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ABSTRACT 
 
 
 

DEVELOPMENT OF LOW-COST CAPILLARY DRIVEN IMMUNOASSAYS FOR IMPROVED 

MEDICAL DIAGNOSTICS 

 
 
 

Rapid medical diagnostics are a crucial part of an effective healthcare system. While 

traditional laboratory diagnostic methods are well established and sensitive, they are also time 

consuming and expensive. Point of care (POC) diagnostics offer an attractive alternative to 

traditional testing for more affordable, fast results. Their simplicity allows for POC devices to be 

run quickly by untrained personnel, but the simplicity often limits their detection range and 

sensitivity. In this dissertation I discuss affordable, capillary-driven immunoassay devices that are 

capable of passively delivering reagents associated with a traditional well-plate enzyme linked 

immunosorbent assay (ELISA) to test strips. These devices are made of patterned and laser cut 

double-sided adhesive. When stacked and laminated together, the patterns cut from the layers form 

hollow microfluidic channels that can passively transport fluids through capillary action. The 

devices in this dissertation require only a single end-user step to perform a sandwich immunoassay, 

and signal from the enzyme/substrate reaction is detectable in under 30 min.  

Chapter 2 discusses the first application for visual detection of SARS-CoV-2 in these 

affordable capillary-driven immunoassay devices. The device in this chapter uses the enzyme 

horseradish peroxidase (HRP) and the substrate 3,3’,5,5’-tetramethylbenzydine (TMB) to produce 

signal at the test line. Upon sample addition, the device channels fill, rehydrating the detection 

antibody and substrate dried on conjugate release pads that are stored in the channels of the device. 

Within 20 min, target, reagents, and washing steps are passively delivered to a nitrocellulose test 
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strip containing a capture antibody test line. The device performance was compared to a well-plate 

ELISA, and the detection limits for inactivated SASR-CoV-2 were 86 PFU/mL and 8 PFU/mL for 

the device and ELISA respectively. A dose response curve was also generated for spiked nasal 

swab samples with a detection limit of 222 PFU/mL, demonstrating the device’s use with complex 

biological samples.  

Chapter 3 expands on the work in Chapter 2 by demonstrating an alternative detection 

method. Chemiluminescent immunoassays are highly sensitive assays that rely on the energy 

provided by a chemical reaction to excite electrons. When the electrons move back to the ground 

state, they produce light that can be detected with an imager. In Chapter 3, I demonstrate the first 

example of a one-step, capillary driven immunoassay for chemiluminescent detection. The device 

is similar to that in Chapter 2, but the detection system relies on the reaction between HRP and a 

luminol based substrate to detect SARS-CoV-2 antigen. This work was done in collaboration with 

Burst Diagnostics Inc. and will be published when the appropriate patents and protections are in 

place.  

Chapter 4 introduces the first capillary driven enzyme-linked immunoassay for the 

simultaneous detection of multiple biomarkers. This multiplexed device is made of the same 

inexpensive materials as the previous chapters, but the microfluidic channels are designed in such 

a way that reagents are delivered to two, spatially separated test strips. This separation allows for 

simultaneous detection of two targets without cross-reactivity between reagents, reducing the 

chance of false positives. To demonstrate the purpose of this device, they were used to detect 

SARS-CoV-2 antigen on one test strip, and influenza antigen on the other. The illnesses caused by 

these two viruses lead to very similar symptoms, so distinguishing between the two illnesses from 

a single device would be beneficial. Dose response curves were gathered for both antigens, and 
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the device was able to detect both diseases visually without false positives on the other test strip. 

Another form of multiplexed detection is simultaneous detection of two targets. To demonstrate 

this, SARS-CoV-2 and influenza antigen were detected simultaneously. Additionally, SARS-CoV-

2 virus and c-reactive protein (CRP), a biomarker that can be used to determine the severity of 

COVID-19 cases, were detected simultaneously. This multiplexed assay has the potential to tell a 

healthcare provider 1) if an infection is or is not SARS-CoV-2, and 2) what level of care might be 

needed. 

This dissertation introduces three capillary driven immunoassay devices primarily for the 

use of detecting communicable diseases. The devices all run from a single end-user step, and fully 

automate the steps required for a more time consuming and expensive ELISA. Although the focus 

of this dissertation was on detecting communicable diseases, these devices can (and are) being 

further developed for chronic illnesses. In the future, by swapping the antibodies used in the 

immunoassay, the applications of these devices are innumerable. Additionally, different detection 

methods, such as fluorescent, electrochemical, and further chemiluminescent work could continue 

to push the detection limit down, widening the application of these devices even further.  
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CHAPTER 1: INTRODUCTION 

1.1 Point of Care/Need Diagnostics 

Traditional medical care is notoriously time consuming, expensive, and, as is human 

biology, complicated. In the United States, the average health care cost is >$12,000 per person 

each year.1 Modern medical science has led to the eradication of some diseases, new treatments 

for chronic illnesses, and life-saving procedures for otherwise terminal conditions. However, an 

area of research and development that has consistently been overlooked is the roll of diagnostics 

in the treatment process. It has been estimated only 5% of medical spending goes to diagnostics 

despite the fact that the results influence 60-70% of further treatment decisions.2 The 

underrepresentation of diagnostics can lead to misdiagnosis and mistreatment.3-4 A meta-analysis 

of medical malpractice claims published in 2013 found that the leading cause of permanent injury 

or death in these claims was diagnostic errors.4 Many safeguards have been suggested in response 

to these issues, but improved diagnostics would undoubtedly decrease the incidence of 

misdiagnosis.5 

Improved diagnostics should be highly selective and sensitive to the intended biomarker, but 

higher sensitivity can often come at the cost of time and resources. Most instrumentation for 

medical testing and diagnosis already relies on a regular power source, temperature-controlled 

settings, and trained personnel to operate, restricting them to well-established medical facilities. 

While much of the world has access to these types of facilities, they are much fewer and at greater 

distances in developing countries and rural areas.6-8 Although the accuracy and reliability of 

medical diagnostics may improve, if patients in need cannot access them, these improvements will 

not be realized. Therefore, improvements in diagnostic accessibility are also required.  
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Since the early 1990s, a push for portable, durable medical diagnosis and care was 

spearheaded by militaries.9 For obvious reasons, being able to diagnose and treat patients quickly 

and in austere environments can mean the difference between life and death. Similarly, delay in 

diagnosis and treatment for patients with deadly illnesses can also be life threatening. Much of the 

developed world has at least some access to healthcare, although not perfect, but much of the need 

for POC medicine was aimed to assist in developing countries. In 2004, a study showed that the 

mean distance between patients and the nearest health clinic ranged from 4.7 km in Uganda to as 

far as 26.9 miles in Niger.8, 10 This distance, although not too far by car, puts a heavy strain on 

people who do not have access to regular transportation. The same study indicated that distance 

and cost are two of the most important factors when it comes to access to treatment and patient 

outcomes. Because of this, lowering the cost and improving the accessibility of medical care was, 

and still is, a vital area of interest.  

In the early 2000s, in light of the AIDS crisis, medical care professionals evaluated the 

most effective use of medical resources and the impact they have on medical outcomes.11-13 One 

thing that seemed to be simultaneously crucial and overlooked was the use of effective diagnostic 

techniques. Laboratory methods were (and continue to be) expensive and inaccessible to many, 

while portable alternatives did not yet exist in significant numbers. The concept of point of care 

testing to reduce these barriers had been present before the 2000s;14-16 however, the World Health 

Organization (WHO) developed a set of criteria to guide researchers as they develop a more ideal 

and accessible diagnostics for sexually transmitted infections.17-18 The ASSURED criteria 

(Affordable, Sensitive, Specific, User-friendly, Rapid & Robust, Equipment-free, Delivered), 

highlights aspects of a diagnostic device that would make it more accessible. Meeting these criteria 

would remove the need for many of the barriers that prevent effective diagnosis in low-income 
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and rural areas. It would allow medical professionals to travel to patients, bringing diagnosis and 

healthcare to the point of need (PON) or point of care (POC). Although these ASSURED criteria 

were initially developed to improve STI diagnostics, it was almost immediately recognized for its 

application to all PON/POC diagnostic devices.  

 

1.2 Microfluidic Devices and Paper-Based Microfluidic Devices 

In the decades following the onset of the ASSURED criteria, POC diagnostic devices have 

taken innumerable forms for an equally large number of diseases and conditions. On of the most 

effective ways to reduce the cost and increase the accessibility of a diagnostic device is to 

incorporate some sort of miniaturization.9, 19-22 Reducing the materials needed to make a device 

and the volume of solutions required to operate it will increase manufacturability and reduce 

overall cost. Microfluidic devices are perhaps one of the best methods for miniaturization of 

diagnostic devices. Microfluidic devices, defined as fluid handling devices with channel 

dimensions <1 mm, can be manufactured in a variety of ways.9, 23-24 More traditional microfluidic 

devices were originally designed and manufactured using photolithography methods, first 

introduced in 1998.25 Typically, a light sensitive polymer is coated on a surface. A photomask with 

the desired channel dimensions and patterns cut out is placed over the coated surface. The surface 

is exposed to light, and only the unmasked sections. The remaining, soluble section of the polymer 

coating are washed away before a siloxane layer (typically polydimethylsiloxane, PDMS) is placed 

over the remining channel casts. Lastly, the PDMS layer now containing the channels is adhered 

to another flat surface to enclose the channels.24, 26 Using this method, complex microchannels can 

be obtained that can perform impressive fluid manipulation, making low sample volume, high 

throughput methods realizable.27-30  
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While traditional microfluidics are impressive for their throughput and liquid handling 

capabilities, they often rely on syringe pumps and other instrumentation to operate. Efforts have 

been made to minimize or remove these limitations, but some sort of power source is still required. 

To remove these pumps and power sources, researchers have used large reservoirs and gravity,31-

32 air pressure,33 or capillary pressure to drive flow.34-37 However, the most popular way to 

passively drive flow in microfluidics is through capillary action and paper-based microfluidic 

devices.  

In 2007, Martinez et. al. introduced paper microchannels as an alternative to hollow 

microfluidic channels.38 Rather than using a hollow channel, the pores of the hydrophilic cellulose 

membrane act as channels in which solution can flow. Using a similar photolithography technique 

to traditional microfluidic device fabrication described above, they were able to create 

hydrophobic barriers on cellulose filter paper to define channels. The remaining hydrophilic areas 

of the filter paper were used for glucose and total protein detection and quantification.38 While this 

was certainly not the first example of fibrous membranes being used as a method of fluid transport, 

it is commonly referenced as the seminal example of what are now called microfluidic paper-based 

analytical devices (μPAD). Paper has been used as a tool in chemical analysis as far back as the 

1300s with the invention of litmus paper.39 Although one of the earliest known examples, litmus 

paper is a prime example of paper’s most appealing qualities for portable chemical assays. 

Reagents can be dried and stored on paper to be rehydrated and used later. Paper is affordable, 

ubiquitous, and easily disposable. Perhaps most importantly for μPAD, papers hydrophilic and 

porous structure allows for passive flow to occur via capillary force, negating the need for bulky 

external pumps or instrumentation.40-41 These benefits have been harnessed in a myriad of μPADs 

in creative ways for decades. Electrochemical and fluorescent μPAD devices have been 



5 

 

extensively investigated over the years; however, they typically still require some instrumentation 

for excitation or signal readout.42-46 While this instrumentation continues to miniaturize through 

the use of portable electrochemical systems and smartphones, colorimetric detection remains the 

simplest option for point of care testing.  

Colorimetric detection in μPADs is attractive for yes/no readouts; if color is present after 

running the device, target is present in the sample. This type of analysis can be used for 

determining if someone has an infectious disease,47-48 if water is contaminated with bacteria,49-51 

or any other case where any amount or target present is deleterious. Other methods have been 

developed to create quantitative devices without the use of external equipment. For example, radial 

or and distance-based detection methods have been used to quantify heavy metals.52-54 In these 

cases, the metal present in sample is the limiting reagent. As the sample flows through the paper, 

a chelating ligand in the paper binds the target metal, and the distance of the colored product can 

be corelated to the amount of metal that was present in the sample (Figure 1. something). 

Counting based methods work on a similar concept where the number of colored areas or spots 

corresponds to the amount of target present.55 Further, with the ubiquity of smartphones, simple 

image processing apps can be created and used to quantify the intensity of a colored product at a 

test line or spot.46, 56-57 
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Figure 1.1 Examples of different colorimetric detection methods on paper-based devices. A) 
Distance based detection of heavy metals, adapted from work by Cate, D. et. al with permission 
from Lab on a Chip.52 B) Detection based on counting where the number of colored detection 
zones corresponds to the amount of H2O2 present in a given sample. This figure was adapted from 
work by Lewis, G. et. al. with permission from Angewandte Chemi.55 C) An example of 
smartphone detection from Ruppert, C. et. al. uses a free software package from R to create an app 
that can automatically quantify LFA signal intensity for digoxin.58 This figure was adapted with 
permission from Microchimica Acta. 

  

Color generation also varies widely in μPADs based on the target of interest. Chelating 

ligands can be used for heavy metal detection.52, 54, 59-60 Enzymes present in lysed bacteria of 

interest can react with an added substrate to produce a colorimetric reaction.61-63 Enzyme substrate 

pairs can be used in immunoassays. Paper-based devices using antibodies to capture and/or detect 

the target of interest are known as immunoassays. Recent developments in paper-based 

immunoassays use enzyme labeled signal antibodies to enhance signal when target it present.64-66 

However, the most common detection motif for paper-based immunoassays is through the use of 

signal antibody conjugated to nanoparticles in lateral flow assays (LFAs).67-69 
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1.3 Immunoassays  

The first immunoassay was developed in the late 1950s, where radiolabeled insulin was 

used in a competitive assay to determine the concentration of free insulin in a patient’s serum.70-71 

In this type of competitive immunoassay, the more free insulin present in the sample, the less 

labeled insulin can bind to the capture antibody, reducing the detectable signal. Competitive assays 

are one of many types of immunoassays (examples shown in Figure 1.2), but the aspect all have 

in common is their use of antibodies for target capture and/or recognition.72 While signal 

antibodies can be conjugated to fluorophores or radiolabels, one of the most common ways to 

generate signal is through the use of an enzyme/substrate pair. Relying on an enzyme and substrate, 

the signal produced for every target present can be amplified if the reaction is left longer in the 

presence of excess substrate. This method, known as an enzyme-linked immunosorbent assay 

(ELISA), is commonly used but required multiple washing steps to prevent false positives. 

Therefore, in every case described below in Figure 1.2, the most typical layout is in a 96 well plate 

where reagent addition and washing steps can be performed in each well. While multiple 

conditions can be analyzed and spatially separated by well, the procedures for well-plate ELISAs 

are complicated and take either expensive automated equipment or trained personnel to perform. 

Automation instrumentation and trained personnel are both costly, and ELISAs are still time 

consuming, requiring multiple long incubation steps. 
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Figure 1.2 In direct immunoassays, sample is used to coat the well plate, and a detection antibody 
is used to bind any target present in the sample. Indirect immunoassays are similar, but a primary 
antibody is used before the detection antibody with a wash step in between to improve specificity. 
In sandwich immunoassays, the plate is coated with primary antibody, target is added, and a 
detection antibody specific to the target is used to generate signal. Competitive immunoassays use 
an enzyme-labeled competing analyte to generate signal; if more analyte is present in a sample, 
less competing analyte will bind, reducing the signal produced. 

 

A popular alternative to laboratory immunoassays is the lateral flow assay, or lateral flow 

immunoassay (FLA or LFIA) described briefly above.67, 69 This type of paper-based assay relies 

on a series of porous membranes, that contain capture or signal antibody. When sample is added, 

it flows through a sample pad, followed by a conjugate release pad containing dried detection 

antibody. The detection antibody is rehydrated, and is the intended target is present, it will bind to 

the detection antibody. The bound analyte/detection antibody continues to flow past a test strip 

where capture antibody is bound to the surface. As mentioned above, detection antibodies in LFAs 

have traditionally been bound to gold nanoparticles, and the aggregation of these particles at a test 

line produces a deep red color. A generic example of a LFA is shown in Figure 1.3. Although the 

concept of lateral flow assays had been around long before, the first commercially available LFA 

for home diagnostics was a pregnancy test released in 1988.69 Recognizing the impact of this tool 
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for home diagnostics, researchers have spent the following decades developing LFAs for 

communicable diseases,73-75 bacterial infections,74, 76-77 pesticides,78-80 chronic illness 

biomarkers,81-83 and innumerable other examples. The original concept of the LFA is ideal for 

qualitative results where only a yes/no answer is necessary. For example, there are only two 

outcomes of a pregnancy test, pregnant or not pregnant. However, for more quantitative 

applications, LFAs have been paired with smartphones and imaging software to measure the 

intensity of the test line.46, 57-58  

 

Figure 1.3 A generic lateral flow assays is shown above with the locations of the sample pad, 
detection antibody pad, capture antibody test strip, and waste pad. 

 

Unfortunately, signal intensity in nanoparticle LFAs is solely dependent on the binding 

affinity of the antibodies selected and the nanoparticle characteristics. Some research has been 

done to improve upon the nanoparticle characteristics or use different materials, but signal is still 
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limited to antibody binding and nanoparticles.84-87 As is the case with ELISAs, enzymes could also 

be conjugated to the detection antibody in an LFA. While this would theoretically provide an 

option for signal enhancement via an enzyme/substrate reaction, ELISAs contain crucial washing 

steps to remove any unbound, excess enzyme from the well before substrate is added. Without this 

step, unbound enzyme would remain in the well and provide false positive results. Unfortunately, 

the simplicity and linear arrangement of LFAs does not allow for additional washing steps or 

reagent addition steps without further interaction from an end user.  

Many attempts have been made to adjust the geometry of μPADs to provide reagent 

delivery and washing steps to create a POC/PON ELISA. For example, Virma M. et. al. developed 

a device containing a series of stacked and folded paper channels.66 A test strip can be pulled under 

different reagent pads, and buffer can be added to vertically flow the reagents to the test strip. 

While this method simplifies a traditional ELISA significantly, it still requires an end user to 

correctly manipulate the device in timed steps as well as multiple buffer addition steps.66 A rotary 

manifold has been developed by Carrell et. al. to similarly ease the steps of a traditional ELISA.88 

This example removes error that may come from the end user misaligning the paper channels, it 

still requires multiple timed steps from the user.88 A fully automated, user-friendly ELISA would 

be greatly beneficial to improve POC testing and diagnostics, but is still yet to be actualized in the 

literature. 

1.4 Fast Flow, Capillary Driven Devices and Flow Control 

Capillary action has been used to induce passive flow in microfluidic devices since the 

early 2000s.36 These devices use capillary pumps that rely on adhesion and cohesion of 

water/sample to drive flow through the channels of the devices.37 Since their initial inception, 

capillary driven devices have been used for complex liquid handling, valving, sample preparation, 
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and miniaturization of complex biological assays.37, 89-91 However, these devices still require 

complex fabrication, like photolithography techniques, or multiple end-user steps to perform an 

assay.36, 90-91 

In 2018, the Henry group published work demonstrating rapid and sustained flow in 

multilayered paper-based microfluidic devices.92 These devices were simply fabricated with 

double-sided tape and wax-printed paper to form flow channels. The flow rate in the channels was 

over two orders of magnitude greater than flow rates in paper alone, and the flow rates did not 

correspond to mathematical modeling for traditional paper-based flow (Figure 1.3A). Further 

work was conducted to model the flow in these channels, and the power of this new method of 

fluid transport and manipulation is a continued area of research.93 It was also found that similar 

flow characteristics and can be obtained in hollow channels containing no paper, but fabricated 

with polyester transparency film and double-sided adhesive.94-95 Using CAD software and laser 

cutting channel dimensions, complex valving, mixing, and velocity control can be obtained on 

miniature, affordable devices without the need for syringe pumps or other external instrumentation 

(Figure 1.3B and C).95  

 



12 

 

Figure 1.3 A) the first example of this type of simple, capillary driven device was made with 
stacked layers of patterned paper and double-sided adhesive. This work showed rapid, sustained 
flow that did not match the mathematical modeling for traditional paper channels. This figure was 
adapted from work by Channon, R. et. al. with permission from the journal, Analytical 

Chemistry.93 Making hollow channels for capillary flow with transparency film and double-sided 
adhesive, fluid control and manipulation like passive mixing and gradient generation (B); valving; 
and flow rate control (C). These figures were adapted from work by Jang, I. et. al. wither 
permission from the journal Analyst.95 

 

The investigation of these concepts coincided with the onset of the COVID-19 pandemic 

caused by the SARS-CoV-2 virus in early late 2019. Accordingly, we intended to use the benefits 

of these capillary driven devices to create user friendly diagnostic tools to investigate SARS-CoV-

2 biomarkers.  

 

1.5 Capillary Driven Immunoassays for SARS-CoV-2 Biomarker Detection 

SARS-CoV-2, the virus responsible for the COVID-19 pandemic, spread rapidly in late 

2019. By the start of 2023, there had been >600 million reported cases, and >6 million deaths 

associated with the new disease.96 Although social distancing, isolation, and mask-wearing, and 

other preventative measures were implemented, viral shed and transmission of the disease occur 

up to 3 days before the onset of symptoms.97-99 This means that a person not yet experiencing 

symptoms for the disease could already be spreading the virus before they are aware of the 

infection. Because of this, a heavy emphasis was placed on rapid, and affordable testing for regular 

diagnosis. However, the techniques mainly used at testing sites, polymerase chain reaction (PCR) 

or less commonly, ELISAs, are notoriously time consuming, and the infrastructure put in place 

was incapable of handling such high volume.100-101 LFAs for SARS-CoV-2 antigen became widely 

available to the public. However, many of the emergency use authorized tests had poor reliability. 
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When independently tested, many LFA devices performed far worse than claimed by the 

manufacturer in nasal swab samples, having detection limits well above the FDA’s suggestion of 

500 PFU/mL.102 

In this dissertation, three separate capillary driven immunoassays were developed for 

enhanced POC diagnostic testing of SARS-CoV-2. Chapter two describes a colorimetric assay 

using a capillary driven device that automates the steps associated with a traditional well-plate 

ELISA from a single end-user sample addition step. The microfluidic front end of the device 

controls the sequence of flow following sample addition, allowing target, detection antibody, 

washing steps, and reagent delivery to be passively delivered to a nitrocellulose test strip 

containing capture antibody and control line. The device was developed using antibodies against 

SARS-CoV-2 nucleocapsid protein and was used to detect inactivated virus samples. The device 

was tested with virus in buffer, and a filtering step was implemented to detect virus on spiked nasal 

swab samples. On spiked samples, images of the test strips following assay completion were 

captured, and image processing was performed to determine a quantitative detection limit of 222 

PFU/mL. A detection limit of 100 PFU/mL was determined following the FDA’s emergency use 

authorization protocol by polling 20 untrained end users, asking them on which devices they could 

see a test line. This work has been submitted and is under review for the journal Lab on a Chip. 

Chapter 3 expands on the device in chapter 2. The device design and function remain 

similar, but the detection motif used was chemiluminescent. Luminescent assays are popular for 

their increased sensitivity over absorbance-based methods. Additionally, because they require no 

external excitation or light source, chemiluminescent assays are particularly attractive for more 

portable, POC applications.103 Chemiluminescent assays for SARS-CoV-2 IgM and IgG antibody 

detection exist, primarily for drug and vaccine screening tools.104-106 However, this chapter 
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presents the first example of a rapid, capillary-driven chemiluminescent immunoassay for SARS-

CoV-2 antigen. Additionally, this chapter shows data from a single channel device that was used 

in the assay development and optimization. This simplified device can help to rapidly screen assay 

conditions, accelerating proof of concept experiments and the assay development process. Using 

the capillary driven immunoassay device and a benchtop chemiluminescent imager, the analytical 

detection for SARS-CoV-2 nucleocapsid protein was 865 pg/mL. Some data has shown that 

circulating nucleocapsid protein concentration can range from 3-4000 ng/mL in the serum of an 

infected patient; the results in this study are well within that range.107 We believe with further 

optimization and alternative imagers, this limit of detection can continue to improve. This work 

was done in collaboration with Burst Dx Inc. and will be part of a publication they submit when 

proper intellectual property and patents has been secured. 

Chapter 2 and 3 demonstrate novel methods to passively perform the steps from an ELISA, 

but both were only performed for a single analyte. One benefit to laboratory based ELISAs is their 

ability to test for or distinguish between multiple targets simultaneously in spatially separated 

wells. Multiplexed analysis is also the ideal outcome from POC devices as well. Being able to 

monitor multiple biomarkers in a single test would greatly increase the diagnostic value of the 

results. Some LFA designs have been developed to multiplex by either adding more test lines to a 

single test strip or radially placing multiple LFAs surrounding the same sample inlet.108-110 

However, increasing the length of the test membrane too much will slow the assay time, and 

increasing the number of test strips will increase sample volume, both undesirable outcomes. 

Additionally, although some effort to develop more user friendly ELISAs has been discussed 

above, no publication has demonstrated a single-step, multiplexed ELISA. 
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In chapter 4, I present the first example of a single step, spatially separated ELISA that can 

simultaneously detect or distinguish between two targets in a sample using a capillary flow 

microfluidic device. The device was originally designed to distinguish between SARS-CoV-2 and 

H1N1 in patients presenting with symptoms indicative of both diseases. The device is designed 

with a capillary driven microfluidic device that branches off into two sections from the sample 

inlet. Each section has its own nitrocellulose test strip with capture antibody against either SARS-

CoV-2 nucleocapsid protein or H1N1 hemagglutinin. Each section also houses dried signal 

antibody and substrate required for a colorimetric ELISA to take place at the test strips. Upon 

sample addition, either or both target protein present in the sample flow through both test strips, 

and the reagents and subsequent washes required for each ELISA are delivered to their respective 

test strip via capillary action. By design, the geometry of the device channels prevent reagents 

from one section from combining or cross reacting with reagents from the other. Using this device, 

I was able to detect nucleocapsid protein independently with a LOD of 133 pg/mL and 

hemagglutinin independently with a LOD of 840 pg/mL. To demonstrate the devices capabilities 

of detection two targets simultaneously, both nucleocapsid protein and hemagglutinin were spiked 

into the same sample and run in the device. At varying concentrations, signal was present on both 

sides of the device when both targets were present. However, a patient infected with both diseases 

is unlikely. To demonstrate another assay type, nucleocapsid protein was run concurrently with C-

reactive protein, a biomarker associated with inflammation. Again, both targets were detected 

simultaneously. This work will be submitted to Analytical Chemistry in April 2023. 

In this dissertation, I demonstrate the application of simple microfluidic systems for 

automated ELISAs with point of care diagnostics in mind. These capillary driven immunoassay 

devices reduce the complexity of a traditional ELISA to a single end-user step. The immunoassays 
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presented in this work have detection limits in biologically relevant ranges, and some were 

performed in complex biological samples. I also demonstrate the ability to sensitively detect 

multiple biomarkers simultaneously in under 15 min. The immunoassays in this dissertation and 

the technologies they’re developed on represent a significant step forward in affordable, reliable 

diagnostics. 
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CHAPTER 2: CAPILLARY-DRIVEN IMMUNOASSAY PLATFORM FOR RAPID 

COVID-19 ANTIGEN DIAGNOSTICS 

 

2.1 Chapter Overview: 

The SARS-CoV-2 pandemic has made the need for rapid, affordable diagnostics more 

compelling than ever. While traditional laboratory diagnostics like PCR and ELISA are sensitive 

and specific, they can take multiple days to return results to a patient. At-home diagnostics like 

lateral flow assays (LFAs) are a simple, rapid alternative, but many commercially available LFAs 

have been criticized for their poor analytical sensitivity. The Capillary-Driven Immunoassay 

(CaDI) device described in this work uses microfluidic channels and capillary action to passively 

automate the steps of a traditional well-plate ELISA. On adding sample, an enzyme-conjugated 

secondary antibody, wash steps, and substrate are sequentially delivered to test and control lines 

consisting of a capture antibody and recombinant analyte, respectively on a nitrocellulose test strip. 

The end user can visually detect SARS-CoV-2 in 15-20 min, or results can be quantified using a 

smartphone and ImageJ. Analytical limits of detection of 83 PFU/mL for SARS-CoV-2 was 

determined for virus in buffer, and 222 PFU/mL for virus spiked into nasal swabs. Additionally, a 

visual limit of detection of 100 PFU/mL was determined in contrived nasal swab samples by 

polling 20 untrained end-users. While the CaDI device was used for detecting clinically relevant 

levels of SARS-CoV-2 in this study, the CaDI device can be easily adapted to other applications 

by changing the reagents and antibodies. 

For this chapter, my contributions included overall project management, data 

generation/analysis for the CaDI device optimization, data generation/analysis for the CaDI dose 

response curves, initial draft writing for the manuscript, and editing for the manuscript. At the time 
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this chapter was written, the corresponding manuscript was under review in the Royal Society of 

Chemistry journal, Lab on a Chip.  

2.2 Introduction: 

 SARS-CoV-2, the causative agent of COVID-19, is most infectious directly before and 

after the onset of symptoms.1 Studies have shown that viral load in the respiratory tract of patients 

peaks within the first week of symptom onset;2 however, because viral shedding can occur before 

symptom onset, it has been argued that symptomatic and pre-symptomatic spread are large 

contributors to rapid pathogen transmission.3 For this reason, one of the most important tools to 

quell the spread of COVID-19 (and other contagious diseases), is readily available, affordable, and 

rapid testing.4 The ideal diagnostic would be operational outside the laboratory, have high clinical 

specificity and sensitivity (i.e., high positive and negative predictive values), be simple enough for 

average untrained users to operate, and fast enough to screen large numbers of people (<15 min).  

Quantitative polymerase chain reaction (qPCR) is the most common method used to detect 

SARS-CoV-2. qPCR methods have been shown to detect both genomic and subgenomic RNA. 

While genomic RNA would be a good indication that viable, transmittable virus is still present in 

a patient, subgenomic RNA may be remnants of dead or inactive virus that remain in the nose or 

pharynx after a patient is no longer contagious.2, 5 Consequently, work by Alexandersen et al. have 

shown that qPCR can return a positive result up to 17 days after symptom onset when an individual 

is no longer infectious, arguing that PCR targeting subgenomic RNA may have some crucial faults 

as a diagnostic method.5 Furthermore, qPCR requires expensive instruments, trained technicians, 

and several hours to run after the time it takes to transport sample to a laboratory. For these reasons, 

frequent, affordable, testing has been advocated for over infrequent but sensitive qPCR.6-9 Rapid 

testing offering qualitative, yes/no results in less than 30 min would dramatically increase the 
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number of tests performed while providing actionable results. Assays that target antigen detection 

rather than RNA amplification offer a compromise between sensitivity and practicality and are 

available in several formats including laboratory-based enzyme linked immunosorbent assays 

(ELISA) and lateral flow assays (LFAs).  

Laboratory ELISA offers higher sensitivity and specificity than LFAs, but like qPCR 

requires expensive instrumentation and trained technicians, making rapid, point-of-need testing 

extremely difficult.10 LFAs offer an easy-to-use, affordable alternative to laboratory-based testing. 

LFAs are made of inexpensive materials, are user-friendly, and are performed in ~15 min. Most 

LFAs are comprised of a sequence of porous membranes containing dried secondary antibody 

conjugated to gold nanoparticles. When concentrated at a test line the aggregation of gold 

nanoparticles is visible by the naked eye, indicating a positive result. However, the improvements 

in ease-of-use relative to laboratory tests come at the cost of performance. Rapid antigen LFAs for 

SARS-CoV-2 have shown decent performance in controlled settings and much poorer in actual 

clinical validations.11-14 For example, Cubas-Atienzar et al. found that only 4/19 rapid antigen tests 

maintained a limit of detection below the World Health Organization’s suggestion of 500 PFU/mL 

when using dry nasal swabs.13 Additionally, many tests meet the sensitivity requirements only 

when a patient has a high viral load, but struggle to maintain their sensitivity otherwise.15-17 

Therefore, an urgent need still exists for a diagnostic with the analytical performance of a 

laboratory-based ELISA and the ease-of-use of an LFA. 

ELISAs outperform LFAs for several reasons, but their superior sensitivity stems from the 

ability to use an enzyme/substrate reaction as a label instead of a gold nanoparticle.18 LFAs cannot 

use enzyme labels because they lack the ability to sequentially add and wash reagents from the test 

zone.19 The ability to wash excess target, enzyme, and substrate from a well plate also helps 
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improve specificity in ELISAs. Implementing reagent addition and washing steps into an LFA 

would improve their performance but would come at the cost of ease-of-use, affordability, and 

portability, which are the properties that make LFAs one of the most popular diagnostic tools. 

Devices designed to automate the reagent delivery and washing steps associated with an ELISA 

exist, but often require multiple steps, lack simplicity and portability, or are too complicated for 

minimally trained end-users. Table A1 in Appendix 1 highlights several of these technologies.20-

25 Included are devices that perform enzyme-labeled sandwich immunoassays without the support 

of a powered instrument, although some still require complicated designs and manufacturing 

techniques.26-27 Sequential steps in capillary driven devices have been previously demonstrated, 

but often fail to demonstrate efficient washing between reagent addition steps.28-32 Instead, they 

use gold-enhancement reagents to improve the signal of traditional nanoparticle-based assays 

instead of enzyme/substrate amplification, which requires much more stringent washing to avoid 

background noise.28-32   

In this work, we describe a microfluidic device that fully automates the reagent delivery 

and washing steps of an ELISA while retaining the simplicity of an LFA. Using fast-flowing, 

capillary-driven microfluidics discussed in previous works,33-36 the capillary-driven immunoassay 

(CaDI) device sequentially delivers sample, reagents, and wash buffer to a nitrocellulose test zone 

to perform an enzymatic sandwich immunoassay. The CaDI device is created by stacking 

alternating layers of patterned hydrophilic polyethylene film and double-sided adhesive to create 

hollow channels for flow (Figs. S1 and S2). Conjugate release pads embedded in the channels 

contain the reagents needed for each binding step of the assay. A nitrocellulose test strip is 

connected to the outlet of the device for readout, and a waste pad is used to draw buffer and 

reagents through the nitrocellulose. The point-of-care ELISA systems outlined in Table A1 all use 
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cellulose-based channels to transport reagents to the detection zone. Although inexpensive and 

easy to fabricate, paper channels present several problems for immunoassays, including very low 

flow rates, loss of reagent and sample to adsorption/absorption, and the inability to handle large 

sample volumes.33, 37-38 The channels in the CaDI device supply the same power-free capillary 

flow and solve these problems, resulting in more efficient washing of the test zone, increased 

reagent delivery, and 15-20 min assay times.  After adding sample to the CaDI device, all 

remaining reagent addition and washing steps occur automatically, and the assay is complete in 

15-20 min. Results can be read by eye for a positive/negative answer, or a smart phone image can 

be analyzed for quantitative results.  

We previously demonstrated a similar concept to the CaDI device used to detect SARs-

CoV-2 antibodies from whole human blood as well as the tuberculosis marker, LAM.39-40 While 

antibody detection gives information on a person’s level of immunity, it does not necessarily 

diagnose active infections. Here, we demonstrate the CaDI device’s ability to detect SARS-CoV-

2 nucleocapsid protein (N-protein) from inactivated SARS-CoV-2 virus in buffer and in contrived 

clinical samples. Unlike the previous devices, the CaDI device used in this study was improved in 

terms of the manufacturing process as well as uniform reagent delivery to the detection zone. Since 

the CaDI device for this work was designed without overlapping channel geometry, the device 

could be fabricated with fewer steps and layers compared to the CaDI device for detecting SARs-

CoV-2 antibodies. This feature allows the cost of the device manufacturing to be further reduced. 

Also, new design factors were considered to enhance the uniformity of reagent delivery. With this 

device, a detection limit of 83 PFU/mL was obtained for inactivated SARS-CoV-2 spiked into 

buffer run in the CaDI device, only one order of magnitude above the limit of detection (LOD) for 

a traditional ELISA run with the same reagents. Nasal swabs were collected and spiked with 
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inactivated virus; for these contrived samples, an analytical detection limit of 222 PFU/mL was 

determined. In addition to the analytical limits of detection, a visual LOD of 100 PFU/mL from 

contrived nasal swab samples was obtained by polling 20 untrained end-users. Beyond the SARs-

CoV-2 assays demonstrated in this and previous work, the CaDI device can be used for a multitude 

of point-of-care immunoassays. The device represents a major step forward in providing high 

quality diagnostics in at-home and resource limited settings. The CaDI device bridges the gap 

between the easy-to-operate LFA and the high-performing laboratory standard ELISA. 

2.3 Materials and Methods: 

Device assembly:  

The CaDI is made of alternating layers of transparency film (3MTM 9984, Saint Paul, MN, 

USA) and double-sided adhesive (3MTM 467MP, Saint Paul, MN, USA). The channels in each 

layer are cut under a flow of nitrogen gas with a CO2 laser cutter (Epilog Zing, Golden, CO, USA) 

and laminated together using a temperature controlled TruLam laminator at room temperature. The 

channel designs and dimensions are shown in Figure A1.1. The first four layers are stacked and 

laminated. The reagent pads are then added to the channels, followed by the final layer of patterned 

9984 film. Finally, the nitrocellulose test strip (FF80HP Plus, Cytiva, Marlborough, MA, USA) 

was inserted to the outlet of the device and an absorbent material (CFSP223000, MilliporeSigma 

Burlington, MA, USA) was placed on the end of the nitrocellulose and secured with adhesive 

(3MTM 468MP, Saint Paul, MN, USA). To demonstrate sequential delivery and washing in the 

device (Figure 2.2A), tartrazine (yellow dye, 1870 µM) and erioglaucine (blue dye, 800 µM) were 

dried onto reagent pads.34 

 

Reagent pad preparation:  
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The reagent pads were made from a glass fiber conjugate release pad (GFDX203000, 

MilliporeSigma Burlington, MA, USA) pretreated by immersing in a blocking solution of 10 mM 

PBS (Thermo Scientific, Rockford, IL, USA), 3% sucrose, 0.5% Tween-20, and 0.1% thimerosal 

(MilliporeSigma) for 15 min. The pads were removed from the blocking solution, dried overnight 

at 37 °C, and cut into 3×5 mm2 rectangles by hand with a razor blade. The reagent pads containing 

the enzyme-conjugated secondary antibody were further blocked with 15 µL of 0.57% casein 

(MilliporeSigma) dissolved in 50 mM borate buffer per pad and dried for 30-45 min at 37 °C. 

After drying, 5 µL of detection antibody labeled with horseradish peroxidase (2°Ab-HRP) was 

pipetted onto the casein-blocked pad (40143-MM05-H, Sino Biological, Beijing, China) and dried 

for 30 min at 37°C. The 2°Ab-HRP was diluted in a stabilizing, long-term storage buffer consisting 

of 0.01 M ethylenediaminetetraacetic acid, 0.01 M FeSO4, 4% trehalose, and 0.1% BSA in PBS, 

before adding to the pad.41 3,3’,5,5’-tetramethylbenzidine solution (TMBM-0100-01, Surmodics 

Inc., Eden Prairie, MN, USA) was pipetted onto the second reagent pad in 3, 7.5 µL aliquots, 

allowing the pad to dry for 5-7 min at 37 °C between additions. After the final TMB addition both 

reagent pads were dried for 120 min at 37 °C before added to the CaDI device.  

   

Nitrocellulose preparation:  

The nitrocellulose test strip (FF80HP Plus, Cytiva, Marlborough, MA, USA) was striped 

with a control and test line using a BioSpot reagent printer (BioFluidix, Breisgau, Germany). The 

control line was striped with a SARS-CoV-2 N-protein at 0.25 mg/mL (40143-V08B, Sino 

Biological) in a solution of 20 mM Tris, 500 mM NaCl, 10% glycerol, pH 7.4, 5% - 8% trehalose, 

mannitol and 0.01% Tween80. The test line was striped with a monoclonal anti-SARS-CoV-2 N-

protein at 0.88 mg/mL (40143-MM08, Sino Biological). The test line striping solution contained 
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trehalose (Calbiochem, San Diego, CA USA) and glycerol (Mallinckrodt, Dublin, Ireland) with 

final concentration of 45 mM and 4.5% respectively to increase stability of the protein during 

drying. After striping, the nitrocellulose was dried overnight in a desiccator and blocked with 

StabilguardTM (SG01-1000, Surmodics Inc.) by allowing it to wick through the membrane from 

bottom to top until the membrane was fully saturated. The nitrocellulose was then dried again for 

5 h at 37 °C before cutting into 3×15 mm2 strips with the laser cutter and stored at 4°C with 

desiccant pouches until use.  

 

Assay operation:  

The extraction/running buffer was made of a 1.5X stable peroxide buffer (Thermo Fisher, 

34062) buffered to pH 6.5 with sodium hydroxide. 150 mM sodium chloride and 0.1% Igepal 

CA630 were added for viral lysis and inactivation (Fisher Scientific), and 0.1% Tween-20 was 

added to reduce non-specific adsorption. Inactivated SARS-CoV-2 virus (USA-WA1/2020) was 

prepared and quantified by plaque assay as previously described.42 Inactivated virus was spiked 

into extraction buffer at the desired concentration before 100 µL of sample is added to the sample 

inlet on the CaDI device to begin the assay. For experiments requiring nasal swab samples, an 

anterior nares swab (FoamTec Medical, MP1301AST) was collected under approval of the IRB 

board of Colorado State University by swabbing the inside of the nostril, three rotations of the 

swab in each nostril. For spiked swab samples, 50 µL of inactivated virus sample was added to the 

swab after collection. The swabs were submerged in 300 µL of extraction buffer, swirled for 15 s, 

filtered with a 0.2 µm PTFE syringe filter (Fisher, 13-1001-14), and 100 µL of the filtered sample 

was added to the device to begin the assay. The workflow for nasal swab samples can be seen in 

Figure 2.1.  
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Figure 2.1 The workflow for nasal swab samples is shown above. After a swab is collected, it is 
submerged in extraction buffer to lyse any virus present. The buffer/sample is then pushed through 
a syringe filter before adding to the device. 
 

The 100 µL of extraction buffer provides the washing buffer and target analyte, while the 

CaDI device supplies all other reagents, so no further end user input is required. The assay is 

finished once the channel above the substrate reagent pad is emptied, which takes 15-20 min. The 

nitrocellulose strip is then allowed to dry at room temperature for 5 min before imaging for 

analysis. 

 

Image/Data Analysis:  

After an assay was complete, the nitrocellulose was removed, dried, and placed on a white 

background in a light box containing 16 LEDs for consistent lighting.20, 43 Images were captured 

using a Motorola One smartphone. NIH ImageJ software was used for analysis. Images were 

inverted, converted to 8-bit greyscale, and the area around the test line was surrounded using the 

polygon tool. The mean gray value was taken for the selected area at the test line and directly 

below the test line. The ratio of the two values (test line/background) is the “mean gray ratio,” and 

helps account for slight differences in lighting/background between images. The mean gray ratio 

was used as the signal to quantify the color change at the test line. 
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Visual LOD: 

For the visual limit of detection, a variation of methods from FDA emergency use 

authorization approved devices was used.44  CaDI devices were run (n=1) at varying 

concentrations (0, 50, 100, 200, 300, 400, 500 PFU/mL) of inactivated virus following the nasal 

swab assay operation as previously described. First, an anterior nasal swab was collected by 

swabbing inside both nostrils, 3 rotations in each. 50 µL of inactivated virus sample was then 

added to the swab after collection. The swabs were submerged in 300 µL of extraction buffer, 

swirled for 15 s, filtered with a 0.2 mm PTFE syringe filter (Fisher, 13-1001-14), and 100 µL of 

the filtered sample was added to the device to begin the assay. The nitrocellulose test strip was 

removed from the device, placed into a small petri dish, and randomly assigned a letter between A 

and G. 

Twenty untrained volunteers were recruited and informed that two lines present on the 

nitrocellulose membrane indicate a positive test, while a single line indicates a negative test. They 

were instructed to look at each of seven nitrocellulose test strips and to identify each strip as a 

positive or negative test. Responses for each nitrocellulose test strip were recorded. 

 

Well-Plate ELISA: 

50 mL of 40143-MM08 (1 mg/mL diluted in 10 mM PBS, pH 7.2, along with 45 mM 

trehalose and 4.5% glycerol) was added to each well in a Corning™ Costar® 96-well assay plate 

and allowed to adsorb overnight at 4 °C while shaking. Each well in the plate was then washed 

three times with 200 mL of wash buffer (10 mM PBS containing 0.1% Tween-20). After washing, 

wells were blocked with 200 mL StabilGuard™ Immunoassay Stabilizer for 1 h at 37 °C while 

shaking. After an additional 3 washes, 50 mL of varying concentrations of inactivated SARS-CoV-
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2 virus (diluted in extraction buffer with varying conditions described in the supplemental section) 

was added to the wells and allowed to incubate for 1 h at ambient temperature while shaking. Each 

well was washed three times, and 50 mL of 40143-MM05 (0.5 µg/mL diluted in drying buffer 

described above) was then added to each well and incubated for 1 h at ambient temperature while 

shaking. After a final three washes, 50 mL of TMB substrate (1-Step™ Ultra TMB-ELISA, 

Thermo Fisher Scientific) was added to each well and allowed to react for 2.5 min. This reaction 

was then stopped by adding 50 mL of 1 M H2SO4 to each well and read at OD 450 nm with a 

Perkin Elmer VICTORTM X5 2030 Multilabel plate reader. 

2.4 Results and Discussion: 

Sequential delivery and washing: 

Sandwich immunoassays are a popular format for LFAs and ELISAs and use two 

antibodies that bind to different epitopes of the target antigen for signal production.45 To visualize 

the steps of the sandwich assay used in the CaDI device, yellow dye was used to simulate the HRP-

conjugated secondary antibody, and blue dye was used to simulate the TMB substrate (Figure 2.2A 

and 2.2B). After adding sample diluted in extraction buffer, the CaDI device channels fill, and 

sample reaches the nitrocellulose. The grey arrows in Figure 2.2B show the direction in which the 

channels fill from the sample inlet. As the channels fill, air escapes from the channels via vents 

above the two conjugate release pads. Once the channel is filled and the nitrocellulose is wetted 

by the sample, all fluid in the CaDI device flow into the waste pad through the nitrocellulose, 

because the capillary force at the waste pad is the only driving force after this point. However, the 

order of flow is determined depending on the channel geometry such as the channel height and 

length between the waste pad and sample inlet working as an inlet for the air.  
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Figure 2.2 (A) Molecular level representation of the immunoassay steps using an HRP-labeled 
antibody. The steps show here occur at the test line on the nitrocellulose. (B) Simulation of reagent 
addition and washing steps using yellow food dye to represent the HRP-antibody and blue food 
dye to represent the TMB substrate. (C) 3D rendering of the CaDI device channels that show how 
each plug of buffer in the channels is used in the assay. 

 

In step 1 (Figure 2.2C), N-protein conjugates to a capture antibody at the test line of the 

nitrocellulose. The channel area of step 1 has the shortest length between the waste pad and the 

sample inlet, so the remaining sample after filling the channel area flows through the nitrocellulose 

first. As the solution flows through the nitrocellulose, the dried reagents (represented by blue and 

yellow dye in Figure 2.2B) are rehydrated and sequentially flow through the nitrocellulose and 

across the test and control lines. During step 2, the buffer in the channel between pad 1 and the 

inlet is used to rehydrate and transport 2°Ab-HRP (represented by the yellow dye in Figure 2.2B) 

to the test line where it binds to the target. Although two channels are connected to the sample 

inlet, air only comes into the channel on the top half of the inlet because the height of this channel 

is larger (see Fig. A1 and A2 in Appendix 1 for channel dimensions and layers). There is N-protein 
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in the buffer that will bind to 2°Ab-HRP in the conjugate release pad; however, in this study this 

did not lead to a noticeable hook effect.  

In traditional ELISAs, washing by rinsing the well several times with 200-500 µL of wash 

buffer is required before adding the substrate to prevent high background and/or false positives. 

These washing steps help improve sensitivity and specificity but add time and complexity.46-47 

Thorough washing is difficult in LFAs due to the fact that the buffer flows linearly through the 

LFA without any separation of steps by flow. The washing step in a CaDI device is performed 

using the buffer occupying the channel between pad 2 and the nitrocellulose membrane (Step 3). 

This wash step is critical for removing any excess 2oAb-HRP from the test line, preventing false 

positives. After efficiently washing excess 2°Ab-HRP from the channels, rehydrated TMB 

substrate (represented by the blue dye in Figure 2.2B) is rinsed through the nitrocellulose (Step 4). 

The dye simulations of reagent delivery and washing like those shown in Figure 2.2B were used 

to optimize channel dimensions to ensure proper washing before running an immunoassay. For 

example, because the channel on the right has a shorter height, buffer fills that channel slower at 

the sample loading step. The serpentine pattern in the left-most channel was added to ensure that 

the buffer from both channels meet at the TMB pad at similar times, preventing air bubbles from 

stopping flow. The pinched channel near the nitrocellulose was implemented in an attempt to 

induce passive mixing,48 ensuring that the 2°Ab-HRP and TMB cover the nitrocellulose evenly as 

they flow through. 

 

Enzyme-substrate system:  

The next consideration for the CaDI antigen assay was the choice of enzyme and substrate. 

With a single sample addition step, all washing, binding, and enzymatic reaction steps must occur 
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under the same conditions. Each of these steps has its own optimal operating conditions, so 

determining assay parameters that can work for the entire assay was critical. Horseradish 

peroxidase (HRP) was chosen for this application because it is stable and active at physiological 

pH and has several colorimetric substrates that can be used for naked-eye detection. Of these 

substrates, 3,3’,5,5’-tetramethylbenzidine (TMB) was chosen. Oxidized TMB is soluble and 

would be washed through the nitrocellulose after reacting with HRP and H2O2 under normal 

conditions. However, the commercially available TMB blotting solution used contains additives 

that form an insoluble product, leaving a dark blue precipitate.  

 

Immunoassay optimization:  

Immunoassays are highly dependent on the specificity and binding efficiency of the 

antibodies. An extensive report on commercially available antibodies for SARS-CoV-2 N-protein 

detection was published in 2021, and the results from that study were used to guide the antibody 

selection in this work.49 Five Sino Biological antibodies were chosen for screening in the CaDI 

devices (Figure A1.3 and A1.4), and 40413-MM05 and 40413-MM08 were chosen as the detection 

and capture antibodies respectively as a result. To determine optimal buffer conditions, a 

traditional well-plate ELISA was performed under different buffer conditions as described in the 

methods section (Figure A1.5). The extraction buffer at pH 6.5 and 150 mM NaCl was comparable 

to buffer at pH 7.4 and 225 mM NaCl.  However, the optimal pH for antibody binding is ∼7.2, 

and the optimal pH for HRP activity is ∼5.5.50 Since it lies in between that pH range, buffer 

containing 150 mM NaCl at pH 6.5 was chosen as the extraction buffer. The surfactants in the 

extraction buffer, Igepal and Tween-20, serve to both lyse the virus if any is present and help 

reduce non-specific binding of proteins and secondary antibodies to the test line. The volume of 
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TMB dried on the conjugate release pads was determined by holding all other conditions constant 

and adjusting the TMB volume. Volume was used for optimization instead of concentration as the 

concentration is proprietary information from the supplier. The buffer conditions described above 

were used, and the MM05-HRP concentration was 20 µg/mL. Devices were then run at 0 and 550 

PFU/mL for each TMB volume. A volume of 22.5 µL was chosen as the condition that gave the 

greatest signal before increasing signal in the blanks (Figure 2.3A). The concentration of MM05-

HRP was determined in a similar fashion.  All other conditions were held constant, and the 

concentration of the 2°Ab-HRP was varied. For the 2°Ab-HRP, 5 µL of 20 µg/mL was chosen 

similar reasons as the TMB optimization. Despite the error in the positives, 20 µg/mL MM05-HRP 

is the concentration that had the greatest average signal before increasing the error in the blank 

(Figure 2.3A and B). 

 

Figure 2.3 (A) Buffer conditions (described above) and 2oAb-HRP concentrations were held 
constant (20 µg/mL) while the volume of TMB dried on the conjugate release pad was varied. (B) 
Buffer conditions (described above) and TMB volume were held constant (22.5 μL) while the 
concentration of 2oAb-HRP was varied. Each condition was run with 0 and 550 PFU/mL of 
inactivated virus to determine the condition that would give the greatest signal without increasing 
the signal of the blank. 
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Assay performance:  

Figure 2.4 shows the comparison between the CaDI device and a well plate ELISA using 

inactivated SARS-CoV-2 spiked into extraction buffer. Varying concentrations of inactivated 

virus was spiked into buffer and run in either a well plate ELISA or the CaDI device. After 

completion of the CaDI devices, the nitrocellulose was removed from the device and images 

were captured with a Motorola 1 smartphone under a light box lined with 16 LEDs. The images 

were opened in ImageJ, converted to 8-bit gray scale, and the color was inverted. The “mean 

gray ratio” (eq 2.1) was gathered by taking ratio of the mean grayscale value of the test line, 

divided by the same area just below the test line. 

𝑚𝑒𝑎𝑛 𝑔𝑟𝑎𝑦 𝑟𝑎𝑡𝑖𝑜 =  𝑡𝑒𝑠𝑡 𝑙𝑖𝑛𝑒 𝑚𝑒𝑎𝑛 𝑔𝑟𝑎𝑦 𝑣𝑎𝑙𝑢𝑒𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝑚𝑒𝑎𝑛 𝑔𝑟𝑎𝑦 𝑣𝑎𝑙𝑢𝑒 (2.1) 

For the dose response curves, the data was fit to a four-parameter logistic regression (eq 

2.2), where y is the mean gray ratio, x is concentration, 𝑎 is the theoretical response with no 

target present, 𝑏 is the slope factor, 𝑐 is the inflection point, and 𝑑 is the theoretical response 

with infinite target present.  

𝑦 =  𝑑 + 𝑎 − 𝑑[1 + (𝑥𝑐)𝑏] (2.2) 

Solving eq 2.2 for x, the limit of detection (LOD) was determined as the concentration 

when y is equal to the signal of the blank, Sb, plus three times its standard deviation, σb (eq 2.3). 

𝐿𝑂𝐷 = 𝑐 [( 𝑎 − 𝑑(𝑆𝑏 + 3 ∗ 𝜎𝑏) − 𝑑) − 1]1𝑏  (2.3) 
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Using equations A1.1-A1.3, an analytical detection limit  of 8 and 84 PFU/mL for the 

ELISA and CaDI device respectively. Although this is a 10-fold difference in LOD, the four 

parameter logistic fits for these curves align closely, but the biggest contribution affecting the 

difference in LOD is the standard deviation of the blank in the CaDI device. The higher LOD and 

greater standard deviation is due in part to the difference in the instrumentation used for 

quantification: A UV-Vis spectrophotometer with a 0.5 cm path length for the ELISA versus a cell 

phone image inside a homemade light box for the CaDI. Additionally, the TMB solution used here 

is supposed to make an insoluble product that will remain at the test line; however, some oxidized 

TMB can still be seen flowing into the waste pad. In the well-plate ELISA, all the product is 

contained in the well, ensuring all colored product is detected by the plate reader. Importantly, the 

CaDI device achieved similar performance to the ELISA in a much simpler format. The ELISA 

requires 18 pipetting steps, over 5 h of analysis time, and an expensive instrument (∼$5,000-

15,000) for quantification. The CaDI only requires one pipetting step, 15 min from sample addition 

to result, and results can be quantified from smartphone images. The results in Figure 2.4 

demonstrate the CaDI device’s ability to provide the performance of a complex, laboratory-based 

ELISA with the simplicity of a standard LFA. 
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Figure 2.4 Inactivated virus diluted in extraction buffer comparing the CaDI devices (blue 
triangles and dashed trace) to a well plate ELISA (red circles and solid trace). The limits of 
detection were 86 PFU/mL and 8 PFU/mL for the CaDI and ELISA respectively. Each point for 
the ELISA and CaDI devices were run as n=3 for standard deviation, except for the blank in the 
CaDI devices which was run as n=5. 

 

 

Nasal Swab Samples: 

To demonstrate the CaDI device’s ability to perform in complex sample matrices, spiked 

nasal swab samples were also run in the device. Unfortunately, due to cellular debris and mucins 

from nasal samples, the pores of the nitrocellulose clog in the current design of the device, so a 

filtering step was implemented for nasal swab samples. This filtering step is necessary for the 

current device format, but future will be performed to incorporate on-device filtering to maintain 

simplicity for POC testing. Anterior nares nasal swab samples were collected from individuals 

who had recently tested negative for SARS-CoV-2 by swirling 3-5 times in each nostril, and 50 

µL of varying inactivated virus concentrations was added to the swab. Each swab was then 

submerged in 300 µL of extraction buffer and swirled for 15-20 s at a frequency of 1-3 Hz.51 The 
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sample was then pushed through a syringe filter before 100 µL of the filtered sample was added 

to the inlet of the CaDI device. After filtering, the nasal sample assays completed in a similar 

amount of time as the assays run with buffer (15-20 min). From this experiment, an LOD of 222 

PFU/mL of the solution spiked on the nasal swab was determined (Figure 2.5).  

Our LOD is slightly more than double that of the virus diluted in extraction buffer. This 

makes sense considering that 50 µL of virus-containing solution is diluted in 300 µL of buffer after 

being added to the swab. It’s possible that the complexity of the sample matrix and loss to the swab 

and filter also contributed to the higher LOD. Additionally, there was minor background signal in 

the blanks, which affects how the LOD is calculated in eq 2.3. Although these issues were minimal, 

we believe that further optimization and blocking of the NC would improve this LOD further. 

 

 

Figure 2.5 50 µL of varying virus concentrations was added to nasal swabs after collected (n=3 

for each concentration). The swabs were submerged in extraction buffer, filtered, and added to the 

device. The LOD from this study was 222 PFU/mL. 
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In addition to the analytical LOD described above, anterior nares swab samples were 

collected and spiked with 50 µL of six varying inactivated virus concentrations.  The swabs 

samples were filtered and ran on CaDI devices as described above, and the resulting randomized 

nitrocellulose strips were shown to 20 untrained end-users who were blinded to the virus 

concentration. Individuals were asked to identify which strips were positive, e.g., which strips 

showed both test and control lines. Of the individuals polled, 100% identified 100 PFU/mL as 

positive, and 0% identified the blank as positive (Table 1). The FDA suggests that a visual LOD 

is the concentration at which 19/20 untrained end users can correctly identify a positive result 

(95% sensitivity),44 meaning the visual LOD for the CaDI is 100 PFU/mL from this study. This 

LOD is significantly below commercial tests on the market today.13 

Table 2.1 Visual limit of detection study. Twenty individuals were asked to identify 
positive results on nitrocellulose that was run from nasal swabs with the virus 
concentrations listed below.  
Virus Concentration (PFU/mL) 0 50 100* 200 300 400 500  

Individuals who marked 
"positive" 0 7 20 20 20 20 20 

 

Total individuals polled 20 20 20 20 20 20 20  

Percent correctly identified 100% 35% 100% 100% 100% 100% 100%  

*Visual LOD  

 

2.5 Conclusion: 

Current antigen LFA devices, while easy to use and relatively cost effective, are limited in 

specificity and sensitivity due to the lack of signal amplification and washing steps. An ideal 

replacement would maintain the operational simplicity of LFAs while adding these functions 

found in more sophisticated ELISA assays. We have described a method here that addresses 

shortcomings with current LFA technologies by adding a microfluidic front end to provide 
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complicated fluid handling in line with a nitrocellulose membrane. The resulting CaDI device can 

be fabricated without utilizing an overlapped channels and perform sample delivery, washing, and 

signal amplification steps from a single sample addition. Using the CaDI device, we were able to 

detect clinically relevant levels of SARS-CoV-2 N-protein from nasal swabs in under 20 min. 

Because of the device’s unique design, the sample addition, reagent delivery, and washing steps 

associated with a traditional well-plate ELISA can be performed from a single end-user step with 

the resulting quantitative data having the same general concentration trend as an optical 

instrument. Furthermore, we were able to show detection limits of 100 PFU/mL for contrived nasal 

swab samples using naked eye detection by untrained users. This represents a significant 

improvement over existing COVID-19 LFA systems. Finally, while the CaDI device has been used 

to detect SARS-CoV-2, by changing the antibodies and antigens used in the device, we can detect 

any biomarker(s) associated with other disease states. Due to its low cost and ease of use, we 

believe the CaDI device will be a valuable platform for rapid diagnostics in the future. 
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CHAPTER 3: DEVELOPMENT OF A CAPILLARY DRIVEN IMMUNOASSY FOR 

PROOF-OF-CONCEPT WITH CHEMILUMINESCENT DETECTION OF SARS-CoV-2 

NUCLEOCAPSID PROTEIN 

 

3.1 Chapter Overview: 

 In Chapter 2, I described a simple, affordable capillary driven immunoassays for rapid 

diagnostic devices. However, previous examples are limited to either visual or electrochemical 

readouts. One quantification method that has been unexplored to this point is the use of 

chemiluminescent substrates for detection. Chemiluminescence has been widely used in ELISAs, 

Western Blots, and other bioassays. These assays often boast more sensitive detection limits over 

their absorbance or visual counterparts but remain complicated and time consuming. Incorporating 

chemiluminescent readouts in the capillary-driven immunoassay (CaDI) devices previously 

described in Chapter 2 could pair higher sensitivity with the simplicity of the CaDI devices. In this 

Chapter, I describe the development of a chemiluminescent immunoassay for SARS-CoV-2 

nucleocapsid protein (N-protein) in the CaDI device described in Chapter 2. Assay development 

and optimization tools are described. After initial optimization, a detection limit of 865 pg/mL was 

ascertained for recombinant N-protein from SARS-CoV-2 using a benchtop chemiluminescent 

imager. To our knowledge, this is the first example of an affordable, rapid, and near POC 

chemiluminescent assay for the detection of SARS-CoV-2 nucleocapsid protein. This work was 

primarily conducted as a collaboration of Burst Diagnostics, Inc as a part of a 6-month industry 

internship. The work will be submitted for publication after the appropriate intellectual property 

protections are in place. I will be an author on the paper and the patent application.  
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3.2 Introduction: 

Immunoassays are a common tool for the detection of biological markers since their 

inception in the late 1950s. Although dangerous due to its radioactivity, the first reported radiation-

based immunoassay was used to detect insulin in serum in 1959.1 Since then, much safer labels 

have been used in diagnostic assays. The use of capture and signal antibodies, both of which are 

highly specific to the target of interest, make them a selective and sensitive method. In place of a 

radioactive label on the signal antibody, researchers began using safer alternatives following the 

invention of immunoassay, including fluorescent labels,2-3 electrochemical labels,4 and enzyme 

labels.4-6 A substrate specific to an enzyme-labeled signal antibody can be added to react with the 

enzyme, enhancing signal that can be produced if target is present. This method, known as an 

enzyme-linked immunosorbent assay (ELISA) is especially popular to researchers since lower 

limits of detection can be obtained through this enzyme/substrate reaction. While electrochemical 

and absorbance methods are possible with ELISAs, luminescent products are another popular 

option for highly sensitive detection.  

During luminescence, electrons return to ground state from an excited state, emitting 

radiation as light typically in the wavelength range of λ = 300-800 nm.7-8 Chemiluminescence (CL) 

occurs when electrons are moved to an excited state as a result of a chemical reaction, meaning an 

external source of excitation is unnecessary like in fluorescence (Figure 3.1). The lack of an 

external source means that common issues such as light scattering or error in the excitation source 

can be avoided.8 CL assays also benefit from direct measurement of the photons emitted as 

opposed to indirect methods such as absorbance. Because of these advantages, chemiluminescent 

labels and assays have been investigated since the early 1970s.9  
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Figure 3.1 A generic chemiluminescent Jablonski diagram is shown where the energy for electron 
citation is provided by a chemical reaction. 

 In recent years, CL assays seem to be primarily used for antibody detection and 

quantification for diagnostic purposes and medicine/vaccine development. These assays are highly 

specific and can be multiplexed, making them ideal for rapid screening of large panels of 

antibodies.8, 10-11 In the previous decades, automated instrumentation has been created to capitalize 

on these advantages, making CL assays a powerful analytical tool.12 While CL assays maintain the 

benefits of greater sensitivity, faster time-to-results than ELISAs, and automation, these benefits 

come with severe downsides. Large-scale instrumentation can cost >$100,000 for automated CL 

immunoassay systems.13 Additionally, CL assays require trained technicians, multiple steps, and 

lab space, all of which increase cost further. These issues soften the appeal that comes from CL 

assay advantages. To maintain the advantages and mitigate the drawbacks, many attempts have 

been made to make the CL assay process more user-friendly.14-17  

Lateral flow immunoassays are designed using a sequence of treated, fibrous membranes 

for sample and signal antibody delivery to a capture antibody.18-20  Most lateral flow assays rely 

on gold nanoparticle labeled signal antibodies. An enzyme label would likely enhance signal 

produced, but washing steps would be required to reduce false positives from unbound signal 
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antibody. Devices that have been designed to make CL immunoassays more user-friendly still 

require multiple end-user steps after sample addition, and none have demonstrated effective on-

device washing steps.15-17  

Since CL assays have been heavily used in antibody detection and quantification for so 

long, it follows that many of the CL assays for SARS-CoV-2 antibodies and immune response was 

an appropriate application following the outbreak in late 2019.21-23 By monitoring antibodies 

multiple antibodies for SARS-CoV-2 (IgG, IgM, and IgA), information can be gleaned about a 

patient’s current state of infection and disease progression.24 This information can assist in 

prognosis and treatment of patients, helping allocate hospital resources more effectively. Despite 

their power, antibody assays cannot diagnose active infection by themselves. The presence of 

antibodies against SARS-CoV-2 does indicate that a person has had the disease, but since it does 

not actively detect antigen or RNA form the virus, it can only indirectly indicate that an infection 

has occurred. Despite this, it seems as though very few CL assays for SARS-CoV-2 antigen have 

been developed, Therefore, PCR and ELISA remain the most popular methods for lab-based 

SARS-CoV-2 diagnostics.  

For at-home diagnostics for SARS-CoV-2, the colloidal gold-nanoparticle lateral flow 

assay still dominates the field. These assays are much cheaper and are simple enough where the 

general public can operate and interpret results at home. In Chapter 2, I explain the advantages of 

the CaDI device over the traditional LFA. Briefly, the CaDI uses a simple microfluidic device to 

automate the steps of a well-plate ELISA from a single end-user step. This type of immunoassay, 

which typically takes dozens of pipetting steps and hours to complete, can be run in under 30 min 

on the CaDI system. Combining the benefits of the CaDI and a CL assay could potentially combine 

the advantages of both, namely, an even more sensitive assay on an affordable and rapid platform. 
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Despite the advantages of the CaDI device, assay development and proof of concept can still be 

time consuming and tedious. Reagent pad conditions, drying buffers, concentrations, and many 

other factors can influence the results on the NC membrane. Removing some of these variables 

would allow for a quicker screening of antibodies and assay feasibility. To this end, a single-

channel device was developed in this work. Reagents for the sandwich immunoassay were pipetted 

individually to the reagent well, and the assay can be completed in 4 steps and 10 min. 

Using the CaDI described in Chapter 2 of this thesis to provide sequential reagent delivery 

and washing steps, a fully automated CL immunoassay can be performed for SASRS-CoV-2 N-

protein detection. Here, I present the use of a single-channel device used as an assay development 

tool. The single-channel device removes reagent pads, drying steps, and other variability that could 

influence the results on the NC. This device was used initially to show proof of concept for the CL 

assay on a NC membrane but could be used for rapid assay development for future targets. Once 

feasibility was shown on the single-channel device, the reagents used were dried on conjugate 

release pads and incorporated into the full CaDI device. The device can be operated in a single 

sample addition step, and images were capture with a benchtop CL imager. The CL CaDI assay 

conditions were optimized, and a quantitative limit of detection of 865 pg/mL N-protein was 

determined. This LOD is within the range found in the blood and saliva of clinically positive 

patients,25-26 and we believe with further work and optimization, the LOD will continue to improve. 

 

3.3 Materials and methods: 

Nitrocellulose preparation:  
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Different 16x3 mm2 nitrocellulose (NC) membranes (FF80HP Plus, FF120HP Plus, 

FF170HP Plus, Cytiva, Marlborough, MA, USA and Vivid90, Pall, NY, USA) were used for the 

assay. Capture antibody solution containing 0.88 mg/mL anti-SARS-CoV-2 nucleocapsid protein 

Ab (40143-MM08, Sino Biological, Beijing China), 0.44 M trehalose, and 4% glycerol was striped 

5.5 mm from the top end of the strip using a BioSpot reagent printer (BioFluidix, Breisgau, 

Germany). A SARS-CoV-2 nucleocapsid protein solution containing 25 ng/mL NP (40143-V08B, 

Sino Biological), 50 mM NaCl, 1% glycerol, 0.8% trehalose, and 0.01% Tween80 was striped 5.5 

mm from the bottom of the NC. The NC was then dried overnight in a desiccator at RT. The 

following day, the NC was blocked by allowing StabilguardTM (SG01-1000, Surmodics Inc.) to 

wick through the NC from top to bottom in the direction that the device will flow once assembled. 

The NC was dried again at 37oC for 5 hrs, and yellow or red food dye diluted in DI water was 

striped 2 mm from the top and bottom of the NC respectively to ensure the NC is in the correct 

orientation when assembled in the device. The NC was lastly cut into 16x3 mm2 strips. 

 

Single-channel immunoassay device assembly and operation: 

To quickly screen the intended antibody pair and CL reagent, a single-channel device was 

developed to simplify the reagent delivery process and remove any variability that may come from 

the full CaDI device. The single-channel device was assembled with 3 layers of transparency film 

(3MTM 9984, Saint Paul, MN, USA) and 2 layers of double-sided adhesive (3MTM 467MP). The 

layers were cut using a CO2 laser (Epilog Zing, Golden, CO, USA) before assembling to create a 

10.5x3 mm2
 channel and a reagent inlet of 5 mm Ø. A capture antibody solution of 0.88 mg/mL 

capture Ab (40143-MM08, Sino Biological) was made containing 4% glycerol and 44 mM 

trehalose. A 15x3 mm2 nitrocellulose membrane (FF80HP Plus, Cytiva, Marlborough, MA, USA) 
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was spotted with 0.5 μL of capture antibody solution, pipetted by hand 0.25 μL at a time. The NC 

was dried at 37oC for 7 min between additions of capture antibody solution, and for an additional 

30 min after the second addition. The membrane was blocked by allowing StabilguardTM (SG01-

1000, Surmodics Inc.) to wick through the membrane. The membrane was then dried again for 30 

min at 37oC. The NC was then inserted into the single-channel device opposite from the reagent 

well. The NC was connected to a waste pad with an adhesive backing. A sample solution was 

made containing 0.5 μg/mL 2oAb-HRP (40143-MM05-H, Sino Biological, Beijing, China), and 0, 

1, 10, or 100 ng/mL of recombinant N-protein (40143-V08B, Sino Biological) in the “extraction 

buffer” descried in Chapter 1. To operate the device, 10 μL of sample solution was added to the 

reagent well. When the solution had completely drained through the NC membrane, 20 μL of blank 

extraction buffer was added to the well as a wash. After the wash buffer had drained, 10 μL of CL 

reagent (Pierce™ ECL Plus Western Blotting Substrate, ThermoFisher, Waltham, MA, USA) was 

added to the well. Within 30 s of adding the CL reagent, the device was placed into the CL imager, 

and an image was captured with a 5 s exposure. The device was removed, and an additional 20 μL 

of extraction buffer was added to wash. A second image was taken with 5 s exposure following 

the wash.  

 

Reagent pad preparation:  

Glass fiber (8980, Ahlstrom, Helsinki, Finland) was submerged in 1% PVP dissolved in 

0.15 M PBS, pH 7.4, then dried overnight at 37oC. The blocked pads were then cut into 3x5 mm2 

rectangles. Varying volumes of different CL reagents (SuperSignal™ West Dura Extended 

Duration, 34075, ThermoFisher) were dried onto the CL reagent pad 7.5 μL at a time, drying for 

8-10 min between each addition. After the final addition, the pads were dried for 2 hrs. The 2oAb-
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horseradish peroxidase (HRP) pads were blocked further with 15 μL of 0.5% aged casein27
 adding 

7.5 μL at a time and allowing to dry for 30 min after the final addition. Once dry, 2oAb-HRP 

(40143-MM05-H, Sino Biological) was diluted to 20 μg/mL in a drying buffer for long-term 

stability,28 and 5 μL was added to each pad. The pads were then dried for 30 min at 37 oC before 

assembling in devices. 

 

CaDI Device assembly:   

The CaDI device assembly has been described in Chapter 2. Briefly, the patterns and 

dimensions are drawn in CorelDraw software (2017) and cut into alternating layers of polyester 

transparency film (3MTM 9984) and double-sided adhesive (3MTM 467MP) with a CO2 laser cutter 

(Epilog Zing, Golden, CO, USA). The bottom four layers are then stacked and cold laminated to 

press the layers together. Before the top transparency film layer is added, the CL reagent pad and 

the 2oAb-HRP pad are added to the device. The nitrocellulose test strip striped with capture 

antibody test line and NP control line are added to the outlet of the device. A waste pad 

(CFSP223000, MilliporeSigma Burlington, MA, USA) is pressed down on an adhesive backing to 

where it overlaps with the NC by 2 mm. 

 

Assay operation:  

Recombinant N-protein from SARS-CoV-2 (40143-V08B, Sino Biological) was diluted to 

varying concentrations in an extraction buffer made of 1.5x Pierce Stable Peroxide buffer (Thermo 

Fisher, 34062), 150 mM NaCl, 0.1% Tween-20, and 0.1% NP-40 at pH 6.5. After devices are 

assembled, 100 μL of sample is added to the sample inlet. The device is sealed within the CL 

camera assembly of the chemiluminescent imager (GE ImageQuant LAS 500). After waiting 15 
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min, images are captured every 30 s with 10 s exposures. The images are taken from that point 

until the signal begins to fade (typically around 30 min total). 

 

Image analysis: 

A series of images was captured every 30 s for each device from 15 min after sample 

addition until around 45 min. Each image in the series was uploaded to the free NIH software 

ImageJ and converted to 8-bit. A rectangular box was drawn around the test line (or where it would 

be in the case of a blank), and the integrated gray value of the surrounded pixels was gathered. For 

each device, the image with the highest mean gray value in the series was used in the analysis. 

 

3.4 Results and Discussion: 

Although the device function and operation is similar to that of the device in Chapter 2, the 

signal that is detected is light resulting of the chemical reaction of 5-amino-2,3-dihydro-1,4-

phthalazinedione (luminol), H2O2, and HRP. Although the actual composition of the reagent used 

is proprietary, all of the CL reagents used are luminol based. The general luminol reaction is 

depicted in Figure 3.2. When in the presence of HRP and H2O2, luminol is oxidized, forming a 

peroxy intermediate, Double-bonded nitrogen makes an entropically favorable leaving group, so 

the electrons come back down to form carboxylate anions as N2 gas is formed. This excited product 

is what emits energy as light as it relaxes to ground state.29-31 
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Figure 3.2 The light producing reaction of HRP, H2O2, and luminol. 

Since a CL sandwich immunoassay had not been performed in the CaDI before, we first 

wanted a way to ensure that the sandwich would form, and the CL reagent would react with HRP 

on the NC to generate signal. To test this, we developed a single-channel device that could be 

quickly assembled and tested to check the function of an assay. Because of its simplicity, this 

device (Figure 3.3) removes any variability or error that could be introduced by the full CaDI 

device, enabling faster screening of conditions. The device contains a single 10.5x3 mm2 channel 

and a reagent well. Each step is added manually with a pipette, ensuring control over reagent 

delivery and timing. The channel and NC dimensions were selected to match the conditions in the 

full CaDI (Figure 3.3A).  
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Figure 3.3 (A) Dimensions for each layer of the single channel immunoassay device. (B) The cut 
layers of double-sided adhesive and transparency film are stacked to create a reagent addition well 
and a hollow channel. (C) Nitrocellulose with capture Ab connects the assembled device to a waste 
pad. 

Recombinant N-protein and 2oAb-HRP were mixed by pipetting before adding to the inlet 

on the device. By mixing before adding, the N-protein and 2oAb-HRP can bind, and the sandwich 

immunoassay can be complete as the N-protein/2oAb-HRP complex binds to the capture Ab on 

the NC. Excess target and 2oAb-HRP are washed with extraction buffer before the CL reagent was 

added. An image was taken immediately after the CL reagent was added, and another was taken 

following the final wash step (Figure 3.4). 

Figure 3.4 The single-channel device is performed in 4 steps: sample addition, wash, CL reagent 
addition, and a second wash. 
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Using the single-channel device, a range of N-protein concentrations were test. With only 

a 5 s exposure time, signal was clearly visible for 100 ng/mL in the image immediately after the 

CL reagent was added. Each image was converted to 8-bit gray scale, contrast was adjusted (min 

849, max 19000), a circular area around the test spot was selected in ImageJ. The average mean 

gray value for each test is plotted in Figure 3.5. Importantly, in contrast to the assay presented in 

Chapter 2, the product formed in this reaction is soluble, meaning it will be washed past the test 

spot after the final wash step. An example of this is shown for 100 ng/mL N-protein in Figure 

3.5B where signal is no longer present at the test spot following a final wash step. Following the 

wash step, signal is no longer present at the test spot, and the signal coming from the waste pad  is 

much higher (Figure 3.5B). 

 

Figure 3.5 (A) An initial test of the CL N-protein assay was performed on the single-channel 
devices. The images used in the plot were taken before the final wash step. (B) After the final wash 
step, a second image was taken. Following the wash, signal from the test spot is washed into the 
waste pad. 

For this assay, the single-channel device was simply used to prove that the CL assay is 

possible with this antibody pair on NC membranes. However, the device present a powerful tool 
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for future assay development. Different antibody pairs, reagents, buffer conditions, and 

nitrocellulose types can rapidly screened using this device. This could help reduce time dedicated 

to troubleshooting in the full CaDI device and provide a helpful quaity assurance tool. 

Following the initial studies in the single-channel device, we moved to the full CaDI device 

for the remaining experiments. The device operation and function are described in detail in Chapter 

2 of this dissertation. Briefly, sample is added to the sample inlet of the device. The channels fill 

with sample passively via capillary action and rehydrate the 2oAb-HRP and CL reagent dried on 

the conjugate release pads (Figure 3.6). Sample flows through the nitrocellulose, and target that 

may be present binds to the capture antibody. The reagents on the conjugate release pads are then 

sequentially delivered to the nitrocellulose via capillary action from the waste pad attached to the 

other end of the NC. The 2oAb-HRP arrives first, binding to target that may be present at the test 

line, followed by a wash of buffer, and lastly the CL reagent. In the presence of HRP and H2O2 

throughout the buffer, the luminol-based reagent produces detectable light. 
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Figure 3.6 The design and function of the CaDI device in this assay is similar to that of the device 
in Chapter 2. The main difference is the CL reagent pad, and the light emitted as a product of the 
assay. 

To optimize the sensitivity of the assay in the full CaDI device, the flow rate of the device 

is crucial. Because the product of the luminol, H2O2, HRP reaction is soluble, consideration must 

be given to flow rate since solution is flowing through the NC for the entire assay. If the flow rate 

is too high, then the luminous product will travel past the test line in the time it takes the camera 

to capture an image. In that case, the test line will be smeared and not as densly concentrated. The 

simplest way to solve this problem would be to set a shorter exposure time; however, that would 

allow less light to enter the camera, lowering the sensitivity of the assay. Increasing the exposure 

time would allow more photons to enter the camera, but CL product would continue to run through 

the membrane while the shutter is open. Therefore, longer exposure times would lead to blury or  

smeared test lines. The flow rate through the NC membrane can affect how far the signal can 

diffuse/flow while the camera’s shutter is open. Altering the flow rate in the device can be 

accomplished by simply changing the nitrocellulose material used. Four different NC types (FF80, 

FF120, FF170 and Viv90) with four different flow rate ranges from the manufacturers (40-67, 27-

44, 20-29, and 36-57 mm/s respectively) were striped with capture antibody and wre run in device 

with 10 ng/mL N-protein. Since the devices were staggered to start, the image with the most intense 

signal as used for each test line was used process the data. An example of this image capture and 

data collection can be found in Figure A2.1. Despite having the slowest flow rate of the four, signal 

was weak in comparison to other NC types (Figure 3.7A). Because flow is slowest through the 

NC, evaporation over the conjugate release pads can drive flow in their direction as well as through 

the NC. This causes the CL reagent to be pulled towards the 2oAb-HRP pad, preventing it from 

producing signal at the test line. This phenomenon was also seen in food dye flow experiments 
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done in the CaDI devices (Figure A2.2). The two fastest NC membranes (FF80 and Viv90) also 

perfomed poorly compared to FF120 (Figure 3.7A).  

 

Figure 3.7 (A) The type of NC membrane was varried and devices were run at 10 ng/mL NP. 
Devices were run in tripplicate, but 1 Viv90 device failed (did not flow, no control line), so the 
data for that NC type is n=2. (B) The CL reagent volume was varried and devices were run in 
tripplicate with 10 ng/mL N-protein.  

 

The concentration of 2oAb HRP had been optimized in Chapter 2, but the volume of CL 

reagent used still needed to be selected. Devices were run in triplicate with 10 ng/mL N-protein 

varying the CL reagent volume (Figure 3.6B). There was no statistical difference between the 

signal from 22.5 μL and 30 μL of CL reagent, so 22.5 μL was chosen to reduce the overall cost of 

the assay and to help prevent possible false positives from an excress of CL reagent. 

With the optimzied conditions, a dose response cuve was gathered with recombinant N-

protein spiked into extraction buffer at varying concentrations. The four points and a blank were 

fit to a four parameter logistic regression.32 Although more points on the curve would be ideal, the 

fit of the curve is still acceptable with an R2 value of 0.987 (Figure 3.8).  
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Figure 3.8 A dose response curve for N-protein was gathered with 5 points, including a blank, 
n=3 for each point. The R2 value is 0.987, and the LOD is 865 pg/mL. 

 

The equation for a four parameter logistic regression is (eq. 3.1) was used to calculate the 

LOD, where y is the mean gray value, x is the concentration of N-protein, a is the thoretical limit 

for a blank sample, d is the theoretical limit with unlimited N-protein, b is a slope factor, and c is 

the inflection point.  

The LOD is the concentration (x) at yLOD found from eq. 3.2, where yLOD is the y value three 

standard deviation of the blank (𝜎𝐵) greater than the average blank signal (𝑦𝐵). Rearranging eq. 

3.1 to solve for x, yields eq. 3.3. 

𝑦 = 𝑑 +  𝑎 − 𝑑[1 + (𝑥𝑐)𝑏] 
(3.1) 

𝑦𝐿𝑂𝐷 = 𝑦𝐵 + (3 ∗  𝜎𝐵) (3.2) 
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 Using eq. 3.1-3, we determined a LOD of 865 pg/mL for this assay. It is difficult to find a 

comparison for this LOD in the literature.  

Many papers published on SARS-CoV-2 detection use the meadia tissue culture infectious 

dose (TCID50) or plaque-forming uints (PFU) to quantify their results.33-35 The use of these metrics 

for quantification is standard practice, but they are both indirect methods of quantification, not 

direct measurements of number of virus particles or protein. TCID50 measures the median virus 

dilution required to infect 50% of a cell culture.36 TCID50 can predict a virus’s infectivity, but a 

conversion to concentration of total viral particles or protein (like N-protein) would require many 

major assumptions. Similarly, PFU is the number of virus particles capable of forming plaques 

when plated.37 This measurement helps determine the number of viable virus particles in a given 

sample but leaves out non-viable virus. A direct conversion from PFU/mL to concentration of a 

protein or total virus particles would skew the results. Some data has been collected that shows the 

concentration of N-protein can range from 3-4000 pg/mL in serum, and from 1-10,000 pg/mL in 

saliva for patients infected with SARS-CoV-2.25-26 Although this CL detection study was 

performed in buffer, the limit of detection is well below some of the highest N-protein values 

detected in positive patients. With further optimization, we believe our limit of detection could 

significantly improve and continue to perform well when used in more complex samples. 

 

3.5 Conclusion: 

 This chapter describes the assay development and proof of concept for a CL assay for the 

detection of SARS-CoV-2 N-protein. The single-channel device was used to assess assay 

𝐿𝑂𝐷 = 𝑐 [( 𝑎 − 𝑑𝑦𝐿𝑂𝐷 − 𝑑) − 1]1/𝑏
 

(3.3) 
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feasability, and can be used in the future to decrease assay development time and effort. The single-

channel device has been used in other assays to screen antibody pairs, reagent conditions, and 

troubleshoot nitrocellulose conditions (data not shown). Once the CL assay was shown to work in 

the single-channel device, the reagents used in that assay were dried on conjugte release pads and 

incorportaed into the full CaDI device. The device operates from a single sample addition step, 

and fully automates the steps required for a sandwich CL immunoassay. With this assay, a LOD 

of 865 pg/mL was found for N-protein diluted in buffer. This detection limit is within the range of 

N-protein found in the blood and saliva of SARS-CoV-2 infected patients, but with further 

optimization, longer exposure times for imaging, and better instrumentation, we believe the LOD 

will continue to improve. Future work will focus on adjusting the deivce to handle more complex, 

clinical samples. For example, on device filtering may be necessary for saliva or nasopharyngeal 

swab samples. Multiplexed analysis may also be explored to improve the value of this diagnostic 

tool.  
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CHAPTER 4: MULTIPLEXED CAPILLARY-FLOW IMMUNOASSAY  

 

4.1 Chapter Overview: 

 Multiplexed analysis in medical diagnostics is widely accepted as a more thorough and 

complete method compared to single analyte detection. While analytical methods like PCR and 

ELISA exist for multiplexed detection of biomarkers, they remain time consuming and expensive. 

Lateral flow assays (LFAs) are an attractive option for point-of-care testing, and examples of 

multiplexed LFAs exist. However, these devices are limited by spatial resolution of test lines, large 

sample volumes, cross-reactivity, and poor sensitivity. Recent work by the Henry lab has 

developed capillary-flow microfluidic ELISA platforms as a more sensitive alternative to LFAs, 

however, multiplexed detection on these types of devices has yet to be demonstrated. In the 

aftermath of the initial SARS-CoV-2 pandemic, the need for rapid, sensitive point of care devices 

has become apparent. Moving forward, devices that can distinguish between diseases with similar 

presenting symptoms would be the ideal home diagnostic. In this chapter, I present the first 

example of a multiplexed capillary-flow immunoassay device for the simultaneous detection of 

multiple biomarkers. From a single sample addition step, the reagents and washing steps required 

for two simultaneous ELISAs are delivered to spatially separated test strips. Visual results can be 

obtained in <15 min, and images captured with a smartphone can be captured for quantitative data. 

This device was used to distinguish between and quantify H1N1 hemagglutinin (HA) and SARS-

CoV-2 nucleocapsid protein (N-protein). Using this device, analytical detection limits of 840 

pg/mL was gathered for hemagglutinin, and 133 pg/mL for nucleocapsid protein. The presence of 

one target in the device did not increase the signal on the other test line, indicating no cross 

reactivity between the assays. Additionally, simultaneous detection of both N-protein and HA was 
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performed as well as simultaneous detection of N-protein and human C-reactive protein (CRP). 

While simultaneous detection of SARS-CoV-2 and H1N1 might rarely be necessary, simultaneous 

detection of two biomarkers in an automated ELISA device has never been shown in the literature. 

Elevated levels of C-reactive protein in a patient infected with SARS-CoV-2 has been shown to 

correlate with more severe patient outcomes. To further expand on simultaneous detection of two 

biomarkers, CRP and N-protein were also detected simultaneously. This work was conducted by 

myself with lab assistance by two undergraduate research assistants. The data in this chapter will 

be submitted to the journal, Analytical Chemistry, in the near-term future.  

 

4.2 Introduction: 

 The results of medical testing influences accurate diagnosis, prognosis, treatment, and 

timely discharge of patients from a medical facility. It follows that early and affordable diagnosis 

is a crucial part of the treatment process. The sooner a patient with chronic illnesses like cancer or 

Alzheimer’s can be diagnosed, the more effectively the diseases can be slowed, halted, or 

prevented.1-3 Rapid testing for communicable diseases is also crucial for patient outcome. The need 

for reliable testing has been a theme for decades, and the world seems to get a grim reminder of 

this need every few decades with new or reemerging infectious diseases. In recent  history, 

HIV/AIDS in the 1980’s to present,4-5 SARS-CoV in the early 2000s,6 H1N1 in the 2009,7 and 

SARS-CoV-2 in early 2019 have posed great stress to diagnostic infrastructure in place. In both 

cases, communicable or non-communicable, diagnostics that can detect multiple targets are 

preferred to systems that can only detect one. 

One of the most common ways to detect biological targets is enzyme-linked 

immunosorbent assays (ELISAs). Laboratory-based ELISAs are performed in 96-well microtiter 
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plates. In this format, wells can be coated with a variety of capture proteins or antibodies. This 

spatial separation makes them ideal tools for multiplexing biological assays.8 Unfortunately, 

ELISAs are time consuming, requiring multiple pipetting steps and trained personnel to perform. 

These drawbacks hinder the ability for regular testing to occur, making it difficult to diagnose and 

treat patients. Rapid, onsite or point of care (POC) testing is especially important in rural and 

resource limited setting where a patient may have difficulty traveling to and from medical 

facilities.9-10 

Point of care (POC) testing is an attractive alternative to traditional medical diagnostics in 

many ways. Reliable POC tests allow for faster time-to-results, more affordable and regular 

testing, and the opportunity for home testing and personalized medicine. In recent years, lateral 

flow assays (LFAs) have been a popular solution to POC diagnostics. LFAs consist of a series of 

membranes containing different reagents required for a sandwich immunoassay to occur from a 

single sample addition with a gold nanoparticle-based readout.11 LFAs can be used to assess 

environmental contaminants,12 food safety,13-15 and disease biomarkers.14, 16-17 There has also been 

considerable effort in developing multiplexed LFA devices. The simplest approach to multiplex 

LFAs (xLFAs) is adding multiple test lines to a single test strip.13, 18-20 This allows for multiple 

targets to be captured and screened in a single strip, but spatial constraints limit the number of 

analytes that can be targeted. Mathematical modeling has shown that test lines should be at least 2 

mm apart for good detection.21 Extending the length of the test strip membrane could increase 

room for additional test lines, but assay time would increase exponentially according to the Lucas-

Washburn equation.22-23 Microarrays of test spots offer another alternative for increasing the 

number of detection zones, but spatial resolution and cross-reactivity between signal and capture 

antibodies may still pose issues.24-26 Spatially separating multiple test strip membranes reduces the 
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number of test line/targets per membrane. Successful devices have been designed where 10 

individual LFA test strips radiate around a single sample inlet.15, 27 This removes the possibility of 

cross-reactivity between antibody pairs and spatially separates test lines, but increases the total 

sample volume required to operate. Another example of multiple test strips on a single device 

comes from Han et. al. In their work, stacked paper channels controls sample and enhancer 

delivery to two separate test strips with three total test lines. This device sequentially delivers gold 

nanoparticle conjugated signal antibodies followed by an enhancer solution.28 While this delivery 

method is impressive, it does not allow for washing between steps, a highly desirable step for other 

applications like paper-based ELISAs. 

 

Paper-based ELISA has been used for more than a decade in various ways.29-30 The 

simplest version of a paper-based ELISA replaces a 96 well plate with wax patterned paper 

microwells.29 While using paper may cut costs and improve portability, the manual pipetting steps 

required for this type of paper-based ELISA are still tedious. Several attempts have been made to 

simplify or automate the sample addition, washing, and regent delivery steps associated with an 

ELISA with the goal of making them more user friendly.31-33 While these examples are simpler 

than traditional ELISAs, they still require multiple steps after sample addition, disqualifying them 

as an ideal POC device. The Henry group has developed multiple automated, capillary driven 

immunoassay devices that fully automate sample delivery, washing, and reagent delivery steps to 

test strips, but multiplexing on these devices has yet to be shown, remaining an elusive future 

goal.34-36 

In this work, I describe a capillary-driven device that passively delivers the reagent and 

washing steps associated with an ELISA to two, spatially separated test strips in under 15 min 
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from a single sample addition step. The device uses horseradish peroxidase (HRP) as a signal 

enzyme, and 3,3’,5,5’-tetramethylbenzydine (TMB) as the amplification substrate. The device is 

assembled from inexpensive double-sided adhesive and transparency film to create the 

microfluidic front end that leads to two nitrocellulose test strips. The channels of the device are 

oriented in such a way that, after sample addition, sample, signal antibody, wash steps, and 

substrate are delivered to two separate test strips simultaneously. The device is also designed so 

that reagents for one target will never interact with reagents from on the other side of the device. 

This separation prevents cross reactivity that may occur between capture and signal antibodies 

from the other assay.  

Multiplexed detection was shown in two motifs. The first demonstrates the device’s ability 

to distinguish between two conditions. For this example of multiplexed detection, the device was 

used to distinguish between H1N1 and SARS-CoV-2 infections from a single sample. These two 

are of special interest because many of their symptoms (fever, muscle soreness, cough, headaches, 

etc.) mimic one another, making it difficult to distinguish between the two solely on the symptoms 

a patient presents.37 The device was optimized to detect hemagglutinin from H1N1 on one test 

strip, and nucleocapsid protein (N-protein) from SARS-CoV-2 on the other. Initial optimization 

for the H1N1 assay was performed on a single-channel device that was developed in Chapter 2 of 

this dissertation. Once conditions were chosen, dose response curves were generated for H1N1 

hemagglutinin and SARS-CoV-2 nucleocapsid protein (N-protein) were performed on the 

multiplex device with detection limits of 840 pg/mL and 133 pg/mL respectively. The amount of 

SARS-CoV-2 N-protein found in blood and saliva from positive patients ranges from 1 - 1x105 

pg/mL during the first two weeks after infection; our device is well within that range.38 Although 

it is difficult to determine hemagglutinin concentration in positive patients (most studies use 
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PFU/mL or TCID50), other similar POC devices claim LODs of 0.23-29 ng/mL39-41 To show the 

devices function in complex sample matrix, devices were run in nasal swabs spiked with varying 

concentrations of N-protein or HA. Results for our device can be read visually in under 15 min 

and can be quantified with a smartphone.  

The second motif of multiplexed detection is simultaneous detection of two targets. To 

demonstrate this type of multiplexed detection, two examples are shown. Although the likelihood 

of a patient being infected with both H1N1 and SARS-CoV-2 are small, devices were run with 5 

and 100 ng/mL of both N-protein and HA simultaneously to show proof of concept for 

simultaneous detection of two target analytes. To further demonstrate this concept, N-protein from 

inactivated SARS-CoV-2 virus and C-reactive protein (CRP) were also detected simultaneously. 

Elevated levels of CRP have been found in patients infected with SARS-CoV-2.42-43 Subsequently, 

it has been suggested that elevated levels of CRP could be used as a predictor for the severity of a 

patient’s condition.44 Therefore, simultaneously detecting a SARS-CoV-2 infection and 

quantifying the amount of CRP in the same sample may be useful to the decision making of 

healthcare providers. The multiplexed device in this work was run with 1100 PFU/mL of 

inactivated SARS-CoV-2 and 100 ng/mL of CRP simultaneously, and signal on both test strips 

was visible in under 15 min. 

 

4.3 Materials and Methods: 

Nitrocellulose test strip preparation:  

Nitrocellulose (NC) membranes (Vivid 90 LFNC, Pall, NY, USA) were striped with 

capture and control antibodies for each assay. For the N-protein test strips, 0.88 mg/mL capture 

antibody (40143-MM08, Sino Biological, Beijing China) and goat anti-mouse control line 
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antibody (AB6708, Abcam, Cambridge UK) were striped using a BioSpot reagent printer 

(BioFluidix, Breisgau, Germany). For the HA test strips, 0.88 mg/mL capture antibody (11055-

RM10, Sino Biological) and goat anti-rabbit control line antibody (R1131, Millipore Sigma, 

Burlington MA, USA) were striped. For the CRP test strips, 0.88 mg/mL capture antibody 

(PAB7943, Abnova, Taipei, Taiwan) and a CRP (30-AC05S, Fitzgerald, Acton MA, USA) control 

line was striped. All test line and control line solutions also contained 4% glycerol and 4 mM 

trehalose for improved drying and longevity. All NC membranes were dried overnight in a 

desiccator before blocking with StabilguardTM (SG01-1000, Surmodics Inc.) to prevent non-

specific adsorption to the membrane during the assay. The NC membranes were then cut into 15x3 

mm2 individual test strips using a CO2 laser cutter (Epilog Zing, Golden, CO, USA). NC 

membranes then was stored at 4 oC before until used.  

 

Reagent pad preparation: 

 Glass fiber pads (GFDX203000, MilliporeSigma Burlington, MA, USA) were used for 

both TMB and secondary antibody-HRP (2oAb-HRP) pads, but the pretreatment/blocking 

conditions for each were slightly different. For TMB pad, glass fiber sheets were completely 

submerged in a blocking solution containing 10 mM PBS (Thermo Scientific, Rockford, IL, USA), 

3% sucrose, 0.5% Tween-20, and 0.1% thimerosal (MilliporeSigma) for 15 min. The sheets were 

removed from the solution and dried overnight at 37 oC before use. The dried, blocked membranes 

were then cut into 3 x 5 mm2 reagent pads with a razor blade. TMB (TMBM-0100-01, Surmodics 

Inc., Eden Prairie, MN, USA) was pipetted onto the pads in 7.5 μL aliquots, drying for 7-8 min 

between additions. After the final TMB addition, the pads were dried for 2 hr before assembling 

in the microfluidic device. For 2oAb-HRP pads, blank glass fiber membranes were cut into 3 x 5 
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mm2 reagent pads before any pretreatment. “Aged casein” was prepared following the procedures 

outlined in work from Grant et. al.45 The aged casein was diluted to 0.5% in 10 mM PBS, and 15 

μL was added to each 2oAb-HRP pad, 7.5 μL at a time. The pads were dried for 7-8 minutes at 

37oC between additions, and for an additional 30 minutes after the second. 2oAb-HRP for the N-

protein assay (40143-MM05-H, Sino Biological) and the HA assay (11055-RP07, Sino Biological) 

were diluted in a drying buffer designed for long-term stability.46 5 μL of each diluted 2oAb-HRP 

was added to separate treated pads and dried for 30 minutes at 37oC before adding to the device. 

For the CRP assay, 200 μg/mL of 2oAb conjugated to biotin (MAB5101, Abnova) was mixed 1:1 

with 200 μg/mL streptavidin conjugated HRP (21123, Thermo Fisher Scientific). The resulting 

solution was then diluted in a ratio of 1:5 in drying buffer, and 5 μL was added to treated glass 

fiber pads and dried for 30 min. 

 

Device assembly:  

 Patterns for the device channels were designed in the CAD program, OnShape, and cut into 

alternating layers of transparency film (3MTM 9984, Saint Paul, MN, USA) and double-sided 

adhesive (3MTM 467MP, Saint Paul, MN, USA) with a CO2 laser cutter (Figure 4.1A and 4.1B). 

The first four layers of the device were assembled before the conjugate release pads were added. 

The final layer of transparency film was added last, completing the hollow channels and securing 

the conjugate release pads in place. The devices were cut at the bottom to open the channels for 

the insertion of the NC test strips. Conjugate release pads and NC test strip for the HA assay were 

assembled into the left half of the device, and N-protein pads and test strip were assembled into 

the right side (Figure 4.1C). The entire device was adhered to an adhesive backing, and a waste 
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pad (CFSP223000, Millipore Sigma, Burlington MA, USA) was pressed down, overlapping with 

the end of the NC membrane.  

 

 

Figure 4.1 (A) Schematic with dimensions for each layer of the multiplexed CaDI. (B) Order in 
which the 5 layers are assembled. (C) Location of reagent pads and NC membranes containing 
TMB, 2oAb-HRP for each assay, and NC with capture and control antibodies for each assay. 
 

Assay optimization: 

 The N-protein assay has been previously studied extensively. Therefore, the concentrations 

of 2oAb-HRP and volume of TMB substrate used in the N-protein assay were pulled from chapter 

2 of this dissertation. The buffer is made using 1.5X stable peroxide buffer (Thermo Fisher, 34062) 

at pH 6.5 with 150 mM NaCl, 0.1% Igepal CA630, and 0.1% Tween-20. The influenza A H1N1 

assay has never been performed on this type of capillary driven immunoassay device (CaDI). To 
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optimize the conditions for the HA side of the multiplex device, the HA assay was performed on 

the single channel CaDI device outlined in chapter 2. First, TMB volume was held constant at 30 

μL while the 2oAb-HRP concentration was adjusted between 5 and 60 μg/mL. Devices were run 

in triplicate with running buffer containing either 0 or 50 ng/mL HA. 100 μL of sample was added 

to the sample inlet, and when the devices had completed, the NC was removed and imaged with a 

smartphone (Motorola 1) under a lightbox containing 16 LEDs. Based on the analyzed results, the 

2oAb-HRP concentration was held at 40 μg/mL while the TMB volume was varied from 7.5-37.5 

μL. Devices were run again in triplicate with 0 or 50 ng/mL HA, and 22.5 μL of TMB was chosen 

moving forward.  

 

Multiplex assay operation: 

 After HA assay conditions were optimized in the single-channel CaDI, dose response 

curves for both assays were collected in the multiplex device. First, a range of HA concentrations 

were diluted in running buffer, and 160 μL of each concentration was added to the sample inlet of 

the multiplex device. Sample completely fills the channels and delivers target to both NC test 

strips. Afterwards, reagents for each side of the device are delivered passively to the NC membrane 

from the device. The device is complete when the buffer above the TMB pads is drained from the 

channels through the NC membrane, to the waste pad. After the assay was complete (<15 min), 

NC membranes were removed, allowed to dry for 5 min at RT before imaging with a Motorola 1 

smartphone under the light box. The same procedures were performed with varying concentrations 

of N-protein spiked into running buffer. Devices were also run with 5 and 100 ng/mL of both 

targets simultaneously spiked into running buffer. For simultaneous SARS-CoV-2 and CRP 

detection, one side of the device was prepared with the N-protein conjugate release pads and test 



93 

 

strip while the other contained reagents for the CRP assay described above. These devices were 

run at 1100 PFU/mL inactivated SARS-CoV-2 (USA-WA1/2020)47 and 100 ng/mL CRP.  

 

Spiked Nasal Swab Samples: 

 Anterior nares swab was performed under IRB approved conditions. A foam swab 

(FoamTec Medical, MP1301AST) was swirled in each nostril 3-5x. To each swab, 50 μL of 

extraction buffer spiked with N-protein, HA, or both was added to the swab. The swabs were 

submerged in 300 μL of running buffer for 15 s and then pressed through a 0.2 μm syringe filter 

(Fisher, 13-1001-14). 160 μL of the filtered sample was then added to the multiplexed device. 

When devices had finished, the NC membranes were removed and allowed to dry at RT for 5 min. 

NC membranes were imaged under an LED lightbox with a smartphone (Motorola 1). 

 

Image/Data Analysis:  

 NC membranes were allowed to dry for 5 min at RT before being imaged under a light 

box. Images were uploaded to the free NIH software, ImageJ. Images were converted to 8-bit gray 

scale and inverted to provide a positive correlation with increasing target concentration. A 

rectangular area of interest was drawn around the area of the test line (or the blank area where the 

test line would be in the case of blank samples). A mean gray value measurement was taken of the 

test line area, and another measurement was taken in the area between the test line and control line. 

The ratio of these values is called the “mean gray ratio” and was used for quantification purposes.  

 

4.4 Results and Discussion: 

Flu assay optimization: 
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The multiplex device used in this work consists of two, separate immunoassays. Conditions 

for the N-protein assay had been optimized previously in chapter 2 of this dissertation. To optimize 

the HA assay, the single channel CaDI device described in that previous work was used, and the 

location of conjugate release pads and NC membrane are chosen in Figure 4.2A. Manufacturing 

the single channel devices in bulk is slightly easier, giving us a quick way to determine the optimal 

2oAb-HRP concentrations and TMB volumes to use. First, the volume of TMB dried on the TMB 

pad was held constant at 30 μL while the concentration of 2oAb-HRP dried was varied. The optimal 

concentration of 2oAb-HRP was based on the results that gave the greatest signal for 50 ng/mL 

HA in running buffer and no signal with 0 ng/mL HA. The lowest concentration of 2oAb-HRP 

where those criteria were met was 40 μg/mL. Despite having excess 2oAb-HRP, more than 40 

μg/mL did not improve signal and had a slightly higher signal for the blank samples (Figure 4.2B). 

Next, 2oAb-HRP was held constant at 40 μg/mL while the volume of TMB substrate dried was 

varied. Devices were again run at 0 and 50 ng/mL HA. Although all TMB volumes above 15 μL 

performed similarly for signal intensity, 22.5 μL was chosen to ensure an excess of TMB is present 

in the device (Figure 4.2B). Along with benefiting the multiplex device, this HA assay 

development is the first example in the literature of an automated, capillary-driven immunoassay 

for HA. 
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Figure 4.1 (A) The single NC CaDI device was used to optimize conditions for the H1N1 assay. 
(B) TMB volume was held at 30 μL while the anti-HA 2oAb-HRP concentration was varied. 
Following that, the anti-HA 2oAb-HRP was held at 40 μg/mL while the TMB volume dried on the 
TMB pad was varied. 
 

Multiplex device function and theory: 

 The optimized reagent pad conditions for the N-protein assay from chapter 2 and for the 

HA assay described above were incorporated into the multiplexed microfluidic device. A NC test 

strip for each assay was inserted on its corresponding side, and the device was pressed down on 

an adhesive backing with a waste pad connected to the membrane. To operate the device, 160 μL 

of sample is added to the sample inlet. No other end user steps are required after sample addition. 

Whaen sample is added, the solution fills the hollow channels in the device. Sample rehydrates 

2oAb-HRP and TMB from the conjugate release pads and flows through each NC membrane. If 

either target is present, it will bind to the capture antibody striped on its NC membrane. After this 

initial filling step, the buffer in the channels begins to drain into the waste pad through capillary 
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forces of the waste pad and the NC membranes. As the channels drain, an air bubble forms in the 

center channel above the sample inlet. Because of this air gap, 2oAb-HRP from one side of the 

device cannot cross over to the other. 2oAb-HRP is the next reagent delivered to the NC, followed 

by a gap of sample buffer that washes any excess from the test lines. Lastly, TMB is delivered to 

each test line. The assay operation is shown in Figure 4.2A and B with blue and yellow food dye 

dried on the conjugate release pads to help visualize flow. Mismatched colors were chosen to show 

that there was no cross over from one side of the device to the other when reagents are delivered 

to the test strips. If target is present at one or both test lines, 2oAb-HRP will also be present. TMB 

can with HRP and H2O2 in the running buffer to form a solid blue test line. Control lines consisting 

of anti-mouse and anti-rabbit antibodies for NP and HA assay respectively should always be 

present.  

 

 

Figure 4.2 (A) The device function is broken down into 5 distinct key points. Image 1 depicts the 
device before sample is added. Image 2 is immediately after sample is added. Sample and buffer 
fill the channels (direction of flow is depicted with gray arrows), and dried reagents are rehydrated. 
Target present flows through NC membranes and binds to the corresponding capture antibodies. 
In image 3, 2oAb-HRP for each side of the device is delivered to its respective test strip. In image 
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4, excess 2oAb-HRP is washed from each test strip. Lastly, in image 5, TMB is delivered to each 
test/control line, reacting with H2O2 in the buffer and HRP on the NC if it’s present. (B) Images 
focused on the NC are accompanied by a molecular level schematic for each crucial step outlined 
in A. 
 

Dose response curves and simultaneously detection: 

 Separate dose response curves were gathered for both sides of the device. One target was 

diluted in a running buffer containing hydrogen peroxide for the HRP reaction. The running buffer 

also contains NaCl for protein stability, and surfactants to encourage release of reagents from the 

conjugate release padas and prevent non-specific binding on the test lines. Varying concentrations 

of N-protein were run in triplicate with no HA present, and the resulting signal was fit to 4 

parameter logistic regression (4PL). The LOD for N-protein was determined to be three standard 

deviations above the signal of the blank sample, meaning the LOD was 133 pg/mL. Ideally, 

regardless of the increase in concentration of N-protein, the signal in the HA assay NC membrane 

should never be present. If that’s the case, a linear fit to the HA data should have a slope of 0. In 

this case, the slope of a linear fit to the HA signal was 0.00823 (Figure 4.3A). The same procedures 

were done holding the N-protein concentration at 0 and varying the concentration of HA. For that 

data, the LOD of HA is 840 pg/mL, and the slope of a linear fit for the N-protein side of the device 

is 0.00118 (Figure 4.3B). 
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Figure 4.3 Dose response curves were run for both targets separately, and representative images 
are shown for selected points. (A) SARS-CoV-2 N-protein dose response curve was run while 
holding HA concentration at 0. The N-protein signal was fitted to a 4PL (R2 = 0.98) and the HA 
side is fitted to a linear fit with a slope of 0.00823. (B) H1N1 HA dose response was run holding 
the N-protein concentration at 0. The signal for HA was fit to a 4PL fit (R2 = 0.97), and the linear 
fit for the N-protein signal had a slope of 0.00118. 
 

 A patient presenting with a fever and cough would not likely be infected with both SARS-

CoV-2 and H1N1. However, to show the effectiveness of this multiplex device to detect two 

analytes at the same time, one relatively low and one relatively high concentration of both HA and 

N-protein was spiked into running buffer. These samples containing both targets were run in 

triplicate, and the images for both sides of the devices were processed as described above (Figure 

4.4). 
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Figure 4.4 Devices were run with 5 ng/mL and 100 ng/mL of both HA and N-protein in running 
buffer simultaneously. 

 

At both concentrations, signal was present on both test strips after the devices had run. It 

did not appear that the presence of one target hindered the other side’s ability to detect its intended 

target. Continuing the expand on multiplex applications, simultaneous detection of SARS-CoV-2 

and CRP was investigated. Elevated levels of CRP in patients infected with SARS-CoV-2 has been 

correlated with worse patient outcomes.44 Therefore, simultaneous diagnosis of a SARS-CoV-2 

infection and quantification of CRP would greatly help in prognosis and treatment. Devices were 

assembled with SARS-CoV-2 reagents and test strip on one side, and with CRP reagents and test 

strip on the other. Extraction buffer was spiked with 1100 PFU/mL of inactivated SARS-CoV-2 

and 100 ng/mL CRP before running in the multiplex device. As a control, one device was run with 

no sample present.  
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Figure 4.5 Devices were run with one side containing reagents and test strip for the N-protein 
immunoassay, and the other side with reagents for the CRP assay. Blank devices were run with 
neither target present as a control, and positive devices were run in triplicate with running buffer 
containing both 1100 PFU/mL SARS-CoV-2 virus and 100 ng/mL CRP. Representative images 
for each assay are shown.  
 

 Lastly, to show that both the N-protein and HA immunoassays would work in more 

complex samples, spiked nasal swabs were run for both targets separately and together. Anterior 

nares swabs were collected from two participants, and varying amounts of N-protein, HA, or both 

simultaneously was spiked onto the swab. The swabs were submerged in running buffer, filtered 

with a syringe filter, and sample was added to the devices. The results showed varying success. 

Signal was very low for swabs spiked with 10 ng/mL of either target. This is understandable, 

however, since the 50 μL spiked onto the swab is then diluted when submerged in 300 μL of 

running buffer. Some target may be lost to the swab, the filter, or both, resulting in lower signal 

than expected. For swabs spiked with only N-protein, signal was detectable at 100 ng/mL, although 
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the signal varied greatly between the three replicates (Figure 4.6A). For swabs spiked only with 

HA, signal was again detectable at 100 ng/mL, but signal was low, likely due to the reasons 

described above (Figure 4.6B). Encouragingly, when swabs were spiked with both 100 ng/mL N-

protein and HA, signal for both aligned well with the signal of when each target was spiked 

individually (Figure 4.6C). 

 

Figure 4.6 (A) 50 μL of 10 and 100 ng/mL N-protein, (B) 50 μL of 10 and 100 ng/mL HA, and 
(C) 50 μL of 10 and 100 ng/mL of both N-protein and HA was spiked onto nasal swabs. Swabs 
were submerged in running buffer, filtered, and sample was added to the device sample inlet. 
 

 Although not the case for 10 ng/mL of either target, for 100 ng/mL, every scenario had a 

significantly higher signal than the blank. This shows that the assay still operates as intended in 

complex sample; however more data points should be collected in the future to complete a full 

dose response curve in contrived nasal swab samples.  

 

4.5 Conclusion:  

 In this work, we show the first example of an automated, multiplexed ELISA on a POC-

style device. Using hollow microfluidic channels, spatially separated NC test strips, and conjugate 

release pads device operates in a single sample addition step and outputs visually detectable signal 

in under 15 min. The device can detect HA from H1N1 in with an LOD of 840 pg/mL and N-
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protein from SARS-CoV-2 with an LOD of 133 pg/mL when spiked in running buffer, and 

preliminary data for nasal swab samples is also shown. While this device was designed to 

determine between a SARS-CoV-2 or H1N1 infection, the device can also be used for 

simultaneous detection of two targets. To demonstrate this concept, N-protein and HA were 

detected simultaneously, and inactivated SARS-CoV-2 and CRP were detected simultaneously. 

The effectiveness of simultaneous detection on this device, and the spatial separation of the test 

strips points towards numerous future applications. In addition, future work will aim to further 

multiplex the device, adding additional test lines to each test strip, increasing the number of targets 

that can be detected.  
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CHAPTER 5: CONCLUSION AND FUTURE DIRECTIONS 

 

 Reliable medical diagnostics are a crucial part of patient treatment, preventing transmission 

of communicable diseases, and community health.1-3 Despite the importance, there is still 

significant need for improvement in affordable, regular diagnostic devices. Laboratory methods 

for medical diagnostics, such as bacterial culturing, PCR, and immunoassays, are well understood 

and reliable; however, they also require trained personnel to perform, are time consuming, and are 

expensive.4-5 The combination of these limitations can hinder the access a patient might have to 

regular testing. In the case of communicable diseases, a lack in regular testing can be especially 

detrimental. Early in the COVID-19 pandemic, many researchers argued that robust contact 

tracing, social distancing, and access to regular, dependable diagnostics were the most crucial 

aspects to preventing or slowing the spread of the virus.6-8 Unfortunately, the infrastructure in place 

in response to the COVID-19 pandemic was overwhelmed, and faults in health-care systems were 

noticed.9-10 Rapid antigen tests for SARS-CoV-2 proteins emerged as a response to fill this gap in 

diagnostic tools. Most of these rapid tests rely on a lateral flow assay (LFA) design. Although 

dozens of these tests have been granted emergency use authorization by the FDA,11 when tested 

independently, many fail to meet the manufacturer’s claims with nasal swab samples.12 LFAs are 

simple to perform, but this failure in analytical sensitivity makes them less reliable than laboratory 

based tests like ELISA and PCR. The capillary-driven immunoassay devices in this dissertation 

merge the gap between the simplicity of an LFA and the signal enhancement gained from an 

enzyme-based detection method like ELISA.  

 In this dissertation, I presented multiple examples of capillary-driven immunoassay 

devices that automate the steps of a traditional well-plate ELISA from a single sample addition 
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step. These devices are constructed using patterned and laser cut transparency film and double-

sided adhesive layers to create hollow channels for fluid transport. Reagents required for an ELISA 

are dried in conjugate release pads that are incorporated into the channels of the device. Upon 

sample addition, the microfluidic channels fill, dried reagents are rehydrated, and target present in 

the sample is delivered to a capture antibody on a nitrocellulose test strip. Passively via capillary 

action, the remaining reagent delivery and wash steps required for an ELISA are delivered to the 

nitrocellulose membrane. 

 In Chapter 2 of this dissertation, I describe the first colorimetric application of a capillary 

driven immunoassay for rapid detection of SARS-CoV-2 antigen. Lateral flow assays for SARS-

CoV-2 nucleocapsid protein exist as lateral flow assays, but when independently evaluated, many 

of them fail to meet the manufacturers claimed detection limits in nasal swab samples.12 The device 

in Chapter 2 was first compared to a traditional well-plate ELISA with inactivated SARS-CoV-2 

virus. Detection limits of 86 and 8 PFU/mL were determined for the capillary-driven immunoassay 

device and the well-plate ELISA respectively. Although these detection limits varied by an order 

of magnitude, the ELISA required 17 separate pipetting steps, >5 hours to perform, and a plate 

reader for quantification. The capillary-driven immunoassay required only a single sample 

addition step, and the signal is visibly present in under 20 min. SARS-CoV-2 spiked nasal swab 

samples were also tested, yielding a detection limit of 222 PFU/mL form quantifying signal 

intensity of smartphone images. Although this detection limit is higher than when the assay was 

performed in buffer, the nasal swab samples are a more complex sample matrix, and the swabs 

were diluted in additional extraction buffer before running. Even with these drawbacks, this 

detection limit is below the FDAs recommended 500 PFU/mL for these types of diagnostic 
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devices.12 Lastly, a visual detection limit of 100 PFU/mL was determined by polling 20 untrained 

end users, asking them to correctly identify positive and negative results.  

 Visual detection of SARS-CoV-2 antigen is the simplest form of signal detection for 

point-of-care settings. However, chemiluminescent immunoassays offer a more sensitive 

alternative when paired with an imager. Chemiluminescent (CL) immunoassays rely on light 

produced as the result of a chemical reaction.13-14 CL immunoassays have been performed for 

decades, but they maintain the limitations described previously: time consuming, expensive, and 

tedious to perform.15-16 Some CL immunoassays attempt to ease these limitations through the use 

of lateral flow assays, but none have been able to incorporate the washing and reagent delivery 

steps required to prevent non-specific binding into the design.17-18 In Chapter 3, I describe the 

use chemiluminescent substrate can be used in a capillary-driven immunoassay for the detection 

of SARS-CoV-2 nucleocapsid protein. The assay/device is the first automated CL immunoassay 

to be performed from a single end-user step. It is also the first CL immunoassay of its kind for 

the detection of SARS-CoV-2. A detection limit of 864 pg/mL for SARS-CoV-2 nucleocapsid 

protein was obtained using this device and a benchtop CL imager. This limit of detection is well 

within the range of nucleocapsid protein found in the blood and saliva of patients positive for 

COVID-19.19-20 

 Single analyte detection is suitable for many applications in medical diagnostics. In the 

example of SARS-CoV-2 detection, a device designed for a single biomarker from the virus can 

give a yes/no results to whether or not someone has the disease. However, for more complex 

analysis, multiplexed detection of biomarkers is of increasing interest.21 In Chapter 4, I describe 

a multiplex capillary-driven device with two spatially separated test strips that can be used in two 

different types of assays. In the first example, the device is used to distinguish between H1N1 
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and SARS-CoV-2. Since H1N1 and SARS-CoV-2 infections normally present with similar 

symptoms,22 the multiplex device in Chapter 4 would tell a patient which infection they have. 

Dose response curves were generated for both sides of the device with detection limits of 840 

pg/mL H1N1 hemagglutinin and 133 pg/mL SARS-CoV-2 nucleocapsid protein. In both cases, 

the presence of one target did not result in signal on the other test strip, allowing the user to 

distinguish between the two diseases. Distinguishing between illnesses is important, but 

simultaneous detection is also useful for a number of applications. For example, elevated levels 

of C-reactive protein (CRP) in patients with COVID-19 can be indicative of more severe 

outcomes.23-24 Therefore, the multiplexed device was also used to simultaneous detect 

nucleocapsid protein from SARS-CoV-2 and CRP to demonstrate another form of multiplexed 

detection.  

 The devices described in this dissertation are some of the first examples of this class of 

affordable capillary driven immunoassay. Future work will expand upon the types of biomarkers 

and analytes detected with these types of devices. For example, chronic illnesses like 

cardiovascular diseases can be monitored more effectively if a patient has access to regular and 

reliable testing. Being able to self-administer tests and communicate the results to a health-care 

professional would prevent regular trips to a clinic or could help monitor a patient’s response to 

treatment. Additionally, very few biomarkers in human serum are specifically related to 

cardiovascular disease, so a multiplexed assay for these complicated illnesses would be more 

ideal. C-reactive protein is commonly used as a biomarker for overall heart health, but elevated 

levels of CRP can be indicative of several diseases like Crohn’s disease, cancer, or tissue 

damage.25-27 Therefore, using the multiplexed device to monitor a panel of biomarkers associated 
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with heart health would give patients and practitioners more wholistic information from the 

results.  

 Detecting other biomarkers would inherently mean testing in different sample types. In 

this dissertation, samples were primarily run in buffer or spiked nasal swab samples. In the 

future, whole blood or plasma, urine, saliva, or unfiltered swab samples may need to be 

performed. Previous examples of on device plasma separation have been published in capillary 

driven immunoassays to detect SARS-CoV-2 IgG antibodies from whole blood.28-29 These 

devices had a two step process for the end user; through dilution of the sample or further on 

device filtering, ideally this could be reduced to one step. Urine samples would be ideal for 

testing urinary tract infections, but the salinity pH, and concentration of urine can change 

dramatically from person to person or even in the same person throughout the day.30-31 Buffer 

components would have to be considered that could adjust the pH of urine samples, and 

antibodies that can specifically handle high salt concentrations would need to be selected. Saliva 

and nasal swab samples are also too complex to be added to the device without some sort of 

pretreatment. In this dissertation, a filtering step was necessary whenever nasal swab samples 

were used. In the future, on device filtering will need to be explored to remove that step and 

simplify the process. I have done some initial work to incorporate a cellulose filter membrane 

over the sample inlet of a capillary driven device. With a filter over the sample inlet, air that 

normally enters the device through the sample inlet as buffer begins to flow through the 

nitrocellulose membrane cannot pass through the filter as easily. Therefore, an air inlet was cut 

into the design of the device immediately above the sample inlet/filter (Figure 5.1). 
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Figure 5.1 The layers of transparency film (blue) and double-sided adhesive (gray) for a device 
that incorporates a filter membrane are shown on the left. A top-down view shows the locations 
of the reagent pads, filter, and air inlet/vent. 

 Initial tests using this device with nasal swab samples and food dye in place of reagents 

showed that devices finished in under 25 min on average (n = 3). While this is slightly slower 

than when running devices with buffer or filtered nasal swab samples, it would still give users 

results in under 30 min without additional pretreatment steps off device. 

 The work in this dissertation has shown advancements in rapid, affordable diagnostic 

devices in three different ways. The devices described are made of inexpensive materials, simple 

to manufacture, and reduce the complexity of laboratory-based ELISAs without sacrificing 

sensitivity. The assays have been performed in biological samples, and the robustness of the 

assays have been shown. With the single device or the multiplex device, the detection motifs and 

future clinical application are innumerable. 
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APPENDIX 1 

 
 

 This appendix corresponds to Chapter 2 of this dissertation. Table A1 compares other 

pseudo automated ELISA devices to the CaDI device described in Chapter 2. The number of 

end-user steps, the assay time, and the enzyme/substrate pair are all considered.  

 

 

A1.1 Device Design and Assembly: 

The device channels were designed using the CAD program, Onshape, and CorelDraw. 

Figure A1.1 shows the dimensions of the features in the device that were cut with a laser cutter. 

 

 

Table A1. Other automated ELISA based systems, the number of user steps 
required, the time to results, and the enzyme/substrate pair used.  
Manual steps after 

sample addition 
Time to Results 

(min) 
Enzyme/substrate Reference  

4 65 β-galactosidase/CPRG 1  

5 60 ALP/BCIP 2  

4 7 HRP/TMB 3  

1 35 HRP/DAB 4  

1 20 HRP/TMB 5  

0 15 ALP/BCIP 6  

0 15-20 HRP/TMB 
This 
work 

 

6+ >60 ----- ELISA  

0 <15 Au Nanoparticles LFA   
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Figure A1.1 Shown above are feature dimensions of the device layers. 

The layers are cut into either transparency film (3M 9984) or double-sided adhesive (3M 

467MP). The layers are then stacked in the order shown in Figure A1.2. The conjugate release 

pads described in the chapter 2 of this dissertation are added to the channels before the top layer 

of transparency film is added, and the device is pressed together with a laminator (TruLam). 

 

 

Figure A1.2 After laser cutting the channel patterns into either double-sided adhesive or 
transparency film, the layers are assembled in the order shown above. 
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A1.2 Antibody Selection 

Five anti-SARS-CoV-2 nucleocapsid antibodies from Sino Biological (40143-MM05, 

40143-MM08, 40143-R001, 40143-R004, and 40143-R040) were ordered at 1 mg/mL both 

unconjugated and conjugated to HRP. To simplify the selection process and select the best 

capture/secondary Ab pair, a 1:1:1:1:1 mixture of all HRP conjugated antibodies and a 1:1:1:1:1 

mixture of unconjugated antibodies was made.  

To determine the ideal capture antibody, 1 mL of each unconjugated antibody and the 

unconjugated mixture was spotted with a micropipette onto nitrocellulose test strips, 0.25 mL at 

a time, drying for 5-7 min at 37 oC between each addition. The nitrocellulose was dried for 1 

hour at 37 oC after the final addition. The membranes were blocked by allowing StabilguardTM 

(Surmodics Inc.) to wick through and fully saturate the membrane. The strips then dried for an 

additional 45 min at 37 oC before use. The mixture of HRP-conjugated antibodies was diluted to 

a total antibody concentration of 20 mg/mL in drying buffer (described in the main work), and 5 

mL was added to the conjugate release pad in the device. Each spotted capture antibody 

(including the mixture) was run in triplicate with devices containing the mixture of HRP-

conjugated secondary antibody.  

The same process was used to determine the best HRP-conjugated secondary antibody. 

The mixture of unconjugated antibody was spotted on nitrocellulose as described above, and 

each individual HRP-conjugated antibody (and the mixture) was diluted to 20 ug/mL before 

adding to the conjugate release pad. Each HRP-conjugated antibody (including the mixture) was 

run with a mixture of capture antibody on the test spot. Images of the results were captured with 

a smartphone and were processed using the method described in the main work (Figure A1.3). 
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Figure A1.3 (A) The mixture of unconjugated antibodies was spotted on nitrocellulose, and each 
HRP conjugated secondary antibody was used in the device with 5500 PFU/mL inactivated 
virus. (B) Each unconjugated antibody was spotted as on the nitrocellulose, and the mixture of 
HRP-conjugated antibodies was used in the device with 5500 PFU/mL inactivated virus. 

From this initial study (Figure A1.3) we determined that MM05, MM08, and R004 

worked well as both a capture and/or a detection antibody. We decided to use HRP conjugated 

MM05 as the secondary antibody. Conjugated MM05 was then tested against MM08, R004, and 

a 1:1 mixture of the two as the capture antibody. Of those combinations, MM08 by itself 

performed best as the capture antibody with MM05-HRP as the secondary (Figure A1.4). 

 

Figure A1.4 Using MM05-HRP as the secondary antibody, MM08 outperformed R004 or a 
combination of both as the capture. 
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A1.3 Extraction Buffer Optimization 

NaCl concentration and pH of the extraction buffer were optimized using a well-plate 

ELISA as described in the main text. Virus was diluted in extraction buffer containing varying 

concentrations of NaCl and with varied pH, but each condition also contained 0.1% Tween-20 

and 0.1% Igepal CA630. The results of that study are shown in Figure A1.5. The buffer 

conditions in Figure A1.5 were only used when making dilutions of the inactivated virus, 

meaning they only influence the antibody/antigen binding step. It makes sense that antibodies 

have a greater binding affinity at a pH close to physiological (7.4), but HRP functions best at a 

lower pH (6-6.5). For this reason, 150 mM NaCl and pH 6.5 was chosen for the extraction 

buffer. 

 

Figure A1.5. A well plate ELISA was performed at varying NaCl concentrations and pH. 

 

A1.4 Images from Dose Response Curve in Buffer 
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After varying concentrations of virus were diluted in extraction buffer and run in the 

device, images were captured with a Motorola One smartphone, and the mean gray ratio was 

generated using ImageJ. The images for the curve generated in Figure 2.4 are shown in Figure 

A1.6. 

 

 

Figure A1.6. Images of the points for the dose response curve in Figure 2.4. The numbers 
indicate the concentration of virus in PFU/mL. The asterisk (*) on 0 indicates a failed test 
because no control line appeared. Because of this, three more blanks were run, giving an n=5 for 
0 PFU/mL. 
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APPENDIX 2 

 
 

 This appendix corresponds to Chapter 3 of this dissertation, and discusses image/data 

processing as well as nitrocellulose flow issues.   

 

 A2.1 Image Capture and Selection: 

Chemiluminescent (CL) images in Chapter 3 were captured 1 per minute while the devices were 

running. Those images were processed with the NIH software, ImageJ, as described in Chapter 3. 

Because three devices were run simultaneously under the imager, there are delays between 

sample additions for each. These delays in addition to slight differences in the devices and lead 

to differences in when signal appears and when it is strongest. Therefore, the greatest signal 

value for each device in the image set was chosen for data work up rather than an image form a 

set time point. An example of this type of image process can be found in figure A2.1. A sharp 

increase in signal is apparent as images progress, and plateaus as the CL reagent flows over the 

enzyme present at the test line. Then, as the CL reagent is washed past the test line and no more 

remains, signal sharply drops. 
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Figure A2.1 Devices were run in triplicate under the CL imager at 100 ng/mL N-protein. The 
signal for each device was monitored over time. The maximum signal for each individual device 
(filled markers) was used for data work up. Representative images at different timepoint along 
the signal development are shown under the plot for device #3.  

 

A2.2 Nitrocellulose Considerations: 

As discussed in the main body of Chapter 3, various types of nitrocellulose were used in 

the CL assay in an attempt to control flow rate. With a longer exposure time from the CL imager 

(20-30s), a high flow rate would cause the CL reagent to flow past the test line and appear 

blurred or smeared in the final image. However, a slow rate that is too slow causes issues in the 

device. If the flow rate is too slow, evaporation over the vents of the reagent pads can occur, 

driving flow in their direction rather than through the nitrocellulose (NC) membrane. 

Evaporation over the NC itself can also prevent fluid from entering the waste pad, leading to 
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poor washing. These phenomena were initially posited after running the CL devices on the NC 

with the slowest flow rate, FF170. These theories were then tested with food dye in place of CL 

reagents to better visualize where reagents are flowing and when. These results and key issues 

are highlighted in Figure A2.2. 

Figure A2.2 FF170 NC was cut into a 3x16 mm2 test strip and inserted into a device with blue 
food dye representing the 2oAb-HRP and yellow dye representing the CL reagent. Images were 
captured as the device flowed, and relevant aspects are highlighted with red circles. (A) Initially 
following sample addition (100 μL of extraction buffer). (B) Slow/poor release from 2oAb-HRP 
pad. (C) 2oAb-HRP still present in pad while CL reagent reaches NC. (D) Evaporation over the 
2oAb-HRP drives CL reagent in that direction as well as through the NC. Poor washing in NC 
caused by evaporation over NC. (E) Near device completion, much of the CL reagent and 2oAb-
HRP are still present in 2oAb-HRP pad.  

 

 Most importantly, it was noted that the 2oAb-HRP pad released very slowly when the NC 

flow rate was too low. Additionally, evaporation over the 2oAb-HRP pad caused CL reagent to 

flow in that direction instead of to the NC. Using FF170 prevented a significant amount of 2oAb-
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HRP and CL reagent to reach the test strip, inevitably lowering the signal that would be present, 

as seen in Figure 3.6A in Chapter 3 of this dissertation.   
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APPENDIX 3 

 This appendix is work that was conducted before the laboratory was closed due to the 

COVID-19 pandemic. The work in this appendix was progressing towards publication, but time 

did not allow me to revisit it. 

 

A3.1 Appendix Introduction: 

 In the main body of this dissertation, I discussed the development and operation of three 

different automated immunoassays. While varying in other ways, one similarity between the three 

assays is the use of nitrocellulose as a membrane for the test and control lines. Nitrocellulose is a 

common material for lateral flow and western blotting assays because of its ability to bind proteins 

to its surface. Nitrate groups extending from the 2, 3, and 6 carbons of a cellulose backbone 

typically occupied by hydroxyl groups each glucose unit.1 Under physiological conditions, these 

zwitterionic groups are able to interact with the polar surface of proteins and bind them to the 

surface.2 Because the interaction is non-covalent, factors like pH, ionic strength, and sample 

composition can greatly influence the interaction between protein and nitrocellulose. Because of 

these variables, the interaction between protein and nitrocellulose is poorly understood. Some 

research has suggested that even under optimal conditions, only 21% of the original protein 

remains bound to the surface of nitrocellulose after depositing.3 In order to avoid the variability 

that comes with nitrocellulose, I developed a method to covalently attach protein to the surface of 

glass fiber membranes.  

 The use of (3-aminopropyl)triethoxysilane (APTES) to bind to glass surfaces has been 

widely explored.4-7 APTES undergoes hydrolysis and can bind to hydroxyl groups on a surface via 
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condensation, leaving siloxane bonds at the surface interface and exposed amine groups in the 

solution.8-10 Next, a cross-linker like glutaraldehyde can be used to react with amines on the surface 

and amines present in amino acids of a protein.4, 11-13 Researcher have used this reaction before on 

the surface of glass slides and silicon wafers;4 however, to my knowledge, it has never been 

performed on glass fiber. Glass fiber is an attractive surface for immunoassays. It is a porous 

membrane with greater surface area than a glass slide or silicon wafer. This should allow for more 

protein to bind to a surface treated with APTES-glutaraldehyde. In this appendix, I demonstrate 

an immunoassay with capture antibodies covalently bound to the surface of glass fiber using 

APTES-glutaraldehyde. This immunoassay was developed for C-reactive protein (CRP) as a 

model. CRP is a biomarker for inflammation commonly used to help diagnose the risk of heart 

failure with a dynamic range from 1-50 µg/ml circulating in blood.14-16  

 

A3.2 Materials and Methods: 

Optimizing silanizing and crosslinking conditions: 

The optimal APTES solvent, the APTES concentration, glutaraldehyde concentration, and 

wash buffer volume were determined. Glass fiber membranes (Cytiva, Fisher Scientific) were cut 

into 8 mm diameter discs with a laser cutter (Zing 10000, Epilog Laser). The discs were then 

plasma treated (Harrick PDC-32G) for 30 seconds to thoroughly clean the surface and expose 

hydroxyl groups. Immediately following, the discs were immersed in a solution of APTES 

(Milipore-Sigma) of various concentrations diluted in either deionized water or toluene for 30 

minutes while shaking. They were then removed, washed thoroughly to a waste pad placed under 

the discs, and dried at 100 oC for an hour. The discs were then immersed in a solution with varying 
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concentrations of glutaraldehyde diluted in DI water for 30 minutes while shaking. They were 

removed, washed again, and 10 µL of 5 ng/mL horseradish peroxidase (HRP) was added and left 

to incubate at room temperature (RT) for 15 minutes. The discs were washed again with wash 

buffer (0.01 M PBS with 0.05% Tween-20) to remove unbound HRP. Lastly, 5 µL of a solution 

containing 3,3’,5,5’-tetramethylbenzidine (TMB) and H2O2 (1-Step™ Ultra TMB-ELISA 

Substrate Solution, Thermo Fisher) was added and left to develop at RT for 15 minutes. Images 

were captured using a smartphone under a 12 LED light box.  

CRP assay:  

An ELISA to detect CRP was performed using the optimized protein binding conditions. 

8 mm diameter glass fiber discs were immersed in 0.5% APTES in toluene for 30 minutes while 

shaking. They were then removed and washed twice with 20 µL of toluene, twice with 20 µL of 

EtOH, and twice with 20 µL of DI water over a waste pad. The discs were then dried at 100oC for 

an hour, then immersed in 0.5% glutaraldehyde in water for 30 minutes while shaking. They were 

removed and washed twice with 20 µL of wash buffer. 10 µL of 30 µg/mL polyclonal anti-CRP 

was added to the discs and incubated at RT for 10 minutes, then washed again with wash buffer. 

The discs were then blocked by adding 20 µL of SuperBlockTM (Thermo Fisher Scientific, 

Waltham, MA) and incubating for 30 minutes.  

 To perform the assay, PBS was spiked with CRP (Fitzgerald Industries, Acton MA). 20 µL 

of spiked PBS was added to each disc and incubated at RT for 10 minutes. Each disc was then 

washed twice with 20 µL of wash buffer. Monoclonal, biotinylated anti-CRP (25 µg/mL) was 

added and incubated at RT for 10 min and washed out as described before. Streptavidin-labeled 

HRP (5 ng/mL) was added to each disc, incubated at RT for 10 minutes, and washed. Lastly, 10 
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µL of TMB solution was added and color was left to develop for 15 minutes. Images were captured 

under a light box with a smart phone. 

Data analysis:  

Inverted gray scale values were obtained for each disc using the ImageJ (NIH). When the 

images were taken, an additional glass fiber disc was included in the picture to serve as a reference. 

The gray values of the discs from the assay were divided by the reference to account for any 

differences in lighting that could have occurred.  

 

A3.3 Results and Discussion: 

For detecting human-CRP, glass fiber membranes were chosen over cellulose membranes 

for several reasons. Glass fiber empirically appears lighter in color compared to cellulose, making 

the contrast of a colorimetric reaction against it appear more intense. The membrane selected also 

has a larger pore size, leading to lower capillary pressure and a faster and more uniform flow.17 

Glass fiber is commonly used as a conjugate release pad in lateral flow assays due to its chemically 

inert nature, making non-specific adsorption of proteins less likely.18-19 To emphasize these 

benefits and optimize washing procedures, HRP was added to both cellulose (Whatman 1, GE) 

and glass fiber discs. Both membranes were allowed to incubate for 5 minutes at room temperature 

before washing using varying volumes of wash buffer. The gray scale values of the discs that 

contained HRP were divided by the value of a blank membrane to ensure that the intensity is 

representative of the TMB color change and not a result of the color of the membrane or lighting 

differences. Statistically, there were no differences in signal ratio between cellulose and glass fiber 

after any wash volume was added. However, without washing, the mean gray ratio is greater for 
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glass fiber, meaning the signal appears stronger in contrast with blank glass fiber (Figure A1). 

From this, glass fiber was chosen as the membrane for the assay, and a minimum wash volume of 

40 µL was chosen.  

 

Figure A3.1  HRP was added and washed out of 8 mm diameter punches with varying volumes 
of wash buffer (n=3). 

 

A variety of procedures exist to covalently bind proteins to SiOx surfaces such as glass. 

One of the most common is the use of a silanizing agent and a cross linker. In this study, (3-

aminopropyl)triethoxysilane (APTES) was chosen for its terminal amine, and glutaraldehyde was 

chosen to crosslink that amine group with one on the surface of HRP or an antibody (Figure A3.2). 
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Figure A3.2  The schematic for covalently binding proteins to the surface of glass fiber 
membranes using APTES as a silanizing agent and glutaraldehyde as a crosslinker. 

The solvent in which APTES is dissolved in is an important factor in the orientation and 

thickness of the APTES layer.8, 20 A number of solvents have been reported for silanization, but 

water or toluene are common.21-23 Because of water’s role in the hydrolysis reaction that occurs 

with APTES, using aqueous solvents can cause polymerization of APTES in solution or at the 

surface of the glass fiber. The result of this would be an uneven, thicker layer of APTES bound to 

the surface of glass fiber. It is generally understood that, under ambient conditions, a thin layer of 

water molecules can adsorb to the surface of glass from the atmosphere. Therefore, in organic 

solvents, the only water available for the reaction to take place between APTES and the glass 

membrane is at the surface of the glass fiber. Studies have reported that using anhydrous toluene 

as a solvent produces even, self-assembling monolayers.24-25 In order to confirm this method on 

glass fiber membranes, 1% APTES was dissolved in both DI water and anhydrous toluene and the 

procedures outlined in Figure A3.2 were carried out. Glass fiber discs were immersed in these 

solutions, washed, and dried at 100 oC for 30 min to evaporate any excess solvent. The treated 

discs were then placed into a 1% glutaraldehyde solution. One end of glutaraldehyde reacts via a 

Mannich reaction with the primary amine from APTES present at the surface of the membrane.26 

The membranes were washed again, and HRP was incubated on the discs, where the other aldehyde 

Plasma treated glass fiber 

membrane

APTES glutaraldehyde

capture 

antibody
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now present on the surface can react with a basic amino acid residue at the protein’s surface. A 

TMB solution containing H2O2 was added, and the blue color that developed was quantified in 

gray scale values (Figure A3.3). The two solvents were also compared to discs where no APTES 

treatment took place as controls. The data shows an increase in signal when APTES is dissolved 

in toluene, and toluene was further used in this project based on these results. 

 

Figure A3.3  APTES was diluted in both toluene and water.  The signal of the reaction between 
bound HRP and TMB was compared to non-specifically adsorbed HRP on untreated glass fiber. 

The optimal concentrations of APTES and glutaraldehyde were then investigated. The 

same approach was taken as described in the previous paragraph. For the optimization of each 

condition, the concentration of the other was held constant at 1% for the process. It was determined 

that 0.5% APTES and 0.5% glutaraldehyde were best for both (figure A3.4). However, if no HRP 

is bound, the expected value for the mean gray ratio should be 1. Notably in both cases, when the 

concentration of APEST or glutaraldehyde is 0%, there is still signal present well above 1. In the 

absence of glutaraldehyde, this could be due to the addition of amine groups from the APTES. In 
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a study the water contact angle was measured following APTES treatment, the contact angle was 

smaller flowing treatment, indicating that the hydrophilic amine groups were successfully added 

to the surface.27 Due to the polar nature of a protein’s exterior, HRP could still be non-covalently 

adsorbed to these amine groups at the glass fiber even after washing thoroughly. This could explain 

why signal was still present in the absence of glutaraldehyde. In the absence of APTES, aldehyde 

groups can still react with hydroxyl groups present on the glass fiber surface to create a hemiacetal 

group. Because this reaction is reversable, it could explain why signal is weakly present in the 

absence of APTES.28  

 

 

Figure A3.4 The concentration of A) APTES and B) Glutaraldehyde were determined by binding 
HRP to APTES treated glass fiber membranes.  For each condition tested, the other was held 
constant at 1%. 

Glass fiber membranes were treated with the optimized conditions, and anti-CRP 

antibodies were bound to the membranes for the assay to be carried out as depicted in Figure A3.5. 

CRP spiked into PBS was added at varying concentrations to the treated membranes, and a 

sandwich antibody labeled with biotin was added after washing. The interaction between biotin 
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and streptavidin is one of the strongest natural non-covalent interactions between a protein and a 

ligand having a Kd on the order of 10-14.29 Because of this strong interaction, any signal present at 

the surface after washing is likely the result of the sandwich assay being successful.  

 

 

Figure A3.5 The assay for the detection of human-CRP is depicted above.  The assay was 
performed using polyclonal anti-CRP antibodies covalently bound to glass fiber via APTES and 
glutaraldehyde.   

After the addition of TMB, a dose response curve was gathered (Figure A6). A limit of 

detection at 40 ng/ml was gathered using this data. These results show the efficacy of using glass 

fiber, APTES, and glutaraldehyde as a method by which to covalently bind capture antibodies on 

a glass fiber surface where a simple ELISA can be subsequently performed.  
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CRP

CRP

Biotin-labeled 

anti-CRP 
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labeled HRP

Sample Addition Secondary Antibody Addition Streptavidin Labeled HRP Addition
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Figure A3.6 Performing the glass-fiber based immunoassay with spiked buffer and covalently 
bound antibodies resulted in the data above. Representative images are shown above the plot, and 
the data was fit to a logarithmic fit (y = 0.463ln(x) + 1.2139) with an R2 = 0.986. Using the fit and 
the standard deviation of the blank, the LOD for this assay is 40 ng/ml CRP. 

 

A3.4 Conclusion: 

 This appendix demonstrates the proof of concept and optimization for a novel method of 

covalently binding protein to the surface of glass fiber using APTES and glutaraldehyde. The 

application of this was shown using CRP detection as a model with a limit of detection of 40 

ng/mL. While this limit of detection is near that of comparable paper-based assays,18, 30-31 further 

optimization of reagent volumes, timing steps, and washing steps can be investigated to lower this 

LOD further. This work also presents an alternative to nitrocellulose as a surface for point of care 

style devices. Using APTES-glutaraldehyde pretreatment, researchers may have greater control of 

the surface conditions they are using in their devices.  
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