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ABSTRACT OF THE DISSERTATION 

 

 

Polymer Scaffolds for the Stabilization and  

Controlled Release of Agricultural Actives 

 

by 

 

Priera Hortenzia Panescu 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2020 

Professor Heather D. Maynard, Chair 

 

With a rapidly growing global population, increased urbanization, and the desertification 

of arable land, solutions towards creating more sustainable and productive agricultural practices 

are necessary for food security. Polymers are tunable technologies that can enhance the utilization 

efficiency of biological or chemical active agents used in agriculture. Through encapsulation, 

adsorption, or conjugation, polymer carriers can modify the solubility, stability, and specificity of 

active ingredients. Ultimately, these benefits prevent loss of vulnerable cargo and mitigate 

deleterious effects on the environment and off-target species.  This dissertation reports efforts 

towards creating effective polymer scaffolds for the stabilization of animal feed enzymes, 

controlled delivery of water to crops, and the reduced soil mobility of a small molecule herbicide. 
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The first project focuses on the thermostabilization of animal feed enzymes using a 

trehalose hydrogel (Chapter 2). The hydrogel was prepared through a two-step synthesis where 

trehalose, a natural saccharide, was mono- and di-substituted with styrenyl moieties that could then 

undergo a redox-initiated radical polymerization. After investigating various purification strategies 

and solvents, we were able to produce the gel on a multi-gram scale at high yields and with green 

or amber solvents. The top three animal feed enzymes used in the livestock industry phytase, b-

glucanase, and xylanase, were then encapsulated within the gel and heated to 90 °C to simulate 

industrial processing. Compared to controls, the activity of all three enzymes was vastly improved 

and almost quantitative. Finally, we demonstrated release of phytase within four hours, 

demonstrating the hydrogel’s potential to effectively enhance the use of enzymes in the livestock 

industry. 

 Next, the same trehalose hydrogel was applied for another important sector of agriculture 

by evaluating its soil conditioning ability for tomatoes subjected to drought (Chapter 3).  Tomato 

plants were transplanted into individual pots with soil that contained trehalose hydrogel, a 

polyacrylate-based hydrogel, or no hydrogel and then subjected to various watering schedules, 

with regular watering, droughts or recoveries. The health of tomato plants was monitored using 

Soil Plant Analysis Development (SPAD), leaf water potential (Ψleaf), stomatal conductance (gs), 

and relative growth rate (RGR). While the polyacrylate-based hydrogel did improve tomato plant 

health in drought conditions, as indicated by improved stomatal conductance and relative growth 

rates, the trehalose hydrogel did not affect the plants’ health. 

 In the next section, small molecule conjugation strategies of a selective, but unstable 

herbicide, mesotrione, were explored (Chapter 4). Five different conjugates were created and 

three demonstrated hydrolytic reversibility in environmentally-relevant conditions. These three 
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candidates were linked through a phenyl ester or thioether linkages and proved to be promising 

proherbicide candidates. All three conjugates showed reduced mobility of mesotrione in acidic 

soil. Finally, the phenyl ester conjugate exhibited good herbicidal activity against a common weed, 

Chenopodium album. 

 Lastly, the conjugation strategies developed for mesotrione were applied to create 

polymeric propesticides (Chapter 5). Using enamine, thioether, and ester linkages, a variety of 

polymeric carriers were created. While the enamine linkages were easily formed, only a small 

percentage of mesotrione was released from the conjugates. However, preliminary weed efficacy 

studies demonstrated that the conjugate may still be herbicidally-active. Past efforts to create a 

thioether conjugate polymer were unsuccessful, but a small molecule thioether mesotrione 

derivative with a clickable-functional group was synthesized and could potentially serve as a 

handle to post-modify polymers with alkyne pendants. Finally, a hydrogel was formed through 

ester conjugates and with mesotrione acting as a cross-linker. This hydrogel was degradable and 

sustainably released mesotrione in acidic conditions. Additionally, the gel reduced mesotrione’s 

soil mobility, demonstrating promise as a polymer proherbicide. 
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Chapter 1 

 

General Introduction: 

Polymer Scaffolds for the Stabilization and Delivery 

of Agricultural Actives 
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1.1  Brief Introduction to Food Security and Agricultural Actives 
 
 

The United Nations Food and Agricultural Organization has predicted that the world 

population will grow to an estimated 9.8 billion by 2050. As a result, global food and biofuel 

production must increase at least 50 percent compared to demand in 2012.1 In correlation with 

increased standard of living and urbanization, global dietary preferences are also shifting away 

from cereals and starches and towards more meat, dairy, produce, and processed foods.1–3 

Meanwhile, land and water resources are also becoming less available for agriculture due to 

desertification of arable land4 as well as competition from non-food crops and industrial 

development.5 It follows that more productive and sustainable agricultural practices  are necessary 

to feed our growing population while overcoming resource availability challenges.  

In particular, the delivery of agricultural actives, such as water, pesticides, fertilizers, and 

antibiotics, must be vastly improved. Ninety percent of the growth in crop production is projected 

to come from increased crop yields rather than through land expansion,1 and the use of agricultural 

chemicals and biologicals are crucial to enhancing harvesting outputs.6,7 However, utilization 

efficiency of these resources is low, so they are often applied in excess, which in turn threatens the 

environment and human health. Globally, more than 70 percent of water use is for agriculture, and 

this is expected to increase with rising food demand.4,8 Yet, irrigation efficiency is often lower 

than 50 percent,9 demonstrating considerable room for improvement. Fertilizers are also over-

applied; approximately half of applied nitrogen fertilizer is lost to the environment.10 Likewise, 

nearly four million tons of pesticides are used each year,11 but only an estimated 10-75 percent 

reach their target.12–15 Rather than reach the target plants, insects, soil, etc., agricultural compounds 

instead volatilize, degrade, rapidly leach, or persist in the environment, causing undesirable and 

unpredicted non-target effects.16,17 Hydrophilic parent compounds or degradation products are 
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likely to leach into deeper layers of soil and groundwater while hydrophobic ingredients have high 

affinity to soil particles and are therefore likely to persist in the environment.18–20 Consequently, 

technologies that offer the protection and controlled delivery of agricultural actives and water have 

the potential to significantly reduce the amount of necessary ingredients for efficacious application 

and, therefore, decrease their superfluous use and non-target effects.  

 

1.2 Overview of Polymers as Carriers for the Stabilization and Delivery of Agricultural 
Actives  

 
 

Polymers offer attractive properties for the stabilization and delivery of active compounds 

across many applications, including medicine,21,22 personal care,23 and, more recently, agricultural 

applications.24 Polymeric formulations, added as excipients or conjugates, improve the efficacy of 

active compounds by improving their solubility, permeability, and stability to processing, storage, 

and delivery. This ultimately mitigates off-target effects and degradation while enhancing 

bioavailability for longer periods of time. While other carriers, such as SiO2,25 clay nanosheets,26 

and carbon nanotubes27 have been similarly implemented, special attention has been given to 

polymers due to their tunable chemical and mechanical properties. 

In agriculture, polymers have been implemented for the immobilization and controlled release 

of a variety of vulnerable agricultural chemicals and biologics. The active chemicals and biologics 

are incorporated into polymeric carriers through adsorption, attachment, encapsulation, or 

entrapment, using either non-covalent or covalent interactions.28 Polymeric carriers have improved 

the use efficiency of actives by increasing water solubility, extending residual biological activity, 

and reducing off-target movement and toxicity.12 
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The modular properties of polymers generate a wide range of carrier types with tunable 

physiochemical properties. For example, biodegradable polymers can be incorporated into carriers 

so they can minimize environmental impact.29,30 Co-polymerization or the use of multiple 

homogenous polymers in one carrier can change the water retention capability,31 tune the 

hydrophilicity,32 or add stimuli-responsiveness to a system. Polymeric carriers with stimuli-

responsive features change with shifts in environmental conditions such as pH,33 temperature,34 

and light.35,36 These characteristics allow materials to be further tuned for precise, targeted release 

of actives.37 Polymers that are often used in agriculture are mostly water soluble and include non-

degradable polymers like polyacrylamide, polyacrylic acid, poly(ethylene glycol) (PEG), and 

stimuli-responsive poly(N-isopropylacrylamide) (PNIPAAm) as well as biodegradable and natural 

polymers such as polylactic-co-glycolic acid (PLGA), polylactic acid (PLA), 

polyhydroxyalkanoates (PHA), polycaprolactone (PCL), alginate, cellulose, chitosan, starch, and 

lignin.  

Actives range from chemical compounds, e.g. fertilizers, pesticides, antibiotics, and plant 

growth hormones, to biological entities, e.g. agriculturally relevant proteins and genes. These 

ingredients exhibit wide ranges of water solubility and require different strategies for effective 

controlled release systems.12,20  Hydrophilic compounds are typically easier to apply and more 

efficacious than hydrophobic ingredients. However, hydrophilic compounds are also likely to 

leach more easily into deep soil layers and groundwater, leading to pollution and possibly negative 

unintended effects. On the other hand, safe formulations of hydrophobic ingredients are 

challenging to create as they may require the use of toxic organic solvents.38 Hydrophobic actives 

are also easily adsorbed to soil particles and therefore likely to persist in the environment. To avoid 
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these negative effects, carriers which depend on hydrophobic/hydrophilic interactions are often 

employed to stabilize and slowly release actives. 

The release of active ingredients from polymeric carriers is highly dependent on the carrier 

composition, surface area, and pore size as well as the water solubility of the active and the 

surrounding environment.39,40 The most common release mechanisms are passive diffusion 

through the carrier due to the active concentration gradient, described through models based on 

Fick’s law. Other factors such as osmotic pumping, the biodegradability and erosion of the carrier, 

the addition of stimuli-responsive active release, or combinations of any of these mechanisms, can 

expedite active release. 

The goal of this introduction is to focus on recent advances in polymeric materials for the 

stabilization and delivery agricultural actives; specifically, polymeric carriers for agricultural 

chemicals and biologicals will be reviewed with a focused distinction between non-covalent and 

covalent interactions between the carriers and actives. The following recent reviews and 

perspectives are recommended for more information on related topics: slow release fertilizer 

hydrogels,41 polymeric carriers in agriculture,40,42 and general use of nanotechnology in 

agriculture.6,12,13,24,28 It should also be noted that innovative sustainable technologies are only one 

aspect of the improvements necessary to reduce agricultural losses; shifts towards improving 

management practices, reducing food waste, and implementing effective government policies are 

also necessary to create a more sustainable future.43,44  

 

1.3 Polymeric Carriers for Agricultural Actives Based on Non-Covalent Interactions  
 
 

Polymeric formulations for controlled release of agricultural actives usually rely on physical 

interactions between carriers and active ingredients. To create polymeric formulations through 
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non-covalent interactions, actives are adsorbed onto or encapsulated into a carrier either post-

synthesis45 or while the material is being created,46 i.e. in-situ.47 Loading actives post-synthesis 

requires passive diffusion of the active into or onto the carrier which demands less solvent and 

chemicals, but takes more steps than in-situ loading. While in-situ loading can be more efficient, 

special care must be taken to avoid unreacted materials and impurities that are difficult to remove.  

Additionally, formulations are preferably water soluble for ease of application and sustainability 

practices.48 Based on these principles, a wide variety of formulations have been created using 

polymers (Table 1.1). 

 
Table 1.1. Examples of polymeric carriers and their physical interactions with actives. 

Active (Function) Carrier Polymer Composition Features 
Bulk Hydrogels 

Water Starch co-polymer,49 poly(acrylic 
acid-co-acrylamide),49–51 
cellulose52 

Superabsorbent polymers can 
retain large amounts of water 

Potassium 
(macronutrient) 

Polyacrylic acid,53 chitosan 
and/or polyvinylalchol54 

Phytase  
(animal feed enzyme) 

Styrenyl-trehalose polymer45 Trehalose-functionalization 
thermostabilizes enzyme 

Gentian violet  
(pesticide) 

Calcium-crosslinked alginate55 pH- and ion-responsive 
composite with biochar 

Napthylacetic acid and 
6-benzyladenine  
(auxins) 

Disulfide-crosslinked 
carboxymethyl cellulose47 

Dual functional: auxin delivery 
and capture of polluted heavy 
metal ions 

Films/Coatings 
Metazachlor and 
pendimethalin  
(herbicides) 

PLGA-PEG-PLGA block co-
polymer32 

PEG is added to increase the 
hydrophilicity of the carrier 

Copper (Cu) 
(micronutrient) 

Gelatin and cellulose-acetate56 Nanofibers were embedded 
within the coating matrix 

Pellets 
Metribuzin  
(herbicide) 

P3HB composites with PEG, 
PCL, and wood powder57 

Hydrolytically and 
enzymatically degradable 

Microgels/Nanogels and Microspheres 
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Iron (Fe) 
(micronutrient) 

Poly(allylamine) hydrochloride 
crosslinked with N,N’-methylene-
bis(acrylamide)58 

Modified with iron-binding 
catechol; surface functionalized 
with foliar anchoring peptides; 
pH-responsive 

Micelles 
Plasmid DNA  
(exogenous gene) 

Tetra(ethylene glycol) and 
poly(L-lysine)59 

Surface was modified with cell-
penetrating peptides to facilitate 
cell delivery 

Diuron 
(herbicide) 

Carboxymethyl chitosan-
nitrobenzyl conjugate35 

Photo-triggered transformation 
into a nanocapsule carrier 

Crystal violet 
(antimicrobial) 

Poly(acrylic acid)-block-
PNIPAAm with b-cyclodextrin 
core60 

Thermo-responsive; cuticular 
penetration with a non-ionic 
surfactant 

Random Co-Polymer Nanoparticles 
Nile red, coumarin 6, 
and napthaleneacetic 
acid 
(model compounds) 

PSI-based61–63 Alkaline-responsive for phloem 
delivery applications 

Novaluron 
(pesticide) 

PEG-fluorinated trehalose 
polymer64 

Strong fluorous interactions 

Polymeric Liposomes 
Magnesium (Mg) and 
Iron (Fe) 
(micronutrients) 

Lipid-conjugated PEG65 Applied as a foliar spray and 
demonstrated translocation to 
other parts of plant 

Other Amphiphilic Systems 
Avermectin 
(insecticide) 

Feather keratin and 
carboxylmethyl cellulose66 

pH-dependent release kinetics 
due to electrostatic interactions 

Carvacrol and linalool 
(insecticides) 

b-Cyclodextrin-functionalized 
chitosan67 or alginate68 

Host molecule incorporation 
into hydrophilic matrix allows 
for hydrophobic interactions 

Microcapsules/Nanocapsules 
Turpentine and 2,4-
dichlorophenoxyacetic 
acid 

Polydopamine69 Turpentine also functions as an 
oil to form green emulsions 

Auxin 
(plant horomones) 

Proteinoid polymers70 Surface modification with 
hydrophobic moiety or dye for 
better foliar application or 
tracking, resp. 
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1.3.1 Bulk Materials: Hydrogels, Films, Coatings, and Pellets 
 
 

Macroscale, “bulk,” matrix-type materials where actives can be distributed throughout a dense 

polymeric scaffold. Compared to the micro- and nano- systems which will be discussed later, these 

types of materials generally demonstrate more prolonged, continuous release rates and allow for 

more comprehensive modelling of active release.39 As discussed below, they can also easily 

incorporate other materials to create composites, and can perform multiple functions, e.g. act as 

both a soil conditioner and controlled release system. 

 
1.3.1.1 Bulk Hydrogels 
 
 

Hydrogels are three-dimensional, hydrophilic polymeric matrices and can retain large 

quantities of water. They have excellent, tunable mechanical properties and are biocompatible, 

making them attractive materials for applications like tissue engineering and therapeutic 

delivery.71,72 Hydrogels have also been extensively applied in agricultural settings to reduce water 

use, improve soil quality, and enhance crop productivity.49 Hydrogels made with polymers such 

as cellulose,52 polyvinyl alcohols,54 and acrylamide-acrylate copolymers51 can hold large amounts 

of water and have demonstrated their effectiveness as soil conditioners, preventing drought for 

some crops. When soil with hydrogel is hydrated, the swollen gels increase soil porosity and 

provide better oxygenation to plant roots.73 Moreover, when the soil with hydrogel dries, water 

and other entrapped cargo slowly release from the gel and into the soil under osmotic pressure 

difference.74,75 This controlled hydration can help reduce water irrigation loss caused by drainage 

and evaporation.50 

In addition to their use as soil conditioners, hydrogels have also been employed for controlled 

release of agricultural actives. As water is slowly released from a hydrogel, other cargo entrapped 
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within the gel is liberated as well. Some systems have combined soil conditioning properties of 

superabsorbent hydrogels with delivery of agricultural actives, like fertilizer.41,53,54 Generally, 

water soluble ingredients are captured and released more readily while lipophilic compounds do 

not migrate as easily in and out of hydrophilic scaffolds.32 A few key examples that highlight 

advantages of controlled release hydrogels for agriculture are described below. 

The Maynard lab synthesized a trehalose hydrogel for the encapsulation and 

thermostabilization of the animal feed enzyme, phytase.45 Phytase is added to pig and poultry feed 

to increase digestion efficiency, improve feed economical and nutritional value, and prevent 

pollution by lowering phosphorous excretion into the environment.76 However, these enzymes are 

vulnerable to the high temperatures and moisture applied during feed pelleting processes, thus 

lowering their activity.77 The study demonstrated the post-synthesis, passive diffusion of phytase 

within the trehalose hydrogel matrix and subsequent improvement in enzyme activity retention 

when subjected to a high temperature of 90 °C. Moreover, when the gel was rehydrated, phytase 

quantitatively released from the gel through passive diffusion within 25 hours, a relevant time 

frame for the application. By incorporating a known protein stabilizer such as trehalose into the 

hydrogel scaffold, this study highlights the advantages of polymer tunability. 

When passive diffusion is the only release mechanism in an environment with unpredictable 

rainfall, like an agricultural field, the accuracy and efficiency of controlled release systems might 

be diminished. Stimuli-responsive systems can further enhance the control of the physiochemical 

properties of the carrier and of the delivery of the active. For example, the Wu lab has made a 

variety of stimuli-responsive carriers for pesticides78–81 including a composite material based on 

biochar embedded in calcium-alginate hydrogels.55 The carbon-rich biochar increased the surface 

area and porosity of the material while the calcium-crosslinked alginate polymers invoked stimuli-
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responsive sensitivity. Gentian violet, a model hydrophilic pesticide, was incorporated into the 

scaffold in-situ, i.e. during cross-linking with divalent calcium ions. Due to the ionic nature of the 

system, the hydrogel scaffold demonstrated pH- and ion- sensitivity, causing the active’s release 

kinetics from the material to differ in aqueous solutions with varying acidity and ionic strength. 

The study also demonstrated that the hydrophilic hydrogel matrix prevented rapid soil leaching of 

the water soluble active in acidic, neutral, and alkaline soils. As the pH and ionic concentrations 

of soil and groundwater can vary significantly, this system is valuable in that it can be tuned for 

optimal controlled release performance.  

Due to the complexity of agricultural environments, there are many relevant stimuli for the 

triggered release of actives including shifts in pH and ionic strength (as mentioned previously), 

temperature, enzyme presence, and redox potential. One study of a dual-functional hydrogel 

demonstrated redox-responsive delivery of agrochemicals followed by soil remediation through 

heavy metal ion capture in soil.82 Specifically, they focused on creating a carrier that can release 

agrochemicals in the low redox potential environment of rice paddy fields. A disulfide-crosslinked 

carboxymethyl cellulose hydrogel was synthesized via 1-ethyl-3-(3-

dimethylaminopropyl)carboiimide (EDC) coupling. Model auxin, napthylacetic acid, was loaded 

post-synthesis because it bears a carboxylic acid and would interfere with the EDC coupling 

required to cross-link the hydrogel. Another model auxin, 6-benzyladenine, which did not have an 

amino or carboxyl group was loaded in-situ. The gel reversibly formed a solution in reductive 

environment due to the cleavage of the disulfide into disconnected thiol moieties. Therefore, with 

increased strength of the reducing conditions, the release rate of the model auxins also increased. 

Free thiol groups of the reduced polymer could complex to metal ions Cu2+ and Hg2+ in 

contaminated soil or the gel could be regenerated upon oxidation of the thiols into disulfides.  
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1.3.1.2 Films/Coatings 
 
 

Due to their topology, films and coatings can be used for a number of specialty agricultural 

applications such as for fertilizer coatings34,83 or mulch.84 Rychter et al. created a degradable 

hydrophilic film made of PLGA-PEG-PLGA for the delivery of herbicides with varying water 

solubility, metazachlor and pendimethalin.32 The herbicides were cast with the polymeric film, and 

the hydrophilicity of the carrier matrix as well as the water solubility of the herbicides determined 

the release rate of the herbicides. The researchers enhanced the hydrophilicity of the film by 

increasing the percent of PEG, boosting the hydrolytic and enzymatic degradation rate of the 

polymer matrix, thus releasing the active ingredients at a faster rate. Moreover, metazachlor, which 

is relatively water soluble, released at a higher rate than pendimethalin, which is more lipophilic.  

Polymeric films have also been applied as seed coatings to help fortify seeds with microbes, 

enhance germination and development, and prevent seed infection.85–88 Coatings have been applied 

as multi-functional matrices, providing benefits beyond seed and crop productivity. In particular, 

Xu et al. demonstrated the use of a biopolymer-based seed coating for improved agrochemical 

delivery, seedling germination, and following growth.56 The matrix comprised of nanofibers 

embedded within a hydrophilic, biodegradable gelatin- and cellulose acetate-based coating and 

was used to carry and release copper, an important micronutrient and antimicrobial. By coating 

the seed, copper delivery was concentrated around the vicinity of the seed, allowing for more 

effective protection from a fungal pathogen. Furthermore, the authors demonstrated that the copper 

release kinetics were modulated based on the film composition and wettability, demonstrating the 

importance of physiochemical properties and interactions in agricultural systems. 
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1.3.1.3 Pellets 
 
 

Alternatively, bulk polymeric materials can be pressed into pellets and utilized as carriers in 

this form. Boyandin et al. created pellets made of poly(3-hydroxybutyrate) (P3HB) composites 

with PEG, PCL, and wood powder for the immobilization of hydrophobic herbicide, metribuzin.57 

P3HB and PCL are hydrolytically and enzymatically degradable polymers while PEG is 

hydrophilic, so including the different polymers varies the physiochemical properties of the pellets. 

As a result, the release of metribuzin was controlled by varying the composition of the pellets with 

faster release rates in the PEG composites over PCL and wood formulations.  

 
1.3.2 Micro- and Nano- Carriers: Dense Polymeric Matrices and Amphiphile-Based Scaffolds 
 
 

The smaller dimensions of micro- or nano- materials have unique features that bolster the 

targeting and overall efficacy of controlled release formulations.24,89 Particles with very small 

sizes, less than 100 nm, have potential to be taken up through plant roots or leaves and then diffused 

into plant vasculature.6 One study noted that plant cell walls have specific pore diameters of 

approximately 30 nm, and, as a result, aimed to create nanoparticles which were £ 30 nm.61 Also 

owing to their small size, and therefore higher radius of curvature, micro- and nano- carriers also 

have higher surface areas which enhances their interactions with surrounding environments, 

improving their molecular adsorption and surface reactions. For instance, targeting ligands and 

coatings that adhere to leaves can be included on the periphery of carriers, ultimately preventing 

active cargo from being washed away from hydrophobic plant surfaces.90–93 Additional benefits of 

the small size and high surface area of micro- and nano- materials include increased porosity, better 

diffusion of actives through the carrier, higher loading capacity of actives, and better 

responsiveness to external stimuli.15,39,94 Here, “micro-” or “nano-” are referred to as they were 
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identified in their manuscript. Typically, this means diameters of 100 nm to 1000 nm for 

nanocarriers and several micrometers for microcarriers. 

 
1.3.2.1 Dense Polymeric Matrices: Microgels/Nanogels and Microspheres 
 
 

Microgels/nanogels and microspheres are dense polymeric matrices just like bulk hydrogels, 

but are distinguished as they are colloidal networks. Generally, they allow for higher chemical 

functionality, are more porous, and have better responsiveness than their macroscale 

counterparts.95  

Meurer et al. demonstrated many advantages of microgels through the application of a 

bis(acrylamide)-crosslinked poly(allylamine) microgel for the foliar delivery of a micronutrient, 

Fe3+.58 Ionic micronutrients are generally water soluble and therefore experience insufficient 

effectiveness after rainfall or irrigation as they are prone to leaching with water. The microgels 

provided a scaffold which selectively swelled in acidic media; the poly(allylamine) hydrochloride 

component of the microgel is a polyelectrolyte, causing the matrix to swell in low pHs as electronic 

repulsions between the cationic polymer and protons in the acidic media occur. The gels were 

further modified with a ligand that strongly chelates Fe3+ ions, 2, 3-dihydroxybenzoic acid, to 

improve the uptake and release kinetics of the micronutrient. Additionally, the microgels were 

externally modified with anchor peptides post-synthesis where the peptides promoted adhesion to 

the waxy surfaces of plant leaves. When tested on iron-deficient cucumber leaves, the microgels 

demonstrated excellent delivery capabilities. Overall, the system highlights microgel tunability 

and modularity with multiple chemistry components collectively aiding in the delivery of a 

hydrophilic fertilizer.  
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Microgels/nanogels and microspheres have been further tuned by using other degradable 

matrices to accelerate active release rate,96 coating their surfaces with polymeric shells to further 

slow agrochemical release,97 incorporating polymers with high ultraviolet (UV) absorptivity to 

protect a photosensitive herbicide,98 using stimuli-responsive PNIPAAm to create near-infrared- 

and temperature-controlled release of an insecticide,99 and including moieties for the specific 

capture and sustained release of a signaling molecule.100 Like the bulk materials described 

previously, these materials are made of dense polymeric matrices and have demonstrated 

efficacious interactions with both hydrophilic and hydrophobic actives. Amphiphilic systems have 

also been developed in agriculture and offer more specificity towards active ingredients due to 

their ability to self-assemble in aqueous solutions.  

 

1.3.2.2 Amphiphilic Carriers 
 

 
Amphiphilic carriers can be made from various systems, including block copolymers, random 

copolymers, combinations of homo-polymers, or inclusion complexes added to polymers. 

Generally, these materials rely on self-assembly; hydrophobic cores are able to sequester water 

insoluble bioactive agents while a hydrophilic outer shell aids in steric stability, solubility, and 

controlled release.101  

 
1.3.2.2.1 Micelles 
 
 

Micelles have been extensively applied for the protection of agricultural chemicals and 

biological actives.48,102,103 Through the self-assembly of amphiphilic block copolymers in aqueous 

solutions, micelles sequester hydrophobic cargo within their lipophilic core, while enhancing cargo 

solubility with a hydrophilic outer shell. Moreover, like microgels and microspheres, micelles can 
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be externally modified for specific targeting capabilities. For example, a block copolymer of 

hydrophilic and hydrophobic blocks, maleimide-conjugated tetra(ethylene glycol) and poly(L-

lysine), respectively, formed micelles through core electrostatic interactions with plasmid DNA 

for exogenous gene delivery to plant cells.59 The maleimide end group was present on the 

hydrophilic outer shell of the micelle, facilitating post-modification of the micelle with cysteine-

containing, cationic peptides. These cell penetrating peptides facilitated transfer of plasmid DNA 

within plant cells. By using a micelle carrier for the DNA, instead of binding the peptide directly 

or pre-modification, destructive electrostatic interactions between anionic DNA and cationic 

peptides were alleviated, thus increasing gene delivery efficiency.  

Stimuli-responsive micelles have also been created for the release of internalized hydrophobic 

cargo. For example, Ye et al. created an amphiphilic chitosan-nitrobenzyl conjugate which 

assembled into a micelle in aqueous conditions and sequestered hydrophobic herbicide, Diuron. 35 

The micelle was further modified by crosslinking its hydrophilic shell with glutaraldehyde. Upon 

exposure to light irradiation, the micelle transformed into a nanocapsule as the hydrophobic, photo-

responsive nitrobenzyl moiety was released when exposed to sunlight. The herbicide could then 

passively diffuse through the shell carrier for controlled delivery. The authors observed high 

encapsulation efficiency through the micelle formation and delivery specificity in that Diuron did 

not release without a photo-trigger. 

b-Cyclodextrin was utilized as a core to create micelle-like, thermo- and pH- responsive star 

polymers with poly(acrylic acid)-block-PNIPAAm.60 These polymers were applied for the capture 

and delivery of a antimicrobial agent, crystal violet. The anionic poly(acrylic acid) block was 

functionalized closest to the host molecule core, allowing for core-sequestration of the cationic 

antimicrobial active. The PNIPAAm shell collapses into a globular state above its lower critical 
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solution temperature (LCST) of approximately 32 °C, blocking the release of actives within the 

star polymer core. On the other hand, the shell hydrates when below its LCST, allowing for release 

of crystal violet. This temperature-responsive release could prevent adverse effects from heat, 

including heat-induced plant diseases. Finally, the amphiphilic nature of the system allowed for its 

cuticular penetration and, with the aid of a non-ionic surfactant, translocation to plant 

compartments such as leaves, roots, and stems. The nanoparticles resemble micelles in that they 

are created with amphiphilic block copolymers, however they are also are not prone to dissociation 

in dilute solutions above the critical micelle concentration and are less polydisperse due to precise 

conjugation of the polymers to the cyclodextrin core. 

 

1.3.2.2.2 Random Co-Polymer Nanoparticles 
 

Some systems utilize amphiphilic random co-polymers rather than micelles to sequester water 

insoluble cargo. Random copolymers with hydrophilic and hydrophobic segments will self-fold 

and aggregate in water due to discrepancies in polarity along the polymer chain. These simplified 

systems can be preferred for agricultural applications over other nanodelivery systems due to their 

low cost and facile preparation.13 The Sumerlin group reported the synthesis of an amphiphilic, 

pH-responsive polysuccinimide (PSI)-based nanoparticles for the targeted delivery of non-polar 

agrochemicals into plants.61–63 Particularly, they envisioned nanoparticle delivery into the plant 

phloem, which aids in transport of nutrients and photosynthates and is susceptible to phloem-

limited pathogens. The phloem environment is slightly alkaline, compared to the slight acidic 

surrounding plant tissue. Thus, a biodegradable, alkaline-responsive system was created with PSI 

which hydrolyzes into poly(aspartic acid) in basic conditions. Amphiphilicity was invoked by 

partially functionalizing hydrophobic PSI to form hydrophilic units, allowing for the polymer to 
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self-assemble with a core that sequestered the model water insoluble agricultural compounds: Nile 

Red, Coumarin 6, or naphthaleneacetic acid. Upon exposure to alkaline pH, the hydrophobic 

succinimide portion of the polymer hydrolyzed to water-soluble aspartic acids, and the 

hydrophobic cargo was released from the now fully hydrophilic polymers. Furthermore, the small 

size of the nanoparticles and negative surface charge enhanced their internalization into plant cells, 

demonstrating promise as a smart nanodelivery system for delivery of agrochemicals in plant 

phloem. 

 Similarly, the Sawamoto and Maynard lab collaborated to create a self-folding, amphiphilic 

copolymer of trehalose monomer, fluorinated monomer, and PEG monomer.64 Here, the 

fluorinated hydrophobic segment enabled the capture of a fluorinated pesticide in water. However, 

efficient release of the pesticide from the nanoparticles was not demonstrated, so the use of these 

fluorous interactions for the delivery of agrochemicals needs to be explored further.  

 

1.3.2.2.3 Polymeric Liposomes  
 
 

Liposomes are vesicles with inner aqueous cores surrounded by a lipid bilayer that are stable 

in aqueous environments, making them effective carriers of hydrophilic cargo.104 While liposomes 

have been used for agricultural application, their combination with polymers has been minimally 

explored, despite promising results. Karny et al. created a 100 nm polymeric liposome and tested 

for its ability to penetrate and distribute throughout tomato plants.65  They loaded the system with 

europium or fluorescein so the biodistribution of liposomes could be monitored and saw 

translocation from the plant leaves to the roots and adjacent leaves.  In cells, the liposomes were 

closely associated with the nuclei, and the internalized dye released, staining the entire cell body. 

Finally, the liposomes were loaded with Mg or Fe and sprayed onto Mg- and Fe-deficient tomato 
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plants. After two weeks, the tomato plants with these treatments demonstrated significantly 

improved recovery compared to the commercial control formulations, demonstrating that 

liposomes could be promising materials for intracellular delivery of plant nutrients. 

 

1.3.2.2.4 Other Amphiphilic Systems 
 
 

Lin et al. developed a polyelectrolyte complex through electrostatic interactions between a 

cationic feather keratin and anionic carboxymethyl cellulose to encapsulate hydrophobic 

insecticide, avermectin.66 The hydrophobic feather keratin and avermectin assembled in the core 

of the complexes while the carboxymethyl cellulose polymers assembled on the exterior. Notably, 

the study demonstrated that as the pH of the release buffer increased, the mechanism of release 

transitioned from Fick diffusion to non-Fick diffusion. The authors hypothesized that this was due 

to the negative charge on keratin at higher pHs, resulting in repulsion from chitosan and 

disassembly of the complex. 

Polymeric materials have also exploited host-guest chemistry where hydrophobic guest 

molecules are sequestered in the core of a host molecule with a hydrophobic core and hydrophilic 

exterior. Chitosan or alginate polymeric nanoparticles functionalized with b-cyclodextrin, a host 

molecule, have been utilized to form inclusion complexes with hydrophobic and volatile 

insecticides, carvacrol and/or linalool.67,68 While these systems do not rely on self-assembly of the 

nanoparticles, the addition of b-cyclodextrin to the hydrophilic polymers created an amphiphilic 

system that captured  hydrophobic actives, and the system enhanced the water solubility while 

decreasing the volatility of these compounds. The system demonstrated high encapsulation 

efficiencies while being more active against mites (Tetranychus urticae) than the free insecticides.  
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1.3.2.3 Microcapsules/Nanocapsules 
 
 

Micro- and nano- capsules are carriers that are typically made with a hydrophilic, water 

permeating polymeric shell and lipophilic core which carries hydrophobic cargo. Capsules have 

been used to encapsulate a variety of hydrophobic agrochemicals.105–108 Capsules with liquid cores 

are typically created by templating emulsions and traditionally have used toxic emulsifiers and 

organic solvents.12 For a more sustainable and green approach, Tang et al. used Pickering 

emulsions to create polydopamine (PDA) microcapsules for the encapsulation of an essential oil, 

turpentine, and pesticide, 4-chloro-2-methylphenoxyacetic acid (2,4-D).69 Emulsions of turpentine 

and 2,4-D were stabilized by solid cinnamoyl chloride-modified cellulose nanocrystals and acted 

as a template to produce the PDA capsules. Both turpentine and 2,4-D were slowly released from 

the capsule as compared to the free pesticide controls. 

Another intriguing example of a capsule system utilized proteinoid polymers, produced by the 

step-growth polymerization of natural and unnatural amino acids, that self-assembled into a nano-

sized hollow nanoparticle to balance the hydrophobic and hydrophilic components within the 

proteinoid backbone.70 This system was implemented for the encapsulation of auxin plant 

hormones and was externally modified with dodecyl aldehyde or Cyanine3 dye to increase the 

particle hydrophobicity for better foliar application or allow tracking of the nanoparticles within a 

plant’s vascular system, respectively. Interestingly, a proteinoid backbone contained a conjugated 

amino acid herbicide was also tested and found to be toxic to plants without any internalized 

actives. Previous studies demonstrated that the amino acid is only active in its monomeric form, 

so the authors hypothesized that the free amino acid herbicide was releasing from the peptide chain 

via biodegradation. Although this idea was not further explored in this study, other conjugated 

actives have been explored in agricultural settings.  
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1.4 Covalent Conjugates of Agrochemicals and Polymers 
 
 

In addition to formulations based on non-covalent interactions, agrochemicals have also 

benefited from chemically binding to small molecules or polymers which further optimize 

formulation physicochemical properties, selectivity, and biological activity (Table 1.2). Amino 

acid109 or glucose110 conjugation of fungicides and insecticides have improved their plant phloem 

mobility,111 lipid-like amphiphilic-conjugates of agrochemicals have induced self-assembling 

behavior,112 and hydrophobic moiety conjugates of herbicides have enhanced their water and soil 

stability.113 While some of these conjugation strategies are irreversible, others form reversible 

linkages which eventually convert to an active parent ingredient (e.g. propesticides), thus 

improving their selectivity.114 Traditionally, propesticides are inactive and require a transformation 

event within the target organism or surrounding environment to release an active chemical.  

Studies have focused on the chemical linkage of a limited set of agrochemicals containing 

carboxylic acid, amine, or alcohol functional groups. These groups provide scaffolds to form 

hydrolytically- or enzymatically-reversible ester or amide linkages. While some of the systems 

discussed in this section exist in forms discussed in the previous section (1.3 Polymeric Carriers 

for Agricultural Actives Based on Non-Covalent Interactions), these examples are specifically 

highlighted here for their chemical linkage and cleavage strategies.  
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Table 1.2. Examples of agrochemical-polymer conjugates: Active reactivity and triggers for active 

release. 

Active (Function) Reactive 
Moiety Linkage Conjugate Structure Release 

Mechanism 
4-chloro-2-
methylphenoxyacetic 
acid  
(herbicide) 

Carboxylic 
Acid 

Ester 

 

pH-dependent 
hydrolysis or 
enzyme-
responsive,20,115  

photo-initated36 
Amide 

 

pH-dependent 
hydrolysis90 

2-Methyl-4-
chlorophenoxyacetic 
acid 
(herbicide) 

Ester 

 

Hydrolysis116,117 

Gibberellin  
(plant growth 
hormone) 

Amide 

 

pH-responsive 
hydrolysis118 

Brassinosteroids & 
analogues  
(plant growth 
hormone) 

Alcohol Ester  pH-responsive 
hydrolysis101,119–

121 

Emamectin benzoate 
(insecticide) 

Amine Amide 

 

N/A122 

Kasugamycin 
(antibiotic) 

Amide 

 

pH-dependent 
hydrolysis and 
enzyme-
responsive123 
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1.4.1 Polymeric Conjugates of Carboxylic Acid-Functionalized Agrochemicals 
 

 
Agrochemicals with carboxylic acid moieties are hydrophilic in nature and are therefore 

susceptible to leaching and contaminating groundwater. To prevent these adverse effects, 

herbicides and plant growth hormones with carboxyl functional groups have been modified with 

polymers through ester or amide linkages. The herbicides 2-methyl-4-chlorophenoxyacetic acid 

(MCPA) or 2,4-D have been applied as an anionic initiator for ring opening polymerizations to 

form ester-linked, end-functionalized degradable polymers.20,117 Compared to the free herbicide, 

these polymers released lower concentrations of the herbicide over time while still effectively 

preventing weed growth. Additionally, the herbicide-polymer conjugate was incorporated into a 

biodegradable mulch film, demonstrating the potential functional versatility of polymeric 

formulations. 

Through amide90,115 or ester116 linkages, 2,4-D has also been incorporated as a pendant group 

of a degradable polymeric backbone.  One study demonstrated pH-dependent hydrolysis of a 

combined ester-amide linkage with the herbicide releasing faster in alkaline versus acidic 

conditions.115 Another study used a cysteamine- modified 2,4-D, creating an amide linkage and 

free thiol that could react with PDA nanoparticles via Michael addition.90 This study compared the 

release of conjugated 2,4-D and the release of non-conjugated (e.g. physically encapsulated) 2,4-

D from PDA nanoparticles. They observed a significant difference in the release kinetics, where, 

over 190 hours, only 10 % of the amide conjugated herbicide released in various pH solutions as 

opposed to 30-60 % release of 2,4-D when only physically encapsulated. This direct comparison 

shows release kinetics can be tuned by conjugated agrochemicals. However, the conjugated 

nanoparticles did adhere less to leaves than their physical encapsulation counterparts, indicating 

that when some of the PDA catechols are substituted, their adhesive properties diminish. While 
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these examples focus on the hydrolytic response of the herbicide release and polymer degradation, 

other reports have demonstrated that herbicide conjugates with amide and ester linkages can also 

be cleaved when exposed to photochemical or biochemical stimuli.  

Yin and Yi reported the grafting of 2,4-D to PEG through an ester-linkage to a photo-labile o-

nitrobenzyl group.36 Due to the amphiphilic nature of the hydrophilic PEG polymer with 

hydrophobic 2,4-D-modified end group, micelle formation in aqueous conditions was reported. 

The micelles were photo-responsive, demonstrating no herbicidal release without light irradiation 

and quantitative release over nine days with solar simulated irradiation. These types of systems 

also have the potential to increase the water solubility of the hydrophobic active ingredients they 

carry. 

Enzymatically-responsive amide-linked systems have also been prepared with gibberellin, 

plant growth regulator, conjugated to amino groups on the biopolymer.118 While the conjugate 

slowly released gibberellin when subjected to hydrolysis, the response was much faster when 

subjected to amidase or amidohydrolases, enzymes abundant in plants. Moreover, the conjugate 

improved the solubility of gibberellin and protected it against thermal- and photo-degradation.  

 

1.4.2 Polymeric Conjugates of Alcohol-Functionalized Agrochemicals 
 
 

Similarly, agrochemicals with hydroxyl groups have been conjugated to polymers through 

ester linkages. In particular, plant growth enhancing brassinosteroid synthetic analogues have been 

modified with carboxylic acid-containing PEG micelles,101 chitosan,119 hyaluronic acid,120 and silk 

fibroin.121 Due to the hydrophobicity and quick metabolism in plants of brassinosteroids, their 

application in agriculture has been limited. However, when modified with PEG, the amphiphilic 

conjugate forms a micelle in aqueous solutions and establishes controlled release and extended 
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stabilization of the steroids. Moreover, bioassays of radish seeds with the conjugate demonstrated 

increased biomass compared to the unconjugated control. The other polymeric conjugates with 

biopolymers, silk fibroin, chitosan, and hyaluronic acid, exhibited pH and/or temperature-

controlled release of the steroids in aqueous solutions. These systems show the modularity 

available in conjugate systems; various polymers can be utilized with the same agrochemicals as 

long as they contain a compatible functional group. 

 
1.4.3 Polymeric Conjugates of Amine-Functionalized Agrochemicals 
 
 

Agrochemicals with amino groups have also been chemically grafted to carboxyl groups on 

polymers, forming amide linkages. Emamectin benzoate, a photochemically-labile insecticide with 

a free amine, was transformed into an acrylamide monomer and co-polymerized with butyl 

acrylate and methyl methacrylate monomers to form nanoparticles.122 The nanoparticles 

dramatically improved the stability of emamectin benzoate with approximately 30 % decomposed 

after three days under simulated sunlight, compared to 90 % decomposition of the control 

pesticide. Additionally, the particles demonstrated enhanced toxicity against Helicorvapa 

armigera pests compared to free emamectin benzoate. Here, reversibility was not demonstrated, 

so it is unclear if the conjugate itself is active or if it is a proinsecticide. 

Another amide conjugate was synthesized through the amino group of kasugamycin, an 

antibiotic used for plant disease control, and the carboxyls of the biopolymer pectin.123 The 

conjugate was stable to UV irradiation and a range of pH and temperatures, but released upon 

incubation with a pathogenic bacteria that causes melon bacterial angular leaf spot, Pseudomonas 

syringae pv. lachrymans, due to its enzymatic response. 
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1.5 Summary 
 
 

The polymeric carriers discussed in the above introduction have proven that controlled release 

formulations are promising technologies to make agriculture more productive and sustainable. 

This dissertation describes the synthesis and characterization of various novel systems for 

improved delivery of agricultural actives. In Chapter 2, a scalable, versatile trehalose hydrogel 

for the stabilization of multiple animal feed enzymes is presented. Chapter 3 describes the 

investigation of this same trehalose hydrogel and a polyacrylic acid-based hydrogel as soil 

conditioners for tomato plants subjected to drought conditions. Chapters 4 and 5 focus on creating 

small molecule and polymeric proherbicide systems for the sustained delivery of agrochemical, 

mesotrione. In summary, multiple polymeric and small molecule formulations were created to 

effectively immobilize, stabilize, and control the release of agricultural chemicals and biologicals 

and these will be discussed in the chapters that follow. 
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2.1  Introduction  
 
 

Hydrogels are three-dimensional polymeric networks that hold large quantities of water 

and have been utilized in a myriad of applications due to their tunable properties. Natural or 

synthetic polymers can form these scaffolds where synthetic polymers offer more control over gel 

properties and less batch-to-batch variability than natural polymers.1-3 Depending on the 

functionality of the polymers and implemented cross-linking strategy, synthetic hydrogels have 

been used for diverse applications such as tissue engineering,4 drug-delivery,5 and soil 

amendments.6 In particular, they are attractive scaffolds for the encapsulation, stabilization, and 

controlled-release of water-soluble biomacromolecules like proteins7-10 due to their porous 

structure and water content.  The encapsulation of proteins can occur during hydrogel formation11 

or via diffusion into the hydrogel’s pores post-synthesis.12 The latter method allows for the 

synthesis of bulk hydrogels, which can later be employed to immobilize a scope of proteins, 

including enzymes that are used for various industrial applications. In this work, trehalose 

hydrogels were prepared for the encapsulation of enzymes and subsequent protection to thermal 

stress, which is known to inactivate proteins often via changes in protein conformation and 

formation of insoluble aggregates.13  

Trehalose is a disaccharide formed by a,a-1,1-linked glucopyranose units and is 

upregulated by organisms during prolonged terms of desiccation.14-16 The accumulation of 

trehalose protects proteins,17 allowing the survival of these organisms in extreme environments 

including high temperatures. We have previously developed trehalose-functionalized materials for 

thermostabilization of proteins,18-23 including a trehalose hydrogel.18 However, the yield (17 %), 

scalability, and sustainability of the hydrogel synthesis needed significant improvement to be 

useful.  Herein, we report a scalable trehalose hydrogel synthesis with high yields that employs 
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more environmentally benign solvents.  Additionally, the ability of the gel to thermostabilize three 

major enzymes utilized in animal feed, as well as a relevant enzyme release rate, is described, 

supporting its potential usefulness for the livestock industry. 

 

2.2  Results and Discussion 
 
 
Scheme 2.1. Two-step synthesis of trehalose hydrogel. 

 

 

We reported a straight-forward gel synthesis by first modifying trehalose via Williamson 

etherification using 4-vinylbenzyl chloride and sodium hydroxide in dimethylsulfoxide (DMSO) 

to produce mono- or multi-functional styrenyl-trehalose.18 After a precipitation step to remove 

DMSO and other impurities and to isolate the crude reaction mixture, the mixture was dried to a 
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yellow powder prior to polymerization in water.  Multi-substituted styrenyl-trehalose prepared 

during the monomer synthesis acted as an efficient cross-linker to form a hydrogel after redox-

initiation with APS/TEMED (Scheme 2.1), eliminating the need for additional cross-linkers or 

chromatographic purification of the monomer. After formation, the crude hydrogel was 

extensively washed via Soxhlet extraction in order to remove any unreacted trehalose and other 

residual non-polymerized components in the precipitation mixture, producing a colorless gel. 

Finally, the gel was lyophilized to produce a white powder. Originally, this method only produced 

hydrogel with an overall low yield of 17 %,18 which is too low to be relevant for use. Thus, we 

systematically optimized for the hydrogel synthesis to increase scale and sustainability.  

 

 

Figure 2.1. LC/MS chromatogram of crude trehalose monomer/cross-linker mixture after 

precipitation into DCM/hexane (1:4). 
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Table 2.1. Theoretical and observed masses of [M + Na]+ ion of trehalose derivatives from 

LC/MS chromatogram in Figure 2.1. 

 Retention time 

[min] 

Theoretical mass 

(m/z) 

Observed mass 

(m/z) 

D m/z 

[ppm] 

Mono-substituted 9.38 481.16922 481.16569 -7.3 

9.793 481.16922 481.16792 -2.7 

9.947 481.16922 481.16252 -13.9 

10.213 481.16922 481.16396 -10.9 

Di-substituted 12.547 597.22922 597.22942 0.3 

12.753 597.22922 597.23432 8.5 

12.873 597.22922 597.22867 -0.9 

13.027 597.22922 597.22754 -2.8 

13.367 597.22922 597.22837 -1.4 

13.6 597.22922 597.23129 3.5 
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Figure 2.2. 1H-NMR spectroscopies of styrene-modified trehalose made with trehalose at (a) 5 

equiv. and (b) 3.33 equiv. compared to 4-vinylbenzyl chloride. Pyridine (2.5 µL) was used as a 

standard to compare vinyl group incorporation in the crude monomer/cross-linker mixtures. By 

comparing the vinyl proton peak integration to this standard, we can estimate that the synthesis 

made with a higher ratio of 4-vinylbenzyl chloride to trehalose (b) has approximately 1.82 times 

the amount of alkene modifications to (a). 
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Figure 2.3. Rheological measurements of trehalose hydrogels as determined by a frequency sweep 

with constant 1% strain at 22 °C. The storage modulus is constantly larger than the loss modulus, 

indicating that the material is past its gel point and exhibits solid-like behavior. 

 
To increase the yield, we decreased the equivalents of trehalose from 5 to 3.33, effectively 

increasing the ratio of 4-vinylbenzyl chloride to trehalose. LC/MS of the dried solids confirmed 

that the product contained a mixture of mono- and di-substituted styrenyl-trehalose with various 

regioisomers at 94.1 % and 5.9 %, respectively (Figure 2.1 & Table 2.1). Higher order 

components such as tri-substituted trehalose were not observed by LC/MS either because they too 

dilute to detect or they were not ionizable.  We then degassed the monomer/cross-linker and 

initiator solutions prior to gelation. This gave an overall reaction yield of 88 %.  The increase in 

4-vinylbenzyl chloride allowed for an increase in modified trehalose in the crude trehalose 

monomer/cross-linker mixture (Figure 2.2), which in turn resulted in a higher yield. When this 

improved synthesis was scaled 100-fold, it was carefully monitored with regard to reaction 

conversion, solvent removal, and drying to ensure that trehalose was sufficiently modified for 

gelation. With these necessary modifications, such as slow precipitation, the multi-gram reaction 
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is industrially-promising.24 The final product demonstrated a storage modulus (average 547.9 ± 

38.2 Pa) that was larger than the loss modulus (average 67.49 ± 5.67 Pa) as determined by a 

rheology frequency sweep with constant strain, indicating that the material passed its gel point and 

demonstrated solid-like behavior (Figure 2.3).25 The swelling ratio was calculated as 15.63 ± 0.71 

indicates that the material absorbs water many times its dry weight, as is characteristic of 

hydrogels. 

 

 

Figure 2.4. Crude gel formed upon concentrating trehalose monomer and cross-linker synthesis 

and adding redox initiator system APS/TEMED in situ in a one-pot synthesis. 

 

Figure 2.5. Trehalose hydrogels formed with styrene-modified trehalose which has been 

precipitated into (from left to right) methylene chloride/hexanes (1:4); ethyl acetate/heptane (2:3); 

ethyl acetate/toluene (2:3); butanone/heptane (1:4); butanone/toluene (1:4); acetone/heptane (2:3); 

acetone/toluene (2:3). The successful formation of gels for all conditions shows the potential to 

eliminate the use of halogenated and other dangerous solvents in the trehalose hydrogel synthesis. 
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Though both a high yield and scalable synthesis were demonstrated, there are other factors 

that are desirable for industrial use, such as minimal use of hazardous materials, especially 

halogenated and toxic solvents.24, 26-27 The precipitation step to isolate the crude reaction mixture 

was originally undertaken in hexanes, a neurotoxin,28 and DCM, a carcinogen.29  To replace these 

solvents, we tried to eliminate the precipitation step. This attempt (Figure 2.4) was irreproducible 

and therefore not explored further. We next endeavored to replace hexanes and DCM with 

sustainable solvents of similar polarities. Based on waste, environmental, health, and safety issues, 

GlaxoSmithKline has produced a guide which scores solvents on sustainability.27 The solvents are 

assigned colors, red, amber, or green, where red is reserved for problematic solvents, such as 

hexanes and DCM, green is for the more sustainable solvents, and amber is for solvents in between 

the two extremes. Heptane and toluene are amber solvents with similar polarities as hexanes and 

were therefore envisioned as substitutes for hexanes. Acetone, an amber solvent, butanone, a green 

solvent, and ethyl acetate, a green solvent, with higher polarity, were explored as substitutes for 

DCM. Solvent ratios were varied to ensure miscibility of DMSO. Acetone, ethyl acetate, and 

butanone were too polar to sufficiently precipitate modified trehalose. Yet, when combined with 

heptane or toluene, gels formed after the precipitation step (Figure 2.5). The overall yields of these 

gels (Table 2.2) were lower because of the employed washing method. Material is lost when 

decanting and replacing solvent versus Soxhlet extraction; this washing method was necessary due 

to the small scale of the reactions. The gel yield was highest with original precipitation solvents 

DCM and hexanes (68.6 %). Precipitating into green/amber solvents gave similar yields (51.3 % - 

61.6 %), with the exception of butanone/heptane (36.3 %). The most sustainable precipitation that 

gave the highest yield, ethyl acetate/toluene (2:3), was scaled 100-fold and then used for gelation 

to give a 64.1 % yield. This yield can likely be optimized further with industrial equipment and 
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shows potential as a greener alternative to the original synthesis. It is important to note that 

although 4-vinylbenzyl chloride exhibits acute toxicity, we previously demonstrated that once 

reacted to form styrene-modified linear trehalose polymers, the material is cytocompatible21 and 

similar styrenyl polymers are nontoxic in vivo.23  

 

Table 2.2. Gelation times and yields for gels made from styrene-modified trehalose precipitated 

into various solvents. 

Precipitation Solvents Solvent Ranking Time to gelation Yield [%] 

DCM/hexanes (1:4) Red/red < 10 min 68.6 

Ethyl acetate/heptane (2:3) Green/amber 20 min 51.3 

Ethyl acetate/toluene (2:3) Green/amber < 10 min 61.6 

Butanone/heptane (1:4) Green/amber 15 min 36.3 

Butanone/toluene (1:4) Green/amber 15 min 52.5 

Acetone/heptane (2:3) Amber/amber 15 min 59.1 

Acetone/toluene (2:3) Amber/amber 15 min 59.5 

 

With an optimized synthesis, the gels were tested for their efficacy in protecting animal 

feed enzymes during the conditions encountered in the feed pelleting process. Steam pelleting is a 

common practice as it improves feed efficiency by decreasing nutrient degradation.30 Frequently, 

temperatures reach 60 °C to 90 °C and most enzyme activity is lost at such temperatures.  A method 

to stabilize these enzymes during pelleting that offers a dry, easy-to-handle final form of feed with 

active enzyme is essential to the livestock industry. We decided to investigate phytase, xylanase, 

and  b-glucanase because 60 % of the global feed enzyme market is attributed to phytase, while 
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80 % of the global carbohydrase market is xylanase and b-glucanase.31 Phytase hydrolyzes phytate, 

which is the storage form of phosphorus in the feed, releasing digestible phosphates and chelated 

minerals.32 Xylanase degrades the main component of hemicellulose present in plant cell walls, b-

1,4-D-xylan, into xylose.33 b-Glucanase cleaves 1,4-b-D-glycosidic linkages in b-(1,4)-glucan, 

allowing the release of smaller saccharides from cellulose.34 
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Figure 2.6. Retained activity of phytase, xylanase, and b-glucanase after heating for 1 min at 90 

°C with 50 wt % of water. Enzymes were heated with different weight equivalents of (a) trehalose 

hydrogel or (b) free trehalose, and activity was compared to control that was not heated (n = 3). 

Note that free trehalose at 0.54, 2.7, and 5.4 weight equivalents is the amount of trehalose in 1, 5, 

and 10 weight equivalent hydrogel, and thus the samples are directly comparable. * = p < 0.05, ** 

= p < 0.01, and *** = p < 0.001 relative to heated enzymes only (no additive), Student’s t-test. 
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Enzymes in water were loaded to one, five, or ten weight equivalents of the trehalose 

hydrogel, then lyophilized. Water (50 wt % with respect to the enzyme) was then added to simulate 

the moisture level of the steam used in the pelleting process.35 Pelleting mill conditioners reach 

temperatures up to 90 °C for 35 – 45 seconds.18 Samples were therefore subjected beyond the 

maximum possible heat stress of pelleting conditions, 90 °C for one minute, and then diluted in 

buffer to swell the hydrogels, releasing the internalized enzymes (Figure 2.6a). Controls were 

conducted without hydrogel, either with or without heat. Additionally, hydrogels (without 

enzymes) were subjected to the phytase, xylanase, and b-glucanase assays at ten weight equiv. and 

provided negligible activities of 0.0 ± 2.5 %, 0.29 ± 0.10 %, and 4.2 ± 1.5 %, respectively.   This 

demonstrates that the hydrogel itself is not a substrate for the enzymes. When phytase was heated 

without hydrogel, it only retained 58 ± 10 % of its original activity. However, when heated with 

1, 5 or 10 weight equiv. of trehalose hydrogel, the enzyme retained 89 ± 2 %, 94 ± 9 %, and 108 

± 8 % of its original activity, respectively. Heated b-glucanase maintained 44 ± 4 % activity 

without additive and retained 85 ± 2 %, 101 ± 3 %, and 99  ± 2 % activity when heated with one, 

five, and ten weight equivalents of hydrogel, respectively. Xylanase heated without hydrogel 

showed 15.0 ± 0.35 % remaining activity, but hydrogel stabilized xylanase at one, five, and ten 

weight equivalents retained 22.4 ± 3 %, 117 ± 17 %, and 107 ± 9 % activity, respectively. To 

evaluate the advantage of the trehalose hydrogels over free trehalose, the same activity assay 

conditions were repeated, but with free trehalose added to be equivalent to the amount of trehalose 

in hydrogels at one, five, or ten wt equiv. (Figure 2.6b). In all cases, trehalose hydrogel retained 

enzyme activity more than free trehalose at the equivalent amount.  
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Figure 2.7. Activity of xylanase with different equivalents of hydrogel compared to the original 

activity of xylanase without additive (n = 3). No heat was applied to these samples. Trehalose 

hydrogel additions shows enhancement of xylanase activity at all equivalents. * = p < 0.05 and ** 

= p < 0.01 relative to xylanase only (no additive), Student’s t-test. 
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Figure 2.8. Activity of xylanase after heating for 1 min at 90 °C normalized with respect to 

unheated xylanase with same equivalents hydrogel (n = 3). * = p < 0.05 and ** = p < 0.01 relative 

to heated xylanase only (no additive), Student’s t-test. 

 

 

Figure 2.9. Activity of xylanase with 0.54, 2.7, and 5.4 wt equivalents of trehalose compared to 

the original activity of xylanase without additive (n = 3). No heat was applied to these samples. 

Free trehalose was added to be equivalent to the amount of trehalose in 1, 5, and 10 wt equivalents 

of hydrogel, respectively. Trehalose additions shows no statistical difference to xylanase activity 

without additive. 

*

**

0

10

20

30

40

50

60

70

80

90

100

No additive 1 wt equiv hydrogel 5 wt equiv hydrogel 10 wt equiv hydrogel

%
 A

ct
iv

ity

0

20

40

60

80

100

120

140

No additive 0.54 wt equiv trehalose 2.7 wt equiv trehalose 5.4 wt equiv trehalose

%
 O

rig
in

al
 A

ct
iv

ity



 59 

 

 

Figure 2.10. DLS data of xylanase after heating for 1 min at 90 °C with 50 wt % of water. Enzymes 

were heated with 0 (no additive), 1, 5, or 10 wt equiv. trehalose hydrogel. A control subjected to 

the same conditions other than heat (no heat control) was included as well as a sample of fresh 

xylanase. Results indicate that xylanase forms aggregates when heated at 90 °C and also during 

the assay conditions likely due to the lyophilization step, and aggregation is prevented by the 

addition of hydrogel. 

For xylanase, the activity beyond 100 % retention invoked by the addition of trehalose 

hydrogel to phytase and xylanase may be attributed to the gel scaffold or trehalose moieties (1) 

stabilizing or enhancing the protein/substrate binding and/or (2) stabilizing the protein to the assay 

conditions that includes a lyophilization step. The former has been observed for glucose oxidase 

where the addition of trehalose augmented the affinity of the substrate for the enzyme,36 and for 

enzymes horseradish peroxidase and b-galactosidase upon interaction with trehalose polymer 

excipients.21 We investigated the activity of xylanase after incubation with hydrogels, without heat. 

Indeed, xylanase activity was greater than 100 % by the addition of even 1 weight equivalents of 
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trehalose hydrogel (Figure 2.7). Given that trehalose hydrogel alone has negligible signal from 

the enzyme assays, these results suggest that the trehalose hydrogel could be stabilizing the enzyme 

even without the addition of heat. The heated xylanase data was normalized to the results in Figure 

2.7, and trehalose hydrogel still demonstrated substantial stabilization of the enzyme (Figure 2.8). 

We then considered the activity of xylanase when incubated with free trehalose without heat. We 

observed greater than 100 % original activity, albeit with no statistical difference compared to 

xylanase activity without additive (Figure 2.9). It follows that the gel scaffold or multivalent effect 

of polymerized trehalose, beyond that of free trehalose, could be responsible for the improved 

activity of xylanase when incubated with hydrogel. We investigated the increase in activity of 

xylanase further by testing the aggregation state of xylanase subjected to heated assay conditions 

with or without hydrogel additives and comparing the results to a control subjected to all the assay 

conditions except for the heat step. An additional sample of fresh xylanase was prepared. At 1 

mg/mL xylanase concentration in 0.1 M sodium acetate, all conditions were evaluated by dynamic 

light scattering (DLS) (Figure 2.10). The results demonstrated small hydrodynamic sizes (4 – 13 

nm) for fresh xylanase as well as xylanase subjected to heat with hydrogel additive. However, 

large increases in hydrodynamic size (1060 and 1280 nm), indicative of aggregate formation, were 

observed for free xylanase subjected to assay conditions with or without heat. Thus, free xylanase 

must be sensitive to assay conditions, which includes a lyophilization step, and hydrogel addition 

stabilizes xylanase to these conditions, thereby likely explaining the greater activity. Trehalose 

polymers stabilize proteins to both lyophilization and heat by suppressing water crystallization, 

preventing aggregation and helping to refold proteins,20-21 and likely the hydrogels act by similar 

mechanisms.  
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Figure 2.11. Release of loaded FITC-labeled phytase from trehalose hydrogels (n = 3). 

The release of enzymes within the gel was tested. Phytase was chosen as the model enzyme 

as it has the highest molecular weight (56 kDa) compared to xylanase (50 kDa) and b-glucanase 

(27 kDa) and should therefore have the slowest diffusion rate of the three enzymes. The experiment 

was conducted at pH 6.3 using simulated intestinal fluid,37 and 37 °C to mimic the conditions 

found within the small intestine of pigs.38 FITC-labeled phytase demonstrated 100 % release from 

the trehalose hydrogels within 4 hours (Figure 2.11).  It has been estimated that transit of feed 

through the small intestines of pigs is approximately 3 – 4 hours.39  Thus, the release is already 

within the relevant timeframe and will likely be expedited with increased agitation in the 

gastrointestinal tract.  

0

20

40

60

80

100

120

0 50 100 150 200 250

FI
TC

-p
hy

ta
se

 re
le

as
e 

(%
)

Time (min)



 62 

 

Figure 2.12. Release of loaded FITC-labeled phytase from trehalose hydrogels without (0 U/mL 

trehalase) or with (3.5 U/mL) trehalase (n = 3). 

 
We also demonstrated that the addition of trehalase enzyme (3.5 U/mL) had no effect on 

the release of phytase from the trehalose hydrogels (Figure 2.12). Trehalase is an enzyme found 

in the intestines and kidneys of many organisms,40-41 including humans42 and pigs,43 that catalyzes 

the conversion of trehalose into two glucose units. Therefore, we hypothesized that trehalase could 

potentially breakdown trehalose within the hydrogel, catalyzing its degradation and release of 

sequestered cargo. However, previous studies demonstrate that disaccharide mimics are 

completely buried within the trehalase enzyme, requiring significant conformational changes for 

substrate entry into the enzyme’s active site.44 Thus, it is likely that the interaction between 

trehalose linked within the hydrogel and trehalase’s active site is entropically unfavorable or 

sterically forbidden, preventing degradation. Note that the increase in trehalase concentration from 

3.5 U/mL to 1000 U/mL in this experiment still had no effect on phytase release (results not 

shown). 
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Lastly, we explored whether trehalose polymers could similarly stabilize whole cells. A 

linear trehalose glycopolymer with the same backbone as the trehalose hydrogel was evaluated for 

its ability to stabilize bacteria to lyophilization, which is often used to preserve and store biological 

samples, but is also known to negatively affect protein and cell viability (Figure 2.13).45 The 

trehalose glycopolymer (P3) was added as an excipient (with concentrations ranging from 0 – 10 

mM of trehalose, calculated based on the weight percent of trehalose in the glycopolymer) to a 

strain of BL21 E. Coli bacteria under lyophilization stress. Cell proliferation was monitored by 

measuring the OD600 and was used to determine E. coli survival and, therefore, stabilization. 

Samples lyophilized in the presence of P3 (at 12 hours: 5 mM, OD600 = 1.127; 10 mM, OD600 = 

1.074) had lower OD600 measurements compared to with trehalose at an equivalent concentration 

(at 12 hours: 5 mM, OD600 = 1.183; 10 mM, OD600 = 1.189), but higher OD600 measurements 

compared to the control (at hours: OD600 = 1.038). While trehalose has been shown to stabilize 

cells in a the dry state by maintaining the structural and functional integrity of their membranes 

through vitrification17 and bacteria synthesize extracellular polysaccharides in preparation for 

dehydration,45 cytosolic trehalose has been shown to be more effective for cell stabilization than 

extracellular trehalose added as an excipient.46 As such, it may be necessary to internalize 

trehalose, as the free disaccharide or the glycopolymer, within the cell to see more significant 

stabilization.  
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Figure 2.13. (a) Structure of linear trehalose glycopolymer, P3; (b) OD600 growth curves of 

bacteria after lyophilization for 24 hours with trehalose or P3 (0 to 10 mM). 

 
2.3  Conclusion 
 

We optimized a two-step synthesis of a trehalose hydrogel providing a scalable, high 

yielding process. More sustainable, industrially applicable solvents were employed and thermal 

stabilization of multiple enzymes relevant to the livestock industry was demonstrated. 

Furthermore, the trehalose hydrogel was shown to efficiently release feed enzyme within simulated 

animal digestive system conditions. Taken together, we believe that the trehalose hydrogel 

synthesized herein is promising for use in the animal feed industry. 

 

2.4  Experimental 
 
 
Materials and Analytical Techniques. All reagents and solvents were purchased from Sigma-

Aldrich or Fisher Scientific and used without further purification unless otherwise noted. Trehalose 

was purchased from The Endowment for Medical Research (Houston, Texas) and was 

azeotropically dried with ethanol and kept under vacuum until use. Phytase was provided by 

Phytex, LLC. Xylanase (Trichoderma longibrachiatum) and trehalase (E-TREH, prokaryote) were 
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purchased from Megazyme. b-glucanase (Aspergillus niger) was purchased from Sigma-Aldrich. 

EnzChek Ultra Xylanase Assay Kit was purchased from Fisher Scientific. b-Glucanase Assay Kit 

(Malt and Microbial) was purchased from Megazyme. Kanamycin-resistant strain of BL21 E. Coli 

bacteria was provided by the lab of Professor Robert Clubb. 

1H-NMR spectra were performed on an Avance DRX 400 MHz instrument. Liquid 

chromatography-mass spectrometry (LCMS) experiments were carried out on an Agilent 6350 Q-

TOF ESI with a 1260 Infinity LC and Phenomenex Luna C18 5 µm column (100 Å, 250 x 4.6 

mm) and were eluted with a gradient of 5 - 95% solvent B (solvent A: water, solvent B: acetonitrile, 

both in 0.1% formic acid (vol/vol)) over 20 minutes. To determine hydrogel mechanical properties, 

an AR 2000ex rheometer (TA instruments) in parallel plate geometry was used with an 8-mm 

diameter stainless steel, cross hatched upper plate and 60 mm stainless steel, cross hatched lower 

plate cover, at 22 °C, constant strain of 1%, and an angular frequency range of 0.1 to 10 rad s-1. 

Gels were swelled for 72 hours in Milli Q water, trimmed to 8 mm diameter and approximately 1 

mm thickness, and carefully blotted to removed excess water before measurements. Absorbance 

measurements to determine the degree of fluorescein isothiocyanate (FITC) labeling of phytase 

and concentration of protein were conducted on a Thermo Fisher Scientific NanoDrop 2000 

Spectrophotometer. Other absorbance and fluorescence measurements were taken on a Tecan 

Infinite M1000 plate reader. Dynamic light scattering (DLS) measurements were conducted on a 

Malvern ZetaSizer Nano at 1 mg mL-1 protein concentration in 0.1M sodium acetate buffer. 
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Methods. 

Trehalose hydrogel synthesis 

 

The overall synthesis of the trehalose hydrogel was modified from a previously reported 

procedure.18 Under an inert atmosphere of argon gas, sodium hydroxide pellets (NaOH, 444 mg, 

11.1 mmol, 26.1 equiv.) were added followed by dimethylsulfoxide (DMSO, 9.6 mL). Dry 

trehalose (486 mg, 1.42 mmol, 3.33 equiv.) was then added and completely dissolved. Finally, 4-

vinylbenzyl chloride (0.06 mL, 0.426 mmol, 1 equiv.) was added dropwise. The reaction was 

stirred for 22 hours at 22 °C. The reaction mixture was then precipitated into a rapidly stirring 

solution of methylene chloride (DCM) (40 mL) and hexanes (160 mL). The solids were collected 

by vacuum filtration through a sintered glass funnel equipped with a filter flask. The solids were 

then quickly centrifuged and excess solvent was decanted to avoid moisture uptake. Solvents were 

further removed in vacuo over 10 hours and then solids were broken up with a spatula to increase 

surface area and make drying more efficient. The solids were dried for an additional 24 hours 

before being used for gelation without further purification.  

To synthesize the gels, the crude trehalose monomer and cross-linker mixture (941.3 mg) 

was completely dissolved in Milli Q water (0.94 mL). To this, tetramethylethylenediamine 

(TEMED, 4.71 µL, 0.031 mmol) was added. This mixture and a 10 mg mL-1 stock solution of 

ammonium persulfate (APS) in Milli Q water were separately degassed for 30 minutes by sparging 

with argon. Under an inert atmosphere of argon gas, the APS solution (235.3 µL, 2.35 mg, 0.010 

mmol) was added to the crude styrenyl-trehalose solids and TEMED for a final ratio of 1 g crude 

material for every 1 mL Milli Q water, 5 µL TEMED, and 250 µL APS solution (10 mg mL-1). 

The solution was gently shaken for 12 hours to form a gel. The crude gel was washed with a 
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Soxhlet extractor for three days with deionized water to removed unreacted monomers, cross-

linkers, and other impurities, providing a clear gel. The yields of gelations were based on 

comparing the moles of limiting reagent, 4-vinylbenzyl chloride, to the moles of final product. The 

final product molecular weight was calculated based on the molecular weights of each of the 

individual components of the crude mixture, and the distribution of these products was determined 

by LCMS (Figure 2.1 and Table 2.1). Finally, the gel was lyophilized and then ground to produce 

a fine, white powder. The overall yield of the two-step synthesis was 87.5%, providing 155.9 mg 

of gel.  

 

Replacement of solvents in trehalose hydrogel purification 

 

To evaluate the use of green/amber solvents in lieu of DCM and hexanes, aliquots (1 mL) 

of the crude reaction mixture (conducted at the same scale described above) were precipitated into 

an assortment of solvents (20 mL total volume): DCM/hexanes (1:4 ratio, control), ethyl 

acetate/heptane (2:3), ethyl acetate/toluene (2:3), butanone/heptane (1:4), butanone/toluene (1:4), 

acetone/heptane (2:3), and acetone/toluene (2:3). Precipitates were collected by decanting 

supernatant and dried before being evaluated for their ability to form a gel. Gels were then washed 

with water that was repeatedly decanted and replaced with fresh water over three days. 

 

Scale up of trehalose hydrogels 

 

The synthesis was increased 100-fold and carried out as outlined above with the following 

exceptions: the monomer/cross-linker reaction was stirred for 46 hours instead of 22 hours as a 
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longer reaction time was required to have sufficient styrene-functionalization on trehalose, the 

reaction was then precipitated in 100 mL aliquots into DCM (400 mL) and hexanes (1600 mL) at 

an approximate rate of 150 mL per minute while the suspension stirred at 800 rpm, and the final 

crude gel was washed for 7 days with deionized water in a Soxhlet extractor. The reaction gave an 

overall yield of 75.6%, providing 81.02 g of monomer/crosslinker and 13.8 g of gel. Gelation was 

confirmed by examining physical properties of the gels, e.g. storage and loss modulus as well as 

swelling ratio. Storage and loss modulus were measured by trimming hydrogels to 8-mm diameters 

to match the top parallel plate geometry and with an applied constant strain of 1% and angular 

frequency range of 0.1 to 10 rad/s at 22 °C. Swelling ratio was determined by swelling completely 

dried hydrogels in Milli Q water over 72 hours and calculating the mass ratio between the swollen 

gels and their initial dry weights. All physical properties are displayed as the average and standard 

deviations of three independent hydrogel measurements. 

 

Preparation and heating of enzyme-loaded trehalose hydrogel 

 

For all of the enzymatic assays, enzymes (0.4 mg) were loaded with 0.4 mg, 2 mg, or 4 mg 

of purified and lyophilized trehalose gel to give 1:1, 1:5, and 1:10 weight equivalents, respectively, 

in protein LoBind Eppendorf tubes. The gels were incubated at 4 °C with enzyme solutions for 24 

hours and then lyophilized to produce a white powder for heat burden studies. To the dried 

mixtures, 0.4 µL of Milli Q water was added, and the hydrogels with enzymes were then incubated 

again at 4 °C for 24 hours. The mixtures were then heated for one minute at 90 °C, diluted with 

400 µL of 0.1 M sodium acetate buffer, pH 5, and incubated for 24 hours prior to heat burden tests 

as detailed below. Controls were conducted without heat, without gel, or without enzymes. Note 
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that all assays performed with free trehalose were conducted in the same way as outlined here. 

Free trehalose was added at 1:0.54, 1:2.7, or 1:5.4 weight equivalents to match the amount of 

trehalose in hydrogels at 1:1, 1:5, or 1:10 weight equivalents, respectively. 

 

Phytase heat burden assay 

 

Phytase activity was measured by modifying a previously reported method.18 Phytase stock 

solution (10 µL, 40 mg mL-1 in Milli Q water) was added to trehalose gels and prepared as 

described above. Heated and control hydrogels were removed by centrifugation after addition of 

sodium acetate buffer and incubation. Supernatant (1 µL) was added to 1 mL of 0.2 M sodium 

citrate buffer, pH 5.5. Aliquots (10 µL) were transferred to Lobind Eppendorf tubes. To all sample 

tubes, 10 µL of 1% phytic acid (in 0.2 M sodium citrate buffer, pH 5.5) was added. The reactions 

were then incubated at 37 °C for 15 minutes before quenching with 15% trichloroacetic acid (20 

µL, in Milli Q water) and then diluted ten-fold with Milli Q water (360 µL). Aliquots (150 µL) 

were transferred to a 96-well plate and then diluted with a 1:3:1 solution of 2.5% ammonium 

molybdate (in Milli Q water), 10% sulfuric acid (in Milli Q water), and 10% ascorbic acid (in Milli 

Q water) (150 µL). The plate was covered with parafilm and then incubated at 50 °C in a water 

bath for 15 minutes, cooled at 4 °C for 15 minutes, and absorbance measurements were taken at 

820 nm. Phytase activity was defined as the quantity of enzyme that catalyzes the liberation of 1.0 

µmol of inorganic phosphate from 1 % phytic acid per minute at 37 °C and pH 5.5. Assay was run 

in triplicate. Note that generally this assay is difficult to reproduce due to the fast reaction between 

phytase and phytic acid. We advise that the assay be done as quickly as possible, using a multi-

pipetter. 
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Xylanase heat burden assay 

 

Xylanase solution (26.2 µL, 15.24 mg mL-1 in 3.2 M ammonium sulphate) was added to 

trehalose gels and prepared as described above. Heated and control hydrogels were centrifuged 

and 1 µL of the supernatants were added to 0.1 M sodium acetate buffer, pH 5 (208.4 µL). The 

supernatant was further diluted by adding 20 µL to 180 µL 0.1 M sodium acetate buffer (pH 5). 

Finally, 50 µL of each sample was transferred to a 96-well plate. The Fisher xylanase substrate 

solution (1 mg mL-1) was diluted to 50 µg mL-1 by adding 40 µL to 760 µL of 0.1 M sodium acetate 

buffer, pH 5. An aliquot of this substrate solution (50 µL) was added to each well, and the plate 

was incubated at 22 °C, protected from light, for 30 minutes before fluorescence was measured 

using excitation at 360 nm and emission detection at 460 nm. Xylanase activity was defined as the 

amount of enzyme needed to release 1.0 µmol of xylose reducing-sugar equivalents from wheat 

arabinoxylan (10 mg mL-1) per minute at 40 °C and pH 6.0. Assay was run in triplicate. 

 

b-glucanase heat burden assay 

 

Stock solution of b-glucanase (10 µL, 40 mg mL-1 in Milli Q water) was added to trehalose 

gels and prepared as described above. Heated and control hydrogels were centrifuged after addition 

of sodium acetate buffer and incubation. Supernatant (100 µL) was pre-warmed along with azo-

Barley glucan substrate provided in Megazyme assay kit at 30 °C for five minutes. Due to the 

viscous nature of the glucan substrate, it was transferred using a positive displacement pipet. 

Aliquots (20 µL) of the supernatant was added to azo-Barley glucan substrate (20 µL) and then 
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mixed vigorously before incubating at 30 °C for 10 minutes. Precipitation solution was made by 

dissolving sodium acetate (40.0 g) and zinc acetate (4.0 g) in distilled water (150 mL). The pH 

was then adjusted to 5.0 with concentrated hydrochloric acid, and the volume was adjusted to 

200.0 mL. Finally, 2-methoxyethanol (800.0 mL) was added. An aliquot of this precipitation 

solution (120 µL) was added to each sample, and the contents were mixed vigorously, incubated 

at ambient conditions for five minutes, and then mixed vigorously again. Finally, the samples were 

centrifuged at 6,000 rpm for 10 minutes, supernatant (150 µL) was added to a 96-well plate, and 

the absorbance was read at 590 nm. b-Glucanase activity was defined as the quantity of enzyme 

that catalyzes the liberation of 1.0 µmol of glucose reducing sugar equivalent from azo-Barley 

glucan substrate per minute at 37 °C and pH 4.6. Experiments were repeated in triplicate. 

 

Fluorescein isothiocyanate (FITC) labeling of phytase 

 

FITC (1.5 mg, 3.86 µmol) and phytase (10 mg, 1.8 x 10-1 µmol) were dissolved in 100 mM 

bicarbonate buffer, pH 8.3 (5 mL) and stirred for 60 minutes at 22 °C. Unreacted FITC was 

removed by centrifugation through a 10 kDa MWCO membrane until filtrate contained no FITC 

as detected by UV-Vis spectroscopy. The degree of labeling was calculated using UV absorbance 

as 0.93 FITC per phytase. 

 

Release of phytase from trehalose hydrogel 

 

FITC-labeled phytase (33.5 mg mL-1) in 100 mM bicarbonate buffer, pH 8.3 (10 µL) was 

added to trehalose gel (4 mg). The gel with enzyme was incubated for 24 hours at 4 °C and then 
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lyophilized. To this mixture, 1000 µL of simulated intestinal fluid buffer (6.8 g potassium 

phosphate monobasic and 0.896 g NaOH in 10 mL deionized water, pH adjusted to 6.3)37 without 

(0 U/mL) or with (3.5 U/mL) trehalase was added to allow FITC-labeled phytase to diffuse from 

the hydrogel. The mixture was incubated at 37 °C between time points. At pre-determined time 

points, aliquots (200 µL) were taken from the sample and immediately replenished with simulated 

intestinal fluid. The fluorescence of these aliquots was measured on a spectrofluorometer. A FITC-

labeled phytase calibration curve was used to determine the concentrations of released phytase 

over time. Measurements were repeated in triplicate. 

 

Trehalose hydrogel one-pot, in situ synthesis 

 
Under an inert atmosphere, NaOH (0.920 g, 22.83 mmol, 19.31 equiv.) was added to a 

flame-dried flask, followed by DMSO (1.90 mL). While rigorously stirring, dry trehalose (1.000 

g, 2.92 mmol, 2.47 equiv.) was added and completely dissolved. 4-vinylbenzyl chloride (111 µL, 

0.788 mmol, 1 equiv.) was added and the reaction was stirred for seven hours. Solution was 

removed from undissolved NaOH pellets and into a scintillation vial. Half of the solution was used 

for gelation, and TEMED (15 µL, 0.100 mmol) was added to the solution and this was degassed 

along with a 10 mg mL-1 APS solution for 30 minutes. Finally, APS solution (750 µL, 0.033 mmol) 

was added to the M3 solution under inert conditions. The vial was vortexed and centrifuged 

immediately to remove bubbles and ensure homogeneity. Solution was left on shaker overnight 

and gel formed. The crude gel was washed by Soxhlet extraction with deionized water for three 

days. The gel was collected and dried to give a final yield of 385.6 mg (52.6 %). 

Although this shows promise as a simplified process, results from this strategy were 

irreproducible and would need optimization before pursuing in a large-scale synthesis. 
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Bacteria growth and lyophilization stress studies  

 

Note that all LB media used throughout these studies contained 50 µg/mL kanamycin to 

prevent other strains of bacteria from growing. A colony of kanamycin-resistant strain of BL21 E. 

Coli bacteria was grown in 50 mL LB media in a 250 mL sterilized Erlenmeyer flask at 37 °C and 

200 rpm. At an OD600 of 0.426, the bacteria was diluted in 50 mL LB media and incubated at 37 

°C and 200 rpm for an additional 1.5 hours. The bacteria was diluted 1:1 in LB media containing 

P3, free trehalose (at a final concentration of 5 or 10 mM trehalose; this was calculated for P3 

based on the weight percent of trehalose in the glycopolymer) or no excipient (untreated control). 

The samples were frozen and lyophilized for 24 hours. Following lyophilization stress, 200 µL of 

LB media was added to each condition. Aliquots of 150 µL were added to 3 mL of fresh LB media 

in culture tubes and incubated at 37 °C and 200 rpm. Cell growth was monitored by measuring the 

absorbance at 600 nm. 

 

Statistical analysis 

Two-tailed Student’s t-test assuming unequal variance was implemented. When p < 0.05, 

results were considered significantly different.  
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Chapter 3 

 

Effects of Trehalose Hydrogels on Tomato Plant 

Growth in Drought Environments 
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This chapter is based on work done with Marvin Browne and Professor Lawren Sack from UCLA’s 

Ecology and Evolutionary Biology Department and Kathleen Chen from UCLA’s Chemistry and 

Biochemistry Department. 

 

3.1  Introduction 
 

As drought frequency, severity, and duration are exacerbated by climate change,1 

improving the efficiency of water resources is crucial for a sustainable future. Drought affects 

agriculture globally and poorly affects food security, water availability, and rural livelihoods. In 

the developing world alone, drought caused $29 billion agriculture revenue loss between 2005 and 

2015.2 Drought cannot be avoided, but mitigation practices can negate its deleterious effects. In 

particular, drought reduces crop productivity due to high temperatures and limited water,3–6 but 

on-farm water and soil management have proven successful in abating these issues. Despite this, 

many inefficient practices, such as flood irrigation, are still widely applied.7 Technologies that 

prevent agricultural water wastage must be developed and implemented to improve the health of 

crops subjected to drought. 

Hydrogels are hydrophilic polymeric materials capable of absorbing and releasing water 

many times their weight.8 In soil, swollen hydrogels act as water reservoirs by slowly releasing 

captured water through a diffusion-driven mechanism that arises from humidity variation between 

the internal environment of the material and the soil surrounding it. Hydrogels have been mixed 

into soil to prevent water irrigation loss caused by drainage and evaporation.9 They also offer a 

potential scaffold for controlled release of nutrients,10,11 and provide better oxygenation to plant 

roots by increasing soil porosity. By improving the water holding capacity of soil and water 

available to plant roots, hydrogels have demonstrated the ability to increase plant survival rate, 
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water use efficiency, and growth.9,12–16 While superabsorbent polyacrylate gels have demonstrated 

success as soil conditioners, it is hypothesized that anionic moieties within hydrogels create 

electrostatic repulsions with negative charges on the surface of soil particles.17 The anion-anion 

repulsive forces can reduce adsorption of the hydrogel to soil and therefore allow the polymer to 

be leached by water over time. The development of alternative hydrophilic gels for soil 

conditioning could help overcome these issues and potentially demonstrate other advantages. 

The Maynard lab has designed a scalable, two-step synthesis of a trehalose-based hydrogel 

for the thermal stabilization of enzymes.18,19 The synthesis yield was greatly improved from 17 % 

to 88 %, scaled 100-fold while retaining a high yield at 76 %, and was optimized to eliminate the 

use of halogenated and toxic solvents (Chapter 2). This multi-gram, green synthesis makes the gel 

more practical for agricultural applications where materials need to be cost-efficient and scalable.20 

Moreover, trehalose has been shown to stabilize desiccant-intolerant soil bacteria necessary for 

plant growth.21,22 As such, trehalose hydrogels have great potential for water management as well 

as stabilization and delivery of plant nutrients while being beneficial to soil. 

Here, two hydrogels, a commercially available poly(acrylate-co-acrylamide)-based gel, 

Terra-sorb (as a positive control), and a trehalose hydrogel, synthesized by our lab as described in 

Chapter 2,18 were separately applied as soil amendments for tomato plants, Solanum lycopersicum, 

subjected to drought conditions. Performance of the gels was evaluated by monitoring tomato plant 

health through chlorophyll content, water potential, stomatal conductance, and relative growth rate 

measurements. We hypothesized that presence of the trehalose hydrogel would boost tomato 

plants’ physiological function after extended droughts (i.e., greater stomatal conductance and 

maintenance of chlorophyll concentration). We also hypothesized that since the trehalose 
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hydrogels were less hydrophilic than the Terra-sorb hydrogels, they would likely not be as 

efficacious as the positive control. 

 

3.2  Results and Discussion 
 

Evaluation of Trehalose Hydrogel Properties 

 

 

Figure 3.1. The swelling ratio of trehalose hydrogel over ten cycles (40 days total) of dehydration 

and hydration shows less than a 9 % loss in weight. 

 
Due to climate change, water availability has become more sporadic with cycles of drought 

and rewatering, which ultimately stresses plants.23 We therefore tested the ability for the hydrogels 

to retain their swelling ratio through repeated drying and wetting cycles. After purification and 

lyophilization, the trehalose hydrogels were swollen to their maximum capacity in 72 hours in 

deionized water. This drying-swelling cycle was repeated where the dry weight was taken after 

lyophilization and swollen weight was taken after swelling the gel in deionized water. The swelling 

ratio was calculated for each cycle by dividing the difference between the gels’ swollen weight 

and dry weight by the dry weight (Figure 3.1). Over the course of ten drying-swelling cycles (40 
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days total), the hydrogels swelling ratio decreased from 16.3 ± 2.9 to 14.9 ± 1.1 (8.8 % loss). This 

minimal loss in swelling ratio during these cycles is an indicator that the gel could be subjected to 

multiple drought cycles without compromising its swelling abilities. 

Next, we evaluated how the water holding capacity (WHC) of a sandy loam soil is affected 

by Terra-sorb and the trehalose hydrogel. We applied Terra-sorb at the manufacture’s 

recommended concentration, 0.4 wt %, and trehalose hydrogel at 0.4 wt % and 0.8 wt % (Figure 

3.2). We saturated the soil then allowed it to desaturate over eight days while monitoring water 

loss by weight. All of the amendments improved the water holding capacity of the soil over the 

entirety of the experiment. Consistently, soil amended with Terra-sorb gels (0.4 wt %) had the 

highest WHC, followed by soil with trehalose hydrogel at 0.8 wt % and then 0.4 wt %. We then 

rehydrated the soils to evaluate the gels’ capacities to work through multiple drying cycles. The 

conditioners maintained their previous trends and most of their WHC percentages. While WHC is 

an important factor for soil health, the water held by hydrogels is not necessarily available to 

crops.16 As such, it is vital to monitor plant growth in soil with the hydrogel amendments. 

 

Figure 3.2. The variation in WHC of soil with different percentages of hydrogel over 16 days. Soil 

was saturated with water on day 0 and day 8 (n = 3). 
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Effects of Terra-sorb Hydrogel on Water Stressed Tomato Plants 

 

Previous reports have demonstrated that hydrogel soil conditioners are not always effective 

in improving plant health and growth, and, in fact, are sometimes detrimental, depending on the 

soil type, plant species, and experimental conditions.9,25,26 So, before testing trehalose hydrogels 

directly, we ensured that tomato plants and our simulated drought conditions could benefit from 

soil conditioners by using commercially available hydrogel, Terra-sorb at 0.4 wt %, that has 

previously demonstrated delayed moisture loss for Quercus ruba seedlings subjected to short-term 

desiccation stress.27 In controlled greenhouse conditions, we grew tomato plants (Solanum 

lycopersicum) from seeds for two weeks and then thinned the plants to one individual per pot 

where pots either contained soil treated with 0.4 wt % hydrogel mixed in the top half of the soil, 

near the plant root zone, or were untreated controls. We continued watering the plants regularly 

for two weeks to ensure healthy plant growth before subjecting to various watering treatments. 

Individual pots were subjected to one of three conditions:  watering every two days to simulate 

normal growth conditions (ND and ND-G); subjecting to drought for nine days followed by a 

recovery for seven days (OD and OD-G); or drought for nine days followed by a recovery for 

seven days, followed by another drought for ten days (TD and TD-G) where “-G” denotes a 

treatment with gel amendment. Here, drought conditions were simulated by discontinuing watering 

while normal watering conditions and recovery were applied by watering every other day. We 

included treatments with drought recovery and a second drought to evaluate the effect of the 

hydrogels on the tomato plants’ ability to recover and then be re-subjected to drought. Re-watering 

has demonstrated improved growth, stomata re-opening, and photosynthetic recovery in plants.23 

The recovery time of crop function after drought heavily determines the drought’s impact on plant 
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health and wetter conditions typically expedite recovery.28 Understanding how hydrogels affect 

recovery is therefore vital to assessing their potential as conditioners. Throughout the experiment, 

various measurements were taken to monitor the health and productivity of the plants. Chlorophyll 

content (SPAD) , leaf water potential (Ψleaf), and stomatal conductance (gs) measurements were 

collected at various time points throughout the experiment.  

Soil plant analysis development (SPAD-502) chlorophyll measurements are highly 

correlated with chlorophyll concentration and used as an indicator of maximal photosynthetic 

capacity (Amax).29–31 In drought conditions, plants often experience reductions in photosynthesis 

and therefore changes in chlorophyll content.32 We evaluated SPAD for the tomato plants on day 

0, 5, 9, and 16 of the experiment (Figure 3.3). Here, we generally observed no significant 

difference in chlorophyll content between the various conditions whether the plants were watered 

or not, or whether they were planted in soil with hydrogel or not. As such, the hydrogel’s presence 

is not detrimental or advantageous for leaf chlorophyll synthesis.  
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Figure 3.3. The chlorophyll content of S. lycopersicum leaves at various water treatments without 

(0.0 wt %) or with (0.4 wt %) Terra-sorb superabsorbent hydrogel over 16 days. Normal watering 

conditions (ND and ND-G), conditions subjected to drought for 9 days followed by a recovery for 

7 days (OD and OD-G) and drought for 9 days followed by a recovery for 7 days, followed by 

another drought for 10 days (TD and TD-G), where “-G” denotes a treatment with gel amendment, 

are represented here (n = 5). 

Next, to determine the extent of the drought on the plant water status after the first drought, 

we evaluated the tomato plant leaves’ water potentials (Ψleaf): 

 

𝛹"#$%	 = 	𝛹(	 +	𝛹*																																																																			(1) 

 

It is a sum of the osmotic (Ψo; negative value) and pressure (Ψp ; positive) potentials, which 

represents the chemical potential of water relative to the chemical potential of pure water. A more 

positive of Ψleaf indicates that a plant is more hydrated. Plants exposed to drought stress often 

demonstrate decreased leaf water potentials33,34 While water potentials were lower for treatments 

subjected to droughts and increased after recovery, we observed no distinguishable effect on the 
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water potential between any of the treatments or watering conditions (Figure 3.4), demonstrating 

that trehalose hydrogel has no effect on Ψleaf. 

 

Figure 3.4. Leaf water potential (yleaf) of S. lycopersicum at various water treatments without (0.0 

wt %) or with (0.4 wt %) Terra-sorb superabsorbent hydrogel over 25 days. Note the first drought 

ended on Day 9 and was followed by a recovery until Day 16 when TD and TD-G were subjected 

to a second drought. Normal watering conditions (ND and ND-G), conditions subjected to drought 

for 9 days followed by a recovery for 7 days (OD and OD-G) and drought for 9 days followed by 

a recovery for 7 days, followed by another drought for 10 days (TD and TD-G), where “-G” 

denotes a treatment with gel amendment, are represented here (n = 5). 

The stomatal conductance (gs) of the tomato plant leaves were paired with Ψleaf 

measurements. The stomata are microvalves on leaf surfaces that facilitate the gas exchange of 

carbon dioxide and water between plants and the atmosphere.35,36 Stomatal opening enables leaf 

photosynthesis, plant growth, and water use while stomatal closure is necessary for plant survival 

during drought. This regulation is crucial for plants as a majority of loss from transpiration is 

through stomatal opening.37 As most leaf water exchange occurs through stomatal pores, drought 

stress causes leaf stomatal closure and therefore reduced stomatal conductance.36,38–40 Stomatal 
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conductance was significantly reduced for treatments that underwent drought and was then 

recovered after watering. Additionally, for plants that underwent one drought cycle (OD), we 

observed a lower stomatal conductance in plants that were not treated compared to those treated 

with 0.4 wt % commercial hydrogel (Figure 3.5). This indicates that the hydrogel did help increase 

drought tolerance in the tomato plants. The stomatal conductance of the plants that underwent two 

droughts were low and indistinguishable whether gel was present or not. This may be attributed to 

permanent damage of the stomatal pores; stomatal pores can reopen once rehydrated only if there 

is not irreversible cellular damage.41 

 

Figure 3.5. The stomatal conductance of S. lycopersicum after the various water treatments 

without (0.0 wt %) or with (0.4 wt %) Terra-sorb superabsorbent hydrogel. Measurements were 

taken on Day 25. Normal watering conditions (ND), conditions subjected to drought for 9 days 

followed by a recovery for 7 days (OD) and drought for 9 days followed by a recovery for 7 days, 

followed by another drought for 10 days (TD) are represented here (n = 5). 

Lastly, we compared the final dry biomass of all conditions as water stress can impose 

negative effects on crop yield.42,43 RGR was also calculated as the growth rate of each tomato plant 

relative to its size at a previously determined time point. Specifically, RGR determines the 

*** 
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exponential relationship of the mass of plants at two time points relatives to the length of time 

between measurements. RGR is related to plant health as increased masses of roots, stems, and 

leaves, and thus higher yield, are indicative of a healthier plant.44 For all watering conditions, we 

observed significant differences in RGR of tomato stems (Figure 3.6), leaves (Figure 3.7), and 

roots (Figure 3.8). Additionally, in regular watering conditions (ND), tomato plants grown in soil 

treated with hydrogel demonstrated a higher RGR of reproductive leaves (containing tomato fruit 

or flower) compared to the control (Figure 3.9). However, for conditions OD and TD, where 

drought(s) were applied, reproductive leaves were not observed on any plants that were subjected 

to two droughts. RGR was also improved by the addition of Terra-sorb hydrogel for all treatments 

(Figure 3.10). A visual representative of OD and OD-G before harvesting can be seen in Figure 

3.11. We also observed root penetration of hydrogels (Figure 3.12) which has previously 

suggested increased plant available water in studies that applied hydrogels to lettuce and barley 

seedlings14 and tree cuttings.45  
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Figure 3.6. Dry biomass of S. lycopersicum stems at various water treatments without (0.0 wt %) 

or with (0.4 wt %) Terra-sorb superabsorbent hydrogel over 25 days. Normal watering conditions 

(ND), conditions subjected to drought for 9 days followed by a recovery for 7 days (OD) and 

drought for 9 days followed by a recovery for 7 days, followed by another drought for 10 days 

(TD)are represented here (n = 5). 

 
 
 
 
 
 
 
 
 
 

** 

** 
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Figure 3.7. Dry biomass of S. lycopersicum leaves at various water treatments without (0.0 wt%) 

or with (0.4 wt%) Terra-sorb superabsorbent hydrogel over 25 days. Normal watering conditions 

(ND), conditions subjected to drought for 9 days followed by a recovery for 7 days (OD) and 

drought for 9 days followed by a recovery for 7 days, followed by another drought for 10 days 

(TD)are represented here (n = 5). 

 
 
 
 
 
 
 
 
 
 

** 

* *** 
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Figure 3.8. Dry biomass of S. lycopersicum roots at various water treatments without (0.0 wt %) 

or with (0.4 wt %) Terra-sorb superabsorbent hydrogel over 25 days. Normal watering conditions 

(ND), conditions subjected to drought for 9 days followed by a recovery for 7 days (OD) and 

drought for 9 days followed by a recovery for 7 days, followed by another drought for 10 days 

(TD)are represented here (n = 5). 

 
 
 
 
 
 
 
 
 
 

* 

** 
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Figure 3.9. Dry biomasss of S. lycopersicum reproductive leaves at various water treatments 

without (0.0 wt %) or with (0.4 wt %) Terra-sorb superabsorbent hydrogel over 25 days. Note that 

reproductive leaves were not observed at t1 for any of the conditions or at t2 for the two drought 

water treatment. Normal watering conditions (ND), conditions subjected to drought for 9 days 

followed by a recovery for 7 days (OD) and drought for 9 days followed by a recovery for 7 days, 

followed by another drought for 10 days (TD)are represented here (n = 5). 

 
 
 
 
 
 
 

* 

* 
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Figure 3.10. Relative growth rate (RGR) of S. lycopersicum at various water treatments without 

(0.0 wt %) or with (0.4 wt %) Terra-sorb superabsorbent hydrogel over 25 days. Normal watering 

conditions (ND), conditions subjected to drought for 9 days followed by a recovery for 7 days 

(OD) and drought for 9 days followed by a recovery for 7 days, followed by another drought for 

10 days (TD)are represented here (n = 5). 

 

 

 

*** ** 

*** 
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Figure 3.11. Visual representation of S. lycopersicum without (left) or with (right) Terra-sorb 

superabsorbent hydrogel after one drought. 

 

 

Figure 3.12. Root penetration into Terra-sorb superabsorbent hydrogel. 

 
Effects of Trehalose Hydrogel on Water Stressed Tomato Plants 

 

 Using the similar experimental conditions described for Terra-sorb, we applied trehalose 

hydrogel, also at a 0.4 wt% concentration (with respect to the soil weight, mixed into the top half 
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of the soil near the root zone). The following changes were made from the previous experiment: 

(1) the droughts both lasted for 11 days instead of 9 days and (2) SPAD , Ψleaf, and gs measurements 

were collected at slightly different time points; all were collected on days 0, 11, 18, and 28. Overall, 

there were no statistical differences in the SPAD (Figure 3.13), Ψleaf (Figure 3.14), gs (Figure 

3.15), or growth measurements (Figure 3.16 – Figure 3.20), between the plants with or without 

gel under the same treatment. Plants that underwent two droughts (TD) are shown in Figure 3.21. 

The only statistically differences were between treatments which were watered and those subject 

to drought. It should be noted that the gels did not negatively affect plant growth and, as 

demonstrated in previous studies with other gels,46 may be effective at higher concentrations or in 

different environmental conditions, like a sandier soil. We believe the trehalose hydrogels did not 

work well when applied at 0.4 wt % because it is not as water absorbent as Terra-sorb. The 

hydrophobic styrenyl backbone of the hydrogel prevents high swelling ratios, so it is not effective 

as a soil conditioner in the treatments described in this report. However, the gels generally did not 

negatively influence plant health, and so could potentially be applied for another agricultural 

application. 
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Figure 3.13. The chlorophyll content of S. lycopersicum leaves at various water treatments without 

(0.0 wt %) or with (0.4 wt %) trehalose hydrogel over 28 days. Normal watering conditions (ND 

and ND-G), conditions subjected to drought for 9 days followed by a recovery for 7 days (OD and 

OD-G) and drought for 9 days followed by a recovery for 7 days, followed by another drought for 

10 days (TD and TD-G), where “-G” denotes a treatment with gel amendment, are represented 

here (n = 5). 
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Figure 3.14. Leaf water potential(yleaf) of S. lycopersicum at various water treatments without (0.0 

wt %) or with (0.4 wt %) trehalose hydrogel over 28 days. Normal watering conditions (ND and 

ND-G), conditions subjected to drought for 9 days followed by a recovery for 7 days (OD and OD-

G) and drought for 9 days followed by a recovery for 7 days, followed by another drought for 10 

days (TD and TD-G), where “-G” denotes a treatment with gel amendment, are represented here 

(n = 5). 
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Figure 3.15. The stomatal conductance of S. lycopersicum after the various water treatments 

without (0.0 wt %) or with (0.4 wt %) trehalose hydrogel. Normal watering conditions (ND and 

ND-G), conditions subjected to drought for 9 days followed by a recovery for 7 days (OD and OD-

G) and drought for 9 days followed by a recovery for 7 days, followed by another drought for 10 

days (TD and TD-G), where “-G” denotes a treatment with gel amendment, are represented here 

(n = 5). 
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Figure 3.16. Dry biomass of S. lycopersicum stems at various water treatments without (0.0 wt %) 

or with (0.4 wt %) trehalose hydrogel over 28 days. Normal watering conditions (ND), conditions 

subjected to drought for 9 days followed by a recovery for 7 days (OD) and drought for 9 days 

followed by a recovery for 7 days, followed by another drought for 10 days (TD)are represented 

here (n = 5). 
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Figure 3.17. Dry biomass of S. lycopersicum leaves at various water treatments without (0.0 wt 

%) or with (0.4 wt %) trehalose hydrogel over 28 days. Normal watering conditions (ND), 

conditions subjected to drought for 9 days followed by a recovery for 7 days (OD) and drought for 

9 days followed by a recovery for 7 days, followed by another drought for 10 days (TD) are 

represented here (n = 5). 
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Figure 3.18. Dry biomass of S. lycopersicum roots at various water treatments without (0.0 wt %) 

or with (0.4 wt %) trehalose hydrogel over 28 days. Normal watering conditions (ND), conditions 

subjected to drought for 9 days followed by a recovery for 7 days (OD) and drought for 9 days 

followed by a recovery for 7 days, followed by another drought for 10 days (TD) are represented 

here (n = 5). 
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Figure 3.19. Dry biomass of S. lycopersicum reproductive leaves at various water treatments 

without (0.0 wt %) or with (0.4 wt %) trehalose superabsorbent hydrogel over 28 days. Normal 

watering conditions (ND), conditions subjected to drought for 9 days followed by a recovery for 

7 days (OD) and drought for 9 days followed by a recovery for 7 days, followed by another drought 

for 10 days (TD)  are represented here (n = 5). 

 
 
 
 
 
 
 
 
 
 

** 
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Figure 3.20. Relative growth rate (RGR) of S. lycopersicum at various water treatments without 

(0.0 wt %) or with (0.4 wt %) trehalose superabsorbent hydrogel over 28 days. Normal watering 

conditions (ND), conditions subjected to drought for 9 days followed by a recovery for 7 days 

(OD) and drought for 9 days followed by a recovery for 7 days, followed by another drought for 

10 days (TD) are represented here (n = 5). 
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Figure 3.21. Visual representation of S. lycopersicum without (left) or with (right) trehalose 

hydrogel after two droughts.  

3.3  Conclusion 
 

 Trehalose and Terra-sorb hydrogels were tested for their ability to improve physiological 

properties of tomato plants subjected to drought(s). While the Terra-sorb hydrogel did improve the 

dried biomass yields and stomatal conductance of tomato plants subjected to drought, the trehalose 

hydrogels had little to no effect on plant growth under any water conditions. At the tested 

concentrations, the trehalose hydrogels were not effective soil conditioners, but could potentially 

be used for other agricultural applications as they had no detrimental effects on the health of the 

tomato plants. 
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3.4  Experimental 
 

Materials. All growth experiments took place in a climate-controlled greenhouse at the University 

of California, Los Angeles (minimum, mean and maximum values for temperature, 20.2°C, 

22.7°C, 27.1°C; for relative humidity 38.8 %, 64.0 %, 79.3 %; and for irradiance 6.2, 177, 1326 

µmol photons m-2 s-1). Tomato (S. lycopersicum) seeds were sown in pots (7.95 cm width × 12.40 

cm length × 5.87 cm deep) in soil (1:1:2:1:1 mixture of washed plaster sand, loam, peat moss, 

perlite, vermiculite). Note that the soil was not dried before adding hydrogel at 0.4 wt %. Tomato 

garden seeds were purchased from True Leaf Market (Salt Lake City, Utah). Terra-sorb 

superabsorbent hydrogel was purchased from Gardener’s Supply Company (Burlington, VT). 

Chlorophyll concentration was measured using Soil Plant Analysis Development (SPAD)- 502 

Chlorophyll meter (Spectrum technologies; Aurora, IL, USA). Leaf water potential (Ψleaf) 

measurements were taken with a pressure chamber (0.001 MPa resolution, Plant Moisture Stress 

Model 1000; PMS Instruments Co). Stomatal conductance (gs) was measured on the abaxial 

surface of given leaves using a porometer (AP-4, Delta-T Devices Ltd, Cambridge, United 

Kingdom). 

  

Methods.  

 

Trehalose Hydrogel Synthesis and Characterization 

 

Trehalose hydrogel synthesis. The hydrogel was synthesized at a multi-gram scale as described in 

Chapter 2.18 Trehalose, a non-reducing disaccharide formed by α,α-1-1-linked glucose units, is 

first functionalized with vinyl groups and then cross-linked via redox-initiated polymerization with 
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mono- and multi-functional trehalose acting as monomers and cross-linkers, respectively. Over 50 

grams of trehalose hydrogel was synthesized for these experiments.  

 

Swelling ratio of trehalose hydrogel. Three individual trehalose gels were evaluated for their 

swelling ratio over 10 cycles of swelling and drying. For each cycle, hydrogels were dried for 24 

hours via lyophilization then weighed (MD) before swelling them in Milli Q water over 72 hours 

then weighing the swollen gel (MS). The swelling ratios (QM) were calculated as the mass ratio 

between the swollen gels and their initial dry weights. 

 

𝑄/ =
𝑀1 − 𝑀3

𝑀3
(2) 

 

Evaluation of WHC of soil with different percentages of hydrogel. Terra-sorb (0.4 wt %) or 

trehalose hydrogels (0.4 and 0.8 w.%) were mixed with dry soil (100 grams). Controls without 

hydrogel were also prepared. All conditions were weighed to obtain the soil’s dry weight (MD), 

then saturated with water for 24 hours. The soils then desaturated over 16 days by not adding water 

and weighed every two days. All of the soils were rehydrated on day 9. Experiments were 

conducted in triplicate. The WHC was calculated by using the soil’s weight at time point (MT) and 

the soil’s dry weight (MD): 

	𝑊𝐻𝐶 =
𝑀8 − 𝑀3

𝑀3
(3) 

 

Terra-sorb Hydrogel: Solanum lycopersicum planting, soil amendment, and water 

treatments 
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Seeds were sown in soil and watered every other day. After approximately two weeks, the 

plants were thinned to one individual per pot containing 0.4 wt % or 0.0 wt % (untreated control) 

hydrogel and watered regularly to keep soil moist for two weeks. At this time, five control plants 

were harvested and dried in a drying oven for at least 48 hours until mass stabilized. The weight 

of the dried roots, dried leaves, and dried stems were taken. The remaining pots were watered to 

field capacity (by submerging the pots in water for 24 hours then allowing excess water to drain 

gravimetrically) and chlorophyll (SPAD) measurements were taken. Plants were then subjected to 

one of the following (n = 5) conditions over the course of 25 days: 

 

ND: Continued normal watering; 

OD: Drought conditions (9 days) followed by a recovery (7 days); 

TD: Drought conditions (9 days) followed by a recovery (7 days) followed by another drought (9 

days). 

 

Drought conditions were simulated by not watering the tomato plants while normal watering 

conditions were simulated by saturating plants with water every other day. The plants were visually 

monitored by taking note of leaf wilting and color change. At the end of the experiment, the weight 

of the dried leaves, stems, and roots were taken.  

 

SPAD Measurements. Chlorophyll concentrations in the tomato plant leaves were determined by 

measuring the difference in transmittance of a red (650 nm) and an infrared (940 nm) through 

individual leaves. One leaf per plant (n = 5 plants) was evaluated. 
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Leaf Water Potential (yleaf) Measurements. One leaf from each plant was harvested for water 

potential measurements. Hydrated leaves were sealed in laminate bags (Whirl-Pak, Madison, WI, 

USA) that which had been exhaled into to generate a high CO2, moist environment that minimized 

transpiration. Leaves were allowed to equilibrate within the bags for 30 minutes and then the leaves 

were cut from the main stems of the plants. The bagged leaves were then placed in a larger plastic 

bag with wet paper towels. Ψleaf measurements of these leaves was taken within two to three hours 

of harvesting.  

 

Stomatal Conductance Measurements. We measured stomatal conductance for one leaf per 

individual plant. A single porometer (AP-4, Delta-T Devices Ltd, Cambridge, United Kingdom)  

measurement was taken once stable repeated values were achieved for each leaf before harvesting 

that leaf for Ψleaf measurement. After porometry measurements, leaves were excised and were 

sealed in bags  and placed in a larger plastic bag with wet paper towels to equilibrate at least 30 

mins. Leaf water potential was measured for each equilibrated leaf.   

 

Relative Growth Rate Measurements. After the tomato plants were thinned into individual pots 

and watered regularly for two weeks, and before the plants were subjected to separate conditions, 

five control plants were harvested (t1). For each, the entire individual was gently extracted, and the 

soil was removed to ensure as many of the roots as possible were taken from the soil. The plant 

roots, stems, and leaves (no reproductive leaves were observed at this time) were precisely 

separated and dried for at least 48 hours at 70 °C. The mass (M1) of each individual’s organs were 

then taken. After the plants were subjected to the various watering conditions for 25 days (t2), these 
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plants were harvested in the same manner, and the roots, stems, leaves, and reproductive leaves 

(i.e. leaves with flowers or fruit) were precisely separated and dried for at least 48 hours at 70 °C. 

The mass (M2) of each individual’s organs were then taken. Relative growth rate (RGR) was 

calculated as: 

 

𝑅𝐺𝑅 =
ln𝑀> − ln𝑀?

𝑡> − 𝑡?
(4) 

 

Trehalose hydrogel: Solanum lycopersicum planting, soil amendment, and water treatments 

 

 The experimental setup for this experiment was similar to as described for the Terra-sorb 

hydrogels above. The only differences were: (1) the droughts lasted 10 days instead of 9 days and 

(2) measurements were taken at the time of initial harvest, post the first drought phase, after the 

plants were allowed to recover, and after a secondary drought phase. 

 

Statistical analysis 

 

One-tailed Student t-test assuming unequal variance was implemented to compare no gel 

to 0.4 wt % gel conditions. *, p < 0.05; ** = p < 0.001; ***, p < 0.005.  
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Chapter 4 

 

Mesotrione Conjugation Strategies to Create Small 

Molecule b-Triketone Proherbicides with Reduced 

Soil Mobility 
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This chapter is based on work done with Douglas A. Rose and Kathleen K. Chen from UCLA’s 

Chemistry and Biochemistry Department. 

 

4.1  Introduction 
 

As the world population rapidly grows, global food demand is increasing at an unprecedented 

rate.1 At the same time, less land resources are available for food production due to urbanization, 

competition from non-food industries, and climate change-induced desertification of arable land.2,3 

It follows that 90 % of growth in crop production is projected to come from enhancing harvest 

yields rather than through increased land use.1 By controlling harmful insect, weed, or fungal 

populations, pesticides are a critical technology for agriculture.4,5 However, the utilization 

efficiency of pesticides is low due to undesirable properties like high volatility, mobility through 

soil, and vulnerability to degradation. This ultimately leads to nonspecific over-application where 

up to 75 % of pesticides never reach their desired target.6 The unused pesticides cause undesirable 

effects, including environmental pollution, toxicity to non-target organisms, and inducing resistant 

pests. 

Propesticides are relatively inactive derivatives of pesticides (e.g. insecticides, fungicides, and 

herbicides) that are converted to more active parent compounds upon a transformation event, such 

as hydrolysis or enzymolysis.7 Through tuning the physiochemical properties and pharmacokinetic 

behavior of active ingredients, propesticides have demonstrated improved targeting capabilities 

with reduced off-site movement and less premature degradation.8 Despite the additional synthetic 

steps to create conjugates, they are considered more green holistically since lower application rates 

are required to reach a similar level of efficacy as the unmodified compound,9 thus reducing 

environmental impact. As a result, propesticides are widely used and account for a significant 
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portion of pesticide sales. In particular, proherbicides made up 37 % of total herbicide sales in 

2015.7  

Cyclic b-triketone herbicides are 4-hydroxyphenylpyruvate dioxygenase (HPPD) inhibitors 

and applied globally to protect a variety of crops, including two staple crops, maize and rice.10,11 

In 2017, they made up 4.4 %, or $1.3 billion, of the global herbicide market.11 Currently, there is 

one b-triketone proherbicide on the market, benzobicyclon, which is approved for use in rice paddy 

fields and transforms into its active hydrolysate form upon hydrolysis.12,13 b-Triketone 

proherbicides that can transform in other relevant conditions, like maize cultivation, have potential 

to improve their sustainable use in agriculture. Furthermore, there have been recent developments 

of transgenic crops that are resistant to HPPD inhibiting herbicides,14,15 and complementary 

herbicide formulation technologies will further increase their agrochemical utilization efficiency.   

Mesotrione (2-(4-(methylsulfonyl)-2-nitrobenzoyl)-1,3-cyclohexanedione) is a top-selling, 

highly selective b-triketone herbicide commonly used to protect maize from broadleaf weeds and 

annual grass weeds,16 but is susceptible to degradation and dissipation in soil.17 One study 

demonstrated that mesotrione had a half-life of two to 18 days in soil ranging from pH 4.2 to 8.3.18 

Additionally, mesotrione and its degradation products have shown significant toxic effects in 

microorganisms,19 aquatic species,20 and off-target crops.21 Despite the popularity of and need for 

improved application of mesotrione, the synthesis and evaluation of proherbicide mesotrione 

conjugates have not been reported. We hypothesized that by creating reversible modifications to 

mesotrione, its properties could be improved without sacrificing the herbicidal activity of the 

parent compound. Specifically, the addition of hydrophobic moieties could reduce soil mobility as 

lipophilic compounds have high affinity for soil particles.23 
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Herein, we report the synthesis of mesotrione thioether, ester, and enamine conjugates, 

detailing the unique reactivity of the b-triketone moiety. The hydrolytically-reversible 

proherbicides were then utilized for the controlled delivery of mesotrione in aqueous conditions 

and through soil. Finally, the efficacy of the ester conjugate against a common broadleaf weed, 

Chenopodium album, was evaluated.  

 

4.2 Results and Discussion 

 

Synthesis of Mesotrione Conjugates 

 

Scheme 4.1. Structural components of mesotrione that affect conjugate formation, stability, and 

activity. 

 

 

 To create an effective proherbicide, the enolizable b-triketone moiety of mesotrione was 

chosen as a target location for conjugation. The anionic form of mesotrione is more water soluble, 

which could lead to environmental problems through groundwater leaching.24,25 We postulated 

that modifying the enol with hydrophobic moieties would reduce mesotrione’s water solubility 
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and soil leaching potential. Moreover, other b-triketones are used for a variety of applications 

including additional herbicides, human therapeutics,10 recyclable plastics,26 and solid phase 

peptide synthesis.27 Therefore, understanding conjugation strategies to mesotrione’s b-triketone 

functional group could possibly be transferrable to other important compounds. 

The key structural components of mesotrione that determine the reactivity, stability, and 

properties of its conjugates are outlined in Scheme 4.1. The b-triketone moiety will readily 

tautomerize into its b-keto-enol form due to its low pKa of 3.12.28  The resulting enol/enolate of 

mesotrione provides a site for conjugation and is also the group that coordinates with HPPD active 

sites for inhibition.29 It is well-known that more acidic cyclic b-triketones are more active against 

weeds, so these herbicides commonly have electron-withdrawing benzoyl substituents to further 

decrease their pKa.11,28  Mesotrione is especially acidic due to the nitro- and methylsulfonyl- groups 

in the 2- and 4- positions of the benzene, respectively. 

 

Scheme 4.2. Synthetic routes towards thioether and ester mesotrione conjugates. 
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With the aim of making the conjugate reversible in agriculturally-relevant conditions, we 

focused on creating linkages that were susceptible to hydrolytic degradation (Scheme 4.2). First, 

a phenyl thioether conjugate was created using a method similar to the synthesis of benzobicyclon, 

which is known to degrade in aqueous solutions.12,30 A diketovinyl chloride derivative was first 

synthesized through Vilsmeier reagent, oxalyl chloride and a catalytic amount of DMF. 

Chlorinated mesotrione was then directly added to an alkaline solution of phenyl thioether to form 

the final product (1). An alkyl thioether derivative (2) was synthesized using a similar method to 

form an ethyl thioether analogue of mesotrione as well. Although it is possible for multiple isomers 

to form, via endocyclic- or exocyclic- substitution, 1H-NMR and 13C-NMR spectroscopy of the 

conjugates confirmed that the cyclohexane 4- and 6- methylene groups have distinct shifts. This 

indicates that the endocyclic substitution likely formed as the exocyclic substitution would have 

rendered the methylene groups equivalent. 

 

Scheme 4.3. Synthesis of disubstituted phenyl ester mesotrione derivative (4). 
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Next, we created a phenyl ester derivative (3) using benzoyl chloride and the isolated 

mesotrione-TEA salt (work done by Douglas A. Rose). Initially, we attempted to synthesize the 

ester from a solution of mesotrione in base. However, after screening base and electrophile 

equivalents, we observed the disubstituted mesotrione product (4) formed favorably (Scheme 4.3). 

We hypothesize that the pKa of the proton at position 4 or 6 of the cyclohexane ring decreases 

significantly upon forming a monosubstituted ester, thus favoring the disubstituted product when 

reacted with base. As such, we pre-isolated a mesotrione enolate salt by reacting with an excess of 

TEA and recrystallizing the product. The salt was then used to prepare the monosubstituted phenyl 

ester derivative of mesotrione. We then aimed to produce alkyl ester derivatives from acetyl 

chloride and hexanoyl chloride, but they were unstable to purification attempts. Previous studies 

have hypothesized that there is an electrostatic repulsion between the 2-acyl oxygen on the 

substituent and the 1,3-diketone oxygens on b-triketones that causes expedited hydrolysis of ester 

derivatives.31,32 We believe these repulsion and steric phenomena are causing the rapid cleavage 

of alkyl ester derivatives that lack of conjugation stabilization that is available in compound 3. 

While alkyl ester modifications have been reported on b-triketones, their characterizations are not 

fully available, and the triketones used are less acidic than mesotrione,33 likely making these ester 

conjugates less susceptible to hydrolysis. 

 

Scheme 4.4. Synthesis of enamine mesotrione derivative (5). 
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In search of other viable conjugates, we synthesized an enamine linkage to mesotrione as well 

(5, Scheme 4.4). The conjugation occurs through facile click chemistry between one of the ketones 

in the herbicide and an amine in benign conditions with water as the only byproduct. Previous 

studies have demonstrated that, due to the low pKa of triketones, reversible imine conjugations 

typically rearrange to hydrolytically stable enamine linkages.26 Indeed, we observed the enamine 

as the main product in the click reaction. Enamines are typically considered irreversible, but have 

demonstrated reversibility in extremely acidic solutions, so we wanted to check if the mesotrione 

enamine was possibly reversible in agriculturally-relevant acidic pH values. As such, along with 

the other successfully isolated derivatives, we tested the release of mesotrione is various pH 

buffers. 

 

Aqueous Release of Mesotrione from Proherbicide Derivatives 

 

Figure 4.1. Aqueous release studies for thioether mesotrione derivatives 1 and 2 at pH 4.0.  
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Figure 4.2. Proposed mechanism of side product formation during hydrolysis of thioether 

mesotrione derivatives.  

 
After successfully synthesizing a small library of mesotrione derivatives, we evaluated 

their pH-dependent hydrolysis. All samples were prepared immediately before injection and were 

tested in a 1:1 solution of buffer and acetonitrile, for solubility purposes. First, the thioethers were 

evaluated (Figure 4.1). In pH 4 buffer, mesotrione was not present in the initial time point for 

either the phenyl thioether or ethyl thioether derivative solutions. Mesotrione was then slowly 

cleaved from the conjugate, demonstrating 90 % release over 23 days. The hydrolysis rate was not 

significantly dependent on the thioether substituent as the conjugates hydrolyzed at very similar 

rates. At pH 7 and 9, we observed minimal mesotrione release from the thioether derivatives. Upon 

evaluation by LC/MS, a hydroxylated mesotrione was identified as the main degradation product 

in neutral and basic pH values. We hypothesized that upon thioether substitution, the pKa of the 

proton at position 4 or 6 of the cyclohexane ring decreases significantly, favoring the addition of 

water in basic conditions (Figure 4.2). It should be noted that degradation has not been reported 

for benzobicyclon, a similar thioether derivative.12 Based on prior studies, it is reasonable that the 

substitution at the 4- and 6- positions of the cyclohexanedione ring in benzobicyclon may block 

the degradation pathway we observe with mesotrione, which has no substitution at these 

positions.34 However, substitutions at the 4- and 6- positions of the cyclohexanedione ring have 

also demonstrated poor herbicide selectivity and increased environmental persistance.10,11,28  
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Figure 4.3. Aqueous release studies for phenyl ester mesotrione derivative 3 at various pH values. 

 

Figure 4.4. Release of mesotrione from disubstituted phenyl ester derivative in pH 5.0 DPBS 

solution. 
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Figure 4.5. HPLC traces of disubstituted phenyl ester derivative in pH 5.0 DPBS solution after 0 

and 8 days. 
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rate of compound 3 is slower than the experimental observation with HPLC. We also tested the 

release of mesotrione from the disubstituted phenyl ester derivative (Figure 4.4 & Figure 4.5). 

The rate of hydrolysis of one of the isomers was extremely slow while the other isomer was stable, 

possibly due to their highly conjugated molecular structures. This was not investigated further as 

a result. 

 

 

Figure 4.6. Release of mesotrione from enamine derivative in acidic, pH 5.5 or 6.8, DPBS 

solutions. 

 
Lastly, we examined if the enamine derivative was hydrolytically cleavable (Figure 4.6). We 

did observe minimal, approximately 20 %, release in pH 5.5 and 6.8. Although the release of free 

mesotrione is minimal, it is still possible that the conjugate itself is active as the second endocyclic 

ketone is not necessary for activity in b-triketones10 and stable oxime conjugates have also 

demonstrated activity, albeit with a different mode of action.35 This would need to be further 

explored through weed efficacy studies or enzyme activity assays. 
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Soil Mobility of Mesotrione from Proherbicide Derivatives 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Soil mobility of proherbicides compared to free mesotrione with experimental setup 

(left) and calculated residual mesotrione (right). 
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in neutral and basic solutions, we used slightly acidic soil to evaluate the mobility of the 

conjugates. Additionally, maize and rice, the two crops mesotrione is most often applied to, are 

traditionally grown in low pH soils.36,37 We expected the release rate of mesotrione to be notably 

slower in soil than in purely aqueous solution because herbicides can adsorb to soil particles 

through physical interactions. Recently, ionic liquid forms of mesotrione were developed and ionic 

liquids with hydrophobic carbon chains demonstrated higher soil adsorption capacity than the free 
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herbicide.22 We therefore hypothesize that in addition to encouraging slower hydrolysis rates, 

adding hydrophobic moieties to mesotrione’s primary structure would increase interactions with 

soil, further decreasing the herbicide’s leaching ability. Indeed, mesotrione is released significantly 

slower when added in the form of a proherbicide to slightly acidic soil. After the elution of 

approximately 100 mL of water, from a column packed with derivative and soil, the phenyl 

thioether and ethyl thioether derivatives demonstrated nominal release. On the other hand, about 

40 % of mesotrione was released from the phenyl ester derivative compared to 80 % of free 

mesotrione from the control. We did observe the other hydrolysis byproducts (e.g. benzenethiol, 

ethanethiol, and benzoic acid) leach from the soil columns, but not the non-degraded proherbicide. 

It follows that the derivatives do not easily leach through soil like mesotrione and the hydrolysis 

of mesotrione occurred within the soil.  

 

Weed Efficacy Studies of Proherbicide Derivatives 

 

Finally, we evaluated the phenyl ester conjugate’s efficacy against a common weed, 

lambsquarters (Chenopodium album). We chose to focus on this proherbicide because the phenyl 

ester derivate was stable to a wider range of pH values compared to the thioether conjugates. While 

mesotrione is applied both as a pre- or post-emergent herbicide, we evaluated its ability to function 

as a pre-emergent herbicide because previous reports have noted that pre-emergent activity of 

mesotrione is low due to its short soil half-life.16 We hypothesized that the observed controlled 

release of mesotrione from the conjugate in aqueous conditions and soil may increase its utilization 

efficiency. In separate conditions, the phenyl ester conjugate or free mesotrione were applied at 

the recommended rate of 150 grams of active ingredient per hectacre16 or a third of this rate, 50 
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grams of active ingredient per hectacre (Figure 4.8a). A control without herbicide was also tested 

for comparison.   

Mesotrione inhibits the HPPD enzymes in weeds, ultimately preventing carotenoid 

biosynthesis and resulting in chlorophyll destruction, observed by bleaching and death of treated 

weeds. As such, we visually assessed the total number of germinated Chenopodium album seeds 

and the bleaching affect in each growth condition. At 21 days after treatment, mesotrione alone 

had control efficacies of 42.4 % ± 7.7 % and 10.0 % ± 5.3 % while the phenyl ester conjugate 

demonstrated efficacies of 27.8 % ±11.7 % and 31.4 % ± 12.1 % at 150 and 50 g active ingredient 

(AI) per hectare (ha-1), respectively (Figure 4.8b). At 150 g AI ha-1, mesotrione and the conjugate 

demonstrated statistically equivalent control over Chenopodium album, but reducing the 

application concentration three-fold resulted in statistically lower efficacy of free mesotrione. On 

the other hand, at 50 g AI ha-1, the phenyl ester derivative is just as effective compared to its 

application at 150 g AI ha-1 while being significantly more effective than  free mesotrione at the 

same concentration. The derivative therefore demonstrates improved herbicidal activity when 

applied at lower concentration. Overall, efficacies were still low and none of the herbicide 

treatments significantly reduced the total number of germinated seeds (Figure 4.8c), likely 

because the herbicides were applied as pre-emergent treatments. 
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Figure 4.8. Weed (Chenopodium album) efficacy experiments with mesotrione or its phenyl ester 

derivative. (a) Images of representative conditions; (b) Control efficacy percentages in mesotrione 

and its phenyl ester derivative (at 150 g AI ha-1 or 50 g AI ha-1) based on visual observations; (c) 

Total number of germinated seeds in for each treatment. Experiments were conducted in triplicate. 

 
 
4.3  Conclusions 

 

Five small molecule conjugates of mesotrione were synthesized and assessed for their 

ability to function as proherbicides. The proherbicides consisted of thioether, ester, or enamine 

linkages and demonstrated varying stabilities to hydrolysis and degradation. The thioether 

derivatives exhibited rapid degradation in neutral and basic solutions while the enamine derivative 

was extremely stable in acidic solutions. The phenyl ester conjugate demonstrated pH-dependent 

release without side reactivity. The two thioethers as well as the phenyl ester linkages were able to 

reduce the leaching of mesotrione in acidic soil with nominal release from the thioethers in the 

experimental time frame. Finally, compared to free mesotrione, the phenyl ester conjugate 

demonstrated superior herbicidal activity against Chenopodium album at 50 g AI ha-1. Together, 

(a) 



 133 

these results demonstrate the unique reactivity of mesotrione and that successful conjugations can 

increase its utilization efficiency in soil. 

 

4.4  Experimental 
 

Materials. All reagents and solvents were purchased from Sigma Aldrich (St. Louis, MO) 

or Fisher Scientific (Hampton, NH) and used without further purification unless otherwise noted. 

Mesotrione was purchased from Jinan Boss Chemical Industry Company Ltd. (Shandong 

Province, China). Two soils were used for experiments. Soil with no prior exposure to mesotrione 

was collected from two sites. Soil A was collected in Los Angeles, CA; it was a sandy loam soil 

with a pH of 6.82. Soil B was collected from a rice field at the Rice Experiment Station (Biggs, 

CA) in February 2020; it had a pH of 5.86 and composition of 2.7 % organic matter, 21 % sand, 

30 % silt and 49 % clay. Soil was dried and passed through a 2-mm sieve before use. Chenopodium 

album (common lambsquarters) seeds were purchased from Strictly Medicinal Seeds (Williams, 

Oregon). 

 

Characterization. 1H-NMR and 13C-NMR spectroscopy were performed on a Bruker AV 400 or 

500 MHz instrument. Infrared absorption spectra were obtained using a PerkinElmer FT-IR 

equipped with an attenuated total reflectance (ATR) accessory. ESI mass spectra were obtained 

using either a Waters Acquity LCT Premier XE equipped with an autosampler and direct injection 

port or an Agilent 6530 QTOF-ESI with a 1260 Infinity LC with an autosampler using a Poroshell 

120 2.7-µm C18 120 Å column (analytical: 2.7 µm, 4.6 × 100 mm) with monitoring at λ = 220 and 

254 nm and with a flow rate of 0.8 mL/min. A gradient of 10 - 95% solvent B (solvent A: water, 
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solvent B: acetonitrile, both in 0.1% formic acid (vol/vol)) over 15 minutes was applied. Analytical 

reverse phase high performance liquid chromatography (HPLC) was carried out on an Agilent 

1260 Infinity II HPLC system equipped with an autosampler and a UV detector using a Poroshell 

120 2.7-µm C18 120 Å column (analytical: 2.7 µm, 4.6 × 100 mm) with monitoring at λ = 220 and 

254 nm and with a flow rate of 0.8 mL/min. A gradient of 10 - 95% solvent B (solvent A: water, 

solvent B: acetonitrile, both in 0.1% trifluoroacetic acid (vol/vol)) over 15 minutes was applied. 

Concentrations of mesotrione released in samples was determined by comparing values to a 

standard curve created in the same matrix.  

 

General synthesis of thioethers. Mesotrione (200 mg, 0.6 mmol, 1 equiv.) was dissolved in 

anhydrous DCM (1 mL). Oxalyl chloride (112 mg, 0.9 mmol, 1.5 equiv.) was then slowly added 

to the solution followed by a catalytic amount of DMF (4.5 µL). After addition of all reagents, the 

reaction was refluxed at 40°C for 2 hours. Solvent and excess oxalyl chloride were then removed 

in vacuo. The next step was immediately followed without purification. In another vial, thiol (1.8 

mmol, 3 equiv.) was added to water (645 µL) on ice. To the thiol solution, TCEP (7.1 mg, 0.03 

mmol, 30 mM) was added and the pH of the solution was adjusted to approx. 9-10 using NaOH (1 

N). Dried chlorinated mesotrione was dissolved in acetonitrile (300 µL) then added dropwise to 

the thiol solution. The reaction was stirred for 6 hours before being neutralized. Reaction contents 

were then concentrated in vacuo and the product was purified by silica column chromatography 

(10-95 % ethyl acetate/methylene chloride gradient). 

 

Phenyl thioether mesotrione derivative, 2-(4-(methylsulfonyl)-2-nitrobenzoyl)-3-(phenylthio)-

cyclohex-2-en-1-one (1). Orange powder (193.1 mg, 76 % yield). 1H NMR (500 MHz, CDCl3) d: 
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8.73-8.69 (d, J = 1.6 Hz, 1H), 8.25-8.21 (dd, J = 8.0, 1.7 Hz, 1H), 7.63 – 7.60 (m, 2H), 7.55 – 7.47 

(m, 4H), 3.18-3.13 (s, 3H), 2.55-2.50 (t, J = 6.1 Hz, 2H), 2.37 – 2.32 (t, 2H), 1.94-1.86 (p, J = 6.3 

Hz, 3H) ppm. 13C NMR (500 MHz, CDCl3) d: 193.9, 189.6, 184.0, 145.3, 144.2. 141.2, 135.3, 

132.6, 130.7, 129.9, 129.8, 128.5, 127.5, 123.3, 44.5, 37.3, 33.9, 21.6 ppm. (m/z) [M + H]+ 

calculated = 432.06 ; found  = 432.05. FTIR: n 2926, 1736, 1709, 1662, 1532, 1472, 1349, 1318, 

1231, 1161, 1145, 922, 755 cm-1. 

 

Ethyl thioether mesotrione derivative, 3-(ethylthio)-2-(4-(methylsulfonyl)-2-nitrobenzoyl)-

cyclohex-2-en-1-one (2). Yellow powder (226.0 mg, 63 % yield). 1H NMR (500 MHz, CDCl3) d: 

8.70-8.65 (d, J = 1.6 Hz, 1H), 8.21-8.16 (dd, J = 8.0, 1.7 Hz, 1H), 7.42-7.38 (d, 1H), 3.16-3.11 (s, 

3H), 3.08 – 3.00 (m, 4H), 2.44 – 2.36 (m, 2H), 2.14-2.02 (p, J = 6.3 Hz, 2H), 1.47-1.38 (t, J = 7.5 

Hz, 3H) ppm. 13C NMR (500 MHz, CDCl3) d: 194.2, 189.4, 185.6, 145.2, 144.4, 141.0, 132.6, 

128.3, 127.5, 123.4, 44.5, 37.1, 32.1, 26.9, 21.5, 13.1 ppm. (m/z) [M + H]+ calculated = 384.06; 

found  = 384.05. FTIR: n 2928, 1736, 1708, 1656, 1531, 1457, 1350, 1317, 1232, 1161, 1143, 922, 

758 cm-1. 
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Figure 4.9. 1H-NMR of phenyl thioether derivative (1) in CDCl3. 
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Figure 4.10. 13C-NMR of phenyl thioether derivative (1) in CDCl3. 
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Figure 4.11. 1H-NMR of ethyl thioether derivative (2) in CDCl3. 
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Figure 4.12. 13C-NMR of ethyl thioether derivative (2) in CDCl3. 
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12.8 % yield). 1H NMR (500 MHz, CDCl3) d: 8.66-8.60 (d, J = 1.6 Hz, 1H), 8.16-8.09 (dd, J = 

8.1, 1.7 Hz, 1H), 7.87-7.79 (d, J = 8.1 Hz, 1H), 7.79 – 7.73 (m, 2H), 7.57-7.50 (d, J = 7.3 Hz, 2H), 

7.36-7.27 (m, 2H), 7.10-7.00 (m, 6H), 6.09-6.02 (t, J = 4.8 Hz, 1 H), 3.17-3.06 (s, 3H), 2.77-2.70 

(m, 3H), 2.70-2.63 (m, 3H) ppm. 13C NMR (500 MHz, CDCl3) d: 197.8, 164.5, 163.1, 147.5, 

145.2, 143.6, 142.0, 136.6, 133.9, 133.8, 133.3, 131.4, 130.1, 130.0, 128.4, 128.2, 128.1, 127.4, 

124.0, 123.5, 123.3, 44.4, 38.2, 21.1 ppm. (m/z) [M + NH4]+ calculated = 565.13; found  = 565.12. 

FTIR: n 2996, 2670, 1783, 1740, 1678, 1599, 1537, 1451, 1351, 1316, 1246, 1218, 1060, 1021, 

778, 703 cm-1. 

 

 

Figure 4.13. 1H-NMR of disubstituted phenyl ester derivative (4) in CDCl3.  
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Figure 4.14. 13C-NMR of disubstituted phenyl ester derivative (4) in CDCl3. 
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68 % yield). 1H NMR (500 MHz, CDCl3) d: 12.30-12.16 (s, 1H), 8.73-8.63 (d, J = 1.7 Hz, 1H), 

8.19-8.10 (dd, J = 8.0, 1.7 Hz, 1H), 7.39-7.30 (d, J = 8.0 Hz, 1H), 3.97-3.82 (t, , J = 5.4 Hz, 2H), 

3.68-3.57 (q, J = 5.4 Hz, 2H), 3.16-3.09 (s, 3H), 2.85-2.70 (t, J = 6.2 Hz, 2H), 2.39 – 2.24 (t,  J = 

6.7 Hz, 2H), 2.05-1.93 (p, J = 6.4 Hz, 2H) ppm. 13C NMR (500 MHz, CDCl3) d: 195.2, 191.7, 

175.0, 145.5, 145.0, 140.2, 132.6, 127.8, 123.6, 107.3, 60.5, 45.8, 44.5, 36.7, 27.2, 19.6 ppm. (m/z) 

[M + H]+ calculated = 383.08; found  = 383.09.  

 

Figure 4.15. 1H-NMR of enamine mesotrione derivative (5) in CDCl3. 
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Figure 4.16. 13C-NMR of enamine mesotrione derivative (5) in CDCl3. 
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Figure 4.17. 2D NOESY NMR of enamine derivative of mesotrione (5) in CDCl3. 
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Aqueous Release Studies. Solutions of derivatives were prepared at a concentration of 0.2 

mg/mL (with respect to mesotrione) in a 1:1 mixture of acetonitrile and the pH 4, 7, and 9 buffers. 

All samples were filtered (0.2 µm) before being analyzed by HPLC at pre-determined time points 

where mesotrione eluted at 9.2 - 9.3 minutes. Studies were all conducted at 22 ˚C. Experiments 

were run in triplicate. To monitor the degradation of the phenyl thioether derivative at 9, the same 

method was used, but degradation products were monitored using QTOF LC/MS. The release 

studies of the disubstituted phenyl ester derivative was conducted in a 1:1 mixture of pH 5.0 DPBS 

and acetonitrile. The release studies of the enamine derivative were done in a 1:1 mixture of pH 

5.5 or 6.8 DPBS buffer and acetonitrile. 

  

Soil Leaching Studies. A plastic cartridge with a 20 µm frit on the bottom was packed with 4.0 

grams of sand followed by 12.0 grams of soil (1:1 mixture of Soil A and Soil B). After equilibrating 

the column with DI water for 20 minutes, a 200 µL solution of mesotrione or analogue was added 

to top of the soil layer at a concentration of 15 mg/mL of mesotrione. DI water flowed through the 

system at a rate of 0.5 mL/min and the leachate was collected in separate fractions at pre-

determined time points, then filtered through a 10 kDa MWCO membrane and analyzed by HPLC. 

Studies were all conducted at 22 ˚C. The amount of residual mesotrione (%) was calculated 

indirectly by subtracting the amount of mesotrione eluted from the soil column (as determined by 

HPLC) by the initial amount of mesotrione added to the soil. Experiments were run in triplicate. 

 

Weed Efficacy Experiments. To a plastic pot with drainage holes, 100 grams of soil (1:4 

mixture of Soil A and Soil B) was added. Solutions of mesotrione or the phenyl ester were applied 

at a concentration of 150 g AI ha-1 or 50 g AI ha-1 (with respect to free mesotrione active ingredient) 
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and 235 L ha-1 to the top of the soil. A control was evaluated by not adding any herbicide. Seeds 

(Chenopodium album, 300 mg, ~400 seeds) were then distributed in each pot. Finally, tap water 

was added at a rate of 10 mL per day for each condition. The control efficacy was observed visually 

by blinding the samples and having an outside evaluator assess them 21 days after treatment. The 

number of leaves per sample were counted, and then each leaf was evaluated on a scale where no 

visible decrease in green pigment (compared to the control) was described as 0 % control efficacy 

and complete bleaching 100 %. The individual leaves’ control efficacies were then averaged across 

each sample. Experiments were run in triplicate.  
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Chapter 5 

 

Polymeric Proherbicides for the Controlled Release 

of Mesotrione 
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This chapter is based on work done with Kathleen K. Chen, Glareh N. Kashanchi, and Nikolas 

Theopold. 

 

5.1  Introduction 
 

Polymers are commonly employed to encapsulate, stabilize, and control the release of 

active agents used for therapeutic delivery,5 tissue engineering,6 and agriculture.7,8 In particular, 

polymer-pesticide conjugates have emerged as useful technologies to immobilize and control the 

delivery of pesticides (Chapter 1). The conjugations can be irreversible9 or reversible10–15 to protect 

pesticides from photo-, thermal-, and chemical degradation, enhance their water solubility, and 

prevent premature release. In the case of reversible conjugations, also referred to as propesticides, 

the pesticide can be rendered relatively inactive until exposed to a specific trigger, e.g. hydrolysis, 

enzymolysis, or photolysis, minimizing off-target effects while allowing for controlled release. 

With the added protections, the efficiency of pesticides is enhanced and may even allow for lower 

dosing, limiting their environmental and financial costs. For instance, Yin, Yi, and co-workers 

created polymeric propesticide micelles which stabilized and sustainably released the herbicide 

dichlorophenoxyacetic acid (2,4-D) after UV irradiation via photo-labile o-nitrobenzyl linkage to 

hydrophilic poly(ethylene glycol) (PEG).14 Another example, from Radecka, Kowalczuk, and co-

workers, demonstrated the conjugation of the herbicide, 2-methyl-4-chlorophenoxyacetic acid 

(MCPA) to poly(3-hydroxybutyrate-co-3-hydroxyvalerate) via a hydrolytically-degradable ester 

linkage.11 When blended with polylactide and poly(butylene adipate-co-terephthalate), the mixture 

formed a bioactive, biodegradable mulch film. The film served as an additional delivery feature in 

that, after cleavage of the ester, it is necessary for free MCPA to also diffuse through the slowly 

degrading film. The combination of pro-pesticide conjugates and matrix encapsulation could serve 
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as a good candidate for field application, controlling pesticide stability and release. In particular, 

hydrogels are hydrophilic, tunable polymeric scaffolds that can serve as a carrier for conjugated 

pesticides. After conjugation cleavage, the active can release from hydrogels by diffusion through 

the scaffold and osmotic pumping, and, if the hydrogel matrix is degradable, by surface erosion or 

cleavage of the polymer bonds in the matrix.16  

Until now, polymeric propesticide developments have been limited and reserved for 

pesticides with carboxylic acid, alcohol, or amine residues, despite the diversity of functional 

groups observed in pesticides. One large class of modern herbicides are cyclic b-triketones, 

including mesotrione, sulcotrione, and tembotrione.17 In 2017, cyclic b-triketones made up 4.4%, 

or $1.3 billion, of the global herbicide market.18 They are typically used for the production of 

staple foods like maize and rice.19 While they are useful for their high selectivity and unique mode 

of action compared to other herbicides, b-triketones are susceptible to degradation,17 can be toxic 

to non-target species,20–22 rapidly dissipate in soil,23 and have induced weed resistance.24,25 

Genetically modified crops that can resistant triketone herbicides are being developed due to their 

importance and to mitigate excessive use and weed resistance.26 Controlled release formulations 

can complement these genetic modifications to maximize herbicide efficiency.  

In this chapter, we attempted to employ the small molecule conjugation strategies described 

in Chapter 4 to incorporate mesotrione, a top-selling herbicide commonly used to protect maize 

from broadleaf weeds, into a polymeric structure. Enamine, thioether, and ester linkages were all 

explored as possible conjugation strategies between the b-keto-enol moiety of mesotrione and a 

polymer.  

 

 



 156 

5.2  Results and Discussion 
 

Enamine-Linked PEG Conjugates of Mesotrione 

 

To create a degradable scaffold for mesotrione, we employed imine click-chemistry. Our 

group has previously created hydrogels with tunable degradability for controlled cell release,27 so 

we envisioned using similar chemistry for pre-emergent herbicide application. Imine click-

chemistry is a rapid and reversible hydrolytic reaction between amines or hydrazides and 

aldehydes or ketones, producing water as the only byproduct.28 The formation and degradation of 

these bonds occur more readily in acidic environments and therefore can be easily tuned with 

modified pH.29 Additionally, bonds formed using amines are less stable than those formed with 

hydrazides, allowing for tunable release rates of aldehyde- or ketone-functionalized molecules. 

We hypothesized that we could rapidly form imine and enamine bonds to synthesize a polymeric 

material with conjugated mesotrione.  

To form the hydrogel, 8-arm poly(ethylene) glycol (PEG) was modified with imine click 

chemistry reactive end groups (Scheme 5.1). The 8-arm PEG with carbohydrazide or 

adipohydrazide end groups, PEG-CDH (3) and PEG-ADH (4), respectively, were synthesized as 

previously reported27 from 8-arm PEG acetic acid (PEG-COOH, 2). The 8-arm PEG-benzaldehyde 

(PEG-BA, 1) was synthesized through an EDC coupling of 4-carboxybenzaldehyde to 8-arm PEG. 

All multi-arm PEG species were synthesized in good yield and ³ 89 % end group conversion to 

ensure efficient reactivity with mesotrione and to form the final hydrogel. 
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Scheme 5.1. Synthetic routes towards 8-arm PEG derivatives to form imine/enamine mesotrione 

conjugated hydrogels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 5.1. Conjugation efficiencies of mesotrione onto 8-arm PEG polymers. 

PEG Derivative Calculated Mesotrione Conjugation Efficiency (%) 
PEG-CDH 100 
PEG-ADH 100 
PEG-NH2 98.9 
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Mesotrione reacts with hydrazides or amines to form irreversible enamine linkages, that re 

potentially still active. We therefore conjugated mesotrione to the nucleophilic PEG derivatives 

before forming the final gel.  Mesotrione was incubated with PEG-CDH, PEG-ADH, or PEG-NH2 

at a ratio of 1:4 between mesotrione and PEG end groups. We observed nearly quantitative reaction 

efficiency between mesotrione and each electrophile (Table 5.1.). The remaining PEG end groups 

were purposefully left unreacted to allow for further cross-linking with PEG-BA to form a 

hydrogel. PEG-BA was added at a ratio of 1:1 between -BA end groups and the remaining -CDH, 

-ADH- or -NH2 end groups.  In acidic conditions and 50 °C, gels formed almost immediately with 

PEG-CDH and PEG-ADH through facile hydrazone click chemistry. For gels to form with PEG-

NH2, the reaction pH was slowly increased until gelation occurred. After screening a number of 

polymer concentrations (data not shown), we determined 15 wt.% PEG was ideal for gelation rates 

and properties. Gelation was confirmed by inverting the gelation vial (Figure 5.1) or, for the gel 

made with PEG-CDH, by rheology (Figure 5.2). The swelling ratio was calculated as 10.7 g/g by 

dividing the difference between the swollen weight and dry weight by the dry weight. 

 

 

Figure 5.1. Gel formed with PEG-CDH-mesotrione conjugate and PEG-BA cross-linker. 
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Figure 5.2. Rheological measurements of gels formed with PEG-CDH-mesotrione conjugate and 

PEG-BA crosslinker as determined by a frequency sweep with constant 1 % strain at 22 °C. The 

storage modulus is constantly larger than the loss modulus, indicating that the material is past its 

gel point and exhibits solid-like behavior.  

Owing to their relatively high water solubilities, mesotrione and other cyclic b-triketone 

herbicides are susceptible to accumulation and leaching in soil and water compartments.31 The 

half-life of mesotrione ranges from two day to 18 days in soil with pH 4.2 to 8.3, respectively, due 

to degradation and dissipation.17 We hypothesized that by conjugating and encapsulating 

mesotrione within our PEG networks, mesotrione would release more slowly through soil 

compared to the free herbicide. We tested the mobility of mesotrione through a soil column with 

acidic (pH 6.8) soil (Figure 5.3). We observed that free mesotrione leaches at a significantly faster 

rate than mesotrione conjugated to PEG-CDH gel: 25.8 % ± 5.9 % and 87.4 %± 1.9 % residual 

mesotrione was left, respectively, in the soil after 13.2 mL of water was eluted through the column. 

Mesotrione is therefore retained in the soil for longer when encapsulated in the hydrogel. To further 

understand how mesotrione is released from the gel, we conducted aqueous release studies in 

various pH buffers and with the other PEG conjugates. 
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Figure 5.3. Soil column release experiment setup (left) and comparison of mesotrione soil mobility 

(right) between PEG-CDH gel (gold circles) to free mesotrione (green triangles). 

 

We tested the release of mesotrione from the three PEG hydrogels in aqueous conditions, 

at pH 5.5 and 6.8 at 22 °C (Figure 5.4). The experiments were set up by adding hydrogels into a 

dialysis bag (3.5 kDa MWCO), submerging in the relevant buffer, and monitoring the external 

solution for release mesotrione via HPLC analysis. For all three hydrogels, only about 20 % of 

mesotrione released from within the gel with little to no dependence on pH or PEG conjugation. 

This agrees with the soil release studies and suggests that mesotrione not eluted from the soil 

column is likely still attached to the polymer. Since we observed quantitative conjugation and, 

based on the small molecule model studies discussed in Chapter 4, it is likely that the imine 

linkages are rearranging to irreversible enamine linkages, thus preventing mesotrione release. 

These conjugates may still be active as the mode of action of mesotrione only requires two of the 

three carbonyl groups in mesotrione to participate in b-keto-enol tautomerization.19 However, 

pH 6.8 soil 4 cm depth

Cotton plug

H2O

0

20

40

60

80

100

0 2 4 6 8 10 12 14

R
es

id
ua

l M
es

ot
rio

ne
 (%

)

Leachate (mL)

mesotrione (control) PEG-CDH conjugate



 161 

distortion of mesotrione planarity has demonstrated negative impacts on its affinity for and activity 

against HPPD,32 and further tests would need to be conducted to understand the conjugations’ 

effects. We therefore tested the efficacy of the hydrogels to see how its herbicidal activity 

compares to free mesotrione. 

 

 

Figure 5.4. Mesotrione release at pH 5.5 (solid line) or 6.8 (dashed line) from hydrogel conjugates 

formed with PEG-BA and PEG-ADH (red squares), PEG-CDH (gold circles), or PEG-NH2 (purple 

triangles). 

Hydrogels are more appealing for pre-emergent weed treatments as they can be dried and 

applied directly on soil in powdered form. We tested the efficacy of mesotrione conjugated and 

encapsulated within the gel versus free mesotrione against a common weed, Chenopodium album 

(common lambsquarters). In maize, mesotrione is effective against pre-emergent Chenopodium 

album,33 recommended dosage is 150 g active ingredient (AI) per hectare (ha-1).34 In a small trial, 

we applied 150 g mesotrione   ha-1 in the form of free mesotrione or in the PEG-CDH gel as a pre-

emergent treatment. We observed that both free mesotrione and the hydrogel decrease the total 
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number of weeds and their health compared to a control without herbicide (Figure 5.5). b-

Triketones inhibit the HPPD enzyme in weeds which ultimately decreases photosynthetic activity, 

causing bleaching and death of treated plants.18 This was directly observable in the pots treated 

with herbicide as there were overall fewer germinated Chenopodium album seeds. Moreover, the 

seeds which did germinate in herbicidal treatments were pale pink, indicating their photosynthetic 

capabilities were low compared to the green weeds grown from the control. Since we only 

observed 20 % of mesotrione release from the gels in the soil release experiments, the weed control 

from these gels may have been because only a fraction of the applied 150 g mesotrione ha-1 is 

necessary to control Chenopodium album or because the hydrolytically stable conjugate is also 

active against the weeds. The herbicidal activity could be tested at lower concentrations to see how 

much mesotrione is necessary to prevent weed growth in these experimental conditions. 

Alternatively, the inhibition of HPPD by the conjugate could be evaluated through an enzyme 

activity assay. We wanted to focus on creating a system that could effectively release free 

mesotrione as this would prove most efficacious for practical use. We therefore explored other 

possible degradable linkages to form mesotrione-polymeric conjugates. 
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Figure 5.5. Effects of mesotrione conjugate 27 days after treatment, against Chenopodium album 

(common lambsquarters). Controls without herbicide (a) and with free mesotrione (b) were used 

to compare to mesotrione in the PEG-CDH gel (c). Images on the right are close-up views of those 

on the left. 
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Thioether-Linked Polymer Conjugates of Mesotrione 

 

Scheme 5.2. Synthetic route attempted to functionalized PEG-SH with mesotrione. Reaction 

occurred at very low conversions. 

 

 

 
 
Figure 5.6. Gel formed with PEG-SH-mesotrione conjugate. 

 In Chapter 4, we demonstrated that small molecule thioether derivatives of mesotrione 

could be synthesized and applied to release mesotrione in acidic conditions. We intended to apply 

this chemistry to form a mesotrione-polymer conjugate with commercially available 8-arm PEG-

thiol (PEG-SH, 20 kDa). First, a chlorinated mesotrione was formed in situ with oxalyl chloride 

and catalytic DMF then PEG-SH was added to mesotrione in basic conditions (Scheme 5.2). Upon 

drying the gel, unmodified thiols reacted to form a disulfide cross-linked hydrogel (Figure 5.6). 

b-Triketones are used in reductive conditions when applied to paddy rice fields,36 so we envisioned 
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the hydrogel cross-links could slowly degrade in these environments. The gel was then purified by 

dialysis, demonstrated a swelling ratio of 27.5 g/g, and was evaluated as a degradable carrier for 

mesotrione. While we were able to degrade the hydrogel in reductive conditions (10 mM TCEP), 

there was no observable release of mesotrione in acidic conditions (pH 5 phosphate buffer). Upon 

closer evaluation of the conjugation using linear methoxyPEG-SH (mPEG-SH, 2 kDa, we noted 

low conversion efficiencies, despite the relatively good small molecule yields (> 63 %, see Chapter 

4). We attempted to improve reaction conditions by resubjecting low conversion polymers or using 

a brominated mesotrione, but were unable to successfully react polymeric thiols directly with 

mesotrione. 

 

Scheme 5.3. Synthetic route to create azide-thioether mesotrione conjugate (8).  
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hydrolytically-cleavable phenyl thioether group as well as an azide that could be easily clicked 

onto a polymer with alkyne functional groups, thus ensuring good attachment efficiency to the 

polymer. The linker was synthesized by first protecting 4-mercaptobenzoic acid with a trityl group 

(5). The trityl-protected benzoic acid was then converted into a benzoyl chloride which coupled 2-

bromoethylamine to form 6. The bromide was displaced using sodium azide, forming 7 as the 

product. Finally, 7 was deprotected in TFA/TIPS then reacted with chlorinated mesotrione in basic, 

reductive conditions to form the azide-thioether mesotrione conjugate (8). The purification 

strategy of 8 must be optimized for further use as the final product was impure. This small molecule 

is currently being screened with other azide conjugates to couple onto a polycarbonate with alkyne 

side chain.  This will provide a polymer scaffold that will also degrade.   

 

Ester-Linked PEG Conjugates of Mesotrione 

 

 As discussed in Chapter 4, when mesotrione is reacted with acid chlorides in basic 

conditions, small molecule ester-linked derivatives are synthesized. The conjugates favor 

disubstitution unless the mesotrione enolate salt is isolated using a base like TEA. While the small 

molecule disubstituted phenyl ester derivative demonstrated minimal hydrolytic susceptibility, all 

attempts to purify alkyl esters were thwarted due to their high instability. We hypothesized that we 

could stabilize the reversible alkyl esters by using mesotrione as a cross-linker with an 8-arm PEG-

acetic acid (PEG-COOH, 10 kDa) to form a solid hydrogel.  

 The hydrogels were formed by creating the acid chloride of PEG-COOH then adding 

mesotrione and base in situ (Figure 5.7). A brown gel immediately formed at 15 wt % polymer 

concentration and was dried before use. The dry weight was 12 wt % mesotrione. To test the 
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efficacy of the gel, the release of mesotrione in acidic conditions (pH 5.0 DPBS) was assessed 

(Figure 5.8). Here, over the course of 71 hours, 59.7 % of the encapsulated mesotrione was 

released from the hydrogel. Additionally, we observed that the gel had degraded in this time period, 

demonstrating that mesotrione is an effective cross-linker for PEG and the mesotrione-PEG 

conjugates are reversible in acidic conditions. 

 

 

Figure 5.7. Gel formed with mesotrione cross-linked PEG hydrogels. 

 

Figure 5.8. Mesotrione release in pH 5 DPBS from mesotrione cross-linked PEG hydrogels. 
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We then tested the ability of the hydrogel to reduce the mobility of mesotrione in acidic 

soil (Figure 5.9). This experiment was done at a different flow rate compared to the enamine/imine 

soil leaching experiments, but was instead conducted as described in Chapter 4. With a flow rate 

of 0.5 mL min-1 of water through the short acidic soil column, we calculated that after 

approximately 75 mL of water eluted from the column, the residual amount of mesotrione left in 

the soil was 61 % for the hydrogel compared to only 15 % for the free mesotrione. This slowed 

release rate demonstrates that these hydrogels are promising carriers for mesotrione.  

This hydrogel demonstrates the most promise of all the polymeric pro-mesotrione systems 

attempted in this chapter due to its stable formation and controlled release in acidic aqueous and 

soil conditions. To further improve this system, one could consider using a more hydrophobic 

polymer scaffold to further reduce mesotrione’s soil mobility. Moreover, systems that are 

biodegradable and where mesotrione can be loaded at a higher percentage (> 40 wt. %) should be 

explored. 
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Figure 5.9. Soil column release of mesotrione from ester-linked PEG hydrogel with comparison 

to free mesotrione release. 

 
 

5.3  Conclusion 
 

 A variety of linkages to mesotrione were explored as possible avenues towards creating b-

triketone herbicide-polymer conjugates. While the imine cross-linked gels demonstrated fast 

formation and effectiveness against weeds, the low amount of mesotrione release in aqueous 

solution indicated that an irreversible enamine linkage is likely forming between mesotrione and 

the polymer, potentially rendering the herbicide less active. We then explored reversible thioether 

and ester linkages as alternative strategies. Although the thioether linkage route proved 

unsuccessful, we were able to successfully form hydrogels with 8-arm PEG-COOH, using 

mesotrione as a cross-linker. This hydrogel demonstrated controlled release in acidic aqueous 
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conditions and acidic soil, demonstrated promise as a carrier for mesotrione. To our knowledge, a 

propesticide has never been prepared using a small molecule active as a cross-linker until now. 

 

5.4  Experimental 
 

Materials and Analytical Techniques. 

 

Materials. All reagents and solvents were purchased from Sigma Aldrich (St. Louis, MO) 

or Fisher Scientific (Hampton, NH) and used without further purification unless otherwise noted. 

Mesotrione was purchased from Jinan Boss Chemical Industry Company Ltd. (Shandong 

Province, China). 8-arm PEG, 8-arm PEG-COOH, and 8-arm PEG-NH2 were purchased from 

JenKem Technology. Two soils were used for experiments. Soil with no prior exposure to 

mesotrione was collected from two sites. Soil A was collected in Los Angeles, CA; it was a sandy 

loam soil with a pH of 6.82. Soil B was collected from a rice field at the Rice Experiment Station 

(Biggs, CA) in February 2020; it had a pH of 5.86 and composition of 2.7% organic matter, 21% 

sand, 30% silt and 49% clay. Soil was dried and passed through a 2-mm sieve before use. 

Chenopodium album (common lambsquarters) seeds were purchased from Strictly Medicinal 

Seeds (Williams, Oregon). 

 

Characterization. 1H-NMR and 13C-NMR spectroscopy were performed on a Bruker AV 400 or 

500 MHz instrument. ESI mass spectra were obtained using either a Waters Acquity LCT Premier 

XE equipped with an autosampler and direct injection port or an Agilent 6530 QTOF-ESI with a 

1260 Infinity LC with an autosampler using a Poroshell 120 2.7-µm C18 120 Å column (analytical: 

2.7 µm, 4.6 × 100 mm) with monitoring at λ = 220 and 254 nm and with a flow rate of 0.8 mL/min. 
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A gradient of 10 – 95 % solvent B (solvent A: water, solvent B: acetonitrile, both in 0.1 % formic 

acid (vol/vol)) over 15 minutes was applied. Analytical reverse phase high performance liquid 

chromatography (HPLC) was carried out on an Agilent 1260 Infinity II HPLC system equipped 

with an autosampler and a UV detector using a Poroshell 120 2.7-µm C18 120 Å column 

(analytical: 2.7 µm, 4.6 × 100 mm) with monitoring at λ = 220 and 280 nm and with a flow rate of 

0.8 mL/min. A gradient of 10 – 95 % solvent B (solvent A: water, solvent B: acetonitrile, both in 

0.1 % trifluoroacetic acid (vol/vol)) over 15 minutes was applied. Concentrations of mesotrione 

released in samples was determined by comparing values to a standard curve created in the same 

matrix. To determine hydrogel mechanical properties, an AR 2000ex rheometer (TA instruments) 

in parallel plate geometry was used with an 8-mm diameter stainless steel, cross hatched upper 

plate and 60 mm stainless steel, cross hatched lower plate cover, at 22 °C, constant strain of 1 %, 

and an angular frequency range of 0.1 to 10 rad s-1. Gels were swelled for 24 hours in Milli Q 

water, trimmed to 8 mm diameter and approximately 1 mm thickness, and carefully blotted to 

removed excess water before measurements. 

 

Methods. 

 

Enamine/Imine-Linked Mesotrione-Polymer Conjugates 

 

Synthesis of PEG-BA (1). This synthesis was modified from a previous procedure.11 8-arm PEG 

(20 kDa, 1.11 g, 0.0004 mol with respect to -OH end groups, 1 equiv.), 4-carboxybenzaldehyde 

(0.666 g, 0.004 mol, 10 equiv.), DMAP (0.027 g, 0.0002 mol) and EDC×HCl (2.13 g, 0.01 mmol, 

25 equiv.) were added to 45 mL DCM. (Note that 4-carboxybenzaldehyde does not dissolve until 
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EDC is added.) The reaction was stirred for 48 hours at 22 °C before solvent was removed by 

rotary evaporation. The concentrated mixture was then washed five times with brine, followed by 

three times with 5 % NaCl solution. The organic layers were then collected, dried over 

anhydrous magnesium sulfate, and left to stand for twelve hours. The mixture was then filtered 

and precipitated twice into diethyl ether. Finally, the product was dried in vacuo then dialyzed 

(MWCO = 3.5 kDa) with deionized water for three days before being lyophilized. Yield = 995 mg 

(89.6 %); conversion = 89 %. 1H NMR (400 MHz, CDCl3) d: 10.12-10.08 (s, 1H), 8.23-8.17 (d, J 

= 6.6 Hz, 1H), 7.8-7.91 (d, J = 8.5 Hz, 1H), 4.53 – 4.47 (m, 2H), 3.88-3.19 (m, 227H) ppm. 

 

Figure 5.10. 1H NMR spectrum of 8-arm PEG-BA (1) in CD3Cl. 
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Synthesis of PEG-COOH (2). 8-arm PEG (20 kDa, 150 mg, 0.06 mmol with respect to -OH end 

groups, 1 equiv.) was dissolved in 1:1 water/MeCN (3 mL). TEMPO (1.875 mg, 0.012 mmol) and 

(diacetoxyiodo)benzene (57.98 mg, 0.18 mmol, 3 equiv.) were added and the mixture was stirred 

for 21 hours at 22 °C. The reaction was then dried in vacuo, re-dissolved in ethanol, and then 

precipitated into ether three times. The solids were collected and dried. Yield = 78.9 % (118.32 

mg); conversion = 100 %. 1H NMR (400 MHz, CDCl3) d: 9.73-9.72 (s, 1H), 4.16-4.13 (s, 1H), 

3.88-3.17 (m, 227H) ppm. 

 

 

Figure 5.11. 1H-NMR of 8-arm PEG-COOH (2) in CD3Cl. 
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Synthesis of PEG-CDH (3). PEG-CDH was synthesized as described previously.3 8-arm PEG-

COOH (20 kDa, 368.82 mg, 0.018 mmol, 1 equiv.) was dissolved in a minimal amount of pH 4.75 

DPBS buffer (15 mL). Carbohydrazide (CDH, 252.53 mg, 2.80 mmol, 152 equiv.) was dissolved 

separately in a minimal amount of pH 4.75 DPBS buffer (2.5 mL) and then added to the PEG-

COOH solution. To this, 20 mL of pH 4.75 DPBS buffer was added. While stirring, EDC (289.73 

mg, 1.87 mmol, 101 equiv.) was added to the reaction. The reaction was stirred for 50 hours 

(during this time the pH was monitored and adjusted back to acidic conditions as necessary) before 

being neutralized and dialyzed against water/MeOH (1:1). Yield = 304.48 mg (82.6 %). 

Conversion = 100 %. 1H NMR (400 MHz, CDCl3) d: 4.17-4.07 (s, 2H), 3.87-3.18 (m, 227H) ppm. 
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Figure 5.12. 1H NMR spectrum of 8-arm PEG-CDH (3) in CD3Cl. 

 

Synthesis of PEG-ADH (4). 8-arm PEG-COOH (20 kDa, 100 mg, 0.005 mmol) was dissolved in 

5 mL of DPBS buffer pH 4.75. Separately, adipohydrazide (ADH, 261.25 mg, 1.50 mmol) was 

dissolved in 4 mL of DPBS buffer pH 4.75 then was added to the PEG-COOH solution. While 

stirring, EDC (155.25 mg, 1.00 mmol) was added followed by 6 mL of DPBS buffer pH 4.75. The 

reaction was stirred for 19 hours before neutralizing with aqueous NaOH and dialyzing against 

water/MeOH for three days. The product was dried by lyophilization. Yield: 97.18 mg (97.2 %); 

conversion: 81.5-100 %. 



 176 

 
Figure 5.13. 1H NMR spectrum of 8-arm PEG-ADH (4) in D2O. 

 

Procedure for the Conjugation of Mesotrione to PEG-CDH, PEG-ADH, and PEG-NH2. A 

250 mg mL-1 solution of PEG and a 50 mg mL-1 solution of mesotrione were made with DPBS pH 

4.0 and acetonitrile, respectively. PEG with hydrazide end group (16 mg, 0.0057 mmol with 

respect to end group, 64 µL of solution, 4 equiv.) was incubated with mesotrione (0.49 mg, 0.0014 

mmol, 64 µL of solution, 11 µL of solution,  1 equiv.) for 22 hours at 50 °C on the thermoshaker 

at 250 rpm at a total volume of 240 µL 1:1 buffer/acetonitrile (added as necessary). It was noted 

that the PEG-ADH conjugate formed a gel and was thus considered fully conjugated. The PEG-

CDH conjugate solution was filtered and analyzed via HPLC. The amount of reacted mesotrione 

PEG 
protons 
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(%) was calculated indirectly by subtracting the amount of unreacted mesotrione (as determined 

by HPLC) by the initial amount of mesotrione added to the reaction. 

 

General Procedure for Mesotrione Conjugate Gel Formation. Similar to the conjugation 

procedures described above, mesotrione was first conjugated to a PEG derivative: A 250 mg mL-

1 solution of 8-arm PEG-CDH, -ADH, or -NH2 and a 50 mg mL-1 solution of mesotrione were 

made in DPBS pH 6.0 and acetonitrile, respectively. The PEG solution (16 mg, 0.00592 mmol 

with respect to the end group, 64 µL of solution, 4 equiv.) and mesotrione (0.502 mg, 0.00148 

mmol, 10.0 µL of solution, 1 equiv.) were combined with 25.96 µL DPBS pH 6.0 to give a final 

volume of 100 µL. This solution was incubated at 50° C and 250 rpm for 21 hours before being 

added to a dram vial. Specifically for PEG-ADH, the initial conjugation needed to be more dilute 

(130 µL total)  to prevent premature gelation.  

To this vial, excess buffer (DPBS pH 6.0, 11.63 µL) and cross-linker PEG-BA (250 mg mL-1 

solution in DPBS pH 6.0,  12.58 mg, 0.0044 mmol with respect to -BA end group, 50.3 µL of 

solution, 3 equiv.) were added.** The solution was vortexed, centrifuged to spin down all solution, 

then placed on shaker for 18 hours. Specifically for the gels formed with PEG-NH2, pH was then 

adjusted to ~9-10 by slowly adding 1.0 N NaOH in 1.0 µL increments until gel formed. 

The gel was formed as confirmed by inverting the vial (Figure 5.1) and rheology (Figure 

5.2). Gels were dried before use. The swelling ratio (QM) was calculated as: 

𝑄/ =
𝑀1 −	𝑀3

𝑀3
 

where 𝑀1 is the hydrogel mass after swelling and 𝑀3 is the hydrogel mass after drying. 
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Herbicide Release from Hydrogels in Aqueous Solution. Dried hydrogel (20 mg) was placed in 

a dialysis tube (3.5 kDa MWCO) and 2 mL of DPBS buffer pH 5.5 or 6.8 was added inside the 

tube. The dialysis bags were then submerged in 40 mL of DPBS buffer pH 5.5 or 6.8. Aliquots (1 

mL) of the external solution were taken at various time points and then immediately replaced with 

fresh buffer. Aliquots were filtered before being analyzed by analytical HPLC. 

 

Soil Leaching. To an empty 15 mL falcon tube with cut tip and cotton packed at the bottom, 9 

grams (approximately 4 cm) of soil was added. DI water (10 mL aliquots) was added repeatedly 

to the top and the soil until it was saturated with water at room temperature without flow. To the 

top, 0.1 mg of mesotrione was added as a 1 mg mL-1 solution in DI water/acetonitrile (1:1 ratio, 

100 µL total) or as a gel (PEG-CDH conjugate), followed by 0.5 grams of additional soil. DI water 

was added to the top in 1 mL aliquots as needed (without drying out the top of the soil) and 

fractions were collected in 500 µL aliquots. Aliquots were then centriprepped using 3 kDa MWCO 

at 13.2 rpm for 30 minutes (one cycle). The filtrate was collected and directly used for HPLC 

analysis. The amount of residual mesotrione (%) was calculated indirectly by subtracting the 

amount of mesotrione eluted from the soil column (as determined by HPLC) by the initial amount 

of mesotrione added to the soil. Experiments were run in triplicate. 

 

Efficacy against Weeds. To three separate petri dishes, 45 grams of soil was added. Mesotrione 

or the gel were applied at a rate of 150 g AI ha-1 (with respect to free mesotrione active ingredient) 

to the top of the soil at 235 L ha-1 (mesotrione was dissolved in DI water, gel was added before DI 

water was separately added). A control without any herbicide was evaluated by not adding any 

herbicide. Seeds (15 mg, ~20 seeds) were then distributed in each pot. Finally, tap water was added 
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at a rate of 10 mL per day for each condition. The control efficacy was observed visually 27 days 

after treatment. 

 

Thioether-Linked Mesotrione-Polymer Conjugates 

 

Synthesis of PEG-SH-Mesotrione Hydrogel. Mesotrione (250 mg, 0.74 mmol, 1 equiv.) was 

dissolved in anhydrous DCM (1.6 mL). Oxalyl chloride (95 µL, 1.1 mmol, 1.5 equiv.) was then 

slowly added to the solution followed by a catalytic amount of anhydrous DMF (10 µL). The 

reaction was refluxed at 40 °C for 2 hours before solvent and excess oxalyl chloride were removed 

in vacuo. The product was used directly without further purification. The reaction was re-

constituted with 140 µL acetonitrile then cooled on ice. Separately, 4-arm PEG-SH and TCEP (50 

mM) were dissolved in water (360 µL, 18.6 wt% polymer total) and pH was adjusted to 9-10 by 

adding sodium hydroxide (25 wt% aqueous solution). The chlorinated mesotrione solution was 

added to the PEG solution dropwise. The reaction was stirred for 2 hours before being becoming 

a gel (Figure 5.6). The gel was dialyzed against a 3.5 kDa MWCO membrane and 

acetonitrile/water (1:1) for 24 hours. The gel was dried before use.  

 
 
Synthesis of Linear mPEG-SH-Mesotrione. Mesotrione (100 mg, 0.29 mmol, 1 equiv.) was 

dissolved in anhydrous DCM (0.5 mL). Oxalyl chloride (38 µL, 0.44 mmol, 1.5 equiv.) was then 

slowly added to the solution followed by a catalytic amount of anhydrous DMF (3 µL). The 

reaction was refluxed at 40 °C for 2 hours before solvent and excess oxalyl chloride were removed 

in vacuo. The product was used directly without further purification. The reaction was re-

constituted with 150 µL acetonitrile and 600 µL then cooled on ice. mPEG-SH (2 kDa) and TCEP 
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(50 mM) were then added to the reaction, and the pH was adjusted to 9-10 by adding sodium 

hydroxide (25 wt% aqueous solution). The reaction was stirred for 2 hours. The polymer was 

dialyzed against a 1 kDa MWCO membrane and acetonitrile/water (1:1) for 24 hours. 

 

Synthesis of 4-(tritylthio)benzoic acid (5). 4-mercaptobenzoic acid (500 mg, 3.2 mmol, 1 equiv.) 

and trityl chloride (994.4 mg, 3.6 mmol, 1.1 equiv.) were dissolved in dioxane (10 mL), and the 

reaction was stirred at 23 °C for 24 hours. The solvent was removed under reduced pressure and 

the product was purified via silica column chromatography using DCM with a 0-20 % MeOH 

gradient. Pure product was collected as a white powder (818.8 mg, 64 % yield). 1H NMR (500 

MHz, CDCl3) d: 7.70-7.64 (d, J = 8.5 Hz,2H), 7.43-7.34 (d, J = 7.7 Hz, 6H), 7.30 – 7.18 (m, 9H), 

7.02-6.95 (d, J = 8.5 Hz, 2H ppm. 13C NMR (500 MHz, CDCl3) d: 171.3, 143.8, 130.7, 130.0, 

129.6, 127.9, 127.2, 126.6, 71.0 ppm. 
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Figure 5.14. 1H-NMR of 4-(tritylthio)benzoic acid (5) in CDCl3. 
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Figure 5.15. 13C-NMR of 4-(tritylthio)benzoic acid (5) in CDCl3. 

 
Synthesis of N-(2-bromoethyl)-4-(tritylthio)benzamide (6).  Compound 5 (200 mg, 0.5 mmol, 

1.2 equiv.) was dissolved in DCM (2 mL). Oxalyl chloride (91 µL, 1.1 mmol, 2.5 equiv.) was 

added, followed by a catalytic amount of DMF (4 µL). The reaction was refluxed for 2 hours at 40 

°C before solvent and excess oxalyl chloride were dried in vacuo. The product was used directly 

without further purification. The reaction was re-constituted with DCM (3 mL) and DIPEA (88 

µL, 0.5 mmol, 1.2 equiv.) was added. The reaction was cool to 0 °C on an ice bath. To this, a 

solution of 2-bromoethylamine hydrobromide (86.2 mg, 0.42 mmol, 1 equiv.) in DCM (2 mL) was 

added dropwise. The reaction was stirred for 10 hours before being diluted with DCM and 

extracted three times against a saturated sodium carbonate solution. The organic layers were dried 

over Mg2SO4, dried, then purified by silica column chromatography using DCM with a 0-20 % 
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MeOH gradient. Product was collected as a white powder (83.2 mg, 39 % yield). 1H NMR (500 

MHz, CDCl3) d: 7.46 – 7.33 (m, 6H), 7.28 – 7.16 (m, 9H), 7.02-6.97 (d, J = 8.6 Hz, 2H), 6.43-

6.32 (br t, J = 5.4 , 1H), 3.84-3.77 (q, J = 5.8 Hz, 2H), 3.58-3.50 (t, J = 5.7 Hz, 2H) ppm. 13C NMR 

(400 MHz, CDCl3) d: 166.9, 144.0, 140.6, 132.1, 131.8, 130.0, 127.9, 127.1, 126.5, 71.0, 41.5, 

32.8 ppm. (m/z) [M + H]+ calculated = 502.09; found  = 502.08. 

 

Figure 5.16. 1H-NMR of N-(2-bromoethyl)-4-(tritylthio)benzamide (6) in CDCl3. 
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Figure 5.17. 13C-NMR of N-(2-bromoethyl)-4-(tritylthio)benzamide (6) in CDCl3. 

 

Synthesis of N-(2-azidoethyl)-4-tritylthio)benzamide (7). Compound 6 (83.2 mg, 0.17 mmol, 1 

equiv.) was dissolved in DMF (2 mL). Sodium azide (32.3 mg, 0.5 mmol, 3 equiv.) was added and 

the reaction was stirred at 22 °C for 22 hours. The reaction was dried then reconstituted with 

diethyl ether before being extracted with a saturated sodium bicarbonate solution. The organic 

layers were dried over Mg2SO4 then solvent was removed in vacuo to give a white, impure powder. 

This compound will require a new purification method for future use. 1H NMR (500 MHz, CDCl3) 

d: 7.59-7.50 (d, J = 8.2 Hz, 2H), 7.43-7.33 (d, J = 7.4 Hz,6H), 7.28-7.16 (m, 9H), 7.02-6.92 (d, J 

= 8.3 Hz, 2H), 6.30-6.22 (br t, J = 5.4 , 1H), 4.41-4.31 (t, J = 9.5 Hz, 2H), 4.03-3.95 (t, J = 9.5 Hz, 
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2H) ppm. 13C NMR (400 MHz, CDCl3) d: 167.2, 144.4, 141.1, 132.1, 131.9, 130.0, 127.9, 127.0, 

126.5, 70.9, 60.0, 39.3 ppm. 

 

Figure 5.18. 1H-NMR of N-(2-azidoethyl)-4-tritylthio)benzamide (7) in CDCl3. 
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Figure 5.19. 13C-NMR of N-(2-azidoethyl)-4-tritylthio)benzamide (7) in CDCl3. 

 

Synthesis of Azide-Mesotrione Thioether (8). Chlorinated mesotrione was generated in situ as 

described before and used directly without further purification. Compound (7) (57.8 mg, 0.1 mmol, 

1 equiv.) was added to a solution of triisopropylsilane (98.4 mg, 0.6 mmol, 5 equiv.) in 

trifluoroacetic acid (95 µL, 1.2 mmol, 10 equiv.) and acetonitrile (100 µL) and was stirred for two 

hours. The pH was adjusted to pH 9-10 using sodium hydroxide pellets, and the reaction was 

cooled on an ice bath. The chlorinated mesotrione (44.3 mg, 0.12 mmol, 1 equiv.) was 

reconstituted in 150 µL acetonitrile and added to the thiol dropwise. The reaction was stirred for 7 

hours before being purified by silica column chromatography using DCM with a gradient of ethyl 

acetate (10-95 %). A yellow paste was acquired. This compound will require a new purification 
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method for future use. 1H NMR (500 MHz, CDCl3) d: 8.73-8.70 (d, J = 1.5 Hz, 1H), 8.26-8.21 

(dd, J = 8.0, 1.8 Hz, 1H), 8.08-8.03 (d, J = 8.4 Hz, 2H), 7.69-7.65 (d, J = 8.4 Hz, 2H), 7.51-7.48 

(d, J = 7.9 Hz, 1H), 4.56-4.40 (t, J = 9.5 Hz, 2H), 4.19-4.01 (m, 2H), 3.16-3.13 (s, 3H), 2.54-2.47 

(t, J = 6.0 Hz, 2H), 2.37-2.30 (m, 2H), 1.94-1.86 (m, 3H), 1.30-1.20 (t, J = 9.5 Hz, 2H) ppm. (m/z) 

[M + H]+ calculated = 544.10; found  = 544.10. 

 

 

Figure 5.20. 1H-NMR of azide-thioether mesotrione derivative (8) in CDCl3. 
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Ester-Linked Mesotrione-Polymer Conjugates 

 

Synthesis of Mesotrione Cross-Linked PEG Hydrogels. 8-arm PEG-carboxylic acid (PEG-

COOH, 10 kDa, 200 mg, 0.16 mmol with respect to -COOH end group, 2 equiv.) was dissolved in 

DCM (2 mL). To this, oxalyl chloride (34.3 µL, 0.4 mmol, 2.5 equiv.) was added dropwise, 

followed by a catalytic amount of DMF (2 µL). The reaction was refluxed at 40 °C for two hours. 

The solvent and excess oxalyl chloride was removed in vacuo. The reaction was then reconstituted 

in 800 µL DCM and cooled to 0 °C. Separately, mesotrione (27.1 mg, 0.08 mmol, 1 equiv.) was 

dissolved in dry DCM (140 µL). The two solutions were sparged under argon for 30 minutes before 

being simultaneously added to the same dram vial under argon. Finally, DIPEA (21 µL, 0.12 

mmol, 3 equiv.) was quickly added. The gel immediately formed (Figure 5.22). The gel was dried 

in vacuo before use. 

 
Herbicide Release from Hydrogels in Aqueous Solution. Dried gel was placed in dialysis bag 

(3.5 kDa MWCO) and transferred into a release buffer (pH 5, 0.2M DPBS) in falcon tube. Release 

was done in 23 °C. Aliquots (1 mL) were taken at various time points and replenished with fresh 

release buffer. Aliquots were filtered before being analyzed by analytical HPLC. 

 

Soil Leaching Study for Mesotrione PEG Hydrogels. A plastic cartridge with a 20 µm frit on 

the bottom was packed with 4.0 grams of sand followed by 12.0 grams of soil (1:1 mixture of Soil 

A and Soil B). After equilibrating the column with DI water for 20 minutes, a solution of 

mesotrione (200 µL, 15 mg mL-1) or solid gel was added to top of the soil layer at an equivalent 

amount to 3 mg mesotrione. DI water flowed through the system at a rate of 0.5 mL/min and the 
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leachate was collected in separate fractions at pre-determined time points, then filtered through a 

10 kDa MWCO membrane and analyzed by HPLC. Studies were all conducted at 22˚C. The 

amount of residual mesotrione (%) was calculated indirectly by subtracting the amount of 

mesotrione eluted from the soil column (as determined by HPLC) by the initial amount of 

mesotrione added to the soil.  

  



 190 

5.5  References 
 

(1)  (FAO), F. and A. O. of the U. N. How to Feed the World in 2050; 2009. 

(2)  Food and Agriculture Organization of the United Nations. The State of Food and 

Agriculture; Rome, 2017. 

(3)  Kah, M.; Tufenkji, N.; White, J. C. Nano-Enabled Strategies to Enhance Crop Nutrition and 

Protection. Nat. Nanotechnol. 2019, 14 (6), 532–540. https://doi.org/10.1038/s41565-019-

0439-5. 

(4)  Pimentel, D. Environmental and Economic Costs of the Application of Pesticides Primarily 

in the United States. Environ. Dev. Sustain. 2005, 7 (2), 229–252. 

https://doi.org/10.1007/s10668-005-7314-2. 

(5)  Haag, R.; Kratz, F. Polymer Therapeutics: Concepts and Applications. Angew. Chemie - 

Int. Ed. 2006, 45 (8), 1198–1215. https://doi.org/10.1002/anie.200502113. 

(6)  Zhu, J.; Marchant, R. E. Design Properties of Hydrogel Tissue-Engineering Scaffolds. 

Expert Rev. Med. Devices 2011, 8 (5), 607–626. https://doi.org/10.1586/erd.11.27. 

(7)  Chariou, P. L.; Ortega-Rivera, O. A.; Steinmetz, N. F. Nanocarriers for the Delivery of 

Medical, Veterinary, and Agricultural Active Ingredients. ACS Nano 2020, 14 (3), 2678–

2701. https://doi.org/10.1021/acsnano.0c00173. 

(8)  Shakiba, S.; Astete, C. E.; Paudel, S.; Sabliov, C. M.; Rodrigues, D. F.; Louie, S. M. 

Emerging Investigator Series: Polymeric Nanocarriers for Agricultural Applications: 

Synthesis, Characterization, and Environmental and Biological Interactions. Environ. Sci. 

Nano 2020, 7 (1), 37–67. https://doi.org/10.1039/c9en01127g. 

(9)  Shang, Q.; Shi, Y.; Zhang, Y.; Zheng, T.; Shi, H. Pesticide-Conjugated Polyacrylate 

Nanoparticles: Novel Opportunities for Improving the Photostability of Emamectin 



 191 

Benzoate. Polym. Adv. Technol. 2013, 24 (2), 137–143. https://doi.org/10.1002/pat.3060. 

(10)  Liu, Y.; Sun, Y.; He, S.; Zhu, Y.; Ao, M.; Li, J.; Cao, Y. Synthesis and Characterization of 

Gibberellin-Chitosan Conjugate for Controlled-Release Applications. Int. J. Biol. 

Macromol. 2013, 57, 213–217. https://doi.org/10.1016/j.ijbiomac.2013.03.024. 

(11)  Kwiecień, I.; Adamus, G.; Jiang, G.; Radecka, I.; Baldwin, T. C.; Khan, H. R.; Johnston, 

B.; Pennetta, V.; Hill, D.; Bretz, I.; Kowalczuk, M. M. Biodegradable PBAT/PLA Blend 

with Bioactive MCPA-PHBV Conjugate Suppresses Weed Growth. Biomacromolecules 

2018, 19 (2), 511–520. https://doi.org/10.1021/acs.biomac.7b01636. 

(12)  Khan, H.; Kaur, S.; Baldwin, T. C.; Radecka, I.; Jiang, G.; Bretz, I.; Duale, K.; Adamus, G.; 

Kowalczuk, M. Effective Control against Broadleaf Weed Species Provided by 

Biodegradable PBAT/PLA Mulch Film Embedded with the Herbicide 2-Methyl-4-

Chlorophenoxyacetic Acid (MCPA). ACS Sustain. Chem. Eng. 2020, 8 (13), 5360–5370. 

https://doi.org/10.1021/acssuschemeng.0c00991. 

(13)  Bhattacharya, S.; Sanyal, S. K.; Mukherjea, R. N. Controlled-Release Polymeric Herbicide 

Formulations with Pendent 2, 4-Dichlorophenoxyacetic Acid. Ind. Eng. Chem. Prod. Res. 

Dev. 1986, 25 (4), 585–589. https://doi.org/10.1021/i300024a015. 

(14)  Ding, K.; Shi, L.; Zhang, L.; Zeng, T.; Yin, Y.; Yi, Y. Synthesis of Photoresponsive 

Polymeric Propesticide Micelles Based on PEG for the Controlled Release of a Herbicide. 

Polym. Chem. 2016, 7 (4), 899–904. https://doi.org/10.1039/C5PY01690H. 

(15)  Pérez Quiñones, J.; Szopko, R.; Schmidt, C.; Peniche Covas, C. Novel Drug Delivery 

Systems: Chitosan Conjugates Covalently Attached to Steroids with Potential Anticancer 

and Agrochemical Activity. Carbohydr. Polym. 2011, 84 (3), 858–864. 

https://doi.org/10.1016/j.carbpol.2010.12.007. 



 192 

(16)  Kamaly, N.; Yameen, B.; Wu, J.; Farokhzad, O. C. Degradable Controlled-Release 

Polymers and Polymeric Nanoparticles: Mechanisms of Controlling Drug Release. Chem. 

Rev. 2016, 116 (4), 2602–2663. https://doi.org/10.1021/acs.chemrev.5b00346. 

(17)  Barchanska, H.; Kluza, A.; Krajczewska, K.; Maj, J. Degradation Study of Mesotrione and 

Other Triketone Herbicides on Soils and Sediments. J. Soils Sediments 2016, 16 (1), 125–

133. https://doi.org/10.1007/s11368-015-1188-1. 

(18)  Ndikuryayo, F.; Moosavi, B.; Yang, W. C.; Yang, G. F. 4-Hydroxyphenylpyruvate 

Dioxygenase Inhibitors: From Chemical Biology to Agrochemicals. J. Agric. Food Chem. 

2017, 65 (39), 8523–8537. https://doi.org/10.1021/acs.jafc.7b03851. 

(19)  Santucci, A.; Bernardini, G.; Braconi, D.; Petricci, E.; Manetti, F. 4 - 

Hydroxyphenylpyruvate Dioxygenase and Its Inhibition in Plants and Animals: Small 

Molecules as Herbicides and Agents for the Treatment of Human Inherited Diseases. J. 

Med. Chem. 2017, 60, 4101–4125. https://doi.org/10.1021/acs.jmedchem.6b01395. 

(20)  Bonnet, J. L.; Bonnemoy, F.; Dusser, M.; Bohatier, J. Toxicity Assessment of the 

Herbicides Sulcotrione and Mesotrione toward Two Reference Environmental 

Microorganisms: Tetrahymena Pyriformis and Vibrio Fischeri. Arch. Environ. Contam. 

Toxicol. 2008, 55 (4), 576–583. https://doi.org/10.1007/s00244-008-9145-2. 

(21)  Piancini, L. D. S.; Guiloski, I. C.; de Assis, H. C. S.; Cestari, M. M. Mesotrione Herbicide 

Promotes Biochemical Changes and DNA Damage in Two Fish Species. Toxicol. Reports 

2015, 2, 1157–1163. https://doi.org/10.1016/j.toxrep.2015.08.007. 

(22)  Felix, J.; Doohan, D. J.; Bruins, D. Differential Vegetable Crop Responses to Mesotrione 

Soil Residues a Year after Application. Crop Prot. 2007, 26 (9), 1395–1403. 

https://doi.org/10.1016/j.cropro.2006.11.013. 



 193 

(23)  Su, W.; Hao, H.; Wu, R.; Xu, H.; Xue, F.; Lu, C. Degradation of Mesotrione Affected by 

Environmental Conditions. Bull. Environ. Contam. Toxicol. 2017, 98 (2), 212–217. 

https://doi.org/10.1007/s00128-016-1970-9. 

(24)  Hausman, N. E.; Singh, S.; Tranel, P. J.; Riechers, D. E.; Kaundun, S. S.; Polge, N. D.; 

Thomas, D. A.; Hager, A. G. Resistance to HPPD-Inhibiting Herbicides in a Population of 

Waterhemp (Amaranthus Tuberculatus) from Illinois, United States. Pest Manag. Sci. 2011, 

67 (3), 258–261. https://doi.org/10.1002/ps.2100. 

(25)  McMullan, P. M.; Green, J. M.  Identification of a Tall Waterhemp ( Amaranthus 

Tuberculatus ) Biotype Resistant to HPPD-Inhibiting Herbicides, Atrazine, and 

Thifensulfuron in Iowa . Weed Technol. 2011, 25 (3), 514–518. https://doi.org/10.1614/wt-

d-10-00150.1. 

(26)  Maeda, H.; Murata, K.; Sakuma, N.; Takei, S.; Yamazaki, A.; Karim, M. R.; Kawata, M.; 

Hirose, S.; Kawagishi-Kobayashi, M.; Taniguchi, Y.; Suzuki, S.; Sekino, K.; Ohshima, M.; 

Kato, H.; Yoshida, H.; Tozawa, Y. A Rice Gene That Confers Broad-Spectrum Resistance 

to β-Triketone Herbicides. Science 2019, 365 (6451), 393–396. 

https://doi.org/10.1126/science.aax0379. 

(27)  Boehnke, N.; Cam, C.; Bat, E.; Segura, T.; Maynard, H. D. Imine Hydrogels with Tunable 

Degradability for Tissue Engineering. Biomacromolecules 2015, 16 (7), 2101–2108. 

https://doi.org/10.1021/acs.biomac.5b00519. 

(28)  Ko, D. K.; Kool, E. T. Oximes and Hydrazones in Bioconjugation : Mechanism and 

Catalysis. 2017. https://doi.org/10.1021/acs.chemrev.7b00090. 

(29)  Kalia, J.; Raines, R. T. Hydrolytic Stability of Hydrazones and Oximes. Angew. Chemie - 

Int. Ed. 2008, 47 (39), 7523–7526. https://doi.org/10.1002/anie.200802651. 



 194 

(30)  Rubinov, D. B.; Rubinova, I. L.; Akhrem, A. A. Chemistry of 2-Acylcycloalkane-1,3-

Diones. Chem. Rev. 1999, 99 (4), 1047–1065. https://doi.org/10.1021/cr9600621. 

(31)  Dumas, E.; Giraudo, M.; Goujon, E.; Halma, M.; Knhili, E.; Stauffert, M.; Batisson, I.; 

Besse-Hoggan, P.; Bohatier, J.; Bouchard, P.; Celle-Jeanton, H.; Costa Gomes, M.; Delbac, 

F.; Forano, C.; Goupil, P.; Guix, N.; Husson, P.; Ledoigt, G.; Mallet, C.; Mousty, C.; Prévot, 

V.; Richard, C.; Sarraute, S. Fate and Ecotoxicological Impact of New Generation 

Herbicides from the Triketone Family: An Overview to Assess the Environmental Risks. J. 

Hazard. Mater. 2017, 325, 136–156. https://doi.org/10.1016/j.jhazmat.2016.11.059. 

(32)  Wu, C. S.; Huang, J. L.; Sun, Y. S.; Yang, D. Y. Mode of Action of 4-

Hydroxyphenylpyruvate Dioxygenase Inhibition by Triketone-Type Inhibitors. J. Med. 

Chem. 2002, 45 (11), 2222–2228. https://doi.org/10.1021/jm010568y. 

(33)  Armel, G.; Wilson, H.; Richardson, R.; Hines, T. Mesotrione Combinations in No-Till Corn 

(Zea Mays). Weed Technol. 2009, 17 (1), 111–116. https://doi.org/10.1614/0890-

037X(2003)017[0111:MCINTC]2.0.CO;2. 

(34)  Sutton, P.; Richards, C.; Buren, L.; Glasgow, L. Activity of Mesotrione on Resistant Weeds 

in Maize. Pest Manag. Sci. 2002, 58 (9), 981–984. https://doi.org/10.1002/ps.554. 

(35)  Sevilla-Morn, B.; Lpez-Goti, C.; Luis, J.; Sandn-Espa, P. Degradation of Cyclohexanedione 

Oxime Herbicides. Herbic. - Adv. Res. 2013. https://doi.org/10.5772/55968. 

(36)  Kludze, H. K.; DeLaune, R. D.; Patrick, W. H. Aerenchyma Formation and Methane and 

Oxygen Exchange in Rice. Soil Sci. Soc. Am. J. 1993, 57 (2), 386–391. 

https://doi.org/10.2136/sssaj1993.03615995005700020017x. 

 

 




