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[bookmark: _ki0ssuj9m14]Abstract
Efficient diagnostics have the potential to subside epidemics and global mortality rates- particularly in the context of Flaviviridae, a family of deadly, vector-borne viruses spread by mosquitoes. Current biosensors being used to detect the presence of Flaviviridae require two components: a biological component such as a protein, and a technological component to create a measurable signal. Surface Plasmon Resonance (SPR) biosensors effectively diagnose Flaviviridae from the point of care using quick, portable methods; however, these tools cannot diagnose a specific disease due to the structural similarities within Flaviviridae. They are also more economical due to their materials not being single-use as opposed to fluorescence-based devices. Fluorescence-based devices are accurate, however, the requirements of this method reduce its portability and increase potential costs. We hypothesized that either SPR or fluorescence contrast methods are more optimal in determining the presence of Flaviviridae, depending on SEES data patterns from the GLOBE Observer app. Based on data observations, we predict that implementing fluorescence-based biosensors in densely populated urban areas will be more efficient, as this biosensing method is more accurate at determining a specific disease within a large population, and do not require the flexibility and portability of SPR-based biosensors. 
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[bookmark: _rim4ksdylwva]Comparing Current Biosensing Methods
	A biosensor is defined as a compact analytical device that works to measure biological reactions by quantifying signals indicative of the presence of an analyte, the substance of interest. They are primarily composed of a biological sensing element that provides selectivity as well as a transducer that converts physio-chemical behavior into detectable signals (Varnakavi et al., 2021). In practice, a biological material is placed in contact with the transducer, and the analyte interacts with the material to generate signals in a process known as bio-recognition. From there, the transducer performs signalisation, a process that converts the bio-recognition event into a measurable signal that is proportional to the amount of analyte-bioreceptor interactions (Săndulescu et al., 2015). The processed signals can then be quantified and analyzed.
[bookmark: _84rcse2xvzra]Electrochemical Biosensors
	Electrochemical biosensors are based on the idea of transducing biochemical events to electrical signals. As an analyte interacts on an active electrode surface, the reaction may cause electron transfer across the medium, producing a current (amperometric), or it can contribute to the potential, producing a voltage (potentiometric) (Grieshaber et al., 2008). The altered current flow caused by the movement of electrons can be measured, in which the magnitude of the current is proportional to the concentration of the analyte.
	In general, electrochemical biosensors are simple devices to develop and operate, characterized by their low-cost production and easy-to-understand user interface. In addition to avoiding the complex set up process and cost that other methods carry with them, electrochemical biosensors also are advantageous for their versatility in terms of miniaturization, their excellent performance with small analyte volumes, and their ability to be used in turbid biofluids (Cho et al., 2020). Specifically, the fact that they are unaffected by interference from absorbing and fluorescing compounds is key. In contrast, such devices’ potential is severely limited by a number of factors that should be noted. Mainly, they do not have the type of surface architecture that would facilitate high sensitivity. This means they would have a limited temperature and pH range, and outside of this range, the behavior of the biosensor may be impacted greatly.
	Electrochemical biosensors are renowned for their versatility and expandability. With that being said, there is another type of biosensor that further integrates itself with the natural processes of chemical/biological reactions: thermometric biosensors.
[bookmark: _msn43e5r968]Thermometric Biosensors
	Thermometric biosensors take advantage of a basic property of biological reactions: being endothermic or exothermic. The difference in the temperature between the substrate and product is measured by thermistors in the form of thermal signals generated during the catalytic reaction. Such signals are proportional to the concentration of the substrate. By measuring the heat absorbed or released during a reaction (∆T), information can be obtained on the efficiency and degree to which the creation of product from substrate took place (Varnakavi et al., 2021). Thermometric biosensors are best suited in the sensing of multiple reactions, since it tracks the sum of all enthalpies. In addition, changes in temperature are measured by thermistors, which are highly sensitive and give high levels of detail. However, their applicability within disease detection is limited. This is partially due to their failure to be useful in bioengineering applications.
	Simple in nature, thermometric biosensors offer value in numerous tasks. However, at the core of a biosensor’s functionality is the conversion of signal to data that is able to be read and analyzed. This cannot be emphasized more in the inner workings of optical biosensors.
[bookmark: _qs5ftuvhdwli]Optical Biosensors
	Optical biosensors are devices that utilize optical measurements (absorbance, fluorescence, chemiluminescence) and employ fibre optics and optoelectronic transducers in the detection process (Bosch et al., 2007). Optical biosensors mainly use enzymes and antibodies as transducing elements and are renowned for their ability to provide label-free and real-time parallel detection. In optical biosensors, the transduction process has the potential to create a change in the absorption, transmission, reflection, refraction, light polarization, and more, in response to physical or chemical changes created by the biorecognition elements.
	Optical biosensors offer great advantages in terms of practicality, speed, and scope of use. The selectivity of the biological sensing element offers the opportunity for highly specific devices that can perform real-time analysis in complex mixtures, without the need for extensive sample pretreatment or large sample volumes (Dey et al., 2011). Furthermore, optical biosensors are simple-to-operate tools that are immune to electrical or magnetic interference. As promising as this may sound, the main drawback for devices of this type are their cost. The difficulties involved in fabricating optical biosensors puts a major strain on its availability for use.
	In addition to the techniques that have been stated thus far, a more affordable approach in biorecognition takes advantage of audible detection methods.
[bookmark: _al9b3oplqqs4]Piezoelectric Biosensors
	Piezoelectric biosensors rely on acoustics to function. They operate based on the change in the physical properties of an acoustic wave in a response that can be correlated to the amount of analyte absorbed (Pohanka, 2018). Piezoelectric crystals form the basis of these biosensors. The crystals with positive and negative charges vibrate with characteristic frequencies. Adsorption of certain molecules on the crystal surface alters the resonance frequencies which can be measured by electronics.
	The simplicity and low price of piezoelectric sensors are favorable for practical use. They have the advantage of being able to work in several modes from which direct, label free, interaction with analyte provides the maximal use of advantages offered by the piezoelectric platform (Pohanka, 2018). Due to this, antigens and antibodies serve as promising biomolecules in terms of compatibility with a piezoelectric biosensor. Specifically, they are suitable for sized analytes with high molecular weight due to the fact they cause higher decrease of oscillation frequency. On the contrary, piezoelectric immunosensors are not equipped with optimal sensitivity to be widely used for general health purposes.
	Overall, differing biosensing methods offer promise in various sectors. Likewise, waveguide-based biosensors, which utilize changes in the refractive index of analytes, are an emerging technology that has promise in the future of pathogen detection.
[bookmark: _npspnbexnm86]Waveguide-based Biosensors
	Waveguide-based biochemical sensors exploit detection of target molecules that bind specifically to a functionalized waveguide surface. When light is coupled into a waveguide, it will propagate along the waveguide with negligible loss. The electromagnetic field distribution of the light interacts with the biomolecules near the waveguide surface. A small adjustment in the refractive index near the waveguide surface when a target analyte is captured causes changes in the output’s optical signal, which acts as the sensing signal (Li et al., 2011).
	Waveguide biosensors exhibit potential in terms of miniaturization and cost-efficient production. The evanescent wave technique provides enhanced sensitivity through greater number of reflections per unit length (Pathak, 2004). Moreover, this method provides that the light monitored is always guided with no coupling requirement in the sensor region. This makes having an integrated miniaturized device feasible, thus largely avoiding surface and bulk effects (Pathak, 2004). On the contrary, the main issue against this mode of sensing is surface contamination. In order to combat this, careful design of the biolayer attachment must be done to avoid nonspecific binding and the need for frequent recalibration of the instruments.
	Collectively, multiple factors should be taken into account when prompted with choosing a biosensing method. Aspects such as specificity, ability to function without being influenced by physical parameters, and cost are all valid considerations. With that being said, the promise that waveguide-based biosensors show in terms of their ability to offer sensitive, non-invasive detection of biological analytes with near instantaneous responses is unprecedented (Zeininger et al., 2019). In response to this emerging approach, we wish to go into further detail on the functionality and practicality of a waveguide-based sensing method.
[bookmark: _ifij8o879yfg]Different Types of Viruses
[bookmark: _wasxzdt4aaxy]Yellow Fever 
The Yellow Fever virus is spread by Aedes and Haemogogus mosquitoes (Gaythorpe et al., 2021). This virus is commonly identified with the detection of immunoglobulin M (IgM),  immunoglobulin G (IgG), and neutralizing antibodies (Centers for Disease Control and Prevention [CDC], 2015b; Centers for Disease Control and Prevention [CDC], 2015a). The inability for the RNA to be detected once symptoms are apparent causes complications in the testing process (CDC, 2015a). This complexity risks false-negative test results from virus isolation or reverse transcription polymerase chain reaction (RT-PCR) tests (CDC, 2015a). RT-PCR tests can help diagnose viral diseases, among other diseases, with the study of a virus’s RNA (National Cancer Institute [NCI], n.d.). Also, the recognition of the IgM antibodies in humans can also occur years after vaccination as well as during an infection (Gibney et al., 2012). This could potentially cause difficulties with detecting Yellow Fever in vaccinated people. 
[bookmark: _v76crn19xa5r]Zika
Zika is typically spread by Aedes mosquitoes. Currently, the most common method for detecting ZIKV within biosensors is reverse transcriptase-polymerase chain reaction (RT-PCR). However, we decided against focusing on this method because it is limited to the acute stage of the virus. In terms of fluorescence, it is typically detected with the label known as SYTO 9, which works by detecting the presence of dsRNA generated after the copy of single stranded homopolymeric RNA. The specific protein that is focused on in this method is NS5, which is the primary protein concerning the viral replication cycle. This means that the fluorophore identifies the reproduction of the ZIKV within a sample. Finally, in terms of the SPR method, there is a focus on the NS1 protein in ZIKV because it can interface well with SPR-based systems and detection methods.
[bookmark: _1r5fnvbeyc12]West Nile
	West Nile virus is primarily spread by Culex species mosquitoes. Specifically, it should be emphasized that approximately 80% of WNV infections in humans are asymptomatic, leading many to be unaware that they have contracted the disease. This means that the commercial tests employed to detect WNV must establish high sensitivity and specificity as priorities. Mainly, the virus can be diagnosed by detecting WNV IgM antibodies and measuring their ability to inhibit the binding of monoclonal antibodies against the NS1 and E proteins. In addition, infection is also generally associated with the regulation of the Glial fibrillary acidic protein (GFAP) in the blood. Previously, sensitive detection techniques such as enzyme linked immunosorbent assay (ELISA) and reverse transcriptase polymerase chain reaction (RT-PCR) for RNA were employed most often. However, the long turnaround times and the need for a centralized laboratory accompanied by highly trained personnel proved to be detrimental to the effectiveness of these methods. Collectively, the current obstacles that face WNV detection and the fact that NS1 is essential for the genetic replication of WNV provides valuable insight into the properties needed from an applicable biosensor.
[bookmark: _xcrfrejx1h3t]Dengue
	Dengue is spread by Aedes mosquitoes. A vaccine is available for dengue, and is approved for admisnistartion around the globe. The main method of detecting dengue is through viral antigen capture (VAC). VAC works by recognizing the NS1 protein in a sample. Fluorescence and SPR waveguides would also aim to detect the NS1 protein. Due to WNV detection also testing for NS1, cross talk is possible for the SPR method of detection. Cross talk should not happen for fluorescence because the wavelength will be unique for each disease. 
Alexa Fluor fluorophore labelling has been shown to be the most effective for 
[bookmark: _dz18wggcibfw]Comparing Fluorescent and SPR Methods
One major part of a biosensor is how the device is identifying what is being sought out (ie: a virus) as separate from what it is in (ie: a solution that is being checked for the presence of said virus). There is a large variety of ways in which this may be investigated, such as surface-enhanced Raman scattering (SERS) (Ozcelik et al., 2017), optical imaging (Fact Sheet, n.d.), and contrast dyes. However, we will be focusing on fluorescence imaging (Fluorescence Imaging, n.d.) and surface plasmon resonance (SPR) (What Is Surface, 2018). Having examined many of the currently available methods, we have concluded that those listed will be optimal for use in tandem with waveguide technology. 
[bookmark: _e3uv6jc44sfu]Fluorescence 
Biological components, such as tissues and cells, are primarily made up of water, meaning that they are clear. This makes viewing the specific structures within them very difficult without some way of differentiating the structure or component being sought from the rest of the objects. Fluorescence provides a way of centralizing identification to specific structures by emitting light of a specific visible wavelength when it interacts with light of another wavelength (Fluorescence Imaging, n.d.). The way it is applied through certain structures is typically through proteins known as fluorophores, which exhibit the property described above. These fluorophores interact with and attach to the structure being sought out, making them identifiable. In fluorescent imaging, the sample is then viewed under a microscope with a black background as an excitation light shines at it to activate the fluorescence.
One major advantage of fluorescence is its potential for use in tandem with waveguides. Since fluorescence is emitting light, the waveguide has a clear wave to maintain. This also makes it easier to use for specific data collection. That being said, one challenge of fluorophores is the requirements to make them fluoresce. Many require light of a specific wavelength to strike them as that is what makes them release light of one specific wavelength (A. Stambaugh, personal communication, July 15, 2021). At times, this specific wavelength can present itself as an extra cost or as another component, making it a bit more difficult to use for affordable or portable applications. That being said, there is also an effective label-free option in the surface plasmon resonance technique. 
[bookmark: _bym4yenjtqyq]Surface Plasmon Resonance
Surface plasmon resonance (SPR) is a verified label-free biosensing tool that specializes in sensing the interactions between a variety of biomolecules (What Is Surface, 2018). The way it works is that a polarized light source is fired at a metal film with glass on the side that the light fires from and a solution containing biomolecules on the other side (How Does, n.d.). On the biomolecule side, ligands form a line along the metal, and various molecules are able to bind. Depending on how many bind at any given time, the free electrons in the metal, called surface plasmons, act as resonators. Resonance can occur between the plasma oscillations of the free electrons in the metal and the bound electromagnetic field of the totally internally reflected photons (What Is Surface, 2018). Essentially, where the solution on the one side of the metal has no binding occurring, the surface plasmons at a certain angle of incidence resonate with the light and create a dark band in the middle of the area detecting reflected light. As biomolecules bind, the dark band will shift (SPRtech101, 2011). This allows the detection of how many ligands are binded and how many are not, indicating the amount of interaction from the biomolecules.
An advantage of this method is that unlike fluorescence, SPR doesn’t require light of a certain wavelength, which reduces potential costs for specialized laser tools that could be required with fluorescence. However, a disadvantage of SPR would be the specificity of its applicative properties. Since it entirely focuses on the amount of binding occurring between biomolecules and ligands, we would need to narrow down what kind of binding we would be looking at and how to separate the involved biomolecules in order to avoid binding from biomolecules we are not focusing on. Overall, however, it has more potential for portability and price, but could be less accurate or have data that is more difficult to process. 
[bookmark: _9imwj8q2yfpo]SEES Data Incorporation
	SEES mosquito habitat mapper data from 2019 to 2021 was downloaded and sorted via Python and Excel to filter needed subsets. After these sets were obtained, they were cross-referenced with other data to observe trends and correlations.
To determine the contrast method used by the waveguide model, two tests were completed to interpret the dispersion of the mosquito habitats using the 2019-2021 SEES intern Mosquito Habitat Mapper Observations. This dataset contained 3974 individual data points. The first test used Python coding to mark all observations that had at least one confirmed larvae sighting, regardless of genus. The second test used Excel to mark observations of three specific genera known for transmitting diseases. All data was retrieved from the GLOBE Advanced Data Accessing Tool. Quantitative larvae data was not used for this project because the primary purpose of utilizing the SEES data was to observe how dispersed positive larvae observations were recorded across the United States. 
[bookmark: _ccxf1sfgt0ds]Observing Mosquito Habitat Mapper Data Using Jupyter Notebook
	SEES data processing was completed using Jupyter Notebook, an application that allows for data analysis. The 2019-2021 Mosquito Habitat Mapper dataset was downloaded from the GLOBE tool as a CSV file and imported into a Python 3 file on Jupyter. First, all observations that had either no mosquito larvae data or had zero recorded larvae sightings were removed. Then, using the Python Pandas 0.24.2 library, a data frame was created containing only the mapper id, larvae count, and observation coordinates (longitude and latitude) from the original dataset (Kim, 2021). After this filtration process, there were a total of 453 recorded observations that contained at least one larva. All data was exported as a new CSV file and stored in the personal device.

Map layer created using GoogleMyMaps containing all confirmed Mosquito Larvae Observations
[image: ]
Map Data ©2021 INEGI Imagery ©2021 NASA, Terrametrics

Map showing all confirmed Mosquito Larvae Observations in comparison to an Esri Population Density Map
[image: ]
ArcGIS software ArcGIS Online (ESRI, 2021) was used for map generation, Population Density Map Source: Esri. World Population Density Estimate 2016. 2017 Redlands, CA: Environmental Systems Research Institute, Inc.


	The CSV file containing the non-zero larvae counts was then uploaded onto an ArcGIS map. To analyze the relationship between the mosquito observations and their respective environments, a 2016 Esri population density map was downloaded using the ArgGIS Search for Layers function. This map classified different regions of the US into six respective regions: Rural, Settled, Light Urban, Urban, Heavy Urban, and Extreme Urban based on population per square kilometer. By comparing the two map layers, it was discovered that many of the mosquito larvae sightings were heavily concentrated in Light Urban or Urban regions next to a large body of water, primarily the Oceans and Great Lakes. This suggests that there exists a positive correlation between mosquito and human population density. Additionally, it is indicative that coastal regions are more suitable mosquito habitats than regions that do not surround water.
	However, it is important to recognize the quantity and concentration of the mosquito habitat mapper data was dependent on the residence of the SEES interns, as well as the variation in setting up traps. Therefore, it is possible that some regions around the United States, including the land that had no data on the population density map, are underrepresented with respect to mosquito count. Additionally, due to the lack of a more recent population density map, there may be recent population or land cover changes that were not accounted for in this study.

[bookmark: _eaa6dk7lhrpc]Isolating Key 3 Genera Observations With Excel
	This isolation method used the same base dataset as the Python method. By using the filter feature on Excel, the data was organized into three groups according to the key 3 genera: Culex, Aedes, Anopheles. Each subset was copied into new spreadsheet documents.
These documents were then converted to CSV files and uploaded to Google MyMaps as individual layers, allowing the points to be examined over satellite terrain and land cover imagery. 

Top left: Culex dataset, Top right: Aedes dataset, Bottom: Anopheles dataset
[image: ][image: ]
Map Data ©2021 INEGI Imagery ©2021 NASA, Terrametrics
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Map Data ©2021 INEGI Imagery ©2021 NASA, Terrametrics

Within the three maps, each point was manually examined to examine their respective surroundings. Most of these points are easily accessible by road or by short walk on open land, so portability for the device will not be an issue.
	During this study, the Anopheles dataset was removed because the target diseases were limited to Zika, Dengue, Yellow Fever, and the West Nile Virus, none of which the Anopheles species transmits. The remaining layers were then cross referenced with population density data from 2015 to see the approximate population density in which most of the observations were taken. This research showed that the majority of the Culex and Aedes observations took place in suburban areas or suburban/rural mixed areas, usually with a population density of around 3-10 thousand people.
[image: Points scored]
As in the case of the Python method, this dataset does not perfectly represent the country as a whole as it is entirely dependent on where the SEES interns lived at the time of their internship and where they stationed their traps. However, this also visualizes the general distribution of people throughout the United States; more people in suburban areas than the countryside or a fully urban area. Thus, these areas should be the priority for this method of virus detection regardless, as there are more people in these areas that could become infected; less populated areas may be underrepresented, but they are not the priority for this kind of method as there is less risk of infection or an epidemic.
[bookmark: _s2k4gb731ut1]Target Audience and Application
The CDC would be greatly benefited by the research that can be conducted with the assistance of the mosquito habitat data as well as the fluorescence waveguides and SPR waveguides. By using the mosquito habitat data, the CDC could identify areas that are more prone to disease outbreaks due to climate and other factors as well as areas that would cause disease to spread easily. The mosquito habitat data can also show the type of mosquito that inhabits an area. This information would be useful to the CDC because it would allow scientists to predict which diseases could spread. By using the mosquito habitat data, the CDC can decide which device will be most beneficial for tracking diseases within a specific situation and location. The fluorescence waveguide would be more helpful in a rural area because the cost of this method can be lowered with less usage. One fluorescent protein labeling kit from ThermoFisher can cost $500 rather than the more expensive costs of the SPR method (Fluorescent Protein, n.d.); this prices individual tests with this method at $1.64 (Fluorescent Protein Labeling. (n.d.)). The SPR method is better suited for urban areas because although it is an expensive device, the equipment does not have as many materials that need to be replenished.
The SPR method would be the most beneficial method for urban hospitals and clinics, especially in cases of large outbreaks. This is a faster method, which would be beneficial in an urban setting since the close proximity of people would cause disease to spread faster. This method also uses less single use materials, which would benefit urban areas that would likely have disease outbreaks that are more rapid and more widespread. The SPR device costs between $120,000 to $250,000 (Tang et al., 2010). Also, the OpenSPR device from Nicoya is low maintenance (Meet OpenSPR. (n.d.)), so, while it has a higher upfront cost, it does not require much in the way of maintenance costs over the lifetime of the device. Since the SPR device has a high upfront price, it would not be advantageous for low income communities. 
	The fluorescence waveguide and the data the device can collect would allow the general public to gain knowledge about mosquito borne diseases that are present in their areas. Awareness of local diseases would assist in giving citizens knowledge of which diseases they would need to take preventative measures against. The use of this device would drastically impact the spread of diseases and would allow for more accurate data regarding local conditions. The fluorescence waveguide is the best device for communities because although the materials can be more expensive when used generously, the method can cost less than the SPR waveguide when used for a small rural area. This is because fluorescence waveguides use materials such as dyes that are single use; the cost of these dyes can cause this method to be more expensive than the SPR waveguide when used often. A fluorescence protein labeling kit can cost approximately $500 (Fluorescent Protein, n.d.). The waveguide part of the device can cost about $325. 
[bookmark: _chxgqpjtk0mt]Understanding Waveguide Function
A waveguide is a device that allows electromagnetic waves to propagate through a cylindrical or rectangular tube used for the propagation of an electromagnetic signal from one end of the device to the other. Optical fibers, flexible transparent rods, and planar waveguides, flat films that guide light in one dimension, are the basic elements in optical chemical sensing. Simply, a waveguide works by creating an artificial phase change due to the waveguide’s internal structure. When a waveguide is paired with a contrast method, such as fluorescence or SPR, specific diseases can be tested for. Waveguides have many advantages, high sensitivity and specificity, remote measurements at long distances, electrical isolation, small size and flexibility, resistance to hazardous environments, suitable materials can be chosen in accordance with biocompatibility for plastic optodes, and modulation of light in multiple waves. All these properties together make the waveguide easier and better to use in situ, in low budget analysis, and allow for high portability. Although waveguides pose many advantages, there are also disadvantages to its optochemical sensing. Parasitic optical signals (e.g. unwanted background fluorescence, stray ambient light, contamination etc.) due to light scattering can lead to slow reduction in light & long term instability. Also, the phase change requires very specific extrusions on the internal structure of the waveguide, if these extrusions are even the tiniest bit off (anything >0.15mm) the phase change will be incorrect. 
[bookmark: _ogbwy7rv4weq]Our Waveguide Design
Our design utilizes basic waveguide principles, and a customizable design, to allow for a cheap, portable, and easy to use device. The waveguide, unlike many current waveguides, incorporates both the waveguide and sample sections so quick testing can be done in situ and without a lab. The waveguide is made up of four parts, the vial holder, vial change, connector, and waveguide body (see Fig.1). The light enters from the open rectangular end of the waveguide body and undergoes the phase change due the unique extrusions of the internal structure. These extrusions will need to be different for each individual disease tested. The light then goes through the connector and into the vial holder and vial change pieces. The light then shines through a glass vial containing a sample and contrast method. The light then goes out the small hole at the end of the waveguide. How the disease is detected depends on whether fluorescence or SPR is being used. With fluorescence the glass vial needs to be removed and if the disease is present the sample in the vial should fluoresce. If SPR is used, the light which comes out of the other end of the waveguide will need to be checked for a second phase change. If the light undergoes a second phase change after passing through the sample, the disease is present (see fig.2-5 for more visuals).
The customizability of our design is extremely important because it allows multiple samples to be tested very rapidly one after another; only the glass vial needs to be switched out if each sample is being tested for the same disease. If one sample is being tested for multiple diseases, only the waveguide body needs to be switched out for the different extrusions each disease requires. This simplicity not only opens up the opportunity for the design to be used by citizen scientists, it also allows the waveguide to be portable and disease detection can be done completely outside of a lab. 
[bookmark: _bk65jdl01p98]Figures
[image: ]
(Fig.1; From left to right: Waveguide Body, Vial Holder, Vial Change, Connector)
[image: ]
(Fig.2; Cross section view of the assembled waveguide)
[image: ]
(Fig.3; Front view of assembled Vial Holder, Vial Change, and Connector)
[image: ]
(Fig.4; Front view of Waveguide Body)
[image: ]
(Fig.5; Cross section view of Waveguide Body extrusions)
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