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ABSTRACT 

Protozoa and bacteria can easily cause disease in humans, specifically E. coli, 

Plasmodium Falciparum, and Cryptosporidium parvum.  These three pathogens are 

associated with large public health concerns that span the globe.  The variety of locations 

in which these can be found is extremely high.  Cryptosporidium spp. are extremely 

resilient when in oocyst form, P. falciparum is in the Anopheles spp. mosquito, while E. 

coli can be found on anything from food and water, to the skin and gut.  The diverse 

range of locations these can be found in means that a portable sensor for their detection is 

necessary. 

In detecting Cryptosporidium, microscopy is the preferred method of 

identification currently.  This requires a trained lab technician as well as calibrated and 

expensive optical equipment.  Technician error can lead to false negative or positive 

diagnoses as well as sample destruction.  A method to remove this technician interaction 

is thus necessary.  This method must allow for objective results that are not open to 

interpretation.  Particle immunoagglutination assays with Mie scatter allow for such an 

approach using inexpensive components. 

Particle immunoagglutination relies on the principles of antibody-antigen 

interaction and antibody conjugated latex particles.  Using highly carboxylated latex 

particles, it is possible to attach IgG antibodies that are specific to a target antigen.  Mie 

scatter is governed by particle size rather than wavelength as other forms of scatter.  

These two combined allow for an increase in light scatter based on particle size.  This is 

correlated in a linear manner as long as the number of antibody-conjugated particles is 

higher than the number of antigens. 
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Microfluidics is an ever growing field in the field of lab-on-a-chip that works very 

well with particle immunoagglutination.  In this paper, a method to rapidly identify the 

presence of Cryptosporidium using microfluidics and particle immunoagglutination is 

discussed and analyzed.  This method allows for a low detection limit of 1 – 10 

oocysts/sample and an assay time of approximately 10 minutes.  Results are displayed on 

a computer screen as the value of light scatter intensity and, when compared to a standard 

curve, is an objective way to identify the concentration and presence of oocysts in a 

diverse range of samples.  These samples include PBS, pool water, and sump water. 

This system also works with P. falciparum, which causes malaria in rural and 

urban poor regions of the world.  With the low income and remote nature of these 

locations, a portable microfluidic device is necessary.  Smartphones allow for a portable 

microfluidic device that can detect P. falciparum antigens in 10% whole blood.  This 

system is capable of detecting as little as 1 pg/mL antigen.  The microfluidic chip is 

inexpensive and disposable, allowing for a portable and inexpensive system.  Using a 

single smartphone, a lab technique requiring a spectrometer, light source, and laptop can 

be made portable and less expensive, while maintaining sensitivity and specificity. 

In order to identify biological agents, there are commonly 3 methods for doing so: 

PCR, culturing, and ELISA.  Culturing can take more than 24 hours, but results in a high 

signal to initial target ratio, while ELISA has poor sensitivity due to a 1:1 signal to target 

ratio, though is much quicker than culturing at usually 3 hours or less.  PCR manages to 

solve both these problems by exponentially increasing the number of copies of target 

genetic material in a relatively short time frame of 1 – 3 hours.  PCR relies on 4 basic 
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components: target genetic material, primers to set a start and end location for 

duplication, polymerase to add base pairs to the strand beginning at the primers, and heat. 

PCR has worked very well during the past 31 years.  It has worked so well that it 

is often the gold standard.  However, there are flaws built into today’s systems.  These 

largely come in the form of inefficient heat transfer via conduction and large sample 

volumes due to unnecessary additions of nuclease free water (NFW).  Both of these can 

be easily overcome by droplet PCR.  Droplet PCR relies on small sample volumes of 

between 8 and 12 μL and convection in oil rather than conduction through plastic. 

In this study, it was found that droplet PCR could be performed on genomic E. 

coli DNA in as little as 15 minutes for 30 cycles.  Sensitivity was also analyzed and 

found to be 2.62 pg DNA/μL or about 5 x 102 cfu/sample.  PCR has a theoretical lower 

limit of 1 copy of genetic material and this is only 2 orders of magnitude above that.  The 

system was also tested for portability and resistance to shock and vibration.  It was found 

that the surface heated, thermocouple guided system is more shock and vibration resistant 

than standard wire guided, hanging droplet PCR systems.  It was also found that the use 

of coconut oil allows for the system to be transported without fear of the contents spilling 

out and contaminating other samples.  This is because of coconut oil’s high melting 

temperature. 
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1. INTRODUCTION 

1.1 Public Health 

1.1.1 Water based disease 

It is estimated that there are 19.5 million cases of water based disease in the 

United States alone(Reynolds, Mena, & Gerba, 2008).  From 1971-2006 there were 762 

documented outbreaks and over 575 000 cases reported(Craun et al., 2010).  As shown in 

Craun et al, nearly half are of unknown etiology.  A large percentage of those identified 

are parasites, likely Giardia spp. and Cryptosporidium spp.  Another estimate puts the 

number of Cryptosporidium cases over 420 000(Fayer, Morgan, & Upton, 2000). 

 

Figure 1: Percentages of etiologic agents in outbreaks associated with drinking water (n = 780), 1971 to 2006(Craun et 

al., 2010). 
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Included with Cryptosporidium, Salmonella spp., E. coli spp., Norovirus, and 

Hepatitis A virus(Reynolds et al., 2008).  While these may not have large outbreaks 

associated with them, like Cryptosporidium in Milwaukee in 1993(Fayer et al., 2000), 

they are still relevant with regards to the public’s health. 

1.1.2 Food as a pathway of transmission for waterborne pathogens 

In looking at water quality, specifically the presence or absence of pathogens, it 

has been discussed to use treated wastewater for irrigation(Al-Lahham, El Assi, & 

Fayyad, 2003; Engineering, 1994; Shuval, Wax, Yekutiel, & Fattal, 1989; Vazquez-

Montiel, Horan, & Mara, 1996).  There is concern for the spread of pathogens from the 

treated water to the food or other crop(Shuval et al., 1989).  However, if the water in 

question does not touch the edible or useful part of the plant the debate is still open.  

Some studies have been done assessing the long term effects with animal 

feedstock(Mohammad Rusan, Hinnawi, & Rousan, 2007) that showed higher yield levels 

for the first ten years with a slight decrease afterwards as well as higher levels of lead and 

cadmium (Pb and Cd) after 10 years.  This is attributed to the additional nutrients found 

in wastewater, primarily nitrogen, phosphorous, and potassium (N, P and K)(Mohammad 

Rusan et al., 2007).  Amahmid et al and Toze look at the benefits, risks, and effect of 

wastewater on food crops(Amahmid, Asmama, & Bouhoum, 1999; Toze, 2006).  

Amahmid found that there were increased levels of Giardia cysts and Ascaris 

eggs(Amahmid et al., 1999) while Toze found that pretreatment significantly reduces the 

risks, but that the public opinion is still against the use as it is too close to home(Toze, 

2006).  It may be possible to overcome many of these challenges by being able to more 

closely monitor the water being used so that it is known that there are no contaminants. 
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1.1.3 Blood based disease 

Of prime concern with regards to blood borne disease is Plasmodium falciparum, 

which causes malaria.  According to the World Health Organization (WHO), in 2012 

there were an estimated 627 000 deaths, mostly African children and about 207 million 

cases(World Health Organization, 2014).  It is transmitted exclusively through the bite of 

female Anopheles mosquitos—especially the Anopheles gambiae complex(United States 

Centers for Disease Control and Prevention, 2014)—and the rate is dependent on 

numerous factors, including, but not limited to, weather, state of the mosquito, state of 

the parasite, and susceptibility of host(Cohen et al., 2008; Ernst et al., 2009; Ernst, 

Adoka, Kowuor, Wilson, & John, 2006).  The transmission cycle of a vector-borne 

disease, such as malaria, can be seen in Figure 2 In addition to these factors, it is possible 

that malaria detection with current methods, microscopy, underestimate the infection 

rates(Menge et al., 2008).  Microscopy requires a trained technician with appropriate lab 

equipment, including a microscope, a sterile setting, slides, and the ability to store slides.  
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Figure 2: It takes 2 blood meals for P. falciparum to be mature enough to infect a new host.(Wilcox, 2009) 
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As seen in Figure 3, malaria effects some of the most rural and poorest regions of 

the world, particularly sub-Sahara and tropical Africa.  In many of these rural, poor 

regions, it is highly unlikely for a proper lab to be readily available to individuals seeking 

testing or preventative measures(Breman, Alilio, & Mills, 2004).  This means that an 

inexpensive and easy to use biosensor for such things as diseases as malaria is a necessity 

if, as the WHO reports, there is a drive to eliminate and eradicate malaria.(World Health 

Organization, 2014)  

 

Figure 3: This map shows an approximation of the parts of the world where malaria transmission occurs(United States 

Centers for Disease Control and Prevention, 2014). 
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1.2 Biosensors 

1.2.1 Conventional Techniques 

Often, conventional techniques for identifying chemical or biological 

contaminants in a water, food, or clinical sample are slow.  These include, but are not 

limited to: culturing blood, stool, biopsy, or other samples; polymerase chain reaction 

(PCR) of isolated genetic material; histological techniques such as hematoxylin and eosin 

stain (H&E); immunological assays like enzyme linked immunosorbent assay (ELISA); 

and gas chromatography/mass spectrometry (GC/MS).  The speed of these assays varies 

from only a couple hours to overnight or longer depending on the target.  With an 

increasing population of the vulnerable population due to an aging population in the 

United States (US), it is necessary to get results faster and more accurately than ever 

before.  This means that many age old techniques that take too long may have to be 

replaced by newer techniques that are equally as reliable, but much more rapid in the 

acquiring and displaying of results to clinicians and patients.  This leads to improved 

health outcomes as any necessary treatment can occur quickly and correctly. 

1.2.2 Microfluidics 

Much work has been done on microfluidics in the last twenty years alone(Choi, 

Ng, Fobel, & Wheeler, 2012; Dittrich & Manz, 2006; Gravesen, 1993; Knapp, Parce, 

Bousse, & Kopf-Sill, 2007; Seemann, Brinkmann, Pfohl, & Herminghaus, 2012; Yoon, 

Han, & Choi, 2009; Ziaie, 2004).  From droplet based, often called digital and commonly 

used for sorting or polymerase chain reaction (PCR)(Choi et al., 2012; Seemann et al., 

2012) to the closely related process of sequencing genetic material(Knapp et al., 2007), 

microfluidics is a diverse platform capable of many things.  20 years ago, microfluidics 
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was very focused on solving the problems of turbulent and laminar flow, 

micromechanical valves and pumps, and basic systems(Gravesen, 1993).  Drug delivery 

is another field of microfluidics that has experienced growth(Ziaie, 2004).  Microfluidics 

are even, currently, being used for mammalian cell experiments as bioreactors and organ 

analogs(Vanapalli, Duits, & Mugele, 2009).  Other applications include pathogen 

detection(Fronczek, You, & Yoon, 2013; Heinze, Song, Lee, Najam, & Yoon, 2009; 

Kwon et al., 2010; Stemple, Kwon, & Yoon, 2012; Yoon et al., 2009).  Particle 

immunoassays have shown great promise as low cost, easy to use biosensors within the 

microfluidic platform that can also be made portable and take a mere 10 minutes to 

perform in its entirety(Stemple, Angus, Park, & Yoon, 2014). 

The main appeal of microfluidics is the small sample volume.  This allows for 

more control over the samples.  Microfluidics allow for control of mixing, sample 

temperature, measurement conditions, optical conditions of the samples surroundings, 

and many more factors. Microfluidic design has gotten more complex in recent years.  

What was once simple 1D or 2D designs has now grown in to complex 3D designs in a 

variety of materials(Chen et al., 2008; Cheng, Sugioka, & Midorikawa, 2005; Do, Zhang, 

& Klapperich, 2011).  These more complex designs have not made the process of using 

the chips more difficult.  They have merely allowed the moniker of lab-on-a-chip to be an 

even more apt description of the microfluidic platform as the capabilities have expanded. 

1.2.3 Blood Based Biosensors 

The most common parameters tested for in the blood are electrolytes, blood gases, 

and blood glucose(Malhotra & Chaubey, 2003).  These three tests may be the most 

lucrative, but with the estimated number of cases of malaria at 207 million(World Health 
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Organization, 2014) and the estimated high risk population being 3.4 billion 

individuals(United States Centers for Disease Control and Prevention, 2014) an easy, 

rapid, portable test for malaria causing parasites in the blood should not have any 

problems because of lack of demand.  Recently there have been advances in detecting 

malaria(Ittarat et al., 2013; Jeon, Lee, Manjunatha, & Ban, 2013; Potipitak, 

Ngrenngarmlert, Promptmas, Chomean, & Ittarat, 2011; Sikarwar et al., 2014), however, 

all of these methods require a laboratory setting.  Quartz crystal microbalance and surface 

plasmon resonance techniques are not field-usable, however, colorimetric methods do 

lend themselves to this application.  Replacing a spectrometer with a smartphone capable 

of analyzing the sample automatically is likely the easiest method to make this test field 

ready and easy to use by anyone. 

1.2.4 Polymerase Chain Reaction 

PCR is often the gold standard for biological detection.  It has a theoretical lower 

limit of detection of one piece of target genetic material.  In practice however, it is often 

higher(Life Technologies, 2014).  Conventionally, a sample of 20 – 50 μL is heated 

through conduction in a large thermocycler for 1 – 3 hours, depending on the number of 

cycles, sample requirements, and efficiency of the thermocycler, and then run on an 

agarose gel for 30 to 45 minutes before being stained with ethidium bromide (EtBr).  This 

process can take up to 6 hours from sample preparation to final gel image.  This has been 

improved through quantitative PCR (qPCR) and the use of more efficient thermocyclers, 

but often, will still take at least 1 – 2 hours before signal from the qPCR is detectable.  

One solution for this is to further improve the efficiency of the machine through 

convective heat transfer, which is significantly better at heat transfer than conduction.  
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2. PRESENT STUDY 

2.1 Mie scatter and particle immunoagglutination 

Particle immunoagglutination, simply, is the process of creating clumps of 

particles using an immunological receiver, such as an antibody.  We use highly 

carboxylated polystyrene microbeads and anti-target antibodies in order to create 

immunoagglutination.  This combined with Mie scatter, a highly particle size dependent 

form of scattering, allows for the detection of extremely low levels of target antigen.  

Antibody-antigen binding is extremely specific, allowing for a high specificity with little 

cross-reactivity. 

The Mie scatter regime can be defined using two figures quite easily.  Figure 4 

and Figure 5 show results from Mie scatter simulations.  Both show that at 45° from the 

incident light, there will be a peak in light scatter intensity.  Angles less than this run the 

risk of saturating the collector—a mini USB spectrometer in our case—or showing only 

incident light as it passes through the sample.  Angles greater than this risk losing 

sensitivity at low levels of target antigen.  In addition to this, Figure 5 shows the 

difference between triplets and singlets.  Singlets can most easily be compared to dust 

particles or single cells.  Triplets occur when there is successful antibody-antigen 

binding, creating a mass of target and particles.  This causes higher levels of Mie scatter, 

which are directly reflected in the intensity shown on the USB spectrometer.  This is 

linear for a range, depending on the size of the target, has a dip, and then increases in 

intensity again.  This can be overcome through the use of more particles, extending the 

linear range. 
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Figure 4: Result of Mie scatter calculation on a polar-logarithmic plot. The line is at 45° where our scatter detections 

were made. 
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Figure 5: Results of Mie scatter calculations (λ = 375 nm) for singlet microbeads (920 nm, n = 1.62, non-

immunoagglutinated), triplet microbeads (immunoagglutinated), and silica particles (n = 1.56; d = 5 μm), showing at 

45o the biggest change in Mie scatter intensity and the minimum background scatter from silica particles. 

2.2 Detection of Cryptosporidium parvum using microfluidic technology 

Cryptosporidium is a parasite that is not often spoken of.  More common are E. 

coli, HIV, Influenza, and Salmonella.  When combined with another infection or immune 

deficiency, Cryptosporidiosis does have the potential to be deadly.  In 1993 there was an 

outbreak in Milwaukee, WI, USA with over 400 000 people sickened and 104 dead 

(Rose, 1997).  No point source was identified in the contamination, but there were 

theories of agricultural run off or snow melt causing the overflow and contamination 

(Mac Kenzie et al., 1994).  The treatment plant that was the source of the contamination 

continued to run for 2 weeks before anyone realized there was a problem. 

The current method provided for standard detection of Cryptosporidium spp. is 

EPA Method 1623.  This method is staining and microscopy due to the difficulty in 
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culturing Cryptosporidium.  There is a large amount of sample preparation and the 

method requires a trained technician with dedicated optical equipment.  Appendix A 

looks to a different method that is much quicker and does not rely on a technician’s skill 

for identification.  Instead, it uses a simple microfluidic chip, a UV light source, and 

spectrometer to create an objective, numerical value that produces a “yes” or a “no” as to 

the presence of Cryptosporidium. 

This is done using a particle immunoagglutination assay and the Mie scatter 

regime.  This allows for a 1 – 10 oocyst/sample detection limit with little to no sample 

pretreatment, aside from concentration.  A number of samples where oocysts may be 

found were examined.  The standard curve represents a clean water sample, similar to 

that of a municipal water supply or tap water.  The pool represents chlorinated 

recreational waters.  Due to Cryptosporidium’s resilience to chlorine(Korich, Mead, 

Madore, Sinclair, & Sterling, 1990) and the presence of young children, this is a 

particularly sensitive location.  The sump water sample, from the UA Campus Ag Center, 

represents agricultural runoff, a common source of high oocyst concentrations(Castro-

Hermida et al., 2009). 

Testing a wide range of sample types allows for broader conclusions and a more 

significant result.  All samples were able to be tested positively, thus proving the system 

works in a diverse range of samples from treated to untreated water.  The overall time for 

the device, excluding reagent preparation as this would be done prior to the assay in any 

setting, is less than 10 minutes.  This is significantly faster than the approximate 24 hours 

it takes to run through all of the EPA’s Method 1623.  Though not directly comparable to 
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microscopy, the method described in Appendix A is simpler, faster, and more objective 

than EPA Method 1623.  
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2.3 Portable, smartphone based malaria sensor 

Due to the prevalence of malaria in rural and urban poor regions of the 

world(World Health Organization, 2014), it is necessary to create an easy to use, portable 

method to detect it in individual’s blood.  While drawing blood samples requires training, 

operating a smartphone does not.  Using the principles of Mie scatter and particle 

immunoagglutination combined with the technology of a smartphone and rapid 

prototyping device we were able to replicate work that in the past had used a USB mini-

spectrometer, a costly piece of equipment, and a laptop computer.  The overall cost of the 

device, less consumables and the smartphone is well under $50. 

Low cost devices are a necessity when the effected population is the rural and 

urban poor in tropical and subtropical regions of the globe.  While countermeasures have 

reduced the incidence of malaria(World Health Organization, 2014), it is still present.  

Until it is eradicated, there will always be a need for a low cost solution to test in remote 

locations.  We were able to test 10% whole blood successfully with excellent sensitivity 

and reproducibility. 
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2.4 Droplet PCR controlled through temperature feedback 

PCR has, since its inception in 1983, been one of the defining tools in modern 

biological sciences(Bartlett & Stirling, 2003).  It’s used to aid DNA sequencing(Eid et 

al., 2009), identify pathogens(Fan, Henrickson, & Savatski, 1998), genetic material 

detection(Bao et al., 2008), and in part to modify genomes(Hashimoto, Sakakibara, 

Yamasaki, & Yoda, 1997).  PCR’s theoretical limit of detection of 1 copy of genetic 

material means it is extremely sensitive and since the primer sequences used are often 20 

or more base pairs long, it is also extremely specific. 

Conventionally, PCR thermocycling is performed through conduction while the 

sample is held in small plastic tubes.  The plastic tube acts as a thermal insulator while 

conduction is simply not the most efficient form of heat transfer.  Add to this often overly 

large volumes due to manufacturer recommended additions of nuclease free water(Life 

Technologies, 2010), and the amount of time required to heat and cool the sample adds 

up quickly. 

Droplet PCR is a means to overcome many of these shortcomings.  Using a small 

sample volume, a droplet in direct contact with the heat source that is either removing or 

adding heat to it, and convective heat transfer, it is possible to reduce the amount of time 

required to perform PCR by at minimum a factor of 4.  The droplet, surface-heated PCR 

system uses a thermocouple attached to a motor to control droplet position and moves 

back and forth across 3 heated surfaces in order to reach the appropriate temperatures. 

Contamination is minimized through the use of silicone oil and Teflon, who have 

contact angles of approximately 115° and 110° respectively, which when combined, have 

a contact angle of approximately 155° ±2°.  The thermocouple acts as a hydrophilic 
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surface to control the droplet while it measures the droplets temperature.  This 

information is relayed to an Arduino microcontroller that also controls the motor.  This 

allows for the Arduino to control the position of the droplet based on which step in the 

PCR cycle it is in and what the current temperature is.  When combined with temperature 

feedback going to a separate Arduino that controls the temperatures of the surfaces the 

droplet is on, the system allows for a highly accurate temperature profile that reaches the 

correct temperature in a matter of seconds rather than minutes. 
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3. CONCLUSIONS 

There are essentially two portable devices described in Appendix A-C.  One using 

particle immunoagglutination and microfluidics and the other performing PCR in a rapid, 

portable manner.  Particle immunoagglutination is excellent because of its versatility with 

regards to target, its reliability in dirty samples, and its specificity due to antibody-

antigen binding.  PCR, however, is excellent due to its reliability, its specificity, and its 

versatility.  The two look at very different aspects of a target, but together, could aid in 

sample identification and characterization.  The particle immunoagglutination assays 

described below, focus solely on surface proteins for the antibody-antigen interaction.  

PCR looks at genomic material of a sample. 

Here we present two devices, one using a smartphone and a microfluidic chip, the 

other using a rapid prototyped chamber to perform PCR in a faster, more variable sample 

matrix.  Particle immunoagglutination assays are quite capable of low limits of detection 

in diverse sample matrices with biological contaminants that aren’t of interest (Fronczek 

et al., 2013; Kwon, Fronczek, Angus, Nicolini, & Yoon, 2013; You, Geshell, & Yoon, 

2011).  PCR, not conventionally performed on whole blood samples, can be done in 

droplet format quite well (Harshman et al., 2014).  However, the previous work required 

dedicated lab space still and potentially expensive equipment in the form of a 

minispectrometer, thermocycler, and laptop computer.  The two new devices rely on 

rapid prototyped material, simple circuits, and a smartphone.  This greatly increases the 

portability while decreasing the cost. 

These devices were used to look at a variety of sample types.  First, 

Cryptosporidium in diverse field sample matrices, simulating common samples it can be 
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found in.  Second, looking at Plasmodium falciparum in 10% whole blood using a 

smartphone based microfluidic lab-on-a-chip device.  Lastly, looking at E. coli using a 

portable and rapid PCR device.  All of these three pathogens have a storied history and 

are known for causing illness.  In the case of Cryptosporidium, it is difficult to detect and 

treat.  E. coli is easy to detect, but the disease must run its course.  It is also used as an 

indicator organism for water quality across the US.  P. falciparum causes malaria and is 

found in mosquitos, which are easy to kill individually, but nearly impossible to 

eradicate.  Adding to this that malaria is most commonly found amongst the rural and 

urban poor and it can be used as a measure of quality of life of a region (Ernst et al., 

2009; United States Centers for Disease Control and Prevention, 2014; World Health 

Organization, 2008).  For these reasons, a diverse array of testing methods is necessary 

that can be taken anywhere in the world easily.  
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ABSTRACT: 

Cryptosporidium spp. is an obligate, parasitic protozoan that is difficult to detect and 

causes diarrhea in healthy adults while potentially causing death in the 

immunocompromised and children. Its treatment options are few and treat the symptoms, 

not the actual parasite. Current methods of detection are inefficient and rely too heavily 

upon laboratory sample preparations and technician skill, including differential staining, 

negative staining, and immunofluorescence methods [especially U.S. Environmental 

Protection Agency (EPA) Method 1623]. These assays can take from hours to days and 

require a laboratory environment. In this work, we demonstrated the microbead 

immunoagglutination assay combined with Mie scatter detection in a microfluidic device 

to provide a field-deployable and near-real-time alternative to the laboratory-based 

method (especially EPA Method 1623). Two main challenges were the relatively big 

diameter of Cryptosporidium oocysts (5–6 μm) and the contaminants in 

field water samples that negatively affected the immunoagglutination and its scatter 

detection. We used 4 min sonication to liberate Cryptosporidium oocyst 

wall proteins (COWP), which was previously used to 

inactivate Cryptosporidium oocysts. As for the contaminants, we optimized the 

microbead diameter (920 nm) and the wavelength of incident light (375 nm) to find the 

angle of scatter detection (45°) where the Mie scatter from immunoagglutinated 

microbeads was maximum and the background scatter from contaminants was minimum. 

This enabled the sub-single-oocyst-level detection despite the fact that only a very small 

volume of water sample (15 μL) was introduced to the microfluidic biosensor. When 

combined with filtration/concentration, this method is able to detect ≤1 oocyst per large 

http://www.chemspider.com/Chemical-Structure.937.html
javascript:popupOBO('CMO:0001707','C2EM30700F')
javascript:popupOBO('CHEBI:36080','C2EM30700F','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36080')
http://www.chemspider.com/Chemical-Structure.937.html
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volume of water, comparable to or potentially better than the EPA method 1623, while 

effectively reducing the time and labor necessary for staining and microscopic analysis. 

For faster, near-real-time assays, filtration/concentration may not be used, where the 

detection limit was 1–10 oocysts per mL with the total assay time of 10 min including the 

4 min sonication time. The linear range of assay was over 5 orders of magnitude. The 

final device was compact and had the potential to be used in field situations, and required 

less technical expertise and/or training compared to the other methods.

http://www.chemspider.com/Chemical-Structure.937.html
javascript:popupOBO('CMO:0001707','C2EM30700F')
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ENVIRONMENTAL IMPACT 

Cryptosporidium is increasingly a concern for municipal water supplies 

worldwide as standard methods of water treatment are simply ineffective in killing the 

hardy protozoan oocysts. It is very difficult to detect it currently with many cases likely 

going unreported as symptoms are very general, typically involving dysentery and 

dehydration. It can be found readily in the environment as UV exposure will not kill the 

oocysts. The current detection methods require upwards of ten liters of water, a 

concentration process, and difficult laboratory based testing. We propose a new method 

that is faster, more environmentally sound, and more effective in finding this hardy, 

difficult to detect protozoan parasite.  

http://www.chemspider.com/Chemical-Structure.937.html
http://www.chemspider.com/Chemical-Structure.937.html
http://www.chemspider.com/Chemical-Structure.937.html
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1 INTRODUCTION 

Cryptosporidium spp. are a group of obligate, intracellular, parasitic protozoa first 

discovered and described by Tyzzer in 1907 and found to be pathogenic to humans by 

Nime et al. and Meisel et al. in 1976 in immunocompromised individuals.1  While 

healthy individuals have little to worry about concerning Cryptosporidium infections, 

other than minor discomfort for one to several weeks; children, immunocompromised 

individuals, and those in close or constant contact with young children are at a high risk 

and the illness can last for months.2  Symptomatically, Cryptosporidium causes mild to 

severe diarrhea, dehydration, stomach cramps, and possibly a slight fever.1  This is 

known as cryptosporidiosis.  It is typically contained in the lower intestines, but in 

immunocompromised individuals (such as those with acquired immune deficiency 

syndrome – AIDS and chemotherapy treatments) and children, it can spread to other 

areas of the body.  It has a documented infectious dose in 50% of the experimental group 

(ID50) ranging from 9 - 1024 oocysts2 with reports also estimating it at 83 – 123 oocysts3 

and clinical reports (defined as diarrhea but no shedding of oocysts) ranging from 10 – 83 

oocysts per individual.3  It can be very difficult to treat as it is located intracellularly but 

extracytoplasmicly.4  Most treatment methods rely on treating the symptoms, such as 

dehydration and diarrhea.  It is estimated that the mortality rate for immunocompromised 

individuals is as high as 50%.5 

There are two primary species that are infectious to humans: C. parvum and C. 

hominis (formerly C. parvum genotype 1). Cryptosporidium oocysts follow a faecal-oral 

route to initiate infection of a new host, making it easy for infections to spread.  Oocysts 

can survive easily in the environment and are found especially near agricultural areas.6  
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Castro-Hermida et al. described levels of Cryptosporidium 5 to 3375 times higher near 

agricultural areas in surface water sources.6  When Cryptosporidium outbreaks occur, 

they are often traced back to a municipal water supply’s deficiencies or contamination.  

However, it can be found in food, contaminated water, and, most commonly, in fecal 

matter.7  Standard methods for sterilizing drinking water will kill most everything in fecal 

matter, but Cryptosporidium is highly resistant to many, if not all of these methods, as 

oocysts have been found in water treatment facilities’ effluent at a rate of up to 75%.8 

Due to the resilient nature of the oocyst, chlorine is nearly completely ineffective, 

even though it is a primary means for modern chemical water cleaning, especially in 

swimming pools.  To kill Cryptosporidium, 80 ppm of chlorine is required, while 

swimming pools typically have only 3-4 ppm chlorine.9  It has been suggested that 

swimming pools should have separate water reservoirs, filtration systems, and treatment 

systems for the shallow “kiddie” swimming pools, in addition to the systems that treat 

mainly the adult sections of the pool.2 

Between 1984 and 1999, there were an estimated 54 outbreaks attributable to 

Cryptosporidium spp., in developed nations, with at least 421,000 individual cases.7  This 

accounts for 73% of all waterborne outbreak cases involving drinking water.10  In the 

U.S. Environmental Protection Agency’s (EPA) National Primary Drinking Water 

Regulations: Long Term 2 Enhanced Surface Water Treatment Rule (LT2ESWTR), it is 

stated that the number of cases reported to the U.S. Center for Disease Control (CDC) is 

likely a gross underestimate.3  It is documented, based on interpolation, that there are 

likely at least 300,000 cases annually, many of which are endemic, isolated, and 

unreported.1,3,7  In the LT2ESWTR, the minimum concentration of oocysts in influent 



48 
 

water supply at a water treatment plant (WTP) that requires no special treatment is .075 

oocysts/L. Anything above this requires additional treatment methods, requiring up to a 

3-log treatment.1 

Poor diagnostic methods as well as a poor understanding of the pathogen by the 

general public and physicians1 has undoubtedly led to higher numbers of infection and 

worse treatment.  The current EPA-approved detection method, Method 1623, requires a 

minimum of 10 liters of water, but due to concentration and sample quality requirements, 

more can easily be required.11  The method is expensive and difficult to run.  It requires a 

trained technician with expensive microscopic and filtration equipment, dyes, and 

reagents.  The microscopic equipment and technicians must be tested on a monthly basis 

for accuracy and calibration.  The method requires three visual examination steps, 

introducing further steps where error and subjectivity can be/are injected into a scientific 

method.  The method also has problems with false positives due to autofluourescence of 

algae and yeast biomaterial.11  Though this method is validated and accepted for 

environmental samples, it is inefficient, extremely complicated, and not applicable in 

(near-real-time) field testing. 

In addition to the EPA-approved Method 1623, many other methods have been 

tested to detect Cryptosporidium spp. from water and fecal samples, as summarized in 

Table 1.  They were categorized into three groups: staining-based, antibody-based, and 

nucleic acid-based.  The detection limits of staining methods are typically in the order of 

101-103 oocysts per a few tens or hundreds of μL water sample or per g fecal sample, 

roughly equivalent to 102-105 oocysts/mL.  Detection limits of antibody-based methods 

are better, typically in the order of 1-103 oocysts per mL water or per g fecal sample.  
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While EPA Method 1623 showed the lowest detection limit, it is actually the most 

complicated and time consuming assay.  Almost all methods require filtration and/or 

concentration, similar to Method 1623. 

Polymerase chain reaction (PCR) is typically a gold standard for detecting a 

specific target in a biologically active sample, however, there have been problems with 

this in the past.  Two primary sequences used are the Cryptosporidium oocyst wall 

protein (COWP) gene and 18S rRNA gene.  In one study, samples have been so 

contaminated that as few as 6 samples had successful PCR assays performed out of a 

total of 16 samples.8  There have been other problems as well, such as different species 

being found in the influent and effluent after performing PCR assay,12 indicating false 

positives and false negatives.  It has also been noted that genetic diversity exists within 

Cryptosporidium spp. as they are identified today.13  This has undoubtedly led to 

problems in identification of Cryptosporidium spp. in clinical and other settings. PCR-

RFLP (PCR-restriction fragment length polymorphism) has shown promise,14 but is still 

restricted by the speeds of conventional PCR. 

The main objective of this work is to demonstrate a field-deployable and near-

real-time assay for detecting Cryptosporidium oocysts from field water samples, with a 

reasonable detection limit, as a field-applicable alternative or an improvement to the 

laboratory based Method 1623.  We demonstrate the microbead immunoagglutination 

assay combined with Mie scatter detection in a microfluidic device to meet the field-

deployable and near-real-time requirements.  Since this particular method has been 

demonstrated to show the improvement in detection limit by several orders of magnitude 
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compared to the other immunoassays,15,16 it should demonstrate the same low detection 

limit as that of Method 1623 when used together with filtration and/or concentration. 

There exist a number of challenges in detecting Cryptosporidium oocysts using a 

microbead immunoagglutination assay with Mie scatter detection in a microfluidic 

device.  The first challenge is the size of Cryptosporidium oocysts.  At 5-6 µm in 

diameter,17 it is significantly larger than bacteria and viruses as well as the typical 

submicron beads used in immunoagglutination assays.  The submicron, antibody-

conjugated polystyrene beads must form doublets or triplets, so that the effective bead 

diameter can increase.  This increase in effective diameter can be detected by Mie scatter 

at a certain scattering angle, as it is dependent more on the bead diameter and scattering 

angle, while less on the wavelength of incident light and microbead concentration.  Since 

the oocysts are much larger than the antibody-conjugated microbeads, the 

immunoagglutinated beads will not be seen as a single entity but rather separate beads.  

In addition, the necessary diffusion of oocysts towards the antibody-conjugated beads is 

limited by their large diameter, which will significantly limit the extent of 

immunoagglutination.  Therefore, it is necessary to break off the surface antigens from 

the oocysts to facilitate the immunoagglutination.  Since the oocysts are relatively big, 

sufficient number of antigens can be generated and sub-single-oocyst-level detection may 

become possible. 
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Table 1: Literature survey of detection methods for Cryptosporidium spp. 

Method Detection Limit Filtration Concentration Assay time 

Sensitivity 

Specificity 

Sample matrix Ref. 

Staining Based              

Modified Ziehl-Neelsen 

(acid fast) 

1 oocyst  

/100 µL 

No 28,29 

Not reported30 

Yes (formalin-

ethyl acetate) 

45 min to 

overnight 

89% 

100% 

Fecal 28–30 

Auramine-rhodamine 

9- 205 oocysts 

/3 in2 slide 

No No 45 min + 

93.8% 

100% 

Fecal 31,32 

DMSO-carbol-fuchsin Not reported Not required 

Yes (not 

necessary) 

30 min w/o 

concentration 

High 

Low 

Fecal 33 

Flow cytometry 

10 - 5×104 

oocysts/g feces 

Yes 

Yes (centrifuge, 

flocculate, 

dilute) 

90 min to 

>12 hr 

81.3-100% 

87-100% 

Surface water 

WTP effluent 

Stool 

34–38 

Kinyoun 

>275 

oocysts/10 µL 

No 

Yes (centrifuge, 

flocculate, 

dilute) 

2 hr 

96% 

97-100% 

Stool 39,40 

Light green merbromide Not reported Not reported Yes (lyse) 2-3 hr 66-100% Fecal (dilute) 41 
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100% 

Malachite green 102 oocysts/g No Yes (centrifuge) 25 min 0-17.2% Fecal 42 

Safranin-methylene blue 

stain 

Not reported 

Yes (Zinc 

sulphate 

flotation) 

No (dilute if 

necessary) 

>30 min 

86% 

90.9-100% 

Fecal 42–45 

Surface enhanced 

Raman 

1000 oocysts 

/20 µL 

No (spiked 

samples only) 

No (spiked 

samples) 

>3 hr 

100% 

85% 

Purified 

oocysts 

46 

Antibody based              

Dot blotting w/ mAbs 102 oocysts/g 

No (spiked 

samples only) 

Yes (centrifuge) >15 min Not reported Fecal 47 

ELISA 

103 - 3×105 

oocysts/L 

Yes 

Yes (centrifuge, 

sonicate) 

90 - 250 min 

82.3-100% 

96.7% 

Fecal 

39,48–

54 

Imunofluorescence 

w/ mAbs 

1 oocyst/10 μL Not required 

Yes (centrifuge, 

FEA) 

10 - 90 min 

93-100% 

100% 

Fecal 

29,31,37

,55–58 

Immunofluorescence 

0.25 - 0.4 

oocysts/L 

Yes Yes >3 hr 

2-83% 

93-100% 

Natural water 

WTP effluent 

6,8,59–

63 
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microscopy (Method 

1623) 

Immunomagnetic 

electrochemiluminescen

ce 

5 oocysts/mL Yes (decanting) 

Yes (centrifuge 

multiple times) 

>5 hr 

11-24% 

Not reported 

Surface water 64 

Latex agglutination 

Not reported 

(yes/no only) 

Yes Not reported Not reported Not reported Fecal 65 

Polyclonal fluorescent 

antibody test 

21-210 oocysts 

/3 in2 slide 

Yes Yes (centrifuge) >90 min 

High 

Very high 

Manure 32 

Reverse passive 

haemagglutination 

Not reported Yes 

Yes (dilution 

required) 

>2 hr 

93.9% 

98.2% 

Fecal 66 

Solid-phase immuno-

chromatographic assay 

Not reported No No 10-20 min 

97.56% 

100% 

Fecal 67 

Nucleic Acid Based              
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AFLP (Amplified 

fragment length 

polymorphism) PCR 

10-15 ng 

DNA/50 µL 

Yes 

(oocyst/DNA 

purification) 

Yes (centrifuge 

multiple times) 

2-4 hr Very high 

Purified 

oocysts 

68 

Fluorescent in situ 

hybridization (FISH) 

1 - 150 oocysts 

/2-4 g feces 

Yes (cellulose 

membrane) 

Yes (centrifuge) 1-24 hr 

Very high 

100% 

Oyster, fecal 69,70 

PCR 

1 – 106 

oocysts/sample 

Yes (oocyst 

purification) 

Yes (centrifuge 

multiple times 

1-48 hr 

84.7-97.2% 

100% 

Fecal, water, 

milk, purified 

oocysts 

71–76 

PCR-RFLP (restriction 

fragment length 

polymorphism) 

100-500 

oocysts/fecal 

sample 

Not reported Yes (centrifuge) 2-4 hr 

94% 

Low 

Fecal 77–79 

 

Note: DMSO = dimethyl sulfoxide; ELISA = enzyme-linked immunosorbent assay; mAb = monoclonal antibody; PCR = polymerase chain reaction; 

WTP = water treatment plant.
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Sonication has been considered as a viable, yet rapid method for inactivation of 

Cryptosporidium oocysts.  After approximately 5.2 minutes, only 20% of oocysts have 

an intact oocyst wall and 97% are inactivated.18  Through sonication, the 

Cryptosporidium oocyst wall protein (COWP) or other internal structures can be broken 

apart and become available for binding with antibodies.  Since sonication is effective 

and rapid in breaking off COWP, we use this method to facilitate microbead 

immunoagglutination assays in a microfluidic platform. 

The second challenge is the turbidity of field water sample (the same can be 

applied to the fecal sample dissolved in buffer).  Since our method utilizes light 

scattering detection, any turbidity from the sample matrix can compromise the light 

scattering signal.  In scatter theory, the refractive index (n) is an important parameter 

that determines the strength of scatter signals.  For the UV wavelength (375 nm) used in 

this study, n = 1.34 for water, while n = 1.62 for polystyrene beads, which are 

substantially different from each other.19  For typical proteins, n = 1.38-1.40, close to 

that of water.15  Most turbidity from field water originates from silica or clay particles.  

For silica, n = 1.56 at 375 nm, and for kaolin clay particles, n = 1.55-1.57.19  These 

numbers (n = 1.55-1.57) are still different from n = 1.62 of polystyrene microbeads 

(enabling the maxima for polystyrene beads and silica/clay particles not to overlap with 

each other; see below), but are very close to it, potentially affecting the light scattering 

signals from microbead immunoagglutination assays.  In the other 

filtration/concentration-based detection methods, however, the existence of such silica 

particles has been reported beneficial (and the interference from silica particles may be 

unavoidable).  Feng et al.20 reported that the use of pristine water (i.e. tap water) was not 
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ideal in recovering oocysts from a sample.  Rather, a sample matrix with silica in the 5 – 

40 µm range with a turbidity of 5 NTU (nephelometric turbidity unit) yielded a high 

recovery rate of 85%, and 10 NTU yielded an even higher recovery rate of 91%.20  

Therefore, a method that will enable us to detect the immunoagglutination in the 

presence of such sample matrices (contaminants) should be suggested.  We attempt to 

achieve this goal through utilizing Mie scatter theory. 

Mie scatter theory has been described in great detail by others,21 but will be 

briefly described here.  Mie scatter is an angle dependent scatter technique in which the 

diameter of the particle causing the scatter is roughly equivalent to or much larger than 

the wavelength.  Mie scatter assumes that a single particle can scatter from different 

points and that these different scattering centers can both constructively and 

destructively interfere with each other.  This leads to an angular dependent, non-

symmetric profile for scatter intensity.  Mie light scatter intensities are given by 

equations 1 and 2: 
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where i1 and i2 are the complex scattering amplitudes for two orthogonal directions of 

incident polarization.  πn and τn are angular dependent functions expressed in terms of 

Legendre polynomials. The coefficients an and bn are given by equations 3 and 4 

respectively: 
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where An and Bn are quantities that depend on the ratios and logarithmic derivatives of 

the Riccati-Bessel functions, ζn and Ψn.  These are given by the following equations: 
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where Jn+1/2(z) = the half-integer-order Bessel function of the first kind, Yn+1/2(z) = the 

half-integer-order Bessel function of the second kind, and z = πd/λ, the size parameter of 

the scattering particle.21 

The angle dependence can be seen in Figure 1, produced using the Mie scatter 

calculation software.22  Unlike Rayleigh scattering, the scatter intensity does not change 

monotonously against the angle; rather it “fluctuates”, generating many “maxima”.  

Through careful selection of light scattering parameters, namely the bead diameter (d) 

and the wavelength of incident light (λ), with the given refractive indices (n) of beads 

and sample matrix, it is possible to make such maxima for beads and for sample matrix 

not to overlap with each other, so that the Mie scatter detection can be made in the 

presence of turbid sample matrix.  Figure 2 is an enlarged version of Figure A-1 for a 

narrower range of scatter angles (30° to 60°), considering: 1) the geometric limitations 

imposed on microfluidic channels (i.e. inability to separate incident and scattered light 

with 0°-30° detection and inability to collect scatter signals with almost-parallel-to-

channel 60°-90° detection) and 2) generally weaker signals with back scatter angles (90° 

to 180°).  Through these calculations, it is possible to plot the scatter intensities for 
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singlet (non-immunoagglutinated) and triplet (the most effectively immunoagglutinated) 

polystyrene beads (n = 1.59), and the silica particles (n = 1.54) within water (n = 1.33).  

Many different combinations of d and λ have been calculated, and the result shown in 

Figure A-2, with d = 920 nm and λ = 375 nm, provides the best results: at the scattering 

angle θ= 45°, the scattering from triplet beads is at the maximum, while that from silica 

particles is at the bottom valley.  This allows for little noise in the signal due to 

particulate matter in the sample matrix. 
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Figure A-1: Result of Mie scatter calculation on a polar-logarithmic plot. The line is at 45° where our scatter 

detections were made. 
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Figure A-2: Results of Mie scatter calculations (λ = 375 nm) for singlet microbeads (920 nm, n = 1.62, non-

immunoagglutinated), triplet microbeads (immunoagglutinated), and silica particles (n = 1.56; d = 5 μm), showing at 

45o the biggest change in Mie scatter intensity and the minimum background scatter from silica particles. 

Using these strategies, microfluidic detection with short sonication, and the Mie 

scatter optimization, we attempt to provide field-deployable and near-real-time 

microfluidic biosensor for sensitive detection of Cryptosporidium parvum. 

  



61 
 

2 MATERIALS AND METHODS 

2.1 Sample Preparation 

Cryptosporidium parvum oocysts were purchased from the Sterling Parasitology 

Laboratory (The University of Arizona, Tucson, AZ, USA) at a concentration of 108 

oocysts/mL.  These were kept in a phosphate buffered saline (PBS) solution in a 

refrigerator at 4°C.  Serial dilutions were made to 105 oocysts/mL and this solution was 

sonicated for 4 minutes at 40 kHz using a Branson 2510 ultrasonic cleaner (Branson 

Ultrasonics, Danbury, CT, USA).  This sonicated solution was serially diluted (5 dilutions 

were made) until a final concentration of 1 oocyst/mL (= 6 ng/mL) was reached. 

Bradford assays were also performed for these solutions, according to the 

manufacturer’s instructions (Bio-Rad Laboratories, Inc.; Hercules, CA, USA; Bio-Rad 

Quick Start Assay 1x: 500-0205) with bovine serum albumin (Sigma-Aldrich Co.; St. 

Louis, MO, USA; catalog number A7030) as a protein standard.  Absorbance was 

measured using a Beckman 640 spectrophotometer (Beckman Coulter Inc., Brea, CA, 

USA) set at 595 nm.  1 oocyst/mL corresponded to 5.7 ng/mL proteins (antigens). 

For the standard curve, the above serial dilutions of Cryptosporidium oocysts in 

PBS were used.  The negative control was just sterile PBS.  Field samples were collected 

from a chlorine treated swimming pool, and a sump at the University of Arizona Campus 

Agricultural Center.  These samples were collected in sterile 50 mL centrifuge tubes 

(Fisher brand, Thermo Fisher Inc.; Pittsburgh, PA, USA).  These were then stored under 

refrigerated conditions at 4°C.  The pool sample was aliquoted into 2 mL tubes and treated 

with UV light for 30 minutes to reduce the chlorine content.23 

The samples were spiked with Cryptosporidium oocysts (sonicated) using the 
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above procedure, ranging in their final protein concentrations from 1 to 104 oocysts/mL 

(5.7 ng/mL 57 μg/mL) with virtually no field sample dilution occurring.  An unspiked 

aliquot of each field sample was used as a negative control for that field sample’s data set. 

Microbead preparation for the immunoagglutination assay was performed as 

described previously21 for 920 nm beads, except using anti-C. parvum (Pierce 

Biotechnology, Rockford, IL, USA; catalog number PA173183) antibodies.  Anti-C. 

parvum was covalently conjugated to 920 nm highly-carboxylated polystyrene beads 

(Bangs Laboratories, Fishers, IN, USA).  These beads, when covalently bound to the 

antibodies, were stable for up to one month after the conjugation process is completed.24 

2.2 Testing device and conditions 

Testing for all samples was performed using an LS-450 (Ocean Optics, Dunedin, 

FL, USA) UV light source peaking at 375 nm and a USB4000 miniature spectrometer 

(Ocean Optics) and SpectraSuite® software (Ocean Optics).  The experimental 

apparatus is shown in Figure A-3.  The plastic tray accommodating the microfluidic chip 

as well as the optical fibers (connected to the LS-450 and USB4000) was modeled in 

SolidWorks® (Dassault Systèmes SolidWorks Corporation; Waltham, MA, USA) and 

manufactured using a Dimension uPrint® rapid prototyping device (Stratasys Inc.; Eden 

Prairie, MN, USA) with acrylonitrile butadiene styrene (ABS) material (Stratasys Inc.).  

The microfluidic chips were made by replica molding technique with 

polydimethylsiloxane (PDMS) from a silicon mold fabricated using deep reactive ion 

etching (DRIE).  The microfluidic chip consisted of a y-channel for the sample and 

beads.  The channel is 1 mm wide and 100 µm deep.  The LS-450 was connected, via an 

optical fiber, to the waveguide channel at a 90o angle to the sample channel.  This was 
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filled with microscope immersion oil (mineral oil; with a refractive index of 1.515 at 

23°C).  Another waveguide channel, at a 45° angle to the sample channel, was also filled 

with immersion oil and connected via an optical fiber to the USB4000.  This 

configuration measures 45° forward Mie scatter that was calculated to yield maximum 

scatter intensity change for microbead immunoagglutination (Figure A-2).15  Both 

waveguide channels were separated from the sample channel by 100 µm vertical wall of 

PDMS.  A flat PDMS slide was then bonded to the molded chip using an oxygen plasma 

bake to permanently bond the two halves of the chip.15 

After preparation, 15 µL of solution, beginning with the negative control and 

increasing in concentration to 104 oocysts/mL (= 57 μg/mL) were placed in the lower 

well sequentially (Figure A-3) and 15 µL of antibody-conjugated beads were placed in 

the top well.  Both solutions were then drawn through the chip using negative pressure, 

created by an empty 250 µL syringe drawn out as slowly as possible through a tube 

connected to the end of the microfluidic channel.  The sample was allowed to sit in the 

channel for one minute before a data point, averaging 5 scans every 50 ms, was 

collected at 375 nm from the SpectraSuite® software.  Continuous data was also 

collected during this period every 5 ms.  The maximum values were collected and 

normalized to the unspiked sample light scatter intensity value.  This data collection 

process was repeated three times for each sample at each concentration (using different 

chips each time), including unspiked samples, and the normalized values were averaged 

such that the standard error could be found.  
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Figure A-3: The experimental apparatus showing the light source (LS-450; lower left), microfluidic chip and tray 

(right), and the miniature spectrometer (USB4000; top left). 

  



65 
 

 

Figure A-3: (B) Schematic of the microfluidic chip used in the optical biosensor device. The end of the optical 

waveguide channel is separated by 100 µm from the sample channel in the middle. A syringe is connected to the 

outlet (“waste”) to withdraw liquid from sample channel with negative pressure. 
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2.3 Chlorine analysis 

N,N-diethyl-p-phenylenediamine (DPD) was purchased from Thermo Scientific 

Orion (Thermo Scientific Orion, Thermo Fisher Inc.; Pittsburgh, PA, USA) in the form 

of two powder chemistry packs.25,26  One pack was for free chlorine (catalogue number 

13-642-220) and the other for total chlorine (catalogue number 13-642-211).  A standard 

was prepared using potassium permanganate (KMNO4) purchased from Fisher Scientific 

(Fisher Brand, Thermo Fisher Inc.; Pittsburgh, PA, USA; catalog number AC42417-

0250).  10 mL dilutions of KMNO4 were made in the range of 0.5-3.0 ppm chlorine 

equivalent concentrations.  DPD  powder packs were added to these standard solutions 

and field water samples, as well as deionized water as a blank, and mixed well 

immediately prior to measuring absorbance at 515 nm using a Beckman 640 

spectrophotometer.  A standard curve was constructed through second-order polynomial 

regression using Microsoft Excel® and used to identify the free and total chlorine 

concentrations of field water samples, specifically from a chlorinated swimming pool 

before and after UV treatment. 

2.4 Bacterial culture 

All water samples, including PBS, were cultured to identify the existence of any 

bacterial contaminants, in sterile agar plates from BD Diagnostic Systems (Thermo 

Fisher Inc.; Pittsburgh, PA, USA; catalog number L21934) using 0.5 mL of sample and 

spread in a circular manner about the plate with a sterilized wand.  They were cultured in 

the dark at 37°C overnight and counted. 
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2.5 Cross-reactivity test with E. coli K12 

The cross-reactivity of anti-C. parvum conjugated beads was tested using 

Escherichia coli K12, cultured overnight at 37°C in a flask of brain heart infusion.  This 

stock solution was serially diluted to 10-2–10-8. These dilutions were plated (0.5 mL 

each) in sterile agars, as described above, and the number of colonies was counted to 

assess the colony forming units (CFU).  After plating, the remaining solution was 

sonicated as described above.  Microbead immunoagglutination assays were performed 

for these E. coli K12 solutions using anti-C. parvum conjugated beads in an optical 

microfluidic biosensor system as described above. 
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3 RESULTS 

3.1 Microscopic Observations 

Figure A-4 shows the 40x microscope images of oocysts in PBS (top left); 

oocysts sonicated for 4 minutes in PBS (bottom left); the anti-C. parvum conjugated 

beads with oocysts in PBS (top right); and anti-C. parvum conjugated beads with 

sonicated oocysts in PBS (bottom right).  For all four cases, the C. parvum 

concentrations were 106 oocysts/mL (5.7 mg/mL).  Oocysts are larger black ovals, while 

beads are smaller spheroid dots.  Large asymmetrical shapes represent agglutination.  

There is a greater number of oocysts shown in the non-sonicated image while the 

sonicated oocysts show higher rates of agglutination as well as larger size of 

agglutinated beads.  This indicates the extent of immunoagglutination increases upon 

sonication of oocysts. 

3.2 Standard Curve 

A standard curve was created using Cryptosporidium parvum oocysts in PBS.  The 

scatter intensity measurements varied from chip to chip (due to the variance in optical 

characteristics and channel geometry), therefore it was necessary to normalize all 

measurements with those of “negative controls”, (i.e., the measurement of zero oocyst 

concentration) taken immediately prior to spiked sample measurements.  The results show 

a mostly increasing response from the negative control to the final concentration of 104 

oocysts/mL (= 57 μg/mL) (Figure 5).  All points, except the 1 oocyst/mL (= 5.7 ng/mL) 

concentration, were found to be significantly different from the negative control.  

Therefore, the detection limit of this assay is 10 oocysts/mL (without any filtration or 

concentration).  Given the volume of the sample introduced to a microfluidic biosensor, 
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15 μL, this is actually sub-single-oocyst-level detection per sample.  With proper 

filtration/concentration, this method should be able to detect ≤1 oocyst per large volume 

of water (e.g., 10 L), comparable to or better than that of EPA method 1623.  This can 

easily be explained by the fact that the sample was sonicated in a larger volume with a 

higher concentration, thus antigens (COWP) were liberated, and an aliquot was made from 

it. They gave a scatter intensity change up to approximately 15% and an average standard 

error of 2.0%. 

To test the cross-reactivity of anti-C. parvum conjugated beads, E. coli K12 was 

cultured and serially diluted.  10-6 dilution showed a concentration of 103 CFU/mL with 

agar plate counting.  10-4–10-8 dilutions (corresponding to 105–101 CFU/mL, 

respectively), as well as PBS as a negative control, were tested using anti-C. parvum 

conjugated beads with microfluidic immunoagglutination assays as described above.  

This result is shown as a dashed line in Figure A-5, while the unit is CFU/mL, not 

oocysts/mL.  The scatter intensity change does not go beyond 2%, which is smaller than 

the average standard error (2.0%) of the standard curve, indicating that E. coli K12 did 

not cross-react with anti-C. parvum conjugated beads. 
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Figure A-4: All images shown at 40x magnification using 106 oocysts/mL with a scale bar representing 5 µm. Top left: 

Cryptosporidium parvum oocysts in PBS. Bottom left: oocysts after four minutes of sonication in PBS. Top right: 

oocysts agglutinated with antibody-conjugated beads. Bottom right: oocysts sonicated for four minutes and 

agglutinated with antibody-conjugated beads. Oocysts are larger black ovals, while beads are smaller spheroid dots. 

Large asymmetrical shapes represent agglutination. There are a greater number of oocysts shown in the non-

sonicated image while the sonicated oocysts show higher rates of agglutination as well as larger agglutinated beads. 
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Figure A-5: Standard curve with oocyst-spiked PBS after four minutes of sonication (solid line), shown together with 

the cross-reactivity result (dashed line) for E. coli K12 (in CFU/mL unit) using anti-C. parvum conjugated beads. 
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3.3 Swimming pool sample 

Swimming pool water tests show a signal intensity change up to approximately 

11% (Figure A-6).  The average standard error is 2.5%, higher than 2.0% of the standard 

curve.  Again all measurements were normalized with those of negative controls using the 

same field water sample as described above.  All data points, except the 1 oocyst/mL (= 

5.7 ng/mL) concentration, were found to be significantly different from the negative 

control (unspiked sample).  Detection limit is again 10 oocysts/mL (= 57 ng/mL) without 

filtration/concentration, or ≤1 oocyst per sample with filtration/concentration. 

The result shown in Figure A-6 (solid line) was obtained after the UV treatment 

to pool water as described.  Initially, this experiment was performed without UV 

irradiation, but no noticeable scatter intensity change could be found (shown as a dashed 

line in Figure 6.  The pool water represents a chemically active, but largely biologically 

inactive sample as shown by bacterial culture and chlorine analysis. 

The pool water was plated in agar and cultured overnight at 37oC.  There was no 

growth on the plate, indicating non-existence of bacterial contamination.  The pool water 

was also tested for its free and total chlorine concentrations.  Two standard curves were 

generated and the free and total chlorine concentrations after UV treatment were 

estimated as 0.631±0.004 ppm (free chlorine) and 0.52±0.02 ppm (total chlorine).  These 

two values are nearly identical to each other, indicating most chlorine in the swimming 

pool water was free chlorine.  In addition, these values are substantially lower than those 

of untreated swimming pool water, 2-5 ppm, indicating successful removal of chlorine 

from water sample. 
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Figure A-6: Assay results with oocyst-spiked swimming pool water after four minutes of sonication, with UV 

treatment (solid line) or without UV treatment (dashed line). 
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3.4 Sump water sample 

Water collected from the University of Arizona Campus Agricultural Center sump 

shows just less than a 7% change in light scatter intensity from the negative control to the 

maximum concentration of 104 oocysts/mL (= 57 μg/mL) (Figure A-7).  All data points 

in this set are significantly different from the negative control.  Detection limit of this 

assay is 1 oocyst/mL (= 5.7 ng/mL) without filtration/concentration or ≤1 oocyst per 

sample with filtration/concentration.  This is still possible since antigens were liberated 

and 15 μL aliquots were made from it prior to experiments.  The 7% intensity change for 

sump water is substantially smaller than those of the standard curve (15%) and pool water 

(11%), indicating a lesser extent of immunoagglutination. This was a more turbid sample 

and likely more representative of water collected from a river. Turbid water has been 

shown to cause assay problems in the past.27 

The average standard error was much smaller (1.1%) than 2.0% of a standard curve 

and 2.5% with sump water.  (Note that the size of error bars may look similar to those of 

a standard curve and with sump water, but it is much smaller due to the smaller scale of 

y-axis.) 

The sump water culture resulted in a concentration of 70 CFU/mL after 

overnight culture in agar at 37oC.  Chlorine content was not significant and thus no UV 

treatment was necessary. 
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Figure A-7: Assay results with oocyst-spiked sump water after four minutes of sonication. This water sample contains 

bacteria and soil particles, as well as other contaminants. 
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4 DISCUSSION 

4.1 Detection sensitivity 

The samples tested, including all field samples, showed positive readings for 

most C. parvum concentrations.  Agglutination was confirmed using a light microscope 

as shown in Figure A-3.  Even though the percent intensity change was different by the 

type of field water sample, the shape of the curve produced was very similar across all 

samples.  The curve intensity changes were nearly all significantly different from their 

respective negative control, showing that this testing method was reliable.  Without 

filtration/concentration, this method can be used as a faster, near-real-time assay with 

the total assay time of 10 min including the 4-min sonication time and the detection limit 

of 10 oocysts/mL (= 57 ng/mL antigens) for the PBS and swimming pool samples and 1 

oocyst/mL (= 5.7 ng/mL antigens) for the sump water sample.  When combined with 

filtration/concentration, this method is able to detect the required ≤1 oocyst per 10 L 

water sample, comparable to or potentially better than the EPA method 1623, while 

effectively reducing the time and labor necessary for staining and microscopic analysis. 

4.2 Effects of contaminants 

The differences in intensity change indicate that there was a contaminant, or 

possibly multiple contaminants, in the field sample matrices that were affecting 

immunoagglutination.  The ability to detect differences in concentration of C. parvum 

oocysts was maintained in all field samples. 

The pool sample had significant amounts of chlorine.  When this was reduced 

using UV light treatment, it was clear that we were able to detect the oocysts.  This is 

because the antibodies were quickly denaturing in the chlorinated water, since chlorine 
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existed as hypochlorite (i.e. bleach) that has been known to denature most proteins.  When 

the water was treated with UV light, however, the reduction in chlorine content was great 

enough to allow for immunoagglutination. 

The sump sample was un-chlorinated, but biological material (bacteria) and 

sediment (soil particles) were found to be in the sample.  Tests with E. coli K12 showed 

that the anti-C. parvum conjugated beads were not likely cross-reacting with other bacteria 

in the sample. 

Table 2: Raw Raw scatter intensities of field water samples without spiking oocysts (first row = turbidity) and plus 
anti-C. parvum conjugated beads (second row = negative control), shown together with the maximum scatter 
intensity changes of each C. parvum assay (third row). scatter intensities of field water samples without spiking 
oocysts (first row = turbidity) and plus anti-C. parvum conjugated beads (second row = negative control), shown 
together with the maximum scatter intensity changes of each C. parvum assay (third row)a 

 PBS Pool Sump 

Turbidity 3780±50 3830±20 3810±30 

Negative control 2750±110 3140±30 3410±160 

Maximum intensity change 15% 11% 6.5% 

a Note: All data are shown with standard errors. Turbidity and negative controls are not 

directly comparable to each other, since different set of optical fibers were used for 

turbidity measurement.  

 

To explain the different scatter intensity changes of all water samples, we 

examined the raw scatter intensities of all negative controls (zero oocyst spiked water 

sample + anti-C. parvum conjugated beads) (Table 2).  Due to chip-to-chip variations, 

(this is the reason why all scatter intensities were normalized to those of negative controls 

taken immediately prior to each assay), the standard errors of these raw intensities were 

large.  However, there is a clear difference over the water samples, in the order of sump 
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(3410) > pool (3140) > PBS (2750).  The maximum scatter intensity change was also in 

the order of sump (6.5%) < pool (11%) < PBS (15%).  It is clear that the larger scatter 

intensity for a negative control is related to a smaller extent of scatter intensity change.  

Chlorine, inorganic matter (soil particles), organic matter (fecal matter and proteins), and 

bacteria, negatively influence the extent of immunoagglutination.  It is possible these 

inorganic and organic matters affected the stability of the antibody-conjugated beads, 

resulting in non-specific aggregation, and thus reducing the number of available antibody-

conjugated beads that could immunoagglutinate.  

One other possible explanation is the difference in turbidity among the water 

samples, which may affect the scatter intensity measurements.  Therefore, we measured 

the raw scatter intensities of just the water samples (no beads) using the microfluidic 

system.  The raw scatter intensities were (shown in Table 2 with standard errors): sump 

(3810), pool (3830) and PBS (3780), showing no significant difference among water 

samples.  This is analogous to Figure A-2, where the scatter detection at 45° with 375 nm 

light would minimize the background scatter from the silica particles.  Therefore, the 

turbidity effect can be duly ruled out. 

Therefore, the smaller scatter intensity change can be correlated to the existence 

of contaminants in water sample that reduced the number of available antibody-

conjugated beads.  However, this does not explain why the detection limit is lower for the 

sump water (1 oocyst/mL = 5.7 ng/mL antigens).  Obviously, the lower detection limit 

was attributed to the smaller error bars (2.0% for PBS, 2.5% for pool water and 1.1% for 

sump water), i.e. the scatter intensity changes were more reproducible with sump water.  

In the previous paragraph, we concluded that such contaminants triggered some non-
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specific aggregation of beads and reduced the number of available antibody-conjugated 

beads that could immunoagglutinate.  Perhaps this was an effective way to eliminate 

unstable beads so that more reproducible results could be obtained.  Some portion of the 

contaminants might act as surfactants to further stabilize the beads. 

Additionally, we described in the introduction that the use of turbid water (with 5 

– 40 μm silica particles with 5-10 NTU) yielded better recovery of oocysts during 

filtration/concentration and better assay results20.  The existence of silica particles in the 

water sample is perhaps required to effectively eliminate non-stable components and 

improve the reproducibility of assay. 
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5 CONCLUSION 

It is clear that field samples can be quickly, easily, and accurately tested for 

Cryptosporidium parvum oocysts.  Our detection limit is reasonably lower than many 

other previous attempts (see Table 1), at sub-single-oocyst-level considering the small 

sample size.  The assay required neither substantial labor nor trained technician.  Simple 

pre-treatments such as UV treatment and/or sonication were necessary, but it is 

potentially practiced in field setting.  This method can be used in two different settings: 

1) use without any filtration/concentration, as a near-real-time (<10 min) assay with the 

detection limit of 1-10 oocysts/mL, and 2) use with filtration/concentration, as an 

improvement to the other methods (especially EPA method 1623, replacing its staining 

and microscopic analysis), with the sub-oocyst-level detection limit. 
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ABSTRACT 

A novel smartphone-based detection device was created in order to detect infectious 

pathogens directly from diluted (10%) human whole blood. The model pathogen was 

histidine-rich protein 2 (HRP-2), an antigen specific to Plasmodium falciparum 

(malaria). Anti-HRP-2-conjugated submicrobeads were mixed with HRP-2 infused 10% 

blood in a lab-on-a-chip device. The white LED flash and the digital camera of 

smartphone were used as light source and detector, which delivered light to and from the 

bead and blood mixture via optofluidic channels in the lab-on-a-chip. The optofluidic 

channels were angled at 45 degrees to capture the Mie scatter from the sample. 

Considering the absorption and scattering characteristics of blood (red/IR preferred) and 

the Mie scatter simulations for microbead immunoagglutination (UV preferred), blue 

detection showed the best results. The detection limit was 1 pg/mL in 10% blood. The 

linear range was from 1 pg/mL to 10 ng/mL. A handheld device, easily attachable to a 

single smartphone, was finally designed and fabricated utilizing optical mirrors and 

lenses, and successfully detected the HRP-2 from 10% blood. The total assay time was 

approximately 10 minutes. The proposed device can potentially be used for detecting a 

wide range of blood infection with high sensitivity. 
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1 INTRODUCTION 

Pathogens in blood can cause many diseases with a high mortality rate (up to 

50%; Balk et al., 2001) in both humans and animals. They must be detected as rapidly 

and as accurately as possible, preferably at the point-of-care. Clinical diagnosis of such 

pathogens has been performed by cell-counting or growth-based techniques, which are 

time-consuming and require trained personnel in a laboratory setting. Detection of 

malaria, specifically Plasmodium falciparum, the model pathogen in this study), has 

typically been conducted via the peripheral blood smear, which is the current gold 

standard for malaria detection. Despite its superior detection limit (as low as 1 parasite 

per μL whole blood) and its ability to identify the species of parasites (Warhurst and 

Williams, 1996), it requires a dedicated laboratory and specialized equipment, such as a 

high-power microscope. Additionally, extra time is required to order the diagnosis of a 

blood sample and to transport the sample to a lab, on top of the actual assay time of 1-3 

hours (Stauffer et al., 2009). Alternatively, such pathogens can be cultured from blood 

samples, which typically takes a couple of days to culture and process, in addition to the 

time required to deliver the samples to a lab (Weinstein and Doern, 2011). 

Other assay methods to detect pathogens from blood include enzyme-linked 

immunosorbent assay (ELISA) and polymerase chain reaction (PCR). These can be 

faster and simpler than blood smears and cultures, but with typically inferior detection 

limits. However, both ELISA and PCR still require a dedicated laboratory and 

specialized equipment, also leading to additional processing and delivery time 

requirements. 
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The lengthy assay time and other difficulties can be overcome through the use of 

a lab-on-a-chip device. Additionally, more reproducible assays are possible on lab-on-a-

chip devices due to their strict laminar flow characteristics as well as precision flow 

control, leading to smaller error bars and subsequently much higher sensitivity (this will 

be further discussed at the end of introduction). Unfortunately, only a limited number of 

publications have reported demonstrating lab-on-a-chip detection of pathogens from 

blood samples. In addition, many of such publications have reported the use of 

specialized equipment. For the cases of malaria detection, use of a spectrometer (Golden 

et al., 2010), a semiconductor characterization system (Ang et al., 2011), and a high-

power microscope (Herricks et al., 2011) have been reported. 

In order to keep the equipment simple, inexpensive and easy to operate, the 

optical detection can be designed to be entirely smartphone-based. The system only 

requires the use of camera-enabled smartphones to serve as both an incident light source 

as well as a detector. The novel use of smartphones for detecting pathogens in human 

blood is significant due to the rising popularity of smartphones globally and the 

simplification of the overall assay, in terms of both user interface and reduced cost over 

currently existing malaria detection methods. Global smartphone shipments exceeded 

488 million units in 2011, surpassing total personal computer shipments and accounting 

for a 63% rise in shipments compared to 2010 (Canalys, 2010). Since a smartphone 

serves as the primary user interface for detection, the overall time for someone to 

familiarize themselves with the experimental setup is minimized, and the total cost of 

the system is greatly reduced over that of current detection methods by eliminating the 

need for a laboratory environment and specialized equipment. Lastly, utilizing a 
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smartphone as the primary sensing element makes for a completely portable detection 

method, allowing it to serve as a true point-of-care diagnostic for early and rapid 

detection of pathogens from blood. 

The use of smartphones in biosensing and medical diagnostics has recently 

gained popularity, particularly as an accessible, low-cost alternative to high powered 

microscopes and other expensive equipment. For example, Zhu et al. (2010), Tseng et al. 

(2010) and Coskun et al. (2012) have all demonstrated the use of smartphones in both 

general and fluorescent microscopic imaging; Bishara et al. (2011) used a similar 

technique for imaging malaria. Zhu et al. (2011 and 2013) used the same technology for 

analyzing blood with flow cytometry. Additionally, immunoassays have also been 

quantified utilizing smartphones, as demonstrated in Zhu et al., 2012 and Mudanyali et 

al., 2012. 

Malaria antigens are used as the model pathogen in this study; specifically, 

Plasmodium falciparum. Plasmodium species are protozoa that reside in Anopheles 

mosquitoes and are responsible for malaria for humans with transmission occurring via 

blood contact with an infected mosquito. Histidine-rich protein 2 (HRP-2) is used as a 

model malaria antigen, which is expressed exclusively by Plasmodium falciparum. 

Highly sensitive detection can be demonstrated through the utilization of a 

microbead immunoagglutination assay in a lab-on-a-chip, in which antibody-conjugated 

microbeads agglutinate upon adding target antigens. Combined with Mie scatter 

detection using  microfabricated optical waveguides, or “optofluidic channels,” our 

laboratory has previously demonstrated an extremely low detection limit of 10 pg/mL 

influenza A antigens in 1% fecal sample matrix and a very broad linear range of 7 orders 



94 
 

of magnitude using a monochromatic UV light source and a miniature spectrometer 

(Heinze et al., 2010). These results were made possible through in-channel mixing of 

microbeads and target molecules under strict laminar flow, generating highly 

reproducible assays and as a result, smaller error bars. When incorporated into a lab-on-

a-chip, optofluidic channels greatly enhance the reproducibility of the assay, leading to 

lower detection limits. 

In this study, a pg/mL level detection of HRP-2 from human blood is attempted 

using an immunoagglutination assay in an optofluidic lab-on-a-chip device; preliminary 

work on HRP-2 detection using a spectrometer has recently been reported in Stemple et 

al., 2012. Unlike the sample matrices in our previous work (Heinze et al., 2010), blood 

is a challenging sample matrix with regard to optical detection, and the use of a 

smartphone may further complicate the analyses, as smartphones are not designed for 

monochromatic or spectrophotometric optical detection. However, they do have a 

certain degree of spectrometric sensing, achieved through breaking the light signal into 

three basic color components: red, green and blue (RGB). In addition, the use of a 

“white” light source (white LED flash of a smartphone) and “white” microbeads (which 

scatters light in all wavelengths, including UV) would make the smartphone-based 

image sensing more applicable and potentially more sensitive. 

The scatter angle, bead size and light wavelength are carefully selected such that 

microbead scatter is maximized and background blood scatter is minimized. In order to 

keep the equipment simple, inexpensive and easy to operate, the Mie scatter detection 

was designed to be entirely smartphone-based; the system requires only that camera-

enabled smartphones serve as both an incident light source as well as a detector. 
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2 MATERIALS AND METHODS 

2.1 Target Antigens, Antibodies, and Microbeads 

Histidine-rich protein 2 (HRP-2) recombinant antigens were chosen as the target 

of this experiment due to their specific expression by P. falciparum (Kakkilaya, 2003). 

Monoclonal antibodies specific to HRP-2 were covalently bonded to 920 nm 

carboxylated polystyrene beads and introduced to a human blood sample containing 

HRP-2 within a lab-on-a-chip test environment.  A base concentration of 1 mg/mL HRP-

2 was serially diluted with phosphate buffered saline (PBS) to produce a standard curve 

ranging from 1 pg/mL to 10 ng/mL. Each concentration of HRP-2 was introduced to a 

sample of whole human blood, and the resulting solutions were again serially diluted 

with PBS to achieve a 10% solution of human blood complexed with HRP-2. The 

human blood always remained at a 10% dilution regardless of the HRP-2 concentration. 

 

2.2 Optofluidic Lab-on-a-Chip 

The blood solution and microbeads were introduced separately to each of the 

inlets of a y-channel lab-on-a-chip, and mixed together in a central channel via an 

external syringe attached to the outlet of a y-channel; the dimensions of the channel 

were 1 mm wide and 100 µm deep. The chips were created from polydimethysiloxane 

(PDMS) poured into a silicon master mold formed using photolithography and deep 

reactive ion etching (DRIE). The chip featured two waveguides, or optofluidic channels, 

which measured 750 μm wide and 100 μm deep and were filled with microscope 

immersion oil (n = 1.515). Together with the surrounding PDMS material and a 

refractive index of 1.41, the critical angle of total internal reflection becomes 
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arcsin(1.41/1.515) = 68.5°. The layout of an optofluidic lab-on-a-chip is shown in Fig. 

2A. 

 

Figure B-1: Handheld device, utilizing a single iPhone attached to a tray that contains an optofluidic lab-on-a-chip, 

with lenses and right angle mirrors. A white LED flash of iPhone 4 was turned on while capturing the images. All other 

experimental conditions were identical to those of the benchtop device. A: Isometric view of a rendering of the 

handheld device, less the case. B: Top view of a handheld device showing the path the light travels through the the 

casing, reflected through mirrors and the four lenses. C: Exploded view of the entire device showing the iPhone 4 

adapter, lab-on-a-chip adapter, casing, lab-on-a-chip tray, optofluidic lab-on-a-chip, mirrors for directing light source, 

mirror adapters, and lenses for focusing light after hitting the mirrors. D: Photograph of actual device with an iPhone 

4 installed. 
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2.3 Benchtop Device with Two Smartphones 

A benchtop device with two smartphones was initially developed and assembled 

in order to optimize the sensing parameters, as it was believed that such a system would 

be more easily modifiable and modular. Once optimization was completed with this 

benchtop device, fabrication of a finalized portable device could be made that requires 

no further modification. 

Ocean Optics-brand optical fibers were partially inserted into the optofluidic 

channels; one optical fiber was used to deliver incident light from the “white” LED light 

source of an Apple iPhone 4 (model A1332), while the other served to detect light 

scatter as a result of immunoagglutination of HRP-2 to the antibody-conjugated 

microbeads. The 5 megapixel camera of a second iPhone 4, featuring anative resolution 

of 2592x1936 pixels, captured an image of an optical fiber, which delivered scattered 

light from the central microfluidic channel. The area of interest was the central portion 

of the image, and a 1300-pixel circular crop of the central portion of the image was 

made in order to remove the effect of background noise. Two separate iPhones were 

initially required for the purpose of simplifying the software setup and subsequent 

focusing and capturing of image. The final “benchtop” experimental setup is shown in 

Fig. 1. The “tray”, which accommodates the optofluidic lab-on-a-chip and a pair of 

optical fibers, along with two smartphone “holders” for positioning the smartphones to 

the “tray”, were all designed and fabricated in SolidWorks (Dassault Systèmes 

SolidWorks Corporation; Waltham, MA, USA) and manufactured using a Dimension 

uPrint rapid prototyping device (Stratasys Inc., Eden Prairie, MN, USA), with 

acrylonitrile butadiene styrene (ABS) material (Stratasys, Inc.). 
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Figure B-2: Benchtop device, utilizing two iPhones attached to a tray that contains an optofluidic lab-on-a-chip. 

Target solution consisting of HRP-2 combined in 10% human blood is mixed with antibody-conjugated microbeads in 

the central channel of the lab-on-a-chip; one iPhone 4 (right) is used to provide a constant light source via the rear-

mounted flash LED, while a second iPhone 4 (left) is used to capture an image of the optical fiber, which delivered 

scattered light from the lab-on-a-chip. 
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A total of six images were captured for each trial;one of a negative control (no 

HRP-2 in 10% blood)and five more with varying HRP-2 concentrations in 10% blood, 

all of which were mixed with antibody-conjugated microbeads within the lab-on-a-chip. 

A total of three trials were made. The purpose of capturing a negative control image for 

every trial is to eliminate the effects of variations in the blood and microbead samples as 

well as account for differences between different lab-on-chips. The images were 

imported into Adobe Photoshop CS5, and the average intensity of blue, green and red 

light over the entirety of a cropped image was observed. Photoshop’s built-in histogram 

was used to observe the tonal range of the blue, green and red components. Using the 

same 8-bit color reference, the histogram calculated and displayed the mean intensity 

value of each individual color channel on the 0-255 scale. These values were normalized 

to the value for the negative control data point, and trends in the relative changes in blue, 

green and red light intensities were observed.  

 

2.4 Handheld Device with Single Smartphone 

The tray and two smartphone holders were combined into a single device to 

facilitate simple attachment to a single smartphone; i.e. utilizing its white LED flash and 

its digital camera at the same time. To this end, the lenses (catalog number CAX100; 

Thor Labs, Inc., Newton, NJ, USA) and the right angle mirrors (catalog number 49-405; 

Edmund Optics, Barrington, NJ, USA) were mounted into the device, as shown in Fig. 

2. Four lenses total were used to focus light after hitting the mirrors. The lens device was 

again designed in SolidWorks (Dassault Systèmes SolidWorks Corporation) and 

manufactured using a Dimension uPrint rapid prototyping device with ABS material 
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(Stratasys, Inc.). The optofluidic lab-on-a-chip was identical to the one used for a 

benchtop device, and samples were added to the handheld device as described with the 

benchtop device. Images were captured using a single iPhone 4 (Apple, Inc.), again 

utilizing its 5 megapixel camera and white LED flash for data acquisition. Images were 

analyzed as described previously. 
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Figure B-3: Raw images of captured from the end of an optical fiber connected to the optofluidic lab-on-a-chip, 

captured with iPhone 4 and utilizing the benchtop device. A: PBS, no target. B: 10% blood, no target. C: 1 pg/mL HRP-

2 in 10% blood. D: 10 ng/mL HRP-2 in 10% blood. All mixed with anti-HRP-2-conjugated microbeads. 
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3 RESULTS AND DISCUSSION 

3.1 Assay Results with a Benchtop Device 

Fig. 3 shows representative images of an optical fiber from the optofluidic lab-

on-a-chip taken with an iPhone 4 using the benchtop device. Note that the white LED 

from the iPhone 4 delivered composite red, green and blue (RGB) light, which the 

human cone cells are sensitive to. Fig. 3A shows PBS mixed with antibody-conjugated 

microbeads (hereafter referred to as microbeads), which is largely white. Fig. 3B shows 

10% blood with no target (i.e., negative control) with microbeads, which shows 

noticeable red coloration. Figs. 3C and 3D show 10% blood with 1 pg/mL and 10 ng/mL 

HRP-2, respectively. Red coloration seems to get reduced upon increasing the HRP-2 

concentration, despite the fact that the blood itself was not diluted. 

The absorption and scatter characteristics of blood are primarily determined by red 

blood cells, or more precisely, hemoglobin. Fig. 4A shows the absorption spectra of 

oxygenated and deoxygenated hemoglobin, and indicates that blood absorbs most in 

green color and to some extent of blue. As a result, blood looks red upon white light 

irradiation such as by sunlight or a light bulb. Therefore, it is logical to use red color for 

quantifying the extent of Mie light scatter coming from microbead 

immunoagglutination, since blood does not absorb red color. 
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Figure B-4: A: Absorption spectra of oxygenated and deoxygenated hemoglobin. B: Results of Mie scatter simulations 

for 920 nm microbeads. Triplets represent three 920 nm beads immunoagglutinated together, increasing the 

effective bead diameter while decreasing the effective number of beads in the solution. 
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However, the Mie scatter simulation, performed using the online software provided 

by Prahl (2007), showed some intriguing results (Fig. 4B). The light scatter intensity 

was simulated for singlet (i.e., not agglutinated) and triplet 920 nm beads (i.e., 

immunoagglutinated). According to You et al. (2011), the greatest amount of Mie light 

scatter was observed when three beads were immunoagglutinated together. With the 

fixed scatter angle of 45° and refractive indices of 1.33 (water) and 1.59 (polystyrene 

beads), the Mie scatter intensities were plotted against the wavelengths of visible light. 

The largest scatter increase between singlets and triplets was observed with blue color 

(~450 nm), while a relatively small but consistent increase were observed with red color 

(~650 nm). This result correlates strongly with the theory, being that the shorter the 

wavelength, the more energy present (E = hc/λ, where h is the Planck’s constant, c the 

speed of light, and λ the wavelength of light). 

Since blood absorb blue color much less than green (Fig. 4A), it is possible to use 

blue detection to take advantage of this big change in Mie scatter due to microbeads, 

with one condition: the Mie scatter by microbeads should be powerful enough to 

overshadow the blue absorption by blood. The white LED flash of typical smartphones, 

including the iPhone 4, are sufficiently powerful, being much stronger than many LED’s 

and laser diodes used in our previous studies (Heinze et al., 2010; You et al., 2011). 

We decided not to use green color since the Mie scatter decreases upon 

immunoagglutination; singlets are higher than triplets. Decrease in scatter intensity can 

also occur when the microbeads precipitated out of the solution, due to the microbeads’ 

unstability (occurs when the microbeads were stored too long, over 2-3 months) and/or 

the formation of giant immunoagglutinated clumps (typically with very high target 
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concentrations). With green detection, the signal decrease can be interpreted as either 

true immunoagglutination or precipitation of microbeads. Further, the absorbance of 

blood is maximum at green color (Fig. 4A). 

 

3.2 Detection Limit and Linear Range of Assay 

Fig. 5 shows the normalized blue and red intensities of the images through an 

optical fiber utilizing the benchtop device, plotted against the target HRP-2 

concentration. As expected from observing the Mie scatter simulatoins in Fig. 4B blue 

detection showed much bigger changes and largely a linear trend from 1 pg/mL to 10 

ng/mL. All data points of blue detection were substantially different from the negative 

control, and the observed detection limit was 1 pg/mL (in 10% blood). This is one order 

of magnitude improvement from 10 pg/mL (in 1% fecal sample) of Heinze et al. (2010). 

Considering that blood was diluted to 10%, the effective detection limit for the real 

sample should be 10 pg/mL. Further, this sensitivity is about three orders of magnitude 

better than other studies (20 ng/mL of Golden et al., 2011; 12.5 ng/mL of Stevens et al. 

2011). This improvement was made possible through careful optimization of optical 

parameters specifically for smartphone and blood, such as the use of stronger light 

source (white LED flash) and the optimized use (concentration and exposure time) of 

the surfactant Tween 80. 

In Heinze et al. (2010) and Heinze and Yoon (2011), there were noticeable dips in 

the standard curves, while Fig. 5 does not show any dip. This dip is the indication of the 

growth of microbeads beyond the triplets (Heinze and Yoon, 2011). The non-existence 

of a dip indicates that the microbeads did not immunoagglutinate beyond doublet or 
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triplet form; only a fraction of immunoagglutinated particles increases against the target 

antigen concentration. This can be explained by the use of the Tween 80 surfactant, 

which effectively prevented the formation of large immunoagglutinated clumps. In 

addition, the human serum albumin (HSA) from blood is also believed to further 

stabilize the microbeads, since bovine serum albumin (BSA) is being frequently used to 

passivate the surfaces (microbeads and microwells) commonly used for immunoassays. 

The use of a microfluidic channel, which is a strictly laminar flow condition, also 

prevented the formation of large immunoagglutinated clumps. 

A separate negative control was used in this study to normalize all the signals, which 

eliminated sample-to-sample and chip-to-chip variations. If patient-to-patient variation 

were to become a substantial factor, such as for patients with a low number of red blood 

cells (low hematocrit), internal normalization may become necessary. In that case, 

microbeads conjugated with passivating proteins (bovine serum albumin) can be 

additionally used (You et al., 2011); these beads will not immunoagglutinate with HRP-

2, effectively providing a negative control signal without the need for a separate 

negative control solution.   
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Figure B-5: Normalized blue and red light scatter vs. HRP-2 concentration in 10% whole blood, utilizing the benchtop 

device. Raw images were processed using Photoshop CS5, and the intensity of the blue or red values across a single 

image were averaged and compared to other images. Three trials were averaged to construct graph; error bars 

represent standard error. 
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Figure B-6: Normalized blue light scatter vs. HRP-2 concentration in 10% whole blood, utilizing the handheld device. 

All other experimental conditions and image processing were identical to those of a benchtop device. Three trials 

were averaged to construct graph; error bars represent standard error. 
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3.3 Assay Results with a Handheld Device 

Fig. 2C and 2D show photographs of the handheld device's SolidWorks design as 

well as the final result, respectively. Since the white LED flash and the digital camera 

were positioned very close to each other on the iPhone 4, it became necessary to use 

optical mirrors to deliver the white LED light to the other side of an optofluidic lab-on-

a-chip, as optical fibers could not be bent to any larger extent. Fig. 2B clearly shows that 

the white LED light was properly delivered to the incident light optofluidic channel. The 

delivered light was much brighter than what is shown in Fig. 2B, since the light was 

collimated within the light conduit by the lenses and a very little amount of light could 

be captured as seen perpendicular to the device. 

To avoid interference from ambient light, the casing was designed such that it could 

slide on top of the “tray,” as shown in Figs. 2C and 2D. In the benchtop setup, the 

ambient light was turned off to simulate a dark room setup. 

Fig. 6 shows the assay results for two HRP-2 concentrations, 10 pg/mL and 10 

ng/mL, both spiked with 10% blood. Again, the same negative control (no HRP-2 in 

10% blood) was used to normalize the signals from positive samples. Only blue 

detection was used in accordance with the previous results. The results are largely 

identical to those of Fig. 5; in fact, the % light intensity changes are nearly identical to 

the corresponding data points with a benchtop system, with smaller error bars. 

The smartphone-based detection (any smartphones can be used comparable to 

iPhone 4) required no external power, is portable, and has an assay time of 

approximately 10 minutes. 



110 
 

4 REFERENCES 

Ang, P. K., Li, A., Jaiswal, M., Wang, Y., Hou, H. W., Thong, J. T. L., Lim, C. T., Loh, 

K. P., 2011. Nano Lett., 12, 5240-5246. 

Bishara, W., Sikora, U., Mudanyali, O., Su, T.-W., Yaglidere, O., Luckhart, S., Ozcan, 

A., 2011. Lab Chip, 11, 1276-1279. 

Balk, R. A., Ely, E. W., Goyette, R. E., 2001. Sepsis handbook. Vanderbilt University 

Medical Center: Nashville, TN. 

Canalys, 2010. Smart phones overtake client PCs in 2011. Available: 

http://www.canalys.com/newsroom/smart-phones-overtake-client-pcs-2011. 

Coskun, A.F., Wong, J., Khodadadi, D., Nagi, R., Tey, A., Ozcan, A., 2013. Lab Chip 

13, 636-640. 

Golden, A. L., Battrell, C. F., Pennell, S., Hoffman, A. S., Lai, J. J., Stayton, P. S., 2010. 

Bioconjugate Chem. 21, 1820-1826. 

Heinze, B. C., Gamboa, J. R., Song, J.-Y., Kim, K., Yoon, J.-Y., 2010. Anal. Bioanal. 

Chem. 398, 2693-2700. 

Heinze, B. C., Yoon, J.-Y., 2011. Colloids Surf. B 85, 168-173. 

Herricks, T., Seydel, K. B., Turner, G., Molyneux, M., Heyderman, R., Taylor, T., Rathod, 

P. K., 2011. Lab Chip, 17, 2994-3000. 

Kakkilaya, B. S., 2003. Lab. Med. 34, 602-608. 

Mudanyali, O., Dimitrov, S., Sikora, U., Padmanabhan, S., Navruz, I., Ozcan, A., 2012. 

Lab Chip 12, 2678-2686. 

Prahl, S., 2007. Mie Scattering Calculator. http://omlc.ogi.edu/calc/mie_calc.html. 



111 
 

Stauffer, W. M., Cartwright, C. P., Olson, D. A., Juni, B. A., Taylor, C. M., Bowers, S. 

H., Hanson, K. L., Rosenblatt, J. E., Boulware, D. R., 2009. Clin. Infect. Diseases 

49, 908-913. 

Stemple, C. C., Kwon, H.-J., Yoon, J.-Y., 2012. IEEE Sens. J. 12, 2735-2736. 

Stevens, D. Y., Petri, C. R., Osborn, J. L., Spicar-Mihalic, P., McKenzie, K. G., Yager, 

P., 2008. Lab Chip 8, 2038-2045. 

Tseng, D., Mudanyali, O., Oztoprak, C., Isikman, S.O., Sencan, I., Yaglidere, O., Ozcan, 

A., 2010. Lab Chip 10, 1787-1792. 

Warhurst D.C., Williams J.E., 1996. J. Clin. Pathol. 49, 533-538. 

Weinstein, M. P., Doern, G. V., 2011. J. Clin. Microbiol. 49, S26-S29. 

You, D. J., Geshell, K. J., Yoon, J.-Y., 2011. Biosens. Bioelectron. 28, 399-406. 

Zhu, H., Yaglidere, O., Su, T.-W., Tseng, D., Ozcan, A., 2011. Lab Chip 11, 315-322. 

Zhu, H., Mavandadi, S., Coskun, A.F., Yagliderem O., Ozcan, A., 2011. Anal. Chem. 

83, 6641-6647. 

Zhu, H., Sikora, U., Ozcan, A., 2012. Analyst 137, 2541-2544. 

Zhu, H., Sencan, I., Wong, J., Dimitrov, S., Tseng, D., Nagashima, K., Ozcan, A., 2013. 

Lab Chip 13, 1282-1288. 

  



112 
 

APPENDIX C: A Portable, Shock-Proof, Surface-Heated Droplet PCR 

System for Eschericha coli Detection 

 

Scott V. Angusa, Soohee Choa, Dustin K. Harshmanb, Jae-Young Songc, Jeong-Yeol 

Yoona,b,* 

 

a Department of Agricultural and Biosystems Engineering, The University of Arizona, 

Tucson, AZ 85721-0038, USA 

b Biomedical Engineering Graduate Interdisciplinary Program, The University of 

Arizona, Tucson, AZ 85721-0038, USA 

c Viral Disease Division. Animal and Plant Quarantine Agency, Anyang-si, Gyeonggi-

do 430-757, Republic of Korea 

 

 

* Corresponding author at Department of Agricultural and Biosystems Engineering, The 

University of Arizona, Tucson, AZ 85721-0038, USA. Tel.: +1-520-621-3587; Fax: +1-

520-621-3963; URL: http://biosensors.abe.arizona.edu. 

 

E-mail address: jyyoon@email.arizona.edu (J.-Y. Yoon). 

 

  

http://biosensors.abe.arizona.edu/
mailto:jyyoon@email.arizona.edu


113 
 

ABSTRACT 

A novel quantitative polymerase chain reaction (qPCR) device was developed based on 

wire-guided droplet manipulation (WDM) method and subsequent real-time 

quantification utilizing a smartphone. The device was initially tested to amplify GAPDH 

(glyceraldehyde-3-phosphate dehydrogenase) gene and further tested to identify 16S 

rRNA gene from Escherichia coli. The lower limit of detection was 103 CFU or  genome 

copies per sample. The device is portable with real-time quantification and provides the 

assay results quickly (30-cycle amplification for 7-20 min) and accurately. The system is 

also shock and vibration resistant, due to the multiple points of contact using the 

thermocouple to guide the droplet and the Teflon film on the heater surfaces.  The 

thermocouple is also used to provide real-time temperature feedback on the droplet to 

ensure it reaches the set temperature before moving to the next chamber/step in PCR.  

The device is equipped to use either silicone oil or coconut oil, while the latter provides 

additional portability (without spilling and easier transportation) with its high melting 

temperature (solid at room temperature). 

 

Keywords: GAPDH, 16S rRNA, contact angle, real-time polymerase chain reaction, 

smartphone, coconut oil   
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1 INTRODUCTION 

Current methods for detecting Escherichia coli (E. coli) in samples includes 

culture kits such as Colilert® [1], mass spectrometry [2], agar plate culture, and 

polymerase chain reaction (PCR) [3].  Escherichia coli is a common foodborne and 

waterborne pathogen that may produce Shiga toxin [4] (thus can be highly pathogenic).  

It is also one of the most commonly used indicator bacteria to indicate fecal 

contamination of water supplies and was suggested as an indicator as early as the 1890’s 

[5].    There have been various criteria proposed for what makes a good indicator 

bacterium [6].  Currently, no organism meets all perfectly.  Edberg and Rice states that 

E. coli is the ideal indicator because it is inexpensive to test for, tests are sensitive and 

specific, simple, and it survives long enough to be detected [7].  E. coli O157:H7 is the 

classic pathological strain of the bacteria [4].   

With many samples, the US Centers for Disease Control and Prevention (CDC) 

recommends culturing [8] as the best practice, which takes 18-24 hours, depending on 

species, growth conditions, and sample quality.  For food and water samples, which can 

be consumed within this 18-24 hour time period, this assay time is not fast enough.  A 

sample is taken and then analyzed and by the time results are conclusive, it is too late to 

prevent illness.  This is a major gap in the ability of the food and water safety world to 

monitor these sources in real time.  While alternative methods, such as immunoassay-

based microfluidics have been suggested [9–13], these are not yet scalable, and not yet 

sufficiently specific to identify different bacterial strains and/or their pathogenicity.   

A better alternative is the use of polymerase chain reaction (PCR).  PCR has, 

since its creation in 1983 [14], become a gold standard for identification and detection of 
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specific deoxyribonucleic acid (DNA) or ribonucleic acid (RNA) sequences from many 

biological agents [15].  It can not only detect the presence of a pathogen, but also has the 

ability to identify different strains, mutants, and pathogenicity [16–19].  When compared 

with many of the above listed methods, PCR is also much more sensitive and specific.  

The semi-rapid nature of PCR lends itself to detection of pathogens found in a time 

sensitive sample. 

In theory, PCR should be able to detect a single colony forming unit (CFU) of a 

bacteria, plaque forming unit (PFU) of a virus, or fungal spore.  In practice however, this 

is not the case, since the real limit-of-detection is limited by the gel electrophoresis 

(typically used in identifying the amplified DNA products from PCR), which range 

between 0.5 and 5 ng DNA per band [20].  However, these both require extremely 

sensitive equipment and careful sample preparation under ideal conditions.  These 

conditions are difficult to obtain outside a research or laboratory setting. 

While PCR protocols for detection of Shiga toxin genes, or other E. coli genes, 

are available, this often requires extra, expensive equipment for a laboratory that may 

not be necessary for a simple culture based assay.  Sample preparation can take as long 

as 60 minutes, while conventional, conduction-based PCR can take as few as 45 minutes 

and as many as 180 minutes to run, depending on equipment and cycle numbers.  In 

addition to this, if the equipment is not equipped to perform quantitative PCR (qPCR) 

this process time is further increased another 40 – 120 minutes through the necessity to 

perform agarose gel electrophoresis (AGE). 

The use of a simple, rapid PCR assay, after sample concentration, would allow 

for overcoming this limitation.  In this paper, we present a rapid, easy to use, portable 
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PCR device capable of detecting the 16s rRNA gene found in bacteria.  In conventional 

PCR systems, there is a heating block with tubes containing the sample, where 

conductive heating and cooling is repeated for multiple cycles.  (PCR is a process that 

uses three temperatures in combination with polymerase isolated from thermophile 

bacteria to amplify the number of copies of a target DNA sequence.)  Droplet 

manipulations on three different heating chambers can provide enhanced, convective 

heat transfer, towards faster assay and ability to work with complicated samples [21–

23].  This device is based on work previously done by [21], showing the benefits of 

convection over conduction in PCR amplification.  In this paper, we will attempt 1) to 

make the device  even smaller with linear configuration of heating chambers, 2) make a 

droplet to physically contact the heater surface to ensure better heat transfer and shock- 

and vibration-proof, while minimizing the surface contact with superhydrophoic contact 

angle, 3) use a thermocouple as a wire-guide to collect temperature feedback from the 

droplet to ensure correct thermocycling temperatures, 4) use a smartphone microscope to 

perform real-time quantification, and 5) use of coconut oil as surrounding medium to 

provide additional portability. 
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2 MATERIALS AND METHODS 

2.1 Device 

The device chamber and sled were designed using SolidWorks software 

(Dassault Systemes, SolidWorks Corporation, Waltham, MA, USA) and fabricated 

using a Stratasys Dimension uPrint Rapid Prototyping Device (Stratasys, Inc., Eden 

Prairie, MN, USA) with acrylonitrile butadiene styrene (ABS) material.  This is 

illustrated in Figure C-1 and Figure C-2.  The position of the droplet was controlled by a 

custom ordered linear actuator (part number: 21F4U-2.5; Haydon Kerk Motion 

Solutions, Inc., Waterbury, CT, USA) and driven by an EasyDriver motor driver 

(Sparkfun Electronics, Boulder, CO, USA), which was controlled by an Arduino Uno 

microcontroller.  This Arduino microcontroller also received feedback from a type-K 

thermocouple (Sparkfun Electronics), physically immersed in the droplet at the 

temperature sensitive junction.  All programming was done in the Arduino software 

provided at Arduino.cc.  Heater pads were designed using PCB Artist (Advanced 

Circuits, Aurora, CO, USA) and custom ordered from Advanced Circuits.  Surface 

mounted type-K thermocouples (part number: SA1-K, Omega Engineering, Inc., 

Stamford, CT, USA) were additionally used to monitor the temperatures on the heater 

surfaces and provide feedback for a proportional-integral-derivative (PID) controller 

programmed into the secondary Arduino Uno microcontroller.  Measurements from the 

surface mounted and droplet immersed thermocouples were output to separate liquid 

crystal display screens (Sparkfun Electronics).  For quantitative PCR experiments, 

fluorescence was generated using a blue LED (Digi-Key Corporation, Thief River Falls, 

MN, USA) mounted in the center of the extension chamber behind a 492 nm narrow 
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bandpass filter (stock number: 65-087; Edmund Optics Inc., Barrington, NJ, USA).  

Silicone oil was the primary immersive liquid (catalog number: 181838-1L; Sigma-

Aldrich Co., St. Louis, MO, USA), while coconut oil (Spectrum Organic Products, Hain 

Celestial Group, Inc., Melville, NY, USA) was also used.  The droplet was separated 

from the heaters using a hydrophobic Teflon film with a self-adhesive backing (product 

number: 2208T61; McMaster-Carr, Elmhurst, IL, USA).  All electronics, except the 

heaters, were powered by the Arduino’s 5 V or 3.3 V outputs.  Heaters were each 

powered by a 3.3 V, 2 A max power supply (item number 9902 PS; Marlin P. Jones & 

Associates, Inc., Lake Park, FL, USA).  Arduinos, one for heater surface temperature 

control and one for motor and droplet temperature measurements, were powered by a 

similar power supply at 9 V, sharing a common ground.  The device can be seen, 

rendered less the circuits in Figure C-1and in an actual photograph in Figure C-2. 
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Figure C-1: Here all the major components of the device, less the circuits, are shown.  The optical fiber is connected 

to a USB4000 miniature spectrometer via an SMA connector. 
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Figure C-2: Actual image of the device, illustrating all major components less the iPhone and microscope attachment. 
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2.2 Bacteria Culture 

E. coli K12 was purchased from Sigma Aldrich (catalog number: EC1-5G; 

Sigma-Aldrich.) It was cultured overnight in LB broth (catalog number: L2542-500ML, 

Sigma-Aldrich).  Culture was counted using LB agar (BioExpress, Kaysvilo, UT, USA) 

grown for overnight at 37°C. 

 

 2.3 PCR Reagents 

PCR reaction mixtures consisted of the following in a 5:1:1:1:2 ratio: Promega 

GoTaq® Green Master Mix (catalog number: M7122; Promega Corporation, Madison, 

WI, USA); 10 μM forward and reverse primers with sequences 

AAACTCAAAKGAATTGACGG and TTACTCACCCGTICGCCRCT respectively; E. 

coli K12 genomic DNA; and nuclease free water (NFW). Genomic DNA was extracted 

using a QIAamp® DNA Micro Kit (catalog number 56304; Qiagen, Venlo, Limburg, 

Netherlands) as per the manufacturer’s instructions.  Genomic DNA was quantified 

using a Qubit 2.0 Fluorometer (catalog number: Q32871; Life Technologies) as per the 

manufacturer’s instructions.  A total of 20 μL was prepared for each sample. 

In the case of the qPCR experiments, Promega GoTaq® Green Master Mix was 

substituted with Power SYBR® Green PCR Master Mix (catalog number: 4367659; Life 

Technologies) while the ratio was maintained.  The GAPDH target was as described by 

(Harshman et al., 2014).  The forward and reverse GAPDH primers were 

ACATCGCTCAGACACCATG and TGTAGTTGAGGTCAATGAAGGG respectively. 

 

2.4 Thermocycling profile 
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Initial experiments were carried out in an MJ Research PTC-150 Minicycler (MJ 

Research, Inc.; Waltham, MA, USA).  Thermocycling conditions for PCR were as 

follows: 95°C for denaturation, 56°C for annealing, and 72°C for extension. 

 

2.5 Contact Angle Analysis 

The contact angle analysis was performed using FTÅ200 contact angle/surface 

tension analyzer (First Ten Ångstroms, Inc., Portsmouth, VA, USA).  A water droplet of 

10 µL volume was placed on the Teflon film in either silicone or coconut oil immersion 

and a snapshot taken.  This was then analyzed using the FTÅ32 software and statistical 

analysis was performed using Microsoft Excel (Microsoft Corp., Redmond, WA, USA). 

 

2.6 Arduino Programming 

The Arduino code was written using the free Arduino version 1.0.5 software 

(Arduino.cc) and the PID program was a modified version from the code as developed 

by [21].  Error! Reference source not found. schematically illustrates how the Arduino 

icrocontrollers are connected and control the heaters and the motor through 

thermocouple feedback.  Briefly, there was one surface mounted thermocouple for each 

heating chamber (for annealing, extension, and denaturation, respectively).  The 

thermocouple signal is amplified using three separate MAX31855 thermocouple 

amplifiers (product ID 269; Adafruit, New York City, NY, USA) and sent to an Arduino 

microcontroller. The PID code used this real-time temperature feedback to adjust the 

on/off cycle time of the heaters in each individual chamber.  This allowed for, after a 

short warm up time, a stable temperature in each heating chamber.  The temperature 
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outputs of the thermocouples, the set temperature of each chamber, and the rate of the 

cycle were displayed on a serial liquid crystal display (LCD).  The circuit for the PID 

controller is shown in Figure C-3A. 

A separate, motor controlling Arduino, was connected to an EasyDriver 

(Sparkfun Electronics) as well as an AD595-AQ op-amp (model number: COM-00306; 

Sparkfun Electronics).  The AD595-AQ was connected to a single thermocouple that ran 

down the center of the metal guide and acted as the top anchor and temperature feedback 

device for the droplet.  This Arduino recorded temperature inside the droplet and used 

that to tell the motor to move to the next step or remain in the current chamber to 

continue reaching the desired temperature of a droplet.  The thermocouple temperature 

sensing junction was physically located within the droplet to provide the most accurate 

measurement of when the droplet solution reached the desired temperature.  This 

Arduino also output its temperature data as well as the current cycle number and step in 

the cycle on a separate LCD. 

 

2.7 Droplet Thermocycling 

Temperatures of heating chambers were set at 50°C, 80°C, and 98°C for the 

annealing, extension, and denaturation chambers, respectively.  These temperatures are 

slightly higher for the desired extension (72°C) and denaturation (95°C) temperatures 

and slightly lower for the desired annealing temperature (56°C) to ensure efficient and 

fast heating or cooling.  10 μL of PCR reaction mixture, with 1 μL of E. coli or GAPDH 

sample, was used in each droplet experiment.  The temperature of the droplet was 

measured approximately once every second by the immersed thermocouple.  
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Figure C-3: Circuit layout as seen on the breadboards.  A: There are 3 MAX31855, one for each surface mounted 

thermocouple.  Three JZc-11F relays, one for each heater.  The temperature and PID settings are output to a 20x4 

serial LCD (not shown). B: The motor controlling circuit, showing AD595 used for the thermocouple measuring 

droplet temperature.  Also shown is the EasyDriver connected to both the Arduino microcontroller and Haydon-Kerk 

linear stepper motor.  The output of the thermocouple is output to a 20x4 serial LCD separate from that in A (also not 

shown).  There are 3 buttons, one for starting Thermocycling and two for manually positioning the 

thermocouple/droplet.  Images created using Fritzing (Friends of Fritzing e.V., Berlin, Germany and IXDS, Berlin, 

Germany). 

  

A 
B 
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Upon reaching the desired temperature, the droplet immediately left the current chamber 

for the next in the annealing and denaturation chambers, or remained for approximately 

5 seconds and then moved on in the extension chamber (to allow sufficient time for the 

polymerase to extend).  The immersed thermocouple was bent to create a ring shape 

(“thermocouple loop”) around the droplet providing a more hydrophilic surface that also 

created surface tension to hold the droplet steady.  The motion of the droplet is 

illustrated in Figure C-4. 
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Figure C-4: Graphical representation of the droplet being held steady with the thermocouple “loop” while 

simultaneously reading the internal temperature and controlling motor movements. 
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2.8 Gel Electrophoresis 

PCR products were analyzed using agarose gel electrophoresis (AGE) using a 

3% w/v agarose gel (catalog number A0169; Sigma-Aldrich) in 1x tris-acetate-EDTA 

(TAE) buffer (catalog number 24710-030; Life Technologies).  AGE was run for 40 

minutes at 120 V with an electrophoresis power supply (catalog number FB200; Thermo 

Fisher Inc., Pittsburg, PA, USA).  1 kb-plus ladder (catalog number 10787; Life 

Technologies) as a standard for fragment sizing.  Gels were stained with either ethidium 

bromide (catalog number E1510; Sigma-Aldrich) or GelRed (Biotium, Inc., Hayward, 

CA, USA).  Gels were imaged using UV light.  Both experiments with Promega 

GoTaq® Green Master Mix and Power SYBR® Green PCR Master Mix were verified 

using AGE. 

 

2.9 qPCR imaging and quantification 

An iPhone 4 (Apple, Inc, Cupertino, CA, USA) with a 60x microscope 

attachment (KIKI MALL, Hong Kong, PRC) was used to take fluorescent images of a 

droplet undergoing PCR amplification.  Images were analyzed using ImageJ (National 

Institute of Health, Bethesda, MD, USA) and the red, green, and blue channels were 

analyzed simultaneously.  Circular crop for a droplet were made before analyzing pixel 

intensities. Green pixel intensity was normalized against blue to account for differences 

in exposure time.  This number was then normalized to the blank creating a double 

normalization curve. 
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2.10 Impact and Vibration Tests 

In order to simulate an impact for the droplet within the device, the metal base 

plate shown in Figure C-1 was hit with a plastic mallet repeatedly.  For vibrational tests, 

the metal base plate was lifted slightly and shaken in a consistent manner.  The 

experiments were duplicated for the droplet suspended at the end of a syringe needle, to 

simulate the previously reported droplet PCR device [20]. 
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3 RESULTS 

3.1 Contact Angle Analysis 

Contact angle data was taken and statistical analyses were performed, showing 

an average water contact angle in silicone oil immersion of 154° ± 2° (n=6) and in 

coconut oil immersion of 156° ± 1° (n=6).  The results of this are shown in Figure C-5.  

This high contact angle, considered as superhydrophobic, is a result of similarity in 

water contact angles of oil (110°) and Teflon (115°). 

  

Figure C-5: A: The water droplet on the Teflon-coated heater surface in silicone oil immersion. B: The same in 

coconut oil immersion.  The water contact angle in silicone oil immersion is 154° ± 2° (n = 6), while that in coconut 

oil immersion is 157° ± 1° (n = 6). 

  

A B 
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3.2 E. coli K12 

E. coli K12 genomic DNA with a concentration of 2.6 ng/sample, as determined 

by the Qubit® fluorometer, was run on the droplet surface heated device, no target 

control, then each positive control.  1 µL of sample was added to PCR reaction mixture 

to make a final reaction volume of the droplet 10 µL.  The AGE is shown in  Figure C-

6A.  Lanes 1 and 5 are 1 kb-plus ladders while lane 2 is the no target control.  Lanes 3 

and 4 are the positive controls showing bands at approximately 196 bp, as expected.  

These results were obtained using silicone oil in the chamber and took approximately 15 

minutes of thermocycling time (30 cycles) in addition to a sub 5 minute warm up time 

for the initial sample.  This test shows a proof of concept that the device works for 

further tests.   Figure C-6B shows results from a dilution test to identify the system’s 

sensitivity.  We tested down to 5.2 pg genomic DNA per sample (equivalent to 103 

CFU/sample) .  The final results, as shown are all positive.  Lane 12 representing 5.2 

pg/sample = 103 CFU/sample shows a faint band in the correct location of 196 bp.  This 

shows that the device is sensitive enough to detect 103 CFU/sample or about 103 copies 

of the genome. 
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 Figure C-6: A: Results from genomic DNA extracted from E. coli K12.  The concentration, as measured by a Qubit 

2.0 fluorimeter is 2.6 ng/µL or approximately 5.2105 CFU/sample.  The band is at the correct location at 196 bp. B: 

Dilution data showing a range between 2.6 ng/sample and 5.2 pg/sample (5.2105 CFU/sample and 103 

CFU/sample).  The final band of 5.2 pg/sample or approximately 103 CFU/sample is easily visible in the 12th lane.  2 

µL of genomic DNA, at the given concentration, was used in each sample. 

  
2: No target control 

3: 2.6 ng/5.2x10
5

 cfu 

4: 2.6 ng/5.2x10
5

 cfu 

7: 2.6 ng/5.2x10
5

 cfu 

8: 1.4 ng/2.1x10
5

 cfu 

9: .52 ng/1.0x10
5

 cfu 

10: .1 ng/2.1x10
4

 cfu 

11: 52 pg/1x10
4

 cfu 

12: 5.2 pg/1x10
3

 cfu 



132 
 

 

 

 

Figure C-7: Here can be seen the results from qPCR experiments.  From left to right: NTC, 10 cycles, 15 cycles, 20 

cycles, and 25 cycles.  There is a clear increase in the amount of green fluorescence produced.  The total is a 5 fold 

increase in fluorescence from blank to 25 cycles.  Here, .005 ng/µL were the initial concentration with 2 µL per 

sample, except in the NTC 
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Figure C-8: This figure shows the fold change in fluorescence based on the number of cycles run.  The data was 

double normalized, first to the blue and then to the blank of the green pixel intensity. 

3.4 qPCR 

qPCR results are shown in Figure C-7 and Figure C-8.  There is an easily visible 

increase in the green fluorescence due to the SYBR® Green master mix and the 

increased concentration in GAPDH gene.  As shown in Figure C-8, there is over a 5 fold 

increase in green fluorescence from the blank to 25 cycles. 
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3.5 Impact and Vibrational Tests 

Images taken from the videos for the shock and vibration tests of the developed 

droplet PCR system are shown in Figure C-9.  The top row is a series of 4 stills during 

vibrational and shock tests, showing the droplet  under external vibration (A), back to 

stable  (B), the droplet under the shock test showing blurry frame (C), and the stable 

droplet after the system has recovered from the shock (D), less than a second after. 

Similarly, the method of hanging the droplet from a syringe needle was tested, which 

has been demonstrated previously in [20].  In all cases, the droplet was dislodged from 

the needle, dropping to the surface and unable to be recovered (E and F from the 

vibrational test less than 15 seconds apart; G and H from the shock test).  In F and H, it 

is clear the droplet has fallen off. 

Figure C-9 shows the increased stability this system to droplet PCR.  Rather than 

dangling a droplet over a heater in a pool of oil, there are multiple contacts with stable 

surfaces.  As illustrated in Figure C-9, this greatly improves the stability. 

Added to this the coconut oil and the system is increasingly stable.  When not in 

use, the oil will solidify and thus prevent spilling and allow for easy disposal or reuse. 
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Figure C-9: Images showing vibrational stress to the system (A and B) and impact shock (C and D) for the surface-

heated droplet PCR system.  In both cases, the thermocouple-surface combination is able to successfully recover from 

the external force and maintain droplet control.  For comparison purpose, the same experiments were repeated while 

the droplet is hanging from a syringe needle.  In F and H, it is easy to see that the droplet has been dislodged from the 

needle tip as a result of these forces. 
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3.5 Coconut Oil 

Coconut oil can be seen melting in the supplementary material as well as 

snapshots from that video in Figure C-10.  The entire process takes approximately 150 

seconds and the chamber surfaces stabilize in approximately 300 seconds.  When the 

coconut oil is at room temperature, it is solid, thus making it not susceptible to tilting. 
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Figure C-10: Images taken from coconut oil melting with the PCR mix already in solution.  A: 0 seconds. B: 

30 seconds. C: 60 seconds. D: 90 seconds. E: 120 seconds. 
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4 DISCUSSION 

As demonstrated in (Harshman et al., 2014), wire-guided droplet manipulation 

(WDM) is an excellent method of increasing the efficiency and sample matrix 

complexity of PCR.  This system looks to improve upon that already excellent design 

even further and succeeds.  We took the areas of that design, stability, droplet 

temperature feedback, portability, and real-time quantification, and implemented them in 

a simpler system.  We replaced the syringe needle with a thermocouple, greatly 

increasing stability while also providing temperature feedback for the Arduino 

microcontroller.  The droplet is now being dragged along a heater surface, also creating 

more stability.  The size and voltages required of this system are greatly reduced, 

allowing for a more portable system.  The addition of an LED and an optical 

fiber/smartphone allow for real-time quantification of the PCR results.  This means the 

results are displayed faster than when using an AGE. 

A conventional qPCR system will take at least 45 minutes to display results from 

a 30 cycle assay.  Our system takes a mere 15 minutes to display those same results, less 

a laboratory setting if necessary.  This means faster results meaning preventing an 

outbreak in from a food or water sample could be possible. 

This easy to quantify system allows for a much more portable system of qPCR, 

potentially alleviating the need for a laboratory setting and allowing field tests to be run 

immediately using PCR.  With a run time of merely 15 minutes for 30 cycles this 

provides for excellent field use capability.  In addition to this, the use of 3.3V power 

supply lends itself well to today’s lithium ion batteries, which supply 3.7 V natively.  

Such a portable device would allow for quicker lab tests and more efficient sample 
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analyses regardless of setting, making for a water quality assessment tool that can more 

easily prevent illness due to rapid results. 
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