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ABSTRACT 

 
Bee pollination supports the production of 87 of the leading food crops worldwide and 

contributes $19.2 billion to U.S. farm income. Organophosphates are a heavily used group of 

insecticides that are considered detrimentally impactful to pollinator health. Exposure at lethal 

and sub-lethal doses can impair individual and colony fitness, risking pollination quality and 

food security. In vivo detoxification of major insecticides within managed honeybee 

populations presents a strategy to mitigate colony collapse disorder. In synthesizing a pollen 

mimicking microparticle treatment (OPT-GCMP), we have improved the stability, efficacy and 

retention of the phosphotriesterase (OPT), whilst fabricating uniform and degradable 

microparticles capable of loading OPT at 90% efficiency. Microcolonies of bumblebees fed 

malathion-contaminated pollen patties have demonstrated 100% survival when fed OPT-

GCMP, 0% survival with OPT and 0% survival with plain sucrose. Bumblebee survival was 

also improved via OPT-GCMP treatment under paraoxon exposure.  Improved enzyme activity 

can be attributed to reduced OPT degradation in the case of OPT-GCMP due to the acid 

scavenging capability of the microparticles. Imaging of fluorescently tagged OPT-GCMP and 

OPT, demonstrated higher digestive retention of microparticles. OPT-GCMP could be 

visualized throughout digestion (4 hrs) as their pollen-mimicking geometry allowed good 

extraction of the treatment into the midgut. Free-OPT solely remained bioactive up to 1 hour 

after consumed and could not be detected in the posterior section of the GI tract. This design 

presents a versatile and scalable treatment for bees which can be integrated into dietary syrup 

to safeguard pollinators from intensive organophosphate application.  
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Chapter 1 – Bees, agriculture and the insecticide landscape 
 

Bees support the production of 87 of the leading food crops worldwide and contribute 

$19.2 billion to U.S. farm income[1]. Close to 75% of the world’s crops depend on pollinators 

for sustained production, yield, and quality[2].  

Insecticide use is a widespread fundamental step taken to preserve around one fifth of 

agricultural crop yield[3], particularly in major staple crops (e.g. cereals, soybeans, maize) and 

in many fruit and vegetable crops[4]. Insecticides can cause unintended consequences by harming 

non-pest symbionts directly or indirectly in their application[5]. Insecticide use has been shown 

to be one of the key drivers colony loss[6, 7]. Beekeepers in the U.S. lose an unsustainable 40% 

of their bee populations each winter[8]. According to the EPA, winter losses are an overall 

indicator of bee colony health[9]. More than half of evaluated native bee species are declining, 

347 species are at increasing risk of extinction[10]. The dependence of vital crops on honeybee 

colonies poses a risk to global food security. 

The EPA identifies mitigation of damage to pollinators as a key goal of IPM practices 

and underlines the role of insecticide use[11]. Organophosphates (OPs) are a group of insecticides 

which currently account for more than 30% of insecticide sales worldwide, and a quarter of the 

usage in the US. The global OP insecticide market which stood at $7.06 billion in 2017 is 

expected to show a compound annual growth rate of 5.5% predicted until 2023[12]. OP 

insecticides exhibit high toxicity to bees[13, 14, 15, 16]. OP insecticides influence insect cholinergic 

neural signaling through the inhibition of acetylcholinesterase (AChE) which breaks down 

acetylcholine (Ach)[17, 18].  

Malathion is currently the most widely used OP insecticide and akin to other OPs, is 

extremely toxic to honeybees[19]. Malathion has a contact LD50 0.27µg/bee[20]. The EPA classes 

an LD50 for bees <2µg/bee as highly toxic[21]. Malathion is rendered even more potent when 

consumed, as its metabolite, malaoxon, is 1000 times stronger at inhibiting AChE[22]. Honeybee 
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mortality in Bologna, Italy, was found to correlate with organophosphate toxicity levels. 

Malathion was the most commonly found OP at 58% of honeybee samples. The highest 

concentration was detected at a time where honeybee mortality doubled relative to previous 

sampling[23]. In another study, sublethal doses of the OP acephate, resulted in noticeable 

honeybee body weight loss, suppression of esterase activity and an elevation of the cytochrome 

P450 detoxification pathway[24]. OPs are applied through direct spraying, which can harm 

insects with high toxicity on contact, or through particle drifting from neighboring sites[25]. 

Between 2013-2019, the U.S. beekeeping industry spent $2 billion (a third of its 

income) on replacing 10 million hives[26]. That surmounts to $150,000 per commercial 

beekeeper per year, costs taken directly out of beekeeper income. Colony losses can be 

recuperated through splitting hives and introducing a new queen, however it is an operation 

which incurs time, money and a loss in productivity[27].  

Much of a migratory beekeeper’s income is generated during the California almond 

bloom in late February. Beekeepers are therefore forced to rapidly galvanize their operation 

after each winter in order to reap the potential rewards of the central valley[28]. Before a 

pollination service, colonies are graded on their level of comb occupancy. A hive which has 

suffered losses through insecticide damage demands a smaller fee for pollination[29]. If 

beekeepers fail to generate income in this period, they may not gain the necessary remuneration 

to address future winter losses. During a pollination contract, colonies will experience stress in 

transit[30], elevated insecticide exposure and they can come into contact with colonies infested 

with varroa mites or other parasites[31]. Beekeepers are now presented with slimmer rewards for 

increasingly arduous work, a situation which translates into lower levels of pollination and less 

food grown. 

The reduction in honeybee colony supply has incited a spike in pollination fees for many 

crop farmers. Notably, almond growers have experienced a 300% increase in hive costs, from 
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$50/hive in 2003, to $200/hive today[32]. The U.S. almond industry must now support an extra 

$83 million in costs per year. This situation is only expected to worsen as the production of 

pollinator-dependent crops continues to grow and the stability of honeybee colonies remains 

precarious[33]. Growers are also faced with poor crop yields as a result of poor pollination from 

weakened colonies[34]. Farmers are now having to pay more for pollination services of poor 

quality which yield a declining value of product. In a penurious era of farming, farmers are 

unlikely to take extra strides to protect pollinators, instead opting for cheaper, species-

nonspecific insecticide options which can cause severe pollinator havoc. 

Currently, beekeepers call upon a limited arsenal of strategies to prepare and protect 

their colonies from insecticide exposure. Bee probiotics are hypothesized to offer defense by 

boosting an immune response or greater pesticide metabolism[35]. However, evidence to prove 

significant health benefits is currently limited [36]. Beekeepers also attempt to strengthen their 

colonies by feeding large doses of pollen in the weeks prior to a pollination event, in the hope 

that stronger honeybees will able to better withstand insecticide exposure[37]. Focusing on 

minimizing other ailments that colonies experience such as varroa mites can also effectively 

improve the overall condition of the hive before they are moved to an area of heavy insecticide 

application. However, there are currently no direct methods to address insecticide driven 

damage[38]. 
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Figure 1. Typical migratory paths of US beekeepers. Beekeeper tribulations can be felt 

widely across the U.S. as colonies migrate between areas of agriculture. Pollinating crops 

is a task performed by individual teams on national scale, servicing growers dispersed 

across the country[39].  

Figure 1. Typical migratory paths of US beekeepers. 

Two key stakeholders who support the nation’s food security, are in danger of collapse 

due to the evolution of poor IPM practices. Improvements in current pest management strategies 

could help to guarantee food security, whilst helping to secure farming and migratory beekeeper 

industries.  

The insecticide problem is profound and complex, the impacts of which are discernible 

across numerous fields. However, it is a problem which needs to be learned to be managed. 

Insecticides have a history of being banned and new ones subsequently invented with limited 

knowledge and research. New insecticides carry risks which are not fully understood until drawn 
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out research exposes reasoning for their prohibition, by which time, the use of an insecticide 

may have caused extensive damage through poor management practices. Insecticides are an 

absolute necessary part of modern agriculture, without their use, agriculture would suffer a 20% 

loss of yield[40], in an industry which provides 5.5% of U.S. gross domestic product[41]. Our 

understanding of insecticides at this stage is fairly advanced following research carried out since 

their original commercialization[42]. Banning their use would only give way to a potentially more 

potent replacement. By harnessing research, we can outline guidance and design methods to 

promote safer IPM practices. 

Chapter 2 – A solution using phosphotriesterase loaded microparticles 
 

Phosphotriesterases are metalloenzymes that hydrolyze the triester linkage found in OP 

insecticides[43]. There are several variants of phosphotriesterase, the most frequently cited, 

amidohydrolase phosphotriesterase (OPT), is isolated from bacteria P. diminuta or 

Flavobacterium ATCC 27551 and exhibits a TIM-barrel fold structure[44, 45]. OPT can be easily 

produced from transfected E. coli culture with the appropriate OPT plasmid sequence[46, 47]. OPT 

has a wide substrate specificity, it exhibits optimum hydrolysis upon encountering paraoxon, at 

a rate approaching the limit of diffusion[48]. OPT performs best hydrolyzing substrates such as 

chlorpyrifos which possess phenol leaving groups[49], yet it will also successfully degrade thiol 

linkages as in the case of malathion[50]. Previously, OPT has been considered in a bioremediation 

capacity to detoxify heavily contaminated soils, as well as a treatment for OP insecticide or 

nerve agent poisoning[51, 52, 53]. OPT application has demonstrated poor efficacy in industry due 

to its poor stability at a low pH and high temperatures[54]. Bioactivity rapidly declines at pH < 

8.0. At pH 7.0, activity is less than half of its maximum potential. At the optimum pH range of 

8.0-9.5 the Co2+ OPT complex maintains thermostability < 45oC, above which, stability rapidly 

declines until deactivation at 60oC [55].  
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Bees have a GI tract composed of a honey stomach and ventriculus, separated by a 

proventricular valve which mechanistically extracts pollen for digestion. The pH of the crop and 

ventriculus are 4.8 and 6.5 respectively[56, 57, 58].  

Our detoxification system is designed in consideration of the bee gastrointestinal tract. 

Pollen particulates are filtered and extracted by the proventriculus during digestion. Extracted 

pollen is compacted by pouches in the midgut for digestion[51, 52]. Calcium carbonate 

microparticles have been widely reviewed as a facile method to synthesize 2-50μm 

biocompatible microparticles capable of loading biomacromolecules (comparable morphology 

to the majority of pollen grains)[59, 60]. By harnessing elements of a CaCO3 design, we have 

fabricated microparticles which protect OPT from gastric acidity to maintain enzyme 

functionality as organophosphates are released into the gut. We are able to mimic pollen grains 

in the form of enzyme-loaded microparticles which can be analogously drawn into the midgut 

alongside pollen. Managed honeybees are routinely fed a sugar syrup to supplement energy 

reserves, to which additives can be administered[61]. We have developed a cheap and scalable 

treatment which can act as a precautionary or remedial measure for managed pollinators when 

pollinating in areas of OP application, to address the issue of pollinator collapse without 

conceding retractions in OP usage.  

Figure 2. A schematic of the 

intended passage of microparticles 

through a honeybee digestive tract. 

Microparticles move into the midgut 

analogous to pollen grains as they 

are extracted by the proventriculus 

which draws particulates out of the 

crop stomach.  
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Figure 2. A schematic of the intended passage of microparticles through a honeybee digestive tract. 

This research has also opened novel methods to protect wild pollinators, however, the 

challenge of administering the treatment to non-managed colonies in areas of high pesticide 

application needs to be investigated. Integrating the treatment into pollen balls in agricultural 

areas where crops do not provide a significant pollen source or into sucrose feed where crops 

provide restricted nectar, could present a viable strategy. Another approach could investigate a 

crop treatment which pests cannot consume and/or digest, yet wild pollinators can. A strategy 

to protect native pollinators would likely need to be publicly funded and lawfully enforced in 

areas of pesticide application.  This research has created a topic which does not intend to further 

promote pesticide application, but instead to prevent harm from exposure to essential pesticide 

application. 

To date, the challenge of finding methods to protect insecticide related colony collapse 

has not been addressed. The topic requires collaboration between chemical and beekeeping 

industries, however there is not sufficient financial incentive for chemical companies to explore 

such avenues of cooperation. We have founded a novel space of research through the 

convergence of Biomaterials, Entomology and Microbiology, to generate new ideas to protect 

pollinators. This is an alternative trajectory to that of the efforts previously pursued by 

entomologists which have depended on population genetics and microbiome engineering.  

Chapter 3 – Experimentation 
 

Microparticle characterization. We first optimized microparticle morphology in 

order to produce homogenously sized microparticles which can be suspended in sucrose. 

Calcium carbonate microparticle fabrication can be acutely controlled by altering synthesis 

parameters such as stirring speed, time and additive inclusion[62, 63, 64]. Initially, we fabricated 

CaCO3 microparticles (CMP) with no inclusion of an additive, nor control of stirring time. The 
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product displayed high incidences of aggregation, calcite crystal growth and poor size 

homogeneity (Figure 3A), which caused poor suspension stability. We found by restricting 

stirring time to 10 seconds and the inclusion of gelatin (24mg/ml), we could consistently 

fabricate homogenously sized microparticles (GCMP) (Figure 3C), which displayed a superior 

suspension stability in sucrose (Figure 3F). The sucrose media used to suspend the 

microparticles is at a typical concentration used to feed wintering honeybees (2g/ml). As 

commonly cited for CMP, SEM imaging confirmed GCMP maintain a nanoparticle aggregation 

structure to form porous microparticles[62] (Figure 3C). Nanometer size pores are known to 

provide accessible channels for biomacromolecule diffusion and a high internal surface area to 

allow physical adsorption, with high substrate loading[65]. The molecular mechanism behind 

crystal growth and aggregation is unclear despite investigation[66, 67, 68, 69]. 

To analyze size distribution, GCMP loaded with human serum albumin (HSA), were 

incubated at pH 7.4 and 4.8 to simulate the potential effect of honeybee digestion. Human serum 

albumin was used as a substitute for OPT in characterization experiments as it is commercially 

available and a preferable alternative when repeating testing for optimization. Samples at pH 

7.4 and 4.8 were heavily distributed at 4μm diameter (SD ±7.13 and ±4.87µm respectively). 

Microparticles at pH 4.8 displayed a fractional shift to a smaller size distribution. Despite the 

partial dissolution of microparticles in acid, GMP-HSA largely retained their size. CMP 

presented high size variation (SD ±14.53µm) with highest frequencies between 7-10μm, and 

significant size incidence between 20-40μm, which are likely are a result of microparticle 

aggregations (Figure 3B).  

The protein loading efficiency (PLE) of our microparticle design when feeding different 

enzyme concentrations was first characterized spectrophotometrically using HSA. GCMP-HSA 

presented high loading efficiencies of 85% for both GCMP and CMP when feeding 5% enzyme 

mass or protein loading content (PLC), which corresponded with previous studies[70]. The 
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GCMP loading efficiency decreased linearly (R2, CMP= 0.9968, GCMP= 0.9986) as the PLC 

increased (64% PLE at 10% PLC; 55% PLE at 15% PLC), with a slightly smaller efficiency 

decrease for CMP relative to GCMP (see appendix). Considering the loading efficiency 

decrease of higher PLCs and the intrinsic value of OPT, we selected 5% as a baseline to test 

OPT loading. OPT presented 88% PLE at 5% PLC and 90% PLE at 2% PLC (Figure 3G). We 

found that a concentration of 0.5mg/ml OPT was sufficient to initiate rapid hydrolysis of 

paraoxon to visibly form produce nitrophenol (see appendix). A 2% PLC yields an OPT 

concentration of 1.21mg/ml in OPT-GCMP, which can be diluted 1.4-fold to 0.5mg/ml, we 

found this dilution offered adequate sucrose to render the solution sufficiently attractive to 

bumblebees for consumption. Microparticle pore size analysis displayed higher pore volumes 

for HSA-loaded GCMP relative to unloaded GCMP which further confirmed enzyme loading 

(Figure 3D).   

Protein loading and gelatin modification of the microparticles was confirmed through 

fluorescent imaging of HSA-GCMP. Microparticles exhibited an overlay of Cy5.5-conjugated 

gelatin and FITC-conjugated HSA in the full morphology of each microparticle (Figure 3E). 

The imaging indicated gelatin conjugation and protein loading throughout the microparticle 

volume. It was evaluated that no protein is released from microparticles, up to 7 days following 

fabrication whilst suspended in H2O (see appendix).  
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Figure 3. Characterization of microparticles. (A) Morphological analysis under 

brightfield of CMP in pH 7.4 and GCMP in pH 7.4 and 4.8. (B) Size distribution analysis 

of CMP in pH 7.4 and GCMP in pH 7.4 and 4.8. (C) SEM imaging of microparticles to 

determine GCMP surface morphology. (D) Pore size distribution analysis of GCMP and 

GCMP loaded with HSA. (E) Fluorescence imaging of GCMP containing Cy5.5 modified 

gelatin and FITC-conjugated HSA. (F) Relative suspension stability of OPT-GCMP and 

OPT in 100% sucrose, measured over 6 days. (G) PLE of GCMP loaded with OPT at 2 

and 5% PLC. Figure 3. Characterization of microparticles. 

In vitro performance. For the successful function of our design, it is critical OPT-

GCMP is able to maintain bioactivity at the conditions of a honeybee digestive tract (pH 4.8 in 

the crop stomach). Therefore, bioactivity and enzyme stability of OPT-GCMP and free-OPT 

were assessed in vitro over a pH range using OPT 0.5mg/ml and 0.5mM paraoxon. Assays 

were carried out by measuring the absorbance of nitrophenol as it is produced from the OPT-

catalyzed degradation of paraoxon. We anticipated the CaCO3 element of the microparticle 
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structure would bear an ‘acid scavenging’ ability which could neutralize acid in the 

microparticle’s immediate vicinity, allowing encapsulated OPT to outperform free enzyme in 

acidic conditions [71]. GCMP in pH 7.4 demonstrated superior catalytic efficiency to that of 

GCMP in pH 4.8. However, GCMP in both pH 7.4 and 4.8 performed better than all free OPT 

assays. We suspect the higher performance of OPT-GCMP is because microparticle 

encapsulation facilitates enhanced enzyme kinetics [72, 73, 74]. The free enzyme assays performed 

poorly and almost did not function at all at pH 4.8 (Figure 4A). This demonstrates the 

importance of utilizing a biomaterial element to protect enzyme catalysts in oral consumption. 

The microparticle’s capacity for long term bioactivity and protein sequestration indicates a 

practical shelf life of the design.  

We further tested bioactivity of OPT-GCMP under hydrolyzing the OP malathion. 

Malathion is hydrolyzed at the thiol group which OPT is less adept at cleaving, enzymatic 

degradation of malathion is therefore relatively slow. We tested hydrolysis at pH 7.4 using 

DTNB, which can be used to quantify the appearance of thiol groups 

spectrophotometrically[50]. Encapsulated OPT displayed a greater rate of hydrolysis than free 

OPT, the difference between treatments was greater than that of paraoxon hydrolysis. Free 

OPT performed at 20% of the rate of OPT-GCMP (Figure 4B). This indicates the benefits of 

the microparticle design are more pronounced when degrading OPs that OPT degrades 

relatively slowly.  

Literature has cited OPT catalytic efficiency and conformational stability can vary 

upon structural mutagenesis[46, 75, 76] and variation in the central metal cation[77]. In our 

experimentation, we used wild-type Co2+-bound phosphotriesterase, which is the optimum 

metalloenzyme complex capable of a kcat/km of 7.6x107 M-1 s-1 in hydrolyzing paraoxon[55]. 

Although OPT affords a relatively low substrate specificity for malaoxon (kcat/km 4×102 M−1 

s−1), a 5000-fold improvement has been made in degrading its precursor, malathion, through 
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active site modifications[50]. Despite the adequate functionality of wild-type OPT-GCMP, such 

evidence suggests further research may be carried out to identify appropriate OPT structural 

changes that can be made to tailor OPT conformations, based on an OP of specific concern.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. (A) Relative activity of OPT-GCMP and free OPT in paraoxon hydrolysis 

when incubated in pH 7.4 and pH 4.8. (B) Relative activity of OPT-GCMP and free OPT 

in malathion hydrolysis. (C) Relative activity of AChE from homogenized honeybees  

when incubated  in 0.5mM paraoxon or DI water (positive control) and treated with 

samples of free OPT, OPT-GCMP and DI water (positive and negative control). (D) 

Long-term relative activity of OPT-GCMP and free OPT in paraoxon hydrolysis 

measured over 14 days. (E) Temperature-dependent relative activity of OPT-GCMP and 

free OPT in paraoxon hydrolysis when incubated at temperatures 30, 40, 50, 60oC. 

OPT, p
H 7.

4

OPT, p
H 4.

8

OPT-G
CMP, p

H 7.
4

OPT-G
CMP, p

H 4.
8

0

20

40

60

80

100

120

R
el

at
iv

e 
ac

tiv
ity

/ a
.u

.

30 40 50 60
0

20

40

60

80

100

120

Temperature (°C)

R
el

at
iv

e 
ac

tiv
ity

/ a
.u

. OPT-GCMP
OPT

0 7 14
0

20

40

60

80

100

120

Time (day)

R
el

at
iv

e 
ac

tiv
ity

/ a
.u

.

OPT-GCMP
OPT

A B 

D 

OPT-GCMPOPT
0

20

40

60

80

100

120

R
el

at
iv

e 
ac

tiv
ity

/ a
.u

.

E 

C 



  xxi 

Figure 4. In vitro testing. 

We are able to further validate our characterization of OPT-GCMP efficacy via 

quantification of AChE activity when mixed with our treatment and paraoxon. As AChE is 

inhibited by OPs, high AChE activity would indicate high efficacy of our treatment. 

Homogenized honeybee cells were able to maintain ~85% of AChE activity when treated with 

0.5mM paraoxon and OPT-GCMP, relative to the positive control. This was a stark 

improvement in AChE functionality relative to no treatment, which resulted in a relative activity 

reduction of ~75%. Samples treated with free OPT retained 10% less activity than that of 

samples treated with OPT-GCMP (Figure 4C). 

In order to gauge the time taken for treatment to lose functionality, bioactivity of our 

treatment relative to free OPT was measured over time when kept at room temperature (25oC). 

Microparticle activity was kept above 50% of original activity after 14 days, whereas free 

enzyme activity reduced to <10%. There was a sharp decline in activity for both treatments 

after 7 days (Figure 4D).  

We wished to understand the stability of our system under thermal stress, as any 

treatment could experience high summer temperatures when administered to bees. OPT has 

been found to denature at temperatures exceeding 45oC[63]. We aimed to determine whether 

microparticle encapsulation offers any protection from thermal denaturation. We tested the 

capacity for the microparticle design to withstand elevated temperatures by measuring 

paraoxon breakdown following enzyme incubation at temperatures ranging from 30-60oC. We 

found OPT maintained greater bioactivity when encapsulated in our microparticle design, 

relative to the case of free OPT as temperatures increased, however functionality significantly 

declined at 60oC. The ability for the microparticles to elevate bioactivity relative to free OPT, 
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declines as temperatures increase. This is important for the potential application of our design, 

as it may be administered in elevated temperatures (Figure 4E).  

 

Figure 5. Fluorescent imaging of bumblebee GI tracts. (A) GI tracts following HSA-

GCMP treatment, fluorescence was maintained up to 12hrs post-consumption. 

Microparticle morphology is clearly visible and microparticles are successfully drawn into 

the midgut. (B) GI tracts following free-HSA treatment, fluorescence diminished over the 

12hrs after consumption. Free enzyme is not actively drawn into the midgut.   

Figure 5. Fluorescent imaging of bumblebee GI tracts. 

Digestive retention. B. terrestris (bumblebees) were used for a proportion of in vivo 

experimentation because colonies can be maintained indoors during the winter in a practical and 

accessible box. B. terrestris has displayed a susceptibility to OPs comparable to A. mellifera[78]. 
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In order to understand the retention performance of GCMP once consumed, we fed bumblebees 

microparticles loaded with FITC-labelled HSA and free FITC-HSA, before extracting digestive 

tracts over a 12-hour period for fluorescent microscopy analysis. FITC displayed GCMP 

successfully in the crop stomach and ventriculus sections of the GI tract for samples collected 

at 0/1/4/12 hrs. During the first hour of digestion, microparticles were distributed across both 

the crop stomach and ventriculus. By 4 hours, the majority of microparticles had travelled out 

of the crop stomach, before full clearance after 12 hours into the ventriculus, suggesting 

proventricular filtering of GCMP. Free enzyme was imaged throughout the digestive tract at all 

time points (Figure 5A). As expected, the crop stomach maintained fluorescence unlike GCMP, 

indicating free enzyme was not extracted into the posterior section of the GI tract. The data 

suggests our fabricated microparticles are digested akin to pollen grains, increasing the number 

of microparticles drawn into the ventriculus alongside pollen. This maximizes GCMP function 

in detoxifying pollen as it is digested. This is significant because OPs are often found in high 

quantities in pollen, which may be held in the posterior section of the ventriculus for digestion 

for up to 12 hours or more[58, 79] Fluorescence of GCMP was maintained throughout digestion, 

whereas free enzyme fluorescence considerably diminished over the 12-hour period, with clear 

fluorescence loss after 6 hours (Figure 5B). This provided an initial indication the microparticle 

design provided protection from denaturation of loaded proteins. Fluorescence was unable to be 

quantitatively assessed because FITC fluorescence is pH dependent[80], the presence of 

microparticles would have altered stomach pH to the point where fluorescence readings would 

have been inaccurate.  

 Mortality testing. Groups of 10 bumblebees were treated with paraoxon (PX) or 

malathion (MA) contaminated pollen balls and OPT-sucrose treatments in triplicates, to 

determine the efficacy of treatments in reducing mortality under OP exposure. PX and MA, 

present oral LD50’s for honeybees at 0.0175 and 0.38µg/bee respectively[20, 81, 82]. This data set 
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a benchmark for OP doses we would attempt to administer and subsequently detoxify, to 

demonstrate OPT-GCMP efficacy. Bumblebees approximately consume 40.5µg pollen/day 

depending on body mass[83], based on this figure, we initially formed pollen balls containing 

0.432µg/g (PX) and 9.383µg/g (MA) to feed without enzyme treatment as a negative control. 

We found these pollen balls caused no health deterioration. Subsequently, through trial and 

error, we significantly increased OP concentrations to 12µg/g (PX) and 600µg/g (MA) which 

caused significant mortality, particularly in PX treated groups. The negative control showed 

all bees had deceased after 4 and 2 days following consumption of PX and MA contaminated 

pollen balls respectively. We designated the PX treatment as acute exposure measured over 

12hrs, and the MA treatment as long-term moderate exposure. Under acute PX exposure, 

OPT-GCMP was able to maintain a 70% survival rate, whereas free enzyme and sucrose 

treated groups sustained a 62.5 and 72.5% loss respectively (Figure 6A). Although OPT-

GCMP largely detoxified acute exposure, the catalytic efficiency was not able to fully mitigate 

mortality. When treated with MA, OPT-GCMP was able to maintain survival for the duration 

of observation, free OPT and sucrose treated groups were all fatally exposed by 5 and 4 days 

respectively (Figure 6B). We suspect the improved performance of OPT-GCMP is driven by 

higher denaturation of unprotected free OPT in the acidic conditions of the digestive tract. 

Pollen grains release their internal contents as they progress along the midgut[84, 85]. We assume 

that any OPs absorbed into pollen grains during incubation, are also made available at this 

stage of digestion. This means for the effective detoxification of contaminated pollen, OPT 

must retain bioactivity until it makes passage into the ventriculus. In addition, it is critical a 

high concentration of OPT is drawn into the midgut to intercept PX or MA as pollen is 

digested. Both of which we have facilitated via microparticle encapsulation in GCMP.  
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Figure 6. (A) Survival rate of bumblebees following acute exposure to paraoxon (12µg/g 

pollen) over 12 hrs (B) and long-term moderate exposure of malathion (600µg/g pollen) 

over 1 week. 

Figure 6. Mortality testing. 

Conclusion 

Experimentation has shown that GCMP are able to enhance the bioactivity of 

phosphotriesterase. OPT-GCMP outperforms free OPT when tested under unfavorable 

conditions of temperature, time and pH. The microparticle design has rendered OPT suitable 

for use in addressing pollinator OP intoxication, as it bestows functionality in gastric acidity 

and can maintain performance for longer durations, under elevated thermal stress. The 

microparticle design has also improved functionality of OPT under digestion in consideration 

of a bee’s digestive system. Microparticles are extracted into the midgut and retained for a 

greater duration than free OPT. The aforementioned advantages ultimately result in a lower 

rate of mortality when treated with OPT-GCMP relative to free OPT. The benefits are most 

appreciable when degrading OPs which are typically hydrolyzed at a lower relative rate (as in 

the case of malathion). This work has produced a viable product to mitigate insecticide 

damage to pollinator colonies and has revealed new ways in which research can work to 

address the impacts of insecticide application, through improving this current design, or by 

exploring new microparticle treatments.    

A B 
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Further research is required to determine the impact of the design on a colony as a 

whole, in large scale testing. A characterization of how microparticles are distributed around 

colony castes and brood chambers when administered, would give an indication of the 

potential for the design at a colony level. Emphasis should also be placed upon testing the 

effect upon pollination efficiency of crops, to comprehend the economic potential of the 

design if applied in agricultural purposes. Field studies should also look into the possibility of 

reaching native pollinators. By focusing on differences in diets and feeding between pests and 

pollinators, OPT-GCMP can be administered in suitable carriers in areas of intensive 

agriculture.  

Chapter 4 – Materials and methods 
Materials 

E. coli transfected with a plasmid construct which encodes OPT was acquired from the 

Montclare Lab, New York University, NY, USA. NaCl, CaCl2, NaCO3, CoCl2, KCl, Tris⋅HCl, 

DTNB, acetylthiocholine, imidazole, glycerol, NTA-Nickel beads, paraoxon, malaoxon, 

gelatin from porcine skin and human serum albumin (HSA), ampicillin, chloramphenicol and 

IPTG were purchased from Sigma-Aldrich. Sugar was purchased from Domino Foods. BCA 

protein assay kit, Cy5.5-NHS and FITC-NHS were purchased from Thermo Fisher. B. 

terrestris (Bumblebees) were acquired from Biobest. Apis melifera (Honey bees) were 

acquired from colonies of the McArt Lab at Cornell. Bee pollen was acquired from CC Pollen. 

 

Methodology 

OPT synthesis 

Ampicillin, chloramphenicol, and IPTG solutions were sterilized before use. E. coli was 

cultured in Miller Grade LB broth containing 100μg/ml ampicillin and 25μg/ml 
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chloramphenicol at 37oC. Once cultures in 5,000ml flasks reached OD 0.4, 500μl CoCl2 (1M) 

and at OD 0.8-1.0 500μl IPTG (200mg/ml), was added for every litre of culture. The culture 

was left for a further 3 hours before harvesting. The culture was then centrifuged for 10 minutes 

at 4,000 rpm in 1L centrifuge tubes, the supernatant was removed, and the cell pellet was 

resuspended in 40ml resuspension buffer (3.15g Tris⋅HCl, 29.22g NaCl, 56g glycerol, 44μl 

CoCl2 (1M), 144mg imidazole, 1L H20). The solution was then sonicated at 65% amplitude, 5s 

on, 25s off for 20 minutes in an ice bath. The solution was subsequently centrifuged for 1.5 

hours at 12,500 rpm and the supernatant collected as crude OPT. Crude OPT was purified using 

a HIS-select NTA-nickel bead affinity column. The column was equilibrated using an 

equilibration buffer (20mM phosphate buffer, 300nM NaCl, 10mM imidazole), before crude 

OPT was run through the column and washed with further equilibration buffer. Captured OPT 

was then eluted with elution buffer (20mM phosphate buffer, 300nM NaCl, 250mM imidazole). 

OPT was concentrated using Amicon Ultra 15ml 3kDa-membrane tubes and washed with saline 

three times. OPT concentration was determined using a BCA protein assay kit. Confirmation of 

OPT production was confirmed using SDS-PAGE. 

 

OPT-GCMP fabrication 

In a 10ml vial, 1ml of each of the following was added in order, and mixed continuously for 10 

seconds using a magnetic stirrer at 6,000rpm: 24mg/ml gelatin from porcine skin, OPT 

3.364mg/ml (5% microparticle mass) or OPT 1.345mg/ml (2% microparticle mass), 0.33M 

CaCl2 and 0.33M NaCO3, to form OPT-GCMP. The solution was centrifuged at 3000rpm for 3 

minutes and the supernatant subsequently removed. The remaining microparticles were 

suspended in either distilled water or 2g/ml sucrose to form 0.5mg/ml OPT.  

 

Microparticle morphology 
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Microparticle morphology was analyzed by resuspending GMP-OPT in 1ml of distilled H2O 

following centrifugation and analyzing a drop of the solution under an evos FL microscope. To 

produce CaCO3 microparticles to compare as a standard (CMP), the microparticle fabrication 

process was repeated without gelatin, distilled H2O was added in substitute. Lyophilized 

microparticles were furthered analyzed under SEM.  

 

Microparticle size and pore size distribution 

Microparticles were prepared as above, samples were either resuspended in 4.8pH, 0.1M citric 

acid/sodium citrate buffer for 30 minutes, or resuspended as usual in DI water. Samples were 

analyzed under an evos FL microscope, before size distribution analysis using imageJ 

software. Pore size distribution was analyzed by a Micromeritics ASAP 2460. 

Microparticle loading characterization 

FITC-NHS was conjugated to human serum albumin (HSA) by amide reaction and dialysis 

according previous report[86], followed by lyophilization to gain a known concentration. A 

standard curve of FITC-HSA was then prepared in the following concentrations; 

2/1.5/1/0.5/0.25/0.125/0.625/0.03125/0 mg/ml. Microparticles were synthesized as described 

above using FITC-HSA in lieu of OPT, at 15, 10 and 5% of the microparticle mass (10.092, 

6.724 and 3.364 mg/ml), in triplicates. Following centrifugation, the supernatant was collected 

and analyzed together with standard curve samples using a Biotek Synergy 4 spectrophotometric 

plate reader at 405nm to determine protein loading efficiency. The process was repeated using 

OPT conjugated with FITC, at 5 and 2% of the microparticle mass. For microparticle fluorescent 

imaging, gelatin was conjugated to Cy5.5 in amide reaction as previously mentioned and used 

in substitute for regular gelatin and imaged under an evos FL microscope. 
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Enzyme-release testing 

FITC-HSA loaded into GCMP and CMP were suspended in 100% sucrose, separated into 

multiple samples and placed on an orbital shaker at 400rpm. A standard curve of FITC-HSA 

was made in the previously mentioned concentrations, yet dissolved in sucrose. Every 24hrs for 

7 days, sample triplicates were centrifugated at 3000 rpm for 5 minutes, before 

spectrophotometric analysis at 405nm. Fluorescence readings were indicative of protein 

released microparticles at each time point. 

 

Suspension stability 

GCMP and CMP were suspended in sucrose (2g/ml) and separated into multiple samples of 

10ml volumes. One ml was taken from the upper layer of samples every 24hrs for 7 days and 

analyzed for optical density using an Eppendorf Biophotometer Plus at OD600. Optical density 

values were indicative of microparticle concentration. 

 

OPT-GCMP pH stability 

OPT-GCMP was synthesized as previously described in 2% OPT loading concentrations. 

1.21mg/ml OPT-GCMP and free OPT samples were diluted with 1.42ml and 1.22ml 0.1M 4.8 

pH citric acid/sodium citrate buffer or 1x PBS 7.4 pH respectively and incubated for 30 minutes. 

Following incubation, sample pH was taken using BDH indicator strips. 0.2ml 0.1M NaOH was 

added to free-OPT samples incubated at 4.8pH to attain pH 7.4. Standard curves of nitrophenol 

at concentrations 0.25, 0.125, 0.0613, 0.0313, 0.0156, 0.0062, 0.0031, 0.0007 mg/ml were 

prepared in 2mg/ml sucrose containing blank CaCO3 microparticles at equal concentrations to 

that of 5% and 2% GMP-OPT. 100μl of paraoxon at 0.5mM and 100μl of free OPT, 2% GMP-

OPT following pH treatment were added to a 96-well plate in triplicates. Enzyme activity was 
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measured using Biotek Synergy 4 spectrophotometric plate reader at 405nm every 5 seconds for 

2 minutes. 

 

OPT-MPS thermal stability 

GMP-OPT 2% were prepared as previously described, both samples and free OPT were diluted 

to 0.5mg/ml in 2mg/ml sucrose. Samples were incubated in 30, 40, 50 and 60oC for 20 minutes, 

before 100μl of each sample and 100μl 0.5mM paraoxon was added to a 96-well plate in 

triplicates. Absorbance at 405nm was measured spectrophotometrically as previously described 

after 2 minutes.  

 

Mortality testing  

Pollen balls were prepared by mixing 10ml of one of 3 OP conditions, (malathion 1500μg/ml, 

paraoxon 200μg/ml, paraoxon 30μg/ml, distilled H2O), with 20g of high desert bee pollen 

granules. The mixture was shaken until a homogeneous slurry was formed, then left for 2 hours 

at room temperature to allow full absorption of the OPs. The slurry was then crushed in a pestle 

and mortar. The mixture was rolled by hand into equally sized 3g pollen balls. Treatments were 

prepared by diluting GMP-OPT and free OPT in sucrose (2g/ml) to 0.5mg/ml OPT. Groups of 

50 bumblebees (Bombus terrestris) were placed in microcolony rearing cages with the following 

treatments added in triplicates for each OP: GMP-OPT sucrose/OP pollen, free OPT/OP pollen, 

plain sucrose/OP pollen. Further treatments were performed in triplicates without OP: GMP-

OPT/plain pollen, plain sucrose/plain pollen. Each microcolony cage was given one pollen ball 

and 5ml of OP or plain sucrose solution provided in a centrifugal tube with a small aperture for 

feeding. Microcolonies were monitored every 12 hours for mortalities until all bees had 

deceased or 7 days had elapsed. 
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Gastro-intestinal fluorescent imaging 

24 bumblebees were individually placed in 4oz, ventilated plastic cups and starved for 2 hours. 

Bumblebees were subsequently fed GMP-FITC-HSA or free FITC-HSA in sucrose at 0.5mg/ml 

HSA using 1.5ml Eppendorf tubes, in triplicates. Following 30 minutes of feeding, treatments 

were removed and bumblebees from each treatment group were anesthetized after 0, 1, 4 and 

12 hours, and then immediately beheaded using dissection scissors. GI tracts were removed by 

cutting the perimeter of the abdomen before removing the crop and ventriculus and placing it 

on a glass slide. The process was repeated for 3 bumblebees fed plain sucrose for 30 minutes 

before anesthesia after 0 hrs. Samples were analyzed for FITC fluorescence under an evos FL 

microscope.  

 

AChE activity characterization 

Honey bees were homogenized in 1x PBS and filtered using a 70µm cell strainer. 2ml samples 

of the filtrate were combined with 1ml 1.21mg/ml GCMP-OPT, free OPT, and DI water, 

followed by the addition of 1ml 0.5mM paraoxon, or 1ml DI water (positive control). AChE 

assays were performed in accordance with previously described protocol[87]. An assay medium 

of 50 mM Tris·HCl, 20 mM KCl, 2 mM DTNB, and 2 mM acetylthiocholine was prepared. 

100μl of each experimental sample and 100μl of the assay medium was added in triplicates to a 

96-well plate. Absorbance was measured at 412nm in a Biotek Synergy 4 spectrophotometric 

plate reader every 30s for 20 minutes. AChE activity was defined as the change of absorbance 

during the 20 minutes of reading. 



  xxxii 

APPENDIX 

A 

 

Appendix A. SDS PAGE of phosphotriesterase culture from transfected E. Coli. 

Phosphotriesterase has a molecular weight of 39 KDa. 

 
 

B 
 

 

 

 

 

 

 

 

 

Appendix B. Protein loading efficiency (PLE) of CMP and GCMP loaded with HSA at 5, 

10 and 15% protein loading content (PLC). 
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C 

 

Appendix C. Protein loading content quantified of calcium carbonate microparticles 

(CMPs) and gelatin-modified calcium carbonate microparticles (GCMPs) over a week to 

determine the capacity for microparticles to release protein over time. 

 

 

D 
 

 

 

 

 

 

 

 
Appendix D. Paraoxon hydrolysis via phosphotriesterase to produce nitrophenol and 

yellow coloration, detectable spectrophotometrically at 405nm. 

 

 

 

 

 

Time (day) 0 2 4   7 

HSA-CMPs  100% 100% 100%   100% 

HSA-GCMPs 100% 100% 100%   100% 

Paraoxon OPT+Paraoxon OPT 
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