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ABSTRACT 
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SYSTEMS AS PESTICIDE NANOFORMULATIONS 
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Supervisor: Asst. Prof. Hayriye Ünal 
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Controlled Release Systems, Pesticides  

 

 

 

Conventional pesticide formulations frequently cause severe environmental 

impact, with only less than 1 % of applied pesticides successfully reaching 

their intended target and the majority being lost in the surrounding ecosystem. 

Controlled release systems have been a significant advance in agriculture as 

a solution to this problem. This study focuses on the development of a 

sunlight-triggered controlled release system and its utilization for the 

efficient delivery of natural essential oils as a model natural pesticide and 

abamectin as a model chemical pesticide. The design includes photothermal 

nanocarriers made of polydopamine functionalized halloysite nanotubes 

(HNT-PDAs) with light-to-heat conversion properties, and their 

functionalization with lauric acid (LA), which acts as a stopper that facilitates 

https://www.sabah.com.tr/gundem/2018/06/29/mahir-unal-aciklama-yapiyor
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the release of the loaded cargo only upon sunlight-triggered heating of the 

photothermal nanocarriers. The prepared release system was demonstrated to 

release essential oils and abamectin for at least 5 days when exposed to 

sunlight for 6 h every day. Aqueous dispersions of the LA/abm@HNT-PDA 

nanohybrids were studied as sprayable pesticide nanoformulations and were 

shown to present strong suspensibility, foliar retention, rainwater wash 

resistance, and significant pesticide activity on Myzus persicae aphids. The 

sunlight-triggered pesticide delivery systems developed in this study present 

an innovative, environmentally friendly design approach that provides an 

effective alternative for conventional pesticides.  
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ÖZET 

 

 

PESTİSİT NANOFORMÜLASYONLARI OLARAK IŞIKLA TETİKLENEN 

KONTROLLÜ SALIMLI SİSTEMLERİN GELİŞTİRİLMESİ 

 

 

 

Selin Öykü Gündoğdu 

 

Yüksek Lisans Tezi, Temmuz 2023  

Tez Danışmanı: Dr. Öğr. Üyesi Hayriye Ünal 

 

 

Anahtar Kelimeler: Fototermal Nanotaşıyıcılar, Halloysite Nanotüpler, Polidopamin, 

Uçucu Yağlar, Abamectin, Laurik Asit, Güneş Işığıyla Tetiklenen Kontrollü Salım 

Sistemleri, Pestisitler 

 

 

Geleneksel böcek ilacı formülasyonları uygulanan böcek ilacının sadece %1'den azının 

hedeflenen bölgeye ulaşması ve çoğunluğunun çevredeki ekosisteme karışmalarına bağlı 

olarak genellikle ciddi çevresel etkilere neden olurlar. Kontrollü salım sistemleri, bu 

soruna bir çözüm oluşturarak tarım alanında önemli katkılar sunabilmektedir. Bu çalışma, 

güneş ışığı ile tetiklenen bir kontrollü salım sisteminin geliştirilmesine ve bu sistemin 

model doğal böcek ilacı olarak seçilen esansiyel yağlar ve model kimyasal böcek ilacı 

olarak seçilen abamektin için kullanımına odaklanmıştır. Tasarım, ışıktan ısıya dönüşüm 

özelliklerine sahip polidopamin ile fonksiyonelleştirilmiş halloysit nanotüplerinden 

https://www.sabah.com.tr/gundem/2018/06/29/mahir-unal-aciklama-yapiyor
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(HNT-PDAs) oluşan fototermal nanotaşıyıcıları ve bu taşıyıcıların güneş ışığı ile 

tetiklenen ısıtılması sonucunda yüklenmiş kargonun salımını kolaylaştıran bir tıkaç 

olarak işlev gören laurik asit (LA) ile fonksiyonelleştirilmesini içerir. Hazırlanan salım 

sisteminin, güneş ışığına her gün 6 saat maruz bırakıldığında en az 5 gün boyunca 

esansiyel yağlar ve abamektini salımı gerçekleştirdiği gösterilmiştir. LA/abm@HNT-

PDA nanohibritlerinin sulu dispersiyonlarının spreylenebilir böcek ilacı 

nanoformülasyonları olarak kullanımları incelenmiş ve güçlü süspanse edilebilme, 

yaprakta tutunma, yağmura dayanıklılık ve Myzus persicae türüne karşı önemli insektisit 

etkisine sahip oldukları gösterilmiştir. Bu çalışmada geliştirilen güneş ışığı ile tetiklenen 

pestisit salım sistemleri, geleneksel pestisitlere etkin bir alternatif sağlayan yenilikçi ve 

çevre dostu bir tasarım yaklaşımı sunmaktadır. 
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CHAPTER 1. INTRODUCTION 

 

1. NANOTECHNOLOGY-BASED CONTROLLED RELEASE SYSTEMS 

 

1.1 Controlled Release Systems 

 

 

Controlled release systems, in their most fundamental sense, determine when, how much, 

and where the active substance will be released based on external stimuli such as 

temperature, pH, magnetic field, or light. The release system only operates when these 

external factors are present and may result in minimal or no release otherwise. Nanoscale 

carrier systems that permit controlled release in response to specific stimuli have been 

the subject of substantial research in recent years. It is possible to create various host-

guest complex combinations specific to the desired target region and associated response 

system. The carrier can be made active using a variety of techniques, such as the presence 

of a magnetic field1, enzymes1, pH2, temperature3, or light4. Essentially, the host molecule 

has the ability to selectively open or close the gates of nanocapsules at specified times, 

permitting the release of the guest molecule.  
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Figure 1. Schematic representation of a sunlight-triggered release system 

 

The release of the active substance to the target point can be achieved using various 

carrier materials such as hydrogels, polymers, liposomes, or nanoparticles. Hydrogels are 

commonly used as carrier materials in the field of drug delivery, primarily due to their 

minimum tendency to absorb proteins in the body. Additionally, their high-water content 

and soft structure allow for easy compatibility with body tissues, resembling the 

characteristics of the human body. Synthetic biodegradable polymers are also among 

frequently used carriers. Controlled release systems mostly use poly(glycolic acid), poly 

(D,L-lactic acid), and poly(D,L-lactic-glycolic acid), among other synthetic 

biodegradable polymers. The pesticide release system using PLA as a carrier is one 

example of this5,6. The lack of homogenous manufacturing is the main problem with 

pesticide systems made using PLA, according to the literature. To solve this problem, Liu 

et al. combined the emulsion approach with the PME technique to produce homogenous 

PLA-based carriers with adjustable diameters ranging from 0.6 μm, to 4.6 nm for 

pesticide-controlled release7. As drug delivery systems, liposomes offer a number of 

benefits including biocompatibility, high loading capacity, relatively lower toxicity, 

stability of integrating pharmaceuticals, and keeping the drugs from degrading in the 

physiological environment8. Liposomes in the stimuli-responsive controlled release 

systems entrapped the cargo molecule and deliver it to the desired target when the 

external stimuli are present9. A controlled release system with temperature sensitivity 

was developed by Qiu et al., using functionalized artificial bacterial flagella (ABFs) 
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combined with dipalmitoylphosphatidylcholine (DPPC), which is a type of temperature-

sensitive liposome, to facilitate drug release10. 

Researchers have shown significant interest in utilizing nanoparticles as effective carriers 

for drug and pesticide delivery in medicine and agriculture, respectively, in recent years. 

Nanoparticles such as silica, gold, chitosan, or silver are commonly used carriers to 

facilitate a delivery system. Among the numerous reasons for utilizing nanoparticles for 

controlled release systems, it can be highlighted that they are having high surface-to-

volume ratio which enables the encapsulation of a higher amount of active compounds in 

them11. One advantage they have in terms of their use in drug delivery systems, is their 

smaller size, which allows higher tissue penetration12,13.  Mesoporous silica nanoparticles 

(MSNs) are highly biocompatible and biochemically stable, and they play a vital role in 

the delivery of anticancer drugs14–16. The exterior surface of MSNs can be coated with a 

soluble material such as polyacrylic acid (PAA) to generate a stimulus-responsive system 

that permits drug release through its pores upon stimulation when the trigger is present 

in the environment, according to reports in the literature17. Chitosan nanoparticles are 

extensively used as carrier molecules in agricultural applications since they are regularly 

referenced in the literature as ecologically friendly and biodegradable materials. 

Encapsulating pesticides within chitosan have proven slow-release qualities and prevent 

the active component from deterioration18. With their hollow tubular nanostructure, 

halloysite nanotubes (HNTs) have drawn a lot of attention as ecologically acceptable and 

naturally occurring nanocarriers in controlled release systems19. They have a 

superior ability to be loaded with active components. HNTs are frequently utilized in a 

variety of fields, including food packaging20–22 and cancer therapy23–25, as efficient slow 

and sustained release systems.  
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1.2 Application Areas of Controlled Release Systems 

 

 

1.2.1 Cosmetics 

 

The preservation of active compounds through encapsulation and their time-dependent 

release in cosmeceuticals have made controlled release systems a fascinating topic in 

recent years. Biopolymer-based delivery and release systems are predominantly utilized 

in the cosmetic field. This is due to their inherent non-reactivity upon contact with the 

human body and their ability to undergo breakdown, metabolism, and elimination 

through regular metabolic processes26. Because many physiologically active chemicals 

are unstable to changes in temperature, pH, light, and oxidation, encapsulation is 

important to prevent unintended degradation and allow for the controlled release of the 

active ingredient for cosmetic products. As an example, skin permeability testing proved 

that retinoic acid that had been encapsulated with chitosan released at substantially slower 

and more controlled doses than free retinoic acid.26 

The body's connective tissue contains hyaluronic acid (HA), a naturally occurring 

glycosaminoglycan that is commonly used in cosmetics. According to research, 

controlled drug release from HA has a number of advantages, including preserving 

optimal drug concentrations, enhancing therapeutic effects, increasing treatment 

effectiveness by lowering drug dosage, reducing or eliminating toxicity, and attaining 

sustained release in vivo27. Natural antioxidant vitamin E protects tissues from ultraviolet 

(UV) radiation, prevents photoaging, and has moisturizing properties. It is widely used 

as a major lipid-soluble antioxidant in cosmetic products because of its distinctive 

characteristics. Vitamin E must be microencapsulated during storage since it is relatively 

unstable and sensitive to high temperatures, oxygen, and light. Encapsulation protects the 

core chemical, minimizes its reactivity with outside influences, slows down the rate of 

transfer from the core to the environment, and allows for controlled release. In order to 

provide vitamin E for cosmetic applications, researchers have demonstrated the 
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production of microcapsules employing chitosan/sodium lauryl ether sulfate (SLES) 

complexes as wall materials via spray drying28. 

 

1.2.2 Drug Delivery 

 

A controlled drug delivery system's goal is to deliver precisely controlled amounts of a 

therapeutic substance at the desired location for the required amount of time. This method 

offers important advantages over conventional dosage forms by increasing the treatment's 

efficacy while decreasing potential negative effects29. It has been shown in the literature 

that a variety of carriers and drugs may be employed to achieve drug release. Jin et al. 

created a system that releases the anticancer medication 5-FU when it is exposed to light 

using micelle-drug conjugates. The idea was based on block copolymers with coumarin-

functionalization that were used in biocompatible medication delivery systems. The study 

showed that under UV irradiation (254 nm), physiological conditions were reached for 

the controlled release of the anticancer agent 5-FU from the micelle-drug conjugates. 

However, the release of 5-FU from the micelle-drug conjugates was not seen in the 

absence of UV irradiation30.  

Due to their fewer side effects than chemotherapy and greater effectiveness, sustained 

drug delivery systems are a very desirable option for the treatment of cancer. In 

comparison to ultraviolet (UV) light, a recent study suggests that near-infrared (NIR) 

light may be a better photo-trigger because it harms living tissue less and penetrates 

deeper regions31. Using mesoporous silica-coated upconverting nanoparticles 

(UCNP@mSiO2), Liu and colleagues created a novel technique for releasing the 

anticancer medication doxorubicin (DOX). These UCNP nanoparticles can absorb NIR 

light and produce high-energy photons. The release of DOX is controlled by including 

azobenzene groups on the mesoporous silica surface because these groups establish 

hydrogen bonds with the drug.  The photosensitive azo molecules on the mesoporous 

silica absorb photons when exposed to NIR light, which causes the UCNPs to 

continuously rotate and invert and release the therapeutic anticancer drug DOX32. 

Using a low molecular weight hydrogel, Liu and colleagues created a novel method for 

drug delivery33. They suggest making use of a recently found photosensitive substance 
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made from 7-amino coumarin, which when exposed to UV light undergoes a 

photocleavage of the carbon and nitrogen linked to within the coumarin structure. When 

exposed to UV light, the drug is released in a controlled way via this process. 

To construct a drug delivery system that reacts to visible light, researchers used a two-

layered arrangement of TiO2 nanotubes (TiNTs). A water-repellent coating on the 

nanotubes that comprises gold nanoparticles (AuNPs) is essential for facilitating the 

release of drugs when exposed to visible light. When placed under visible light, the 

photocatalytic action of the AuNPs renders it easier to break the water-repellent chain. 

Ampicillin (AMP) was introduced into the lower part of the TiO2 nanotube arrangement 

to show this idea. Drug release was started using visible light, and antibacterial tests were 

then carried out. The drug is attached to the hydrophilic bottom layer using a silane 

grafting approach, and the researchers discovered that this strategy is most effective at 

controlling the release mechanism from the system34. 

 

1.2.3 Food 

 

Food packaging materials containing controlled release systems are one of the examples 

of active packaging (AP), a novel type of packaging that contains bioactive materials. 

These packaging options release the active ingredients gradually throughout the course 

of storage, maintaining food quality and extending shelf life. The main challenge in 

creating active packaging systems lies in effectively slowing down the release rate of 

bioactive chemicals, thereby enabling their sustained and continuous action over time. 

Controlled-release active packaging (CRP), a cutting-edge technology that provides fine 

control over the release of active compounds during storage, has been developed as a 

solution to this problem35. To create CRP systems, several methods and approaches have 

been proposed and investigated. Active packaging (AP) systems can be divided into two 

categories based on the manner in which they work: "releasing systems" and "absorbing 

systems." Preservatives that operate as active agents migrate to the surface of the food as 

part of releasing systems, thereby inhibiting deterioration and sustaining food quality. 

Packaging materials with antibacterial and antioxidant properties are examples of 

releasing systems36. Contrarily, absorbing systems work by the active component 

absorbing unwanted elements from the food surface or the package's internal 
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atmosphere37. The two most common categories of absorption systems are oxygen and 

ethylene scavengers. 

 

 

Figure 2. Active packaging systems and sub-classifications35 

 

Researchers have evaluated whether a sustained release systems obtained by the 

encapsulation of the ethylene production inhibitor cinnamaldehyde (CA) in halloysite 

nanotube (HNT) nanocarriers would increase the shelf life of fruits when incorporated 

into flexible packaging films20. The ethylene hormone, which triggers the ripening 

process in climacteric plants, is essential for controlling how long fresh fruits will stay 

fresh. According to the study, ethylene production in bananas was effectively suppressed 

for more than 180 days by the gradual release of CA from HNT-CA nanohybrids. The 

HNT-CA nanohybrids were mixed with polypropylene (PP) using melt extrusion to 

create PP/HNT-CA nanocomposite films, which can be used in real-world applications. 

These films have appropriate mechanical characteristics, which made them ideal for use 

in flexible packaging.  

The researchers also showed that changes in pH can be used to control the quantity of the 

active component released. A study on the controlled release of anthocyanins from a 
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gellan gum film was carried out by Wu et al., specifically at pH levels higher than 6.  The 

research study explained the variations in the binding affinities between the active drug 

and the film at various pH levels as the cause of the triggered release.  A mechanism 

created for controlled release at the same pH level can increase antibacterial activity 

because food degradation causes pH changes and bacteria thrive in neutral pH 

environments38. 

 

1.2.4 Agrochemicals 

 

Pesticides are required to be used in massive quantities or in their purest form, without 

the addition of any other compounds, in traditional farming practices. The primary 

concern with utilizing traditional pesticides is that, depending on the application method 

and the weather, they may be lost in the soil. Studies have revealed that the majority of 

these compounds are not utilized entirely by the crops. However, a substantial amount is 

left unused as a result of diverse processes such as leaching, degradation into minerals, 

and conversion by organisms. In order to effectively control pests, treatments must be 

made repeatedly in conventional pesticide formulations. As a result of this, the residual 

chemicals disrupt not only human health but also the fragile environmental balance at 

various levels of the food chain39. It became crucial to develop novel methods for 

enhancing pesticide efficiency as a consequence of this. The development of controlled-

release pesticide systems addresses the need for prolonging the length and improving the 

efficiency of utilizing pesticides. To tackle this issue, Xiang et al. developed a controlled-

release mechanism for the highly toxic insecticide chlorpyrifos (CPF). The pH-

responsively controlled-release chlorpyrifos (PRCRC) system made use of several 

distinguished compounds. These included calcium alginate (CA), polydopamine (PDA), 

and attapulgite (ATP) as a carrier molecule. Through hydrogen bonding and electrostatic 

attraction, CPF was taken up by the nanonetwork-structured PDA-modified ATP (PA) to 

create the PRCRC. Then, PA was used as the framework to combine CPF-PA with CA 

to create porous CPF-PA-CA hydrogel spheres. This hydrogel system performed well in 

terms of controlled release and responded to pH changes, especially in alkaline solutions. 

The ability to manage insects was tested in order to demonstrate the aforementioned trait. 
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The CPF molecules were also well shielded from UV radiation deterioration by this 

design40. 

 

 

Figure 3. Schematic illustration for the fabrication and mechanism of PRCRC40 

 

Researchers have created site-specific controlled-release systems that respond to 

particular stimuli in order to improve the effectiveness of pesticide use. Xu et al. 

developed PDA@PNIPAm, a core-shell nanocomposite structure made of polydopamine 

and PNIPAm. As a photothermal agent, polydopamine absorbs light energy and 

transforms it into heat. It has a substantial surface loading capacity for chemically active 

groups. Both the photothermal agent and the insecticide are carried by PNIPAm. When 

exposed to near-infrared (NIR) light in this study, PDA placed in the polymer matrix 

absorbs light and causes the matrix to shrink. The imbedded insecticide, IMI, is then 

released as a result41 
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1.3 Different Designs of Stimuli-Triggered Controlled Release Systems 

 

 

1.3.1 Temperature-Sensitive Controlled-Release Systems 

 

There are multiple uses for temperature-responsive controlled release systems that use 

temperature as a stimulus. The controlled release systems designed to allow pesticide 

release caused by a temperature increase are one example of such systems. Chi et al. 

created core-shell-structured temperature-responsive controlled-release herbicide 

particles (TCHP). The TCHP formulation includes glyphosate (Gly) as a model herbicide. 

Amino silicone oil and poly (vinyl alcohol) are used as shell structures, and attapulgite 

(ATP) operates as an adsorbent for Gly. NH4HCO3 serves as a foaming agent to create 

CO2 and NH3 bubbles while forming micro- and nano-pores in the ASO-PVA shell under 

elevated temperatures which triggers the release of the herbicide. The technique presents 

a strategy that has the potential to minimize pesticide loss, improve use efficiency, and 

reduce environmental impact42. 

 

 

Figure 4. Schematic illustration of fabrication procedure and mechanism of TCHP3 
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In controlled release systems, it is common to employ materials that may undergo phase 

transitions at high temperatures as a carrier or triggering molecules43,44. Poly(amino 

ester)-Poly(caprolactone)-Poly(ethylene glycol)-Poly(caprolactone)-Poly(amino ester) 

(PAE-PCL-PEG-PCL-PAE) is a pentablock copolymer that has been studied for its 

potential as a sustained injectable insulin delivery method. In order to generate an 

ionically connected compound with PAE, the hydrogel effectively contained insulin 

within its matrix. The hydrogel alternated between a gel and a liquid form depending on 

the temperature and pH level, which allowed control of the drug release44. 

 

1.3.2 pH-Responsive Controlled-Release Systems 

 

pH-responsive materials such as polymers or nanocapsules have the ability to respond to 

pH as an external stimulus and accomplish both a targeted response and a controlled 

release of active substances. According to the response principle, changes in pH cause 

changes in a pH-responsive polymer's tendency to ionize. A change in the polymer's 

solubility results when the ionization capacity hits its isoelectric point45. Imato et al. 

developed two kinds of weak polyelectrolytes, chitosan (CT) and poly(γ-glutamic acid) 

(γ-PGA), and established a novel method to produce biodegradable hollow nanocapsules. 

They first deposited LbL-assembled films on silica particles, then they removed the 

silica. Because of the swelling of the capsule membranes triggered by electrostatic 

repulsions between the ammonium groups of CT components at lower pH values, the 

hollow nanocapsules exhibited unique size growth. On the contrary, at pH values of 4.0, 

7.0, and 10, no apparent alterations in capsule size were found. The release of 

compounds encapsulated in response to acidic pH levels was successfully accomplished 

by using CT-PGA nanocapsules.   

Nanoparticle-based carrier molecules that are triggered by pH in release systems are 

extensively utilized. Sun et al. developed hybrid poly(2-(diethylamino)ethyl 

methacrylate)-coated mesoporous silica nanoparticles (MSN-PDEAEMA) utilizing the 

adaptable surface-initiated atom transfer radical polymerization (SI-ATRP). As a control 

switch to regulate the opening and closing of the nanopores, the pH-responsive 

PDEAEMA brushes are connected on the MSNs46. When guest molecules were released 

experimentally at various pH levels, it was found that acidic aqueous solutions released 
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them rapidly whereas alkaline solutions released them slower. The release of molecules 

that have been encapsulated could be accurately switched on and off by constantly 

altering the pH of the solution. The authors believe that their nanosystem has potential 

for use in gene therapy and targeted drug delivery. 

 

1.3.3 Enzyme-Responsive Controlled-Release Systems 

 

Different controlled release systems utilizing enzymes as external stimuli have been 

reported in the literature1,47,48. Drugs can be stabilized at physiological pH levels and 

released once they reach the designated pH trigger point by incorporating pH-responsive 

nanomaterials in the design of sensitive nano-systems for cancer therapy49. Following a 

similar logic, Thornton et al. fabricated enzyme-responsive hydrogel particles for the 

regulated release of proteins. They used peptide actuators to modify the amino-

functionalized poly (ethylene glycol acrylamide) (PEGA) hydrogel particles. In response 

to enzymatic triggers, these actuators made the particles enlarge and release the protein 

payload.  The peptide actuator, which was connected to the polymer carrier presented an 

accurate controlled release mechanism. 

 

1.3.4 Photo-responsive Controlled-Release Systems 

 

Through exposure to various light sources, the release of active molecules trapped within 

a carrier material can be controlled through the employing of photo-stimuli. Numerous 

systems have been developed in the literature that use triggers like UV50,51, NIR52, 

sunlight43,53, etc. to cause the release of compounds that have been encapsulated via 

irradiation of the source. Drug delivery systems frequently use light-triggered controlled 

release systems. The potential of light as an external stimulus for regulating the spatial 

and temporal release of pharmaceuticals has been thoroughly investigated during the past 

decade. However, both in vitro and in vivo applications of the majority of these systems 

have been constrained. This is mainly because biological samples and living tissues are 

damaged by irradiation, which is utilized to activate the photosensitizer54.  There is a 

critical need to create an enclosed system that may be operated remotely utilizing a light 
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source in order to address these issues. One example of this is achieved by Liu et al 54. 

They provided a novel and comprehensive method for releasing anticancer medications 

utilizing near-infrared (NIR) light. This method employs a structure known as 

UCNP@mSiO2, which is composed of upconverting nanoparticles (UCNPs) coated with 

mesoporous silica. It has been proven to successfully control the amount of released 

anticancer medications by varying the NIR light exposure intensity and duration.  

The urgent demand for more environmentally friendly pesticide formulations has recently 

generated a great deal of interest in the development of photo-activated controlled-

release systems for pesticides. By developing an amphiphilic carboxymethyl chitosan 

compound (NBS-CMCS), Ye et al. pioneered a novel strategy55. The major chains of 

CMCS were modified by joining hydrophobic photosensitive 2-nitrobenzyl succinate 

(NBS) to them. The conjugate was then used to create a shell cross-linking structure on 

a photo-responsive nanocarrier. A hydrophobic photosynthetic inhibitor called Diuron 

was encapsulated within this nanocarrier, and its controlled release was made possible by 

the nanocarrier's design. The research discovered that under dark environments, the 

micelles that had been cross-linked with glutaraldehyde (GA) had remarkable stability 

and confined size distribution. However, the average diameter of the micelles 

significantly increased after exposure to 365 nm UV radiation and consequently, the 

release of active compound is triggered. Using a similar approach, Liu et al. created a 

novel pesticide delivery system which utilized infrared light for intelligently control the 

release of imidacloprid (IMI). 56 Hollow carbon microspheres (HCMs) were employed in 

this system as IMI carriers. The light-controlled pesticide release system 

(HCMs/IMI/PEG/CD) was subsequently created by coating these HCMs with 

polyethylene glycol (PEG) and cyclodextrin (CD). The PEG/CD gel served as a 

gatekeeper to control the release of the pesticide, while the system used the HCMs as a 

reservoir for IMI. The gel network would collapse when the PEG/-CD gel reached the 

sol-gel transition temperature, causing the release of IMI owing to the strong heat-

conversion capacity of HCMs in response to infrared light.  
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1.3.4.1. Photothermal Effect 

 

The main step in photothermal conversion is the transformation of absorbed light energy 

into heat energy. Superior light absorption photothermal materials have the capacity to 

produce localized temperature increases when subjected to radiation.57 Depending on 

the material, photothermal capacity depends on the spectrum of light that it absorbs. As 

an example, metallic nanoparticles have free electrons on their surface that can be 

activated by light at specific wavelengths, which is also referred to as localized surface 

plasmon resonance (LSPR). These nanoparticles demonstrate improved photothermal 

characteristics as a result of oscillating at the same frequency. 58 

A semiconductor absorbs photons when they are exposed to light with energy equal to or 

greater than the bandgap between its conduction band and valence band. This energy is 

then transmitted to the crystal lattice, where it is converted into thermal energy and results 

in the photothermal effect.59 

In materials based on carbon and polymers, lattice vibrations play a role in a different 

mechanism for the photothermal effect through light absorption. When these materials 

are subjected to received light energy, electrons in the lower energy orbital can easily be 

stimulated and transfer to higher energy orbitals by light absorption.60 This causes 

vibrations in the atomic lattices, which raise the temperature dramatically61. 

 

 

1.4 Thesis objective: The importance of controlled release systems for pesticide 

use  

 

 

One of the main issues with conventional pesticide systems is that a sizable amount of 

the active ingredient degrades without being efficiently used. Furthermore, most pesticide 

systems provided in solvent form use organic solvents which are mostly derived from 

petroleum or other non-renewable resources that have hazardous qualities. They may 

accumulate within soil, water, and the atmosphere, contaminating ecosystems and 

endangering the health of people, animals, and plants62. All of these elements put the 
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environment and people's health in danger, highlighting the demand for a pesticide 

system that can keep the active ingredient active for an extended amount of time. This 

would decrease soil and water contamination by allowing the same amount of pesticide 

to be utilized over an extended length of time. 

 

Figure 5. Effect of Nanoformulations as pesticide systems63 

 

 

1.4.1 Controlled release systems of pesticides as an alternative approach 

 

Alternative pesticide delivery methods have been developed in the literature for all the 

reasons listed above. The main goal is to prevent pesticides from degrading after 

prolonged use and utilize more environmental-friendly compounds in formulations in 

order to mitigate the adverse effects of traditional pesticide use on the environment and 

human health. Consequently, the use of pesticide controlled-release systems and the 

development of smart delivery systems for agrochemicals are needed. Numerous release 

system types have been designed in the literature using various types of carriers, 

including hydrogels40, polymers64 and nanoparticles65 as well as a range of stimuli, 

including pH40, enzymes66, and NIR67 light. However, no studies have been conducted 

on a system that employs a constantly available trigger, like sunlight, utilizes water as the 

pesticide formulation's solvent, and is nearly entirely based on compounds derived from 
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biocompatible materials. Besides, there has been limited research in the design of HNT-

based stimuli-responsive release mechanisms. This drawback results from the open-

ended porous structure of HNTs, which causes the spontaneous release of cargo that has 

been encapsulated, although in a prolonged way. There are not many studies on the 

implementation of HNTs as natural carriers in pesticide delivery systems that incorporate 

external stimuli like sunlight. This inspired us to concentrate on this specialized subject 

and create a release system made entirely of substances that are organic. This thesis' major 

objective is to develop such a pesticide delivery technique and evaluate how effectively 

it works against pests. 

 

1.5 Dissertation Overview 

 

 

This thesis focuses on the design of a pesticide controlled-release system that is triggered 

by sunlight. Pesticide nanoformulations based on the designed sunlight-activated 

controlled release system are studied in terms of their pesticide activity. Two different 

pesticides, i) essential oils as a model natural pesiticide, ii) abamectin as a model chemical 

pesticide have been incorporated into sunlight-activated controlled release systems and 

investigated in terms of their release properties, plant interactions and pesticide activity. 

The first study involves sunlight-activated essential oil pesticide nanoformulations. 

Essential oils were loaded into photothermal nanocarriers prepared by the 

functionalization of HNTs. Encapsulated essential oils were further functionalized with 

a heat-activated stopper, lauric acid (LA) that will act as a stopper.  The resulting 

controlled release system was investigated in terms of its morphological, photothermal 

and sunlight-activated release properties. Furthermore, the essential oil release system 

was tested in terms of its pesticide activity on Myzus persicae and demonstrated to present 

strong pesticide activity. 

The second study involves sunlight-activated abamectin nanoformulations.  The 

commonly used agrochemical abamectin (abm) was encapsulated within photothermal 

nanocarriers prepared by the polydopamine functionalized HNTs. LA was then utilized 

on the resulting nanohybrids and served as a release facilitator. The surface 

morphologies, sunlight-activated temperature increase profiles and sunlight-activated 
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abm release properties of the nanohybrids were studied. The aqueous dispersions of the 

LA/abm@HNT nanohybrids were further studied in terms of their suspensibility, soil 

infiltration, adhesion properties and pesticide activity on Myzus persicae.  

Two different solutions to the problem of the degradation of pesticides and producing a 

solution without using an organic solvent have been provided by the design of sunlight-

triggered controlled release systems.   
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CHAPTER 2.  SUNLIGHT-TRIGERRED ESSENTIAL OIL RELEASE 

SYSTEMS AS NATURAL PESTICIDE NANOFORMULATIONS  

 

 

 

2.1 Abstract 

 

 

In this study, we have developed and investigated a controlled release system for the 

sunlight-triggered release of essential oils. Essential oils (EO) were encapsulated in 

photothermal nanocarriers composed of polydopamine-coated halloysite nanotubes 

(HNT-PDA), and further functionalized with lauric acid (LA) as stopper molecules, 

which prevent the release of the EO in the absence of the sunlight. HNT-PDA 

nanocarriers were synthesized by the oxidative polymerization of dopamine on HNTs 

and the resulting HNT-PDA nanohybrids were demonstrated to present temperature 

elevations when irradiated with sunlight. Via solvent-assisted impregnation the HNT-

PDA nanocarriers were loaded with carvacrol, peppermint, basil, and cinnamon essential 

oils and their mixtures model natural pesticides, followed by impregnation of the LA 

stopper resulting in LA/EO@HNT-PDA nanohybrids. The produced nanohybrids were 

shown to retain their nanotubular structures by visualization by electron microscopy. 

Under irradiation from a solar simulator, LA/EO@HNT-PDA nanohybrids heated up to 

temperatures required for the LA stopper to melt and trigger the release.   DSC analysis 

was employed to investigate the EO release from the nanohybrids in both the absence and 

presence of the sunlight-trigger. Over 5 days during which the nanohybrids were daily 

exposed to 6 h sunlight, LA/EO@HNT-PDA nanohybrids were shown to slowly release 

50 % of the loaded EO, whereas the same nanohybrids did not present significant release 

when not exposed to sunlight. The released EO was demonstrated to retain its 

antibacterial activity against Staphylococcus aureus, thus confirming that the sunlight 
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irradiation did not decompose the loaded molecules. Furthermore, LA/EO@HNT-PDA 

nanohybrids that had been exposed to sunlight daily for 6 h presented significant killing 

activity on Myzus persicae aphids for at least 10 days. Overall, this study offers a novel 

design for a sunlight-triggered release system, that exhibits potential for applications 

involving controlled release in agriculture, especially as environmentally reliable and 

long-lasting alternatives for traditional pesticides. 
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2.2 Introduction 

 

 

Due to the increasing use of synthetic pesticides, the amount of accumulated residues in 

the environment escalated, resulting in adverse effects on both the environment and 

human health68. In parallel, the need for alternative, bio-degradable, and non-toxic 

pesticides has become highly significant. Essential oils, comprising volatile active 

constituents, are found in aromatic plants, wherein a primary component is present in 

higher concentrations compared to other constituents within the compound. There are 

some studies that exhibit the antimicrobial 69,70, antioxidant 71, and insecticidal activities 

of essential oils 72. Due to their significant volatility, essential oils exhibit a short 

degradation period when employed for pesticidal or insecticidal purposes. This is why 

further methods are needed to preserve their active ingredients for longer periods of time 

and to take advantage of their superior potential as natural, non-toxic pesticides.  

EOs are encapsulated by various encapsulation techniques such as emulsification, spray 

drying, or vacuum to preserve their functionality for an extended time. Wang Et al. 73 

designed a nano emulsion by emulsified LCEO (litsea cubeba essential oil) which has 

good stability at low temperatures. Another study shows the encapsulation of cumin Seed 

oil within the matrix consisting of chickpea protein isolate (CPI) and maltodextrin (MD) 

to maximize the oil encapsulation efficiency and oil retention 74. All of these are highly 

complex encapsulation methods that require additional chemicals. Due to their tubular 

structures, halloysites are excellent carriers for loading essential oils, and there are a 

number of systems where different essential oils have been loaded in the literature 75,76.  

Although the antibacterial, antifungal, and antioxidant properties of essential oils have 

been highlighted in the literature, there are very few instances of essential oils being used 

as pesticides. This can be attributed to the highly volatile nature of essential oils, their 

low stability, and low water-solubility. More specifically, there are no examples of 

essential oils being used as pesticides in stimulus-triggered control-release systems. Due 

to this knowledge gap, we have investigated pesticide formulations of essential oils with 
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controlled release properties to explore and address this deficiency in the field. In this 

study, a novel, environmentally friendly system for controlling the release of essential 

oils from HNT nanocarriers was established. HNTs were functionalized with 

polydopamine (PDA) with great near-infrared (NIR) absorption, high light-to-heat 

conversion efficiency, and ability to stick to a variety of surfaces to result in photothermal 

HNT-PDA nanocarriers. These nanocarriers were employed to encapsulate a variety of 

essential oils, particularly peppermint, cinnamon, and basil oils, which were selected as 

representative natural pesticides. Lauric acid, a temperature-sensitive phase change 

material was further impregnated to the HNT-PDA nanocarriers, which was anticipated 

to act as a stopper that can be removed via its melting upon the sunlight-triggered heating 

of the HNT-PDA nanocarriers. The loading and sunlight-activated release characteristics 

of the HNT-based controlled EO release system and its potential as an efficient, and 

completely natural and environmentally safe pesticide release system was studied. 

 

 

 

 

 

  



22 
 

 

 

2.3 Experimental 

 

 

2.3.1 Chemicals 

 

HNTs were supplied by ESAN Eczacıbaşı in Istanbul, Turkey. Dopamine (3-

hydroxytyramine hydrochloride) was provided from Acros Organics Inc (Geel, 

Belgium). Pure cinnamon, basil and peppermint oils were provided by Arifoğlu 

Marketing Distribution. Carvacrol was obtained from Tokyo Chemical Industry Co.  LTD 

(Tokyo, Japan). Ultrapure Tris base (Tris(hydroxymethyl)aminomethane) was obtained 

from MP Biomedicals, LLC (Irvine, CA, USA). Lauric acid was obtained from Merck 

(Darmstadt, Germany). Agar powder and Tryptic soy broth (TSB) were supplied from 

Medimark (Italy). Extra pure methanol (99.8%) was obtained from Tekkim Ltd. (Bursa, 

Turkey). Using the Milli-Q Plus system, pure water was produced. All compounds were 

utilized without any further purification. 

 

 

2.3.2 Preparation of the HNT-PDA nanohybrids 

 

Prior work provided a detailed description of the HNT-PDA nanohybrids' synthesis77. In 

brief, pure HNTs were dispersed in deionized water at a concentration of 10 mg/mL using 

ultrasonication (QSonica, Q700, Newtown, CT, USA) at 50 % amplitude with 5 s pulse 

on and 2 s pulse off in an ice bath for 20 min. Dopamine was added to the HNT dispersion 

at 8 mg/mL concentration. Tris base was added to the dispersion to bring the pH down to 

8.5 while it was continually stirred for 24 h at 30 °C. The leftover dopamine was removed 

from the dispersion by centrifuging it at 11 000 rpm and washing it six times with 

deionized water. Powdered HNT-PDA nanohybrids were dried for 24 h at 70 °C. 
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2.3.3 Characterization of the HNT-PDA nanohybrids 

 

Thermogravimetric analysis (TGA) was carried out on prepared HNT-PDAs using a 

Shimadzu Corp. DTG-60H (TGA/DTA) instrument. The sample was heated at a rate of 

10 °C/min up to 1000 °C in a controlled nitrogen atmosphere. The samples were dried 

within the instrument's chamber for 20 min at 100 °C in order to remove any remaining 

moisture content before the testing process started. 

A solar simulator was used to simulate exposure to sunlight in order to create the time-

temperature profiles of HNT-PDA nanocarriers. Oriel LCS-100 solar simulator was used 

to irradiate 0.1 g of powder for 15 min at a light density of 100 mW/cm2 and 300 mW/cm2. 

In order to record temperatures, a FLIR 6XT2 2.1L thermal camera was used. The 

photothermal powder samples were exposed to irradiation three times to produce time-

temperature profiles; data were collected from three different locations on the samples 

and mean and standard error values were reported. 

 

 

 

2.3.4 Preparation the EO@HNT-PDA and LA/EO@HNT-PDA nanohybrids 

 

HNT-PDAs were impregnated with essential oils using the solvent assisted impregnation 

method with the vacuum process to create LA/EO@HNT-PDA and EO@HNT-PDA 

nanohybrids76. Cinnamon, basil, peppermint essential oils, their combinations (0.1 g of 

each essential oil) and carvacrol were utilized separately as EOs. HNT-PDAs were dried 

for 24 h at 100 °C in a vacuum oven before being impregnated. 10 mL of methanol was 

used to dissolve 0.3 g of the essential oil, and after introducing 0.7 g of HNT-PDA, the 

mixture was placed in an ultrasonic bath for 20 min. The resultant nanohybrids were 

denoted as EO@HNT-PDA. The mixture was then combined with 0.5 g of LA and 

sonicated for 5 min. The pressure was subsequently reduced to 0.3 kPa and the methanol 

was removed from the system and the mixture was transferred to a water bath at 70 °C. 
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The synthesized LA/EO@HNT-PDA and EO@HNT-PDA nanohybrids were dried for 

24 h at room temperature, and the resulting powder samples were kept at 4 °C in closed 

glass vials. Theoretically, the weight ratios of lauric acid and essential oils in the 

nanohybrids were 20 % and 33 %, respectively.  

 

 

Figure 6. Schematic representation of experimental procedure of EO@HNT-PDA and 

LA/EO@HNT-PDA via Solvent-assisted impregnation method with vacuum treatment 

 

 

 

2.3.5 Characterization of the EO@HNT-PDA and LA/EO@HNT−PDA 

nanohybrids 

 

The amount of essential oils impregnated in HNT-PDA nanohybrids was determined by 

thermogravimetric analysis (TGA) (Shimadzu Corp. DTG-60H (TGA/DTA)). The 

samples were heated to 1000 °C at a rate of 10 °C/min with nitrogen flow. The wt. % of 
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EO in each LA/EO@HNT-PDA nanohybrid was calculated utilizing the same approach. 

Since each EO has a distinct decomposition temperature, the calculation of the 

encapsulation amount for each nanohybrid was performed by considering different 

temperature ranges. The formula below provides the calculation utilized for each of 

essential oil types encapsulated in nanohybrids and functionalized with lauric acid: 

 

EEO% = [(WL%20-250 °C, nanohybrid x A)] + [(WL%250-T
1

°C
, nanohybrid) – (WL%250-T

1
°C

 , HNT-PDA)]   

 

EEO% denotes the wt. % of EO encapsulated.  LA decomposition is completed at 250 °C, 

‘A’ is the percentage of the specified pure EO that decomposes at 250°C. The temperature 

at which the specified pure EO is entirely decomposed is denoted by T1. The aim of the 

second part of the equation is to eliminate HNT-PDAs from the total encapsulation 

amount in the same temperature range that the specified EO totally decomposes. 

The formula below provides the calculation utilized for each of EOs encapsulated in 

nanohybrids: 

EEO% = (WL%20-T
1

°C
, nanohybrid) - (WL%20-T

1
°C

 , HNT-PDA)  

 

The temperature at which the specified pure essential oil is entirely decomposed is 

denoted by T1. Similar to the equation designed for LA-functionalized nanohybrids 

above, the aim of the second part of the equation is to eliminate HNT-PDAs from the 

total encapsulation amount in the same temperature range that the specified essential oils 

totally decompose. 

The produced LA/EO@HNT-PDA and EO@HNT-PDA nanohybrids were visualized 

with a Zeiss LEO Supra 35VP scanning electron microscope (SEM). Images were 

captured using a secondary electron detector at 6 kV after the samples were coated with 

Au-Pd. 

LA/EO@HNT-PDA and EO@HNT-PDA nanohybrid samples in powder form were 

placed on carbon-coated grids for examination using transmission electron microscopy 

(TEM). A JEOL JEM ARM200CF operating at 200 kV was used for the TEM analysis. 
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To obtain time-temperature profiles for LA/EO@HNT-PDA and EO@HNT-PDA 

nanohybrids, exposure to sunlight was simulated using a solar simulator. 0.1 g of powder 

was exposed to 300 mW/cm2 of irradiation for 15 min using the Oriel LCS-100 solar 

simulator and temperature measurements were observed using a FLIR 6XT2 2.1L 

thermal camera. Photothermal powder samples were irradiated three times to generate 

time-temperature profiles; data were obtained from three distinct sites on the samples and 

mean and standard error values were reported. 

Differential scanning calorimetry (DSC) (Thermal Analysis MDSC TAQ2000) with a 

heating rate of 10 °C/min between 0 and 300 °C in nitrogen atmosphere was used for 

analyzing the thermal characteristics of the produced nanohybrids. 

 

2.3.6  Release of EO from LA/EO@HNT−PDA nanohybrids 

 

By analyzing the essential oil vaporization enthalpy of the nanohybrid at each time point, 

the DSC analysis was utilized to determine the EO release from the nanohybrids in 

powder form. The nanohybrid to be investigated was spread out on a plate without a cover 

and left at room temperature to determine its release profile in the absence of sunlight. 

Three samples were obtained from different regions of the plate at predetermined time 

intervals, placed in DSC crucibles, and DSC measurements were carried out. To 

determine the sunlight release profile of the nanohybrids, the powdered nanohybrid was 

spread on a plate and placed under a solar simulator (Oriel LCS-100) at a light intensity 

of 3 sun (300 mW/cm2) and 1 sun (100 mW/cm2). Three cycles of 6 h of sunlight-

irradiation followed by 18 h of dark-incubation were performed. Three samples were 

obtained from various areas of the plate at predetermined time intervals, placed in DSC 

crucibles, and DSC measurements were made. The enthalpy values were computed using 

the TA universal analysis software, and the start and end points of the transition peaks 

were identified using the tangent method78. Equation below was used to determine the 

percent EO release at the time point by averaging the three Enthalpy of vaporization 

values. 
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% 𝑹 𝑬𝑶 = 𝟏𝟎𝟎 − (
∆𝑯𝒕

∆𝑯𝟎
 𝒙 𝟏𝟎𝟎) 

 

where "% REO" denotes the amount of EO that has been released from the nanohybrid, 

"ΔH0" denotes the enthalpy of EO evaporation in the nanohybrid at initial time frame, 

and "ΔHt" is the enthalpy of EO evaporation in the nanohybrid at the moment of 

measurement. All tests were performed at 23.5 °C and around 53.8% relative humidity. 

 

2.3.7  Antibacterial properties of the EO released from LA/EO@HNT−PDA 

Nanohybrids  

Staphylococcus aureus (S. aureus) (ATCC 29213) were grown in 3 mL of TSB growth 

medium by an overnight incubation at 37 °C. 100 μL (109 cfu/mL) of grown bacteria 

were spread uniformly on the agar plates by using a sterile swab. A sterile filter paper cut 

to a circular shape of 2 cm diameter was placed on the center of the plate, 0.2 g of 

LA/EO@HNT−PDA was placed on the filter paper and the plate was fit with a glass 

cover. Black cardboard with a round hole the same size as the filter paper in the middle 

was placed on top of the plates, so that the sunlight contacts the LA/EO@HNT−PDA 

powder sample on the filter paper only. The plate containing the LA/EO@HNT−PDA 

and the control plate that contained the filter paper only were irradiated with light from a 

solar simulator (Oriel, LCS-100) at 1 sun (100 mW/cm2) for 6 h. Another plate that 

contained the LA/EO@HNT−PDA powder was not exposed to light and kept in the dark 

for 6 h. Following the 6 h sunlight/dark period, filter papers with the samples were gently 

removed from the surface of the plate with a sterile tweezer and all plates were incubated 

overnight at 37 °C. 
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2.3.8  Pesticide activity of the LA/EO@HNT-PDA and EO@HNT-PDA 

nanohybrids on Myzus Persicae 

 

Myzus persicae was grown in a climate-controlled environment on eggplant seedlings 

with an 8 h light and 16 h dark photoperiod at 25 °C. The eggplant leaves (Solanum 

melongena) were consumed by the aphids. The prepared nanohybrids were developed 

under a variety of conditions to evaluate their success in killing aphids. Identical 

quantities of the LA/EO@HNT-PDA and EO@HNT-PDA nanohybrids were daily 

exposed to sunlight for 6 h for 10 days. The light exposure was stopped right away after 

each 6-h interval, and 10 aphids were put onto the surfaces that had been treated with 

sunlight. The mortality rate was calculated by counting the number of dead aphids. For 

ten days, this experimental process was conducted. The nanohybrids that were kept in the 

dark underwent a similar experiment. The LA/EO@HNT-PDA and EO@HNT-PDA 

nanohybrids, which were not exposed to light over the duration of the entire experiment, 

had 10 aphids placed on nanohybrids after the 6-h irradiation each day. The mortality rate 

was then determined by counting the number of dead aphids. 
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2.4 Results and Discussion 

 

 

2.4.1 The design and preparation of LA/EO@HNT-PDA controlled release 

system 

The design of the sunlight-triggered EO release system is based on HNTs that are 

functionalized with PDA to impart light-to-heat conversion properties. The light-induced 

heating attributes of the HNT-PDA nanocarriers were expected to be utilized to remotely 

heat the EO-loaded and LA-functionalized HNT-PDA nanocarriers to the temperature 

needed to trigger the phase change transition of LA. The LA, which serves as a stopper 

for volatile EOs, was designed to undertake a phase change, allowing the release of the 

EO encapsulated in the HNT-PDAs when irradiated with sunlight (Figure 7). 

 

Figure 7. The design of the sunlight triggered EO release system. 

 

Dopamine was oxidatively polymerized on HNT carriers to create HNT-PDA 

nanohybrids, which later served as photothermal carriers for the encapsulation of 

essential oils77. When exposed to sunlight for 60 min at a light density of 1 sun and 3 sun, 

respectively, it was found that the HNT-PDA nanocarriers were heated to 46 °C and 101 
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°C (Figure 8), confirming that produced HNT-PDA nanohybrids were imparted 

photothermal character after PDA coating. Neat HNTs did not exhibit significant 

temperature elevations under the same conditions. The PDA coating on the HNTs 

introduced photothermal capabilities and facilitated their implementation as organic, non-

toxic, low-cost nanocarriers that can provide light-to-heat conversion ability. 

 

Figure 8. Time-temperature profiles of HNT and HNT-PDA nanohybrids under sunlight 

irradiation at 3 sun (300 mW/cm2) and 1 sun (100 mW/cm2) light density. 

 

As a model natural pesticide, a blend of peppermint, cinnamon, and basil oils (EO) were 

loaded onto HNT-PDA nanoparticles using solvent-assisted impregnation. Using the 

same approach, the resulting EO@HNT-PDA nanoparticles were loaded with LA to 

produce LA/EO@HNT-PDA nanohybrids with theoretical weight ratios of 20 % and 33 

% for EO and LA, respectively. The experimental loading ratios of three EOs, namely 

cinnamon oil, peppermint oil, and basil oil, as well as the mixture of them, were 

calculated using TGA by contrasting the weight loss ratios of the neat and loaded essential 

oils. The loading percentages of cinnamon oil, peppermint oil, and basil oil that were 
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present in the non-lauric acid functionalized HNT-PDA nanohybrids were 34%, 29%, 

and 24%, respectively, as shown in Figure 9a, 9b, and 9c. These values did not vary 

considerably from the expected loading ratio of 30 %. The loading ratios of cinnamon 

oil, peppermint oil, and basil oil in the LA-functionalized HNT-PDA nanohybrids were 

26.6 %, 27.2 %, and 14.3 %, respectively, illustrating the successful loading of both 

components into the nanohybrids. The loading ratio of the EO mixture was shown to be 

23.9% for LA-functionalized nanohybrids and 31.9 % for non-LA-functionalized 

nanohybrids (Figure 9d). The encapsulation of LA in the HNT pores and some loss during 

the solvent-assisted impregnation procedure may have caused the the small deviations 

from the theoretical loading ratios.  

 

 

Figure 9. TGA of HNT-PDA nanocarriers loaded with cinnamon oil (a), peppermint oil 

(b), basil oil (c), and the mixture of all three EOs (d). 

 

a) b) 

c) d) 
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The LA EO@HNT-PDA release system was further characterized with DSC. Figure 10 

illustrates how, following the functionalization with LA, the evaporation transition 

temperature of the EO mixture, which was approximately 85 °C in the EO@HNT-PDA 

nanohybrids, shifted to around 260 °C. LA seems to act as a protective layer around the 

EO@HNT-PDA nanohybrids, preventing the evaporation of the EO as seen in the shift 

of their transition temperature to higher temperatures.  

 

Figure 10. DSC analysis of EO@HNT-PDA and LA/EO@HNT-PDA nanohybrids. 

 

According to the SEM analysis of the EO@HNT-PDA and LA/EO@HNT-PDA 

nanohybrids, the HNT-PDA nanocarriers maintained their nanotubular structure 

following encapsulation of EO and LA functionalization and the LA contributed to an 

even coating on the EO@HNT-PDA nanocarrier surface (Figure 11). 
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Figure 11. SEM images of EO@HNT-PDA (a, b), LA/EO@HNT-PDA (c, d) 

nanohybrids, neat HNT (e) and HNT-PDA nanohybrids (f). 

 

TEM analysis was employed to visualize the surface morphologies of the 

LA/crv@HNTPDA nanohybrids, prepared by encapsulation of carvacrol (crv), the active 

component of thyme oil, in comparison to neat HNTs and HNT-PDA nanocarriers. 

Figure 12 displays the TEM images that reflect each nanohybrid. The neat HNTs, HNT-

PDA nanohybrids, and HNT-PDA nanohybrids impregnated with crv presented a 

nanotubular structure with an open-ended lumen and a smooth surface. The 

LA/crv@HNTPDA nanohybrids, however, demonstrated that the LA molecules were 

sufficiently adsorbed on the crv@HNTPDA nanohybrids by capillary and surface tension 

forces and could act as a stopper to prevent the release of the encapsulated active 

substance. The transparent area inside the HNT also went away, and the open ends of the 

HNT appeared to have become closed when the nanocarriers were functionalized with 

LA. 
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Figure 12. TEM images of a) HNT, b) HNT–PDA, c) crv@HNT–PDA, and d) 

LA/crv@HNT–PDA nanohybrids. 

 

Whether the LA/EO@HNT-PDA nanohybrids can experience light-activated heating 

upon sunlight irradiation and reach temperatures that can trigger the release mechanism 

was investigated. The time-temperature profiles of nanohybrids were generated by 

monitoring the temperature increases following irradiation from a solar simulator. 

According to the findings illustrated in Figure 13, when the EO@HNT-PDA and 

LA/EO@HNT-PDA nanohybrids were exposed to sunlight with a light density of 1 sun 

(100 mW/cm2), a temperature increases of about 60 °C occurred, and the nanohybrids 

reached 110 °C when the light density went up to 3 sun (300 mW/cm2). This result has 
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demonstrated that the sunlight-activated heating of the LA/EO@HNT-PDA nanohybrid 

could easily trigger the melting of the LA, as anticipated.  

 

Figure 13. Time-temperature profiles of LA/EO@HNT-PDA and EO@HNT-PDA 

nanohybrids under irradiation at 3 sun (300 mW/cm2) and 1 sun (100 mW/cm2). 

 

2.4.2 Release of EO from the LA/EO@HNT-PDA nanohybrids 

The sunlight-activated release of EO from the LA/EO@HNT-PDA nanohybrids was 

analyzed using DSC. Due to the volatile nature of the EO, its release from the 

nanohybrids in powder form exposed to light over time was expected to be monitored 

directly from the enthalpy values of the sample obtained with DSC.  Figure 14 

demonstrates the experimental design for monitoring the release of sunlight-

exposed LA/EO@HNT-PDA powder. LA/EO@HNT-PDA powder was exposed to 

sunlight for a period of 6 h followed by dark incubation for 18 h every day, for 5 

consecutive days.  
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Figure 14. Schematic representation of the experiment designed for the investigation of 

the release behavior of EOs from LA/EO@HNT-PDA nanohybrids. 

 

Due to the volatile nature of essential oils, nanohybrids exposed to light over time lose 

their active component concentration. Figure 15 demonstrates the DSC curves of the 

LA/EO@HNT-PDA samples that were exposed to 6 h sunlight for 2 and 5 days, 

respectively, as an example of how the EO release was monitored.  The enthalpy of 

evaporation of the EO decreased when the nanohybrids were exposed to sunlight for 3 

more days. A shift of the evaporation transition to higher temperatures was also visible 

on the nanohybrids irradiated for 5 days relative to the nanohybrids irradiated for 2 days. 

Apparently, the EO molecules absorbed on the outer surface of the HNT-PDA carriers 

were released first and the EO molecules impregnated in the lumen were released later, 

resulting in a higher evaporation temperature for the nanohybrids exposed to sunlight for 

longer time periods.    
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Figure 15. LA/EO@HNT-PDA nanohybrids after 2 and 5 cycles of 6 h sunlight 

irradiation/18h dark treatment. 

 

Figure 16a shows the release behavior of the LA/EO@HNT-PDA nanohybrids over 5 

days of daily sunlight irradiation. The samples were daily exposed to sunlight for 6 h 

followed by 18 h dark incubation. Another set of samples were kept in the dark for 24 h 

for the same duration. After 6 h each day, samples were taken for DSC analysis for both 

sunlight-activated and dark-incubated samples. Nanohybrids that were not exposed to 

sunlight presented only a 26 % release of the EO by the end of the 5th day. On the other 

hand, the same nanohybrids presented 55 % release of EO when   were subjected to 

sunlight at 3 sun during the same period of time. As expected, the sunlight-activated 

heating of the HNT-PDA nanocarrier facilitated the release of the EO. It is clear from 

Figure 16b that LA was not released from the environment after it reached its melting 

transition. At the end of the fifth day, samples exposed daily to sunlight exhibited only 

10 % release of the LA. This outcome suggests that a sizeable amount of the LA was still 

present on the surface of the nanohybrids and was still functioning as a stopper. 
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Figure 16. a) EO release behavior of LA/EO@HNT-PDA nanohybrids at 3 sun (300 

mW/cm2) and at room temperature in the dark b) Release behavior of LA from the 

nanohybrids at 3 sun (300 mW/cm2) and at room temperature in the dark 

 

The antibacterial activity of the crv released from the LA/crv@HNT-PDA was 

investigated to determine whether the released active substance retained its functionality, 

or it was negatively affected by the sunlight irradiation. Neat crv is known to have strong 

antibacterial effect against both gram-positive and gram-negative bacteria. Crv 

encapsulated in HNTs maintains its antibacterial effects when released gradually at 

ambient temperature, according to a prior study79. The goal of the present study was to 

investigate whether crv released from the LA/crv@HNT-PDA nanohybrid still had 

antibacterial activity despite being heated by sunlight by designing an experiment as 

shown in Figure 17a. LA/crv@HNTPDA powder placed on a Petri dish inoculated with    

S. aureus was exposed to sunlight for 6 h in order to release the crv from the nanohybrids. 

After that, the LA/crv@HNTPDA nanohybrids were removed from the plate, and the 

plate was incubated to observe whether the released carvacrol altered the growth of the 

bacteria (Figure 17b). On the LA/crv@HNTPDA powder-containing plate held in the 

dark for 6 h, a 3.1 cm inhibition zone was seen; however, total bacterial death was 

achieved, and no growth was seen on the plate exposed to sunlight for the same period of 

time (Figure 17c). The control plate without any nanohybrids, when exposed to sunlight, 

demonstrated growth inhibition of 1.4 cm only in the area of direct sunlight but did not 

present any growth inhibition at the rest of the plate. This result illustrated that sunlight 

a) b) 
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did not kill the bacteria on its own but the carvacrol released from the LA/crv@HNTPDA 

powder killed the bacteria (Figure 17d and Figure 17e). These findings point out that the 

active substance released by the sunlight-activation was not decomposed and retained its 

inherent properties without being adversely affected by the temperature increase it was 

exposed to. 

 

 

 

 

Figure 17.  Schematic representation of Antibacterial activity analysis (a), nanohybrid 

containing agar plate incubated for 6 h in the dark, (b) nanohybrid containing agar plate 

a) 
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exposed to sunlight (c), control sample in the dark (d), control sample exposed to 

sunlight (e). 

 

 

2.4.3 Pesticide activity of the LA/EO@HNT-PDA nanohybrids 

 

The prepared LA/EO@HNT-PDA and EO@HNT-PDA nanohybrids have been 

examined in terms of their pesticide activity on Myzus persicae aphids in both their light-

activated and dark-incubated powder forms. LA/EO@HNT-PDA and EO@HNT-PDA 

nanohybrids in powder form were either exposed to a 6 h sunlight or dark treatment, at 

the end of which live aphids were placed on the powders. This cycle was repeated 10 

times and the mortality of the aphids was determined at the end of each cycle. Figure 18 

illustrates that while EO@HNT-PDA nanohybrids treated with sunlight resulted in a very 

low mortality of the aphids only in the first and second cycles, LA/EO@HNT-PDA 

nanohybrids exposed to sunlight resulted in a 90% death in the aphid population at the 

first cycle and continued their killing effect even after 10 cycles. This result demonstrated 

that there was EO release from the LA/EO@HNT-PDA nanohybrids over at least 10 

cycles of 6 h sunlight irradiation and the release of the EO could be easily controlled by 

the sunlight stimulus.   The LA/EO@HNT-PDA and the EO@HNT-PDA samples, which 

was kept in the dark for 10 cycles, exhibited no mortality on the aphids, indicating that 

the non-exposed sample's restricted essential oil release was not adequate to kill the 

aphids. 
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Figure 18. Killing activity of the of EO@HNT-PDA and LA/EO@HNT-PDA 

nanohybrids on Myzus persicae under sunlight irradiation at 3 sun and in the dark. The 

nanohybrids were exposed to 6 h sunlight/18 h dark treatment, or to 24 h dark treatment 

for 10 days. 
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2.5 Conclusions 

 

 

There are numerous adverse effects on the ecosystem and human health as a result of the 

increased use of synthetic pesticides that build up in the environment. In the present work, 

EOs were embedded in a controlled-release system composed of naturally occurring 

HNTs that had been modified with PDA. The HNT-PDAs were utilized to encapsulate a 

mixture of peppermint, cinnamon, and basil essential oils, and the system's controlled-

release abilities were examined in response to sunlight as an external stimulus.  LA, a 

phase change material, was incorporated into the system to act as a stopper that prevents 

the release of EO in the absence of sunlight. When exposed to sunlight, LA can melt and 

release the cargo molecule, but in a dark environment, it can effectively entrap the active 

ingredient. The results indicated that the LA/EO@HNT-PDA nanohybrids exhibited 

controlled EO release over at least 5 days during which the samples were irradiated daily 

with sunlight for 6 h.  The study additionally examined the extent to which the controlled 

release was performed by investigating the pesticide activity of the developed 

nanohybrids on the Myzus persicae aphids and the nanohybrids were shown to present 

strong killing activity even after 10 cycles on which they were exposed to sunlight.  The 

sunlight-activated release system for the controlled release of EOs developed in this study 

has a strong potential as a promising replacement for synthetic pesticides. 
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CHAPTER 3.  SUNLIGHT-ACTIVATED ABAMECTIN RELEASE SYSTEMS 

AS CONTROLLED-RELEASE PESTICIDE NANOFORMULATIONS 

 

 

3.1 Abstract 

 

 

Controlled release systems play a significant role in agriculture due to their ability to 

deliver various substances to plants and soil in a targeted and controlled manner. In this 

study, polydopamine functionalized halloysite nanotube (HNT-PDA) nanocarriers were 

utilized for the first time to encapsulate abamectin (abm) as a model agrochemical to 

accomplish sunlight-triggered release. Lauric acid (LA), a phase change material, was 

employed to functionalize the nanocarriers with an agent that facilitates the release 

mechanism when sunlight is present. The temperature of the system raised when the 

photothermal nanocarriers were exposed to solar irradiation, resulting in a phase 

transition of the LA, which triggers the release of abm from the nanocarriers to the 

surrounding environment. The release studies showed that abm was released gradually 

over a time period of 30 days, when nanohybrids were exposed daily to sunlight for 6 h 

and there was no abm release when the nanohybrids were kept in the dark. The released 

abm was shown to remain stable and kill Myzus persicae aphids at a rate over 70 % during 

at least 10 days, at which the nanohybrids were exposed to sunlight for 6 h every day. 

Aqueous dispersions of the LA/abm@HNT-PDA nanohybrids were prepared and studied 

in terms of their potential as aqueous sprayable pesticide nanoformulations. Aqueous 

dispersions of LA/abm@HNT-PDA nanohybrids presented over 30 % suspensibility and 

strong foliar retention even at environmental conditions simulating the rainfall. The 

LA/abm@HNT-PDA dispersion's LC50 value was determined to be 9 mg/mL on Myzus 

persicae. Overall, the proposed sunlight-activated controlled release system based on 

photothermal, lauric acid-functionalized HNT-PDA nanocarriers holds a great potential 

as controlled release pesticide nanoformulations. 
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3.2 Introduction 

 

 

Pesticides are essential for crop protection and enhancing agricultural productivity80. 

However, their indiscriminate use can cause negative drawbacks to both human health 

and the environment81. Conventional pesticide formulations may lead to adverse 

ecological problems including the majority of the applied pesticides being lost to the 

environment and only less than 1% being effectively utilized at the intended target82. As 

an alternative approach, the delivery of the pesticides can be accomplished by the stimuli-

responsive controlled-release systems which prolong the lifetime of the active ingredients 

in the pesticide and reduce the degradation time associated with external factors such as 

rainwater leaching or photodegradation83–86. The literature has reported different external 

factors for remotely triggered-controlled release systems of pesticide delivery. Xiang et 

al. designed a pH-responsive attapulgite-based hydrogel pesticide release system and 

characterized its release behavior in aqueous solutions with varying pH levels87. Kaziem 

et al. developed an enzyme-responsive insecticide delivery system based on surface-

functionalized hollow mesoporous silica loaded with insecticide and capped with α-CD, 

which is designed to release the pesticide cargo upon hydrolysis triggered by the presence 

of α-amylase88. Even though all those designs have their own novelty, they all require an 

external stimulus which may be an additional cost or challenging to apply. The lack of 

an effortless, practical, and accessible stimulus that allows farmers to reach without being 

trained, causes majority of these controlled release systems not to be implemented in 

agriculture.  

Sunlight-irradiation as photothermal stimulus stands out among the various external 

triggers due to its continuous availability, zero cost, and non-toxic nature and offers a 

powerful alternative as a trigger for agrochemical delivery systems. The most practical 

way to exploit sunlight as a controlled release trigger is to utilize photothermal materials 

that can convert sunlight to heat, and design release systems that are triggered by 

temperature elevations. A limited number of studies have demonstrated light-driven 

controlled release systems where the pesticide is released by light via photothermal 
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effects41,89,90. However, a sunlight-triggered pesticide delivery system that is composed 

of natural, low-cost components, is easy to manufacture and easy to apply on the field 

and yet presents strong pesticide activity has not been reported.  

Halloysite nanotubes (HNTs) with hollow tubular structures are naturally occurring 

inorganic clay nanoparticles, making them suitable for use as environmentally friendly 

nanocarriers91–95. HNTs were commonly utilized as scavenging agents in food packaging 

applications 96, as drug delivery vehicles for cancer therapy97, or as fillers for improving 

the mechanical properties of composites98. Due to their open-ended and positively 

charged Al2O3 inner lumen and negatively charged SiO2 outer surface porous structure, 

HNTs have been commonly used nanocarriers for the encapsulation of varied active 

substances such as pigments99, essential oils92,100–102, dyes103, or drugs104,105. However, 

utilization of HNTs as environmentally friendly nanocarriers of pesticides has not been 

demonstrated. 

In this work, we designed a novel HNT-based sunlight-triggered controlled pesticide 

release system that allows pesticides to be released only under the sunlight and keeps the 

pesticide when no stimuli are present in the environment. The release system is composed 

of a photothermal nanocarrier that is loaded with pesticide molecules and a heat-activable 

release facilitator that helps the release of the pesticide upon sunlight-activation of the 

photothermal nanocarrier. While HNTs functionalized with polydopamine77, a promising 

photothermal agent due to its robust NIR adsorption via excellent efficiency in light-to-

heat conversion106, have been utilized as the photothermal nanocarrier; lauric acid (LA), 

a temperature-sensitive phase change material was utilized as a release-facilitator.  LA 

was expected to present a melting transition when the photothermal HNT-PDA 

nanocarriers are heated under sunlight irradiation and lead to the release of the loaded 

pesticide. We have previously demonstrated that a similar design allows sunlight-

activated the release of a volatile molecule, carvacrol76. Here, we demonstrate the 

utilization of the HNT-based sunlight-triggered release system for abamectin (abm), a 

non-volatile, widely used commercial pesticide107, which can be easily degraded when 

directly exposed to sunlight112 and the use of this release system in the form of aqueous 

sprayable nanoformulations presenting strong adhesion properties and strong pesticide 

activity on aphids.  
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3.3 Experimental 

 

 

3.3.1 Chemicals 

 

 

HNTs were supplied by ESAN Eczacıbaşı. Dopamine (3-hydroxytyramine 

hydrochloride) was purchased from Acros Organics Inc (Geel, Belgium). Ultrapure Tris 

base (Tris(hydroxymethyl) aminomethane) was acquired from MP Biomedicals, LLC 

(Irvine CA, USA). Abm was purchased from Sigma Aldrich, (US). Agrimec was obtained 

from Syngenta (Turkey). LA was purchased from Merck (Darmstadt, Germany). Extra 

pure methanol (99.8%) was obtained from Tekkim Ltd. (Bursa, Turkey). Pure water was 

obtained using a Milli-Q Plus system. All chemicals were utilized without any further 

purification. 

 

 

3.3.2 Preparation of the HNT–PDA nanocarriers 

 

As previously reported, oxidative polymerization of the dopamine monomer in the 

presence of HNTs was used to create HNT-PDA nanocarriers108. In an ice bath, HNTs 

were dispersed in purified water (10 mg/mL) with ultrasonication (Qsonica, Q700) for 

30 min at 40 % amplitude with 3 s pulse on and 2 s pulse off. Then, dopamine monomer 

was added to the dispersion to obtain an 8 mg/mL concentration of HNT-PDAs. A Tris-

base powder was used to bring the pH to 8.5. For 24 h, the produced mixture was stirred 

at 30 °C. By centrifugation at 11000 rpm for 10 min HNT-PDAs were isolated from the 

reaction mixture. Afterwards, the obtained sample was   rinsed 6 times with water to 

remove any residue of Tris-base and unreacted dopamine. In a vacuum oven, the prepared 

HNT-PDAs were dried for a 24 h period at 80 °C. 
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3.3.3    Preparation and characterization of the abm@HNT−PDA and 

LA/abm@HNT−PDA nanohybrids 

 

Based on a previously published methodology20,109, HNT-PDAs were impregnated with 

abm using a solvent-assisted impregnation approach followed by vacuum treatment to 

produce LA/abm@HNT-PDA and abm@HNT-PDA nanohybrids as shown in Figure 18. 

The HNT-PDAs were dried for 24 h at 100 °C in a vacuum oven before impregnation. A 

solution consisting of 0.4 g of abamectin, and 40 mL of methanol was prepared, and 0.6 

g of HNT-PDAs were added. The resulting mixture was subsequently subjected to an 

ultrasonic treatment for 20 min. Additionally, the mixture was then added 0.5 g of lauric 

acid (LA) for LA-functionalized LA/abm@HNT-PDA nanohybrids, then sonicated for 5 

min afterward. 

 

 

Figure 19. Schematic representation of experimental procedure of abm@HNT-PDA and 

LA/abm@HNT-PDA preparation via solvent-assisted impregnation with vacuum 

treatment. 
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TGA (Shimadzu Corp. DTG-60H (TGA/DTA) was utilized to determine the amounts of 

loaded abm and LA. With a scan range of 30-1000 °C and a heating rate of 10 °C/min, 

TGA was performed in nitrogen flow. Equation below was used to determine the precise 

weight ratios of abm and LA in the LA/abm@HNT-PDA nanohybrids: 

 

%WRabm = [(%WLT=20-240 °C, LA/abm@HNT-PDA x 0.28) + (%WLT=240-450 °C, LA/abm@HNT-PDA - 

%WL240-450 °C, HNT-PDA)] 

 

where %WRabm denotes the encapsulated abm content in the nanohybrids and 

%WLLA/abm@HNT-PDA denotes the weight loss of LA/abm@HNT-PDA between 240 °C 

(the temperature at which all LA was decomposed) and 450 °C (the temperature at which 

all abm was decomposed). The coefficient of 0.28 represents the weight loss ratio of 

abamectin in the total weight loss of a nanohybrid material containing both lauric acid 

and abamectin at 240 °C. The calculation is derived based on the comparison of 

degradation behaviors between pure lauric acid and pure abamectin. When pure lauric 

acid degrades at 240 °C, it undergoes complete degradation, which is considered 100%. 

On the other hand, pure abamectin degrades at the same temperature to a degree of 40%. 

If it is defined as complete degradation of the material as 100%, the weight loss of lauric 

acid would be 100 units (represented as 100%). The weight loss of abamectin would be 

40 units (represented as 40%). Therefore, the total weight loss would be 140 units. 

Considering the nanohybrid material containing both lauric acid and abamectin, at 240 

°C, the weight loss ratio of abamectin in the total weight loss can be calculated as 40 units 

(abamectin weight loss) divided by 140 units (total weight loss), resulting in a ratio of 

0.28 or 28%. 

The equation below was used to determine the precise weight ratio of abm in the 

abm@HNT-PDAnanohybrids: 

 

%WRabm = %WL20-450 °C, abm@HNT-PDA– %WL20-450 °C, HNT-PDA  
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where %WRabm denotes the encapsulated abm content in the nanohybrids, %WLabm@HNT-

PDA denotes the weight loss of abm@HNT-PDA between 20 °C, and 450 °C, (the 

temperature at which all abm was decomposed). 

Differential scanning calorimetry (DSC) (Thermal Analysis MDSC TAQ2000) 

instrument was utilized for investigating the thermal properties of the developed 

abm@HNT-PDA and LA/abm@HNT-PDA nanohybrids, and abm. With a heating rate 

of 10 °C/min and a temperature range of 25 to 300 °C, the experiments were carried out 

in a nitrogen atmosphere. 

Using a secondary electron detector with a 5 kV acceleration voltage, scanning electron 

microscopy (SEM) images of abm@HNT-PDA and LA/abm@HNT-PDA nanohybrids 

were acquired. To avoid generating a charging when exposed to the electron beam during 

SEM analysis, a thin layer of Au/Pd was sputter deposited onto samples.  

The abm-encapsulated nanohybrids’ time-temperature profiles were constructed to 

investigate their photothermal characteristics. Temperatures were measured using a FLIR 

E6xt thermal camera while 0.5 g of abm@HNT-PDA and LA/abm@HNT-PDA powders 

were placed individually in Teflon holders under the solar simulator (Oriel LCS100) at 3 

sun (300 mW/cm2) and 1 sun (100 mW/cm2) light densities. 

Using an Agilent Carry 5000 UV-VIS-NIR Spectrophotometer between the spectral 

range from 200 to 800 nm, the absorbance spectra of abm in the dark and abm@HNT-

PDA in the dark, abm exposed to sunlight at 3 sun (300 mW/cm2), and HNT-PDA/abm 

exposed to sunlight at 3 sun (300 mW/cm2) were recorded. 0.5 g abm@HNT-PDA was 

exposed to sunlight at 3 sun light density for 6 h, and then mixed with 30 mL of methanol 

with the aim of releasing and dissolving the abm in methanol. The abm@HNT-PDA and 

methanol mixture was then centrifuged to precipitate the HNT-PDA nanocarriers, and 

the supernatant was then gathered for UV-Vis examination with a VARIAN 5000 UV-

vis-NIR spectrophotometer, recording absorbance values between 200 and 800 nm. As 

the dark-stored control sample, 0.5 g of abm@HNT-PDA was incubated in the dark for 

6 h followed by mixing with 30 mL of methanol, centrifugation and UV-Vis analysis of 

the supernatant. For the stability analysis of neat abm, 0.2 g of neat abm was dissolved in 

30 mL methanol and UV-Vis spectrum was acquired before and after being exposed to 

sunlight at 3 sun light density for 6 h.  
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3.3.4 Abm Release Profiles of abm@HNT−PDA and LA/abm@HNT-PDA 

Nanohybrids 

 

The release of abamectin from the nanohybrids in the powder form was evaluated by 

TGA analysis. For the release experiments, 0.4 g of abm@HNT-PDA and 

LA/abm@HNT-PDA nanohybrid powders were weighed precisely and placed on plates 

lined with filter paper. The filter paper acted as an environment simulating a leaf that 

would absorb the released substance. Two sets of samples were prepared, of which one 

was incubated in the dark, and the other one was irradiated with sunlight at 3 sun light 

density for 6h followed by 18 h dark incubation. All samples were wetted by adding 2 

mL of deionized water at the end of 1 and 2 h incubation. The procedure was repeated 

for 30 days. Each day, three samples were taken from different parts at the end of 6 h 

incubation, inserted into TGA crucibles, and analyzed. 

The release of abamectin from the nanohybrids in the powder form was evaluated by 

TGA where abm content in the abm@HNT-PDA and LA/abm@HNT-PDA was 

calculated for each day based on Equation below. Three measurements were taken for 

each sample and the average encapsulated-abm is determined. The % abm release was 

calculated with: 

     %Rabm = 100 - (%WRabm,T / %WRabm,T0) x 100                               

                                  

where %Rabm denotes the percentage of released abm, %WRabm,T0 denotes the weight ratio 

of initially encapsulated abm in nanohybrids and %WRabm,T denotes the encapsulated 

abamectin in nanohybrids in the specified time. 
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3.3.5. Killing activity of powder form of abm@HNT-PDA and LA/abm@HNT-

PDA nanohybrids on Myzus persicae 

 

The pesticide activity of LA/abm@HNT-PDA and abm@HNT-PDA nanohybrids in 

powder forms on Myzus persicae aphids were examined. In a climate-controlled setting 

with an 8 h light and 16 h dark photoperiod at 25 °C, Myzus persicae pests was grown. 

The aphids consumed the leaves of the eggplant (Solanum melongena). 0.5 g of the 

nanohybrid to be tested in the powder form was placed on filter paper. The nanohybrid 

samples were daily exposed to 6 h sunlight at 3 sun light density for 10 consecutive days. 

The samples were wetted with 2 mL of deionized water every hour during the sunlight 

irradiation. Subsequently, the powders were removed from under the light source, and 

immediately 10 aphids were placed on them using a sterile swab. After 15 min, the 

number of dead aphids was counted, and the percentage of mortality was calculated. The 

same procedure was applied to samples of 0.5 g LA/abm@HNT-PDA and 0.5 g 

abm@HNT-PDA nanohybrids that were not exposed to light. 

 

3.3.6. Suspensibility of the LA/abm@HNT-PDA nanohybrids in water 

 

The suspensibility of LA/abm@HNT-PDA nanohybrids at 18 mg/mL, 9 mg/mL and 1 

mg/mL concentrations in deionized water was investigated. Dispersions prepared at three 

different concentrations were subjected to bath sonication for 15 min. The dispersions 

were then kept aside for 15 min, afterwards, 500 μL of each were collected from the 

center using a micropipette and centrifuged to precipitate the substance. The precipitated 

nanohybrids in the Eppendorf tube were weighed after the supernatant was removed to 

determine the suspensibility ratios with the following formula: 

Suspensibility % = Experimental wt% of abm in suspended nanohybrids / Theoretical 

wt% of abm in suspended nanohybrids 

 



52 
 

3.3.7. Dispersion analysis of LA/abm@HNT-PDA nanohybrids in the water 

 

Aqueous dispersions of LA/abm@HNT-PDA were prepared at 4 mg/mL concentration 

and subjected to ultrasonication using a QSonica, Q700, Newtown, CT, USA, at 60% 

amplitude, with a 5 s pulse on and a 2 s pulse off for 30 min. Then, dynamic light 

scattering (DLS) measurements of aqueous dispersions were carried out using a Malvern 

Zetasizer Nano ZS (Malvern Instruments Ltd., U.K.) at 15-, 30-, 45- and 60-min time 

periods to determine the size distribution and agglomeration state of nanohybrids. 

 

 

3.3.8.  Determination of leaching of abm into the soil 

 

5 g of soil was mixed with 30 mL of 5 mg/mL aqueous LA/abm@HNT-PDA dispersion 

and incubated in the dark for 24 h. Following the incubation, the liquids were removed 

by vacuum filtration via a Buchner funnel and the soil mixture was dried overnight at 

room temperature. The FTIR spectrum of the dried sample was obtained using Thermo 

Scientific Nicolet Is10 FTIR spectrophotometer. As the control sample, 0.04 g neat abm 

powder was mixed with 5 g soil. The FTIR spectrum of the soil and abm mixture was 

obtained.  

 

3.3.9. Retention of the LA/abm@HNT-PDA dispersion on the leaves 

 

A method reported in the literature was used for the leaf retention calculation110. Aqueous 

LA/abm@HNT-PDA nanohybrid dispersions, Agrimec, and abm dissolved in methanol 

were prepared at varying abm concentrations. 15 mL of sample in a beaker was placed 

on sensitive balance.  Leaves that had been cut into 2 × 2 cm squares, with a surface area 

of S=4 cm2 were immersed into the liquid to be tested for its retention for 15 s, were 

removed and held up inside the weighing chamber until there were no droplets left on the 
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surface. The decrease in the weight of the liquid (W) was recorded, and the retention was 

reported as 1000 x W/S (mg/cm2). 

 

3.3.10. Determination of the foliar retention properties of the LA/abm@HNT-

PDA PDA dispersions 

 

Aqueous dispersions of LA/abm@HNT-PDA were prepared at concentrations at 18, 9, 

4.5, 2.25, 1.15, and 0.6 mg/mL abm concentrations and bath-sonicated for 15 min. The 

air pressure was set to 15–35 psi when the airbrush for spray coating (Magicbrush 

Airbrush Kit Ab-101a) was assembled in a chemical hood. The chamber of the airbrush 

was filled with the prepared LA/abm@HNT-PDA dispersion. The airbrush nozzle was 

held 10 cm in front of a set of eggplant leaves that had been cut into 2 × 2 cm squares 

which were positioned 30° from the surface axis, and each leaf sample was manually 

sprayed for 10 s with 10 mL of the dispersion. The spray-coated leaves were dried at 

room temperature.  

The sessile-drop contact angle method was performed on both the pristine leaf samples 

and the leaf samples coated with spray-applied nanohybrids. This was accomplished 

using the optical tensiometer-equipped Theta Lite Contact Angle Measurement System. 

The optical tensiometer, which was equipped with a high-resolution digital camera, was 

used to measure the contact angles after 10 μL of pure water was carefully dropped on 

the surface at room temperature. Each sample had a minimum of three measurements 

made, and the average contact angle values were recorded. 

Contact angle measurements were also taken after sprayed leaf samples were washed 

with water to simulate rainfall after the spray application of LA/abm@HNT-PDA 

nanohybrid dispersion at 9 mg/mL abm concentration. Each wash cycle involved 

spraying 1 mL of water with an airbrush. In between each wash cycle, leaf samples were 

dried at room temperature for 15 min. After the samples had dried, contact angle 

measurements were then taken from at least three spots of the samples. 
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3.3.11. Optical microscopy of eggplant leaf surfaces sprayed with aqueous 

LA/abm@HNT-PDA dispersions 

 

 The attachment of the nanohybrids on the eggplant leaf surfaces was characterized by 

optical microscopy. The Zeiss Axiocam ERc 5s microscope was used throughout the 

investigation to capture all the images, and 3 repetitions of the experiment were 

performed. LA/abm@HNT-PDA, prepared at 4 mg/mL concentration was bath-sonicated 

for 15 min, then spray-coated onto leaves that had been cut into 2 × 2 cm squares. Optical 

microscopy images were taken at 5x magnification after waiting for 30 min at room 

temperature for drying. 10 mL of water was gently dispensed onto leaves that were 

sprayed with LA/abm@HNT-PDA dispersion with an airbrush to replicate rainy 

conditions. Optical microscopy images were once more taken at 5x magnification after 

an additional 30 min of drying time for the leaves. 

 

 

3.3.12. Determination of LC50 values of LA/abm@HNT-PDA 

 

The minimum concentration of the LA/abm@HNT-PDA dispersion required to kill 50 % 

of the Myzus persicae population was determined by spraying aqueous LA/abm@HNT-

PDA nanohybrid dispersion, Agrimec diluted in cyclohexanol, and abm dissolved in 

methanol, at abm concentrations varying between 0.6 and 18 mg/mL abm, onto eggplant 

leaves cut to 2 x 2 cm squares. The airbrush nozzle was held 10 cm in front of a set of 

leaves which were positioned 30° from the surface axis, and the leaves were manually 

sprayed with formulations for 10 s with the pesticide to be tested. The samples were 

exposed to sunlight at 3 sun for 1 h. Immediately following the sunlight irradiation, 10 

Myzus persicae aphids were placed on the leaves using a sterile swab. The dead aphids 

were counted after a 15 min, and the lowest dose leading to a 50 % death rate in the 

overall population was calculated for each formulation dose. Similarly, another set of 

formulations sprayed on the leaf surface was prepared and 10 Myzus persicae aphids were 

placed on the leaves. The dead aphids were counted after a 15 min, and the lowest dose 
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leading to a 50% death rate in the overall population was calculated for each formulation 

dose.  
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3.4 Results and Discussion 

 

 

3.4.1 Preparation of the sunlight-triggered abm release system 

 

HNTs modified with PDA were employed as photothermal nanocarriers of the sunlight-

activated abm release system to enable light-to-heat conversion. The objective was to 

remotely increase the temperature of the abm-loaded and LA-functionalized HNT-PDA 

nanocarriers and trigger the phase transition of LA by using the advantage of the heat 

produced by the HNT-PDA nanocarriers when exposed to light. Through the LA phase 

transition, which serves as a release facilitator for abm release, the system enables the 

abm to be released from the HNT-PDAs (Figure 20). 

 

Figure 20. Design of the sunlight-triggered abm release system. 

 

Abm was loaded onto the HNT-PDA nanoparticles, via solvent-assisted impregnation. 

The resulting abm@HNT-PDA nanoparticles were further loaded with LA using the 

same method resulting in LA/abm@HNT-PDA nanohybrids at a theoretical weight ratio 

of 26.6% and 33.3% for abm and LA, respectively. The abm-loaded and LA-

functionalized HNT-PDA nanocarriers were expected to be remotely heated to the 
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temperatures required for the phase change transition of LA via the light-induced heating 

of the HNT-PDA nanocarriers. The LA release facilitator was aimed to go through a 

phase change, allowing the abm encapsulated in the HNT-PDAs to be released. 

Ultimately, sunlight was the required element for the triggered release of abm. 

 

3.4.2 Characterization of the LA/abm@HNT-PDA release system 

 

TGA was employed to calculate the experimental loading ratio of abm and the LA in the 

nanohybrids, by using the relative weight loss ratios of neat and loaded abm and LA. 

Figure 21a demonstrates that the abm loading was 33.2 % in the sample in abm@HNT-

PDA nanohybrids, which was theoretically loaded with abm at 40 wt. %. In the 

LA/abm@HNT-PDA nanohybrids, which theoretically contained 26.6 wt. % abm and 

33.3 wt. % LA, the abm and LA loading ratios were 23.5% and 31%, respectively, 

demonstrating that both components were successfully loaded into the nanohybrids. The 

slight variations from the theoretical loading ratios might have been caused by the 

encapsulation of the LA in the pores of the HNTs and some abm loss during the solvent-

assisted impregnation. 

DSC was further utilized to characterize the thermal properties of the LA/abm@HNT-

PDA nanohybrids. Figure 21b shows that the nanohybrid presents the melting transition 

of the LA around 50 °C, which was expected to facilitate the release of abm when the 

HNT-PDA nanocarriers are heated.  Furthermore, the melting transition of abm at around 

200 °C was shifted to a higher temperature. This finding indicates that some of the abm 

molecules entrapped in the HNT-PDA nanocarriers melted at higher temperatures when 

the LA was present, confirming that the LA acted as a coating on the abm loaded HNT-

PDA.  
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Figure 21. a) TGA of HNT-PDA, LA, abm, abm@HNT-PDA and LA/abm@HNT-

PDA. b) DSC of abm, abm@HNT-PDA and LA/abm@HNT-PDA. 

 

The SEM analysis of the abm@HNT-PDA and LA/abm@HNT-PDA nanohybrids has 

demonstrated that the HNT-PDA nanocarriers retained their nanotubular structure upon 

a) 

b) 
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abm loading and the LA functionalization resulted in an evenly distributed coating over 

the surface of the abm loaded HNT-PDA nanocarriers (Figure 22). 

 

 

The ability of LA/abm@HNT-PDA nanohybrids to undergo light-activated heating and 

achieve temperatures that may initiate the release mechanism when exposed to sunlight 

was examined. By observing the temperature increases upon irradiation from a solar 

simulator, the time-temperature profiles of nanohybrids were constructed. According to 

the results presented in Figure 23, when abm@HNT-PDA and LA/abm@HNT-PDA 

nanohybrids were exposed to sunlight with a light density of 1 sun (100 mW/cm2) they 

reached 50 °C. The temperatures were further elevated for both the LA/abm@HNT-PDA 

and abm@HNT-PDA nanohybrids when the light density was raised to 3 sun (300 

mW/cm2) and the nanohybrids were heated to 120 °C. These findings demonstrated that 

the functionalization of the abm loaded HNT-PDA nanohybrids with LA did not affect 

their photothermal capacity and the LA/abm@HNT-PDA nanohybrids can be heated up 

to desired temperatures in a controlled manner when exposed to sunlight at different light 

Figure 22. SEM images of LA/abm@HNT-PDA at a) 25k, b) 50k magnification and 

abm@HNT-PDA at c) 25k, d) 50k magnification. 
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densities. Furthermore, it was demonstrated that the release system can be heated above 

the temperatures required for the melting transition of the LA release facilitator under 

sunlight irradiation.  

 

 

Figure 23. Time-temperature profiles of LA/abm@HNT-PDA and abm@HNT-PDA 

nanohybrids under irradiation at 1 sun and 3 sun light densities. 

 

Abm is known to be prone to degradation when exposed directly to solar irradiation, 

which results in a short half-life and low utilization rate112. As a result, numerous kinds 

of encapsulation strategies have been designed in order to enable abm to retain its 

effectiveness for an extended period of time113–115. These approaches aim to prolong the 

stability as well as the efficacy of abm. By monitoring variations in absorbance values, 

the photostability of abm encapsulated within HNT-PDA nanocarriers was investigated. 

The absorbance spectra of the two abm@HNT-PDA aqueous dispersion samples, one 

exposed to sunlight for 6 h and the other kept in the dark were found to overlap (Figure 

24). However, the absorbance of the two non-encapsulated abm solution samples, one 
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exposed to sunlight and the other kept in the dark, exhibited significant differences. After 

exposure to sunlight, a substantial drop in the characteristic absorbance peak of non-

encapsulated abm between 200 and 300 nm was observed. This finding illustrates 

explicitly that photostability of abm is preserved by its encapsulation within HNT-PDA. 

 

 

Figure 24. UV-VIS absorption spectra of aqueous abm solution and aqueous dispersion 

of abm@HNT-PDA exposed to sunlight at 3 sun for 6 h and kept in the dark for 6 h. 

 

3.4.3 Sunlight-triggered abm release from the LA/abm@HNT-PDA release 

system 

 

Figure 25a displays the experimental design for investigating the release behavior of 

sunlight-exposed LA/abm@HNT-PDA and abm@HNT-PDA samples. The nanohybrid 

samples were continuously wetted on a filter paper simulating a moist plant surface that 

would retain the released abm and irradiated with sunlight for 6 h followed by 18h dark 

incubation for 10 consecutive days. As controls, another set of each nanohybrid samples 

was kept in the dark without any sunlight activation for the same duration.  At the end of 

each day samples were collected for TGA. Figure 25b demonstrates that the 

LA/abm@HNT-PDA nanohybrids have released 39.5 % of the encapsulated abm over 
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the course of the 10-day period when they were irradiated with sunlight for 6 h each day. 

When they were not exposed to the sunlight, however, the abm release was only 9.7%, 

confirming that the abm release was triggered with sunlight irradiation.  Under the same 

conditions, abm@HNT-PDA nanohybrids, which were not functionalized with LA did 

not present a significant abm release when irradiated with sunlight for 6 h every day, 

demonstrating that the LA acted as a release facilitator, which melts upon sunlight-

activated heating of the HNT-PDA nanocarrier and eases the release of abm. The 

abm@HNT-PDA and LA/abm@HNT-PDA nanohybrids kept in the dark exhibited 

almost no release at the end of the 10-day period, as predicted. At the end of the first day, 

a burst release appeared in the samples that had been exposed to sunlight. This was 

attributed to the release of abm absorbed on the outer surface of HNT-PDA nanocarriers 

as opposed to abm entrapped in the lumen, which were released more slowly. All of these 

findings support the idea that abm is being released in response to sunlight exposure and 

the phase transition of the LA. The fact that the release efficiency was reduced in samples 

without the LA confirmed the role of LA as a release facilitator in the proposed sunlight-

triggered controlled release system. 

The same release experiment was extended to 30 days to investigate the activity of the 

LA/abm@HNT-PDA sunlight-triggered release system over a long period of time.  The 

release clearly continued at the end of 20 and 30 days, as can be seen in Figure 25c. This 

result demonstrated that the LA/abm@HNT-PDA controlled release system provides 

abm release for an extensive period of time making it useful as an effective pesticide 

delivery system. 
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Figure 25. a) Schematic representation of the experimental design to monitor the release 

behavior of abm from nanohybrids, b) Abm release performance of LA/abm@HNT-PDA 

and abm@HNT-PDA nanohybrids which were i) irradiated with sunlight at 3 sun light 

density for 6 h followed by 18 h dark incubation, ii) kept in the dark for 10 days, c) Abm 

release performance of LA/abm@HNT-PDA nanohybrids for 30 days, during which the 

nanohybrids were irradiated with sunlight at 3 sun light density for 6 h followed by 18 h 

dark incubation for 30 days. 

 

 

3.4.4 Sunlight-triggered pesticide activity of LA/abm@HNT-PDA release system 

 

The effect of sunlight-triggered abm release from the LA/abm@HNT-PDA nanohybrids 

on the viability of Myzus persicae aphids was examined. Over the course of a period of 

10 days, the LA/abm@HNT-PDA nanohybrids were irradiated with sunlight for 6 h each 

day, at the end of which aphids were placed on the sunlight-irradiated powder samples. 

The viability of the aphids was recorded, and new aphids were placed on the powder after 

it was irradiated again next day. The LA/abm@HNT-PDA nanohybrids presented 100 % 

killing activity on the first day when irradiated with sunlight and significantly retained 

their insecticidal activity over a period of 10 days (Figure 26). Even after being exposed 

to sunlight for 10 days, the aphids treated with the nanohybrids presented 70 % mortality, 

confirming that the LA/abm@HNT-PDA controlled release system presents sunlight-

activated release of abm and effective pesticide activity over at least 10 days. Under the 

same conditions, the abm@HNT-PDA nanohybrids, which were not functionalized with 

the LA did not present any insecticidal activity, confirming that no significant release of 

abm occurred even under sunlight when LA was not present. After 10 days being 

incubated in the dark, neither the LA/abm@HNT-PDA nor the abm@HNT-PDA 

nanohybrid powders had an impact on the killing of aphids. All these findings illustrated 

that LA functions effectively as a release facilitator in the abm release mechanism, and 

that the controlled release mechanism only allows abm to be released from the 

nanohybrids when sunlight is available, which leads to killing of the pests. Abm is not 
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being released from the nanotubes in the absence of sunlight or in an environment where 

LA does not undergo phase transition, and consequently, its insecticidal ability is absent. 

  

 

Figure 26. a) Mortality of Myzus persicae treated with LA/abm@HNT-PDA and 

abm@HNT-PDA nanohybrids, which are i) exposed to sunlight at 3 sun for 6 h followed 

by dark incubation for 18 h, ii) kept in the dark every day 

  

3.4.5 Aqueous formulations of LA/abm@HNT-PDA nanohybrids as pesticides 

 

To evaluate the potential of the sunlight-triggered release system in agricultural 

applications, their aqueous dispersions were studied as sprayable nanoformulations. 

LA/abm@HNT-PDA nanohybrids were dispersed in water at different abm 

concentrations and were examined using suspensibility analysis. As shown in Figure 27, 

the LA/abm@HNT-PDA nanohybrids were easily suspended in water with a 

suspensibility of above 30 %. Apparently, the PDA functionalization of the HNT 

nanocarriers imparted hydrophilic character, which allowed the HNT-PDA nanocarriers 
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to be suspended in water by simple bath sonication. The nanoformulation with the lowest 

concentration, 1 mg/mL LA/abm@HNT-PDA, showed the highest suspensibility at 42 

%, while the 9 mg/mL LA/abm@HNT-PDA formulation had a suspensibility of 37%, 

followed by the formulation with the highest concentration, 18 mg/mL LA/abm@HNT-

PDA, with a suspensibility of 32%. As expected, the agglomeration of the HNT-PDA 

nanocarriers has increased at higher concentrations and nanoformulations with lower 

concentrations presented a greater ability to be dispersed in water. The fact that the 

LA/abm@HNT-PDA can be easily suspended in water, without the need of any organic 

solvent, demonstrated their potential as environmentally friendly sprayable pesticide 

formulations.  

 

 

Figure 27. Suspension test for LA/abm@HNT-PDA nanohybrids in water at different 

abm concentrations. 

 

The dispersion stability of the LA/abm@HNT-PDA nanohybrids were qualitatively 

evaluated using DLS analysis (Figure 28). The size distributions of an aqueous dispersion 

of LA/abm@HNT-PDA nanohybrids at 4 mg/mL were analyzed at different time periods. 

While agglomeration of particles started to occur by time as seen by the new peak at 
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higher hydrodynamic diameters, the size distribution of LA/abm@HNT-PDA dispersion 

did not significantly change over the period of 1 h. This result demonstrated that the 

LA/abm@HNT-PDA nanoparticles were mainly stable during the course of 1 h, which 

will allow spray-application of the developed sunlight-triggered release system in the 

field. 

 

 

 

Figure 28. a) DLS analysis, b) photographs of the aqueous dispersion of LA/abm@HNT-

PDA nanohybrids prepared at 4 mg/mL at different time periods. 

 

To investigate the effect of the LA/abm@HNT-PDA controlled release system on the 

environmental pollution caused by the leaching of pesticides to soil, the soil leaching of 

abm from the LA/abm@HNT-PDA was evaluated. The aqueous dispersion of 

LA/abm@HNT-PDA nanohybrids at 5 mg/mL abm concentration was mixed with soil 

sample and incubated for 6 h followed by the removal of the liquids by vacuum filtration. 

The dried soil mixture was then analyzed with FTIR for the presence of abm (Figure 29). 

While the FTIR spectrum of the positive control sample, that was prepared by mixing 

soil and neat abm powder presented the abm-specific peak at 1735 cm-1due to C = O 

a) b) 
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stretching, the FTIR spectrum did not reveal any abm-related peaks when the soil sample 

was mixed with the LA/abm@HNT-PDA dispersion. This finding indicated that the abm 

did not leach to the soil when encapsulated in the HNT-PDA nanocarriers reducing its 

load on the environment. 

 

Figure 29. FTIR of soil samples mixed with LA/abm@HNT-PDA nanohybrids and 

neat abm. 

 

3.4.6 Foliar adhesion properties of LA/abm@HNT-PDA formulations 

 

Strong affinity of the pesticide formulations to the crop’s leaves leading to efficient 

deposition of the pesticides on the plants is essential to minimize the pesticide loss. The 

capacity of the aqueous LA/abm@HNT-PDA dispersion to adhere to plant leaves was 

determined by retention tests where eggplant leaves were immersed in the dispersions 

followed by monitoring the weight increase of the leaves. The retention rate of the 

LA/abm@HNT-PDA formulation was determined relative to control samples including 

abm dissolved in methanol, water and Agrimec, a commercial abm formulation in 

cyclohexanol. Figure 30 shows that the aqueous LA/abm@HNT-PDA dispersion 

presented a higher retention rate than abm dissolved in methanol, demonstrating that the 

encapsulation in the HNT-PDA nanocarriers allowed abm to better adhere to the leaf 

compared to its neat form. Apparently, the highly adhesive properties of the HNT-PDA 

nanocarriers caused by the polydopamine functionalization played a role in the strong 

attachment and resulted in a release system with strong foliar retention properties. The 

a) b) 
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fact that the aqueous LA/abm@HNT-PDA dispersion presented the same retention as the 

cyclohexanol-containing Agrimec demonstrated that the developed pesticide formulation 

presents a strong environmentally friendly, non-toxic alternative to commercially 

available pesticide formulations.   

 

   

Figure 30. Foliar retention values for water, abm dissolved in methanol, aqueous 

LA/abm@HNT-PDA dispersion and Agrimec. 

 

The foliar adhesion characteristics of the aqueous LA/abm@HNT-PDA 

nanoformulations were further examined using water contact angle measurements. 

Contact angle values of eggplant leaves sprayed with aqueous LA/abm@HNT-PDA 

dispersions at varied concentrations were determined.  Figure 31 demonstrates that the 

water contact angle values of the leaf samples decreased as the concentration of the 

LA/abm@HNT-PDA dispersion sprayed on the leaf was increased, illustrating that the 

hydrophilic PDA layer on the HNT-PDA nanocarriers enhanced the hydrophilic nature 

of the nanohybrids. This finding further confirmed that the developed pesticide 
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nanoformulation presents strong adhesion when applied to leaf surfaces, allowing 

efficient use in real-life conditions for agricultural purposes. 

 

 

 

To evaluate the resistance of the sunlight-triggered pesticide formulation to rainwater 

washing, contact angle values of the eggplant leaves sprayed with the 9 mg/mL 

LA/abm@HNT-PDA dispersion were determined after 1-5 washing cycles. There was 

only a slight upward trend in the contact angle values as the number of washes of the 

sprayed leaves increased, which was caused by the removal of the LA/abm@HNT-PDA 

nanohybrids from the leaf surface (Figure 32). However, even after 5 cycles of washes, 

the contact angle values of the sprayed leaf sample remained considerably lower than the 

contact angle of the neat leaf sample, indicating that a significant amount of the 

LA/abm@HNT-PDA nanohybrids remained attached to the leaf.  This result confirmed 

Figure 31. Contact angle values of eggplant leaves sprayed with aqueous dispersions 

of LA/abm@HNT-PDA nanohybrids at 0-18 mg/mL abm concentrations 
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the strong retention of the developed pesticide nanoformulation on the leaf surface and 

also demonstrated their strong resistance to rainwater washing. 

 

 

Figure 32. a) Contact angle values of eggplant leaves sprayed with aqueous 

LA/abm@HNT-PDA dispersions and washed with water 1-5 times. 

  

The foliar adhesion of the aqueous LA/abm@HNT-PDA nanohybrid dispersions was 

also visualized with optical microscopy. The presence of the LA/abm@HNT-PDA 

nanohybrids was easily apparent in regions of the leaves sprayed with the 

nanoformulation as orange-brown spots (Figure 33b). When the leaf samples sprayed 

with the nanohybrid dispersions were subjected to a further 10 mL water spray to mimic 

rainy conditions and examine the effect of washing, optical images again presented 

regions appearing orange-brown (Figure 33c). This finding supports the results of the 

contact angle measurements, proving that the PDA functionalization enables the 

nanohybrids to attach to the leaf surface even after washing.  
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Figure 33. Optical microscopy images of eggplant leaf samples. a) neat leaf, b) leaf 

sprayed with 4 mg/mL aqueous LA/abm@HNT-PDA dispersion, c) leaf sprayed with 4 

mg/mL aqueous LA/abm@HNT-PDA dispersion followed by washing with water. 

 

 

3.4.7 Pesticide activity of LA/abm@HNT-PDA nanoformulations  

 

The pesticide activity of the LA/abm@HNT-PDA nanoformulations was determined on 

Myzus persicae aphids by determining their LC50 values. The lowest dose that results in 

the death of 50 % of a population is referred to as the LC50 value. Using an airbrush, the 

aqueous LA/abm@HNT-PDA nanohybrid dispersions prepared at various concentrations 

were sprayed on eggplant leaf surfaces. Following daily 6h sunlight irradiation of the 

sprayed leaf samples, aphids were placed on the leaves and the mortality of the aphids on 

each sample was determined (Figure 34a). As the control set of samples, leaf samples 

sprayed with nanohybrid dispersions at different concentrations were stored in the dark. 

The dark-stored leaves sprayed with the LA/abm@HNT-PDA dispersion did not 

demonstrate any mortality at any concentration. However, aphids on the leaf samples 

sprayed with LA/abm@HNT-PDA nanohybrid dispersions at 9 and 18 mg/mL 

concentration exhibited a mortality rate of 50 % or greater when the sprayed leaves were 

exposed to sunlight (Figure 34b).  Thus, the LC50 value for the aqueous LA/abm@HNT-

PDA was identified to be 9 mg/mL. These findings revealed the development of a release 

system that is only active in the presence of sunlight  
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Figure 34. a) Myzus persicae placed on eggplant leaf that was sprayed with the 

nanoformulation and irradiated with sunlight for 6h, b) LC50 analysis of the aqueous 

LA/abm@HNT-PDA dispersions in the dark and under sunlight irradiation. 

 

The pesticide activity of the aqueous LA/abm@HNT-PDA dispersions was compared 

with neat abm dissolved in methanol and also to Agrimec, a commercial abm formulation, 

by comparing the LC50 values of each pesticide (Table 1). Whereas leaf samples sprayed 

with abm dissolved in methanol and held in the dark exhibited considerable mortality and 

the LC50 value was determined to be 9 mg/mL, leaves exposed to sunlight displayed no 

mortality. This outcome was attributed to the methanol evaporating as a result of sunlight 

irradiation at 3 sun and the fact that remaining undissolved abm did not present an 

pesticide activity. The results for the Agrimec-sprayed samples revealed that the LC50 

value for Agrimec was 9 mg/mL under sunlight irradiation of the leaves, whereas it was 

determined to be 0.6 mg/mL when the sprayed-leaf samples were not exposed to sunlight. 

The decreased pesticide activity of the Agrimec under sunlight was also related to the 

evaporation of the solvent, the cyclohexanol, which also indicated that the solvent had an 

impact on the killing effect. The fact that the aqueous nanohybrid formulation developed 

in this study presented the same LC50 value as a commercially available cyclohexanol-

based pesticide demonstrates its significant advantages in terms its solventless, 

a) b) 
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environmentally friendly nature with sunlight-triggered, long-term effective pesticide 

activity.  

 

Table 1. LC50 values for aqueous LA/abm@HNT-PDA dispersion, abm dissolved in 

methanol, and Agrimec under sunlight and in the dark, determined against Myzus 

persicae. 
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3.5 Conclusions 

 

 

This study introduced a sunlight-triggered release system for abm, a commonly used 

agrochemical in agriculture, based on its encapsulation in photothermal HNT-PDA 

nanocarriers and functionalization with LA as release facilitator.  The developed release 

system, that is composed of environmentally friendly, non-toxic components allows the 

release of the entrapped abm molecules when exposed to sunlight upon the light-to-heat 

conversion of the HNT-PDA nanocarriers, whereas the release is not triggered in the 

absence of the sunlight. The encapsulated abm within HNT-PDA remained stable despite 

the fact that abm was degraded when exposed to sunlight irradiation, proving that 

nanotubes acted as ideal carriers for the prolonged preservation of abm. With the 

prepared release system, abm was shown to be released in a controlled manner over at 

least 30 days when the samples were irradiated daily with sunlight for 6 h and presented 

long-term killing activity on Myzus persicae.  Aqueous dispersions of   LA/abm@HNT-

PDA nanohybrids were studied as pesticide formulations and studied in terms of their 

suspensibility, foliar retention and rainwater resistance. An LC50 value of 9 mg/mL was 

determined after assessing the efficiency of the aqueous nanoformulations on Myzus 

persicae aphids. Presenting comparable LC50 values to commercial solvent-based abm 

formulations, the developed abm release system provides strong potential as 

environmentally friendly, solventless pesticide formulation with unique sunlight-

triggered release mechanism that prevents abm from degrading in the presence of light 

and allows its time-dependent release.  



76 
 

 

 

 

 

CHAPTER 4. CONCLUSIONS 

 

 

Pesticides can only be used in enormous amounts or in their pure form, without any 

additional components, in traditional agricultural applications. Yet, because of multiple 

mechanisms including leaching, the decomposition into minerals, and conversion by 

organisms, a significant portion of these pesticides stay ineffective. Controlled-release 

pesticide systems have been generated in response to the requirement to extend the 

duration and improve the effectiveness of the application of pesticides. The development 

of a pesticide-controlled-release system that can be initiated by sunlight is the primary 

focus of this thesis. 

In Chapter 2, natural halloysite nanotubes (HNTs) that have been modified with 

polydopamine (PDA) are used for encapsulating essential oils in a controlled-release 

system. This system examines the essential oils' capacity for controlled release in 

response to environmental stimulus. HNT-PDA comprises a combination of peppermint, 

cinnamon, and basil essential oils. The procedure contains lauric acid (LA), a phase 

transition substance, as a stopper for essential oils. While LA successfully keeps the 

active substance in a dark environment, it melts in sunlight and releases the cargo 

molecule. The findings demonstrate that those exposed to 3 sun irradiation of the 

LA/EO@HNT-PDA nanohybrids display the maximum release behavior, whereas those 

exposed to 1 sun and held in the dark showed comparable amounts of an essential oil 

release. The study indicates that the powder form of the LA/EO@HNT-PDA system 

demonstrates higher aphid-killing functions by evaluating the efficiency of the 

controlled-release behavior on the aphid species Myzus persicae. 

In Chapter 3, it is introduced that the encapsulation of Abamectin and its controlled 

release mechanism using HNT-PDA nanocarriers and functionalization with Lauric acid 

as release facilitator.  Thanks to this approach, system can allow releasing the entrapped 
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Abamectin molecule to the desired target when exposed to sunlight by creating a light-

to-heat conversion, whereas release is slightly triggered by external stimuli in the absence 

of the light by offering an environmentally friendly design. Abamectin degrades when 

exposed to sunlight irradiation; nevertheless, the encapsulated Abamectin within HNT-

PDA remained robust, demonstrating that HNTs are suitable carriers for the sustained 

preservation of Abamectin. In order to determine the quantities of abamectin released 

from HNT-PDA, thermogravimetric analysis was used to compare samples with and 

without Lauric acid, exposed to light and stored in the dark. The sample with the highest 

release rate was discovered to be the LA/abm@HNT-PDA sample, which also contained 

the release facilitator and was exposed to light. After preparing dispersions of the nano 

pesticides in various concentrations, the qualities of the nano pesticides' capacity to stick 

on leaves were evaluated by contact angle measurements. The results suggested that 

PDA's hydrophilic properties contribute to the high leaf adhesion levels of the 

prepared pesticides, which were preserved even after washing. After evaluating the 

efficiency of the nanopesticides in aqueous dispersions at different concentration levels 

against Myzus persicae aphids, an LC50 value of 9 mg/mL was found. Additionally, the 

killing power of powdered LA/abm@HNT-PDA was assessed on Myzus persicae aphids, 

demonstrating 70% of the population was still dead after 10 days. This method of 

production has led to a potential development in the market for ecologically friendly 

pesticides. 
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