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Abstract  

Escherichia coli is a diverse bacterium that inhabits the lower intestine of warm-blooded 

animals. While most strains are harmless, some are pathogenic and can cause food 

poisoning, intestinal damage, and other illness. Annually, 380,000 people die from E. 

coli-triggered diarrhea. Our design team aims to create a low-cost, optically-paired 

paper microfluidic sensor that detects E. coli presence and concentration in water 

samples. A paper microfluidic assay platform was chosen for its properties of being 

inexpensive, biodegradable, and nontoxic. The paper microfluidic strips are imbued with 

antibody-conjugated latex particles. These particles bond with each other in the 

presence of E. coli, which allows for optical detection using the changed intensity of light 

reflected from the surface of the chip. Our model has a sensor device where the user 

collects a water sample, dips a paper microfluidic strip into it, then inserts that strip into 

an optical detector that uses light scattering to quantify E. coli concentration. The sensor 

microcontroller and components will be housed in a durable 3D-printed casing that 

optimally positions the optical setup and feeds results to a compact LCD display. This 

sensor will be flexible for a range of microfluidic systems.  

 

Statement of Responsibilities of Fellow Team Members 

  

The design team I worked with was made up of four seniors from the Agriculture and 
Biosystems Engineering Department.   
 
Alexandra Downs was our team leader.  She was responsible for communicating with 
our team sponsors and helped us find our team mentor.  Alex was also involved with the 
experimental design that went into our project that determined the angle that the light 
needed to be shined at in order to get the greatest signal strength from the chosen 
sensor.  Later on in the year, Alex worked with Bailey to help design the sensor’s 
housing on SolidWorks.  The two wanted to create a housing that would prevent light 
leaking through the microcontroller chamber to the testing chamber. 
 
Early on in the year, I was responsible for making the paper microfluidic chips that were 
used in the experiments run by Alex and Bailey.  We broke up into groups to work on 
the computer programing and circuitry, while the other two worked on completing the 
research and eventually moved on to the computer aided design section.  My 
contribution to the programming included the button state change detection, as well as 
the loop that was used to calculate the light intensity.  I was then also responsible for 
making the large circuit more compact so that it would work in the compartment 
designed by Bailey and Alex.  The construction of the circuit required a lot of soldering 
and measuring of wires, as well as being familiar with electrical components.  
 
Bailey Warner helped continue research after the team split up.  She also was the 
driving force behind the computer-aided design that went into creating our housing.  The 
CAD included a chamber that would reduce light pollution, had a microfluidic chamber, 
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a piece to hold the light at the correct angle and a device that could adjust the sensor to 
different angles.  There was also a lid with space for and LCD screen and two buttons.  
 
Vicki Chu worked with me to come up with the circuit as well as work on the software for 
the Arduino.  Neither of us had much experience going into the project that related to 
using Arduino, however, her previous knowledge with applying programing to certain 
microcontrollers really helped.  She came up with the final code that allows the user to 
run through the program as many times as necessary.  
 

 

Acknowledgements  

We would like to acknowledge the Yoon Biosensor Laboratory for their support for our 

design team. In particular, we would like to thank Katie McCracken for technical support 

and methods instruction relating to antibody conjugation, paper microfluidic fabrication, 

E. coli culture. Further, we would like to thank Dr. Jeong-Yeol Yoon for technical input 

and Dr. Tusan Park for optical fiber testing support. For 3D printing assistance, we 

would like to thank Brian Little, The University of Arizona Library, and Isaac Hung. 

Finally, we would like to thank Cayla Baynes for the use of her paper microfluidic 

exposure mask.  

 

Introduction 

Past Developments  

Numerous methods of detecting E. coli exist. In the past, analyses have relied on 

colorimetric, Polymerase Chain Reaction (PCR), and antibody-based assays. 

Colorimetric assays, which rely on a color change upon exposure to E. coli, are 

common. These sensors may utilize the visual color change upon binding E. coli to 

polydiacetylene filmsA,B, intracellular enzymes such as B-glucuronidase or B-

galactosidaseC, or aptamersD.  Past shortfalls of colorimetric detection include a high 

limit of detection and a lack of quantitative results. Often, the color change can give a 

broad indication of whether the bacteria is present, but not how much of it. PCR and cell 

culture have conventionally been used to precisely detect various strains of E. coli.E 

However, these methods are often slow and require specialized training and equipment. 

Thus, they are costly and not ideal for field settings. Finally, another class of sensors 

uses antibodies or biomolecules. The antibodies or biomolecules are conjugated onto 

surfaces such as glass, polymers, paper, or polystyrene particles. When E. coli from a 

sample contacts these surfaces, it bonds to them. This binding triggers a measureable 

change in optical properties, which can be correlated to E. coli concentration.  

 

Increasingly, research laboratories are pairing the imaging capabilities and powerful 

white LEDs from smartphones to quantify E. coli from samples. In the past, 

smartphones have been used to correlate quantum dot fluorescenceF, as well as the 
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extent of antibody binding on paper microfluidicsG, to E. coli concentration. The main 

drawback to using smartphones is that variable lighting conditions strongly affect 

outputted results. Logically, the light characteristics in a laboratory are dissimilar from a 

different building or outdoor conditions. Therefore, it is necessary to create a closed 

system where lighting conditions are tightly controlled.  

 

Statement of Problem:  

In a field setting, how do we use paper microfluidic chips to detect pathogens without 

interference from sample contaminants and light conditions? For use in developing 

nations, how will detection be made simple and low-cost?  

 

Purpose  

Our team aims to design a flexible sensing platform for paper microfluidics. In particular, 

this project utilizes an antibody-based paper microfluidic E. coli sensor as its model 

system. With smartphone detection of E. coli, we recognize a lack of reproducibility due 

to variable light conditions. For example, the light conditions in a field setting are 

considerably different from that of artificial light. To overcome this and to create a more 

accurate field sensor, we will produce a closed-system optical sensor that reads the 

microfluidic chip in a sealed, 3D-printed housing. This housing will allow for greater 

reliability of results. Instead of using a smartphone for analysis, data from optical 

components will be directed to an inexpensive microcontroller, which then will feed 

results to an LCD display.  

 

Experimental Theory 

E. coli is a rod-shaped, gram negative bacteria approximately one micron in diameter 

and two microns in length.H Field samples, which originate from a well, reservoir, or 

river, may contain E. coli, as well as, dirt, algae, and plant matter. To reduce the 

potential noise imposed by this particulate matter on an optical signal reading, we chose 

to utilize paper microfluidic channels. In paper microfluidics, capillary action is the 

driving force for fluid flow. The cellulose matrix of this paper is large enough to allow E. 

coli through, but not larger undesirable particles. Paper microfluidic chips are produced 

using a range of techniques. Wax embossing, photolithography, selective hydrophobic 

printing, molding, and ink barrier tracing have all been used in the past.  

 

Our design project utilizes photolithography techniques due to its simplicity, low cost, 

and safety. Photolithography is the process of strategically projecting light upon an 

object to create desired surface features. Photolithography is a technique most 

commonly used in the microfabrication of electronics. In a typical photolithography 

process, the material to be patterned is coated in a light-sensitive material called 

photoresist. A mask which selectively blocks light is placed over the material, and then 

the object is exposed to light.  
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Optical photolithography may use several different light sources. In the past, mercury 

lamps that had strong peaks in the ultraviolet range were used. To produce extremely 

high resolution features, however, engineers developed excimer laser exposure 

systems. Today, excimer laser exposure is the leading method for microelectronics, 

while UV lamps are still used for lower resolution products, such as paper microfluidics.  

Depending on whether the photoresist applied was a negative or positive resist, certain 

areas of the pattern will be selectively hardened or softened. Whichever region is not 

hardened, or cross linked, may be dissolved with developer solution and washed away.  

As shown in Figure 1, for positive photoresists, whatever portion of the material that is 

exposed to the light does not cross link and instead becomes more soluble to the 

developer. Whatever is exposed to the light is later removed.  

 

 

Figure 1: Photolithography positive and negative process flowJ 
 

 

Alternatively, for a negative photoresist, whatever portion of the photoresist is exposed 

to light is cross-linked and subsequently hardens. As a result, whatever portion that is 

exposed remains on the material and the unexposed features are removed. Our chips 

are fabricated using a negative photoresist called SU-8. Shown in Figure 2 is the 

intramolecular photopolymerization reaction for the SU-8 molecules.  
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Figure 2: SU-8 Cross Linking ReactionK  

 

Aqueous field samples have complex environmental matrices, which can result in 

substantial background noise in optical detection. A number of factors contribute to 

noise and difficulty of detection. For example, the paper assay medium complicates 

analysis because the cellulose fibers of paper are non-homogenous. At various points, 

the intensity from the light source may be non-uniform as well. To increase the 

sensitivity of detection in this device, Mie scatter detection can be used because it is 

more dependent on particle size and the angle of detection, and less dependent on 

wavelength. This works only when particle diameters are greater than or equal to the 

wavelength (Figure 3).M This attribute pairs well with the large clumped particles 

resulting from immunoagglutination. Mie scattering assumes that light reflects off a 

single particle at different angles, in which the intensities differ at each angle. Thus, for 

large particles, there is a non-symmetric angular dependence of the scattered light 

intensities.M, N The optimal scattering angle that gives the highest intensity can be 

determined by plotting the Mie scattering intensity versus the scattering angle. The 

scattering angle can vary from 0 to 180 degrees from the direction of the incident light, 

and be classified as either forward scatter (90 to 180 degrees) or backscatter (0 to 90 

degrees).M, N, O Thus, the scattering method and scattering angle must be optimized for 

best results. The location of high-intensity peaks at certain angles are analyte-specific, 

so the scattering signal of the target analyte can be distinguished from that of the many 

other analytes present in an environmental matrix thus allowing for high sensitivity and 

specificity.O 
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Figure 3: Comparison of the relative intensity and angle of  peak light scattering for 

particles smaller than the incident wavelength (Rayleigh scattering) and for particles 

equal to or larger than the incident wavelength (Mie scattering).L
 

  

Literature shows that a backscatter (180 degrees) results in a weaker signal compared 

to a forward light scatter within the Mie scattering regime.O However, due to the opaque 

nature of the paper microfluidic strip, only backscattering can be used in this scenario. 

Thus, a backscattering angle must be optimized depending on factors such as the light 

source and target analyte in question. A decrease or increase in 5 degrees can result in 

a noticeable change in intensity. An optimized backscattering angle of 35 degrees was 

found to produce the strongest signal for the factors in this design while minimizing 

background noise from scattering off the paper fibers.O, P
 

  

In backscattering with paper microfluidics, the light source is focused on the center well 

of the microfluidic channel. When the target analyte in solution passes along the 

channel and past the light source, light is refracted in all directions. The light refracted in 

the backwards direction, along the same axis the light source travels, will reach the 

optical detector at an optimized detection angle, and be characterized based on Mie 

scatter detection method.Q The resulting intensity is converted using a transducer into a 

readable signal and then correlated to the concentration of E. coli. 

 

One of the main goals of the project is to optimize the optical parameters in order to 

have the greatest assay sensitivity and robustness. Since they are economical and 

have been proven successful in optical detection using smartphones, LEDs were 

chosen as the primary light source in this design. The wavelength of the LED must be 

optimized with an angle of detection that offers the greatest sensitivity and selectivity for 

the target analyte. Different wavelengths of the light source offer different signal 

intensities, so the LED type must be optimized as well. Thus far, experiments have 

been performed using green (520-525), blue (450-495 nm), white, infrared, and 

ultraviolet light (365 nm). The end goal is to choose a light source that produces the 

most sensitive and accurate results using the Mie scatter detection method and chosen 

materials in order to demonstrate quantification of E. coli from water samples. 
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Project Overview 

The team is tasked with designing, fabricating, and testing an economical, yet sensitive, 

optical detection system for quantifying E. coli contamination in aqueous field samples. 

The device must be sustainable and able to function as a stand-alone tool robust 

enough to compare to conventional in-lab methods. 

  

Recently, the imaging capabilities of smartphones are being increasingly employed as 

optical sensors for pathogenic analyses. While the white LED of a smartphone functions 

as an excellent light source, the lighting conditions in the field can vary greatly and thus 

affect the accuracy and reproducibility of the results. Therefore, a space of uniform 

conditions is required for analyzing and processing the sample. However, sending 

samples off to a commercial lab is expensive, time-consuming, and not always feasible, 

especially in areas that cannot afford it and/or do not have a readily accessible mailing 

system. Therefore, a portable, closed-system design must be used. Another benefit to 

smartphones is their sophisticated computers capable of processing data quickly with 

user-friendly interfaces. However, smartphones are expensive, often require wireless 

internet connection, and have short battery life. To address this, our team aims to 

develop a stand-alone, 3D printable device housing with an inexpensive microcontroller 

(e.g. Arduino). The field of 3D printing is advancing and has allowed many industries to 

develop inexpensive simple solutions in place of what used to require expensive 

equipment and trained machinists. 

  

In addition, paper microfluidics is a rising technology as a chosen medium over other 

microfluidic devices. This is in part due to paper microfluidics’ inexpensive, quick-

assembly, and field-deployability—which is why it was chosen as the assay platform in 

this design. Unlike PDMS or metal-based sensors, paper is biodegradable, compact, 

and lightweight. It fulfills the sustainable and economical requirement of the design, 

while still being capable of delivering sensitive and accurate results. 

 

The scope of this design will focus on detecting one target analyte: E. coli. Through 

development in lab, a design will be produced and adjusted accordingly for best 

detecting E. coli. Factors to consider are accurately correlating signal intensities to a 

range of concentrations, only detecting for pathogenic strains of E. coli, and keeping 

false-positives to a minimum. The housing for the assay and the in-unit sensors and 

controls will be designed with functionality and price in mind. The end goal for this 

design unit is to have produced a field-deployable device that can deliver results 

comparable to conventional methods. Our final solution consisted of a 3D printed casing 

that houses an RGB sensor, white LED, and Arduino microcontroller circuit. The RGB 

sensor is low-cost and has a higher resolution than an iPhone. All system components 

fit together into a compact device that is handheld and easy to use.  
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Methods  

A: Paper Channel Fabrication 

Materials:  

● Transparency Film Photomask 

● Filter Paper (fdksljldfsk)  

● SU-8 2010 Photoresist, 100%  

● Acetone, 100%  

● Isopropyl Alcohol, 100%  

● UV Lamp  

● Hot Plate  

 

Protocol:  

To produce the paper microfluidic flow channels, first a design for a photomask must be 

produced. To quickly and inexpensively produce masks, the designs are printed onto 

transparency films. Because the process utilizes negative photoresist, the region that is 

dark will be the undeveloped area where fluid flows. All other area will be crosslinked 

and impermeable to water. Figures 4 and 5 display the layout used for the channel 

design prototype. The original design and mirror-inverse were printed on two separate 

transparencies, aligned, and taped together, having the textured sides facing outwards.  

Chromatography paper was then cut to the desired size of the three channels and 

soaked in a solution of SU-8 photoresist. After soaking, the paper was dried on a hot 

plate at 90 degrees Celsius for 5 to 10 minutes. The dried paper was then inserted 

between the two transparencies and placed above the UV light. To protect users and 

ensure the mask does not shift, a black piece of paper and weight was then positioned 

over the sandwiched transparency paper. After exposing the mask and paper for three 

minutes, they were carefully flipped to its opposite side and exposed again for three 

more minutes. From there, the paper channel was extracted from between the 

transparencies and immersed into an acetone bath for a minimum of three minutes. 

This dissolves any photoresist that was not cross-linked. Finally, the paper was rinsed 

thoroughly with acetone, isopropyl alcohol, and DI water and then was placed on the 

hotplate to dry. To affirm that the flow channels functioned properly, a drop of DI water 

was placed on each sample inlet. If the liquid flowed to the detection region at the 

center within 15 seconds, it was ready to use.  

Figure 4: Microfluidic Channel Mask Pattern 
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Figure 5: Microfluidic Channel Layout 

 

B: E. coli Culture Preparation and Growth 

Materials:  

● Dehydrated Brain Heart Infusion (BHI) Broth Powder 

● Deionized Water 

● Laminar Flow Hood  

● Incubator 

● Ethanol  

● E. coli K-12  

 

Protocol:  

The entire process is performed within a laminar flow hood to lessen the probability of 

bacterial contamination. Prior to anything entering into the hood, hands, pipettes, and 

other tools are sprayed with 70% ethanol. To create a Brain Heart Infusion (BHI) broth, 

18.5 grams of dehydrated BHI is measured and dissolved into a 1 liter deionized water 

solution. The BHI solution is then autoclaved for 15 minutes, leaving the solution clear 

with little precipitate. This solution is then stored in a 4° C environment for future usage. 

To grow E. coli within a BHI broth solution, 10 mL of the BHI broth was measured into a 

15mL tube. Approximately, 1 mg of the E. coli K-12 solution is weighed then dissolved 

into the BHI solution. The E. Coli solution is then incubated at 35 ± 2° C for about 4 

hours. After producing the solution, the inside of the hood is sprayed with ethanol and 

exposed to UV light for at least 15 minutes.  

  

C: Latex Antibody Particle Conjugation  

 Materials:  

● Deionized Water  

● MES Buffer - 5 mM, pH 6.0 +/ 0.2 

○ 48.8 mg MES, 50 mL DI water, adjusted to pH 6.0 using 1 M NaOH   

● EDAC - 1 mg/mL  
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○ 10 mg EDAC, 10 mL DI water 

● Glycine 

○ 751 mg glycine, 10 mL DI water 

● Antibody Solution  

○ 3.5 mg per mL anti-E. coli  

 

Protocol:  

First, the MES buffer, EDAC solution, Glycine, and Antibody Solution were prepared. To 

produce a protein solution, 8.5 μL of the antibody solution is added to 30 μL of MES 

buffer. 4 μL of carboxylated microspheres was then added to the protein solution, along 

with 10% beads. This solution is mixed with a pipette, and then placed for 15 minutes 

on an orbital rocker. 160 μL of  the 1 mg/mL EDAC and 5 μL of 1 M NaOH is then 

added to the protein bead solution and mixed by suspension. The protein solution is left 

on the orbital rocker for 2 hours at room temperature or overnight in the refrigerator. To 

quench the reaction, 10.75 μL of 1 M glycine is added and placed on the orbital rocker 

for 30 minutes. This solution is and washed twice with deionized water by centrifuging at 

2000 g for 2 minutes, removing supernatant, adding 200-500 uL DI water, and 

resuspending the pellet. Using an infrared spectrophotometer, the particles are counted 

and diluted to 0.015%. Before each usage, the conjugated antibody particle solution is 

soft-centrifuged for 30 seconds at 2000 g. Antibody solution is extracted from the top 

supernatant portion to maximize the number of particle singlets (unbonded particles) 

utilized. This helps to settle out and avoid using any pre-bonded latex particles.  

 

 

Figure 6: Antibody-Conjugated Latex Particles (singlets and pre-bonded) 
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Figure 6 represents the image of the latex particles conjugated with the antibodies. This 

image was taken prior to centrifuging, so there are both un-bonded particles (singlets), 

and pre-bonded particles. The singlets are the smaller black flecks, while the pre-

bonded particles have a slight lightened halo. These pre-bonded particles are due not to 

the presence of E. coli, but instead due to carboxyl bonding characteristics on the 

particle surface. Soft centrifuging eliminates most of the pre-bonded particles. The 

photo was taken at a magnification of 10x.    

 

 

Figure 7: Image of Conjugated Antibodies and E. coli 

 

Figure 7 displays a 10x light microscope image of the latex particles bound to E. coli 

cells. It is important to note the difference in size of the particles due to the presence of 

E. coli  in comparison to the ones displayed in Figure 6. 

 

The affinity of the E. coli to the conjugated antibodies is proven through microscope 

imaging. When the antibodies bind to the particles, like in Figure 7, they are binding on 

the paper channels- therefore, further validating the absorbance measurements.  
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D: Experimental Setup  

 

Figure 8: Current Laboratory Testing Schematic 

 

Figure 8 displays the schematic used in the 2015 fall semester for the optical detection 

of the antibody conjugated particles with the E. coli samples. The primary pieces of the 

set up include a light source, paper channel, and an optical fiber detector. In the 2016 

spring semester, the optical fiber setup was replaced with an RGB sensor. 

 

Figure 9: Theoretical Testing Schematic 

 

Figure 9 depicts the laboratory schematic displayed in Figure 8. The sample, located on 

the microfluidic paper channel, is oriented at 35° from the horizontal light source. The 
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detector is measured at a multitude of angles, displayed above as dθ. The light source’s 

distance remains constant with respect to the sample, ranging from 8-10 cm. 

 

For all experimental testing, the distance from the sample to the detector remained 

constant by keeping its region of interest, the center circle in the channel—the only 

region for optical detection. This was done by shining the optical fiber’s red focusing 

LED at the area of interest, and determining the optimal distance where the red beam 

did not waiver notably at any change of angle to the channel, dθ. The importance in 

determining the optimal distance was displayed after running several experiments and 

finding no variance in absorbance measurements of deionized water versus E. coli 

samples. It was determined that the detector (optical fiber) was measuring the 

absorbance of a completely different region for each change in angle, therefore 

producing inconclusive measurements. 

 

E: Data Collection Procedure 

To prepare the microfluidic paper channel, 2 μL of the conjugated antibody solution is 

added to the center circle, as seen in Figure 5. This is left to dry for approximately 10 

minutes before adding 8 μL of the E. coli sample to the inlet. Finally, the sample solution 

is left to run through the paper solution for 20 minutes. During this time, the paper is 

taped onto the platform along with the positioning of the detector and LED light source, 

as seen in Figure 8. The detector is connected to a computer running the Ocean Optics 

program, Spectrasuite, to determine absorbance measurements of the samples. An 

integration time of 100 milliseconds and boxcar width of 10 was used for each 

experiment’s settings. The actual absorbance readings are determined through an 

average of multiple intensity readings displayed on the Spectrasuite Screen.  

 

During these experiments, we tested paper channels that were dry, wetted with E. coli, 

and wetted with only DI water. Further, after each experiment we would wait for each 

channel to dry and take measurements from those as well. Intensity measurements for 

the varied angles were taken after the the sample was added to the inlet and visually 

determined to pass the center region of the conjugated antibodies.  

 

Preliminary Design  

The foundation of this project is based on a point-of-care detection system for E. coli – a 

factor which guided the decision to use microfluidics for the design. Using paper 

microfluidics allows easy conjugation of antibodies specific to E. coli to latex. These 

paper channels need to be fabricated using a photoresist in order to create channels of 

flow that can be used as a sensor target. The photoresist, SU-8, is placed on Whatman 

Chromatography paper with 20 μm pore size using a tested and verified standard 

procedure. 
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The microchannel is then secured in a setup where a light source can be rotated in 

order to determine the angle of detection that gives the greatest measurable intensity.  

The setup can be used in forward scattering sensory detection or backscattering 

detection.  E. coli or a blank solution is then deposited at the end of the channel, and 

through the adhesive properties of water, the sample flows over the conjugated 

antibodies. 

 

If E. coli is present, the antibodies form clumps that change the intensity of light 

detected through the sensor. This will be correlated into a voltage and then to a coliform 

concentration, but in this initial setup is only an intensity reading. From this voltage, the 

microcontroller will display a relative intensity on an LCD screen and further 

recommendations for water treatment.  

 

Process Diagram  

Figure 10 is a process diagram of how the device will detect E. coli. The portion boxed 

off with dashed lines represents the device housing and will contain: the light source, 

the microcontroller (Arduino), and a light detector. The other sections all require user 

input. The grey rectangle represents the paper microchannel and also shows the 

direction water will flow through the channel over the antibody particles. This 

microchannel is placed inside the housing where the light source shines directly on the 

conjugated antibody particles and the reflecting light is detected by the light sensor.   

 

The sensor sends a voltage to the microcontroller which will be programmed to 

determine the concentration of E. coli present in the sample. This concentration will then 

be relayed to an LCD display to illuminate the user on the microbial quality of the water 

in question. There will also be a button interface for the user to input any necessary 

parameters.  

 

Figure 10: Sensor Process Diagram 
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Alternative Analysis  

 

Light Source Decision Matrix (0 = Poor, 10 = Excellent)  

LED Type Intensity  Beam Focus Safety Cost 

Green  4 4 10 9 

Blue (465 nm)  10 3 10 10 

UV (395 nm) 9 7 10 10 

White 5 9 9 9 

Infrared 6 3 5 7 

 

A major design consideration for this project is the light source. The source must 

interact with the latex particles in such a way that the signal is significant. We have ruled 

out UV LEDs because the beam may denature the latex particles. Thus far, we have 

seen the best response from beam focus intensity from the white LED. With the blue 

LED, we noticed that the intensity of the beam at different points varied greatly.  

 

For this project, we also needed to make a decision regarding microcontrollers and light 

detectors. For microcontrollers, our options included the Arduino, Raspberry Pi, and 

Beaglebone. Ultimately, we decided the Arduino to be the best decision in terms of 

application and cost. The Arduino is often sold for under $25, and does not have long-

term data storage capabilities. Because our application only requires providing 

instantaneous data and not storing it, this is no problem. The Raspberry Pi and 

Beaglebone typically are used for data storage and are somewhat overpowered for our 

application. This increased capability translates into higher unit cost ($35-$70). Another 

reason for choosing the Arduino over the Raspberry Pi is that the open source 

community is larger and more accessible. If we encounter problems, then we are much 

more likely to find reference information for the Arduino than for a newer, less common 

platform like the Beaglebone.  

 

Design Documentation  

On the following pages we include photographs and log entries for our design process. 

Refer to Appendix A and B for comprehensive design documentation relating to code 

and computer aided design.  
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Figure 11: Preliminary Optical Testing Setup (Suboptimal positioning of chip) 

 

 
Figure 12: Optimized Optical Testing Setup 
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Figure 13: Circuit and Testing Setup for IR LED (OPT 101 is below paper strip, IR LED 

is suspended 1” above) 

 

IR LED Testing Documentation:  

11/2/15 

Today we looked at the detection of E. Coli and antibodies with using infrared light 

source. The results were inconclusive, therefore we have ruled out using the OPT101 

and IR light source for detection.  

 

OP101- detects wavelengths 700-900nm peak at 850nm 

Covered sensor – read 0.10 V 

Ambient 0.8 

 

With Just Antibodies: 

Ambient light (in curtain with lamp on) ~0.33V 

IR facing Directly 3.5V (Fluctuating) 

 

1.     850nm LED w/  1.7V 

After approximately 45 sec of loading w/ E. coli (wet) 

              ~3.76 V (steady) 

              After E. coli dries 

              ~3.76 V (steady) 

2.     Dry antibodies only: 0.41V 

a.     Dry antibody with IR LED: 3.58 V facing directly 

b.     After adding 8 μL DI water: 3.76 

c.     Water dried: .44V w/o IR -> 3.76 w/ IR 
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Figure 14: UV LED Experimental Data 

 

 
Figure 15: UV LED Experiment with Water Comparison 

 

2500

3000

3500

4000

4500

5000

0 10 20 30 40

O
p

ti
ca

l F
ib

er
 I

n
te

n
si

ty
  

Angle of Optical Fiber  

UV LED Experiment, 395 nm  

Dry Antibody

Antibody + E coli, Wet

Antibody + E coli, Dry

2500

3000

3500

4000

4500

5000

0 10 20 30 40

O
p

ti
ca

l F
ib

er
 I

n
te

n
si

ty
  

Optical Fiber Angle  
 

UV LED Experiment, Water  

Dry Antibody

Antibody + Water, Wet, Trial
1

Antibody + Water, Wet,
Averaged

Antibody + Water, Dried,
Trial 1

Antibody + Water, Dried,
Trial 3



18 

UV LED Testing Documentation:  

We performed experiments with a 395 nm UV, in hopes we would see a strong 

difference between the signal with E. coli and the signal with just DI water.  

 

To perform this experiment, we positioned a 395 nm UV LED perpendicular to the 

horizontal. Then, we positioned a platform with the paper microfluidic attached at 30 

degrees below the horizontal. From there, we used the red LED guide on the optical 

fiber to ensure the fiber was, for all angles, focused at the center of the antibody well.  

 

We then took intensity measurements with the optical fiber ranging from 0 degrees 

(perpendicular to the horizontal) to 35 degrees. We chose these positions because 

Tusan said he believed 35 degrees was the optimal angle of detection.  

 

On Thursday, we performed an experiment with E. coli, then on Friday we performed an 

experiment with DI water. We observed:  

 

- There is a roughly 750 count intensity difference between the dry paper and the paper 

wetted with E. coli. 

- This difference did not appear to depend on angle.  

- For water, the baseline intensity (for the dry paper) was lower. This was likely because 

it was a paper channel from a different sheet, which may have slightly different 

conditions.  

 

Design Progress  

To date, our group has learned how to conjugate latex antibody particles, culture E. coli, 

work in a laminar flow hood, use photolithography to create paper microfluidics, and 

operate optical fibers. We focused the 2015 fall semester on applying these techniques 

to investigate LED type and angle configuration. During the semester, we ruled out use 

of the UV LED because of its expense, energy consumption, and potential to denature 

antibodies. Further, we ruled out conventional blue LEDs because the beam intensity is 

too strong and inconsistent. Both white and green LEDs appear to be potential 

alternatives in terms of cost, safety, and intensity.  

 

Shown below is sample data from an experiment with the white LED. In this experiment, 

we added 2 uL of antibody solution to the detection region of two microfluidic channels. 

Measuring the light scattered off of the detection region at a range of angles, we took 

data points when the channel was dry, immediately after wetting with E. coli, 20 minutes 

after drying, and 60 minutes after drying. This procedure was repeated for the other 

channel, except with DI water instead of E. coli solution. As shown in Figure 16, there is 

a consistent drop in intensity for both channels wetted with E. coli and with DI water. 



19 

Notably, at a majority of the angles measured, the intensity of the channel wetted with 

DI water is greater than that wetted with E. coli.  

 

  
Figure 16: Intensity vs. Optical Fiber Angle for White LED  

 

Figure 17 shows the difference between wet and 60 minute dried measurements for DI 

water and E. coli. The difference between these curves is greatest from 15 to 25 

degrees. We discard the values at 0 degrees because they had an abnormally high 

difference between based values for dry channel intensity. We experimentally 

determined the optimal angle of detection to be 30 degrees, as this is the area with the 

highest relative intensity of signal. 
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Figure 17: Magnitude Different Between Dry and Wet Measurements, White LED 

 

In the 2016 spring semester, we spent most of our time selecting components, 

programming the Arduino microcontroller, building the sensor circuit, and designing a 

3D casing that holds the sensing components.  

 

The chart on the following page shows our budget for the purchase of microcontrollers, 

optical sources and detectors, 3D printing services, and circuit components.  

 

 

Component Low Estimate High Estimate 

Light Sources $15 $50 

Light Detectors $30 $125 

Microcontrollers $60 $150 

3D Printing Services $50 $200 

Components (buttons, $100 $300 
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wire, breadboards, LCD 
screens, etc.  

TOTAL  $255 $725 

 

We reserve 3D printing as the production method for the modeling stage. In a final 

design that would be ready for scaled-up production and manufacturing, the product 

would either be milled or injection-molded, making the device more inexpensive, mass 

producible, and thus available to a larger audience. 

 

Component Selection and Programming   

There are three basic components in the E. coli device our group designed: an Intersil 

ISL29125 RGB sensor, an Arduino Uno, and a white LED.  The RGB paired with the 

white LED make up the optical sensor, while the Arduino provides a portable alternative 

to a computer.  

 
Figure 18: Intersil ISL29125 RGB sensor  

 

Labs commonly use cell phones to determine light intensity, however, the expense of a 

cell phone, as well as their bulk, make them not ideal light sensors for use in this device.  

For these reasons, our team needed to find a comparable sensor with the ability to read 

the intensity of scattered light at different wavelengths. The RGB was an intuitive choice 

because this sensor is easily available from electronic sites online, much cheaper to 

obtain than an iPhone, and even can outperform a cell phone’s resolution.  A cell phone 

has 8-bit resolution, while the RGB has superior sensitivity at 16-bit resolution.  In other 

regards, the RGB requires little power and easily communicates with the Arduino. It is 

worth noting that a logic converter was required for this sensor as it communicates with 

3.3V instead of 5V. The RGB is an integral part of the circuit as it provides accurate, 

consistent readings.  

 

Our group selected the white LED because of the quality of light produced.  The white 

LED provides a range of wavelengths; however, the blue wavelengths are more 

abundant in the white LED and can provide a stronger intensity for greater detection. 
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The reason this is important is that during our experimental phase, we found the signal 

detection and relative intensity measurements to be strong in the blue wavelengths.  

 

The Arduino Uno provides the processing power in our device. The device meets our 

needs in terms of cost, usability, data processing, and power requirements. It is robust 

enough to interface with sensors and other components and able handle the device’s 

read and response requirements, without the complicatedness of a computer. The main 

reason that an Arduino was selected as the microcontroller over other brands was the 

usability resources offered through tutorials online. With few of us having used Arduinos 

extensively before, our group needed a platform that was simple and open source so 

we could complete programming in a timely manner. Finally, the Arduino has a compact 

profile that allows it to fit easily in with the sensors and circuit components.   

 

 
Figure 19: Logic Flow for Relative Intensity Calculation  

 

Because antibody assays display more modest signal changes than colorimetric 

assays, it was necessary to calculate the relative intensity using four readings from the 
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microfluidic chips. Upon power start-up, the circuit attempts to initialize the RGB sensor 

and program. After successful initialization, the LCD prompts the used to insert the chip 

with only dried antibody on it. Once the user does this and presses the green data 

collection button, the Arduino collects, averages, and stores three data points from this 

sample. The user repeats this process three more times with a chip containing E. coli, 

another chip with dried antibody, and a chip with DI water. After the fourth reading is 

taken and stored, the device quickly calculates and displays the relative intensity. To 

take another reading, the user can press the white button to clear previously stored data 

and reset the program, re-initialize all components, and then repeat the data collection 

process.  

 
Figure 20: Sensor Circuit Diagram 
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Computer Aided Design & 3D Printing  

 

The approach in designing the 3D casing began in the translation of the laboratory 
testing set-up displayed in Figure 8. Therefore all of the internal optical parts: sensor 
holder, sensor casing, microfluidic paper drawer, and LED stand were placed under 
high design priority. Once the internal parts were made to fit each of the optical and 
circuitry pieces, the design then transitioned into the actual casing. This required exact 
fittings for the openings of the circuitry pieces: LCD screen, power switch, buttons, and 
battery compartment.  
 
RGB Sleeve 

 
Figure 21: RGB Sleeve Design 

 

The major consideration within this design was ensuring the sleeve did not interfere with 
the sensor, displayed in Figure 21. The sensor is able to slide into the sleeve- leaving 
the soldering region to overhang at the top of the sleeve. The four side holes located on 
the side of the sleeve tie into the overall design of the RGB holder, as displayed in 
Figure 22.  

 
 

Figure 22: RGB Sensor 
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RGB Holder 
 

 
Figure 23: RGB Holder 

 
The major consideration for the RGB holder design was its ability to hold and maintain 
the sensor sleeve at varied angles. Therefore, the holes within the sensor sleeve align 
exactly with that of the holes and crescent cutouts on each of the holders sides. The 
single-hole openings, on each side of the holder, act as an axis of rotation for the sleeve 
to rotate on. Screws are used for both of the hole openings and crescent cut-outs giving 
this piece straightforward usability. The primary difficulties within this design were faced 
in the translation of this design into the actual 3D piece. Due to the necessary precision 
within the fittings of these two pieces and the lack of exact precision within 3D printing, 
multiple printings of these two pieces were required.  
 

         
Figure 24: Isometric and Front views of Complete RGB Holder and Sleeve Assembly 
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LED Holder:  

 
Figure 25: LED Holder 

 
Design constraints and considerations for the LED holder included: lack of interference 
with circuitry wiring, minimal light shadowing, and consistency within the angle the light 
is held at. As displayed in Figure 9, the LED needed to be held at a constant 35° from 
the detection region of the microfluidic paper. Therefore, for the design both positive 
and negative cathodes are threaded through the opening of the holder and glued flush 
against the front surface. The opening diameter is small enough so that the LED could 
not fit through it and instead rested on the surface of the holder, leaving little room for 
error when the LED needs replacement. After the initial construction for the LED holder 
the modification of decreasing the top plank’s thickness was adopted due to 
interferences within the circuitry wire connections.  
 
Microfluidic Holder:  

 

Figure 26: Microfluidic Holder Design 

 

Designing the microfluidic holder was constrained primarily by the need for easy user 

access and the LED holder placement. A “drawer” design was chosen, granting the user 

easy access to inputting new microchannels into the device. The sleeve for the 

microchannel’s location was chosen strictly in relationship to the region the LED could 

most optimally illuminate. It was first considered adding a circular cut-out on the holder 

that matched the detection region of the microchannel, however due to the side 

placement of the LED, this created a great amount of shadowing. Therefore, a less-

specific rectangular cut-out region was chosen for the final design of the microfluidic 

holder.  
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Complete Casing Design 

 

 
Figure 27: Complete Box Casing Assembly 

 

As displayed in Figure 27, the design for the entire box considered the major circuitry 

parts. This included precise measurements for the LCD screen, switch, and buttons, 

increasing the lifespan of this device after multiple uses. The LCD screen was glued into 

its place, and fit tightly into the opening along with the power switch. More thought was 

put into the button holders, for they had their wire anode and cathode connectors 

coming down from the piece on both sides. The slits within the button holders were 

designed for that consideration. The entire design process of the casing and optical 

pieces, was a major case of trial and error. There were many difficulties found within the 

lack of consistency in piece reproduction from 3D printing. However, the final product 

had excellent fit and turned out as planned in the CAD designs.  

 

Design Recommendations  

Ultimately, our group was successful in producing a platform for portable paper 

microfluidic chip detection. Our circuit is compact and functional, and the code to 

determine relative intensity works with ease. The 3D printed box fits all components, 

and positions them in such a way for optimal detection. Furthermore, the adjustable 

RGB holder allows use of this sensor for not only E. coli, but also for a range of other 

microfluidic systems. In the future, this portable sensor could be used for detecting 

heavy metals, pathogens, or even analyzing diagnostic assays.  

 

If given more time for this project, we would prioritize a number of tasks. First, we would 

analyze the scale up cost of producing the sensor on a commercial level. The device we 

created costs less than $75, but we are confident the price point could be much lower if 

bulk parts were used, and injection molding replaced 3D printing.  
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Second, we would investigate the use of the sensor for colorimetric detection instead of 

antibody detection. Towards the end of our experimental phase, we noted the antibody 

conjugated particles became increasingly unstable. Because of this, we cannot 

recommend the use of antibody conjugated particle assays for field detection of E. coli. 

Instead, we recommend the use of color-based assays that rely on stable chemicals 

reactions. The colorimetric assays would combine seamlessly with our device, as it is 

based upon an RGB detector. Modifications to the code would be required, but we are 

confident that our system would work effectively for colorimetric detection.  

 

Finally, we would investigate the merging of programs for various detection systems so 

that our microfluidic sensing platform could be utilized to detect a range of different 

pathogens. With our simple push-button system, we believe we could expand a catalog 

for numerous targets. This would transform the device from an E. coli-specific sensor 

into a versatile tool for microfluidic detection.  
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Appendix A: Design Documentation, Computer Aided Design  
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Appendix B: Arduino Microcontroller Programming   

RGB Sensor Protocol  

Manual : https://learn.sparkfun.com/tutorials/isl29125-rgb-light-sensor-hookup-guide 

 I downloaded the ISL29125 Arduino Library, then went to Sketch > Import Library 

> Add Library, and selected the ISL29125 Arduino Library from my desktop. I 

know it’s there because it now shows up under the contributed library section.  

 

Logic Level Converter:  

 The Arduino is a 5V device, while our sensor runs on 3.3V (If you connect 5V for 

either power or logic input cables, the board will fry). This is a very common 

problem, which is why Sparkfun manufactures logic level converters that step 

down the voltage from 5 to 3.3V. 

 Shown below, one side is all high voltage terminals, the other is all low voltage 

terminals.  

 
 5V goes through the HV port, and the LV is used to power the 3.3V device. 

Signal cables go from the Arduino to the HV ports, and finally out from the LV 

ports to the device. Shown in an example below:  

 

https://learn.sparkfun.com/tutorials/isl29125-rgb-light-sensor-hookup-guide
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Arduino connection:  

 Run 5V, GND to vertical post on breadboard; Run these to the HV and GND 

ports on the logic converter 

 Run A4, A5 directly to their respective HV ports on the logic converter 

 

 

Basic RGB Sample Code: This reads from the sensor every two seconds. We can 

modify this code by taking the intensity values.  

 

/****************************************************************************** 

ISL29125_basics.ino 

Simple example for using the ISL29125 RGB sensor library. 

Jordan McConnell @ SparkFun Electronics 

11 Apr 2014 

https://github.com/sparkfun/ISL29125_Breakout 

 

This example declares an SFE_ISL29125 object called RGB_sensor. The  

object/sensor is initialized with a basic configuration so that it continuously 

samples the light intensity of red, green and blue spectrums. These values are 

read from the sensor every 2 seconds and printed to the Serial monitor. 

 

Developed/Tested with: 

Arduino Uno 

Arduino IDE 1.0.5 

 

Requires: 

SFE_ISL29125_Library 

 

This code is beerware. 

Distributed as-is; no warranty is given.  

******************************************************************************/ 

 

#include <Wire.h> 

#include "SFE_ISL29125.h" 

 

// Declare sensor object 

SFE_ISL29125 RGB_sensor; 
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void setup() 

{ 

 // Initialize serial communication 

 Serial.begin(115200); 

 

 // Initialize the ISL29125 with simple configuration so it starts sampling 

 if (RGB_sensor.init()) 

 { 

   Serial.println("Sensor Initialization Successful\n\r"); 

 } 

} 

 

// Read sensor values for each color and print them to serial monitor 

void loop() 

{ 

 // Read sensor values (16 bit integers) 

 unsigned int red = RGB_sensor.readRed(); 

 unsigned int green = RGB_sensor.readGreen(); 

 unsigned int blue = RGB_sensor.readBlue(); 

  

 // Print out readings, change HEX to DEC if you prefer decimal output 

 Serial.print("Red: "); Serial.println(red,DEC); 

 Serial.print("Green: "); Serial.println(green,DEC); 

 Serial.print("Blue: "); Serial.println(blue,DEC); 

 Serial.println(); 

 delay(2000); 

} 
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Senior Design Project Code, written by Vicki Chu, Ella Anguiano  

//Libraries 

#include <Wire.h> // for RGB sensor 

#include "SFE_ISL29125.h" // for RGB sensor 

#include <LiquidCrystal.h> // for LCD screen 

 

//Declaring sensor object 

SFE_ISL29125 RGB_sensor; 

 

//defining array size 

#define ARRAYSIZE 5 

 

//initialize the LCD library with the numbers of the interface pins 

LiquidCrystal lcd(12, 11, 6, 5, 4, 3); 

 

//set pin number for button 

const int buttonPin = 2; 

 

//global button variables 

int buttonState = 1; 

int breakProg = 0; 

 

//global sensor variables 

int Is = 0; //Is = signal taken after addition of pathogen to sample chip 

int Ib = 0;; //Ib = signal taken before addition of pathogen to sample chip 

double I = 0; //I = Is/Ib 

int Iso = 0; //Iso = signal taken after addition of DI water to control chip 

int Ibo = 0; //Ibo = signal taken before addition of DI water to control chip 

double Io = 0; //Io = Iso / Ibo 

float relIntens = 0; //Relative intensity = I / Io 

 

//global calculation variables 

int avgRed = 0; 

int avgGreen = 0; 

int avgBlue = 0; 

int intensRed[4]; //array size of 4 

int intensGreen[4]; //array size of 4 

int intensBlue[4]; //array size of 4 

 

//global var for counting 
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int p = 0; 

 

/*--------------------------------------------------------------------------*/ 

/*--------------------------------------------------------------------------*/ 

 

//set-up function only runs once 

void setup() { 

  // set up the LCD's number of columns and rows:  

  lcd.begin(16, 2); 

  // initialize button state to LOW (not pressed) 

  buttonState = digitalRead(buttonPin); 

   

  // Initialize the RGB Sensor with simple configuration  

  lcd.clear(); 

  delay(500); 

  lcd.print("Booting up"); 

  lcd.setCursor(0,1); 

  lcd.print("sensor"); 

  delay(2000); 

  if (RGB_sensor.init()) { 

    lcd.clear(); 

    lcd.print("Sensor has been"); 

    lcd.setCursor(0,1); 

    lcd.print("initialized"); 

    breakProg = 0; 

    delay(1000); 

    sensorString(); //calling sensorString() function to tell user which chip to put into 

device 

    } //end if RGB sensor initialization 

  //in case something is wrong with sensor initialization 

  else { 

    lcd.clear(); 

    lcd.print("Initialization"); 

    lcd.setCursor(0,1); 

    lcd.print("Error"); 

    breakProg = 1; //so that even if button is pressed -> won't enter loop 

  } 

     

} // end void setup 
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/*--------------------------------------------------------------------------*/ 

/*--------------------------------------------------------------------------*/ 

 

void loop() { 

  //if button is pushed once -> enter if statement loop to take sensor reading 

  while (breakProg == 0) { 

    buttonState = digitalRead(buttonPin); //constantly checking for button state 

    if (buttonState == HIGH && p < 4) { 

      delay(2000); 

       

      String stringTwoA = "Sensor is taking"; 

      String stringTwoB = "reading..."; 

      String stringThreeA = "Sensor has taken"; 

      String stringThreeB = "reading"; 

       

      lcd.clear(); 

      lcd.print(stringTwoA); 

      lcd.setCursor(0,1); 

      lcd.print(stringTwoB); 

       

      getReading(3); //get sensor reading for one chip 5 times and avg values 

   

      //converting sensor values to intensities 

      intensRed[p] = (avgRed*4)/2; 

      intensGreen[p] = (avgGreen*4)/2; 

      intensBlue[p] = (avgBlue*4)/2; 

       

      delay(2000); 

      lcd.clear(); 

      lcd.print(stringThreeA); 

      lcd.setCursor(0,1); 

      lcd.print(stringThreeB); 

      p++; 

      delay(2500); 

      //if p is 1, 2, or 3 -> call sensorString function to tell user what chip to insert next 

      if (p > 0) { 

        sensorString(); //calling sensorString function 

        } // end string if loop 

      buttonState = digitalRead(buttonPin); //should change buttonState back to low  

    } //end if statement that checks for HIGH button state 
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    //should enter this else-if statement for calculations after intensities  

    //from all 4 chips have been recorded 

    else if(breakProg == 0 && p == 4) { 

      Is = intensBlue[0]; 

      Ib = intensBlue[1]; 

      Iso = intensBlue[2]; 

      Ibo = intensBlue[3]; 

      I = ((double)Is)/((double)Ib); 

      Io = ((double)Iso)/((double)Ibo); 

      relIntens = ((float)I)/((float)Io); 

 

      lcd.clear(); 

      delay(2500); 

      lcd.print("Rel Intensity:"); 

      lcd.setCursor(0,1); 

      lcd.print(relIntens, DEC); 

       

      breakProg = 1; //shouldn't enter back into loops even if button is pressed unless 

RESET occurs 

      break; 

    } // end else if 

    else { 

      break; 

    } // end else 

  } // end while loop 

}// end void loop 

 

/*--------------------------------------------------------------------------*/ 

/*--------------------------------------------------------------------------*/ 

 

//This function allows us to take RGB sensor readings 

void getReading(int times){ 

  int count = 0; 

 

  //initializing local variables to store RGB sensor values 

  unsigned int red = 0; 

  unsigned int green = 0; 

  unsigned int blue = 0; 
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  //take sensor values (16 bit integers) however many times requested and average 

them up 

  for(int i = 0;i < times;i++){ 

    red = red + RGB_sensor.readRed(); 

    green = green + RGB_sensor.readGreen(); 

    blue = blue + RGB_sensor.readBlue(); 

    delay(2000); //delay 2 seconds 

  } // end for loop 

 

  //averaging sensor values 

  avgRed = red/times; 

  avgGreen = green/times; 

  avgBlue = blue/times; 

 

} //end getReading() function 

 

/*--------------------------------------------------------------------------*/ 

/*--------------------------------------------------------------------------*/ 

 

void sensorString(){ 

  //initializing local String variables for print 

  String stringArr[ARRAYSIZE] = { 

    "without sample",  

    "with sample",  

    "without DI water",  

    "wtih DI water",  

    }; //end stringArr array 

  String stringOne = "Insert chip"; 

  String stringTwo = stringArr[p]; 

 

  lcd.clear(); 

  lcd.print(stringOne); 

  lcd.setCursor(0,1); //set cursor to second row 

  lcd.print(stringTwo); //"Insert chip...w or w/o XXX" 

     

} //end function printStrings() 

 


