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ABSTRACT 

 Biomarkers are biological measures used for clinical assessment, whether an 

individual has a particular medical condition or to monitor and predict health states in 

individuals. Sensitive detection and quantification of various biomarkers are essential for 

disease diagnostics. The majority of biomarker-based diagnostics examines the presence 

and quantity of a single biomarker. Since the symptoms of many diseases are alike, 

multiplexed biomarker tests are highly desirable. Furthermore, detection of multiple 

biomarkers would improve the accuracy of diagnosis as well as providing additional 

information about the prognosis. Microarray platforms have the potential for higher level 

of multiplexing for biomarker detection. However, conventional microarray technologies 

are limited by the sensitivity of assays. This dissertation describes how single-particle 

interferometric reflectance imaging sensor (SP-IRIS) overcomes the sensitivity issues in 

biomarker detection and its applications to biomolecular and cellular biomarker detection 

assays. 

SP-IRIS provides optical detection of individual nanoparticles when they are captured onto 

a simple reflecting substrate, providing single-molecule sensitivity. This technique can be 
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used to detect natural nanoparticles (such as viruses) without labels as well as molecular 

analytes (proteins and nucleic acids) that are labeled with metallic nanoparticles. Moreover, 

the advancements in technology make SP-IRIS ideal for the detection of low abundance 

biomarkers.  

Utilization of light polarization in combination with plasmonic gold nanorods as labels 

enhances the signal-to-noise ratio in nanoparticle detection allowing for the use of low 

numerical aperture optics increasing the field-of-view, hence, the throughput and 

sensitivity. Additionally, the integration of a disposable microfluidic flow cell and dynamic 

particle tracking in kinetic measurements provide a robust, ultra-sensitive and automated 

diagnostic platform.  

This dissertation focuses on the development of biological assays demonstrating effective 

use of SP-IRIS as a clinical diagnostic platform. We discuss the development of protein, 

nucleic acid and biological nanoparticle detecting SP-IRIS microarrays. We demonstrate 

four digital detection platforms for Hepatitis B, microRNA, rare mutations in an oncogene, 

KRAS, and virus-like particle detection with ultra-high sensitivity. 
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1 CHAPTER ONE INTRODUCTION 

 COVID-19, an infectious respiratory disease caused by the coronavirus SARS-

CoV-2, has spread globally and become a global pandemic in just over two months since 

its discovery in December 2019 [1]. During the COVID-19 outbreak, more than fifteen 

million people were infected worldwide as of 25 July, 2020 [2]. The development of 

therapeutics, vaccines, as well as reliable, widespread, and efficient diagnostics, became 

crucial more than ever. Researchers worldwide have put an immense amount of work into 

identifying the virus and sequencing its genes [3,4]. Currently, there are no therapeutics or 

vaccines approved by the United States Food and Drug Administration (FDA) [5]. At this 

point, diagnostics come into play with a more potent role since they can provide rapid 

implementations of control measures. Therefore, every day more and more testing has been 

performed.  

Emerging diagnostics being developed for SARS-CoV-2 or other viruses mainly 

include detection of viral nucleic acid, viral protein antigens and antibodies, and viral 

particles [6–8]. These biological markers are defined as a subcategory of medical signs or 

indications of medical state observed from outside the patient [9]. Biomarkers are 

measurable changes in biological substances associated with normal or abnormal 

biological processes [10]. They can be cellular (viral or bacterial particles) or molecular 

(DNA, RNA, protein, metabolites). The very first step in diagnostics is the identification 

of one or more biomarkers for the particular biological process. Then, the diagnostic tools 

are developed for sensitive and specific detection of the particular biomarkers. 

Proteins reflect the physical conditions of their environment. Since many 
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physiological changes are effective post-transcriptionally, their impact is not seen at 

nucleic acid level. Hence, proteins are more adaptive and dynamic in cellular physiology 

[11].  Proteomics has been used to search for novel biomarkers in biological fluids using 

protein and peptide profiling [12]. Protein biomarkers are crucial in diagnosis and 

prognosis of diseases since they actively respond to the critical changes in the body. Protein 

biomarker tests rely largely and most commonly on specific antibody-antigen detection 

which is an important subset of protein interactions.  

Nucleic acid biomarkers are useful indicators for early diagnosis of cancer, 

infectious diseases and many other diseases. The ultra-low abundance of nucleotide 

biomarkers and genetic similarities make their detection extremely difficult. Additionally, 

detecting rare mutations (1:103 to 1:106) requires exquisite discrimination between two 

highly similar sequences, one of which is significantly more abundant than the other.  

Biological nanoparticles such as viruses and exosomes are essential cellular biomarkers for 

a range of medical conditions. Along with the infectious diseases, viruses are considered 

to be linked with many human cancers. Although the specific mechanisms leading to 

cancer subsequent to a particular viral infection with the particular viruses are not always 

clear and established, usually, a single virion is found to be responsible [13]. Using viral 

particles as biomarkers is advantageous because a more accurate detection free of 

manipulation can be obtained in their innate environment such as in serum or other bodily 

fluids without altering the physiological conditions. Biological sensors that detect cellular 

biomarkers with high specificity, without additional labeling, are promising because they 

reduce the complexity of sample preparation and may improve measurement quality by 
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retaining information about the nanoscale physical structure of the bio-nanoparticle (BNP).  

Figure 1.1 represents a general overview of aforementioned and additional biological 

materials while comparing them in terms of size. It provides broad visualization the 

biomarkers and their comparison with other materials.  

 

Figure 1.1 Comparison of biological and technological scales. Reproduced from [14]. 

 

The development of sensitive and easy to use platforms for the rapid detection of 

wide varieties of analytes such as proteins, nucleic acids, biological nanoparticles has been 

increasingly important in medical and environmental analysis. High-throughput screening 

methods in array technologies, molecular diagnostics, proteomics, infectious disease 

detection and drug discovery have been explored  extensively [15–19]. For medical 
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diagnosis, it is critical to detect these biomarkers at very low concentrations. Therefore, 

sensitive detection of analytes is required for diagnostic tools. Microarray-based detection 

technologies offer the promise of highly multiplexed analysis of biomarkers if the low-

sensitivity issues are resolved [20].  

Interferometric Reflectance Imaging Sensor (IRIS), developed by our group, is a 

label-free, high-throughput and sensitive technique for the detection of variety of 

biomarkers. IRIS has demonstrated high-throughput detection and quantification of 

protein-protein binding, DNA-protein binding and DNA-DNA hybridization with high 

sensitivity and reproducibility [21–26]. IRIS in high-magnification modality, Single-

Particle Interferometric Reflectance Imaging Sensor (SP-IRIS), is a simple, sensitive and 

multiplexed diagnostic platform based on detection of single particles [27,28]. Multiplexed 

and sensitive detection ability, microfluidics compatibility in combination with kinetic 

measurements make SP-IRIS a promising approach for a rapid detection platform. Recent 

significant advancements in SP-IRIS technology have allowed us to identify individual 

captured nanoparticles and digitally count the absolute number of nanoparticles captured 

onto a microarray [29].  

Here we describe the development of a digital microarray approach that detects 

single-particles with high sensitivity allowing the application in multiplexed biomarker 

detection. This dissertation focuses on the applications of polarization enhancement of SP-

IRIS expanding upon its current capabilities and applying it to different assays. We have 

developed highly sensitive, multiplexed, medically-relevant assays using SP-IRIS for 

protein, DNA and biological nanoparticle detection.  
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1.1 Overview of the dissertation 

 In this dissertation, we present development of four digital microarrays for protein, 

RNA and DNA, and BNP diagnostics.  

Chapter 2 presents the optical system design and the data analysis techniques 

utilized in this dissertation. The Interferometric Reflectance Imaging Sensor (IRIS) for 

both biomass quantification and single-particle detection are described in detail. We further 

discuss sensitivity improvement with the polarization enhancement in SP-IRIS and the use 

of gold nanorods as the labels. Then, we explain how we do kinetic measurements and 

detection and tracking of each binding event during the experiments in real-time. 

Chapter 3 focuses on the properties of a proper surface design for microarray 

applications and how we expand this knowledge in our digital microarray preparation. We 

further discuss the technologies that enabled sensitive kinetic measurements of 

nanoparticle binding and debinding. These are disposable microfluidic flow cell 

compatible with SP-IRIS chips and the custom software that performs nanoparticle 

detection and tracking in kinetic studies.  

Chapter 4 describes a digital protein microarray for Hepatitis B (HepB) detection. 

We present a homogeneous detection approach where HepB viral antigen is mixed with 

antibody-conjugated gold nanorods and used in detection. The microarray yields ultra-high 

sensitivity for HepB detection in under an hour.  

Chapter 5 expands the application of polarization-enhanced SP-IRIS to RNA and 

DNA detection. In the first section of the chapter, we present a digital microarray for small, 

non-coding RNA, microRNA, detection with attomolar sensitivity. We compare endpoint 
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and kinetic measurements where we utilize dynamic tracking technology mentioned in 

Chapter 2. We obtain an ultra-sensitive and multiplexed digital microarray for two types 

of miRNAs. In the second section of the chapter, we demonstrate a digital microarray for 

rare mutation detection in the gene responsible for colorectal cancer. We present 

preliminary results and suggest that polarization-enhanced SP-IRIS equipped with 

dynamic tracking technology is a promising approach for rare mutation diagnostics. 

Chapter 6 focuses on the design aspects of solid-phase optical sensors for sensitive 

and label-free detection of biological nanoparticles. We apply SP-IRIS technology to the 

development of an assay for the detection of virus-like particles (VLPs).  

Chapter 7 concludes the dissertation and presents the future work. 
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2 CHAPTER TWO THE INTERFEROMETRIC REFLECTANCE 

IMAGING 

In this chapter, we describe the optical systems used throughout this dissertation. 

First, we explain the low magnification modality, IRIS, which is a multiplexed and label-

free detection platform. IRIS is used to quantify biomass accumulation on a substrate. 

Second, we explain the high magnification modality, SP-IRIS, which is used for 

quantitative detection of single nanoparticles, particularly gold nanoparticles and 

biological nanoparticles which are selectively captured on the sensor surface. We present 

an overview of the two detection techniques, image analysis and data processing. Finally, 

we describe real-time tracking and detection of single nanoparticle binding during kinetic 

binding experiments. 

2.1 Interferometric reflecting imaging sensor (IRIS) 

Interferometric reflectance imaging sensor (IRIS) is a label-free biosensor that 

measures the optical path difference (OPD) as a result of biomass accumulation on the 

sensor surface. A silicon/silicon dioxide (Si/SiO2) layered substrate is used to prepare the 

microarray format sensors [27].  

2.1.1 Detection principle 

The IRIS system depends on the interference of the normally incident 

electromagnetic waves on the layered substrate. An overview of the IRIS system, a typical 

IRIS image and height maps of some selected spots are shown in Figure 2.1. The layered 

substrate consists of a silicon wafer with a thermally grown silicon oxide layer on top (110 

nm in thickness). Normally incident light from an LED is reflected from the both layers of 
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the Si/SiO2 substrate. The reflectivity curves are fitted to spectral reflectance using the 

Fresnel equations as given below. The reflection coefficient of an oxide can be 

approximated as: 

𝑅 = |𝑟|2 =
𝑟1

2+𝑟2
2+2𝑟1𝑟2𝑐𝑜𝑠2𝜙

1+𝑟1
2𝑟2

2+2𝑟1𝑟2𝑐𝑜𝑠2𝜙
        (2.1) 

where r1 and r2 are the Fresnel reflection coefficients of air, silicon dioxide and silicon, 

respectively. They can be calculated as   

𝑟1 =
𝑛2−𝑛1

𝑛2+𝑛1
          (2.2) 

and 

𝑟2 =
𝑛3−𝑛2

𝑛3+𝑛2
            (2.3) 

where n1, n2, n3 are the indices of refraction for medium, silicon dioxide and silicon, 

respectively. 

The optical phase difference between the two reflected waves from medium/SiO2 and 

Si/SiO2 interfaces are indicated with 𝜙 in Equation 2.1 which is given by 

𝜙 =
2𝜋𝑑

𝜆
𝑛2𝑐𝑜𝑠𝜃         (2.4) 

where 𝜆  is wavelength of the incident light, 𝜃  is the angle of incidence and d is the 

thickness of transparent film which is the biofilm layer with SiO2.  

  The surface of the substrate is functionalized with biomolecules which are used as 

capture probes for the analyte of interest. During the binding experiments, the sensor is 

incubated with the analyte solution and the target (analyte) molecules bind to the sensor 

surface via capture probes, which creates a biomass accumulation. This accumulation 
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changes the OPD between the top of the transparent film and the top of the Si surface. A 

thicker transparent film results in a higher OPD, which appears as a characteristic and 

quantifiable shift in the spectral reflectivity curve along with the change in the intensity of 

the reflected light at the specific wavelength (Figure 2.1C). 

 

 

Figure 2.1. A) Schematics of the IRIS optical setup. B) Operating principle of IRIS showing 

the illumination of the Si/SiO2 substrate and the reflected light from the surface of different 

layers of the substrate along with the biomass on the surface. C) The phase shift detected at 

the camera as a result of accumulation. D) A typical IRIS image of the sensor surface with an 

array of antibody spots. E) Height profiles along the lines (1) and (2) in Figure 2.1.D. 

Antibodies at different concentrations create different heights, so do variations in the 

intensity at the camera yielding different gray values, as shown in the height profiles. F) 3D 

surface map of spots marked with the lines in Figure 2.1.D. 

 

Equation 2.1 provides the OPD from spectral reflectivity at each pixel in the image. 

As the biomass accumulates on a given spot, the OPD changes. It is approximated that the 

refractive index of the accumulated protein is roughly equivalent to the SiO2 layer [30]. 
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The OPD is then used in the calculation of the thickness of the transparent film, assuming 

a constant refractive index through the biofilm layer and SiO2 which is taken as 1.45. 

Therefore, the effective thickness and concentration of the accumulated biomaterial 

concentration can be estimated in nanometers and ng/mm2 on a given spot, respectively. 

Quantification experiments were performed by our group [31]. A known amount of DNA 

and protein molecules were deposited on the sensor surface and measured by the IRIS 

system where a conversion is generated. The conversion factors are for IgG 1nm = 1.2 

ng/mm2 and for DNA molecules 1nm = 0.8 ng/mm2. 

2.1.2 Data collection, image analysis and data processing 

The optical setup fundamentally contains LEDs, an integrating sphere, a 50:50 

beam splitter, an objective, a camera. Four-color LEDs are attached to the integrating 

sphere to obtain a uniform illumination source (low spatial coherence). The four colors are 

red (dominant wavelength, λD = 630 nm), green (λD = 525 nm), blue (λD = 460 nm), and 

yellow (λD = 595 nm). A 5X/0.15 NA objective (Nikon) is typically used. 5 MP CMOS 

camera (FLIR, Grasshopper3 GS3-U3-51S5M-C) with a pixel size of 3.45 μm is used for 

data collection. The low-magnification modality of IRIS provides a large, 2.8 mm x 2.1 

mm field of view (FOV) using a 5x magnification with 0.15 numerical aperture (NA), 

making the technique very appealing for multiplexed applications.  

The reflected light intensity measured at the camera is recorded for each pixel at 

the camera for each illumination wavelength. The intensity data is then processed by using 

custom MATLAB software, where the intensity values at each wavelength are normalized 

and fitted to a reflectivity curve for each pixel using Equation 2.1. For this, the thickness 
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of the transparent film is calculated. The thickness values of each pixel are mapped to a 

grayscale image (Figure 2.1).  

Recently, IRIS has evolved into a more powerful detection technology for label-

free biomolecular interaction analysis with 2x magnification, larger FOV of 7mm x 5 mm, 

automated sample handling and Python-based, user-friendly detection and analysis 

software.  

The IRIS is used for quantification of DNA, protein adsorption on the surface, real-

time monitoring of binding events, measuring binding rates and as a quality control step in 

microarray fabrication. Since the IRIS imaging platform can provide label-free and 

multiplexed quantification of molecular binding events in real-time, it is a versatile 

technique for many applications [32–34].  

2.2 Single-particle interferometric reflecting imaging sensor (SP-IRIS) – Digital 

detection of single nanoparticles and kinetic measurements of nanoparticle 

binding 

Single-particle interferometric reflecting imaging sensor (SP-IRIS) is adapted from 

the low magnification modality of IRIS. It advances the wide-field interferometric imaging 

to high spatial resolution with the help of a high-NA objective. It is used for detection of 

biological and synthetic nanoparticles on the sensor surface. In this modality, the signal 

stems from not only the interference of the light reflected from the layered substrate and 

the biological layer, but also the interference between the scattered field from the particle 

and the light reflected off the substrate. The instrument can be used to count individual 

nanoparticles captured on the sensor over a large sensor area [25,26,35]. SP-IRIS is a very 
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powerful tool for detection of both biological nanoparticles, such as viruses, and synthetic 

nanoparticles, such as gold nanoparticles, in a microarray format [24,36]. The ability to 

detect individual particles as well as quantify makes it attractive for clinical and research 

applications. Moreover, the system can be used in labeled and label-free form. Even though 

biological nanoparticles such as viruses are low in contrast and small in size, SP-IRIS 

performs sensitive detection of whole viruses from serum and blood samples as a label-

free platform [37]. On the other hand, DNA or protein molecules can be labeled with gold 

nanoparticles so that they can be captured and counted on the sensor surface using SP-IRIS 

with the help of nanoparticle labels [23]. Besides, SP-IRIS can be used in a multiplexed 

manner in which multiple targets can be detected at the same time on the same microarray 

thanks to its large field of view and high enough sensitivity.  

SP-IRIS is also used to measure binding kinetics. Quantifying the binding events 

on the sensor in a dynamic context is of high importance in many applications. For instance, 

in low-affinity binding events, performing measurements in real-time is advantageous 

since it is hard to detect the bound analyte present (before they debind) on the surface at 

any time of the assay. However, the ability to measure the binding events as they occur 

provides the possibility of actually counting the events and gives plenty of information 

about the nature of the bindings, such as dwell time. Most commonly, fluorophores, as 

labels, and fluorescence-based systems are used for quantifying biological markers and 

molecular interactions. However, such dynamic experiments cannot be performed with 

fluorescence-based systems due to the bleaching problems and excess signal coming from 

uncaptured fluorophore-labeled analytes flowing in the reaction chamber which masks the 
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signal coming from captured analytes on sensor surface. SP-IRIS can perform all these 

measurements in a multiplexed array format allowing many different probe-target 

interactions to be investigated in parallel, real-time and dynamically. 

2.2.1 Detection principle 

As in IRIS, SP-IRIS also uses a silicon substrate with a thin film of thermally grown 

oxide in 110 nm thickness. When a nanoparticle is on this substrate, the light scattered from 

the nanoparticle is interferometrically enhanced due to two reasons (Figure 2.2B). First, 

the light scattered from the particle in the forward direction (towards the substrate) is 

reflected by the layered substrate interface at silicon/silicon dioxide which then propagates 

back towards the detector along with the back-scattered light (towards the detector) where 

they interfere. Second, the total scattered-light and the reference reflected field interfere at 

the detector which creates an intensity pattern; hence, this is measured in the camera. 

An interference pattern for a nanoparticle on a reflective surface is approximated 

as below 

|Esca + Eref|
2 ≅  |Esca|2 +  |Eref|

2 +  2|Esca||Eref|cosϕ    (2.5) 

where 𝐸𝑠𝑐𝑎  and 𝐸𝑟𝑒𝑓  are the scattered and reference fields, respectively and 𝜙 is the phase 

difference between the scattered and reference fields.  

In a case where there is a large particle which is larger than the illumination 

wavelength, then its appearance is determined by the intensity of the scattered field, |𝐸𝑠𝑐𝑎|2 

in the image. In this case, the intensity of the field is scaled with the square of the particle 

volume. However, when smaller nanoparticles are imaged, since the size of the scattering 

particle goes down around half the wavelength of the illumination light, then, the visibility 
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of directly scattered light drops drastically. It becomes almost indistinguishable from the 

background and very difficult to detect with a non-interferometric imaging system. 

However, utilizing interferometric enhancement, as shown in Equation 2.5, the recorded 

intensity at the camera is dominated by the cross (interference) term which stems from the 

interference of scattered field with the reference field—the cross-term scales linearly with 

the particle volume [38]. As a result, by detecting this interferometric component, it is 

possible to detect nanoparticles that are much smaller than what would be possible using 

only scattered field alone. 

With this approach, SP-IRIS can detect individual, low contrast, non-resonant 

particles in a multiplexed and label-free fashion [25]. For detecting biological nanoparticles, 

such as viruses, a microarray of capture probes is prepared on the SP-IRIS substrate to 

capture the target nanoparticles selectively. The biological nanoparticles are challenging to 

detect due to their small size and low-index difference with the surrounding medium. When 

biological nanoparticles bind to the surface, scattered light from the particles interfere with 

the reference field reflected from the layered substrate, which is the enhanced signal that 

is being detected at the camera. As a result, the captured biological nanoparticles appear as 

diffraction-limited dots on the image.  
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Figure 2.2 A) Schematics of the SP-IRIS optical setup. B) Operating principle of SP-IRIS 

showing the illumination of the Si/SiO2 substrate and the reflected light from the surface of 

different layers of the substrate along with the nanoparticle scattering. C) A typical higher 

magnification IRIS image before (left) and after (right) nanoparticle incubation. Captured 

nanoparticles are seen as diffraction limited dots in the image. 
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2.2.2 Interferometric imaging of gold nanorods and polarization-enhanced SP-

IRIS 

Biological nanoparticles are directly detected using SP-IRIS, as mentioned above. 

Most of them, such as viruses or exosomes, above 70 nm in diameter, are distinguished 

from the background with the interferometric enhancement. Nevertheless, many 

biologically exciting analytes such as proteins or nucleic acids are too small to be detected 

at a label-free and single molecular level. Therefore, a label is required to make them 

visible and detectable through imaging. Conventionally, fluorescence dyes (fluorophores) 

are used for this purpose. However, there are many drawbacks associated with them, such 

as labeling burden, bleaching, emission rate, inefficiencies in the collection of the 

fluorescence signal. Additionally, sensitivity is the main issue when it comes to 

fluorescence assays. To obtain a meaningful signal that can be detected in typical 

fluorescence scanners, the number of fluorophores that should come together to emit the 

fluorescence signal required is very high, which causes sensitivity issues while working 

with low abundance samples [29]. Also, visualization of individual fluorophore-labeled 

molecules is very instrumentation and time expensive which makes it not applicable for 

many applications such as high-throughput microarray assays [39]. On the other hand, 

single nanoparticles are excellent labels when they are used for light scattering. Unlike 

fluorophores, nanoparticles perform without photobleaching in light scattering. Therefore, 

their use as scattering labels is not surprising [23,40,41]. However, their light scattering 

declines considerably when nanoparticles smaller than 100 nm in diameter are used, which 

requires either high-magnification microscope objectives, such as 50x/0.8 NA used in [23], 
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to visualize individual nanoparticles or some enhancement steps where other metals 

(usually silver) is introduced to grow their size and scattering [40]. The SP-IRIS instrument 

is capable of detecting individual gold nanoparticles (of order ∼40 nm) directly. In an SP-

IRIS image, individual immobilized nanoparticles are visible as diffraction-limited spots. 

Furthermore, the instrument can detect individual binding events of each nanoparticle 

instead of measuring only the analog ensemble signal (Figure 2.2C). 

As a nanoparticle gets smaller in size, it gets harder to image. The nanoparticle 

contributes to the interference cross-term in Equation 2.5 in relation to the amplitude,  

|𝐸𝑠𝑐𝑎| , which scales with its volume and material polarizability. As the size of a 

nanoparticle goes down, the strength of its interferometric signal gets smaller 

proportionally with its polarizability which can be expressed as    

𝛼 ≅  4𝜋𝜀0𝑟3 𝜀𝑝− 𝜀𝑚

𝜀𝑝+ 2𝜀𝑚
        (2.6) 

where 𝛼  is the polarizability of the nanoparticle, r is its radius and 𝜀𝑝 and 𝜀𝑚  are the 

permittivities of the particle and its surrounding medium, respectively [42]. The scattered 

intensity produces a signal proportional to |𝐸𝑠𝑐𝑎|2 which is proportional to 𝛼𝑠𝑐𝑎
2 which is 

also proportional to r6. For small nanoparticles, the scattered intensity at the detector (Idet) 

can be associated with 

𝐼𝑑𝑒𝑡 ∝  |𝐸𝑠𝑐𝑎|2  ∝  𝛼𝑠𝑐𝑎
2         (2.7) 

Therefore, the weak signal coming from the nanoparticle disappears at the detector. As 

shown in Equation 2.5, the signal coming from the cross-term is proportional to r3. Thus, 

by detecting the cross-term, interferometric detection enables the detection of small 
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particles with improved sensitivity.  

In our studies, we aim to use a label which is small enough to have a favorable 

diffusivity in solution during the experiments in the reaction chamber, and simultaneously 

large enough to have a signal signature above the noise floor. Background noise floor 

(coming from the thickness variations in the morphology of the surface and capture probes) 

is in the range of 1–2%. Therefore, an ideal label would have a normalized intensity of at 

least 5% of the local background. Furthermore, the necessity of using a high magnification 

objective for imaging small nanoparticles also brings smaller FOV in detection, which 

makes imaging extra time consuming to image a big detection area on a sensor surface with 

a small FOV in the order of couple hundreds of micrometers. Therefore, having a technique 

where we can have small nanoparticles for better diffusivity and big enough for throughput 

assays is necessary for our studies. Thus, the size of the nanoparticle is a critical parameter. 

For this purpose, polarization-enhanced SP-IRIS has been developed in our lab to take 

advantage of the asymmetric scattering behavior of gold nanorods by preferentially 

blocking the light based on its polarization state and have a 10-fold improvement in the 

visibility of the nanoparticles [29]. This improvement uses rod-shaped gold nanoparticles 

(nanorods) to label the target analytes in our assays. This way, we are able to utilize 

polarization-dependent scattering properties of rod-shaped gold nanoparticles. We use 25 

nm x 71 nm gold nanorods (𝜆𝐿𝑆𝑃𝑅  = 650 nm from NanopartzTM, Loveland CO) for labeling 

nucleic acids and proteins in our experiments. This structure of the nanorods leads to 

distinctive physiochemical and optical properties due to electron confinement and high 

surface area. When the nanorods are illuminated with a light source, the electric field causes 
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the oscillation of the conductive-band electrons at the surface of the particle [43]. The free 

electrons oscillate along both the long and short axis of the nanorod [44]. These gold 

nanorods possess a shorter and weaker resonance band in the absorbance spectrum which 

attributes to the diameter of the nanorods with an absorption peak maximum around 530 

nm and possess a stronger resonance band which attributes to the length of the nanorod 

with an absorption peak maximum around 650 nm and is due to the plasmon oscillation of 

electrons along the long axis of the nanorods [45]. These two plasmon resonance 

wavelengths are i) the primary longitudinal plasmon scattering the light which is polarized 

parallel to the longitudinal axis of the rod, and ii) the transverse plasmon scattering only 

the light being polarized along the minor axis. The optical scattering of the gold nanorods 

strongly depends on the polarization of illumination. When the nanorod is illuminated at 

the longitudinal resonant wavelength, it scatters light 25 times stronger at a polarization 

state with its major axis than aligned with its minor axes [29].  Therefore, the nanorods 

have the ability to perturb the polarization of the light much more strongly than the 

background reflections. Thus, when we use a set of polarization filters, we can selectively 

reduce the background without affecting the scattered light.   

2.2.3 Data collection, image analysis and data processing 

The polarization-enhanced SP-IRIS involves the use of circularly polarized light in 

a quasi-darkfield configuration. The polarization-enhanced SP-IRIS employs circularly 

polarized illumination in a Kohler configuration, which enhances visibility. The principle 

of the system is to illuminate the substrate with circularly polarized light and then to use 

an optical filter to block the circularly polarized component in the reflected light before it 
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reaches to the detector. Such an optical filter can be constructed using a quarter wave plate 

followed by a linear polarizer in the collection path. We use a linear polarizer and a quarter 

wave plate in the illumination path to obtain circular polarization which are depicted as 

LP1 and QWP1 in Figure 2.3, respectively. The illumination light passes through the linear 

polarizer and the quarter wave plate, which forms a circularly polarized light to illuminate 

the sample after passing through the beam splitter and the objective. An analyzer consists 

of the same components in the collection path together to block the majority of the 

reference light (LP2 and QWP2 in Figure 2.3). Circularly polarized light enters the quarter 

wave plate (QWP2) and exits linearly polarized which then nearly entirely blocked by the 

linear polarizer (LP2). With circularly polarized illumination, the excitation of each 

nanorod is the same regardless of its surface orientation. Thus, when we use gold nanorods, 

nanorods scatter and absorb this light anisotropically, resulting in an elliptically polarized 

field which can partially pass through the analyzer. Since the collection optics are 

configured to (mostly) block circularly polarized light, they will not entirely block the 

scattered light from any gold nanorods. As a result, strongly asymmetric scattering and 

absorbing particles emit elliptically rather than circularly polarized light, allowing it to 

partially pass through the analyzer, agnostic to particle orientation. Figure 2.4 shows how 

the visibility of nanorods is improved with the use of circular polarization. In order to 

achieve visibility, exposure time is increased to 150 ms, instead of 10 ms in the case of 

polarization. While the use of circular polarization enhancement dramatically reduces the 

total amount of collected light, the visibility of surface-bound nanorods is significantly 

enhanced. Shot noise, variability in the reflectance of IRIS chip, stray light and camera 
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read noise affect interferometric sensing, which causes random variabilities. These 

background fluctuations cause the reflectivity of the surface change by around 0.5–1% [29]. 

Therefore, to be able to differentiate a particle from its background, the normalized 

intensity of the particle should be above 0.5–1%. By partially blocking the reference light 

without blocking the scattered light, the visibility of the particles can be improved. By 

using gold nanorods for their polarization-dependent scattering and circularly polarized 

illumination, we enhanced the visibility of gold nanorods.  
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Figure 2.3 A) Schematic representation and B) render of the polarization-enhanced SP-IRIS 

detection instrument. The sample is illuminated with circularly polarized light, formed using 

a linear polarizer and quarter wave plate. An analyzer consisting of the same components 

blocks nearly all circularly polarized light returning from the substrate. 
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Figure 2.4 SP-IRIS images of 25 x 71 nm gold nanorods A) without circular polarization 

enhancement and B) with circular polarization enhancement. The visibility of surface bound 

nanorods is significantly enhanced. The appearance of nanorods with circular polarization 

enhancement is an arbitrary function of particle orientation. 

 

 In order to robustly detect all the nanorods regardless of their orientation on the 

surface, we use a z-stack approach previously developed for unpolarized SP-IRIS imaging 

[46]. The defocus problems can be because of the changes in the axial location of 

nanoparticles and heterogeneous defocus behaviors because of the small errors in chip 

alignment (on the order of tenths of a degree). Moreover, particle's orientation on the 

surface changes the relative phase of the scattered and reflected fields at the detector. 

Therefore, a phase delay will appear at the second quarter wave plate on the scattered field 

of the particle. Therefore, even in the same field of view, some nanoparticles can be in 

focus while others may be out of focus in different regions. To ensure the detection of each 

nanoparticle in the FOV with the optimal focus, a stack of defocus images which axially 
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scans the objective for 3 μm of focus positions in 250 nm increments around the nominal 

focus was acquired. Figure 2.5A shows a slice in this z-stack image of an antibody spot 

with captured 25x71nm gold nanorods (GNR) on a dry chip with the varying appearance 

of nanoparticles for different regions. Individual particles were registered through the stack 

of images over the extent of a given range of focal planes. The normalized intensities for 

each particle were calculated for each image in the stack. This produces a standard defocus 

curve representing the particles' response with respect to the change in z-location (defocus 

position) shown in Figure 2.5B. To do so, the center of the diffraction-limited image of 

each particle was identified in Figure 2.5A. The normalized intensity of the centers was 

measured as a function of focus position to measure experimental defocus profiles of 

immobilized nanorods with random orientations. The normalized intensities were 

calculated. Figure 2.5B shows normalized intensities for multiple particles marked in 

Figure 2.5A as a function of defocus. Figures 2.5C–D are the numerical simulations of gold 

nanorods with respect to the change in z-position. Experimental results are in good 

agreement with the simulated normalized intensity of 25x71 nm gold nanorods. Every 

particle is not visible in every focus position. For instance, the particles with the 

orientations at the angles 0° and 90° are not visible in the image at a given focal plane. By 

taking multiple images at different z positions around the nominal plane, we ensure that 

some signal will be collected for all labels regardless of their orientation and we are able 

to generate a final compressed intensity range image. 
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Figure 2.5 Validation of numerical simulations of gold nanorods (GNR). A) Circular 

polarization enhanced SP-IRIS dry images of gold nanorods on an antibody spot at a selected 

z-position. B) Measured normalized intensity of multiple gold nanorods marked on the image 

as a function of defocus. C) Simulations of normalized intensity of gold nanorods with 

different surface orientation angles 𝜽=[0°,180°] as a function of defocus. D) Four simulated 

cross sections from (C). Figures (C) and (D) are adapted and reprinted with permission from 

ACS Nano 2018, 12, 6, 5880–5887. Copyright 2018 American Chemical Society [29].  

 

 Many parameters affect the optical visibility of nanoparticles on an IRIS substrate, 

including the particle size and elevation above the interface, immersion medium as well as 

collection NA and illumination wavelength. The phase difference is affected by the NA of 

the objective. The polarization enhancement is significant enough to enable the use of 
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objectives with an NA below 0.5, increasing the number of imageable microarray spots to 

at least nine. Polarization-enhanced SP-IRIS uses a 650 nm LED illumination source with 

a 10 nm FWHM bandpass filter and a low-magnification objective (20X/0.45 NA or 

10x/0.3 NA) which allows for monitoring up to 12 microarray spots with 200 μm spot-to-

spot distance in a single field of view (706.6 μm × 517.5 μm). A 1.1-inch format CMOS 

GS3-U3-123S6M-C (FLIR) monocolor camera is used to capture images of the chip. The 

maximum achievable optical resolution by a camera depends on the number of the 

photodiodes in the array and the size of the photodiodes relative to the magnified image. 

The equipped camera has a photodetector array of 4096 x 3000 pixels, with a pixel size of 

3.45 µm. Correspondingly, when a 10x magnification objective is used, each pixel 

corresponds to 0.345 µm of the chip. Two samples (pixels) are required for each resolvable 

unit, meaning with 10x magnification, the camera can only detect features greater than 

0.345 µm.  Similarly, for a 20x objective, this value is 0.173 µm. With higher magnification, 

better resolution can be achieved; however, this results in a smaller field of view of the 

chip. These properties can be compared in Table 2.1 below. In order for the setup to not be 

limited by the capability of the camera (the electronic resolution), the optical resolution 

must also be considered. The Abbe resolution of the system, defined as d = 
𝜆

2𝑁𝐴
, describes 

the optical resolution of the system. The electronic resolution should be at least equal to, 

or better than the optical resolution, resulting in a diffraction-limited system. Therefore, 

when the 10x/0.3NA objective is in use if the particles are closer than the Abbe limit (about 

1.1 µm), then the particles would be indistinguishable and appear as a single diffraction-

limited spot, which would cause undercounting in particle counting algorithm. Sevenler et 
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al. explain very well this phenomenon and the ways to overcome this limitation with the 

use of gold nanorods and polarization enhancement in SP-IRIS [29]. 

Table 2.1 Magnification dependency of projected size and field of view in SP-IRIS setup. 

 

 For in liquid measurements where the sensor is placed in a microfluidic chamber 

containing a solution and a layer of cover glass on top, a cover glass corrected objective 

needs to be used. The correction on the objective is used to compensate for spherical 

aberrations induced by the different path lengths traveled by high angle light passing 

through the cover glass and liquid layer. For this, a 20X/0.45 NA Nikon objective with 

variable aberration correction was chosen. Due to the change of the refractive index of the 

surrounding medium from air to buffer (from 1.0009 to 1.33–1.344) [47], the polarizability 

of the nanoparticles and scattering cross-section decline in liquid measurements (as in the 

Equation 2.6) compared to the dry chips. Therefore, scattered field diminishes drastically, 

so do the interferometric signal and visibility of the nanoparticles. Hence, 20x/0.45 NA 

objective was used in liquid measurements. Even though the nanorods are still detectable 

with 10x/0.3 NA objective, yet their visibility is much better with 20x/0.45 NA objective.  

For data acquisition, an open-source microscope control application, 

 1x 10x 20x 

Projected size 

per pixel 
3.45 µm 0.345 µm 0.173 µm 

Field of view 14.1 mm x 10.3 mm 1.41 mm x 1.03 mm 707 µm x 517 µm 
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Micromanager, is utilized with custom scripts and plugins [48]. With 20x/0.45 NA 

objective, z-stack images were taken in 16 µm width with 2 µm increments. At each z 

position, four images are taken, and images are averaged to reduce the shot noise. Moreover, 

to further reduce the shot noise, a sparse pseudo-median filter is used to smooth the 

interferometric image of each frame of the z-stack. After acquiring the z-stack images via 

Micromanager, the image data were then processed using a custom analysis software called 

SPANDEX (Single Particle Analysis and Detection Experience). The application provides 

"digital" detection of the gold nanorods via single-particle counting.  All images are 

normalized by the median value of all images. After determining the maximum and 

minimum grayscale value at each (x,y) pixel position, the difference is taken and the 

normalized intensity range (NIR) image is prepared. Each dot on the image are then 

designated as a particle. Uneven illumination, debris on the surface, or particle crowding 

can cause false negatives or positives. Particle detection and counting algorithm work in 

three steps: i) the cross-correlation of pre-processed differential image (max-min) with 

measured PSF of the imaging system is calculated, ii) correlation matrix is binarized with 

predetermined global threshold parameters to obtain keypoint candidates, iii) these 

keypoints are then filtered based on the size and area-to-perimeter ratio to include only the 

diffraction-limited spots. Note that the thresholding parameters for filtering correlation 

image and keypoints are manually obtained by hand-tuning once and then the same 

parameters throughout in all images.  Figure 2.6A shows a typical SP-IRIS raw image of 

twelve DNA spots obtained with 20x/0.45 NA objective from an in-liquid experiment 

(before processing). Figure 2.6B shows a close-up image of one of the spots with captured 
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gold nanorods. Figures 2.6C and D are the processed images using SPANDEX and 

obtaining NIR difference image, respectively. 

 

Figure 2.6 SP-IRIS image acquisition and processing. A) A typical SP-IRIS raw image of 

twelve DNA spots obtained with 20x/0.45 NA objective from an in-liquid experiment before 

processing, B) a close-up image of one of the DNA spots on the chip with captured gold 

nanorods. C) SPANDEX is used to detect the gold rods and D) NIR image is used to detect 

the locations of each gold nanorods. 

 

2.2.4 Kinetic measurements of nanoparticle binding and real-time detection 

The aim in binding assays is to evaluate the interactions between two molecules, 

such as DNA-DNA interaction, protein-protein interaction or antibody-antigen interaction. 

Measuring binding kinetics is always challenging due to variability in affinities and the 

low abundance of the target molecules in the sample. There are two critical components in 
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measuring affinities in binding assays: i) the reaction must be at equilibrium during the 

actual measurement, ii) concentration of one reactant (analyte) varies during the 

measurements. Therefore, an ideal binding assay must be responsive and sensitive enough 

to all these dynamic changes. Binding kinetics is usually measured while the biosensor is 

still immersed in a solution, while the assay is progressing. There are a couple of 

advantages of performing these measurements in liquid. First, drying out the substrate may 

result in irreversible biomolecular binding. Second, the morphology of biological 

nanoparticles, such as virus or exosome, may change if they are dried. Third, while drying 

the sensor, debris from solution i.e., salt or protein residue from buffers or serum, may stay 

on the surface which then may cause false negatives or positives in the detection of the 

actual target molecules on the sensor surface. In order to prevent all these sources of 

variability and acquire the data while the assay is running in 'real-time', in-liquid imaging 

is crucial. SP-IRIS enables imaging and kinetic measurements of binding and debinding of 

individual nanoparticles for molecular affinity measurements. With SP-IRIS, we can track 

the interaction between biological nanoparticles or target molecules, which are labeled with 

gold nanorods, and capture molecules on the sensor surface. Even if the interaction is weak, 

via real-time measurements, we can image the sensor surface throughout the measurements; 

hence, be much more sensitive than 'endpoint' measurements and observe how long the 

interactions last on the surface between target and capture molecules.   

The experiments require a flow cell for dynamic reactions. The microfluidic 

chamber and assay design are detailed in Chapter 3. Mainly, dynamic detection is 

performed in a custom-designed fixture holding IRIS chip and an antireflection-coated 
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cover glass window on top. In typical binding assays, the IRIS chip is placed in the 

microfluidic chamber which is connected to a syringe pump. The analyte solution is 

injected into the chamber while recording the binding of the analyte. A flow rate of 2 µL-

10 µL is used during the experiments. At each time point, a z-stack is recorded. Each time 

point is effectively a single stack of the entire field of view. During the time course of the 

experiment, a sequential series of image stacks are collected and used to create an 

hyperstack with time and z-position dimensions. Images acquired every 30 seconds during 

perfusion. Nanorods are visible as small, faint, diffraction-limited dots in the images which 

are detected in each frame independently using the custom software.  

Kinetic measurements are done in two parts in our dynamic binding assays. First, 

detection of each binding event in each frame of the image stack is done, where the 

software detects the location of each nanoparticle. Second, tracking is done by following 

each bound nanoparticle overtime in consecutive images in the rest of the stack. This allows 

us to detect each particle digitally on the surface and track each and every binding event 

during the experiment. The main advantage of this technique is that it enables the detection 

of ultralow concentration by making it possible to visualize and detect binding-debinding 

events and short residential times of low-affinity analytes. Moreover, it makes it possible 

to measure both binding-debinding rates for given weakly-binding analyte-surface probe 

pair in the experiments. There are four major issues in end-point measurements or real-

time with no-tracking assays while working with low affinity and low abundance samples. 

First, since the affinity is low, the dwell time of the target molecules is short after captured 

on the surface with surface probes. Therefore, at the end of the experiment, by chance, 
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there might not be any analyte bound on the surface. However, if tracking and detection 

are done in real-time, then, binding, short interaction period, and the analytes leaving from 

the surface can be captured in the real-time detection and assay can be successful. 

Moreover, in this way, particle tracking approach further increases the sensitivity of the 

assay since rare binding events are recorded over the course of the experiment. Second, in 

binding assays to determine kon and koff, binding-debinding rates, separately, the reaction 

should be at the equilibrium at the moment of measurement. To confirm this, the time 

required to reach equilibrium might be concise with low-affinity samples since too few 

particles are needed to reach equilibrium on the sensor with dilute target species [49]. 

However, digital detection and tracking each binding event individually during the binding 

assay removes the need for the system to reach equilibrium before accurate debinding rates 

can be measured. Third, endpoint measurements require a defined incubation time and a 

wash step at the end. To finalize the assay, the sensor is washed with an inert buffer to 

remove unbound analyte and other residues from the analyte solution, which may end up 

with also a dry chip. The wash step and drying may cause variability in assay results, such 

as false positives due to residence of labeling nanorods or false negatives due to residence 

salt from buffer covering the bound analytes. Last, if we do not use dynamic tracking in 

real-time measurements and just count the particles in each frame to obtain an 

instantaneous number of particles, then this would cause false positive or negative results. 

Not every interaction on the surface is binding. With tracking, we can recognize if a particle 

gets close to the surface and skips binding, whereas if it actually binds on the surface by 

tracking through the frames. Moreover, since there is a flow, some unbound particles are 
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visible in each frame as they pass and diffuse through the detection volume. If when these 

transient particles are close enough to the surface and counted, they would cause an 

increase in the instantaneous number of particle count in the frame as false positives. As a 

result, in order to address all these issues, a dynamic tracking algorithm was developed in 

our lab by Derin Sevenler and Jacob Trueb, which is explained in detail in the previous 

studies [50].  

The postprocessing detection and tracking algorithm determines the spatial 

positions of particles and track them individually during the experiment [50]. Figure 2.7 

depicts the tracking approach. First, different spatial positions of the captured particles are 

determined to spatially discriminate newly captured targets from previously captured ones 

on the surface in each video frame. A list of particles with (x,y) coordinates are recorded 

for each frame independent of other frames (Figure 2.7B). Second, this position list is 

compared with the next list for the next frame (Figure 2.7C). If a particle is in the same 

position in the next frame, it is called "match," meaning that they are the same particle. A 

clustering algorithm is used to have the tolerance to small translations between frames. 

Third, these lists are used to combine all the tracking information through the video (Figure 

2.7D). This big list shows when a particle binds at which position if it debinds from the 

during the experiment. Last, an algorithm is used to eliminate false negatives and false 

positives. Then, this big list is used to plot the cumulative number of new binding events 

over the course of the experiment (Figure 2.7A). Dynamic tracking is used in our nucleic 

acid and BNP detection experiments, which is detailed in Chapters 5 and 6. 
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Figure 2.7 Particle detection, counting and tracking algorithm principle used in dynamic 

tracking. A) The plot for the number of bound nanorods over time. Naïvely counting the 

instantaneous number of bound analytes provides no additional information once 

equilibrium has been reached. Dynamic tracking differentiates binding of new particles 

versus debinding of old ones. Therefore, even at equilibrium, number of binding events 

increases. B) Work flow of the algorithm. C) Detection principle used in the algorithm 

showing that each particle in each frame is evaluated independently and this information is 

compiled to obtained the number and locations of binding, debinding and stationary 

particles. D) Finally, the algorithm tracks the contiguous series of frames in which each 

particle was observed and finishes with eliminating false negatives and false positives. 

Adapted from [50], Copyright (2019).  
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3 CHAPTER THREE  THE DIGITAL MICROARRAY DESIGN 

 Microarrays are fundamental tools in biomedical research. Various solid-phase 

optical detection platforms have been recently reported for detecting broad varieties of 

analytes such as protein, nucleic acid biomarkers and biological nanoparticles. However, 

the detection of low abundance analytes such as rare nucleic acids or exosomes in complex 

media is still challenging. To achieve this, the bioassays are required to have high signal-

to-noise ratio, dynamic range, sensitivity and low limit of detection. Proper design of the 

sensing area is crucial in surface-based biosensors for desired sensitivity. This chapter 

evaluates the advances in the compositional design and methods of surface modification in 

solid-phase optical biosensors to achieve the highest sensitivity and how we design our 

interferometric sensors for these types of applications.  

3.1 Surface morphology and immobilization of the surface probes in optical 

biosensing 

 In the most general sense, label-free optical biosensors all utilize changes in 

scattering caused by either local or distributed changes in refractive index. Because the 

binding of nanoparticles to the sensor surface is detected as small local changes, the 

temporal and spatial variability of a system’s baseline or reference signal limits the 

smallness of particles it can reliably detect. More generally, this source of noise limits the 

signal-to-noise ratio for any particle of interest. Hence, reducing this source of noise 

improves the sensitivity in nearly all cases. 

 Currently, optical sensors can employ a variety of support materials such as silicon, 
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glass, metals and polymers for different detection modes and architectures [51–53]. Single-

molecule counting or digital detection enables high sensitivity. The selectivity of these 

assays relies on how properly the sensor surface is modified to recognize and capture the 

target among other molecules in medium. The sensitivity relies on the strength of the light-

matter interaction at the sensing field [54]. It is desirable to simultaneously increase the 

signal and decrease the noise to achieve the best signal-to-noise ratio (SNR). The limit of 

detection (LOD) hinges on not only the affinity of the target for its receptors on the sensor 

surface, but also the capture efficiency during the measurements. Therefore, the design of 

the surface is crucial for sensor performance. When complex solutions (such as serum or 

whole blood) are used, the capture efficiency of the specific molecular or BNP targets can 

may lower. Cells and cellular components are optically inhomogeneous, stemming from 

heterogeneity across multiple length scales. As an example, cytoplasm has a refractive 

index of 1.38, whereas that of a cell membrane is around 1.48 [55,56]. Other structures in 

the cells, such as protein, have variable refractive indices ranging from that of the cell 

medium and up to as high as 1.53 [57]. The differentiation of target BNPs from such a 

complex background is a significant challenge in label-free detection of BNPs.  

Proper surface functionalization enables high capture efficiency and selectivity by 

eliminating non-specific binding and reducing noise level. Even though, in principle, 

labeled and label-free detection techniques are very different, their performances are often 

affected by similar limitations.  Figure 3.1 shows the most common surface 

functionalization and bioactivation steps of a generic sensor platform in biosensor 

manufacturing. The introduction of reactive functional groups enables the subsequent 
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surface immobilization of capture probes (Figure 3.1A). This step can be achieved via 

chemical derivatization or functionalization with a diverse range of chemical groups, self-

assembled units, or polymers. Capture probes can be selected among various affinity 

reagents such as antibodies, nucleic acid, aptamers, etc. depending on the target of interest. 

In the development of the required surface chemistry, the only remaining concern is the 

affinity of the target structure towards the modified sensor surface, independent of the 

detection modality. The target structure influences the interaction with the biorecognition 

molecules on the sensor surface; nevertheless, these interactions in microarrays, such as 

antibody-antigen (Figure 3.1B), DNA hybridization (Figure 3.1C), virus surface antigen-

immobilized antibody (Figure 3.1D), may or may not persist throughout the analysis period. 

Similar concerns are valid in three of the cases, apart from the target and detection 

techniques. Therefore, proper surface chemistry plays the most critical role in the 

realization of robust detection. A powerful detection can only be achieved when several 

conditions are satisfied; i) ultra-sensitivity (fg/mL – pg/mL range) since biomarker levels 

in biological samples are extremely low, ii) reduced noise level, high SNR (i.e. adequate 

correlation between target concentration and amount of signal), iii) excellent specificity. 

In this section, we review the parameters playing a pivotal role in the sensor performance 

in optical detection technologies with a focus on imaging systems. We evaluate several 

factors affecting the biosensor performance, such as sensor surface area (Section 3.1.1), 

probe density (Section 3.1.2), orientation (Section 3.1.3), elevation and flexibility of 

surface-immobilized probes (Section 3.1.4) and morphology of the sensor surface (Section 

3.1.5). 
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Figure 3.1 Conceptual illustration of a digital biosensor surface bioactivation with A) 

chemically active reagents and immobilized capture probes such as antibody and nucleic acid. 

Individual B) protein, and C) nucleic acid molecules are captured and labeled via 

nanoparticle-tagged antibodies and complementary nucleic acids, respectively. D) Natural 

nanoparticles such as viruses are captured on the sensor surface with the help of antibodies 

and detected label-free. 

 

3.1.1 Surface area 

 The region where the surface capture probe molecules are immobilized defines the 

surface area on a solid-phase biosensor. The active sensor area typically limits the amount 

of target captured by the biosensor. Surface modifications redefines the surface area. By 

manipulating the surface area, dynamic range, sensitivity, response time, sample volume, 

and cost-effectiveness of the sensor platform can be controlled. If the field of interaction 

expands, the chances for the target molecules to have sufficient interaction with their 

affinity towards the surface-immobilized probes increases.  
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The duration for the target-surface interaction is limited in biosensors with flat-

surfaces. The capture efficiency varies with the mass transfer limiting conditions and the 

assay feature size [58]. The speed of target transport to the capture surface limits the rate 

of target binding to the probes on the surface [59]. If the surface is prominent and accessible 

enough, target molecules can interact with the surface probes extensively in a given time. 

Increasing target-surface interaction frequency anticipates an improvement in target 

capture efficiency. Thus, sophisticated microfluidics are extensively used in biosensing. 

Merging sensing platforms to microfluidics provides an enhancement in sensing in many 

ways. First, the configuration increases the surface area if the interior surface of 

microfluidics is decorated with the surface probes. Second, multiplexed assays can be 

generated using multiple microfluidics or channels in parallel. Third, it provides a 

significant reduction in time for target-surface probe interaction by improving diffusion-

limited hybridization kinetics [60,61].  

Optical waveguide-based biosensors are strong candidates to be a capable biosensor 

to detect low copy numbered substances. In an integrated waveguide biosensor design, 

capillaries provide both fluid flow (sample solution) and light propagation via waveguiding 

and evanescent illumination [62,63]. The interior surface of the capillaries can be modified 

with the probe molecules such as DNA, proteins [64,65]. According to Ligler et al., when 

the biosensor response from the integrated waveguide is compared to a planar waveguide-

based array biosensor, a significant reduction in LOD in protein sensing was achieved 

[62,66].   

Optical sensors are confined to optically active sensor surface, therefore, only small 
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fraction of biomolecules in solution will interact with this field. Micro-ring resonators are 

one of the promising tools used in biosensing due to long-duration light-matter interaction 

on the surface due to demonstrated high sensitivity enabled by high-Q resonances in such 

structures [67]. They can be used in parallel for multiplexing; therefore, the sensitivity 

achieved in this type of optical sensors is comparable with that of refractometric techniques. 

Moreover, their micro-structured design enables them to be integrated into portable lab-

on-chip platforms. With these properties, they have been utilized in many analyses, 

especially in medical and food safety applications [68,69]. The major challenge in 

achieving high sensitivity in ring resonator biosensors is related to the design and the 

definition of the surface area in fabrication. For planar materials, the majority of the optical 

field distribution is not accessible to the biological molecules where the only interaction 

between the biomolecule and optical mode occurs at the waveguide surface [70]. This 

limiting factor is usually overcome by novel designs to extend the surface area and amplify 

the interaction [71]. Rodriguez et al. have proven this approach with an alternative strategy 

by using porous silicon for the ring resonator, taking advantage of its large internal surface 

area, the availability for biofunctionalization, and tunable optical properties [67]. It was 

shown that porous silicon films have a surface area of more than 180 m2 /cm3 providing a 

large area for target binding compared to the planar transducer materials [72].  

Surface plasmon resonance imaging (SPRi) is a well-established technique among 

the surface-sensitive optical techniques and a reliable alternative to the conventional 

fluorescence-based microarray DNA detection techniques. Despite being very widespread, 

it suffers from limited sensitivity and being oversensitive to environmental changes [73]. 
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For instance, in an average large-surface SPR biosensor, the conventional chip area 

provides a LOD in the range of ng/mL per biomarker. However, many biomarkers exist in 

bodily fluids at as low concentrations as fg/mL, which makes detection challenging [74]. 

The integration of the conventional SPR sensors with nanostructured surfaces enhances the 

sensitivity of the detectors. Nanostructured substrates are employed in many biosensor 

designs to obtain high capture efficiency and sensitivity by increasing surface area to have 

more interactions in unit time. 

Moreover, the probe number increases with the increase in surface area; therefore, 

the chances of interacting with the low numbered target molecules increases. Malic et al. 

have shown that the integration of periodic two-dimensional gold nanostructures to the flat 

sensor surface improved SPR signal significantly by increasing target binding area and the 

coupling of localized and bulk surface plasmons provided by the nanospots [73]. A 

significant sensitivity improvement with a five-fold enhancement in the SPR signal has 

been achieved compared to the conventional SPRi biosensors. Reflective interferometers 

take advantage of the large surface area where the entire chip surface is utilized for sensing 

and large field of views are employed [75,76]. Nano-enhanced surfaces are also widely 

used in reflective interferometers, allowing for more interaction sites for the probes 

immobilized with the target molecules. An excellent example of nano-enhanced surfaces 

is the nanostructured Fabry-Perot interferometer (FPI) with embedded nanostructures in its 

cavity [77]. Gold-coated nanopores provide sensitive optical sensing compared to the 

conventional micro-structured FPIs. By nano-manufacturing the sensing area, the optical 

transducing signal is amplified four-fold without any instrumental optimization.  
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Enlarging the sensing area with integrated elements has an undeniable impact on 

target capture efficiency. Further, the microarray spots created in the sensing area also 

determine the biosensor performance. The spots are the regions on an array where the probe 

molecules are printed in defined positions with precise intervals. Usually, a microarray 

consists of multiple, even thousands, spots targeting either one type or multiple types of 

analytes. Assay miniaturization enhances the fractional feature capture capacity and target 

coverage uniformity, both of which are increased by decreasing the spot size [59]. This has 

been demonstrated in a study done by Dandy et al. in which various DNA probe spot sizes 

and corresponding probe densities were tested [59]. It has been shown that target 

hybridization efficiency in radiometric assays increased with the decrease in spot size. 60–

80% of equilibrium hybridization efficiency was obtained in the smaller spots (10–100 µm 

in diameter), whereas the larger spots (100–1500 µm diameter) yielded 10–20% 

equilibrium efficiency [59]. Intriguingly, when the hybridization efficiency was estimated 

across a 2mm-wide, uniform spot, the efficiency increased only around the edges of the 

large spot. This has been elegantly explained as a variation of target transport across a large 

spot. The target is delivered to the edge of the spot with a higher rate [59,78]. The 

experimental and theoretical data suggest that this is a result of mass-transport-limited 

conditions in the larger spots. Conversely, smaller spots approximate to kinetically limiting 

behavior. As a result, in order to keep the binding uniform across the spot, indifferent to 

operation kinetics, and to have a uniform analyte flux on the spot for highest capture 

efficiency, the optimal spot size should be kept under 200 µm. 

Zhao et al. also reported the limitations caused by the effect of mass-transport in 
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microarrays. They used a high-resolution molecular interferometric imaging (MI2) and 

observed an inhomogeneous distribution of analyte binding across a 100 µm-protein spot 

[79]. The analyte binds and depletes locally around the spot, and the analyte transport falls 

behind the binding because of the faster rate of analyte binding. This deceleration in the 

reaction causes a reduction in the amount of captured analyte [80]. This is considered as 

the primary limitation in microarray assays. The results clearly evidenced that to limit the 

mass transport effects, the necessary conditions for the spot size and the flow rate can be 

determined for uniform target binding across a spot for a given association rate for the 

target.  

3.1.2 Probe density  

 The probe density across the sensing area is a controlling factor for the performance 

of the sensor, which directly affects the bulk of measurable signal. The frequency of the 

probes should be high enough to adequately capture the target molecules and sufficiently 

low to prevent steric hindrance and to meet the mass-transport limitations [58,81–83]. 

When the probes are immobilized on the surface at high concentrations, the distance 

between the probe molecules is short, which may diminish the accessibility of the probes. 

Thus, target molecules might not be adequately captured. For the same reason, the binding 

sides on the probes become less accessible for target binding. Hence, although free targets 

are present in the sample solution, due to the deficiency in interpenetration of the target 

through the probes, the target capture may not take place. On the other hand, if the surface 

concertation is too low, the chances of capturing target molecules also decrease. The probe 

density directly affects the competency in the binding of the target. 
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It has been reported that high probe density does not always carry in high efficiency 

in hybridization with target [78]. Peterson and coworkers investigated how DNA probe 

immobilization and density impact target capture using an SPR-based biosensor  [78]. 

Single-stranded DNA oligos were used as the surface probes to capture similar size DNA 

targets. It has been shown that both the hybridization efficiency and the kinetics in binding 

rely strongly on the probe density. An improvement in hybridization efficiency from 15% 

to 95% was achieved by controlling the probe density in the sensing area. Surprisingly, the 

highest density yields the lowest efficiencies. This phenomenon has also been shown by 

Ramdas et al., where a fluorescence-based DNA microarray was prepared to detect rare 

cDNAs [84]. Although a linear dependence between target concentration and the signal 

intensity following pseudo-first-order kinetics was expected, instead, they obtained results 

fitting to a second-order kinetics model. This was explained with the effect of probe 

concentration spotted on the microarrays. After testing different probe concentrations, they 

showed that the impact of the increase in probe concentration on signal intensity is minimal.  

The work done by De Avila et al. explicitly demonstrates that the performance of a 

sensor depends on the effective probe concentration, the surface area and the sample 

volume rather than the true affinities of the probes [85]. The effective probe concentration 

is defined as the probe concentration as if the surface-immobilized probe molecules are 

released in the sample volume. In this study, the authors compare concentration-limited 

versus ligand-depletion regimes for a DNA sensor. The concentration-limited regime 

occurs when the effective probe concentration is lower than the KD value (inverse true 

affinity) of the probe for its target. When in fact, the ligand-depletion regime occurs when 
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the true affinity of the probe for its target is high with a low KD and KD is lower than the 

total number of target molecules (ligand) [85].  As a demonstration, when a 27-base DNA 

probe is used with its 27-base perfectly-matching complementary target, the true affinity 

of the probe is very high for its target (KD is low). When the probe concentration changes, 

binding affinities, therefore, binding curves change. The source of the noticeable difference 

in the binding curves was shown as probe density on the surface. Since the true affinity of 

the probe for its target is comparably smaller than the effective concentration of the probe, 

the binding curves represent saturation when all the target molecules bind to all the probes 

on the surface. Hence, when the effective probe concentration increases, the apparent 

affinities increase. Therefore, the observed affinity is controlled by the probe density and 

the volume of the sample, which determines the LOD and specificity. In ligand-depletion 

regime, the observed affinity is more affected by the experimental setup than by the true 

affinity where specificity diminishes. Therefore, the experimental conditions should be 

considered to obtain a concentration-limited regime with good specificity and low LOD 

[85].  

Antibody packing density is a significant parameter determining the activity of the 

antibody molecules. Since low densities may lead to structural unfolding, while high 

packing may cause steric hindrance, a sweet spot for high immobilization efficacy should 

be achieved [86].  Based on the ambient analyte theory, in microarrays with microspots, 

the concentration of antibody probes should be less than the concentration of target protein 

in the analyte solution [58,87]. Consequently, using systems with high SNR, the LODs in 

femtomolar range can be readily achieved in theory [79,88]. Nevertheless, the number of 
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studies reporting this sensitivity is limited due to the mass transport limitations in many 

current microarray technologies [80]. Therefore, depending on the fabrication constraints 

and the application requirements, the mass transport limitations should be reduced in 

optimization steps for any biosensor to obtain a kinetic-controlled reaction.  

3.1.3 Orientation, elevation and flexibility of surface immobilized probes 

Molecular interactions rely on the differences in thermodynamic equilibria. In the 

interactions occurring at an interface, surface energy minimization mechanisms step in and 

the influence of the interface, the conformation of the molecules at the interface, the 

geometrical structures and the chemical compositions of the biofilms play crucial roles in 

molecular binding. Hence, in all microarray-based technologies, the surface-immobilized 

probes must reach thermodynamic equilibrium conditions to have accessible and steric 

hindrance-free probe orientations [78].  

It is given that to enhance specific binding and eliminate non-specific binding, the 

retainment of the functionality and the accessibility of the probes must be guaranteed after 

immobilization [89]. This is the major constraint for probe immobilization in biosensor 

preparation. In many protein assays, function and activity retainment is achieved by region-

selective protein immobilization [90]. By changing the molecular orientation in 

immobilization, different structures on the surface can be obtained. Oriented 

immobilization refers to controlled immobilization of the antibodies to the surface so that 

Fab regions are well-exposed and revealed on the surface, remaining available for efficient 

antigen interaction. With controlled orientation, high target interaction is achieved, leading 

to enhanced sensitivity. Moreover, whole antibodies or a fraction can be immobilized 
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selectively for specific target capture. In this manner, unforeseen non-specific interactions 

can be eliminated to some extent.  

The orientation of the immobilized proteins can be controlled with the power of 

surface chemistry. Chemically functional groups such as hydroxyl, carboxyl, thiol, amine 

and many others can be introduced to the sensor surface for robust covalent binding of the 

antibodies [91,92]. However, the surface should be activated in a controlled manner. Too 

low surface-active groups may cause low immobilization efficiency and loss of activity of 

the probe molecules or probe loss during the measurements [93]. Besides, if the surface is 

activated with too many functional groups, then it may cause excess binding of the 

antibodies to the surface with improper anchoring via covalent linkages causing loss of 

activity and non-specific interactions. Additionally, high-density surface probes give rise 

to steric hindrance and the repulsion between antibody molecules may cause deactivation.  

Three-dimensional matrices used for surface modification such as sol-gel structures 

provide improved oriented antibody immobilization. In a study by Orlov et al., magnetic 

nanoparticles-integrated nitrocellulose membranes provide a surface area with selective 

immobilization of antibodies. The sensor’s limit of detection for prostate-specific antigen 

in serum was improved to 740 fM, which is comparable with the ELISA test with 

significantly enhanced dynamic range [94]. 

Previous studies have represented that the behaviors of single-stranded DNAs 

(ssDNAs) and double-stranded DNAs (dsDNAs) differ from each other in terms of 

orientation on a surface when they are end-tethered to the surface. Although the orientation 

of dsDNAs can be controlled with external forces such as electric field, it is hard to orient 
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ssDNAs [95,96]. It has been exhibited that for the single probe-single target systems, when 

the DNA probe length increases, the chances of a target finding a probe fragment increases; 

whereas, the chances of the target binding to the whole probe decreases [97–99]. Therefore, 

the sensitivity increases; however, the specificity decreases. Moreover, the kinetic studies 

for surface tethered-DNA hybridization have revealed that hybridization most likely starts 

from the ends of the ssDNAs. Thus, the sequences located in the center of the DNA probes 

stay bound to the target for a longer time compared to the ends of the probe throughout the 

experiments [99]. This suggests that proper orientation, accessibility and flexibility of the 

probes are the most crucial parameters in developing a biosensor.  

DNA hybridization mainly depends on two factors: the probability of two 

complementary sequences finding each other and the rate of binding when they interact 

[100]. On a biosensor surface, high probe density, improper probe orientation or flexibility 

issues may impede interaction and the initiation of hybridization (nucleation). Among these 

issues, restricted interaction with the nucleation site may be the leading problem [101,102]. 

To test this argument, a 25-nucleotide probe was immobilized on an SPR sensor surface 

and two 18-nucleotide targets were used in measurements [102]. One of the selected targets 

is complementary to the upper part of the probe (18 high), while the second target is 

complementary to the lower part of the same probe (18 low), in which the nucleation site 

for the hybrid is close to the sensor surface. When both of the targets and the probe are free 

in solution, the binding kinetics are the same; however, when the probe is immobilized to 

the surface, a slower binding was observed between the probe and 18 low target compared 

to 18 high target [102,103]. The limited access to the hybridization site impedes faster 



 

 

49 

hybridization and the target molecules have to penetrate through the probe layer to reach 

the complementary portion of the probe [101]. As a result, the elevation of probe molecules 

is vital in biosensor applications to reveal the binding sites.  

A schematic comparison of oligonucleotides with oligoethylene glycol linkers in 

different lengths is shown in Figure 3.2 [104]. The figure mimics the oligos immobilized 

in a density of 10 pmole per mm2, equal to one molecule per 39 square angstroms. The 

oligos stay in a position where they can barely touch each other. While they seem stretched 

away from the solid-support in the figure, they are in a more compact structure while 

tethered to solid-substrate in reality. The probes are immobilized along with a spacer oligo, 

which prevents overcrowding, thereby, steric hindrance. Moreover, some of the oligos are 

modified with linkers ranging in 26, 60, 105 atoms length. Oligos with longer oligoethylene 

glycol linkers can reach further in the solution with the help of elevation which provides 

an advantage for capturing the target over their neighbors. The spacer length is also 

significant for an efficient hybridization. Beyond a certain length, the efficiency diminishes 

due to the over-interaction of the probes with each other, the spacer and the solid-substrate; 

hence, they become less accessible [105,106]. 
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Figure 3.2 A schematic comparison of various length of oligoethylene glycol linker for DNA 

oligonucleotide probe elevation. Oligonucleotides are immobilized on the glass surface in a 

mixture with a spacer oligonucleotide. The linker lengths are 26, 60 and 105 atoms. Reprinted 

by permission from Springer Nature, Nat Genet, Southern, E., Mir, K., Shchepinov, M. 

Molecular interactions on microarrays. 21, 5–9 (1999). Copyright 1999 [104].  

 

3.1.4 Morphology 

Conventionally, optical sensing relies on small variations in scattering due to the 

local changes in the refractive index. Since the binding of a target creates a small local 

change on the surface, the sensing platform’s baseline signal is the limitation in recognition 

of the labeled- or label-free targets. The temporal and spatial variability of the baseline 

signal determines the reliability in the detection of the smallest particle by the system. 

Therefore, this variability builds a noise which may wash out the optical change generated 

by the target by confining the SNR for the particle of interest. As a result, if this noise is 

reduced, the sensitivity in the measurement can be improved regardless of the sensor or the 

optical detection technique.  
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A proper detection requires a distinct signal coming from the target over the 

background. This can only be achieved by creating a smooth, uniform morphology at the 

sensing area. The sensor surface must maintain its integrity throughout the measurements 

and yet stay inert and selective to non-specific molecules in a heterogeneous sample. 

Therefore, the signal derived by the target can be distinguished from the background noise 

and surface roughness [107]. Scattering due to the non-uniform and fouling background 

may surpass that of the target, causing a reduction in sensitivity and resolution. Contrarily, 

the loss of sensor response cannot be explained correctly and the performance of the sensor 

may be misinterpreted. 

The biosensor responses proportional to the target concentration can only be 

obtained with the sensor platforms free of background, solely relying on target-probe 

affinity. The interference reflectance imaging technique is a key approach in sensing small 

inhomogeneities on the layered supports [108,109]. It is widely applied in microarray-

based biosensing for monitoring biological interactions [21,110,111]. As mentioned in 

Chapter 2, the binding of the target to the surface confers slight local changes in the 

reflectivity spectrum of the layered support behaving as an additional layer [24]. This can 

be exploited for quality checking, and to characterize and confirm the surface morphology, 

uniformity and evaluation of the probe density after immobilization [32,112]. Figure 3.4A 

and B show the images of 200x200µm regions on IRIS chips with highly non-uniform 

protein spots after an uncontrolled immobilization [107]. Micro-droplet arrayers are 

employed to prepare microarrays with uniform, periodic spots of biomolecules on various 

types of supports. However, certain parameters such as humidity, temperature, content and 
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concentration of the probes must be well-adjusted for a proper immobilization and spot 

quality. In the cases where the surface functionalization is not predictable, the surface 

coating may turn out to be rough and uneven, causing abrupt noise in the experiments. It 

might be hard to detect diffraction-limited features due to the high background. Large-

sized, non-uniform, irregular spots may be formed. In comparison with Figure 3.4C, other 

spots hold small, diffraction-limited features, heterogeneities and random shapes. Small 

features originating from irregular spotting may interfere with the BNPs during the digital 

detection of viruses or exosomes. Small local changes to the optical signal may be absorbed 

by the background which diminishes the sensitivity. Besides the optical imaging challenges, 

improper spotting and the lack of quality control may cause a loss of activity in probes, 

non-specific interactions on the surface, and reproducibility issues sensor fabrication.  

 

Figure 3.3 IRIS images of irregular (A and B) and a regular (C) protein spots generated by a 

micro-droplet arrayer. Uneven and inhomogeneous, irregular-shaped spotting may happen 

due to spotting solution and conditions even after several spotting optimizations. A) 

Remaining of salt on the spot, B) uneven immobilization of the protein and non-uniform 

drying of proteins throughout the spot may be obtained. Better selectivity and sensitivity may 

be obtained starting with a spot as in image (C) which is spotted uniform and homogeneous. 

[107]. 
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3.2 SP-IRIS chips and cartridges 

In the previous section, we have identified the requirements for an ideal sensor morphology. 

As well as the surface the sensor has, the measurement quality and success also depend on 

the imaging medium and how well the instrument can function in the selected medium. SP-

IRIS platform can employ both dry (in-air) and in-liquid imaging. The former means that 

the detection is based on in-air imaging of dry chips that are pre-incubated with liquid 

samples in petri dishes and imaged afterward (end-point). The latter includes a microfluidic 

cartridge and liquid handling systems for sample flow. Dry or end-point measurements 

allow for a simple and straightforward application that does not include liquid handling or 

previously explained detection challenges stemming from the nature of the in-liquid 

measurements. Nevertheless, manually incubating the chip with the sample solution and 

letting it dry lead to morphology problems such as residue remaining from the wash buffer, 

nonspecific surface binding of nanoparticles during wash, variability in the surface, or 

wash quality due to user dependency or unevenness in the drying of the surface. Therefore, 

in-liquid measurements are preferred in applicable cases.  

3.2.1 Microfluidic cartridge and through-via chip design 

The early generation of SP-IRIS cartridges were for the detection of label-free 

viruses; therefore, they were meant to be disposable, assembled and cheap. The first-

generation cartridge was multi-level laminate-based. The channel was formed in between 

the planar Si sensor chip and multi-level plastic adhesive films with a rigid acrylic base 

(Figure 3.4A). This version cartridge enables controlled flow rates. It utilizes a square 

Si/SiO2 chip. 
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The second-generation cartridge consists of a paper-based fluid handling as well as a multi-

level laminate design (Figure 3.4B). It utilizes a rectangular Si/SiO2 chip. It employs a 

sample reservoir and an absorbent pad, which create a capillary-driven flow and removes 

the need for a syringe pump to flow the sample solution in the cartridge. As a result, this 

version cartridge stands alone and provides minimal sample exposure risk.  

On top of being not very cost-effective, these two generation cartridges limit the 

quality of the images due to the plastic/polymer window material, alignment problems and 

difficulties in applying anti-reflection coatings. Based on these experiences, the next and 

last generation of SP-IRIS chip and cartridge were designed.   

 

Figure 3.4 Early generations of SP-IRIS cartridges for label-free virus detection.  A) First-

generation disposable, laminate, active floe cartridge. B) Second-generation disposable, 

laminate, passive cartridge. Reproduced from Ref. [37] with permission from the Centre 

National de la Recherche Scientifique (CNRS) and The Royal Society of Chemistry. 

 

To satisfy both high-quality and cost-efficiency demands, a new chip/cartridge 

configuration has been designed for in-liquid particle detection [113]. The new design still 

uses Si substrate with thin thermal oxide as the sensor chip. Uniform layers of oxide are 

grown on the Si substrates via a self-limiting thermal oxidation process. Si substrates are 

commonly used in optical imaging due to their applicability in biological applications, 
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comprehensive knowledge in manufacturing, compatibility with a wide range of materials 

for surface modification, as well as light absorption property to prevent stray light.  

The new generation, innovative through-silicon-via (TSV) SP-IRIS chips and the 

cartridge design offers a low-cost and high-optical quality solution for microfluidic SP-

IRIS experiments. TSV chips possess through holes cut directly into the chip on each side 

of the chips, which are drilled on using laser micromachining (at Potomac Photonics). This 

way, the chip can be easily integrated with the cartridge. The TSV chips are designed for 

high-throughput nanoparticle analysis in a microfluidic channel.  

The TSV chips are in a rectangular design with dimensions of 25 mm × 12.5 mm. 

Figure 3.5A shows a wafer consisting of new generation TSV SP-IRIS chips which is a 

single 6-inch wafer (110 nm thick oxide on Si) yielding 42 individual chips. Wafers are 

manufactured by Silicon Valley Microelectronics, Inc. and diced to the appropriate size at 

Boston University. Each chip has a 6 mm × 8 mm middle region for the microarray spots, 

which allows for packing ∼760 spots with 250 μm spot center-to-center distance in rows 

and columns. The sensor chip holds two holes on each side of the rectangle for inlet and 

outlet for fluidics. A microfluidic channel is formed by placing a cover glass (0.7 mm thick) 

on top of the sensor chip by using a 200 µm-thick pressure-sensitive adhesive (PSA) gasket 

(Grace Bio-Labs) adhesive layer in between the cover glass and the TSV chip (Figure 3.5B).  

Through holes in the chip substrate allow the sample solution to flow directly on top of the 

chip by being pumped into the incubation channel, eliminating the need for multiple 

laminate layers to create a fluid path over the chip edge as in the previous generations. As 

a result, TSV chips can utilize a simple incubation channel disposable consisting of a single 
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transparent polymer film coupled to a laser-cut PSA layer (the spacer or adhesive layer). 

This simplified design makes these disposable parts very cost-efficient compared to the 

multi-level laminate design. 

 

Figure 3.5 A) New generation SP-IRIS chips with through holes on a 6 in wafer. B) 

Illustration of assembly of TSV SP-IRIS chip (top) and photograph (bottom) of single TSV-

IRIS chip with anti-reflection coated glass and adhesive layers to form microfluidic channel. 

 

The cover glass is anti-reflection (AR) coated on one side to reduce the effect of 

reflections from the air/glass interface, which can significantly affect the image quality in 

polycarbonate or cyclic olefin copolymer (COC) based windows. In our studies, we have 

used two types of spacer: one with double-sided sticky and one with single-sided sticky. 

The former spacer has adhesive on one side for attachment to the cover glass. The single-

side adhesive channel layer permits easy removal of the disposable sensor chip from the 

spacer/glass assembly. This enables re-use of the spacer/glass assembly with a different 

sensor chip, or additional handling of the used chip if necessary. The channel height and 
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material can be easily tailored to need. We have identified double-side pressure-sensitive 

adhesives (PSA) with a carrier layer in between as a suitable alternative for thinner 

channels down to 130 μm, in which case, the whole cartridge is single-use.  

Depending on the components of the chip/cartridge i.e., single/double-sided spacer, cover 

glass thickness, AR coating properties, the cost of the cartridge is about under $10 for 100s 

to 1000s chip which can be further reduced to $2 for larger production volumes. 

3.2.2 Fixture design 

The assembled cartridge consisting of the glass/channel/chip unit is placed in a 

custom-made fixture [113]. The fixture is a cam-actuated clamping fixture, as shown in 

Figure 3.6. It is compatible for the use with a 20x, 0.45 NA objective with a working 

distance of 4.5 mm. It connects the cartridge to the fluidic system. The fixture contains 

three main parts connected to an aluminum base plate. The fluidic manifold (Figure 3.6A(a)) 

includes an O-ring interface between the microfluidic chip and the external pump. The chip 

is placed on top of the O-rings on each side of the chip (red pieces in Figure 3.6B) where 

the inlet and outlet holes are present. The second part is a removable clamping plate with 

a viewing window (Figure 3.6A(b)), which gets attached to a spring-loaded mechanism 

and applies a downward force to the top of the cartridge to have a seal against the O-rings 

underneath. Providing enough of the pressure is essential to have a seal to avoid any 

leakage at the interface with fluidic pump. The fixture has two states – a loading state 

(Figure 3.6A and C) and a clamping state (Figure 3.6D). In the former, after removing the 

clamping plate, the chip can be easily placed on top of the O-rings. In the latter, a force is 

applied evenly to the top of the disposable cartridge by rotating the cam handle clock-wise. 
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The cartridge gets squished and sealed between the clamp plate and top surface of the 

manifold. The third part is a rotary cam (Figure 3.6A(c)), which controls the position of 

the removable clamping plate. The user can switch between the clamping state and the 

loading state by rotating the cam handle by 180 degrees, which activates a cam follower 

connected to the spring carriage. 

Figure 3.6B shows a cross-section of the fixture. Two vertical channels are placed 

in line with the fluidic ports on the cartridge. 1/16” ID FEP tubing is used to connect the 

microfluidic channel to an external pump where the fluid travels. The tubings are inserted 

into the manifold from inlet and outlet ports until the tube ends are nearly co-planar with 

the top surface of the manifold. Tubings possess flangeless chromatography fittings from 

Upchurch Scientific (Oak Harbor, WA) to lock them in place at the interface. O-rings 

(0.070” Thickness, 1/16” ID x 3/16” OD) are used at the interface between the back of the 

chip and the tip of the tubes which seal perfectly and fill in the gap between the tubes and 

the manifold. As a result, fluid does not get in touch with the fixture parts; it only goes into 

the microfluidic cartridge owing to the perfect seal. To flow the fluid into the channel, a 

syringe pump (PHD 2000) from Harvard Apparatus (Holliston, MA, USA) and silicon 

tubing (FEP Nat 1/16” × 0.010” × 20 ft) from Upchurch Scientific, IDEX Health and 

Science (Middleborough, MA, USA) are used. 
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Figure 3.6 A) SolidWorks models of cam-actuated clamping fixture and the chip assemble in 

loading mode. B) Cross-sectional view of the fixture. The cross-section shows the fluidic path 

and connections, where the cartridge is placed on the fluidic manifold.  C) The fixture with 

the chip placed before rotating the Cam handle and applying the clamping force. D) The 

fixture after rotating and clamping the plate on the chip and locking springs into a 

compressed configuration. 

 

3.3 Sensor preparation   

As mentioned before, SP-IRIS substrates, 6-inch silicon wafers with a patterned 

thermally grown silicon dioxide of 110 nm, were purchased from Silicon Valley 

Microelectronics (Santa Clara, CA, USA) and diced into 25 mm × 12.5 mm × 0.5 mm 

rectangles. The chips were cleaned by sonicating in acetone, rinsed with isopropanol and 
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deionized (DI) water and dried under nitrogen. In this section, we describe the preparation 

of the chip surface for biomolecule immobilization and the generation of protein and 

nucleic acid microarrays. 

3.3.1 Surface chemistry 

In order to capture the target molecules on the surface of the layered IRIS Si/SiO2 

substrate, first, it has to be functionalized for specific target binding. The surface chemistry 

used to modify the substrate should meet the requirements of availability of functional 

groups for probe attachment, no non-specific binding to the surface, stability against 

environmental changes, and also ideally be low cost, robust and easily prepared [114]. In 

order to do so, the IRIS chip surface is modified with a 3D polymer coating which is MCP 

(copoly-DMA-MAPS-NAS) from Lucidant Polymers (Sunnyvale, CA, USA). The 

polymer is commonly used to coat glass, silicon, or other hydroxylated surfaces for 

microarray applications described in detail elsewhere [115]. MCP-2 copolymer for 

antibody surface probe immobilization in protein microarrays, and MCP-4 copolymer for 

amine-terminated oligonucleotide (ssDNA) surface probe immobilization in nucleic acid 

microarrays were used. Each monomer forming the MCP-2 and MCP-4 (copoly-DMA-

MAPS-NAS) copolymers has a different function: dimethylacrylamide (DMA) enables 

self-adsorption to the SiO2 substrate, 3-(trimethoxysilyl) propyl methacrylate (MAPS) 

provides covalent binding to the substrate through silane functional groups, and 

acryloyloxysuccinimide (NAS) presents NHS ester groups which are utilized in 

biomolecule probe covalent immobilization. These active groups react with the primary 

amines in the protein structure or amine end of the modified oligonucleotides to form 
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covalent bonds. They differ only in the co-monomer ratio: 97:2:1 in MCP-2 and 89:10:1 in 

MCP-4. The fraction of amine-reactive sites of MCP-4 is five times larger than that of 

MCP-2 [116]. These polymers were shown to have increased probe density compared to 

2D coatings involving silane chemistry and also very low non-specific binding [117]. 

Figure 3.7A shows the generic structure of MCP copolymers coated on a glass surface. 

When polymer gets in contact with a liquid, hydration occurs and it gets swollen in fluidic 

environment. Figure 3.7B shows a general representation of a 3D form of the polymer with 

antibodies attached to them. As shown in the schematic figure, immobilized antibody 

surface probes are distributed in the liquid environment owing to the elevated and flexible 

arms of the polymer. Yalcin et al. have shown that the polymer swells 7–20 nm in liquid 

solution, which elevates the immobilized probe molecules that are already attached to the 

polymer and makes them more available for surface reactions [33]. The polymer density 

close to the surface is higher due to the silane interactions. The chains far from the glass 

surface have a less dense organization which are more elevated and flexible, making the 

surface excellent for biomolecule capture, as discussed in the earlier sections of this chapter. 
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Figure 3.7 A) Chemical structure of the Lucidant copoly(DMA-NAS-MAPS) copolymer 

coated on a glass surface [33]. For MCP-2 and MCP-4 copolymers m:n:p monomer ratios are 

97:2:1 and 89:10:1, respectively. B) Schematic representation of the copolymer used in 

immobilization of antibody surface probes in a fluidic environment. Reprinted from Anal. 

Biochem. 332, M. Cretich, G. Pirri, F. Damin, I. Solinas, M. Chiari, A new polymeric coating 

for protein microarrays, 67–74., Copyright 2004, with permission from Elsevier [115].  

 

Furthermore, in order to obtain more hydrophobic surfaces, MCP-2F copolymer 

(from Lucidant Polymers). The lower surface energy of MCP-2F prevents spreading and 

merging of the spots. Figure 3.8 shows the chemical structure of MCP-2F copolymer 

coated on the surface. 

 

Figure 3.8 A) Chemical structure of the Lucidant MCP-2F copolymer coated on a glass 

surface [118]. 
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3.3.2 Surface preparation 

The Si/SiO2 chips are oxygen plasma treated before polymer coating, which forms 

a hydroxylated surface for polymer to adhere to the substrate. The chips are treated by 

plasma ashing with oxygen plasma at 300 sccm and 500 W for 10 min. The polymer 

solutions are prepared according to the manufacturer’s directions. Briefly, 50x polymer 

stock solution is diluted with the Coat-On solution from Lucidant Polymers. The chips are 

immersed in this polymer solution for 30 min. Then, they are rinsed with DI water at least 

six times remove extra unbound polymer and dried with nitrogen. Last, the polymer coated 

chips are baked at 80ºC in the vacuum oven for 15 min and stored at room temperature in 

a desiccator until spotting. 

3.3.3 Microarray fabrication 

A Scienion S3 SciFlexArrayer (Berlin, Germany) spotter was used to create an 

array of surface probes. The micro-printer is capable of repeatedly producing droplets 

between 150–300 pL with the dispenser used (PDC 60) and placing them in a grid with an 

accuracy of ~20 µm. The instrument provides high precision and accuracy in spotting 

thousands of spots on the chip surface with a user defined pitch (200–250 µm in our studies) 

between the spots. A typical droplet of 180–250 pL creates a spot of ~90–150 μm diameter. 

Any desired pattern of spots of surface probes can be created on the surface. The polymer 

coated chips are placed in the spotter chamber and antibody/nucleic acid solutions were 

placed in the reservoir. The surface probes are spotted periodically onto the surface of the 

chip by the spotter. 
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In protein and virus microarrays, antibodies specific to the target protein or virus 

are used as surface probes. In nucleic acid microarrays, amine-modified ssDNA 

oligonucleotides complementary to the target nucleic acid are used as surface capture 

probes. Surface probe solutions are always prepared freshly prior to each spotting session. 

The spotter uses about 3 μL of the sample solution and at least 8 μL of surface probe 

solution is prepared for every condition. For protein arrays, the humidity of the spotter 

humidity chamber is kept at 57%, while for nucleic acid microarrays, it is kept at 67%.  

After spotting on the chips, the sensor chips are kept in the humidity chamber at 67% 

humidity overnight to allow the surface probes to immobilize and covalently bind to the 

polymer on the surface. After polymer coating, the surface exhibits functional groups for 

the easy immobilization of molecules of interest. The binding between the biomolecule and 

the solid surface during immobilization is strong enough to retain the molecule on the 

surface during the entire biosensing experiment. Moreover, the local chemical environment 

allows the immobilized molecules to retain the native conformation and its functionality 

after immobilization. Following the overnight immobilization, the chips were blocked the 

next day using 150 mM ethanolamine in 0.1 M Tris buffer saline pH=9.0 to quench the 

remaining NHS groups in the polymer to deactivate it for the rest of the experiments. The 

chips are then washed with washing buffers to get rid of the unbound surface probe 

molecules. 

For blocking, antibody-spotted chips are immersed in the ethanolamine containing 

buffer solution for 1h at room temperature. Then, they are rinsed with Nanopure DI water. 

To block nucleic acid-spotted chips, the ethanolamine buffer solution is warmed up to 50 
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ºC in a hybridization oven. Nucleic acid-spotted chips are immersed in the warm buffer for 

15 min. Then, the chips were washed using warm 4xSSC buffer containing 0.1% SDS for 

2 min while on the shaker at medium speed. The chips are then rinsed with DI water, dried 

with nitrogen. The chips were stored in a desiccator under vacuum at room temperature 

until they are used in two weeks. 
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4 CHAPTER FOUR A DIGITAL PROTEIN ASSAY FOR HEPATITIS B 

DETECTION 

 In this chapter, we will focus on methods for hepatitis B (HepB) detection. We will 

then present our results demonstrating the potential of SP-IRIS for providing rapid HepB 

antigen detection at the single-molecule level. 

4.1 Motivation for HepB detection 

 Hepatitis B viral infection is caused by hepatitis B virus (HBV). It is contagious 

through blood and body fluids, and attacks to the liver. HBV infection can lead to both 

acute and chronic disease, which are mainly acute hepatitis, fulminant hepatitis, chronic 

hepatitis, cirrhosis and liver cancer [119,120]. World Health Organization (WHO) 

estimates that HBV had worldwide significance with annual mortalities over above 

880,000 in 2015 [121]. Moreover, WHO estimates that more than 257 million people had 

chronic HepB infection in 2015 [121]. Although an effective vaccine is available against 

HBV infection, it is still a global health problem that early diagnosis can be very beneficial 

for early treatment before the infection causes further liver diseases.  

 HBV screening tests carried for diagnosis of the disease or biological validation of 

the blood or blood components in patients and blood donors are done via [122]: 

- Tests targeting the detection of a component of the virus (for instance, hepatitis 

B surface antigen (HBsAg) or HBV DNA), 

- Tests looking for an antibody as a biomarker of the exposure to the virus (for 

instance, antibody against hep B core antigen (anti-HBcAg)), 

- Tests looking for indirect results such as damage in liver (alanine 
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aminotransferase). 

 Among these screening strategies, the safest choice is detecting HBsAg, which is 

approved by the FDA for diagnostics. HBsAg is a reliable biomarker of viral hepatitis both 

for early detection of infection and for monitoring response to antiretroviral therapy. The 

HBsAg is the first protein that appears in the serum after the incubation period, which 

verifies acute HBV infection. In the first 1–12 weeks of infection, surface antigens start to 

be produced in patients. Both HBsAg and HBcAg are produced in excess amounts by the 

infected hepatocytes. Blood tests usually look for the viral DNA. Technological 

developments have led to recent new opportunities for testing and treatment. Chronic HBV 

infection testing or testing before transfusion is done by an initial serological test to detect 

HBsAg followed by nucleic acid amplification test (NAT) for detection of HBV DNA viral 

load to help guide treatment decisions [123]. One of the main and worldwide applied 

screening strategies is to test the sample for HBsAg which is used for the longest time and 

considered as the primary test by WHO [124].  

4.2 Detection strategies and limitations of current HepB diagnostics 

 HBsAg can be detected using rapid diagnostic tests (RDTs) in lateral flow, flow-

through or simple agglutination assay formats. Laboratory-based immunoassays to detect 

HBsAg include traditional radioimmunoassays (RIA), polymerase chain reaction (PCR), 

enzyme-linked immunoassays (ELISA), as well as newer technologies such as 

electrochemiluminescence immunoassays (ECLIA), microparticle enzyme immunoassays 

(MEIA) and chemiluminescent microparticle immunoassays (CMIA) [125]. These 

technologies are quite expensive, need established infrastructure. Hence, the development 
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of convenient, affordable and effective diagnostic technologies, which address medical 

needs in low-resource settings, is significant. Despite being widespread and heavily used, 

it is difficult to adapt to low-resource settings for these technologies because of their 

laborious and time-consuming structure [126]. The focus of this chapter is on the 

generation of an affordable and highly sensitive diagnostic assay for HepB detection. 

However, in order to better understand the limitations of commonly used technologies, we 

will go into details of the most common wet-bench techniques and rapid diagnostic tests in 

the next sections.  

4.2.1 Enzyme-linked immunosorbent assay (ELISA)  

 ELISA is a type of solid-immunoassay and one of the most common serological 

diagnosis techniques used in HepB screening. Generally, commercial ELISA kits use 

monoclonal antibodies (mAbs), as well as polyclonal antibodies [127]. To detect HBsAg 

mutants, some assays are composed of multiple mAbs in the capture phase together with a 

polyclonal conjugate phase. Antigen sandwich ELISA kits rely on capturing and detecting 

the viral antigens in the patient sample. In sandwich HepB ELISA kits, a mAb against the 

target viral antigen is immobilized onto the microtiter plate surface. When the patient 

sample is added to the microwell plate, HBsAg is captured on the surface. The resulting 

antigen-antibody complex is tagged with another antibody on the surface. This antibody is 

specific to a different epitope of HBsAg and is linked to an enzyme, horseradish peroxidase 

(HRP). Then, the substrate for the enzyme, 3,3′,5,5′-tetramethylbenzidine (TMB), is added 

to the plate and the signal emitted from this reaction is measured using a microplate reader. 

Figure 4.1 shows the principle of ELISA test schematically [128].  
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Figure 4.1 Diagram of antigen sandwich-ELISA for the detection of HBsAg. Adapted from 

[128]. 

 

Even though ELISA is widespread, it suffers from lengthy and complicated multi-

step procedures requiring specialized personnel and equipment. These drawbacks pull it 

back from being used in the field. In addition, temperature-sensitive reagents required for 

the multi-step protocols make it difficult to adapt to low-resource settings. Furthermore, 

ELISA has limited sensitivity compared to other techniques and does not provide 

multiplexed testing. 

4.2.2 Polymerase chain reaction (PCR) 

PCR is based on nucleic acid amplification that can quantitatively detect minute 

amount of viral HBV DNA present in the sample after amplifying it. HBV is an enveloped 

DNA virus with unique features. It contains partially double-stranded DNA which 

replicates by reverse transcription of an RNA intermediate, the pregenomic RNA (pgRNA). 
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The DNA genome is extracted from the patient samples for PCR amplification using 

specific primers and DNA polymerase enzyme. PCR has been shown to have very sensitive 

and specific the detection of HPV [129,130]. However, HBV has a highly variable DNA 

genome which shows variations quite often with a much higher mutation rate compared to 

other DNA viruses [131,132]. The drugs used for the treatment of chronic HepB also cause 

mutations in the long-term. Therefore, increased sensitivity and accuracy are required. 

Real-time PCR is widely used for detection of HBV owing to its increased accuracy, wider 

linear range and reproducibility [129,133]. However, due to the mutations, a number of 

primers required for different genotypes may vary for accurate detection. If there is a 

mutation that causes a mismatch between primer or the probe of a commercial DNA 

quantification kit and the target HBV DNA, then the actual viral load of the sample might 

be underestimated. Furthermore, amplification and detection steps make the protocol about 

6h long which is not very practical for the user. Commonly, these techniques are expensive, 

time-consuming, multi-step, including DNA extraction and require special equipment as 

well as specialized laboratory-settings and personnel.  

4.2.3 Lateral-flow based tests 

Lateral-flow assays are immunochromatographic tests which have a significant role 

among point-of-care (POC) testing techniques. They provide rapid and inexpensive 

detection of disease biomarkers [134,135]. Generally, lateral-flow assays contain a sample 

pad, conjugation pad and reaction membrane. They depend on the wetting of the sample 

pad with the sample and reacting with the colloidal nanoparticle on the conjugation pad 

and the changes in the colorimetric signal owing to the presence of the target in the sample 
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solution [136]. The nanoparticles are usually gold nanoparticles or fluorescently-labeled 

microbeads and the sensitivity of the lateral-flow assay depends on the amount of the 

particles captured and aggregated during the sandwich-type immunoassay. A typical 

lateral-flow immunoassay design and strip results are shown in Figure 4.2.  

In many parts of the world, the rapid strip tests based on lateral flow immunoassay 

are currently the most commonly used HBV POC diagnostics [137,138]. Especially for the 

testing of chronic HepB virus infection, lateral-flow immunoassays are cost-effective in 

resource-limited areas. Moreover, it can be multiplexed for the simultaneous detection of 

HepB HBsAg, HBcAg and HepB [139]. However, since there are variations in accuracy 

and sensitivity among different brands or among the same brand’s tests, lateral-flow assays 

still suffer from sensitivity issues [140].  

 

 
 

Figure 4.2 A) Representation of a lateral-flow assay for HepB detection and genotyping. B) 

The photographs of fluorescence imaging of the multiple assay strips using a customized 

luminoscope reader showing the genotyping results. Adapted with permission from Anal. 

Chem. 2015, 87, 10, 5173–5180. Copyright 2015 American Chemical Society [141]. 
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Table 4.1 summarizes the diagnostic approaches for HepB detection mentioned so 

far. The recommended detection limit for HepB tests by the Food and Drug Administration 

of USA (FDA) is 0.5 ng/mL which is equivalent to 0.125 IU/mL [142]. Therefore, an ideal 

HepB detection system should be rapid, inexpensive, sensitive enough to meet the FDA’s 

and WHO’s recommendations, easy to apply at low resource settings.
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Technique 
Commercial 

brand (if any) 
Target LOD Comments Ref. 

ELISA na HBsAg 

0.5 to 0.7 ng/ml 

(0.125 – 0.175 

IU/mL) 

Serum samples. Intra-assay and inter-assay 

CV were found to be 3.96% and 5.85% for 

the designed assay and 4.5% and 9.29% for 

the commercial kit, respectively. 

[143] 

ELISA na HBsAg 
1 ng/mL 

(0.25 IU/mL) 

Antigen tested in 1% BSA-PBS. Sensitivity 

is not comparable with FDA standards. 
[127] 

Chemilumines-

cence (CMIA) 

ARCHITECT® 

HBsAg QT Assay 

by Abbott 

HBsAg 

all mutants and 

genotypes 

5.2 mIU/mL 

Undiluted serum sample. Automated. 

Chemiluminescence detection requires 

special equipment. Can test for mutation. 

35 min assay time. 

[144] 

Electrochemilu-

minescence 

Elecsys HBsAg II 

Assay by Roche 

Diagnostics 

HBsAg 
0.2 ng/mL 

(0.05IU/mL) 

Undiluted serum sample. Automated. The 

total duration of the assay is 18 min. 
[145] 

RT-PCR na 

S and C regions 

of the HBV 

genome 

 

47.6 ng/mL 

(11.9 IU/mL) 

Blood sample. In good agreement with the 

Roche and Daan commercial PCR kits, 

however, underestimated a major amount 

of patient samples. 

[129] 

RT-PCR 

Cobas HBV test 

using the Cobas 

4800 by Roche 

HBV genotypes 6.937 IU/mL 

Plasma samples. Requires specialized 

instrumentation. FDA approved. Sensitive 

and accurate detection of all known 

genotypes and precore mutant. 

[146] 
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PCR 
RealTime HBV 

by Abbott 
HBV Genotypes 10 IU/mL 

Serum or plasma samples. Needs to be 

used with the Abbott m2000 System DNA 

reagents and with the 

Abbott m2000sp and m2000rt instruments 

for the quantitation. Best for chronically 

HBV-infected individuals 

[147] 

Lateral-flow 

assay 

Determine 

HBsAg 2 

by Abbott 

Major HBsAg 

mutants 
0.13 IU/mL. 

The only rapid test used in plasma, serum 

and fingerstick 

whole blood to meet the minimum EU and 

WHO requirements 

[125] 

Lateral-flow 

assay 
na 

HBsAg and 

genotypes 

10–40 ng/mL 

(2.5–10 IU/mL) 

Serum or plasma sample. Can do 

genotyping. Assay duration 20 min and 

additional reading time. Not applicable to 

many genotypes due to 

the limitations of mAbs. 

[141] 

Lateral-flow 

assay 
na 

HBeAg, HBsAg, 

anti-HB 

1 ng/mL 

(0.25 IU/mL) 

Serum samples. Multiplexed and 

automated. Comparably cheaper than 

traditional ELISA and Abbott technologies. 

Quantitative POC. 

[140] 

Lateral-flow 

assay 
na HBsAg 

0.06 ng/mL 

(0.24 IU/mL) 

Tested the samples in PBS + 0.1% Tween 

20 (PBST) buffer. Signal enhancement 

with nanoparticle modification in labeling. 

10 min assay time. comparable results with 

ELISA. 

[148] 

 

Table 4.1 Comparison of current detection methods for HepB detection. 
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4.3 Objective 

Our aim in this study is to develop a HepB immunoassay and verify the performance 

of SP-IRIS system to quantify hepatitis viral protein, HBsAg.  

4.4 Experimental section 

4.4.1 Reagents and Apparatus  

HBsAg protein (Subtype ad – 30-AH15), polyclonal anti-HBsAg antibody 

(Subtype ad/ay – 70-HG15S), monoclonal anti-HBsAg antibody (10-H50A) were obtained 

from Fitzgerald Industries International (Acton, MA). MCP-2 copolymer from Lucidant 

Polymers (Sunnyvale, CA, USA)were used for chip surface functionalization. For antibody 

functionalization, 15 nm by 40 nm carboxyl-modified gold nanorods – OD50 (carboxyl-

PEG5000-SH) (CGC5K-15-50) were purchased from Cytodiagnostics, Inc. (Burlington, 

ON Canada) for dry measurements. 25 by 71 nm carboxyl gold nanorods (C12-25/650-

(carboxyl)-(50)) were purchased from Nanopartz Inc. (Loveland, CO) for in-liquid 

measurements. Protein dilutions were done in stain buffer which contains 2% fetal bovine 

serum (FBS) and <0.09% sodium azide (BD Biosciences, San Jose, CA). For antibody-

gold nanorod (GNR) conjugation, 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 

hydrochloride (EDC), N-hydroxysulfosuccinimide (sulfo-NHS), blocker bovine serum 

albumin (BSA), trehalose for spotting stability, activation buffer 2-(N-morpholino) 

ethanesulfonic acid (MES) buffer (10 mM, pH 5.5), coupling buffer 1x phosphate buffer 

saline (PBS) (pH 7.4), surfactant for washing buffer 10% Tween-20, ethanolamine for 

blocking the chips after spotting and Tris-HCl buffer (pH 9.0) were purchased from Sigma 

Aldrich (St. Louis, MO).  
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NanoDrop 2000c Spectrophotometer from Thermo Fisher Scientific (Waltham, 

MA) was used for characterization of nanoparticles. Scienion S3 SciFlexArrayer (Berlin, 

Germany) spotter was used to create an array of antibody surface probes. Hamilton PHD 

2000 syringe pump was used in liquid experiments. 

4.4.2 Conjugation of GNRs with anti-HBsAg antibody 

Conjugation of the antibody to gold nanorods was achieved via covalent attachment 

of antibodies to nanorods using carbodiimide chemistry [149]. In this approach, antibodies 

are covalently bound to the rods through primary amine groups. Zero-length crosslinker 

EDC and stabilizer NHS were used to have the covalent conjugation [150,151]. First, 

carboxyl groups on nanorods were activated with EDC and a stabile succinimide ester were 

formed with NHS; therefore, nanorods were ready to conjugate with the amino groups of 

the antibodies yielding a stable amide bond. GNR suspension was used as OD50 in pure 

water. Prior to the conjugation, fresh EDC/NHS mix solution in MES buffer was prepared 

at 30 and 36 mg/mL concentrations, respectively. 10 µL of GNR in water was mixed with 

10 µL of EDC/NHS solution and incubated for 30 min at room temperature. Washing 

buffer was prepared as 1xPBS with 0.05% Tween-20 (PBST). 1 mL PBST was then added 

to the GNR mixture. The mixture was vortexed thoroughly and centrifuged down at 6500 

g for 30 min. After removing supernatant, 10 µL of polyclonal anti-HBsAg antibody at 1 

mg/mL concentration in PBS was added to the solution and incubated at 4 ºC overnight. 

Next day, 1 mL of 0.1x PBST was added into the solution and the solution was centrifuged 

at 6500 g for 30 min. Finally, to block the possible remaining active sites on the surface of 

GNRs, 50 µL of 0.1x PBST with 1% BSA was added to the solution. The conjugation was 
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characterized and confirmed using a spectrophotometer. The mixture was then washed with 

PBS and stored at 4 ºC for further use.  

4.4.3 Fabrication of SP-IRIS microarrays 

IRIS chips were cleaned by sonicating in acetone, rinsed with isopropanol and DI 

water and dried under nitrogen. They were functionalized with the copolymer MCP-2 from 

Lucidant Polymers. Anti-HBsAg antibodies were used to capture HBsAg on the IRIS 

substrate. Scienion sciFLEXARRAYER S3 piezoelectric robotic arrayer was used to create 

an array of antibodies.  Antibodies were spotted at a concertation of 3 mg/mL in PBS with 

25 mM D(+) trehalose. BSA was used as the negative control probe and spotted at 2 mg/mL 

concentration along with the antibody spots. The periodicity of the spots and the humidity 

in the spotting chamber (set to 57%) were optimized in order to prevent merging of 

neighboring spots. The antibodies were spotted periodically onto the chip by the spotter. A 

microarray pattern was designed for twelve replicate spots for each protein. The space 

between the spots (pitch) was set as 250 μm. After spotting, the antibody-spotted chips 

were kept in the spotter chamber at 67% humidity overnight at room temperature to allow 

time for the antibodies to immobilize on the surface. Following the immobilization, the 

chips were incubated in blocking solution of 0.1 M Tris buffer with 50 mM ethanolamine 

(pH=8.5) for 1 h to quench the excessive NHS groups left after immobilization. NHS 

groups are active for further possible reactions. Therefore, it is important to block them 

after the completion of immobilization. Otherwise, it may cause further crosslinking; thus, 

a decrease in the efficiency in protein immobilization due to the less availability of the 

probes or proteins. Then, the chips were washed with 1xPBST for 5 min following with 
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1xPBS rinse. The spotted chips were kept in a desiccator under vacuum until further use. 

4.4.4 Assay procedure 

After blocking, washing and drying, HBsAg detection was done in a heterogeneous 

assay format. The IRIS protein microarrays were first incubated with HBsAg ad protein 

diluted in stain buffer (FBS) for 2 h. Incubations were performed in 24-well plates with 

250 μL of sample solution per well. Chips were washed just once with PBS for 1 min and 

dried. Chips were then incubated at room temperature on the orbital shaker with the 

antibody-functionalized GNRs in PBS for 2 h at a concentration of about 10 picomolar (108 

particle/mL), again in a 24-well plate. Finally, chips were washed twice in PBS or 2 min 

each, dried, and imaged endpoint as described in Chapter 2. In-liquid measurements were 

done in homogeneous fashion in the microfluidic chamber where the antibody-GNR 

conjugates were mixed with HBsAg prior to the incubation. Incubation was done in the 

microfluidic chamber while real-time tracking the particle binding. 

4.5 Results and discussion 

4.5.1 Nanorod label selection 

The initial step for the development of an immunoassay that utilizes gold nanorods 

for single-molecule counting is to functionalize gold nanorods that are stable and provide 

a strong optical signal. The selection procedure was described in Chapter 2. We have 

conducted the conjugation experiments primarily with 15x40 nm rods. In addition to these 

nanorods, 25x70 nm rods also provide plasmonic resonance at red wavelength and good 

visibility (SNR) with polarization enhancement and used in-liquid experiments.  

To decrease steric hindrance and improve diffusion of the nanorod to the surface of 
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the sensor, the smallest detectable nanorod is desirable. Very small nanoparticles are not 

stable enough in protein conjugations. The antibody-GNR conjugate is not very durable 

when smaller nanorods are used for conjugation. Also, small nanorods do not provide 

sufficient optical signal for a high SNR. On the other hand, while large nanorods provide 

great SNR, they suffer from aggregation after protein conjugation in protein assays. Since 

antibody-GNR conjugate stability is durable with 15x40 nm nanorods and provides enough 

detectable signal, 15x40 nm GNRs were selected for dry measurements. Note that, to 

increase the visibility in liquid measurements, 25x71nm GNRs are preferred. The same 

protocol for conjugation is used. Initial experiments demonstrated that a nanorod with 

nominal dimensions of 15x40 nm was imaged with an SNR of 15 (with 20X magnification 

SP-IRIS system), while 25x71nm GNRs have that of 25. Even though the 25x71 nm have 

a higher SNR, the 15x40 nm rods were chosen for further development of the protein 

detection assay in dry experiments because they are smaller in size and are more stable 

with fewer aggregates. Figure 4.3 shows images of 15x40 nm and 25x71 nm nanorods that 

have an SNR of 15 and 25, respectively. 
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Figure 4.3 SP-IRIS images of A) 15x40 nm rods and B) 25x71 nm rods captured on antibody 

spots. 

 

4.5.2 Development of SP-IRIS protein assay 

We have developed a microarray-based immunoassay for the detection of hepatitis 

B surface antigen from FBS. This protein detection differs from some viral diseases where 

detecting the presence of the virus is all that is needed and can be accomplished through 

nucleic-acid amplification. Here, we constructed an assay that consists of antibodies 

against HBsAg. Figure 4.4 is a schematic showing the preparation of the immunoassay. 

Pre-immobilized antibodies are used in antigen capture on the sensor and secondary 

antibody-conjugated gold nanorods are used for labeling. 
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Figure 4.4 Schematic representation of the HBsAg microarray preparation and data 

collection processes. 

 

Antigen-antibody binding assays can be done in a heterogeneous or homogeneous 

fashion. The former scheme requires a separation step where the bound analyte stays on 

the chip surface through capture probes and the unbound analyte gets removed with a wash 

step. On the other hand, the latter one is a single-step process and there is no separation 

step [152]. Heterogeneous assays provide the advantage of a removal of the substances 

which may cause non-specific interactions during the experiments. It is also advantageous 

for complex systems where multiple and large target molecules are present. However, it 

adds up a washing step as a separation step. Homogeneous assays are usually preferred for 

the detection of small analytes since they rely on the changes as a result of binding, such 

as changes in confirmation or rotational movement of a surface probe [152]. They suffer 

from the interference effect of the media used in the assays.  



 

 

82 

Here, we experimented with both heterogeneous and homogeneous approaches for 

our assay design. Figure 4.5 shows the steps for our immunoassay for HBsAg detection. In 

homogeneous assay scheme, HBsAg antigen was mixed with antibody-GNR conjugate in 

FBS prior to the experiments. The mixture is added onto the capture antibody spotted-chips 

and the chips were incubated for 2h at room temperature. After washing the chips with 

PBS and drying them, endpoint dry measurements were done. They were imaged using 

polarization-enhanced SP-IRIS using 10x / 0.3 NA objective. Six FOVs were scanned and 

stitched together, and the image in Figure 4.5 was obtained. This was completed in less 

than 10 min. Moreover, using SPANDEX custom software, the particles on every spot were 

detected and counted in 3 min as shown in the last image in Figure 4.5. We take the images 

with SP-IRIS and load them to SPANDEX, the software automatically identifies the spots 

in the image and counts the number of targets bound to each condition.  
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Figure 4.5 Assay scheme representation for incubating samples and collecting results with 

SP-IRIS in two different assay approach 

 

We compared homogeneous and heterogeneous assay approaches in detection of 

0.1, 1.0, 10 ng/mL HBsAg detection. GNR concentration was kept constant in the 

experiments as 108 particles/mL. We observed excess binding on negative control spots 

(BSA spots) in homogenous assays. Additionally, at lower concentrations, homogenous 

assay did not reveal a distinguishable signal. Therefore, we selected the heterogeneous 

scheme for the rest of the microarray development. 
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Figure 4.6 The comparison of heterogeneous and homogeneous HBsAg immunoassays. 

Particle counts were recorded in homogenous (red columns) and heterogenous (black 

columns) assays on antibody (Ab) and negative control (BSA) spots. The error bars show the 

standard deviation for n=5 replicate spots.  

 

4.5.3 Optimization of assay conditions 

Assay conditions were optimized to maximize the signal and minimize non-specific 

binding in FBS. 3.0 mg/mL was found to be the optimum antibody concentration for 

spotting which yielded the best spot morphology, homogeneity and protein capture 

efficiency in binding experiments.  

The buffer used for washing after GNR labeling affects the sensitivity. as wash 

buffer, PBS, PBS with 0.1% Tween-20 (PBST), PBS with 0.05% BSA (PBSB) and PBST 

with 0.05%BSA (PBSTB) were used. Figure 4.7A compares the particle counts for 1 

ng/mL HBsAg detection. PBS was chosen as the wash buffer.  
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To determine the ideal incubation time, particle counts were measured as a function 

of incubation time for the antigen. The maximum particle count was obtained at 120 min 

incubation of 10 ng/mL HBsAg and 2h was selected as the optimum antigen sample 

incubation time. 

 

Figure 4.7 A) Effect of wash buffer used after labeling of 1 ng/mL HBsAg-incubated chips. 

B) Effect of HBsAg incubation time for 10 ng/mL HBsAg. The error bars show the standard 

deviation for n = 5 replicate spots. 

 

4.5.4 Calibration curve and analytical characteristics 

At optimum conditions, quantitative analysis of HBsAg was conducted in FBS for 

concentrations ranging from 0.1 pg/mL to 100 ng/mL. Figure 4.8A shows average particle 

counts per antibody and BSA (negative control) spots as a function of antigen, HBsAg, 

concentration. An HBsAg concentration of 0 in the plot corresponds to blank FBS sample 

incubation. To obtain the average particle count per spot (about 150 µm in diameter), we 

first sum the particle counts on every six antibody spots and then obtain the average of the 

summations on each IRIS chip for three chips. The standard deviations of all the summation 

counts on each chip are shown as error bars for the corresponding sample concentration. 
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As depicted in the plot, the average particle counts for the antibody spots increased with 

increasing HBsAg concentration consistently, while the counts on the control spots 

remained relatively the same. Figure 4.8B shows log-log plot of the calibration curve of 

the particle counts versus HBsAg concentration. It was well fitted by a linear relationship 

from 0.1 pg/mL to 100 ng/mL with a correlation coefficient of R2=0.98 and the linear 

regression equation of y = 0.1721x + 1.8482. The limit of detection (LOD) was found as 

0.072 pg/mL which corresponds to 0.29 mIU/mL. The LOD was calculated using the mean 

and standard deviation of blank samples to set the limits as done in the previous studies 

[153,154]. The assay’s coefficient of variation was about 13%. These analytical 

characteristics represent the ability of our ultra-sensitive microarray for reliable detection 

of HBsAg within the whole range of clinically relevant concentrations.  

 

 

Figure 4.8 A) The calibration plot for HBsAg detection on anti-HBsAg ab spots (n=18). B) 

log-log plot of the average particle counts per spot for antibody spots based on HBsAg 

concentration. 
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When our immunoassay is compared to the commercial assays in Table 4.1, even 

though our assay has a superior sensitivity for HBsAg, detection time becomes limiting. It 

is still very efficient, takes a shorter time than a PCR application and comparably sensitive. 

Nevertheless, we need an assay that provides both sensitive and rapid detection. Therefore, 

we have developed an in-liquid assay for HBsAg detection. The antibody-printed chips 

were placed in the microfluidic chamber mentioned in Chapter 3 after assembling the AR-

coated cover glass using a double-sided spacer. Homogeneous assay scheme was followed. 

Prior to the experiments, HBsAg was mixed with GNRs in FBS and loaded in a syringe. 

The mixture was injected into the microfluidic chamber by a syringe pump at a flow rate 

of 5 µL/mL for 2 h. Real-time particle detection was done while chips were incubated in 

the chamber with 10,100 pg/mL and 1 ng/mL of HBsAg. Figure 4.9 shows the binding 

curves for HBsAg-ab-GNRs at different concentrations. Note that the curves show the 

cumulative binding of the conjugates in the given time, therefore, the total binding may 

differ from the stationary calibration curve depicted in Figure 4.8 which represents the total 

counts at antigen-ab-GNR equilibrium at the end of 2h incubation. The results show that 

by comparing the binding rates, we can accomplish quantitative detection in 20 min. 

However, at lower concentrations than 10 pg/mL, we were not able to collect 

distinguishable data and this method was not found as sensitive as the endpoint 

immunoassay measurements.  
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Figure 4.9 Real-time particle counts for 10,100 pg/mL and 1 ng/mL HBsAg samples in stain 

buffer. 

 

4.6 Conclusions and future directions 

SP-IRIS digital microarray can be used to quantify proteins with high sensitivity. We 

developed a simple microarray and demonstrated the highly sensitive quantification of 

HBsAg. The assay can be used to detect HBsAg in the range from 0.1 pg/mL to 100 ng/mL. 

We anticipate that we can develop multiplexed microarrays for simultaneous detection of 

many proteins and molecules on the same chip, such as detecting mutations in HepB. The 

wide surface area enables spotting many antibodies in a number of replicates. Therefore, 

we can still have multiple antibodies for different analytes and many replicates for high 

sensitivity. As future work, we anticipate validating the microarray performance by 

correlating with ELISA both in artificial and real patient samples. Also, we can further 

adopt different antibody immobilization techniques, such as DNA-directed immobilization 

or oriented immobilization, for better sensitivity in real-time measurements. .
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5 CHAPTER FIVE DIGITAL MICROARRAYS FOR NUCLEIC ACID 

DETECTION 

 In this chapter, we will focus on single nucleic acid counting using SP-IRIS. This 

capability allows SP-IRIS to detect nucleic acids at sub-femtomolar concentrations. Single 

molecule detection offers very high sensitivity and specificity. We demonstrate feasibility 

of nucleic acid detection with SP-IRIS in microRNA and rare mutation (KRAS gene) 

detection.  

5.1 Motivation for single-molecule analysis of nucleic acid biomarkers 

 

 Nucleic acids are significant biomarkers for disease detection, monitoring, and 

treatment. Nucleic acid biomarkers have become widespread and regularly used for 

detection of from cancer to neurodegenerative diseases thanks to the advances in 

technologies enabling their discovery and clinical implementations [155,156]. Therefore, 

sensitive and specific detection of nucleic acid biomarkers in clinical applications is 

essential.  

Figure 5.1 gives a brief overview of types of nucleic acid biomarkers [157]. 

Commonly, the analysis of DNA biomarkers include detection of single nucleotide 

polymorphisms (SNPs), variations in genomic sequence or mitochondrial pathogenic DNA 

[158–160]. DNA biomarkers can be found in cells or in cell-free DNA (cfDNA) form in 

blood or other biological fluids. Each cell has two copies of DNA. If the affected gene is 

only on one of the copies, then the target DNA amount is even less. On the other hand, 

when the cfDNA is released into the blood stream through apoptosis or necrosis of cells, it 

gets very diluted in this medium and even more dilute when it reaches to other body fluids. 
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The total amount of cfDNA in plasma was reported as less than 10 ng/mL [161]. Therefore, 

tools to detect low copy number DNA in biological samples must be very sensitivity. 

Moreover, the analysis requires high specificity due to the complexity of the human 

genome, and long and repetitive regions in gene sequences.  

 

Figure 5.1 An overview of types of nucleic biomarkers. Reprinted from Anal. Chim. Acta., 

1115, T. Gilboa, P.M. Garden, L. Cohen,  Single-molecule analysis of nucleic acid biomarkers 

– A review, 61–85, Copyright 2020, with permission from Elsevier [157]. 

 

RNAs behave as transmitters for genetic information in cells and regulate 

transcriptional and post-transcriptional processes [162]. Most common RNA biomarkers 

are messenger RNAs (mRNAs) and non-coding RNAs such as microRNAs (miRNAs). 

They are used for disease detection and gene expression profiling. Recently, it has been 

shown that not only the presence/absence of a gene but also expression level of a particular 

gene can also be indicative for a disease and its stage [163,164]. Therefore, RNA 

quantification becomes crucial to track the minute changes. However, since mRNA or 

miRNA are present in a cell at very low copy numbers form couple copies to only hundreds 

[165].  For instance, short non-coding miRNAs are usually present in plasma samples in 
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the femtomolar range [166].  Therefore, it is required to have ultra-sensitive tools for RNA 

detection and quantification. 

Table 5.1. shows the comparison of three types of biomarkers, DNA, RNA and 

protein, mentioned in Chapters 4 and 5. Their relative amounts in biological samples and 

conventional detection techniques can be found in the table [167]. 

 DNA RNA Protein 

Biological 

function 

Carrier of genetic 

information 

Transmitter of genetic 

information 

Catalyst, regulatory 

factor, structural 

component.  

Amount per 

human cell 
~6 pg  10~30 pg 130~150 pg 

Amount in 1 

mL plasma 
1~1000 ng 1~1000 ng ~6 × 104 ng 

Features as 

biomarker 

Mutation, 

epigenetic 

modification 

Expression profile 
Abundance; proteomics 

profile 

Accuracy 

and 

specificity 

Relatively higher Relatively higher 

Relatively lower 

(mostly rely on good 

antibody being found) 

Detection 

methods 

qPCR, DNA-seq, 

microarray 

RT-qPCR, RNA-seq, 

microarray 

Mass spectrometry, 

immunoassay, 

electrophoresis 

Note: Reprinted from [167]. 

Table 5.1 Comparison of macromolecular biomarkers. 
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5.2 Conventional methods for nucleic acid analysis and their limitations 

The most common nucleic acid analysis tools can be classified in two groups: 1. 

Tools based on sequencing techniques and 2. Tools based on labeling such as fluorescent 

tags.  

The first group of nucleic acid analysis includes next-generation sequencing (NGS), 

which is most commonly used, Sager sequencing and pyrosequencing [168–170]. The 

latter two are used for research applications. NGS is generally used to in clinical settings 

to detect and identify mutations or detect pathogens related with infectious diseases. NGS 

platforms perform sequencing of millions of small fragments of DNA in parallel. The main 

drawback of NGS is the requirement of high capacity infrastructure such as computer 

capacity, data storage, personnel expertise for data collection, analysis and interpretation 

to obtain clinically relevant information [171]. 

The second group for nucleic acid analysis consists of dyes or labels that are specific 

to single-stranded DNA or RNA, or double-stranded DNA. One commonly used tool is gel 

electrophoresis which requires great amount of sample, gives information about fragment 

length and does not provide information about sequence. Other most commonly used 

techniques rely on hybridization of labeling probes to the target sequences. Therefore, they 

require knowledge of the target sequence beforehand to generate the labels. These detection 

tools involve Northern and Southern blots and microarrays. Northern and Southern blots 

are used for RNA and DNA detection, respectively. They have an additional labeling step 

on top of gel electrophoresis [172,173]. Microarrays are used for both DNA and RNA 

detection. Microarrays have multiplexing capacity, nevertheless, they suffer from limited 
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dynamic range, sensitivity and specificity issues [174].  

The gold standard for nucleic acid analysis is quantitative PCR (qPCR) or real-time 

PCR [175,176]. qPCR amplifies several copies of target simultaneously and utilized 

fluorescent dyes with high affinity towards double stranded DNA to produce a signal by 

the end of amplification. Due to amplification bias, quantification is limited.  

5.3 Objectives and dynamic tracking approach 

We propose development of a single-molecule detection technique for DNA and 

RNA that is label-based rather than amplification-based, and can be used to probe any 

number of different target nucleotide. The primary outcome of this work is the design and 

implementation of a new type of molecular assays which are SP-IRIS digital microarrays 

for nucleic acids. SP-IRIS nucleic acid assays are conceptually very similar to conventional 

DNA microarrays, whereas they provide digital counting of the number of captured 

molecules. 

In the first section (Section 5.4) we introduce a digital microarray for miRNA 

detection. In the second section (Section 5.5), we develop a microarray for rare mutation 

(KRAS gene) detection.  

Although both miRNAs and DNA with rare mutation present in biological samples 

with a very low abundancy, they are promising molecular biomarkers for diagnostic 

information. However, as discussed above, leading technologies are limited by the affinity 

of low abundant molecular biomarkers. In order to achieve high sensitivity with low 

abundance biomarkers (high-affinity), and differentiate them from high-abundance, low-

affinity (non-specific background), kinetic assay with single-molecule readout is an 
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excellent solution. This can be accomplished by monitoring and detecting individual 

binding events while the assay is running. In this technique, individual binding of 

nanoparticle-labeled target biomarkers to the microarray surface is tracked throughout the 

assay. Duration of individual binding events are measured. Hence, high-affinity, low-

abundance biomarkers can be distinguished from the background non-specific binding. 

Dynamic tracking of single binding events beats the reaction limits of biosensor sensitivity. 

In this dissertation, we apply this technique to two assays for better sensitivity and 

specificity.  

5.4 Digital microRNA microarray: Real-time digital detection of individual 

microRNA with attomolar sensitivity  

MicroRNAs are small, non-coding RNA molecules containing ~18–25 nucleotides. 

MiRNAs are crucial in cellular processes and their potential as diagnostic and prognostic 

biomarkers is enormous. MiRNAs function mainly by binding specific target mRNAs to 

alter protein translation [177]. The first miRNA was discovered in C. elegans in 1993 by 

Lee and colleagues [178]. Currently, more than 1900 human miRNAs are reported to be 

linked to human [179,180]. Increased or decreased levels of specific miRNAs have been 

shown to link with pathological processes. They have been found to be relevant to viral 

[181,182] and bacterial [183] infections, as well as non-infectious diseases such as 

cardiovascular disorder [184] and cancer [185].  

Global detection methods used for sensitive detection of mRNA with about 20,000 

copy per tissue fail when they are used for miRNA detection due to their low copy number, 

about 100 in a cell [186]. Ultra-sensitive and selective detection of miRNA biomarkers 
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present in a complex clinical matrix, such as blood, plasma, or serum is significant for 

diagnostic applications. However, since absolute miRNA copy number per sample volume 

is very small (in fM range), the technique used to detect miRNAs must be very sensitive 

and able to work with small sample volumes to be clinically effective. Moreover, due to 

their short and similar structures, it is hard to achieve selective and specific detection. 

Here, we selected two fairly abundant miRNA, miR-451 and miR-223, for our proof-of-

concept assay development applications. MiRNA-451 plays a role in tumorigenesis, tumor 

suppression, self-renewal and chemoresistance in many types of cancer, such as breast, 

gastric and colorectal, and has been implicated as a diagnostic and prognostic biomarker 

[187]. MiR-223 can be upregulated or downregulated in the cells. Its expression is 

deregulated during influenza or hepatitis B infection and in inflammatory bowel disease, 

type 2 diabetes, leukemia and lymphoma and upregulated in recurrent ovarian cancer [188]. 

We evaluated the potential application of SP-IRIS in quantitative detection of miR-451 and 

miR-223. 

5.4.1 Experimental section 

5.4.1.1  DNA probe design 

Synthetic miRNAs and synthetic, custom-designed ssDNA oligonucleotide surface 

probes were purchased from Integrated DNA Technologies (IDT) (Coralville, IA). Table 

5.2 shows the sequences for miR-451 and miR-223, and their complementary surface 

probes. The a and 5p sequence types were selected for miR-451 and miR-223, respectively. 

Surface probes were amine-functionalized and “AmMC6” indicates amine 

functionalization for covalent binding to the copolymer-coated IRIS chip, while GNR label 
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sequence was thiol-modified and “ThioMC6” indicates thiol functionalization for nanorod 

conjugation, as provided by IDT. The surface probes also have a double-stranded 

‘stabilized’ region between the surface and the complementary region to accelerate 

hybridization. 

Name Sequence 

miR-451a AAACCGUUACCAUUACUGAGUU 

Surface probe (SP) for 

miR-451 

AACTCAGTAATGGTAACGGTTTTAGGACTAGGA 

CTTGAAGTTGAAGTTTT /3AmMC6T/ 

miR-223-3p UGUCAGUUUGUCAAAUACCCCA 

Surface probe (SP) for 

miR-223 

TGGGGTATTTGACAAACTGACATAGGACTAGGA 

CTTGAAGTTGAAGTTTT /3AmMC6T/ 

SP Stabilizer sequence CTTCAACTTCAAGTCCTAGTCCTA 

Non-complementary 

surface probe (Control) 

/5AmMC6/ ATATGTACCCACCGCTATTCCAGTCTG 

TTCATTCGTAGGC 

GNR label sequence /5ThioMC6-D/ TTTTTTTTTTTTTTTTT 

 

Table 5.2 Sequences for miRNAs and their complementary surface probes.   

 

5.4.1.2 Reagents and apparatus 

 

Dithiothreitol (DTT) was obtained from Sigma-Aldrich (Woodlands, TX, USA). 

NAP-10 columns for DNA purification were purchased GE Healthcare. Citrate-capped 

nanorods (OD1) with a longitudinal surface plasmon resonance peak at 650 nm and 

nominal dimensions 25 nm by 71 nm were used (Nanopartz Inc, Loveland, CO, part 

number A12- 25-650-CIT). MCP-2 and MCP-2F copolymers were purchased from 

Lucidant Polymers (Sunnyvale, CA, USA) and used for chip surface functionalization. All 
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other chemicals were purchased from Sigma-Aldrich. 

NanoDrop 2000c Spectrophotometer from Thermo Fisher Scientific (Waltham, 

MA) was used for characterization of nanoparticles. Scienion S3 SciFlexArrayer (Berlin, 

Germany) spotter was used to create an array of DNA surface probes. Hamilton PHD 2000 

syringe pump was used in liquid experiments. 

5.4.1.3  GNR- PolyT conjugation 

GNR-polyT conjugates were prepared with slight modifications to previously 

described methods [189,190]. Prior to conjugation, thiol-modified polyT oligonucleotides 

were treated with DTT to cleave the disulfide bonds and to activate thiols. 20 µM thiol-

polyT was prepared in 170 mM phosphate buffer pH 8.0 and mixed with 100 mM DTT. 

The solution was kept in dark at room temperature for 3 hours occasionally vortexing. 

PolyT oligos were then desalted and purified using NAP-5 column according to the 

manufacturer’s directions. Meanwhile, 6 mL of nanorods (OD1, approximately 10 pM) 

were centrifuged at 1500 rcf for 15 min and resuspended with DI water in a glass container. 

Immediately after obtaining polyT from the column, the purified oligonucleotides were 

quantified by measuring their absorbance at 260 nm using a NanoDrop spectrophotometer. 

GNRs and oligos were mixed in the container and placed on an orbital shaker for 30 min. 

Then, to bring the pH of the solution to pH 3, concentrated citrate buffer was added up to 

a final concentration of 10 mM citrate. Same way, tween-20 was added to have a final 

concentration of 0.1% w/v. After vortexing and sonicating, the solution was rested on the 

orbital shaker overnight. In the next 24 h, the salt concentration of the solution was brought 

up to 150 mM by slowly adding citrate buffer with high concentration of NaCl. Salt 
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addition was followed with another overnight resting. Finally, the nanorods were washed 

three times with PBS with 0.1% tween-20 to remove the excess, unbound oligos. The 

conjugation was confirmed by spectrophotometric analysis. The GNR-polyT conjugate 

was kept in PBST solution in a dark place for up to 2 months at room temperature for 

further use. Before every use, the conjugate was washed once again to remove the 

surfactant.   

5.4.1.4  Fabrication of SP-IRIS microarrays 

IRIS chips were cleaned by sonicating in acetone, rinsed with isopropanol and DI 

water and dried under nitrogen. They were functionalized with the copolymer 5% MCP-

2F containing MCP-2 copolymer from Lucidant Polymers. Complementary and control 

surface probes were spotted on the IRIS chips in an array format using Scienion 

sciFLEXARRAYER S3 piezoelectric robotic arrayer. Oligonucleotide ssDNA surface 

probes were spotted at a concentration of 20 µM in 150 mM phosphate buffer. The 

periodicity of the spots and the humidity in the spotting chamber (set to 67%) were 

optimized in order to prevent merging of neighboring spots. A microarray pattern was 

designed for sixteen replicate spots for each DNA. The space between the spots (pitch) was 

set as 200 μm. After spotting, the DNA-spotted chips were kept in the spotter chamber at 

67% humidity overnight at room temperature to allow time for the amine-modified ssDNA 

surface probes to immobilize on the surface. Following the immobilization, the chips were 

incubated in blocking solution of 0.1 M Tris buffer with 50 mM ethanolamine (pH=8.5) 

for 1 h to quench the excessive NHS groups left after immobilization. NHS groups are 

active for further possible reactions. Then, the chips were washed with DI water for 2 min. 
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The spotted chips were kept in a desiccator under vacuum until further use. 

5.4.1.5  Assay procedure 

miRNA target samples were polyadenylated (approximately 15–20 Adenine 

residues) by using PolyA polymerase in order to have polyA tails in their 5’-end. Through 

polyA end, after capturing miRNA targets on the microarray surface with complementary 

surface probes, polyT-conjugated GNRs were used for labeling.  

After blocking, washing and drying, all the chips were preincubated with the 

stabilizer sequence in order to extend the capture region a bit far from the surface. 1 µM of 

stabilizer oligo was prepared in 2xSSC buffer, dropped on the chips and the chips were 

incubated for 20 min with the stabilizer. After incubation, the chips were washed with 

2xSSC for 2 min and 0.2xSSC for 2 min, and dried.   

miRNA detection was done in either of the assay formats: heterogeneous or 

homogeneous. In heterogeneous assay format, the microarray chip was first incubated with 

the miRNA sample for 5h and then placed in the microfluidic chamber and incubated with 

GNR-polyT conjugate for another 5h at room temperature. After rinsing with the buffer for 

10 min, endpoint images were taken. Particle counting was done using SPANDEX custom 

software. Both heterogeneous and homogeneous assays were done in liquid in 

microfluidics. In heterogeneous experiments, endpoint measurements were taken at the end 

of experiments, whereas in homogeneous experiments, real-time video of sample 

incubation was taken while the chip was incubating with the homogeneous sample. In 

homogeneous assay, first, miRNA samples and GNR-polyT conjugate were mixed in a vial 

before incubation. Then, the mixture was injected into the microfluidic chamber and a real-
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time video of the surface was captured during 1h incubation at a flow rate of 5 µL/min. 

The video was used for the analysis of dynamic tracking of labeled-miRNA conjugates’ 

individual binding.  

5.4.2 Results and discussion 

5.4.2.1  Optimization of assay conditions 

First of all, for a proper surface chemistry and efficient ssDNA surface probe 

immobilization, the polymer used for microarray surface modification was selected. MCP-

2, MCP-2F and MCP-2 with 5% MCP-2F were used to immobilize miR-451 surface probe. 

The DNA surface probes were spotted on the different polymer coated chips at 12.5 µM, 

25 µM, 37.5 µM and 50 µM concentrations. Surface morphology and probe densities were 

compared. All three polymers provided homogeneously spotted DNA spots with good spot 

morphology. The probe height and density were analyzed using IRIS. Figure 5.2A shows 

probe densities as a function of the immobilization concentrations of DNA probes on three 

different polymers. MCP-2F holds the smallest spots with a diameter of 65 µm due to its 

hydrophobicity while resulting in reduced amount of probe immobilization. On the other 

hand, MCP-2 polymer provides the largest spots with an average diameter of 130 µm. Since 

MCP-2 and MCP-2 with 5% mCP-2F polymers have similar immobilization efficiency, 

and we prefer to fit as many spots as possible in a FOV for multiplexing experiments, we 

selected MCP-2 with 5% MCP-2F copolymer for the rest of the experiments. It provided 

around 90 µm spot size. 

As discussed in Chapter 3, DNA probe density is also crucial for a proper 

hybridization. The negative charge from neighboring DNA strands can hinder 
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hybridization efficiency. Hence, high probe density may not necessarily provide higher 

binding signal in hybridization assays. To observe the effect of probe density, four arrays 

were spotted with 20 µM and 40 µM concentrations of the surface probe for miR-451. The 

arrays were incubated with four concentrations of synthetic miR-451 target and labeled 

with GNR-PolyTs as described in Section 5.4.1.5. After incubation, the chips were washed 

and imaged with SP-IRIS. Figure 5.2B depicts that binding of miR target versus probe 

density. Both 20 and 40 µM surface probes provided almost identical binding results. This 

result suggests that the surface reaches to a saturation with 20 µM probe density which 

does not result in higher binding efficiency even if the probe density is increased.  

Therefore, for the rest of the experiments 20 µM was chosen as the optimum surface probe 

density in array preparations. 

In heterogeneous experiments, it was observed that, the longer the incubation time 

for miRNA samples was, the more the nanoparticles were captured. Incubation times 2h, 

3h, 4h and 5h were tested for both sample and GNR incubation. The best results were 

obtained with 5h+5h incubation, hence, it was selected as the optimum incubation times. 
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Figure 5.2 A) Probe densities on three different polymers. B) Effect of surface probe density 

in capture efficiency.  
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5.4.2.2 Heterogeneous SP-IRIS microRNA assay 

 

Polyadenylated miRNA samples (synthetic RNA mimics of miR-451 and miR-223) 

were used with a polyA tail. SP-IRIS chips were spotted with ssDNA surface probes which 

were designed to have a complementary region to the corresponding miRNA. 

Heterogeneous microRNA assay consists of two steps. In a petri dish, the chips were 

incubated with miR-451 and miR-223 samples separately. Then, chips were placed the 

microfluidic cartridge and polyT-conjugated GNRs were injected into the cartridge using 

a syringe pump to label the captured miRNAs on the chip surface. Endpoint images were 

taken and analyzed using SPANDEX to obtain total particle counts. Individual particles 

bound to target miRNAs were identified and digitally counted. Figure 5.3 shows the flow 

of SP-IRIS miRNA assay schematically and Figure 5.4 shows heterogeneous assay scheme.   
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Figure 5.3 A) Schematic representations of assay procedure for miR451-polyA capture and 

detection using SP-IRIS. 
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Figure 5.4 Heterogeneous assay scheme. The chip is first incubated with the sample solution, 

then washed, then incubated with a solution of GNRs. 

 

In Figure 5.5, the average nanoparticle counts (for n=16 replicate spots on one chip) are 

plotted against miRNA concentration for two miRNAs after incubation with A and C) miR-

223 and B and D) miR-451 for 5h following with 5h GNR label incubation in 

heterogeneous sandwich assay regime. The double logarithmic response plots (Figure 5.5 

C and D) show linear correlations with R2=0.91 and 0.94 (and equations 

y=0.64865x+1.04008 and y=0.35328x+1.49187) for miR-223 microarray and miR-451 

microarray, respectively between the particle counts and target concentration. Linear 
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ranges were 1fM-1pM and 100 aM-1pM for miR-223 and miR-451, respectively. The limit 

of detection values were calculated as mentioned in Chapter 4 Section 4.5.4. For miR-223, 

LOD was 2.22 fM and for miR-451 LOD was 228 aM. LOD values are very promising, 

however, the results of heterogeneous experiments need to be improved in terms of 

linearity and specificity. Homogenous assay method was experimented to improve 

quantification. 

 

  

Figure 5.5 Dilution curves for A) miR-223 and B) miR-451 (for n=16 replicate spots on one 

chip) after incubations in heterogeneous assay scheme. Double logarithmic response plots for 

C) miR-223 and D) miR-451samples. 



 

 

107 

5.4.2.1 Homogeneous assay and dynamic tracking 

Figure 5.6 shows homogeneous assay configuration on SP-IRIS. Homogeneous 

assay configuration has a one-step protocol. miRNA sample was pre-mixed with polyT-

conjugated GNRs in a vial for 30 min at room temperature. Microarray chip was then 

incubated with the pre-mixed solution.  

 

Figure 5.6 Schematic representation of homogeneous assay configuration on SP-IRIS. 
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It is well known in the literature that in-solution binding (homogeneous assay) is a 

lot faster than binding on a solid phase support (heterogeneous assay). Our experiments 

also confirm this and we observed a much rapid response in our real-time homogeneous 

assays. Incubation time was kept under 60 min. The registered counting results in Figure 

5.7 show cumulative (total) binding of the miR-GNR complex onto the different spots in 

the same field of view versus time. 100 aM-1 pM range miRNA samples were tested in 

homogeneous assays. Generally, no significant binding on the non-complementary control 

spots was observed. However, miR-223 has more cross reactivity towards miR-451 spots 

which was also a specificity issue in heterogeneous assay. Binding rates measured with 

dynamic tracking are shown for one example spot from each experiment Standard curves 

were measured with a range of analyte concentrations between 100 aM and 1 pM. Since 

we are able to detect and count every single binding event on the relevant spot throughout 

the experiment, we can track binding and debinding of particles. Here we represent total 

binding which means that even if a miRNA-GNR complex binds to its complementary 

surface probe and debinds at equilibrium, we can still include this complex for detection 

and quantification. We simply cannot implement this in endpoint assays. Therefore, we 

focus on total binding event count rather than particle counts on the surface of the sensor 

in a time snapshot. Figure 5.8 was produced using binding rates on the relevant microarrays 

as a function of target concentration in the sample solution. LODs were calculated based 

on 3.3σ/slope (σ = standard deviation of blank, n = 3). As seen in Figure 5.8B, dilution 

curves yield better linear fits and much lower LODs as 12.6 aM for miR-451 and 104 aM 

for miR-223. Hence, we obtained 20-fold improvement in sensitivity of our microarray 
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with dynamic tracking and assay duration was dropped from 10 h to 1 h. 
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Figure 5.7 Dynamic tracking for real-time homogeneous in-liquid miR-451 and miR-223 

experiments. Dynamic tracking measures the cumulative number of binding events. Top to 

bottom, each figure shows the cumulative binding for miRNA sample mentioned in the 

legend. Final bottom two figures are the comparison of binding rates for 4 different 

concentrations of miR-223 (left) and miR-452 (right) in homogeneous assays. 
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Figure 5.8 A) Binding rates for different concentrations of miR-451 or miR-223. B) Linear 

fits. 
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5.4.2.2 Multiplexed detection 

In order to test multiplexing capability of SP-IRIS miRNA microarray, two of the 

miRNAs were mixed together prior to the experiment. 10 fM miR-223 sample and 100 fM 

miR-451 sample were mixed with GNRs separately and then they were mixed together. 

The same protocol was followed for the rest of the experiments. The two spots dedicated 

to miR-451 and miR-223 detection were imaged in the same FOV, just as the previous 

experiments. we observed excellent binding on the two spots simultaneously. Figure 5.9A 

shows the tracking results of this experiment. Binding rates of multiplexed and singlexed 

experiments were compared in Figure 5.9B for the first 30 min. as we can see, miR223 

showed almost identical binding rate with 23 min-1 compared to the singlexed one which 

was 24 min-1 for 10 fM sample capture. However, we see a decrease in the binding rate and 

total number of captured target in miR-451 100 fM sample. Its binding rate dropped from 

33 min-1 to 17 min-1. Since we know from the singlexed experiments that miR-451 has a 

cross reactivity towards miR-223 surface probes, we may consider specificity issues as the 

source of this loss.   
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Figure 5.9 Binding curves showing total binding of miRNAs using dynamic tracking for 

multiplex SP-IRIS for the target mixture of miR-223 (10 fM) and miR-451 (100 fM). 

 

5.4.3 Conclusion and future directions 

We developed a miRNA microarray for miR-223 and miR-451 detection and 

quantification. In this project, we show that the sensitivity has been improved by dynamic 

tracking, however, it can be further improved by eliminating non-specific binding on 

control spots and in blank experiments. In order to achieve this, surface probes can be 

redesigned to minimize cross-reactivity. Such a design of surface probes would contribute 

to the increased sensitivity. Moreover, the detection and tracking software can be revised 

to eliminate possible false positives. 

In addition to the findings in this project, the next steps to be completed are as follows. 

First, we aim to complete multiplexing with better surface probes and prepare dilution 

curves for mixtures. Secondly, we aim to perform experiments in serum or cell media to 

test the effect of media. Lastly, we will focus on testing real samples like patient samples 

and then compare the results with gold standard techniques. 
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5.5 Digital single-molecule counting assay for rare mutation detection 

Each human cell possesses KRAS gene which has a crucial role in regulating 

intercellular signaling pathways [191]. These pathways are responsible for major processes 

in a cell, such as proliferation, differentiation and survival. When KRAS gene gets a 

mutation, it will interfere with all these major pathways, hence, the cell may multiply out 

of control, which may cause cancer eventually. Figure 5.10 shows the effect of a mutation 

in KRAS gene. Mutant KRAS prevents the binding of miRNA-let-7 to the gene, which 

causes a change in the protein production and abnormal cell growth hereafter. 

 

 

Figure 5.10 Schematic showing how KRAS works (left) and how pathways change if a 

mutation occurs in a KRAS gene. 
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KRAS mutations are one of the most common causes of cancer and KRAS is the 

most frequent mutant oncogene.  The ability to identify DNA variants in oncogenes leads 

to early diagnosis. Additionally, knowing the mutation status before or during the treatment 

of cancers is essential since not every therapy works in every type of mutations.  

Colorectal cancer (CRC) is the third most common cancer among men and the 

second most common cancer among women [192–194]. More than 1 million patients are 

diagnosed annually, of which 50% develops metastatic disease [192,195]. CRCs can be 

classified based on the presence of mutations in oncogenes such as KRAS. KRAS mutations 

are present in 35–40% of CRC cases, and the presence of the mutation plays an important 

role as both a diagnostic and a prognostic biomarker for CRC survival [193,194,196]. 

Sensitive and specific detection of low-abundant mutant genes is crucial for diagnosis and 

treatment.  

Sequencing, PCR, and high-resolution melting (HRM) are used in KRAS mutation 

detection. The former requires 30% mutant cell presence while the latter requires complex 

thermo-cycling instrumentation, and the last has a sensitivity only 5–6% of the mutant cells 

in the clinical samples [197–200]. Thus far, mutation testing, gold standard methods 

employed in detecting clinical samples leads to complex, expensive and time-consuming 

analyses. Hence, the methodological aspects and types of assays are important, and a good 

balance between accuracy and practicality of the testing method is desired. 

Currently, tumor tissue is the gold standard for sample collection for sequencing or 

molecular testing for diagnosis [201,202]. Sample obtained from biopsies may not always 

contain enough of tumor content available for testing or the tissue may be in insufficient 
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amount [203]. Also, biopsies are not free of clinical complications.  

Cell-free circulating tumor DNAs (ctDNA) are DNA fragments present in blood or 

other body fluids which are released from the tumor cells [204]. The term liquid biopsy 

comes into play with ctDNA as blood or plasma samples are used for detection and it is 

used in diagnosis of cancer, monitoring mutations during treatments, and provides a less 

invasive technique for the detection of cancer biomarkers [205]. 

ctDNA is only a very small portion of cell-free circulating DNA. It is very 

challenging to detect ctDNA derived from the tumors in the pool of cell-free DNA. The 

low number of mutant copies from the cancer origin are covered with the huge amount of 

wild-type DNA. Therefore, the detection and analysis of ctDNA with ultra-low copy 

number require isolation and amplification either on the mutant genes (PCR-based 

sequencing) [206] or in multiple genes simultaneously (next-generation sequencing (NGS)) 

[207]. Droplet digital PCR (ddPCR) is one of newly developed methods which can detect 

mutant alleles with ultra-high sensitivity (0.01–0.001%) [206]. However, these tests are 

very time consuming and very expensive. Figure 5.11 depicts the fraction of mutant KRAS 

in plasma cell-free DNA in UICC (Union for International Cancer Control)-stages IA to 

IV in pancreatic cancer patients’ plasma samples [201]. The data was obtained using a 

qPCR-based method and shows that in pancreatic cancer, the patients’ plasma samples 

contains very small amount of mutant DNA fractions until the cancer develops into further 

stages. However, for early detection, the detection technique should be sensitive enough to 

detect very low abundant mutant DNA. 
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Figure 5.11 The fraction of mutant KRAS in plasma cell-free DNA in UICC-stages (Union for 

International Cancer Control) IA to IV in pancreatic cancer patients’ plasma samples. 

Adapted from [201]. 

 

In this study, we introduce our SP-IRIS digital microarray as a promising approach 

for simultaneous detection of single mutations in different oncogenes in a sensitive and 

multiplexed assay format. In the market, there are two commercialized array platforms, 

Affymetrix and Illumina, for SNP genotyping [206] but they are not applied in liquid 

biopsies. Damin et. al have shown the first microarray for mutation detection in liquid 

biopsy samples meeting the sensitivity and specificity requirements for the first time [208]. 

The fluorescence microarray shows LODs ranging 0.03–0.28% for seven most common 

mutations of KRAS gene [208]. Here, we collaborate with Damin and colleagues to develop 

SP-IRIS microarray for KRAS mutation detection in order to overcome the challenges 

mentioned in the previous sections that fluorescence microarrays face and possible further 

improve the sensitivity and multiplexing ability of the mutation detection assays. 
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5.5.1 Experimental section 

5.5.1.1  Samples 

In this work, we were provided with samples by Dr. Chiari’s group at Istituto di 

Chimica del Riconoscimento Molecolare, CNR, Milano, Italy. The plasma samples 

containing ctDNA with mutant KRAS gene were obtained from CRC patients. The 

extraction and amplification of ctDNA to make them ready for detection experiments were 

explained in detail by Damin et al. [202,208]. Simply, ctDNA were extracted from the 

samples. The DNA sequences containing the mutations were amplified. Calibration 

experiments were done using standard commercial samples which were known to have 50% 

mutated alleles in them. Different concentrations of mutant alleles were prepared in the 

range of 0.01%–1%. The final samples had wild-type allele (WT) in high abundancy 

whereas the mutant allele was in very low abundancy (MT). ssDNA from PCR products 

were prepared with streptavidin magnetic beads and liquid allele-specific hybridization 

was achieved using the complementary reporter sequences. The preparation for 

hybridization and labeling was explained in detail by Damin et al. [208]. For the detection 

of wild-type and KRAS mutations, the reporters for the wild-type and the mutated 

sequences were added together in equimolar amounts (final concentration 0.1 μM) to the 

tube containing the ssPCR product solution (final volume 40 μL). At this stage, the samples 

were shipped frozen to us for our tests using SP-IRIS digital microarray. Figure 5.12 shows 

the components of the final product containing ssPCR product (derived from patient 

sample) which can be WT or MT DNA, reporter oligo including a Barcode region 

complementary to the surface probe, UTag attachment to the PCR product at the end of the 
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primer sequence (to be used for labeling). Note that Reporter sequence is product specific.  

 

 

Figure 5.12 Schematic representation of the PCR products prepared from ctDNA of patient 

samples. Reporter sequence is used for hybridization with the ssPCR product which contains 

a region complementary (Barcode) to its surface probe for capturing on the microarray 

surface. In the case of KRAS wild-type allele here, the specific wild-type reporter hybridizes 

in solution with the ssPCR product (ssPCR), whereas the specific mutant reporter (with the 

variant position circled and in red) does not. Adapted from [208]. 

 

5.5.1.2 Reagents and apparatus 

Dithiothreitol (DTT) was obtained from Sigma-Aldrich (Woodlands, TX, USA). 

NAP-10 columns for DNA purification were purchased GE Healthcare. Citrate-capped 

nanorods (OD1) with a longitudinal surface plasmon resonance peak at 650 nm and 

nominal dimensions 25 nm by 71 nm were used (Nanopartz Inc, Loveland, CO, part 

number A12- 25-650-CIT). MCP-4 copolymer was purchased from Lucidant Polymers 

(Sunnyvale, CA, USA) and used for chip surface functionalization. All other chemicals 

were purchased from Sigma-Aldrich. 
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NanoDrop 2000c Spectrophotometer from Thermo Fisher Scientific (Waltham, 

MA) was used for characterization of nanoparticles. Scienion S3 SciFlexArrayer (Berlin, 

Germany) spotter was used to create an array of antibody surface probes. Hamilton PHD 

2000 syringe pump was used in liquid experiments. 

5.5.1.3  GNR- UTag conjugation 

GNR-UTag conjugates were prepared as explained in Section 5.4.1.3. Briefly, they 

were prepared with slight modifications to previously described methods [189,190]. Prior 

to conjugation, thiol-modified UTag oligonucleotides were treated with DTT to cleave the 

disulfide bonds and to activate thiols. 20 µM thiol-polyT was prepared in 170 mM 

phosphate buffer pH 8.0 and mixed with 100 mM DTT. The solution was kept in dark at 

room temperature for 3 hours occasionally vortexing. PolyT oligos were then desalted and 

purified using NAP-5 column according to the manufacturer’s directions. Meanwhile, 6 

mL of nanorods (OD1, approximately 10 pM) were centrifuged at 1500 rcf for 15 min and 

resuspended with DI water in a glass container. Immediately after obtaining UTag from 

the column, the purified oligonucleotides were quantified by measuring their absorbance 

at 260 nm using a NanoDrop spectrophotometer. 

GNRs and oligos were mixed in the container and placed on an orbital shaker for 

30 min. Then, to bring the pH of the solution to pH 3, concentrated citrate buffer was added 

up to a final concentration of 10 mM citrate. Same way, tween-20 was added to have a 

final concentration of 0.1% w/v. After vortexing and sonicating, the solution was rested on 

the orbital shaker overnight. In the next 24 h, the salt concentration of the solution was 

brought up to 150 mM by slowly adding citrate buffer with high concentration of NaCl. 
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Salt addition was followed with another overnight resting. Finally, the nanorods were 

washed three times with PBS with 0.1% tween-20 to remove the excess, unbound oligos. 

The conjugation was confirmed by spectrophotometric analysis. The GNR-UTag conjugate 

was kept in PBST solution in a dark place for up to 2 months at room temperature for 

further use. Before every use, the conjugate was washed once again to remove the 

surfactant.   

5.5.1.4  DNA probe design 

Table 5.3 shows the sequences corresponding to two KRAS mutations, custom-

designed ssDNA surface capture probes, reporter sequences for labeling. Probes were 

purchased from Integrated DNA Technologies (IDT) (Coralville, IA). Surface probes were 

amine-functionalized and “AmMC6” indicates amine functionalization for covalent 

binding to the polymer-coated IRIS chip, while GNR label sequence was thiol-modified 

and “ThioMC6” indicates thiol functionalization for nanorod conjugation, as provided by 

IDT. 
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Name Sequence 

SP for Wild-type (WT) 5’- /5AmMC6/ actccagtgccaagtacgat-3’ 

Reporter for WT 5’-*CTGGTGGCGTA-†atcgtacttggcactggagt-3’ 

SP for G12C  5’- /5AmMC6/ taatcttaattctggtcgcgg-3’ 

Reporter for G12C 5’-* CTTGTGGCGTAG-†ccgcgaccagaattagatta-3’ 

SP for G12S 5’- /5AmMC6/ attgaccaaactgcggtgcg-3’ 

Reporter for G12S /5’-*GCTAGTGGCGTA-†cgcaccgcagtttggtcaat-3’ 

GNR label – UTag 
5’-CAGGACCATTCTCTCAATGTTCGGACTCAG 

/3ThioMC3-D/-3’ 

Table 5.3 Surface capture probes (SP) for KRAS genes with mutations c.34G>T (p.G12C) 

(abbreviated as G12C) and c.34G>A  (p.G12S) (abbreviated as G12S) on Exon 2 Codon12-

13, their complementary reporter sequences used in hybridization and labeling. Note that * 

sequences which hybridize to single strand PCR (the variant base for each mutation is in bold 

and underlined)  and † the tails of the reporter oligonucleotides which hybridize to spotted 

capture probes [208]. 

 

5.5.1.5 Fabrication of SP-IRIS microarrays 

IRIS chips were cleaned by sonicating in acetone, rinsed with isopropanol and DI 

water and dried under nitrogen. They were functionalized with MCP-4 copolymer from 

Lucidant Polymers. Complementary surface probes for WT and MT sequences, and control 

surface probe were dissolved in the printing buffer (150 mM sodium phosphate pH 8.5, 

0.01% Sucrose monolaurate) at a concentration 10 µM and spotted on coated silicon chips 

in an array format using Scienion sciFLEXARRAYER S3 piezoelectric robotic arrayer. 

The periodicity of the spots and the humidity in the spotting chamber (set to 67%) were 

optimized in order to prevent merging of neighboring spots. A microarray pattern was 

designed for sixteen replicate spots for each DNA. The space between the spots (pitch) was 
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set as 200 μm. After spotting, the DNA-spotted chips were kept in the spotter chamber at 

67% humidity overnight at room temperature to allow time for the amine-modified ssDNA 

surface probes to immobilize on the surface. Following the immobilization, the chips were 

blocked as described in Damin et al. to quench the residual reactive groups left after 

immobilization [209]. The spotted chips were kept in a desiccator under vacuum until 

further use. 

5.5.2 Preliminary results 

5.5.2.1  Development of SP-IRIS rare mutation microarray 

Mutation detection was done in homogeneous assay format. In the assay, the allele-

specific hybridized samples and GNR-UTag conjugate were mixed in a vial before 

incubation. Here we do a 100x dilution with the provided sample. Then, the mixture was 

injected into the microfluidic chamber and a real-time video of the surface was captured 

during 1h incubation at a flow rate of 5 µL/min. The video was used for the analysis of 

dynamic tracking of labeled-MT and WT allele conjugates.  

Figure 5.13 shows how we hybridize single stranded tagged-PCR products with 

dual-domain oligonucleotide reporters. The domain sequences complementary to regions 

encompassing the mutation form hybrids in solution that are direct by the second domain 

to specific locations on the microarray surface. The tagged-PCRs captured on the 

microarray are revealed by the GNRs at the end of the universal tag oligonucleotide (UTag). 
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Figure 5.13 Schematic representation of homogeneous assay. WT and MT allele PCR 

products containing sample was mixed with GNR-UTag conjugates prior to the experiments. 

microarray surface was decorated with surface probes complementary to WT and MT 

samples and which have only 1 base pair difference. Alleles were captured on the spots and 

detected via GNRs using SP-IRIS. 

 

5.5.2.2 Melting experiments 

Here, our assay differs what we have done so far in the other digital microarrays in 

the rest of this dissertation. In this study, we are working with point mutation which means 

that our sample contains WT sequence in majority while very small amount of MT 

sequence is present in the sample solution in minority. We want to detect a minority sample 

with a point mutation. WT and MT sequences possess only one different base. Therefore, 

cross-reactivity is huge among the samples toward the surface probes. With the help of 

multiple steps in sample preparation, specific oligonucleotide reporters, and specific 

surface probes designs, these problems were overcome partially [208]. However, huge 

amount of WT creates background where WT samples also binds to MT spots on the 

surface since there is only one different base among them.  
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An important application of DNA melting — whereby a double helix is destabilized 

and separates into two single strands above a threshold temperature — is for identifying 

the presence of a point mutation such as single nucleotide polymorphism (SNP). A SNP is 

a particular type of DNA mutation in which a single nucleotide is replaced with another. 

This can occur erroneously during DNA replication and can lead to a variety of diseases 

including cancer. The ‘melting temperature’ (Tm) of a solution of double-stranded DNAs 

is defined as the temperature at which half of the DNA duplexes are double-stranded, and 

half are single-stranded at equilibrium. Below the melting temperature, the majority of the 

DNA will form duplexes, and above this temperature most will be single stranded. 

Mismatched duplexes have a measurably lower melting temperature than perfectly-

matched sequences.  

The Tm can be manipulated with salt concentration of hybridization solution, which 

is due to the changes in the screened interactions between the fixed phosphate charges. 

This technique is highly used in detection of mismatches in DNA sequences. Here, we 

apply this principle to digital microarrays. Since the sensitivity is very high in SP-IRIS, by 

changing the salt concentration in flow experiments, we perform a digital melting analysis. 

To test the efficacy of this system at discriminating DNA mutations in a sample, we spotted 

two capture probes on the IRIS chip: one that was the reverse complement to the target 

(‘perfect match’) for wild-type DNA (WT), and one that had a single base difference (‘SNP 

mismatch’) for mutant allele (MT). A 30mer-long oligonucleotide was conjugated to GNRs 

as a universal tag which is complementary to the UTag used in tagging the target gene as 

shown in the schematic in Figure 5.13. To test the ability to discriminate mutant and wild-
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type allele, a DNA solution containing mutant KRAS (1% of total DNA content in the 

solution) and WT allele was used. UTag-GNRs were used to label both WT and MT alleles 

in homogeneous assay format. After hybridization of GNRs with the targets at room 

temperature for 15 min, we introduced this mixture to the chip in flow cell. 1M NaCl and 

0.1 % tween-20 containing 5mM Tris buffer was used as the assay buffer. The salt 

concentration was gradually decreased until the nanoparticles debound. During data 

acquisition, spots for both MT and WT DNAs were imaged in one filed-of-view. Even 

though the mutation domain with 11-mer consists of 1-mer mutation point, due to the 

similarity in remaining 10mer in MT and WT targets, both targets bind to both spots. 

However, because of the mutation, the mismatched sequences are not strong enough to 

resist ionic strength changes in the medium. U-Tag and surface probes are long enough to 

resist these changes. Theoretical Tm in solution are shown in Table 5.3. the only melting 

site can be mutation site. Theoretical calculations duplexes in solution show that when the 

salt concentration decreases from 50 mM to 20 mM, Tm for WT allele on WT spot 

decreases from 40ºC to 34ºC, whereas Tm for MT on the same WT spot (hybridized with 

1-mer mismatch) drops from 28ºC to 21ºC. Therefore, in equilibrium at room temperature 

at this salt concentration, the probability of dehybridization of MT allele from WT spot 

probes becomes very high, which is shown in Figure 5.14B. Moreover, due to higher 

number of WT DNA in the sample (99%) and mismatch on MT spot, we observe a drastic 

debind on MT spot with the salt concentration drop in assay buffer. Using particle tracking, 

the disassociation kinetics of GNRs were measured. We can fit dehybridization curve to 

standard exponential decay model to quantitatively measure the off rate; hence, we can 
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evaluate the amount of perfect match and mismatch ratio in the samples. Tables in Figure 

5.15 show the theoretical Tm values for each hybrid on the microarray surface. these values 

are for free duplex separation in solution. Tm values changes when one of the components 

is covalently bound to the surface. however, these give us a rough idea that given all the 

conditions, when we change the salt concentration of the assay buffer, it is very likely that 

it will separate from only the mutation site. 

 

 

Figure 5.14 A) WT sample and B) 1% MT G12S allele containing standard solutions. Samples 

were mixed with GNR-UTag and run in the microfluidic chamber. Dynamic tracking is used 

to track particle-sample binding. After binding reaches to almost a saturation on the surface 

salt concentration in the buffer was changed and debinding tracked. 

 

Figure 5.15 Theoretical Tm values for given sequences at given salt concentrations for free 

DNA duplexes. Data is provided from IDT webpage via OligoAnalyzer tool. 



 

 

128 

1% MT (G12C or G12S) and WT containing samples in 250 mM NaCl were tested 

and endpoint measurements were done in 60 min incubation. Figure 5.16 shows the results 

of particle counting. After obtaining results for a range of MT content, a dilution curve can 

be prepared for each type of mutation. 

 

 

Figure 5.16 Particle counts for samples with 1% G12C MT, 1% G12S MT and WT only, in 

60 min incubation. 

 

5.5.3 Conclusion and future directions 

 We aim to continue studying on the binding kinetics and thermodynamics of DNA-

conjugated nanoparticles in KRAS mutation detection. Using the system developed here, a 

thorough investigation of the dilution curve for two types of mutations will be conducted. 

Melting curves for perfect-matched and mismatched duplexes will be measured while 
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varying salt concentration with the objective of maximizing the difference in the melting 

temperature between the two. Off-rates during debinding assays will be determined and 

evaluated to obtain the appropriate salt concentration of discrimination between WT and 

MT. Finally, we will investigate the prospect of using this platform to identify rare 

mutations in clinical samples, using the optimal conditions identified during testing. Our 

aim is to detect mutant DNA with 1:1000 ratio in wild-type sample to obtain a clinically 

effective diagnostic assay.  
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6 CHAPTER SIX  SURFACE CHEMISTRY AND MORPHOLOGY IN 

BIO-NANOPARTICLE OPTICAL IMAGING AND SINGLE BIO-

NANOPARTICLE SENSING USING SP-IRIS  

 In Chapters 4 and 5, we showed how SP-IRIS can count single protein and nucleic 

acid molecules via nanoparticle-labeling with ultra-high sensitivity. In this chapter, we 

demonstrate how we can expand nanoparticle-based detection for individual biological 

nanoparticle like viruses.  

6.1 Motivation for biological nanoparticle sensing 

Synthetic and natural nanoparticles — generally defined as having a size of 10–100 

nm — have enormous utility as well as potential adverse impact in biotechnology, human 

health, medicine, and food safety [210–213]. Detection and characterization of biological 

nanoparticles represent unique challenges and opportunities. Viruses are the most abundant 

species on earth, with an estimated ~1032 phages in the biosphere [214] and ~107 viruses 

on average in a milliliter of seawater [215]. The detection and identification of individual 

virions are of significant interest due to their potential relation with many infectious 

diseases and human cancers [13]. Early and sensitive detection of infections is important 

especially for high impact diseases leading to epidemics. Consequently, many detection 

systems for viral diagnostics have been developed during the outbreaks [216]. Thus, there 

is always a need for single-particle detection systems that are robust, affordable, high-

throughput, sensitive in heterogeneous media, and less technically difficult. 

Due to the growing need in rapid detection and quantification, there has been a 

significant interest in the development of sensors for biological nanoparticles. For reliable 
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results, it is crucial to detect them with high sensitivity. Fluorescence-based microscopy 

techniques have been developed extensively for detection of biological nanoparticles and 

molecules [217,218]. They require fluorescence labeling of the single natural nanoparticles, 

which makes them less applicable for a variety of samples. Moreover, nonspecific binding 

of the fluorescent labels to the other components in the heterogeneous media or formation 

of aggregates remains as a challenge in fluorescence detection systems along with the 

inconstancy of the fluorescence signal independent of the size of the biological 

nanoparticles [46]. Also, irreversible photobleaching of the fluorescent label limits 

observation time. Electrical sensors also provide single virus or biological particle 

detection. However, as they are very dependent to the environmental conditions and the 

properties and content of the sample media such as pH, heterogeneity, and changes in ionic 

strength, they suffer from specificity and selectivity issues [219,220]. 

Optical biosensors are highlighted with their distinct properties and advantages 

such as high sensitivity, easy adaptation to multiplexed systems, and portable operation 

capability [221,222]. They are also attractive due to their non-invasive nature. Elastic light 

scattering-based direct detection methods that require no molecular labels are more 

advantageous than fluorescence methods that may suffer from variability and temporal 

decay of the signal due to photobleaching. However, as the elastically scattered light 

intensity induced by the illumination of the nanoparticle’s scales with the sixth power of 

the particle size, it is very difficult to detect small biological nanoparticles over the 

background scattering. Thus, eliminating the background noise for small particle detection 

is of vital importance. 
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In this chapter, we review several optical technologies for label-free BNP detectors 

with a focus on imaging systems. We compare the surface-imaging methods including 

dark-field, surface plasmon resonance imaging and interference reflectance imaging. We 

discuss the importance of ensuring consistently uniform and smooth surface coatings of 

capture molecules for these types of biosensors, and summarize several methods that have 

been developed towards addressing this challenge. Finally, we show real-time detection of 

viral particles without any labels using SP-IRIS technology. 

6.2 Label-free optical imaging detectors of single biological nanoparticles  

Conventional light scattering microscopy cannot resolve features much smaller 

than the illumination wavelength due to the diffraction limit. When we consider imaging a 

sensor surface with a sparse distribution of nanoparticles, classical understanding of optical 

resolution may no longer be the primary concern. In this case, objects of interest, i.e., 

nanoparticles may not be visible above the background, since they scatter light very weakly. 

Radioisotope and fluorescence staining, therefore, have historically been used to ‘decorate’ 

or ‘label’ biological nanoparticles (BNPs) and increase their visibility. These labels can 

add molecular specificity (for example, by using a fluorescently labeled antibody or 

complementary oligonucleotide), but they may hinder characterization of physical 

properties and also increase assay complexity and cost. To address applications where these 

are major concerns, a variety of label free assays for BNPs have been developed. Many of 

these techniques utilize light, and either directly or indirectly detect light scattered by the 

BNP. Label-free optical imaging biosensors are those which use imaging optics to rapidly 

measure a large sensor surface area. In this section, we describe three members of the 
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family of label-free optical imaging biosensors, which are dark-field microscopy 

(DF/TIRM), surface plasmon resonance imaging (SPRi), and interference reflectance 

imaging (IRIS, iSCAT) [37,108,223,224].  We also introduce the notion that for label-free 

imaging approaches, even more than for other types of label-free sensors, the surface 

morphology of the sensor’s functionalization is extremely important. Table 6.1 shows a 

comparison of label-free optical imaging biosensors utilized in detection of BNP. The 

implementation and availability of these technologies at diagnosis near-patient is also 

shown. Point-of-care (POC) testing requires miniaturized, portable platforms and 

avoidance of time-consuming steps of analysis. Among these technologies, dark-field 

microscopy and iSCAT are not deployable to majority of clinical locations at POC. While 

SPRi is very sensitive and highly employed, the use of SPRi has not yet been demonstrated 

at POC. On the other hand, SP-IRIS has POC capability for virus detection. It allows virus 

detection in complex media via the use of disposable cartridges and a benchtop-size 

microscope with minimal sample and reduced exposure risk.



 

 

1
3
4
 

Technology Optical system Analyte Matrix Detection limit 
Availability at 

POC 
Advantages Ref. 

Dark-field 
microscopy 

Total Internal 

Reflection Dark-
Field Microscopy 

Influenza 
virus 

Buffer 1.26x104 pfu/mL Not applicable 

Simple optical system and 

no elaborated sample 
preparation 

[225] 

Surface 

plasmon 
resonance 

Surface plasmon 

resonance imaging 

HIV-based 

virus-like 
particles 

Buffer - 
Applicable but 

not shown yet 

Efficient for quantification 

and characterization 
[224] 

 
Surface plasmon 

resonance imaging 
Influenza A 

virus 
Buffer  0.2 fg/mm2 

Applicable but 
not shown yet 

Mass/size measurement of 
single viral particles 

[226] 

Interference 

reflectance 
imaging 

iSCAT 

Lipid 

nanodomains 
responsible in 
cell signaling  

Lipid-oil 
solution 

Tracking 
individual 

domains in 

lifetime of 0.22 ± 
0.06 s 

Not applicable 

Time-lapse imaging of 

dynamic creation and 
destruction of lipid 

nanodomains 

[227] 

 SP-IRIS 

Exosomes 

from a HEK  
293 cells 

Buffer 

3.94 x109 

particles/mL 

 

Not applicable 

Phenotyping and 
characterization of 

exosomes directly from 
human cerebrospinal fluid 

[228] 

 SP-IRIS 

Recombinant 
vesicular 

stomatitis 

virus Ebola 
model 

100% fetal 

bovine 
serum 

100 pfu/mL Applicable 

Real-time imaging of 

individual viruses, highly 

sensitive rapid detection 

platform of pathogens with 
minimal sample 

preparation 

[229] 



 

 

1
3
5
 

 SP-IRIS 

Ebola virus, 

Zaire Strain-

variant 
Mayinga 

100% fetal 

bovine 
serum 

1x105 pfu/mL 
Very 

applicable 

Disposable polymer-

paperfluidic cartridge, 

detection limit 10–100 
times more sensitive than 

commercial rapid tests 

[37] 

 

Table 6.1 A comparison of label-free optical imaging biosensors in detection of biological nanoparticles (BNP). 
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6.3 Importance of surface morphology in single particle optical imaging 

Biofunctionalization of the sensor surface should be measured systematically. 

Procedures for biomolecule immobilization are employed in similar ways with the same 

principles; however, surfaces are usually poorly characterized. Any modification on the 

sensor may change the ability of the device to detect biomolecules. For instance, in optical 

resonators, the lowest possibly detectable concentration of the target in sample is usually 

proportional with the resonance linewidth (also called quality factor) [230]. Poor surface 

chemistry may cause an increase in linewidth, however, which increases the detection limit 

[231]. Since surface biofunctionalization may occur in multiple steps, it is important to 

track these changes on the surface in each step and optimize accordingly [35].  

In surface plasmon resonance biosensors, microorganisms and viruses can be 

detected via local changes in the refractive index. Due to the confinement of surface 

plasmon polaritons (SPPs) to within 100–200 nm of the gold-liquid interface however, only 

a portion of the entire bacteria is detectable. For the same reason, the sensitivity of these 

type of biosensors also depends on the separation distance between the target BNP and the 

gold film. Furthermore, BNPs with a diameter larger than about the evanescent field decay 

constant are measured with decreasing sensitivity [232]. Hence, surface morphology must 

be designed accordingly. Despite being one of the most applied optical imaging techniques 

for BNPs, some limitations constrain SPR based imaging systems. Having a few hundred-

nm penetration depths of the evanescent field into the dielectric medium limits the 

detection of smaller sized particles [233].  

SPR imaging (SPRi) enables multiplexed and real-time measurements [234,235]. 
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However, sensitivity is a limiting issue in SPRi compared to the conventional SPR due to 

the difficulties in sample delivery in real time over the multiplexed spotted sensor surface. 

The use of microfluidic flow cells and amplifying the signal with various techniques 

improve signal-to-noise ratio in many applications [73,235–238]. The effective thickness 

of the captured target layer is the layer of analyte on top of the surface probes on the SPR 

sensor, which has the major effect on the magnitude of SPR response. The measurements 

are based on the uniformity and consistency of these two layers on the sensor. However, 

the refractive index change within the layers also affects the SPR shift in the system. In 

conventional SPR imaging system designs, it is hard to keep the immobilized probe layer 

fixed and free of variations, due to the possible non-specific bindings and changes in the 

surface chemistry of the layer in real-time measurements.  

Although the noise is an issue and relatively greater than in SPR, SPRi is utilized 

in many applications for detection of cells and bacteria [239].  In one approach, the SPRi 

sensor surface was modified with a hydrogel-based interaction layer. When red blood cell-

surface antibody interaction is investigated real time, it was found that the noise level was 

very high due to the non-specific binding and remaining total mass of cell debris on the 

surface [239]. As a result, only limited number of cell binding was detected.  

Until recently, SPRi were not in use for detection of nanoscale BNPs due to certain 

limitations. Mainly, restrictions stemming from lateral resolution, SPR-based sensors 

remained useless for detection of viruses and virus-like particles [240]. However, in 2010, 

Wang et al. showed that with the right surface chemistry and functionalization, imaging 

and detection of virus particles on SPRi surface is achievable [226]. The diffraction 
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patterns created by surface plasmon waves of the individual viral particle scattering were 

used to identify the particles and distinguish them from the background noise and 

interference patterns. Since the intensity of diffraction pattern increases with the size of the 

BNP, they were also able to measure the size of the BNP. They have compared the 

Influenza A Virus (IAV) particles versus artificial silica nanoparticles. Even though the 

synthetic nanoparticles do not adhere to the surface and disappear in the real-time imaging 

measurements, when they functionalized the sensor surface properly, they can capture, 

image and count the viral particles on the surface. They obtained a non-specific and 

irreversible adsorption of the viral particles on the bare gold sensor surface. On the other 

hand, when they compared different surface modification such as PEGylation and antibody 

coating, they obtained lower intensity profiles. Even though PEG-coating is usually used 

to prevent non-specific binding and increase the sensitivity by lowering the background, in 

this particular case, on PEGylated surface, viral particles were observed as transient events, 

which shows the effect and diversity of surface morphology for each technique and target. 

Also, anti-influenza A antibody-coated surfaces provided reversible binding in real time 

measurements. As seen in Figure 6.1A, different surface modifications created different 

signal intensities. Even though bare gold sensor had more capture, it cannot differentiate 

between the virus types, whereas anti-influenza A antibody modified surface was applied 

successfully for Influenza A virus capture and remained fairly inert to the other type of 

virus, HCMV, yielding specific binding and significantly higher signal than the nonspecific 

bindings. By improving surface properties and system stability, the noise was reduced and 

they obtained a noise level of 0.3 mDeg which can detect 13 nm-sized nanoparticles. The 
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imaging intensities of the viral particles were used to determine their size, which was found 

as 10913 nm.  

In another study, viral particles were counted using SPRi [224]. When the viral 

particles were captured on the sensor surface, they appeared as bright dots on the 

background and counted in a very small field of view to improve the detection limit and 

block the signals coming from the other regions. The authors have showed that they can 

detect various concentrations of human immunodeficiency-virus-like-particles (HIV-VLP- 

spherical, 100–140nm in diameter), Influenza A virus (IAV- spherical, 80–120 nm in 

diameter), tobacco-mosaic virus (TMV- elongated cylinder, 15–18 nm in diameter and 

around 300 nm in length) in complex buffers. They prepared the sensor surface in multiple 

steps. They first coated the surface with streptavidin, and then, with biotinylated antibody 

layer. While they checked surface roughness, a uniform and temporal constant background 

was observed. If a smooth and low-rough surface was not obtained at first, they kept 

saturating the surface with antibodies to obtain a low-roughness in order to lower the 

background and to be able to distinguish the VLPs from the background roughness. As 

seen in Figure 6.1B, after subtraction of the background, spherical IAV particles (a) and 

HIV-VLP (b) were characterized. The binding event is also confirmed with the intensity 

increase and stabilization in the SPR signal in Figure 6.1B (c) and (d), which is correlated 

with the size of the particle. However, binding of TMV could not be visualized due to its 

smaller size in diameter and vanishing on the surface roughness. Even though the surface 

modification with antibodies was successful and enough for the visualization of ~100 nm-

sized viral particles, it was limited for imaging of smaller particles due to the crudity of the 
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sensor surface.  

Moreover, in a study where the optimal conditions for SPR-imaging of nano-

objects are discussed, it has been explained that the layer on the sensor surface and its 

roughness have great importance in local reflectivity resonance and in signal-to-

background ratio [241]. In order to have this ratio high, the reflectivity should be minimum; 

however, due to the roughness and inhomogeneity of the substrate and the layer on the 

surface, the achievable minimum reflectivity is limited which can be obtained as minimum 

as 1%. The authors were able to lower this by using different techniques to prepare the 

substrate surface such as magnetron sputtering of gold on glass yielding a proper thickness 

and 0.1% reflectivity.  

Limitations emanating from illumination profile necessitate a higher surface 

sensitivity compared to other types of microscopy such as confocal-based microscopy. 

Although the use of dark-field microscopy has been moderately explored in detection of 

BNPs, dielectric nanoparticles and virus particles have been successfully detected using 

TIR-based dark-field microscopy with a sensitivity down to ~100 nm for virus particles 

[225,242]. Moreover, in order to improve sensitivity and obtain a more uniform 

illumination profile, in addition to TIR-illumination via a prism or an objective, planar 

waveguides can be used in the evanescent-field microcopy. The sample can be placed in 

the core layer of the waveguide which is then exposed to the evanescent part of the guided 

light in a similar way to TIR illumination [243,244]. As a result of this configuration, even 

though the penetration depth of and evanescent field is around 100–200 nm, the depth of 

evanescent field can be regulated from 100 nm to a micron via tuning the thickness and 
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refractive indices of the core and cladding layers of the waveguide [245]. With an 

evanescent light-scattering microscopy technique, a simultaneous fluorescent and high 

sensitivity scattering imaging has been done for efficient detection surface binding of BNPs 

in a label-free way [246]. As well as all the other techniques, in this technique, in order to 

obtain highest sensitivity based on evanescent illumination, background scattering must be 

suppressed. Therefore, a three-layer waveguide design was utilized. For refractive index 

matching and repressing the roughness of the core layer (root-mean-square surface 

roughness <1 nm), a silica core layer in between organic fluorinated polymer (CYTOP) 

cladding layers was used. By this way, the stray lights were reduced while the signal-to-

background ratio was improved by enhancing the scattered light coming from the BNPs in 

aqueous environment. Single lipid vesicles were visualized with scattered and fluorescent 

light for demonstration as seen in Figure 6.1C. Individual lipid vesicles (~150 nm diameter) 

were capture on the sensor surface via specific protein receptor binding and size of them 

was determined. Moreover, after confirmation with a fluorescent dye, the same labeling 

was also achieved with 18nm-gold nanoparticles in order to prove the applicability of the 

technique with very small gold nanoparticle for studying single molecule interaction with 

surface-immobilized vesicles. In addition to labeling, molecular interaction on the surface 

bound vesicles was also determined with the same technique with high sensitivity. To do 

so, the surface of the silica region of the waveguide was modified with a layer of polymer 

called PLL-g-PEG/PLL-g-PEG-biotin for immobilization of lipid vesicles. It is known that 

this modification provides a low-rough surface and mediates strong binding, while it 

protects the nature of the molecular interaction and prevents unspecific binding of other 
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biological molecules in the solution [247]. IgG binding to immobilized-lipid vesicles was 

monitored in scattering mode with a scattering intensity change.  

Nearly all of the considerations mentioned earlier, regarding the impact of surface 

functionalization on the performance on SPR/SPRi biosensors, are applicable to 

interference reflectance BNP detectors as well. There are however a few salient differences. 

First, while SPR/SPRi biosensors utilize SPP waves that are confined to a narrow region 

above the gold film interface, interference reflectance sensors detect only far-field 

scattering. Second, since SPP waves are highly directional, SPP diffraction from a BNP 

creates a relatively large (with respect to the far-field diffraction limit) and asymmetric 

feature in the SPRi reflectance image. By comparison, interference reflectance sensors are 

nearly always diffraction-limited imaging systems that register the presence of a BNP as a 

symmetric point spread function. Together, these differences may provide reason enough 

to believe that interference reflectance imaging is more suitable for the detection and 

characterization of BNPs. Consider that interference reflectance is much less sensitive to 

variations in the optical thickness of the surface coating, which can be different for two 

different protein spots, even on the same chip. Additionally, the extended and asymmetric 

effect of a BNP on the propagating SPPs may reduce the maximum number or density of 

BNPs that can be captured onto the sensor before they can no longer be enumerated, 

lowering the dynamic range — although, dynamic measurement may be able to ameliorate 

this problem. 



 

 

143 

 

Figure 6.1 A) (a) SPR intensity profiles for influenza A viral particles captured on PEG and 

anti-influenza A antibody-functionalized sensor surfaces. (b) Relative binding probabilities 

of influenza A on PEG and anti-influenza A antibody-functionalized surfaces, and binding of 

a different virus HCMV on anti-influenza antibody spots as a control. Adapted from [226] 

Copyright 2010 National Academy of Sciences. B) A SPRi micrograph of (a) IAV or (b) HIV-

VLP captured functionalized surfaces. Viruses appear as bright spots on grey background. 

Intensity change with the binding event of IAV and HIV-VLPs is seen in (c) and (d) as signal 

increase, respectively. Reprinted from Anal. Biochem., 486, V. Shpacovitch, V. Temchura, 

M. Matrosovich, J. Hamacher, J. Skolnik, P. Libuschewski, D. Siedhoff, F. Weichert, P. 

Marwedel, H. Müller, K. Überla, R. Hergenröder, A. Zybin, Application of surface plasmon 

resonance imaging technique for the detection of single spherical biological submicrometer 

particles, 62–69, Copyright 2015, with permission from Elsevier [224]. C) (a) Schematic 

representation of the planar waveguide chip and detection of fluorescently labeled vesicles in 

(b) fluorescence and (c) scattering modes. Reprinted with permission from ACS Nano 2015, 

9, 12, 11849–11862. Copyright 2015 American Chemical Society [246]. 
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As mentioned earlier chapters, IRIS can be used for virus detection via surface-

immobilized antibody probes. In a study, the binding of viral particles to specific antibody 

spots was compared with non-specific antibody spots, with a limit of detection of 3x105 

PFU/mL. Very few bindings of virions above the background was observed (Figure 6.2A 

(a)) [111]. Note that in this study, captured BNPs were not detected individually – instead, 

an ensemble measurement was made by monitoring the reflectivity spectrum of the surface. 

In later studies, a high numerical aperture objective was used to detect the faint interference 

signal from individual virions. Calculating the size of a particle from the bright-ness of the 

resulting spot was nontrivial, because increasing the particle size increases the position of 

its centroid above the reflecting surface, thereby slightly increasing the optical path length 

difference between forward- and back-scattered light [46]. Once the substrate film 

thickness and surface morphology were optimized, individual BNPs ranging from 50 nm 

to 200 nm were detected by affinity-based capture in various complex media with SP-IRIS 

[248]. Specifically, vesicular stomatitis virus (VSV) BNPs with an ellipsoidal shape of 

around 70x180 nm were captured on antibody-immobilized sensor surfaces and 

individually counted as seen in Figure 6.2B. Even though various complex media such as 

serum or whole blood were used, background noise was reduced by eliminating nonspecific 

binding of particles with different sizes. In this study, as well as others, proper surface 

morphology and functionalization were achieved via coating the sensor surface with a non-

fouling copoly-(DMA-NAS-MAPS) polymer [115,249]. The ssDNA and antibody capture 

probes were immobilized on the polymer under certain conditions to obtain the perfect spot 

morphology. The layered surface was checked with IRIS, and the thickness of ssDNA and 
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antibody spots were determined after each modification. Thus, the smooth, uniform, and 

low-rough surface morphology was confirmed before further steps. In order to have a better 

spot morphology and target capture efficiency, the authors immobilized antibody probes 

via DNA-directed immobilization (DDI). For this, antibodies were conjugated with 40-

mer-long oligonucleotides. The complementary sequences of these ssDNAs were selected 

as the surface probes. ssDNA surface probes were immobilized on the sensor surface. The 

chips were then incubated with the antibody-DNA conjugates; therefore, anti-VSV 

antibodies were immobilized on the sensor surface with DNA bridges. This hybridization 

was also confirmed with IRIS measurements and surface roughness is validated. Although 

many layers of modification have been done on the sensor, since the roughness was 

appropriate and confirmed with low-magnification measurements, captured VSVs were 

easily distinguished from the background yielding a high signal-to-noise ratio. Moreover, 

same experiments also were repeated with direct antibody immobilization. When the VSV-

capture results were compared, it was shown that DDI improved surface morphology and 

probe density on the surface; hence, a much higher dynamic range was obtained with DDI-

antibody spots. Furthermore, since the recognition sites of the capture antibodies were 

more available and the antibodies more flexibly tethered, much fewer total antibodies were 

needed to achieve the same binding affinity of the spot. Specifically, equivalent virus 

capture was observed even when the average surface density of antibodies was 6x lower. 

Finally, since the spot printing was performed with only DNA oligonucleotides, the spot 

uniformity & smoothness as well as process repeatability was greatly improved. 
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In another study, real-time rapid counting of virus was performed in serum samples 

using SP-IRIS [229]. The surface of the SP-IRIS chip and setup were modified with 

antibodies as a highly sensitive rapid detection platform for pathogen detection with 

minimal sample preparation. Captured VSV particles on the sensor represented higher 

signals and with the optimal surface chemistry described earlier, no non-specific binding 

coming from the complex media was observed. As a result, VSV-Ebola model was detected 

at a concentration of as low as 100 PFU/mL in less than 30 min. 

Moreover, digital exosome detection was also demonstrated using SP-IRIS (Figure 

6.2C) [228]. In this study, the size and multi-phenotype information from the same 

exosome were obtained. The size distribution for the exosomes from HEK 293 cell line 

was determined as 50–200 nm. Despite being very low refractive index and at very low 

concentrations in the real samples, with properly immobilized antibodies and smooth 

background, exosomes were captured and digitally counted with a detection limit of 

3.94x109 particles/mL, which is very sensitive compared to conventional characterization 

techniques. Detection and characterization are two different problems for BNPs. Even 

though the detection is possible with these techniques, characterization needs to be done 

with the proper instrumentation and surface chemistry. Here, it is important to determine 

the size of the exosome particles. In order to determine the size, the surface roughness must 

be small enough to be able to differentiate between the BNPs since specific elevation of 

NPs due to surface morphology affects the perceived size as seen in Figure 6.2D [38].  

Interferometric scattering microscopy (iSCAT) also depends on the background 

during the measurements. Although the polarizability of the nano-object is large enough 
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and there is no theoretical limit for detection, the limit stems from the nature of the 

background where the nano-object of interest presents. iSCAT can reach high signal-to-

noise ratio in real-time measurements of localized nanoparticles. In a study, detection and 

tracking of single, unlabeled 45 nm Simian virus 40 (SV40) virions were shown [250]. The 

authors obtained an average contrast of 3.00±0.87% for the scattering signal relative to the 

background on a glass substrate. Moreover, the binding of virions to receptor proteins in 

supported membrane bilayers on the sensor surface was tracked with iSCAT. However, as 

the authors stated, since all the measurements were performed on plasma cleaned-glass 

substrates, this technique is yet suitable for imaging or tracking nanoobjects in strongly 

scattering media such as serum or intact cell.  
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Figure 6.2 A) (a) A calibration curve for wild-type VSV (8G5) sample tested with IRIS 

platform. Corresponding height changes upon specific virion particle binding is shown. 

Greater binding indicates the greater affinity to immobilized antibody on the sensor. (b) 

Specific binding and low-non-specific binding are shown in the results of pre- and post-

incubations with the virions. Reprinted from Biosens. Bioelectron., 26, C.A. Lopez, G.G. 

Daaboul, R.S. Vedula, E. Özkumur, D.A. Bergstein, T.W. Geisbert, H.E. Fawcett, B.B. 

Goldberg, J.H. Connor, M.S. Ünlü, Label-free multiplexed virus detection using spectral 

reflectance imaging, 3432–3437, Copyright 2011, with permission from Elsevier [111]. B) (a) 

A SP-IRIS microarray configuration with immobilized antibody spots in green, red, and blue 

for anti-VSV, anti-EBOV, and anti-MARV probes, respectively. (b) Data acquisition and 

analysis for virus identification using SP-IRIS. Captured VSV particles can be seen on anti-

VSV antibody spotted sensor surface (right) when compared to pre-incubation image (left). 

(c) The model used for determining the size of each particle within the spot (left) and a size 

distribution of particles identified on the spot of the image (right). The selected region on the 

plot represents expected sizes of VSV. Reprinted with permission from ACS Nano 2014, 8, 6, 

6047–6055. Copyright 2014 American Chemical Society [248]. C) (a) Schematic 

representation of the SP-IRIS detection principle (b) SP-IRIS signal for polystyrene 

nanoparticles with a diameter from 50–200 nm used to be reference for exosomes. (c) An 
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image of the SP-IRIS chip. (d) IRIS image of immobilized antibody surface probes. (e) SP-

IRIS image of a captured particles on the spot which are detected via NVDX analysis. 

Reprinted from [228]. D) SP-IRIS measurement of spherical gold nanoparticles (r = 30 nm) 

at (a) h = 0 nm (GNP1) and h = 40 nm (GNP2), and (b) their interferometric responses (GNP1 

shown in red, and GNP2 shown in blue). Adapted from [38] Copyright 2016 Optical Society 

of America. 

 

6.4 Interferometric kinetic detection and enumeration of viral particles  

Viruses are by far the most abundant species on earth. The total number of 

viruses/phages in the biosphere (estimated at ∼1032 [214]) are much larger than the number 

of stars in the known universe. The detection, visualization and characterization of 

individual viruses are of significant interest due to their relevance to many infectious 

diseases and human cancers [13]. Electron microscopy has been the most commonly used 

method for visualization and characterization of such nanoparticles, however, besides its 

complexity and low throughput, it does not allow for real-time detection in liquid. High-Q 

resonator based approaches have been shown to successfully detect individual 

nanoparticles given that the nanoparticle interacts with the active sensor area [251–255]. 

For applications that require specificity and sensitivity for samples with limited number of 

viruses, however, wide-field imaging of individual particles immobilized on sensor surface 

through interaction of their surface antigens with capture antibodies would be ideal. For 

imaging technologies that can visualize nanoparticles directly without any labeling, the 

size and the refractive index of the nanoparticles determine the strength of the signal: 

changes in resonant wavelength, scattered spectrum, or scattered/absorbed intensity. 

Therefore, visualization of viral particles remains a challenge due to their small size and 

low refractive index. 
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In end-point assays, interferometric imaging yields sufficient visibility of viral 

particles due to relatively high refractive index contrast between the particle (n = 1.5) and 

the medium (nair = 1). The significant drawback of changing the medium from air to water 

(nwater = 1.33) is that it results in a three-fold reduction in signal, and thus, discriminating 

the particles from the local background becomes a challenging task (Figure 6.3). 

Nevertheless, the ability to observe particles in real-time as they bind/debind enables 

monitoring of individual events, which reduces the ambiguity in particle enumeration and 

increases the sensitivity for weak particle/probe interactions. 

 

Figure 6.3 SP-IRIS images of A) 104 nm polystyrene beads and B) virus particles imaged in 

air and water. The visibility of single nanoparticles reduces in water by three-fold. Reprinted 

with permission from ACS Nano 2016, 10, 2, 2827–2833, Copyright 2016 American Chemical 

Society [229].  
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6.4.1 Real-time detection of viral particle using SP-IRIS 

In order to demonstrate the capability of the wide-field viral nanoparticle detection 

of SP-IRIS and the Si-based cartridge, we utilized detection of 100 nm polystyrene 

nanospheres and virus-like particles (VLPs) as model systems for validation. These 

nanoparticles closely represent the size and refractive index of common viruses of interest 

[113].  

6.4.1.1  Surface preparation 

Clean silicon chips were treated with a polymeric coating as described before [117]. 

Briefly, the chips were immersed in MCP-4 polymer in Coat-on solution (Lucidant 

Polymers) for 30 min, rinsed with deionized water, dried under nitrogen and cured for 15 

min under vacuum at 80°C. Streptavidin (Sigma Aldrich) and rabbit anti-EBOV VLP 

polyclonal antibodies (IBT Bioservices) were arrayed on the polymer coated chips at 3 

mg/mL concentration in PBS using a SciFlexArrayer S3 non-contact spotter (Scienion) at 

20 °C, and 57% humidity. Following overnight incubation in humid chamber, the surfaces 

were blocked with 1xTBST with 0.05% Tween-20 for 30 min, washed with deionized 

water and dried under nitrogen. The printed arrays had 155 μm diameter spots at 245 μm 

spot-to-spot distance. 

6.4.1.2  Instrument design 

SP-IRIS instrument employs a low-magnification objective (20X/0.45 NA). This 

configuration provides sufficient visibility for viral pathogens larger that 100 nm in size. 

For detecting smaller viruses, a higher magnification objective (for example 40X) can be 

substituted. With the higher magnification objectives, the technique has the demonstrated 
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ability to detect viruses down to 50 nm in size. The instrument (Figure 6.4) is compact (12 

in wide x 18 in deep x 12 in tall), and supported by custom manufactured stainless-steel 

plates and brackets for added stability and alignment precision.  

As a common-path interferometry imaging technique, SP-IRIS employs Köhler 

illumination where the back focal plane of the objective and the light source are in 

conjugate planes. This configuration allows adjustment of the illumination geometry, 

improving the visibility of scattering particles by ~3 fold as demonstrated in earlier work 

[256]. The Köhler illumination arm consists of a ring-actuated diaphragm followed by a 

1:1 4-f system with 60 mm achromatic lens doublets (Thorlabs), and the illumination NA 

is reduced to 0.3 using the diaphragm. The LED (525 nm central wavelength, 40 nm 

FWHM, LedEngin) is mounted on an integrating sphere (Thorlabs) for a uniform output 

beam. The light scattered from particles and reflected off the surface are collected with an 

extra-long working distance, 20X/0.45 NA objective with correction ring (CFI S Plan Fluor 

ELWD 20X, Nikon), and detected at the 12.3 MP monocolor CMOS camera (FLIR) with 

global shutter. Sample displacement along the XYZ directions is implemented using 

motorized stages (Thorlabs, MTS25-Z8 (X and Z), MTS50-Z8 (Y)). For data acquisition, 

Micromanager is utilized. 
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Figure 6.4 Schematic representation of the SP-IRIS detection instrument. 

 

6.4.1.3 Real-time capture and visualization of polystyrene nanoparticles and VLPs 

100 nm biotinylated polystyrene spheres (Nanocs, 1% solid) and Ebola virus-like 

particles (IBT Bioservices) were diluted in PBS at 250X and 50X from stock, respectively, 

and introduced to the cartridges that include the corresponding chips at 5–8 μL/min flow 

rate using a syringe pump. For both chips, 1X PBS was flown initially through the system 

to fill the chamber, and baseline measurements were taken to check the cleanliness of the 

sensor surface. Then, nanoparticles were introduced into the flow chamber by switching 

solutions using a 4-way valve. Once the sample reached the chamber, data acquisition is 

initiated. Z-stack images were taken (at 60 ms exposure time) over a 10 μm range of z-

positions in 200 nm increments at every time point, with a temporal resolution of 1 min. 

The recorded data that has the time dependency and defocus profile information is then 

analyzed with a custom MATLAB code, which uses template matching for particle 
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detection from differential intensity images [46]. The results are presented in Figure 6.6, 

where the movie strips display cropped images from representative regions of spots 

corresponding to different time points along the curves shown below. In Figure 6.5A, 

detection of biotinylated polystyrene nanoparticles on a chip with streptavidin spots is 

demonstrated, whereas in Figure 6.5B, detection of VLPs on a chip with VLP antibody 

spots are shown. In each case, the reported particle density (counts/spot) corresponds to the 

number of particles counted within a 100 μm × 100 μm square area inside the spot. For 

these experiments, the particle concentrations were low, and did not lead to a saturation 

signal as evident from the presented data in Figure 6.5. The background noise in these 

images can be further reduced by averaging multiple frames at each z-position. Even 

without any averaging, we were able to demonstrate dynamic detection of individual 

particles bound on the surface in a wide-field configuration. 

 

Figure 6.5 Real-time detection and enumeration of binding of A) 100 nm polystyrene particles 

and B) VLPs on sensor surface. Movie strips show representative cropped images (at time 

points: 5, 20, 30, and 50 min. The lines are provided as guides for the eye. Reprinted from 

[113] Copyright 2018 IEEE.  
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7 CHAPTER SEVEN CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 Conclusion 

 In this dissertation, we describe the design and implementation of four digital 

assays, which perform rapid protein, nucleic acid and biological nanoparticle detection in 

microarray format with great sensitivity.  

The emergence of need for reliable and rapid biomarker detection led the field to 

develop simple and accurate systems for biomarker detection. SP-IRIS is a promising tool 

for sensitive and reliable biomarker detection. It can be used in detection of various types 

of biomarkers. Here, we applied this technology particularly in three group of biomarkers.  

In Chapter 2, we described how different modalities of IRIS is utilized for different 

purposes. While low-mag modality is ideal for surface profiling, morphology 

characterization, biomass accumulation quantification, high-mag modality, SP-IRIS, is 

excellent for nanoparticle detection. Here, we described a quantitative approach to 

performing SP-IRIS imaging. This work also laid the groundwork for the development of 

a high throughput, polarization-enhanced version of SP-IRIS. Moreover, we discussed 

about the strategy SP-IRIS advanced to perform kinetic measurements of nanoparticle 

binding.  

In Chapter 3, we discussed how an ideal microarray surface can be and how we can 

achieve this with proper design. Also, we have demonstrated that low-cost disposable 

sensor chips and microfluidic cartridges can be manufactured using standard Si processing 

techniques. We showed the improvements to the instrumentation of SP-IRIS intended to 

enable real-time in-liquid imaging of nanoparticles as they bind to the sensor surface. We 
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presented the simplified microfluidic flow cell concept. Then, we presented the microarray 

design, surface preparation for biomarker detection assays. 

In Chapters 4, 5 and 6, the development of four digital microarray assays for protein, 

nucleic acids and biological nanoparticles, specifically, hepatitis B viral surface antigen, 

microRNAs and rare mutation in an oncogene, and virus-like particles. In Chapters 4 and 

5, we presented our system for imaging gold nanorod labels for the detection of molecular 

analytes, proteins and nucleic acids via heterogeneous or homogeneous assays. 

Consequently, sophisticated kinetic measurements and particle tracking enabled by SP-

IRIS have the potential for broad impact in the development of new biomarkers and 

molecular tests. We showed how the advancements drastically improved the sensitivity in 

real-time assays, especially when the target molecule is in low abundancy.  

As Dr. Walt mentioned the future of biological detection will be single molecule 

counting. As the technology advances, many tests and liquid biopsies enabled by single 

particle detection will replace time-consuming, troublesome and labor-intensive surgical 

biopsies and today’s detection methods.  We strongly believe that our technology will have 

a great impact with its capability and applicability in biomedical practices. 

7.2 Future directions 

In this dissertation, we demonstrated the applicability and success of polarization-

enhanced SP-IRIS integrated with a disposable flow cell. It is very promising that this 

system can be further used to meet the needs in healthcare field.  

Rapid and accurate quantification of multiple analytes is needed in the current 

settings of fast and furious world. We need systems that diagnose diseases with single-
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molecule sensitivity in shortest time. In Chapter 5, we showed proof of principle 

experiments of multiplexed detection on one chip. A further step to improve detection time 

and multiplexing will be having multiple channels on a single IRIS chip for simultaneous 

detection of multiple analytes in parallel. Figure 7.1 shows SolidWorks images of a 

possible design for a multichannel SP-IRIS application with modified spacer and fixture 

for multichannel liquid handling.  

 

Figure 7.1 A possible design for multichannel IRIS microfluidic flow cell for future in liquid 

detection applications. 

 

As seen in Figure 7.1, four channels can fit in parallel, and multiple analytes can be 

introduced to different section of the same chip simultaneously. This will have many 

advantages. First of all, it will reduce the experimental time drastically, as we would do 

four experiments in parallel. For instance, in microRNA detection assays, with real-time 

detection and homogeneous assay format, we already improved assay time from 10 h to 1 

h and for four experiments, this makes from 40 h to 4 h. With multichannel design, we can 

further go down to 1 h for four analytes. This makes a reduction in total assay time from 
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40 h to 1 h which makes our technology excellent as a diagnostic tool. This design is great 

for especially dilution experiments. Second, since we would be using the different regions 

of same spotted chip for all four conditions, it will improve inter-assay coefficient of 

variation (CV) as well as intra-assay CV. Moreover, we can adjust the channel sizes and 

gaps and also integrate a lower magnification, e.g. 10x, objective with high NA. As a result, 

we can image multiple channel in one FOV for even higher throughput. Last, an eventual 

result will be the cost of our assays. It will be reduced drastically with the less need for 

multiple chips, sample and consumables.  

Based on our preliminary results, we believe that there are many approaches that can 

be explored to improve SP-IRIS digital microarray technology which has a great potential 

to become a diagnostic tool that could be deployed in rapid diagnostics and a POC setting.
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