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Abstract 

 Fentanyl is a synthetic opioid, 50 to 100 times more potent than heroin and morphine, 

which contributes to the thousands of overdoses that occur each year in the United States. With a 

drug as dangerous as fentanyl, it is important to be able to detect it quickly and accurately. Many 

biosensors used for the detection of narcotics today are expensive and limited. In order to detect 

fentanyl in a rapid and cost-effective way, a genetic circuit in E. coli was designed with the 

capability of sensing fentanyl in water samples. The efficiency and sustainability of circuit 

induction under low nutrient conditions was tested. The fentanyl biosensor has the ability for 

traces of drugs to be detected within a community's water allowing the use of narcotics in that 

area to be monitored.  
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Introduction 

Pharmaceutical Pollution 

The growing opioid epidemic is a public health crisis, which takes about 130 lives each 

day. There are many facets to the opioid epidemic, including drug use, over-prescription, and 

distribution, but also impacts to the environment (USA Facts, 2019). Measurable amounts of 

prescription drugs have been found in 80% of water sources in 30 states (Drugs in the Water, 

2011). With the growing use of prescription medications, these amounts can be expected to 

grow. An experiment conducted in Seattle used muscles to detect the drug pollution in the 

waters. Over time, the muscles tested positive for opioids, raising concern for alternative modes 

of opioid ingestion (Miller, 2018). While this growing contamination has not yet reached 

harmful concentration levels, the movement of opioids through wastewater poses threats to 

humans and other organisms in contact with the water.  

The presence of opioids in wastewater also brings about opportunity. Detectable traces of 

drugs within a community's water allows the use of narcotics in that area to be monitored. The 

use of wastewater epidemiology allows for collected data to create a forecast for expected opioid 

related overdose and death (Gushgari et al., 2019). This information is pertinent in understanding 

opioid use in the US, as it is directly correlated to opioid analyte concentrations observed in 

wastewater via wastewater epidemiology.  

 

Figure 1: Traces of prescription drugs make their way into water sources via wastewater. Fractions of the drugs that 

are not metabolized by the body are excreted through urine and feces. Drugs are also introduced when flushed down 

the toilet (Drugs in the Water, 2011). 
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Fentanyl 

 Fentanyl is a synthetic opioid, 50 to 100 times more potent than heroin and morphine, 

which contributes to the thousands of overdoses that occur each year in the United States.  The 

increased use of opioids often begins as valid medical prescriptions to treat pain; however, 

studies have found that people unintentionally misuse opioids due to their highly addictive nature 

(NIH, 2020). In 2017, 59% of opioid related deaths involved fentanyl (NIH, 2019). Due to the 

extreme potency of the drug, a lethal dose is only 3 milligrams, compared to that of heroin at 30 

milligrams (Truth about fentanyl). At such a low dosage, just coming into contact with fentanyl 

can be dangerous. These adverse effects include respiratory depression, asthma, and 

gastrointestinal obstruction (fentanyl(Rx), 2019). Fentanyl is often laced into other drugs such as 

heroin and cocaine without users’ knowledge, creating more dangerous mixtures and increasing 

likelihood of overdose. Manufacturers have also started making chemical alterations to fentanyl, 

creating a more potent drug. An example of this is carfentanyl, which is 100 times more potent 

than fentanyl (Synthetic Opioid Overdose Data, 2019). This constant creation of similar drugs 

creates an uncertainty of what the drug actually is, how potent it is, and how it can effectively be 

detected. 

With a drug as dangerous as fentanyl, it is important to be able to detect it quickly and 

accurately. Today, most modes of detection include chromatography, spectrophotometry, and 

various biosensors. Many of the methods used are time consuming and have questionable 

reliability and validity (Angelini et al., 2019). As mentioned above, many forms of fentanyl are 

manufactured, creating multiple isomers. Detection methods need to be able to adjust in order to 

have a generic recognition of fentanyl and fentanyl related drugs. It is important to create 

methods that are more than just a qualitative detection that simply reveal if there is the presence 

of a specific substance, and increase sensitivity to obtain quantitative results. 

Biosensors 

 Biosensors are organisms or biological molecules used to detect the presence, and or the 

concentration of specific substances. These tools are genetically engineered to recognize specific 

targets, and produce a visual indication of its presence, often by generating a fluorescent protein. 

There is a wide array of biosensors, all having different uses and mechanisms. Due to their rapid, 
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easy, and low-cost nature, they are useful in the advancement of point-of-care detection, as well 

as environmental monitoring (Kawamura and Miyata, 2016). Many biosensors used for the 

detection of narcotics today rely on molecular binding and antibody detection (Klenkar and 

Liedberg, 2008). While these methods do work, they often come in the form of a chip, or 

microelectronic, which need to be loaded with an aqueous sample (Gandhi et al., 2015). This 

form of testing is limited as it requires expensive laboratory equipment and reagents, as well as 

trained personnel. Ideally, in order to use biosensors more broadly to test for contaminated drug 

products and monitor wastewaters, the biosensors should be cost effective, easy to perform, and 

capable of being used in a field setting. 

 

Using Synthetic Biology to Enhance Detection 

The goal of this project is to develop a bacterial biosensor for the detection of fentanyl. 

Through the use of synthetic biology techniques, the genetic circuit designed will allow for a 

rapid and quantitative detection of this opioid. This advancement will provide the basis for a 

novel drug screening product that is rapid and cost-effective, eliminating the need to send away 

collected samples to laboratories and await results. This biosensor could be used in cases of 

emergency screenings associated with drug overdose, roadside testing, and environmental 

sampling, as well as wastewater epidemiology. Unlike current opioid detection methods that 

often reveal whether a substance is present in a sample or not, this sensor could provide insight 

into how much is present based on the amount of fluorescent protein produced. With the 

knowledge of the fentanyl structure and studied mechanisms used to modulate DNA circuits, this 

project is aiming to create an accurate and efficient means of detecting fentanyl.  

Sustainability of Biosensors 

 An important aspect to consider in building a cell-based biosensor is the survival of 

bacterial cells in different sensing environments. Our goal in understanding the sustainability of 

bacterial biosensors is to see if the circuit is capable of induction after being grown in non-

nutrient rich environments. Table 1 shows the results of a study that focused on the survival of 

multiple bacterial strains after storage in water and PBS. The results reveal that after many weeks 
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of storage, the bacteria are capable of surviving in a media other than a nutrient rich LB.  For the 

design of a bacterial biosensor with intentions of water testing, it is important to understand how 

the bacteria will respond to its environment. Knowing that the bacteria can survive in water 

allows us to realize the capabilities and the limitations of an inducible sensor.  

 

Table 1: The results above show the survival of multiple bacterial strains after 30 weeks of storage in water and 

PBS. Results show that bacteria are capable of surviving in non-nutrient rich environments for extended periods of 

time (Liao and Shollenberger, 2003). 

Project Goal 

 Within this project there are two goals. The first, to construct a genetic circuit in E. coli 

capable of sensing fentanyl in water samples. The second, to measure the efficiency of genetic 

circuit induction under low nutrient conditions. Through background research an optimal design 

for the plasmid construct was pieced together in Benchling. Cloning and transformations were 

used in pursuit of assembling the complete circuit into E. coli cells. In order to understand 

induction capabilities in non-nutritive environments, E. coli cells expressing an existing 

arabinose biosensor were grown in non-nutritive conditions and induced and measured at various 

time points.  
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Figure 2: Schematic of genetic circuit. 

 

The design of the sensor came from knowledge developed from a “Passcode circuit” 

(Chan et al., 2015). The passcode circuit functions to modularize DNA and create a versatile 

biocontainment system that is capable of detecting diverse signals. The practical use of this 

circuit allows for different combinations of input signals to control expression of the target gene. 

Through the rearrangement of the environmental sensing module (ESM) and DNA recognition 

module (DRM) of the transcription factors, the circuit can easily be reprogrammed to reconfigure 

sensing capabilities and transcriptional regulation. For the development of this project, the LacI-

LacI circuit, as well as the LacI-GalR circuit were used. The use of the LacI and GalR ESM and 

DRM allowed the placement of a target gene into the vector, in order to transform the circuit into 

a fentanyl recognizing system.  
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Figure 3: The graphic above shows the three target sequences to be inserted into the pSB1C3 backbone.  

 

 

 Another study reviewed introduced molecules similar to fentanyl, as well as ligand-

binding proteins that are capable of detecting fentanyl. The paper focuses on 2QZ3, a protein 

scaffold that was found to bind xylotetraose, a sugar molecule similar in conformation to 

fentanyl (Bick et al., 2017). From this original parent scaffold, two conformers, Fen49 and 

Fen21, were created as mutations to 2QZ3. This protein complex with a high affinity for fentanyl 

was then engineered into plant cells in order to create an environmental sensor. These fentanyl 

binding proteins were then incorporated into a transcription factor based system, allowing them 

to activate transcription of a fluorescent reporter protein in response to fentanyl. 
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Figure 4: The figure above shows Fen 21 and Fen 49 when induced with fentanyl. As the concentration of fentanyl 

increases, a stronger expression of the fluorescent protein can be seen as the bright red glow. These results show not 

only a receptiveness to fentanyl but also a sensitivity that can provide a quantitative analysis (Bick et al., 2017). 

 

 By piecing this knowledge together, the design for this project was created. By 

understanding the pathways of the passcode circuit, the 2QZ3 sequence was placed into a vector 

with a pSB1C3 backbone and mScarlet fluorescence. With this circuit, molecules structurally 

similar to fentanyl will be able to be detected. We can then substitute the surrogate for fentanyl 

and gain the same results. Through these synthetic biology techniques and understandings, a 

biosensor capable of detecting fentanyl was designed and produced. 

 

Methods 

Plasmid Construction and Characterization 

All plasmids were constructed using conventional protocols and Gibson Assembly. Genetic 

elements from the Passcode circuit (Chan et al., 2015), including the LacI and GalR ESM and 

DRM (Appendix A, Seq. 1, 2, 3) were used, alongside the 2QZ3 (Appendix A, Seq. 4) protein 

and mScarlet fluorescent protein (Appendix A, Seq. 5). Using EcoR and PstI, the target sequence 

was assembled into a pSB1C3 backbone. The constructed plasmids were transformed into 

competent DH5-alpha cells and plated on chloramphenicol plates (33 µg/mL). Minipreps were 

prepared from overnight cultures of selected colonies using Qiagen reagents. Miniprep samples 

were then analyzed via gel electrophoresis and sequence analysis.  
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Parallel to the 2QZ3 circuit, IPTG colonies were screened for the presence of mScarlet. 

Selected colonies were numbered and plated to both IPTG positive and negative plates with a 

final concentration of 1mM IPTG. Colonies were left to grow and analyzed visually for red 

coloration. Selected colonies were then miniprepped and analyzed via gel electrophoresis and 

sequence analysis. 

Circuit Induction 

Colonies for pSB1C3-I20270 (positive control), pSB1C3-Double Terminator (negative control), 

and pSB1C3-AraC-GFP were selected and grown overnight in 5mL LB with 5µL of 33 mg/mL 

chloramphenicol. A 1:10 dilution was made for each culture and the OD was measured. Two 

10mL cultures were made for each circuit in LB, PBS, and water. Half of the samples were 

induced with 100µL of 0.1% arabinose and vortexed. At time points 0, 4, 24, and 72 (hours), 

100µL of each culture was loaded into a 96 well plate (Appendix B). For LB cultures, 500µL 

were transferred to a microcentrifuge tube and centrifuged at 14,000 RPM for 5 mins. The 

supernatant was discarded and the bacteria was resuspended in 500µL of PBS. 100µL samples 

were loaded into the wells. Identical experiments were set with induction happening after 3 and 7 

days.  

Figure 5: Above is a timeline showing the pattern for circuit induction. The same pattern was used for the 7 day 

induction samples, with induction happening on day 7. 
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Results 

Fentanyl Biosensor Cloning 

 For this part of the experiment, cloning of the LacI-LacI circuit was attempted. 

Transformations were conducted several times, yielding no results. The circuits were redesigned 

with the goal of simplifying and decreasing the size of the plasmid insert. With continued trials, 

colonies began to grow; however, background expression was high on the negative control plate. 

It was expected that if the clones were functional, this would result in red colonies on the IPTG+ 

plate and not on the IPTG- plate. Screening for positive colonies was then done by plating some 

of the clones on IPTG positive and negative plates. These plates were then checked for the 

colonies that produced a stronger red color on the IPTG positive plate. Some colonies produced a 

red color even on the IPTG negative plates which showed that the LacI-LacI circuit had leaky 

transcription. Minipreps and test digests were done for these samples in order to examine the 

inserts. The test digests were tested via gel electrophoresis; however, results were inconclusive 

(Figure 6). Prepared minipreps did not have a high enough DNA concentration for sequencing. 

 

 
Figure 6: Picture of gel electrophoresis of test digest samples made from IPTG +/- plates. Two bands were expected 

to show, one for the vector and the other for the insert. Lane 9 is the only sample that could possess both bands and 

could be investigated further. 
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Fluorescence of AraC-GFP Circuit 

 With this part of the experiment, the goal was to measure induction and understand the 

capabilities of bacterial biosensors when grown in a limited nutrient environment, either PBS or 

water, versus LB. We used the pBAD-AraC arabinose inducible system for these experiments 

(Figure 7). 

 

Figure 7: The arabinose circuit designed by a previous MQP team. The insert consisted of the constitutive promoter 

pRpoS, which drives the repressor AraC, which regulates GFP. This insert was placed in a pSB1C3 backbone. When 

induced with arabinose, GFP is expressed. (Martin et al., 2018)  
 

Figure 7 shows that when the cultures were induced immediately after dilution from 

overnight cultures (Day 0), maximum fluorescence occurs at hour four in LB (Figure 8A), but 

does not reach maximum until 24 hours in both PBS and water. After three days in culture, 

however, all three cultures show a slight spike at four hours, and then another, greater increase, 

at 24 hours (Figure 9). After this maximum is reached, induction is maintained at that level in 

both LB and PBS (Figure 9A-B), whereas in water, this induction has a slight decrease (Figure 

9C). In LB and PBS, the cultures that grew for three days before induction had greater 

fluorescence than those that were induced immediately (Figure 11). This could be due to the cells 

lying dormant and being stimulated by the addition of arabinose, which is a type of sugar, 

therefore creating a nutrients source (Figure 11). Opposite of this, in water, induction was not 

maintained as well in the day three cultures as they were in the day zero cultures (Figure 8C, 

Figure 9C). Looking specifically at the induced AraC circuit in all cultures, at day three 

induction, AraC fluorescence has much greater separation from the other circuits than that of day 

zero induction. Across all experimental environments, the positive controls show constant 

fluorescence and the negative controls show no fluorescence (Figure 9). 
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Figure 8: Fluorescence per OD measurements for day zero induction; A. LB culture, B. PBS culture, C. water 

culture. Three replicates of each experimental condition was performed. Error bars represent the standard error of 

the mean (+/- SEM) of the three experiments for each data point.  
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Figure 9: Fluorescence per OD measurements for day three induction; A. LB culture, B. PBS culture, C. water 

culture. Three replicates of each experimental condition was performed. Error bars represent the standard error of 

the mean (+/- SEM) of the three experiments for each data point.  

  

 The cultures that were induced after seven days of shaking did not follow the same 

patterns as the day zero and day three cultures. Unlike the day zero and day three cultures, all 

day seven cultures spiked after 24 hours post induction. The fluorescence of the AraC circuit also 

showed a much greater intensity than the positive controls in the day seven LB and PBS cultures, 

which was not observed in the zero and three day experiments (Figure 10A-B. This amount of 

separation was not seen in the day zero and three cultures. In the day seven water cultures, the 

fluorescence of all circuits remained constant, with slight decreases in the induced positive and 

negative controls (Figure 10C). These results show that the arabinose induction in these samples 

is no longer efficient. The induced AraC circuit is the only that exhibits an increase in 

fluorescence, again spiking at 24 hours, with a steep decrease thereafter (Figure 10C). 



 

 

17 

 

 

Figure 10: Fluorescence per OD measurements for day seven induction; A. LB culture, B. PBS culture, C. water 

culture. Three replicates of each experimental condition was performed. Error bars represent the standard error of 

the mean (+/- SEM) of the three experiments for each data point. 
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Figure 11: Analysis of OD in A. LB, B. PBS, and C. H2O. Three replicates of each experimental condition was 

performed. Error bars represent the standard error of the mean (+/- SEM) of the three experiments for each data 

point. 

 

Arabinose is a monosaccharide, and while E. coli prefer glucose to other sugars, they can 

metabolize arabinose (Desai & Rao, 2010). In order to examine whether E. coli in nutrient 

limited conditions were metabolizing the arabinose for growth, we plotted the optical density 

(OD) measurements for the uninduced and induced cultures expressing the AraC-GFP plasmids 

under each of our experimental conditions. In all of the PBS and water cultures that have 

arabinose, the cells grow once the arabinose is added (Figure 11B-C). In the cultures that were 

not induced, no additional growth is observed. This shows that the cells are able to grow and can 

use the arabinose to facilitate the production of the GFP. In LB; however, the cultures have 

already reached a stationary phase, and the addition of arabinose does not confer any additional 

growth advantage. All cultures, whether induced or not, follow the same growth pattern (Figure 

11A). 
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Discussion 

Biosensor Cloning 

 Based on the unsuccessful attempts to clone the LacI-LacI circuit, it can be concluded 

that there were unanticipated mutations in either the inserts or the vector used. The inability to 

get clean digest patterns also supports this conclusion. These mutations affected the ability to 

perform diagnostic digests as well as led to difficulties with cloning. It should also be noted that 

some colonies looked red on the IPTG positive plate as well as the IPTG negative plate. This 

suggests that the fluorescent protein, mScarlet was present; however, even in the absence of the 

inducer, expression still occurred. Ultimately, the Lac promoter was not regulating mScarlet 

properly. 

Induction Capacity 

 The data gathered above shows that in environments with limited resources, induction 

capacity of bacterial sensors decreases. At day zero induction in LB, the maximum fluorescence 

is seen at four hours post induction. This is because LB is a nutrient rich environment where 

bacteria thrive, therefore, induction happens rapidly. In both PBS and water, this spike is not 

observed until 24 hours post induction because they are lacking in nutrients causing the bacteria 

to have a slower response when induced. At day three induction, all three cultures had a small 

spike at four hours before reaching their maximum fluorescence at 24 hours. This data shows 

that during the three days of shaking, the bacteria use up some of the nutrients in their 

environment; therefore, they are not robust enough to reach their full potential after only four 

hours, and need a longer amount of time to be fully induced. This same pattern is seen with 

induction occurring after seven days. In LB and PBS, there is still a great amount of fluorescence 

and significant induction; however in water, induction is not as strong, there is a drop in the 

constitutive GFP, and there is overall less predictability. This is expected as there are no 

nutrients in water and the bacteria have not been growing (Figure 11). PBS; however, is more 

capable of maintaining inducibility as it does contain salts and other molecules that create a more 

favorable environment for the bacteria. This gives the PBS a buffering capacity that the water 
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lacks. Ultimately this data reveals that even after a week in an environment with limited 

resources, bacterial sensors are still capable of induction. 

 Looking specifically at the behavior of the OD in each environment: LB, PBS, and water, 

we can understand how the cells are reacting. While it was expected that the decrease in 

induction capacity and fluorescence was due to the lack of environmental nutrients, that is not 

the case. Based on the data collected, it was observed that in LB both induced and uninduced 

circuits stopped growing, while the opposite occurred in PBS and water. In both PBS and water, 

the induced circuits continue to grow while the uninduced do not. It can then be concluded that, 

once induced, the arabinose is used as a carbon source and metabolized, allowing the cells to 

grow even in low nutrient environments.  

The information gathered from this experiment shows that the induced cells were 

stimulated after the addition of arabinose, while the cells that were not induced with arabinose 

seemed to be in a dormant state. In the future this experiment could be replicated using a circuit 

and induction signal which has no nutritional qualities, such as heavy metals like arsenic or lead. 

This investigation would reveal whether dormant cells can induce a genetic circuit under these 

conditions. This could then reveal the true induction capacity of cells that have been kept in low 

nutrient environments. 
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Appendices 

Appendix A: Sequences of Constructed Plasmids 

Sequence 1. LacI ESM: 

TTGCTGATTGGCGTTGCCACCTCCAGTCTGGCCCTGCACGCGCCGTCGCAAATTGTC

GCGGCGATTAAATCTCGCGCCGATCAACTGGGTGCCAGCGTGGTGGTGTCGATGGTA

GAACGAAGCGGCGTCGAAGCCTGTAAAGCGGCGGTGCACAATCTTCTCGCGCAACG

CGTCAGTGGGCTGATCATTAACTATCCGCTGGATGACCAGGATGCCATTGCTGTGGA

AGCTGCCTGCACTAATGTTCCGGCGTTATTTCTTGATGTCTCTGACCAGACACCCATC

AACAGTATTATTTTCTCCCATGAAGACGGTACGCGACTGGGCGTGGAGCATCTGGTC

GCATTGGGTCACCAGCAAATCGCGCTGTTAGCGGGCCCATTAAGTTCTGTCTCGGCG

CGTCTGCGTCTGGCTGGCTGGCATAAATATCTCACTCGCAATCAAATTCAGCCGATA

GCGGAACGGGAAGGCGACTGGAGTGCCATGTCCGGTTTTCAACAAACCATGCAAAT

GCTGAATGAGGGCATCGTTCCCACTGCGATGCTGGTTGCCAACGATCAGATGGCGCT

GGGCGCAATGCGCGCCATTACCGAGTCCGGGCTGCGCGTTGGTGCGGATATCTCGGT

AGTGGGATACGACGATACCGAAGACAGCTCATGTTATATCCCGCCGTTAACCACCAT

CAAACAGGATTTTCGCCTGCTGGGGCAAACCAGCGTGGACCGCTTGCTGCAACTCTC

TCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAAGAA

AAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCAT

TAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGA 

 

Sequence 2. LacI DRM: 

ATGAAACCAGTAACGTTATACGATGTCGCAGAGTATGCCGGTGTCTCTTATCAGACC

GTTTCCCGCGTGGTGAACCAGGCCAGCCACGTTTCTGCGAAAACGCGGGAAAAAGT

GGAAGCGGCG 

 

Sequence 3. GalR ESM: 

AAACGGTCGGTCTGGTCGTTGGTGATGTTTCCGATCCGTTTTTCGGTGCAATGGTGA

AAGCGGTCGAACAGGTGGCTTATCACACCGGTAATTTTTTATTGATTGGCAACGGTT

ACCACAACGAACAAAAAGAGCGTCAGGCCATTGAGCAACTGATCCGCCATCGCTGT
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GCTGCGTTGGTCGTCCATGCCAAAATGATCCCGGATGCTGATTTAGCCTCATTAATG

AAACAAATGCCCGGTATGGTGCTGATCAACCGTATCCTGCCTGGCTTTGAAAACCGT

TGTATTGCTCTGGACGATCGTTACGGTGCCTGGCTGGCAACGCGTCATTTAATTCAG

CAAGGTCATACCCGCATTGGTTATCTGTGCTCTAACCACTCTATTTCTGACGCCGAA

GATCGTCTGCAAGGGTATTACGATGCCCTTGCTGAAAGTGGTATTGCGGCCAATGAC

CGGCTGGTGACATTTGGCGAACCAGACGAAAGCGGCGGCGAACAGGCAATGACCG

AGCTTTTGGGACGAGGAAGAAATTTCACTGCGGTAGCCTGTTATAACGATTCAATGG

CGGCGGGTGCGATGGGCGTTCTCAATGATAATGGTATTGATGTACCGGGTGAGATTT

CGTTAATTGGCTTTGATGATGTGCTGGTGTCACGCTATGTGCGTCCGCGCCTGACCA

CCGTGCGTTACCCAATCGTGACGATGGCGACCCAGGCTGCCGAACTGGCTTTGGCGC

TGGCGGATAATCGCCCTCTCCCGGAAATCACTAATGTCTTTAGTCCGACGCTGGTAC

GTCGTCATTCAGTGTCAACTCCGTCGCTGGAGGCAAGTCATCATGCAACCAGCGACT

AA 

 

Sequence 4. 2QZ3: 

ATGGCATCTACTGACTACTGGCAGAATTGGACAGATGGTGGAGGGATCGTGAATGC

TGTCAATGGCTCGGGCGGAAACTATTCGGTTAATTGGTCGAATACGGGAAACTTTGT

TGTCGGGAAAGGTTGGACTACGGGTTCACCCTTCCGCACCATCAACTACAACGCGG

GTGTCTGGGCACCAAATGGAAACGGTTACTTAACCCTGTACGGGTGGACGCGCTCGC

CATTAATCGAGTATTACGTTGTCGATAGTTGGGGCACCTACCGCCCCACGGGTACCT

ATAAGGGGACTGTGAAGTCCGATGGGGGCACCTATGACATTTATACAACAACACGC

TACAATGCCCCGAGCATCGATGGAGATCGCACTACTTTCACGCAGTACTGGTCTGTA

CGTCAGTCGAAACGTCCTACCGGCTCAAATGCAACAATCACCTTTAGTAACCACGTT

AATGCTTGGAAGTCTCATGGCATGAATCTTGGATCGAATTGGGCTTATCAAGTCATG

GCTACTGCTGGTTATCAAAGTTCGGGCAGTTCGAATGTAACAGTTTGG 

 

Sequence 5. mScarlet: 

 

ATGGTGAGCAAGGGCGAGGCAGTGATCAAGGAGTTCATGCGGTTCAAGGTGCACAT

GGAGGGCTCCATGAACGGCCACGAGTTCGAGATCGAGGGCGAGGGCGAGGGCCGC

CCCTACGAGGGCACCCAGACCGCCAAGCTGAAGGTGACCAAGGGTGGCCCCCTGCC
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CTTCTCCTGGGACATCCTGTCCCCTCAGTTCATGTACGGCTCCAGGGCCTTCATCAAG

CACCCCGCCGACATCCCCGACTACTATAAGCAGTCCTTCCCCGAGGGCTTCAAGTGG

GAGCGCGTGATGAACTTCGAGGACGGCGGCGCCGTGACCGTGACCCAGGACACCTC

CCTGGAGGACGGCACCCTGATCTACAAGGTGAAGCTCCGCGGCACCAACTTCCCTCC

TGACGGCCCCGTAATGCAGAAGAAGACAATGGGCTGGGAAGCGTCCACCGAGCGGT

TGTACCCCGAGGACGGCGTGCTGAAGGGCGACATTAAGATGGCCCTGCGCCTGAAG

GACGGCGGCCGCTACCTGGCGGACTTCAAGACCACCTACAAGGCCAAGAAGCCCGT

GCAGATGCCCGGCGCCTACAACGTCGACCGCAAGTTGGACATCACCTCCCACAACG

AGGACTACACCGTGGTGGAACAGTACGAACGCTCCGAGGGCCGCCACTCCACCGGC

GGCATGGACGAGCTGTACAAG 

 

Appendix B: Plate Map 

The plate map below correlates to the raw data in Appendix C for trials 2 and 3 and the single 7 

day trial. Trial 1 has the same organization, just without the addition of the water column, as 

water was not tested in the first trial.  
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Appendix C: Plate Reader Raw Data 

Trial 1: 

Day 0 Time 0 

 

 

 

Day 0 Time 4 

 

 

 

Day 0 Time 24 
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Day 0 Time 72 

 

 

 

Day 3 Time 0 
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Day 3 Time 4 

 

 

 

Day 3 Time 24 
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Day 3 Time 72 

 

 

 

Trial 2: 

Day 0 Time 0 

 

 

Day 0 Time 4 
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Day 0 Time 72 
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Day 3 Time 4 
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Day 3 Time 72 
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Trial 3: 

Day 0 Time 0 

 

 

Day 0 Time 4 
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Day 0 Time 72 
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Day 3 Time 4 
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Day 3 Time 72 
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Day 7 Time 0 

 

 

Day 7 Time 4 
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Day 7 Time 72 
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