Figure 6-2. Azoxystrobin distribution in different plant parts 2 and 4 days after dosing with Azo 

and Azo@PHSN treatments. (A) Mass of azoxystrobin in different plant parts. Error bars represent 

the standard deviation of the samples (N = 3). Different letters (A and B) indicate significant 

statistical differences among samples, while same letters indicate no significant statistical 

differences among samples (ANOVA one-way test followed by Tukey’s test, p < 0.05). (B) Mass 

of azoxystrobin in different plant parts normalized by the total amount of azoxystrobin. 

6.4.3. Uptake and translocation of Si in different plant parts 

The data in Figure 6-3 suggests that at day 2 after dosing, Si was distributed in the entire plant, 

except for the mature leaflets in the Azo@PHSN treatment. At day 4, however, some Si was 

measured in the mature leaflets, suggesting a slower translocation of Si to the mature leaflets, 

compared to that for azoxystrobin. The Si in the plant tissues may be present as silicic acid derived 

from digestion of the PHSN in the plant,37 or as PHSNs, and the speciation is discussed in the 

following section.  
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There was a statistically significant decrease in the amount of Si on the dosed leaflet, from 

48.6 ± 1.6 µg at day 2 to 35.3 ± 1.0 µg at day 4, suggesting that the PHSNs were continuously 

taken up and translocated over the course of the experiment. At the same time, there were 

statistically significant increases in the concentration of Si in the mature leaflets, young leaflets, 

and roots, but no significant difference was observed in the concentration of Si in the stem. The 

distribution profile for Si was slightly different than that of azoxystrobin: Stem > Roots > Young 

leaflets > Mature leaflets. While the mechanisms of internalization and translocation for pesticides 

are more established, those of NPs and their constituents are yet to be comprehensively established.  

 The data in Figure 6-3b show the concentration of Si in each plant part normalized by the 

total amount of Si. It is evident that Si is being internalized over time and distributed in the whole 

plant. At day 2, 12% of Si dosed was measured in different plant parts other than the dosed leaflet, 

while at day 4, the translocated Si reached 31%. Little to no Si reached the mature leaflets. It is 

known that the plant has mechanisms to distribute internalized nutrients preferably to areas of new 

growth, frequently associated with foliar senescence,50 taking Si to the root tips, stem, and younger 

leaflets, while older parts of the plant, that are already well-established, receive less nutrients over 

time.  

The targeted amount of Si was 62 µg/plant, incorporated in the 133 µg/plant of PHSN as 

SiO2, applied on a leaflet.  The amount of Si recovered based on this target yielded 89 ± 1% and 

82 ± 1% Azo@PHSN treatment at day 2 and Azo@PHSN treatment at day 4, respectively. Smaller 

recoveries for Si were expected compared to those of azoxystrobin due to the difficulty of digesting 

SiO2 NPs, and further measurement challenges associated with the complex sample matrix of 

digested plant biomass and the background interferences contributed by additional elements 

introduced in the 3-step digestion method. Similar yields were obtained in the original method 

developed by Bossert et al.36 No Si or nanoparticulate SiO2 was measured in the control plants. 

The detection limit of total Si in ICP-OES was approximately 9 µg/g of dried plant tissue. The 

measured concentrations of Si were significantly higher than the instrument detection limit, but 

only slightly higher for those measured in the young leaflets at day 2 and mature leaflets at day 4. 
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Figure 6-3. Si distribution in different plant parts 2 and 4 days after dosing Azo@PHSN treatment. 

(A) Mass of Si in different plant parts. Error bars represent the standard deviation of the samples 

(N = 3). Different letters (A and B) indicate significant statistical differences among samples, while 

same letters indicate no significant statistical differences among samples (ANOVA one-way test 

followed by Tukey’s test, p < 0.05). (B) Mass of Si in different plant parts normalized by the total 

amount of Si measured by ICP-OES. 

6.4.4. Characterization of particulate SiO2 uptake and translocation in different plant parts 

Figure 6-4 demonstrates that PHSNs were found in all plant parts except for the mature leaflets, in 

both harvesting periods (2 and 4 days after foliar application). The distribution of PHSNs found in 

different parts of the plan are in agreement with the data obtained for total Si content: Stem > Roots 

> Young leaflets > Mature leaflets inferred from Figure 6-3. Figure 6-4 conveys the relative 

abundance of PHSNs in different plant parts and shows the concentration in the supernatant in the 

enzyme digestate of each plant part. Those are not the true PHSN concentrations because some 

PHSN remained in the residual solid biomass in the digestate, which was not analyzed in the ICP-

MS due to the presence of large biomass particles which could clog its aspirator and nebulizer. 
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Important information about transformations of PHSN within Solanum lycopersicum can 

be inferred from the data in Figures 6-3 and 6-4. The total Si measurements in Figure 6-3 indicated 

that while no Si was found in the mature leaflets at day 2, some Si was measured in the mature 

leaflets at day 4. No PHSN signal was identified in mature leaflets on day 2 and day 4 with the 

spICP-MS measurements. The size and mass detection limits for SiO2 with spICP-MS were 133 

nm and 0.5 µg per g of dried plant tissue, respectively. It is possible that SiO2 NPs were present in 

the mature leaflets at levels below the spICP-MS detection limit after 2 and 4 days. However, 

because the total Si content quantified using ICP-OES in the mature leaflets at day 4 exceeded the 

mass detection limit value of spICP-MS, these data suggest that Si in the mature leaflets at day 4 

was predominantly present as solubilized Si, Si(OH)4. Furthermore, some aggregation took place 

after 4 days in/on the dosed leaflet as shown in Figure 6-4. It is possible that aggregation took 

place because the NPs interacted with cuticular biomolecules on the leaflet surface, with other 

biomolecules inside the leaflet. 

 Figure 6-4 presents direct evidence that NPs of 253 nm diameter not only were taken up 

by the leaflet but also translocated to the stem, roots, and young leaflets. The PHSNs were small 

enough to pass through the stomata openings, which range from 10 to 100 µm depending on the 

plant and species.20, 51 In Solanum lycopersicum, stomata can be found in both the abaxial and 

adaxial surfaces, although they are more abundant in the former.52 Furthermore, one could not rule 

out the chance of uptake of NPs through trichomes, which are greatly abundant in Solanum 

lycopersicum53, and foliar wounds, which could have occurred naturally or induced by the presence 

of PHSNs, azoxystrobin, methanol or a combination of these in the suspension. However, the data 

on translocation following uptake in the dosed leaflet is non-intuitive, based on reported SELs for 

apoplastic and symplastic transport.20-24, 54 Nonetheless, previous studies have suggested that NPs 

with negative surface charge exceeding -30 mV, which is within the range of ζ-potential for our 

PHSN, as reported in Table S6-1,  are more likely to be internalized through the leaflets and roots, 

while NPs with surface charge approaching neutral are unable to cross the cellular lipid bilayer.55, 

56 Moreover, Hu et al.57 suggested that smaller NPs require a greater absolute surface charge to be 

internalized and distributed within the plant compared to larger NPs. According to previous 

studies,58-60 negatively charged NPs also have enhanced translocation to aerial parts. A few studies 

have also shown NPs of 50 nm,26 70 nm25 and 150 nm19 in diameter being taken up and translocated 
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within plants, which suggests that there are translocation mechanisms and pathways that can 

overcome the recognized SELs.  

 

Figure 6-4. PHSN size distribution in different plant parts at different harvesting periods measured 

by spICP-MS. No PHSN signal was measured in mature leaflets at days 2 and 4 of harvesting. 

These experiments were performed in triplicates (N = 3). 

6.4.5. Uptake and Translocation Mechanisms of Azoxystrobin and SiO2 

The measurements of azoxystrobin, total Si and particulate SiO2, suggest that both the pesticide as 

well as the nanocarrier were taken up and distributed to different plant parts over the course of the 

experiments. The mass of azoxystrobin and Si translocated in the whole plant from the dosed 

leaflet (derived from a summation of the amounts taken up in the different plant parts except the 

mature leaflet) is shown in Figure S6-1. While there is no statistical difference (p > 0.05) in the 

translocated amount of pesticide for the non-encapsulated azoxystrobin at days 2 and 4, there is 

considerably more pesticide translocation (p < 0.05) for the encapsulated pesticide treatment at 

day 4 when compared to day 2 (Figure S6-1a). It could be attributed, at least in part, to the slower 

uptake and distribution of particles (Azo@PHSN) compared to solubilized molecules (Azo). From 

Figure 6-2a, the azoxystrobin uptake between days 2 and 4, was more significant for the Azo 

treatment than for the Azo@PHSN treatment. This suggests that the azoxystrobin uptake in the 

dosed leaflet was hindered when encapsulated in the PHSN. Figure 6-3a shows that there was Si 

(likely as PHSN) uptake between days 2 and 4. Figure S6-1b shows that the translocated Si 

increased from 6.5 ± 1.2 µg at day 2 to 15.5 ± 1.6 µg at day 4. This gradual uptake of Si contributed 
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to differences in uptake and translocation of azoxystrobin. While non-encapsulated azoxystrobin 

enters the plant without any hindrance, the uptake of the encapsulated pesticide depends on the 

uptake of the whole nanoformulation. Figure S6-2 and Figure S6-3 show images of the dosed 

leaflets upon harvesting at days 2 and 4, respectively, where some PHSN powder is visible on the 

leaflet surface, but no residues were visible for the non-encapsulated azoxystrobin. The slower 

uptake and translocation of azoxystrobin encapsulated in the PHSNs, may be beneficial in 

providing protection to fungal pests in the plant over a longer time. Neither azoxystrobin nor Si 

(in the particulate form as SiO2 or in the dissolved form as Si(OH)4) were found in the growth 

medium after 2 and 4 days, suggesting that excretion through roots exudates did not take place 

within the period considered, although pesticide root excretion is a possible pathway reported in a 

previous study.61 Neither treatment had visible beneficial or inhibitory effects in the growth of the 

tomato plants, and the biomass associated with different plant parts was comparable as shown in 

Figure S6-4 and Figure S6-5. 

Table 6-1 summarizes the Si to azoxystrobin ratio found in the different plant parts and 

harvesting periods, when compared to the original formulation of Azo@PHSN. Apart from the 

ratio in the dosed leaflet, which is comparable to the original (dosing) formulation, the ratios in 

the other plant parts varied significantly. This indicates that azoxystrobin dissociated from the 

PHSN and translocated separately, because the rate of translocation is different between 

azoxystrobin and Si. This is evident when we compare the amount of azoxystrobin measured in 

the roots and mature leaflets. At day 2, while azoxystrobin was detected in the roots for the Azo 

treatment, none was found for the Azo@PHSN treatment. However, after 4 days, azoxystrobin 

was found in the roots for both treatments. Conversely, Si was detected in the roots both on days 

2 and 4 (Figure 6-3) and as particulate SiO2 (Figure 6-4). For the mature leaflets, azoxystrobin was 

quantified at days 2 and 4 for both treatments, whereas no Si was quantified at day 2 for the 

Azo@PHSN treatment. Moreover, the measurement of Si at day 4 was not associated with a 

significant increase in azoxystrobin, which would have been expected if Si in the particulate form 

was carrying the pesticide. 

The slower overall uptake and translocation of azoxystrobin when encapsulated within 

PHSN as compared to its non-encapsulated form is different compared to a previous study where 

ZnO NPs were encapsulated within a porous SiO2 shell and applied on tomato leaflets.25 In that 
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study, we reported a 5-fold increase of Zn uptake when encapsulated compared to the non-

encapsulated ZnO. Translocation was also greatly enhanced with encapsulation leading to 

significantly higher ZnO content quantified in young leaflets and stem. Thus, ZnO NPs, which are 

significantly greater in size than azoxystrobin molecules, had their uptake and translocation 

enhanced while those of azoxystrobin were reduced. A possible explanation is that while ZnO NPs 

are not inherently easily taken up and distributed by plants, there are natural pathways for Si 

uptake, thus making the SiO2 shell enhance the ZnO NP uptake and translocation.25 On the other 

hand, azoxystrobin was identified to have the optimal capacity to be internalized and distributed 

throughout the plant (systemic features) among hundreds of its homologs developed during its 

discovery.47 This suggests that the size and physiochemical properties of the encapsulated 

compound play an important role in how it is taken up and distributed inside the same plant.  

Table 6-1. Si to azoxystrobin ratio in different systems. 

System Harvest Day Si to azoxystrobin ratioa, b 

Original formulation - 3.10:1 

Dosed leaflet 
2 3.92 ± 0.10 :1 ± 0.10 

4 3.71 ± 0.08 :1 ± 0.12 

Mature leaflets 
2 – c 

4 0.42 ± 0.02 :1 ± 0.75 

Young leaflets 
2 0.89 ± 0.03 :1 ± 0.31 

4 1.80 ± 0.04 :1 ± 0.21 

Stem 
2 1.84 ± 0.05 :1 ± 0.25 

4 2.42 ± 0.17 :1 ± 0.15 

Roots 
2 – d 

4 10.17 ± 0.03 : 1 ± 0.49 
a The ratio was adjusted to account for the recovery of Si and azoxystrobin. 

b The standard deviation was normalized by the quantified values of Si and azoxystrobin.  

c No Si (or below the detection limit) was measured in the mature leaflets at day 2. 

d No azoxystrobin (or below the detection limit) was quantified in the roots at day 2. 

 

6.5. Environmental Implications 

Our results show that PHSNs at least 5-fold greater than apoplastic and symplastic SEL thresholds 

were translocated, suggesting that there are unknown mechanisms that facilitate translocation of 
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these nanocarriers. SiO2 NP and azoxystrobin translocation profiles varied significantly, which 

depends on the intrinsic characteristics of each compound and how the plant uses them. The overall 

trends were that (i) the amount of the pesticide in the dosed leaflet decreased with time in both 

treatments, indicating the uptake into the leaflets, and (ii) the uptake and translocation of the 

encapsulated pesticide (Azo@PHSN treatment) occurred at a more controlled rate than for the free 

pesticide (Azo treatment). Overall, this work provides a better understanding of the mechanisms 

for uptake and nanoencapsulated pesticides, in tomato plants. It also points to the need for more 

studies to investigate the mechanistic pathways that plants use to internalize and distribute NPs. 

Furthermore, it is important to note that additional studies are necessary to assess the efficiency of 

foliar application of pesticides encapsulated in inorganic nanocarriers in protecting the crops from 

fungal infections and its impacts on crop yields. The data from this study can facilitate the design 

of efficient formulations and optimized nanocarriers for controlled release of pesticides, prior to 

application in actual field studies, which are expensive and time-consuming. 

6.6. Supporting Information 

6.6.1. List of Chemicals  

Tetraethyl orthosilicate (TEOS, reagent grade 98%), ammonium hydroxide solution (NH4OH, 

28.0-30.0% NH3 basis), hexadecyltrimethylammonium bromide (CTAB), Pluronic P123, 

Macerozyme R-10 (Pectinase from Rhizopus sp.), sodium citrate dihydrate (≥ 99%), citric acid 

(ACS reagent, ≥ 99.5%), sulfuric acid (95-98% H2SO4, ACS grade), potassium hydroxide (≥ 90% 

KOH, reagent grade, flakes), silicic acid (Si(OH)4, 80 mesh, powder) and Hoagland’s No. 2 basal 

salt mixture were purchased from Sigma-Aldrich. Deionized (DI) water ASTM type 1, methanol 

(HPLC grade), acetonitrile (HPLC grade), nitric acid (67-70% HNO3, TraceMetal grade), 

anhydrous magnesium sulphate (MgSO4), and sodium acetate were purchased from Thermo Fisher 

Scientific. Primary and secondary amine (PSA) salts were purchased from Agilent Technologies.  

Single-Element (Si) and Multi-Element (Mo, Sb, Si, Sn and Ti) ICP and ICP-MS Certified 

Reference Standards were purchased from VWR. Anhydrous ethanol (100%) was purchased from 

Commercial Alcohols (Canada).  Azoxystrobin was provided by Vive Crop Protection Inc 

(Canada) in powder form. Solanum lycopersicum seeds (Heirloom, Beefsteak Bush) were 

purchased from McKenzie Seeds (Canada). 
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6.6.2. Pesticide Extraction 

Firstly, the dried biomass was fully homogenized using an IKA T10 Basic S1 Disperser. Then, 4 

mL of acetonitrile in 1% acetic acid, 0.8 g of MgSO4, and 0.2 g of sodium acetate were added to 

every 0.2 g of homogenized sample, which was further vortexed for 15 min. This step was followed 

by the 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 ℃. 

 

Table S6-1. Key parameters obtained from PHSN characterization. 

Parameter Value 

Average diameter (nm) 253 ± 7310 

Shell thickness range (nm) 22 – 3810, 41 

Pore size range (nm) 1.5 – 2.010 

Specific surface area (m2 g-1) 28710 

Zeta potential, ζ (mV) at pH 6.5 and ionic strength of 1 mM - 29.2 ± 1.141 
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Figure S6-1. Total amount of (A) azoxystrobin and (B) Si that were translocated to different plant 

parts measured in LC-QToF-MS and ICP-OES, respectively. These values excluded the amount 

of azoxystrobin and SiO2 measured in the dosed leaflet because some amounts may remain non-

internalized on the surface of the leaflet. Error bars represent the standard deviation of the 

replicates (N = 3). Asterisk symbol (*) indicates significant statistical differences among samples 

with p < 0.05 (ANOVA one-way test followed by Tukey’s test). 
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Figure S6-2. Images of the dosed leaflet (N = 3) upon harvesting at day 2 for the Azo@PHSN 

treatment (top) and Azo treatment (bottom). The red arrows indicate the PHSN powder residue 

remaining on the surface of the leaflet. No leaflet burn or other adverse effects were observed for 

either treatment. 
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Figure S6-3. Images of the dosed leaflet (N = 3) upon harvesting at day 4 for the Azo@PHSN 

treatment (top) and Azo treatment (bottom). The red arrows indicate the PHSN powder residue 

remaining on the surface of the leaflet. No leaflet burn or other adverse effects were observed for 

either treatment. 
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Figure S6-4. Dry biomass (mg) of different plant parts in different treatments upon harvesting at 

day 2. The error bars correspond to the standard deviation of the triplicates. The letter A above the 

error bars indicate that there were no statistical differences among treatments (ANOVA one-way 

test followed by Tukey’s test, p < 0.05 threshold). 

 

Figure S6-5. Dry biomass (mg) of different plant parts in different treatments upon harvesting at 

day 4. The error bars correspond to the standard deviation of the triplicates. The letter A above the 
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error bars indicate that there were no statistical differences among treatments (ANOVA one-way 

test followed by Tukey’s test, p < 0.05 threshold). 
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Chapter 7. Conclusions, Implications and Future Work 

7.1. Conclusions 

Significant increase in food demand due to population growth is inevitable. This will increase the 

pressure on crop productivity and agricultural practices to make them more efficient and 

sustainable. Among some innovative technologies, nano-enabled agriculture provides a promising 

framework for solving some of the current shortcomings in agriculture, such as providing a carrier 

(nanoparticles) to encapsulate and transport active ingredients (AI), control their release over an 

extended period, increase their apparent solubility particularly for poorly soluble organic 

pesticides, increase pesticide bioavailability and uptake in plants, among others. 

 This thesis explored the use of porous hollow silica nanoparticles (PHSN) to promote 

enhancements in the application process of azoxystrobin, a top-selling broad-spectrum fungicide. 

The work included the synthesis, characterization, application, and environmental fate analysis of 

the nanoformulation. Some of the major findings and conclusions are described in detail below: 

1) Development of a new method to synthesize PHSNs through soft templating, which 

involved the use of two surfactants that self-assembled forming the template for the hollow 

cavity and pores on the silica shell. The mechanism of formation was meticulously 

investigated to understand how each compound plays a role in the final PHSN structure 

using a suite of techniques, including transmission electron microscopy, dynamic light 

scattering, nitrogen sorption assays, Fourier-transform infrared spectroscopy, energy-

dispersive X-ray, and solid-state nuclear magnetic resonance techniques as shown in 

Chapter 3. 

2) Demonstration of proof of encapsulation of ferrous ions that further reacted with a 

reducing agent forming iron nanoparticles within the PHSN as shown in Chapter 3. This 

was the first imaging demonstration of the encapsulation of compounds within a 

nanoparticle. Later, in Chapter 5 and Chapter 6, azoxystrobin was loaded into the PHSNs 

in sufficient amount to be used in agricultural settings. The loading took place through 

diffusion of the solubilized pesticide from the bulk solution to the hollow cavity and 

through sorption and deposition onto the silica surface. These results demonstrated that 

the PHSN were indeed porous and hollow, that different types of compounds of varying 
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sizes and physicochemical properties (ions, nanoparticles, and organic molecules) could 

be encapsulated within the silica shell, and that PHSNs could act as a versatile nanocarrier 

and nanoreactor. 

3) Demonstration that particle structure and particle surface properties play an important role 

in the transport profile of different nanoparticles as shown in Chapter 4. Due to the 

increased specific surface area, porosity, and varying zeta potential of PHSNs, they move 

through saturated porous media differently from solid spherical silica nanoparticles. All 

these three factors combined cause deviations from the standard Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory, thus not being captured by modeling. After several 

runs in varying experimental conditions of pH and ionic strength, it is evident that PHSNs 

took longer to move through the 10-cm sand-packed column across the board because of 

their enhanced interactions with the collector (sand particles) and other nanoparticles, 

causing them to be more retained in the column when compared to solid silica 

nanoparticles (SSN). The shadow effect firstly introduced in a previous study is likely one 

of the phenomena explaining why PHSN and SSN transport profile through saturated 

porous media varied so significantly. 

4) Demonstration that the PHSNs promoted slow release of azoxystrobin releasing 43.5% of 

the encapsulated pesticide in 10 days, while non-encapsulated azoxystrobin fully 

solubilized in the medium after 3 hours as shown in Chapter 5. This allows an extended 

exposure of azoxystrobin over time rather than a one-time exposure. 

5) Investigation of the effects of nanoencapsulated azoxystrobin on plant growth and soil 

microbial communities and how these compare with non-encapsulated azoxystrobin 

formulations as shown in Chapter 5. Overall, the encapsulation within PHSN mitigated 

the toxicity caused by azoxystrobin in the plant development. Plants treated with the 

nanoencapsulated formulation were less impacted than the ones treated with non-

encapsulated pesticide when compared to controls in terms of plant biomass, lengths of 

root, shoot and longest leaf, and number of leaves. Both nanoencapsulated and non-

encapsulated pesticide treatments impacted the soil microbial community to some extent. 

However, these shifts in soil microbial community did not affect key microbes responsible 

for important activities to keep the soil functional, such as nutrient cycling. The soil 

microbial community bounced back at the end of the experiment, presenting results closer 
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to the controls, suggesting that the soil acclimated to the formulations after 20 days. The 

shifts observed in the communities were not able to explain why the plant growth was so 

much impacted in the treatments with pesticides (nanoencapsulated and non-encapsulated) 

in the first place, leaving the toxicity of azoxystrobin as the main factor contributing to the 

inhibition in the plant growth. 

6) Investigation of the uptake and translocation profiles of nanoencapsulated azoxystrobin in 

tomato plants grown hydroponically as shown in Chapter 6. Both the PHSN and the 

pesticide were quantified in different plant tissues (dosed leaf, mature leaves, young 

leaves, stem, and roots) after 2 and 4 days. The distribution profile between the silica 

nanoparticles and azoxystrobin varied, suggesting that they have different translocation 

mechanisms for distribution within the plant. The results are interesting because large 

particles in the range of 200 nm diameter were taken up and distributed throughout the 

plant, even though the size exclusion limits (SEL) discussed in the literature pointed out 

that particles over 50 nm could not be internalized following foliar application, let alone 

be distributed to different plant parts. 

7.2. Implications 

The results obtained from this work have direct implications in advancing the knowledge on the 

field. The specific implications of each one of the previous stated conclusions are detailed below: 

1) The development of a novel soft-template method using a combination of two surfactants 

to synthesize PHSNs mitigates the shortcomings of other synthesis methods. In hard-

template methods, the hard template must be functionalized to allow the anchorage of the 

silica shell precursor to the hard template, which could be polystyrene beads and 

resorcinol-formaldehyde. Furthermore, the hard template must be removed post-synthesis 

through calcination or acid wash. For other previously published soft template methods, 

one or more surfactants are used in combination with a swelling agent, usually an oil phase, 

to create a nano-emulsion. In some cases, the functionalization of the surface of these nano-

emulsions are also required to attract the silica precursor to the oil-water interface. Here, I 

decreased the steps necessary for the synthesis to occur. No functionalization is necessary 

because the positively charged CTAB forming a self-assembly structure with Pluronic 

P123 is responsible for attracting and anchoring the silica precursor onto the template. 
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Moreover, no oil phase is necessary as swelling agent because the complex CTA+-Pluronic 

P123 has the right size to template PHSNs of approximately 200 nm in diameter. In 

summary, the method developed in this thesis minimizes the complexity of previously 

described synthesis method, which increases the chances of a successful and reproducible 

synthesis. It is important to note that the protocol was optimized to produce SiO2 

nanoparticles with diameter, pore size and shape capable of carrying organic pesticides. 

Hence, particles with different characteristics may be tuned to accommodate different 

application needs. 

2) A major knowledge gap in the field of AI nanoencapsulation was that no imaging for proof 

of encapsulation was not available. Encapsulation/loading of AI to a nanocarrier was 

claimed successful when the nanocarrier was able to release the AI over extended periods 

of time that differed significantly from the non-encapsulated compound. Here, I showed 

image confirmation that Fe ions were internalized and further reacted with a reducing agent 

to form Fe nanoparticles inside the PHSN. The TEM images and EDX show proof that the 

nanocarrier was indeed porous and hollow, and that one can encapsulate different 

compounds within nanocarriers. The same approach can be replicated to prove that other 

structures are porous and hollow. It is important to note that the encapsulation experiments 

were performed with inorganic ions and organic pesticide, hence encapsulation feasibility 

and profile may vary depending on the molecule size, polarity and hydrophobicity. 

3) Demonstrating that particles with different architectural and surface properties have 

significantly different transport profiles in saturated porous media stresses the fact that one 

cannot predict the environmental fate of different nanocarriers based on simplistic 

modeling using a spherical solid nanoparticle. Nowadays, most studies use pristine, 

spherical nanoparticles to evaluate the potential environmental implications of the 

deployment of nanotechnology in agriculture. However, as demonstrated in this thesis, 

nanoparticle transport profiles may vary differ and deviate from standard DLVO theory. It 

is important to note that the column experiments were performed with clean, acid-washed 

sand. Hence, the transport profiles may differ in heterogeneous soil columns. A major 

limitation in tracking SiO2 in soils, however, is that soils are naturally rich in SiO2-based 

compounds, rendering it challenging to identify what fraction corresponds to naturally-
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occurring SiO2 and what fraction corresponds to the engineered nanoparticles added to the 

system. 

4) As the PHSNs promoted the slow release of the AI over an extended period of time, they 

can be used to carry high-density concentration of an AI in a compacted space. In 

agriculture, for instance, one will be able to reduce the number of pesticide applications in 

a single harvest. Instead of applying these agrochemicals several times to ensure that the 

crops are protected against pests throughout the season, one may simply adjust the 

concentration of these agrochemicals to a single application of the nanoformulation. Then, 

the slow release promoted by the PHSNs will ensure that enough AI is available throughout 

the crop season. It is important to note that the release experiments were performed in a 

model release medium containing deionized water and methanol at an 80:20 ratio (v/v). 

Hence, release profiles may vary in unsaturated agricultural soil and complex aqueous 

systems. 

5) The results in Chapter 5 are important for two reasons: (i) they show that not only the 

nanoparticles did not have an adverse effect on the plants and soil microbial community, 

but they helped mitigate the toxic effects of the pesticides towards the plants, and (ii) thus 

they demonstrated that, based on the experiments performed in this thesis, deploying 

nanotechnology in agriculture have beneficial outcomes to the crops. A major knowledge 

gap in the field was to make sure that the nanocarriers would not have important negative 

effects on the plant and soil health, which would render nano-enabled agriculture 

unfeasible and generate another class of emerging environmental contaminants. It is 

important to note that the soil microbial community was not affected in the agricultural soil 

used in this work. However, these results may vary in soils with considerably lower organic 

matter content. 

6) The results in Chapter 6 shed light on the uptake and translocation mechanisms in plants. 

It was believed that nanoparticles with diameter over 50 nm were too large to be 

internalized and distributed inside plants, due to the SELs. Here, however, particles as large 

as 250 nm were internalized following foliar application and distributed throughout the 

plants, from shoot to root. These results challenge current understanding on how these 

nanoparticles are internalized and transported within plants. It is important to note that 
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these studies were performed with tomato plants (Solanum lycopersicum). Hence, uptake 

patterns may be different in other plants or with particles of different diameters and shapes. 

7.3. Future work 

This thesis covered the synthesis, characterization, application, and environmental fate of PHSN-

encapsulated azoxystrobin. There are, however, some topics outside the scope of this thesis that 

could further advance the knowledge in the field. For example, one could vary the experimental 

conditions of the PHSN synthesis method developed here to explore whether the particle size, pore 

size and cavity size can be tuned. Having PHSN of different diameter and pore size distribution 

could help understand what conditions are important to optimize loading and delivery of AI, and 

plant uptake and translocation. 

 Stimuli-responsive nanocarriers have been gaining increasing interest lately. It involves 

functionalizing the surface of nanocarriers to modulate the release of AI based on a response to a 

stimulus, which includes change of pH, temperature, light, redox balance, among others. This 

could ensure that the AI is only released under certain conditions depending on the needs of the 

application. Surface functionalization could also enhance the transport by targeting the delivery 

site, which could be a plant organelle or tissue. All these sophisticated ideas are only possible 

because of the work done in this thesis and in similar works previously published that explored the 

fundamentals of using nanoparticles as carriers for AI in agriculture. Ultimately, it is important to 

make sure whether these novel nanoformulations are advantageous when compared to the 

traditional applications in practice nowadays. 

 


