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Abstract 

Alexandra Stambaugh 

Bioassay Development for Molecular Diagnostics on an Optofluidic Platform 

 Optofluidics, the science that integrates photonics and microfluidics, has produced a 

number of promising devices for biosensing and bioanalysis.  In the past couple of years, 

several optofluidic approaches have demonstrated the capability to optically detect single 

biological microparticles.  However, despite the sensitivity, many other requirements must be 

met to fully realize a molecular diagnostic device on a lab-on-a-chip platform.  These 

requirements include target specificity, large dynamic range of detection, a low limit of 

detection, and multiplex differentiated diagnosis of many relevant biomarkers in a single 

sample. To this end, we have previously developed an optofluidic biosensor based on liquid-

core antiresonant reflecting optical waveguides (LC-ARROWs). Orthogonally intersecting 

liquid and solid core ARROWs deliver the appropriate architecture for a highly sensitive, 

reconfigurable, and portable to the point-of-care device for ultra-sensitive detection of 

fluorescently labeled biomarkers in flow.  We have recently introduced multiplexing 

capabilities into the ARROW-based optofluidic platform by integrating multi-mode 

interference (MMI) excitation waveguides, allowing for spectral and spatial multiplexing on a 

single compact chip. As a proof of concept, influenza virions were non-specifically labeled 

and simultaneously and differentially detected on chip.  The goal of this thesis was to expand 

the detection capabilities of the MMI waveguide-detection platform via developing different 

specific bioassays to analyze different molecular biomarkers on chip and in clinically relevant 

environments and concentrations.  

 First, a bead-based nucleic acid capture assay is described, which specifically 

captures nucleic acids onto an immobilization magnetic microsphere and functionalizes the 
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complex with fluorescent dyes.  The first simultaneous, multiplex differentiated detection of 

non-amplified total RNA samples from Viral Hemorrhagic Fever (VHF) infected cell cultures 

is reported.  The four VHF samples detected are from the Zaire Ebolavirus (EBOV), Lake 

Victoria Marburgvirus (MARV), Ravn Marburgvirus (RAVN), and Crimean Congo 

Hemorrhagic Fever (CCHF).  This assay is then expanded to specifically trap viral protein 

antigens, creating a specific bead-based protein antigen capture assay.  This expansion 

enabled the target agnostic differentiated detection of both non-amplified Zika virus (ZIKV) 

genomic material and Non-structural protein (NS1) antigens.  Target agnostic detection is a 

profound consequence for an optofluidic molecular diagnostic platform as few devices have 

the capability to detect the different viral biomarkers that may occur at different times after 

infection.  However, this thesis continues to push the limits of sensitivity in the ARROW 

optofluidic detection platform, culminating in an ultra-sensitive single antigen detection assay 

enabled by a newly developed bright fluorescent probe. The probes were designed and 

synthesized in house from a fluorescently functionalized 1kB strand of double-stranded 

DNA. Their brightness and specificity to viral antigens enabled specific detection of single 

SARS-CoV-2 and Influenza A antigens from clinical nasopharyngeal swabs at a clinically 

relevant concentration of 30 ng/mL. 
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1 Introduction 

Optofluidics is a field that has emerged over the past few decades that is referred to as the 

development of science or technology which explore unique utilities and related physics 

through the union of fluids and light.  This can be realized as using optics to manipulate 

fluids at small scales or using microfluidic technology to enable novel optical functions. The 

science of optofluidics stems back to the early 1900s, when a deformable mirror that realized 

by spinning fluid in a circular chamber to form a paraboloid shape was demonstrated.  This 

mirror had a tunable focal point that was controlled by the spinning speed of the liquid in the 

circular chamber [1].  This is considered an example of the development of adaptive optics. 

However, the most popular method to manufacture and use optics in microfluidic systems has 

been to manufacture, shape, and polish solid materials.  The machines and techniques most 

commonly used today to create platforms that marry light and liquid are enabled by 

semiconductor technologies, specifically Complementary Metal Oxide Semiconductor 

(CMOS) fabrication methods and devices.  CMOS fabrication methods have been integral in 

making integrated circuits (IC) and micro-electro mechanical systems (MEMS), which have 

led to the miniaturization of electrical and mechanical sensors and devices [2].  This 

miniaturization has led to the technologies that are the drivers of our tech-economy today, 

from cell phone cameras to vehicle impact sensors to deploy safety measures [3] [4]. 

 CMOS technology and fabrication techniques have also shaped the field of 

microfluidics—small liquid-handling devices containing channels with micron dimensions. 

Through the framework of MEMS device architecture and CMOS processing methods, 

microfluidic mechanisms that can manipulate and move liquids on a micro-scale has become 

a reality [5] [6].  Microfluidic devices have demonstrated the ability to analyze single cells, 

process biological materials, and miniaturize sample handling [7] [8] [9]. The forward push in 
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the functions of theses microfluidic devices has given rise to the idea that full biological 

assays can be performed on these platforms, and from there the concept of a “lab-on-a-chip” 

was conceived [10].  

 The assay preparation and sample handling on microfluidic lab-on-a-chip devices is 

only one part of a full experiment and brings forward the necessity for readout mechanisms 

that could also be miniaturized.  Enter back optofluidics for the use of microfluidic 

technology to enable novel optical readout functions [11]. Due to the planarity of the 

CMOS/MEMS technologies used to shape microfluidics, many of the developed optofluidic 

platforms relied on optical waveguide technology. Such waveguides were based on one of 

two principles, total internal reflection (TIR) or wave interference [12]. TIR waveguides are a 

direct product of Snell’s law and are fabricated by filling microfluidic channels with high 

refractive index material. Unfortunately, this mechanism for guiding light is has limited 

opportunities in biosensing, the aim of lab-on-a-chip device, because most conventional 

biosensing is done in aqueous solution. Water has a lower refractive index than most solid 

materials, especially those used in CMOS fabrication. While there are certain materials that 

meet Snell’s requirements for water based optofluidic TIR waveguides (Teflon AF, for 

example), their production is problematic [13].  

To the end of creating a viable biosensor, a CMOS compatible anti-resonant device is 

the next best approach. The concept of the anti-resonant reflecting optical waveguide 

(ARROW) technology, a device can be built with multi-layer reflectors forming the exterior 

walls of a fluidic waveguide like a Fabry-Pérot cavity, is made real by CMOS technology and 

fabrication techniques [14]. In many optofluidic devices, integration of liquid filled ARROW 

waveguides is easily achievable with both fiber optics and ridge waveguides [15] [16].  The 

work done in this thesis is fostered by an optofluidic device with integrated solid- and liquid-
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core waveguides.  These devices have previously demonstrated the ability to detect 

fluorescent analytes, trap biological particles, and filter optical excitation light [17] [18] [19]. 

There are even hybrid devices that combine sample-processing and detection platforms to 

directly combine microfluidic and optofluidic technology [20] [21].   

Molecular diagnostics is a main avenue for fully integrated optofluidic devices, and 

the development of point-of-care (POC) diagnostic devices is a main thrust of this 

technology.   The development of bioassays to fulfill the potential for a full sample-to-answer 

POC optofluidic molecular diagnostic device has fallen short.  Bioassays that target specific 

bacterial or viral components of infectious diseases have not been sensitive enough to be used 

in clinically relevant settings in large scale.  With the Coronavirus pandemic caused by the 

SARS-CoV-2 virus, the urgent need for POC diagnostic methods has been brought to the 

forefront of biomedical technology.  To this end, this thesis is aimed to design both sensitive 

and specific bioassays for multiple biomarkers to be used at clinically relevant concentrations 

using an optofluidic detection device based on ARROW technology.   

This thesis is organized as follows: Chapter 2 presents the necessary information 

needed to understand molecular diagnostics on the ARROW platform as well as the building 

blocks of bioassay development.  This will include the fundamental chemical reactions and 

processes involved in assay development and the ARROW optofluidic device design, 

fabrication, and implementation.   Chapter 3 describes a non-specific biological assay carried 

out on the ARROW optofluidic platform to be an adapted Influenza panel assay.  Here, I also 

discuss the employing wavelength division multiplexing (WDM) on chip for the 

simultaneous and differentiated detection of multiple biomarkers on chip.  The specific bead-

based nucleic acid capture assay for the amplification-free detection of viral nucleic acid 

samples is discussed in Chapter 4. The expansion of this technique to a target agnostic bead-
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based capture and detection method with the introduction of protein antigen and antibody 

capture assays is presented in Chapter 5.  This will all culminate in the development of a 

novel, single antigen capture assay and detection on the ARROW platform, presented in 

Chapter 6, which is pushing the sensitivity of a point-of-care diagnostic technique on lab-on-

chip devices into clinically relevant regimes.   
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2 Background 

Understanding how to build optofluidic biosensing assays for multiple analytes 

requires a fundamental grasp of each component of the technique: how to 

functionalize biomarkers for detection, how to build an optofluidic device suitable for 

diagnostic detection, and how to use said optofluidic device for biomarker detection 

and differentiation. In the following chapter, I will attempt to define and describe 

these components, highlighting the aspects of the technologies that pertain to building 

full optical biosensing assays.  First, I will discuss light-matter interactions, like 

fluorescence, and their applications in biosensing. Then I will review the science of 

functionalizing biomarkers and separating particles of interest for analysis. Lastly, I 

will go into the basics for the fabrication and implementation of photonic biosensing 

devices such as the antiresonant reflecting optical waveguide (ARROW) platform.  

2.1 Fluorescence Basics  

Fluorescence is the emission of light by a substance or material that has absorbed 

light or other electromagnetic radiation.  Fluorescence is a common and useful 

phenomenon for current day biosensing techniques; fluorescent dyes are the most 

widely used reporting molecules in implementation of these techniques. For a 

successful fluorescence event to occur, two subevents must also occur: absorption and 

emission.   Theses subevents are easy to conceptualize in the context of Figure 2.1 

(left), shown below, which considers the general case of fluorescence. Absorption can 

occur when an incident photon’s energy (Ephoton = hc/λphoton) is equal to the energy 
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difference between a molecule’s relaxed electronic state, S0, and its excited electronic 

state, S1.   

 

Fig. 2.1Properties of Fluorescence a) simplified fluorescence diagram b) absorption and emission 
spectra of Cy 3 (top) and Cy5 (bottom) c) structures of Cy3 (top) and Cy5 (bottom) [22] 

When an absorption event occurs, an electron moves from state S0 to S1.  

Emission occurs when an electron relaxes from state S1 back to state S0, which 

regenerates a photon.  Although this describes the general mechanics of the 

fluorescence process, there are important details missing. For one, if there is a simple 

excitation and relaxing cycle occurring that constitutes fluorescence, one might 

assume that the energy of the absorbed and emitted photon would be the same and 

equal to the energy difference between S0 and S1, due to conservation of energy.  

However, a property of fluorescence is that the energy of the emitted photon is less 

than the energy of the photon absorbed. This is attributed to the fact that S0 and S1 are 

not simply two electronic energy states (represented by the black lines in Figure 2.1 

(a)), but also encompass the rotational and vibrational molecular states (represented 

by the light grey lines in Figure 2.1 (a)). This splitting is known as 

rotational/vibrational broadening and is a result of the flexibility of molecular bonds.  

When electrons relax between excited rotational-vibrational energy states, energy is 
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lost as heat which results in a lower energy photon being emitted. This lower energy 

emission is called the Stokes shift, or red-shift. Furthermore, because of this ro-

vibrational broadening, the transitions between rotational and vibrational states are 

flexible meaning it is possible to absorb photons and emit photons between any of 

these states. This results in broad absorption and emission spectra, which is seen in 

Figure 2.1 (b).   

Now that the general principles of fluoresce are understood, we will consider 

the specific cases of two commonly used organic fluorescent dyes: Cyanine 3 (Cy3) 

and Cyanine 5 (Cy5). Cyanine dyes are historically one of the most widely used dyes 

in biotechnology and biological sciences and have shaped many of the structural and 

industrial standards in supporting technologies such as excitation sources, optical 

filters, and other optical components.  Fig. 2.1 (c) shows the Kekulé structures of both 

molecules, in which each line represents an electron pair and the junction of each line 

represents a carbon molecule. These diagrams are commonly used to represent 

organic molecules. Between the ring structures on both molecules, there is a pattern 

of alternating single and double bonds, or electron pair lines, which are highlighted in 

red in Fig 2.1 (c).  This pattern, in combination with the aromatic rings on either end 

of the molecules, creates a continuous system of pi (π) electrons, also known as a 

conjugated system. A conjugated system has a region of overlapping p orbitals that 

allows for the delocalization of pi electrons across all adjacent p orbitals so the pi 

electrons do not belong to a single bond or atom, but rather to a group of atoms. So, 

the pi electrons reside in linear combinations of atomic orbitals of each structural 
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atom. These linear combinations of atomic orbitals are molecular orbitals, and for a 

combination of N atomic orbitals, N molecular orbitals are created. In terms of 

fluorescence, the highest occupied molecular orbital (HOMO) is generally referred to 

as the S0 state and the lowest unoccupied molecular orbital (LUMO) is designated the 

S1 state.  The difference in the energy between these states in Cy3 and Cy5 is 

different due to the differences in structure between the two molecules: Cy3 absorbs 

at 550 nm and Cy5 absorbs at 650 nm (which is lower photon energy as Ephoton = 

hc/λphoton, as mentioned above).  The increased pi conjugation caused by the one 

additional double bond between the aromatic rings in Cy5 is responsible for the 

decreased energy difference in the S0 and S1 states
 
[22]

 
[23].   

The differences in Cy3 and Cy5 molecular structure and resultant fluorescence 

absorption and emission spectra illustrate how to produce different fluorescence 

wavelength dyes which adds utility to a fluorescence assay by creating differentiated 

options for excitation and sensing. Now that this is realized as a function for 

biosensing applications, we can further explore other functions of how to use organic 

fluorescent dyes for full biomarker optical detection assays. Later in this thesis, we 

will also discuss the development of bright fluorescent probes which we have 

constructed based off of Cy3 and Cy5, specifically.  Now, we will look at ways to 

further functionalize dye structure to add more valuable information to a bioassay by 

looking at nucleic acid stains, molecular beacons, and methods to add functional 

moieties to an organic dye structure, which will be an integral part in building the 

aforementioned probes. 
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2.2 Fluorescent reporter molecules: nucleic acid stains, molecular 

beacons, and other dye labels 

 Intercalation is the incorporation of molecules between the planar bases of double 

stranded deoxyribonucleic acid (DNA) molecules or ribonucleic acid (RNA) molecules.  In 

general, intercalation is the method with which to stain nucleic acid stains onto nucleic acid 

molecules for functionalized nucleic acid probing and detection.  This thesis will focus on 

fluorescent nucleic acid stains, with this statement as recognition that there are separate 

utilities for nucleic acid stains: namely for absorbance measurements.  Fluorescent nucleic 

acid stains are separate from conventional fluorescent molecules in the way that when 

unbound, the fluorophores emit very little fluorescence, yielding low background fluorescent 

signals. When bound, the stain “turns on,” meaning that the fluorescence activity of the 

molecule increases noticeably.  The mechanism of 

each dye molecule binding to the tertiary and 

secondary structures of nucleic acids contributes 

to the efficacy of how well the molecule can 

implement this “on-off” utility.   

 Nucleic acid stains are organic fluorescent 

dyes that, like all organic fluorophores, exhibit 

regions of highly conjugated hydrocarbons. 

However, into the structure’s unbound dyes, 

there is a fine functionality built unto them: there is a tendency upon optical excitation for the 

dye to form dimers and isomers of its structure, which significantly reduces the quantum 

efficiency of the fluorescence response.  This tendency is removed when the dye binds to 

Fig. 2.2 Binding methods for nucleic acid 
stains [24] 
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nucleic acids. For a better picture of how these conformational changes can be forbidden, 

please see Fig 2.2 for models of intercalating and bis-intercalating dyes.  While most 

intercalating dyes bind in between the bases of double-stranded DNA (as seen in Fig 2.2) 

there is evidence of a more important external binding mode where the dipole of the dye 

molecules align with the DNA grooves which allows for binding of the nucleic acid stain to 

single-stranded DNA or single-stranded RNA molecules with similar functionality and 

comparable efficiency.  

 With that stated, it is important to note that the structures of intercalating dyes are 

highly positively charged, which is a common feature of nucleic acid stains as ds-DNA 

molecules carry two negative charges per base pair. Due to steric hindrance and charge 

shielding of the molecules, intercalating dyes generally are limited by a binding capacity per 

base pair (for example: a dye for every four base pairs for a dimeric cyanine intercalating 

dye). The ability for these nucleic acid stains to label one target biomolecule many times 

without covalent conjugation (intercalation is when ligands/molecules of an appropriate size 

and chemical structure fit themselves in between the base pairs of DNA, where they would be 

held by electrostatic forces but not a covalent bond) is the strength of this technique: a single 

nucleic acid that is 1 kilobase pairs long can be labeled with 250 dimeric intercalators, which 

leads to incredibly significant fluorescence signals in comparison to a small background 

making them easy to differentiate and detect.  

 The drawback of nucleic acid stains is that they only have the ability to turn off and 

on in a sequence agnostic manner.  In bioassay design, it is essential to be able to turn a 

reporter molecule on or off in the presence of a specific target molecule—in this case, a 

specific nucleic acid sequence.  In order to implement this specific assay, the best 
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fluorescence reporter is a molecular beacon, which is a sequence-specific oligonucleotide 

covalently conjugated with an organic dye. [24] [25] [26]   

Assays that use molecular beacons as the reporter molecule for detection rely on two 

fundamental technologies.  The first of which is Förster Resonance Energy Transfer, also 

known as Fluorescence Resonant Energy transfer, or FRET [23].  Without loss of generality, 

FRET is a mechanism describing energy transfer between two light-sensitive molecules, or 

chromophores. In our fluorescence bioassay design, both chromophores are fluorophores, but 

the energy is not actually transferred by fluorescence. A donor chromophore that is initially in 

its electronic excited state (for a fluorophore, S1 from section 2.1) may transfer energy to an 

acceptor chromophore through non-radiative dipole-dipole coupling.  The efficiency of this 

energy transfer is proportional to d
6
, where d is the distance between the donor and acceptor, 

which makes FRET extremely sensitive to changes in distance.  Functionally, in a 

fluorescence bioassay using FRET, a donor fluorophore has an emission spectrum that 

overlaps with an acceptor fluorophore’s excitation spectrum. When the donor dye absorbs a 

photon from an excitation source, if the donor and acceptor are close together (< ~10nm) 

there is a distinct possibility that resonant energy transfer will occur instead of the donor 

fluorophore fluorescing. In this case, the donor will relax without fluorescing and the 

acceptor will fluoresce instead.  An example of a FRET dye pair is Cy3 and Cy5 from section 

2.1, where Cy3 is the donor and Cy5 is the acceptor. The signal will come as fluorescence 

occurrence at much longer wavelength than it was excited at, which is useful to differentiate 

and filter out excitation light from fluorescence signal.  However, one could imagine an ideal 

fluorescence detection event would occur with fluorescence on or off switch, where instead 

of resonance energy transfer between fluorophores there is resonance energy transfer between 

a fluorophore and a non-fluorescent chromophore called a quencher, designed to quench a 



12 

 

fluorescent dye when it is in close proximity.  While quenchers are generally designed for a 

specific excitation and emission window, note that matching dye-quencher pairs is an 

involved process because the transfer of energy is not simply fluorescence transfer. 

 

Fig. 2.3 Schematic of typical molecular beacon configuration [23] 

As stated above but not fully divulged, in addition to a dye-quencher pair, molecular 

beacons have a nucleic acid sequence specific functionality. They are composed of a nucleic 

acid sequence, usually a deoxyribose based oligonucleotide that is complementary to a 

portion of the target nucleic acid, which is functionalized on the terminal ends (5’ and 3’ 

denoted by the carbons of the sugar backbone) with both the dye molecule and the quencher 

molecule. Additionally, the ends of the oligonucleotide are designed to have 5-10 bases on 

each end which are reverse complements of each other, meaning if the 5’ end of the beacon is 

CCTAT, than the 3’ sequence is 

GGATA (reading both from the 5’ to 

3’ as is customary). This yields an 

energetically favorable hybridization 

in the molecular beacon molecule 

called a hairpin which puts the dye 

and quencher in close proximity and thus in a fluorescence off-state.  Because the rest of the 

oligonucleotide that does not form the “stem” of this hairpin structure is complementary to a 

target nucleic acid, in the presence of a target it is more energetically favorable to form a 

hybrid between the “loop” (non-stem portion of a hairpin structure) and the target nucleic 

Fig. 2.4 FRET involving donor and acceptor molecular 
beacons [23] 
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acid. Therefore, in the presence of target, the molecular beacon preferentially forms a target-

beacon hybrid.  The formation of this hybrid creates a spatial separation between the dye and 

quencher molecules, which eliminates the RET interaction and allows for a fluorescence on-

state. Molecular beacons therefore have the ability to turn on and off with a sequence 

specificity necessary in biological assays. The drawback is that it is difficult to apply multiple 

labels to single nucleic acids.
 
[23] [27] 

Nucleic acid stains and molecular beacons are both fundamental technologies for 

bioassays involving nucleic acids as the target. As we move into antigen-specific and 

antibody specific assays, which involve biomarkers that are not simply nucleic acid strains, 

we must look into other techniques to label other biomolecules with functional moieties.  

2.3 Amine Reactive Chemistries  

Functionalization of peptides and proteins, such as antibodies, for use in biochemical assays 

is crucial to the implementation of such assays. The simplest and most adaptable technique 

for labeling or cross-linking proteins is the use of chemical compounds that react with the 

primary amines of a protein or peptide (-NH2). Primary amines exist at the N-terminus of 

each polypeptide chain or in the side chain of exposed lysines (Lys, K) amino acid residues. 

Primary amines are positively charged at physiologic pH, and therefore they principally are 

located on the outside surface of native protein structures, where they are readily accessible to 

conjugation reagents that are introduced to the aqueous medium. Additionally, primary 

amines are nucleophilic, which means that they have a tendency to donate electrons in a 

chemical reaction.  This makes them easy targets for conjugation with many reactive 

molecules. There exist numerous synthetic chemical groups that will react with primary 

amines, but there is one specific chemical group that the Schmidt lab group uses for protein 
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bio-functionalization: N-hydroxysuccinimide esters (NHS esters).  Below is a discussion of 

the reaction chemistry of NHS-ester and Sulfo-NHS ester compounds with primary amines. 

2.3.1 NHS ester reactions 

NHS ester-linked labeling compounds react with primary amines to yield a stable amide bond 

in slightly basic to physiologic conditions (pH 7.2 to 9). The byproduct of this reaction is N-

hydroxysuccinimide (NHS).  This reaction is displayed in Fig. 2.5 below: 

 

Fig. 2.5 NHS Ester reaction a) NHS ester reaction b) competing hydrolysis reaction [28] 

Hydrolysis of the NHS-ester in the aqueous medium competes with the primary 

amine reaction, seen in Fig. 2.5 (b). The rate of the hydrolysis increases with both buffer pH 

and temperature—both of these factors contribute to less-efficient labeling in low-

concentration protein solutions. The half-life of the hydrolysis for NHS esters is 4 to 5 hours 

at neutral (pH 7.0) and 0
o
C and decreases to 10 minutes at pH 8.6 and 4

o
C. As a result, these 

reactions are most commonly performed in phosphate, carbonate-bicarbonate, HEPES, or 

borate buffers at a pH of 7.2 to 8.5, over time duration of 0.5 to 4 hours, and at room 

temperature to 4
o
C. Amine buffers, such as Tris, are clearly not compatible with the solution 

as the amine in the buffer would compete for the reaction.  Tris or glycine buffers can be 
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useful at the end of the functionalization reaction to quench the conjugation. The quality of 

the NHS ester reagent can be monitored by measuring the absorbance of the reagent in 

aqueous solutions at 260 to 280 nm because the NHS byproduct absorbs in that range. The 

hydrolysis reaction can be monitored by measuring the absorbance at 260 nm before and after 

the addition of Sodium Hydroxide (NaOH) into the NHS ester reagent in solution—if there is 

a large positive change in the absorbance after the addition of NaOH, then the hydrolysis 

reaction has not progressed far in aqueous solution alone.  

Sulfo-NHS esters are functionally identical to NHS esters but the sulfonate (-SO3) 

group added to the N-hydroxysuccinimide ring tends to increase the solubility of the 

crosslinked compounds containing it in water. The charged sulfonate group also prevents the 

Sulfo-NHS molecules from crossing cell membranes, which is useful for cell surface 

functionalization methods. The reaction chemistry of the Sulfo-NHS esters is identical to the 

reaction chemistry of NHS esters with primary amines, and is shown in Fig. 2.6 below: 

 

Fig. 2.6 Sulfo-NHS ester reaction [28] 

It is worth noting that the majority of reactions that we complete in the Schmidt lab 

use the Sulfo-NHS ester reagents, as they are more easily miscible in water.  To that end, 

many non-sulfonated forms of NHS ester reagents that are not water soluble must be 

dissolved in a water-miscible organic solvent, such as dimethyl sulfoxide (DMSO) or 

dimethylformamide (DMF), before they can be added to the aqueous reaction mixture. The 
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reactions with water-insoluble NHS esters typically have a remnant 0.5-10% organic solvent 

by volume in the final aqueous reaction mixture. [28] 

Once a biomolecule is conjugated with a fluorescent dye or other functional 

molecule, it is essential that the biomarker conjugate is separated from the excess-regent for 

successful bioassay implementation. In the next section, I will briefly go through the science 

of separations and techniques that are commonly implemented in my work.  

2.4 Separations 

The act of pulling out a selective particle from solution is called a separation. The goal of an 

analytical separation is to separate either the analyte, a particle or substance whose chemical 

constituents are being identified or measured, or the interferent, a substance which prevents 

the measurement of the analyte, from the solution’s overall matrix.  Separation of an analyte 

from solution is crucial in biotechnological functionalization of particles and is integral in 

implementing specific diagnostic assays for various biomarkers. Separations are done based 

on differences in chemical or physical properties between the analyte and solution.  Such 

differences are size, mass, reactivity or charge, change in physical or chemical state, and 

phase changes. In this section, I will review common separation techniques and highlight 

those that have been used in our antigen-specific biochemical assays. 

Before I overview common separation techniques, let’s first discuss essential 

qualifiers when talking about a separation technique. Separation efficiency is the 

effectiveness of the separation. A large difference in chemical or physical properties may not 

produce a highly effective separation if the condition for the extraction of the interferent from 

solution also removes an amount of analyte, even in small amounts. Two limiting factors 

exist which limit a separation’s efficiency: the recovery of the analyte and the removal of the 

interferent. In order to quantify this, we define the recovery of the analyte, Ra, as: 
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𝑅𝑎 =  

𝐶𝑎

(𝐶𝑎)0
      

 

(2.4.1) 

Where Ca is the concentration of the analyte after the separation and (Ca)0 is the initial 

concentration of the analyte. A Ra value of 1 indicates that no analyte was lost in the 

separation. Likewise, the recovery of the interferent, Ri is defined as:  

 
𝑅𝑖 =  

𝐶𝑖

(𝐶𝑖)0
      

 

(2.4.2) 

Where Ci is the concentration of the interferent after the separation method and (Ci)0 is the 

initial concentration of the interferent. Based on these definitions, the separation factor, Si,a, is 

a metric that delineates the extent of the separation, and is defined as:  

 
𝑆𝑖,𝑎 =  

𝑅𝑖

𝑅𝑎
     

 

(2.4.3) 

Generally, if the initial concentration of the analyte is much smaller than that of the 

interferent, an Si,a of 10
-7

 is needed for qualitative analysis of the analyte. If the analyte and 

interferent are present in relatively equal amounts, then an Si,a value of 10
-3

 is sufficient. It is 

worth noting that for the majority of separations performed for biophotonic assay design, the 

analyte is functionalized with a molecule and the excess of that molecule is the interferent. In 

this case, the separation factor would be larger and the calculation would not be so 

straightforward.  For example, when labeling a protein with a fluorescent dye, one would add 

the fluorescent dye in about a 20-fold molar excess to attain a dye-to-protein ratio of 2 to 3. 

Assuming complete recovery of the protein and complete extraction of the excess dye, then 

the Si,a value would be 0.1 to 0.15, depending on the average dye-to-protein ratio of the 

product protein solution. [29]
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2.4.1 Size Separation Techniques 

Size is the most straightforward of the separation techniques—it is the simplest physical 

property to exploit for a separation.  Size separation techniques use a porous medium through 

which either only the interferent or the analyte can pass to accomplish the separation.  Size 

separation techniques are also the methods that were most frequently used for biophotonic 

assay design, including bioparticle functionalization and buffer exchange.  Size separation 

techniques include filtration, dialysis, and size-exclusion chromatography. 

Filtration is a technique which separates a precipitative interferent from a soluble 

analyte using a filter that has a pore size that will trap the interferent and pass the analyte. The 

particulates trapped by the filter are called the retenate and the solution which passes through 

the filter is called the filtrate. Paper membranes are used for large 

particle interferents, but because we are dealing with such small 

analytes and particles, the majority of the filtration that we do is 

based on membrane filters, which have smaller pore sizes.  

Filtration is commonly used in buffer preparation, where the filtrate 

is a buffer solution such as Phosphate Buffer Solution or Tris-Cl 50 

and the retenate are any large particulates that might contaminate the solution.   

Dialysis is another separation technique that exploits the differences in size between 

the analyte and interferent. Dialysis uses a thin membrane as opposed to a paper filter as the 

porous medium which separates the analyte and interferent. Those membranes are usually 

made from cellulose that can be fashioned into tubes, bags, or cassettes. The most commonly 

used dialysis tool in this lab is the slide-a-lyzer dialysis unit, shown in Fig 2.7. The unit has 

the same dimensions as a typical 0.5 mL disposable test tube with the bottom removed and 

replaced by a dialysis membrane such that its capacity is only 0.2 mL. The dialysis unit will 

Fig. 2.7 Slide-a-lyzer 
unit 
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be implanted into a flotation device and left in a large beaker of buffer solution to perform the 

dialysis separation. The concentration gradient of a certain permeable molecule between the 

two sides of the dialysis membrane drives the diffusion across the membrane—small species 

are able to traverse the membrane while larger species are unable to pass.  Dialysis is 

frequently used to purify proteins, as we do to purify the antibodies that we receive from 

reactive azide molecules before functionalizing them with a dibenzocyclooctyne (DBCO) 

molecule.  

 

Fig. 2.8 Size exclusion chromatography [30] 

Size exclusion chromatography is the third way to implement a separation between 

the analyte and interferent based on size, and also the most used form of separation used for 

biomolecule functionalization.  First, let’s visit the concept of chromatography as a whole.  In 

chromatography, there exist two sample-free phases: the mobile phase and the stationary 

phase. The mobile phase passes over the stationary phase, which remains fixed.  The sample 

is injected or placed into the mobile phase and as it passes over the stationary phase, it is 

partitioned between the mobile and stationary phases. The mobile phase of a chromatography 

process is usually a liquid or gas, while the stationary phase is usually a solid or a liquid film 
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coated on a solid substrate. There are two common methods that bring the mobile phase and 

stationary phases into contact: planar chromatography and column chromatography. Briefly, 

in planar chromatography, the stationary phase is coated on a flat surface and the mobile 

phase moves from a loading reservoir over the stationary phase through capillary action. In 

column chromatography, which is most commonly used for size exclusion, the stationary 

phase is packed into a narrow column and the mobile phase flows through the column by 

using gravity or by applying pressure. For size exclusion chromatography, the stationary 

phase is a column that is packed with small, porous polymer beads that are cross-linked to 

control the pore size—the more cross-linking between the polymers, the smaller the pore size. 

The sample is in a stream of solvent that flows through the column at a fixed flow rate. The 

species in the sample too large to be captured into the pores pass through the column at the 

rate as the solvent. Smaller species in the sample enter the pores as they travel through the 

column, therefore taking longer to pass through the column.  A run-down of how this process 

works can be seen in Fig. 2.8. The average or maximum effective pore size of a resin or 

column defines the fractionation range, or exclusion limit, of that resin or column. Molecules 

smaller than the fractionation range can enter the pores of the resin, while molecules larger 

than the fractionation range are excluded from entering the pores, which plays a part in how 

effective the separation can be for two different species.  For the Sephadex G-25 columns 

(that we use), the fractionation range is 1000 to 5000 Da, which works well when we are 

separating small ligands (dyes and linkers that are all smaller than 1000 Da) from antibodies 

or other proteins (antibodies weigh 150kDa and other proteins we work with are in the 50kDa 

range).    The efficacy of a gel chromatographic separation also depends on the length of the 

column: longer the column, the more spread out the captured species is from the large, free 

species [31]. This will vary column to column.   



21 

 

2.4.2 Other Separation Techniques 

Exploiting other changes in the composition of solutions include separations based on mass 

differences, differences in chemical or physical state, and differences in reactivity or charge. 

A solution can be separated based on mass by using centrifugation as a separation 

technique—the sample’s components experience different centrifugal force based on their 

mass or density: the species with the higher mass or density experience greater centrifugal 

force and sediment at the bottom of the tube.  One can manipulate changes in physical or 

chemical state by selectively changing the state of one of the constituents of a solution.  For 

physical state changes, differences in liquid’s boiling points are exploited through distillation 

and differences in a solid’s triple point are exploited in sublimation.  In chemical state 

changes, species can be separated by reacting them with other chemicals. For example, 

Silicon Dioxide (SiO2) can be separated from a sample by reacting it with Hydrofluoric Acid 

(HF) to form a volatile conjugate that is easy to remove by evaporation. Differences in 

reactivity or charge can be used to separate samples through ion-exchange or affinity 

chromatography [29].  

 I have laid the groundwork for the background knowledge of assembling bioassays 

for disease diagnostics at the point-of-care and now will proceed to introduce the detection 

platform and methods. 

2.5 ARROW Fundamentals 

The pursuit and perfection of new detection technologies is indispensable to performing 

molecular diagnostics at the point-of-care. Specifically, new detection technologies refers to 

the miniaturization of existing platforms for detection that reduces sample volumes and 

device complexities while simultaneously increasing detection efficiency. Lab-on-a-chip 

technologies are designed to meet this end and have been the main focus of the Schmidt lab 
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for almost two decades.  While the bulk of this thesis centers on bioassay design, it is 

essential to understand the concepts that define the detection platform and the workings of a 

possible point-of-care diagnostic method.  We will start with the core technology that defines 

the optofluidic diagnostic platform, the antiresonant reflecting optical waveguide (ARROW) 

derivation, fabrication, and implementation. 

 

Fig. 2.9 General Schematic of ARROW waveguide geometry 

2.5.1 ARROW Condition Derivation 

ARROWs were originally developed to enable waveguiding in low index cores [32].  

Specifically, conventional waveguides rely on total internal reflection to keep light inside a 

high refractive index core, however, in biosensing applications where liquid water is the 

solvent, it is not possible to freely choose the core refractive index. In contrast, it is possible 

to dictate the photonic environment of the water, namely by cladding a liquid channel with 

antiresonant layers. Such a cladding will allow for retention of optical light in a low index 

medium. Design of the layers is a careful and analytic process that is described below. In 

order to develop an understanding of ARROWs, the structure seen in Fig. 2.9 will be 

carefully considered. First of all, the mode condition for this generic slab waveguide requires 

that the light can form a standing wave (mode) inside the core. This can be expressed 

mathematically as: 



23 

 

 𝑘𝑇𝐶𝑑𝐶 = 𝑚𝜋,    𝑚𝜖𝑁        

 

 (2.5.1) 

 

Although there are phase changes at reflection interfaces, depending both on 

polarization and refractive indexes, they cancel for a correctly defined structure and are thus 

omitted for clarity. Notice that kTC is the transverse propagation wave vector (or the 

transverse decomposition of the core propagation vector kC). Furthermore, this equation states 

kTC must have a phase change of mπ over the thickness of the core, dC. For the fundamental 

mode in a slab waveguide, m = 1, a propagation angle, θC, can be solved for: 

𝑘𝑇𝐶𝑑𝐶 =  𝜋  

𝑘𝐶 cos(𝜃𝐶) 𝑑𝐶 =  𝜋  

2𝜋𝑛𝐶

𝜆
cos(𝜃𝐶) 𝑑𝐶 =  𝜋  

 
cos(𝜃𝐶) =

𝜆

2𝑛𝐶𝑑𝐶
 

 (2.5.2) 

 

 

Using the Pythagorean Trigonometric Identity, (sin
2
(x) + cos

2
(x) = 1), we can equally state 

(2.5.2) as: 

 

sin(𝜃𝐶) = √1 − (
𝜆

2𝑛𝐶𝑑𝐶
)

2

       

 

 (2.5.3) 

 

Now that we have explicitly defined the propagation angle in terms of design parameters, the 

next step is to do the same for the i
th
 ARROW layer. As the name ARROW suggests, the 

layers are antiresonant and will consequently form destructive standing waves changing the 

condition from (2.5.1) to 
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 𝑘𝑇𝑖𝑡𝑖 = (2𝑁 − 1)
𝜋

2
,    𝑁𝜖ℤ+   

 

 (2.5.4) 

 

It is interesting to note here that this is the vector relation of a quarter-wave Bragg stack, 

which verifies the principle of antiresonance applied here further. Next, solving for ti we find  

𝑡𝑖 =
(2𝑁−1)𝜆

4𝑛𝑖 cos(𝜃𝑖)
,        𝑁𝜖ℤ+      

 𝑡𝑖 =
(2𝑁−1)𝜆

4𝑛𝑖√1−sin2(𝜃𝑖)
       𝑁𝜖ℤ+  (2.5.5) 

 

 

And applying Snell’s law (shown below) at the interface between the core and layer: 

sin(𝜃𝑖) =  
𝑛𝐶

𝑛𝑖
sin(𝜃𝐶) 

We can rewrite equation (2.5.5) as follows:  

𝑡𝑖 =
(2𝑁 − 1)𝜆

4𝑛𝑖
√1 − (

𝑛𝐶
𝑛𝑖

√1 − (
𝜆

2𝑛𝐶𝑑𝐶
)

2

)

2
,            𝑁𝜖ℤ+ 

Which is simplified to the ARROW equation:   

 𝑡𝑖 =
(2𝑁−1)𝜆

4𝑛𝑖√1−
𝑛𝐶

2

𝑛𝑖
2+

𝜆2

4𝑛𝑖
2𝑑𝐶

2

,            𝑁𝜖ℤ+     (2.5.6) 

 

 

From this result, it is possible to gain insight into the physical dimensions of 

ARROW devices. More explicitly, for visible wavelengths, core dimensions of ~ 5 µm, and 

core refractive index around 1.33-1.46, first order (N = 1) ARROW layer thicknesses are 

approximately hundreds of nanometers depending on the indices chosen. Luckily, these 
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thicknesses are achievable using conventional semiconductor fabrication techniques with 

optical grade sensitivities and smoothness.   

2.5.2 ARROW Device Fabrication 

ARROW devices are integrated photonic devices with patterned solid core and hollow core 

waveguides, where the solid core waveguides are based in total internal reflection (TIR) and 

used for channeling excitation light to the sample and also to channel the fluorescence signal 

from the sample to be collected off-chip. The hollow core ARROW waveguide is used as a 

sample carrying fluidic channel where analytes flow to be detected and differentiated. The 

ARROW can be designed to support multiple optical modes or a fundamental single mode 

[14] [16] [33]. While supporting multiple modes allows the waveguide to have larger 

dimensions, and thus eases the fabrication process, it loses sensitivity and cannot propagate 

single molecule fluorescent signals—the primary aim of the ARROW photonic platform. 

Therefore, the ARROW is designed to couple to the fundamental mode of a fluorescence 

signal, where the dimensions are 4-5 µm in key dimension.  This gives the platform the 

ability to propagate high fluorescence signal intensities and reduces the background of 

incident light in the signal.  I will now briefly explain the fabrication process of a single mode 

ARROW device.  

The patterning of antiresonant layers is the cornerstone of an ARROW device, and 

their fabrication of these devices begins with the deposition of ARROW layers onto a silicon 

substrate. This full process can be seen in Fig. 2.10. Both of the solid-core and liquid core 

ARROW layers will be fabricated on the same plane in order to meet mode-matching 

requirements on the photonic device, and both of these will be made above the deposited 

ARROW layers.  These ARROW layers are industrially deposited tantalum oxide and silicon 

oxide layers (Evaporated Coatings Inc.).  Tantalum oxide (Ta2O5) and silicon dioxide (SiO2) 
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were chosen based on their optical qualities in the visible spectrum which include their 

transparency and photoluminescence. [34] A 20 nm silicon dioxide (SiO2) layer is then 

deposited for adhesion promotion, and a 100 nm chrome layer, called the “pre-core”, which 

serves as a downstream etch stop is deposited.  

 

Fig. 2.10 Solid-core and Hollow-core (Liquid-core) ARROW Fabrication Steps 

The sacrificial core of the ARROW is then patterned. The sacrificial core is a 

placeholder which can be deposited over to form the geometry of the waveguide, but will 

later be etched away in order to form the hollow-core of the waveguide. The 5x12 µm core is 

achieved through SU-8 lithography, seen in Fig 2.10, where the 5 µm vertical dimensions is 

defined in order to propagate the fundamental mode of the excitation light coupling 
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orthogonally to the hollow-core ARROW [35]. The 12 µm dimension is bound by both flow 

considerations—if the channel is too narrow there will be considerable flow impedance to 

implement a detection experiment—and aspect ratio—if the channel is too large it will 

collapse on itself [36].  

Next, lithography with a positive resist combined with a nickel lift off procedure 

defines a ridge which offers protection of a waveguide defining pedestal in the subsequent 

step: a deep reactive ion etch. The deep reactive ion etcher (DRIE) anisotropically etches the 

deposited SiO2 and ARROW layers to make waveguide-defining pedestals, as seen in Fig 

2.10. These pedestals formed are considered to be “self-aligned” because the features 

themselves define the etch mask, as opposed to a separate etching step [37].  

After that, plasma enhanced chemical vapor deposition (PECVD) is used to coat the 

wafer in a conformal layer of roughly 6 µm SiO2 to create the top of the hollow core 

waveguide. This step would ideally be replaced by the growth of another set of ARROW 

layers [33], but empirically this has shown to have little effect on the waveguide loss versus 

the SiO2 coat and can degrade the waveguide transmission at the intersection with the solid-

core signal collection waveguide [38].  

To complete a full device, solid-core ridge waveguides are formed by a combination 

of SU-8 lithography and DRIE, again shown in Fig 2.10. It is notable that there is a rather 

thick layer of SU-8, on the order of 15 µm, that must be deposited to act as an etch stop to 

protect the waveguide features as there is poor selectivity for DRIE between SU-8 and SiO2.  

Additionally, this lithographic step protects the hollow-core ARROW waveguide and aligns 

both the excitation and collection solid-core waveguides to the hollow-core sample carrying 

fluidic waveguide.   
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Lastly, the hollow-core waveguides are formed when the sacrificial layer is, well, 

sacrificed using the following steps: a core exposure lithography step that exposes the oxide 

above both ends of the hollow-core waveguide channel. Then, the oxide is removed down to 

the chrome etch stop layer through the use of buffered hydrofluoric acid (BHF).  Then the 

whole sacrificial SU-8 core is removed through piranha (a mixture of H2O2 and H2SO4) 

etching formula, which lasts for approximately one week [39]. The resulting solid and hollow 

core waveguides are seen in Fig. 2.11, where their images are shown taken with a scanning 

electron microscope (SEM) [34] [40]
 

 

Fig. 2.11 Scanning Electron Microscope (SEM) images of ARROW waveguide cross-sections 

2.5.3 Fluorescence signal detection on the ARROW platform 

The ARROW platform has many applications, which range from particle trapping [36] [18] 

[41] [42] [43] [44], atomic spectroscopy [45], optical filtering [46] [47], SERS detection [48], 

and nanopore-based bio-detection [49] [50] [51] [52] [53].  Throughout the course of this 

thesis, however, I will allude to the ARROW platform’s most significant use as a 

biomolecular detection system.  As alluded to above, the fabrication process for intersecting 

solid and hollow-core waveguides grants the ability to form an orthogonal waveguide 

geometry which is the basis for a lab-on-a-chip fluorescence detection system.   

 In order to have a functional fluorescence detection system, or fluorimeter, two 

conditions must be met that are dictated by the principles of fluorescence: an optical 
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excitation scheme and a method to collect the resultant fluorescence signal.  As mentioned 

above, both of these processes will be supported with waveguiding technology, as mentioned 

in section 2.5.4 and shown in Fig 2.12.  An excitation solid-core waveguide is butt-coupled to 

an optical fiber, which is coupled upstream to numerous laser sources. The light from these 

lasers sources travels down the solid-core waveguide and intersects the sample-carrying 

fluidic channel composed of the hollow-core waveguide. The excitation mode of the input 

light in the excitation waveguide intersecting orthogonally with the fluidic channel defines 

the optical excitation volume. A fluorescently tagged analyte travels from an input end of the 

hollow-core fluidic channel to the output end of the fluidic channel by pressure driven flow, 

and as it passes through the optical excitation volume.  The fluorescent signal will then travel 

down the propagation direction of the hollow-core waveguide and be coupled to a solid-core 

collection waveguide, where the fluorescent signal will be coupled to a single-photon counter 

or single-photon avalanche diode (SPAD) off chip.  This collection scheme will be discussed 

in detail later.  There is a collection mode to be considered, as all fluorescently tagged 

particles that flow through the ARROW fluidic channel will not be observed, only those that 

flow though the excitation volume and their signals propagate through the fundamental 

waveguide mode.  There have been improvements to the device that have been implemented 

in previous years to improve this device signal collection volume: hydrodynamic focusing of 

particles of interest so that they flow through the center of the excitation volume and using a 

high index salt (ZnI2) inside the fluidic channel to increase the refractive index of the core of 

the liquid-core ARROW, cutting optical propagation loss down the waveguide. 
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Fig. 2.12 ARROW-platform as a biosensor a) cartoon image of the ARROW optofluidic chip b) 

fluorescence photon recording of bulk detection of 10 nM dye, binned at 10 ms c) fluorescence particle 
trace of single fluorescent beads at a concentration of 1x10

7
 beads/mL binned at 1 ms 

 Fluorescence detection can operate in two regimes in the ARROW platform: bulk 

fluorescence detection and single particle fluorescence detection.  Bulk fluorescence is the 

detection of multiple analytes in the excitation volume at a given time while single particle 

detection implies that there is at most one particle in the excitation volume at a given time. 

Fluorescence traces for bulk and single molecule regimes are shown below, in Fig. 2.12(b) 

and (c).   The bulk detection shown in Fig 2.12(b) is completed at a concentration of 10nM of 

fluorescent dye in aqueous solution and is a signal that qualitatively shifts the background 

level (on the order of 5-10 photons/sec) to a higher level. Single particle detection is shown in 

Fig. 2.12(c) and shows the signal returning to the original background baseline before the 

next particle signal begins. For our devices, we can calculate a single molecule detection limit 

by using the equation below: 

 
𝑁 =  

𝑐𝑉

𝑁𝐴
 

 

 (2.5.7) 

 

Where N is the number of particles in the excitation volume (1 for a single particle limit), V 

is the excitation volume, NA is Avogadro’s number, and c is the concentration at which the 

“N=1” limit is achieved [23]. For a general input mode profile of a single-mode excitation 

waveguide and a general ARROW fluidic channel geometry, the single molecule limit is 

about 10 pM (with the excitation volume being ~100 fL).  The concentration shown in Fig 
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2.12(c) is a fluorescent bead concentration of 1 x 10
7
 particles/mL, which is approximately 

16.5 fM—well below the 10 pM limit. There are many factors that one must consider when 

operating the ARROW platform in the single molecule regime such as particle velocity—in 

the limit of exceedingly fast flow velocities, the velocity multiplied by the detector 

acquisition time might be larger than the width of the excitation volume and one might miss 

particles. Therefore, doing experiments with an analyte concentration that is much lower than 

the single particle detection limit is recommended as the goal of this single particle detection 

technique is to see individual peaks.  

 Generally, we use most of the bulk signal measurements and a few known-sample 

single particle detection traces as a metric for evaluating the optical characteristics of a 

fabricated chip or wafer where we can compare how certain chips or wafers excite and collect 

light.  Before there can be an equal comparison, one must also ensure that all of the following 

metrics are the same as well: excitation laser power, liquid flow velocity, multimode or single 

mode waveguide excitation, optical collection efficiency of the setup, optical filters on the 

collected signal, and the inherent background baseline of each photonic chip.  The main 

figure of merit when looking at these fluorescence signal traces for the purpose of evaluating 

photonic chips is the signal-to-noise comparison (S/N).  The signal-to-noise ratio (S/N) is a 

measure of how much larger an average signal for a single particle detection trace is above 

the inherent optical background signal of the chip—in other words, how effectively an 

optofluidic chip can “see” single fluorescently tagged particles.  This gives us a means to 

compare the performances of these photonic chips and to choose a functioning chip for 

bioassay detection.   
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3 Non-specific Fluorescence Assays: Dye-labeling Whole 

Virus Particles 
 

Now that I have introduced the foundations behind building fluorescence assays and the lab-

on-chip system with which we detect these fluorescent biomarker signals, I will talk about the 

principles of a full fluorescent bioassay experiment.  I will first discuss the simplest bioassay 

experiment to implement: detection of fluorescently labeled whole virus particles in the 

ARROW platform. The bioassay, as this chapter title states, is what is referred to as a non-

specific assay. This terminology simply refers to the fact that there is no specific capture 

component of this detection assay, nor is there specificity in the manner in which the analytes 

are fluorescently labeled.  The following section will further discuss the details surrounding 

this assay.  After presenting this relatively straightforward bioassay and the resultant 

fluorescence experiment in full, I will talk about a more sophisticated functionality of our 

detection platform: on-chip wavelength division multiplexing (WDM) on the ARROW 

platform. WDM will continue to be a driving force of differentiated diagnostics on-chip for 

the entirety of this thesis. Work from D. Ozcelik, et al., PNAS 112, 12933 (2015) and from 

D. Ozcelik, A. Jain, A. Stambaugh, et al. Scientific Reports 7, 12199 (2017) will be discussed 

in detail.  

3.1 Labeling Theory and Process for Viral Particles 

For this bioassay, whole, inactivated virus—influenza, parainfluenza, and adenovirus—

particles are labeled with fluorescent dyes. More specifically, the proteins on the surface of 

these viruses—for influenza, primarily the N and H surface proteins—react with a fluorescent 

dye with a NHS-Ester modification, as discussed above in Section 2.3.1.  The NHS-Ester 

compound will react with the amine-terminal ends as well as the Lysine (K) residues on the 
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viral protein surface, and because there is no specificity as to which Lysine residue with 

which the dye will react or if it will react with an amine terminus, the dye-labeling reaction is 

also referred to as “non-specific.”  Fig. 3.1 shows a model of an Influenza A virus capsid 

(here, H1N1), which is about 80 nm in diameter.  The dye labeling will occur on the surface 

proteins that are marked.  

 

Fig. 3.1 Cartoon Image of Influenza A H1N1 with Hemagglutinin (HA or H) and Neuraminidase 
(NA or N) surface proteins denoted by red circles [54] 

 With infectious disease diagnostic assays, there is an elephant in the room regarding 

the viruses which we examine: that these viruses are infectious disease particles.  While there 

are laboratories that specialize in the study of infectious disease with proper Biological Safety 

Levels (BSL) in place, it is imperative to remember that our lab is the Applied Optics Group 

and our specialty is not necessarily in infectious disease cultivation. While we have a BSL-2 

lab in our facilities, the infectious disease regents that we work with must first undergo some 

sort of inactivation method. Viral inactivation renders viruses inactive, or unable to infect a 

host organism or replicate and spread infection inside a host organism.   

Methods for inactivating a virus are solvent/detergent (S/D) inactivation, 

pasteurization, acidic pH inactivation, and ultraviolet (UV) inactivation.  S/D inactivation is 

the use of a detergent to disrupt the interactions between the molecules in their lipid-based 
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viral envelopes.  For some viruses, this lyses the membrane and destroys the virus completely 

and for others, this method renders the virus unable to reproduce.  An important note about 

S/D inactivation is that it only affects lipids and lipid derivatives and will not denature viral 

proteins.  This method is generally used in the creation of cell lysate diagnostic samples, 

where virus-infected cells are lysed by a detergent—the resultant slurry of total nucleic acids 

and proteins can be used for diagnostics. Pasteurization is a technique where the sample is 

treated with mild heat for an extended period of time and can sufficiently denature enveloped 

and non-enveloped viruses. The heat will cause conformational changes in the proteins of the 

virus— affecting their functionalities and causing them to be useless in some cases. Typical 

incubation occurs at 60-65
O
C and can last for 10 hours. Acid pH inactivation of viruses 

involves exposing an enveloped virus sample to an acid, which will denature the virus 

spontaneously.  For non-enveloped viruses, this technique may need to be paired with 

increasing the temperature of the sample to be fully effective. Typically, one will deactivate 

with a reagent that has a pH of 4 and will incubate the reaction for a period of time ranging 

from hours to weeks. Ultraviolet (UV) inactivation involves UV-radiation exposure to a viral 

sample, which will dimerize its genetic material and render it unable to replicate.  This 

method is most commonly used for the samples in this experiment, as we are counting on the 

viral envelope being intact to label and detect the viral capsid on the ARROW platform and 

care little about the genetic material housed inside the capsid [55].    

Virus samples were purchased from third party companies already inactivated in 

various ways.  Whole influenza samples were β-Propiolactone-inactivated A/PR/8/34 (H1N1) 

and UV-inactivated A/2/Japan/305/57 (H2N2) (Advanced Biotechnologies Inc.) as well as 

Formalin-inactivated A/Aichi/68 (H3N2) (Charles River).  Whole purified Parainfluenza 

Viruses 1 and 3 and whole purified Adenovirus samples were also UV-inactivated 
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(ViraSource).  Viruses were dyed using NHS-functionalized Dylight fluorophores (Thermo 

Scientific) or Sulfo-NHS functionalized Cyanine (Cy) fluorophores (Lumiprobe) according to 

manufacturer instructions.  Samples were added to aliquots of dried Dylight or Cyanine (Cy) 

dyes and allowed to incubate at room temperature for 2 hours. Samples were then separated 

from free dye using size exclusion chromatography with PD MiniTrap gel filtration columns 

(GE Healthcare/Cytvia).  Fractions were collected drop-wise (one or two drops were 

collected in separate Eppendorf tubes) and examined for fluorescent virus presence versus 

free-dye background on a Leica SP5 Confocal microscope with a 63x magnification.  

Fractions were labeled by their background levels (Very High Background, High 

Background, Low Background, and Very Low Background) and their virus levels (High 

Virus, Low Virus).  Once adequate viral fractions were identified, they were aliquoted and 

flash-frozen via liquid nitrogen for later use. An important consideration is that while 

manufacturer concentrations of virus were reported, the variable dilution/fractionation 

process of the gel filtration chromatography implies that there is an inability to perform a 

direct measurement of virus concentration. From confocal measurements as well as direct 

counting on the ARROW platform, it is estimated that virus concentrations were on the order 

of femtomolar.  

3.2 Detecting Virus Particles on Chip 

Now that we have established the viral capsid preparation method and the photonic detection 

platform, let’s put the whole experiment together. We will first look at a single wavelength 

detection of an influenza virus capsid on the ARROW device, and in doing so we will go 

through a couple of key experimental concepts. First, we will look at an abridged optical 

setup for single color excitation in the ARROW platform. Then we will look at experimental 

fluorescence particle traces for single virus capsids—we will delve into what the trace means 
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from a viral detection perspective and what information we can take away from the single 

molecule fluorescence trace. Later in this section, I will introduce the concept of detecting 

multiple fluorescently tagged viruses on a similar ARROW optofluidic platform outfitted 

with a technology that enables wavelength division multiplexing (WDM) on chip.    

3.2.1 Single Wavelength Detection of Viral Particles 

 

Fig. 3.2 Single Molecule Setup. A 488 nm Ar-Ion laser, a 556 nm Solid State Diode (SSD) Nd:YAG 

laser,  a 633 HeNe laser, and a Ti:Sapphire laser tuned into 745 nm in continuous wave (CW) mode 
and coupled into the same single-mode fiber, which is butt-coupled into the ARROW optofluidic chip. 
Fluorescent signals created in the LC-ARROW (blue) travel orthogonally out an objective, through a 
multiband pass filter, and into an APD, where the signals are recorded using specialized software. 

The optical detection setup for experiments involving detecting single viruses on chip is 

identical to the setup shown in Appendix 8.1.1, the Single Molecule Setup—also shown 

above in Fig. 3.2.  It is employed generally in the following way: a 488 nm Ar-Ion laser, a 

556 nm Solid State Diode (SSD) Nd:YAG laser,  a 633 HeNe laser, and a Ti:Sapphire laser 

tuned into 745 nm in continuous wave (CW) mode and coupled into the same single-mode 
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fiber (FS-V, and later FS-A from Newport).  This fiber is butt coupled into a narrow (4 µm) 

solid core excitation waveguide which is designed to carry a single mode on the ARROW 

optofluidic chip.   The single mode waveguide interests orthogonally with the LC-ARROW 

fluidic microchannel, as explained in Section 2.5.3.  Fluorescently labeled virus particles flow  

in aliquots of concentration less than 10 pM (the single molecule detection limit) from the 

inlet of this LC-ARROW to the outlet using negative pressure driven flow (vacuum applied at 

the outlet of the chip).  As they pass through the excitation cross section of the chip—the area 

at which the solid core excitation waveguide intersects with the LC-ARROW fluidic 

channel—these fluorescently labeled particles can be excited (should the excitation light align 

with the correct dye) and emit a fluorescence signal, which propagates down the ARROW 

channel, is coupled to a solid-core collection waveguide, and is then collected by an APD 

(SPCM-AQR-14-FC, Excelitas) off-chip using downstream optics, filters, and couplers. The 

resultant signal, F(t), is shown in Fig. 3.3 below, where each peak in the signal corresponds to 

one fluorescently labeled virus particle crossing the excitation cross section.   

Let’s take a look at Fig. 3.3 below, and be specific about our experimental setup and 

what we can glean (besides the presence of virus) from this fluorescence particle trace. In this 

experiment, the virus tested was a H2N2 influenza virus that was tagged with DyLight® 550 

excited with the 556 nm SSD Nd:Yag laser.  The filter used to take out the excitation light 

and pass F(t) to be collected was the Semrock FF01- 440/521/607/694/809-25 BrightLine® 

penta-band bandpass filter, which has nominally 0% Transmission at 556 nm and >90% 

transmission from 574 – 611 nm, which excludes the SSD Nd:Yag laser line and includes the 

emission spectra of the DyLight 550 signal.  



38 

 

 

Fig. 3.3 Particle Fluorescence Trace of Virus Particle a) Particle fluorescence trace of H2N2 virus 

tagged with DyLight
TM

 550 and excited with 556 nm b) One second section of fluorescence particle 
trace that illustrates the background levels and signal amplitude 

Besides from the specifics of the experimental setup, we can glean a lot of 

information from our signal, F(t) shown in Fig. 3.3.  The first of which is the binning time, 

which is indicated on the y axis [counts/1ms].  Binning data in time intervals is a data pre-

processing technique which take the original data values which fall into a small time interval-

-- a bin—and replaces them with a value representative of that value. So, our data comes in 

counts (of photons) per an amount of time, where the counts are the sum total of all the 

photons hitting the detector in an amount of time.  In our case, the photons from the APD are 

recorded using a time-correlated single photon counting PCI-board (Time Harp 200, PRT 400 

router, Picoquant, Germany) and commercial software (Time Harp, Picoquant, Germany) in 

time-tagged time-resolved (TTTR) collection mode, which allows the photons to be binned 

down to per 1 microsecond.  Flow rates of fluorescent particles in the channel make 

collecting in the per 1 microsecond range physically meaningless, and generally we look at 

data in the per 1 millisecond to the per 100 microsecond range, with some analysis occurring 

in the per 10 microsecond range.  Establishing this, we can make more sense of our 

fluorescence particle trace, seen in Fig 3.3, and know how each peak counted above the 

background noise levels physically represents one single particle moving through the 

excitation cross section.  
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Now we can discuss the other bits of information that we can glean from each 

fluorescence particle trace.  Counting the amount of peaks that occur in the trace can provide 

a measure of number of fluorescence peaks per second, which is essentially the number of 

virus particles counted per second in the device. From the trace, we can extract a mean 

particle velocity value—which we will discuss below in detail—and from that mean velocity 

value we can extract a volumetric flowrate, which in turn will give us a particle concentration 

in the trace.  For example, in Fig. 3.3, there are ~4.4 peaks/second in the trace, with a velocity 

of 2 cm/sec, which corresponds to a volumetric flowrate of 0.0012 µL/sec. This in turn will 

correspond to a calculated concentration of 3666 particles/µL or ~3.7x10
6
 particles/mL in the 

trace.   

In order to extract the mean velocity and other valuable parameters, we subject the 

trace to fluorescence correlation spectroscopy (FCS) analysis, which is shown below in Fig. 

3.4.  The signals found in Fig. 3.3 were used to generate an autocorrelation trace.  The 

uncorrected fluorescence correlation function is defined as:  

 
H(τ) =  

⟨δF(t) ∙ δF(t + τ)⟩

〈F(t)〉2
 

(3.2.1) 

Where δF(t) and δF(t+τ) are measured fluorescence intensity fluctuations at t and t+τ, and 

〈𝐹(𝑡)〉2 is a squared time average of the fluorescence signal that is used here as to normalize 

H(τ).  The fit associated with this plot was calculated using a previously described model by 

Rudenko, et al. that implemented FCS analysis in an ARROW-platform excitation volume 

and takes into account both diffusion and flow [56].  This chip-based autocorrelation fit is 

defined as:  
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(3.2.2) 

Where wxc being the spot size of the collection efficiency function in the x-direction with 

regard to the liquid-core waveguide mode; wy and wz being the spot sizes of the excitation 

beam in the y and z directions which are defined by the excitation waveguide mode; 〈𝐶〉 is 

the local concentration of fluorescently probed particles; D is the diffusion coefficient of the 

molecules (usually in the range of 200 – 2000 [µm
2
/s]); Vz is the flow down the ARROW-

channel (z-direction); and τ is the lag time of the particle in the excitation volume.  G(τ) is a 

corrected autocorrelation function, which takes into account that there are non-zero 

background counts in the fluorescence particle traces, F(t).  G(τ ) is related to the uncorrected 

autocorrelation definition, H(τ ), by the relation: 

 
G(τ) =  

(⟨F(t) + B(t)⟩)
2

〈F(t)〉2
H(τ) 

(3.2.3) 

Where B(t) is the background level.  Using this fit, flow velocity of the virus trace was found 

to be 2 cm/s.  Furthermore, we can again extract the trace concentration value from G(0), 

which at about 6 corresponds to concentration values about 3.3x10
6
 particles/mL, which is in 

good agreement with our separately calculated concentration of 3.7x10
6
 particles/mL from 

earlier in this section.   
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Fig. 3.4 Autocorrelation of Signals in the Fluorescence Particle Trace F(t) in Fig. 3.3, with fit 
shown. 

3.2.2 Wavelength Division Multiplexing on ARROW Platform 

We have gone through detecting single influenza particles on the ARROW platform, but one 

can imagine that when developing rapid diagnostics systems at the point-of-care, it is 

advantageous to be able to detect multiple different pathogens in a single sample, if present. 

Simultaneous detection of multiple biomarkers of interest, called multiplexing, is a key 

requirement moving towards fulfilling the real-world need for fast, accurate, and 

differentiated diagnostics.   This multiplexing technique must be compatible with other 

features for successful point-of-care diagnostics, such as low complexity, rapid, and high 

sensitivity.  Standard influenza test assays screen for 8 separate types of viral pathogens 

simultaneously providing differentiated diagnostics of diseases with similar symptom onsets 

[57] [58].  

 For a multiplex biosensor, the most common method of creating differentiated 

diagnostics is to exploit the spectral response of the reporter molecules—in our case here, 

fluorescent dye-labeled virus particles. In order to exploit the differences in spectral response, 

multiple different spectral excitation channels must be employed.  The ability to overlap 

many electromagnetic waves linearly superimposed upon each other in the same physical 

space is the root of modern communication systems, and the principle for which we deliver 
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the many excitation wavelengths needed for this differentiated diagnostic technique.  

Originally, this principle of delivering multiple frequencies at once, called wavelength 

division multiplexing (WDM), was implemented in the radio frequency regime for data 

communications.  Now, WDM is most commonly used in the near infrared range for data 

communication, where information can be carried in a single, low-loss silica fiber. A typical 

WDM system uses a multiplexer at a signal transmitter to join several signals together and a 

demultiplexer at a receiver to split them apart for decoding.  Divided into three different 

wavelength patters—normal, coarse (CWDM), and dense (DWDM)—this method transfers 

terabits of data using anywhere from two to hundreds of wavelengths [59] [60] [61].   

In our application, we transpose the WDM principle to the visible range, where we 

can use it to probe multiple fluorophores at once.  This device is an efficient, chip-based 

multiplexed biosensor with the aim of creating more compact devices with a straightforward 

detection interface.  Instead of a silica fiber as the physical carrier, there is a single 

waveguide that can carry multiple modes of multiple different spectral channels for 

fluorescent excitation.  As an alternative to temporally modulating each signal channel to 

transport information between transmitters and receivers, we use this waveguide to produce 

wavelength-dependent spatial patterns in an intersecting fluidic channel.  Spatially encoding 

the spectral information of the excitation light allows for the direct and simultaneous 

identification of multiple fluorescently labeled targets with high sensitivity and accuracy. 

3.2.2.1. Multimode Interference Waveguide Theory 

In order to understand fully how to implement WDM on chip, it is essential to understand the 

underlying photonic architecture.  I mentioned in the previous paragraph that the mode for 

carrying information in the system is a single waveguide structure that combines multiple 

spectral channels. This structure is a multimode interference (MMI) waveguide—a wide 
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solid-core optical waveguide that can support multiple modes with different propagation 

constants which interfere as they transmit down the structure. At propagation distances where 

the relative phases of these modes match up, well-defined images, which we refer to as spot 

patterns, are created.  These include self-images of the original single-mode input. Soldano 

and Pennings’ 1995 work rigorously creates a mode propagation analysis in these MMI 

waveguides, which I will overview in order to elucidate the function of this multiple mode 

carrying device [62].  

 

Fig. 3.5 Layout of MMI waveguide device with relevant parameters and variables for mode 
propagation derivation marked. The fundamental mode is also shown. 

 We will assume that the MMI waveguide is single-mode in the vertical (xz as shown 

in Fig. 3.5) plane, effectively simplifying this structure to 2D and only self-imaging in the yz 

plane.  A waveguide that supports multiple modes has a width (w), length (L), and has a 

refractive index in its core (nc) and a refractive index for its surrounding cladding material 

(ncladding), all of which are annotated in Fig. 3.5.  In this analysis, let’s first discuss the V 

number, which is a normalized frequency rescaled depending on waveguide properties and 

determines the fraction of optical power in a certain mode that is confined to the waveguide 

core.  The V number is realized here as: 
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V =  

π

2
w√nc

2 − ncladding
2  

(3.2.4) 

A waveguide supports only one mode per polarization direction when the V-number is below 

2.405, which is referred to as the single mode cutoff.  A V-number greater than 2.405 

signifies that the waveguide can support multiple modes. From the equation above, it is clear 

that as the waveguide width (w) increases, so does the ability for the waveguide to support 

multiple modes. Based on the V-number, the waveguide can support m number of modes, 

labeled from ν = 0, 1, 2,…(m-1) for a free space wavelength, λ.  These modes are depicted in 

Fig. 3.6, which also illustrates symmetrical (ν is even) and asymmetrical (ν is odd) higher 

order modes.   

 

Fig. 3.6 Depiction of first 10 modes which propagate though an MMI waveguide. Note that when v 

is even, the modes are symmetrical and when v is odd the modes are asymmetrical 

Fig. 3.5 shows the lateral wavenumber in the y direction for a mode number v, kyv, 

and the propagation constant for the mode number, βv.  They are related by the dispersion 

equation: 
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 kyv
2 +  βv

2 =  k0
2nc

2 (3.2.5) 

Where nc is the core refractive index and k0 is the wavenumber for a given wavelength:  

 
k0 =  

2π

λ
 

(3.2.6) 

And, also defining kyv as a wavenumber in the y direction for a given mode, we get the 

relation 

 
kyv =  

(v + 1)π

wev
 

(3.2.7) 

Where wev is the effective width of an MMI waveguide for mode number v, where this width 

also takes the penetration depth of the mode field into consideration.  For high-contrast 

waveguides (where nc >> ncladding), the penetration depth is very small, so that the effective 

width of each mode can be approximated as the effective width of the fundamental mode, we.  

This is defined as:  

 
we = w + (

λ

π
) (

ncladding

nc
)

2σ

(nc
2 − ncladding

2 )
−0.5

 
(3.2.8) 

Where σ = 0 for TE and σ = 1 for TM.  If nc >> ncladding, in other words a high index contrast, 

then we is approximately equal to w, as the penetration depth is very small in comparison to 

the width of the waveguide. For our devices, ncladding = 1.452 and  nc = 1.47, so for a 

wavelength of λ = 633 nm (a red laser line), the penetration depth into the waveguide would 

be 0.85 µm, which is small in comparison with a waveguide width of 100 µm.  Therefore, we 

use the width of the MMI waveguide as the effective width in our calculations moving 

forward.   

 Taking the dispersion equation (3.2.5), let’s revisit solving for the propagation 

constants of the modes, βv, assuming that k
2

yv << k
2
0n

2
c 
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0.5

 
(3.2.9) 

Now, by using a first order binomial expansion (1 − x)a ≈ (1 − ax) for x<<0, then βv can be 

expressed as: 

βv ≈  k0nc [1 −
kyv

2

2k0
2nc

2] 

 
βv =  k0nc −

kyv
2

2k0nc
 

(3.2.10) 

Now, substitute the expressions for the different wavenumbers, as shown above, the 

propagation constants for different modes can be rewritten as: 

 
βv =  k0nc −

(v + 1)2πλ

4ncw
 

(3.2.11) 

Now, in order to see how these modes can interfere, we define Lπ as the beat length of the 

two lowest order modes, β0 and β1, and it is expressed as follows: 

 
Lπ =  

π

β0 − β1
 ≈  

4ncw2

3λ
 

(3.2.12) 

 

If we look at equations (3.2.11) and (3.2.12), we can combine them to define the propagation 

constant spacing as: 

 
β0 − βv =  

v(v + 2)π

3Lπ
 

(3.2.13) 
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Now that we have defined the propagation constant spacing, let’s create the guide-mode 

propagation analysis. Let’s define the input field profile (at position z = 0, defined as the 

input into the MMI waveguide) as Ψ(y,0). This input field profile can also be expressed as the 

composition of the modal field distributions ψv(y) of all the guided modes: 

 

Ψ(y, 0)  =  ∑ cvψv(y)

m−1

v=0

 
(3.2.14) 

The field excitation coefficient is cv, and is derived from the overlap integrals of the input 

field with the mode field distributions: 

 
cv =  

∫ Ψ(y, 0)ψv(y)dy

√∫ ψv
2(y)dy

 
(3.2.15) 

As it propagates down the waveguide, the field profile at position z is the superposition of all 

the guided mode field distributions at position z:  

 

Ψ(y, z)  =  ∑ cvψv(y)ei(ωt−βvz)

m−1

v=0

 
(3.2.16) 

Taking the phase of the fundamental mode as a common factor out of the sum, we can rewrite 

(3.2.13) as:  

 

Ψ(y, z)  = ei(ωt−β0z)  ∑ cvψv(y)ei(β0−βv)z

m−1

v=0

 
(3.2.17) 

Now, substituting equation (3.2.13) into equation (3.2.17), the total field distribution at 

distance L is:  

 

Ψ(y, L)  = ei(ωt−β0L)  ∑ cvψv(y)e
i(

v(v+2)π
3Lπ

)L
m−1

v=0

 
(3.2.18) 
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It is seen here that the shape of Ψ(y,L), how the modes interfere with each other, and—under 

certain circumstances—when self-images will be formed (when Ψ(y,L) = Ψ(y,0)) are all 

determined by the mode phase factor.  In order to derive a self-imaged mode profile, one 

must make the mode phase factor equal to 1 for a direct replica and -1 for a mirrored image of 

the input mode field.   

 
e

i(
v(v+2)π

3Lπ
)L

 =  (−1)v 
(3.2.19) 

This condition is fulfilled at L values which abide by the following condition 

 L =  p(3Lπ), pϵℤ+ (3.2.20) 

With the condition of p as an even integer creating a direct replica of the input mode while p 

as an odd integer creates a mirrored image of the input mode.  

 Looking at this property further—at certain lengths an MMI waveguide can produce 

multiple images of the input mode field, which creates the WDM encoding that we use for 

biosensing applications. Let us first consider the images created half-way between the direct 

and mirrored input mode field positions, meaning, at distances: 

 L =  
p

2
(3Lπ) (3.2.21) 

Where p is an odd integer.  The expression for the mode field is then  

 

Ψ(y,
3p

2
Lπ)  = ei(ωt−β0

3p
2

Lπ)  ∑ cvψv(y)ei(
v(v+2)πp

2
)

m−1

v=0

 
(3.2.22) 

We can rewrite this expression by taking the mode field symmetry into account: 

Ψ(y,
3p

2
Lπ)  = ei(ωt−β0

3p
2

Lπ)  [ ∑ cvψv(y)

m−1

v=even

+ ∑ −ipcvψv(y)

m−1

v=odd

] 
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= ei(ωt−β0

3p
2

Lπ)
[
1 + (−i)p

2
ψ(y, 0)  +  

1 − (−i)p

2
ψ(y, 0)] 

(3.2.23) 

Equation (3.2.22) shows two self-images of the input mode field, ψ(y, 0), out of phase by 
π

2
 

and with amplitudes of 
1

√2
 at distances z = 

1

2
(3Lπ),

3

2
(3Lπ), … This property of creating 

multiple images of the same input mode with equal amplitudes is used frequently in creating 

power-splitting couplers in photonic systems. This can also be expanded to include more than 

2 images of the input mode at distances fulfilling: 

 L =  
p

N
(3Lπ), p ∈ ℤ+ (3.2.24) 

Where N is the number of images produced at distance L, where it follows that the power 

amplitudes of each N image is derived as 
1

√N
 

 For our MMI biosensor waveguide detection platform design, we use the symmetric 

input mode profile, which only couples into symmetric modes in the waveguide.  This is 

called restricted interference, and is an interference pattern that is obtained by exciting only 

certain modes (for us, symmetric), which is in contrast with general interference to the self-

imaging mechanisms that is independent of modal excitation. A result of our restricted 

interference and the application to only symmetric modes in our system is that the self-

images of the input profile are formed at distances that are four times shorter than the general 

interference modes, derived above [63].  Therefore, the single images of the input field are 

located at:  

 L =  
p

4
(3Lπ), pϵℤ+ (3.2.25) 

And from there, to create N profiles of the input mode, these will be obtained at distances: 
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 L =  
p

4N
(3Lπ), pϵℤ+ (3.2.26) 

Recalling equation (3.2.12), we can solve for the number of self-imaged profiles, N, created 

at distance L in terms of device parameters w, nc, and an excitation wavelength, λ: 

 
N =  

ncw2

λL
 

(3.2.27) 

This equation dictates much of our MMI device design.  By designating fixed and variable 

quantities, one can implement WDM on chip.  When the device parameters, length (L), the 

core refractive index (nc), and width (w) are fixed, then the product of the number of self-

images (N) and the wavelength of the excitation light ( λ) is constant.  This allows us to 

spectrally multiplex using the WDM principle by creating different excitation spot patterns 

for different excitation wavelengths in the same MMI waveguide [62].   

 If the excitation source is fixed, we can still keep the core refractive index (nc) and 

width (w) fixed and thus have a constant product of N and L.  This would implement spatial 

multiplexing along the length of the MMI waveguide with the same excitation light.  It 

follows that we can implement spectral and spatial multiplexing on chip by applying both the 

spectral and spatial multiplexing tactics simultaneously.  Therefore, we can create a compact, 

microscale biosensor with a high degree of multiplexing capabilities.   

3.2.2.2. Multimode Interference Waveguide Characterization 

Now that I have established the principles behind the implementation of WDM on a chip-

scale device through MMI waveguides, let’s talk about the photonic architecture of that 

device.  A single mode, total internal reflection (TIR) guiding waveguide will launch 

excitation light into a MMI waveguide—where N self-images of that mode will be created at 

propagation distances L as described above. In this device, we design the MMI such that a 
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fluidic microchannel (a liquid-core ARROW waveguide) intersects the waveguide at a 

position that corresponds to a well-defined, integer number of spots for multiple excitation 

wavelengths.  Fig. 3.7 (a) shows a cartoon depiction of the WDM fluorescence detection 

principle on an optofluidic chip with a six spot excitation by 745 nm in the NIR range. It 

follows that an analyte that is labeled for excitation in this wavelength range creates a six 

signal emission peaks that are equally spaced in time if it flows through the channel at a 

constant velocity.  Emitted photons from the particle travel down the liquid-core ARROW 

fluidic channel and are collected off-chip by an APD. This six-peak signal can be used to 

enhance the signal-to-noise ratio of a fluorescence assay or for differentiated detection of 

multiple analytes.  The SEM image in Fig. 3.7 (b) shows the execution of this concept—we 

see the excitation cross-section of the MMI waveguide with the ARROW fluidic 

microchannel.  The whole optofluidic chip is seen in the insert of Fig 3.7 (b), and includes the 

fluidic reservoirs as the sample inlet and outlet.  

 

Fig. 3.7 Spectral Multiplexing in ARROW optofluidic chip with single fluidic channel. a) Cartoon 

image of multimode interference (MMI) waveguide intersecting with a fluidic sample carrying 
microchannel  and exciting targets at 745 nm, b) Scanning electron microscope (SEM) image of the 

excitation cross section of an MMI-ARROW device (Inset: Photograph of a 1 cm by 1 cm chip with two 
fluidic reservoirs shown) c) Quantum dot fluorescent top-down images of MMI spot patters at different 

wavelengths that span the visible spectrum, adapted from [64]. 

 As alluded to many times in this chapter but not fully fleshed out until now, the 

usefulness of the MMI approach lies in the ability to perform WDM on chip for differentiated 

diagnostics of multiple analytes. To this end, we design the MMI waveguide on our device 
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that has an effective width of 100 µm, an effective core refractive index as 1.46, and a length 

which intersects with the ARROW fluidic channel at 3.4 mm.  According to equation 3.2.27, 

we can implement WDM by changing the excitation wavelengths, λ, for different integer 

number of spots, N, that will be created at the excitation cross section.  For this device 

described above, we are able to produce a number of well-defined images over the whole 

visible spectrum, from 11 spots created at 403 nm to 6 spots created at 745 nm.  These are 

shown in Fig 3.7(c).  The spectral positions of each of these six WDM channels are matched 

to the absorption spectra of commercially available fluorescent dyes. This information is 

presented in Table 3.1, below.   

Table 3.1 The six channels that implement WDM for spectral multiplexing in MMI waveguides 

 

 For the fluorescent experiments, as described briefly above, it is crucial to 

characterize this excitation pattern as it translates directly to the fluorescence signal collected 

from the target analyte, which directly determines the sensitivity and multiplexing quality of 
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the biosensor. Due to variations and errors in the fabrication of these devices, the 

wavelengths that produce well-defined spot patterns can be shifted from the design 

wavelengths. Therefore, it is imperative to the experiment that we characterize which 

wavelengths result in the best excitation patterns.  

We image these patterns from the top down view using a custom compound light 

microscope and camera (Andor Solis), and the patterns are created by exciting the MMI 

waveguide with a tunable white light laser source (Supercontinuum with UV/Vis Select box, 

NKT photonics) or a tunable Ti:Sapphire laser source (Trestles, Lighthouse Photonics).  In 

order to image the patterns, we load a fluorescent solution into the fluidic microchannel of 

both CdSeS quantum dots (Crystalplex, Trilite™ Deep Red—Carboxyl CdSeS Core 

Nanocrystals) and Alexa Fluor® 750 to cover the whole spectrum.  It is important to note that 

the optimal wavelength patterns are very close to the design wavelength, usually within a 

couple of nanometers, and the sensitivity of the MMI waveguides is also usually within a 

couple of nanometers—meaning that the waveguide will still form relatively good patterns 

plus or minus up to a few nanometers off of the optimal wavelength.  When choosing devices 

for multiplexing experiments of biomarkers, it is important to choose chips that produce 

optimal spot patterns close to our CW laser wavelengths—633 nm (HeNe), 556 nm (Nd:Yag 

SSD), and 488/492 nm (Ar-ion)—as those excitation sources are fixed, provide the highest 

excitation power to the waveguide and produce the lowest background in the output signal 

due to their small emission linewidths. The images of these patterns also provide us with a 

useful parameter—δx, the distance between the N spots in the pattern—which is used in the 

signal analysis for differentiated diagnostic, mentioned later in this thesis.   
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3.2.2.3. WDM Principles: Spectral Multiplexing of Viral Particles 

For spectral multiplexing of viral particles, three influenza virus types (H1N1, H2N2, and 

H3N2) were labeled with a different dye (DyLight® 488, DyLight® 633, and DyLight® 755 

respectively) and three excitation wavelengths were used. The optical setup is the same as the 

one discussed in Section 3.2.1 but it is operated such that three lasers are implemented: a 488 

nm Ar-Ion laser, a 633 nm HeNe laser, and a Ti:Sapphire laser tuned into 745 nm in 

Continuous-wave (CW) mode.  All three lasers are coupled into the same single-mode fiber, 

which was then butt-coupled into a narrow single-mode solid-core excitation waveguide on 

the ARROW optofluidic chip that is approximately 4 µm.  The single-mode waveguide 

launches into the center of a 100 µm MMI waveguide, with excitation parameters discussed 

in the previous sections.  The fluorescently labeled viruses travel through the ARROW fluidic 

microchannel, and as they pass through they are subject to the MMI pattern associated with 

their fluorescent labels, producing multiple signals per virus.  These signals are captured by 

the LC-ARROW fluidic waveguide, coupled to the solid-core collection waveguide, and 

collimated through an objective off-chip.  The signal is passed through the penta-bandpass 

optical filter mentioned above in Section 3.2.1 (FF01- 440/521/607/694/809-25, Semrock) to 

filter out the many excitation wavelengths and is finally sent to the single photon counter—

the single photon avalanche diode (Excelitas) mentioned in Section 3.2.1.  Because of the 

spectrally encoded signals created from the MMI waveguide, no other spectral filters are 

required to separate the signals out by excitation source [64].   

 The viruses mentioned above were mixed into a 5 µL aliquot and pipette into the 

input reservoir of the ARROW optofluidic chip.  Light from three excitation lasers with three 

different wavelengths (488, 633, and 745 nm) were chosen to create spot patterns with 9, 7, 

and 6 spots, respectively at the excitation cross section (see Fig. 3.7 (a) above).  As the virus 
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particles cross the excitation cross section, they create a fluorescence signal with either 9, 7, 

or 6 peaks depending on what particle is traversing the cross section (a DyLight® 488 tagged 

H1N1, a Dylight® 633 tagged H2N2, or a Dylight® tagged H3N2) and which excitation 

source is on. When all three excitation sources are on at once, the experiment lends to 

multiplex, differentiated diagnostics of all three virus samples.  Fig 3.8(a) shows the 

fluorescence particle trace of all three virus samples flowing through the ARROW channel 

with all three laser sources turned on. In this particle trace, all of the peak signals have been 

differentiated based on their 9 spot, 7 spot, or 6 spot signals. Fig. 3.8(b) shows a 

representative fluorescence signal for a H1N1 virus, excited by 488 nm, with 9 spots.  The 

virus type can be visually identified by the number of peaks there are in its signal, but for 

analysis of a high throughput of particles in a clinical setting, there are more systematic and 

sophisticated analysis algorithms that are compatible with automated signal processing 

techniques that we can implement.  For this experiment, single-particle autocorrelations were 

used for demultiplexing, seen in Fig. 3.8(c) and Fig. 3.8(d) [64].   
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Fig. 3.8 Results from spectral multiplex experiment to detect single influenza viruses a) Segment 

of fluorescence particle trace from the mixture of all three viruses where events are categorized by their 
virus type. All but one identified signal agreed with manual inspection of patterns b) Representative 

fluorescence signal from a single H1N1 virus excited at 488 nm c) Single particle autocorrelation trace 
of signal shown in (b) d) Decay-curve subtracted single particle correlations for all 3 virus types. The 
arrows mark the 5

th
 peak for each virus type, illustrating excitation spot pattern dependence, adapted 

from [64] 

The analysis went as follows: a user defined photon count per binning time threshold 

was set, at or above which peaks would be detected as viruses. The detection threshold was 

set to 11 counts/0.1 ms to ensure total noise extraction from the set of positive signals and 

minimize false positives in the trace. Viruses were then identified by demultiplexing by 

autocorrelation: Fig. 3.8(c) is the autocorrelation plotted for the signal shown in Fig. 3.8(b).  

In Fig 3.8(c) there is a black dashed line which represents a typical FCS autocorrelation 

signal where there is decay due to flow/drift and diffusion.  Superimposed on this is a blue 

curve where a number of distinct peaks that appear at integer multiples of the lag time, 

denoted ΔtB here, that correspond to the time it takes for the virus to travel between the 
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excitation spots—the autocorrelation signal for a particle in an MMI excitation cross section.  

Fig. 3.8(d) shows close ups of autocorrelations for each virus type, each showing an N-1 

number of peaks that correspond to N number of spots which the particle traverses. The drift-

induced decay of the signals in Fig. 3.8 (d) are also subtracted out from each trace.  The 

fluorescence trace was analyzed using the delay time—Δt —for each signal autocorrelation to 

identify the signals in the fluorescence particle trace shown in Fig. 3.8 (a), with the symbols 

shown again denoting how each event was identified.  Of the 73 events above threshold 

values defined above in the 120 second trace, all but one event (a 0.8% false positive rate) 

was correctly classified after verification by manual inspection of each signal.  It is estimated 

that there are about 15% (+/-2%) of all particles flowing through the channel have signal 

intensities lower than that of the background signal, and are therefore not detected. It should 

be noted that other signal analysis methods are currently being developed to lower the 

threshold of detection.   

 Virus concentrations were measured from count rates and flow speeds, as described 

above. The concentration of H1N1 was calculated to be 3.2 x10
6
 particles/mL, the 

concentration of H2N2 was calculated to be 2.0 x 10
6
 particles/mL, and the concentration of 

H3N2 was calculated to be 8.9 x 10
5
 particles/mL.  This represents the ability for our 

ARROW platform to perform spectrally multiplexed differentiated diagnostics at clinically 

relevant concentrations.  The single molecule limit for the MMI platform is larger than our 

single-mode waveguide platform because the excitation volume is about 25 times larger in 

the MMI platform, corresponding to an excitation volume of ~100fL* N, where N is the 

number of excitation spots.  Therefore, the concentration limit is ~2 x 10
8
 particles/mL, 

which is well above the viral titer for influenza or other diseases.  This work is published in 
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PNAS as Ozcelik and Parks, et al. in 2015, and lays the groundwork for the multiplex 

detection of all bioassays to come [64].   

3.2.2.4 WDM Principles: Spatial and Spectral Multiplexing of Viral Particles 

As alluded to above, we can expand our multiplexing capabilities by not only exploiting the 

spectral multiplex abilities of an MMI waveguide, but also the spatial multiplexing properties 

of an MMI waveguide—where self-images of an input mode occur at different multiplicities 

over different lengths of an MMI waveguide.  To this end, we introduced a triple-core 

biosensing platform on which three ARROW fluidic channels intersect with one single MMI 

waveguide to the end of 3x spatial multiplexing per single wavelength [65].  Signals are 

collected via solid-core y-coupler waveguides, which combine to a single collection –core 

channel and eliminate the need for complicated off-chip optics.  A cartoon image of the chip, 

as well as an image of the device, is shown in Fig. 3.9. For design specifics, recall equation 

3.2.27, above, and the analysis of multiplexing thereafter.  

 

Fig. 3.9 Cartoon image of triple-core chip alongside actual image (1cm by ~3cm) of triple core 
optofluidic chip, adapted from [65] 

For a triple-core device with a waveguide width of 75 µm and an effective refractive 

index of the MMI core to be 1.46, if we choose an excitation wavelength of λ = 633 nm we 

can make well defined self-images of the input mode with N = 8, 6, and 4 spots at L1= 1676 

µm, L2 = 2243 µm, and L3 = 3350 µm, respectively. This presents a model for spatial 
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multiplexing.  Additionally, the chip was designed such that we can choose another 

wavelength which generates a second collection of well-defined self-images of the input 

mode at each of the above lengths and adding a model of spectral multiplexing to the device. 

It was found that with an excitation wavelength of λ = 525 nm, N = 10, 7, and 5 at L1, L2, and 

L3 respectively.  Fig. 3.10 shows the quantum dot-fluorescent images for all of the spot 

patterns at each of the three channels in the chip.  In this way, from a single MMI waveguide 

device, spatial and spectral multiplexing can be implemented for up to 6x multiplexing of 

samples on chip [65].   

 

Fig. 3.10 Quantum Dot Fluorescence Images of MMI spot patterns for 6x multiplexing in a triple-
core optofluidic chip. On the left, λ = 525 nm and N = 10, 7, and 5 for channels 1, 2, and 3, 

respectively. On the right λ = 633 and N = 8, 6, and 4 for channels 1, 2, and 3, respectively, from [65] 

 In this experiment, we demonstrated simultaneous screening of six separate influenza 

strains that make up the influenza panel in parallel by using the spatial and spectral multiplex 

capabilities of the triple-core MMI optofluidic chip.  Deactivated solutions of H1N1, H2N2, 

and H3N2 (deactivated as described above) were labeled with Cy3 dye (as described above), 

and deactivated solutions of Adenovirus (AV), Parainfluenza virus 1 (PIV1) and 

Parainfluenza virus 3 (PIV3) were labeled with Cy5 dye (as described above).   As Cy3 is 

excited and emits in a blue/green to yellow/green regime, it will be excited by 525 nm and as 

Cy5 is excited and emits in the orange/red to deep red regime, it will be excited by 633 nm.  

Solutions of H1N1 and PIV3 were mixed together in equal parts and a 5 µL aliquot was 

pipetted into channel 1 of the triple-core chip; solutions of H2N2 and PIV1 were mixed 
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together in equal parts and pipetted into channel 2 of the triple-core chip; and lastly, solutions 

of H3N2 and AV were mixed together and an aliquot was pipetted into channel 3 of the triple 

core chip.  Negative pressure was applied at the output reservoir in order to drive flow 

through all three liquid channels.  Again, just as in the spectral multiplexing experiment, all 

of the optical signals are collected in a single solid-core collection waveguide with no 

spectral separation for each color channel nor a spatial separation for each fluidic channel.   

 

Fig. 3.11 Results from the Spatial and Spectral Multiplex Detection Experiment of 6 different 
influenza-panel viruses a) Fluorescence particle trace collected from 6x multiplex detection of single 

viruses with simultaneous excitation with wavelengths λ = 525 nm and λ = 633 nm. Events are identified 
based on the spot pattern of each individual peak b) Peak patterns of each virus observed in the 

fluorescence particle trace shown, adapted from [65].   

Fig. 3.11(a) shows the resultant particle fluorescence trace from the mixture of all six 

viruses. The threshold value at which spikes would be counted as signals was set to be 12 

photon counts per 0.1ms.  To reiterate, signals with peak patters of N = 10, 7, and 5 

confirmed the presence of H1N1, H2N2, and H3N2, respectively and signals with peak 

patterns of N = 8, 6, and 4 confirmed the presence of PIV1, PIV3, and AV, respectively.  Fig 

3.11(b) shows the individual fluorescence signals for each virus type.  Single particle 

autocorrelations were also used to identify each virus, but also a separate method of dividing 

the total signal duration by that signal’s δt (denoted above, or the time period between 

illumination from peak patterns that can be extracted from an individual peak’s 

autocorrelation).  If both methods produced the same identification result, then the event was 
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identified as that virus type.  Fig. 3.11(a) shows, also, the annotated fluorescence particle 

trace. While this method of identification results in a lower classification rate, it also provides 

a more robust and high fidelity cataloging of each signal [65]. 

 In summary, this chapter presents successful implementation of a non-specific 

bioassay: non-specific virus capsid labeling.  We also introduce spatial and spectral multiplex 

detection of this assay on an MMI-based waveguide ARROW platform, I will continue to 

revisit the application of such a device as this thesis progresses.  
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4 Bead-Based Nucleic Acid Capture as a Specific 

Fluorescence Detection Assay 

In the previous chapter, we explored the application of fluorescence-based optofluidic 

detection of influenza panel viruses using a non-specific dye labeling and separation 

bioassay.  We also talked about the implementation of wavelength division multiplexing on 

our planar, waveguide based platform by outfitting our device with a multimode interference 

(MMI) waveguide that can be used for spectral and spatial multiplexing.  Expanding upon 

these principles, we will discuss our first specificity-focused bioassay realized on-chip by 

creating a sequence-specific nucleic acid capture assay immobilized on magnetic 

microspheres. I will also discuss results from H. Cai, et al., Scientific Reports 5, 14494 

(2015) and A. Stambaugh, et al., IEEE J. Selected Topics Quantum Electronics 27, 7200206 

(2021) in detail. 

 Before going into specifics about the composition and execution of the nucleic acid 

bead-based capture assay, let’s explore the clinical implications of such a diagnostic 

technique.  As it stands now, the gold standards for nucleic acid based disease diagnostics (as 

well as diagnostic assays in general) are applications of polymerase chain reaction (PCR). 

PCR is a method which amplifies a portion of a specific DNA sample.  PCR for diagnostic 

purposes will amplify a specific part of a viral or bacterial nucleic acid if it is present in the 

sample, creating billions of copies of the target nucleic acid of interest (and only the target 

nucleic acid of interest).  This requires DNA polymerases as the mechanism for 

amplification, magnesium or salt buffer, nucleotides, primers that instruct the polymerase on 

what section of the DNA to amplify, and DNA template to be amplified, and a thermocycler.  

The mechanism for PCR is simple: first, the double-stranded DNA (dsDNA) template is heat 

denatured, then the primers align to the single DNA strands, and lastly the polymerase 
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extends the primers, which results in two copies of the original DNA template.  This 

denaturation, annealing, and elongation process occurs over a series of temperatures (in 

typical PCR) and is denoted as one cycle of amplification.  This cycle is repeated 

approximately 20-40 times for a full PCR reaction [66]. Fig. 4.1 shows the PCR process [67].   

 

Fig. 4.1 Polymerase Chain Reaction (PCR) cycle [67] 

Typical PCR amplifies a section of DNA, but if the nucleic acid in question is RNA, like 

many viral diagnostics require, the sample must undergo reverse transcriptase-polymerase 

chain reaction (RT-PCR), which first converts the RNA to complementary DNA (cDNA) and 

then the standard PCR procedure amplifies the cDNA.  This is used due to the fact that RNA 

is generally single-stranded and very unstable, which makes it difficult to work with. There 

are two main approaches to analyze the results of a PCR experiment: end-point PCR and 

quantitative PCR (qPCR).  End-point PCR takes the PCR product at the end of the reaction 

and analyzes it through an electrophoresis gel—a technique for size separation of products. 

This provides a method to test if the amplified region of the DNA is the correct length, but 

provides very little resolution in terms of quantifying the amount of product produced or how 

much target DNA there was at the start of the PCR reaction.  qPCR employs a fluorimeter 
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and either a fluorescent nucleic acid stain or molecular-beacon nucleic acid probe in order to 

quantify the reaction product in real time.  During each cycle in qPCR, the fluorescence is 

measured—the fluorescence single increases proportionally to the amount of replicated DNA 

made. Using dye, one can get a quantified reading of a single PCR reaction at once and using 

sequence-specific molecular beacons, one can do a multiplex reading of multiple PCR 

products from one reaction.  Depending on how quickly the reaction reaches a fluorescence 

saturation point on a (well-calibrated) fluorimeter, one can also back-calculate the starting 

concentration of target DNA in the reaction [68] [69] [70] [71].  

 While this is a very brief overview of the PCR process, especially from a diagnostic 

standpoint, I would like to point out a few drawbacks of this gold standard, particularly from 

a point-of-care perspective.  The first is the need for expensive, bulky equipment—such as a 

thermocycler or a qPCR combination fluorimeter and thermocycler.  In a point-of-care 

setting, the laboratory space needed to house this equipment, energy cost to run this 

equipment, or cost for this specialized equipment may not be available.  There are alternative 

amplification techniques that require less equipment—Loop-mediated Isothermal 

Amplification (LAMP), which amplifies 4 to 6 portions of a target DNA sequence at a steady 

temperature of 65
o
C.  The second drawback is the need for various reagents, many of them 

specific for the reaction—such as primers or hydrolysis probes.  The reagents needed for 

amplification reactions also require refrigeration, which is an added energy cost.  These 

amplification reactions also require trained personnel to handle the equipment and optimize 

the reactions in the appropriate manner to get a result, which is not always available in a 

point-of-care setting [72].  

 In contrast, we present an amplification-free, specific, and differentiated diagnostic 

assay based on our ARROW optofluidic platform for nucleic acid detection. In this chapter, I 
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will first introduce our sequence-specific nucleic acid capture assay on immobilizing 

magnetic microspheres, first with a sequence-specific molecular beacon as the reporter 

molecule, then with a nucleic acid stain as the reporter molecule.  Then, I will discuss the 

implementation of this assay for the detection of viral hemorrhagic fever (VHF) nucleic acid 

models on chip, first with single synthetic Ebolavirus (EBOV) models, then with 

differentiated detection of 4 different VHF models, along with the detection of clinical Total 

RNA samples.   

4.1 Specific Nucleic Acid Capture using Molecular Beacons as 

Reporter 

The design of many bioassays used for disease detection and other various phenomena can be 

broken down into a few main components. These components can be referred to as follows: 

an immobilization agent, a capture or pulldown molecule to remove the particle of interest 

from a slurry of non-target particles, the target biomarker, and the reporter molecule that 

testifies to the efficacy of the bioassay.  In nearly all of the bioassays completed in the 

Schmidt lab, the immobilization component that we use is streptavidin coated magnetic 

microspheres that have a nominal diameter of ~1µm.  More specifically, Dynabeads
TM

 

MyOne
TM

 Streptavidin T1 Beads are used, which are superparametic (ferrite content 26%) 

polymer beads with a streptavidin monolayer covalently coupled to the hydrophilic bead 

surface.  There are two important elements in this immobilization agent that are essential for 

experimental manipulation.  The first is that the beads are magnetic—it is easily realized that 

an external magnet can be used to separate the experiment-carrying beads from a larger, non-

target solution.  The other is the monolayer of streptavidin.  Streptavidin is a 52.8 kilo-Dalton 

tetramer protein purified from the bacterium Streptomyces avidinii [73]. The monomers of 
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each streptavidin tetramer have a notably high binding affinity for a small ligand called 

biotin.   The binding of biotin to streptavidin is one of the strongest non-covalent interactions 

known in nature with a dissociation constant, Kd, on the order of 10
-15

M [74] [75].  Because 

of this high affinity reaction as well as the complex’s resistance to detergents, enzymes, 

relative temperature and pH changes, and organic solvents, streptavidin and biotin are used 

extensively in molecular biology and bioassay design.  The streptavidin monolayer on the 

surface of the immobilization beads dictates the binding capacity of the assay.  One milligram 

of magnetic microspheres has a binding capacity of 1100-1700 pmol of free biotin, ~400 

pmol of biotinylated peptides (non-tertiary structured proteins), ~20 µg of biotinylated 

antibodies, ~ 20 µg ds-DNA oligonucleotides or fragments, or ~400 pmol of ss-

oligonucleotides [76].   

This lends insight to the next component of the capture assay: the pulldown 

molecule.  In the nucleic acid capture assays, the pulldown molecule is a 45-50 nucleotide 

(nt) single-stranded DNA (ss-DNA) oligomer that is modeled to be the reverse complement 

of a section of the target nucleic acid and has a melting temperature between 60
o
C and 65

o
C 

and GC content at or below 40%.  The ss-DNA oligomer is functionalized with a Biotin with 

a TEG spacer at the 3’ end—which enables the pulldown attachment to the immobilization 

magnetic microsphere.  The ss-DNA oligomer pulldown selects the target DNA or RNA 

sequence through hybridization—the process of combining two complementary single-

stranded DNA or RNA molecules and allowing them to form a single double-stranded 

molecule through base pairing. This hybridized double-stranded conjugate has a lower free-

energy than the two single-stranded molecules have existing together, so the hybridized 

conjugate is more favorable in a solution of the two single strands.  This is also the 

mechanism used to anneal primers to the amplicon sequence in PCR [77].   
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The pulldown molecule is complementary to the 5’ end of the target nucleic acid 

strand. We have done experiments with both synthetic models of viral nucleic acid targets 

and total RNA from virus infected cells.  The synthetic models of viral nucleic acids are 

single stranded DNA oligomers that are either 100 or 185 nucleotides long that are identical 

to a portion of a (generally viral) genome of interest. I will describe each model in more 

depth when discussing the specific experiments in the upcoming sections. I will also define 

total RNA from virus infected cells in a later section of this chapter.  

The reporter molecule is a molecular beacon or probe that has a 25-35 nucleotide 

section that is complementary to a portion of the target nucleic acid that is close to the 3’ end 

of the model oligomer.  As described in Section 2.2, there is a 5 nucleotide section on each 

end of the molecular beacon that form a hairpin loop, with the intention of keeping the dye 

and quencher molecules in close proximity (and therefore in the off-state) when the hairpin is 

closed (and the molecular beacon/reporter molecule unbound).  When the molecular beacon 

is bound, then the dye is switched to the “on-state,” and the efficiency of the fluorophore 

increases orders of magnitude. It is worth noting that we have since moved away from 

molecular beacons and switched our reporter molecules to molecular probes, the main 

difference being that molecular probes do not have a quencher but still maintain the same 

hairpin architecture.  There is no functional difference between the molecular beacons and 

molecular probes in our assay design, but there is also no costly functionalization of a 

quencher at the 3’ end of the reporter oligomer [78]. 

All ss-DNA oligomers are ordered from Integrated DNA technologies—who handle 

the synthesis of the DNA and functionalization the oligomers with the TEG-biotin, 

fluorophores, and quenchers at either the 5’ or 3’ end of the oligomer strand.  The molecules 

for functionalization and fluorophore-quencher pairs must be specified in the orders.   
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Assay preparation for amplification free detection of nucleic acids is as follows: an 

aliquot (0.05 mg) of MyOne T1 Streptavidin Coated Magnetic Beads (Thermo Fisher) is 

washed three times in 1xT50 hybridization buffer (10 mM Tris-HCl pH 8.0, 50 mM NaCl) 

and is incubated with 50 picomoles (~2.5x molar excess) biotinylated pulldown ss-

oligonucleotide for one hour at room temperature on a rotary mixer. Next, a magnet is used to 

separate the magnetic bead-biotinylated pulldown complex from the excess elute during a 4x 

washing step with 1xT50 and re-suspended in 10 µL 1xT50.  Reporter oligomers are mixed 

with their complimentary target nucleic acid segment and are incubated at 95
o
C for five 

minutes and allowed to cool down to room temperature. The pulldown-functionalized beads 

are then combined with the target-reporter molecule complex and are left to incubate at room 

temperature for another two hours, at which point they are subject to another wash step in 

1xT50. The whole complex is re-suspended in 50 µL 1xT50 and either diluted and transferred 

to the ARROW platform for detection and analysis or stored at 4
o
C for later experiments.  

The flow for this experiment is shown in Fig. 4.2 below.  

 

Fig. 4.2 Flow of Bead-Based Nucleic Acid Capture Assay with a Molecular Beacon as the 
reporter molecule. A biotinylated pulldown is shown binding to a streptavidin-coated magnetic 

microsphere. Meanwhile, a molecular beacon and target nucleic acid are combined, incubated at 95
o
C 

for five minutes and allowed to hybridize as the solution returns to room temperature. The capture and 
reporter components of the assay are combined and washed, which leaves us with the final bead-based 

nucleic acid capture assay result, shown on the right. 
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4.2 Specific Nucleic Acid Capture and Release using Nucleic Acid 

Stains 

Now that we have established the bead-based solid-phase extraction assay for nucleic acid 

models, let’s look at the drawbacks of this assay.  For each fluorescent particle—which is the 

immobilization magnetic microsphere—that is analyzed in the ARROW platform, there are 

up to 2.5 x 10
5
 target molecules inundated onto the surface.  While this is single particle 

analysis, we want to push the limits of our detection platform for single molecule or single 

target analysis. To meet this end, we implement our bead-based solid-phase extraction assay 

for target isolation and instead of using a molecular beacon as the reporter molecule for this 

single-target detection technique; we use a nucleic acid stain as described in Section 2.2.   

The capture components of the assay remain identical to the nucleic acid capture assay 

described above: a streptavidin coated magnetic microsphere bound to a biotinylated 45-mer 

oligonucleotide for specific capture. In this assay, however, our target and reporter molecules 

look different—the target molecules are usual longer strands of ss-DNA or ss-RNA from 

laboratory samples, not the synthetic ss-DNA models presented in the previous assay. 

Because of their length, more nucleic acid stain dye molecules can attach to the target strands 

post-release and make single-target detection a viable option as the target and nucleic acid 

stain complex can be detected above the ARROW device background.   

 As mentioned above, the assay is essentially identical in the capture components: an 

aliquot (0.05 mg) of MyOne T1 Streptavidin Coated Magnetic Beads (Thermo Fisher) is 

washed three times in 1xT50 hybridization buffer (10 mM Tris-HCl pH 8.0, 50 mM NaCl) 

and is incubated with 50 picomoles (~2.5x molar excess) biotinylated pulldown ss-

oligonucleotide for one hour at room temperature on a rotary mixer. Next, a magnet is used to 

separate the magnetic bead-biotinylated pulldown complex from the excess elute during a 4x 
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washing step with 1xT50 and re-suspended in 10 µL 1xT50. The differences in the assays 

begin here, where the magnetic beads and pulldown are incubated at 95
o
C for 5 minutes with 

the target nucleic acid and allowed to cool to room temperature on a rotary mixer to allow for 

sufficient binding of the target nucleic acid to the capture complex.  After washing the 

magnetic bead complex twice in 1xT50, the solution is re-suspended in 1xT50 and subject to 

an 80
o
C dry bath to release the target nucleic acid from the pulldown beads.  A magnet is 

used to pull down the immobilization microspheres, and the supernatant containing the target 

RNA is collected.  The collected nucleic acid is mixed with SYBR Gold nucleic acid stain 

(Life Sciences) or another nucleic acid stains and incubated for 5 to 20 minutes.  The stained 

nucleic acid is then transferred to the ARROW platform for detection.  Fig. 4.3 shows the 

overview of the release and staining assay [79].   

 

Fig. 4.3 Flow of Bead-Based Nucleic Acid Capture and Release Assay using a Nucleic Acid 
Stain, from [79] 

4.3 Detection of Viral Hemorrhagic Fever Samples 

Viral Hemorrhagic Fevers (VHFs) are severe multisystem syndromes in which the overall 

vascular system of the body is damaged and the regulatory system in the body is impaired. 

Many of these viruses cause life-threatening and highly contagious diseases that occur in 

outbreaks.  VHFs are caused by four distinct families of viruses: Arenaviruses, Bunyaviruses, 

Filoviruses, and Flaviviruses. The 2014 Ebolavirus Disease (EVD) epidemic in West Africa 

was the largest and deadliest in history, reporting over 28,000 cases and nearly 12,000 deaths 
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in 10 countries world-wide [80]. The Kivu Ebola Epidemic in 2018 in the Democratic 

Republic of the Congo and Uganda was also highly lethal where nearly 3500 people were 

infected and nearly 2300 people died [81] [82]. These epidemics illustrate the need for rapid 

and specific diagnostics techniques that can be brought to underserviced areas. A persisting 

problem in EVD cases is the lack of a quick, accurate diagnosis allowing for the transfer of 

patients to Ebola treatment centers to disrupt the transmission cycle of the disease and 

therefore temper the outbreak.  RT-PCR, the gold standard for viral nucleic acid detection, is 

the basis for RealStar® Filovirus Screening used during the outbreaks, but—as mentioned 

earlier—this method requires sophisticated instruments and trained personnel. Another test, 

the ReEBOV Antigen Rapid Test, is the second method approved by the World Health 

Organization (WHO) for diagnosing Ebola, and while it requires less sophisticated 

equipment, the test is not very accurate: it reports 8% higher false negatives and 15% higher 

false positives than RT-PCR [83, 84].  The avenue we present to accomplish these molecular 

diagnostic assays are the “lab-on-a-chip” devices that process and analyze clinically relevant 

biological or chemical samples in small volumes. Our bioanalysis platform based on the 

ARROW chip as well as our solid-phase extraction assay for nucleic acid capture and 

analysis is employed to meet these requirements.  

4.3.1 Single Synthetic Ebola Virus Detection 

The first experiment that we can present with our solid-state bead-based nucleic acid capture 

assay on an ARROW optofluidic biosensor is the detection of nucleic acid capture beads 

flowing through the ARROW operating in a monochromatic or single wavelength regime.  In 

this section, because we have already discussed single-particle detection on an ARROW 

biosensor, I will introduce a microfluidic sample-processing lab-on-a-chip on which we 

perform the capture assay to be transferred to the ARROW for fluorescence detection and 
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analysis. First, let’s talk about the specifics in the capture assay and then we will go through 

the automaton microfluidic sample-preparation chip, and then experimental setup and results.  

 Table 4.1 below shows the nucleic acid sequences for the Ebolavirus capture assay. 

The nucleic acid of interest was chosen to be the reverse compliment of the glycoprotein (GP) 

coding region of the Zaire Ebolavirus genome (GenBank ID AY354458.1).  Ebolavirus is a 

negative-sense ss-RNA virus, so we designed our target strands of nucleic acid to be the 

reverse compliment to be able to capture the positive-sense protein-template RNA in total 

RNA samples, which I will define in more detail later in this chapter.  The pulldown 

oligonucleotide and hairpin molecular beacon were both designed as a reverse compliment 

that recognizes a portion of the target oligomer.  Both capture and reporter oligonucleotides 

were synthesized to have thermodynamically higher stability when bound to the target, as 

explained above in Section 4.1.  Specifically, this means that the melting temperature from 

binding to the target is higher than the melting temperature from intramolecular folding 

formations (for the molecular beacon, Tm = 61.6
o
C from the target and Tm = 42.6

o
C from an 

intramolecular hairpin formation).   
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Table 4.1 Zaire Ebolavirus capture assay components and synthetic target design 

 

4.3.1.1 Microfluidic Automaton-Chip Concentration of Bead-Based Samples 

In this section, we will discuss a hybrid system that combines and actively controlled 

microfluidic layer with an optical biosensor for single particle fluorescence detection 

sensitivity. Active control is defined as employing an interconnected array of nano-or-micro-

liter micro-valves in a configuration for sample preparation that was christened the automaton 

[85] [86] [87] [88].  The automaton allows for complex sample processing as well as 

reconfigurable operation that can implement multiple mixing functions programmatically via 

software control.  I will briefly describe the functional integration of the microfluidic 

automaton chip with the optofluidic chip and the implementation of the solid-phase extraction 

assay on the microfluidic chip that is used in conjunction with the optofluidic chip for nucleic 

acid analysis.   
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 The automaton microfluidic chip was designed as a system of lifting gate 

microvalves and pumps that are composed of three layers: a substrate, fluidic, and pneumatic 

layers.  Both fluidic and pneumatic layers are made of polydimethylsiloxane (PDMS), and are 

made using conventional SU8 lithography.  Fig. 4.4 shows the general multilayer PDMS 

device fabrication process that will be explained in more detail now.  Briefly: microfluidic 

layers are defined digitally using CAD software 

(AutoCAD) and transcribed onto a Mylar 

transparency, as the feature size doesn’t dwindle 

under 10 µm.  The masks are then used to create 

SU-8 master molds using conventional lithography 

techniques and patterned with a negative 

photoresist (SU-8 2100, MicroChem) that was 

chosen on the basis of feature size and thickness.  

Devices were then made from the master molds, as 

depicted in Fig. 4.4, using PDMS (Sylgard 184, 

Dow Corning).  The fluidic layer is formed by spin 

casting a thin (about 100 µm) continuous PDMS 

membrane on the master mold while the pneumatic 

control layer is formed by drop casting (about 3 mm thick) on top of the master mold.  After 

curing, the pneumatic control layer is peeled from the mold and pneumatic control ports are 

punched into the layer using a disposable 3 mm biopsy punch.  The fluidic layer and the 

pneumatic layer are then O2 plasma treated, aligned, and permanently bonded together.  After 

that, the structure is peeled from the fluidic master mold and punched for fluidic access ports.  

Fig. 4.4 General workflow of multilayer 
PDMS device fabrication 
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The dual-structure is then UV-O3 plasma treated and reversibly bound to a clean glass 

substrate to complete the fabrication process [87] [88] [89] [20]. 

 

Fig. 4.5 PDMS Device Architecture a) Schematic of PDMS automaton device with fluidic inputs, fluidic 

outputs, and pneumatic inputs labeled, b) Side-view of lifting gate valve in closed and open states 

Fig. 4.5 (a) shows the automaton microfluidic schematic, with the pneumatic features 

represented in purple and the fluidic layer shown in green, while Fig 4.5 (b) shows a cross 

section of an individual lifting-gate valve [87].  Prior to experimental use, the automaton was 

filled with 10 mg/mL bovine serum albumin (BSA), incubated for 15 minutes, and washed 

through with buffer (1xT50) in order to curtail non-specific adsorption of particles flowing 

through to the channel walls. In order to pneumatically actuate the valves to run microfluidic 

mixing experiments and assay preparation, the automaton was connected to a control box 

using a machined acrylic manifold consisting of two clamping pieces of plastic which 

connected the pneumatic ports to 3 mm outer diameter tygon tubing via press fit connections 

in order to deliver external positive pressure to each individual pneumatic port. The tubing 

was connected to solenoid valves (S070M-6DC-32, ADI), which were electrically controlled 

by a switchboard (ULN2803, Elexol), data acquisition board (NI USB 6501, National 

Instruments), and a custom LabVIEW program (National Instruments) [20] [21].  

 

Fig. 4.6  Automaton actuated 3-valve peristaltic pump. Solid red circles are used to indicate a liquid-

filled, open valve; a black cross in a valve is used to indicate when a valve is closed. Liquid is loaded 
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into valve 1 in (a), and then valve 2 is opened in (b) so that liquid flows into valve 2. Valve 1 then closes 
in (c) to push the liquid fully into valve 2. The process repeats with valves 2 and 3 in (d) and (e). 

 

There are two important operations in the automaton function—peristaltic pumping 

and multi-valve mixing.  Peristaltic pumping is shown in Fig. 4.6, where the valves are 

operating in series. In Fig. 4.6 (a) the first valve is filled with liquid from an inlet source and 

then the second valve is opened in (b) so that the liquid can move further into the pump. 

When valve 1 closes in (c), the liquid is fully pumped into the second valve and the pump 

volume is then fully determined by the valve volume. The rest of the schematic completes the 

pump with the opening of valve 3 opening and closing of valve 2(d and e)—when valve 3 

closes (presumably to an outlet); the system would have pumped a full valve volume of liquid 

from an inlet to an outlet. Mixing is shown in Fig. 4.7 and follows the same principles, but 

the peristaltic pumping occurs in a square formation where the two solutions to be mixed 

meet at diagonal corners. The process is reflectively repeated as many times as necessary to 

have adequate mixing of the solutions [85] [86] [87] [21].  

 

Fig. 4.7 Mixing Schematic using 4-valves on automaton chip. Solid red circles are used to indicate 

a liquid-filled, open valve; a black cross in a valve is used to indicate when a valve is closed. In (a) 
valves 1 and 4 are filled with solutions to be mixed; in (b) valve 3 is opened to draw fluid from both 
valves 1 and 4. Valve 1 is closed in (c) in order to activate a peristaltic pump, and in (d) valve 2 is 
opened to distribute liquid into valves 3 and 2. This process is repeated in (f-h) to continue mixing. 
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Now that I have described the microfluidic automaton system, I will discuss the full 

experiment performed on-chip.  A hybrid microfluidic and optofluidic biosensing system has 

been demonstrated by performing a nucleic acid bead-based capture assay on the microfluidic 

automaton chip and transferring the products to the ARROW chip for detection.  The capture 

and reporter-plus-target components of the solid-state capture assay were successfully and 

specifically combined, mixed, and hybridized on the automaton and pumped through tygon 

tubing to the inlet of the optofluidic chip for single-particle detection [20] [21].  The assay I 

will discuss in more detail, however, is extending the dynamic range of the diagnostic method 

by completing a pre-concentration step on the automaton microfluidic chip and therefore 

extending the detection limit of the ARROW biosensor to sub-femtomolar concentrations.    

In preparation for the on-chip assay, a 0.1 mg aliquot of the whole solid-state nucleic acid 

capture assay was made off-chip: briefly, immobilization magnetic microspheres were 

functionalized with biotinylated pull-down oligomers which captured target nucleic acids 

which were hybridized with molecular beacon reporter molecules, according to the protocol 

outlined earlier in this chapter.  The pull-down oligomer, target oligonucleotide, and 

molecular beacon sequences are specified in Table 4.1 at the beginning of this section.  The 

bead solution was diluted into 3 mL of buffer (1xT50).  For comparison, this solution was 

pumped through the ARROW chip by applying negative pressure to the outlet reservoir [79].   

On-chip, pre-concentration experiment went as follows: ~3mL of sample was loaded 

into the second fluidic reservoir, filling the first and third fluidic reservoirs with buffer. A 

magnet was held under valves 5 and 6 while the sample in fluidic inlet 2 was pumped from 

the inlet to a waste outlet using valves 2, 5, 8, 9, and 11 as a long peristaltic pump (valve 

numbers are indicated in Fig. 4.5).  Each valve has a volumetric capacity of 1.4 µL on this 

automaton device.  Once the sample was fully pumped through from inlet 2 to the outlet, the 
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magnet was removed and the captured bead solution was mixed in valves 5, 6, 8 and 9 until 

the magnetic microspheres were re-suspended in ~5 µL of buffer solution and pumped out 

into the outlet valve, 10, to be transferred to the ARROW platform. Fig. 4.8 shows the results 

of this concentration experiment, where the original concentration particle trace (Fig. 4.8 (a)) 

shows only 7 signals (magnetic beads with labeled target) in a five minute trace. After pre-

concentration, Fig. 4.8 (b) shows a constant flow of particles with hundreds being detected 

over the same period of time.  This demonstrates a highly-efficient on-chip concentration 

mechanism.  After correcting for the different flow speeds in each experiment—which in turn 

results in different volumes of sample tested during the detection period—a concentration 

factor of 335x was calculated [79].  

 

Fig. 4.8 Automaton Pre-concentration experimental results a) Fluorescence particle trace detected 

on ARROW chip before pre-concentration step b) Fluorescence particle trace on ARROW after pre-
concentration step on automaton microfluidic chip. A concentration increase of 335x is observed, 

adapted from [79] 

It should be noted that I did a lot of characterization work on the pumping of the automaton 

devices and also assisted in performing both nucleic acid capture assays with molecular 

beacon as the reporter molecule and with the release and dye labeling of the full nucleic acids 

on the automaton chip. This, however, is the experiment on the automaton chip that I had the 

largest impact on, which is why it is highlighted in this thesis.  
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4.3.2 Multiplex Detection of Viral Hemorrhagic Fever Viruses 

Next, we move toward multiplex detection of multiple VHF viral synthetic DNA models and 

total RNA samples.  The need for multiplex detection stems from the combined effort to 

provide a real-world fast, accurate, and differentiated diagnostic technique that also can be 

implemented at the point-of-care with fewer reagents and intensive machinery.  It is 

increasingly important to meet these requirements when dealing with VHFs, which occur in 

outbreaks and where rapid diagnostics with high sensitivity are essential to disrupting the 

transmission cycle of the virus and stopping the outbreak. Different VHFs have different 

modes of transmission, particularly from a zoonotic perspective.  For example, evidence 

suggests that the natural reservoirs for Ebola virus are fruit bats and the natural transmission 

cycle is that bats infect primates, which in turn infect humans.  Marburg virus is also first 

cultivated in fruit bats, but the transmission cycle is such that primates and humans are 

infected directly from bats in parallel. So, while Ebola virus and Marburg virus are 

symptomatically similar, it is essential to accurately diagnose which virus is causing an 

outbreak because the strategies for disrupting the transmission cycles are different for either 

virus. The motivation for a high-throughput multiplex detection assay is evident.  In this 

section, I will present our multiplex detection method for multiple viral hemorrhagic fever 

viruses using specific bead-based nucleic acid capture assays and an optofluidic platform 

outfitted with a multimode interference waveguide.  

4.3.2.1 Bead-Based Multiplex Detection of Synthetic Viral Hemorrhagic Fever 

Models 

In this section, I’ll talk about our bead-based nucleic acid capture assay for synthetic viral 

hemorrhagic fever models. I made hemorrhagic fever models similar to the model described 

earlier in this chapter for the Zaire Ebolavirus (Zaire Kikwit 1995 outbreak GenBank ID 



80 

 

AY354458.1) for three other viral hemorrhagic fever models: Lake Victoria Marburgvirus 

(Lake Victoria Marburg virus-Angola 2005 strain Genbank ID DQ447660.1), Ravn 

Marburgvirus (Marburg Ravn Strain 1987 Kenya outbreak Genbank ID KU179482.1), and 

Crimean Congo Hemorrhagic Fever (strain IbAr10200 GenBank ID AF467768.2).  It should 

be noted that three other VHF models were designed but not implemented for the Sudan 

Ebolavirus, the Lassa virus Josiah Strain, and the Lassa virus Sauerwald strain.  All targets 

are ss-DNA segments of the reverse compliments of the glycoprotein (GP) coding region of 

the genomes listed, but instead of the targets being 100 nucleotide (nt) oligomers, they were 

designed as 185 nt oligomers. The purpose for the longer target oligomer was the capability 

to place up to 3 well-spaced molecular beacons per target strand and uses combinatorial 

fluorescent labeling to increase our multiplexing capabilities [90]. Table 4.2 below shows the 

sequences of the Lake Victoria Marburgvirus (MARV), Ravn Marburgvirus (RAVN), and 

Crimean Congo Hemorrhagic Fever Virus (CCHF) genome models. Table 4.1 in the previous 

section laid out the model for the Zaire Ebolavirus (EBOV).  In this next section, I’ll discuss 

how we implement combinatorial labeling and how to examine the combinatorial signals 

produced on the ARROW platform.   

Table 4.2 Marburg Virus and CCHF VHF Nucleic Acid Capture Assay Design 
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4.3.2.1.1. Combinatorial Labeling as a Multiplex Detection Technique 

Increasing the number of wavelengths that can be used for multiplex detection on an MMI 

waveguide platform readily reaches a limit due to the transmission characteristics of the 

photonic platform, limited choices of fluorescent dyes, overlapping dye absorption and 

emission spectra, and restricted laser emission wavelengths. We can scale-up our 

multiplexing capabilities with little trouble using a combinatorial labeling technique, where a 

biomarker of interest is labeled with multiple dyes [90]. Here, we designed our bead-based 

capture assay such that molecular beacons with different dyes can hybridize with the same 

target at distances larger than the Förster radius in order to prevent energy transfer.  As the 

co-labeled fluorescent particle traverses the excitation cross section of the MMI-ARROW 

chip, the signal produced is a superposition of both N spot patterns that correspond to the 

labeling.  Here, we demonstrate combinatorial multiplex detection by using three dye labels 

to identify four viruses.  Our Crimean Congo Hemorrhagic Fever (CCHF) nucleic acid 

capture assay was designed such that two molecular beacons, one labeled with Alexa546 dye 

and one labeled with Alexa750 dye are hybridized to the target nucleic acid strand for 

detection. Fig. 4.9 show a representation of the products of all four bead-based nucleic acid 

capture assays, with an emphasis on the implementation of the combinatorial labeling in the 

CCHF target assay.  
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Fig. 4.9 Representations of all four bead-based nucleic acid capture assay products 

Because the signal produced by the combinitorially labeled CCHF is a superposition 

of both 6 and 8 spots, we must look at other methods of demultiplexing the signals other than 

autocorrelating the individual signals alone. To this end, we use a different signal processing 

algorithm to demultiplex the viral nucleic acid samples. This algorithm shifts the fluorescence 

signal, F(t), by a factor of time equal to the characteristic δt and multiplies it with itself N-1 

times to create a processed signal S(t, δt ). The characteristic δt in this case is extracted from 

the autocorrelation signal of individual peaks, as explained in Section 3.2.2.3.   Equation 

4.3.1 below shows the mathematical formula for this algorithm: 

 

S(t, δt) =  ∏ F(t − i ∙ δt)

N−1

i=0

 

(4.3.1) 

S(t, δt ) will only yield a large value only if shifted by the correct δt value of a given signal 

and if shifted by the correct N-1 value, otherwise the signal will be quenched by background 

subtraction.  This shift-multiply algorithm also increases the signal-to-noise ratio of the MMI 

biosensor as S(t, δt ) is orders of magnitude greater than the original signal F(t). Fig. 4.10 

illustrates this principle.  In Fig. 4.10 (a), a particle labeled with red fluorophores creates 3 

distinct peak signals and a particle labeled with a green fluorophore creates 4 distinct peak 

signals.  In Fig. 4.10 (b), the two signals are shifted by the characteristic δt from the red 
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signal, denoted δtR, twice, or N-1 times, to create the shift-multiply signal, S(t, δt), which is 

plotted in Fig. 4.10 (c).  As stated above, the red signal is amplified while the green signal, 

having been shifted by the incorrect δt an incorrect number of times, is quenched [91] [92].  

 

Fig. 4.10 Representation of Shift-Multiply Algorithm 

4.3.2.1.2. Multiplex Detection and Differentiation of VHF Models  

Once the bead-based capture assays for the four separate VHF nucleic acid models were 

complete, spectral multiplex detection and differentiation was implemented on the ARROW 

platform, similar to the manner discussed in Section 3.2.2.3.  The optical setup is the same to 

that discussed earlier (also shown in Appendix 8.1) but is operated such that the 556 nm 

Nd:YAG Solid-State Diode (SSD) laser, 633 nm HeNe laser, and Ti:Sapphire laser in CW 

mode tuned to 745 nm are all acting as the excitation sources.  All three lasers are, again, 

coupled into the same single-mode fiber, which is butt-coupled into the single-mode solid-

core excitation waveguide on the ARROW chip.  This excitation waveguide launches into a 

100 µm wide MMI waveguide, which creates patterns at the intersection of the ARROW 
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fluidic microchannel of N = 8, 7, and 6 for excitation wavelengths of λ= 556 nm, 633 nm, and 

745 nm, respectively.  After the fluorescence signal is created by the fluorescent nucleic acid 

capture assay products, it is passed through a penta-bandpass filter (FF01- 

440/521/607/694/809-25, Semrock) to filter out the many excitation wavelengths and is sent 

to the single photon avalanche diode (Excelitas).  No additional downstream filters are 

required to separate the signals out by excitation source.   

 

Fig. 4.11 Specificity of Nucleic Acid Capture Assay. a) Particle fluorescence traces detected on 

ARROW optofluidic chip for the negative control of the bead-based solid-phase extraction assay with no 
nucleic acid sample b) Particle fluorescence trace for the solid phase extraction assay with a 

mismatched nucleic acid sample, with EBOV pulldown and probe oligonucleotides and MARV target. c) 
Fluorescence particle trace of the EBOV solid phase extraction beads. 

 

 Products from each bead-based nucleic acid capture assay were diluted to a 

concentration of 1x10
7
 beads/mL, mixed together in equal parts into a 5µL aliquot, and 

pipetted into the input reservoir of the ARROW optofluidic chip.  Assay specificity is shown 

in Fig. 4.11, where the fluorescence particle traces are shown for the EBOV synthetic 

complex in the absence (4.11 (a)), mismatched (4.11(b)), and presence (4.11(c)) of the target 

nucleic acid. It is apparent from the negative controls (4.11 (a) and 4.11(b)) that there is 

minimal background and no fluorescence signals in the absence of the correct target nucleic 

acid. In contrast, Fig. 4.11(c) shows the fluorescence particle trace for the assay products with 

a matching target and a large number of fluorescence signals with a good signal-to-noise ratio 

are produced.   
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Fig. 4.12 Particle fluorescence trace of all four synthetic nucleic acid complexes detected in an 
MMI ARROW chip that is excited first with λ1 = 556 nm, then with λ2 = 633 nm, then with λ3 = 747 nm, 

then combinatorically with λ1 = 556 nm and λ3 = 747 nm, then finally with all three wavelengths.  

Fig. 4.12 demonstrates the result of this experiment: multiplex detection of all four 

VHF models on chip.  The fluorescence trace in Fig. 4.12 is that of all four synthetic 

hemorrhagic fever viruses.  During the first 30 seconds of the trace, only 556 nm excitation 

source was on, which excited primarily the Lake Victoria Marburgvirus (MARV) but also the 

Crimean Congo Hemorrhagic Fever (CCHF) samples.  The next 30 seconds excite only the 

synthetic Ebolavirus (EBOV) samples at 633 nm.  The following 20 second, only the 745 

excitation source is on, therefore exciting the Ravn Marburgvirus (RAVN) and also the 

CCHF samples.  Simultaneous illumination with 556 nm and 745 nm happens next in the 

trace, which excite the CCHF samples, but also the RAVN and MARV samples as well. In 

this portion of the trace, there will be signals with N = 6, N = 8, and N as a superposition of 6 

and 8 peaks. Finally, all samples were excited by all three wavelengths for simultaneous 

detection of all four synthetic nucleic acid samples.   
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Fig. 4.13 Close up of all four characteristic MMI Signals.  a) MARV signal with 8-peak pattern, b) 

EBOV signal with 7-peak pattern, c) RAVN signal with 6-peak pattern, d) combinitorially labeled CCHF 
signal with superposition of 6 and 8-peak patterns 

Fig. 4.13 shows a close of up of all four characteristic signals of each VHF synthetic 

sample taken from the portion of the fluorescence particle trace where all three excitation 

sources were on.  In Fig 4.13 (a), there is an 8 peak-pattern for MARV, in Fig. 4.13 (b), a 7 

peak-pattern for EBOV, in Fig. 4.13 (c), a 6-peak pattern for RAVN, and lastly in Fig. 4.13 

(d) a superposition of the 8 and 6 peak patterns for the CCHF signal is visualized.  The shift-

multiply algorithm discussed in the previous section was applied to the multichromatic trace 

in order to identify each signal in the traces.  This is shown in Fig. 4.14, where a the 

normalized S(t,δt) for a 7-peak EBOV signal is graphed, where each bar represents the shifted 

signal, S(t,δt), when the signal was shifted N-1 times. In other words, Fig. 4.14 shows a bar 

graph of  S(t,δt) amplitudes if a signal was shifted by its characteristic δt 5 (for N = 6), 6 (for 

N = 7), and 7 (for N= 8) times.  The largest amplitude bar is how a signal will be identified. If 

a signal assessed by the algorithm had a normalized shift-multiply signal in both the 6 and 8 

peak channels where both were above the threshold value of 0.3, shown in the graph, then it 
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was marked as a combinitorially labeled signal. The threshold value was determined 

empirically from single-bead traces.  From this analysis, we are able to obtain a velocity-

independent confirmation of the fluorescent signal identities by using the individual δt of the 

signal.   

 

Fig. 4.14 Normalized shift-multiply results for the Ebola Zaire (EBOV) signal, where the signal was 

shifted 6, 7, and 8 times by the characteristic δt.  If a signal tested had a normalized shift multiply signal 
in the 6 and 8 channels that was above the threshold line, shown, then it was marked as a 

combinatorially labeled signal. 

 

Fig. 4.15 shows the annotated multichromatic fluorescence particle trace, where of 

the 141 total signals, 32 were identified as MARV signals, 39 were identified as EBOV 

signals, 36 were identified as RAVN signals, and 34 were identified as the combinitorially 

labeled CCHF signals. This experiment shows that we can demonstrate combinatorial 

multiplex detection and differentiation of VHF nucleic acid synthetic models on a planar 

photonic platform outfitted with an MMI-WG [93].  Moving forward, we would like to 

expand this detection technique to be applicable for more clinically-relevant samples, as I 

will discuss in the next section.   
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Fig. 4.15 Annotated portion of the fluorescence trace that was excited with all three 
wavelengths, events were identified using single particle autocorrelations, the shift-multiply algorithm, 

and total signal duration analysis 

 

4.3.2.2. Bead-Based Multiplex Detection of Total RNA Samples 

Now that we have discussed multiplex detection and differentiation of synthetic models of 

Viral Hemorrhagic Fever genetic material, we will now discuss expanding that technique to 

clinically relevant samples. Through collaboration with the Texas Biomedical Research 

Institute in San Antonio, Texas, we have been able to implement this detection and 

differentiation method with total RNA from virus-infected cells. I will overview the 

implementation of the experiment and the implications of the results, but first will define our 

sample—what is total RNA? 

4.3.2.2.1. Total RNA Sample Definition 

Total RNA is defined as all the RNA molecules inside a cell. For most animal cells and 

tissues, this is primarily mRNA, tRNA, microRNA (miRNA), and rRNA, which all have 

either coding or non-coding functions in the cell.  For cells infected with viruses, however, 

this also includes the genetic material of the virus and all of the coding and non-coding RNAs 
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that are present in regulating a virus’ life-cycle.  Our diagnostic target is the viral RNA that is 

inside the infected cell, so in this section I’ll discuss what that means and how this 

information has directed the design of our assay.   

 There is elegance to the design of this viral nucleic acid capture assay that is based on 

of two simple facts about viruses. The first is that a virus is an infectious, obligate, 

intracellular parasite comprising genetic material (DNA or RNA), often surrounded by a 

protein coat and sometimes a membrane, that can only function after they replicate in a host 

cell.  The second is that all viruses must make mRNA that can be translated by host 

ribosomes—they are parasites that depend on the protein synthesis machinery of their hosts.  

This is an important tenet in virology because as viruses have 7 different types of 

viral genomes, one can deduce the process that it must take to replicate because it must 

produce mRNA. mRNA is messenger RNA that is transcribed by the host genome to 

proteins, as mentioned above. 

Before I explain much further, let 

me define the term “sense.” In 

molecular biology, genetics, and 

virology, the sense of a nucleic 

acid, usually a single strand of 

DNA or RNA, refers to the nature 

of the strand and its complement in 

specifying the sequence of amino 

acids. A strand of RNA, for 

example, is positive sense if its sequence is translated or could be translated into a protein. 

It’s negative sense if its compliment translates or could be translated into a protein. By 

Fig. 4.16 The Baltimore Scheme for describing viral 
genomes [94] 
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definition, mRNA is always positive (+) sense, as opposed to negative (-) sense.  All viral 

genomes can be related by the Baltimore Scheme, seen in Fig. 4.16, which conveys all the 

possible viral genome types and lays out the steps to create mRNA. The seven types of viral 

genomes are double-stranded DNA (dsDNA), gapped dsDNA, single-stranded DNA 

(ssDNA), dsRNA, ss (+) RNA, ss (-) RNA, and ss (+) RNA with DNA intermediate [94].   

All of the viral hemorrhagic fever samples are ss (-) RNA genomes: Filoviridae 

(Ebolavirus, Marburg virus), Nairoviridae (CCHF), as well as Orthomyxoviridae (Influenza 

virus) and Arenaviridae (Lassa virus) are all negative sense RNA genomes. When designing 

the targets for the synthetic models of these viruses, we took a coding portion of the reverse 

compliment of the genomes listed in order to model the mRNA for capture. Other viruses that 

we will capture via a similar bead-based nucleic acid solid-phase extraction assay are ss (+) 

RNA genomes: Flaviviridae (Zika Virus, Dengue Virus), and Coronaviridae (SARS, MERS, 

SARS-CoV-2) are both families of positive sense RNA genomes.  When designing capture 

probes, we use a portion of the coding part of the genome, not the reverse compliment of the 

genome, because it models the mRNA. (A virus safety note is that positive-sense RNA 

genomes are considered infectious agents because they can be directly translated to make 

viral proteins!)  

Therefore, the total RNA samples in infected cells are a little different for each viral 

genome. For the viral hemorrhagic fevers that we will examine, the total viral RNA samples 

will contain the genomic RNA and positive-sense reverse compliment mRNA molecules that 

correspond to viral protein synthesis by the cell.  As a reminder, we are looking for a portion 

of the glycoprotein coding region of each genome—so we are extracting the amount of 

glycoprotein-coding mRNA from our total RNA sample.  
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Briefly, let’s discuss how these total RNA stocks were made and isolated. Stocks of 

virus were used to infect T-175 tissue culture flasks containing Vero E6 cells at 90% 

confluence. The flasks were loaded with virus at a multiplicity of infection of 0.001 and then 

incubated at 37
o
C for 1 hour with gentle rocking and 5% CO2.  Dulbecco’s Modified Eagle 

Medium (DMEM) containing 2% fetal bovine serum was added and the flask was incubated 

until a 3+ cytopathic effect (CPE, defined as structural changes in a host cell resulting from 

viral infection—usually associated with cell lysis) was observed.  The supernatant was 

removed several days after infection, clarified, and stored in 250 µL aliquot in an ultralow 

temperature freezer [79]. Some of these stocks were thawed and then extracted using TRIzol 

LS (Thermo Scientific) according to manufacturer’s specifications.  The isolated RNA was 

then aliquoted and stored below -65
o
C until use. The virus stocks were counted by 

conventional plaque titration standards, and also concentration of total RNA sample was 

measured on a Nanodrop 2000 spectrophotometer upon arrival to our lab. The total RNA 

stocks were prepared by our collaborators at Texas Biomedical Research Institute under the 

direction of Dr. Jean L. Patterson.    

4.3.2.2.2. Multiplex Detection and Differentiation of VHF Total RNA 

Just as with the synthetic models, the total RNA samples were captured onto beads as 

described in Section 4.1 with MARV with an Alexa 546 label (green excitation), EBOV with 

a TYE665 label (red excitation), MARV with an Alexa 750 label (dark red excitation), and 

CCHF with both Alexa 546 and Alexa 750 labels (green and dark red excitation).  The 

experiment was performed nearly identically to the synthetic model detection and 

differentiation experiment mentioned in Section 4.3.2.1.2.  Fig. 4.17 shows the annotated 

fluorescence particle trace from the multichromatic total RNA detection experiment.  In this 

fluorescence trace, signals from all four virus types were identified using the same process as 
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described for the synthetic multiplex detection experiments. This demonstrates 4x multiplex 

VHF detection on chip. 

 

Fig. 4.17 Annotated particle fluorescence trace of all four total RNA nucleic acid complexes 
detected in an MMI ARROW chip that is excited simultaneously with λ1 = 556 nm, λ2 = 633 and λ3 = 

747 nm 
 

 It is evident from gross examination of the fluorescence traces that the EBOV bead 

signals are much higher in amplitude than any other of the total RNA sample signals-- 

averaging 8 times greater across the entire trace.  It was hypothesized that the higher EBOV 

signals amplitude is due to higher mass loading on the EBOV beads, and to verify this 

hypothesis we ran a release assay, as described in Section 4.2, through our photonic platform, 

to detect each individual target molecule. Total RNAs from both EBOV samples and MARV 

samples were extracted from sample solution onto pulldown beads, thermally released, and 

stained with SYBR
TM

 Gold (Thermo Scientific) nucleic acid stain.  These samples were run 

through the ARROW chip separately.  The fluorescence particle traces for the EBOV release 

is seen in Fig. 4.18 (a) and the fluorescence particle trace for the MARV release is seen in 

Fig. 4.18 (b).  Despite having similar starting total RNA concentrations (240.3 ng/µL for 

MARV and 231.4 ng/µL for EBOV, taken with a Nanodrop
TM

 2000), the EBOV solid-phase 
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release assay showed a 5.3x higher RNA count rate than the MARV solid-phase release, seen 

in Fig. 4.18.   

 

Fig. 4.18 Particle fluorescence traces of total RNA samples (a) Ebola virus total RNA; b) Marburg 

Angola total RNA) stained with SYBR Gold, which indicate that there is significantly more mass loading 
of samples in the Ebola Virus total RNA, despite having similar total RNA concentrations. On average, 

the specific Ebola solid-phase release assay showed 5.3x higher mass loading than the Marburg 
sample, suggesting a higher concentration of the GP coding region in total RNA samples 

 

The reason for this lies in the fact that the capture assay is specific to a portion of the 

Glycoprotein (GP) region of all of the VHF genomes. A hallmark of Ebolavirus infection in 

humans and primates is that there is a large amount of soluble glycoprotein (sGP or ssGP) 

produced. This is a mechanism that EBOV implements in order to subvert the immune 

system that is searching for viral surface proteins. The total RNA samples that we are 

working with were an early passage for the virus originally taken from an infected primate 

and propagated through the cells.  This means that there is still an increased amount of 

soluble GP produced in the cells used to create the total RNA samples, which means that 

there is an increase amount of GP coding RNA in the EBOV total RNA sample. This is 

visualized in Fig. 4.19, where all four hemorrhagic fever viral genomes are compared. 4.19 

(a) shows the EBOV genome, where the GP region, the sGP, and the ssGP are shown to be 

replicated from the same portion of the genome. Fig. 4.19 (b) and Fig. 4.19 (c) show the 

Marburg virus and Crimean Congo Hemorrhagic Fever genomes, respectively, where there is 
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no soluble GP produced.  If the sample had been a later passage of the virus—meaning the 

sample inoculated into the total RNA creating cells was further removed from the initial 

infected primate sample—then there would have been no soluble GP produced, and therefore 

similar amounts of EBOV and MARV RNA mass loading would have been observed [93, 95, 

96] 

 

Fig. 4.19 Ebolavirus, Marburg Virus, and Crimean Congo Hemorrhagic Fever Viral Genomes with 
GP sections of the genome highlighted by a red box, adapted from [95] [96] 

In these experiments, we have demonstrated combinatorial multiplex detection of 

VHF nucleic acid synthetic models and total RNA samples using a planar photonic platform 

outfitted with a WDM MMI-WG.  All four VHF samples can be excited, detected, and 

differentiated simultaneously on-chip with high specificity and with clinical sensitivity.  We 

have also demonstrated that the ARROW optofluidic biosensor can detect multiple total RNA 

samples with high specificity without the time and supply intensive process of converting an 
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RNA sample to cDNA, and then amplifying a portion of the cDNA for diagnostic purposes.  

This could potentially lead to a robust Point-of-Care diagnostic platform. Additionally, with 

the microfluidic sample processing chip discussed in Section 4.3, a full Lab-on-Chip device 

can be realized for a full sample-to-answer diagnostic platform.  

In this chapter, I presented the successful implementation of a specific bead-based 

nucleic acid capture assay and the 4x multiplex detection of synthetic DNA and total RNA 

samples.  We will continue to build on the concept of a specific, bead-based capture assay in 

the upcoming sections of this thesis.    
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5 Bead-Based Protein Antigen Capture as a Specific 

Fluorescence Assay 

In the previous chapter, I discussed the implementation of the bead-based capture assay in 

order to extract and detect specific nucleic acid targets as well as the use of wavelength 

division multiplexing on our ARROW-based optofluidic platform to perform differentiated, 

amplification free nucleic acid diagnostics. I will now expand the bead-based capture assay 

construction to capture different targets: more specifically, proteins or antigens. Viral protein 

based detection techniques can complement and strengthen nucleic acid diagnostics by 

adding another target to verify a positive diagnosis—as I will discuss with Zika Virus later in 

this chapter.  Here, we will discuss results from A. Stambaugh, et al., Biomedical Optics 

Express 9, 3725-3730 (2018) in detail. In addition to that, antigen capture diagnostic methods 

are generally less time-consuming, cost effective, and easier to perform than nucleic acid 

capture or amplification.  Our bead-based antigen capture assay is modeled after a well-

known method for detecting and quantifying a specific protein in a complex mixture called 

the enzyme linked immunosorbent assay, or ELISA. In this chapter, I will first review the 

ELISA method, then I will discuss how to build the bead-based antigen capture assay that we 

use in this lab. I will then address a dual-detection experiment of Zika Virus nucleic acid and 

protein antigens.  In the wake of this on-going global pandemic, I will then concentrate on the 

detection of SARS-CoV-2 antigens and antibodies—which use a similar capture assay. 

Finally, I will focus briefly on the limitations of our bead-based capture assays for both 

nucleic acids and proteins.   
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5.1 Specific Protein Antigen Capture Assay 

 An antigen is defined to be any substance foreign to the body that evokes an immune 

response and that is capable of binding with a product of an immune response [97].  In 

microbiology, antigens are more specifically defined to be proteins that are found on a 

pathogen—a bacterium, virus, or other microorganism that causes disease. When we perform 

antigen capture assays, we are looking for a specific antigen that is an indicator of a specific 

pathogen.  We exploit the immune response of the body in order to create the capture and 

reporter components of the immobilization assay—antibodies, which are proteins which bind 

to antigens and constitute the specific immune response of the body. The gold standard of 

antigen capture assays are the ELISA assays, which we will discuss in the following section. 

In this section, we will also compare the components of our bead-based assays to the ELISA 

construction.   

5.1.1. ELISA Overview 

The ELISA method enables the capture and analysis of protein samples which are generally 

immobilized on 96-well or 384-well polystyrene plates, which have the capability for high-

throughput as well as passive binding of capture antibodies and proteins. As in the bead-

based assays, the immobilization of the ELISA reactants onto the microplate surfaces allows 

for easy removal of non-bound material in the assay.  An ELISA assay comes in three 

different formats—direct, indirect, and sandwich, seen below in Fig. 5.1. These formats, 

however, all share the same basic elements: capture, plate blocking, probing, and signal 

measurement.  Briefly, capture involves the direct or indirect immobilization of the target 

antigens onto the immobilization medium—the microplate wells.  Plate blocking is the 

introduction of an extraneous protein or other ligand in order to cover the unsaturated 

surface-binding sites of the microplate wells and therefore eliminate a noisy background 
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signal. Probing comprises the incubation of a reporter antigen-specific antibody which will 

affinity bind to an antigen. These reporter molecules can be fluorescent, as we have discussed 

in the terms of our bead-based capture assays in the previous chapter, but they also may be 

functionalized with different labels such as horseradish peroxidase (HRP) and alkaline 

phosphatase (AP), which both produce colorimetric signals when reacted with specific 

reagents (diamino-benzidine, O-phenylenediamine (OPD), and hydrogen peroxide).  These 

added reagents are the “substrates” seen in Fig. 5.1 below. Signal detection is the 

measurement of the signal generated via the reporter molecule on the direct or secondary tag 

on the specific antibody. The instrumentation available for signal detection needs to have 96-

well or 384-well-plate readout capabilities.  These instruments include spectrophotometers, 

fluorimeters, and luminometers [98].   

 

Fig. 5.1 ELISA assay formats from left to right: direct, indirect, and sandwich [99] 

 Fig. 5.1 exhibits the three ELISA formats: direct, indirect, and sandwich [99].  Both 

direct and indirect methods of ELISA require the direct adsorption of the target antigen of 

interest to the assay plate. The antigen is detected by either a labeled primary detection 

antibody or a labeled secondary detection antibody for direct and indirect ELISA 

respectively, as seen in Fig. 5.1.  As in our capture assays, the sandwich assay uses a primary 

capture antibody that is adsorbed to the plate to specifically bind the antigen as the method 
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for immobilization. The reporter molecules for the sandwich assay are a matched set of an 

unlabeled primary antibody and conjugated secondary antibody, as in indirect ELISA.  

 Direct detection is not widely used in ELISA, but is quite common for 

immunohistochemical staining of tissues and cells. This method is used for rapid analysis of 

an antigen in solution and because there is only one antibody involved, the cross-reactivity of 

the second antibody is disregarded. However, the reactivity of this antibody may be hindered 

by the functionalization of the reporter molecules, finding single primary antibodies for each 

antigen can be expensive as well as difficult to obtain commercially. The reporter molecule is 

locked into the primary antibody so there is no multiplicity in detection, and there is minimal 

signal amplification in the detection measurement.  Indirect ELISA addresses these 

disadvantages with the addition of the secondary antibody or a biotin-streptavidin complex 

which is conjugated with the reporter molecule for amplification of the signal.  Also, because 

there is a wide variety of labeled secondary antibodies that are commercially available that 

can bind with primary unconjugated reporter antibodies, the assay can be more versatile, 

sensitive, accurate, and have a multiplicity of different detection methods for the same 

primary antibody. The drawbacks of the indirect ELISA are the potential cross-reactivity of 

this secondary antibody and that there is an extra incubation step required in the assay 

procedure. The sandwich assay is the most specific ELISA of them all—the capture and 

detection primary antibodies create a highly sensitive and specific capture assay for the target 

antigen which, because of the secondary conjugated detection antibody, can have a 

multiplicity of different detection methods with the same capture pair. The sandwich assay 

requires more optimization to identify the antibody pairs and to ensure that there is 

insignificant cross reactivity between capture and detection antibodies [98] [99].  
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5.1.2. Capture Assay Construction 

Our bead-based capture assay is like the sandwich ELISA assay with no secondary 

conjugated antibody. As described in the previous chapter, the components of our bead-based 

capture assay are an immobilization agent, a capture or pulldown molecule, a target 

biomarker, and a reporter molecule that is used for detection of the target biomarker. As in 

the nucleic acid capture assay, the immobilization agent is the same streptavidin coated 

magnetic microsphere, Dynabeads
TM

 MyOne
TM

 Streptavidin T1 Beads with a nominal 

diameter of 1 µm.  We use the same immunochemical strategy as ELISA for designing the 

capture and reporter molecules for the protein antigen capture assay: a matched pair of 

antibodies that would serve as primary antibodies in a sandwich ELISA assay, although one 

is conjugated with biotin for binding to the immobilization agent and the other is 

functionalized with a fluorescent dye for detection in our ARROW-optofluidic platform. The 

design components of this assay include realizing the appropriate matched antibody pairs, 

which need to be commercially available, that will serve as the capture and reporter 

molecules in the assay.  In the next sections, I will discuss the construction of each 

component of the bead-based capture assay and finally the complete construction of the assay 

used for antigen analysis. 

5.1.2.1. Biotinylation of Capture Antibody 

In the nucleic acid capture assay described in the previous chapter, the pulldown molecule is 

a biotinylated oligonucleotide that is assembled in full by an outside entity: Integrated DNA 

Technologies (IDT). In this antigen assay, I functionalize the capture and reporter molecules 

“in house,” meaning that I biotinylate the capture antibody, dye-label the reporter antibody, 

and separate the excess reagents from the conjugated assay components. To this end, I will 

briefly go through the biotinylation process and separation process.  
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 The reagent used to biotinylate antibodies for the capture assay is the Thermo 

Scientific
TM

 EZ-Link
TM

 Sulfo-NHS-LC-LC-Biotin (sulfosuccinimidyl-6-[biotinamido]-6-

hexanamido hexanoate), that has a molecular weight of 669.75 Da and a LC (linker) spacer 

arm of 3.05 nm. The molecular structure of the regent is shown below in Fig. 5.2 [100].  As 

mentioned in Section 2.3 of this thesis, NHS-activated biotins react efficiently and form 

stable bonds with primary amine groups (-NH2) on the side chain of Lysine (K) and the N-

terminus of each polypeptide of the antibody in the appropriate pH range (pH 7-9). Sulfo-

NHS ester reagents can be water soluble, enabling the reactions to be done in aqueous 

solution and without the facilitation of organic solvents like DMSO or DMF, as mentioned in 

Section 2.3. The LC linkers enable more efficient functionalization of the biotin to bind with 

the immobilized streptavidin microsphere as there are fewer steric interactions between the 

NHS-reacted antibody and the binding sites on the microsphere.  

 

Fig. 5.2 Chemical Structure of Sulfo-NHS-LC-LC Biotin (sulfosuccinimidyl-6-[biotinamido]-6-
hexanamido hexanoate) [100] 

 The extent of the biotin labeling depends on the dispersal of primary amine groups on 

the protein, as well as the concentration of the protein to be labeled. In order to get 

comparable incorporation levels of biotin it is suggested to use a ≥12-fold molar excess of 

biotin for proteins at 2-10 mg/mL or a ≥20-fold molar excess of biotin for proteins at ≤ 2 

mg/mL. According the manufacturer’s specifications, the user must first dissolve 1 mg of 

solid biotin reagent into 150 µL of ultrapure water so that there is an aqueous solution of 
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biotin at a concentration of 10 mM ready for use. The reaction will then occur by adding an 

appropriate molar excess of the 10 mM biotin reagent to the antibody solution.  As an 

example, if there is 1 mL of a 2 mg/mL solution of IgG antibody to be biotinylated, then ~27 

µL of 10 mM biotin solution should be added to the solution, as the sample calculation 5.1.1 

shows below:  

 
1 mL IgG ×  

2 mg IgG

1 mL IgG
 ×  

1 mmol IgG

150,000 mg IgG
 

×
20 mmol Biotin

1 mmol IgG
 

=  2.26x10−4 mmol Biotin 

 

 
2.26x10−4 mmol Biotin ×  

1,000,000 μL

L
 ×  

L

10 mmol
 

=  26.6 μL Biotin Reagent 

(5.1.1) 

Once the appropriate amount of biotin reagent is added to the antibody solution, the reaction 

can either incubate on ice for two hours or at room temperature for 30 minutes, after which 

point the protein labeling is complete [100].  

 As with the virus samples discussed in Section 3.1, the conjugated antibody samples 

were separated from excess biotin in solution using size exclusion chromatography. More 

specifically, the PD 25 MiniTrap gel filtration columns (GE Healthcare) were used according 

the manufacture’s specifications. Briefly, the column was equilibrated with buffer (1xPBS) 

by loading a column volume of buffer to the bed and allowing it to enter and flow-through 

completely. This process was completed three times. The sample was then loaded onto the 

column with a maximum volume of 0.5 mL and allowed to enter the packed bed 

completely—if the sample volume was less than 0.5 mL then equilibration buffer was added 

to adjust the volume up to 0.5 mL.  After the sample has completely entered the packed bed, 
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1 mL of buffer was added to the column to elute the sample. The sample was collected in a 1 

mL aliquot, with an elution profile shown in Fig. 5.3, below [101].  

 

Fig. 5.3 Elution Profile of Bovine Serum Albumin (BSA) in 1M NaCl from the PD MiniTrap G-25 
Column [101]  

 The samples eluted from the column generally have a concentration that is too low to 

systematically use as a part of our capture bioassay, so we concentrate the solution using the 

Amicon Ultra-0.5 Centrifugal Filter Unit (Milipore) with a Molecular Weight Cut-OFF 

(MWCO) of 100 kDa, a schematic of the device and process is shown in Fig. 5.4 [102].  The 

centrifuge filter units fit into a fixed rotor bench-top centrifuge. I used the Eppendorf 

Centrifuge 5417 R, a refrigerated bench-top centrifuge with the capacity to hold up to twenty-

four 1.5 mL centrifuge tubes.  Once spun at the appropriate speed for the appropriate time, 

the filters will concentrate the sample from 25x to 30x—taking a 500 µL sample and 

concentrating it to 15 µL with a 90% product recovery rate.  In short, 500 µL of the protein 

sample eluted from the size exclusion column is loaded into the filter and spun at 14,000 x g 

for ten minutes to concentrate the sample. After, the filter is flipped upside-down into a clean 

centrifuge tube for elution, and is spun at 1000 x g for 5 minutes to elute the concentrated 
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sample. The antibody concentration is then measured via a NanoDrop
TM

 2000 

Spectrophotometer, a process that will be further laid out in the next section.   

 

Fig. 5.4 Schematic of Amicon Ultra Spin Centrifugation Filter Architecture and Process [102] 

5.1.2.2. Dye-labeling of Detection Antibodies 

The procedure for dye-labeling of the detection antibodies is very similar to biotinylating the 

capture antibody as both reagents for labeling are Sulfo-NHS reagents where it is ideal to add 

about a 20x molar excess to the reaction for adequate incorporation of the reagent onto the 

antibody.  Briefly, aliquots of either Cy3 or Cy5 Cyanine Dyes (Lumiprobe) functionalized 

with Sulfo-NHS ester were added to aliquots of antibody and allowed to incubate at room 

temperature for up to 2 hours. The conjugated sample was then separated from free dye using 

size exclusion chromatography as described above and then spin concentrated into two 15 µL 

aliquots using the Amicon Ultra spin filters, also as described above.  

 The fluorescence signal of the reporter antibody molecule has been related to the 

number of bound Cyanine dyes per protein molecule.  The optimal dye to protein ratio 

surprisingly strongly depends on the type of Cyanine dye bound. The peak fluorescence for 

each IgG antibody is found at 6 to 8 Cy3 dyes to one IgG and 2 to 3 Cy5 labels per antibody. 

For an antibody labeled with Cy3, the fluorescence yield increased by a factor of ~3 for every 

fluorophore added to the protein molecule. However, the fluorescence yield per label reduces 
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due to resonance energy transfer between the Cyanine dye molecules if the dyes are bound in 

too close a proximity to one another. This effect will dominate with Cy3 after 6 labels per 

antibody molecule. With Cy5, however, there was no uncharacteristic fluorescence 

enhancement at low dye to protein ratios but antibodies with six or more Cy5 labels were 

nearly quenched due to anomalously strong resonance energy transfer between the extra pi 

bonds in the structure (see Section 2.1).  According to this trend, an ideal dye to protein ratio 

was set as 2-3 Cy5 labels per antibody.  Therefore, it is incredibly important to be able to 

characterize the incorporation of dye labels onto the antibody reporter molecule [103] [104].  

 To this end, we characterize the concentration of the antibody post-filtration as well 

as the incorporation of the labels onto the protein using a spectrophotometer. More 

specifically, a Nanodrop
TM

 2000 from Thermo Scientific. A spectrophotometer is an 

instrument that measures the intensity of light at a certain wavelength (number of photons) 

absorbed after it passes through a sample solution. The spectrophotometer measures the 

transmittance at a certain wavelength (Tλ), which is the ratio of the intensity light that passes 

through the sample (IT,λ) to the intensity of the incident light on the sample (Io,λ):  

 
Tλ  =  

IT,λ

I0,λ
 

(5.1.2) 

The absorption, or absorbance (Aλ), of the sample at a certain wavelength is related to the 

transmittance by the following expression:  

 
Aλ  =  − log(Tλ)  =  − log ( 

IT,λ

I0,λ
) 

(5.1.3) 

Now that the absorbance of the material can be calculated from the data from the 

spectrophotometer, we can calculate the unknown concentration of a specific sample using 
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the Beer-Lambert Law (or Beer’s Law) which states that the concentration of a species can be 

related to the absorbance of that species at by this expression:  

 Aλ  =  ελcL (5.1.4) 

Where Aλ is the measure of absorbance at a certain wavelength and is unitless, ελ is the molar 

extinction coefficient of the species at a certain wavelength and is measured in M
-1

cm
-1

, L is 

the pathlength measured in cm, and c is the concentration, measured in M [105].   The molar 

extinction coefficient for IgG molecules at 280 nm is ε280 = 210000 M
-1

cm
-1

. The molar 

extinction coefficients for Cy3 and Cy5 are ε550 = 162000 M
-1

cm
-1

 and ε645 = 271000 M
-1

cm
-1

, 

respectively.  Note that the Beer’s Law relationship is measured at 280 nm for IgG molecules, 

550 nm for Cy3, and 645 nm for Cy5.  According to the manufacturer’s specifications, the 

absorbance measurement of the protein needs to be corrected to account for the contribution 

from the covalently bound dye at 280 nm. This will be (0.06 ×  𝐴550) for Cy3 and (0.04 ×

 𝐴645) for Cy5 [104]. Fig 5.5 shows the absorbance spectra taken across the UV and Visible 

wavelength range for a post-filtered antibody functionalized with Cy3, where the black line 

plots the absorption spectrum taken at L = 1 mm and the red line plots the absorption 

spectrum taken at L = 0.1 mm (the Nanodrop2000 spectrophotometer automatically plots 

both simultaneously). 
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Fig. 5.5 UV-VIS Spectrum taken of IgG molecule functionalized with Cy3 post separation and 
filtration processes 

 

To calculate the dye to protein ratio, one must first calculate the concentration of the 

Cy3 using the Beer-Lambert relationship:  

 
cCy3 =  

A550  

εCy3,550 × L
=

1.051 

162000 × 0.1
= 64.9 μM 

(5.1.5) 

Where A550 = 1.051 and the pathlength for the device is 1 mm.  The concentration of Cy3 is 

calculated to be 64.9 µM.  Next, we calculate the concentration of antibody using the 

absorbance measurement at 280 (A280 = 0.244) and the correction factor for the covalently 

bound Cy3 (0.06 ×  A550):  

 
cIgG =

A280  −  (0.06 × A550) 

εIgG,280 × L

=  
0.224 −  (0.06 × 1.051) 

210000 × 0.1
= 8.6 μM 

(5.1.6) 

The concentration of antibody is calculated to be about 8.6 µM.   
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 dye

protein
=  

cCy3

cIgG
 =  

64.9 μM

8.6 μM
= 7.5 

(5.1.7) 

The dye to protein ratio is simplified to be the ratio of these two concentrations, in equation 

5.1.7, and is found to be ~7.5 for this labeling reaction. As the optimal dye/protein ratio is 6-8 

for Cy3, this is an example of a fairly successful labeling reaction.   

5.1.2.3. Full Bead-Based Construction 

Assay preparation for antigen capture is similar to that for amplification free detection of 

nucleic acids, and is as follows: an aliquot (0.05 mg) of MyOne T1 Streptavidin coated 

magnetic beads (Thermo Fisher) is washed three times in 1xPBS buffer and is incubated with 

5 µg (~5x molar excess) of biotinylated capture antibody for one hour at room temperature on 

a rotary mixer. Next, a magnet is used to separate the magnetic bead-biotinylated antibody 

complex from the excess elute during a 4x washing step with 1xPBS. The solution is then re-

suspended in 5 µL 1xPBS. Reporter antibodies and target antigens are added to the bead-

pulldown complex and incubated at 37
o
C for two hours, then allowed to cool to room 

temperature on a rotary mixer. At this point, they are subject to another 4x wash step in 

1xPBS.  The whole complex is re-suspended in 50 µL 1xPBS and either diluted and 

transferred to the ARROW chip for detection and analysis or stored at 4
o
C for later 

experiments. It should be noted that for each immobilized microsphere, there are up to 8x10
4
 

target molecules bound to the surface. If there are ~3 fluorophores/reporter molecule, then 

there are up to 2.4x10
5
 fluorophores on the surface of each fluorescent particle analyzed in 

the ARROW chip, which is similar to the fluorophore loading on the bead-based nucleic acid 

capture products. Again, while this is still single target-capturing micro-bead analysis, it is far 

from single target analysis, which I will address in chapter 6 of this thesis.   
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5.2 Simultaneous Dual-Detection of Zika Virus Nucleic Acid and 

Protein Antigens 

In early 2015, a prevalent epidemic of Zika Virus (ZIKV) Disease, caused by a mosquito-

borne flavivirus, spread throughout South and North America as well as several islands in the 

Pacific and Southeast Asia [106] [107].  In February of 2016, the World Health Organization 

(WHO) declared the outbreak a Public Health Emergency of International Concern as the 

virus not only caused flu-like symptoms in those affected, but has been strongly correlated 

with the development of fetal microcephaly in infants with infected mothers and the 

incidence of Guillan-Barré syndrome in infected adults [108] [109] [110] [111] [112] [113].  

Symptomatic diagnosis of ZIKV in humans is difficult as ZIKV infection can present as 

influenza-like, can be confused with other Flaviviruses such as Dengue Virus, or be 

asymptomatic. This realization created a pressing need for rapid, specific, and clinically 

sensitive ZIKV diagnostic techniques analyze samples on a molecular level.  At the time of 

this public health emergency, the available tests included qualitative enzyme-link 

immunosorbent assays (ELISA) which targeted IgM antibodies and qualitative and endpoint 

polymerase chain reaction (PCR) assays that measure viral RNA concentration with regent 

intensive amplification-based methods [114] [115] [116].  Due to the recorded cross-

reactivity with Dengue Virus, Zika Virus antigen detection is not a stand-alone diagnostic 

tool, and because of the intricacies and resource-heavy laboratory setting needed to perform 

PCR, the amplification of nucleic acid target is also non-ideal [117].  A biosensor that detects 

both protein (antigen or antibody) and nucleic acid modalities is highly advantageous to 

accurately diagnose a ZIKV patient and is essential to monitoring a possible ZIKV epidemic 

or pandemic.   
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 To this end, we employ our optofluidic biosensor that has the ability to process and 

analyze clinically relevant chemical or biological samples in small volumes. In these 

experiments, we use the solid-phase extraction assay for both nucleic acid and protein antigen 

targets and perform simultaneous multiplex detection on our ARROW optofluidic chip 

outfitted with an MMI-WG.  The result is simultaneous detection and differentiation of 

species-agnostic targets that can be used for a wide array of diagnostic purposes.  

5.2.1 Multiplex Detection and Differentiation of Species-Agnostic Targets 

Table 5.1 Zika Virus ZikaSPH2015 capture assay components and synthetic target design 

 

First of all, let’s discuss our bead-based capture assay for both ZIKV nucleic acid and protein 

targets. The Zika virus nucleic acid targets were designed from the capsid protein coding 

region of the viral genome in order to capture across various species of the virus. We used the 

ZikaSPH2015 complete genome strain (GenBank: KU321639.1) to design the nucleic acid 

capture assay, of which the sequences are shown below in Table 5.1.  The protein capture 

assay was designed to capture the Zika NS1 (Non-Structural Protein 1) antigen, which was 

chosen for its specific capture uses in ELISA diagnostic assays for ZIKV.  Two capture 

antibodies were ordered from East Coast Bio that were specific sandwich antibodies for the 
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Zika NS1 Antigen, product names HM332 and HM333.  HM333 was tagged with biotin, as 

described above, and HM332 was tagged with Cy3, as described above.  The solid-phase 

extraction assays were completed off-chip in separate reaction volumes, as described in 

Sections 4.1 and 5.1 of this thesis. The products of these bead-based capture assays are shown 

below in Fig. 5.6.  It should be noted that there is the ability for spectral multiplex detection 

of either species, as the ZIKV nucleic acid capture sample is tagged with TYE665 dye, which 

fluoresces upon red excitation, and the ZIKV protein antigen capture sample is tagged with 

Cy3, which fluoresces when excited with green light.  

 

Fig. 5.6 Nucleic acid and protein solid-phase extraction assays used for highly specific target 
isolation 

 Once the bead-based capture assays for the ZIKV nucleic acid model and ZIKV 

protein antigen were complete, spectral multiplex detection and differentiation was 

implemented on the ARROW platform, similar to the manner discussed in Section 3.2.2.3 

and Section 4.3.2.1.2.  The optical setup is the same to that discussed earlier (also shown in 

Appendix A.1) but is operated such that the 556 nm Nd:YAG Solid-State Diode (SSD) laser 

and the  633 nm HeNe laser are the excitation sources.  Both lasers are coupled into the same 

single-mode excitation fiber, which is butt-coupled into the single-mode solid-core excitation 

waveguide on the ARROW chip.  This excitation waveguide launches into a 75 µm wide 

MMI waveguide, which creates patterns at the intersection of the ARROW fluidic 
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microchannel of N = 8 and 7 for excitation wavelengths of λ= 556 nm, 633 nm, respectively.  

After the fluorescence signal is created by the fluorescent bead-based capture assay products, 

it propagates down a collection core waveguide, through an objective, and is passed through a 

penta-bandpass filter (FF01- 440/521/607/694/809-25, Semrock) to filter out the many 

excitation wavelengths.  The signal is finally recorded by a single photon avalanche diode 

(Excelitas).  No additional downstream filters are required to separate the signals out by 

excitation source due to the WDM created by the MMI waveguide.   

 

Fig. 5.7 Specificity of Antigen Capture Assay. a) Particle fluorescence traces detected on ARROW 

optofluidic chip  of the Zika Virus NS1 antigen capture assay b) Particle fluorescence trace  for the 
negative control of the bead-based solid-phase extraction assay with no antigen sample. 

 Products from each bead-based capture assay were diluted to a concentration of 

1x10
7
 beads/mL and mixed together in equal parts into a 5 µL aliquot.  That 5 µL aliquot was 

pipetted into the input reservoir of the ARROW optofluidic chip, the contents flowed through 

the fluidic microchannel with the assistance of negative pressure applied at the outlet 

reservoir.  Protein antigen assay specificity is shown in Fig. 5.7, where the fluorescence 

particle traces are shown for the ZIKV NS1 capture assay complex in the absence (Fig. 5.7 

(a)) and presence (Fig. 5.7(b)) of ZIKV NS1 target. It is evident from Fig. 5.7 (a) that there is 

minimal background in the absence of NS1 protein, which demonstrates that there are no 

false signals in the absence of target.  In the presence of matching protein target, as shown in 

Fig. 5.7(b), there are a large number of fluorescence signals recorded with a good signal-to-
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noise ratio.  This, in conjunction with Fig. 4.11 in the previous chapter, serves as a negative 

control experiment for these experiments presented.  

 

Fig. 5.8 Results from Dual-Detection of Nucleic acids and Antigen ZIKV Targets a) Particle 

fluorescence trace of both nucleic acid and protein complexes detected in an MMI ARROW chip and 
excited first with λ1 = 556 nm,  then with λ2 = 633, and finally with λ1 and λ2 , b) Fluorescence signal 
from a single nucleic acid complex showing 7 peaks, c) Fluorescence signal from a single protein 

complex showing 8 peaks. 

 

 Fig. 5.8 shows the results for the dual detection of target agnostic bead-based capture 

assays on ARROW optofluidic platform. Fig. 5.8 (a) depicts the particle fluorescence trace of 

both the nucleic acid and protein antigen complexes on chip. During the first 80 seconds of 

the particle trace, only the nucleic acid complex was excited by a laser emitting at λ1 = 633 

nm.  The next 90 seconds excite only the protein antigen complex using only the green SSD 

laser emitting at λ2 = 556 nm.  A multichromatic trace, in which both nucleic acid and protein 

antigen targets are illuminated follows, although not shown in this figure.  Fig. 5.8 (b) and 

Fig. 5.8 (c) also show close-ups of single particle fluorescence signals in the multichromatic 

trace that are identified by their multi-peak pattern. Fig. 5.8 (b) shows a nucleic acid particle 

signal which has 7 characteristic peaks and Fig. 5.8 (c) shows a protein antigen particle signal 

which has 8 characteristic peaks. 
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Fig. 5.9 Multichromatic trace for Simultaneous Dual-Detection of Nucleic acids and Antigen ZIKV 
Targets on MMI platform. Events were identified using single particle autocorrelations, shift-multiply 

algorithms, and total peak duration analysis. Over 97% of signals were identified. Of 215 total signals, 
138 were identified as Nucleic Acid complexes, annotated by red squares and 71 were identified as 

Protein complexes, annotated by green circles. 

 The annotated multichromatic particle fluorescence trace is shown in Fig. 5.9, where 

of 215 total signals, 134 were identified as ZIKV nucleic acid complexes—annotated by red 

squares—and  77 were identified as protein complexes—annotated by green circles. 4 peaks 

were unidentified in this trace.  To this end, we employed multiple single processing methods 

in order to differentiate the fluorescence particle signals and identify each bead carrying 

biomarker.  First, we performed autocorrelations on each particle fluorescence trace and 

extracted a characteristic δt for each signal. Then, as described in Section 4.3.2.1.1, the shift-

multiply algorithm was applied to sort the unidentified signals. This method is summarized in 

Fig. 5.10 (b) and (c), where the autocorrelation traces for a red peak and a green peak is 

shown in Fig. 5.10 (b) and the S(t), the result of the shift multiply algorithm, is plotted in Fig. 

5.10 (c) for a red nucleic acid signal with a δt = 0.56 ms. It should be noted that we are able 

to obtain a velocity-independent confirmation of each fluorescence signal identity by using 

the individual δt of the signal.  
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Fig. 5.10 Signal Processing for Simultaneous Dual-Detection of ZIKV NA and Antigen a) 

Particle fluorescence signal of single nucleic acid peak showing 7 peaks, with the characteristic time 
difference between each peak denoted as well as the total signal duration time, b) Corresponding 

single-particle autocorrelation signal. Multiple peaks are observed at multiples of δtR c) Corresponding 
processed signal using shift-multiply algorithm with δtR showing dramatically increased SNR. 

 

Each signal was also confirmed by vetting with a data parsing scheme that would 

also be velocity-independent and depend on the individual δt of each signal. The N-peak 

pattern of each excited particle was directly determined by dividing the total time of the 

signal by the individual δt of each signal, as shown below:  

 
Ni =  

TTot,i

δti
 

(5.2.1) 

In this equation, Ni is the number of spot patterns in the individual signal, TTot,I is the total 

time of the signal, and δti is the individual signal’s characteristic delta t.  The total time and 

the characteristic delta t are annotated for an individual ZIKV Nucleic Acid (red) signal in 

Fig. 5.10 (a). In order to robustly identify each particle signal, we applied both the shift and 

multiply algorithm and the total time analysis presented above. If the identity of a signal in 

the multichromatic fluorescence trace was verified by both methods, then the particle was 

defined as such and annotated in Fig. 5.9.  If there was a discrepancy in the two methods, 

then the particle was left as unidentified.  That accounts for the four unidentified particles in 

the fluorescence particle trace shown above [118] [119].   

 We have demonstrated a dual nucleic acid and protein detection scheme using a 

planar MMI waveguide platform.  Zika virus nucleic acid and protein complexes can be 
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excited and detected simultaneously on-chip with high specificity and sensitivity.  We 

demonstrate here that the ARROW optofluidic biosensor is a sample-agnostic platform that is 

a highly specific and sensitive means of detecting different types of molecular targets at once. 

5.2.2. Detection of Zika Virus NS1 Antigen 

Now that I have discussed the simultaneous dual-detection experiments with ZIKV nucleic 

acid and NS1 protein antigens, let’s take a closer look at the Zika Virus NS1 protein antigens. 

NS1 is a highly conserved non-structural protein among Flaviviruses, which include Zika 

virus, Dengue virus (DENV), Yellow Fever virus (YFV), Japanese Encephalitis virus (JEV), 

West Nile Virus (WNV), and Tick Borne Encephalitis Virus (TBEV).  It has a molecular 

weight that ranges from 46 to 55 kDa depending on the extent of post-translational 

modification to the protein (glycosylation), which is important for the secretion virus, the 

virulence, and effective viral replication.  NS1 can exist as a monomer, a dimer (as a 

membrane-bound protein), and sometimes as a hexamer in the form of a secreted protein 

(sNS1).  Intracellular NS1 is vital to viral replication, where secreted and membrane-bound 

NS1 elicit an immune response from the host [120].  For context, Fig. 5.11 shows a 

representative Flavivirus genome—note that Flaviviruses have a positive sense single 

stranded RNA genome.  Because NS1 is secreted and elicits an immune response, it has been 

identified as a potential diagnostic marker in many commercially available ELISA and 

immochoromatographic tests.   

 

Fig. 5.11 Structure of a Flavivirus genome with NS1 coding region circled in red [120] 
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There is a well-documented cross-reactivity between Flavivirus NS1 antigen-based 

diagnostic tests because NS1 is so well conserved.  Two species of particular concern, 

especially in the wake of the global health emergency, are the Zika virus NS1—which was 

detected along with nucleic acid samples in the previous section—and the Dengue virus NS1.  

Zika and Dengue virus are virtually the same symptomatically, and are prevalent in the same 

parts of the world.  However, the complications such as microcephaly in infected infants and 

the development of Guillan-Barré syndrome are linked exclusively to Zika Virus infection. 

Therefore, it is crucial to have a specific rapid-antigen diagnostic test for Zika virus.  There 

are documented cases of ELISA and immochoromatographic tests where there is specific 

detection of Zika Virus NS1 when tested with each of the NS1 of all four serotypes of 

Dengue virus as well as documented cases of cross reactivity between the NS1 of Zika vs. the 

NS1 of each of the four Dengue viruses NS1.  It is an exact science to produce the correct 

anti-ZIKV NS1 or anti-DENV monoclonal antibodies (mAb) to be selected for specific 

analysis, which determine if there is cross reactivity in the experiments [121] [122].  

This brings the question of cross reactivity to the forefront of our diagnostic assay: do 

we see cross reactivity with DENV NS1 in the anti-ZIKV NS1 mAb sandwich bead-based 

capture assay presented above? We will explore results in the upcoming section. 

5.2.2.1 Cross Reactivity Concerns 

 

Fig. 5. 12 Lack of Specificity shown in ZIKV NS1 Capture Assay a) ZIKV positive control 

fluorescence particle trace b) a ZIKV negative control with capture assay done with a DENV NS1 
mismatched target 
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The antibodies for our ZIKV diagnostic assay (HM332 and HM333 as stated before) are 

purified matched pair monoclonal antibodies made in a mouse host ordered from East Coast 

Bio.  They list no reactivity with Dengue Virus or Chikungunya Virus on the product sheet, 

but in experimental fluorescence traces, there is at least a slight amount of cross reactivity 

shown.  Fig. 5.12 (a) shows a fluorescence particle trace of the ZIKV capture assay with a 

matching ZIKV NS1 target and Fig. 5.12 (b) shows a fluorescence particle trace of the ZIKV 

capture assay performed with the mismatched DENV NS1 target. From the traces, it is 

evident that there cross reactivity present with the anti-ZIKV NS1 antibody capture construct 

and the DENV NS1 protein.  Here, there are 30% of the signals per time on the DENV NS1 

mismatched trace.  Cross reactivity would be decreased in these tests if we produced our own 

mAb capture molecules in house that were optimized for specific ZIKV NS1 detection vs. 

DENV NS1, although it is worth noting that we do not have the capabilities to do that at this 

time.  

5.3 Detection of SARS-CoV-2 N Protein Antigen  

Coronavirus disease 2019 (COVID-19) is a contagious respiratory and vascular system 

disease that, in the years 2019 and 2020 (this thesis was written in the year 2020), caused a 

global pandemic where there are currently 55.6 million confirmed cases recorded worldwide 

and is currently responsible for 1.34 million deaths worldwide [123]. In the United States, 

there are currently 11.6 million confirmed cases and a quarter of a million deaths due to this 

disease.  Common symptoms of COVID-19 are fever, cough, fatigue, breathing difficulties, 

and loss of smell or taste—the last symptom alluding to neurological effects caused by the 

disease. While most people are either asymptomatic or have mild symptoms, this disease can 

cause multi-organ failure, septic shock, and blood clots that can lead to death.  Long-term 

damage to the heart and the lungs has also been observed in many patients, and there are a 
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significant number of people who experience “long-COVID” for months after recovering 

from the acute stages of the disease. The symptoms of “long-COVID” include severe fatigue, 

memory loss or other cognitive issues, muscle weakness, breathlessness, and persistent, low-

grade fever. Symptoms generally occur 2-14 days after exposure to the virus which causes 

this disease [124].   

 COVID-19 is caused by a coronavirus—called the 2019 novel coronavirus (2019-

nCoV) or severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2).  SARS-CoV-2 is 

a 125 nm positive-sense ssRNA virus in the coronavirus family, which gets its name from the 

crown-like spike proteins that protrude out of the viral membrane. The coronavirus genome 

codes for four main structural proteins: the Nucleocapsid Protein (N), the Spike Protein (S), 

the Envelope Protein (E), and the Membrane Protein (M).  Fig. 5.13 shows the coronavirus 

structure with all of these proteins labeled [125] [126].  The virus spreads through numerous 

outlets, but it primarily transmits via saliva or other bodily fluids.  These fluids can be in the 

form of small droplets or aerosols, which are created when an infected person breathes, 

sneezes, coughs, or orates.  Person-to-person transmission is pinned as the main method that 

the virus spreads, but can also spread by contact with an infected surface or direct contact 

with the virus [127].   

 

Fig. 5.13 Coronavirus virion with all structural proteins labeled (M, N, S, and E) [126] 
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 The standard method of diagnosing SARS-CoV-2 is real-time reverse transcription 

polymerase chain reaction (rRT-PCR), which is the combination of reverse-transcription PCR 

(RT-PCR) and quantitative PCR (qPCR)—so there is a real time tracking of the amplification 

of the target RNA [128].  Samples for analysis are most commonly collected via 

nasopharyngeal swab or nasal swab, although promising trials with saliva samples have 

occurred in recent months.  The Center for Disease Control (CDC) RT-PCR protocol tests for 

3 regions of the N protein coding section of the coronavirus genome. However, upon the 

early February 2020 release of these tests into the 100 or so public labs across the country for 

early pandemic populace testing, it was revealed that there was contamination in the reagents 

which caused the test to fail a ludicrous 33% of the time. At the beginning of a country-wide 

public health crisis, this blunder highlights the need for a wide variety of rapid and accurate 

diagnostic tests which differ from the reagent-dependent PCR diagnostic test [129] [130].  To 

meet this need, I present a specific SARS-CoV-2 N protein antigen capture assay detected on 

the ARROW platform, which can be realized as a reliable, reagent-light point-of-care (PoC) 

diagnostic technique.  

 Antibody tests for SARS-CoV-2 are also essential for managing this global pandemic 

as it is just as important to track who has had the virus as who currently has the virus to 

contain the spread of the virus. The antibody biomarker concentrations peak in the body post-

infection, while antigen and nucleic acid biomarker concentrations peak early in infection. 

This is visualized in Fig. 5.14, where the direct detection of viral biomarkers is seen in the 

first peaks in the graph while the serology section show later peaks with longer duration 

where antibodies are detected.  There have been many blood-based serology tests on the 

market, the most notable from Quest Diagnostics, which has increased the sensitivity and 

specificity for their IgG detection results after initially struggling with false negatives. I will 
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also present our bead-based antibody capture assay and detection experiment on the ARROW 

platform [131].   

 

Fig. 5.14 Viral infection biomarker concentration vs. time after initial infection 

5.3.1 Single Color Detection of SARS-CoV-2 Antigen 

For our detection of SARS-CoV-2 on the ARROW platform, I constructed an assay made to 

detect a recombinant antigen made in E. Coli from East Coast Bio that is a model of the 

Coronavirus (COVID-19) Nucleocapsid Protein.  It is a model of the NP protein that weighs 

48 kDa and is a peptide composed of amino acids 2-419 of the nucleoprotein.  This was 

among the first N protein models on the market for SARS-CoV-2.  The capture and detection 

antibodies are IgG purified monoclonal antibodies made in a mouse host also ordered 

commercially from East Coast Bio that I will refer to by their product names: HM1054 and 

HM1055.  Both are anti-SARS-CoV-2 (and SARS-classic) N protein antibodies.  HM1054 

will be the biotinylated capture antibody while HM1055 will be tagged with Cy5 to report the 

presence of SARS-CoV-2 N protein. The assay was constructed in the manner that was 

described in Section 5.1.2.   

To detect this complex, I performed a monochromatic detection experiment on the 

ARROW chip.  The optical setup is the same to that discussed earlier in this chapter in 
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Section 5.2.1 (also shown in Appendix A.1) but is operated such that only the 633 nm HeNe 

laser is the excitation source.  The HeNe is coupled into a single-mode excitation fiber (FS-A, 

Newport Optics), which is butt-coupled into the single-mode solid-core excitation waveguide 

on the ARROW chip.  This excitation waveguide intersects with the ARROW fluidic 

microchannel, where the analytes will flow. Upon excitation of the fluorescent bead-based 

capture assay products, a fluorescence emission signal is produced and it propogates down 

the ARROW, where it is coupled to a collection-core waveguide. The signal passes through 

an objective off-chip, passes through a 650 ±10 nm bandpass filter (10BPF70-650, Newport 

Optics) and is recorded by a single photon avalanche diode (Excelitas).   

 

Fig. 5.15 Specificity of SARS-CoV-2 N Protein Antigen Capture Assay. a) Particle fluorescence 

traces detected on ARROW optofluidic chip  of the SARS-CoV-2 N protein antigen capture assay b) 
Particle fluorescence trace for the negative control of the anti-SARS-CoV-2 N protein assay with 

mismatched target (ZIKV NS1) c) Particle fluorescence trace  for the negative control of the bead-based 
solid-phase extraction assay with no antigen sample. 

 

Products from the bead-based capture assay were diluted to a concentration of 1x10
7
 

beads/mL and a 5 µL aliquot was pipetted into the input reservoir of the ARROW optofluidic 

chip, where a vacuum was applied at the outlet reservoir to drive the flow of the particles 

through the fluidic channel.  A representative particle fluorescence trace for this experiment 
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is shown in Fig. 5.15 (a). There are many distinct peaks in Fig. 5.15 (a); the average SNR is 

82 over various traces done with the same bead-based capture assay. There is also an average 

of 0.98 peaks/sec measured over various traces done with the same bead-based capture assay, 

which corresponds to a nominal concentration of 6.7x10
6
 beads/mL, which is in good 

agreement with the nominal concentration of the solution.  Fig. 5.15(b) and (c) show the 

negative controls done with this experiment—Fig. 5.15 (b) is a particle fluorescence trace of 

the complex made with a mismatched target (ZIKV NS1 protein), and 5.15 (c) is a particle 

fluorescence trace of the complex made in the absence of target.  It is evident from both 

traces that in the absence of target or without the correct target there is minimal background 

and no fluorescence signals. Therefore, we can say that we have specifically detected SARS-

CoV-2 N protein antigen on the ARROW platform.   

5.3.2. Antibody Capture Assay of anti-SARS-CoV-2 N Protein Antibody 

The second aim for our bead-based protein assay in the wake of a global pandemic is to 

perform a specific antibody capture assay and detect the products on the ARROW platform.  

The aim is to mimic and improve upon antibody tests that have been authorized under the 

Federal Drug Administration’s (FDA) Emergency Use Authorization for Serology tests amid 

the pandemic. Methods used for serology testing for the COVID-19 pandemic include ELISA 

assays, Lateral Flow Assays (LFA), and Chemiluminescent Microparticle Immunoassays 

(CMIA).  In Section 5.1.1 of this chapter, I went through ELISA assay components and the 

other serology tests use basically the same techniques for extracting a target from solution—

direct, indirect, and sandwich based capture and detection. However, ELISA assays are 

immobilized on a 96 or 384-well plate and the readout is performed on a plate reader. The 

other methods have different devices for immobilization and readout. Briefly, let’s discuss 

these methods for serology testing. 
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Fig. 5.16 Typical schematic for a Lateral Flow Assay [132] 

 The Lateral Flow Assay (LFA), or Lateral Flow Immunoassay (LFIA) principle is 

that an aqueous sample containing a particle of interest moves via capillary action through 

various polymer strip components where molecules that interact with the particle of interest 

attach (or don’t). The schematic of this assay is shown in Fig. 5.16 [132].  LFAs are usually 

composed of the following elements: sample pad, conjugate release pad, membrane with 

immobilized antibodies, and absorbent pad.  These components are usually built onto an inert 

substrate that will not interfere with the assay.  The sample is applied to the sample pad, 

where it is mixed with surfactants and buffer salts which ensure the sample analyte will be 

able to interact with the detection system. The treated sample moves through the conjugate 

release pad, which contains reporter antibodies specific to the target analyte and are 

conjugated to colored or fluorescent particles; these antibodies are most commonly 

functionalized to colloidal gold and latex microspheres. The target analyte bound with the 

conjugated antibody travel further down the test strip to the detection zone, where there are 

specific capture molecules—either antibodies or antigens depending on the test—

immobilized in lines that will react with the target-conjugated antibody complex.  There are 

two lines in the detection zone: the test line provides a signal upon binding the specific 

sample while the control line indicates that the liquid flow through the strip is working 

properly.  The readout from the test strip—represented by the control and test lines appearing 
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at differing intensities—can be measured by eye or by a designated reader. The absorbent pad 

at the end of the strip is to ensure that capillary flow is unobstructed or tainted by backflow 

on the chip.  It is used to wick away excess reagent [132].   

 Chemiluminescent Immunoassays (CLIA) are assays where the reporter molecule is a 

luminescent molecule.  Luminescence is the emission in the visible or near-visible radiation 

(λ = 300-800 nm), which occurs—like in fluorescence—when an electron transitions from an 

excited state to its ground state. Chemiluminescent Microparticle Immunoassays (CMIA) is a 

CLIA where the assay is immobilized on a microparticle—much like in our bead-based 

capture assay design.  CLIA and CMIA assays therefore have a wide range of uses and 

readout techniques—one could do batch readout like ELISA or a flow-cytometer-like 

measurement like the ARROW detection platform.  We might also designate our bead-based 

capture assay as a CMIA [133].   Let’s now discuss the specifics of the construction of our 

bead-based antibody extraction assay. 

5.3.2.1. Assay Construction 

I used both the SARS-CoV-2 N protein antigen as both the biotinylated capture molecule and 

the dye-labeled reporter molecule in this assay. Both were made nearly identically to what 

was described for the antibody processing outlined in Section 5.1.2. of this thesis with a 

couple of notable changes. Because the N protein antigen is 48 kDa and most IgG molecules 

are 150 kDa, separating the conjugated capture and reporter molecules from the excess 

reagent required a different step.  Instead of using the Amicon Ultra-0.5 Centrifugal Filter 

Unit (Milipore) with a Molecular Weight Cut-OFF (MWCO) of 100 kDa, I used the Amicon 

Ultra-0.5 Centrifugal Filter Unit (Milipore) with a MWCO of 30 kDa.  The processing for the 

in-house functionalization for both reporter and capture molecules then follows exactly the 

same protocol as in Section 5.1.2. 



126 

 

 Assay preparation for antibody capture is essentially similar to that for antigen 

capture, and begins as follows: an aliquot (0.05 mg) of MyOne
TM

 T1 Streptavidin coated 

magnetic beads (Thermo Fisher) is washed three times in 1xPBS buffer and is incubated with 

5 µg (~5x molar excess) of biotinylated capture SARS-CoV-2 N protein antigen for one hour 

at room temperature on a rotary mixer. Next, a magnet is used to separate the magnetic bead-

biotinylated antigen complex from the excess elute during a 4x washing step with 1xPBS. 

The solution is then re-suspended in 5 µL 1xPBS. Reporter antigens tagged with Cy5 and 

target antibodies (HM1055, here) are added to the bead-pulldown complex and incubated at 

37
o
C for two hours, then allowed to cool to room temperature on a rotary mixer. At this point, 

they are subject to another 4x wash step in 1xPBS.  The whole complex is re-suspended in 50 

µL 1xPBS and either diluted and transferred to the ARROW platform for detection and 

analysis or stored at 4
o
C for later experiments. Fig. 5.17 below shows the end product of this 

capture assay. 

 

Fig. 5.17 End product of anti-SARS-CoV-2 N protein antigen (HM1055) capture assay, with 
detection and capture molecules both as SARS-CoV-2 N protein model 

5.3.2.2. Single-Color Detection and Specificity Issues 

Bead-based antibody capture assay detection was performed identically to the antigen 

experiments described above.  Briefly, a 633 nm HeNe laser was coupled into a single-mode 

excitation fiber, which was butt-coupled into a single-mode waveguide. The single-mode 
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waveguide intersected with an analyte-carrying ARROW fluidic microchannel. Fluorescence 

signals from the fluorescent capture assay products travel orthogonally down the ARROW 

fluidic microchannel and are coupled into a solid-core collection waveguide. The signals are 

collected by an objective off chip, sent through a 650 ±10 nm bandpass filter (10BPF70-650, 

Newport Optics) and are recorded by a single photon avalanche diode (Excelitas).  The assay 

products are loaded into the input of the chip at a nominal concentration of 5x10
6
 

particles/mL.  

 

Fig. 5.18 Lack of Specificity shown in anti-SARS-CoV-2 N Protein Capture Assay a) HM1055 

positive control fluorescence particle trace b) a negative control particle fluorescence trace with no 
target c) an anti-SARS-CoV-2 N Protein negative control with capture assay done with an anti-ZIKV 

NS1 (HM332) mismatched target 

 The results from this experiment are shown in Fig. 5.18.  Fig. 5.18 (a) shows a 

particle fluorescence trace for a HM1055 (target) capture assay product flowing through the 

chip.  Fig. 5.18 (b) shows the particle fluorescence trace for the capture assay complex when 

there is no target added. Fig. 5.18 (c) shows a particle fluorescence trace for the assay 

complex with a mismatched target—here the anti-ZIKV NS1 antibody HM332.  Taking a 

closer look at Fig. 5.18 (a) and Fig. 5.18 (c), both traces have a detection rate of 5.1 

peaks/sec, while the average across all fluorescence traces for the HM1055 capture assay 

products was 4.5 peaks/sec and the average across all fluorescence traces for the HM332 

mismatched capture assay is 5.0 peaks/sec.  The SNR for the HM1055 fluorescence particle 

traces is 69.1 while for the HM332 particle traces the SNR is only 48.1.  These results are 

inconclusive, but one thing is certain: the antibody capture assay is not specific like the 
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antigen capture assay presented above. The SARS-CoV-2 antigen produced by East Coast 

Bio is likely the cause for this—as it is only a long chain of amino acids (2-419), there may 

not be the appropriate tertiary structure needed in the protein folding that would provide the 

specificity for the assay.  With another antigen model that is closer to the native protein, I 

suspect that the antibody capture assay would be much more specific. However, it is notable 

that we have demonstrated an antibody detection test on the ARROW optofluidic platform, 

albeit non-specific.   

5.4. Limitations of Bead-Based Nucleic Acid and Protein Capture 

Assays 

The aim of the ARROW platform is to perform sensitive, single molecule analysis of various 

biomarkers in solution at clinically relevant concentrations.  It is worth reiterating that with 

each bead-based capture assay, there are up to 8x10
4
 target protein molecules bound to the 

surface of the bead and up to 2.4x10
5
 target nucleic acids bound to the surface of the bead. 

While this is still single particle analysis, there are two drawbacks: there is little 

quantification of how much target we capture per bead and the fact that we aim to push to the 

limit of detection for the platform to the single target level. The first drawback has been 

explored in our experiment when we saw the clear correlation between fluorescence intensity 

in the VHF total RNA signal amplitudes and the mass loading on each capture assay, but we 

did not have the tools to fully quantify the result. The second drawback of the bead-based 

capture assay is the focus of the next chapter, where I will describe the construction, 

detection, and implementation of an assay to “see” single targets—or single targets 

represented by bright fluorescent markers—on the ARROW flow cytometer. This will be 

discussed further in the next chapter called [the] Single Antigen Detection by Bright 

Fluorescent Probes Assay.   
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6 Single Antigen Detection via Bright Fluorescent Probe 

Assay 

In the last two chapters of this thesis I presented bead-based capture assays for both nucleic 

acid and protein antigen targets, which we have used as the basis for the specific molecular 

diagnostics performed on the ARROW optofluidic platform.  One of the drawbacks, as stated 

in the last section, is that we do not have the ability to directly test the number of molecules 

per bead—the binding capacity, assuming perfect capture rates, for a protein antigen assay is 

about 8x10
4
 targets/bead and for a nucleic acid assay that number is about 2.5x10

5
 

targets/bead.  In order to push the limits of our device, we want to be able to see single targets 

to do direct antigen counting for molecular diagnostics.  To this end, we have developed an 

assay where each detection event recorded on the ARROW detection platform will 

correspond to a single antigen. 

6.1 Single-Antigen Assay Design 

We have adapted the same bead-based capture assay technology to perform single antigen 

detection on the ARROW platform. Again, we aim to do direct particle counting on the 

ARROW platform of “single antigens” in the form of bright fluorescent reporter molecules. 

In this upcoming section, I will go through the overall assay design, the underlying chemistry 

that defines how the assay works, and highlight the differences between our bead-based 

nucleic assay and protein antigen assays and the single antigen assay presented here.  

6.1.1. Single-Antigen Assay Overview 

The overview of the single-antigen capture and detection assay is shown in Fig. 6.1. The 

assay is similar to our other bead-based capture assays, wherein there is an immobilization 

component, capture molecule, target molecule, and reporter molecule. The immobilization 
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component and capture portion of the assay is also the same, as one can see in Fig. 6.1. We 

still use the MyOne T1 Streptavidin Coated Magnetic Beads (Thermo Fisher) as our 

immobilization component and we also use a biotinylated “pulldown” molecule as our 

capture component. The target is immobilized on the bead, and is sandwiched by the reporter 

molecule. The differences in the reporter molecule are going to be the focus of this section.  

The sandwich reporter molecule is labeled with a Dibenzocyclooctyne (DBCO) molecule, 

which then reacts with an azide molecule built into a 1 kilo-basepair DNA fragment bright 

fluorescence probe.  The fluorescent probe is a 1kB PCR fragment made with 50% 

biotinylated deoxyuridine triphosphate (dUTP) which will then carry dye-labeled monovalent 

streptavidin (mSA) which will fluoresce upon excitation.  The PCR fragment is made with a 

primer that is functionalized with a photo-cleavable (PC) spacer and azide molecule.  As 

stated above, the azide molecule reacts with the DBCO molecule, completing the full capture 

complex.  Single antigen detection occurs when the probe is released by the application of 

UV light in the range from 300-350 nm, where the bright fluorescent probes are released 

from the total bead complex.  The idea, then, is that one bright fluorescent probe corresponds 

to one target molecule captured.  This whole capture assay and release process is visualized 

in Fig. 6.1, below.  

 

Fig. 6.1 Single Antigen Probe Assay Design A streptavidin-coated microspheres are functionalized 

as capture agents with biotinylated anti-target antibodies, next target antigen is captured onto the 
immobilization capture bead, when a reporter anti-target antibody binds to the target antigen, 

functionalized with a DCBO molecule, which binds to an PC-azide linked 1kB DS DNA probe with dye 
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labeled monovalent streptavidin reporters.  To complete the assay, the PC linker on the probe is 
cleaved with UV-B light and the probe is released, leaving a single probe per antigen for detection 

 

 Now that we have gone through the overview of the assay, let’s go through the 

chemistry of the parts.  Understanding the tenets of these reactions will ensure correct 

implementation of the assay and is therefore essential to experimental success. Many of the 

chemical reactions that occur to form this capture assay are similar to what we have already 

seen in this experiment: the biotinylation of the capture molecule, the dye-labeling of the 

mSA that binds to the biotinylated-dUTP built into the probes.  In this upcoming section, I 

will discuss the two new chemical reactions we will be exploring for our assay: the DBCO-

Azide click chemistry reaction and the reaction that cleaves the photo-cleavable spacer upon 

illumination with UV light.   

6.1.2. DBCO-Azide Click Chemistry Reaction 

The DBCO-Azide click chemistry reaction is a distinct type of click chemistry reaction which 

is designated as Copper-free click chemistry.  This is a method that still proceeds at a lower 

activation barrier but is free of cytotoxic transition metal (Cu
2+

) catalysis.  Therefore, these 

reactions can be used for in vivo labeling and molecular diagnostic approaches.  The Cu
2+

-

free click chemistry reaction is based on a reaction published in 1961 by Wittig, et al., which 

cataloged an explosive reaction between cyclooctyne and phenyl-azide to produce a single 

product: 1-phenyl-4,5,6,7,8,9-hexahydro-1H-cycloocta[d][1,2,3]triazole. The click chemistry 

occurs so quickly because of the huge ring strain on the cyclooctane molecule, which is an 8-

carbon ring molecule with one triple bond which contains 18kcal/mol of strain.  What is most 

interesting and impressive is that this reaction occurs selectively with azides and will form 

regioisomeric (regional isomer) triazoles at ambient temperatures and pressures.  The general 

structure for this reaction is shown in Fig. 6.2, below, where A and B are functional groups on 

the molecules in the reaction (here, we would see a sulfo-NHS-ester connected to an antibody 
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on the DBCO molecule and a PC-spacer attached to a 1kB DNA probe on the azide 

molecule) [134].    

 

Fig. 6.2 DCBO-Azide Click Chemistry Reaction Strain directed Cu
2+

-free click-chemistry reaction is 

shown between DBCO and azide, where a trizole moiety is formed as the only product of the reaction, 
from [134] 

6.1.3. Photo-cleavable Spacer Application and Incorporation 

The photo-cleavable (PC) spacer is an integral component to the single antigen assay. It is a 

molecule that contains a photo-labile functional group that is cleavable by UV light of a 

specific wavelength range.  Specifically, in order to fully cleave the spacer, one must 

illuminate the molecule with 1 mW of 300-350 nm UV light.  The PC spacer is a 10 atom 

linker arm that is functionalized to the 5’ end of a DNA oligo (IDT) [135].  The resultant 

oligo will have a 5’ phosphate group that would be available for subsequent ligase reactions. 

In our single antigen capture assay, we will have a photo-cleavable spacer and azide 

functionalization added to the forward primer of our 1kB probe, so it will be built into the 

backbone of the DNA probe.  The azide molecule will react via the click chemistry reaction 

described in the previous section to a DBCO-functionalized sandwich antibody.  When the 

PC spacer is cleaved, the product will be the capture complex and the purified 1kB DNA 

bright fluorescent probe with a 5’ phosphate group attached.  The cleaving reaction upon 

excitation with UV light is shown in Fig. 6.3 [136]. 
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Fig. 6.3 Photolysis reaction of PC Spacer, adapted from [137] 

6.2 Assay Construction 

Now that I have gone through the underlying chemistry of the assay, I will go into more 

detail about the functionalization and construction of all the new components of this assay. 

First, I’ll talk about the construction of the bright fluorescent probes—from constructing the 

1kB ds-DNA backbone, dye-labeling the streptavidin, and full construction and purification 

of the probes.  Then, I’ll discuss functionalizing the reporter antibody with DBCO, and the  

implementation of the single antigen experiment on chip, including empirically finding the 

release times using the UV lamp that we have and the mechanism we have to distribute the 

UV light to the sample.  

6.2.1. Probe Construction 

The bright fluorescent probe molecule consists of two main parts: the 1 kB ds-DNA 

backbone with the PC-azide primer built into it and the dye-labeled streptavidin (SA) proteins 

that are incorporated into the backbone.  In this section, as I stated earlier, I will talk about 

building both components of the bright fluorescent probe.  I will also talk about the full 
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construction of the probes, the separation techniques used to separate the excess dye-labeled 

streptavidin from the probe-SA complex, and detecting a concentration series of the complex 

by itself on the ARROW platform and the challenges that ensue.   

6.2.1.1. Backbone Construction and Considerations 

The 1kB ds-DNA probe backbone is made by amplifying a 1kB portion of the pUC19 

plasmid, shown in Fig. 6.4.  The pUC19 plasmid is a 2686 base pair double stranded circular 

DNA that is widely used in biotechnology as a plasmid cloning vector.  The “p” is a prefix 

denoting “plasmid” and “UC” is an abbreviation for the University of California, where the 

plasmid was discovered.  pUC19 is one of the most widely used vectors for protein 

expression and to make recombinants—DNA molecules formed by laboratory methods of 

genetic recombination to bring together genetic material from multiple sources, creating 

sequences that would not otherwise be found in the genome and cells that express those 

sequences [138]. The plasmid has three main components: the amp site that encodes for 

ampicillin resistance, the ori site that is the origin of replication of the plasmid (and that 

regulates the replication of the plasmid), and the lacZα portion which codes for the N-

terminal fragment of the β-galactosidase (lacZ) gene of E. coli and contains the multiple 

cloning site (MCS) used for recombinant technologies [139]. 
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 Fig. 6.4  pUC19 Plasmid showing ampicillin resistance gene (amp), origin of replication site 

(ori), and coding region for the N-terminal fragment of the β-galactosidase gene which contains the 
MCS (lacZα) 

 Briefly, the general workflow for recombinant technologies is as follows: the 

protocol begins with the insertion of foreign DNA into the MCS by using restriction 

enzymes, which digest the plasmid at the appropriate restriction sites and insert the foreign 

DNA (vector) into the plasmid.  Next, the vector and reduced plasmid are assembled by using 

DNA ligase to create a covalently sealed plasmid with vector.  Lastly, the ligation reaction—

this plasmid with vector DNA—is transformed into competent E. coli cells and plated to 

identify successful recombinants [140].  

Because the MCS is in the lacZα gene coding site, it will interfere with the 

production of β-galactosidase in the E. coli cell when the vector is successfully ligated into 

the pUC19 plasmid.  Therefore, there is a simple colorimetric reaction that can be used to test 

for the successful incorporation of foreign DNA into the plasmid called the blue/white 

screening method.  The E. coli cells to be tested are mutated such that their Lac Z gene is 

without the lacZα portion of the coding region for β-galactosidase, so the production of β-

galactosidase is reliant on the pUC19 plasmid being intact (without the MCS and vector 
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ligation).  These cells are grown in the presence of IPTG (Isopropyl β-d-1-

thiogalactopyranoside), which initiates β-galactosidase production in E. coli and X-gal (5-

bromo-4-chloro-3-indolyl- beta-D-galactopyranoside), which will hydrolyze upon interaction 

with the enzyme and turn the colony blue.  The insertion of foreign DNA into the MCS 

disrupts the production of the full β-galactosidase and the bacteria carrying the recombinant 

plasmids will not be able to hydrolyze X-gal, which will give rise to white colonies.  In order 

to test if the transformation of the plasmid into the E. coli was successful, the bacteria should 

also be grown in the presence of ampicillin due to the ampicillin resistance that the pUC19 

plasmid provides the E. coli.  If the cells die then the plasmid was not transformed 

successfully into the bacteria [141].   

That being said, the region of the pUC19 plasmid which we amplify is the 1kB 

region which spans the entire ori section of the plasmid and a small portion of the amp 

section of the plasmid.  The most important information to be gleaned here is that the product 

of the amplification reaction will be a 1 kB linear ds-DNA product that will be highly 

conserved as the pUC19 plasmid is a standard piece of biotechnology and the PCR reaction is 

very well mapped out for a standard product of double stranded DNA [142].  The aim of this 

next section is to be able to functionalize the standard PCR product into a bright fluorescent 

probe via different modifications to the reaction.  There is a trade-off here, where each 

modification will make the reaction less successful by producing fewer products [143]. 

Therefore, the balance between the yield of the reaction and the modification that is 

incorporated into the product is a delicate one to manage. I’ll go through the standard 

protocol that we use and the modifications that we have tried in forming the bright 

fluorescent probe backbone in the upcoming paragraphs.  
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Table 6.1 Standard PCR Reaction Protocol 

 

The standard formula for PCR that we use for our thermocycler is shown in Table 

6.1.  The reaction is usually performed in reaction volumes of 50 µL or 100 µL, and that 

generally depends on the thermocycler used.  Our thermocycler allows us to have reaction 

volumes of up to 50 µL, so we perform our reactions in 50 µL aliquots. Our standard protocol 

for thermocycling is shown in Fig. 6.5, and remains as a constant throughout all of our 

experimentation with PCR modifications [142].   

 

Fig. 6. 5 Thermocycling Protocol for PCR Reaction 1. Initialization of the PCR reaction 2. 

Denaturation of the two DNA strands 3. Annealing of the primers to the single DNA strands 4. 
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Elongation of the primer-DNA complexes 5. Final elongation 6. Final hold to halt the reaction. Steps 2-4 
are completed 30 times 

We first tried to directly dye label the PCR product by incorporating Cy3- labeled 

dUTP into the PCR reaction where we substituted some amount of the Cy-3 dUTP  for the 

dTTP (dT in the table above).  We used 20% Cy3-labeled dUTP, 40% Cy3-labeled dUTP, 

60% Cy3-labeled dUTP, and 80% Cy3 dUTP.  Fig. 6.6 shows the 1% agarose gel 

electrophoresis from the Cy3 labeled dUTP products in lanes 3-6.   

 

Fig. 6. 6 1% Agarose Gel for PCR product tests Lane 1: 1 kB ladder, Lane 2: Control PCR product 

(all non-labeled dT), Lane 3: 20% Cy3 labeled dUTP (failed), Lane 4: 40% Cy3 labeled dUTP, Lane 5: 
60%  Cy3 labeled dUTP, Lane 6: 80% Cy3 labeled dUTP, Lane 7: Empty, Lane 8: Control PCR product, 

Lane 9: 50% Biotinylated dUTP, Lane 10: 50% Biotinylated dUTP, Lane 11: 75% Biotinytlated dUTP, 
Lane 12: 75% Biotinylated dUTP, Lane 13: Control PCR product, Lane 14: 1 kB ladder 

However, we can see that there is poor incorporation of Cy3 into the PCR product, as 

the free Cy3 dye is collecting at the bottom of the gel.  We would expect to see a shift in the 

PCR products toward the top of the gel with the incorporation of the Cy3 into the gel, like we 

do with the biotinylated products in lanes 9-12, due to the added mass and lower electro-

mobility of the product.  The trade-off between the incorporation of a modification and the 
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amount of product produced was also apparent: there was a product reduction of 75% for the 

60% Cy3-labeled dUTP incorporation, which is not ideal for the overall production of the 

probes. Additionally, upon diluting and running the probes through the ARROW platform 

with excitation with a 556 nm SSD Nd:YAG laser, there were no sharp fluorescence signals 

produced, only an increase in the background signal. Upon further analysis with the 

Nanodrop spectrophotometer, the dye to probe ratio was calculated to be ~2, on average, 

which is non-detectable on the ARROW platform.  Because of this, we decided to look for 

other options to build the probes instead of dye-labeling the nucleotides themselves.  The 

architecture that we settled on was to incorporate biotinylated dUTP into the PCR product 

and attach dye-labeled streptavidin as our reporter molecules. 

In the same way that we tested the Cy3-labeled dUTP incorporation into the PCR 

product, we set out to find the optimal amount of biotin incorporation into the PCR product. 

We again substituted biotinylated dUTP (Roche) for a percentage of the dTTP (dT in table 

6.1) used in the PCR reaction.  We made PCR products with 25% dUTP incorporated, 50% 

dUTP incorporated, and 75% dUTP incorporated. Again, we see the trade-off between the 

incorporation of biotinylated dUTP vs. the amount of product produced.  We measure the 

incorporation of biotinylated dUTP by the shift in 1% agarose gel, as seen in lanes 9-12 for 

the 50% and 75% biotinylated dUTP products in Fig. 6.6. Although it is not shown, the 

incorporation for the 25% biotinylated dUTP product had little-to-no shift in the PCR product 

from the control; therefore we decided to pursue a higher percentage of incorporation. 

Between 50 and 75 percent incorporation, the amount of product produced (relative to no 

incorporation of biotin-dUTP) is, on average, ~70% and ~43%, respectively.  Because of the 

discrepancy in amount of average product produced, we decided to make 50% biotinylated 

dUTP incorporation standard in our PCR protocol.   
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The backbone of the probe not only has to have a mechanism for reporting—here the 

incorporation of biotinylated dUTP will enable the attachment of dye-labeled streptavidin that 

I will discuss in more detail in the next section—but also needs to attach to the capture-

complex.  In Sections 6.1.2 and 6.1.3, I discussed the two chemical reactions to do that: the 

DBCO-azide click chemistry reaction and the photo-cleavable spacer that will be cleaved 

from the capture complex in order to implement single-antigen detection.  We designed the 

forward primer of the probe (which will be incorporated into the 1 kB backbone) to be 

functionalized with both of these moieties at the 5’ end, which would mean that they are 

hanging off of the end of the PCR product and ready to bind to the rest of the capture 

complex.  It should be noted that the functional moieties on the forward primer also inhibit 

the reaction, as it affects the annealing of the primers to the amplicon. This results in a lower 

reaction yield. However, the functionality that the forward primer provides is essential to the 

single-antigen capture assay.  With these considerations in mind, Table 6.2 shows the probe 

PCR reaction protocol.   

Table 6.2 Probe PCR Reaction Protocol 

 



142 

 

The final thing to consider with probe building 

is the purification method post production, which is 

referred to as PCR cleanup. This is the process of 

purifying the 1 kB DNA product by extracting it from 

the rest of the PCR reactants, like excess primers, 

dideoxynucleosides, polymerases, etc.  To accomplish 

this we use silica-gel membranes and exploit the 

adsorption of nucleic acids to silica in the presence of 

high concentrations of chaotropic (disruptive to the 

hydrogen bonds in water) salts. Polysaccharides, small 

nucleic acid fragments with insufficient backbone 

charge, and proteins do not bind to the membrane and 

are removed.  The nucleic acid is washed with 

alcohol (most commonly ethanol) containing 

buffers for desalting, and the pure DNA or RNA is eluted in a low salt buffer. An overview of 

this process is shown in Fig. 6.7 [144].  This is standard procedure for post-PCR DNA 

analysis and we will revisit this later in our probe building process. However, it is essential to 

understand that nucleic acids selectively bind to the silica membrane in high salt 

environments due to interactions of the silica membrane with the backbone structure of the 

DNA/RNA [145].   

6.2.1.2 Dye Labeled Streptavidin Considerations 

The second part of our bright fluorescent probe is the dye-labeled streptavidin which serves 

as the true reporter molecule as it attaches to the biotinylated-dUTP that is built into the 1kB 

DNA probe backbone.  Streptavidin is a tetramer protein derived from the bacterium 

Fig. 6. 7 Flowchart of PCR cleanup 
Procedure, from [144] 
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Streptomyces avidinii that is 52.8 kDa [146].  Streptavidin widely used in molecular biology 

protocols—most commonly the purification or detection of various biomolecules or 

biomarkers—due to its high non-covalent binding affinity with biotin molecules, which has a 

dissociation constant, Kd, on the order of 10
-15

 M.  The complex is also extensively used due 

to the robustness in the face of environmental changes such as pH fluctuations, relative 

temperature changes, and exposure to detergents, enzymes, and organic solvents [147]. We 

use streptavidin here because it is widely commercially available, functionalization of the 

streptavidin with dye is straightforward, and because incorporating biotin into the backbone 

of the probe is tenable as well as relatively uncomplicated.   

 The dye-labeling process for streptavidin is similar to the dye labeling process for 

viruses and antibodies wherein an aliquot of either Cy3 or Cy5 dye functionalized with a 

sulfo NHS-ester moiety is added at a molar excess to an aliquot of streptavidin and allowed to 

incubate a room temperature for up to two hours. Because of the size discrepancy between 

the antibodies and streptavidin, the preliminary separation step is done by dialysis and not 

size exclusion chromatography (as with the labeled antibodies), which is discussed in Section 

2.4.1 of this thesis.  The dye-streptavidin complex is left to dialyze in a 0.1 mL 10 MWCO 

dialysis system (as shown in Fig. 2.7) floating in 1 L of 1xPBS buffer (filtered through a 0.2 

µm filter unit) for 24 hours at 4
o
C.  The sample, post-dialysis, is then spin-filtered into one 15 

µL aliquot using an Amicon Ultra Spin filter with a MWCO of 30 kDa, as described in 

Section 5.1.2.1.  The dye to protein ratio is also calculated as described in Section 5.1.2.2, 

and—again, because of the relative size of the streptavidin to the IgG molecule—the optimal 

dye loading for Cy3-Streptavidin is 3-4 dye per protein and the optimal dye loading for the 

Cy5-Streptavidin complex is 1-3 dye per protein [148] [149].   
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6.2.1.3. Full Probe Construction and Considerations 

Now that we have both components of the probe—the 1kB backbone functionalized with the 

photo-cleavable azide primer and biotinylated dUTP and the dye-labeled streptavidin—let’s 

discuss putting the components together and the considerations therein.  As with most biotin-

streptavidin interactions, the probes are constructed by combining an aliquot of the 

biotinylated species and an aliquot of the streptavidin species and allowing it to incubate at 

room temperature for up to 2 hours. The same principle applies here. However, we add a 

larger molar excess of streptavidin because we would expect to have about 250 dye-labeled 

streptavidin per 1kB probe backbone due to the loading of the biotinylated-dUTP.  Usually an 

aliquot of 1kB biotinylated-dUTP PCR product is, on average, 50 nmol, and, generally, a 

microliter of dye-labeled streptavidin solution will have 500 nmol of protein, so this is easily 

achievable.  

 The largest obstacle to overcome with the full probe construction is how to separate 

the excess dye-labeled streptavidin from the full probe construct. If there is a large amount of 

dye-labeled streptavidin left in solution post-separation, then this streptavidin could 

competitively bind to the biotinylated capture antibody in the capture assay, which would 

inhibit binding of the target and the assembly of the full capture complex. This was a 

hypothesis that was drawn because the capture assay pulldown beads were brightly 

fluorescent in the ARROW chip, but there were no fluorescent signals—other than an 

elevated background signal—from the assay post-release.  Additionally, upon detection in the 

ARROW platform, there would be a large increase in the background due to a bulk increase 

in fluorescent dye (the streptavidin protein with ~ 3 dyes would contribute to a bulk 

background increase, not a full fluorescence peak) and therefore a decreased SNR in 

detection of the bright probes.  Size and weight based separation of the probes from the dye-
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labeled streptavidin is difficult because the size/weight ranges from 660 kDa for no 

streptavidin bound to 13960 kDa for all biotinylated dUTP bound with streptavidin. For most 

size separation techniques, these molecules are too heavy.  For example, we tried to separate 

the free streptavidin from the probe using a High Performance Liquid Chromatography 

(HPLC) column, which is a flow-based gel filtration column commonly used in protein 

purification [150].  The species ended up “packing” (read: clogging) the column due to how 

large they are; as a result we looked for less impactful separation techniques.  

 

Fig. 6.8 Spin Dialyzer for separation of excess dye-labeled streptavidin and probe a) Spin dialyzer 

machinery shown both assembled and unassembled b) instructions for use: place the sample into the 
50 µL chamber, choose a membrane with which to dialyze (we chose 300 kDa MWCO), and place the 

unit into a large beaker of buffer for dialysis, from [151] 

 The first method that we fully explored to separate the streptavidin from the probe is 

a spin dialysis system, shown in Fig. 6.8. The spin dialyzer is a system with a 50 µL sample 

chamber at the top of the device over which a membrane with a certain MWCO is screwed 

into place.  The device is then placed in a beaker of dialysis buffer (here filtered 1xPBS), 

where it is left to dialyze from 3 hours to overnight depending on conditions. The device has 

a magnetic stirrer built into the base, and upon placing the device in the beaker on a stir plate 

the dialysis system spins around, aiding the dialysis process [151].  For our dialysis process, 

we used a membrane with a MWCO of 300 kDa. We placed the spin dialyzer into a beaker of 

400 mL 1xPBS filtered with a 0.2 µm filter and placed the whole system onto a spin plate at 

4
o
C and left to dialyze overnight. However, we did not achieve the separation that we needed 
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from the system—the background was very high when we diluted the probe solution and ran 

it through the ARROW platform. To figure out what was going on, we did a control 

experiment, where we put only ~10 µM of Cy3-labeled streptavidin into the dialysis chamber 

and would spin dialyze it overnight for multiple days.  Each day, we would take the 

membrane off, take a small aliquot of Cy3-Streptavidin, replace the dialysis buffer, and allow 

the system to dialyze for another 24 hours.  We took the aliquots from each day and measured 

the concentration of Cy3-Streptavidin via Nanodrop spectrophotometer.  The results are 

plotted in Fig. 6.9. In short, the system would take 8 days to dialyze the ~10 µM of Cy-3 

Streptavidin down to ~3 nM, which corresponded to a Relative Fluorescence Unit [RFU] of 

about 1 when compared to background measurements.  From these experiments, it would take 

8 days to fully dialyze the probe product from the free Cy3-Streptavidin. This is doable, but 

unrealistic for a bioanalysis method.  As a result, we looked for other methods for separation.   

 

Fig. 6.9 Concentration series of Cy3-Streptavidin Spin Dialysis over the course of multiple days 

with day 8 marking the day where the background of the dialysis solution would be negligible [RFU~1] 

 Size exclusion did not prove to be the most successful separation method for the 

probe-labeled Streptavidin complex.  Therefore, I looked at other methods for separation 

using the resources available.  The most meticulous separation technique would be an affinity 
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chromatography, which separates a molecule from a mixture based on a highly specific 

macromolecule binding interaction between the biomolecule and another substance.  An 

option for affinity would be further functionalizing the probe backbone with a His-tag 

(histamine molecule) [152].  However, as mentioned above, there would be a trade-off there 

with another molecule incorporated and product produced, and with the biotin incorporation 

we are already tipping that trade-off to the limit.  As a result, I used another method other 

than dialysis, size exclusion chromatography, or affinity chromatography for probe separation 

from dye-labeled streptavidin.  

 Remember that the PCR cleanup columns specifically bind a PCR product amplicon 

in a high salt buffer while passing through excess polymerases, primers, dideoxynucleosides, 

plasmid templates, etc. with a recovery rate of over 95%.  I figured I could apply this same 

principle to separating the functionalized PCR product probe from the excess dye-labeled 

streptavidin, albeit with a decreased recovery rate [144].  Because of the added dye-labeled 

streptavidin, it is difficult to measure the concentration of the probe via conventional, non-

invasive methods (such as spectrometry) as the protein and the DNA both absorb at 280 nm 

and the contributions of each are indistinguishable.  One could use the spectrophotometer to 

test the concentration of the dye, as explained in chapter 5, and could get a relative 

measurement of the concentration of the probes. However, upon measuring in the ARROW 

platform, the concentration of the post-separated probe separated by the QIAquick PCR 

cleanup column and the post-separated probe separated by the spin dialyzer are nearly 

identical.  I’ll present these results in the next section. 
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Fig. 6.10 Cross-linking of bright fluorescent probes when constructed with wild-type streptavidin 

because there are four biotin binding sites, there is an opportunity for cross-linking between probe 
backbones 

 The last component of probe construction I’ll discuss is the dye-labeled streptavidin.  

In order to understand our considerations with the dye-labeled streptavidin, let’s overview the 

structure of the streptavidin protein.  As stated before, streptavidin is a 52.8 kDa protein 

purified from the bacterium Streptomyces avidinii. Streptavidin is a tetramer, which is a 

quaternary protein with four subunits. Those subunits are all identical, making them homo-

tetramer subunits. Each homo-tetramer has a biotin-binding site with an extremely high 

affinity for binding biotin [147]. This is the crux of our problems with probe construction 

using wild-type streptavidin—because each wild-type streptavidin has four biotin binding 

sites, we cannot predict if there will be cross-linking between each of the probe backbones, as 

shown in Fig. 6.10.  We explored the implications of cross-linking the probes by eliminating 

that prospect from our construction method.  
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Fig. 6. 11 PyMOL renderings of Streptavidin and Monovalent Streptavidin protein molecules a) 

Streptavidin molecule where each of the four subunits (chains A, B, C, and D) are colored (cyan, 
salmon, mint, and pale yellow, respectively) and the biotin binding residues are denoted in hot pink b) 
Monovalent streptavidin where N23, S27, and S45 are point mutated to A23, D27, and A45 to disrupt 

biotin binding in chains A, B, and C PDB file: 5TO2 

 The solution is the use of monovalent streptavidin, which is a mutated streptavidin 

that turns “off” the binding sites for 3 of the four homo-tetramers that make up the 

streptavidin protein leaving only one active site [153]. A cartoon rendering of the wild-type 

streptavidin protein is seen in Fig. 6.11 (a), and a rendering of a monovalent streptavidin 

protein is seen in Fig. 6.11 (b).  The four homo-tetramers in Fig. 6.11 (a) are colored 

distinctly to show off each active subunit and the residues on each subunit that form hydrogen 

bonds for high affinity biotin binding are highlighted in hot pink.  In Fig. 6.11 (b) chains A, 

B, and C are colored blue to indicate that they are inactivated, and the point mutations to 

inactivate them are highlighted in gold.  The point mutations are that Asparagine 23, Serine 

27, and Serine 45 are changed to Alanine 23, Aspartic Acid 27, and Alanine 45. This disrupts 

the hydrogen bonding in the biotin-binding pocket by making the residues more spread out 

and thus unable to come in contact with the biotin molecule effectively in order to bind it in 

the pocket.  It should also be noted that monovalent streptavidin is distinctly different than 

monomeric streptavidin, which is only one of the homo-tetramers. The use of monovalent 
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streptavidin eliminates the possibility of cross-linking in probe construction and is essential to 

the single antigen assay probe construction [153] [154].  

 Wild-type streptavidin can be ordered from many suppliers, but because of the 

knockout modifications in monovalent streptavidin, it is not available on the market in the 

same way.  The monovalent streptavidin that we use has been donated by the Howarth Lab at 

Oxford University to use in our scientific experiments.  The Schmidt lab (specifically me) 

extends their thanks though this thesis, tweets [155], and publications.   

 In the end, our full probe construct is a 1kB dsDNA backbone made with 50% 

biotinylated dUTP that binds to a monovalent streptavidin molecule labeled with 2-3 dye 

molecules (spoiler alert for the next section!). Therefore, each probe has ~750 dye/probe. 

6.2.1.4. Single Probe Detection on ARROW 

Post-construction and separation, we check the concentration and fluorescent character of the 

bright fluorescent probes by running them through the ARROW platform and recording a 

fluorescence particle trace for multiple concentrations.  The information in the fluorescence 

particle trace will give us insight into if the probes were constructed appropriately and the 

quality of the separation method of the probes from the excess dye-labeled mSA.  Many of 

the decisions made above were also substantiated by fluorescence particle traces; for 

example. Fig. 6.12 shows a comparison of fluorescence particle traces for probes made with 
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50% biotinylated dUTP and probes made with 25% biotinylated dUTP.  

 

Fig. 6.12 Fluorescence Particle Traces of a Concentration series of probes a) Fluorescent Particle 

Trace of the Concentration Series of probes made with 25% biotinylated dUTP from 300 fM to 30 pM b) 
Fluorescence Particle Traces of the Concentration Series of 50% biotinyalted dUTP probes from309 fM 

to 30.9 pM. 

 

The fluorescence traces were taken with about the same nominal concentration of the 

probes determined from the concentration of the probe backbone taken pre-streptavidin 

binding. However, it is important to recall that there is generally more probe material made 

with less biotin incorporation in the PCR reaction.  The fluorescence trace data suggests that 

the dye-probe ratio is too low for probes made with 25% biotinylated dUTP to produce single 

fluorescence peaks. We decided to go with 50% biotinylated dUTP for this and the reasons 

mentioned above. Fig. 6.13 below shows the representation of the concentration series for the 

50% biotinylated dUTP probes. It is evident where the single molecule limit is reached 

around 6.18 pM, which is consistent with the calculated single molecule limit of 10 pM (see 

section 2.5.3 of this thesis).  The concentration series follows a power trendline with the 

general formula of y = m*x
a
.  If one fluorescence signal corresponds to one fluorescent 

particle, should be equal to 1. In our series, a = 1.9, where we would expect a = 1.   
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Fig. 6.13 Concentration Series of 50% biotinylated-dUTP probes normalized signal count per 
second 

Now that we have substantiated the decision to use 50% biotinylated dUTP in our 

probe construction, let’s look at the fluorescent characteristic of dye-labeled streptavidin. In 

chapter 5, when dye-labeling antibodies with Cyanine dye, I presented a technical note that 

empirically determined the ideal dye-protein ratio for each Cy dye for optimal fluorescence. 

The ideal dye-protein ratio for Cy3 is 6-8 Cy3 per antibody. However, streptavidin is a 

protein that has a molecular weight that is about three times lower than an IgG molecule (58 

kDa vs. 150 kDa), and because the protein is smaller there are more opportunities for the dye 

molecules functionalized on the surface of the protein to participate in resonant energy 

transfer with the same amount of dye loading. Fig. 6.14 shows the fluorescence particle traces 

of two 50% biotinylated dUTP probes at the same concentration, but the black trace 

designates a probe with 6.85 Cy3/Streptavidin (meaning ~1713 dye/probe) and the yellow 

trace designates a probe that has 2.48 Cy3/Streptavidin (meaning ~750 dye/probe).  It is 

evident that there are more distinct peaks in the trace with a lower dye-protein ratio than with 

the previous probe constructs and there is a lower background in the lower dye-protein ratio 

trace due to the fact that there are fewer fluorescent moieties on any free protein in the 
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channel.  As a result, we use a lower optimal dye to protein ratio (2-3) when labeling 

streptavidin than when labeling antibodies (6-8) [149].  

 

Fig. 6. 14 Fluorescence Particle traces for probes made with streptavidin with a 6.85 
Cy3/Streptavidin ratio (black) and a 2.48 Cy3/Streptavidin ratio (yellow) a) Full fluorescence 

particle trace b) zoomed in fluorescence particle trace 

 

Fig. 6.15 shows the fluorescence particle trace of the probe constructs post QIAquick 

PCR clean-up column separation from free dye-mSA.  The concentrations were measured 

pre-QIAquick separation/dye addition via Nanodrop with an assumption of 95% recovery 

post-separation, which is an upper limit [144] [145].  In these traces, despite the wide range 

of concentrations tested on chip, the background does not increase dramatically like the traces 

in Fig. 6.12, suggesting that there is a better separation from free Cy3-mSA with the QIA-

quick columns than was previously achieved by other methods (dialysis, spin dialysis).   

In summary, after extensive characterization of how to make the bright fluorescent 

probes for our single antigen assay, we found the synthesis parameters to be as follows: PCR 

reaction with a forward primer functionalized with a photo-cleavable spacer and azide 

molecule and replacing 50% of the dT in the reaction with biotinylated dUTP, using 

monovalent streptavidin (mSA) to ensure one binding site per streptavidin protein and to stop 

cross-linking of the probe backbone molecules, a Cy3 dye-protein ratio of 2-3 for the mSA to 
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prevent self-quenching, and using the QIA-quick PCR cleanup columns as the method for 

separation of the full probes from the free dye-labeled mSA.  As we continue to build the full 

assay construct, these optimal probe building parameters will continue to be implemented.  

 

Fig. 6.15 Fluorescence particle traces for the concentration series of probes made with 50% 
biotinylated dUTP, a 2.5 Cy3/Streptavidin ratio and separated with a QIA-quick PCR cleanup 

columns 

6.2.2. DBCO-labeling of Detection Antibody 

The next step in making our single antigen assay is the detection antibody functionalization 

with DBCO attached to the azide molecule on the forward primer of the bright fluorescent 

probe. I went through the DBCO-azide Cu
2+

 free click-chemistry reaction earlier in this 

chapter.  It is important to note that DBCO will react with azides, as most biological 

molecules are stored in some sort of azide molecule due to their antibacterial properties. This 

is true for the antibodies that we order—they are shipped in 0.1% sodium azide. This amount 

is enough to disrupt the functionality of the DBCO, so the first step in labeling the detection 

antibody with DBCO is dialyzing out the sodium azide from the buffer. I use the Slide-a-

lyzer dialysis unit to dialyze 0.1 mg of detection antibody at a time in 0.5 L of 0.2 µm filtered 
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1xPBS overnight at 4
o
C with gentle stirring.  This dilutes the azide in the protein solution so 

much so that it is effectively removed and therefore will not hinder the DBCO functionality 

on the detection antibody.  

 The reagent used to functionalize the detection antibody with DBCO is the 

Dibenzocycloocytne-sulfo-N-hydroxysuccinimidyl ester (DBCO-sulfo-NHS ester) from 

Sigma-Aldrich, which has a molecular weight of 532.5 g/mol—the molecular structure is 

seen in Fig. 6.16 [156].  As mentioned in Sections 2.3 and 5.2.1 of this thesis, NHS-activated 

reagents (here, DBCO) react efficiently and form stable bonds with primary amine groups (-

NH2) on the side chain of Lysine (K) and the N-terminus of each polypeptide of the antibody 

in the appropriate pH range (pH 7-9). Sulfo-NHS ester reagents can be water soluble, 

enabling the reactions to be done in aqueous solution and without the facilitation of organic 

solvents like DMSO or DMF, as mentioned in Section 2.3. 

 

Fig. 6.16 Molecular Structure of Dibenzocyclooctyne-sulfo-N-hydroxysuccinimidyl ester (DBCO-
Sulfo-NHS ester) reagent, from [156] 

 In order to achieve appropriate incorporation of the DBCO reagent onto the primary 

antibody, we use a 20x molar excess of the reagent (see sample calculation 5.1.1 for more 

details). To label 0.1 mg of detection antibody, we use 13.4 nmol of DBCO reagent, which is 

about 7 µg.  For the labeling reaction, we dissolve the 1 mg DBCO-sulfo-NHS ester reagent 

in 1 mL DMSO and vortex until mixed. Then, we add 7 µL of the DBCO-DMSO solution 
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label the 0.1 mg aliquot of antibody. The antibody-DBCO reaction incubates at room 

temperature for 2-3 hours or at 4
o
C overnight and we separate the excess DBCO reagent 

using size exclusion chromatography and centrifugal spin filtration.  The DBCO-DMSO 

solution can be stored up to 1 month at -20
o
C [156]. 

 As with the virus samples discussed in Section 3.1 and the biotinylated and dye-

labeled antibody samples in Section 5.1, the DBCO-conjugated antibody samples were 

separated from excess reagent using size exclusion chromatography. More specifically, the 

PD 25 MiniTrap gel filtration columns (GE Healthcare) were used according the 

manufacturer’s specifications. Briefly, the column was equilibrated with buffer (1xPBS) by 

loading a column volume of buffer to the bed and allowing it to enter and flow-through 

completely. This process was completed three times. The sample was then loaded onto the 

column with a maximum volume of 0.5 mL and allowed to enter the packed bed 

completely—if the sample volume was less than 0.5 mL then equilibration buffer was added 

to adjust the volume up to 0.5 mL.  After the sample has completely entered the packed bed, 

1 mL of buffer was added to the column to elute the sample [157]. 

The 1 mL of eluted sample was concentrated using the Amicon Ultra-0.5 Centrifugal 

Filter Unit (Milipore) with a Molecular Weight Cut-OFF (MWCO) of 100 kDa, which was 

operated according to the manufacturer’s specifications [158].  The filters concentrated the 1 

mL of sample into two 15 µL aliquots, which will be used in the bead-based assay.  The 

concentration and incorporation of the DBCO reagent were measured on a Nanodrop
TM

 2000 

spectrophotometer from Thermo Scientific, mentioned earlier in Section 5.1.  The UV-Vis 

spectrum of the conjugated antibody sample is shown in Fig. 6.17.  
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Fig. 6.17 UV-Vis Spectrum of IgG molecule functionalized with DBCO reagent post separation 
and concentration 

As laid out in Section 5.1.2.2, we can calculate the concentration of antibody and 

DBCO using the absorbance measurements in Fig. 6.17 and the Beer-Lambert relationship 

given by in Equation 5.1.4.  Remember that the molar extinction coefficient for IgG 

molecules at 280 nm is ε280 = 210000 M
-1

cm
-1

. Also, the molar extinction coefficient for 

DBCO molecules at 309 nm is ε309 = 12000 M
-1

cm
-1

 and the correction factor for the 

conjugate’s absorbance at A280 is (A309 x 1.089).  Therefore, to calculate the DBCO 

incorporation for the conjugated antibody measured in Fig. 6.17, we first calculate the DBCO 

concentration using the Beer-Lambert relationship:  

 
𝑐𝐷𝐵𝐶𝑂 =  

𝐴309  

𝜀𝐷𝐶𝐵𝑂,309 × 𝐿
=

0.042 

12000 × 0.1
= 35 𝜇𝑀 

(6.2.1) 

Where A309 = 0.042 and the path-length for the device is 1 mm.  The concentration of DBCO 

is calculated to be 35 µM.  Next, we calculate the concentration of antibody using the 

absorbance measurement at 280 (A280 = 0.080) and the correction factor for the covalently 

bound DBCO (1.089 × 𝐴309):  
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𝑐𝐼𝑔𝐺 =

𝐴280  − (1.089 × 𝐴309) 

𝜀𝐼𝑔𝐺,280 × 𝐿

=  
0.08 − (1.089 × 0.042) 

210000 × 0.1
= 1.6 𝜇𝑀 

(6.2.2) 

The concentration of antibody is calculated to be about 1.6 µM.  This gives us a pretty high 

incorporation rate of DBCO onto the antibody (over 21!)—ideally we would look for a lower 

ratio of incorporation, between 1 and 3, to ensure that there would be only a single probe 

backbone per detection antibody [159]. We do use antibodies with lower DBCO 

incorporation in our assay, but I chose this UV-Vis spectrum to show because it has a distinct 

peak at 309 nm. 

 6.2.3 Complete Assay Construction and Implementation 

Now we have all the components of our single antigen capture assay: the immobilization 

agent (Dynabeads
TM

 MyOne T1 Streptavidin coated magnetic microspheres), the capture 

molecule (biotinylated antibody, see Section 5.2.1.1), the target antigen, and the reporter 

molecule (DBCO labeled detection antibody with bright fluorescent probe outfitted with PC-

azide forward primer).  In this section, I’ll briefly discuss how these components come 

together to form the full assay and the implementation (photo-release and run through the 

ARROW platform) on chip.  

6.2.3.1. Putting Together the Full Capture Assay 

An aliquot (0.05 mg) of Dynabeads
TM

 MyOne
TM

 T1 Streptavidin coated magnetic beads 

(Thermo Fisher Scientific) is washed three times in 1xPBS buffer and is incubated with 2 µg 

(~5x molar excess) of biotinylated capture antibody for one hour at room temperature on a 

rotary mixer. Next, a magnet is used to separate the magnetic bead-biotinylated antibody 

complex from the excess elute during a 4x washing step with 1xPBS. The solution is then re-



159 

 

suspended in 5 µL 1xPBS. 2 µg (~5x molar excess)  DCBO-labeled antibodies and up to 1 µg 

target antigens are added to the bead-pulldown complex and incubated at 37
o
C for two hours. 

About 100 nM reporter probe molecules (1kB pUC19 PCR product made with a 

photocleavable azide forward primer (IDT) and 50% biotinylated-dUTP and functionalized 

with dye-labeled monovalent streptavidin (mSA, Howarth Lab, Oxford University) so that 

there are ~250 mSA/1kB probe and up to 750 dye/probe) are then added to react with the 

DCBO-labeled antibody on the complex and allowed to incubate at room temperature for 1 

hour on a rotary mixer and then at 4
o
C overnight.  The capture assay is subject to a 2x wash 

step in 1xPBS to wash away excess unbound assay components and is then re-suspended in 

50 µL 1xPBS. 

6.2.3.2. Photo-release Experiments 

Release experiments were first conducted in order to identify the optimal amount of time to 

irradiate the capture complex consisting of the bead-based target extraction sandwich assay 

with the bright fluorescent probe outfitted with the photo-cleavable spacer.  The UV source is 

a Kernel KN-4003B UVB phototherapy lamp that emits far field light at 311 nm [160].  The 

lamp is shown in Fig. 6.18 

 

Fig. 6.18 Kernel UV-B Phototherapy KN4003-B Lamp 
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There is a trade-off in release experiments: irradiate the complex for too long an 

interval and the UV-B light (280-315 nm) will cause direct DNA damage to the ds-DNA 

probe backbone; irradiate the complex for too short an interval and the probes will be sub-

optimally released into solution.  Direct damage of the DNA backbone can come in the form 

of either direct ds-DNA backbone breakage or thymine-thymine stacking, which sub-

optimally coils the ds-DNA helix [161]. The first experiments performed were to classify the 

effects of UV light on the backbone of the probes. Different 10 µL aliquots of the same 

concentration of probe backbone solution were irradiated for 30 seconds, 1 minute, 2 

minutes, 3 minutes, 5 minutes, 10 minutes, and 15 minutes. The resultant products were run 

through a 1% Agarose gel, shown in Fig. 6.19. While the irradiated elements are streaky, the 

non-irradiated elements were also streaky. I concluded that while ds-DNA breakage was a 

factor in the UV-release trade-off it was very difficult to make a definitive call of the extent 

of the damage from looking at the products in a gel. I was expecting to see multiple clear 

lines of product at lower base-pair (closer to the bottom of the image) than the 1kb line or a 

streak from the 1kb line to the bottom of the gel that would not be present in the non-

irradiated samples.  
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Fig. 6.19 1% Agarose Gel of UV-treated ds-DNA Backbone. Lane 1: 1 kb ladder, Lane 2: PC Azide 

Primer, non-labeled dT No Exposure, Lane 3: PC Azide Primer, 50% Biotin-dUTP, No Exposure, Lane 
4: 30 s Exposure, Lane 5: 1 min Exposure, Lane 6: 2 min Exposure, Lane 7: 3 min Exposure, Lane 8: 5 
min Exposure, Lane 9: 10 min Exposure, Lane 10: 15 min Exposure, Lane 11: No Exposure, Lane 12: 1 

kb ladder 

 

Post ds-DNA backbone experiments, I did an irradiation experiment on the whole 

capture complex.  Different aliquots of 5 µL of capture complex were irradiated for 0, 30, 45, 

60, 75, 90, and 120 seconds. The complex was pulled down post-irradiation and the 

supernatant was collected and diluted 1:10 in filtered 1xPBS buffer. 5 µL of the diluted probe 

solution was transferred to the ARROW-optofluidic platform for single molecule detection 

and analysis. The fluorescence particle traces were collected via APD and the signal counts 

per trace was recorded for each irradiated aliquot.  The results are shown in Fig. 6.20 (a), 

where the normalized signal counts per trace are plotted vs. the irradiation time. There is a 

clear peak at 45 seconds of UV-irradiation, and all the following experiments will be done 

with a release time of 45 seconds. This fluorescence particle trace is seen in Fig. 6.20 (b). 

UV-irradiation was also done at 3 minutes, 5 minutes, 10 minutes, 15 minutes, and 30 
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minutes, but there were no recorded signals from any of those samples. It should also be 

noted that there are 0 signals recorded for 0 seconds of UV-irradiation, showing that there are 

no free fluorescent probes in solution post-capture and washing steps.  

 

Fig. 6.20 Results of release time experiments a) Normalized Signal Counts of fluorescence trace of 

UV-treated aliquots of single antigen assay capture complex beads b) Fluorescence particle trace of 
probes post 45 sec UV release. 

6.3 Detection of Single Zika Virus NS1 Antigens 

The first antigen that we targeted with the single antigen fluorescence assay was the Zika 

Virus NS1 protein, which I discussed earlier in Section 5.2.  The antibody sandwich assay 

was designed in the same way as the bead-based protein antigen capture assay described in 

Section 5.2: two capture antibodies were ordered from East Coast Bio, they were a specific 

antibody pair with the product names HM332 and HM333.  HM333, as with the previous 

protein antigen capture assay, serves as the biotinylated capture antibody and was 

functionalized according to the protocol described in Section 5.1.2.1. HM332 was labeled 

with DBCO, as described in Section 6.2.2. With these components, I assembled the single-

antigen assay for the Zika Virus NS1 antigen and detected it on chip.   

Briefly, an aliquot (0.05 mg) of Dynabeads
TM

 MyOne
TM

 T1 Streptavidin coated 

magnetic beads (Thermo Fisher Scientific) was washed three times in 1xPBS buffer and was 
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incubated with 2 µg (~5x molar excess) of biotinylated capture antibody (HM333, East Coast  

Bio.) for one hour at room temperature on a rotary mixer. Next, a magnet was used to 

separate the magnetic bead-biotinylated antibody complex from the excess elute during a 4x 

washing step with 1xPBS. The solution was then re-suspended in 5 µL 1xPBS. 2 µg (~5x 

molar excess)  DCBO-labeled antibodies (HM332, East Coast Bio.) and up to 1 µg target 

antigens (Zika Virus NS1 antigen LA274, East Coast Bio.) were added to the bead-pulldown 

complex and incubated at 37
o
C for two hours. About 100 nM reporter probe molecules (1kB 

pUC19 PCR product made with a photocleavable azide forward primer (IDT) and 50% 

biotinylated-dUTP and functionalized with dye-labeled monovalent streptavidin (mSA, 

Howarth Lab, Oxford University) so that there are ~250 mSA/1kB probe and up to 750 

dye/probe) was then added to react with the DCBO-labeled antibody on the complex and 

allowed to incubate at room temperature for 1 hour on a rotary mixer and then at 4
o
C 

overnight.  The capture assay was subject to a 2x wash step in 1xPBS to wash away excess 

unbound assay components and is then re-suspended in 50 µL 1xPBS. An aliquot of 5 µL 

was then subject to UV-B (311 nm) light for 45 seconds, pulled down by a magnet, and 4 µL 

of the elute (probes) was transferred to 36 µL 1xPBS.  A 5µL aliquot of the sample was 

transferred to the ARROW platform for detection.   
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Fig. 6.21 Particle fluorescence trace of single ZIKV NS1 antigen probes post 45-sec UV release 

For these experiments on the ARROW platform, the optical setup is the same to that 

discussed earlier (also shown in Appendix A.1) but is operated such that only the 556 nm 

Nd:YAG Solid-State Diode (SSD) laser is the excitation source.  The laser is coupled into a 

single-mode excitation fiber, which is butt-coupled into the single-mode solid-core excitation 

waveguide on the ARROW chip.  This excitation waveguide launches into the intersection of 

the ARROW fluidic microchannel, creating a small excitation region that the fluorescent 

probes pass through and emit emission signals.  After the fluorescence signal is created by the 

fluorescent probes, it propagated down a collection core waveguide, through an objective, 

and is passed through a penta-bandpass filter (FF01- 440/521/607/694/809-25, Semrock) to 

filter out the excitation wavelength.  The signal is finally recorded by a single photon 

avalanche diode (Excelitas).  Fig. 6.21 shows a recorded fluorescence particle trace signal for 

the Cy3 labeled Zika NS1 Antigen capture probe experiment, post-45 second UV release.   
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6.3.1. Detection in Human Serum (HSA) 

 

Fig. 6.22 Overview of Single ZIKV NS1 Detection in HSA a) Absorption Spectra in the UV-range of 

HSA (and HSA+Cd-complex) with the absorption at 311nm roughly marked by horizontal blue line and 
indicated on the graph with the large blue arrow [162] b) Fluorescence particle trace of the single-ZIKV 

NS1 antigen spiked into HSA probes 

 

To push our detection platform into a clinical space, we spiked the ZIKV NS1 protein into 

human serum (HSA) to simulate extraction from patient blood samples.  The sample 

preparation was exactly as described above in Section 6.3, but the 1 µg of NS1 target protein 

was spiked into HSA at a 1:10 dilution before capture and added to the capture complex for 

extraction. The final capture complex product was washed 2x in 1xPBS buffer before an 5 µL 

aliquot was irradiated with 311 nm UV-B light, pulled-down, and 4 µL of the elute was 

diluted in 36 µL 1xPBS buffer before being transferred to the ARROW. The results of this 

experiment are shown in Fig. 6.22.  One of the main concerns regarding the efficacy of the 

experiment was the effect of the HSA absorption of UV-light on the release of the probes 

from the capture complex [162]. The absorption spectra is seen in Fig. 6.22 (a), where there is 

a peak in the absorbance around 280 nm and a tail that extends to almost 320 nm.  At 311 nm 

there is an absorbance of 0.15 relative units. Fig. 6.22(b) shows a representative fluorescence 

particle trace of this experiment. Comparing to a fluorescence trace done earlier that day 

where the capture complex was diluted 1:10 in 1xPBS buffer (in order to establish an 
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appropriate control experiment), the average signals recorded per second in the HSA traces 

were 3.1 signals/sec where the average signals recorded per second in the buffer traces were 

4.5 signals/sec.  This shows that, while the efficacy of the experiment is encumbered, single 

antigen capture and detection is still achievable from samples in serum, which pushes us 

closer to clinical molecular diagnostics. 

6.3.2. Multiplex Attempt with Dengue NS1 Antigens  

In addition to pushing the limit of detection and clinical availability, multiplex analysis is 

another key element to molecular diagnostic panels because different diseases with 

dramatically different clinical outcomes can present with similar symptoms.  As we discussed 

in Section 5.2.2, two of those diseases are Zika Virus and Dengue virus.  Dengue virus 

infection can either be asymptomatic or cause symptoms such as fever, headache, muscle 

aches, and rash.  In some Dengue virus cases, the disease can progress to cause hemorrhagic 

fever and shock.  Zika virus, on the other hand, generally causes a mild disease which is 

characterized by most of the same symptoms as Dengue virus, namely fever, rash, and joint 

pain. These symptoms usually resolve within a week. However, Zika virus has been linked to 

Guillian-Barré syndrome—an autoimmune disorder affecting the peripheral nerves—and 

fetal brain defects, such as microcephaly, in pregnant women infected with the virus [163].   

 With the motivation for this experiment clear, let’s fully look at the probe capture 

assay for both the Zika NS1 antigen and the Dengue NS1 antigen.  First, let’s reiterate the 

components of the capture assay discussed in the beginning of this chapter. The components 

are the immobilization agent (IA), the capture molecule (CM), the target antigen (TA), and 

the reporter antibody and probe complex (FM).  For all of the capture assays discussed in this 

thesis, the IA are the Dynabeads
TM

 MyOne
TM

 T1 Streptavidin coated magnetic beads 

(Thermo Fisher Scientific).  For ZIKV detection, the CM is a biotinylated anti-ZIKV NS1 
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antibody (HM333, East Coast Bio.), the TA is a Zika NS1 recombinant antigen (East Coast 

Bio.), and the FM is a DBCO-labeled anti-ZIKV NS1 antibody (HM332, East Coast Bio.) 

connected to a Cy3-labeled PC-azide bright fluorescent probe (excited with green light).  For 

DENV detection, the CM is a biotinylated anti-DENV NS1 antibody (HM389, East Coast 

Bio.), the TA is a Dengue NS1 recombinant antigen, and the FM is a DBCO-labeled anti-

DENV NS1 antibody (HM349, East Coast Bio.) connected to a Cy5-labeled PC-azide bright 

fluorescent probe (excited with red light).  The structures of the capture complexes are shown 

in Fig. 6.23. Please note that in this figure, the Cy3 and Cy5 are colored by their dye 

appearances (Cy3- pink/red and Cy5-blue) and not by their fluorescent absorption or 

emission colors (Cy3- green/green-yellow and Cy5-red/dark-red).  

 

Fig. 6.23 ZIKV NS1 and DENV NS1 Bright Fluorescent Probe Capture Complexes 

 For the multiplex detection experiment, the complexes were made according to the 

protocol described earlier in this chapter. For release, 2.5 µL of the ZIKV capture complex 

and 2.5 µL of the DENV capture complex were combined into the same 0.5 mL low-bind 

Eppendorf tube and irradiated with the Kernel 4003-B UV lamp for 45 seconds. Both capture 

complexes were then pulled down with a magnet and 4 µL of the elute was added to 36 µL 
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1xPBS buffer. 5 µL of the probe solution was transferred to the ARROW platform for 

detection.  The optical setup for detection is identical to the other ZIKV multiplex detection 

experiment discussed in Section 5.2.1 (and seen in Appendix A1), but, for completeness, I’ll 

go through it briefly: a 556 nm Nd:YAG Solid-State Diode (SSD) laser and a  633 nm HeNe 

laser are the excitation sources.  Both lasers are coupled into the same single-mode excitation 

fiber, which is butt-coupled into the single-mode solid-core excitation waveguide on the 

ARROW chip.  This excitation waveguide launches into a 75 µm MMI waveguide, which 

creates patterns at the intersection of the ARROW fluidic microchannel of N = 8 and 7 for 

excitation wavelengths of λ= 556 nm, 633 nm, respectively.  After the fluorescence signal is 

created by the fluorescent bead-based capture assay products, it propagated down a collection 

core waveguide, through an objective, and is passed through a penta-bandpass filter (FF01- 

440/521/607/694/809-25, Semrock) to filter out the excitation wavelengths.  The signal is 

finally recorded by a single photon avalanche diode (Excelitas).  No additional downstream 

filters are required to separate the signals out by excitation source due to the WDM created 

by the MMI waveguide.    

 The results of this experiment are shown in Fig. 6.24.  Fig. 6.24 (a) depicts the 

particle fluorescence trace of both the ZIKV and DENV probes on chip. During the first 20 

seconds of the particle trace, only the ZIKV probes were excited by a laser emitting at λ1 = 

556 nm.  The next 20 seconds excite only the DENV probes using only the red HeNe laser 

emitting at λ2 = 633 nm.  A multichromatic trace, in which both probes are illuminated, is 

shown in the 60 seconds following.  Fig. 6.24 (b) shows close-ups of single particle 

fluorescence signals in the multichromatic trace that are identified by their multi-peak pattern. 

Fig. 6.24 (b, top) shows a ZIKV probe signal which has 8 characteristic peaks and Fig. 6.24 

(b, bottom) shows a DENV probe signal which has 7 characteristic peaks. The annotated 



169 

 

multichromatic particle fluorescence trace is shown in Fig. 6.24(c), where of 505 total 

signals, 245 were identified as ZIKV NS1 probe signals—annotated by green squares—and 

260 were identified as DENV NS1 probe signals—annotated by red circles.   

 

Fig. 6.24 ZIKV NS1 and DENV NS1 Bright Fluorescent Probe Multiplex Detection a) Fluorescent 

particle trace of multiplex detection experiment with λ1 = 556 nm laser on for the first 20 seconds, λ2 = 
633 nm laser on for the next 20 seconds, and then both lasers turned on simultaneously for the next 60 

seconds, b) (top) 8-peak ZIKV probe signal taken from the multichromatic fluorescence particle trace 
(bottom) 7-peak DENV probe signal taken from the multichromatic fluorescence particle trace, c) 

annotated multichromatic particle fluorescence trace where green squares indicate an identified ZIKV 
probe signal and red circles indicate an identified DENV probe signal; of 505 signals, 245 were 

identified as ZIKV probe signals and 260 were identified as DENV probe signals. 

 

I employed multiple single processing methods in order to differentiate the 

fluorescence particle signals and identify each probe.  The first method we used was the shift-

multiply algorithm described in section 4.3.2.1.1, which involves performing autocorrelations 

on all the found signals, extract the characteristic δt for each signal, and apply the algorithm 

to each signal.  We are able to obtain a velocity-independent confirmation of each 

fluorescence signal identity by using the individual δt of the signal. The second method is 

described in section 5.2.1 by equation 5.2.1, where the total time duration of each signal is 

divided by the characteristic δt for each signal, which should provide the number of 

peaks/spots (N) for each signal. We applied both the shift and multiply algorithm and the 

total time analysis presented above. If the identity of a signal in the multichromatic 

fluorescence trace was verified by both methods, then the particle was defined as such and 

annotated as such on Fig. 6.24 (c). 
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 This is a proof of concept experiment—we are able to do differentiated diagnostics of 

bright fluorescent probes released from ZIKV and DEN NS1 target antigen capture 

complexes on the ARROW optofluidic platform.  There is a lot of potential for this to be a 

complete diagnostic or academic technique, but there are some hiccups in the assay that we 

should discuss. Let’s first explore why this is not the ideal differentiated capture or detection 

method specifically for these two pathogens.  

6.3.2.1. Cross-Reactivity and Specificity  

 

Fig. 6.25 Negative Control experiments for the ZIKV and DENV probe capture assay a) 

Fluorescent particle trace of the ZIKV NS1 antigen in the DENV capture assay b) Fluorescent particle 
trace of the DENV NS1 antigen in the ZIKV capture assay 

 

As mentioned in Section 5.2.2 of this thesis, the Non-structural Protein 1 (NS1) of most 

Flaviviruses is highly conserved. NS1 is secreted and elicits an immune response, so it is 

widely used as a diagnostic marker in many commercially available ELISA and 

immunochromatographic tests [164] [165].  We discussed the cross-reactivity concerns of the 

capture antibody sandwich assay for ZIKV and DENV NS1 in Section 5.2.2.1 of this thesis, 

but moving forward we need to confirm if we see the same cross-reactivity with this bright 

fluorescent probe capture complex after the successful on-chip differentiated multiplex 

detection of these two individually made ZIKV and DENV NS1 bright fluorescent probe 

capture complexes.  Should this assay prove to be specific beyond doubt, one sample could 
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be processed for both diseases simultaneously as opposed to in two separate reaction aliquots, 

as is the process now.   

 To this end, we need to test for specificity of the assay. Namely—try to capture the 

ZIKV NS1 with the anti-DEN NS1 antibody capture assay and vice versa.  Both assays 

proved to be non-specific for NS1, and the results are seen in Fig. 6.25.   Fig. 6.25(a) shows 

the results for the ZIKV NS1 in the Dengue capture assay and Fig. 6.25 (b) shows the results 

for the DENV NS1 in the Zika capture assay.  Fig. 6.25(a) exhibits 4.2 false signals per 

second in the trace, while Fig. 6.25 (b) shows 3.3 false signals per second in the trace.  We 

cannot say without a doubt that the ZIKV NS1 antigen is specific for only the ZIKV NS1 

capture assay nor that the DENV NS1 antigen is specific for only the DENV NS1 capture 

assay, and therefore we concluded experiments on differentiated detection of Zika and 

Dengue NS1 antigens. I touched on this earlier in this thesis, but we can imagine that if we 

focused on the production of the mAb used in the capture assays that we could have a more 

specific capture assay for each NS1 antigen [164].   

6.4 Detection of Single SARS-CoV-2 N Protein Antigens 

In Section 5.3 of this thesis, I first motivate the molecular biomarker detection of SARS-

CoV-2, a virus which has caused a global pandemic of Coronavirus Disease 2019 (COVID-

19), that—in the United States—has now infected 24.7 million people in the United States 

and is responsible for 410,000 deaths to date (January 2021) [166].  In the worldwide 

community, there are nearly 100 million cases recorded and over 2 million deaths attributed 

to the disease [166].  The propagation of this virus has shown a spotlight on the dire need for 

diagnostic testing on a scale that has never been fully conceived in order to detect and contain 

the spread of the virus.  In a letter to the editor published in Nature Biotechnology in January 

2021, Allison Tong, et al. and the COVD-19 Sensor Research Priority Setting Investigators 
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identified that the top priority for research focus regarding the COVID-19 pandemic in 2021 

is to develop a point-of-care screening test for COVID-19. Their letter summarizes the 

reasoning to classify a point-of-care screening device as the most important research thrust of 

the pandemic into four themes: to enable more efficient clinical decision making (prevent 

delays in access to treatment, preserve resources, and add prognostic information to inform 

patient care), to minimize societal disruption, to protect the community, and to prepare for the 

next phase of the pandemic [167].  As a result, we outfitted the protein antigen capture assay 

and detection on the ARROW platform to eventually diagnose COVID-19, specifically the 

SARS-CoV-2 N protein antigen, as discussed in Section 5.3.  However, in order to meet the 

full need for an accurate, sensitive, quick, and easy (low-complexity) test that could be 

implemented as close to the point-of-care as possible, we have gone further to outfit our ultra-

sensitive bright fluorescent probe assay to capture and detect COVID-19.   

The antibody sandwich assay was designed in the same way as the bead-based 

protein antigen capture assay described in Section 5.3: two anti-SARS-CoV-2 N protein 

capture antibodies were ordered from East Coast Bio.  They were a specific antibody pair 

with the product names HM1054 and HM1055.  HM1054, as with the previous protein 

antigen capture assay, serves as the biotinylated capture antibody and was functionalized 

according to the protocol described in Section 5.1.2.1. HM1055 was labeled with DBCO, as 

described in Section 6.2.2. With these components, I assembled the single-antigen assay for 

the SARS-CoV-2 N protein antigen and detected it on chip.   

An aliquot (0.05 mg) of Dynabeads
TM

 MyOne
TM

 T1 Streptavidin coated magnetic 

beads (Thermo Fisher Scientific) was washed three times in 1xPBS buffer and is incubated 

with 2 µg (~5x molar excess) of biotinylated capture antibody (HM1054, East Coast  Bio.) 

for one hour at room temperature on a rotary mixer. Next, a magnet was used to separate the 
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magnetic bead-biotinylated antibody complex from the excess elute during a 4x washing step 

with 1xPBS. The solution was then re-suspended in 5 µL 1xPBS. 2 µg (~5x molar excess)  

DCBO-labeled antibodies (HM1055, East Coast Bio.) and up to 1 µg target antigens (SARS-

CoV-2 N protein antigen LA600, East Coast Bio.) were added to the bead-pulldown complex 

and incubated at 37
o
C for two hours. About 100 nM reporter probe molecules (1kB pUC19 

PCR product made with a photo-cleavable azide forward primer (IDT) and 50% biotinylated-

dUTP and functionalized with dye-labeled monovalent streptavidin (mSA, Howarth Lab, 

Oxford University) so that there are ~250 mSA/1kB probe and up to 750 dye/probe) were 

then added to react with the DCBO-labeled antibody on the complex and allowed to incubate 

at room temperature for 1 hour on a rotary mixer and then at 4
o
C overnight.  The capture 

assay was subject to a 2x wash step in 1xPBS to wash away excess unbound assay 

components and was then re-suspended in 50 µL 1xPBS. An aliquot of 5 µL was then subject 

to UV-B (311 nm) light for 45 seconds, pulled down by a magnet, and 4 µL of the elute 

(probes) was transferred to 36 µL 1xPBS.  A 5µL aliquot of the sample was transferred to the 

ARROW platform for detection.   

 

Fig. 6. 26 Experimental result from SARS-CoV-2 N protein probe capture assay and release a) 

Fluorescent particle trace of the SARS-CoV-2 N protein probes in the appropriate capture assay post 45 
second UV release b) (top) Fluorescent particle trace of the SARS-CoV-2 N protein probes in the 
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appropriate capture assay post 0 second UV release (bottom) Fluorescent particle trace of the ZIKV 
NS1 protein antigen in the SARS-CoV-2 capture assay post 45 second UV release 

 

For these experiments, the optical setup is the same as that discussed earlier (also 

shown in Appendix A.1) but is operated such that only the 633 HeNe gas laser is the 

excitation source.  The laser is coupled into a single-mode excitation fiber, which is butt-

coupled into the single-mode solid-core excitation waveguide on the ARROW chip.  This 

excitation waveguide launches into the intersection of the ARROW fluidic microchannel, 

creating a small excitation region that the fluorescent probes pass through and emit emission 

signals.  After the fluorescence signal is created by the fluorescent probes, it propagated 

down a collection core waveguide, through an objective, and is passed through a penta-

bandpass filter (FF01- 440/521/607/694/809-25, Semrock) to filter out the excitation 

wavelength.  The signal is finally recorded by a single photon avalanche diode (Excelitas).  

Fig. 6.26, above, presents the results of the SARS-CoV-2 N protein antigen capture and probe 

release experiments with two separate negative controls. Fig. 6.26 (a) shows a recorded 

fluorescence particle trace signal for the Cy5 labeled SARS-CoV-2 N protein antigen capture 

probe experiment, post-45 second UV release. Fig 6.26(b) show the negative controls of this 

experiment, where Fig. 6.26(b, top) displays a fluorescence particle trace taken of the probe 

after release, pulldown, and dilution after the capture complex was exposed to 0 seconds UV-

release light and Fig. 6.26(b, bottom) displays a fluorescence particle trace of the probe after 

release, pulldown, and dilution after the capture complex was exposed to 45 seconds of UV-

release light but the capture complex was made with a mismatched target—ZIKV NS1 

antigen.  In both negative control traces in Fig. 6.26 (b), there are no detectable signals in the 

fluorescence particle trace, demonstrating both capture assay specificity and that there would 

be no false signals from no UV-release treatment.    
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6.4.1 Detection in Negative Clinical Nasopharyngeal Swab Samples 

In order to recreate the extraction of samples in a clinical setting safely in the lab, we 

performed the same single-antigen solid-phase extraction capture assay and release detection 

experiments in clinical nasopharyngeal swabs for COVD-19 collected and negative de-

identified from the UC Santa Cruz Molecular Diagnostics Laboratory [168].  We have made 

the capture assay similar to the original protocol for the capture complex construction and 

release, with the only difference being that the protein antigen (here, SARS-CoV-2 N protein 

and in later experiments Influenza A antigen) is spiked into different volumes of swab 

sample, with the baseline of the experiment being spiked to a concentration of 30 ng/mL.  At 

a concentration of 30 ng/mL, the average signals per second for the fluorescence particle 

traces for the probe experiment spiked into the negative nasopharyngeal swab material is 5.3 

signals/sec in comparison with the 4.5 signals per second average signal from the 

fluorescence particle traces of the probe experiment done completely in buffer. Therefore, we 

concluded that performing the experiment by spiking the samples in swab material has little 

or no effect on the optical or capture aspects of this experiment. This is a promising 

conclusion, leading to the possibility of performing these capture experiments in other 

clinical solutions.   

We have additionally validated this experiment on chip with simultaneous dual 

nucleic acid and antigen SARS-CoV-2 multiplex detection experiments, multiplex detection 

of SARS-CoV-2 and Influenza A single antigens, and concentration series experiments—all 

of which I will detail in the upcoming sections.   
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6.4.2 Simultaneous Dual Detection of Single SARS-CoV-2 N Proteins and 

Nucleic Acids 

As discussed in Section 5.2.1, simultaneous detection of species-agnostic targets is a 

powerful detection tool to be used in point-of-care diagnostics. To specifically motivate this 

push in the frame of the COVID-19 pandemic, many protein antigen tests have not proven to 

be a reliable diagnostic technique for COVID-19. Many who test positive for the presence of 

COVID-19 antigens are instructed to confirm their results with a RT-qPCR screening as well, 

which can lead to a long turn-around time for a true diagnosis [169].  This illustrates a need 

for a rapid, amplification-free screening platform that can test for both modalities at once.  To 

meet this need, we have performed the simultaneous dual-detection of Single SARS-CoV-2 N 

protein antigens and Single SARS-CoV-2 N protein coding nucleic acids on chip. 

Table 6.3 COVID-19 N Protein capture assay components and synthetic target design 
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 Our nucleic acid assay was designed in the same manner as described in Chapter 4, 

targeting the N protein coding region just like the CDC recommended protocol for a RT-

qPCR screening test does.  We built our model off of the genome given by the GenBank ID: 

MN985325.1-- Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-

2/human/USA/WA-CDC-WA1/2020, complete genome, or the strain of COVID-19 that was 

sequenced at the University of Washington back in March of 2020.  We designed capture 

molecules and reporter probes for synthetic RNA samples provided from ATCC and also a 

longer capture molecule to do clinical mRNA capture from a sample provided by BEI 

resources.  I did not spearhead the nucleic acid experiments, but included the whole construct 

for completeness.  Table 6.3, above, shows the sequences of these nucleic acid assay 

components. 

 

Fig. 6.27 Experimental setup for simultaneous multiplex detection of SARS-CoV-2 and Influenza 
A single antigens a) Cartoon rendering of SARS-CoV-2 N protein mRNA capture, release, and 

labeling with POPO-3 intercalating dye b) Probe capture assay final product, with target antigen 
sandwiched between capture and reporter antibodies labeled with a Cy5 probe c) Cartoon image of a 
Triple-Core (TC) ARROW optofluidic chip where there are three fluidic channels intersecting a MMI 

excitation waveguide allowing for spectral and spatial multiplex detection of different biomarkers, above 
shows the 7-spot pattern for excitation with 633 nm in the second fluidic channel (top) and under that 

shows the 11-spot pattern for excitation with 556 nm in the first fluidic channel (middle/bottom). 
 

 Fig. 6.27 (a) and (b) illustrates the nucleic acid capture and probe antigen capture 

assay constructs.  Briefly, the nucleic acid samples were prepared as follows: Heat inoculated 

cell lysate of Vero E6 cells infected with SARS-CoV-2 (BEI resource: NR-52286) was mixed 

with RNA shield (Zymo research) in one to one volume ratio. The cell lysate was spiked in 

negative NP swab (also mixed with RNA shield) to give a final RNA concentration of 3x10
8
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genomic copies/mL. SARS-CoV-2 RNA was target specifically captured from this using 

streptavidin coated magnetic beads. The magnetic beads were functionalized with 

biotinylated capture oligonucleotides specific to the SARS-CoV-2 RNA region encoding the 

nucleocapsid (N) protein (MT246667.1, nt 28286 - 28340). 30 µL of the above-mentioned 

cell lysate in NP swab was heated to 80
O
C for 5 mins to uncoil the RNA. 2 µL of 

functionalized magnetic beads (4x10
9
 beads/mL) was mixed to this and incubated for more 

than an hour. The beads with the RNA were pulled down with a magnet and all the unbound 

targets, cell lysate and NP swab were washed of by multiple buffer exchanges. The beads 

were re-suspended in 10 µL of nuclease free and RNase free buffer and heated to 80
O
C to 

release the captured RNA. Using a magnet, the released RNA was eluted and tagged with 1 

µM of POPO-3 intercalating dye. Upon binding to the nucleic acid, the dye becomes 

fluorescent. Many dyes attach to the RNA making it brightly fluorescent.  The N protein 

antigen capture probes were made as described in the previous section, Section 6.4, of this 

thesis.   

  Detection was done on a Triple-Core (TC) ARROW optofluidic chip, which is 

discussed in detail in Section 3.2.2.4.  The optical experiment was done with my colleague G. 

Meena.  The TC-ARROW has three analyte-carrying fluidic microchannels intersection one 

single excitation MMI waveguide. This enables spectral and spatial multiplexing on the same 

platform [170].  A cartoon image of this device is seen in Fig. 6.27 (c).  The use of the TC-

ARROW is motivated by the fact that both fluorescent analytes are nucleic acid particles, and 

having them both in the same microchannel may cause cross-contamination with the 

intercalating dye non-specifically labeling the probe ds-DNA molecule.  Therefore, we 

performed the experiment where the two analytes would be physically separated.  We also 

did this experiment with spatial and spectral multiplex detection.  The SARS-CoV-2 mRNA 
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is labeled with POPO-3, an intercalating dye that is excited at 556 nm, and the SARS-CoV-2 

N protein antigen capture probes are labeled with Cy5, which is excited at 633 nm.  The 

probe samples were put into the second channel of the TC-ARROW, and were excited by a 7-

Spot pattern created at 633 nm, shown in Fig. 6.27 (c, top). The SARS-CoV-2 mRNA 

samples were put into the first channel of the TC-ARROW and excited by an 11-Spot pattern 

created at 556 nm, and shown in Fig. 6.27 (c, bottom/middle).  The optical setup for this 

experiment is identical to as previously described and shown in Appendix A1. The excitation 

sources for this experiment are, surprisingly, the 556 nm Nd:YAG SSD laser and the 633 nm 

HeNe gas laser. 

 

Fig. 6.28 Results from Simultaneous Detection of SARS-CoV-2 mRNA and single antigen probes 

a) Fluorescence particle trace of both SARS-CoV-2 N protein single antigen capture probes post 
release, and mRNA tagged with intercalating dye first excited with λ1= 5633 nm only, then with λ2 = 556 
nm, and then with both λ1 and λ2 c) annotated multi-color fluorescence trace with SARS-CoV-2 antigen 
probes (red circle) and SARS-CoV-2 mRNA (green square) signals identified b) MMI signal patterns for 

both SARS-CoV-2 N protein probe (left) and SARS-CoV-2 mRNA (right) signals, with corresponding 
auto-correlation signal shown 

 

 The results from these dual detection experiments are shown in Fig. 6.28. Fig. 6.28 

(a) shows the fluorescence trace from this multiplex detection experiment. In the first ~60 

seconds of the trace, only the 633 nm excitation source was turned on, which only excited 

probes corresponding to single SARS-CoV-2 N protein antigens. In the next 100 seconds, 

only the 556 nm excitation source was turned on, which only excited probes corresponding to 

single SARS-CoV-2 mRNA. In the last 110 seconds of the trace, both excitation sources are 

on.  There is an increased threshold when the TC-ARROW chips are excited by the 556 laser, 
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so there are not as many signals recovered for the probe analytes. Also, it is clear by the 

decrease in signals by the end of the trace that the fluidic microchannel clogged with salt-

formation at the outlet from the 1xPBS buffer.  Fig. 6.28(b) shows the annotated particle 

fluorescence trace from the multichromatic experiment. These signals were identified from 

the signal duration analysis, described by equation 5.2.1 above and also confirmed by the 

shift-multiply algorithm described by equation 4.3.1. Two representative signals shown for a 

7-peak SARS-CoV-2 N protein antigen signal and an 11-peak SARS-CoV-2 mRNA signal 

with their corresponding autocorrelation traces are shown in Fig. 6.28 (c). The characteristic 

δt that is necessary for both of the aforementioned analytical identification techniques was 

extracted from the first peak of the autocorrelation trace. Of the 117 signals in Fig. 6.28(b), 

110 were confirmed to be SARS-CoV-2 antigen probe signals and 6 were confirmed to be 

SARS-CoV-2 mRNA signals (one event could not be confirmed by either analytical 

techniques).  We have demonstrated dual detection of single nucleic acids and protein 

antigens on chip, but there is more work to be done to make a complete, reliable diagnostic 

platform.     

6.4.3 Simultaneous Dual Detection of Single SARS-CoV-2 N Proteins and 

Influenza A antigens 

For most diagnostic assays, the ability to distinguish different pathogens that produce similar 

symptoms is highly desirable. In the case of COVID-19, differential diagnosis from Influenza 

A is most important, in particular during the traditional flu season [171].  Therefore, we 

implemented multiplex detection of SARS-CoV-2 and Influenza A single antigens on the 

ARROW chip by using a multimode interference (MMI) excitation waveguide with a single 

intersecting fluidic channel, which is shown being excited by λ = 556 nm in Fig. 6.29 (a).   



181 

 

 

Fig. 6.29 Experimental setup for simultaneous multiplex detection of SARS-CoV-2 and Influenza 
A single antigens a) Cartoon image of MMI-ARROW device with input wavelengths and output 

fluorescence signal shown b) capture assays before release for Cy5-labeled SARS-CoV-2 N protein 
(top) and Cy3-labeled Influenza A antigen (bottom) c) fluorescence particle trace of a mismatched target 

(SARS-CoV-2 N protein) in the influenza A antigen capture assay released for 45 seconds (top) and 
fluorescence particle trace of a mismatched target (influenza A antigen) in the SARS-CoV-2 N protein 

capture assay released for 45 seconds (bottom). 

 The capture complexes are made similarly to as described above:  an aliquot (0.05 

mg) of Dynabeads
TM

 MyOne
TM

 T1 Streptavidin coated magnetic beads (Thermo Fisher 

Scientific) was washed three times in 1xPBS buffer and was incubated with 2 µg (~5x molar 

excess) of biotinylated capture anti-SARS-CoV-2 N protein antibody (HM1054, East Coast 

Bio.) for one hour at room temperature on a rotary mixer. Next, a magnet was used to 

separate the magnetic bead-biotinylated antibody complex from the excess elute during a 4x 

washing step with 1xPBS. The solution was then re-suspended in 5 µL 1xPBS. 2 µg (~5x 

molar excess)  DCBO-labeled anti-SARS-CoV-2 N protein antibodies (HM1055, East Coast 

Bio.) and target antigen diluted to a concentration of 30 ng/mL in nasal swab material 

(SARS-CoV-2 N protein model, East Coast Bio) antigens were added to the bead-pulldown 

complex and incubated at 37
o
C for two hours. About 100 nM reporter probe molecules (1kB 

pUC19 PCR product made with a photocleavable azide forward primer (IDT) and 50% 

biotinylated-dUTP and functionalized with Cy5-labeled monovalent streptavidin (mSA, 

Howarth Lab, Oxford University) so that there are ~250 mSA/1kB probe and up to 750 
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dye/probe) were then added to react with the DCBO-labeled antibody on the complex and 

allowed to incubate at room temperature for 1 hour on a rotary mixer and then at 4
o
C 

overnight.  The capture assay was subject to a 2x wash step in 1xPBS to wash away excess 

unbound assay components and is then re-suspended in 50 µL 1xPBS. An aliquot of 5 µL 

was then subject to UV-B (311 nm) light for 45 seconds, pulled down by a magnet, and 4 µL 

of the elute (probes) was added to 36 µL 1xPBS.  A 5µL aliquot of the sample was 

transferred to the ARROW platform for detection. Influenza antigen capture assays were 

made similarly.  The target was the Influenza A antigen (East Coast Bio, LA157), the capture 

antibodies were anti-Influenza A antigen antibodies (HM418, East Coast Bio), and the 

detection antibodies were anti-Influenza A antigen antibodies (HM419, East Coast Bio.).   

Fig. 6.29 (b) shows the completed capture constructs for the SARS-CoV-2 N protein 

antigen and the Influenza A antigen. The SARS-CoV-2 N protein is captured onto a complex 

(top) that is labeled with a Cy5 probe and excited with 633 nm excitation light. The Influenza 

A antigen is captured onto a complex (bottom) that is labeled with a Cy3 probe and excited 

with 556 nm excitation light.  Fig. 6.29 (c) demonstrates the specificity of the capture assay 

via two negative control experiments. The top figure shows a fluorescence particle trace of an 

Influenza A capture complex made with the SARS-CoV-2 N protein antigen post 45 second 

UV-release of the probe. The bottom figure shows the fluorescence particle trace of a SARS-

CoV-2 N protein capture complex made with the Influenza A antigen post 45 second UV-

release of the probe. In both fluorescence particle traces, there are no fluorescence signals 

above the background.  This confirms the absence of false positive signals for this assay.    
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Fig. 6.30 Results from Simultaneous Detection of SARS-CoV-2 and Influenza A single antigen 
probes a) Fluorescence particle trace of both influenza A antigen and SARS-CoV-2 N protein single 

antigen capture probes post release, first excited with λ1= 556 nm only, then with λ2 = 633 nm, and then 
with both λ1 and λ2  b) MMI spot patterns for both SARS-CoV-2 (top) and Influenza A (bottom) probe 
signals, with autocorrelation shown and δt and Ttot denoted for each signal c) annotated multi-color 
fluorescence trace with influenza A (green squares) and SARS-CoV-2 (red circle) signals identified 

 

 The next step was the simultaneous detection of both SARS-CoV-2 and influenza A 

antigens from clinical nasal swab samples.  To this end, Fig. 6.30 details the multiplex 

detection experiment done with SARS-CoV-2 negative test swabs in the single molecule 

optical setup explained above and detailed in Appendix A1, operating with the 633 HeNe 

laser and the 556 nm Nd:YAG SSD laser as the two excitation sources.    Fig. 6.30 (a) shows 

the fluorescence trace from this multiplex detection experiment. In the first ~40 seconds of 

the trace, only the 556 nm excitation source was turned on, which only excited probes 

corresponding to single Influenza A antigens. In the next 40 seconds, only the 633 nm 

excitation source was turned on, which only excited probes corresponding to single SARS-

CoV-2 N protein antigens.  In both cases, numerous signals originating from individual 

probes were detected with comparable rate and average intensity, confirming that the 

individual assays work and that both targets are indeed present.  Fig. 6.30 (b, top) shows 

close-ups of a SARS-CoV-2 signal with a 7-peak pattern created by the MMI excitation 

pattern at 633 nm and an Influenza A signal with an 8-peak pattern created by the MMI 
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excitation pattern at 556 nm.  Fig. 6.30 (b, bottom) shows the auto-correlation signals of those 

peaks which exhibit N-1 maxima. The first maximum represents the time spacing δt between 

adjacent peaks in the time trace which will be used for identification of the target (see below). 

In the last ~30 seconds of the trace in Fig. 6.30 (a), both excitation sources were 

turned on, fully demonstrating simultaneous multiplex detection of both probes 

corresponding to single Influenza A and SARS-CoV-2 N protein antigens. Fig. 6.30 (c) 

shows the fluorescence particle trace where both excitation sources are on in more detail.  

The trace is annotated such that all fluorescence signals are identified as either a SARS-CoV-

2 N protein antigen peak or an Influenza A antigen peak using multiple signal processing 

methods to differentiate the target specific fluorescence signals.   

To identify these events, we use a combination of two established methods. For the 

first, we extract the characteristic δt for each unidentified event from the first peak in the 

auto-correlation signal (Fig 6.30 (b, bottom)) and then perform a shift-multiply algorithm to 

classify it, described by equation 4.3.1 of this thesis.  For the second method, we take the 

total time of each signal, Ttot, and divide it by the characteristic δt of each signal. The result is 

a confirmation of N, the total number of peaks in the signal.  This is described by equation 

5.2.1. of this thesis. An event was declared identified as one of the two targets only if both 

methods yielded the same results. In the final multi-color trace, 53.5% of events detected 

were identified as Influenza A antigens and 46.5% of events were SARS-CoV-2 antigens. 

The rate of antigen detection for the 556 nm, single color Influenza A trace is 5.7 events per 

second, and the rate of antigen detection for the Influenza A antigen in the multi-color trace is 

3.1 events per second. Similarly, the rate of antigen detection for the 633 nm, single color 

SARS-CoV-2 antigen is 2.6 events per second while the rate of antigen detection for the 

SARS-CoV-2 antigen in the multi-color trace is 2.6 events per second. The rates of multi-
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color antigen detection are expected to be the same as the rates of single color antigen 

detection on chip, which we see empirically for the SARS-CoV-2 antigen detection and 

suggests that there is differentiated, single antigen detection in the multichromatic trace of the 

SARS-CoV-2 antigen.  The discrepancies in the rates of the influenza A antigen detection 

between the single color and multi-color traces are attributed to an increase in the threshold 

signal amplitude of the multi-color trace due to a higher background caused by both lasers 

being on simultaneously. For both single color traces, the threshold was set to 5 photon 

counts per 0.1 ms, while the threshold for the multichromatic trace was set to 10 photon 

counts per 0.1 ms. Therefore, slightly fewer of the low intensity events are captured.   

 

Fig. 6.31 Signal Amplitude Histograms from Simultaneous Detection of SARS-CoV-2 and 
Influenza A single antigen probes a) Peak Histogram of the 556 nm single color trace of Fig 6.29. (a) 

of the fluorescent probes in the main experiment, post capture in negative nasal swab material and post 
45 second release experiment that have a mean signal amplitude of 24.2 counts/0.1ms and a standard 
deviation of 17.2 counts/0.1ms b) Peak Histogram of the 633 nm single color trace of Fig 6.29. (a) of the 

fluorescent probes in the main experiment, post capture in negative nasal swab material and post 45 
second release experiment that have a mean signal amplitude of 27.2 counts/0.1ms and a standard 
deviation of 22.2 counts/0.1ms c) Peak Histogram of free fluorescent probes in solution that have a 

mean signal amplitude of 132.2 counts/0.1ms and a standard distribution of 164.4 counts/0.1ms 
 

 The last piece of this puzzle lies in the distribution of peak amplitudes, seen in Fig. 

6.31 (a) and (b).  The signal amplitude distribution for the single color 556 nm portion of the 

trace skews to lower intensities than the distribution for the 633 nm trace, which suggests that 

there are more Cy3-labled Influenza A antigen probe signals that are not counted due to the 

increase in threshold level.  Additionally, the signal amplitude histograms for the probe 

release traces are similar in shape to the signal amplitude traces for single probes flowed 
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through the ARROW, seen in Fig. 6.31 (c), which substantiates the claim that we are seeing 

single reporter detection.    

We have designed and implemented a fluorescence assay for multiplex detection of 

viral antigens with single antigen sensitivity using direct counting of individual reporter 

particles on a compact optofluidic waveguide chip.  We have validated this capture assay and 

probe release optical experiment by detecting individual antigens from clinical samples at 

relevant concentrations.  We [I] would like to extend a deep gratitude to the UCSC Molecular 

Diagnostics Laboratory for providing the negative nasopharyngeal swab samples, as well as 

for providing testing on campus so that we can work in a safe and healthy environment. We 

now look to push these antigen tests to push the limit of detection of this device as well as 

this capture assay with probe release experiment. These experiments are detailed in the next 

section.  

6.4.4. Pushing the Limit of Detection of the Single Antigen Assay and Detection 

In a diagnostic assay, the Limit of Detection (LoD) is defined as the lowest quantity of a 

substance—in this case target antigen—that can be distinguished from the absence of that 

substance [172].  For any good diagnostic method, it is important to characterize this quantity 

in order to speak to the sensitivity and efficacy of the technique.  We aim to validate our 

SARS-CoV-2 capture and detection assay in comparison to other antigen tests that are on the 

market during this pandemic.  The LoD for the Ray Biotech COVID-19 N Protein ELISA 

assay is 0.07 ng/mL and is 0.09 ng/mL (93.75 pg/mL) from the Sino Biological SARS-CoV-2 

(2019-nCoV) Nucleocapsid Detection ELISA kit [173] [174]. Both of these commercially 

available detection kits attempt to detect the same antigen that our assay targets: the SARS-

CoV-2 N (Nucleocapsid) protein.   
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 As a response, we tested the limit of detection for both our diagnostic assay and 

detection platform. So, for the first method of testing the limit of detection, we performed a 

capture and release experiment with a starting concentration of 30 ng/mL and diluted the 

probe elute 1:10, then diluted the sample 1:10 four more times, signifying lower and lower 

concentrations.  The concentration series for this experiment is plotted on a log-log plot and 

shown in Fig. 6.32 (a), below. We were able to detect down to a limit of 0.08 ng/mL when 

diluting the probe solution post-release. Fig. 6.32 (a) also shows the equation for the plotted 

trend-line of the concentration data, showing that there is a near linear increase of 

fluorescence signal count per second in a trace and the detection concentration, fit by the 

equation 𝑦 = 0.27𝑥0.93 with an R
2
 value of 0.98. This is about on par with the other detection 

techniques for SARS-CoV-2 N protein antigen ELISA tests.  

 

Fig. 6.32 Results from Limit of Detection for Probe Assay and Probe Detection Experiments a) 

Concentration series of probe detection limit of detection experiment, exhibiting a limit of detection down 
to 0.08 ng/mL b) Concentration series of probe capture assay limit of detection experiment, exhibiting a 

limit of detection down to 0.75 ng/mL. 

 

 We then tested the LoD of the probe capture assay, where the target antigen was 

diluted before capture and added to the rest of the capture assay, and the release experiment 

was performed as described in the previous sections.  The concentration series for this 

experiment is plotted on a log-log plot and shown in Fig. 6.32 (b), above. We were able to 
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detect down to a limit of ~0.75 ng/mL when diluting the antigen pre-capture and performed 

the capture assay and release experiment after that. Fig. 6.32 (b) also shows the equation for 

the plotted trend-line of the concentration data, fit by the equation 𝑦 = 0.59𝑥0.51 with an R
2
 

value of 0.98.  Although we are only seeing 3 data points, this shows that we’re losing some 

of signals from this capture assay at higher concentrations, or having more signals than we 

should at lower concentrations. This capture assay characterization needs more 

characterization for future work, but this is a promising launching pad.  While the LoD for 

this capture assay is about 10x greater than the other detection techniques for SARS-CoV-2 N 

protein antigen ELISA tests. This is a great place to start for a new single-antigen bright 

fluorescent probe assay.   
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7 Conclusions and Outlook 

In conclusion, this thesis has pushed forward multiple goals in the development of bioassays 

specifically made for the ARROW optofluidic platform— it has shown the first-ever 

differentiated detection of total viral RNA samples, expanded a solid-phase extraction 

protocol to enable target agnostic detection of various viral biomarkers, and created a novel 

single-antigen capture and detection method that can be used for specific, differentiated 

diagnostics of pandemic-level pathogen at clinically relevant concentrations that is easily 

reconfigurable to meet the current and ongoing urgent demand.  

 Initially, I built upon non-specific fluorescence assays and multi-mode interference 

waveguide enabled wavelength division multiplexing on chip by assisting to spectrally and 

spatially detect and differentiate Influenza panel viruses [92].  This detection technique was 

also used to enable the spectral multiplex detection and differentiation of different influenza 

viruses in flow as well as the enhanced detection single influenza viruses [90] [91].   

A discussion of the work done for the external functionality of a hybrid-microfluidic 

sample processing chip integrated with the ARROW detection chip was also presented.  The 

function of this reconfigurable, pneumatically actuated peristaltic pump-driven microfluidic 

automaton chip was shown in a concentration experiment where we demonstrated an increase 

in target analyte, which was a specific bead-based amplification-free nucleic acid capture 

complex, detection events by a factor of 335.   There was also work done on this platform to 

enable the capture and detection of single EBOV-RNA’s using a specific bead-based nucleic 

acid capture and release assay [79].  Expanding upon this, I reported the first amplification-

free multiplex detection of many Viral Hemorrhagic Fever clinical total RNA samples that 

exhibited combinatorial labeling on a specific bead-based capture assay.  The signal 

amplitude for the EBOV total RNA capture complexes were on average about ~8x greater 
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than the signal amplitudes for the other VHF complexes (MARV, RAVN, and CCHF), and it 

was determined that it was an indicator of higher mass loading caused by an upregulated 

glycoprotein production (via sGP and ssGP) that is a hallmark of EBOV infection.  This 

result has interesting implications for bead-based nucleic acid detection on the ARROW 

platform for the relative amplification-free measurement of gene up/down regulation in total 

RNA samples [93].  

In parallel to this specific bead-based nucleic acid capture assay, I introduced a 

similar specific bead-based protein antigen capture assay. The simultaneous dual-detection of 

target agnostic species—both nucleic acid and protein antigen capture complexes—on the 

ARROW platform outfitted with an MMI-waveguide is reported [118].  This work was also 

expanded to include a similar bead-based capture assay for antibodies to develop the scope of 

the capture assay and ARROW biosensor to include serological testing.  This work was 

dependent on the large numbers of target analytes per capture complex, which did not provide 

the precision we were looking for in our bioassays for molecular diagnostics.  To this end, I 

introduced a novel single-antigen detection method enabled by a bright fluorescent reporter 

probe.  The single antigen assay was based on the protein antigen capture assay mentioned 

earlier outfitted with a large bright fluorescent probe made up of a dsDNA backbone and dye-

labeled streptavidin proteins.  This probe was functionalized with a photo-cleavable spacer, 

which undergoes a photolysis reaction when exposed to light from 300-350 nm.  Upon 45 

second release with 311 nm, each bright fluorescent probe corresponding to one captured 

target antigen was removed from the capture complex and detected in the ARROW platform.  

This culminated in the simultaneous dual-detection of single SARS-CoV-2 and Influenza A 

antigens at a clinically relevant concentration of 30 ng/mL extracted from negative clinical 

nasopharyngeal swabs (from UCSC molecular diagnostics laboratory).  I also characterized 
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the LoD of this capture assay to be 0.75 ng/mL. This is an order of magnitude greater than the 

LoD for commercially available antigen capture assays, but builds a strong foundation for the 

expansion of this project. 

The works in this thesis have provided the ARROW platforms with significantly 

more sensitive bioanalysis assays and techniques for molecular diagnostics.  The expansion 

of bead-based capture assays to be target agnostic progresses the capabilities for ARROW-

based point-of-care diagnostic techniques alone.  The addition of a completely novel bright 

fluorescent probe to enable single antigen detection permits more sensitive bioanalysis work 

that can be continued in developing new optofluidic detection techniques on easily produced 

and compact lab-on-a-chip devices. 
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8 Appendix  

8.1 The Single Molecule Setup 

 

Supplementary Fig. 1 Single Molecule Setup. A 488 nm Ar-Ion laser, a 556 nm Solid State Diode 

(SSD) Nd:YAG laser,  a 633 HeNe laser, and a Ti:Sapphire laser tuned into 745 nm in continuous wave 
(CW) mode and coupled into the same single-mode fiber, which is butt-coupled into the ARROW 
optofluidic chip. Fluorescent signals created in the LC-ARROW (blue) travel orthogonally out an 
objective, through a multiband pass filter, and into an APD, where the signals are recorded using 

specialized software. 

The optical detection setup for experiments involving detecting single viruses on chip is the 

Single Molecule Setup.  We employ the optical setup for the detection of single biomarkers in 

the following way: 488 nm Ar-Ion laser, a 556 nm Solid State Diode (SSD) Nd:YAG laser,  a 

633 HeNe laser, and a Ti:Sapphire laser tuned into 745 nm in continuous wave (CW) mode 

and coupled into the same single-mode fiber (FS-A from Newport).  This fiber is butt coupled 

into a narrow (4 µm) solid core excitation waveguide which is designed to carry a single 

mode on the ARROW optofluidic chip.   The single mode waveguide interests orthogonally 
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with the LC-ARROW fluidic microchannel.  Fluorescently labeled virus particles flow  in 

aliquots of concentration less than 10 pM (the single molecule detection limit) from the inlet 

of this LC-ARROW to the outlet using negative pressure driven flow (vacuum applied at the 

outlet of the chip).  As they pass through the excitation cross section of the chip—the area at 

which the solid core excitation waveguide intersects with the LC-ARROW fluidic channel—

these fluorescently labeled particles can be excited (should the excitation light align with the 

correct dye) and emit a fluorescence signal, which propagates down the ARROW channel, is 

coupled to a solid-core collection waveguide, and collected by an objective. The signal is 

then passed through a filter that excludes all of the excitation wavelengths, and is then 

collected by a multimode fiber and sent to an APD (SPCM-AQR-14-FC, Excelitas). The 

resultant signal, F(t), is recorded by TimeHarp 260 software operating in the TTTR mode 

(PicoQuant GmbH).    
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