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Abstract 
 Point-of-care (POC) diagnostics is a discipline focused on using 

instrumentation or analytical techniques to detect and identify target analytes at or 

near a patient in need of treatment, whereby the patient is properly diagnosed and 

provided the necessary medical care. In the past few years, there has been an 

increased focus on the development and implementation of POC devices to rapidly 

detect infectious diseases. Microfluidics has assisted in bridging the technology 

gap to produce inexpensive, portable, and easy to use POC diagnostic devices. 

 An introduction into POC devices and microfluidics is described in Chapter 

1, as well as the relevant literature surrounding their design and method of 

detection. Additionally, a thorough description of the types of paper-based 

immunoassays and their integration into microfluidic devices are presented. The 

work described in Chapter 2 focused on the development of a novel centrifugally-

driven orthogonal flow immunoassay (cOFI) disc with a long microfluidic channel 

which allows for a constant flow rate throughout the duration of the assay. 

Additionally, the work presented proof-of-concept to detect an infectious disease, 

Yersinia pestis, on disc. Chapter 3 builds on the cOFI disc design to increase the 

assay’s sensitivity by increasing the overall sample volume that can be analyzed; 

by leveraging 3D-printed technology, a large volume sample chamber was 

developed allowing up to 12 mL of sample to be handled on disc. Therefore, 

increasing the sensitivity ten times compared to the original disc design in Chapter 

2. To further improve on the cOFI device, an automated cOFI system was 

presented in Chapter 4 that could perform all of the assay steps and the image 

analysis of the membranes without requiring user input, simplifying the diagnostic 
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testing and meeting the requirements of a POC system. The work presented in 

Chapter 5 was focused on the design and characterization of a multiplexed flow 

through assay (FTA). The FTA chip has the potential to detect up to six different 

target analytes on one membrane from a single sample, without requiring any off-

chip sample preparation or external instrumentation.   

 Finally, Chapter 6 highlights the potential applications and impacts the POC 

devices described in the previous chapters will have on medical diagnostics, as 

well as current challenges that need to overcome and future research that needs 

to be performed.  
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CHAPTER 1 – Introduction 
1.1 – Point-of-Care Diagnostics and Microfluidics 
 Microfluidics allows for the manipulation of small volumes of fluids 

(microliters to attolitters) in micron-sized channels.1 The miniaturization of 

traditional analytical techniques (e.g., polymerase chain reaction (PCR), 

immunoassays, and DNA analysis) allow for conventional methods to perform 

sample analysis at the point-of-care (POC), rather than in a laboratory 

environment.2,3 In the early 1990s, the concept of micro total analysis systems 

(µTAS), also known as lab-on-a-chip (LOC) or lab-on-a-disc (LoaD), was first 

introduced; LOC or LoaD is defined as a device that incorporates one or more 

laboratory instruments onto a ‘chip’.3,4 The World Health Organization (WHO) has 

determined that a POC device, especially one that will be used in developing 

countries, needs to be ASSURED: affordable, sensitive, specific, user-friendly, 

rapid and robust, equipment free, and deliverable to end-users.5 As a result, POC 

microfluidic devices have become extremely popular over the last decade, 

especially since the SARS-CoV-2 outbreak in 2020.2,6–10 

When designing a new microfluidic POC device, there are many critical 

specifications to consider, including the mechanism used to drive fluid. There are 

two main methods of fluid movement on a microfluidic device, active and passive 

pumping.11 Active pumping includes the use of external instrumentation (i.e., 

syringe pumps or pneumatic pumps) to drive fluid through the microfluidic 

channels.12 The use of an external pump decreases the device’s portability, 

increases cost, and adds additional complexity to the instrument. Conversely, fluid 
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can be moved passively, or without external power, via capillary forces, Euler 

forces, and osmotic forces, to name a few.12 

Research and development of centrifugally-driven microfluidic devices has 

grown in popularity in the past decade due to their simplistic method of fluid flow 

and the limited amount of equipment required.2,12–15 The centrifugally-driven 

microfluidic discs described in Chapters 2-5 pump fluids by taking advantage of 

the pseudo-gravitational forces generated by the rotation of the disc (Figure 1-

1).16 The centrifugal force (Fcen, Equation 1) and pressure (Pcen, Equation 2) 

applied to a fluid column in a microfluidic channel can be easily characterized and 

controlled by changing the rotational frequency (ω), while keeping the following 

variables constant: fluid column length (𝑟̅) in relation to the center of rotation (CoR), 

fluid density (ρ), and the difference in height between the upper and lower menisci 

of the fluid column. 

Equation 1:      𝐹𝑐𝑒𝑛 = 𝜌𝜔2𝑟̅ 

Equation 2:     𝑃𝑐𝑒𝑛 = 𝜌𝜔2∆𝑟𝑟̅ 

The average fluid velocity (𝑈) through the channel can be calculated through the 

following equation.  

Equation 3:      𝑈 =  
𝐷ℎ

2𝑃𝑐𝑒𝑛

32µ𝐿
 

The variables affecting fluid velocity in a microfluidic channel include hydraulic 

diameter (𝐷ℎ) of the channel or chamber, the fluid(s) viscosity (µ), and the length 

of the fluidic column (𝐿) (Figure 1-1).16 In the following chapters, these variables 

will be further discussed and play an important role in the development of the 

centrifugally-driven microfluidic immunoassays. 
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1.2 – Immunoassays 

 An immunoassay is defined as a bioanalytical technique that uses 

antibodies, to detect small amounts of a target analyte (antigen) in a sample 

solution.17,18 The concept of an immunoassay was first introduced by Rosalyn 

Yalow and Solomon Berson in the 1950s.19 Since then, the development and 

application of immunoassays have grown exponentially due to the high sensitivity, 

specificity, and flexibility; those characteristics make them advantageous for the 

detection of various biomarkers found in human serum, as POC devices, in the 

food industry to test for bacteria or other toxins, to test for narcotics, and for a 

number of other biological and environmental applications.17,20  

 

Figure 0-1: A centrifugal microfluidic disc with a fluid volume, identified in red, in a 
microfluidic channel. The channel is in the plane of the disc and is oriented perpendicular to 
the axis of rotation (z-axis). For this example, the disc rotates in a clockwise direction. The 
forces acting on the fluid are labeled with grey arrows, e.g., centrifugal force is radially outward 
from the center of rotation. Particle/cell separation on microfluidic platforms based on 
centrifugation effect: a review [13] 
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1.2.1 – Lateral Flow Immunoassays 
 The lateral flow immunoassay (LFI) is an example of a POC device that 

meets the ASSURED requirements.5 They are rapid (~15 min assay time), 

inexpensive to produce ($0.10-$3.00/test), reliable, and easy to use.21 Additionally, 

this type of assay is operated through capillary-driven forces due to the porous 

media used (e.g., nitrocellulose membrane). LFIs have been around since the 

1970s and are arguably the most popular type of POC microfluidic devices, with 

the most commonly used LFI being the at-home pregnancy test.22 Within the last 

few years, LFIs have become extremely popular as home diagnostic kits to help 

diagnose early signs and symptoms of COVID-19.8 

 The traditional LFI is constructed of five major parts, to include various 

porous materials, with each part playing a vital role to achieve a sensitive and 

robust assay (Figure 1-2).22 Each piece overlaps each other and is placed onto a 

plastic backing card, for rigidity, with pressure sensitive adhesive (PSA). When an 

LFI strip is run, the sample solution is added to the sample pad whereby capillary 

forces cause the solution to wick through the sample pad to the conjugate pad, 

which contains immobilized detection particles, such as colloidal gold 

nanoparticles (AuNP), fluorescent particles, or latex nanoparticles.23 These 

detection particles are conjugated to either an antibody or antigen, depending on 

the assay type, that are specific to the target analyte (Figure 1-2). When the 

solution wicks through the conjugate pad, the detection particles are re-suspended 

and bind to the target analyte as the sample wicks along the pad onto the 

nitrocellulose membrane. During manufacturing, the nitrocellulose membrane has 

capture antibodies, specific to the target analyte, immobilized in bands. The 
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capture antibodies will bind to the target analyte while the excess sample solution 

continues to flow to the wicking pad. Once the sample reaches the wicking pad, 

the pad becomes completely saturated, flow on the LFI strip stops and the results 

of the assay are determined. 

Nitrocellulose is inherently hydrophobic but is made more hydrophilic 

through the addition of surfactants during the manufacturing process.21 The 

structure of nitrocellulose is similar to a sponge with an amorphous pore structure 

(Figure 1-3).22,24 The pore structure (i.e., pore diameter) can be controlled during 

the manufacturing process through either a slow or fast evaporation rate of the 

lacquer solution.21 After manufacturing, the average gaussian distribution of the 

pore size in the membrane is determine and given a numerical value (e.g., 0.2 µm 

pore diameter). Interestingly, a membrane’s pore size can be altered based on the 

 
Figure 1-2: Example of how a traditional lateral flow immunoassay strip is designed and 
assembled. An LFI strip is made up of nitrocellulose, a sample pad, a conjugate pad, a wicking 
pad, and polymer backing strip to provide rigid support. Adapted from Evolution in Lateral 
Flow-Based Immunoassay Systems [22] 

Particle Conjugate 

on conjugate pad

Control Line Wick

Test Line

Sample Pad

Backing
Nitrocellulose Membrane
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solute concentration present in 

a sample resulting in either 

swelling or de-swelling of 

pores. For example, a solution 

containing sodium bicarbonate 

promotes membrane swelling, 

e.g., smaller pores, which 

results in slower fluid discharge 

but decreases the distance 

antibodies have diffuse in order 

for them to interact and bind.13  

Furthermore, nitrocellulose has many biomedical applications due to high 

protein binding capacity, low cost, and ease of handling.22 With its high protein 

binding capacity, antibodies non-covalently bind to the surface of nitrocellulose 

through electrostatic interactions, hydrophobic interactions, and hydrogen 

bonds.21,22 The advantages to non-covalently binding to the surface of the 

membrane are the simplicity of application, speed of binding, and the increased 

density of antibodies on the surface.25 The disadvantage to non-covalently binding 

or passively absorbing to the surface (e.g., nitrocellulose) is the orientation of the 

antibodies cannot be controlled (Figure 1-4).26 The antibodies’ orientation is 

random and depends on the dipole moments of the protein as well as the charge 

of the surface to which they are absorbed. It is important to note that the antibodies 

adsorb at any orientation and location on the surface of the nitrocellulose fibers, 

 
Figure 1-3: Scanning electron microscope 
micrograph of a nitrocellulose membrane layer 
with 0.2 µm pore size. Image shows a complex 
network of fibers with pores varying in shape and size. 
Microstructural effects on permeability of Nitrocellulose 
membranes for biomedical applications [24]  
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e.g., underneath, on top, or all around the fiber (Figure 1-3). Unfortunately, the 

random orientation can result in decreased antigen binding activity due to the 

antigen binding regions (Fab fragments) being partially or completely blocked 

when the antibody binds to the surface.22,25 Fortunately, antibodies can be 

covalently bonded to a surface through primary amines or carboxyl groups 

distributed throughout the structure of antibody; covalently bonding the antibodies 

allows for them to be oriented with the Fab region to be exposed resulting in 

increased antigen binding activity and increased device sensitivity (Figure 1-

4).25,26  

As previously stated, antibodies can be immobilized onto a nitrocellulose 

membrane through non-covalent interactions. Similarly, antibodies can also be 

conjugated to AuNP through non-covalent interactions: hydrophobic and ionic 

(Figure 1-5).27–29 The hydrophobic interactions occur between the surface of the 

 
Figure 1-4: Antibody and its variants in various orientations on the surface when 
physiosorbed. Site-selective orientated immobilization of antibodies and conjugates for 
immunodiagnostics development. [26]  
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AuNP and the hydrophobic pockets 

found in the middle of an antibody 

via the hydrophobic side chains on 

the amino acids; the hydrophobic 

interactions require significant 

restructuring of the antibody which 

can result in decreased antigen 

binding activity.17 The 

disadvantages to the non-covalent 

binding method are a large 

concentration of antibodies are 

required in order to bind to the AuNP, the antibodies are randomly oriented on the 

AuNP surface, and it is difficult to control the antigen binding activity of the 

antibody. Furthermore, the strength of the non-covalent bonds is dependent on the 

pH and salt concentration of the solution. Antibodies are typically conjugated to a 

AuNP at their isoelectric point (pI); further from the pI, the adsorption of the 

antibodies to the AuNP decreases and can potentially be replaced by another 

protein or other molecule present in the solution.29 

 LFI strips can be designed to perform two assay types: sandwich assay 

(Figure 1-6A) and competitive assay (Figure 1-6B), with both types having a test 

and control lines.22 Sandwich assays are used mainly to detect large analytes that 

have multiple antibody binding sites (e.g., human chorionic gonadotropin). For a 

sandwich assay, a positive sample will present both the test and control lines, while 

 
Figure 1-5: Hydrophobic and ionic 
interactions between antibody and gold 
nanoparticle surface. A) Hydrophobic 
interaction. B) Ionic interactions. C) A covalent 
bond is formed due to dative bonding with thiol. 
Various methods of gold nanoparticles 
conjugation to antibodies [29]  
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a negative sample will only display the control line. A competitive assay is most 

commonly used to test for small molecules because they are not big enough to 

bind to two antibodies at the same time; therefore, a positive sample will show only 

the test line while a negative sample will show both the test and control lines on 

the nitrocellulose membrane.22 

 While the LFI strip has many advantages, there are drawbacks to this assay 

design: (1) inability to control flow rate, (2) cannot perform mixing on the device, 

(3) cannot handle large sample volumes, and (4) the inability to perform washing 

steps.14 To overcome these shortfalls, Kainz et al. developed a centrifugally driven 

device that allowed them to choose specific volumes, thereby allowing them to 

control fluid flow through an LFI (Figure 1-7).14 However, there is a major concern 

of sample loss due to the fluid flowing around the membrane; to account for this, 

they developed a model that would predict any fluid bypass around the LFI strip 

(Figure 1-7A). The model described that when a centrifugal force is applied to the 

fluidic column in the membrane, hydrostatic pressure is created (𝑝ℎ𝑦𝑑,𝑚), and the 

pressure generated is dependent on the length of the membrane (𝑙𝑚) and has a 

 
Figure 1-6: Examples of the two types of immunoassays that can be performed on an LFI. 
A) Sandwich Immunoassay. B) Competitive Immunoassay. Adapted from Evolution in Lateral 
Flow-Based Immunoassay Systems [22] 

A B
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direct effect on the flow rate through the membrane (𝑄𝑚). As fluid is flowing through 

the membrane, a pressure drop (𝑃𝑑𝑎𝑟𝑐𝑦,𝑚) occurs along 𝑙𝑚. Ideally, all the sample 

would flow through the membrane without any bypass, but for that to occur, the 

flow rate through the channel to the membrane (𝑄𝑐ℎ) must equal 𝑄𝑚 (Figure 1-

7B). Sample bypass (𝑄𝐵𝑦𝑝𝑎𝑠𝑠) occurs if the 𝑄𝑐ℎ is larger than the maximum flow 

rate through the membrane (𝑄𝑚,𝑚𝑎𝑥) (Figure 1-7C). The 𝑄𝑐ℎ is dependent on the 

angular velocity of the disc, which generates the centrifugal forces applied to the 

sample fluid. Finally, the 𝑄𝑚,𝑚𝑎𝑥 is dependent on the membrane type, pore size, 

and manufacturing variations 

from lot to lot. 

With these variables 

taken into consideration, Kainz 

et al. demonstrated a viable 

centrifugally driven LFI. They 

showed the ability to perform a 

sandwich immunoassay with 

colorimetric detection using 

AuNP and adjustable flow rate 

on-disc. Unfortunately, this disc 

was designed to promote fluid 

bypass, and the membrane 

was not fixed in place, which 

ultimately resulted in very large 

 
Figure 1-7: A centrifugally driven LFI disc with 
flow control. A) Schematic illustration of the model. 
B) When the flow rate through the channel to the 
membrane (𝑄𝑐ℎ) equals the flow rate through the 
membrane (𝑄𝑚), fluid bypass does not occur. C) 

When the 𝑄𝑐ℎ is greater than the membranes 

maximum allowable flow rate 𝑄𝑚,𝑚𝑎𝑥 , bypass around 

the membrane occurs, resulting in decreased signal. 
D) Schematic of the microfluidics architecture. 
Adapted from: Flow control for lateral flow strips with 
centrifugal microfluidics [14] 

A B C

D
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variations in the assay’s results, i.e., either very strong or very weak signal. They 

did take into account the potential loss of hydraulic pressure and placed the 

membrane far from the CoR (Figure 1-7D). This approach was a step forward to 

assist in fluid flow control on LFI and assisted in the design of the orthogonal flow 

immunoassay discs described in subsequent chapters. 

1.2.2 – Vertical Flow Immunoassays 
 Vertical flow immunoassays (VFI) were designed to overcome the 

previously described shortfalls of the LFI strip, but one of the main reasons was to 

increase the sensitivity and the ability to multiplex.30 This section is meant to help 

contextualize the work that was performed in Chapters 2-5 by describing relevant 

literature in regards to VFI, embedded membranes into microfluidic devices, and 

the use of these methods on-disc. To date, current publications have described 

applications of vertical and orthogonal flow through a membrane with different 

membrane placements as well as different methods of fluid movement: gravity-

driven, pressure-driven, or centrifugally-driven.7,13,30–33 

 In 2013, Oh et al. developed a one-step VFI biosensor to detect C-reactive 

protein (CRP) in human serum (Figure 1-8).30 The biosensor was assembled by 

stacking the individual layers on top of each other: sample pad, flow control film, 

conjugate pad, and nitrocellulose membrane (Figure 1-8A).The capture 

antibodies were immobilized onto the membrane and the AuNP conjugate 

antibodies were suspended on the conjugate pad (Figure 1-8B). The sample 
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solution is added 

through the injection 

hole, and gravity-

assisted flow 

facilitates the solution 

to wick into each 

layer, resulting in a 

visual colorimetric 

change on the device. 

They were able to 

detect between 10-

0.01 µg/mL of CRP in 

serum with a total 

assay time of 2 minutes. In those studies, the sample flow rate was dependent on 

two variables: gravity and a hydrophobic film (flow control film); therefore, the user 

depended on the device materials to control the flow rate. Due to the small size of 

the sample holes, inconsistent results were observed. Finally, the device was not 

designed to handle large volumes, only 50 µL, but the use of a larger volume would 

permit an increase in the self-washing effectiveness and decrease the standard 

deviations. 

 In 2019 Joung et al. detected Lyme disease in humans using their 

multiplexed VFI POC device using 3D-printed technology and a smartphone to 

perform the image analysis (Figure 1-9).31 The device contained a diffuser to allow 

 
Figure 1-8: Example of a Vertical Flow Immunoassay (VFI) 
Biosensor. A) The structure of the VFI biosensor. B) A sample 
flow diagram of the VFI biosensor. Adapted from: Vertical flow 
immunoassay (VFA) biosensor for a rapid one-step immunoassay 
[30] 

A

B
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for even distribution of the sample onto the 13 different spots on the membrane 

(Figure 1-9B). The cassette was made of two 3D-printed pieces, the top contained 

the supporting layer and the bottom held the membrane; a platform was 3D-printed 

to hold the smartphone to perform automated image analysis (Figure 1-9C & D). 

Unfortunately, image analysis required disassembly of the cassette, which adds 

extra steps to the assay and, more importantly, exposes the user to potential 

contaminated samples (Figure 1-9E). Ultimately, the ideal POC immunoassay 

would be completely automated and enclosed to limit the number of assay steps 

as well as eliminate exposure to biological fluids. 

 In the Landers Lab, we focus on centrifugally driven microfluidics to develop 

devices that miniaturize many traditional techniques (e.g., enzyme-linked 

 

Figure 1-9: Paper-based multiplexed vertical flow assay (VFA) and a mobile-phone 
reader. A) Image of the assembled sensor cassette. B) The vertically stacked paper layers 
inside the cassette (yellow: asymmetric membrane, white: vertical flow diffuser, brown: 
absorption pad, black: multiplexed sensor). The sandwich immunoassay operation is shown 
to the right. C) Picture of an opened sensor cassette (top and bottom) and a closed sensor 
cassette. D) Mobile phone reader for colorimetric signals from the multiplexed sensing 
membrane. E) Picture of the mobile phone reader and sensor cassettes. Adapted from: 
Paper-based multiplexed vertical flow assay for point-of-care testing [31] 
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immunosorbent assay, polymerase chain reaction), which ordinarily require 

additional instrumentation to move the fluid (i.e., pipetting or pumps) as well as 

mixing and washing steps. Shane et al. (2022) developed a novel centrifugally 

driven immunoassay which is synonymous with VFI, but fluid flow is driven  

orthogonally through the membrane with respect to the centrifugally generated 

force on the disc, creating an orthogonal flow immunoassay (OFI).13 This on-disc 

approach leveraged the rapid, inexpensive, print-cut-laminate (PCL) method of 

disc fabrication with the 

ability to control the flow 

rate through an embedded 

membrane (Figure 1-

10).34 This POC OFI disc 

was capable of detecting 

eight target analytes from 

a single sample within the 

device’s eight intrinsic 

domains. The authors 

characterized how the 

flow rate through the 

embedded membrane 

changes with the fluid 

type, membrane pore 

size, and the sample 

 

Figure 1-10: Schematic overview of the OFI disc and a 
photograph of a single domain on the OFI disc. Exploded 
view of a six-layer (5 + 1) microfluidic disc design comprised 
of a polymethyl methacrylate (PMMA) layer and five 
polyethylene terephthalate (PET) layers. Layers 2 and 4 
contain the fluidic layers. Layer 3 functions a flow through or 
via layer. Circular cutouts (4 mm Ø) of porous membranes 
were placed in layer 3. The HSA coated layers 2 and 4 
bonded the membrane in place by heat lamination. Adapted 
from: Characterization of a Centrifugal Microfluidic 
Orthogonal Flow Platform [34] 
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volume. While the OFI was an innovative design and concept, the downside to this 

disc was the exponential decay of flow rate as ∆𝑟 decreased due to the short 

microfluidic channel (Figure 1-10). Finally, the flow through the membrane was 

not true orthogonal flow, but a hybrid between that and lateral flow; this resulted in 

fluid bypass and nonuniform binding of the target analytes on the membrane. The 

nonuniform binding makes it difficult to perform consistent and simple image 

analysis. In Chapter 2, a 7-layer disc is described that mitigates the exponential 

decay of flow rate and eliminates any lateral flow along the membrane to produce 

true orthogonal flow. 

 

1.3 – Detection and Identification of Infectious Diseases 
 The early detection and identification of infectious diseases at the POC is 

important due to their potential fast incubation times as well as to prevent their 

spread. For example, Yersinia pestis (Y. pestis) has an incubation time of 1-6 days; 

similarly, Ebola has an incubation time of 5-9 days and is transmitted through either 

physical contact or bodily fluids.35,36 There are traditional methods (e.g., ELISA and 

PCR) available which are effective, but they are costly, time-consuming, laborious, 

and must be performed in a laboratory environment. POC diagnostics (e.g., 

microfluidic devices) can overcome those shortfalls because they are designed to 

be used at the point-of-need (PON); these devices diagnose a patient at the site 

of care in real-time while providing fast and accurate results.9 This is especially 

important in developing countries where there is little to no infrastructure available 

to diagnose and treat large populations of people.6,9,36 Infectious diseases are also 

a major threat to global health, as seen with COVID-19, and thus, they have the 
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potential to be used for biological warfare, biocrime, and bioterrorism.36 The 

Centers for Disease Control and Prevention (CDC) has three categories to define 

bioterrorism agents, with Category A being the highest priority as they easily 

disseminate from person-to-person, cause high mortality rates, cause public panic, 

and require special action for public health awareness.36  

Since the spring of 2020, we have experienced what some may classify as 

a threat to our national security with the emergence of an unknown pathogen, 

COVID-19, which helped solidify the continuous development of ASSURED 

devices. Kim et al. developed and received emergency use authorization (EUA) by 

the US Food and Drug Administration (FDA) for a POC VFI that detects COVID-

19 in human serum (Figure 1-11).7 Their chip design allowed for a rapid and 

inexpensive cellulose-based assay that was easy to produce using multiple layers 

(4 layers) of wax-printed paper, rather than a single layer, which was capable of 

producing a constant flow rate. In summary, they could analyze a 50 µL sample 

matrix (25 µL of human serum + 25 µL reagent solution) in 15 minutes while 

achieving a 5 nM LOD of SARS-CoV-2 antibodies in spiked human serum. The 

downsides to this device are two-fold: (1) blood needs to be drawn from the patient 

and spun down to obtain the serum, which may not be possible in remote or 

underdeveloped areas due to the additional equipment required to perform these 

steps; (2) the volume of serum analyzed is quite small and may not be enough to 

provide an accurate representation of the sample collected even though serum is 

already quite concentrated. In Chapter 3, we describe an OFI disc able to handle 

an array of bodily fluids, in various volumes, without the need for additional sample 
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preparation off-disc. 

 To increase 

sensitivity, compared to a 

LFI, and to analyze large 

sample volumes, Chen et 

al. designed a syringe-

driven multiplex VFI that 

can detect the 

Burkholderia pseudomallei 

surface capsular 

polysaccharide (CPS), a 

potential bio-threat agent 

(Figure 1-12).37 Unlike the 

previously described VFIs, 

which mainly relied on 

gravity and wicking of the 

sample through the membranes, this design pumped fluid through the membrane 

with a syringe. This has many advantages, including the ability to control flow rate, 

handle various sample types (i.e., blood, urine, saliva), and analyze large sample 

volumes. Additionally, they designed a silicon grid (Figure 1-12A) that allows for 

the detection of multiple target analytes; the multiplexed array allows for the 

membrane to contain both a positive and negative control (Figure 1-12B). The 

authors’ described a LOD of 0.02 ng/mL CPS spiked in buffer by flowing 15 mL 

 

Figure 1-11. Schematic of the VFI device to detect SARS-
CoV-2 Antibodies. A) Human serum is incubated with 
reagents in a tube containing SARS-CoV-2 nucleocapsid 
bound to cellulose-binding domain (NP-CBD), biotinylated 
NP (NP-biotin), and streptavidin horseradish peroxidase 
conjugate (SA-HRP). B) NP-enzyme complex (NP-biotin-
SA-HRP) binds with NP-CBD when the target antibodies are 
present in the sample. C) The sample matrix is added to the 
chip and followed with a wash buffer then a TMB solution. D) 
The chip is made up of 4-layers of wax-printed paper folded 
together then clamped to an absorbent pad. Adapted from: 
Vertical flow cellulose-based assays for SAR-CoV-2 
Antibody Detection in Human Serum [7] 
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through the nitrocellulose membrane. Unfortunately, to determine the test results 

and perform image analysis, the user needs to disassemble the device to access 

the membrane; this additional step unnecessarily exposes the technician to 

potential contaminated samples. The microfluidic devices described in Chapters 

3-4 allow for image analysis and assay results to be determined on-disc, then 

Chapter 5 explains the development of a portable automated system that performs 

all of the required assay steps and image analysis using a smartphone application. 

 

1.4 – Research Goals and Concluding Remarks 
  This dissertation focuses on the development and characterization of a 

POC OFI device that will achieve the unmet needs and capability gaps in the 

 

Figure 1-12. Scheme of the VFI system and its operation principle. A) Apparatus of 
the VFI platform: a nitrocellulose membrane enclosed in a stainless-steel filter holder 
with silicon supporting grid, a PTFE gasket and o-ring. B) Design of 
a CPS detection microarray, including detection spots (mAb 4C4), positive control spots 
(goat anti-mouse IgM+IgG+IgA), and negative control spots (1x PBS). C) Operation 
workflow of the VFI platform. Adapted from: Paper-based Vertical Flow Immunoassay 
(VFI) for detection of bio-threat pathogens [37] 
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medical diagnostics field. This includes the design of portable centrifugally driven 

OFIs that can detect the pathogen Yersinia pestis and other infectious diseases. 

Once this assay design is fully completed and integrated, this method of detection, 

using centrifugally driven fluidic pumping, will significantly impact the field of 

medical POC diagnostics. The future of these projects’ hinges on microfluidic 

functionality, reliable reagents, and fluid flow through porous media. Knowing the 

limitations and advantages of these techniques provides the necessary insight into 

defining these research objectives. This introduction provides the outline of the 

subsequent chapters. 

For the OFI project, the main research goal was to develop a centrifugally 

driven microfluidic immunoassay device that can analyze biological fluids (e.g., 

saliva, urine, blood plasma) for infectious diseases at the POC/PON. Chapter 2 

describes the disc design and characterization of fluid flow through the 

nitrocellulose membrane. Specifically, the focus was comparing the flow of 

different buffer solutions through the nitrocellulose membrane as well as how the 

flow rate changed as the sample volume decreased in the sample chamber. The 

hypothesis tested was that, by creating a long microfluidic channel, the hydraulic 

pressure would remain the same throughout the duration of the assay; therefore, 

the flow rate would remain constant. Additionally, by designing a 7-layer disc 

compared to a 5-layer disc, there would be true-orthogonal flow through the 

membrane and fluid bypass caused by lateral flow would be eliminated. 

Additionally, design of a uniform circle would make image analysis easy and 

reproducible. 
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Chapter 3 took the same disc design described in Chapter 2, but leveraged 

3D-printed technology to increase the sample volume that the OFI disc could 

analyze. We hypothesized that, by increasing the sample volume on the disc, we 

could achieve greater sensitivity as well as overcome the macro-to-micro interface 

challenge which is a common hurdle found in microfluidics. Next, Chapter 4 

describes a research project of designing a flow-through assay that would 

eliminate the need for a centrifugally driven disc as well as any power equipment 

(e.g., compact motor or battery), while developing an immunoassay chip that could 

detect multiple target analytes. 

Finally, the last research objective described in Chapter 5 was to design a 

portable, automated system that could perform all the necessary assay steps (i.e., 

pre-wash, sample, post-wash) as well as the image analysis of the membrane with 

a smartphone application. In short, the following chapters present the key 

challenges and results from the development of the OFI devices as well as the 

development a small, portable multiplexed flow through assay chip. Chapter 6 

provides additional discussion of ongoing projects, their challenges, and their 

future directions. 
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CHAPTER 2 – Detection of infectious Diseases with a Centrifugally-Driven 
Microfluidic Orthogonal Flow Immunoassay 
2.1 – Introduction 

Biological warfare agents (BWAs) pose a great threat to global public 

health, national security, and the safety of deployed military personnel.1,2 Yersinia 

pestis (Y. pestis) is a naturally occurring bacterium which causes a disease 

colloquially referred to as ‘the plague’. From 2010 to 2015, the World Health 

Organization (WHO) reported 3,248 Y. pestis cases worldwide, resulting in 584 

deaths.3,4  The bacterium has a rapid incubation period (3-7 days), resulting in an 

infectious disease that exhibits facile human-to-human transmissibility.5 Further, 

the Centers for Disease Control and Prevention (CDC) has identified the bacterium 

as a potentially potent agent of bioterrorism and biocrime.5 

Deployable technology for the detection of BWAs was developed by the 

U.S. Army in the early 2000s; the Joint Biological Point Detection System (JBPDS) 

has the capacity to detect up to 10 different BWAs. While this system is effective, 

it is also costly (i.e., $342,000/unit), cumbersome to transport, and requiring of 

highly trained personnel to perform the sample analysis.6-7 Cost-effective 

alternative methods exist, including enzyme-linked immunosorbent assays 

(ELISA) and polymerase chain reaction (PCR) assays, however, these 

approaches can be time-consuming, labor-intensive, and are preferably performed 

in a laboratory setting.7-8 Thus, there remains an insufficient development of 

practical, portable diagnostic methods for rapid detection and identification of 

BWAs in the field; as a result, there is an increased level of interest in the 

production of rapid diagnostic equipment.9 

Alternatively, micro total analytical systems (µTAS) have been increasingly 
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employed as point-of-need (PoN) solutions that can provide portable, rapid, and 

sensitive BWA detection.10–12 In comparison to traditional analytical techniques, 

microfluidic devices require smaller sample input volumes, have shorter analysis 

time, reduce cost, and provide comparable or improved sensitivity when compared 

with conventional techniques.13 In particular, lateral flow immunoassays (LFIs) are 

paper-based PoN microfluidic devices that can provide rapid, cost-efficient 

detection of BWAs and biomarkers found in biofluids (i.e. blood, urine, saliva).8 

However, reliance on capillary-driven fluid migration confers several key 

operational limitations: the inability to control flow rate and sample incubation time, 

and rapid saturation with fluid (i.e., once the absorbent pad is saturated, flow 

ceases).14 Oh et al. developed a gravity driven microfluidic device to overcome 

these limitations; a one-step vertical flow immunoassay (VFI) that mobilizes fluid 

vertically through a nitrocellulose (NC) membrane rather than laterally along the 

membrane surface.15 Using this approach, the group supplanted capillary action 

with gravity-driven flow, decreasing total analysis time 5-fold, from 10 minutes to 2 

minutes.15 Chen et al. designed a syringe-based, pressure-driven microfluidic VFI 

device that has the ability to detect bio-threat agents.8 By flowing 15 mL of fluid 

through a NC membrane, they were able to increase sensitivity 10x from the 

conventional LFI method and detect down to 0.02 ng/mL of Y. pestis F1 antigen.8 

Still, this VFI approach required extensive manual intervention, as it requires the 

user to disassemble the device, remove the NC membrane, and dry the membrane 

prior to visual examination. This pressure-driven system is effective for achieving 

extremely low sensitivities, but the mechanical aspects added time to the analysis 
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and created a potential BWA exposure risk for the user.  

Woolf et al. developed a proof-of-concept centrifugally-driven microfluidic 

orthogonal flow immunoassay (OFI) to address these issues, with the goal of 

providing a rapid, cost-efficient colorimetric BWA detection system in a fully-

enclosed, portable format (Figure 2-1).16 The microfluidic disc would provide a 

path to simple image analysis of the membranes without the need for device 

disassembly or user exposure and enables ease of assay automation. Despite 

these advantages, this OFI system utilized a 5-layer, print-cut-laminate (PCL) 

device with the sample chamber close to the periphery of the disc (Figure 2-1A), 

which resulted in a nonlinear 

sample drain profile with 

distinct exponential decay 

character. Additionally, the 

membrane flow through port 

found in the original 5-layer 

disc design had a region of 

non-orthogonal flow that 

contributed to undesirable 

irregularities in color 

response, complicating 

downstream image analysis 

(Fig. 2-1C).  

 

Figure 2-1: Schematic of 5-layer cOFI disc. A) Image 
of the original 5-layer cOFI with the sample chamber 
close to the periphery of the disc. B) Schematic of the 
sample chamber, 3mm inlet channel, and recovery 
chamber. C) Schematic and image of the region of non-
orthogonal flow on the nitrocellulose membrane. 
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Here, we describe and characterize the next generation cOFI device, 

featuring a design that eliminates the exponential loss of hydraulic pressure during 

fluid flow and mitigates irregular color response as a result of non-orthogonal flow. 

The modified disc design incorporates several changes to impact fluidic control 

and streamline detection. First, the sample chamber was moved closer to the 

center of rotation (CoR) relative to the embedded membrane which provided a 

longer inlet channel (26 mm) compared to the original OFI disc (3mm) (Figure 2-

2). Second, we modified the overall disc design to include 7 layers, rather than 5, 

which provided via ports that 

produced true orthogonal flow 

through the membrane, 

effectively eliminating any lateral 

flow (Figure 2-2C). Using Y. 

Pestis and Ebola virus-like 

particles as model organisms, we 

demonstrate the utility of these 

microfluidic changes by 

analytically characterizing fluid 

flow on a fully enclosed, portable, 

and cost-effective OFI device. In 

concert with our in-house 

engineered mechatronic system 

to drive fluid using rotational 

Figure 2-2: Schematic of 7-layer cOFI disc. A) 
Image of the original 7-layer cOFI with the sample 
chamber near the center of rotation. B) Schematic 
the sample chamber, 26mm inlet channel, and 
recovery chamber. C) Schematic and image of the 
region of orthogonal flow on the nitrocellulose 
membrane. 
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forces with the developed microfluidic disc, we surmise that the modified OFI disc 

is capable of rapidly detecting and identifying various types of infectious diseases 

at the PoN. 

 

2.2 Experimental Section 

2.2.1 Fabrication of the Microfluidic OFI Disc 
Microfluidic OFI devices were fabricated using the print-cut-laminate (PCL) 

method.17 Each device was comprised of seven polyethylene terephthalate (PET, 

101.6 µm thickness, Film Source Inc., Maryland Heights, MO U.S.A.) sheets 

alternated with heat sensitive adhesive (HSA, 50.8 µm thickness, EL-7970-39, 

Adhesive Research Inc., Glen Rock, PA U.S.A) (Figures 2-3, 2-4, and 2-5). The 

disc architecture for each layer was designed using AutoCAD® 2019 (Autodesk 

Inc., San Rafael, CA, U.S.A.) and cut using a 50W CO2 laser engraving system 

(VLS3.50, Universal Laser Systems®, Scottsdale, AZ, U.S.A.). Layers 1 and 7 

acted as capping layers to fluidic layers 2 and 6, containing the microfluidic 

channels. Layers 3 and 5 operated as via layers containing circular orthogonal flow 

ports (2 mm diameter) to direct flow through layer 4, which contained 4 mm circular 

punches of the nitrocellulose (NC) membranes (0.2 µm pore size, Bio-Rad 

Laboratories Inc., Hercules, CA U.S.A.).16 To thermally bond the polymeric disc, 

layers were aligned and lamination bonded (185-195°C) (UltraLam 250B, Akiles 

Products Inc., Mira Loma, CA, U.S.A.) in three separate steps. First, disc layers 3-

5 were aligned, NC membrane punches were inserted (layer 4), and bonded 

together when passed through an office laminator (2 passes). Second, layers 6 

and 7 were aligned with and laminated to layers 3-5 (2 passes). Finally, layers 1 
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and 2 were aligned and laminated to the previously bonded layers (2 passes).  

Horizontal lines were engraved (1 mm graduations) into the sample 

chamber PeT coverlets (Figure 2-3A and B) to monitor fluid drainage rates. 

Polymethyl methacrylate (PMMA, 1.5 mm McMaster-Carr, Elmhurst, IL U.S.A.) 

was used to increase sample and recovery chamber volumes (Figure 2-3A and 

B). PMMA accessory pieces and PeT coverlets were affixed to the OFI disc using 

pressure sensitive adhesive (PSA, 55.8 µm thickness, ARcare 7876, Adhesive 

Research Inc., Glen Rock, PA U.S.A). Completely assembled discs were placed 

in foil moisture barrier bags (Dri-shieldTM, Uline, Pleasant Prairie, WI, U.S.A.) with 

two 3-gram silica moisture absorbent packets (S-3904, Uline) overnight and 

pressed (15 lbs) to ensure PSA adhesion. 

2.2.2 Flow Study – Buffer Solution Comparison 
Phosphate buffered saline - tween (PBS-T, Thermo Fisher Scientific, 

Waltham, MA USA 02451) was prepared at 1X with pH = 7.5. Ebola chase buffer 

(1% 10G surfactant in Dulbecco’s PBS at pH 7.2, Invitrogen, Waltham, MA USA 

02451) was used without modification. Y. pestis chase buffer, or 50 mM carb-

bicarbonate buffer at pH = 9.6, was prepared from sodium bicarbonate (Thermo 

Fischer Scientific, Waltham, MA USA 02451) and sodium carbonate (Thermo 

Fischer Scientific, Waltham, MA USA 02451). The respective buffer solution (200 

µL) was pipetted into each sample chamber. The OFI disc was spun at a single 

rotational frequency ranging from 500-1500 RPM, with 250 RPM increments. The 

total drain time and drain intervals were measured using a highspeed stroboscopic 

video system (HSVS). The HSVS components included: MotionBLITZ EoSens® 

mini highspeed CMOS recording camera (Mikrotron-GmbH, Unterschleissheim, 
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Germany), MotionBLITZDirector software v.2 1.4.0.1, a TV Zoom lens G6x16 16-

100 mm 1:1.9 1” macro (Mikrotron-GmbH), a Nova-Strobe PBL LED portable 

stroboscope (monarch Instrument, Amherst, NH, U.S.A.), and a custom-built 

mechatronic spin system that controls both the rotational spin frequency of the disc 

and the strobe rate. The mechatronic spin system was composed of a stepper 

motor (Sanmotion series, Sanyo denki, Moriguchi, Japan), a stepper motor driver 

(DRV8801, Texas Instruments, P.O. Box 655303, Dallas, Texas 75265), a photo-

interrupting optical switch (TT Electronics/Optek Technology, Woking, U.K.), and 

an 8-core microcontroller (Propeller P8X32A-M44; Propeller Inc., Rockland, CA, 

U.S.A). 

2.2.3 Proof-of-Concept: Orthogonal Flow Immunocapture Study 
In immunocapture studies, mouse whole molecule, IgG antibodies (m-IgG) 

(Jackson ImmunoResearch Laboratories Inc., West Grove, PA, U.S.A.) were 

manually spotted and immobilized onto 4 mm NC membrane punches prior to 

lamination (2.5 µL, 5.5 mg/mL). The NC membrane was dried at 37°C for 1 hour 

in a convection oven (Binder 056FD – Convection Oven, P.O. Box 102, 78502 

Tuttlingen, Germany). Negative controls and blanks consisted of NC membranes 

without immobilized m-IgG. 

Two sample solutions of 4 nm colloidal gold nanoparticle conjugated goat 

anti-mouse IgG antibodies (AuNP; OD 2.0 at 520 nm, Jackson ImmunoResearch 

Laboratories, Inc., West Grove, PA, U.S.A.) were prepared with 1x PBS-T to make 

1.82 nM and 0.91 nM AuNP solutions. Each AuNP solution (200 µL) was pipetted 

into the sample chamber; three separate discs were prepared and spun at three 

different rotational frequencies (500 RPM, 1000 RPM, and 1500 RPM). The 
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negative control was a solution consisting of 1x PBS-T with AuNP. 

2.2.4 Detection of Y. Pestis on Centrifugal Microfluidic Disc via Orthogonal 
Flow 
 Y. pestis reagents were prepared in the Diagnostics Discovery Laboratory 

(School of Medicine, University of Nevada, Reno,  NV, U.S.A.) as per the protocol 

described by Hau et al.18 The OFI disc was assembled as described in Section 2.1 

with a minor modification to the disc design and antibody blotting steps. In layer 7, 

a 2 mm access port was cut-out to allow for the NC membranes to be blotted, post-

lamination, with 2.5 µL of Yp11C7 0416 IgG1 (Yp-mAb) (YpF1 specific mAb, 5.85 

mg/mL), then the discs were incubated at 37°C for 1 hour in a convection oven 

(Binder 056FD – Convection Oven, P.O. Box 102, 78502 Tuttlingen, Germany). 

Next, each membrane was blocked by pipetting 2.5 µL of blocking buffer solution 

(0.25% PBS-Tween, 0.1% Bovine Serum Albumin) through the 2 mm access port 

in layer 7 and placed in the oven at 37°C for 1 hour. The access port, exposing NC 

membranes, was sealed by attaching a PET coverlet with PSA. Finally, the discs 

were placed in foil moisture barrier bags (Dri-shieldTM, Uline, Pleasant Prairie, WI, 

U.S.A.) with two 3-gram silica moisture absorbent packets (S-3904, Uline) for a 

minimum of 24 hours. 

 A pre-wash step (40 µL) was performed using Y. pestis chase buffer 

pipetted into the sample chamber (1000 RPM, until the pre-wash solution was 

drained). Sample solutions (180 µL) of the Y. pestis F1 antigen were prepared at 

10-0.001 µg/mL in chase buffer. Aliquots of each antigen dilution were mixed with 

5 µL of Yp3F2 gold conjugate (Yp-AuNP, OD 10.1 at 520 nm), and incubated in-

tube at room temperature for 20 min. Negative controls consisted of 180 µL of 
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chase buffer and 5 µL of Yp-AuNP; blank controls consisted entirely of 185 µL 

chase buffer. Sample solutions were loaded into the sample chambers and 

centrifugally pumped through the membrane at 1000 RPM until the sample 

chambers were completely drained (20 minutes). Finally, a post-wash step (40 µL 

chase buffer, 1000 rpm, 100 s) was completed to remove any excess sample 

solution from the membrane.   

2.2.5 Detection of Ebola Virus-Like Particle on Centrifugal Microfluidic Disc 
via Orthogonal Flow 
 Ebola reagents were prepared in the Diagnostics Discovery Laboratory 

(School of Medicine, University of Nevada, Reno,  NV, U.S.A.) as per the protocol 

described by DeMers et al.19 The OFI disc was assembled with the same 

modification to the disc design and antibody blotting steps as described in Section 

2.4. In layer 7, the NC membranes to be blotted, post-lamination, with 2.5 µL of 

1HK7 IgG2b (Eb-mAb) (Ebola virus-like particle specific mAb, 10.2 mg/mL), then 

the discs were incubated at 37°C for 1 hour in a convection oven (Binder 056FD – 

Convection Oven, P.O. Box 102, 78502 Tuttlingen, Germany). Next, each 

membrane was blocked by pipetting 2.5 µL of blocking buffer solution (0.25% PBS-

Tween, 0.1% Bovine Serum Albumin) through the 2 mm access port in layer 7 and 

placed in the oven at 37°C for 1 hour. The access port, exposing NC membranes, 

was sealed by attaching a PET coverlet with PSA. Finally, the discs were placed 

in foil moisture barrier bags (Dri-shieldTM, Uline, Pleasant Prairie, WI, U.S.A.) with 

two 3-gram silica moisture absorbent packets (S-3904, Uline) for a minimum of 24 

hours. 

 A pre-wash step (40 µL) was performed using Ebola chase buffer pipetted 
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into the sample chamber (1000 RPM, until the pre-wash solution was drained). 

Sample solutions (180 µL) of the Ebola virus-like particles (EBOV) were prepared 

at 10-0.0001 µg/mL in chase buffer. Aliquots of each antigen dilution were mixed 

with 5 µL of 1HK11 gold conjugate (Eb-AuNP, OD 10.5 at 520 nm), and incubated 

in-tube at room temperature for 20 min. Negative controls consisted of 180 µL of 

chase buffer and 5 µL of Eb-AuNP; blank controls consisted entirely of 185 µL 

chase buffer. Sample solutions were loaded into the sample chambers and 

centrifugally pumped through the membrane at 1000 RPM until the sample 

chambers were completely drained (20 minutes). Finally, a post-wash step (40 µL 

chase buffer, 1000 rpm, 100 s) was completed to remove any excess sample 

solution from the membrane. 

2.2.6 Image processing and Data Analysis 
Each OFI disc was digitally imaged (1200 dpi, TIF format), before and after 

each assay, using a Perfection V100 desktop scanner (Epson, Suwa, Nagano, 

Japan). Circular regions of interest (ROIs, 50-pixel diameter) from the NC 

membranes were selected using the Microsoft Windows 64-bit Fiji distribution of 

ImageJ v.1.52p (https://imagej.net/Fiji/Downloads), as described in Woolf et al.20 

The ROI for each NC membrane was converted in ImageJ to weighted 8-bit 

grayscale and subsequently analyzed to measure mean grayscale value (GV). Fiji 

ImageJ measures the GV from 0-255, where 0 is completely black and 255 is 

entirely white.  

 

2.3 Results and Discussion 

2.3.1 Fabrication of the Microfluidic OFI Disc 
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 The fabrication of the cOFI disc went through three iterations (Figure 2-3). 

cOFI version 1 was the original design developed by Woolf et al with a the 3 mm 

fluidic channel to the membrane (Figure 2-3A).16 Version 2 moved the sample 

chambers closer to the CoR, as stated previously, to create a 26 mm fluidic 

channel and added two additional PET layers to eliminate regions of non-

orthogonal flow (Figure 2B). Additionally, the sample number of sample chambers 

were decreased from eight to six due to concerns that there would not be enough 

PSA to bond the PMMA sample chamber to the disc to prevent leaking between 

each chamber. Version 3 went back to the original number of sample chambers, 

eight, to optimize the number of target analytes on-disc while keeping the 7-layer 

design (Figure 2-3C). 

 
Figure 2-3: Overview of the three cOFI disc versions. A) First cOFI disc design developed 
by Woolf et al. with the sample chambers close to the periphery of the disc, resulting in a 3 mm 
fluidic channel. B) Version 2 of the cOFI disc with 7-layers, sample chambers close to the CoR 
creating a 26 mm long fluidic channel and six sample chambers. C) Version 3 of the cOFI disc 
design. Similar to Version 2 but with eight sample chambers. 

Version 1 Version 2 Version 3
A B C
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 In order to eliminate the regions of non-orthogonal flow, cOFI version 2 

contains two additional PET layers to act as via layers. The addition of two PET 

layers required careful consideration of the placement of the HSA. Figure 2-4 

shows the initial placement of the HSA on both sides (top and bottom) of PET 

layers 2, 4, and 6. By placing the HSA in layer 4, the PET layers did not provide a 

proper seal around the membrane, as shown in Figure 2-4A, resulting in non-

uniform distribution of the AuNP antibodies to regions outside the via ports (layers 

3 and 5) which is an example of fluid bypass around the membrane. Fluid bypass 

can produce fluctuations in flow rate due to the change in resistance either through 

or around the membrane. The main concern with fluid bypass is the potential for 

 
Figure 2-4: Schematic of the 7-Layer cOFI disc (Version 2) and method of assembly. A) 
Magnified image of the nitrocellulose membrane showing nonuniform binding of the AuNP 
antibodies and fluid bypass. B) Exploded diagram of the cOFI disc showing layer assembly and 
the location of the HSA layers. HSA was placed on both sides of layers 2, 4, 6 with the 
nitrocellulose membrane placed in layer 4. 

2: HSA-PET-HSA

6: HSA-PET-HSA

7: PET

1: PET

4: HSA-PET-HSA

3: PET

5: PET

A B
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loss in signal due to the target analyte not interacting or binding to the capture 

antibodies on the membrane. 

 In order to eliminate fluid bypass, a seal needed to be formed around the 

membrane in layer 4; layers 3 and 5 were cut to have a single HSA layer on the 

bottom and top, respectively (Figure 2-5). Note, the HSA on layers 2 and 6 

remained unchanged. The single-sided HSA were able to seal the membrane 

which eliminated fluid bypass and resulted in uniform binding through the via ports 

in layers 3 and 5 (Figure 2-5A). As described in Section 2.1, proper bonding of the 

PET layers was ensured by laminating the disc in three separate stages. Layers 

 
Figure 2-5: Schematic of the 7-Layer cOFI disc (Version 3) and method of assembly. A) 
Magnified image of the nitrocellulose membrane showing uniform binding of the AuNP 
antibodies and the elimination of fluid bypass. B) Exploded diagram of the cOFI disc showing 
layer assembly and the location of the HSA layers. HSA was placed on both sides of layers 2 
and 6. Layers 3 and 5 had HSA on one side, bottom and top respectively. This method of 
assembly provided a seal around the nitrocellulose membrane placed in layer 4. 

2: HSA-PET-HSA

6: HSA-PET-HSA

7: PET

1: PET

4: PET

3: PET-HSA

5: PET-HSA

A B
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3-5 were laminated first, then layers 6-7 were laminated to 3-5, and finally layers 

1-2 were laminated to 3-7.  

2.3.2 Flow Study – Buffer Solution Comparison 
This iteration of the cOFI disc features a long inlet channel design to permit 

a constant flow rate that could be maintained throughout the assay’s duration, 

regardless of sample fluid type (e.g., urine, saliva, blood serum).21 The data 

presented here shows that the total drainage time decreased as the rotational 

frequency increased. The average fluid flow rate (U) through a microfluidic channel 

can be defined by Equation 1: hydraulic diameter of the channel (𝐷ℎ), fluid density 

(ρ), angular velocity (ω), change in the difference between the top and bottom of 

the fluidic plug (∆𝑟), the average distance the fluid plug is from the CoR (𝑟̅), the 

fluid viscosity (µ), and length of the channel (L).16,22,23 

(1) 𝑈 =
𝐷ℎ

2𝜌𝜔2∆𝑟𝑟̅

32µ𝐿
 

The microfluidic channel on the cOFI disc is 26 mm long, producing a 26 mm fluidic 

plug; as a result, both ∆𝑟 and 𝑟̅ remain unchanged as the fluid volume in the sample 

chamber decreases (Figure 2-6). Additionally, both the channel geometries (𝐷ℎ 

and L) and fluid properties (ρ and µ) play an important role in the average flow rate 

through the cOFI disc’s channels, but these parameters also remain unchanged. 

We can then assume that flow rate is directly proportional to ∆𝑟, 𝑟̅, and L (Equation 

2).  

(2) 𝛥𝑈 ∝
∆𝑟𝑟̅

𝐿
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When comparing the fractional change in flow rates between a short fluidic plug (L 

= 3 mm) and long fluidic plug (L = 26 mm), there is a smaller fractional change 

over time with the long fluidic plug; therefore, producing a more constant flow rate 

over time and throughout the duration of the assay. Ultimately, the long fluidic 

channel isolates angular velocity as the sole parameter that can be changed 

allowing for precise fluid control on the cOFI disc. 

 Previously published research by Woolf et al. describes a 5-layer OFI 

design (Figure 2-6A) with the sample chamber furthest away from the CoR with a 

short microfluidic channel (3 mm). This design resulted in an exponential decay of 

the fluid column height (L) in relation to the elapsed time; simply, as the fluid 

drained from the sample chamber, the hydraulic pressure driving fluid flow 

decreased, resulting in a slower flow rate, longer drainage time, and longer assay 

time.16 Furthermore, Equation 3 describes how the volumetric flow rate (Q) is 

proportional to the volume of the fluid (V) per unit of time (t); therefore, Q is 

proportional to the mean fluid velocity (𝑣̅) and cross sectional area (A) of the fluidic 

channel.24 

(3) 𝑄 =
𝑉

𝑡
=

𝐴(𝐷𝑖𝑠𝑡𝑎𝑛𝑐𝑒)

𝑡
= 𝑣̅𝐴 
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We hypothesized that a longer inlet channel (26 mm), from the sample 

chamber to the NC membrane, could maintain more stable hydraulic pressure as 

the sample fluid volume decreased. To implement this architectural change, the 

 
Figure 2-6: Schematic of the two OF disc designs: 5-layers versus 7-layers. A) 5-layer 
OFI disc design with the sample chambers towards the periphery of the disc with a very short 
fluidic channel (3 mm). B) 7-layer OFI disc design with the sample chambers closer to the 
CoR, providing a longer fluidic channel (26 mm), and the two extra PET layers eliminating 
any lateral flow that occurred with the original 5-layer design. C) Representation of how 
moving the sample chamber closer to the CoR produces a longer fluidic channel. 
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sample chamber was positioned closer to the CoR, while the embedded 

membrane and OF port remained closer to the periphery (Figure 2-6C). The longer 

inlet channel creates a 2.64 µL fluidic column, designed to maintain the hydraulic 

pressure until the fluidic column is drained. It is important to note that the 2.64 µL 

of fluid present in the inlet channel is insignificant when considering the total 

sample volume, as it makes up less than 1% of the total sample being pumped 

through the membrane. With the length of the channel (L) remaining constant (see 

Equation 1), the rotational frequency (angular velocity (ω)) variable can be 

controlled. This provides the user with the ability to control disc fluid velocity and 

total assay time by simply altering the rotational frequency. As anticipated, 

elongation of the inlet channel from 3 mm (Figure 2-7A) to 26 mm (Figure 2-7B) 

upstream of the membrane resulted in a linear drainage profile when the column 

height is plotted against the elapsed time (Figure 2-7). Stated another way, as the 

fluid volume drains from the sample chamber, there is little to no change in the flow 

rate throughout the duration of the assay as shown in Figure 2-7. When the two 

average drain times were compared at the same rotational frequency, the longer 

fluidic channel resulted in fivefold reduction in drain time.  
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Previous research has described how fiber morphology in NC membranes 

(i.e., swelling or de-swelling of the pores) can be changed by the salt concentration 

and ionic strength of a solution; therefore, effecting the sample flow rate through 

NC membranes.16,25–27 Hence, we evaluated the overall drain time (Figure 2-8) 

and the drain intervals (Figure 2-9) for three different types of buffer solutions – 

PBS-T buffer, Y. pestis chase buffer, and Ebola chase buffer – at five different 

rotational frequencies (500-1500 RPM, 250 RPM intervals). Overall, there was a 

nominal difference observed between the total drain times of the buffers at the five 

rotational frequencies (Figure 2-8).  All correlation coefficients for these data were 

 
Figure 2-7: Comparison of average fluid drain times (n=3) between the short fluidic 
channel (3mm) and long fluidic channel (26 mm). A) 5-layer cOFI disc and drainage profile 
with the sample chamber out from the center (COC) with 3 mm fluidic channel to the membrane. 
The average drain time was measured from 750-2000 RPM. B) 7-layer cOFI disc and drainage 
profile with the sample chamber in the center (CIC) with 26 mm fluidic channel to the membrane. 
The average drain time was measured from 500-1500 RPM. At a slower rotational frequency 
(500 RPM), the 7-layer OFI disc with CIC drained in almost half the time (~800 sec) compared 
to the 5-layer cOFI disc with COC at a faster rotational frequency (750 RPM, ~1500 sec). 
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> 0.98, indicating that a strong, linear relationship exists between total elapsed 

time and sample chamber filling height. Fitted regression models and correlation 

coefficients are reported in Table 2-1. Simply put, as the fluid volume decreased 

in the sample chamber, the hydraulic pressure and flow rate remained constant. A 

two-way ANOVA (α = 0.05) was performed to compare the effect that rotational 

frequency and buffer solution type have on fluid drainage time. Analysis revealed 

there was no statistically significant interaction between the effects of rotational 

frequency and buffer solution (F (8, 30) = 2.167, p = 0.059). However, rotational 

 
Figure 2-9: Comparison of three different buffer solutions through the nitrocellulose 
membrane with the sample chamber near the center of rotation. Each buffer solution was 
spun at 500 RPM, 750 RPM, 1000 RPM, 1250 RPM, and 1500 RPM (n=3) until the entire 
solution was drained from the sample chamber. Using the rastered lines on the sample chamber 
PET coverlets, the drain intervals were recorded for the duration of the time it took for the buffer 
solution to empty out of the sample chamber. A) Drain intervals for the Phosphate Buffered 
Saline (PBS) buffer. B) Drain intervals for the Y. Pestis chase buffer. C) Drain intervals for the 
Ebola chase buffer. 
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Figure 2-8: Comparison of three different buffer solutions drained through the 
nitrocellulose membrane with the sample chamber near the CoR. Each buffer solution was 
spun at 500 RPM, 750 RPM, 1000 RPM, 1250 RPM, and 1500 RPM (n=3) until the entire 
solution was drained from the sample chamber. The total drain time for each solution was 
recorded and a linear regression was plotted. A) Total drain time of the Phosphate Buffered 
Saline (PBS) chase buffer. B) Total drain time for the Y. Pestis chase buffer. C) Total drain 
time for the Ebola chase buffer. 
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frequency did have a significant effect on fluid drainage time (p < 0.0001). 

Additionally, a statistically significant effect was observed between the buffer 

solution and fluid drainage time, (p = 0.0118). With regard to which parameter 

provided the greatest percentage of total variation on the fluid drainage time, 

rotational frequency exhibited the largest total variation percentage (98.9%). 

Basically, the change in drain time was greatly influenced by the rotational 

frequency and not the fluid type. Using a Tukey’s multiple comparisons test, it was 

determined there was no significant difference between 1250 RPM vs 1500 RPM 

with a mean difference in drain time of 28.22 sec (Table 2-2), while comparing the 

slower rotational frequencies resulted in a significant difference in mean drains 

times. Overall, for all three buffer solutions, the salt content and ionic strength did 

not present an adverse effect functionally on the flow rate throughout the drainage 

cycle as previously hypothesized in Woolf et al.16 

  

 
Table 2-1: The linear regression equations for each buffer at each rotational frequency 
showing the drain times are linear as the fluid volume decreases in the sample chamber and 
the flow rates remain constant. 
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2.3.2 Proof-of-Concept: Orthogonal Flow Immunocapture Study 
 Having characterized flow behavior through the NC membrane, we 

explored the effect that rotational frequency has on the ability to form the AuNP-

m-IgG complex and, ultimately, endow the assay with ample signal intensity for 

detection. Previously, Devadhasan et al. reported successful binding with flow 

rates from 0.1 to 1 mL/min using a syringe pump; however, we were concerned 

that the flow rate through the cOFI would be too fast with centrifugal pumping to 

permit effective binding of the AuNP to the m-IgG.25 To evaluate this, two sample 

solutions varying in AuNP concentration - 1.82 nM and 0.91 nM - were prepared 

using PBS-T buffer. It is important to note that the greyscale values (GVs) reported 

in Figure 2-10 are inversely related to the amount of AuNPs bound to the m-IgG 

blotted membranes, i.e., the more AuNPs bound to the membrane, the lower the 

GV. The 1.82 nM AuNP samples were spun at the three rotational frequencies: 

500 RPM (GV = 172 ± 2), 1000 RPM (GV = 175 ± 4), and 1500 RPM (GV = 191 ± 

3). This resulted in positive responses that were readily distinguishable from the 

negative control (GV = 231 ± 5) and blank (GV = 235 ± 4) samples (Figure 2-10A). 

Rotational 
Frequency 

(RPM) 

Mean 
Difference 

95.00% CI of 
Diff. 

Significant P-Value 

500 vs. 750 473 436.5 to 509.5 Yes <0.0001 

500 vs. 1000 598.6 562.0 to 635.1 Yes <0.0001 

500 vs. 1250 681.7 645.1 to 718.2 Yes <0.0001 

500 vs. 1500 709.9 673.3 to 746.4 Yes <0.0001 

750 vs. 1000 125.6 89.01 to 162.1 Yes <0.0001 

750 vs. 1250 208.7 172.1 to 245.2 Yes <0.0001 

750 vs. 1500 236.9 200.3 to 273.4 Yes <0.0001 

1000 vs. 1250 83.11 46.57 to 119.7 Yes <0.0001 

1000 vs. 1500 111.3 74.79 to 147.9 Yes <0.0001 

1250 vs. 1500 28.22 -8.321 to 64.77 No 0.1976 

Table 2-2: 2-way ANOVA Tukey’s Multiple Comparisons Test: Comparing the statistical 
differences between the rotational frequencies. 
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Additionally, the 0.91 

nM AuNP samples 

were spun at the 

same rotational 

frequencies: 500 

RPM (GV = 190 ± 2), 

1000 RPM (GV = 

199 ± 5), 1500 RPM 

(GV = 212 ± 3). This 

also resulted in 

positive responses 

that were easily 

distinguishable from 

the negative control (GV = 229 ± 9) and blank (GV = 230 ± 9) samples (Figure 2-

10B). An unpaired t-test to compare the means between the 1.82 nM AuNP GVs 

for 500 RPM and 1500 RPM were statistically different (α = 0.05, p < 0.0001); the 

0.91 nM AuNP GVs for 500 RPM and 1500 RPM were also statistically different (α 

= 0.05, p < 0.0001). Therefore, the data shows spinning at a slower rotational 

frequency (i.e., 500 RPM) resulted in a lower GV, and thus was more valuable in 

discerning a positive compared to the blank, compared to faster rotational 

frequencies (i.e., 1500 RPM).  

The sensitivity of the OFI and binding of the AuNP (analyte) to the m-IgG is 

dependent on three factors: flow rate, diffusion, and membrane pore size. The 

 
Figure 2-10: Proof-of-concept of the 7-Layer OFI disc. A series 
of discs were spun at three different speeds (500 RPM, 1000 RPM, 
and 1500 RPM; n=6) using two different concentrations of AuNP 
(1.82 nM and 0.91 nM). The grayscale value was measured for 
each membrane. The disc’s spin rates were proportional to the 
sample flow rate (i.e., the slower the RPM the slower the flow rate). 
The slower the flow rate, the lower the grayscale value, as AuNPs 
had more time to interact and bind to the mouse IgG on the 
membrane. A) A 1.82 nM AuNP sample. B) A 0.91 nM AuNP 
sample. With a more dilute AuNP concentration, the VFI disc was 
able to delineate between a positive sample, the negative control 
and blank. 
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small pore size, 0.2 µm, used on this device allows for a short diffusion distance 

for the analyte to interact with the m-IgG i.e., a greater binding interaction time for 

the AuNP to bind to the m-IgG, even at high flow rates. These three factors can be 

better explained by the Péclet number (Pe) which describes the relationship 

between the flow rate (U) through the NC membrane (Ls) and the diffusion rate of 

the analyte (D) to the wall of the pores (pore radius, d2) in the NC membrane 

(Equation 4).28–30 

(4)     𝑃𝑒 =  
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
=

𝑈
𝐿𝑠

⁄

𝐷
𝑑2⁄

 

We consider the OFI device to be a non-diffusion-limited immunoassay which is 

defined by a Pe < 1 and an antigen capture efficiency >90%.28 Referring back to 

Figure 2-8, a higher rotational frequency resulted in a faster flow rate through the 

membrane and this correlates with the data we see in the antibody binding study 

(Figure 2-10A & B). The faster the flow rate, the weaker the signal present on the 

NC membrane as a result of limited interaction time between the analyte and the 

capture antibody located on the pore wall; therefore, it can be confirmed that a 

higher flow rate directly effects the sensitivity of the device. Our reported cOFI 

device reaches average maximum and minimum flow rates of 0.17 mL/min and 

0.016 mL/min with speeds of 1500 RPM and 500 RPM, respectively; flow rates 

equal to or slower than those reported by Devadhasan et al. using pneumatically-

driven flow.25  
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2.3.3 Detection of Y. Pestis F1 antigen 
Having demonstrated fluidic control through the OFI device and proof of on-

disc immunocapture, we next sought to demonstrate how our disc could be applied 

in the real world to detect the F1 antigen expressed by Y. pestis. We begin this 

work by diluting the Y. pestis F1 antigen into aqueous sample solutions from 10-

0.001 µg/mL for on disc detection. Figure 2-11 shows the resultant mean GV (n=3) 

for each of the sample dilutions flowed through the sample architecture. It is 

important to note, that unlike the 

results presented in section 3.2, this 

experimental setup comprised a full 

sandwich-type immunoassay (Figure 

2-12). Across the three highest 

concentrations (10 to 0.1 µg/mL) the 

GV became more intense as the F1 

antigen concentration was decreased 

(GV = 140 ± 15, 43 ± 18, and 26 ± 1, 

respectively).  At 10 µg/mL, a GV of 

142 was 81% less intense than that 

observed at 0.1 µg/mL (GV = 26 ± 1).  

We attribute this loss in signal at the 

highest concentrations to the “hook 

effect”.15,31 In these instances, the F1 

antigen is so abundant that both the 

Yp-AuNP and the Yp-mAb binding 

 
Figure 2-11: Results showing the capability 
and the sensitivity of the OFI disc to detect 
the Y. Pestis F1 antigen (n=3), discs were 
spun at 1000 RPM. Each membrane was 
cropped to a 50x50 pixel area circle then 
converted to 8-bit grayscale and measured for 
the grayscale value intensity. A 10x serial 
dilution of Y. Pestis F1 antigen was performed 
on the VFI disc, from 10 µg/mL to 0.001 µg/mL, 
to determine sensitivity. The “hook effect” 
observed at the 10 µg/mL and 1 µg/mL 
concentrations. 
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sites are occupied by the F1 antigen. Thus,  with no unoccupied binding sites, the 

antibodies are unable to form the sandwich complex for chromogenesis from the 

accumulation of the AuNP on the NC membrane.32–34 The sample concentration 

of 0.001 µg/mL (GV = 187 ± 17) showed a GV that was readily distinguishable from 

the negative control (GV = 248 ± 2) and blank (GV = 252 ± 2) samples.  

The cOFI device detected target antigen as low as 1 ng/mL; thus, to detect 

at lower concentrations, a larger sample volume would be required for flow through 

the NC membrane.8 As a proof of principle, Devadhasan et al, has shown the ability 

to detect 0.025 ng/mL by flowing 5 mL of sample through a NC membrane.25 By 

modifying the architecture from the original 5-layer OFI disc, we were able to 

demonstrate a fully enclosed analytical device to rapidly detect Y. pestis F1 antigen 

on disc within approximately 30 minutes, paving the way for a fully automated and 

portable PoN device.  

 
Figure 2-12: Schematic of sandwich-type immunocapture on a cOFI device. A) 
Representation of the different layers on the cOFI with the membrane (layer 4) blotted with the 
capture antibodies. B) Visual representation of the sample fluid, containing conjugate antibody 
and antigen, flowing vertically through the membrane. C) Example of the sandwich complex 
formed on the membrane. There are examples of the membrane before and after the 
accumulation of the conjugated antibody resulting in a red colorimetric change. 
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2.3.4 Detection of Ebola Virus-Like Particles 
Next, we wanted to demonstrate immunocapture using another pathogen, 

Ebola. We began by diluting the EBOV into aqueous sample solutions from 10-

0.0001 µg/mL for on-disc detection. Figure 2-13 shows the resultant mean GV 

(n=3) for each of the sample dilutions flowed through the sample architecture. The 

experimental setup was similar to section 3.3 and comprised of a full sandwich-

type immunoassay (Figure 2-12). Across the three highest concentrations (10 to 

0.1 µg/mL) the GV became less intense as the EBOV concentration was 

decreased (GV = 114 ± 12, 178 ± 20, and 191 ± 30, respectively), but eventually 

plateaued. When comparing 

the membranes of 10-0.1 

µg/mL samples, there is visual 

difference from the negative 

control (GV = 221 ± 9) and 

blank (GV = 235 ± 2). A one-

way ANOVA (α = 0.05) 

determined there was no 

statistical difference between 

samples 1-0.0001 µg/mL and 

negative control (respectively p 

= 0.07, 0.36, 0.99, 0.99, and 

0.99). Therefore, these results 

determine that the current 

limitations of the cOFI device 

 
Figure 2-13: Results showing the detection of Ebola 
virus-like particle on the cOFI device (n=3), discs 
were spun at 1000 RPM. Each membrane was 
cropped to a 50x50 pixel area circle then converted to 
8-bit grayscale and measured for the grayscale value 
intensity. A 10x serial dilution of EBOV was performed 
on the cOFI disc, from 10 µg/mL to 0.0001 µg/mL, to 
proof-of-concept and sensitivity. 
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are not a result of the method of detection (i.g., orthogonal flow or sandwich assay), 

but the limitations on how specific the antibodies are to the target analyte. The 

antibodies used in this were shown to not be very specific and resulted in non-

specific binding occurring on the NC membrane, seen as a slight reduction in GV 

in negative control sample (Figure 2-13). In future assay development, reagents 

need to be designed and produced in a way that will minimize or eliminate false-

positives while still being able to bind to the target in a complex matrix. False-

positives and non-specific binding can be minimized, or completely eliminated, by 

increasing the volume of wash buffer incorporated into the assay, which can be 

done by increasing the reagent volumes present on the cOFI device. Ultimately, 

we have shown a proof-of-concept cOFI device that can detect two infectious 

diseases by simply blotting the NC membranes with different capture antibodies. 

 

2.4 Conclusions 
 We presented a 7-layer, centrifugally driven OFI device that employs 

colorimetric analysis for detection, and demonstrated linear drainage profiles 

throughout assay duration. With this device design, we were able to eliminate the 

region of lateral flow that was described in previously published work, instead, 

achieving complete orthogonal flow with the addition of 2 more polymeric layers. 

Further, this device produced 2 mm circular detection spots to enable simplified 

image segmentation and downstream analysis. Using the new device, we 

demonstrated differences in signal intensity as a result of changes to rotational 

frequency; these parameters will need to be considered for alternative applications 

and antigen-antibody pairs. With our assay, we were able to detect as low as 1 
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ng/mL of Y. pestis and 10 µg/mL with EBOV antigens. We plan to achieve lower 

detection sensitivities by increasing the sample volumes on disc. Future work will 

include implementation of a 3D-printed large volume sample chamber onto the 

cOFI disc in order to handle the increased volume of fluid.  
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CHAPTER 3 – Detection of Infectious Diseases with a 3D-Printed Large 
Volume Centrifugal Microfluidic Orthogonal Flow Immunoassay 
3.1 Introduction 
 Miniaturized total analysis systems (µTAS), also known as lab-on-a-chip 

(LOC) or lab-on-a-disc (LoaD), were first developed in the 1950s with the ability to 

move nanoliter and picoliter volumes of fluid.1 The evolution of LOC designs 

continued to grow, especially over the last 20 years, and can be divided into five 

categories based on the method of fluid flow: capillary, pressure driven, centrifugal, 

electrokinetic, and acoustic.1,2 These microfluidic platforms provide analytical 

instrumentation with the potential for portability, improved sensitivity, cost-effective 

manufacturing, and reduced analysis times.1,3 With this framework of 

characteristics, LOC or LoaD devices have become very desirable for point-of-care 

(POC) diagnostics. 

 Microfluidic POC devices allow for a simple, rapid, and portable method to 

analyze biological samples (e.g., urine, saliva, blood).4–6 Devices based on lateral 

flow immunoassay (LFI) have existed for decades, with the pregnancy test (for 

chorionic gonadotropin) among the greatest success stories in bioanalysis.4,7 

Through capillary driven force, fluid flows through the matrix of the LFI strip (e.g., 

nitrocellulose membrane) from the sample pad to wicking pad.8–10 The positive 

attributes of LFI include ease of use, rapid assay time, and inexpensive 

manufacturing, but the inherent disadvantage is the limited sample volume that the 

device can accept, the inability to control flow rate, and lack of multiplexing 

capability.8,9,11  

Existing literature has presented a different approach, called a vertical flow 

immunoassay (VFI), which has the potential to compliment or supplant the 
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standard LFI. In contrast to LFI, where fluid moves parallel to the membrane 

surface, fluid movement with VFI flows vertically through the membrane, driven by 

either gravity or pressure.9,10,12,13 LFI has been reported to be at least five time less 

sensitive compared to a VFI, when detecting the same target analyte.10 The VFI 

approach to fluid movement and detection provides a number of advantages over 

LFI, including a faster assay time, analysis of larger sample volumes, and the 

ability to multiplex on the membrane.9,12,13  For example, Devadhasan et al. have 

designed a multiplexed VFI capable of testing large volume samples (15 mL) for 

Yersinia pestis (Y. pestis), the infectious agent responsible for plague in the 14th 

century.14  Using pressure-driven fluid flow (e.g., syringe pump), they 

demonstrated a limit of detection (LOD) of 0.025 ng/mL for the Y. pestis F1 antigen, 

substantially more sensitive than a traditional LFI where an LOD of 4 ng/mL was 

obtained.14,15 Relative to VFI or LFI, more sensitive analytical techniques like 

enzyme-linked immunosorbent assay (ELISA) and quantitative polymerase chain 

reactions (PCR) do exist, but these suffer from long analysis time, high cost,  the 

requirement for highly trained personnel, making these techniques less suitable 

for POC deployment.16–18  

 The VFI approach described by Devadhasan et al. is both rapid and 

sensitive; however, in order to obtain the assay results, the disc must be 

disassembled and the nitrocellulose membrane removed in order to be imaged for 

analysis; this puts the user at an unnecessary risk of exposure to contaminated 

samples. To address these issues, we described a portable, centrifugal 

microfluidic orthogonal flow immunoassay (cOFI) in Chapter 2 with the 
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overarching goal to provide a fully-enclosed, cost-effective and rapid POC device. 

The cOFI disc pumps fluid through the membrane through centrifugal forces, and 

provides a simple detection method exploiting image analysis on the device, 

without requiring disassembly. Despite these advantages, the cOFI disc described 

in Chapter 2 was limited to sample volumes of 200 µL/chamber (8 chambers) and 

detected as low as 1 ng/mL of the F1 antigen. In order to detect lower 

concentrations with this cOFI system, it was clear that sample volume capacity of 

the microfluidic disc had to be increased.14 

 Here, for the first time, we describe a large volume cOFI device, featuring a 

3D-printed sample chamber that holds up to 12 mL of sample (Figure 3-1). 3D-

printing technology not only allows for greater sample volumes but also maintains 

a longer inlet channel which is required to maintain hydraulic pressure through the 

duration of the assay. Additionally, the structural integrity of the sample chamber 

is significantly stronger and can handle the large amount of centrifugal force 

applied while spinning the disc (313 x gravity), unlike previous cOFI designs that 

used polymethyl methacrylate (PMMA, 1.5 mm thick) for sample chambers.19 A 7-

layer design was used, as described in Chapter 2., with the nitrocellulose 

membrane in the middle layer, sandwiched between two via layers which provide 

orthogonal flow. To show proof-of-concept and sensitivity, Y. pestis F1 antigen and 

Ebola virus-like particles (EBOV), both category A biological threat agents as 

defined by the Center for Disease Control and Prevention (CDC), were used as 

model organisms.20 With 3D-printed technology and a custom mechatronic system 
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to centrifugally pump fluid, we present a rapid, cost effective POC microfluidic 

device that can detect low concentrations of infectious diseases. 

 
3.2 Experimental Section 

3.2.1 Fabrication of the Microfluidic cOFI Disc 
Microfluidic cOFI devices were fabricated using the print-cut-laminate (PCL) 

method.21 Each device was comprised of seven polyethylene terephthalate (PET, 

101.6 µm thickness, Film Source Inc., Maryland Heights, MO U.S.A.) sheets 

alternated with heat sensitive adhesive (HSA, 50.8 µm thickness, EL-7970-39, 

Adhesive Research Inc., Glen Rock, PA U.S.A). The disc architecture for each 

layer was designed using AutoCAD® 2020 (Autodesk Inc., San Rafael, CA, 

U.S.A.) and cut using a 50W CO2 laser engraving system (VLS3.50, Universal 

Laser Systems®, Scottsdale, AZ, U.S.A.). Layers 1 and 7 were the external 

capping layers, while layers 2 and 6 contained the microfluidic channels. Layers 3 

and 5 were via layers containing circular orthogonal flow ports (2 mm diameter) 

 

Figure 3-1: Concept of operations of the large volume centrifugal orthogonal flow 
immunoassay disc. A) Example of a biological sample that would be collected (e.g., urine). 
B) Diagram showing the urine sample being pipetted onto the large volume cOFI disc. C) The 
results of either a positive or negative sample using a colorimetric method of detection.  

A B C
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that directed flow to and through layer 4, which contained 4 mm circular punches 

of the nitrocellulose (NC) membranes (0.2 µm pore size, Whatman ProTran BA 

83, Marlborough, MA U.S.A.). To activate the HSA, the disc layers were aligned 

and lamination bonded (185-195°C) (UltraLam 250B, Akiles Products Inc., Mira 

Loma, CA, U.S.A.) in three separate steps. First, disc layers 3-5 were aligned, NC 

membrane punches were inserted into layer 4, and bonded together when passed 

through an office laminator (2 passes). Second, layers 6 and 7 were aligned with 

and laminated to layers 3-5 (2 passes). Finally, layers 1 and 2 were aligned and 

laminated to the previously bonded layers (2 passes). The three separate 

lamination steps were performed to allow the HSA to properly bond each of the 

PET layers together.  

Polymethyl methacrylate (PMMA, 1.5 mm McMaster-Carr, Elmhurst, IL 

U.S.A.) was used to increase sample recovery chamber volumes. PMMA pieces 

and PET coverlets were affixed to the cOFI disc using pressure sensitive adhesive 

(PSA, 55.8 µm thickness, ARcare 7876, Adhesive Research Inc., Glen Rock, PA 

U.S.A). Layer 7 contains a 2 mm access port to allow for the NC membranes to be 

blotted with desired capture antibodies post-lamination then capped with PET 

using PSA Completely assembled discs were placed in foil moisture barrier bags 

(Dri-shieldTM, Uline, Pleasant Prairie, WI, U.S.A.) with two 3-gram silica moisture 

absorbent packets (S-3904, Uline) overnight and pressed (15 lbs.) to ensure PSA 

adhesion. 

3.2.2 Fabrication of the 3D-Printed Large Volume Chamber 
 The 3D-printed large volume sample chamber was designed using 

Autodesk Fusion 360 (Autodesk Inc., San Rafael, CA, U.S.A.) then printed on a 
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FormLabs 3B stereolithography 3D-printer (FormLabs Inc., Somerville, MA, 

U.S.A.) with clear v4 resin (Formlabs Inc., Somerville, MA, U.S.A.) (Figure 3-4 and 

3-5).22 The inside of each sample chamber was blocked with 500 µL of blocking 

buffer solution (0.25% phosphate buffered saline-tween, PBS-T; 0.1% Bovine 

Serum Albumin) then placed in a convection oven (Binder 056FD – Convection 

Oven, P.O. Box 102, 78502 Tuttlingen, Germany) at 37°C for 1 hour. The large 

volume chamber was manually aligned and attached to the cOFI disc using PSA 

(Figure 3-2 and 3-3). 

3.2.3 Proof-of-Concept: Immunocapture Study 
In this study, 2.5 µL of mouse whole molecule, IgG antibodies (mIgG) (5.5 

mg/mL, Jackson ImmunoResearch Laboratories Inc., West Grove, PA, U.S.A.) 

were manually spotted and immobilized onto 4 mm NC membranes through the 2 

mm access port in layer 7 (2.5 µL, 5.5 mg/mL). The NC membranes were dried at 

37°C for 1 hour in a convection oven (Binder 056FD – Convection Oven, P.O. Box 

102, 78502 Tuttlingen, Germany). mIgG was not immobilized on the membranes 

for the negative and blank controls. Each membrane was subsequently blocked 

with a blocking buffer solution (2.5 µL/membrane) then dried in the convection 

oven at 37°C for 1 hour. The discs were placed in foil moisture barrier bags (Dri-

shieldTM, Uline, Pleasant Prairie, WI, U.S.A.) with two 3-gram silica moisture 

absorbent packets (S-3904, Uline) for a minimum of 24 hours. 

A custom-built mechatronic spin system was used to control the rotational 

spin frequency of the disc. The mechatronic spin system was composed of a 

stepper motor (Sanmotion series, Sanyo denki, Moriguchi, Japan), stepper motor 

driver (DRV8801, Texas Instruments, P.O. Box 655303, Dallas, Texas 75265), and 
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an 8-core microcontroller (Propeller P8X32A-M44; Propeller Inc., Rockland, CA, 

U.S.A). A pre-wash step (400 µL) was performed using 1x PBS-T, pH = 7.5 

(Thermo Fisher Scientific, Waltham, MA USA 02451) pipetted into the sample 

chamber (2000 RPM, until the pre-wash solution drained). Sample solutions were 

prepared using 4 nm colloidal gold nanoparticle conjugated goat anti-mouse IgG 

antibodies (m-AuNP; Optical Density (OD) = 2.0 at 520 nm, Jackson 

ImmunoResearch Laboratories, Inc., West Grove, PA, U.S.A.), diluted (dilution: 

200x-450x) with PBS-T, and incubated in-tube at room temperature for 20 min. 

Negative controls consisted of PBS-T buffer (6 mL) and m-AuNP (30 µL), 200x 

dilution; blank controls consisted of only PBS-T buffer (6 mL). Each sample 

solution (6 mL) was pipetted into the sample chamber and centrifugally pumped 

through the membrane at 2000 RPM until the sample chamber drained completely 

(45 minutes). A final post-wash step (500 µL PBS-T buffer, 2000 rpm, 500 sec) 

was performed to remove any excess sample from the membrane. 

3.2.4 Detection of Y. pestis F1 Antigen on the Centrifugal Microfluidic 
Orthogonal Flow Immunoassay Disc 
 Y. pestis reagents were prepared in the Diagnostics Discovery Laboratory 

(School of Medicine, University of Nevada, Reno,  NV, U.S.A.) as per the protocol 

in Hau et al.23 The large volume cOFI disc was assembled as described in Section 

2.1. The membranes were blotted post-lamination with 2.5 µL of Yp11C7 0416 

IgG1 (Yp-mAb) (Y. pestis F1 antigen specific mAb, 5.85 mg/mL), then the discs 

were incubated at 37°C for 1 hour in a convection oven (Binder 056FD – 

Convection Oven, P.O. Box 102, 78502 Tuttlingen, Germany). Next, each 
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membrane was blocked with blocking buffer solution (2.5 µL) through the 2 mm 

access port in layer 7 then placed in the oven at 37°C for 1 hour.  

 A pre-wash step (400 µL) was performed using Y. pestis chase buffer, or 

50 mM carb-bicarbonate buffer at pH = 9.6, prepared from sodium bicarbonate 

(Thermo Fisher Scientific, Waltham, MA USA 02451) and sodium carbonate 

(Thermo Fisher Scientific, Waltham, MA USA 02451), pipetted into the sample 

chamber (2000 RPM, until the pre-wash solution was drained). Sample solutions 

(6 mL) of the Y. pestis F1 antigen were prepared at 10-0.01 ng/mL in chase buffer. 

Aliquots of each antigen dilution were mixed with 10 µL of Yp3F2 gold conjugate 

(Yp-AuNP, OD 10.1 at 520 nm), and incubated in-tube at room temperature for 20 

min. Negative controls consisted of 6 mL of chase buffer and 10 µL of Yp-AuNP; 

blank controls consisted of 6 mL chase buffer. Sample solutions were loaded into 

the sample chambers and centrifugally pumped through the membrane at 2000 

RPM until the chambers were completely drained (45 minutes). Finally, a post-

wash step (500 µL chase buffer, 2000 RPM, 500 sec) was performed to remove 

any excess sample from the membrane. 

3.2.5 Detection of Ebola Virus-Like Particles on the Centrifugal Microfluidic 
Orthogonal Flow Immunoassay Disc 
 Ebola reagents were prepared in the Diagnostics Discovery Laboratory 

(School of Medicine, University of Nevada, Reno,  NV, U.S.A.) as per the protocol 

in DeMers et al.24 The large volume cOFI disc was assembled as described in 

Section 2.1. The membranes were blotted post-lamination with 2.5 µL of 1HK7 

IgG2b (Eb-mAb) (Ebola virus-like particle specific mAb, 10.2 mg/mL), then the 

discs were incubated at 37°C for 1 hour in a convection oven (Binder 056FD – 
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Convection Oven, P.O. Box 102, 78502 Tuttlingen, Germany). Next, each 

membrane was blocked with blocking buffer solution (2.5 µL) through the 2 mm 

access port in layer 7 then placed in the oven at 37°C for 1 hour.  

 A pre-wash step (400 µL) was performed using Ebola chase buffer, or 

Dulbecco’s PBS buffer with 1% 10G surfactant at pH = 7.4, (Thermo Fisher 

Scientific, Waltham, MA USA 02451), pipetted into the sample chamber (2000 

RPM, until the pre-wash solution was drained). Sample solutions (6 mL) of the 

Ebola virus-like particles (EBOV) were prepared at 10-0.1 ng/mL in chase buffer. 

Aliquots of each antigen dilution were mixed with 10 µL of 1HK11 gold conjugate 

(Eb-AuNP, OD 10.5 at 520 nm), and incubated in-tube at room temperature for 20 

min. Negative controls consisted of 6 mL of chase buffer and 10 µL of Eb-AuNP; 

blank controls consisted of 6 mL chase buffer. Sample solutions were loaded into 

the sample chambers and centrifugally driven through the membrane at 2000 RPM 

until the chambers were completely drained (45 minutes). Finally, a post-wash step 

(500 µL chase buffer, 2000 RPM, 500 sec) was performed to remove any excess 

sample from the membrane. 

3.2.6 Detection in Artificial Urine and Human Urine 
 Artificial urine (AU) was prepared using the reagents described in Table 1 

dissolved in 50 mL of deionized water.25 AU was spiked with m-AuNP (300x 

dilution), one set of samples (n=3) were diluted 1:4 with deionized water and 

another set was undiluted. Sample solution preparation followed the same 

procedure as stated in sections 2.3 and 2.4 with a change in the pre- and post-

wash steps. A pre-wash step (400 µL) of deionized water was pumped through the 

membrane (2000 RPM, until all fluid was drained). The urine samples (6 mL, n=3) 
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were pumped through the 

membrane (2000 RPM, 45 

minutes). A post-wash step 

(500 µL) of deionized water 

was pumped through the 

membrane (2000 RPM, 5 

min) to remove any excess 

sample from the membrane. 

Human urine samples were 

collected, de-identified, and 

stored according to University 

of Virginia’s Intuitional 

Review Board (IRB) policies 

(HSR #210278) then spiked 

with m-AuNP (300x dilution) and Y. pestis F1 antigen (0.05 ng/mL). 

3.2.7 Detection in Artificial Blood Plasma 
 Artificial blood plasma (ABP, pH = 8.13) was spiked with m-AuNP (300x 

dilution), F1 antigen (0.05 ng/mL), and EBOV (10 ng/mL). ABP consisted of 

potassium chloride (0.0131 g, KCl), sodium chloride (0.4030 g, NaCl), disodium 

phosphate (0.0086 g, Na2HPO4), sodium bicarbonate (0.0173 g, NaHCO3), 

magnesium chloride (0.1545 g, MgCl2*6H2O), and calcium chloride (0.0193 g 

CaCl2) dissolved in 50 mL of deionized water.26 Sample solution preparation 

followed the same procedure as stated in sections 2.3, 2.4, and 2.5 with a change 

in the pre- and post-wash steps; a pre-wash step (400 µL) of deionized water was 

 

Table 3-1: Composition of the artificial urine in 50 mL 

of deionized water. 

Chemical
MW 

(g/mol)

mM 

(mmol/L)

Quantity 

(g/50 mL)

Na2SO4
Sodium 

Sulfate
142.04 11.965 0.085

C5H4N4O3 Uric Acid 168.11 1.487 0.0125

Na3C6H5O7.2H2O

Sodium 

Citrate 

Dihydrate

294.1 2.45 0.036

C4H7N3O Creatinine 113.12 7.791 0.04405

CH4N2O Urea 60.06 249.75 0.75

KCl
Potassium 

Chloride
74.55 30.953 0.1154

NaCl
Sodium 

Chloride
58.44 30.053 0.0878

CaCl2
Calcium 

Chloride
110.98 1.663 0.00925

NH4Cl
Ammonium 

Chloride
53.49 23.667 0.0633

K2C2O4.H2O

Dipotassium 

Oxalate 

monohydrate

166.22 0.19 0.00175

MgSO4.7H2O

Magnesium 

Sulfate 

Helptahydrat

e

246.47 4.389 0.0541

NaH2PO4.2H2O

Sodium 

Dihydrogen 

Phosphate 

Dihydrate

156.01 18.667 0.1456

Na2HPO4.2H2O

Sodium 

Phosphate 

Dibasic 

Dihydrate

177.99 4.667 0.04155



80 
 

driven through the membrane (2000 RPM, until all water was drained), then the 

ABP samples (6 mL, n=3) were driven through the membrane (2000 RPM, 45 

minutes), and A post-wash step (500 µL) of deionized water was pumped through 

the membrane (2000 RPM, 5 min) to remove any excess sample from the 

membrane. 

3.2.8 Image Processing and Data Analysis 
Each large volume cOFI disc was digitally imaged (1200 dpi, TIF format) 

using a Perfection V100 desktop scanner (Epson, Suwa, Nagano, Japan), before 

and after each assay. Circular regions of interest (50-pixel diameter) from the NC 

membranes were selected using the Microsoft Windows 64-bit Fiji distribution of 

ImageJ v.1.52p (https://imagej.net/Fiji/Downloads), as described in Woolf et al.27 

The ROI for each membrane was converted in ImageJ to weighted 8-bit grayscale 

and the grayscale value (GV) was analyzed. Fiji ImageJ measures the GV from 0-

255, where 0 is completely black and 255 is entirely white.  

3.3 Results and Discussion 

3.3.1 Fabrication of the Microfluidic cOFI Disc 
 The large volume cOFI discs described here built upon the cOFI disc 

developed by Woolf et al. and the cOFI disc discussed in Chapter 2.19 The goal 

here was to develop a cOFI disc that could be used at the POC and analyze 

milliliter sized volumes of fluid. As previously reported by Chen et al., analyzing a 

larger volume of sampled can increase the sensitivity of an immunoassay; 

therefore, in order to provide the flexibility to handle both small volumes (0.2 mL) 

and large volumes (6 mL), Version 1 of the large volume cOFI disc leveraged 3D 

printed technology to make a sample chamber that could hold 4 mL in total, or 2 
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mL per sub-chamber (Figure 3-2). Additionally, the recovery chambers were 

designed to handle the increased volume of fluid that would be pumped through 

the membranes (Figure 3-2B). The disc maintained the 7-layer design as the cOFI 

disc in Chapter 2. The large volume chamber provided the needed structural 

rigidity without leaking under centrifugal force while the disc rotated at 2000 RPM 

for extended periods of time; the sample chamber design and architecture will be 

further described in section 3.2. As for the disc design, the membranes in version 

1 needed to blotted and blocked before all the layers were laminated together 

because there was no access port in layers 1 or 7 allow for post-lamination blotting. 

Further, the laminator has the temperature set between 185-195°C in order to 

activate the HSA to bond the layers together, but after multiple passes through the 

laminator, there 

was significant 

decreased signal 

on membrane 

which was  

hypothesized to be 

the result of the 

antibodies on the 

membrane 

becoming heat 

denatured by the 

laminator.28 

 

Figure 3-2: Schematic of Version 1 of the large volume 
centrifugal orthogonal flow immunoassay disc. A) Exploded 
view of the 7-layer disc showing the architecture of the microfluidic 
channels along with the materials used for each layer. B) Image of 
the Version 1 large cOFI disc showing a clear large volume sample 
chamber along with the nitrocellulose membrane and recovery 
chamber. 
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 To prevent the antibodies from being heat denatured by the laminator, 

Version 2 of the large cOFI disc was designed (Figure 3-3). Version 2 incorporated 

a 2mm access port in layer 7 that allowed for the capture antibodies to be blotted 

on the membrane post-lamination; therefore, eliminating denaturing of the 

antibodies. Additionally, the volumetric capacity of the sample chamber was 

increased to 12 mL, 6 mL per chamber, (Figure 3-3B) by increasing the height of 

the chamber; the recovery chambers were also increased to allow for the 

increased fluid volume being driven through the membranes. It’s interesting to note 

that the 3D printed chamber could handle the increased volume but the recovery 

 

Figure 3-3: Schematic of version 2 of the large volume centrifugal orthogonal flow 
immunoassay disc. A) Exploded view of the 7-layer disc showing the architecture of the 
microfluidic channels and the direction fluid movement (yellow arrows) along with the 
materials used for each layer. B) Cut-away view of the 3D-printed large volume sample 
chamber. C) Magnified view of the nitrocellulose membrane embedded in layer 4 of the disc. 
D) Magnified view of the 2 mm access port in layer 7 to allow for the membrane to be blotted 
with antibodies post-lamination then capped with a PET coverlet. 
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chambers could not handle the g-forces generated by the fluid rotating at 2000 

RPM. The HSA would eventually fail during each experiment, causing the sample 

to leak inside the spin system. In order to prevent failure of the recovery chambers, 

the PMMA would need to be made wider in order for more PSA to cover more 

surface area. Another alternative would be to injection mold the recovery 

chambers; therefore, eliminating the need to bond PMMA-PET together to form 

the chambers. Both solutions to repair the HSA failure were not address because 

they were beyond the scope of this study, but the HSA issue will need to be fixed 

in the future if this disc design were to be manufactured. Ultimately, we were able 

to increase the sample volume on disc to 12 mL and developed a method that will 

allow for membranes to be blotted after the disc is completely assembled. 

3.3.2 3D-Printed Large Volume Chamber 
Early designs of a centrifugal microfluidic discs for OFI were focused on the 

architecture, type of membrane, pore size, consistent flow strategies and simplified 

image analysis.19 While sample volume was not a focus with those designs, once 

the parameters mentioned were optimized, sample volume becomes paramount 

as this directly impacts limit of detection (LOD). Microfluidic devices in the past 

have had the challenge of mitigating issues associated with the stochastic effects 

experienced with many POC systems, as they try to overcome the macro-to-micro 

interface hurdle; which is the ability to take a milliliter size sample and pump it 

through a device designed for nanoliter or picoliter sized volumes.29 Collecting 

human samples (e.g., urine, blood plasma, and saliva) involves storing and 

handling milliliter sized volumes then injecting them into an instrument to be 

analyzed via an external pump or reservoir. As stated previously, the additional 
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equipment required to analyze these large volumes is not ideal for a POC device; 

therefore, the integration of a reservoir in or on a microfluidic chip must be explored 

in order to overcome the macro-to-micro interface. 

Here, we described the design and implementation of the large volume 

sample chamber onto the previously described cOFI discs. The sample chambers 

used in Chapter 2 were made with 1.5 mm thick PMMA and bonded to the disc 

with PSA, but PSA does not have enough bond strength to handle large amounts 

of centrifugal force.19 Preliminary experiments tested 2 mL of fluid in PMMA sample 

chambers on a disc; ultimately, there was adhesive failure and the sample 

chambers leaked fluid. This is problematic for multiple reasons, e.g., the waste of 

valuable testing supplies, the invalidation of the test due to sample loss, and the 

potential aerosolization of contaminated fluid. Additionally, the amount of force 

applied to the PSA is 313 times the earth’s gravitational field (g-force). To 

overcome this issue, 3D-printing technology was leveraged to manufacture a more 

structurally sound sample chamber that could handle larger volumes which would 

lead to greater sensitivity and a lower LOD.10 The initial design had an overall 

volumetric capacity of 4 mL, or 2 mL per sub-chamber (Figure 3-4). The chamber 

and lid were printed as one piece to limit assembly steps as well as to eliminate 

any potential of leaking from the chamber. The walls on the interior of the chamber 

were slightly tapered to direct the fluid towards the drains which lead to the 

microfluidic channels on the cOFI disc (Figure 3-4A and B). The chamber was 

attached to the disc with PSA and no leaking or failure of the adhesive occurred 

during the experiments due to the monolithic design of the chamber. 3D-printing 
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has provided the ability to handle milliliter sized volumes without compromising the 

integrity (e.g., chamber leaks) and architectural size (i.e., disc diameter) of the 

cOFI disc. 

Next, we wanted to increase the ability of disc to handle up to 6 mL per 

sample sub-chamber (Figure 3-5). Increasing the volume on disc, allows for the 

ability to analyze biological samples that are extremely dilute (e.g., urine) without 

having to perform off-disc sample preparation (i.e., extraction, purification, or 

amplification)  as well as enable the ability to detect infectious diseases in the early 

stages.30,31 This new design, similar to the design in Figure 3-4 allows fluid to stay 

close to the center of rotation (CoR) which is important for two reasons. First, there 

is less g-forces applied the closer the object is to the CoR. Second, we keep the 

 

Figure 3-4: Schematic of the 4 mL capacity 3D-printed large volume chamber. A) Top view 
of the sample chamber without the lid. Arrows point to the sample chambers and the drains 
holes that lead to the microfluidic channels. B) Top angled view of the sample chamber without 
the lid. Arrow points to the tapered walls which direct the fluid to the drain holes while the disc 
is rotating. C) Top view with the lid indicating where the sample is pipetted into each sample 
chamber. The chamber wall are slightly tapers to allow for the fluid to be directed towards the 
drain hole while the disc is rotating. D) Top angled view with the lid attached. Overall 
dimensions: 42 mm diameter, height 10 mm. 
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long inlet channel (43 mm) to the 

membrane which is important in 

maintaining hydraulic pressure as 

the sample chamber drains.32  

The internal walls of the chamber 

were designed with a slight 5 

degree taper down the vertical 

wall towards the drainage hole 

which leads to the microfluidic 

channel. The tapered wall was 

designed to ensure that the fluid 

would not be driven against the 

wall by centrifugal force and result 

in incomplete fluid drainage. 

(Figure 3-5D & F). The chamber 

was attached to the disc with PSA; 

the additional volume on the disc resulted in no adhesive failures or leaks 

throughout the experiments. This is because the force generated from the spinning 

disc and the sample fluid is evenly distributed along the internal walls of the 

chamber and is made of an extremely durable proprietary acrylic resin.22 This 

chamber design has provided the end user the ability to analyze a range of sample 

fluid types (i.e., urine, saliva, blood plasma) and volumes on a centrifugal 

microfluidic device that is an ideal POC device. 

 

Figure 3-5: Schematic of the 3D-printed large 
volume chamber. A) Top angled view of the 
chamber indicating where the sample is pipetted 
into each sample chamber. B) Bottom angled view. 
C) Top view. D) Bottom view of the inside of the 
sample chamber, arrow indicating where the PSA is 
placed to attach the chamber to the disc. E) Side 
view with the outer dimensions of the chamber. F) 
Side cut away view of the chamber to show 
dimensions and the tapered profile of the walls 
inside the chamber. The tapered walls direct all the 
sample fluid towards the drain hole leading to the 
microfluidic channels. 
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3.3.3 Proof-of-Concept: Large Volume Immunocapture Study 
 Similar to a traditional LFI, the core of the method with on-disc detection 

was ‘direct assay’ (Figure 3-6) through the formation of the m-AuNP-mIgG 

complex on the nitrocellulose membrane.33 A positive result was when the m-AuNP 

containing sample solution produced a reddish color due to the accumulation of 

m-AuNPs that bind to the mIgG on the membrane, while a negative result was 

when a sample (no m-AuNP) produced no color on the membrane.34,35 The 

colorimetric response was quantified by cropping a 50-pixel diameter area in the 

center of the membrane using ImageJ and converting the image to 8-bit grayscale 

to measure the grayscale value (GV). GV was used, compared to other parameters 

(e.g., hue), because on a color wheel, the colors red, green, and blue (RGB) are 

given a numerical value of 0-255. AuNPs display a range of colors based off of 

 

Figure 3-6: Schematic of direct assay type immunocapture on a cOFI device. A) 
Representation of layers 2-6 on the 7-layer cOFI disc with the nitrocellulose membrane placed 
in layer 4. The membrane is blotted with the mouse IgG, whole molecule antibodies (blue). 
The yellow arrows represent the direction of fluid movement on the disc, driven by centrifugal 
force. The sample solution, containing gold nanoparticle conjugated goat anti-mouse IgG 
antibodies (AuNP), is driven orthogonally through the membrane. B) Visual representation of 
the AuNP antibodies binding to the mouse antibodies on the membrane. As the AuNP 
antibodies accumulate they produce a red colorimetric response. 
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their surface plasmon resonance; the m-AuNPs used in this study (40 nm, OD = 

2.0) emit a reddish hue.36 On the hue color wheel, red falls at a numerical value of 

0 and spans a range from 0-31 and 225 to 255, which produces a split spectrum. 

Depending on the color responses within the red region, peaks can be generated 

at both the high and low values of the hue scale.27 By converting the NC membrane 

images to 8-bit grayscale, it eliminates the split spectrum generated by the hue 

scale and produces a black and white image that can easily be analyzed.  

To show proof-of-concept of the large volume cOFI, we immobilized mIgG 

onto the membrane and centrifugally drove (0.1 mL/min) 6 mL of AuNP spiked in 

1x PBS-T through the membrane. The study involved diluting the m-AuNP (OD 

2.0) stock solution with PBS-T in 

200x to 450x dilutions (increments 

of 50x). As predicted, the GVs 

increased as the sample was diluted 

(note: the GV is inverse of the 

membrane saturation).27 At the 

lowest concentration (450x dilution, 

GV = 195 ± 4), the membranes 

could visually be distinguished from 

the negative (GV = 229 ± 7) and 

blank samples (GV = 239 ± 8) 

(Figure 3-7). A one-way analysis of 

variance (ANOVA) was performed 

 

Figure 3-7: Immunocapture Study Results. 1x 
PBS-T buffer was spiked with a serial dilution of 
gold conjugated goat anti-mouse IgG antibodies 
(m-AuNP, n=3). Each membrane was cropped 
(50-pixel diameter) in ImageJ then converted to 
8-bit grayscale and analyzed for saturation. 
Examples of the cropped membranes are above 
each concentration, colored above and grayscale 
below. 
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to determine if there was a statistical difference among the mean GVs of all the 

samples; the analysis indicated there was a significant difference among the GV 

means (α = 0.05, p < 0.0001). A Tukey’s multiple comparison test was performed 

to determine if there was a statistical difference between the 450x sample and the 

negative and blank samples; the analysis revealed there was a statistical 

difference among the mean GVs (respectively, p = 0.0013 and p < 0.0001), 

indicating that this assay can distinguish between a positive and negative sample. 

Examples of the cropped membranes are placed above the respective sample 

concentration.  

Previous publications by Chen et al. and Devadhasan et al. describe a 

syringe pump driven VFI system with the capability to analyze up to 15 mL of 

sample. With that system, the membrane manifold needed to be disassembled in 

order to access the membrane for image analysis.10,14 As described in Chapter 2, 

the cOFI device was developed to allow the user to analyze the membrane directly 

on the disc, circumventing the need for any form of disassembly. We built on our 

previous work and integrated a long inlet channel (43 mm) from the sample 

chamber to the nitrocellulose membrane (Figure 3-3), and integrated a 3D-printed 

chamber onto the device. Our data shows that our microfluidic device can pump 6 

mL sample volumes through the membranes while detecting a low concentration 

of m-AuNPs in solution and is able to delineate between a positive and negative 

sample. 

3.3.4 Detection of Y. Pestis F1 antigen on Large Volume Centrifugal 
Orthogonal Flow Microfluidic Disc 
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 Previous sections have described the design of the sample chamber and 

proof of immunocapture with large sample volumes. Here, we demonstrate the 

sensitivity of the assay to detect Y. pestis F1 antigen spiked in chase buffer (10-

0.01 ng/mL) with Figure 3-8 showing the mean GV (n=3) for each sample. It is 

important to note that, unlike the results presented in section 3.2, this experimental 

setup comprised a full sandwich-type immunoassay (Chapter 2, Figure 2-2). As 

expected, the GVs increased as the F1 antigen concentration decreased. At 10 

ng/mL, there was a very intense red color with a GV = 84 ± 1 (Figure 3-8). From 

the 0.1-0.01 ng/mL, the GVs plateau but there is still a visual and statistical 

difference from the positive samples 

compared to the negative (GV = 237 

± 6) and blank (GV = 234 ± 5) 

samples. The sample containing 

0.025 ng/mL of F1 antigen (GV = 214 

± 3) had a greater average GV than 

the 0.01 ng/mL sample (192 ± 14). 

The greater GV at 0.025 ng/mL could 

be explained by the non-uniform 

binding of the Yp-AuNP-F1 antigen 

complex to the Yp-mAb on the 

membrane, as seen in examples of 

the cropped membranes above each 

bar in Figure 3-8. A one-way 

 

Figure 3-8: Detection of Y. pestis F1 antigen 
in chase buffer. A serial dilution of Y. pestis F1 
antigen (10-0.01 ng/mL, n=3) was spiked into Y. 
pestis chase buffer, detected 0.01 ng/mL. The 
large volume cOFI device was able to distinguish 
between the positive samples and the negative 
samples (e.g., negative control and blank). 
Examples of the cropped membranes are above 
each concentration, colored above and 
grayscale below. 
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ANOVA (α = 0.05) was performed to compare the difference among the four lowest 

F1 antigen concentrations (0.1, 0.05, 0.025, 0.01 ng/mL) on the mean GV; a 

Tukey’s multiple comparison test revealed that there was no statistical difference 

among the mean GVs (respectively, p > 0.99, p = 0.46, p = 0.23); the analysis 

shows that the large volume cOFI device is qualitative and is unable to quantify 

the concentration of F1 antigen present in a sample. Ultimately, the large volume 

cOFI was able to detect a 0.01 ng/mL sample solution (GV = 192 ± 14) which is 

more sensitive than the VFI device reported by Devadhasan et al. (LOD = 0.025 

ng/mL).14 

3.3.5 Detection of Ebola Virus-Like Particles on Large Volume Centrifugal 
Orthogonal Flow Microfluidic Disc 
 In this section, we describe the flexibility of the large volume cOFI disc by 

detecting another infectious disease, EBOV spiked in Ebola chase buffer (10-0.1 

ng/mL) with Figure 3-9 showing the mean GV (n=3) for each sample. The 

experimental setup was similar to what was described in section 3.4 and 

comprised of a full sandwich-type immunoassay. The results presented in Figure 

3-9 were unexpected and inconsistent. Visually and statically, there is no 

difference between the GV’s of the 10-0.1 ng/mL samples (respectively, GV = 179 

± 28, 185 ± 11, and 199 ± 15), the negative control (GV = 193 ± 5), and the blank 

(GV = 205 ± 4). A one-way ANOVA was performed to compare the mean GVs 

among all the samples; the analysis determined there was no significant difference 
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among the results (α = 0.05, p = 

0.20). These results could be caused 

by either the cOFI method of 

detection or the binding affinity of the 

Ebola antibodies to the EBOV. The 

Ebola reagents were initially 

designed and optimized to be used 

on LFI strips; therefore, the flow rate 

and pressure generated on the cOFI 

may be too fast for the sandwich 

complex to form on the membrane.24 

One experiment that could be 

perform, is to compare the results 

between the cOFI and a traditional 

LFI strip.  

On an LFI strip, the flow rate is measured in millimeter per second (mm/s), 

with the average flow rate on a NC membrane being 0.16-0.66 mm/s; therefore, 

the antigen interacts with the immobilized antibodies in the test zone for about 1-6 

seconds.37 The short interaction time requires the antibodies to have a high affinity 

to the target analyte. Additionally, if the flow rate is too fast, reducing the interaction 

time between the antibody and target antigen, there will be reduction in signal. By 

verifying the Ebola reagents with an LFI strip designed for the Ebola antibodies, 

we could confirm if the antibodies still maintain functionality or if they are passed 

 

Figure 3-9: Detection of Ebola Virus-Like 
Particles in chase buffer. A serial dilution of 
EBOV (10-0.1 ng/mL, n=3) was spiked into 
chase buffer. The large volume cOFI device 
was not able to distinguish between the 
positive samples and the negative samples 
(e.g., negative control and blank). Examples of 
the cropped membranes are above each 
concentration, colored above and grayscale 
below. 

10 1
0.

1

N
eg

. C
tr
l.

B
la

nk

0

50

100

150

200

250

Concentration (ng/mL)

G
ra

y
s
c
a

le
 V

a
lu

e
 (

A
.U

.)



93 
 

their expiration date (~ 6 months from production). If the LFI strip determines that 

the reagents are producing a visible signal with the same concentrations as tested 

on the cOFI disc, then we could hypothesize that the flow rate is too fast on the 

cOFI disc for the Ebola reagents used in these experiments. Ultimately, new 

antibody reagents would need to be designed with a higher binding affinity that 

would have the ability to bind the target antigen at the higher flow rate used on the 

cOFI disc. 

3.3.6 Analysis of Human Samples on Large Volume Centrifugal Orthogonal 
Flow Microfluidic Disc 
 Having shown proof-of-principle for immunocapture with large sample 

volumes and detected 0.01 ng/mL of F1 antigen with the large volume cOFI, we 

explored real world applications by testing human biological samples, both 

simulated and real, on the device. The purpose was to determine if the large 

volume assay could detect target analytes in complex samples in addition to the 

prepared buffer solutions. Both AU and real human urine was chosen for these 

studies for its ease of sample collection and storage compared to other biological 

fluids (e.g., blood).38,39 Human urine typically contains over 3000 metabolites and 

has been used to identify various biomarkers and diseases.40 For example, the Y. 

pestis bacterium has been identified by culturing samples from human urine, 

saliva, and blood.25,41–43 Additionally, a human urine sample varies in composition, 

concentration, and volume from person to person (i.e., gender, race, sex, types of 

food consumed, water consumption, amount of exercise, and medication).25,44,45 

Chateau et al. presented a study describing out of 194 patients diagnosed with Y. 

pestis, there was average of 13.5 ng/mL of F1 antigen present in urine.42 Based 
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off of this data, we tailored the following experiments to detect a lower 

concentration of F1 antigen (0.05 ng/mL) to show the capability of early detection 

in human urine. 

 First, we wanted to determine if the diluting the urine sample would have an 

effect on the flow rate and most importantly the signal produced. Using AU and m-

AuNP (300x dilution, n=3) antibodies as a model, we compared the signals 

generated from 6 mL of concentration AU and AU diluted 1:4 (Figure 3-10). The 

results show the diluted AU sample produce a weaker signal (GV = 173 ± 6) 

compared to the concentrated AU sample (GV = 130 ± 0.01), which was expected 

due to the diluted sample containing less m-AuNP. What the data doesn’t show is 

the difference in flow rate. During the study, the concentrated AU sample stopped 

flowing through the membrane after 4 mL, leaving 2 mL left in the sample chamber. 

This confirms the findings described 

by Geise et al. that salt concentration 

effects pore size (i.e., swelling or de-

swelling) in polymer membranes (i.e., 

nitrocellulose).46 As previously stated, 

urine contains a significantly large 

number of metabolites and these can 

vary from sample to sample. Based 

off of the results from Figure 3-10, the 

human urine sample will need to be 

diluted 1:4 with deionized water in 

 

Figure 3-10: Detection in artificial urine. Gold 
conjugated goat anti-mouse IgG antibodies (m-
AuNP, 300x dilution, n=3) was spiked into 
artificial urine sample (6 mL). The large volume 
cOFI device was able to distinguish between a 
positive and a negative sample for the m-AuNP 
sample. Examples of the cropped membranes, 
colored (top) and grayscale (bottom), are 
placed above the graph for each sample type. 
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order for to prevent, or limit, the amount of membrane swelling caused by the 

presence of salt in urine.46–48 We hypothesized that the amount and type of salt in 

the artificial urine, and human urine, is causing swelling of the NC membrane due 

to the sheer volume and assay duration; the swelling of the NC pores is resulting 

in decreased fluidic discharge and increased membrane fouling. The membrane 

fouling is clogging the pores causing the m-AuNP to “get stuck’ or non-specifically 

bind to the NC membrane. Therefore, future studies will need to be performed to 

eliminate membrane swelling by either removing the salts present in the sample or 

by using a membrane which is immune to swelling. 

Next, human urine samples, were spiked with Y. pestis F1 antigen (0.05 

ng/mL, n=3) and m-AuNP (300x dilution, n=3) (Figure 3-11). The positive and 

negative sample GVs were compared for each sample type: m-AuNP positive GV 

= 177 ± 11, negative GV = 249 ± 3; F1 antigen positive GV = 156 ± 3, negative GV 

= 215 ± 17. When visually inspecting the negative F1 antigen samples, there was 

a red colorimetric change on the membrane which is an indication of the Yp-AuNP 

non-specifically binding to the membrane (Figure 3-11). It was hypothesized that 

the salt composition and concentration in the urine samples causes the Yp-AuNP 

to ‘salt-out’. Previous research has described that the salt concentration in a 

solution can cause either salting-in or salting-out, and is explained by the 

Hofmeister effect; this is the strength of specific ions to enable aggregation 

(precipitation) of proteins in water.49-50 It’s interesting to note that non-specific 

binding did not occur with the m-AuNP. Even so, the large volume cOFI device 
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was able to detect the 

target analytes (F1 

antigen and m-AuNP) in a 

urine sample (Figure 3-

11). In future work, 

methods to remove the 

salts present in biological 

fluids should be explored 

by using ion exchange 

resin either in-tube or by 

integrating onto the cOFI 

device. 

 Lastly, ABP samples (n=3) were prepared then spike with m-AuNP (300x 

dilution), F1 antigen (0.05 ng/mL), and EBOV (10 ng/mL) (Figure 3-12); both F1 

antigen and Ebola can be identified in blood serum and plasma.24,42,51 A report by 

Chanteau et al. has described that out of 194 patients who were positive for Y. 

pestis and lived had an average of 42 ng/mL of F1 antigen present in serum. Ebola 

present in serum or plasma is measure by its viral load, which on average is 

between 5x101 to 7x107 pfu/mL (plaque forming unit/mL).24 It is important to note 

that the conversion from pfu/mL to ng/mL or mg/mL is not possible due to the 

nature of how the plaque forming assay is performed, but for experimental 

purposes the EBOV samples were prepared from a stock solution measured in 

 

Figure 3-11: Detection in human urine. Gold conjugated 
goat anti-mouse IgG antibodies (m-AuNP, 300x dilution, 
n=3) and Y. pestis F1 antigen (0.05 ng/mL, n=3) were 
spiked into human urine samples (6 mL). The large volume 
cOFI device was able to distinguish between a positive and 
a negative sample for the m-AuNP sample as well as the 
F1 antigen sample. Examples of the cropped membranes, 
colored (top) and grayscale (bottom), are placed above the 
graph for each sample type. 
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ng/mL. The positive 

and negative 

samples’ GV’s, 

respectively, were 

compared to each 

sample type: m-

AuNP = 105 ± 30, 

234 ± 4; F1 antigen = 

146 ± 2, 132 ± 9; 

EBOV = 207 ± 23, 

207 ± 17. An 

unpaired, two-tail t-

test (α = 0.05) was perform for each of the samples to determine if there was a 

significant difference between the positive and negative samples. The analysis 

determined there was a significant difference for m-AuNP samples (p = 0.005), 

there was no significant difference between the F1 antigen samples (p = 0.179), 

and there was no significant difference between the EBOV samples (p = 0.979). It 

can be concluded that the salt content and ionic strength of the ABP has caused 

non-specific binding to occur on the membrane for both the Y. pestis and Ebola 

reagents.  

Similar to removing salts from urine as stated previously, ion exchange resin 

could be implemented on-disc or in-tube to remove the salts. The ABP used in this 

study isn’t an exact replicate of human blood plasma because there are still other 

  

Figure 3-12: Detection in artificial blood plasma. Gold 
conjugated goat anti-mouse IgG antibodies (m-AuNP, 300x 
dilution, n=3) Y. pestis F1 antigen (0.05 ng/mL, n=3), and EBOV 
(10 ng/mL, n=3) were spiked into human urine samples (6 mL). 
The large volume cOFI device was able to distinguish between a 
positive and a negative sample for the m-AuNP sample as well as 
the F1 antigen sample but not the EBOV. Examples of the cropped 
membranes, colored (top) and grayscale (bottom), are placed 
above the graph for each sample type. 
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proteins, immunoglobulins, vitamins, enzymes, and hormones present that may 

non-specifically bind to the capture and detection antibodies.52 Ultimately, when 

designing an immunoassay, the antibodies used will need to be both specific and 

sensitive to the target analyte present in complex matrices. With our method of 

detection, we have been able to show proof-of-concept to detect infectious 

diseases in human urine with the large volumes cOFI device. 

3.4 Conclusions 
We presented a novel, centrifugally driven OFI device that can analyze 

large volumes of fluid (6 mL per sub-chamber, 12 mL total) on a microfluidic disc 

that employs colorimetric detection and greater sensitivity compared to legacy 

POC immunoassays (e.g., LFI). First, we leveraged 3D printed technology to 

design a chamber that holds large volumes under tremendous centrifugal forces 

during sample analysis, then integrated the chamber onto a centrifugally driven 

microfluidic disc, increasing the sample volume that can be analyzed 60-fold. 

Further, by flowing a larger sample volume though the assay, we increased the 

cOFI sensitivity 2.5-fold, from the Devadhasan et al. of 0.025 ng/ml of Y. pestis F1 

antigen down to 0.01 ng/mL.14 Finally, we showed real world application with our 

device by testing 6mL of AU, human urine, and ABP samples spiked with F1 

antigen and EBOV; however, we observed non-specific binding on the membrane 

due to the large amounts of salt present in both human urine and ABP. Future work 

will entail a method to remove the salts from samples using ion exchange resins 

to decrease non-specific binding and membrane swelling; next, a multiplexed and 

automated large volume cOFI disc will be designed to create an easy, portable 

point-of-need device (Chapter 4).  
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CHAPTER 4 – The Development of a Smartphone Point-of-Care Diagnostic 
Device a Centrifugal Microfluidic Orthogonal Flow Immunoassay 
 

4.1 Introduction 
 Point-of-Care (POC) testing has become a household phrase since the 

outbreak of the SARS-CoV-2 (COVID-19) pandemic in 2020 due to the rapid need 

to test and diagnose large populations of people.1 POC testing, or POC 

diagnostics, is defined as the ability to provide fast, real-time, and accurate 

diagnosis of an individual at or near the point-of-need (PoN).2–4 The World Health 

Organization (WHO) has defined a set of criteria for the consideration of POC 

devices; they must be affordable, sensitive, specific, user-friendly, rapid and 

robust.4 These “ASSURED” criteria set the guidelines for manufactures and 

researchers to follow in order to meet the requirements of the healthcare system.4 

POC devices enable decentralized testing, whereby a conventional laboratory is 

not required and the need for highly trained personnel and expensive laboratory 

equipment is eliminated.2,5 There has been significant research and growth in the 

microfluidic community to develop small, rapid, and sensitive POC devices to be 

used at the PoN. Despite these efforts, the majority of viral pathogen testing takes 

place in a laboratory environment, far from the location the sample was collected.1 

 Microfluidic devices, including micro total analysis systems (µTAS) and lab-

on-a-chip (LOC) based systems, have been on the leading edge of POC devices 

since the concept of miniaturizing laboratory analysis was developed in the 1990s.6 

Some common POC microfluidic devices used every day include the pregnancy 

test (i.e., lateral flow immunoassay (LFI)) and blood glucose assay for diabetes 

monitoring.5,7 These applications are popular because they are inexpensive, easy-
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to-use, fast, and sensitive; which follows the WHO ASSURED criteria. Another 

advantage of POC devices is their ability to provide the user with a result, direct 

from the sample without requiring any sample preparation (i.e., extraction, 

purification, or amplification) and in approximately 10 minutes.1,4 Ideally, a ‘sample-

to-answer’ POC device is inexpensive, requires no sample preparation by the user, 

and utilizes a small, portable interfacing technology, often an instrument; 

previously reported research has shown centrifugal microfluidics helping propel 

sample-to-answer devices to meet these requirements, especially during the 

COVID-19 pandemic.1,8,9 Centrifugal microfluidics employs rotational forces to 

samples and reagents on a compact-disc to move fluid through the microfluidic 

channels, radially outward from the center of rotation (CoR).10 This method of fluid 

movement eliminates the need for large equipment or clean-room manufacturing 

during development, bringing costs per device down. Lab-on-a-disc (LoaD) 

systems have been developed to perform sample lysis and extraction, purification, 

and targeted amplification steps, among other things. In total, the capacity of LoaD 

devices to enable sample-to-answer POC diagnosis makes them popular and 

attractive.8–10  

 Here, we describe the development of a portable, smartphone controlled 

POC diagnostic system that uses the centrifugal orthogonal flow immunoassay 

(cOFI) discs, described in Chapters 2 and 3. The system described permits either 

a 10-chamber multiplex or large volume sample analysis, depending on the end-

user’s need (Figure 4-1A). For operation, the cOFI disc is placed into the POC 

system and each step is controlled using the custom smartphone application (e.g., 
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app) (Figure 4-1B). The cOFI analysis system includes an onboard motor to 

control the disc’s rotational frequency, a camera to image the nitrocellulose (NC) 

membrane, and a sensor for disc alignment to perform automated image analysis 

via a corresponding smartphone. The smartphone app was programmed to 

capture an image of the NC membrane and complete image analysis to determine 

if the sample was positive or negative for the target analyte (Figure 4-1D). Using 

Y. pestis as a model organism, we demonstrated the system’s ability to perform all 

three assay steps on the cOFI disc (i.e., pre-wash, sample, and post-wash) and 

detect Y. pestis F1 antigen as low as 0.01 ng/mL. Ultimately, we showed a proof-

of-concept, portable, POC device that detects infectious diseases with an android 

smartphone application. 

 

 

Figure 4-1: Overview of the Concept of Operations for the Automated cOFI System. A) 
cOFI disc, i. either 10-chamber or ii. 2-chamber (large volume disc), is selected for the intended 
application. B) Image of the automated cOFI system with the smartphone application ‘home’ 
screen featured. C) Interior cOFI system, identifying the key components, i.e., camera, 
corresponding camera lighting, and alignment sensor for membranes alignment. D) Image of 
the smartphone readout. Using a stylus, the user moves the red circle over the membrane and 
the app performs grayscale image analysis to determine if the sample is negative or positive. 
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4.2 Experimental Section 

4.2.1 Fabrication of the Multiplexed cOFI Disc 
Microfluidic cOFI devices were fabricated using the print-cut-laminate (PCL) 

method.11 Each device was comprised of seven polyethylene terephthalate (PET, 

101.6 µm thickness, Film Source Inc., Maryland Heights, MO U.S.A.) sheets 

alternated with heat sensitive adhesive (HSA, 50.8 µm thickness, EL-7970-39, 

Adhesive Research Inc., Glen Rock, PA U.S.A) (Figure 4-2). The disc architecture 

for each layer was designed using AutoCAD® 2020 (Autodesk Inc., San Rafael, 

CA, U.S.A.) and laser ablated using a 50W CO2 laser engraving system (VLS3.50, 

Universal Laser Systems®, Scottsdale, AZ, U.S.A.). Layers 1 and 7 were 

considered capping layers, while layers 2 and 6 contained the microfluidic 

channels. Layers 3 and 5 were via layers containing circular orthogonal flow ports 

(2 mm diameter). The flow ports directed flow to and through layer 4, which 

contained 4 mm circular cutouts of the nitrocellulose (NC) membranes (0.2 µm 

pore size, Whatman ProTran BA 83, Marlborough, MA U.S.A.). To activate the 

HSA, the disc layers were aligned and lamination bonded (185-195°C) (UltraLam 

250B, Akiles Products Inc., Mira Loma, CA, U.S.A.) in three separate steps. First, 

disc layers 3-5 were aligned, NC membrane cutouts were inserted in layer 4 and 

bonded together when passed through an office laminator (2 passes). Second, 

layers 6 and 7 were aligned and laminated to layers 3-5 (2 passes). Finally, layers 

1 and 2 were aligned and laminated to the previously bonded layers (2 passes). 

The three separate lamination steps were completed to allow the HSA to properly 

bond the PET layers together.  
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Polymethyl methacrylate (PMMA, 1.5 mm McMaster-Carr, Elmhurst, IL 

U.S.A.) was used to increase sample recovery chamber volumes. PMMA pieces 

and PET coverlets were affixed to the cOFI disc using pressure sensitive adhesive 

(PSA, 55.8 µm thickness, ARcare 7876, Adhesive Research Inc., Glen Rock, PA 

U.S.A). Layer 1 contains a 2 mm access port to allow for the NC membranes to be 

blotted with assay reagents post-lamination and capped with PET using PSA. 

Completely assembled discs were placed in foil moisture barrier bags (Dri-

shieldTM, Uline, Pleasant Prairie, WI, U.S.A.) with two 3-gram silica moisture 

absorbent packets (S-3904, Uline) overnight and pressed (15 lbs) to ensure PSA 

adhesions. 

4.2.2 Fabrication of the Multiplexed 3D-Printed Sample Chamber 
 The sample chamber was designed using Autodesk Fusion 360 (Autodesk 

Inc., San Rafael, CA, U.S.A.); designs were printed with a FormLabs 3B 

stereolithography 3D-printer (FormLabs Inc., Somerville, MA, U.S.A.) with clear v4 

resin (Formlabs Inc., Somerville, MA, U.S.A.).12 The inside of each sample sub-

chamber was blocked with 100 µL of blocking buffer solution (0.25% phosphate 

buffered saline-tween, PBS-T; 0.1% Bovine Serum Albumin) and placed in a 

convection oven (Binder 056FD – Convection Oven, P.O. Box 102, 78502 

Tuttlingen, Germany) at 37°C for 1 hour. The multiplexed chamber was manually 

aligned and attached to the cOFI disc using PSA (Figure 4-2). 

4.2.3 Automated cOFI System, Image Processing and Data Analysis 
The automated cOFI system included three assay steps with a combined 

image processing and data analysis step. Each step is controlled using a Huawei 

p9 smartphone (Huawei Technologies Co., Shenzhen, China) and an android 
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application featuring custom programming. The three assay steps, controlled using 

the app, included a pre-wash step (2000 RPM, 200 sec), a sample step (2000 

RPM, 2000 sec), and a post-wash step (2000 RPM, 200 sec) (Figure 4-3). For 

each assay step, the user manually pipettes assay reagents (e.g., wash buffer or 

sample fluid) into the sample chamber(s) and executes the next step using the 

app. 

Following these steps, each membrane on the cOFI disc is digitally imaged 

using the camera on the Huawei p9 smartphone with each image being manually 

captured by the user. Next, the user drags and centers a red circle (diameter = 100 

pixels) over the NC membrane using either their finger or a stylus. The app 

automatically analyzes a 50-pixel diameter region of interest (ROI) in the center of 

the red circle. Simultaneously, the app converts the 50-pixel area from RGB to 

weighted 8-bit grayscale, whereby the average grayscale value (GV) is determined 

for the selected ROI. For clarity, the GV can fall within 0-255, where 0 is black and 

255 is pure white. 

For the proof-of-concept studies utilizing the Y. pestis F1 antigen, the app 

is programed to complete analysis with a corresponding GV threshold of 165; here, 

any GV that was equal to or greater than 165 is considered a negative result and 

any GV less than 165 is considered a positive result. Further, a positive result will 

produce a ‘red’ color change to the NC membrane and indicates the sample fluid 

contains the target analyte. The threshold GV was determined by calculating the 

limit-of-detection (LOD) of the automated cOFI system (LOD = Negative Control 

Mean – (3 x Standard Deviation of the Negative Control Mean)). 
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4.2.4 Proof-of-Concept: Multiplexed Immunocapture Study 
In this study, 2.5 µL of mouse whole molecule, IgG antibodies (mIgG) 

(Jackson ImmunoResearch Laboratories Inc., West Grove, PA, U.S.A.) were 

manually blotted and immobilized onto 4 mm NC membranes through the 2 mm 

access port in layer 1 (2.5 µL, 5.5 mg/mL). The NC membranes were dried at 37°C 

for 1 hour in a convection oven (Binder 056FD – Convection Oven, P.O. Box 102, 

78502 Tuttlingen, Germany). MIgG was not immobilized on the membranes for the 

negative control. Each membrane was subsequently blocked with a blocking buffer 

solution (2.5 µL/membrane) and dried in the convection oven at 37°C for 1 hour. 

The discs were placed in foil moisture barrier bags (Dri-shieldTM, Uline, Pleasant 

Prairie, WI, U.S.A.) with two 3-gram silica moisture absorbent packets (S-3904, 

Uline) for a minimum of 24 hours. 

A pre-wash step (40 µL) was performed using 1x PBS-T, pH = 7.5 (Thermo 

Fisher Scientific, Waltham, MA USA 02451) pipetted into the sample chamber 

(2000 RPM, 200 sec). Sample solutions were prepared using 40 nm colloidal gold 

nanoparticle conjugated goat anti-mouse IgG antibodies (m-AuNP; OD 10.0 

at 529 nm, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, 

U.S.A.), diluted (200-800x) with PBS-T, and incubated in-tube at room temperature 

for 20 min. Negative controls consisted of PBS-T buffer and m-AuNP (200x 

dilution). Each sample solution (200 µL) was pipetted into the sample chamber and 

centrifugally-driven through the membrane at 2000 RPM for 2000 sec. A final post-

wash step (40 µL PBS-T buffer, 2000 RPM, 200 sec) was performed to remove 

any excess sample from the membrane. 
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4.2.5 Detection of Y. pestis F1 Antigen on the Multiplexed cOFI Disc 
 Y. pestis reagents were prepared in the Diagnostics Discovery Laboratory 

(School of Medicine, University of Nevada, Reno,  NV, U.S.A.) as per the protocol 

described in Hau et al.13 The multiplexed cOFI disc was assembled as described 

in Section 4.2.1. The membranes were blotted post-lamination with 2.5 µL of 

Yp11C7 0416 IgG1 (Yp-mAb) (Y. pestis F1 antigen specific mAb, 5.85 mg/mL), 

then the discs were incubated at 37°C for 1 hour in a convection oven (Binder 

056FD – Convection Oven, P.O. Box 102, 78502 Tuttlingen, Germany). Next, each 

membrane was blocked with blocking buffer solution (2.5 µL) through the 2 mm 

access port in layer 1 and placed in the oven at 37°C for 1 hour.  

 A pre-wash step (40 µL) was performed using Y. pestis chase buffer, or 50 

mM carb-bicarbonate buffer at pH = 9.6, prepared from sodium bicarbonate 

(Thermo Fisher Scientific, Waltham, MA USA 02451) and sodium carbonate 

(Thermo Fisher Scientific, Waltham, MA USA 02451), pipetted into the sample 

chamber (2000 RPM, 200 sec). Sample solutions (200 µL) of the Y. pestis F1 

antigen were prepared at concentrations ranging from 10-0.025 ng/mL and diluted 

in chase buffer. Aliquots of each antigen dilution were mixed with 10 µL of Yp3F2 

gold conjugate (Yp-AuNP, OD 10.1 at 520 nm), and incubated in-tube at room 

temperature for 20 min. Negative controls consisted of 200 µL of chase buffer and 

10 µL of Yp-AuNP. Sample solutions were loaded into the sample chambers and 

centrifugally-driven through the membrane at 2000 RPM for 2000 sec. To complete 

the on-disc assay, a post-wash step (40 µL chase buffer, 2000 RPM, 200 sec) was 

performed to remove any excess sample from the membrane. 
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4.2.6 Detection of Y. pestis F1 Antigen on the Large Volume cOFI Disc 
 The large volume cOFI disc was assembled as described in Section 4.2.1. 

The membranes were blotted post-lamination with 2.5 µL of Yp11C7 0416 IgG1 

(Yp-mAb) (Y. pestis F1 antigen specific mAb, 5.85 mg/mL), then the discs were 

incubated at 37°C for 1 hour in a convection oven (Binder 056FD – Convection 

Oven, P.O. Box 102, 78502 Tuttlingen, Germany). Next, each membrane was 

blocked with blocking buffer solution (2.5 µL) through the 2 mm access port in layer 

1 and placed in the oven at 37°C for 1 hour.  

 A pre-wash step (400 µL) was performed using Y. pestis chase buffer, or 

50 mM carb-bicarbonate buffer at pH = 9.6, prepared from sodium bicarbonate 

(Thermo Fisher Scientific, Waltham, MA USA 02451) and sodium carbonate 

(Thermo Fisher Scientific, Waltham, MA USA 02451), and pipetted into the sample 

chamber (2000 RPM, 200 sec). A total of 6 mL of sample solutions of the Y. pestis 

F1 antigen were prepared at 10-0.01 ng/mL in chase buffer. Aliquots of each 

antigen dilution were mixed with 10 µL of Yp3F2 gold conjugate (Yp-AuNP, OD 

10.1 at 520 nm), and incubated in-tube at room temperature for 20 min. Negative 

controls consisted of 6 mL of chase buffer and 10 µL of Yp-AuNP. Sample 

solutions were loaded into the sample chambers and centrifugally pumped through 

the membrane at 2000 RPM for 2000 sec. Finally, a post-wash step (500 µL chase 

buffer, 2000 RPM, 200 sec) was performed to remove any excess sample from the 

membrane. 
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4.3 Results and Discussion 

4.3.1 Fabrication and Design of the Multiplexed cOFI Disc 
 Previous designs and characterization studies of the cOFI discs were 

described in Chapters 2 and 3. Here, focus will shift to the modification of an 8-

plex cOFI disc to a 10-plex disc; this is achieved with 3D-printed architectural 

features, incorporated into the 7-layer design (Figure 4-2). The 10-plex design 

increased the capability of the system, enabling the detection of more target 

analytes from a single sample, while maintaining the long inlet channel (43 mm), 

described in Chapter 2. As discussed previously, the long channel is important for 

maintaining hydraulic pressure throughout the assay’s duration as fluid drains from 

the sample chamber. Here, 3D-printing the sample chamber eliminates the 

potential for sample loss, as experienced with the previously designed 1.5 mm 

 

Figure 4-2: Schematic overview of the multiplexed cOFI disc. A) Exploded view of the 7-
layer disc showing the architecture of the microfluidic channels along with the materials used 
for each layer. B) Top cut-away view of the 3D-printed multiplexed sample chamber. Each 
individual chamber has a tapered wall that directs the fluid towards the drain hole while the disc 
is spinning. C) Image of the multiplexed cOFI disc identifying the key components: sample 
chamber, NC membrane, and recovery chambers. 
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thick PMMA sample chamber(s). Further, the 3D printed chamber decreases the 

number of steps required for assembly and permits increased fluid volume 

retention, as each sub-chamber holds up to 440 µL. In the future, the multiplex 

cOFI disc could be injection molded, further simplifying the assembly and 

decreasing the overall cost of manufacturing the disc. 

 The multiplexed chamber was designed in a similar fashion as the large 

volume sample chamber described in Chapter 3. Each sub-chamber contains 

tapered walls to direct the sample fluid toward the drain hole during disc rotation 

(Figure 4-2B). The tapered wall was designed to ensure that fluid would not be 

driven against the wall by centrifugal force and result in improper fluid drainage. 

The multiplexed chamber was also designed to be modular; depending on the 

concept of operations, defined by the end user, the sample chamber can be 

modified to handle larger volumes, up to 1 mL per sub-chamber by simply making 

the overall height of the chamber taller. For this design, the chamber height is 9 

mm, with 4.4 mL total capacity, and can be increased to the accommodate the 

desired sample volume (e.g., 18 mm tall, for an 8.4 mL capacity), without effecting 

the integrity (i.e, leaking) of the chamber or cOFI disc. Increasing the volumetric 

capacity of the sample chamber will require increasing the size of the recovery 

chambers as well. The incorporated design changes permit multiplexed analysis 

of up to 10 different targets with a range of sample fluid types (i.e., urine, saliva, 

blood plasma). Further, the large chamber capacities mitigate issues associated 

with the stochastic effects experienced with many POC devices, as they struggle 

to overcome to macro-to-micro interface issue. 
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4.3.2 Automated cOFI System, Image Processing and Data Analysis 
 The previous section described a newly modified multiplexed cOFI disc. 

Here, we describe the development of an automated cOFI system which integrates 

the three assay steps with image processing and data analysis completed with a 

smartphone application featuring a custom program (Figure 4-3). Initially, the cOFI 

discs were spun using a custom-built mechatronic system which required the user 

to manually control the rotational frequency and spin duration. Once the assay 

steps were complete, the discs were manually imaged on a desktop scanner. The 

image analysis of each membrane was manually cropped and converted from 

 

Figure 4-3: Workflow of the Automated cOFI System. A) Main screen of the automated cOFI 
system and the custom developed Grayscale Analysis App (GAA). B) Screenshot of the Pre-
Wash step of the assay and a countdown of the time remaining. C) Screenshot of the Sample 
step of the assay. D) Screenshot of the Post-Wash step of the assay.  E) Image capture of a 
membrane containing a positive sample. F) Screenshot of the GAA performing image analysis 
and displaying the results with the grayscale value (GV), Positive: 144. G) H) Screenshot of the 
GAA performing image analysis and displaying the results with the GV, Negative: 187. 
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RGB to 8-bit grayscale using Fiji ImageJ.14,15 The mechatronic spin system and 

multistep analysis procedure, while effective and robust, is not ideal for a POC 

device in either developed countries or forward operating locations.  

To enhance the portability of the system, we integrated a Huawei P9 

smartphone into a small 3D-printed prototype (Figure 4-1). The system contains 

all of the same instrumentation as the benchtop mechatronic spin system, e.g., the 

desktop scanner, and image analysis software. The smartphone contains a custom 

designed android app that controls the three assay steps (i.e., pre-wash, sample, 

and post-wash), image processing and analysis steps (Figure 4-3A). Each assay 

step contains its own programed setting and procedure (Figure 4-3B-D), e.g., the 

pre- and post-wash steps spin the disc at 2000 RPM for 200 sec and the sample 

step spins the disc at 2000 RPM for 2000 sec. These parameters were selected 

based off of the results described in Chapters 2 and 3. Once each step is 

complete, the app redirects to the main screen for the user to initiate the next step. 

It’s important to note that the system is not completely automated, as user input is 

required for the manual addition of buffer solution and sample to the disc after each 

workflow step. 

Once the assay steps are complete, each NC membrane is imaged with the 

Huawei P9 smartphone 12 MP camera and subsequently analyzed to determine if 

the sample contains the target analyte (Figure 4-3 E and G). The user then drags 

a red circle (100-pixel diameter) on the screen and centers it over the membrane 

(Figure 4-3F and H); the app analyzes only a 50-pixel diameter ROI in the center 

of the red circle; the ROI is converted from RGB to weighted 8-bit grayscale. Note, 
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that GV is inversely proportional to the amount of AuNP accumulated on the NC 

membrane. Simply, the more AuNP on the membrane, the lower the GV and the 

fewer AuNP the higher the GV. Section 4.2.3 describes how the GV threshold was 

determined and programmed into the app; Figure 4-3F and H shows a screen 

capture of the difference between a positive and negative readout from the 

automated cOFI system. As mentioned previously, while the system is not fully 

automated currently, it is amenable to the addition of further programming to 

automate the assay workflow and downstream image analysis, providing the user 

with a readout within 60 min. Ultimately, we have designed a portable, protype 

POC system which requires minimal training and is not tethered to a laboratory 

environment. 

4.3.3 Proof-of-Concept: Multiplexed cOFI Immunocapture Study 
 The on-disc detection method was ‘direct assay’ (Chapter 3) through the 

formation of the m-AuNP-mIgG complex on the NC membrane.16 A positive result 

occurred when the m-AuNP containing sample solution produced a reddish color 

due to the accumulation of m-AuNPs binding to the mIgG on the membrane, while 

a negative result produced no color change on the membrane.17,18 The colorimetric 

response was quantified using the automated cOFI system. A 0.2 µm pore sized 

membrane was used due to having a larger surface area, allowing for greater m-

AuNP-mIgG binding and therefore a greater signal intensity compared to a larger 

pore sized membrane (i.e., 0.45 µm pore size).19–21  

For proof-of-concept of the automated cOFI system, we utilized the 

multiplexed cOFI disc containing NC membrane-immobilized mIgG. Here, a total 

volume of 200 µL of AuNP-containing solutions were centrifugally-driven through 
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the membrane (n=3) for analysis. The study involved diluting the m-AuNP (OD 

10.0) stock solution with PBS-T in 200x to 800x dilutions (increments of 50x). 

Interestingly, the GV produced inconsistent results as concentrations decreased, 

producing no identifiable trend in colorimetric values (Figure 4-4). Further, results 

at each dilution produced large standard deviations (SD); we hypothesize these 

large SDs could be attributed to multiple factors including insufficient washing, user 

error, or system design error. In the next section, these error modes will be 

discussed in more detail. 

Insufficient washing is when the volume of buffer solution used during the 

wash step of the assay is not enough to remove all the unbound m-AuNP from the 

NC membrane; the limited amount of washing could result in a larger GV or false-

positive due to unbound m-AuNP remaining on the NC membrane. At this point, 

the wash step involves the addition of only 40 µL of PBS-T, flown over the 

membrane, to remove 

any unbound 

antibodies. By 

increasing the amount 

of wash buffer to a 

larger volume, such as 

100 µL, we may 

increase the likelihood 

that all of the unbound 

m-AuNP will be 

 

Figure 4-4: Multiplexed cOFI - Immunocapture Study 
Results. 1x PBS-T buffer was spiked with 200-800x dilutions of 
gold conjugated goat anti-mouse IgG antibodies (m-AuNP, 
n=3). 
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removed, ultimately eliminating false-positive results. With regard to ‘user error,’ 

we are referring specifically to selection of the ROI; more specifically, higher SDs 

may result from irregular manual alignment of the red circle over the NC 

membrane, ultimately decreasing the reproducibility of the system. This issue can 

be mitigated by programing the system to auto-align with the NC membrane and 

complete the image analysis without the user-intervention. Finally, system error 

can result in a lower GV due to insufficient lighting inside the system; insufficient 

lighting can produce shadows on the NC membrane, resulting in a lower GV. This 

error mode may be avoided with the addition of more lights, or brighter LEDs to 

the inside of the system to completely saturate the ROI with white light.  

With the large variability in the results, a one-way analysis of variance 

(ANOVA) was performed to determine if there was a statistical difference among 

the mean GVs of all the samples; the analysis indicated there was a significant 

difference among the GV means (α = 0.05, p < 0.0001). A Dunnett’s multiple 

comparison test (α = 0.05) was performed to determine if there was a statistical 

difference between the positive samples and negative control; the analysis 

demonstrated a significant difference between nine of the positive samples and 

the negative control, while there was not a significant difference among the mean 

GVs for four of the positive samples and the negative control (Table 4-1). Table 4-

1 shows the mean sample GVs compared to the negative control GV, with each 

comparison receiving a p-value. The p-value determines if the comparison accepts 

or rejects the null hypothesis. The null hypothesis was defined as there not being 

a statistical difference among the mean sample GVs. If the p-value is less than the 
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alpha value (α = 0.05), than the null hypothesis is rejected. Samples that have a 

p-value larger than the α are accepting the null hypothesis and do not have a 

statistical difference among the mean sample GVs compared to the negative 

control. These results describe that the system can statistically differentiate 

between a positive and negative sample as long as the sample is not diluted more 

than 500x. Overall, we have demonstrated the proof-of-concept of an automated 

cOFI system to perform all the assay steps as well as image processing and 

analysis to produce an easy-to-use POC system. 

4.3.4 Detection of Y. Pestis F1 Antigen on Multiplexed cOFI Disc 
 Previous sections have described the multiplexed cOFI disc and the 

automated cOFI system with proof of immunocapture. Here, we demonstrate the 

sensitivity of the assay to detect Y. pestis F1 antigen spiked in chase buffer (10-

 

Table 4-1: Multiplexed cOFI Immunocapture Study– One-Way ANOVA, Dunnett’s 
Multiple Comparison Test Results. The multiple comparisons test determined there was 
not a statistical difference among the mean GVs for the 550x, 700x, 750x, and 800x samples 
compared to the negative control. There was a statistical difference among the mean GVs for 
the remaining samples compared to the negative control. 

Dunnett's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant Difference (Y/N) P Value

200 vs. Neg. Ctrl. -54.2 -77.68 to -30.72 Y <0.0001

250 vs. Neg. Ctrl. -43.25 -64.41 to -22.09 Y <0.0001

300 vs. Neg. Ctrl. -38.4 -61.88 to -14.92 Y 0.0002

350 vs. Neg. Ctrl. -38.63 -59.79 to -17.46 Y <0.0001

400 vs. Neg. Ctrl. -41 -64.48 to -17.52 Y <0.0001

450 vs. Neg. Ctrl. -32 -53.16 to -10.84 Y 0.0006

500 vs. Neg. Ctrl. -54.88 -76.04 to -33.71 Y <0.0001

550 vs. Neg. Ctrl. -21.2 -44.68 to 2.279 N 0.097

600 vs. Neg. Ctrl. -43.4 -66.88 to -19.92 Y <0.0001

650 vs. Neg. Ctrl. -24 -47.48 to -0.5205 Y 0.0426

700 vs. Neg. Ctrl. -16.4 -39.88 to 7.079 N 0.3136

750 vs. Neg. Ctrl. -15.5 -37.98 to 6.980 N 0.3279

800 vs. Neg. Ctrl. -20.4 -43.88 to 3.079 N 0.1204
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0.025 ng/mL) with Figure 4-5 

showing the mean GV for each 

sample (n=3). It is important to note 

that, unlike the detection method in 

section 4.3.3, this experimental setup 

comprised a full sandwich-type 

immunoassay, the details of which 

were described previously in 

Chapter 2. Similar to the results 

presented in section 4.3.3, the mean 

GVs did not produce a reliable trend 

as the F1 antigen concentration 

decreased. At 10 ng/mL, there was a 

mean GV of 144 ± 3 (Figure 4-5); the 

1 ng/mL sample produced a lower mean GV of 135 ± 8. The 0.05 ng/mL and 0.025 

ng/mL samples produced expected results with higher mean GVs (179 ± 13 and 

177 ± 6, respectively). A one-way ANOVA (α = 0.05) was performed to determine 

if there was a statistical difference among the mean GVs and the analysis 

determined the p-value (p < 0.0006) was less than the α (0.05); therefore, it 

rejected the null hypothesis defined as no difference in the mean GVs. A Dunnett’s 

multiple comparisons test (α = 0.05) was performed to determine if there was a 

statistical difference among the F1 antigen containing samples and the negative 

control; the analysis determine there was not a significant difference between the 

 

Figure 4-5: Multiplexed cOFI Detection of Y. 
pestis F1 antigen in chase buffer. Y. pestis F1 
antigen (10-0.025 ng/mL) was spiked into Y. 
pestis chase buffer. The multiplexed cOFI 
device was not able to distinguish between the 
positive samples and the negative samples 
(e.g., negative control).  

10 1
0.

05

0.
02

5

N
eg

. C
tr
l.

0

50

100

150

200

250

Y. Pestis (ng/mL)

G
ra

y
s
c
a

le
 V

a
lu

e
 (

A
.U

.)



122 
 

F1 antigen samples (10, 0.05, and 0.025 ng/mL) and the negative control (Table 

4-2). There was a significant difference between the mean GVs of the 1 ng/mL F1 

antigen sample and the negative control; the p-value (p < 0.0162) was less than 

the α (0.05); therefore, the null hypothesis was rejected. The results presented 

here are consistent with those described section 4.3.3, in that there are 

inconsistencies in the mean GVs as the sample becomes less concentrated. We 

conclude this is the result of a limited volume of washing buffer being driven 

through membrane to remove any unbound Yp-AuNP, resulting in a false positives 

(i.e., lower GVs). Despite the inconsistent GVs, we have demonstrated that the 

multiplexed cOFI is capable of detecting two different target analytes via two 

separate methods of detection (i.e., direct and sandwich-type assay) with the 

automated cOFI system. 

4.3.5 cOFI Detection of Y. Pestis F1 Antigen on Large Volume cOFI 

 Next, we sought to demonstrate sensitivity of the automated cOFI in 

comparison with the large volume cOFI (0.01 ng/mL) described in Chapter 3. We 

spiked 1-0.01 ng/mL of F1 antigen into 6 mL of chase buffer; Figure 4-6 shows the 

resultant mean GVs (n=3) for each sample. The mean GVs remained relatively 

unchanged as the F1 antigen concentrations decreased from 1-0.01 ng/mL (GV = 

127 ± 6, 125 ± 8, and 136 ± 16, respectively); additionally, a visual difference 

 

Table 4-2: Multiplexed cOFI Detection of Y. pestis F1 antigen in chase buffer – One-Way 
ANOVA, Dunnett’s Multiple Comparison Test.  The multiple comparisons test determined 
there was not a significant difference among the means of the 10, 0.05, and 0.025 ng/mL F1 
antigen samples compared to the negative control samples. 

Dunnett's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant Difference (Y/N) P Value

10 vs. Neg. Ctrl. -20.83 -44.55 to 2.881 N 0.0902

1 vs. Neg. Ctrl. -29.08 -52.80 to -5.369 Y 0.0162

0.05 vs. Neg. Ctrl. 14.67 -10.69 to 40.02 N 0.3399

0.025 vs. Neg. Ctrl. 12.67 -12.69 to 38.02 N 0.4568
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between the mean GVs of the 

positive samples and the negative 

control was observed. A one-way 

ANOVA (α = 0.05) was performed 

to determine if there was a 

statistical difference among all the 

mean GVs and the results reported 

that there was a significant 

difference among the means (p = 

0.0002). A Dunnett’s multiple 

comparisons test was performed to 

determine if there was a significant 

difference between the mean GVs 

of the positive samples and the 

mean GV of the negative control; the analysis determined that there was a 

statistical difference between the positive mean GVs and the negative control 

mean GV (Table 4-3). Table 4-3 shows the three-mean sample GVs compare to 

the negative control GV; each comparison resulted in a p-value less than the α 

(0.05), meaning that the null hypothesis is rejected. The null hypothesis was 

defined as there is no difference between the mean sample GVs. Therefore, these 

results indicate the automated cOFI system demonstrates comparable sensitivity 

to the large volume cOFI disc described in Chapter 3; recall that the large volume 

cOFI disc was able to detect as low as 0.01 ng/mL and distinguish between a 

 

Figure 4-6: Large Volume cOFI Detection of Y. 
pestis F1 antigen in chase buffer. Y. pestis F1 
antigen (10-0.01 ng/mL) was spiked into Y. pestis 
chase buffer. The automated cOFI system was 
able to detect 0.01 ng/mL F1 antigen while 
distinguishing between the positive samples and 
the negative samples (e.g., negative control).  
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negative control sample. Thus, using this proof-of-concept study with the Y. pestis 

F1 antigen, we have demonstrated an automated, portable cOFI system with 

sensitivity down to 0.01 ng/mL in buffer solution; making this an ideal candidate for 

a POC diagnostic device. 

 

4.4 Conclusions 
We described an automated cOFI system powered by a custom 

smartphone app. The system is capable of completing all immunoassay steps, 

including downstream image processing and analysis, all within a compact 

portable device. The automated system was designed to replace multiple pieces 

of benchtop laboratory equipment, while simplifying the cOFI procedure by limiting 

the amount of user intervention and eliminating the time-consuming steps 

associated with image analysis. Further, multiplexed and large volume cOFI discs 

were tested using the automated system to show proof-of-concept immunocapture 

and detection. We demonstrated the system could rapidly analyze the NC 

membrane to determine if the sample fluid was positive or negative for the target 

analyte. Further, we demonstrated comparable sensitivity with the large volume 

cOFI disc described in Chapter 3, detecting 0.01 ng/mL of the Y. pestis F1 antigen 

using a smartphone camera over the desktop scanner. Future work includes nano-

 

Table 4-3: Large Volume cOFI Detection of Y. pestis F1 antigen in chase buffer – One-
Way ANOVA, Dunnett’s Multiple Comparison Test. The multiple comparisons test 
determined that there was a significant difference among the means of the F1 antigen containing 
samples compared to the negative control samples. 

Dunnett's multiple comparisons test Mean Diff. 95.00% CI of diff. Significant Difference (Y/N) P Value

1 vs. Neg. Ctrl. -41 -57.43 to -24.57 Y <0.0001

0.1 vs. Neg. Ctrl. -43 -61.97 to -24.03 Y 0.0002

0.01 vs. Neg. Ctrl. -31.67 -50.64 to -12.69 Y 0.0023
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spotting reagents onto a NC membrane to create a micro-array which will allow for 

the detection of multiple target analytes from a single sample fluid.  
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CHAPTER 5 – The Design and Characterization of a Multiplexed Flow 
Through Assay for Rapid, Point-of-Need Diagnostics 
 

5.1 Introduction 
 The early detection and identification of infectious diseases is paramount 

when triaging infected personnel for them to receive the necessary treatment. 

Pathogenic bacteria (e.g., Yersinia pestis) are a major threat to our health with 

potential to cause serious illness or death.1,2 Additionally, infectious diseases can 

turn into an epidemic or possibly a pandemic if the infected individuals are not 

properly identified and/or treated.2 Traditional methods (e.g., enzyme-linked 

immunosorbent assay (ELISA) or polymerase chain reaction (PCR)), as explained 

in previous chapters, have been developed to detect an array of diseases and 

other target biomolecules.3 Unfortunately, these techniques are expensive, time 

consuming, and must be performed in a laboratory environment.4–6 Conversely, 

ELISA and PCR were not designed to be deployed as point-of-need (PoN) 

diagnostic devices.7 In order to prevent the spread of infection, rapid detection and 

identification of diseases must be performed in the field at the point of incident. Not 

only can PoN devices be used to test humans for illnesses, but they can also be 

used to test food, animals, and water for potential pathogens which could have a 

significant effect on the food chain as well as the global economy.8 

 To meet the demands for portable, rapid PoN diagnostics, there has been 

an increased interested in paper-based immunoassays because they are specific 

to a target molecule and can detect very small quantities, down to the nanogram 

or picogram amount.7 Chapter 1 explained two major types of paper-based 

immunoassays, along with their pros and cons: lateral flow immunoassays (LFI) 
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and vertical flow immunoassays (VFI). These two assays have a mutual 

component: porous membranes (e.g., nitrocellulose (NC) or glass fiber). These 

types of assays have been coined flow through assays (FTA) because the sample 

is being driven through the porous membrane for the target analyte to bind to either 

a capture antibody (i.e., specific to the target analyte) or to the surface of the 

membrane.7–9 A porous membrane is used because of the large surface area 

available for the target analyte to binding or interact with and theoretically 

increasing the assay’s sensitivity. This theory can be explained by the Damköhler 

(Da) and Péclet (Pé) numbers. The Da (equation 1) describes the interaction 

between the absorption rate and the transport rate of the molecule to the surface 

of the membrane; the Pé (equation 2), explained in Chapter 2, describes the 

interaction between the convection rate and the diffusion rate of the molecule to 

the membrane’s surface.10,11 

Equation 1:   𝐷𝑎 =  
𝑎𝑑𝑠𝑜𝑟𝑡𝑝𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑡𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡 𝑟𝑎𝑡𝑒
=

𝑘𝑜𝑛𝛾

𝑘𝑐
 

kon is the association constant of the target analyte, γ is the surface concentration 

of the capture agent (i.e., capture antibody), and kc is the mass transfer coefficient. 

When Da > 1, the target analyte has a higher rate of binding to the capture antibody 

than the rate of transport through the membrane’s pore.  

Equation 2:   𝑃é =  
𝑐𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑑𝑖𝑓𝑓𝑠𝑢𝑖𝑜𝑛 𝑟𝑎𝑡𝑒
=

𝑈
𝛿𝑚

⁄

𝐷
𝑅𝑃

2⁄
 

U is the velocity (m/s) of the sample through the pore, δm is the membrane 

thickness, D is the diffusivity of the target analyte, and RP is the radius of the pore. 

When Pé < 1, the target analyte diffuses to the pore wall faster than the target 
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analyte flows through the pore. Simply put, a slower sample flow rate and a smaller 

membrane pore size will lead to greater binding of the target analyte to the capture 

antibody, resulting increased signal and device sensitivity. 

 Based off of the Da and Pé knowledge, this chapter describes the 

development of the multiplexed PoN FTA chip using the same method of fluid flow 

(i.e., orthogonal flow) and detection (i.e., colorimetric) described in Chapter 2-4. 

Previously developed FTA-type devices for point-of-care (POC) testing have 

shown a proof-of-concept to detect nucleic acids, Escherichia coli (e. coli), and 

trypanosomosis.1,10,12 Unfortunately, many of these FTA devices were not ideal for 

use at the PoN because they required off device sample preparation; plus once 

the sample was pumped through the device, the end-user needed to disassemble 

then perform image analysis 

or visual inspection to 

determine the assay’s 

results. The FTA chip 

described here is a syringe-

driven, fully enclosed, and 

multiplexed design that 

requires no off-chip sample 

preparation or disassembly 

(Figure 5-1); the chip uses a 

7-layer, print-cut-laminate 

(PCL) method with 3D-

 

Figure 5-1: Overview of the Flow Through Assay. A) 
Image of the FTA system setup with the syringe pump, 
syringes, and FTA chip. B) Photo of the FTA chip with the 
syringes attached with luer lock attachments. C) Scanned 
image of the FTA chip with a 3x3 array, 1 mm diameter 
spots each showing a positive signal. 

A B

C
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printed luer locks to attach the syringes.13 Two syringes are used: one for the 

sample and one to act as a waste chamber (Figure 5-1B). This FTA was 

demonstrated using a syringe pump to drive the sample through the chip but the 

syringe pump is optional. If needed, the end-user could manually pump the sample 

through the chip. Additionally, the 7-layer design produced 1 mm detection regions 

on the NC membrane allowing for easy deposition of small volumes of reagents 

(0.25 µL/spot) without the need for expensive nano-spotter instruments; 

furthermore, this micro-array design allows for the detection of up to nine different 

target analytes as well as simple, repeatable image analysis without chip 

disassembly (Figure 5-1C). Ultimately, the FTA chip design here is capable of 

rapidly detecting and identifying a variety of infectious diseases at the PoN with 

little to no instrumentation. 

5.2 Experimental Section 

5.2.1 Fabrication of the Flow Through Assay 
The flow through assay (FTA) chips were fabricated using the print-cut-

laminate (PCL) method.13 Each device was comprised of six polyethylene 

terephthalate (PET, 101.6 µm thickness, Film Source Inc., Maryland Heights, MO 

U.S.A.) sheets alternated with heat sensitive adhesive (HSA, 50.8 µm thickness, 

EL-7970-39, Adhesive Research Inc., Glen Rock, PA U.S.A) and a polymethyl 

methacrylate (PMMA, 1.5 mm McMaster-Carr, Elmhurst, IL U.S.A.) layer (Figure 

5-2). The chip architecture for each layer was designed using AutoCAD® 2020 

(Autodesk Inc., San Rafael, CA, U.S.A.) and cut using a 50W CO2 laser engraving 

system (VLS3.50, Universal Laser Systems®, Scottsdale, AZ, U.S.A.). Layers 1 

and 7 were the capping layers, while layers 2 and 6 contained the microfluidic 
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channels. Layers 3 and 5 were via layers containing six circular orthogonal flow 

ports (1 mm diameter). The flow ports directed flow to and through layer 4, which 

contained 7 mm circular cutouts of the nitrocellulose (NC) membranes. Two types 

of NC membranes were used: Whatman ProTran BA 83 (0.2 µm, Marlborough, 

MA U.S.A.) and UniSart® CN140 (0.45 µm, Sartorius, Göttingen, DE). To activate 

the HSA, the disc layers were aligned and lamination bonded (185-195°C) 

(UltraLam 250B, Akiles Products Inc., Mira Loma, CA, U.S.A.) in three separate 

steps. First, disc layers 3-5 were aligned, NC membrane cutouts were inserted in 

layer 4 and bonded together when passed through an office laminator (2 passes). 

Second, layers 1 and 2 were aligned with and laminated to layers 3-5 (2 passes). 

Finally, layer 6 was aligned and laminated to the previously bonded layers (2 

passes). The three separate lamination steps were performed to allow the HSA to 

properly bond each of the PET layers together.  

PMMA, layer 7, was affixed to layers 1-6 with pressure sensitive adhesive 

(PSA, 55.8 µm thickness, ARcare 7876, Adhesive Research Inc., Glen Rock, PA 

U.S.A), after the NC membranes were blotted with assay reagents. Completely 

assembled discs were placed in foil moisture barrier bags (Dri-shieldTM, Uline, 

Pleasant Prairie, WI, U.S.A.) with two 3-gram silica moisture absorbent packets 

(S-3904, Uline) overnight and pressed (15 lbs) to ensure PSA adhesions.  

The luer lock attachments were designed using Autodesk Fusion 360 

(Autodesk Inc., San Rafael, CA, U.S.A.) then printed on a FormLabs 3B 

stereolithography 3D-printer (FormLabs Inc., Somerville, MA, U.S.A.) with clear v4 

resin (Formlabs Inc., Somerville, MA, U.S.A.).14 The attachments were manually 
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aligned and bonded to layer 7 using ultra-violet light curing adhesive (SuperWeld 

– Light Activated Instant Glue, J-B Weld, Sulphur Springs, TX, U.S.A.). 

5.2.3 Proof-of-Concept: Immunocapture Study 
5.2.3.1 Antibody Blotting Volume Study 

In this study, different volumes of mouse whole molecule, IgG antibodies 

(m-IgG) (Jackson ImmunoResearch Laboratories Inc., West Grove, PA, U.S.A.) 

were manually blotted and immobilized onto the 7 mm NC membranes (0.1, 0.25, 

0.5, 0.75, and 1 µL). The NC membrane was blotted with m-IgG through the 1 mm 

via ports in layer 5 (5.5 mg/mL). The NC membranes were dried at 37°C for 1 hour 

in a convection oven (Binder 056FD – Convection Oven, P.O. Box 102, 78502 

Tuttlingen, Germany). M-IgG was not immobilized on the membranes of the 

negative control. Each membrane was subsequently blocked with a blocking buffer 

solution (0.25 µL/membrane; 0.25% phosphate buffered saline-tween, PBS-T; 

0.1% Bovine Serum Albumin) then dried in the convection oven at 37°C for 1 hour. 

The discs were placed in foil moisture barrier bags (Dri-shieldTM, Uline, Pleasant 

Prairie, WI, U.S.A.) with two 3-gram silica moisture absorbent packets (S-3904, 

Uline) for a minimum of 24 hours. 

Sample solutions (5mL) were prepared using 40 nm colloidal gold 

nanoparticle conjugated goat anti-mouse IgG antibodies (m-AuNP; OD 10.0 

at 529 nm, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, 

U.S.A.), diluted (500x) with 1x phosphate buffered saline-tween, pH = 7.5 (PBS-T; 

Thermo Fisher Scientific, Waltham, MA USA 02451), and incubated in-tube at 

room temperature for 20 minutes. Negative controls consisted of PBS-T buffer and 

m-AuNP (500x dilution). Each sample solution (5 mL) was pumped through the 
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FTA chip with a syringe pump set at 0.1 mL/min flow rate. A post-wash step (1 mL 

PBS-T buffer, 0.1 mL/min) was performed to remove any excess sample from the 

membrane. 

5.2.3.2 Flow Rate Study 

 To optimize immunocapture on the FTA chip, each 1 mm spot on the 7 mm 

NC membranes (both Whatman and Sartorius membranes) were blotted with 0.25 

µL of mIgG. Samples solutions (5 mL) were prepared using m-AuNP, diluted 

(500x) with PBS-T, and incubated in-tube at room temperature for 20 min. Using 

a syringe pump, each sample solution (5 mL) was pumped through the FTA chips 

at five different flow rates (0.1, 0.25, 0.5, 0.75, 1 mL/min). A post-wash step (1 mL 

PBS-T buffer) was performed at the same flow rate as the sample solution to 

remove any excess sample from the membrane. 

5.2.4 Detection of Y. pestis F1 Antigen on the Flow Through Assay Chip 
 Y. pestis reagents were prepared in the Diagnostics Discovery Laboratory 

(School of Medicine, University of Nevada, Reno,  NV, U.S.A.) as per the protocol 

described in Hau et al.15 The FTA chip was assembled as described in Section 

5.2.1. The membranes were blotted post-lamination with 0.25 µL of Yp11C7 0416 

IgG1 (Yp-mAb) (Y. pestis F1 antigen specific mAb, 5.85 mg/mL); note, only 3 out 

of the 6 spots were blotted with Yp-mAb, the other 3 spots served as negative 

controls (no Yp-mAb). After blotting, the discs were incubated at 37°C for 1 hour 

in a convection oven (Binder 056FD – Convection Oven, P.O. Box 102, 78502 

Tuttlingen, Germany). Next, each membrane was blocked with blocking buffer 

solution (0.25 µL) through the 1 mm access port in layer 5 then placed in the oven 

at 37°C for 1 hour.  
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 Sample solutions (5 mL) of the Y. pestis F1 antigen were prepared at 0.075-

0.01 ng/mL in Y. pestis chase buffer, or 50 mM carb-bicarbonate buffer at pH 9.6, 

prepared from sodium bicarbonate (Thermo Fisher Scientific, Waltham, MA USA 

02451) and sodium carbonate (Thermo Fisher Scientific, Waltham, MA USA 

02451). Aliquots of each antigen dilution were mixed with 10 µL of Yp3F2 gold 

conjugate (Yp-AuNP, OD 10.1 at 520 nm), and incubated in-tube at room 

temperature for 20 min. Using a syringe pump, sample solutions were pumped 

through the FTA chip at 0.25 mL/min flow rate. Finally, a post-wash step (1 mL 

chase buffer, 0.25 mL/min flow rate) was performed to remove any excess sample 

from the membrane. 

5.2.5 Image Processing and Data Analysis 
Each FTA chip was digitally imaged (1200 dpi, TIF format) using a 

Perfection V100 desktop scanner (Epson, Suwa, Nagano, Japan) after each 

assay. Circular regions of interest (ROI) (45-pixel diameter) from the NC 

membranes were selected using the Microsoft Windows 64-bit Fiji distribution of 

ImageJ v.1.52p (https://imagej.net/Fiji/Downloads), as described in Woolf et al.16 

The ROI for each membrane was converted in ImageJ to weighted 8-bit grayscale 

and the grayscale value (GV) was analyzed. Fiji ImageJ measures the GV from 0-

255, where 0 is completely black and 255 is entirely white.  
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5.3 Results and Discussion 

5.3.1 Fabrication and Design of the Flow Through Assay Chip 
  The FTA chip was developed as a rapid and easy to use PON device that 

could be used with or without an external pump (i.e., syringe pump). The chip is 

small and compact measuring 45 mm x 40 mm with a 3x2 microarray for the 

detection of up to six target analytes (Figure 5-2). The sample solution is driven 

through the chip with a syringe, attached to the chip with a luer lock, providing 

quick, leak free connections (Figure 5-2A). Using a syringe to drive the solution 

through the chip, allows the user to analyze, in theory, an unlimited amount of 

sample because the only limiting factor in the volume being driven through the chip 

is the size of the syringe. By eliminating the centrifugally-driven method of fluid 

flow, we can eliminate the variation in flow rate (e.g., slowed or halted fluid flow) 

through the NC membrane as described in Chapters 2 and 3, because a constant 

flow rate is maintained with 

the syringe pump. 

Additionally, the large 

volume disc experienced 

leaking from the PMMA 

sample recovery chambers 

due to the large amount of 

centrifugal force applied by 

the 6 mL sample volume 

against the PMMA PSA. 

The design of the FTA chip 

 

Figure 5-2: Schematic overview of the Flow Through 
Assay. A) Exploded view of the 7-layer disc showing the 
architecture of the microfluidic channels along with the 
materials used for each layer. B) Scanned image of the 3x2 
array (1 mm spots). Bottom row are positive spots, top row 
are negative control spots. 
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eliminates the need for a large volume reservoir on the chip by leveraging the 

pumping method to house the liquid sample while also providing improvements to 

the stability of the flow rate. The 7-layer FTA chip followed a similar design and 

assembly as the cOFI disc described in Chapters 2-4. Briefly, the 7-layer design 

produces true orthogonal flow, eliminating lateral flow across the NC membrane, 

and creating uniform, circular detection regions on the NC membrane allowing for 

easy, repeatable image analysis (Figure 5-2B).  

 The 3x2 microarray on the FTA chip was designed to eliminate the need for 

an expensive nano-spotter, e.g., a base model nano-spotter from BioDot costs 

$45,000 (cost estimate provided by vender). The 3x2 array was fabricated by laser 

cutting 1 mm diameter holes in PET layers 3 and 5. These two layers contained 

HSA on one side, sandwiching the NC membrane and forming a water tight seal. 

The 1 mm diameter holes allowed for pipetting of reagents onto the NC membrane, 

creating a uniform detection region, as shown in Figure 5-2B.  Subsequent 

chapters describe the optimization of the volume of antibodies immobilized on 

each 1mm spot and the characterization of sample flow rate through the FTA chip. 

5.3.2 Proof-of-Concept: Immunocapture Study 
5.3.2.1 Antibody Blotting Volume Study 

An antibody blotting study was performed to determine if the volume of 

antibodies blotted on the 1 mm spot would affect the amount of colorimetric change 

on the NC membrane, i.e., GV. We hypothesized blotting a larger volume of 

antibodies on the membrane would produce a greater colorimetric change 

because the more m-IgG present on the membrane provides more binding sites 

for the m-AuNP to bind as well as more of the NC membrane surface will be coated 
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with m-IgG allowing for greater sensitivity.11 The 1 mm spots on the FTA chip were 

blotted with 0.25-1 µL (n=3) of m-IgG (5.7 mg/mL) and blocked with an equal 

volume of blocking buffer. Sample solutions containing m-AuNP (500x dilution) 

were pumped through the FTA chip at 0.1 mL/min flow rate. A slow flow rate was 

chosen to ensure the m-AuNP had the greatest amount of time to diffuse to the 

pores’ walls which allows the m-AuNP an opportunity to bind to the m-IgG on pores’ 

surface; a future sub-section will explore the optimization of the flow rate through 

the FTA chip.7,9,17,18 The mean grayscale values (GV) for each spot was measured 

and recorded (Figure 5-3).  

A one-way analysis of variance (ANOVA) with a Tukey’s multiple 

comparisons test (α = 0.05) was performed to determine if there was a statistical 

difference among the mean GVs for each volume of m-IgG (Table 5-1). The 

analysis determined there was not a 

significant difference between the mean 

GVs, except for the GVs between 0.5 µL 

and 1 µL of m-IgG; the p-value (p = 

0.0423) was less than the alpha (0.05); 

therefore, it rejected the null hypothesis 

defined as there is no difference 

between the mean GVs. The 

comparisons between the other m-IgG 

volumes resulted in p-values larger than 

alpha and accepted the null hypothesis 

 

Figure 5-3: Antibody Volume Blotting 
Study. Each 1 mm spot on the FTA chip was 
blotted with 0.25-1 µL of m-IgG (n=3). The 
negative control contained no m-IgG on the 
NC membrane. The mean GV for each 1 
mm spot was plotted. Examples of the 
cropped membranes are above each 
volume, a color above and grayscale below. 
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where there is no difference between the mean GVs. Based off of these results, 

0.25 µL of m-IgG was blotted on each 1 mm spot for all future experiments. 

 

5.3.2.2 Flow Rate Study 

 Once the volume of m-IgG blotted on membrane was characterized, a flow 

rate study was performed in order to achieve the greatest amount of m-AuNP 

binding to m-IgG on the membrane while limiting the potential for non-specific 

binding. We hypothesized that a slower flow rate would result in the greatest 

amount of binding between the m-IgG and the m-AuNP, therefore producing a 

greater red colorimetric change on the membrane. A slower flow rate would allow 

for greater binding interaction time between the two antibodies compared to a 

faster flow rate, which could lead to enhanced assay sensitivity.19 Samples were 

prepared (500x dilution m-AuNP, n=3) and pumped through the FTA chips with 

flow rates from 0.1 mL/mm to 1 mL/mm. Each 1 mm spot was blotted with 0.25 µL 

of m-IgG and the mean GVs for each spot were analyzed and compared; the 

negative controls 1 mm spots contained no m-IgG (Figure 5-4). 

 

Table 5-1: Tukey’s Multiple Comparison’s Test. The multiple comparisons test determined 
there was not a statistical difference among the mean GVs, except for the GVs comparing 0.5 
µL to 1 µL m-IgG volumes blotted on the 1 mm spots. The mean GVs for 0.5 µL vs. 1 µL resulted 
in a p-value (0.0423) that was less than the alpha (0.05) which rejected the null hypothesis of 
there being no difference in the mean GVs. 

Tukey's multiple comparisons test Mean Diff. Significant Difference (Y/N) P Value

0.25 vs. 0.5 5.337 N 0.2338

0.25 vs. 0.75 -0.8222 N 0.9906

0.25 vs. 1 -2.338 N 0.8311

0.5 vs. 0.75 -6.159 N 0.1358

0.5 vs. 1 -7.674 Y 0.0423

0.75 vs. 1 -1.516 N 0.9459
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 The slowest flow rate (0.1 

mL/min) resulted in the greatest 

colorimetric change, or lowest mean 

GV (44 ± 2), on the membrane but 

the negative control contained a 

large amount of non-specific binding 

with a mean GV of 133 ± 3. Visually 

comparing the negative controls 

between 0.1 mL/min and 0.25 

mL/min, the 0.25 mL/min flow rate 

negative control had a mean GV of 

196 ± 4. With there being little to no non-specific binding occurring at flow rates 

higher than 0.25 mL/min, a two-way ANOVA (α = 0.05) and a Tukey’s multiple 

comparisons test was performed to determine if there was a statistical difference 

between the mean GVs of the negative controls for each flow rate. The analysis 

determined there was a statistical difference between 0.1 mL/min and 0.25-1 

mL/min, the p-values were < 0.0001. As the 0.25 mL/min flow rate showed little to 

no non-specific binding in the negative control spots, as can be seen by the higher 

GV in Figure 5-4, a comparison between this flow rate and all other flow rates 

tested was done to examine if there is any benefit to flowing at faster rates. The 

analysis revealed that there was no significant difference between the negative 

control spots of the 0.25 mL/min sample versus the 0.5 mL/min (p > 0.9999) and 

0.75 mL/min (p > 0.9958) samples. However, there was a significant difference 

 

Figure 5-4: Flow Rate Study – Whatman 
ProTran 0.2 µm. The sample flow rate through 
the FTA chip, using Whatman ProTran 0.2 µm 
pore size membranes, was characterized to 
determine which flow rate produced the largest 
colorimetric change on the NC membrane and 
the least amount of non-specific binding on the 
negative control (NC). Examples of the cropped 
membranes are above the corresponding 
volume, photos above and corresponding 
grayscale below. 
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when compared to the 1 mL/min sample (p < 0.0001). The fastest flowing sample 

resulted in the least non-specific binding as evidenced by the highest GV of 217 ± 

1. Next, these two sample flow rates were compared with regards to the positive 

spots. It was determined that the positive spots in the 1 mL/min sample (p < 

0.0001) were significantly different compared to the 0.25 mL/min sample flow rate. 

Thus, while less non-specific binding can be gained from flowing at a faster rate, 

there is a significant loss of sensitivity due to the m-AuNP not having sufficient time 

to diffuse and bind to the m-IgG immobilized on the NC membrane.19  

Next, the use of another membrane with a larger pore size, Sartorius 0.45 

µm, was explored in an effort to eliminate the non-specific binding occurring at the 

0.1 mL/min flow rate while obtaining the strongest colorimetric change in the 

positive spot or higher signal on the membrane (i.e., lower GV). Using the same 

flow rates and positive sample dilutions (500x m-AuNP) as in Figure 5-4, the mean 

GVs for both the positive samples 

and negative controls were 

compared (Figure 5-5). It was 

interesting to see the 0.1 mL/min 

negative control had a mean GV of 

210 ± 4 and the 0.25 mL/min 

negative control had a lower mean 

GV of 193 ± 11; stated another way, 

the faster flow rate (0.25 mL/min) 

had more non-specific binding than 

 

Figure 5-5: Flow Rate Study – Sartorius. The 
sample flow rate through the FTA chip, using 
UniSart® CN140 (0.45 µm, Sartorius) 
membranes, was characterized to determine 
which flow rate produced the largest colorimetric 
change on the NC membrane and the least 
amount of non-specific binding on the negative 
control (NC). Examples of the cropped 
membranes are above the corresponding 
volume, color above and grayscale below. 
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the 0.1 mL/min flow rate. Comparing the mean GV for the 0.1 mL/min positive 

sample to the 0.25 mL/min positive sample, the 0.1 mL/min had a lower GV (74 ± 

5) than 0.25 mL/min (102 ± 7). A two-way ANOVA and Tukey’s multiple 

comparisons test (α = 0.05) was performed to determine if there was a statistical 

difference between the mean GVs for the 0.1 ml/min and 0.25 mL/min flow rates. 

The analysis determined there was a statistical difference between 0.1 ml/min and 

0.25 mL/min mean GVs for both the positive samples (p = 0.0014) and the negative 

controls (p = 0.0474). These results show there is less non-specific binding at 0.1 

mL/min with the Sartorius membrane compared to the Whatman membrane. 

Therefore, in subsequent studies, the Sartorius membranes will be used along with 

a 0.1 mL/min flow rate to achieve the greatest amount of antibody binding and 

colorimetric change on the membrane (i.e., lower GV). 

It is important to note that the flow rate studies have revealed that the FTA 

chip’s sensitivity can be tailored to the end users’ needs. As shown in both Figures 

5-4 and 5-5, the slower flow rate (0.01 mL/min) results in a greater colorimetric 

change, lower GV, but takes 10x as long to complete the assay (50 min) compared 

to the 1 mL/min flow rate (5 min) (note: assay times based off of a 5 mL total 

sample volume). Interestingly, the 0.1 mL/min flow rate (GV = 74 ± 5) does not 

result in a 10x lower GV than the 1 mL/min sample (GV = 145 ± 6) but only a 2x 

lower GV (Figure 5-5). Consequently, one could weigh the issue if the 50-minute 

assay time at 0.1 mL/min is worth the increased sensitivity. Ultimately, the flow rate 

studies have shown the flexibility in the FTA chip’s sensitivity as well as how the 
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non-specific binding can be eliminated by changing the flow rate and the type of 

membrane used (e.g., pore size). 

5.3.3 Detection of Y. pestis F1 Antigen on the Flow Through Assay Chip 
 Previous sections describe the characterization of the volume of m-IgG 

blotted per 1 mm spot and the sample flow rate through the FTA chip. Here, we 

show proof-of-concept to detect Y. pestis F1 antigen on the FTA chip. Based off of 

the results from section 5.3.2, the experiments were performed using the Sartorius 

membranes blotted with 0.25 µL Yp-mab per 1 mm spot and the sample flow rate 

was 0.1 mL/min. Sample solutions include Y. pestis chase buffer (5 mL) spiked 

with F1 antigen (1 ng/mL) with Figure 5-6 showing the mean GV (n=3) for each 1 

mm spot. It is important to note that this assay 

was comprised of a full sandwich-type 

immunoassay (Chapter 2, Figure 2-2). 

Unexpectedly, the positive spots and the 

negative control spots produced similar GVs, 

203 ± 6 and 205 ± 3, respectively. An 

unpaired two-tail t-test was performed to 

determine if there was a statistical difference 

between the two mean GVs; the analysis 

determined there was not a significant 

difference between the positive spots and 

negative control spots (α = 0.05, p = 0.76). We 

conclude that these results are due to the 

larger pore size (0.45 µm) and increased 

 

Figure 5-6: Flow Through Assay 
Detection of Y. pestis F1 antigen in 
chase buffer - Sartorius. The mean 
grayscale values were compared 
between Y. pestis chase buffer spiked 
with 1 ng/mL F1 antigen (n=3) and a 
negative control (no Yp-mAb, n=3). 
UniSart® CN140 (0.45 µm, Sartorius) 
membranes were placed in the FTA 
chip, both the positive sample and 
negative control did not produce a 
colorimetric change on the 
membrane. Examples of the cropped 
membranes are above each sample 
type, color above and grayscale 
below. 
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diffusion distance for the analytes to interact with the Yp-mAb, reducing the 

interaction time to form the sandwich-complex.11,19 The membrane pore size and 

diffusion distance can be explained by the Péclet number (Pe) described earlier. 

Pe describes the relationship between the flow rate through the NC membrane 

and the diffusion rate of the analyte to the walls of the pores.10,19,20 With the large 

pore size and increased diffusion distance to the Yp-mAb, the Yp-AuNP-F1 antigen 

complex could not bind to the Yp-mAb; the inability to bind resulted in a decreased 

colorimetric change on the membrane because the Yp-AuNP could not accumulate 

on the membrane. To overcome the lack of binding interaction time, we changed 

back to the Whatman 0.2 µm pore size membrane to decrease the diffusion 

distance for the analytes. 

As described in section 5.3.2.2, the 0.2 µm pore size experienced large 

amounts of non-specific binding at the 0.1 mL/min flow (Figure 5-4). To eliminate 

the non-specific binding or false-

positive results, the flow rate was 

increased to 0.25 mL/min. The Y. 

pestis sample solutions were 

prepared in Y. pestis chase buffer 

spiked with F1 antigen (0.75-0.01 

ng/mL) with Figure 5-7 showing the 

mean GV (n=3) for each 1 mm spot; 

the negative control spots contained 

no Yp-mAb. Unfortunately, the 

 

Figure 5-7: Flow Through Assay Detection of 
Y. pestis F1 antigen in chase buffer – 
Whatman ProTran 0.2 µm. Y. pestis samples 
were prepared with 0.075-0.01 ng/mL F1 antigen 
spiked in chase buffer (n=3) and a negative 
control (no Yp-mAb, n=3). Whatman ProTran 0.2 
µm membranes were placed in the FTA chip, 
both the positive samples produced little to no 
colorimetric change, while the negative control 
samples produced false-positives. Examples of 
the cropped membranes are above each sample 
type, color above and grayscale below. 
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results were the opposite of what was expected; the positive spots had little to no 

signal and the negative control spots experienced a high signal indicative of non-

specific binding; this is a unique situation because these results were not 

experienced in the cOFI discs described in Chapters 2-4. We hypothesize the 

major contributor to the contradicting results are the new set of reagents, (i.e., 

different lot), we received from the AuCoin lab, our collaborator at the Discovery 

Lab. 

In order to test our hypothesis, we designed a binding study which entailed 

spiking different buffer solutions with F1 antigen (0.025 ng/mL, n=3) along with not 

blotting the Yp-mAb (negative control, n=3) on the NC membrane (Figure 5-8). 

The mean GV for both positive and negative samples were compared using the 

three sample solutions: Y. pestis 

chase buffer (pH = 9.6), PBS-T 

buffer (pH = 7.5), and DI water (pH 

= 7). Each buffer has a different pH, 

ionic strength, and salt composition; 

these characteristics can affect the 

binding affinity of the Yp-mAb and/or 

Yp-AuNP to the F1 antigen by 

disrupting the hydrogen bonding, 

e.g., a buffer solution with too high 

or too low of a pH.21 Ideally to 

achieve good binding of antibodies, 

 

Figure 5-8: Flow Through Assay Detection of 
Y. pestis F1 antigen in chase buffer – Binding 
Study. Three different solutions were spiked with 
0.025 ng/mL F1 antigen: Y. pestis chase buffer, 
PBS-T buffer, and DI water. The purpose was to 
determine if the false positives are a result of the 
buffer solution or if the reagents have expired. 
Statistically, the PBS-T and DI water solutions 
produced the same mean GV compared to their 
respective positive and negative controls. 
Examples of the cropped membranes are above 
each sample type, color above and grayscale 
below. 
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the buffer solution should be at or near the neutral pH, at or near the isoelectric 

point, of the antibody and the antigen.22,23 

 The results presented in Figure 5-8 show an interesting phenomenon, 

specifically with the Y. pestis chase buffer. When there was no Yp-mAb on the NC 

membrane, there was a red colorimetric change with a mean GV of 109 ± 5, while 

the positive sample containing the Yp-mAb on the NC membrane had no red 

colorimetric change (GV = 178 ± 7). It appears that the F1 Antigen-Yp-AuNP is 

binding and accumulating on the NC membrane only when there is no Yp-mAb 

present. This must mean that the Yp-mAb is not binding to the F1 antigen because 

of two potential reasons. First, the Yp-mAb has been denatured either via its 

journey being shipped across the country or it was not maintained at the necessary 

storage temperature. Second, the Yp-mAb antibody has lost its binding affinity due 

to it being past its expiration date, typically ~6 months, but the expiration date 

theory is least likely because these were brand new reagents.  

Another hypothesis is that the buffer solution could have gone bad, but a 

new solution of buffer was prepared just before the experiments. Therefore, it is 

likely that the Yp-mAb have been denatured and lost their binding ability to the F1 

antigen. Alternatively, based off of these results it is difficult to determine if the F1 

antigen is binding to the Yp-AuNP. The Yp-AuNP may not be binding to the F1 

antigen but could be non-specifically binding to the membrane when the Yp-mAb 

is not present on the NC membrane. Finally, the AuNP on the Yp-AuNP could 

possibly be dissociating off the antibody because the AuNP is non-covalently 

bound to the Yp-mAb through electrostatic interactions and hydrogen bonding, 
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which are sensitive to salt concentration, pH, and presence of proteins.24–26 If this 

is the case, then the AuNP may be aggregating together and getting stuck in the 

0.2 µm pores; this could also be occurring with the PBS-T and DI sample solutions. 

 Both PBS-T and DI water sample solutions have different ionic strengths 

but similar pH values; the ionic strength of either solution was not measured but 

DI water contains no ions while PBS-T does contain some in the form of sodium 

chloride, potassium chloride, sodium phosphate, and potassium phosphate. As 

previously stated, the ionic strength of a solution does affect the binding affinity of 

antibodies.21,22 The DI water positive sample had a mean GV of 201 ± 1 and the 

negative control sample had a mean GV of 181 ± 21. An unpaired t-test (α = 0.05) 

was performed to determine if there was a statistical difference between the DI 

water sample’s mean GV; the analysis determined there was not a significant 

difference among the mean GVs (p = 0.144). The PBS-T solution positive sample 

had a mean GV of 138 ± 13 and the negative control had a mean GV of 143 ± 9. 

An unpaired t-test (α = 0.05) was performed to determine if there was a statistical 

difference between the PBS-T sample’s mean GV; the analysis determined there 

was not a significant difference among the mean GVs (p = 0.666). Both the positive 

sample and negative control sample for the DI water and PBS-T, resulted in similar 

mean GVs respectively. What we can conclude is that the PBS-T solution and DI 

water solution did not solve the false-positive and false-negative results that were 

received in the Y. pestis chase buffer solution. Ultimately, we can conclude there 

is something wrong with Y. pestis reagents because we did not experience these 
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results when performing the immunocapture studies in section 5.3.2; therefore, we 

can eliminate the FTA chip and fluid flow as a potential variable. 

5.4 Conclusions 
We described a syringe-driven FTA chip with the capability to detect up to 

six different target analytes. The FTA chip was designed to be multiplexed with a 

3x2 array with 1 mm diameter detection spots; the 1 mm spots allow for easy 

deposition of the capture antibodies on the NC membrane without requiring an 

expensive nano-spotter instrument. Additionally, the FTA chip was designed to 

limit the amount of external instrumentation required to analyze a sample, e.g., the 

chip can be human powered and does not require a syringe pump to drive the 

sample through the chip. Further, there is no disassembly required to perform the 

image analysis which reduces overall assay time while reducing exposure of a 

potentially contaminated sample to the user. We demonstrated proof-of-

immunocapture on the 3x2 array, characterized the volume of the capture 

antibodies to be immobilized on each 1 mm spot without negatively affecting the 

sensitivity of the assay, and we characterized the sample flow rate in order to 

eliminate false-positives on the NC membrane. When detecting Y. pestis F1 

antigen in buffer solution, we experienced both false-positive and false-negative 

results and we believe that the Y. pestis reagents have lost their binding ability as 

well as specificity. Therefore, new reagents will need to be acquired to continue 

characterization and to show proof-of-concept to detect infectious diseases on the 

FTA chip. Future work includes detecting Y. pestis spiked into human samples 

(e.g., human urine) to demonstrate in-field application. Finally, integrating the 3x2 

array onto the cOFI disc, described in Chapters 2-4, will allow for multiplexing on 
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a single NC membrane to further increase the capability of detecting multiple target 

analytes on a centrifugally-driven device. 
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CHAPTER 6 – Final Remarks 
6.1 Conclusions 
 All of the projects described in this dissertation focused on improving 

previously time-intensive workflows and bioassays used in clinical diagnostics to 

make them more sensitive, efficient, and cost-effective. Specifically, the research 

presented here described the development and characterization of centrifugal 

microfluidic lab-on-a-disc (LoaD) systems for immunoassay detection of infectious 

diseases at the point-of-need (PoN). This work facilitated the development of 

traditional assays down to the microscale while integrating novel fabrication 

techniques which will provide the necessary PoN diagnostics over traditional 

benchtop methods. 

Chapter 2 focused on the development of a PoN centrifugally-driven 

orthogonal flow immunoassay (cOFI) that used a colorimetric method of detection 

to identify infectious diseases. We described a 7-layer print-cut-laminate (PCL) 

disc design that overcame the shortfalls of a previously designed 5-layer cOFI 

design.1 Comparatively, the precursor cOFI device incorporated a short 

microfluidic inlet channel (3mm) that resulted in a decreased flow rate from the 

sample chamber, with flow rate experiencing exponential decay over time. Further, 

this design produced a region of non-orthogonal flow, resulting in membrane 

irregularities and, ultimately, difficulty with reproducible image analysis.2 We 

designed a 7-layer cOFI disc with a significantly lengthened microfluidic inlet 

channel (26 mm) that forms a long fluid column on the device. The elongated 

column maintained the hydraulic pressure in the system as the fluid volume 

decreased in the sample chamber, resulting in a constant flow rate for the duration 
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of the assay. Using this design, both the flow rate and total assay time can be 

adjusted simply by changing the rotational frequency of the disc. The added 

polymeric layers work to eliminate the region of non-orthogonal flow and provide a 

uniform, circular 2 mm detection region, permitting reproducible image analysis. 

This demonstrated that the new cOFI device was capable of detecting the Yersinia 

pestis (Y. pestis) F1 antigen down to 1 ng/mL, and with a total analysis time of 25 

min. This new cOFI device paved the path for a fast, inexpensive, automated, and 

tunable (e.g., adjustable assay runtime and flow rates) PoN device. 

Chapter 3 built upon the cOFI disc described in Chapter 2 and focused on 

overcoming the limitations of the lateral flow immunoassay (LFI), e.g., inability to 

control flow rate and the sample pad is easily oversaturated, while maintaining 

simple, rapid analysis of biological fluids. 3D-printed technology was leveraged to 

develop a large volume cOFI disc that could analyze up to 12 mL of fluid and used 

a colorimetric-based detection method. The 3D-printed sample chamber was 

integrated onto the 7-layer cOFI microfluidic disc and overcame the macro-to-

micro interface typically encountered in microfluidic devices. The cOFI disc 

described in Chapter 2 could only analyze 200 µL of sample per chamber; the 

large volume cOFI disc had 400 times greater sensitivity compared to an LFI strip 

and was 2.5 times more sensitive than previously developed vertical flow 

immunoassays (VFI).3 Real world proof-of-concept was demonstrated by detecting 

Y. pestis F1 antigen in both spiked buffer solution and human urine. With 3D-

printed technology and a custom mechatronic system to centrifugally pump fluid, 
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a rapid, cost effective PoN microfluidic device was presented that could detect 

down to 0.025 ng/mL of Y. pestis F1 antigen. 

The work in Chapter 4 described the development of a portable, 

smartphone controlled PoN diagnostic system that used the cOFI discs, described 

in Chapters 2 and 3. Depending on the end-user’s need, the cOFI system could 

run a 10-chamber multiplexed disc or large volume disc. Each assay step was 

performed and controlled using an in-house designed smartphone application 

(e.g., app). The cOFI system included an onboard motor to control the disc’s 

rotational frequency, a camera phone to image the nitrocellulose (NC) membrane, 

and an optical sensor to align the disc under the camera phone for image analysis. 

The app was programmed to capture an image of the NC membrane and complete 

image analysis to determine if the sample was positive or negative for the target 

analyte. The system demonstrated the ability to perform all three assay steps (i.e., 

pre-wash, sample, and post-wash) and detect Y. pestis F1 antigen as low as 0.01 

ng/mL. Continued development of the app and cOFI system, will produce a 

portable diagnostic device that will automatically analyze and detect infectious 

diseases at the PoN. 

Finally, Chapter 5 described the development of a flow through assay (FTA) 

chip which contained a 3x2 array of 1 mm diameter detection spots. The FTA chip 

was a syringe-driven method of fluid flow that used the OFI detection technique, 

described in Chapters 2-4. The syringe driven flow eliminated the need for 

cumbersome, external equipment and could be hand powered to pump the 

sample. The 3x2 array provided multiplexed capability to detect up to 6 target 
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analytes from a single sample. The amount of capture antibodies blotted on the 

membrane was characterized, and the sample flow rate was optimized to eliminate 

non-specific binding. The FTA chip was specifically designed to be portable, easy 

to operate, and cost-effective to produce. With further research, the 3x2 array 

could be integrated onto the cOFI disc to further increase the detection and 

multiplexing capability of the PoN devices previously described.  

6.2 Ongoing Studies, Persistent Challenges, and Future Work 
 The work outlined in this dissertation focused on PCL devices which have 

the ability to perform a series of different bioanalytical assays used in clinical 

workflows. The projects mainly focused on the development of novel microfluidic 

OFI devices to improve assay analysis time and sample-to-answer processing. 

After successfully characterizing and optimizing fluid flow through the OFI devices, 

additional development is needed to increase reliability and sensitivity of the 

assays. Finally, the manufacturing method and architectural design of the cOFI 

discs will need to be improved for total assay automation and functional integrity 

of the PoN device. 

6.2.1 Disc Design and Fabrication 
 The major hurdle that still remains is the materials used for the cOFI discs 

and the method of assembly. The PCL method is great for research and 

development of centrifugal microfluidic chips but the inconsistencies involved in 

the cutting and assembly of individual components has resulted in sample loss and 

incomplete experiments. Each cOFI disc will need to be injection molded in order 

for the discs to advance to manufacturing and become an approved PoN device. 
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6.2.1.1 Large Volume Sample Handling 
 Chapter 3 described overcoming the macro-to-micro interface on a 

microfluidic device by increasing the sample volume on disc. This was achieved 

through 3D-printing a large volume chamber. The addition of more sample to the 

disc increases the weight and force applied to the materials (i.e., the pressure 

sensitive adhesive) while the disc is rotating. The increased force stresses the 

adhesive leading to the recovery chamber failing and spraying sample inside the 

mechatronic spin system. Obviously, this is an issue if the cOFI disc was to be 

manufactured and deployed to the PoN. Injection molding the large volume disc 

will form a monolithic disc and eliminate any potential leaking. Additionally, 

injection molded parts are easy to manufacture, decreasing overall device cost, 

and producing an overall more reliable device. The end user expects the system 

to be reliable and not fail at the worst possible moment. It is especially important 

that the device doesn’t fail when testing a human sample that could be 

contaminated with a deadly, infectious disease. 

6.2.2 On-Disc Immunocapture 
 This dissertation thoroughly explained immunoassays along with their 

sensitivity and specificity, but this detection method has a downside: the 

antibodies. For example, antibodies are sensitive to temperature, pH, and ionic 

strength. The production of antibodies is labor intensive and expensive. Plus, if the 

antibodies are not stored or purified correctly, they can lose their binding ability 

which can result in a false-positive or a false-negative by cross reacting with 

another antigen or substrate. Additionally, they have a shelf-life and they must be 

maintained in a climate-controlled environment or container. There is an alternative 
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to antibodies, called aptamers; they are a synthetically-produced oligonucleotide 

which are stable in a wide range of conditions and can be made to be specific to a 

single target analyte.4 Additionally, they can be manufactured faster and cheaper 

than antibodies. Next, using gold-nanoparticle (AuNP) conjugated antibodies is an 

easy, inexpensive detection method for immunoassays but this method makes it 

difficult to quantify the amount of target analyte present in a sample. In future 

studies, replacing AuNPs with fluorescence labeled antibodies should be explored; 

this will allow for increased sensitivity as well as the quantification of the target 

analyte. In future work, replacement of the antibodies for aptamers and the gold-

nanoparticles for fluorophores will make these PoN assays more sensitive, 

reliable, and accurate. 

When testing complex sample matrixes, non-specific binding and false 

positives can be eliminated by removing the salts and electrolytes before analyzing 

a sample for Y. pestis or Ebola. The sample (e.g., artificial blood plasma or urine) 

could be run through a desalting column to remove the salts and small molecules 

to eliminate any potential non-specific binding to molecules in the solution. Once 

the sample is run through the column, the Y. pestis or Ebola gold-nanoparticle 

conjugated antibodies would be added to the sample to detect for the F1 antigen 

or eVLP, respectively. Additionally, the removal of the salts will most likely prevent 

the nitrocellulose membrane pores from swelling which has been known to slow or 

completely stop fluid discharge. 

The Y. pestis reagents did not produce the results that were expected, most 

likely due to the reagents stability along with being used beyond their expiration 
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date. A lateral flow strip should be used or developed to determine if the reagents 

are still viable. An alternative method to an LFI strip is an indirect ELISA to 

determine if the Y. pestis capture and detection antibodies are binding to the F1 

antigen. A microtiter plate could be coated with F1 antigen followed by the Y. pestis 

capture antibody. Next, a secondary horseradish peroxidase (HRP) labeled goat 

anti-mouse antibody is added, followed by tetramethylbenzidine (TMB); the 

colorimetric change in the well could be measured to determine how much, if any 

of the antibodies are binding to the F1 antigen. 

6.2.3 Nitrocellulose Membrane Replacement 
 As previously mentioned in this dissertation, NC membranes are the 

preferred material for use in LFIs and paper-based immunoassay PoN devices 

because they are easy to use, robust, and cost-effective. Unfortunately, NC 

membranes are prone to swelling and de-swelling (Chapter 4); this can greatly 

affect fluid discharge through the membrane leading to membrane fouling or fluid 

stoppage. Cytiva Life Sciences developed an alternative proprietary glass 

microfiber membrane, called Fusion 5.5 This membrane was designed to replace 

NC membranes on LFI strips and is known to be immune to swelling. Additionally, 

Fusion 5 is hydrophilic and requires additional steps to immobilize antibodies onto 

the surface. In order to do so, antibodies will need to be conjugated to the latex 

beads first then blot the beads onto the Fusion 5 surface. The implementation of a 

new membrane, i.e., Fusion 5, will greatly maintain the rate of fluid discharge and 

eliminate membrane swelling or de-swelling, further improving the reliability of the 

cOFI device to analyze a variety of human bodily fluids (e.g., saliva and whole 

blood) at the PoN. 
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6.2.4 Hardware Improvements and Assay Automation 
 Beyond disc and assay optimization, development of a fully automated, 

ruggedized mechatronic spin system which can perform the assay steps (i.e., pre-

wash, sample, post-wash), regulate fluid control, and perform image analysis all 

without needing the user to pipette additional reagents is a minimum requirement 

for PoN implementation. The semi-automated system described in Chapter 4 

could become fully automated with additional programming of the app. 

Additionally, all the necessary wash buffers could be stored on disc by designing 

a new 3D printed chamber; each solution could be released at the appropriate time 

through laser-valving. Another important improvement would be to automate 

image analysis of discs; with further programming of the app and using the 

integrated optical sensor, the cOFI disc could position each membrane under the 

camera phone for the app to perform the image analysis. These simple but 

significant changes will meet the requirements to deploy a portable, diagnostic 

device to the PoN and have tremendous impacts on providing the necessary care 

to infected personnel. 

6.3 Summation 
 The increase in demand for PoN diagnostics, specifically during a 

pandemic, has led to the growth in capabilities of centrifugal microfluidics for use 

in forward operating locations and underdeveloped countries. Centrifugal 

microfluidic devices have the ability to perform complex bioassays with complete 

automation and increased portability while being cost-effective to produce and 

administer. The work described here focused on leveraging the many advantages 

of centrifugal microfluidics by increasing sensitivity of traditional immunoassays 
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and incorporating automation, which decreased the number of steps and reduced 

the sample-to-answer processing time. The initial studies included designing and 

characterizing fluid movement on a novel cOFI disc, to overcome the shortfalls of 

traditional LFIs. Next, the focus was on leveraging 3D-printed technology to 

increase the sample volume on disc to improve sensitivity. The cOFI device 

bridges the gap in PoN diagnostics with its increased sensitivity and automated 

sample analysis. With further research in disc manufacturing and assay 

development, the implementation of this device has the potential to have a 

profound impact on PoN diagnostics. 
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