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1 

Introduction 

This chapter briefly introduces the newly designed and developed integrated 

microarray – microfluidics – surface plasmon resonance imaging (iSPR) device for 

biomolecular screening applications. The aim of this research work is to design and 

develop an electrokinetic lab-on-a-chip to simultaneously measure the multiple 

biomolecular interactions using an iSPR-based biosensor. A brief insight into every 

chapter that this thesis is composed of, is given here.  

 

 

1.1 Introduction: Integrated Microarray, Microfluidics, and 

iSPR system 

iSPR
1
 is a surface-sensitive optical technique that detects the binding affinity 

of unlabeled biological molecules onto arrays of molecules, attached to chemically-

modified gold surfaces. It is a rapidly developing technique for monitoring 

biomolecular interactions in various application fields such as genomics,
2,3

 

proteomics,
4,5

 and cellomics,
6,7

 where the affinity and binding kinetics can be estimated 

directly from the measured responses.
8
  For high-throughput applications, there is a 

need for another technique (microarray) that has to be integrated into iSPR. iSPR 

measurements of microarrays fabricated on gold surfaces were reported for various 

application areas varying from DNA-DNA,
9
 RNA-DNA,

10
 protein-DNA,

11
 protein-

protein,
12

 protein-peptide,
13,14

 and drugs-protein
15

 interactions,
 
down to nanomolar 

concentrations. One of the problems in this kind of experiment is that the availability of 

the sample is very less and it is necessary to perform the whole assay with the limited 

sample. There is a need for another technique to use a significantly smaller sample 

volume. One way to achieve this is to employ microfluidic networks. Microfluidic 

devices provide a convenient means for manipulating very small amounts of sample 
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and have been utilized in a variety of bioanalytical applications such as genetic 

analysis,
16,17

 clinical analysis,
18,19

 and immunoassays.
20

 Microfluidic devices can be 

fabricated in a wide variety of materials such as glass, silica, and polymers, by the 

patterning techniques of either photolithography,
21

 wet chemical etching,
22

 or soft 

lithography.
23,24 

Recently, microchip devices, formed in poly(dimethylsiloxane) 

(PDMS) and then attached to either glass or gold surfaces, have received an increased 

amount of interest as a simple, rapid, and low-cost fabrication methodology.
16,23,25-33

 

Microfluidic channels created in PDMS have been used in conjunction with a number 

of different detection methods such as fluorescence microscopy,
16,20,33

 laser induced 

fluorescence,
30

 mass spectroscopy,
32

 electrochemical detection,
28

 and SPR-mass 

spectroscopy,
34

 as well as with SPR imaging
35-37

. The combination of SPR with 

microarray and lab-on-a-chip (LOC) technology, is particularly compelling for 

bioanlytical systems
38,39

 because the three techniques can be integrated relatively easily 

and it has the potential for fast and automated biomolecular analysis with ultra-small 

sample volumes.
37,40 

Commercial systems, such as Biacore’s Flexchip
41

 and the IBIS-iSPR (IBIS 

Technologies, b.v. Hengelo, Netherlands)
12-14

 use a microarray approach together with 

an iSPR-LOC system. One of the major advantages of these new systems is that they 

are completely automated. However, the conventional systems use syringe pumps for 

sample transport, which requires a complex matrix of valves and connectors for 

multiple analyte analysis (> 10) and it is not currently possible to handle it efficiently. 

There is a need for an alternate flow technique for handling a large number of samples 

in parallel without complex plumbing. In this thesis, we explore not only the integrated 

device (microarray + microfluidics + iSPR) system, but also the electrokinetic flow 

technique for the operation of the biochip. This project is funded by the Dutch 

Technology Foundation STW for the project titled “Multi-analyte food screening with 

microfluidic biochips”. 
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1.2 Main Objective of the Project 

 The main aim of the project is to design and develop a lab-on-a-chip for 

simultaneous measurement of multiple ligand-multiple analyte interaction using the 

iSPR system. In other words, the goal is to design a high-throughput multiplex device 

for biomolecular screening applications. In the first step, we have developed 

microarray based conventional assays with the conventional iSPR systems (reference 

measurements) and transferred the measurement procedures to the lab-on-a-chip based 

measurements. We have started the design of the chip with the existing electrokinetic 

focusing chip design
42

 and modified it for our use with the iSPR system for the 

biomolecular interaction measurements.
36

 Later, the chip design was simplified and 

implemented together with iSPR for multi-ligand/multi-analyte detection.
37

 Finally, the 

chip was further modified in the direction of realization of drug screening applications.  

 

1.3 Thesis Outline 

 Besides the introduction chapter, the thesis contains state of the art and 

motivation chapter, as well as, a chapter about technical background of the main 

aspects that are mainly discussed in the thesis. Apart from these chapters, there are five 

experimental chapters, which mainly focus on the development of a new method for 

multi-ligand/multi-analyte measurements using iSPR. The main focus is on the 

development of electrokinetic lab-on-a-chip for such multi-ligand/multi-analyte 

measurements based on iSPR system. A brief summary of the chapters of this thesis 

follows. 

Chapter 2:  The chapter “A Powerful Combination – High-Throughput Surface 

Plasmon Resonance Based Multiplex Bioassays” gives the detailed literature review of 

the technology that leads to high-throughput multiplex bioassay by integrating 

microarray, microfluidics and iSPR system. This chapter also explains the motivation 

behind the development of the new integrated chip described in this thesis, as well as 

the advantages and disadvantages of such an integrated system. 
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Chapter 3: “Technical Background”, describes the basics of iSPR system 

instrumentation and the principles, surface modification techniques, biomolecular 

interactions and the kinetics as well as electrokinetics, which are the core components 

of this thesis in the development of new electrokinetic lab-on-a-chip for high-

throughput multiplex detection device. 

Chapter 4: “Single Injection Microarray-based Biosensor Kinetics”, describes the new 

biomolecular interaction kinetics estimation method, where a single concentration of 

the analyte is injected over the array of ligands with varying density. This new 

approach was demonstrated with two well-known biomolecular interactant pairs. This 

measurement acts as the reference measurement for the new chip-based biomolecular 

binding measurements.
12 

Chapter 5: “Multiplexed Biosensor: Parallel Kinetics Screening Assay for Multiple 

Biomolecular Interactions”, describes another miniaturized approach for measuring 

biomolecular interaction kinetics of multiple biomolecular interactant pairs in parallel. 

This is also known as “kinetic screening”. We have demonstrated this approach with 

five well-known interactant pairs, where various ligands were immobilized on the 

sensor surface in duplicates, and mixtures of analytes were injected over the sensor 

surface with immobilized biomolecules. Kinetics and affinity parameters were 

extracted for all the biomolecular interactant pairs at the same time. This reduces the 

time consumption of the experiments drastically.
43 

Chapter 6: “Integrated Electrokinetic Sample Focusing and Surface Plasmon 

Resonance Imaging System for Measuring Biomolecular Interactions”, describes the 

first integrated electrokinetic lab-on-a-chip for iSPR-based biomolecular interactions. 

The major advantages and disadvantages of this newly-developed chip, as well as the 

necessary improvements to make such an integrated system user friendly, are 

discussed.
36 

Chapter 7: The chapter “Electrokinetic Lab-on-a-BioChip for Multi-Ligand/Multi-

Analyte Biosensing”, deals with a more simplified biochip when compared to the chip 

described in chapter 6. The chip is demonstrated with multiple ligands and multiple 



 

Introduction 

 

 5 

analytes with the known multiple biomolecular interactant pairs.
37 

Chapter 8: The chapter “Electrokinetic Drug Screening Chip”, demonstrates the 

extended version of the electrokinetic chip described in chapter 7, for up to 10-12 well-

known biomolecular interactant pairs. We also propose a new way to realize the drug 

screening assay in such an integrated system. 

Chapter 9: “Concluding Remarks and Recommendations for Future Work”, describes 

the major conclusion extracted from the experiments conducted to realize the project 

described in this thesis. It also outlines future recommendations to improve the chip 

quality as well as the reproducibility of extracted results, which is important to put the 

chip to use in real biological applications. 
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A Powerful Combination – High-

Throughput Surface Plasmon 

Resonance Based Multiplex 

Bioassays 

 
 Multiplex bioassays implemented by integrating surface plasmon resonance 

imaging (iSPR), protein microarrays and microfluidics is a powerful label-free 

combination for the real-time and simultaneous detection of multiple ligand – ligate 

pairs. The surface plasmon resonance (SPR) technique is a well established label-free 

approach for measuring real-time biomolecular interactions, from which kinetics of the 

biomolecular interactant pairs can be directly extracted by fitting the SPR response 

data (sensorgrams) to the appropriate model functions. A microarray is an assay 

technique that consists of an array of biomolecular regions, or spots, where each spot 

acts as an individual sensing region in a highly parallel fashion and can be configured 

with any type of molecule, such as nucleic acids, proteins, antibody, cells, virus, 

phages, as well as drugs and small molecules. Microfluidics provides the ability to 

analyze small sample volumes and reagents, which leads to lower assay costs as well 

as sample preparation automation. The integration of these existing techniques 

provides a number of advantages and challenges when combined with an optical 

detection platform, such as SPR. In this chapter, a review of recent advances in 

combining biomolecular microarrays, microfluidics and SPR biosensing is presented 

and its advantages and disadvantages are discussed. The motivation for the work in 

this thesis is also explained. This lays a foundation for future work. A part of this 

chapter has been submitted as review paper (2010). 

 

2.1 Introduction 

Bioassays are typically developed to measure or detect organic molecules and 

their effects on the other substances and can be broadly classified as qualitative or 

quantitative. Qualitative bioassays are used for assessing the physical effects of a 

substance. For example, a fly bioassay is a quantitative assay that screens toxic 
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substances and is based on filter paper impregnated with an autoclaved culture 

supernatant. Most fly bioassays are performed by mixing autoclaved culture 

supernatant with diet ingredients that are added to support larval growth and 

development.
1
 Quantitative bioassays involve the estimation of the potency, such as 

concentration, of a substance by measurement of a biological response that it produces. 

Qualitative and quantitative bioassays are important techniques for extracting as much 

information as possible for applications such as disease diagnostics and drug discovery. 

Bioassays are based on a technology platform, such as optical,
2
 electrical

3
 or 

electrochemical
4
. The duration of each and every assay depends on the nature of the 

assay. When multiple samples have to be tested, a lot of time is typically required for 

measuring all samples. Therefore, multiplexing of such assays is very important. 

 A multiplex assay is capable of simultaneously measuring multiple analyte 

samples in a single assay
5
 and often requires specialized technologies or 

miniaturization to achieve a high degree of parallelization.
6
 Multiplex assays are 

widely used in functional genomics experiments to detect the state of all biomolecules 

of a given class (e.g., mRNAs and proteins) within a biological sample, to determine 

the effect of an experimental treatment or the effect of a DNA mutation over all of the 

biomolecules or pathways in the sample.
7
 For example, multiplex assays for the 

detection of respiratory pathogens where many different pathogens present similar 

symptoms; accurate pathogen identification and fingerprinting are important for patient 

recovery and public health monitoring.
8
 Multiplex assays are also important for cancer 

diagnostics.
9,10

 The ability to perform such multiplex assays has been established by 

the use of microarrays.  

 The microarray was first reported as the Southern Blotting assay where 

fragmented DNA is attached to a substrate and then probed with a known gene or 

fragment.
11

 A very nice example of using microarrays is for experiments measuring 

large number of biomolecular analytes in the human genome sequence and many other 

model organisms.
12

 

 Multiplex assays are often used in high-throughput screening applications, 
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where many specimens can be analyzed simultaneously.
13

 The main advantages of 

bioassay multiplexing are related to experimental time reduction and reduced cost since 

assays are performed simultaneously. When the execution of a single multiplex assay 

generates data for a large number of analytes (e.g., gene expression levels for all genes 

in the human genome, drug screening), it is considered high-throughput. However, it is 

more the ability to rapidly process multiple specimens in an automated fashion that 

characterizes high-throughput techniques. Massive parallelization of assays is one way 

to achieve "high-throughput" status. Another way is via automating a manual 

laboratory procedure. However, it is not necessary that all the multiplex assays are high 

throughput (eg. enzyme linked immunosorbant assays, or ELISA).  

 Multiplex assays can be classified into two categories based on the detection 

technique used: labeled and label-free. Labeled-based detection requires the 

conjugation of a molecular label for detection purposes. Common labels are 

fluorophores, chemophores,
14

 nanoparticles,
15

 microbead,
14

 radioactive probes,
16

 

magnetic particles,
17

 and quantum dots
6
, for example. Label-free multiplex assays are 

commonly reported in literature and important examples include the metallic barcode 

assay,
18

 quartz crystal microbalance,
19

 and SPR
20

. 

 In this discussion, we limit our discussion to label-free SPR based 

multiplexing in combination with microarrays and microfluidics and how it can be 

improved to make use of such an integrated platform effectively. 

 

2.2 Components of Label-Free Multiplex Bioassays 

 Ever since Otto
21

 introduced a method for generating surface plasmon 

polaritons (SPP), which was later modified by Kretschmann,
22

 SPR has become an 

important biosensing technique and has been reported for many different applications. 

Another breakthrough in the SPR technique was reported by Knoll
23

 with the 

development of imaging SPR (iSPR). SPR is considered to be a mature biosensing 

technology and is ideally suited for the integration with microarrays
11,24

 and 

microfluidics.
25

 



 

Chapter 2 

 

 10

 The microarray, introduced in the early 70’s by Southern
11

 for genomics and 

later in 2000 for proteomics by McBeath,
24

 is a method for high throughput 

discrimination of multiple targets from a sample. A microarray is simply an array of 

biomolecular spots that are immobilized on a solid support. When a sample is 

introduced to the microarray surface, target molecules in the sample (analytes/ligates) 

will bind with the appropriate probe molecule on the surface (ligands) forming a 

ligand-ligate pair. For labeled detection, this ligate typically has a molecular signaling 

label attached that is used to detect the binding event. Many types of biomolecules 

have been used in microarrays, including nucleic acids,
26

  proteins,
24

 antibodies,
27

 

cells,
28

 virus,
29

 phages,
30

 tissues,
31

 enzymes,
32

 and small molecules.
33

 

   

 

Figure 2.1 Schematic illustration of bioassay classification showing the 

integration of detection, microarray and microfluidics. 

 
 Another powerful tool used for miniaturized multiplex assays is microfluidics. 

After the introduction of microfluidics for capillary electrophoresis in microchannels,
25

 

various applications have been reported and have been critically reviewed.
34,35

 

Microfluidics provides the ability to analyze small volumes (micro-, nano- or even 
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pico-liters) of samples and reagents and can minimize assay costs, as well as, automate 

sample preparation and reduce sample processing time. 

  High throughput and multiplexing are the major benefits offered by 

microarrays and microfluidics, respectively. When these two methods are integrated 

with any of the label-free detection techniques, then a high throughput multiplex 

detection platform can be realized. Miniaturized multiplex bioassays are further 

improved by integrating microarrays and microfluidics such that both the ligand 

immobilization and analytes can be used for multi-ligand and multi-analyte detection 

(in other words – high-throughput multiplex detection). The combination of 

microarrays and microfluidics has been previously reported.
36

 The integration of such 

methods provides a number of advantages and challenges when it is used in 

combination with an optical detection platform, such as iSPR. However, the integration 

with iSPR still requires significant improvements, which is the core importance of this 

thesis and is discussed further in section 2.5. Further suggestions for improving such 

high-throughput multiplex devices are discussed in section 2.6. Multiplex label-free 

bioassays have been previously reported.
17, 18, 37, 38

  

 

2.3 Combined Microarray and iSPR 

 There are a few reviews which describe the combination of microarrays and 

iSPR, which have been reported for various application areas including micro RNA 

expression,
37

 affinity biosensing,
38

 high throughput screening,
39, 40

 drug discovery
41

 and 

small molecules.
42

 This integration leads to multiple ligands on the surface and with the 

injection of single analyte (ligates/analytes are the biomolecule in the flow) or series of 

analytes, one after the other, for the purpose of detection or diagnostics, termed as 

high-throughput. 

 Most of the iSPR systems use a sensor surface immobilized with multiple 

ligands and serial injection of analytes using a flow-cell specific for a particular system 

with regeneration steps between each sample injection (Fig. 2.2a). Currently, this is the 

most common way of performing multiplex bioassays. This kind of approach is 
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especially useful for fast diagnostics (e.g. allergy or cancer diagnostics)
43

 where human 

serum is reactive to various ligands. In addition, “hit identification” in drug discovery 

for screening for the successful targets is another important application.  

  

 

 
Figure 2.2 (a) High-throughput system: Conventional microarray based iSPR 

with fluid handling system. Microarrays fabricated from different 

proteins/antibodies or the same proteins with various concentrations 

using spotting techniques.  (b) Multiplex system: iSPR system with 

microfluidic lab-on-a-chip.  Microchannels are used for both 

immobilization and analyte transport using an external syringe 

pump or with capillary forces. (c) High-throughput multiplex 

system: iSPR with integrated microarray and microfluidics. 

  

 Microarrays have been constructed using various types of biomolecules for 

iSPR applications including proteins,
44-59

 antibodies,
60-73

 peptides,
74-83

 DNA,
84-96

 

RNA,
97-100

 carbohydrates,
101,102

 antibiotics,
103

 small molecules (drugs),
104

 chemical 

species and glycoproteins
105

. There are hundreds of very interesting applications 

reported for such integrated systems as listed in table 2.1. 
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 There are many commercial SPR systems capable of handling such integrated 

systems including IBIS iSPR,
68,74,78,103

 GWC Imager II,
51,64,66,80,81,86,87,92,93,95,97-100

 

Flexchip,
54,55,70

 Toyobo, 
63,76,77,79,89,94,104

 Autolab,
47

 Genoptics
44,69

 and Multiskop
60,67

. 

Apart from these commercially available integrated iSPR-microarray systems, there are 

many homemade systems with advanced functionality meant for increasing the 

sensitivity and throughput (e.g. 2D SPR,
45,46,50,57,61 

SPR interferometry,
106 

phase 

interrogation method,
85

 etc.).  

 One of the most important points of consideration for microarray fabrication is 

the primary surface treatment for the biomolecules of interest. More detailed 

information about the surface chemistry adopted for SPR based measurements has also 

been discussed in Chapter 3. This step is very crucial and is the stepping stone for all 

surface based bioassays. The substrate material for SPR based assays is glass coated 

with a thin gold layer (a thin titanium or chromium layer improves the adhesion to the 

glass). Surface modification always starts with thiolation as a first step followed by 

modification according to the needs of the assay. Sometimes, an intermediate step such 

as coating the modified surface with streptavidin or a blocking layer to prevent protein 

adhesion or others for capturing biomolecular targets of interest. Most of the articles 

reported here use a gold surface modified with 11-mercaptoundecanoic acid (MUA) 

which forms a monolayer with a carboxylic functional group on the surface.
45-47,58,60-62, 

64,66,67,80,81,84,86,87,91,92,95,97-100
 Some articles report a carboxymethyl dextran coated gold 

surface,
52,68,101,103

 functionalized hydrogel coated gold surface,
74,78

 glutathionylated 

gold surface,
50,59

 amino modified gold chip,
75,76

 poly (L-lysine) coated chip,
88

 photo 

cross linker gold chip
104

 or sometimes a bare gold surface
44,53,55,69,70,85,94,96

 for the 

convenience of the assay. In some cases, instead of full gold surfaces, conventional 

gold arrays
47,57-59,61,67,87,92,96,99

 have been fabricated to make use of manual spotting 

with pipettes. Another interesting approach uses a gold nanoparticle array for 

biomolecular interaction detection which in this case uses localized plasmons.
49

 

 In the case of microarray fabrication, the chemically modified surface is 

typically further treated with N-hydroxysuccinimide (NHS) for the conversion of 

carboxyl group to amine reactive NHS esters. This step also varies according to the 
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modified surfaces used for the array fabrication. At this point, biomolecules that are 

covalently immobilized are suitable for any further analysis. The important aspects and 

various ways of conjugating ligands to the sensing surface are reported in the 

literature.
107-109

 

 Various types of spotting devices are available for microarray fabrication. 

Spotting techniques can be classified into 3 types; 1. Contact printing (using pins or 

stamping), 2. non-contact printing and 3. microfluidic printing. Most of the articles 

listed here report pin-type contact spotting, which can easily destroy the surface. 

However, this is not discussed in most reports. Some describe dry spots (dried 

microarray of biomolecules) which can lead to protein denaturation. We have observed 

decreased signals for dried spots when compared to spots that are wet (results not 

shown here). The microarray spots fabricated should not merge with each other to 

avoid cross contamination. In order to avoid such problems, there is a need for 

continuous flow microfluidics for ligand immobilization.  

 Microarrays have been fabricated using different techniques such as inkjet 

printing,
110

 diffraction gratings,
83, 111

 as well as with poly(dimethylsiloxane) (PDMS) 

microchannel chips.
81

 Corn et. al. reported a PDMS based microfluidic device for the 

immobilization of carbohydrates
112

 and DNA.
113

 The advantage of this spotting device 

includes the elimination of cross contamination between samples, no merging of ligand 

spots, the sensor surface not being destroyed by the channels, which is common for pin 

type contact printing, and well controlled spots’ shapes (similar to the channel 

structures). One of the major advantages of using PDMS is that it is cheaper, and 

fabrication of microchannels is faster, when compared to glass based chips as it needs 

complicated microfabricated procedures. PDMS is often used for such purposes due to 

the fact that changing the mixing ratio of PDMS and its curing agents leads to “sticky” 

surfaces precluding the need for glue-based bonding. By plasma-oxygen treatment of 

the surface, the hydrophobic PDMS surface is converted to hydrophilic, which 

facilitates filling of the channels. The same kind of chip has been used for protein 

measurements,
114

 lipid bilayer array fabrication,
115

 as well as array fabrication for in-
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vivo/in-vitro SPR measurements.
116

 PDMS based chips have also been reported for 

stamping based microarray fabrication purposes.
117,118

 Apart from the above mentioned 

array fabrication techniques, a nano-imprint lithography procedure was also reported 

for microarray integrated with SPR.
119

 

  Apart from ligand spotting problems, there are other issues to be addressed, for 

example, homogeneity of the fabricated spots and the inability to precisely quantify the 

immobilized biomolecules. Since most of the microarray fabrication is done offline, it 

is not easy to quantify such parameters. However, it can be approximately estimated 

with the SPR experiments to visualize immobilization problems. This problem has to 

be addressed in order to understand the assay thoroughly. Another critical point is spot 

reproducibility. This leads to giving importance to the error estimation. Very few 

published reports include statistical data, and measurement errors in their finding, 

which is problematic for accessing assay reliability.  

 In order to solve these issues, there is a need for continuous flow of 

biomolecules over the surface for immobilization at constant flow rate for a specified 

time in which diffusion of the molecules in the solution has no effect on the molecules 

at the surface. Natarajan et. al.
120

 developed a continuous flow microfluidic printing 

device.
121-123

 Recently, Eddings et. al. reported an improved version of such a device 

with internal referencing for the bulk refractive index corrections.
124 

All the literature 

cited in this category use the conventional flowcell available with their respective SPR 

system, which is normally connected to syringe pumps or peristaltic pumps. Analytes 

are injected for the various studies conducted and the various types of analytes reported 

are listed in table 2.1.  

 The main applications of such an integrated platform include screening 

applications, biomarker discovery, concentration measurements, monitoring gene 

expression and gene related mutations, analysis of proteins, pathogen detections, crude 

cell analysis, drug discovery, food screening, protein kinases study, epitope mapping, 

virus interactions, bacterial interactions, etc. Apart from applications, research 

continues to demonstrate new integrated systems as well as increased sensitivity and 

throughput.
125-128

 The study is not confined to experimental analysis and some reports 
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deal with theoretical aspects of such integrated systems for improved performance.
129

 

 The integrated systems discussed here are also integrated to other detection 

techniques, such as mass spectrometry, which is a popular method for the 

quantification of biomolecules.
66

 Microarray patterns are also used as the extra cellular 

matrix environment for cells and this has been integrated to SPR.
130

 Other special 

applications include fabrication of gold micro-wells in an array format integrated to 

SPR for monitoring the cell culture as well as nano hole array integrated to SPR for 

highly sensitive biosensing applications.
131

  There were also reports about the 

fabrication of plasmonic nanohole arrays for multiplexed LSPR (excitation of 

plasmons on the nanostructures) detection.
132

 However, there are many improvements 

which could be useful for this integrated system for improved performance. A high 

resolution camera is very important to image the biomolecular recognition. However 

increased resolution leads to the increased cost.  

 

2.4 Combined Microfluidics and SPR 

 As mentioned earlier, irrespective of the biosensing method used, all systems 

require a fluid handling system. SPR in combination with microfluidics is ideal for 

bioassays as the integration of hardware is straightforward and microfluidics is capable 

of handling small sample volumes. This combination is now common on all 

commercially available SPR systems including Biacore,
133,134

 Biorad,
20

 GWC,
37

 IBIS,
74

 

for example. Here the question is how well the fluid handling system has been 

developed in order to use the SPR based bioassays more efficiently. There have been 

reviews that describe the various flow techniques and development of lab-on-a-chip 

based devices for bioanalysis.
135,136

 Some critical reviews with respect to this 

integration have been reported that use different microfluidic flowcells, such as parallel 

channels,
137

 hydrodynamic flow focusing in a flow chamber,
138

 as well as detection of 

small molecules in the application area of biomedical, food and environmental 

pathogens
139

. Some of the literature describes low cost microfluidic devices as well as 

the implementation of nanotechnology for improving the detection limits.
140 
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 In reality, all of the commercially available SPR systems reported in the 

previous section use flowcell for analyte injection, which is also called a fluid handling 

system,
133,134

 and are completely different from microfluidic handling systems that we 

are describing. The fluid handling systems were initially started in the early 1990’s for 

the commercial Biacore system. The microfluidic lab-on-a-chip systems use small 

sample quantities, as well as, scaling to large multiplex systems without contamination 

or cross reactivity problems. 

 Typical microfluidic lab-on-a-chip configurations are shown in Fig. 2.2b, 

which are comprised of microchannels used for sample flow. Every microchannel has 

individual sensing locations. The inlet and outlet reservoirs are either connected to 

tubing for pressure driven flow or to electrodes for electrokinetic based fluid transport. 

A very important point of consideration for such microfluidic devices is the mass 

transport limitation, due to the fact that small length scales lead to laminar flows and 

corresponding high surface to volume ratio implies that transport and reactions at 

surfaces requires special consideration. This problem was clearly addressed in the 

article by Gervais et. al. for surface biomolecular reactions.
141

 When a conventional 

SPR system is considered, it was estimated that the protein captured at the surface is 

reduced and rest of the proteins in the bulk analyte flows over the capture region under 

diffusion limiting conditions in the entrance regions. However, the capture efficiency 

increases in the case of microchannels where the transport regime switches to fully a 

developed regime with bulk depletion of the samples.
142

 High capture fractions are 

extremely important when analyzing expensive and small quantity samples. When such 

devices are not properly designed, the surface biomolecular interaction is affected by 

diffusion. However, it is not always the case that mass transport effects are due to the 

microfluidic design, but also due to the nature or concentration of the molecules. The 

latter phenomenon is described in Chapters 4 and 5. 
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Figure 2.3 (a) A custom-made microfluidic device to demonstrate the Vroman 

effect-based protein biosensor. (b) A schematic of operating 

principle. 1. Immunoglobulin (IgG) is injected from the inlet 1 to 

cover both surfaces. 2. Washing process to remove unbound IgG. 3. 

fibrinogen flows from inlet 2 and displaces the pre-adsorbed IgG on 

one surface. 4. Washing process to remove any residue on the 

surface. 5. A target protein (Tg) flows from inlet 1. 6. Tg displaces 

IgG in channel 1 while it does not displace fibrinogen in channel 2. 

(c) SPR sensorgram of the displacement event; Tg detection of two 

engineered surfaces, pre-adsorbed by IgG and fibrinogen. (d) 

Normalized close-up SPR sensorgram after the Tg injection (e) final 

angle changes (%) on both surfaces (angle change/previous angle 

value × 100). Each has selectivity to a specific protein to be 

detected. (Reproduced from Biosens. Bioelec. 25 (2009) 118-123)
143 

 

 The major advantage of integration is that multiplexing is easier when 

compared to conventional serial injection systems. For example, when there are four 

channels in a chip, each and every channel acts as a separate flow cell that leads to the 

measurement of four samples in parallel without cross contamination. In a 
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conventional system, when the microarray is kept in a single flow cell, there is an 

increased possibility for false determination due to the non-specific binding of 

unwanted molecules to the spots in the array.  

 Another critical issue is the selection of chip material that is suitable for easy 

fabrication. In many articles, PDMS is used mainly due to the simplicity of fabrication. 

But there are some basic problems that need to be discussed. One important problem is 

protein adsorption on the PDMS walls. This is especially important when 

electrokinetics based transport is used. Special coatings are required to prevent 

biomolecule adsorption on the PDMS walls. This issue is also discussed in Chapters 6 

and 7. To the best of our knowledge, the first such microfluidic flowcell made of 

PDMS was reported by Wheeler et. al.,
144

 which was integrated to a commercial SPR 

system. They showed that the sample volume could be reduced to 73 nL for bioassays. 

Flow rate is another point of consideration at this point where it is easier to use high 

pressure in conventional flow systems. However, in microfluidic systems, it is highly 

dependent on material types used for chip fabrication, as well as the way the chip 

layers are bonded together.    

 The microfluidics based approach also extends the opportunity to use one of 

the channels for reference measurements. For example, Choi et. al. used a 3 layer chip 

(glass-PDMS-glass) for biomarker discovery and to demonstrate the Vroman effect 

based protein biosensor.
143, 145

 A diagram of the concept is shown in Figure 2.3. The 

chip has 2 inlets and 1 outlet with 2 sensing channels.
143

 A detailed explanation of the 

assay procedure is contained in the figure caption. Since it has 2 channels in parallel 

and both are operated simultaneously, it is very easy to perform such an assay in 

parallel where the experimental conditions are very much similar. This approach is 

advantageous over the single flow cell experiments where such experiments are 

performed in serial manner. The list of literature reported microfluidics integration with 

SPR is given in table 2.2. 
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Figure 2.4 Microfluidic assay device and assembly. Exploded view (A) shows 

layers used (from bottom to top):  (1) substrate, a soda lime glass 75 

mm × 25 mm microscope slide coated with 4.5-nm gold on its upper 

surface; this gold surface is functionalized prior to device assembly 

(see text); (2) channel, a 12-µm Mylar sheet coated on both sides 

with 25-µm pressure-sensitive adhesive to produce a channel 62 µm 

in depth; it features a 3.6-mm channel laser-cut from center with 

three inlets and a single outlet; (3) device cap, a 25-µm Mylar layer 

(with adhesive on top only) with vias to permit fluid flow; (4) O-ring 

seat, a 2.5-mm PMMA layer with laser-cut holes for EPDM O-rings; 

(5) O-ring retainer, a 25-µm Mylar layer (adhesive on bottom) with 

laser-cut holes to pass tubing. (B) Rendering of assembled device 

and tubing (pumps, valves, and waste reservoir not shown). 

(Reproduced from Anal. Chem. 79 (2007) 3542-3548)
157 

 

 PDMS based microfluidic lab-on-a-chip systems have also been reported for 

other applications such as DNA aptamer-protein interaction studies,
146

 biomolecular 

interaction kinetics studies,
147

 sensitivity enhancement studies using gold 

nanoparticles
148

 as well as in the direction towards multi-analyte detection
137

. In the 

later stage, PDMS was replaced by polyurethane by Homola et.al. for their wavelength 

division multiplexed bioassays using SPR.
149

 In this report, they claim to use four 

microchannels in parallel and these microchannels are operated with two peristaltic 

pumps. This approach was also reported for various application areas such as for the 

detection of oligo-neucleotides,
150

 toxin detection in food
151

 as well as in the 

development of Alzheimer disease biomarker.
152

 The other reported lab-on-a-chip 

systems combined SPR applications such as low cost microfluidic chips for LSPR 
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based biosensing applications.
153

 In this case, the chip was fabricated using cyclic 

olefin copolymer. Other applications describe the detection of carbaryl in natural 

water,
154

 small molecules detection
155

 as well as integration of digital microfluidics
156

.

 Another interesting lab-on-a-chip was developed by Yager et. al. for a 

concentration gradient immunoassay.
157

 The reported device is shown in Fig. 2.4, 

which uses PMMA as a material for chip fabrication. The detailed description of the 

chip operation is shown in Fig. 2.4. 

  

Figure 2.5 (a) SPR image of simulated 110 flow cell array. The camera-based 

multiplexing of the system affords flexibility in flow-cell shape and 

array format, as indicated by the circular elements in the corners. 

(b) SPR image of four flow cells obtained by the camera in our 

prototype system when a microfluidic module from a Biacore 3000 

is coupled to the sensor. (Reproduced from Sens. Act. B 127 (2007) 

341-349)
158

 

 

 Another very interesting high throughput microfluidic approach for 

biomolecular interaction analysis has been reported.
158

 The authors claim to 
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accommodate as many as 110 flow cells in an array format that can operate in parallel. 

They show an example with an image of a Biacore system with four parallel flow cells 

(Fig. 2.5). It could have an impact of improved sensitivity which has nothing to do with 

the microfluidics configuration. But, implementing hundreds of flowcells in parallel is 

very critical with respect to number of valves and pumps necessary to make such a 

system practical. In a way, this also acts as an array formation where individual 

flowcells act as a single spot in the array. Recently, a commercial continuous flow 

spotting device has been introduced, which is capable of producing 64 spots in parallel 

primarily for SPR applications. More details about this spotter as well as its integration 

with iSPR are discussed in section 2.5. 

 

2.5 Combined Microarray, Microfluidics and SPR 

 Knowing the advantages of two powerful methods, microfluidics and 

microarrays, and their usefulness when integrated with iSPR biosensing applications 

for multiplex bioassays, we now review the integration of all three components: 

microfluidics, microarrays and iSPR. To our surprise there are very few reports of the 

combined integration. The combined integration leads to many advantages, such as, 1. 

in-situ immobilization of biomolecules without using external spotters, 2. controlling 

and quantifying the immobilization according to the measured signal, 3. prevention of 

immobilized biomolecules from drying, 4. continuing with analyte injections for 

respective SPR study without any further delay or any other process in between. In 

order to make use of all these advantages, there are some critical points that have to be 

considered while designing such a system. These points include, material selection for 

chip, bonding procedures, size of the chip in order to accommodate all the necessary 

reservoirs and channels, proper and suitable fabrication procedures, proper 

pretreatment of chips prior to experiments, and over all ease in handling (user 

friendliness). 
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Figure 2.6 (a) Schematic illustration of a microfluidic system integrated with a 

2D SPR phase imaging system for the detection of a microarray 

immunoassay. (b) Schematic illustration of a microfluidic chip 

comprising of a 3-to-1 converging microchannels, microvalves, 

micropumps, flow sensors, heaters and temperature sensors. 

(Reproduced from Biosens. Bioelec. 23 (2007) 466-472).
166

 

 

 Corn et al. used PDMS chips for DNA
159

 and protein interaction studies
160

. 

McDermott et al. also used the same parallel channel PDMS chips to demonstrate 

antigen-antibody interactions
161

 as well as toxin inhibition assays
162

. Homola et. al. 
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used a diffraction grating in combination with polyurethane based gaskets for multi-

analyte biomolecular interaction measurements
163

 including food screening for the food 

safety
164

. Apart from PDMS, Yager et. al. showed mylar flow cells to study 

electrochemical reactions using SPR.
165

 

   

 

Figure 2.7 Schematic presentation of EWOD-based iSPR bio-chip design (a) 

vertical cross-section, (b) 3D view, (c) bottom plate layout showing 

reservoir, path and dedicated detection electrodes, (d) inverted top 

plate view showing the patterned detection spots with immobilized 

thiolated DNA probe, and (e) inverted top plate view showing SPRi 

assembly. (Reproduced from Biosens. Bioelec. 24 (2009) 2218-

2224).
167

 

 

 Another interesting application of a combined system is in the development of 

a fully functional lab-on-a-chip for immunoassays.
166

 The image of the chip is shown 

in Fig. 2.6. The reported chip was made from glass and PDMS, which includes 

microvalves, micropump, flow sensors, temperature sensors, heaters as well as a 

specific design of microchannels in order to visualize the sensing regions in an array 

format. This article has demonstrated a 3x3 array format for immunoassay applications. 
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The approach looks promising but the results are not well described. This kind of full 

integration is a welcome trend, and opens up a new direction in the SPR based 

biosensing. 

 While increasing the number of sensing sites (number of channels) for 

multiplex bioassays, it will be cumbersome to make use of so many (more than about 

10) pumps and valves. If microvalves and micropumps are used as reported by Lee et. 

al.,
166

 the process of making the chip is very complicated and will most likely make the 

chips more expensive. So there is a need for cheaper options for fabricating such chips 

with easy and practical handling procedures. To realize smoother integration of  

microarrays, microfluidics and SPR, there is a need for alternatives to pressure driven 

flow. It could be controlled electronically like described by Malic et. al. using digital 

microfluidics.
167

  Digital microfluidics is used for both array fabrications and to 

perform SPR assays without the need of more samples. The system that they use is 

shown in Fig. 2.7.
167

  

 Since the combination uses microfluidics, it is also interesting to consider 

electrokinetics for fluid transport. Electrokinetics can avoid the complexity of having 

many valves and pumps. However, electrokinetic transport requires a thorough 

understanding of surface properties, which is of primary importance to control the flow 

using electrokinetics. We have recently demonstrated such an integrated system and it 

is described in chapters 6, 7, and 8. 

 

2.6 Conclusion 

 We have reviewed the growing trend in the integration of microarrays and 

microfluidics with label-free iSPR for biosensing of high-throughput multiplex 

bioassays. We have seen a growing trend towards the integration of microarrays with 

SPR or microfluidics with SPR for simplified sample handling. The increased number 

of reports in literature towards high-throughput assays indicates the importance of 

developing such assays for extracting information faster than conventional assays. 

Mainly microfluidics is used for immobilization of ligands on the surface to avoid 
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possible practical problems with the conventional commercial spotters. Bioassays are 

performed mainly with their respective flowcells of the SPR system. Other reports 

describe a microfluidic chip based approach integrated with SPR and most of the 

reported articles use PDMS/glass materials. This is due to low cost as well as simple 

fabrication. However, the stable bonding of PDMS to most materials is problematic. 

For example, glass chips are ideal for any microfluidic based techniques. But glass-

glass bonding needs a higher temperature which is not suitable for the gold sensing 

layer that leads to anonymous effects in SPR responses. The combination of 

microarrays, microfluidics and SPR is still in its infancy and not many reports are 

currently available. This is of great interest to develop such an integrated system for 

easy and faster handling of such a multiplex assay, which leads to faster diagnostics or 

discovery that can lead to saving lives of many more human beings. Multi-analyte 

detection is in its infancy for SPR based bioassays. The developed system for such 

high-throughput multiplex bioassays without complex plumbing networks e.g. 

electrokinetic transport could be ideal. However, it still needs more work to implement 

these alternative systems.  
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Table 2.1 Reported integrated microarray–SPR articles describing surface 

modification techniques, SPR system, ligands and analytes, and 

application. 

 

S.No. 
Ref. 

No. 
Surface 

Immobiliz

-ation in 

Array 

Analyte in 

Flow 

Fabrication 

Technique 
Application SPR System 

1 49 

Gold 
nanoparticle 
spots and 
spots are 
grown in-situ 

Protein 
(multiple) 

Antibody 
Inkjet printer 
(arrayjet) 

Concentration 
measurement 

LSPR 

2 54 
1D4 mAb 
surface 

Protein 
(CCR5 - 
detergents 
coupled 
chemokine 
receptors) 

2D7 Fab 
antibody 

CFM 
Detergent 
screening 

Flexchip 

3 50 

Glutathionyl
ated gold 
surface 
coated with 
GST:DEVD:
EGFP 
protein 

Protein 
(caspase-3) 

 
Protein 
arrayer 

caspase-3 
activation 
monitoring 

2D-SPR 

4 53 Bare gold 
Protein 
(Protein 
A/G) 

Human IgG Pin spotter 
Array based 
kinetic analysis  

Flexchip 

5 59 
Glutathionyl
ated gold 
array 

Protein 
(GST 
fusion 
proteins) 

BSA  
Demonstration 
of dual function 
SPR biosensors 

Homemade 

6 48 

G4PAMAM 
dendrimer 
coated gold 
surface 

Protein 
(substrate 
proteins) 

anti-SUMO 
Robotic 
arrayer with 
pin 

On-chip 
analysis of 
SUMO 

Biacore X 

7 51 

Gold surface 
with 
aldehyde 
terminated 
SAM 

Protein 
(fibroblast 
growth 
factor) 

baby 
hamster 
kidney cells 

homebuilt 
robotic 
spotter 

cell capture 
assay 

GWC 

8 45 
Gold with 
MUA 
monolayers 

Protein 
(multiple) 

GdnHCl 

homemade 
x-y 
microspottin
g device 

Monitoring 
denaturation of 
proteins 

2D-SPR 

9 57 

Gold surface 
spots with 
dithiobis 
(succinimidy
l propionate) 

Protein (C-
reactive 
proteins 
(CRP) 

anti-CRP  
Spectral 
analysis of 
protein spots 

2D-SPR 

10 47 
Gold array 
with MUA 
monolayers 

Protein 
(Biotin-
avidin) 

cell-free 
protein 
solution 

 
monitoring on-
line protein 
expression 

Autolab 
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S.No. 
Ref. 

No. 
Surface 

Immobiliz

-ation in 

Array  

Analyte in 

Flow 

Fabrication 

Technique 
Application SPR System 

11 56 
Gold array 
with MUA 
monolayers 

Protein 
(IgG) 

anti-IgG  gene expression Homemade 

12 55 Gold surface 

3D 
nanostruct-
ured 
protein 
hydrogel 

anti-IgG fab 

Pin type 
spotter 
(Omni Grid 
Accent) 

Sensitivity 
enhancement  

Flexchip 

13 58 
Gold array 
with MUA 
monolayers  

Protein 
(streptavid-
in) 

Biotinylated 
IgG 

 
Spectral 
analysis of 
protein spots 

Homemade 

14 46 
Gold with 
MUOH 
monolayers 

Protein 
(Recombin
ant fusion 
proteins) 

Hexahistid-
ine-
ubiquitin-
tagged 
human 
growth 
hormone 

Microarrayer 
(Proteogen) 

Fusion protein 
expression 
analysis 

2D-SPR 

15 52 

Gold surface 
(CM5 
sensor, 
Biacore) 

Protein 
(affibody 
capture 
proteins) 

Affibodies 
Pin type 
contact 
arrayer 

Affibody 
capture assays 

Biacore  

16 44 
Gold coated 
prism 

Protein 
(IgG) 

anti-IgG 
Microcontrol
e (Newport) 

Demonstration 
of highly 
specific and 
good sensitive 
assay with 
pyrole modified 
proteins 

Genoptics 

17 66 
Gold with 
MUA 
monolayers 

Antibody 
(multiple) 

Protein 
specific to 
antibody 
immobilized 

SpotBot 
Microarrayer 
(Telechem) 

Demonstration 
of SPR - Mass 
spectrometry 
array platform 

GWC 

18 62 
Gold with 
MUA 
monolayers 

Antibody 
(IFN-g 
capture 
antibody) 

IFN-g 
Microarrayer 
(Proteogen) 

Sensitivity 
enhancement  

Biacore X 

19 67 

Gold 
patterns with 
MUA 
monolayers 
with Protein 
-G 

Antibody 
(Pathogen 
specific 
antibodies) 

Pathogens  
Detection of 
pathogens 

Multiskop 

20 63 
Gold surface 
with PEG-
OH 

Antibody 
(anti-
mKIAA) 

Cell lysates 

Pin type 
automated 
spotter 
(Toyobo) 

Measurement 
of proteins from 
crude cell 
lysates 

Toyobo 

21 64 
Gold with 
MUA 
monolayers 

Antibody 
(anti-cysC 
& anti-

β2m) 

β2m and 
cysC 

SpotBot 
Microarrayer 
(Telechem) 

Detection of 
low moelcular 
weight 
biomarker 

GWC 
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S.No. 
Ref. 

No. 
Surface 

Immobiliz

-ation in 

Array  

Analyte in 

Flow 

Fabrication 

Technique 
Application SPR System 

22 65 
Streptavidin 
coated gold 
surface 

Antibody 
(capture 
biotinylate
d anti-HA 
& multiple 
avian scFv 
antibody) 

C-Reactive 
proteins 

 
High- 
throughput 
ranking assay 

Biacore 
A100 

23 60 
Gold with 
MUA 
monolayers 

Antibody 
(C1q 
antibody) 

C1q 
complement 

Robotic non-
contact 
printing 
(nanoplotter) 

Determination 
of site selective 
recognition of 
immune 
complex 

Multiskop 

24 68 

Carboxymet
hyl dextran 
coated gold 
surface 

Antibody 
(anti IgG 
& 
antibodies 
for 
antibiotics) 

IgG & 
Antibiotics 

Microgrid 
contact 
printing 
(ApogenDisc
overies) 

Food screening 
applications 

IBIS iSPR 

25 69 
Gold coated 
prism 

Antibody 
(anti-CD3 
& anti - 
CD19) 

13G7 cells  
Realtime 
lymphocytes 
detection 

Genoptics 

26 61 
Gold with 
MUOH 
monolayers 

Antibody 
(anti-Bax 
N-20 & 
anti-Bax 
6A7) 

Bax 
proteins 
from cell 
apoptosis 

 

Detection of 
Bax protein 
conformational 
change 

2D-SPR 

27 70 Gold surface 

Antibody 
(Fab 
fragment 
of antibody 
-96 
different 
fabs) 

hK1 antigen 

Cartesian 
spotter 
(Genomic 
Solutions) 

High 
throughput 
affinity ranking 
assay 

Flexchip 

28 73 
Gold coated 
with Protein 
-A 

Antibody 

Proteins 
(GST & 
MBP 
proteins) 

Microgrid II 
(Genomic 
Solutions) 

Protein 
expression 
profiling 

Toyobo 

29 83 Bare gold 
Antibody 
(anti-hlL-
2) 

Proteins 
(rhlL-2) 

MicroCASTe
r pin system 
(Schleicher 
& Schuell) 

Demonstration 
of cell and 
protein array 
platforms 

Home made 
Grating-
coupled SPR 
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S.No. 
Ref. 

No. 
Surface 

Immobiliz

-ation in 

Array  

Analyte in 

Flow 

Fabrication 

Technique 
Application SPR System 

30 82 

Gold array 
with 
carboxymeth
-yl dextran 

Antibody 
(Fc 
specific 
IgG) 

Proteins 
(IgG) 

Hydrodynam
-ic 
addressing 

Antigen – 
Antibody 
screening 

Biacore 
A100 

31 78 

Gold surface 
with 
functionalize
-d hydrogel 

Peptides 
(Citrullinat
-ed 
peptides) 

Patient sera 
TopSpot 
(Biofluidics) 

Monitoring 
autoantibodies 

IBIS iSPR 

32 74 

Gold surface 
with 
functionalize
-d hydrogel 

Peptides 
(Biotinylat
ed peptide) 

anti-biotin 
TopSpot 
(Biofluidics) 

New system 
demonstration 

IBIS iSPR 

33 81 
Gold with 
MUA 
monolayers 

Peptides 
(cysteine 
modified 
peptides) 

S-protein 
PDMS based 
spotter 

Surface 
enzymatic 
reaction 
adsorption/deso
rption kinetics 
estimation 

GWC 

34 80 
Gold with 
MUA 
monolayers 

Peptides 
(FLAG 
peptides) 

anti-FLAG 
peptides 

PDMS based 
spotter 

Epitope 
mapping 

GWC 

35 79 
Gold with 
SH-EG3-OH 
monolayers 

Peptides 
(cysteine 
terminated 
peptides) 

Cell lysates 
Automated 
spotter 

Evaluation of 
protein kinases 
in the cell 
lysates 

Toyobo 

36 77 

Gold with 8-
amino-1-
octanethiol 
monolayer 

Peptides 
(Biotinylat
-ed 
peptide) 

streptavidin 
conjugated 
Caspase-3 
solution 

Genex 
arrayer 

Monitoring 
caspase 
reactions 

Toyobo 

37 76 
Amino 
modified 
gold chip 

Peptides 
(PKA & c-
src) 

anti-
phosphoseri
-ne and anti-
phosphotyro
sine 

Automated 
spotter 
(Toyobo) 

Onchip peptide 
phospohorylatio
-n  

Toyobo 

38 75 
Amino 
modified 
gold chip 

Peptides 
(P1, P2 
and P3 
biotinylate-
d) 

Fab57p 

Piezodispens
-ation 
dispenser 
(Microdrop) 

Extension of 
dynamic range 
of analyte 
quantification 

Homemade 

39 71 
Gold surface 
coated with 
Streptavidin 

Peptide Antibody 

Microsys 
spotter 
(Genomic 
Solutions) 

Epitope 
mapping 

Spotmatrix 

40 72 

Gold surface 
modified 
with Pyrole 
conjugates 

Peptides Antibody Manual 
Clinical 
applications 

Genoptics 
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S.No. 
Ref. 

No. 
Surface 

Immobiliz

-ation in 

Array  

Analyte in 

Flow 

Fabrication 

Technique 
Application SPR System 

41 88 

Poly(L-
Lysine) 
coated gold 
surface 

DNA  

(Yeast & 
bacteria 
transcription 
factors) & 
DNA 

Not specified 
Transcription 
factor binding 
profiling 

Homemade 

42 86 
Gold spots 
with MUA 
monolayers 

DNA 
(Locked 
Nucleic 
acid) 

MicroRNA 
conjugated 
with 
nanoparticle 

 

MicroRNA 
detection with 
nanoparticle 
amplification 

GWC 

43 89 
Gold with 
PEG-thiol 

DNA 
(double 
stranded 
DNA) 

Transcriptio
-n factor 
(MAfG) 

Photo 
patterning 

New method of 
affinity 
estimation 
between 
transcription 
factor and DNA 
interactions 

Toyobo 

44 87 
Gold array 
with MUA 
monolayers 

DNA Viral RNA  
Study viral 
RNA - Protein 
interactions 

GWC 

45 85 Gold surface 
DNA 
(ssDNA) 

DNA Manual 
Study the effect 
of secondary 
structures 

SPR Phase 
interrogation 
method 

46 92 
Gold spots 
with MUA 
monolayers 

DNA RNA 
Photo 
patterning 

DNA - RNA 
hybridization 

GWC 

47 93 
Gold surface 
with PEG 
groups 

DNA 
Ribosomal 
RNA 

Photo 
patterning 

Re-usuable 
DNA - 
Ribosomal 
RNA 
hybridization 

GWC 

48 91 
Gold with 
MUA 
monolayers 

DNA DNA 

Robotic 
deposition 
system 
(QArray) 

Monitoring 
human genetic 
mutation 

Homemade 

49 84 
Gold with 
MUA 
monolayers 

DNA 
(DNA 
sequences) 

Multiple 
biochemical
-s 

Robotic 
deposition 
system 
(QArray) 

Detection of 
cyctic fibrosis 
mutations 

Homemade 

50 95 
Gold with 
MUA 
monolayers 

DNA 

Bacterial 
response 
regulators 
(OmpR & 
VanR) 

Photo 
patterning 

DNA - 
Bacterial 
response 
regulators 
interactions 

GWC 

51 94 Gold surface DNA 

DNA 
conjugated 
with 
nanospheres 

Manual 
Spotting 

Point mutation 
detections 

Toyobo 

52 96 
Patterned 
gold surface 

DNA 
(DNA thio-
oligoneucl
eotides) 

Oligoneucle
-otides 

Manual 
DNA-DNA 
interactions 

Homemade 
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S.No. 
Ref. 

No. 
Surface 

Immobiliz

-ation in 

Array  

Analyte in 

Flow 

Fabrication 

Technique 
Application SPR System 

53 90 

Gold coated 
prism with 
pyrole 
conjugates 

DNA 
Proteins 
(p53) 

Manual 
(Chemical 
coupling) 

Protein – DNA 
interactions 

Home made 

54 98 
Gold with 
MUA 
monolayers 

RNA DNA 
Photo 
patterning 

Ultrasensitive 
detecton of 
Nucleic acids 

GWC 

55 99 

Gold spots 
with MUA 
monolayers 
and DNA 

RNA 
(RNA 
aptamer) 

Thrombin 
Aptamer 

 
Biomarker 
discovery 

GWC 

56 100 

Gold with 
MUA 
monolayers 
and DNA 

RNA 
(RNA 
aptamer) 

Protein 
factor Ixa 
(flXa) 

Photo 
patterning 

Protein - 
Aptamer 
interactions 

GWC 

57 97 

Gold with 
MUA 
monolayers 
and DNA 

RNA DNA 
Photo 
patterning 

DNA detection 
from RNA 
array 

GWC 

58 101 

Gold surface 
with carboxy 
-methyl 
dextran 

Carbohydr-
ate 
(Heparin) 

FGF-2 
Automatic 
robot 

Heparin - 
protein 
interaction 

Biacore 

59 102 

Gold surface 
with 
fibronogen 
monolayer 

Carbohydr-
ate 

Lectin  
Carbohydrate - 
protein 
interactions 

Biacore 

60 103 

Gold surface 
with carboxy 
-methyl 
dextran 

Antibiotics 
Milk & food 
samples 

Microgrid 
contact 
printing 
(ApogenDisc
overies) 

Detection of 
antibiotic 
residues in milk 

IBIS iSPR 

61 104 
Photo cross 
linker coated 
gold surface 

Small 
molecule 
ligands 

Proteins 
Automated 
spotter 
(Toyobo) 

Fabrication of 
small molecule 
array and its 
interaction with 
proteins 

Toyobo 

62 105 

Gold surface 
functionalize
-d with 
dithiobis(suc
cinimidyl 
propionate) 

Glycoprote
-ins 

Lectin Manual 
Lectin 
recognition 
assay 

Homemade 
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Table 2.2 Reported integrated microfluidics–SPR articles describing SPR 

system, materials used for chip fabrication, fabrication techniques, 

and applications. 

 

S.No. 
Ref. 

No. 
Chip Materials 

Fabrication 

Technique 
Application 

Number of 

Parallel 

Analytes 

SPR System 

1 144 PDMS 

Novolak 
based positive 
photoresist 
replacing SU-
8 

Development of 
new microfluidic 
flowcell 

1 Spreeta 

2 145 Glass 
Channel wet 
etching 

Study Vroman 
effect 

2 

SPR 
(Biosensing 
instrument 
inc.) 

3 143 
Glass-PDMS-
Glass 

Soft 
lithography 

Biomarker 
discovery 

3 Bi SPR 

4 146 PDMS 
Aluminium 
master mold 

DNA aptamer - 
protein interaction 

3 Homemade 

5 147 PDMS 
Polyvinyl 
chloride 
master 

Kinetics analysis 3 GWC 

6 148 PDMS 
Soft 
lithography 

DNA modified gold 
nanoparticle 
detection 

2 2D-SPR 

7 137 PDMS  Review  

Wavelength 
division 
multiplexing 
SPR 
(homemade) 

8 149 Polyurethene 
CO2 laser 
beam cutting 

New system 
demonstration 

8 

Wavelength 
division 
multiplexing 
SPR 
(homemade) 

9 150 
Multi-layer 
structures 

 
Detection of 
Oligoneucleotides 

3 Homemade 



 

Chapter 2 

 

 34

S.No. 
Ref. 

No. 
Chip Materials 

Fabrication 

Technique 
Application 

Number of 

Parallel 

Analytes 

SPR System 

10 151   
Detection of 
Botulinum 
neurotoxins 

4 Homemade 

11 152 

  

Alzheimer disease 
biomarker discover 

4 Homemade 

12 153 
Cyclic Olefin 
Polymer 

Injection 
molding 

Antigen-antibody 
interaction 

2 Homemade 

13 154   
Natural water 
sample analysis 

2 SENSIA 

14 155 Plastic  
Small molecules 
detection 

8 Homemade 

15 156   
Demonstration of 
digital microfluidics 
coupled SPR 

 Homemade 

16 157 PET or PMMA  
Small molecules 
detection 

3 Homemade 

17 158   

Demonstration of 
high-throughput 
highly sensitive 
SPR system 

110 Homemade 
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Table 2.3 Reported integrated microarray-microfluidics-SPR articles 

describing SPR system, materials used for chip fabrication, 

fabrication techniques, and applications. 

 

S. 

No. 

Ref. 

No. 

Chip 

Materials 

Fabrication 

Technique 
Application 

Number of 

Parallel 

Analytes 

SPR System 

1 20   
One shot kinetics 
extraction 

6 Bio-rad 

2 159 PDMS 

2D chrome 
mask pattern 
created using e-
beam 
lithography 

1D - 2D DNA 
microarray fabrication 

6 and 3 GWC 

3 160 PDMS 
3D Silicon 
master 

Protein - protein and 
protein - DNA 
interactions 

6 and 3 GWC 

4 161 PDMS 
Soft 
lithography 

Development of 
microarray based 
immunoassay 

4 GWC 

5 162 PDMS 
Soft 
lithography 

Inhibition of Shiga-like 
toxin 

4 GWC 

6 163 PDMS 
Holographic 
method 

Array of diffraction 
gratings 

4 Homemade 

7 164   
High-throughput food 
safety biosensor 

6 Homemade 

8 165 Mylar 
CO2 laser beam 
cutting 

Investigation of 
heterogeneous 
electrochemical 
processes 

3 Homemade 

9 166 PDMS SU-8 

New microfluidic SPR 
demonstration for 
microarray 
immunoassay 

3 Homemade 

10 167 Glass  
Digital microfluidics 
integration for DNA 
hybridization 

 Homemade 
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3 

Technical Background 

 

This chapter summarizes the important technical aspects used throughout this 

thesis. Since we describe an integrated system for multiplex bioassays, there are 

several distinct technical disciplines that require background review of fundamental 

concepts and parameters that are important for biosensing applications. The technical 

disciplines important for this thesis include biomolecular interactions, microarrays, 

surface chemistry for ligand immobilization for high yield surface activity, 

electrokinetic transport in microfluidic systems, surface plasmon resonance (SPR), SPR 

imaging and kinetics parameter extraction from SPR sensorgrams.  

        

3.1 Biomolecular Interactions 

 A biomolecular interaction is the process of coupling two or more 

biomolecules to each other forming a complex. Biomolecular interaction analysis can 

be used in a number of ways. 

• To identify the binding of two or more interactants to each other 

• To determine the affinity of the interactions 

• To measure the actual association and dissociation rates 

In addition, the binding of two interactants can be exploited to quantify the 

concentration of one of the interactants. Different types of biomolecular interactions 

performed using label-free detection techniques are DNA-DNA interactions, DNA-

RNA (ribonucleic acid) interactions, DNA-PNA (peptide nucleic acid) interactions, 

DNA-protein interactions, protein-protein interactions, drugs-protein interactions, 

virus-antibody interactions, cells-antibody interactions and lipid-protein interactions. 

The main focus of the thesis will be on protein-antibody interactions.  

 

3.1.1 Protein – Protein Interactions 

 Proteins are organic compounds made of amino acids arranged in a linear 
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chain and folded into a globular form. Normally these chains of amino acids are 

covalently linked peptide bonds between the carboxyl and amino groups of adjacent 

amino acid residues. When a chain contains more than 12 amino acid residues, it is 

called a polypeptide, and less than 12 amino acids is termed an oligopeptide. The 

structure of proteins is classified into four different categories, as shown in Fig. 3.1.
1
  

Figure 3.1a shows a representation of the primary structure of proteins, which are 

formed by an amino acid sequence of peptide chains. Figure 3.1b is a schematic 

representation of the secondary structure of proteins, which are mostly regular sub-

structures and distinguished into two types, alpha helix and strands of beta sheet or 

pleated sheet. Secondary structures occur when the sequence of amino acids is linked 

by hydrogen bonds. There may be many different secondary motifs present in one 

single protein. Tertiary structures, shown in Figure 3.1c, are three dimensional 

structures, which are a spatial arrangement of secondary structures. This structure 

occurs when various bonding interactions occur between alpha helices and pleated 

sheets and also describe the completely folded and compacted polypeptide chains. The 

fourth structure is a quaternary structure (Fig. 3.1d) which is a complex of many 

proteins or polypeptide chains that function as part of the larger assembly.  

In addition to these structural levels, a protein may shift between several 

reversible similar structures while performing its biological function. In the context of 

these functional rearrangements, these tertiary or quaternary structures are usually 

referred to as chemical conformation, and transitions between them are called 

conformational changes. 

Protein-protein interactions involve not only the direct-contact association of 

protein molecules but also longer range interactions through the electrolyte, aqueous 

solution medium surrounding neighboring hydrated proteins over distances from less 

than one nanometer to distances of several tens of nanometers. Furthermore, such 

protein-protein interactions are thermodynamically linked functions
2
 of dynamically 

bound ions and water that exchange rapidly with the surrounding solution in 

comparison to the molecular tumbling rate (or correlation times) of the interacting 

proteins. Protein associations are also studied from the perspective of biochemistry, 
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quantum chemistry, molecular dynamics, signal transduction and other metabolic or 

genetic/epigenetic networks. Indeed, protein-protein interactions are at the core of the 

entire interaction system of any living cell. 

 

 

Figure 3.1 Protein structures: (a) Primary structure: sequence of amino acid 

chain; (b) Secondary structure: sequence of amino acids linked with 

hydrogen bond (alpha helix and pleated sheet); (c) Tertiary 

structures: combination of alpha helices and pleated sheets due to 

certain attractions between them; (d) Quaternary structures: a 

protein consists of more than one amino acid chain. 

 
The interactions between proteins are important for numerous -if not all- 

biological functions. For example, signals from the exterior of a cell are mediated to 

the inside of that cell by protein-protein interactions of the signaling molecules. This 

process, called signal transduction, plays a fundamental role in many biological 

processes and in many diseases (e.g. cancers).
3
 Proteins might interact for a long time 

to form part of a protein complex, a protein may be carrying another protein (for 
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example, from cytoplasm to nucleus or vice versa in the case of the nuclear pore 

importins), or a protein may interact briefly with another protein just to modify it (for 

example, a protein kinase will add a phosphate to a target protein).
4
 This modification 

of proteins can itself change protein-protein interactions. For example, some proteins 

with SH2 domains only bind to other proteins when they are phosphorylated on the 

amino acid tyrosine while the bromo-domains specifically recognize acetylated lysines. 

In conclusion, protein-protein interactions are of central importance for virtually every 

process in a living cell. Information about these interactions improves our 

understanding of diseases and can provide a basis for new therapeutic approaches. 

Protein-protein/antibody interactions are normally measured by 

physical/biophysical techniques such as dual polarization interferometry,
5
 quartz 

crystal microbalance,
6
 static light scattering,

7
 nuclear magnetic resonance,

8
 surface 

plasmon resonance,
9
 fluorescence correlation spectroscopy,

10
 fluorescence resonance 

energy transfer,
11

 and x-ray diffraction.
12,13

 Out of these techniques, surface plasmon 

resonance is considered in this thesis (Section 3.2). While discussing protein-protein 

interactions, it is important to discuss the basics of antibodies (Section 3.1.2) and 

structures of most of the protein–protein interactions. 

 

3.1.2 Antibodies 

Antibodies (Fig. 3.2), also known as immunoglobulins,
14

 abbreviated Ig are 

gamma globulin proteins that are found in blood or other bodily fluids of vertebrates, 

and are used by the immune system to identify and neutralize foreign objects, such as 

bacteria and viruses. They are typically made of basic structural units - each with two 

large heavy chains and two small light chains-to form, for example, monomers with 

one unit, dimers with two units or pentamers with five units.
15

 Antibodies are produced 

by a kind of white blood cell called a plasma cell. There are several different types of 

antibody heavy chains, and several different kinds of antibodies, which are grouped 

into different isotypes based on which heavy chain they possess. Five different 

antibody isotypes are known in mammals (IgA, IgD, IgE, IgG and IgM), which 
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perform different functions, and help direct the appropriate immune response for each 

different type of foreign object they encounter.
16

 

 

Figure 3.2 (a) Schematic representation of an antibody consisting of 2 heavy 

chains and 2 light chains having a constant region and highly 

variable regions. The disulfide bridges provide extra stability to the 

antibodies. (b) On enzymatic cleavage, antibody could be split into 

F(ab’)2 or Fab.  

Although the general structure of all antibodies is very similar, the small 

region at the tip of the protein is variable, allowing millions of antibodies with slightly 

different tip structures, or antigen binding sites. This region is known as the hyper 

variable region. Each of these variants can bind to a different ligand, known as an 

antigen.
17

 This huge diversity of antibodies allows the immune system to recognize an 

equally wide diversity of antigens. The unique part of the antigen recognized by an 

antibody is called an epitope. These epitopes bind with their antibody in a highly 

specific interaction, called induced fit that allows antibodies to identify and bind only 

their unique antigen in the midst of the millions of different molecules that make up an 

organism. Recognition of an antigen by an antibody tags it for attack by other parts of 

the immune system. Antibodies can also neutralize targets directly by, for example, 

binding to a part of a pathogen that it needs to cause an infection.
18
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3.2 Microarray 

A microarray is a two-dimensional array of biomolecular ligand spots 

immobilized on a surface with predetermined spatial order in an assay used for gene 

expression and discovery,
19

 disease diagnostics,
20

 drug discovery,
21

 biomarker 

discovery,
22

 and toxicology.
23

 The microarray was first described in literature in the 

late 1970’s
24

 and formally defined as a microarray in the late 1980’s.
25

 Since the initial 

application of high-throughput genomics, microarrays are being applied in different 

fields, including proteomics,
26

 cellomics,
27

 and small molecules,
28

 as well as many 

different types of biomaterials, including antibodies,
29

 chemicals,
30

 tissues,
31 

carbohydrates,
32

 and peptides.
33

 Each spot on the microarray acts as an individual 

sensing region, which is useful for increasing the throughput of the biosensing assays  

(detection of multiple biomolecules from single set of spots). 

A protein microarray, sometimes referred to as a protein binding microarray,
34

 

provides a multiplex approach to protein-protein interactions identification, to identify 

the substrates of protein kinases, to identify transcription factor protein-activation, or to 

identify the targets of biologically active small molecules. The array substrate is a solid 

support typically made of glass on which different molecules of protein or specific 

DNA binding sequences (as ligands for the proteins) have been affixed at separate 

locations in an ordered manner thus forming a microscopic array. The most common 

protein microarray is the antibody microarray, where antibodies are spotted onto the 

protein chip and are used as capture molecules to detect proteins from cell lysate 

solutions. Although protein microarrays may use similar detection methods as DNA 

microarrays, a problem is that protein concentrations in a biological sample may be 

many orders of magnitude different from that for nucleic acids. Therefore, protein chip 

detection methods must have a much larger range of detection. 

 The preferred method of detection currently is fluorescence detection. The 

fluorescent detection method is compatible with standard microarray scanners, the 

spots on the resulting image can be quantified by commonly used microarray 

quantification software packages.
35

 Other common detection methods include 
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colorimetric technqiues based on silver-precipitation,
36

 chemiluminescent,
37

 and label 

free surface plasmon resonance.
38

 

 

3.3 Microfluidics 

 Microfluidics is defined as handling samples, typically in the mL to nL range, 

and is well suited for bio-analysis where limited sample volumes are available. This 

minimizes assay costs, reduces sample preparation and processing time, and facilitates 

sample preparation automation. Microfluidics was first demonstrated for capillary 

electrophoresis by Manz et. al.
39

 and from that time, has become an important and 

prominent field of research. The development with respect to the integration of 

microfluidics with SPR was discussed in Chapter 2 (section 2.4). 

 Fluid transport in microfluidic devices is commonly done with either pressure 

or electrokinetic sources. More detailed theoretical background about electrokinetic 

fluid transport is discussed in this section as it has been used extensively in this work 

for the realization of integrated biochips for high-throughput multiplex bioassays. 

 

3.3.1 Electrokinetics 

 Fluid flow induced by an electric field is termed as electrokinetics, which 

includes electro-phoretic and electro-osmotic transport. In this thesis, electro-osmotic 

flow (EOF) fluid transport has been used extensively and will be described in more 

detail. Additionally, a technique to control the position of sample transport in a reactor, 

called electrokinetic focusing (EKF), has been realized and will be discussed in more 

detail. 

 

3.3.1.1 Electro Osmotic Flow 

 Most solid surfaces carry electrostatic charges, or an electrical surface 

potential, when it is in contact with aqueous solution. In equilibrium, the solution is 

electrically neutral (having an equal number of positive ions and negative ions). The 

counter-ions in the liquid are attracted by the electrostatic charges on the solid surface,  
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leading higher counter-ion concentration near the solid surface when compared to the 

bulk liquid which is far away from the solid surface. Due to electrical repulsion, the co-

ion concentrations are near the solid surface, which leads to a net charge (excess 

counter-ions) close to the solid surface. The charged surface and the layer of liquid 

containing the balanced charges are known as the electrical double layer and are 

illustrated in Fig. 3.3a, for a flat surface, and Fig. 3.3b for microchannels. 

 The ions are immovable due to the very strong attraction close to the surface. 

This layer is called stern layer, or compact layer. The charge and potential distributions 

are mainly influenced by geometrical restrictions of ion and molecular size, short range 

interactions between ions, and the wall and adjoining dipoles. The net charge gradually 

reduces to zero from the stern layer to the electrically neutral bulk liquid. Ions in the 

bulk liquid are less influenced by electrostatic interaction and are mobile. This layer is 

called the diffuse layer of the electrical double layer and the ion and potential 

distributions can be described by the Poisson–Boltzmann equation.
40

 The diffuse layer 

thickness is highly dependent on the bulk ionic concentration and electrical properties 

of the liquid. The boundary between the stern and diffuse layers is called the shear 

plane. The electrical potential at the solid–liquid interface (shear plane) is measured 

experimentally and called the zeta potential ζ and is considered an approximation of 

the surface potential in many electrokinetic models.
41, 42

 

 When an electric field is applied parallel to a charged wall with an electrical 

double layer, the mobile ions in the diffuse layer show a net migration into the opposite 

direction dragging the solvent with them, which causes flow and is referred to as EOF. 

According to the Helmholtz-Smoluchowski equation,
40

 the contribution of EOF to the 

apparent mobility (electro osmotic mobility) of the ions µEOF is proportional to ζw, and 

permittivity of the solvent ε and inversely proportional to viscosity of the solution η. 

The induced bulk fluid velocity is 

πη

ες
µυ

4

E
EEOFEOF ==              (3.1) 

Experiments performed with EOF are discussed in Chapters 7 and 8. 
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Figure 3.3  (a) Illustration of the electrical double layer for a flat surface that is 

negatively charged. The stern layer is a single ion layer in which the 

ions adhere to the surface; the diffuse layer is the adjacent charged 

layer with freely moving hydrated ions. The right side plot illustrates 

the potential distribution plot: ψ0 is the surface potential, ζ is the 

zeta potential at the position of the first mobile ions in the diffuse 

layer.
40

 (b) Schematic illustration of electrical double layer in 

microchannel.  

  

3.3.1.2 Electrokinetic Focusing 

 EKF in a microfluidic chip was previously described in detail
43

 and later 

reported for controlling the flow in a microreactor.
44

 EKF is a valveless and pumpless 

method for controlling the sample stream profile in a laminar flow chamber. A 

schematic illustration of EKF is shown in Fig. 3.4a, where the sample from the center 

inlet is focused to the second row r2 of the gold island imaging array. An equivalent 

electrical circuit is shown in Fig. 3.4b where resistances Ri are determined by sample 
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conductivity and channel dimensions. By altering the control voltages (Vu: upper 

channel voltage, Vl: lower channel voltage), the sample stream can be directed to each 

of the imaging array rows ri. The sample flow is controlled by the center voltage (Vc: 

sample voltage), which also controls the flow velocity and sample stream width 

according to the distance X1, shown in Fig. 3.4a. The upper and lower reservoirs were 

filled with guiding stream buffer and the center reservoir filled with the sample. The 

outlet reservoir voltage was set to ground and the voltages for the guiding streams, as 

well as sample streams, were individually controlled. 

   

Figure 3.4 (a) Schematic illustration of the EKF chip and corresponding 

parameters. Example shows EKF to row 2. Here, r1, r2, r3 and r4 

represent row 1 through row 4. The microchannel widths are W1, W2 

and W3, and the reaction chamber width is Wch. W1ch, W2ch and W3ch 

are the width of the top guiding stream, sample stream and bottom 

guiding stream, respectively. φ1, φ2, φ3 and φch represent the flux in 

channel 1, channel 2, channel 3 and reaction chamber, respectively. 

L1, L2, L3,  Lch, and Ltr are the length of channel 1, channel 2, 

channel 3, rectangular chamber and trapezoid, respectively. X1 is 

the distance from the top of chip to the center of the sample stream. 

(b) Electrical circuit representation of the electrokinetic focusing 

chip. R1, R2, R3 and Rch represent the resistors in the corresponding 

channel and reaction chamber.  I1, I2, I3 and Ich are the current in the 

corresponding channels and chamber. Vu, Vc, Vl and Vch represent 

voltage in upper channel (channel 1), sample channel (channel 2), 

lower channel (channel 3) and chamber, respectively. (Reproduced 

from chapter 6 to discuss the model used to describe electrokinetic 

focusing). 
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  The required voltage settings were estimated from the previously developed 

analytical model for any position, velocity and width of the sample stream.
43-47

 The 

model assumes that the fluid velocity is constant throughout the reaction chamber from 

the exit of the microchannels. This assumption leads to the conclusion that all the 

electric potentials at the entrance of the reaction chamber from the microchannel 

should be the same. Once this potential is known, fluid flux through each of the three 

channels can be calculated using 

i

chi
iEOFiiEOFiii

L

VV
AEAAv

−
=== µµφ          (3.2) 

 where v is the fluid velocity, A is the cross sectional area, µEOF is the electroosmotic 

mobility, E is the electrical field, l is the length of the channel, V is the applied voltage 

at the inlet and Vch is the electric potential at the entrance of the reaction chamber 

which is given by  
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With the known channel and reaction chamber geometries and buffer conductivity, the 

equivalent electrical resistance can be calculated. The liquid volume flux through each 

channel directly corresponds to the width of the corresponding stream inside the flow 

chamber due to mass conservation. Therefore, the position of the sample stream X1 and 

width of the sample stream W2ch are given by 

chWX
321

21

1
2

1

φφφ

φφ

++

+
=                       (3.4) 

and 
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In general, the guiding stream and sample transport voltages are calculated using  
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where Ai and Aj (m
2
) are the cross-sectional areas of the channels and chamber, Φi and 

Φj are the flow fluxes (m
3
/min), and Rch and Rj are the electrical resistances (Ω) of the 

channels and chamber, respectively. Thus, the calculated voltages could be directly 

applied to focus the sample stream in specific velocity and width to specific locations 

of the chips (experiments using EKF are discussed in Chapter 6). 

 

3.4 Surface Modification 

3.4.1 Surfaces for biomolecular interaction analysis: Basics 

 Molecular recognition plays a vital role in the understanding of almost all 

processes involving living organisms. To characterize such a molecular recognition, 

direct label-free optical biosensors are interesting tools as they allow for fast and 

quantitative analysis without molecular labeling. Early descriptions of applying SPR 

technology for bioanalytical applications were based on simple physical adsorption of 

proteins to an active metal surface.
48

 There is a long history for the immobilization of 

molecules on the solid surfaces or matrices. However, SPR biosensors pose unique 

requirements. The heart of proper SPR technology operation relies on how well the 

sensor surface is immobilized with ligands such that biological function and SPR 

sensing performance are optimal. The gold layer used for generating the surface 

plasmon polaritons tends to adsorb biomolecules instantaneously, which results in loss 

of bioactivity. This tendency (2–10% reduced signal) was reported in enzyme-linked 

immunosorbent assays when the molecules were directly adsorbed on the plastic 

surface.
49

 These effects can be explained by a reorganization of the immobilized 

molecule to attain the most favorable thermodynamic state. For example, adsorption to 

hydrophobic surfaces is driven by rearrangements that optimize contact of hydrophobic 

segments with the substrate. Passive binding to a surface substrate also opens 

possibilities for uncontrolled exchange of the immobilized molecule during an analysis 

cycle. If the unmodified surface is used for repeated analysis cycles, the probability of 
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exchange will be further enhanced and can lead to unreliable assays. Another 

disadvantage of the direct adsorption approach is non-specific binding of other matrix 

components. The ratio of specific to non-specific binding responses should be large for 

the extraction of reliable binding kinetics. The surface can be treated to prevent non-

specific binding of molecules with surface modification procedures that are discussed 

in the following section. 

  Electrostatic (charged and manipulated through ionic strength) and 

hydrophobic (not controllable) interactions account for approximately 85% of the 

overall energy and are therefore very important in biomolecular interactions.
50

 An 

increasing salt concentration screens charged groups and usually has a practically pH-

independent repulsion effect on hydrophilic and charged immobilization matrices 

because ion pairs are formed which can neutralize the charged domains. At low ionic 

strengths, the pH of the buffer becomes more important as the electrostatic interactions 

dominating this regime are governed by the ligands overall charge, which is positive at 

pH values below the isoelectric point and negative in a more alkaline pH range. Strong 

attractive or repulsive forces between the dissolved species and surface are greatly 

dependent on the charge on the sensor surface.  

 The hydrophobic interaction cannot be controlled as it is not an attractive force 

but the exclusion of hydrophobic domains of low surface energy in highly energetic 

solvents such as water. An entropy effect (reduced organization of water molecules) 

tends to induce hydrophobic effects.
85

 Choosing a buffer pH close to pI of the molecule 

usually minimizes the extent of electrostatic forces and thus increases the relative 

influence of hydrophobic interactions. As a consequence, precipitation of protein 

molecules often occurs at the pI caused by the decreased electrostatic repulsion 

between molecules. As hydrophobic interactions can lead to partial unfolding and as a 

consequence to significant activity loss of the immobilized proteins, the fraction of 

hydrophobic domains on the sensor chip surface should – with the exception of 

surfaces for immobilization of membrane proteins – be kept as low as possible. 

 Careful control of surface charge and surface energy is very important in case 

of biosensors for high immobilization yields, to minimize non-specific interactions, 
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and to retain the biological activity of the immobilized ligands. This is commonly done 

by coating the metal surface with self assembled monolayers of thiol- or disulfide 

molecules followed by modification with carboxy methyl dextran or functionalized 

hydrogel, which are further modified with functional groups suitable for a particular 

application.  

 

3.4.2 Self-Assembled Monolayers 

 Extensive efforts have been made to develop approaches for coating metal 

surfaces before immobilization. This serves to minimize non-specific adsorption, as 

well as to introduce reactive groups for specific immobilization. The most successful 

methods are based on the concept of molecular self-assembly of thiol- or disulfide 

molecules, commonly called self-assembled monolayers (SAM), on the metal surface 

as shown in the first two steps of Fig. 3.5. The spontaneous formation of organic 

disulfide monolayers on gold was initially shown by Allara and Nuzzo in 1983
51

 in the 

context of models for interface studies. Monolayer formation is driven by a strong 

coordination of sulfur with the metal, accompanied by van der Waals interaction forces 

between the alkyl chains. With a sufficient chain length, the resulting monolayer forms 

a densely packed and very stable structure that is oriented approximately 30º, with 

respect to the normal, for a smooth surface. These nanometer-thick layers are easily 

fabricated using commercially available substances, or can at least be synthesized with 

relative ease.
52

 The first applications of SAMs for biosensors were described in the late 

1980s and developed for Biacore SPR instruments.
53,54

 Hydroxyl-terminated long chain 

thiol alkanes have been designed that can be activated for direct linkage of various 

functional groups or further derivatized with different moieties for more advanced 

surface modifications. 

 A different functional end group of the alkyl thiols creates a high degree of 

flexibility in terms of the types of surface properties that can be obtained. Extensive 

studies involving various types of coatings have been reviewed elsewhere.
52,55,56

 For 

example, in early applications,
53,54

 a terminal hydroxyl functionality was introduced to 
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give the surface a highly hydrophilic character, while acting as a means for 

immobilization of various molecules, either directly or via suitable linkers. Direct 

covalent immobilization of proteins to various ω-terminated groups has also been 

described, although there are limitations to such approaches. 

 

Figure 3.5 Schematic illustration of reaction scheme involved in gold surface 

modification for the coupling of functionalized hydrogel/dextran for 

covalent immobilization of ligands. 

 

3.4.3 Dextran/Hydrogel Surfaces 

 The rigidness of the flat surface may induce denaturation or impaired activity 

of the protein even when the surface is hydrophilic.
57

 It is also known that mass-

dependent refractive index changes are sensitive until a few hundred nanometers from 

the metal surface during the SPR measurements. In other words, the evanescent field of 

the SPP extends several hundred nm into the region above the gold surface. The first 

surface modification technique for SPR was developed by Biacore AB, which was a 

thin hydrogel-like polymer based on dextran as shown in Fig. 3.5. The dextran polymer 
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is composed mainly of unbranched glucose units, and is highly flexible and water 

soluble. Immobilization is facilitated via epoxy modification of the terminal hydroxyl 

SAM and subsequent nucleophilic reaction of the dextran under alkaline 

conditions.
53,54,58

 The surface can be further activated with suitable linkers for 

subsequent immobilization, and here the introduction of carboxymethyl groups has 

proven a versatile alternative. By choosing different sizes of dextran, ranging from 10
3
 

Da to over 10
6
 Da, surfaces tailored for specific applications can be created. This kind 

of surface modification makes not only the surface hydrophilic, but also is well suited 

for covalent immobilization of proteins. Furthermore, the extended matrix structure has 

been shown to increase the binding capacity several-fold compared to flat surfaces.
58 

In 

addition, the thin dextran layer matches well with respect to the penetration depth of 

the evanescent wave.
59,60

 The linkage of dextran polymer chains to the sensor surface 

provides an open, non-cross-linked structure on which immobilized molecules can 

attain a solution-like state with a certain level of freedom within the derivatized layer.
61

 

These types of negatively charged layers may exhibit electrostatic background binding 

of basic compounds, which needs to be considered in the design of the immobilization 

procedure and the assay. However, working under physiological buffer conditions 

normally suppresses such effects by electrostatic shielding. Alternatively, lowering the 

degree of carboxymethylation can also be used to reduce this effect.  

 

3.4.4 Covalent Immobilization 

 Limitations in simple adsorption processes have led to the development of 

advanced surface coatings designed for controlled immobilization. Different functional 

groups have been introduced on the surface, enabling the formation of a stable linkage 

to an appropriate functional group (Fig. 3.6). This may include an activation step of 

one or both of the functional groups, which results in the transformation into a more 

reactive form. For proteins in particular, the chemistries utilized also need to be 

performed under relatively mild conditions and in aqueous solutions, placing certain 

limitations on the available repertoire. 
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Figure 3.6  Schematic illustration of reaction schemes involved in activating the 

functionalized hydrogel/dextran surface for the immobilization of 

ligands. 

  

 The possibility of having a transformable functional group on the sensor 

surface is an attractive concept as a general starting surface for use with a wide range 

of coupling chemistries. The carboxymethylated dextran coating described in the 

previous section was designed to include the carboxylic acid residue as a functional 

group that can be used either for direct coupling, or switched to other functionalities. 

Figure 3.6 shows how carboxylic groups can either be directly reacted with amine 

groups or converted for use in coupling chemistries based on thiol reactions, aldehyde 

and carboxylic acid condensations, and biotin capture techniques. Notably, a literature 

review indicated that the carboxymethyl dextran surface used in Biacore instruments in 

combination with the amine coupling method is by far the most widely used 

immobilization strategy.
62

 The proteins, small molecules and other molecules used in 

this thesis have been conjugated to the sensing surface using the methods presented in 

this section. With the aspects of surface modification for optimal biosensing, another 

important advantage of performing such a SPR based interaction analysis is to extract 

the kinetics and affinity of the biomolecular interactant pairs straightaway from the 

measured response. More details about the kinetic models are given in the next section 

of this chapter. 
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3.5 Surface Plasmon Resonance 

3.5.1 Surface plasmon polaritons 

 A surface plasmon polariton (SPP) is a transverse-magnetic mode (magnetic 

vector is perpendicular to the direction of propagation of the wave and parallel to the 

plane of interface) and is characterized by its propagation constant and field 

distribution. The frequency ω of the longitudinal oscillations of surface plasmons is 

related to its wave vector β, by a dispersion relation ω(β).The dispersion relation 

shown in Fig. 3.7a never crosses the light line M
c

ε
ω

, so surface plasmons cannot 

couple with the excitation photons and are said to be non-radiative surface plasmons. 

The propagation constant, β can be expressed as follows:
63

 

DM

DM

c εε

εεω
β

+
=          (3.7) 

 Here ω is the angular frequency of the excitation light; c is the speed of light 

in vacuum; εM is the dielectric function of the metal and εD is the dielectric constant of 

the material (electrolyte) above the metal surface.
9 

This equation demonstrates the 

propagation of surface plasmons along the interface. This is true only when the real 

part of εM is negative and its absolute value is smaller than εD. This condition is 

satisfied for many metals at its optical wavelengths. At large β,  εD→ - εM and the value 

of ω approaches the following form for free electrons.  
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where ωp is the plasma frequency and is given by (4πne
2
m

-1
)
1/2

 with n, the bulk 

electron density, e is the electric charge and m is the effective mass of the electron.  
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Figure 3.7 (a) No SPP generation: Illustration of dispersion relation of non-

radiative surface plasmons, right of the light line ω=cβ. The dashed 

line, right of ω=cβ, represents surface plasmons on a metal surface 

coated with a dielectric film.  ωp is the starting point of the radiative 

surface plasmons. The dotted line represents the dispersion of light 

in a metal: ω/β=c/|εD|1/2
 or in the case of free electrons ω2

= 

ωp
2
+c

2β2
. (b) SPP generation: Dispersion curves for surface 

plasmons, air (ω=cβ) and glass prism (ω=cβ/np, np is refractive 

index of the prism, assuming, it is independent of wavelength). Note 

that the curves do not intersect for air and plasmons, indicating that 

surface plasmon polaritons cannot be generated by direct exposure 

at the metal surface with the light excitation. 

 

 The metal must have conduction band electrons capable of resonating with the 

incoming light at a suitable wavelength. Metals that satisfy this condition in the visible 

spectrum are silver, gold, copper, aluminium, sodium and indium. In addition, the 

metal on the sensor surface must be free of oxides, sulphides and not react to other 

molecules on exposure to the atmosphere or liquid. Of the metals, indium is too 

expensive, sodium too reactive, copper and aluminium have broad SPR responses and 

silver is susceptible to oxidation. In most cases, gold is used because it gives a SPR 

signal at convenient combinations of reflectance angle and wavelength. Gold is very 

resistant to oxidation and other atmospheric contaminants and is compatible with many 

chemical modification systems. In addition, gold is chemically inert to solutions and 

solutes typically used in biochemical contexts.
9
 The optimum thickness of the gold 
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should be ~50 nm. The thickness of the metal layer is of great importance. When the 

thickness of the metal layer increases or decreases, it has a direct impact on the 

penetration depth of the photons of the light on the gold layer which affects the 

sensitivity of the SPR measurements.  Above an optimum thickness of the metal layer, 

the SPR dip in reflective light becomes shallow, below the optimum thickness, the dip 

becomes broader which is directly related to reflectivity of the light that is measured .
64

 

 The wavelength of light used in the SPR biosensor is very important as the 

optimum light wavelength tends to increase the sensitivity of the SPR instruments. 

Apparently, the field of the surface plasmon is concentrated at the metal-dielectric 

interface and decreases exponentially into both media with an increasing distance from 

the interface.
65

 For a surface plasmon at the gold – aqueous interface, the penetration 

depth (the distance from the interface at which the amplitude of the field falls to 1/e of 

its value at the surface) is typically 20-30 nm and 100-500 nm in metal and dielectric, 

respectively, in visible and near infrared regions. The surface plasmon penetration 

depth in the dielectric is particularly important for SPR sensing, as it determines the 

region probed by the SPR sensor. 

 

3.5.2 Surface Plasmon Resonance Instrumentation 

 Surface plasmon resonance is a physical process that can occur when plane-

polarized light hits a metal film under total internal reflection conditions.
9
 The basic 

information about the surface plasmon polaritons has been discussed in the previous 

section. However, the coupling of prism leads to the SPR measurement which is 

discussed below. This is also of interest to understand the theoretical background 

behind the SPR instrumentation to study the biomolecular interactions. While one of 

the interactants is immobilized to the sensor surface termed as ligands, the others are 

free in solution and are known as analytes and passed over the surface. A typical 

illustration of SPR instrumentation is described in the book
66

 and is shown in figure 

3.8a. 

 According to the Kretschmann configuration (Fig. 3.8a),
67

 when a light beam 
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hits a half circular prism, the light is bent towards the plane of interface, when it is 

passing from a denser medium to a less dense one. Changing the incidence angle (Θ) 

changes the outcoming light until a critical angle is reached. At this point, all the 

incoming light is reflected within the circular prism. This is called total internal 

reflection (TIR). Although no light is coming out of the prism in TIR, the electrical 

field of the photons extends about a quarter of a wavelength beyond the reflecting 

surface. The evanescent wave propagates along the interface with the propagation 

constant which can be adjusted to match that of the surface plasmon by controlling the 

angle of incidence light. This matching condition can be fulfilled and allows light to 

couple with surface plasmons. This matching method is known as attenuated total 

reflection (ATR) method (Fig. 3.7b). Assuming that the prism has only a minor 

influence on the propagation constant of the surface plasmon at the interface of the 

metal and a low refractive index dielectric, the coupling condition can be 

approximately expressed as: 


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where θ represents the angle of incidence light, and εp is the dielectric constant of the 

prism; εp > εD. When the momentum of the excitation photons is equal to momentum 

of the surface plasmons on the gold surface, then coupling is possible and the SPP is 

created. When the photons get coupled to electrons on the metal surface, the reflection 

of light on the other side goes to minimum and is called the SPR dip (Fig. 3.8b). The 

SPR dip profile is converted to the respective angle shift, which is a measure of 

response in real time domain and is known as the sensorgram (Fig. 3.8c).  
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Figure 3.8  (a) Schematic illustration of SPR instrumentation; b) SPR dips from 

the reflectivity measured using CCD camera; c) Sensorgram 

showing various phases of SPR measurements. 

  

 There are three main measurement phases in the sensorgram; 1) baseline 

phase: a running buffer in contact with the sensor surface to establish the baseline 

responses, 2) association phase: sample containing the target analyte [A] is injected 

into the interaction chamber and the ligands [B] immobilized on the surface; the 

capturing element on the sensor surface binds to the target resulting in complex 

formation [AB], and 3) dissociation phase: injection of a running buffer again which 
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leads to dissociation of bound molecules from the surface.  

 The surface plasmon resonance angle mainly depends on the properties of the 

metal film, the wavelength of the incident light and the refractive index of the media on 

either side of the metal film.
9
 Because the refractive index is sensitive to temperature, it 

is important to perform the measurements at defined temperatures. In some cases, this 

dependency can be exploited.
68

 The refractive index is not dependent on the density of 

the media.
69

 Since in experiments the metal film, the incident light and temperature are 

kept constant, the SPR signal is directly dependent on the change of the refractive 

index of the medium on the sensor side of the SPR surface. 

 

3.6 SPR Kinetics and Data Fitting 

 A model is a formal representation of a chemical or physical process.
70

 The 

model parameters represent the behavior of a particular process, and in this case 

include rate constants, affinities, maximum response and mass transport rate. The 

details of the models, parameters and data fitting will be discussed in this section. 

 

3.6.1 First Order Model 

  The simplest biomolecular interaction between two proteins is modeled using 

the law of mass action.
70,71

 The interaction between an immobilized ligand [B] and 

analyte [A] can be assumed to follow a pseudo first order kinetics.
72-74

  

AB
k

k
BA

d

a

←

→
+                      (3.10) 

The interaction rate at time t may be written as  

d [ AB ]

dt
= k a [ A ][ B ] − k d [ AB ]         (3.11) 

where the complex formation [AB] is called the association phase and its rate is called 

the association rate constant ka (a measure of how fast the interactions are). The units 

of ka are M
-1

s
-1

 and typically in the range between 10
3
 and 10

7
 M

-1
s

-1 
in biological 

systems.  Dissolution of the complex is termed as the dissociation phase and its rate is 
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typically called the dissociation rate constant kd (measure of how fast the interactions 

breaks) and its unit is s
-1

 and is typically between 10
-1

 and 10
-6

 s
-1

 in biological 

systems. A kd = 0.01 s
-1

 means that 1 % of the complexes dissociate per second. The 

ratio of kd and ka is termed as dissociation constant KD which describes the stability of 

the formed complex. 

  

3.6.2 Data Analysis 

 An important data analysis method is “fitting” the data to a mathematical 

model where model parameters that represent physical phenomenon are extracted. For 

a linear model the model parameters can be extracted using linear regression. For non 

linear mathematical models more advanced techniques are employed to extract model 

parameters and will be described in more detail in the following sections. 

 

3.6.2.1 Linear Regression Analysis 

  The process of fitting a straight line to data points with minimal global fitting 

error is called linear regression. Examples include Lineweaver-Burke plots of enzyme 

kinetics, Scatchard plots of binding data and logarithmic plots of kinetic data.
70,75

 In the 

case of SPR, the recorded data, which is known as sensorgram, is shown in Fig. 3.8c. 

For a simple interaction scheme (eq. 3.5), the response at a given time Rt is given as:  
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=                   (3.12) 

daobs kCkk += .                        (3.13) 

The parameter Rt is proportional to the amount of complex formed on the surface.
76,77

 

The change in response with respect to the change in time dRt/dt is estimated from the 

obtained data and plotted against the dRt. All the converted data should be linear and 

the slope obtained from this plot is kobs. kobs is defined as shown in equation 3.7. A plot 

of kobs vs. analyte concentrations C (Fig. 3.9) is linearly fitted and the extracted slope 

dkobs/dC is termed as “association rate” ka and the intercept (when C = 0) is termed as 

“dissociation rate” kd. However, due to the very small value of kd, this method does not 
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give an accurate value and hence the same linearization method is followed for the 

dissociation phase data.
72

 The reliability of kinetic data is questionable in linear 

analysis as the outcome of such analysis is very sensitive to mass transport 

limitations.
66

 

 

 

Figure 3.9 Illustration of kobs analysis plot for the extraction of rate constants of 

the biomolecular interactions. 

       

3.6.2.2 Non-linear Analysis 

 An alternative method for analyzing the SPR sensorgram data directly is using 

non-linear regression with the integrated rate equations,
76

 which describe the entire non 

linear model. The classical Langmuir surface adsorption relationship
78

 can be described 

with the following integrated rate equation
76

 

)1(
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eq
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−+−−=                  (3.14) 

where Req is the response at equilibrium. Req could be measured as a function of ligand 

concentration and the binding data could be analyzed using Scatchard plots using the 

equation 3.15.  

eqaa
f

eq
RKRK

C

R
−= max                       (3.15) 

Here Cf is the concentration of free proteins in solution. The plot of Req/Cf vs. Cf has a 

slope equivalent to Ka (association constant). From this, equilibrium dissociation 
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constant is calculated, which is an inverse of Ka (1/Ka).
79

 

 

3.6.2.3 Non linear regression 

 Simple rate equations can be easily integrated, however, more complex rate 

equations need a special approach using numerical methods. One such example is the 

equations with mass transport parameters. The advantage of using numerical 

integration, which is a non linear regression based analysis, is that one can perform 

global analysis of the SPR data, which means, several curves are fitted simultaneously 

leading to a singe robust estimation of rate constants.
80

 A more detailed discussion 

about the non-linear regression and goodness-of-fit with respect to global fit analysis of 

the SPR data is presented in Chapter 4 (section 4.2). 

  

3.6.3 Kinetic models 

 Choosing the right model is the most critical part of the kinetic analysis of the 

SPR based biomolecular interactions. It is based on several scientific facts particular to 

the biomolecules used, as well as underlying chemistry and physiology. Some of the 

details of the interactant pairs such as stoichiometry of the interaction (monovalent or 

multivalent), influence of transport rate, homogeneity of ligands on the surface as well 

as analytes, stability of the ligands, and some properties of the interactant pairs such as 

conformation change of molecules due to the interaction process, should be studied 

before choosing the model However, most of the SPR literature use a 1:1 interaction 

model. For all analyses in subsequent chapters, we use a 1:1 interaction model to 

describe the measured sensorgrams. 

 

3.6.3.1 1:1 interaction model 

 The reaction between immobilized ligand [B] and analyte [A] is assumed to 

follow a pseudo first order kinetics
72,73,81,82

 and is discussed above (section 3.6.1). It 

is also assumed that the binding is equivalent and independent for all binding sites.
75 

The rate and differential equations (eq. 3.5) are described above. It is assumed that the 
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flow in the cell is sufficiently high so that there is no depletion or accumulation of 

analyte in solution and that the analyte concentration remains constant. 

 

3.6.3.2 1:1 interaction model with mass transport limitation 

 When the biomolecular interaction is mass transport limited, binding of 

analyte to the ligand on the sensor chip is in principle a two step event (eq. 3.10). First, 

the analyte is transferred out of the bulk solution towards the sensor chip surface. 

Second, the binding of the analyte to the ligand takes place. The first step is also known 

as mass transfer and is carried out by convection and diffusion.
83

 Both events have 

their own rate constants. The coefficient for mass transfer kt is the same in both 

directions.
81

 The coefficient for mass transfer can be calculated in two different ways. 

The one without the molecular size of the analyte is kt. The one with the molecular size 

of the analyte is km. The reaction equation is represented as  

AB
k

k
BA

k

k
A

d

a
surface

t

t
bulk

←

→
+

←

→
                    (3.16) 

Here Abulk is the concentration of analyte in bulk (M); Asurface is the concentration of 

analyte in surface (M); A is the concentration of free analytes (M); B, the concentration 

of ligands (M); kt, coefficient of mass transfer (response units M
-1

s
-1

); ka, association 

rate constant (M
-1

s
-1

); kd, dissociation rate constant (s
-1

). The differential equations for 

the inclusion of mass transport are  

][]].[[])[]([
][

ABkABkAAk
dt

Ad
dsurfaceasurfacebulkt

surface
−−−=           (3.17) 

][]][[
][

ABkBAk
dt

Bd
dsurfacea −=          (3.18) 

][]][[
][

ABkBAk
dt

ABd
da −=          (3.19) 

 

3.6.4 Extracted kinetics parameters: consistency check 

 Model fitting is used to extract the rate parameters. An important question is: 
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how reliable are the extracted parameters? In the case of biomolecular interactions, 

simple consistency checks were discussed in the literature.
84

 These are: 

1. The extracted KD from the equilibrium reaction must be the same as the KD 

calculated from the individual ka and kd values from the association phase. 

0max R
CK

C
RR

D
eq +

+
=             (3.20) 

a

d
D

k

k
K =            (3.21) 

2. The fitted kd in the association phase must be the same as in the dissociation phase. 

0
)(

]1[ ReRR da kCk
eq +−= +−

                  (3.22) 

3. The fitted observed rate constant kobs in the association phase must comply with the 

condition: 

0. ReRR
tk

t
a += −

                     (3.23) 

4. Must be aware of the fact that the evaluation software (CLAMP) calculates the kobs 

from ka, C and kd. 

daobs kCkk +=               (3.24) 

0& 〉〉 ddobs kkk           (3.25) 
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4 

Single Injection Microarray-

based Biosensor Kinetics  
 

Binding affinity of biomolecular interactions can be directly extracted from 

measured surface plasmon resonance biosensor sensorgrams by fitting the data to the 

appropriate model equations. The conventional method for affinity estimation uses a 

series of analytes and buffers that are injected serially to a single immobilized ligand 

on the sensing surface, including a regeneration step between each injection, to 

generate information about the binding behavior. We present an alternative method to 

estimate the affinity using a single analyte concentration injected to multiple ligand 

densities in a microarray format. This parameter estimation method eliminates the 

need for multiple analyte injections and surface regeneration steps, which can be 

important for applications where there is limited analyte serum, fragile ligand-surface 

attachment, or the detection of multiple biomolecule interactions. The single analyte 

injection approach for binding affinity estimation has been demonstrated for two 

different interactant pairs, β2 microglobulin/anti-β2 microglobulin (β2M) and human 

IgG/Fab fragments of anti-human IgG (hIgG), where the ligands are printed in a 

microarray format. Quantitative comparisons between the estimated binding affinities 

measured with the conventional method are β2M: KD=1.48±0.28 nM and hIgG: 

KD=12.6±0.2 nM and for the single injection method are β2M: KD=1.52±0.22 nM and 

hIgG: KD=12.5±0.6 nM, which are in good agreement in both cases. This chapter was 

modified from Anal. Methods 3 (2009) 162-169. 

 

4.1 Introduction 

A microarray is a two-dimensional array of biomolecular capture probe spots 

immobilized on a surface with predetermined spatial order that is an assay used for 

gene expression and discovery, disease diagnostics, drug discovery, biomarker 

discovery and toxicology. The microarray was first described in literature in the late 

1970’s,
1 

and formally defined as a microarray in the late 1980’s.
2
 Since the initial 

application of high-throughput genomics, microarrays are being applied in different 
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fields, including proteomics,
3
 cellomics,

4
 and drug discovery,

7
 as well as many 

different types of biomaterials, including antibodies,
5
 chemicals,

6
 tissues,

8
 

carbohydrates,
9
 and peptides.

10
 

 Since the first report of the surface plasmon resonance imaging (iSPR) 

biosensor system in the late 1980’s,
11

 the iSPR technique is now commonly accepted 

as suitable for the label-free measurement of multiple simultaneous biomolecular 

interactions, compared to other established methods, such as the quartz crystal 

microbalance,
12

 Suprex MALDI mass spectroscopy,
13

 and kinetic capillary 

electrophoresis,
14

 due to its compatibility with microarray substrates. Currently, there 

are many commercially available iSPR systems, including the Biacore flexchip,
15

 

GWC SPRimagerII,
16

 IBIS-iSPR,
17,53

 Genoptics SPRi-Lab+,
18

 and also many custom-

made iSPR systems.
19,20

  

 Biomolecular interactions measured with iSPR,
21-23

 can provide binding 

information, such as binding quantitation and specificity, and rate and affinity 

constants
24

 of two or more interactants, which can lead to further understanding of 

interactant binding. For example, in the development process of new drugs, kinetic 

experiments provide insights into potential drug candidates as well as the definition of 

lead targets.
25

 Kinetic parameter estimation of biomolecular interactions from 

integrated microarray-iSPR is increasingly being utilized for multi-analyte or multi-

ligand studies.
24-36

 Table 4.1 shows a compilation of SPR-microarray studies from 

literature for various application areas, including protein-DNA interactions,
26,27

 epitope 

mapping,
28,32

 antibody screening,
29,31

 demonstration of new imaging systems,
30,34,36

 

protein-carbohydrate interactions,
33

 allergen-antibody interactions,
35

 affinity ranking,
37

 

and small molecules analysis.
38

 

 Conventional kinetic parameter estimation is done by measuring sensor 

responses in a serial way by introducing a range of analyte concentrations to a fixed 

ligand density on the sensing surface where between each analyte injection steps, 

dissociation and surface regeneration steps are performed each requiring a different 

buffer solution. Although the conventional procedure is important for general ligand-
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ligate binding parameter estimation, there are certain applications that can benefit from 

alternative parameter estimation methods. We present an alternative binding affinity 

estimation method that uses a single analyte injection and multiple ligand densities in a 

microarray format; different than the conventional estimation method used to extract 

the binding affinity. This parameter estimation method eliminates the need for multiple 

analyte injections and surface regeneration steps, which can be important for 

applications where there is limited analyte serum, fragile ligand-surface attachment, or 

the detection of multiple biomolecule interactions. In this article we demonstrate the 

effectiveness of the new method by comparing the estimated binding affinity of two 

well-known interactant pairs along with the conventional method. Differences between 

various measurement scenarios in this combination (microarray-iSPR) are discussed, as 

well as advantages and disadvantages of the single-injection method. 

 

4.2 Measurement Scenarios 

 Three general iSPR-microarray measurement scenarios, shown in Fig. 4.1, can 

be defined as: i) single ligand type and density with multiple analyte concentrations 

(Figs. 4.1a and 4.1b) referred to as the conventional measurement, ii) multiple ligand 

densities with multiple analyte concentrations (Figs. 4.1c and 4.1d), and iii) multiple 

ligand densities and types with multiple analyte concentrations and types (Figs. 4.1e – 

4.1h). 

 The most commonly reported SPR binding kinetics measurement, or 

conventional measurement, uses p analytes [A]p serially injected to a single ligand 

density [B], where each of the p injections is separated by a surface regeneration step 

(Fig. 4.1a) and measurement responses are recorded over the entire experimental time. 

The responses are recorded as [ ]
ttt pt

RRRR ,,, 21 K= , where Rt  is a matrix of p 

response vectors R 
it
 for each analyte concentration i sampled over the experimental 

time te. 
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Figure 4.1  Measurement scenarios (a) Conventional method with single ligand 

[B] and multiple analyte concentrations [Ap] (b) Single ligand 

density microarray [Bm⋅n] and multiple analyte concentrations [Ap] 

(c) Multiple ligand densities and multiple analyte concentrations (d) 

Multiple ligand density and single analyte concentration (e) 

Multiple ligand types [B1]-[Bq] and multiple analyte concentrations 

[Ap]1-[Ap]q (f) multiple ligand types [B1]-[Bq] and multiple analyte 

concentrations of [A]1-[A]q (g) Multiple ligand densities and types 

[Bm⋅n]1-[Bm⋅n]q and multiple analyte concentrations [Ap]1-[Ap]q (h) 

Multiple ligand densities and types [Bm⋅n]1-[Bm⋅n]q and multiple 

analyte concentrations [A]1-[A]q. (m⋅n is multiplication of the 

number of row m and the number of columns n of the microarray). 
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Table 4.1 Reported integrated microarray-SPR measurements for various 

application areas using multiple analyte and ligand densities as well 

as multiple ligand types (Spots: regions of immobilized ligands; 

Ligands: target molecules immobilized on the sensor surface). The 

microarray arrangement of ligand spots is represented as a⋅b where 

a is the number of ligands and b is the number of times the ligand is 

repeated. 

Ref. 
No. 

Spots 

Spot 

Conc. 

No. 

Ligands 
No. Analytes 

Analyte 

Conc. 
Application 

26 20 Same 5⋅4 1 Same Protein-DNA interaction 

27 36 Same 6⋅6 1 Same Protein-DNA interaction 

28 54 Same 18⋅3 
18 
(1/ligand type) 

Different Epitope mapping 

29 96 Same 
2⋅36; 1⋅4; 

1⋅20 
4 Multiple Antibody screening 

30 900 Same 30⋅30 
30 
(1/ligand type) 

Different 
New iSPR system 
demonstration 

31 8 - 1⋅8 
386 
(1/ligand type) 

Different Antibody screening 

31 16 - 16⋅1 
80 
(5/ligand type) 

Different 
and 
multiple 

Antibody screening 

32 12 - 12⋅1 1 Same Epitope mapping 

32 9 - 9⋅1 1 Same Epitope mapping 

33 8 
Multi-
ple 

2⋅4 
2 
(1/ligand type) 

Different 
Protein-carbohydrate 
interaction 

34 156 Same 
12⋅13 
Matrix+15
6 (ref.) 

5 Multiple 
New iSPR system 
demonstration 

35 24 - 24⋅1 24 × (8/10/12) Multiple 
Allergen-antibody 
interactions 

36 110 Same 
1 sample 
shown 

6 Multiple 
New iSPR system 
demonstration 

37 302 Same 2⋅151 191 Different Affinity ranking 

37 288 Same 3⋅96 191 Different Affinity ranking 

38 36 Same 1⋅6 6 Multiple Small molecules analysis 

38 36 Same 
1⋅6 
(8 comp.) 

40 
(5/ligand type) 

Different 
and 
multiple 

Small molecules analysis 

 

 Kinetic model parameters are extracted from the measured responses by 

finding the global-minimum of an error function, such as the “chi-square” 
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function χ 2 = (R
it

− f
t
(a

j
)) σ

it[ ]
2

t=0

te

∑
i=1

p

∑ , where σ
it
 is the standard deviation of each 

data point, such that the chosen model function )( jt af , best matches the measured 

responses Rt  with an optimal set of model parameters aj.  This type of parameter 

extraction is referred to as a “global” fitting procedure since the model parameters aj 

are estimated over all measured responses, which is considered a more accurate method 

for parameter estimation.
39

 The scenario where a constant ligand density is printed in a 

microarray (Fig. 4.1b) is similar to the single spot ligand density (Fig. 4.1a). 

 The second experimental scenario consists of multiple ligand densities of the 

same type printed in a microarray format (Figs. 4.1c and 4.1d). For the case where both 

the analyte and ligand densities are varied (Fig. 4.1c), the measured responses form a 

three-dimensional matrix consisting of p response vectors for all m⋅n 

ligands [ ]
pnmt ttt

RRRR ⋅= ,,, 21 K . The model parameters are extracted with a global 

fitting procedure as previously described. An interesting alternative, and the topic of 

this article, is the injection of a single analyte concentration, referred to as “single-

injection”, and using multiple ligand densities (Fig. 4.1d) to extract the model 

parameters. In this case, the measured response matrix contains m⋅n response 

vectors [ ]
ttt nmt RRRR ⋅= ,,, 21 K . Compared to the conventional method (Figs. 4.1a 

and 4.1b), this method offers some clear advantages such as a reduction in analyte 

sample and the elimination of regeneration steps. For example, five different analyte 

concentrations used in a conventional kinetics experiment, each 100 µL, requires about 

500 µL of sample; a five-fold reduction in sample volume. We expect a reduction in 

ligand consumption using a microarray-based approach. The main disadvantage with 

the single analyte injection approach is that ligand surface density cannot be well 

controlled with conventional spotting techniques, which can be problematic if each 

spot requires calibration, which is usually the case when screening for binding 

interaction parameters, however, this limitation will diminish with improvements in 



 

Single Injection Biomolecular Interactions Kinetics 

 

 77 

spotting techniques. From a model parameter extraction perspective, the accuracy of 

the fitting procedure favors the former method (Fig. 4.1c) where m⋅n response vectors 

is typically larger than p response vectors from multiple analyte concentrations, 

however, requires the greatest experimental effort and requires surface regeneration. 

 The third experimental scenario consists of four possibilities, shown in Figs. 

4.1e-h, consisting of multi-analyte and multi-ligand measurement scenarios. In this 

case, multiple ligand types (Figs. 4.1e and 4.1f) with duplicates as well as multiple 

ligand densities (Figs. 4.1g and 4.1h) are immobilized on the surface. This approach is 

mainly useful in the screening of drug targets where hundreds to thousands of 

molecules are to be screened. These scenarios are not described in detail in this article 

and have been included for sake of completeness. 

 In this article we evaluate the single-injection kinetics method (Fig. 4.1d) and 

compare results from two different ligand-analyte systems with measurements from the 

conventional method (Fig. 4.1a/4.1b) and assess its use for actual experimental 

applications described in Figs. 4.1c and 4.1d. 

 

4.3 Biomolecular Interaction Model Functions 

 Different biomolecular interaction models have been reported for describing 

SPR data including 1:1 interaction models,
39-41

 1:1 interaction model with mass 

transport effects,
42-44

 heterogeneous ligand model,
45

 decaying surface model,
46

 

heterogeneous analyte model,
47

 avidity effects,
48

 and conformation change model.
47

  

 

The most commonly used model is the 1:1 interaction model represented by 

A
i
+ B

j

ka →  
kd

←   A
i
B

j
             (4.1) 

where i is the number of analytes and j is the number of ligands and ka and kd are the 

association and dissociation rates, respectively. The affinity constant is defined as 

K
D

= k
d

k
a

39
. The observed SPR response signal Rt is proportional to the formation 

of ‘AB’ complexes at the surface with respect to the ligand density. Accordingly, the 
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maximum signal Rm represents the maximum ligand capacity that can bind with 

analytes without any dissociation of the AB complex and is proportional to the active 

ligand density at the surface. 

 From the rate equation, assuming [A] >> [B] and initial conditions f (t=0)=0, 

the model response function is f = α 1− e
− βt( )= f (k

a
,k

d
,R

m
), where 

α = k
a
[A]R

m
k

a
[A]+ k

d
 and β = −k

a
[A]+ k

d

39
. The dissociation rate constant can 

be evaluated using the initial condition f
d
(t = t

d
) = R

0
 resulting in

tk

d
deRtf

−= 0)( , 

where R
0
 is the response at time td, the onset of the dissociation phase

39
. The simple 

1:1 interaction model is used for parameter extraction in this article. 

 

4.4 Experiments 

 Experiments have been performed to quantitatively compare extracted kinetic 

parameters KD and Rm between the scenarios described in Figs. 4.1a/4.1b, 4.1c and 

4.1d. A single ligand density, which is obtained when a ligand concentration of 250 

µg/mL is exposed to the surface, was used for the conventional measurement. 

Additionally, the measurement scenario in Fig. 4.1c provides information about the 

reproducibility of the extracted affinity constants with respect to the varying ligand 

densities for the ligand-analyte pairs. 

 

4.4.1 ββββ2 Microglobulin-Monoclonal Antiββββ2 Microglobulin 

 Experiments are performed with the interactant pair β2 Microglobulin (β2M) 

(Sigma, the Netherlands)/Monoclonal Antiβ2M (a-β2M) (Abcam, Cambridge, United 

Kingdom), which follows the 1:1 interaction model function
49

. Twenty-four β2M 

ligand spots were spotted (TopSpot, Biofluidics, Germany) on a sensor disk with 

varying ligand densities: [B1]=0, [B2]=250, [B3]=125, [B4]=62.5, [B5]=31.2, and 

[B6]=15.6 µg/mL.
17,50,53

 The immobilization buffer consisted of 10 mM sodium acetate 
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buffer (pH 5.4) and the binding/running buffer was HBS-EP buffer (GE 

Healthcare/Biacore, Sweden) with pH 7.2. Prior to ligand spotting, the functionalized 

hydroxy gel sensor disk (HC-80m, XanTec, Germany) was activated with 400 mM 

EDC (Sigma, the Netherlands) and 100 mM NHS (Sigma, the Netherlands) for 20 

minutes followed by rinsing with 0.25% acetic acid. The activated disk was dried for 

30 minutes under continuous dry nitrogen flow. The β2M ligand was spotted on the 

sensor disk and incubated in a humidity chamber for one hour. Following protein 

immobilization, the sensor surface was blocked with 1M ethanolamine (Sigma, The 

Netherlands). The sensor containing the protein microarray was mounted in the IBIS-

iSPR (IBIS Technologies BV, Hengelo, The Netherlands) with a drop of refractive 

index matching oil (noil=1.518 from Cargille Lab, USA). The system was equilibrated 

using 1 mL binding buffer in the flow-cell at a flow-speed of 2 µL/sec at 25
o
C. After 

defining the ROIs of 30 x 30 pixels each, corresponding to 225×225 µm
2
, the SPR-dip 

was measured automatically by the IBIS-iSPR software (IBIS Technologies BV, 

Hengelo, The Netherlands). A baseline measurement was made by injecting the 

binding buffer.  

 

4.4.1.1 Different analyte concentrations  

 [A1]=72, [A2]=36, [A3]=18, [A4]=9, [A5]=4.5, [A6]=2.25, [A7]=1.1 and 

[A8]=0.5 nM, were prepared in the binding buffer. An iSPR image of the fabricated 

microarray is shown in Fig. 4.2a. The SPR dips were measured for all the 24 spots (Fig. 

4.2b). Regeneration was done with 10 mM Glycine-HCl (pH 1.6) between each analyte 

injections in the case of multiple analyte injections. In this case, the association and 

dissociation profiles were measured for 900 and 600 seconds respectively. 
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Figure 4.2  (a) Real-time image of the microarray with multiple ligand densities 

of β2M (b) SPR measurement dips for twenty-four ligand spots (c) 

Conventional kinetics estimation for ligand concentration 125 

µg/mL and 250 µg/mL and different analyte concentrations [A1]-

[A8]. The point plots represents the residual plots obtained from the 

results of 1:1 model fit function to the recorded iSPR data. 
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4.4.2 Human IgG-Fab fragments of monoclonal antihuman IgG 

 Experiments were also performed with Human IgG (Sigma, the Netherlands)-

Fab fragments of Antihuman IgG (a-IgG) (Jacksons, UK), which follows 1:1 

interaction model function
51

. Human IgG was spotted as previously described, 

([B1]=500, [B2]=250, [B3]=125, [B4]=62.5, [B5]=31.2 and [B6]=0 µg/mL). An iSPR 

image is shown in Fig. 4.4a. Fig. 4.4b shows the measured SPR dips for all the 24 

spots. The analyte (a-IgG) concentrations were [A1]=200, [A2]=100, [A3]=50, [A4]=25, 

[A5]=12.5, [A6]=6.25, [A7]=3.1 and [A8]=1.5 nM. Both association and dissociation 

profiles were measured for 1800 seconds in this case 

 

4.5 Data Analysis 

 Data analysis was performed with the SPRint software (IBIS Technologies 

BV, Hengelo, The Netherlands) and kinetic parameter extraction was performed using 

Scrubber 2 (Biologic software, Australia).
45

 All model functions are plotted in orange. 

The 1:1 interaction model was considered here for both the interactant pairs used in 

this paper. Global fit analyses was carried out for the conventional experiments 

whereas global fit analyses were carried out with the exception that Rm is estimated as a 

local fit for the single injection experiments is because of the varying ligand densities. 

 

4.6 Results and Discussions 

 Experiments of scenarios in Figs. 4.1b, 4.1c and 4.1d have been performed and 

model parameters representing binding affinity KD and maximum response Rm were 

extracted using the 1:1 interaction model. 

 

4.6.1 ββββ2Microglobulin-Monoclonal Antiββββ2 Microglobulin  

 The conventional measurement profiles were observed for the ligand spot with 

concentration 250 µg/mL. The affinity KD and Rm were extracted and listed in the first 
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column of Table 4.2. The results of various β2M concentration spots were recorded 

simultaneously for the whole array. Representative sensorgrams from ligand spots 14 

and 15 are shown in Fig. 4.3c. Since the ligand density varies from spot to spot, the 

measured responses can also vary with different analyte concentration.  

 The single-injection measurement (Fig. 4.1d) was performed and example 

images and sensorgrams are shown in Figs. 4.3a and 4.3b, respectively. The affinity for 

each analyte concentration is listed in the third column of Table 4.2 (see appendix for 

more details). The Rm values are not listed in tables for the single injection kinetics 

approaches as different analyte concentration used has 5 different Rm values and is due 

the 5 different ligand densities. It is also due to the well known fact that Rm is directly 

proportional to ligand densities and is the indirect way to quantify the ligand spots. The 

varying spacing between measured responses from ligand densities [B2] and [B3] in 

figure 4.3 is due to the lack of precise control of the spot concentration as recently 

described.
52

 A certain ligand density is achieved by a timed exposure of the ligand with 

the surface; we use the term density rather than concentration to describe the final 

amount of ligand. The ligand densities are directly proportional to the extracted Rm 

values (see appendix for more details). In figure 4.2 the values of the ligand 

concentration for creating the spots are given. The extracted affinities KD are in good 

agreement among all three measurements shown here, as well as another recent 

report.
49

 

 For the single-injection measurement, it is important that the analyte 

concentration is large enough to ensure that the response signal-to-noise ratio is large 

enough to avoid measurement errors. Another important consideration for the single-

injection approach is that at least one injection of a known analyte concentration has to 

be done to calibrate the analyte/ligand behavior. If the affinity constant is known, then 

one can easily prepare the analyte close to the affinity constant. The obtained rate 

constants are shown in table 4.4. 
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Table 4.2 Extracted KD and Rm for different scenarios for β2M / Anti β2M 

interactions. The KD unit nM in all cases. 

Multi-analyte / 

Single-ligand 

(Fig. 4.1a/4.1b) 

Multi-analyte / 

Multi-ligand 

(Fig. 4.1c) 

Single-analyte / 

Multi-ligand 

(Fig. 4.1d) 

KD=1.48±0.28 
Rm=66.4 mº 

[B2]: KD=1.48±0.28 
Rm=66.4±5.4mº 

[B3]: KD=1.21±0.18 
Rm=52.6±3.7mº 

[B4]: KD=1.37±0.29 
Rm=12.8±3.6mº 

[B5]: KD=1.43±0.28 
Rm=5.9±1.0mº 

[B6]: KD=1.49±0.27 
Rm=1.6±0.9mº 

[A1]: KD=1.50±0.60 
[A2]:    KD=1.57±0.67 
[A3]: KD=1.50±0.66 
[A4]: KD=1.61±0.58 
[A5]: KD=1.57±0.53 
[A6]: KD=1.29±0.55 
[A7]: KD=1.60±0.64 
[A8]:    KD=1.57±0.82 

Weighted average KD=1.36±0.11 KD=1.52±0.22 

 

 
Figure 4.3 Single-injection kinetics estimation of β2M/a-β2M: Sensorgram 

obtained for the injection of single analyte concentration over five 

different ligand concentration for creating the spots (1:1 (a) a-β2M: 

[A]=35.71 nM (b) a-β2M: [A]=71.43 nM. Residual plots are shown 

for the respective analyte concentrations. 

 

4.6.2 Human IgG-Fab fragments of monoclonal antihuman IgG  

 The experiment with the second interactant pair (human IgG/a-IgG) was 
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performed for the three measurement scenerios. Fig. 4.4c shows the recorded 

sensorgrams with ligand concentrations 250 and 500 µg/mL. The affinity KD and Rm 

extracted with the conventional measurement are listed in the first column of Table 4.3. 

 

Figure 4.4. (a) Real-time SPR image of multiple concentration human IgG ligand 

spots (b) SPR measurement dips for twenty-four ligand spots (c) 

Conventional kinetics estimation (1:1 model) of 500 µg/mL and 250 

µg/mL ligand spots and multiple analyte concentrations. Residual 

plots shown for the respective ligand concentrations. 

 Since the affinity is approximately 12 nM, the lower analyte concentrations 

can be neglected. Also mass transport affected the high concentration ligand spots 

when the analyte concentration is very low, as well as the low concentration spots with 

a high analyte concentration (results not shown). The single-injection measurement 
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was performed and example images and sensorgrams are shown in Figs. 4.5a and 4.5b, 

respectively. 

The affinity for each analyte concentration is listed in the third column of 

Table 4.3. The extracted affinities KD are in good agreement among all three 

measurements. The estimated maximum response Rm shows a systematic decrease that 

is proportional to the reduced ligand densities (see appendix for more details). The 

advantage of experimental time reduction and elimination of regeneration steps must 

be balanced with larger measurement errors when using the single injection approach 

as shown in Tables 4.2 and 4.3 for the second scenario (Fig 4.1d). This is due to the 

fact that ligand immobilization is not well controllable with our present spotting 

technique, which is done offline and the immobilization is completely due to the 

diffusion of molecules from liquid droplets to the sensor surface over an incubation 

time. The obtained rate constants are shown in table 4.4. 

For the conventional measurement, the analyte concentrations are highly 

controllable as demonstrated by the near equidistant sensor response curves (Fig. 4.2c). 

The number of sample points for each scenario is also different. In general, larger 

sample sizes (number of samples) result in higher accuracy parameter extraction 

compared to smaller sample sizes. Single-injection kinetic estimations of multiple 

interactant pairs can reduce the time for kinetic experiments, as well as measurement 

costs as only a single sensor chip and single analyte injection are required. 

The single-injection approach can be extended to any number of target 

biological systems. As long as the ligand density is small and the analyte concentration 

is close to the real affinity of the biomolecules, this approach can be used. 

Considerations to mass transport limitations, rebinding effects, steric hindrance in 

hydrogels and other factors that may complicate the 1:1 binding model should be taken 

into account and low ligand densities are always the best to determine kinetic rate 

constants. The application of single injection kinetics over a microarray with multiple 

ligand densities can lead to fast kinetic parameter estimation of many samples from the 

same sensor surface. Certain aspects should be considered when designing such 
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experiments, one of which is sample cross reactivity that can lead to inaccurate kinetic 

estimation. 

 The experiment with the second interactant pair (human IgG/a-IgG) was 

performed for the three measurement scenerios. Fig. 4.4c shows the recorded 

sensorgrams with ligand concentrations 250 and 500 µg/mL. The affinity KD and Rm 

extracted with the conventional measurement are listed in the first column of Table 4.3. 

 

Figure 4.5 Single-injection kinetics estimation of Human IgG/a-IgG interaction: 

Sensorgram obtained for the injection single analyte concentration 

over five different ligand concentrations (1:1 (a) a-IgG: [A]=100 

nM (b) a-IgG: [A]=200 nM. Residual plots shown for the respective 

analyte concentrations. 

 

4.7 Conclusion 

 The single injection kinetics estimation method was successfully demonstrated 

for two well known interactant pairs with the major advantage that a reduced amount of 

sample is used and that the binding affinities were extracted in a couple of minutes 

rather than in a couple of hours compared to the conventional method. Quantitative 

comparisons between the estimated binding affinities measured with the conventional 

method are β2M: KD=1.48±0.28 nM and HIgG: KD=12.6±0.2 nM and for the single 
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injection method are β2M: KD=1.52±0.22 nM and HIgG: KD=12.5±0.6 nM, which are 

in good agreement in both cases. The extracted affinity constants in both cases were in 

good agreement with parameters described in literature as well as with the conventional 

measurement method.  

 

Table 4.3 Extracted KD and Rm for different scenarios for Human IgG/a-IgG 

interactions. The KD unit is nM in all cases. 

Multi-analyte / Single-

ligand 

(Fig. 4.1a/4.1b) 

Multi-analyte /  Multi-

ligand 

(Fig. 4.1c) 

Single-analyte / Multi-

ligand 

(Fig. 4.1d) 

KD=12.0±1.3 
Rm=41.0 mº 

[B1]: KD= 12.6±0.2 
   Rm= 43.8 mº 
[B2]: KD=12.0±1.3 
    Rm= 41.0 mº 
[B3]: KD= 13.0±1.7 
    Rm= 2.6 mº 
[B4]: KD= 12.8±3.8 
    Rm= 1.9 mº 
[B5]: KD= 12.3±3.96 
    Rm= 0.8 mº 

[A1]:           - 
[A2]:           - 
[A3]: KD= 11.1±3.2 
[A4]: KD= 10.0±3.0 
[A5]: KD= 12.6±4.7 
[A6]: KD= 12.1±1.7 
[A7]: KD= 12.9±0.8 
[A8]: KD= 12.3±1.6 

Weighted average KD=12.6±0.2 KD=12.5±0.6 

 

Table 4.4 Estimated kinetic parameters for both the model systems (β2M / Anti 

β2M and hIgG/a-IgG) using conventional kinetics and single 

injection kinetics approaches. The number of sample points for the 

estimation of standard deviation is five (n = 8) for conventional 

approach and eight (n =5) for single injection approach. 

 

Conventional Kinetics Single Injection Kinetics 
Interactant Pairs 

ka (M
-1 s-1) kd (s

-1) ka (M
-1 s-1) kd (s

-1) 

β2M / Anti β2M 
(1.31 ± 2.77) × 

106 
(2.47 ± 5.32) × 

10-3 
(2.77 ± 4.36) × 

106 
(3.52 ± 5.64) × 

10-3 

HIgG/a-IgG 
(1.42 ± 0.69) 

× 104 
(1.78 ± 0.88) × 

10-5 

(1.88 ± 0.89) 

× 104 
(1.72 ± 1.31) × 

10-4 
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4.9 Appendix 

Figure 4A.1 β2M – a-β2M interaction conventional kinetics measurements using 

iSPR. The overlayed sensorgrams for the measured responses for the 

whole array is represented in array format. Various colours in each 

sensorgram represent various analytes injections. The real time iSPR 

image of the array is shown. 



 

Single Injection Biomolecular Interactions Kinetics 

 

 91 

 β2M – a-β2M interaction is explained in detail to provide extra information 
with respect to the article. Since the first column of figure 4A.1 represents buffer spots 
(spots 1, 7, 13, 19), there is hardly any reaction of analyte which also gives us 
information about the non-specific binding. The sensorgrams are of various shapes 
when the spot ligand concentrations are varied and that could be observed here (Fig. 
4A.1). Here the sensorgrams with various analyte concentrations are overlayed and 
were fitted to the 1:1 interaction model. The respective ligand and analyte 
concentrations are listed in the main article. At very low spot ligand concentrations 
(spots 6, 12, 18, 24), the on-rates are much faster as well as faster dissociation. These 
sensorgrams are typical, which can be observed in the literature for this interactant pair 
as this might be because of the lower immobilized density (approximately 100 RU). 
This value corresponds with approximately 10 mdeg which is low and close to the 
lowest applied spot concentrations. As a rule of thumb 1000 RU SPR units corresponds 
to 1 ng/mm

2
 protein while 1 mdeg <> 10.8 pg/mm

2
 protein on the surface (according to 

calibration supplied by the manufacturer). So if a response is measured of 2.5 mdeg 
SPR angle shift then in refractive units introduced by Biacore is 25 RU. Since the 
ligand concentration for creating the spot is not equal to the effective immobilized 
ligand density because the ligand coupling is not followed in real time, proper 
quantification of the signal could not be performed in our case. In the article

50
, the 

authors do not use any regeneration step as the signal goes to zero in the dissociation 
steps. A regeneration step for the low concentration spots is not necessary as we can 
see that the dissociation curves reach zero (column 6 – Fig 4A.1). But the higher ligand 
concentration spots need a regeneration step or a longer time for dissociation as could 
be seen in the sensorgrams of the higher spot concentrations (column 2, 3 and 4 of the 
array – Fig 4A.1). The estimated affinity for the respective spots is shown in Fig 4A.1 
together with its extracted Rm values. The average KD calculated for the whole array is 
1.40 ± 0.26 nM. The obtained affinity is similar to that of the affinity listed in the 
literature 

50
. The basic difference between GE Healthcare’s Biacore instruments and 

IBIS systems are that the Biacore use a flow-through approach for injection of the 
sample whereas in the latter case in IBIS system a back and forth mixing of a small 
amount of sample is used. This is advantageous with respect to less sample volume 
consumption and high and constant mass transport rates but there is also a major 
disadvantage at the dissociation phase when molecules are dissociating from the 
surface and intrinsically increasing the concentration from zero to a certain value. Then 
molecules may rebind to the surface again and the off-rate will be decreased. This 
might be a reason that we observe some deviation in the fits of dissociation phase at 
higher ligand concentration spots (ligand spot numbers 2, 3, 8, 9, 14, 15, 20, 21). In the 
IBIS-iSPR system this problem has been solved by applying both back and forth 
mixing while at the same time fresh buffer is flown through the flow cell.  
 The single injection kinetics results are shown in Fig 4A.2. When the 
concentration of analyte is increased for example Fig 4A.2d for the analyte [A4], 2 
different sensorgram profiles can be observed in which for higher concentration ligand 
spots, the dissociation seems to be slower. This could be due to the fact that the ligand 
spot has reached saturation and therefore the applied ligand concentrations to create the 
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spots are not linearly correlated always to the effective density. The effective ligand 
density can be better correlated to the Rm value. The affinity constant estimated using 
this new approach is shown in Fig 4A.2. The overall calculated affinity is 1.53 ± 0.63 
nM. This is an average value with standard deviation calculated for 4 series of data 
with 8 different analytes. This affinity value correlates with the value that was 
estimated with conventional measurements. The Rm values extrapolated in this method 
are not a global parameter and therefore linked with each other as the ligand density is 
different at each spot of the microarray. The extracted Rm values are listed in table 
4A.1 with respect to various analyte concentrations for the varying ligand 
concentrations. Higher noise values affect the kinetic parameter extraction for low 
ligand density spots. KD and Rm extracted using conventional analysis are plotted 
against various ligand concentrations with standard deviation (Fig 4A.3a).  
 The same profile was already reported for other interactant pairs.

51
 KD 

extracted using the single injection approach is plotted against various analyte 
concentrations and standard deviations (Fig 4A.3b).  
 The best is to restrict injection to a single analyte concentration which is close 
to the affinity constant value to obtain the kinetics and affinity of the interactant pairs. 
Normally if the affinity is unknown, then this is the first step to calibrate the interactant 
pairs with various analyte concentrations and single injection could be useful for a 
series of measurements. Also this approach is really useful for screening multiple 
ligands in a microarray and injection of multi-analytes leads to multiple kinetics in the 
same time which drastically reduces the time and costs of experiments that are in 
progress in our lab at present. 
 
Table 4A.1 β2M – a-β2M interactions; Rm extrapolated from global fitting of the 

data for various ligand concentrations with respect to various 

analyte concentrations 

 

Analyte conc. (nM) 

0.5 1.1 2.2 4.5 9 18 36 72 

Ligand 

conc. 

(µµµµg/mL) 

Maximum response Rm (mdeg) 

250 1.1 4.4 6.0 29 48 52 61 77 

125 1.0 1.1 1.9 9.8 22 42 46 59 

62.5 3.6 1.0 3.0 4.7 4.0 6.4 7.6 10.9 

31.2 0.6 0.9 3.2 1.3 2.1 3.0 3.3 3.9 

15.6 2.0 0.4 0.5 0.9 0.5 0.6 1.3 1.8 
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Figure 4A.2 β2M – a-β2M interaction single injection kinetics measurements 

using iSPR. Each plot is the representation of single injection of 

analyte interacted with the 5 different spots with various ligand 

concentrations. 



 

Chapter 4 

 

 94

 
 

 
 

 
 

Figure 4A.3   (a) Plot of ligand concentration vs. Rm (which represents the ligand 

density) and KD for the conventional kinetics measurements. (b) Plot 

of analyte concentration vs. KD for the single injection kinetics 

measurements. 

   

 

a 

b 



 

5 

Multiplexed Biosensor: Parallel 

Kinetics Screening Assay for 

Multiple Biomolecular 

Interactions 

  
In this chapter, we have demonstrated a method to simultaneously screen 

components of interest in a multiple target analyte, as well as to extract the binding 

affinities of all interactant pairs on a single sensor surface, using a commercially 

available surface plasmon resonance imaging system. For demonstration, we have 

prepared our sensor disk with five different ligands, varying from low molecular weight 

antibiotics to high molecular weight human IgG, all immobilized in a microarray 

format. The analyte was prepared by mixing five antibodies, where each one is highly 

specific for one of the immobilized ligands. A range of concentrations were prepared 

for the typical kinetics experiments. The major advantages of such a multiplexed assay 

include gradual reductions in experimental and analysis time, low cost, and flexibility 

since the same microarray can be used for assays with a single target analyte specific 

for the single ligand. A part of this chapter has been submitted as Research paper 

(2010). 

 

5.1 Introduction 

 Biomolecular screening is normally performed using flow cytometry,
1
 enzyme 

linked immunosorbant assay (ELISA),
2
 quantum dots,

3
 mass spectrometry

4
 and optical 

biosensors such as wavelength interrogated optical biosensors
5
 and surface plasmon 

resonance imaging (iSPR).
6-18

 iSPR systems that are currently commercially available, 

such as, IBIS,
19

 GWC,
20

 Biacore,
21

 and Agilent
22

 appear to be useful for making such 

multiplexed assays with the help of microarrays.
23

 This interesting combination is 

reported for various screening applications in biomarker discovery
19

 and fragment 

based drug discovery
24

 as well as in disease diagnostics, where small sample sizes are 
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required.
25

 The main advantage in combining iSPR and microarrays is that each spot in 

the array is an individual sensing area, which can be specific for a variety of different 

analytes.
26

 Other advantages include that is a label-free technique where real time 

binding kinetics information, such as the association rate (ka) and dissociation rate 

constant (kd),
27

 can be directly extracted from the measured sensorgrams for each 

ligand spot simultaneously.  

 A number of application areas have been reported for the equilibrium kinetics 

extraction for various application areas such as DNA-RNA hybridization,
28

 DNA-DNA 

interaction,
29

 peptide-protein interactions,
30

 epitope mapping,
31

 protein-carbohydrate 

interactions,
32

 polymer-enzyme studies,
33

 polymer-protein interactions,
34

 biomarker 

discovery
35

 and chemical patterns through microfluidic channels for protein 

immobilization.
36

 All of these articles deal with the injection of various concentrations 

of a single target analyte in serial dilutions with regeneration steps. In order to increase 

the throughput and reduce assay time, we propose a new approach by injecting 

multiple target analytes in various concentrations with regeneration steps. In this way, 

the kinetics and affinity can be extracted not only for single interactant pairs, but also 

for all the interactant pairs that are present in the analytes in parallel.  This method 

offers several advantages compared to conventional systems including reduced sample 

and reagent volumes, reduced time for experimental procedures and real-time binding 

kinetics information for all the interactant pairs. 

 Multiple target analytes have been previously reported for bio-detection 

purposes.
37-38

 We have recently reported on the advantages of a microarray integrated 

iSPR system for kinetic analysis.
39

 Combining these two things leads to our newly 

proposed parallel kinetics screening approach where we use microarray with multiple 

types of ligands and kinetics screening experiment was performed with multi-target 

analytes where each target molecule in the sample are specific for every single 

immobilized ligand.  

 For demonstration of our approach, we have prepared our sensor disk with five 

different ligands varying from low molecular weight antibiotics to high molecular 
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weight human IgG. The multiple target analytes were prepared by mixing five 

antibodies in a single sample, where each one is highly specific for one of the 

immobilized ligands. Ranges of concentrations of single target analytes and also 

multiple target analytes were prepared for the typical kinetics experiments. The binding 

kinetics and affinity of interactant pairs obtained from the single target analytes acts as 

a reference value for the assay developed with multiple target analytes.  

 

5.2 Material and Methods 

 Experiments have been performed to screen multiple biomolecular interactions 

and extract binding affinities from multiple biomolecular interactant pairs from an 

analyte solution containing multiple different targets using a single sensor surface. 

Various ligand types with replicates were immobilized in a microarray format. The 

experiments were conducted by injecting various mixtures of monoclonal antibodies 

and quantitatively comparing the extracted kinetic parameters ka, kd, Rm and KD = 

kd/ka
27

 with results from single target antibody samples. All experiments were 

conducted with serial analyte injections of varying concentrations separated by surface 

regeneration steps.  

 

5.2.1 Multi-Ligand Immobilization 

  Prior to ligand spotting, the functionalized hydrogel sensor disk (HC-80m, 

XanTec, Germany) was activated with 400 mM EDC (Sigma, the Netherlands) and 100 

mM NHS (Sigma, the Netherlands) for 20 minutes followed by rinsing with 0.25% 

(v/v) acetic acid. The activated disk was dried for 30 minutes under continuous dry 

nitrogen flow. Five ligand spots of 0.7 mg/mL β2-microglobulin (β2M) in sodium 

acetate buffer (pH 5.4), four spots of 0.5 mg/mL human IgG in MES Buffer (pH 5.4), 

six spots of 10 mg/mL neomycin in MES buffer (pH 4.5) and five spots of 2.5 mg/mL 

gentamycin in MES buffer (pH 4.5) and four spots of 1 mg/mL human IgG Fab 

fragments (Jacksons Immuno research, USA) in MES buffer (pH 5.4) were printed 
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(TopSpot, Biofluidics, Germany) on the sensor surface.
40

  

 

Figure 5.1 (a) Schematic illustration of the immobilized spot locations. b) Real-

time iSPR image of the array of 24 immobilized spots. c) Schematic 

illustration of the classical experiment where single target analyte is 

injected over the array and its measured response for the specific 

spot. d) Schematic illustration of newly developed approach while 

injecting a multiple target analyte (each specific for different ligands 

immobilized) and its measured responses for all the different spots. 

 

All the chemicals mentioned above except the human IgG Fab fragments were 
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purchased from Sigma, the Netherlands. The respective spot arrangements are shown 

in Fig. 5.1a. The fabricated microarray was incubated in a humidity chamber for one 

hour. Following protein immobilization, the sensor surface was blocked with 1M 

ethanolamine (Sigma, The Netherlands). The sensor containing the protein microarray 

was mounted in the IBIS-iSPR
12,14,36

 (IBIS Technologies BV, Hengelo, The 

Netherlands) with a drop of refractive index matching oil (noil=1.518 from Cargille 

Lab, USA). The system was equilibrated using 1 mL binding buffer in a flow-cell at a 

flow-speed of 2 µL/sec at 25ºC. A representative real time iSPR image of the fabricated 

microarray spots is shown in Fig. 5.1b. In order to reduce the sample, buffer and 

regeneration solution volume to 100 µL, a back- and forth mixing technique was used. 

After defining the ROIs of 30 x 30 pixels each, corresponding to 225×225 µm
2
, the 

SPR-dip was measured. A baseline measurement was made by injecting the binding 

buffer for 120 seconds. In addition to 24 ligand spots, 8 separate ROIs were placed on 

blank spaces for referencing. 

 

5.2.2 Multi-Analyte Kinetic Screening  

 The various monoclonal antibodies (mAb) used in these experiments were 

mAb for β2-microglobulin (Abcam, UK), mAb for neomycin and mAb for gentamycin 

(Meridian life sciences. USA), and Fab specific antihuman IgG (Jacksons Immuno 

Research, USA). Polyclonal goat antihuman IgG (H+L) (Zymed, USA) was used to 

study the difference between the interaction of polyclonal antibody and Fab of 

antihuman IgG to the Fab of human IgG and human IgG respectively. Multiple target 

analytes as well as single target analyte were prepared in HBS-EP buffer (GE 

Healthcare/Biacore, Sweden). The different analyte concentrations used in these 

experiments are shown in Table 5.1. The first sets of experiments were performed with 

varying concentrations of single target analytes for the kinetic parameter estimation 

(Fig. 5.1c) in a serial order. The approach described in this article uses multiple target 

analytes (each target molecule in the mixture is specific to single immobilized ligands) 

from which responses of all the interactant pairs are measured simultaneously (Fig. 
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5.1d). Multiple target analytes used in these experiments also have the same 

concentrations and were prepared accordingly. Mixture 1 is a combination of mAb for 

neomycin, mAb for β2M, and Fab of antihuman IgG, mixture 2 is a combination of 

mAb for neomycin, mAb for β2M and mAb for gentamycin, and mixture 3 is a 

combination of all the 4 antibodies. In each case, regeneration was done with 10 mM 

glycine-HCl (pH 1.6) between each analyte injection. In this case, the association and 

dissociation profiles were measured for 1200 and 600 seconds, respectively. 

 

Table 5.1 Analyte concentrations used in multi-ligand/multi-analyte kinetics 

experiment. 

Sample Antibodies Concentrations (nM) 

1 mAb β2-microglobulin 22, 44, 88, 176 and 352 

2 mAb neomycin 7, 14, 28, 56 and 112 

3 mAb gentamycin 5, 10, 20, 40 and 80 

4 Fab antihuman IgG 33, 65, 130, 260 and 520 

5 Goat antihuman IgG (H+L) 166, 332, 664, 1328 and 2656 

  

5.2.3 Binding Kinetics Model  

 The 1:1 interaction model represented by
ji

k

k

ji BABA

d

a

←

→
+ , where i is the 

number of analytes and j is the number of ligands and ka and kd are the association and 

dissociation rates, respectively has been used for all parameter extraction. The affinity 

constant is defined as adD kkK = .
27

 The observed SPR response Rt is proportional to 

the formation of ‘AB’ complexes at the surface with respect to the ligand density. 

Accordingly, the maximum signal Rm represents the maximum ligand capacity that can 

bind with analytes without any dissociation of the AB complex and is proportional to 

the active ligand density at the surface. 

 

5.2.4 Data Analysis  



 

Biomolecular Interactions Kinetic Screening 

 

 101 

 Data analysis was performed with the SPRint software (IBIS Technologies 

BV., Hengelo, The Netherlands) and kinetic parameter extraction was performed using 

Scrubber 2 (Biologic software, Australia).
27

 All model functions are plotted in orange 

color in the respective sensorgrams. Microsoft Excel was used to calculate the average 

and standard deviations. 

 

5.3 Results and discussion 

 The experiments were conducted with multiple target analytes as well as single 

target analytes. All experiments described in this article were conducted using a single 

sensor disk. The details of the interaction scheme for the various analytes and ligands 

are shown in Table 5.2. The miniaturization of assays offers several advantages 

compared to conventional systems including reduced sample and reagent volumes, 

reduced time for experimental procedures and real-time binding information from the 

interactant pairs. Some disadvantages include cross-reactivity of multiple targets to the 

other immobilized ligands on the surface, as well as, the possibility of aggregation of 

biomolecules in the solution when mixed together especially for large differences in 

molecular weights.
38, 41

 

 All experiments were performed using conventional biomolecular interaction 

kinetics experimental approach, where a series of serially diluted analyte samples are 

injected over the immobilized ligands on the sensor surface. In this article, we describe 

the measurement of kinetics and affinity of five different interactant pairs in parallel for 

each injection of multiple target analytes, which can reduce the total experimental time. 

In conventional SPR systems, one ligand is immobilized prior to binding 

measurements. However in our case, the immobilization procedure is done offline, 

which requires sometime for the biomolecules from the 1nL solution to the surface.  

 Immobilization of biomolecules requires longer time in our case when 

compared to conventional approaches reported in the literatures. At the same time, we 

could use multiple ligands (approx. up to 400 spots) and all immobilized in parallel that 

can lead to a high throughput assay. There is no need for extra time for multi-ligand 
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immobilization in our case. Since all the ligands are immobilized in parallel, this 

reduces the amount of reagent consumed and number of sensor chips.
42

 The results 

from the various combinations of multiple target analytes and single target analytes 

have been compared. 

 

Table 5.2 Reaction scheme lists the analytes that are reactive to the specific 

ligand types in the array. 

 

Table 5.3 Interactant pairs that follow 1:1 interaction model functions. 

Immobilized Ligands 
Experi-

ments 
Analytes neo-

mycin 
ββββ2M 

human 

IgG  

Fab human 

IgG 
gentamycin 

1 mAb neomycin +   -  - -  -  

2 mAb gentamycin - - - - + 

3 mAb β2M - + - - - 

4 Fab antihuman IgG - - + + - 

5 
Goat antihuman IgG 

(H+L) 
- - + + - 

6 Mixture 1 + + + + - 

7 Mixture 2 + + - - + 

8 Mixture 3 +  +  +  +  +  

Immobilized Ligands 
Experi-

ments 
Analytes neo-

mycin 
ββββ2M human IgG  

Fab human 

IgG 

genta-

mycin 

1 mAb neomycin43 Yes  -  - -  -  

2 mAb gentamycin43 - - - - No 

3 
mAb β2-

microglobulin44 
- Yes - - - 

4 Fab antihuman IgG45 - - No Yes - 

5 
Goat antihuman IgG 

(H+L) 45 
- - No No - 

6 Mixture 1 Yes Yes No Yes - 

7 Mixture 2 Yes Yes - - No 

8 Mixture 3 Yes  Yes No Yes No 
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Figure 5.2 Response analysis of all the ligand-ligate pairs for varying analyte 

concentrations. Mixture 1 is the mixture of mAb for neomycin, mAb 

for β2 microglobulin and fab specific antihuman IgG. Mixture 2 is 

the mixture of mAb for neomycin, mAb for β2 microglobulin and 

mAb for gentamycin. The mixture is the combination of all the five 

antibodies. a) neomycin – mAb for neomycin b) β2-microglobulin – 

antiβ2-microglobulin pair c) human IgG – Fab of antihuman IgG d) 

Fab of human IgG – Fab of antihuman IgG e) gentamycin – mAb for 

gentamycin. The number of analytes injected is 5. The number of 

sample points considered for standard deviation estimation is 4. 
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 Each of the ligands used in this experiment is spotted multiple times in order 

to check the reproducibility of the measurement, but another approach could be to use a 

serial dilution of the ligands spotted to the sensor chip. With the present spotting 

method for ligand immobilization, exact quantification of the spots is not possible; 

however, quantification is done indirectly with the extracted Rm values when the data is 

fitted to the model function. If the response deviations are high between spots of the 

same component, there is evidence that the immobilization is not uniform. 

 Although the 1:1 interaction model has been used to extract kinetics 

parameters from all interactant pairs presented in this article, some poor fits have been 

shown due to the fact that the biomolecule is bivalent or multivalent that can lead to 

various effects including avidity,
46

 heterogeneity of analytes,
47

 other ligand 

heterogeneity factors affecting the binding process includes, conformational change
47

 

and mass transport effects.
48

 However, to demonstrate the multi-ligand/multi-analyte 

kinetics approach, we have considered the 1:1 interaction model in this article. Table 

5.3 describes the model fit scheme for the various interactant pairs used in this article. 

The deviation from this model is clearly observable in some cases and explained in the 

respective section of this paper. 

 From Fig. 5.1b, spots 2.1 (β2M) and 5.1 (gentamycin) show a ligand 

immobilization problem, where the intensity of the SPR image is different compared to 

the duplicate spots of the same ligand. The heterogeneity of ligand spots is typically 

caused by a leakage in the microchannel in the TopSpot print head. This type of 

problem was also observed in the SPR dip measurement plot (not shown) for β2M and 

gentamycin. The initial SPR dips for the neomycin showed small variations, which can 

have direct influence on the responses measured during the interaction processes 

(results not shown).  

 The measured responses are plotted as bar plots (Fig. 5.2) for all individual 

ligand types and the standard deviation was calculated from the various ligand spots 

with the same concentration. These are, neomycin (Fig. 5.2a), β2-microglobulin (Fig. 

5.2b), human IgG (Fig. 5.2c), Fab of human IgG (Fig. 5.2d) and gentamycin (Fig. 
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5.2e). The response values shown here are extracted from the various SPR sensorgrams 

at the transition from the association and dissociation phases (t = 1200 s). When 

multiple target analytes were used, the response was enhanced as previously 

reported.
38, 41

 There is no direct co-relation between varying composition of antibodies 

in the mixture and the variation in enhanced response levels. However, there is not 

much deviation between the responses observed for the single target analyte and 

multiple target analytes used in the case of β2-microglobulin. Higher analyte 

concentrations, show larger deviations. But these deviations are lower compared to the 

other components used. Since the experiment was done with serial injections, the 

reduced signal could also be due to the regeneration steps. In reality, the numbers of 

regeneration steps are minimal because of the multiple target analytes used. High 

molecular weight components cause steric hindrances when they started to accumulate 

on the sensor surface, which might create pockets for other molecules to sit resulting in 

non-specific binding. This could be the reason for the slightly enhanced response 

measured in the case of multiple target analytes compared to single target analyte 

measurements. It does not appear to have a significant impact as there is little variation 

in the extracted kinetics and affinity of the interactant pairs. However, in the case of 

gentamycin, single target response is higher compared to the multiple target analyte 

samples. The exact reason for this specific difference is not known.  

 Sensorgrams obtained for the large analyte concentrations have been neglected 

in this paper as they typically deviate from the 1:1 interaction model irrespective of the 

valency of the biomolecules. Large analyte concentrations lead to saturation effects that 

can result in slightly different degrees of heterogeneity on the surface.
49

 In addition, if 

the surface is loaded with large amounts of biomolecules then mass transport 

limitations can also introduce deviations from the 1:1 model behavior.
50 

 Conventional kinetics experiments were performed with the fabricated 

microarray with varying concentrations of single target analytes. The sensorgrams and 

model fits are shown in Fig. 5.3 with duplicate injections of the same analyte to check 

the reproducibility of the fabricated spots. Neomycin results (Fig. 5.3a) indicate 
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antibody re-binding where response increases in the dissociation phase are evident. The 

re-binding effects are reproducible independent of the analyte concentration for 

neomycin. However, the model fit is in good agreement with the measured data in the 

association phase. Another reason for the increased signal in the dissociation phase 

may be due to the back-and-forth dissociation phase buffer flow. With a flow through 

approach, we have not observed such re-binding behavior (results not shown).  

 

Figure 5.3  iSPR sensorgrams recorded for various analyte concentrations with 

duplicate injections. a) neomycin – mAb for neomycin b) β2-

microglobulin – antiβ2-microglobulin pair c1) human IgG – 

antihuman IgG Fabs c2) human IgG – antihuman IgG d1) Fab of 

human IgG – Fab of antihuman IgG d2) human IgG Fab – Fab of 

antihuman IgG e) gentamycin – mAb for gentamycin. Orange curves 

show the 1:1 model fit functions. 
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 In the cases where the measured interaction correlates well to the 1:1 model, 

such as β2-microglobulin (Fig. 5.3b) and human IgG Fabs (Fig. 5.3c1 and Fig. 5.3d1 & 

5.3d2), the deviation between duplicate injections had a negligible effect. When both 

the ligand and analytes are Fab fragments, the sensorgrams are very reproducible (Fig 

5.3d1) and the model fit is in good agreement with the measured responses. Therefore, 

it is reasonable to consider Fab fragments rather than the entire molecule when 

designing an assay.
45

 Knowing that human IgG – antihuman IgG interactions (Fig. 

5.3c2) do not follow a 1:1 interaction,
45

 we have clearly observed poor fits and the 

sensorgrams of duplicate injections were not reproducible. Gentamycin (Fig. 5.3e) 

sensorgrams show a biphasic behavior and hence the fitting to 1:1 model function does 

not work either, as shown in the sensorgram (Fig. 5.3e). This small difference in the 

responses of the duplicate injections does not affect the extracted kinetics and affinity 

constants. The missing points in the sensorgrams (e.g. Fig. 5.3a) were removed due to 

spikes that were observed during the buffer change for dissociation phase 

measurements. 

 Another type of screening involves the same analyte that could be reactive to 

many immobilized ligands,
51

 for example in drug discovery.
52

 To demonstrate this, we 

have considered human IgG and fragments of human IgG both immobilized on the 

sensor surface and the experiments were conducted with Fab specific antihuman IgG 

and antihuman IgG. The kinetics and affinity extracted clearly show deviations in the 

measurements. Fab of human IgG reacts with Fab specific antihuman IgG as well as 

when one of the components (either ligand or analyte) is Fab (Fig. 5.3c1 & 5.3d2); thus 

negligible deviations in the model fit. The small deviation in the model fits observed 

for the high analyte concentration sensorgrams (Fig. 5.3c1) is most likely caused by 

higher analyte concentrations. The extraction of accurate kinetic and affinity parameter 

values from a polyclonal antibody with 1:1 interaction model is not possible, further 

experiments were performed only with monoclonal antibodies. 

 Mixtures of mAb for neomycin, mAb for β2M and Fab of antihuman IgG are 

represented as mixture 1. This mixture is reactive with 4 ligand types and is not 
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reactive to gentamycin spots. Fig. 5.4a shows the sensorgrams and fit obtained for 

neomycin spots when the spots are exposed to mixture 1 samples. This shows clearly 

the same behavior observed for the single analyte specific for neomycin spots. The fits 

to the 1:1 model in all cases are in good agreement with the resultant measured data. 

The slight deviation in the fits at higher concentrations of mixture 2 specific for human 

IgG spots (Fig. 5.4c) is due to the multi-valency of the human IgG which has 2 (H+L) 

sites for Fab specific antihuman IgG. As in the single analyte responses described 

above, β2M (Fig. 5.4b) and human IgG Fabs (Fig. 5.4d) show good agreement with 

measured data. 

 

Figure 5.4  Sensorgram recorded for the injection of sample mixture 1 (mAb for 

neomycin, mAb for β2M and Fab of antihuman IgG). Orange curves 

show the 1:1 model function. a) neomycin b)� β2-Microglobulin c) 

human IgG d) human IgG Fab. 
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Figure 5.5 Sensorgram recorded for the injection of sample mixture 2 (mAb for 

neomycin, mAb for β2M and mAb for gentamycin). Orange curves 

show the 1:1 model function. a) neomycin b) β2-microglobulin c) & 

d) human IgG and human IgG Fabs - No interactions e) gentamycin. 

  The sample mixture 2 consists of mAb for neomycin, mAb for β2M and mAb 

for gentamycin. Since mixture 2 is without antihuman IgG, we don’t expect any 

reaction with immobilized human IgG or its Fab fragments. For neomycin spots (Fig. 

5.5a) and β2M spots (Fig. 5.5b), the trend with respect to the measured responses and 

model fit function is similar to the other sample mixtures or single target analytes. 

However, gentamycin responses (Fig. 5.5e) show comparatively lower measured 

intensity and hence the 1:1 model fit is in fair agreement with the measured data. 
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Additionally, biphasic behavior was not observed with the concentrations used for 

kinetics estimation. 

  The mixture of all five antibodies is represented as sample mixture 3. The 

resultant sensorgrams and fits are shown in Fig. 5.6. The results are quite comparable 

with those of the other sample mixtures (Fig. 5.6a – 5.6d), except gentamycin (Fig. 

5.6e). Gentamycin spot responses are quite similar to that of the sensorgrams obtained 

with the other sample mixtures, however, deviates from the single target analyte 

specific for gentamycin. The reason for this variation is not exactly known and it could 

be due to the multivalent behavior of the antibody or the gentamycin molecules. 

 All the extracted kinetic parameters for all the sample mixtures as well as 

single target analytes are listed in Table 5.4. Since the re-binding effect is not 

considered in this parameter estimation, the extracted parameters show large variations 

in the case of neomycin. Since we have not considered the biphasic behavior of the 

gentamycin interactions, we have observed large deviations in the kinetics and affinity 

parameters extracted using the 1:1 interaction model. In other cases, such as, human 

IgG, human IgG Fabs and β2M, the extracted kinetics and affinity parameters are in 

very good agreement. Fab of human IgG interactions with polyclonal antihuman IgG 

shows higher affinity because of the multivalent behavior of the molecules and hence 

the dissociation becomes slower when compared to the Fab specific antihuman IgG. 

However, when the immobilized ligand is multivalent, as in human IgG, it does not 

show a large variation in the affinity constant extracted using the 1:1 interaction model 

when it interacts with antihuman IgG or Fab specific antihuman IgG. At present, the 

reason for this is not exactly known. One of the major disadvantages of a multiplexed 

assay is that an initial calibration is required to quantify all the interactant pairs 

involved in the experiments. However, this could indirectly be used as an initial 

screening to identify cross contamination. Optimizing regeneration conditions that 

should be same for all the interactant pairs is problematic in some cases and should be 

considered carefully. 
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Figure 5.6   Sensorgram recorded for the injection of sample mixture 3 (mAb for 

neomycin, mAb for β2M, mAb for gentamycin and Fab of antihuman 

IgG). a) neomycin b) β2-microglobulin c) human IgG d) human IgG 

Fab e) gentamycin. Orange curves show the 1:1 model function. 
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Table 5.4 Extracted kinetic parameters with various mixtures of analytes and 

pure antibody samples. The number of analytes considered for 

kinetics estimation is 3. The number of sample points considered for 

standard deviation estimation is 4. 

a. Mixture 1 Results    

ka kd Rm KD Ligand-ligate 

pairs x 10
4
 M

-1
s

-1
 s

-1
 m° nM 

Neomycin 1.3 ± 0.3 (4.2 ± 2.4) x 10
-4

 29.9 ± 4.4 30.0 ± 15.2 

Microglobulin 2.8 ± 0.3 (6.7 ± 12.1) x 10
-3

 34.2 ± 10.5 1.0 ± 0.2 

HIgG 2.1 ± 0.3 (5.7 ± 2.3) x 10
-5

 38.1 ± 10.1 2.8 ± 1.5 

HIgG Fab 1.6 ± 0.2 (7.1 ± 1.5) x 10
-5

 32.1 ± 1.1 4.3 ± 1.0 

     

b. Mixture 2 Results    

ka kd Rm KD Ligand-ligate 

pairs x 10
4
 M

-1
s

-1
 s

-1
 m° nM 

Neomycin 1.3 ± 0.1 (4.3 ± 2.4) x 10
-4

 34.0 ± 8.7 31.6 ± 15.1 

Microglobulin 2.3 ± 0.2 (4.4 ± 8.0) x 10
-3

 34.5 ± 10.7 1.1 ± 0.6 

Gentamycin 5.7 ± 1.5 (3.2 ± 1.5) x 10
-4

 50.6 ± 8.4 6.1 ± 3.2 

     

c. Mixture 3 Results    

ka kd Rm KD Ligand-ligate 

pairs x 10
4
 M

-1
s

-1
 s

-1
 m° nM 

Neomycin 1.2 ± 0.2 (2.2 ± 0.4) x 10
-4

 36.4 ± 9.6 18.7 ± 6.7 

Microglobulin 2.3 ± 0.3 (1.1 ± 0.1) x 10
-4

 36.7 ± 11.5 4.7 ± 0.7 

HIgG 2.3 ± 0.2 (3.2 ± 0.3) x 10
-5

 35.8 ± 9.1 1.4 ± 0.2 

HIgG Fab 1.5 ± 0.3 (7.1 ± 1.6) x 10
-5

 40.6 ± 6.6 4.5 ± 0.7 

Gentamycin 6.4 ± 1.2 (1.7 ± 0.9) x 10
-4

 41.4 ± 12.3 2.5 ± 1.1 
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d. Pure Component Results    

ka kd Rm KD Ligand-ligate 

pairs x 10
4
 M

-1
s

-1
 s

-1
 m° nM 

Neomycin 1.3 ± 0.7 (3.9 ± 2.0) x 10
-4

 38.8 ± 9.5 41.3 ± 28.4 

Microglobulin 2.5 ± 8.8 (1.2 ± 3.3) x 10
-4

 36.3 ± 9.6 5.0 ± 2.8 

HIgG/AHIgGf 2.3 ± 0.3 (2.9 ± 0.2) x 10
-5

 29.1 ± 10.7 1.3 ± 0.2 

HIgG/AHIgG 0.6 ± 0.1 (5.8 ± 1.8) x 10
-6

 66.5 ± 15.9 0.9 ± 0.3 

HIgG Fab/AHIgGf 0.6 ± 0.03 (3.0 ± 0.1) x 10
-5

 29.4 ± 2.8 5.2 ± 0.2 

HIgG Fab/AHIgG 0.2 ± 0.03 (4.5 ± 0.1) x 10
-3

 73.7 ± 8.4 1.7 ± 0.2 

Gentamycin 19.0 ± 1.0 (7.7 ± 14.3) x 10
-4

 109.9 ± 43.4 0.2 ± 0.1 

 

 The distribution of the extracted affinity was low between various ligand spots 

fabricated when the interactant pairs follow the 1:1 interaction model. The affinity 

distributions are presented by the plot of kd versus ka (Fig. 5.7). The deviations in the 

affinity constants for neomycin (Fig. 5.7a), β2M (Fig. 5.7b), human IgG (Fig. 5.7c), 

human IgG Fab fragments (Fig. 5.7d) and gentamycin (Fig. 5.7e) are between 10 – 100 

nM, less than 1 - 10 nM, 1 – 10 nM, 4 – 6 nM and 0.1 – 15 nM, respectively. The large 

deviation in the neomycin and gentamycin is due to a poor fit to the 1:1 model. The 

distribution of affinity constants in duplicate spots might also be due to our spotting 

technique, which requires the diffusion of molecule from a 1nL volume to the surface 

over a fixed time. Other properly controlled microfluidic immobilization might avoid 

this problem. An important point to consider while designing such an assay is that there 

may be cross interaction of the analyte sample to other immobilized ligands, which can 

lead to inaccurate kinetics estimation. There might also be heterogeneity in the analyte 

sample that could lead to experimental error due to the varying molecular weights of 

the multiple components used in the mixture of analytes. Vigorous mixing of bio-

samples typically leads to the agglomeration that can lead to steric hindrance on the 

sensor surface, which could block the immediate available site for the other molecules 

to reach. This is due to the improper orientation of immobilized ligands which cannot 
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be controlled precisely with the existing spotting techniques. 

 

 

Figure 5.7  Kinetic distribution plot for various ligand-ligate pairs. The result 

shown here is plotted from the parameters extracted from various 

ligand spots and also various sample mixtures used, as well as the 

pure ligate components. a) neomycin – mAb for neomycin b) β2M – 

antiβ2M c) human IgG – antihuman IgG Fabs d) human IgG Fabs – 

antihuman IgG Fabs e) gentamycin – mAb for gentamycin. 
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5.4  Conclusion 

 The design of a miniaturized multi-ligand/multi-analyte kinetics screening 

assay was successfully demonstrated with five different interactant pairs using a single 

sensor surface. The kinetics and affinity parameters were extracted for all the 

interactant pairs, by injecting the mixture of various antibodies, which are in very good 

agreement with results from conventional measurements using a single analyte. The 

experimental time was reduced for such experiments when compared to typical kinetics 

experiments and this approach could be extended further to more interactant pairs. This 

new approach facilitates the simultaneous screening and kinetics estimation of various 

multi-parameter samples e.g. drug targets in the drug discovery arena and also in many 

other interesting fields like biomarker discovery or antibody production. 
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6 

Integrated Electrokinetic Sample 

Focusing and Surface Plasmon 

Resonance Imaging System for 

Measuring Biomolecular 

Interactions 

 

In this chapter, we present an integrated microfluidics and iSPR platform that 

uses only electrokinetic transport and guiding of ligands and analytes, and therefore, 

requires only electrical inputs for sample transport. An important advantage of this 

new approach, compared to conventional systems, is the ability to direct a single 

analyte to a specific ligand location in the microarray, which can facilitate analysis 

parallelization. Additionally, this simple approach does not require complicated 

microfluidic channel arrangements, external pumps, or valves. As a demonstration, 

kinetics and affinity have been extracted from measured binding responses of human 

IgG and goat antihuman IgG using a simple 1:1 model and compared to responses 

measured with conventional pressure driven analyte transport. The measured results 

indicate similar binding kinetics and affinity between the electrokinetic and pressure-

driven sample manipulation methods and no observable cross contamination to 

adjacent measurement locations has been observed. This chapter was modified from 

Anal. Chem., 85 (2009) 1957-1963. 

 

6.1 Introduction 

Surface plasmon resonance (SPR) and surface plasmon resonance imaging 

(iSPR)
1
 are rapidly developing instruments for monitoring biomolecular interactions in 

the fields of genomics,
2,3

 proteomics,
4,5

 and cellomics,
6,7

 where affinity and binding 

kinetics can be estimated directly from their measured responses.
8
 The combination of 

SPR with microfluidics, or lab-on-a-chip (LOC) technology, is particularly compelling 

for bioanlytical systems
9,10

 because the two techniques can be integrated relatively 
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easily and has the potential for fast and automated biomolecular analysis systems with 

ultra-small sample volumes.
11

 

Integrated SPR-LOC systems are not new.
12

 Commercially available SPR 

systems, such as the Biacore (GE Healthcare, USA)
13

 and ProteOn (Bio-Rad 

Laboratories, USA)
14

 instruments use LOC flow cells for fluid transport to their SPR 

systems. Additionally, there are many recent reports describing new trends and designs 

for integrated SPR-LOC based measurement systems
15-19

 and many reports of 

applications for integrated LOC-SPR systems, such as, immunoassays,
20

 protein-

aptamer interactions
21

 and cellular detection.
22 

Although significant progress has been 

made over the last several years, more development is needed to further automate and 

simplify SPR-LOC systems. Additionally, the amount of sample required for diagnostic 

purposes can be further reduced by adopting ligand microarray formats on the SPR 

imaging surface, which will facilitate multi-analyte iSPR assays.
23

 Integrating LOC 

technology to microarray based detection techniques has been previously described
24,25

 

and is currently an active area of research.
26-29

 Commercial systems, such as Biacore’s 

Flexchip
30

 and the IBIS-iSPR (IBIS Technologies, b.v. Hengelo, Netherlands)
31,32

 use a 

microarray approach together with an iSPR-LOC system. One of the major advantages 

of these new systems is that they are completely automated. However, the conventional 

systems use syringe pumps for sample transport, which requires a complex matrix of 

valves and connectors for multiple analyte analysis and it is not currently possible to 

guide a single analyte to a single ligand location. One way to achieve this is to use a 

combination of electro-osmotic flow (EOF)
33-35

 for sample transport and electrokinetic 

focusing (EKF)
36-42

 for sample guiding to specific array locations, which may be 

important for instrument miniaturization and scaling to larger numbers of the samples 

where conventional techniques will no longer be possible 

A simple technique is reported here which combine EOF, for in-situ ligand 

immobilization and sample transport, and EKF, for sample guiding, in a LOC 

simultaneously with iSPR for biomolecular interaction measurements in a microarray 

format with multiple sites and all electrical control. For demonstration purposes, we 

use a single ligand type immobilized on various locations of an array with 24 gold 
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imaging sites (6x4 array) and a single sample is focused to each row and the 

subsequent real-time biomolecular interactions have been measured. We first 

demonstrate EKF with a sample (3% glycerol in 5 mM HEPES buffer and Rhodamine-

B) focused to various location of the chip using predetermined guiding voltages. 

Fluorescence microscopy images of the focused flow at each location were captured in 

order to clearly identify the flow profile. Subsequently, the SPR signal changes were 

measured during sample focusing. Finally, combined EKF and iSPR is demonstrated 

by measuring biomolecular interactions of human IgG and goat antihuman IgG during 

sample focusing and results are presented and compared to iSPR measurement results 

with conventional pressure driven sample transport. 

 

6.2 Materials and Methods 

6.2.1 Microfabrication 

 The microfluidic biochip (size: 15x15 mm
2
) presented here has two layers. The 

top PDMS layer includes channel structures, interaction chamber and reservoir holes 

for sample introduction and electrode interfacing. The PDMS mold was prepared in a 

cleanroom using a standard procedure.
43 

More detailed information about the chip 

fabrication is described in appendix (section 6.6). The reservoir holes were manually 

punched with a sharp hollow tube. The bottom glass layer, refractive index matched 

(n=1.52) to the hemispherical prism of the iSPR instrument (IBIS Technologies b.v., 

Hengelo, Netherlands), has patterned gold islands for SPR imaging. The gold iSPR 

islands were electron beam evaporated externally (sSens b.v. Hengelo, Netherlands) 

and patterned on the glass layer. Following, gold island patterning, the glass chips were 

coated with derivatized hydrogel pre-activated for covalent immobilization (XanTec 

GmbH, Muenster, Germany). The PDMS chips were ultrasonically cleaned in 

isopropanol for 15 minutes prior to any further processing and subsequently dried with 

dry nitrogen and cleaned with oxygen plasma for 5 min. A thin glue (Norland Optical 

Adhesive 81, Norland, USA) was spin coated on a blank wafer at 8000 rpm for 60 s, 

which is used as the blotter for the stamp-and-stick bonding technique.
44
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Figure 6.1  (a) Microfabricated chip with electric circuit representation (b) iSPR 

gold imaging array with location (row, column) (c) iSPR chip 

interface module comprises of SPR slider for hemispherical prism 

and chip with chip holder inserted with platinum electrodes for high 

voltage electric power supply. 

  

 The molded PDMS layers were carefully pressed into the glue blotter layer, 

removed and subsequently bonded to the glass chip. The bonded stack was then cured 

in UV light (λ=359 nm) for 45 min. The final chip is shown in Fig. 6.1a. The patterned 

square gold islands are 200 µm on a side and the pitch (center to center distance) is 500 

µm. The thickness of the gold imaging layer is 47 nm. The thickness of the bottom 

glass layer is 1.1 mm and the PDMS layer is 2 mm. Each reservoir hole is 2 mm in 

diameter and the depth of the microchannel and interaction chamber is 35 µm. The 

interaction chamber has width Wch= 2.5 mm and length Lch=4.5 mm (Fig. 6.2). 

 

6.2.2 Electrokinetic Focusing 

 The main goal of using EKF is to focus the sample stream over various rows 

of gold islands immobilized with ligands and to simultaneously measure the 

biomolecular interaction using an iSPR system. EKF in a microfluidic chip was 

described in detail elsewhere
38

 and later reported for controlling the flow in a 
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microreactor.
39

 In brief, EKF is a valveless and pumpless method for controlling the 

sample stream profile in a laminar flow chamber. A schematic illustration of EKF is 

shown in Fig. 6.2a, where the sample from the center inlet is focused to the second row 

r2 of the gold island imaging array. An equivalent electrical circuit is shown in Fig. 

6.2b where resistances Ri are determined by sample conductivity and channel 

dimensions. 

  

 

Figure 6.2 (a) Schematic illustration of the EKF chip and corresponding 

parameters. Example shows EKF to row 2. Here, r1, r2, r3 and r4 

represent row 1 through row 4. The microchannel widths are W1, W2 

and W3, and the reaction chamber width is Wch. W1ch, W2ch and W3ch 

are the width of the top guiding stream, sample stream and bottom 

guiding stream, respectively. φ1, φ2, φ3 and φch represent the flux in 

channel 1, channel 2, channel 3 and reaction chamber, respectively. 

L1, L2, L3, Lch, and Ltr are the length of channel 1, channel 2, channel 

3, rectangular chamber and trapezoid, respectively. X1 is the 

distance from the top of chip to the center of the sample stream. (b) 

Electrical circuit representation of the electrokinetic focusing chip. 

R1, R2, R3 and Rch represent the resistors in the corresponding 

channel and reaction chamber.  I1, I2, I3 and Ich are the current in the 

corresponding channels and chamber. Vu, Vc, Vl and Vch represent 

voltage in upper channel (channel 1), sample channel (channel 2), 

lower channel (channel 3) and chamber, respectively.  

 
  



 

Chapter 6 

 122 

Table 6.1 Calculated voltages required to focus to various rows of gold islands 

by keeping the flow speed of 300 µm/s and sample stream width of 

300 µm. 

Rows Vu (V) Vc (V) Vl (V) 

1 189 84 668 

2 360 84 497 

3 531 84 326 

4 702 84 155 

 

 By altering the control voltages (Vu: upper channel voltage, Vl: lower channel 

voltage), the sample stream can be directed to each of the imaging array rows ri. The 

sample flow is controlled by the center voltage (Vc: sample voltage), which also 

controls the flow velocity and sample stream width according to the distance x1, shown 

in Fig. 6.2b. The chip was placed in a SPR slider (Fig. 6.1c) and clamped with the 

custom chip holder, which includes platinum electrodes that are connected to computer 

controlled power supply (IBIS 411, IBIS Technologies b.v., Hengelo, Netherlands). 

The upper and lower reservoirs were filled with 5 mM HEPES buffer and the center 

reservoir filled with the sample. The outlet reservoir voltage was set to ground and the 

voltages for the guiding streams, as well as sample streams, were individually 

controlled. Electro-osmotic mobility is assumed to be constant µEOF ≈ 5×10
-8

 m
2
/Vs.

39
 

The guiding stream and sample transport voltages are calculated using Vi = 

(ΦiLi/AiµEOFi) + (Rch/µEOFi) Σ(ΦjLj/RjAj), where Ai and Aj (m
2
) are the cross-sectional 

areas of the channels and chamber, Φi and Φj are the flow fluxes (m
3
/min), and Rch and 

Rj are the electrical resistances (Ω) of the channels and chamber, respectively. A 

detailed derivation and explanation of the equation was previously discussed.
39

 The 

calculated guiding voltages are summarized in table 1. Some parts of the experiment 

use electro-osmotic flow (EOF) to transport the buffer to the various location of the 

chip, which is done with constant voltages (Va and Vb) applied to the upper and lower 

reservoirs. Rhodamine B was added to the sample solution (3% glycerol in 5mM 

HEPES) for flow profile visualization and images were recorded with an inverted 

fluorescence microscope (Olympus IX51) color CCD imaging camera. 
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6.2.3 Surface Plasmon Resonance 

 The angle scanning iSPR system (IBIS-iSPR, IBIS Technologies b.v., 

Hengelo, Netherlands) used for experiments has been described previously.
31,32

 In 

brief, the gold islands of the microarray are exposed to polarized light at a certain 

controlled incident angle. The refractive index change is proportional to the amount of 

adsorption or binding at the surface, which results in a measurable shift of the surface 

plasmon resonance condition, called the resonant angle. The measured response is 

converted to the time domain, which is referred to as a sensorgram. There are three 

main measurement phases of the sensorgram; baseline phase: a running buffer in 

contact with the sensor surface to establish the baseline responses, association phase: 

sample containing the target analyte [A] is injected to the interaction chamber and the 

ligands [B] immobilized on the surface, the capturing element on the sensor surface 

binds to the target resulting in complex formation [AB], and dissociation phase: 

injection of running buffer again which leads to dissociation of bound molecules from 

the surface. The EKF chip was placed on the hemispherical prism, separated by a 

droplet of refractive index matching oil, which is integrated in the SPR slider (Fig. 

6.1c). 

 The SPR responses as well as real time images were recorded during EKF to 

each row using a solution of 3% glycerol in 5 mM HEPES buffer. Biomolecular 

interaction experiments of human IgG – goat anti-human IgG were also performed 

using the EKF technique. A solution of 1 mg/mL human IgG (Sigma, Netherlands) was 

immobilized on the gold islands using an EOF (Va = Vu = Vl = 200 V DC) transport. 

The remaining active sites were blocked with 1M ethanolamine (Sigma, Netherlands) 

for 1 hr and subsequently washed.  A baseline measurement was done using a 5 mM 

HEPES buffer. An analyte solution of 133 nM goat anti-human IgG (Molecular Probes, 

USA) was focused to the first row for 300 s followed by a dissociation phase with a 

running buffer over the gold islands for 300 s (Vb=Vu=Vl=200 V). This procedure was 

repeated for the various rows of the array. The measured sensorgrams were fitted to a 

1:1 interaction model
13

 using the commercially available software (Scrubber, Biologics 
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Inc., Australia). The results are discussed in detail in the next section. 

 

6.3 Results and Discussion 

6.3.1 Electrokinetic Flow Profiling 

 Fluorescence microscopy images of 3% glycerol/Rhodamine B focused to 

each row of the array is shown in Fig. 6.3a – 6.3d, clearly showing the flow profile. 

The measured fluorescence intensity profiles are shown in the insets of Figs. 6.3a–6.3d, 

which show uniform sample concentrations along each row of imaging islands. The 

dark regions are caused by the gold islands blocking light from the inverted 

microscope. Low flow rates can be affected by sample diffusion, and therefore, proper 

flow velocity (~300 µm/s) has to be considered for measurements. Following sample 

focusing to different rows, we have observed a small amount of fluorescence remaining 

in the previous row. We assume this is due to Rhodamine adsorption to the PDMS 

surface, but further investigation is required to verify the cause. However, the SPR 

images do not indicate any sample crossover to adjacent rows. The chip alignment of 

the reaction chamber to the gold-island imaging array is very important and 

unsymmetrical alignment results in unsymmetric focusing voltages. Additionally, the 

distance from the sample inlet to rows r1 and r4 is larger than the distance to rows r2 

and r3, and therefore, requires higher focusing voltages. Finally, the voltage drop across 

the gold imaging array may lead to electrochemical reactions, as previously reported,
45-

47
 when the gold layer is exposed to high voltages for long times. A low conductivity (5 

mM HEPES, σ ≈ 127 µS/cm) buffer is used to minimize current  across the gold islands 

in the interaction chamber, which significantly reduces degradation of gold imaging 

islands. 
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Figure 6.3 Fluorescence microscopy images demonstrating sample stream 

focusing (3% glycerol in 5 mM HEPES + Rhodamine B over the 6 

gold islands in each row (a) – (d). Inset plot shows the uniform 

intensity profile of the focused sample stream. No fluorescence over 

gold islands was visible due to the observation from bottom of the 

chip. 

 

6.3.2 Integrated EKF – SPR: Glycerol 

 The combination of EKF and SPR imaging has been demonstrated by EKF of 

a 3% glycerol sample to each array row and simultaneous SPR measurement at each 

gold island in the row, as shown in Figs. 6.4a – 6.4d. The gold islands with EK focused 

glycerol sample shows the shifted resonant angle with respect the buffer clearly 

showing the combination of EKF with SPR imaging.  

 The left inset of Figs. 6.4a – 6.4d shows a captured SPR image of the surface 

using a CCD camera integrated with iSPR system while focusing to the respective 

rows. The gold islands of the focused row clearly become a darker color. The right 

insets in Fig. 6.4 show grayscale pixel maps of the measured SPR response in each 

row. There are 24 pixels in the image map, separated by dotted lines, corresponding to 

the 24 imaging islands and the grayscale color of each pixel represents the measured 
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response of each imaging island at time t=200 sec. The lower scale bar in each case 

shows how the gray scale varies from Rt=0 to Rt=340 mº. As can be seen from each 

pixel map, the measured response of the focused row is ~300x higher than the 

neighboring rows indicating minimal sample cross-over and very uniform measured 

response across the row. 

 

Figure 6.4  iSPR measurements of 3% Glycerol in 5 mM HEPES focused at each 

rows (columns shown with different colours) (a) Row 1 (b) Row 2 (c) 

Row 3 (d) Row 4. Inset image obtained from SPR CCD camera 

while focusing was done to those rows. Clear colour distinction was 

observed between focused and non-focused rows. A grey scale pixel 

map of each row is also shown. Electrical focusing voltages are 

shown as (Vu, Vc, Vl). 

 

6.3.3 Integrated EKF – SPR: Biomolecular interaction 

 Biomolecular interaction measurements in combination with sample focusing 

were conducted. First, 500 µg/mL of human IgG ligand was introduced to the 

interaction chamber with EOF (Vc = 200 V), which is covalently immobilized on the 
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hydrogel coated gold islands. The analyte sample was introduced to the interaction 

chamber through the center inlet only, and therefore, a long time was required to 

uniformly adsorb the ligand on the gold islands. A low voltage is required to prevent 

damaging the gold islands.
48,49

  

 Unbound ligands were removed from the surface by electrically washing with 

5 mM HEPES buffer and applying 200V to both of the buffer inlets Vu and Vl. During 

the surface washing step, the gold islands were SPR imaged and the sample focusing 

was conducted after a steady baseline signal was achieved. The results of the focusing 

experiments are shown in Figs. 6.5a – 6.5d. The measured responses are proportional 

to immobilized ligand density (not shown). Before the sample stream is focused to the 

next row, the flow is stopped and buffer was injected through the chip with an applied 

voltage of 200 V to the buffer reservoirs. The dissociation profile was measured in each 

case. For example, when the sample was focused to row 2, the dissociation profile of 

row 1 was measured continuously since the guiding stream consists of a buffer suitable 

for dissociation (not shown). We have not observed any cross-reaction with other rows 

while performing the focusing experiment. A problem encountered while performing 

the biomolecular measurements was a reduction in flowrate with increased time, which 

is attributed to protein adsorption to the PDMS channel walls. By careful control of the 

protein concentration and experiment time, the effects of protein adsorption to PDMS 

can be significantly reduced. This problem can be addressed by using a surface 

treatment to reduced protein adsorption to PDMS
50

 or by using a different channel 

material. Presently, regeneration steps have not been developed for this system. 

 The raw sensorgram data were fitted to a 1:1 simple interaction model and the 

results are shown as orange overlay plots in Figs. 6.5a-6.5d. The 1:1 interaction model 

is used in this case for comparing the different sample transport methods only and not a 

rigorous kinetics evaluation, which is beyond the scope of this article. Since it is well 

known that the analyte goat anti-human IgG used in this work is bivalent in nature, a 

1:1 interaction model is not appropriate for a meaningful kinetics evaluation. The 

maximum measurement response Rmax extrapolated from the sensorgram data was fixed 

at a constant value for parameter extraction and fitting.
14

 The data analysis results in 
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single association and dissociation rates, and therefore, a single affinity constant 

representing the interactant pair binding. Since the concentration of the analyte and 

ligands are approximately uniform, the extracted kinetics and affinity should be in the 

same order of magnitude for various rows. The extracted parameters are shown in 

Table 6.2. The affinity constant KD extracted for all the four rows is of same order of 

magnitude even though the values are different due to differences in ligand densities, 

which can be solved by optimizing the immobilization procedure.  

 The possible sources of error include the iSPR system, heterogeneity in 

analytes, gold surface homogeneity and rebinding effects. In practice, the analyte 

concentration should be considered in the same range as the affinity constants in order 

to predict accurate kinetic parameters. The analyte concentration used in these 

experiments is larger than the extracted affinity constant, however, this does not affect 

the demonstration of combined EKF sample focusing and iSPR. The SPR dips shown 

in the insets of Figs. 6.5a – 6.5d show that the SPR minimum varies between the gold 

islands. Since the data measured during the baseline is zeroed, it is assumed that the 

effect of EKF is negligible as does not show any significant difference during the EKF. 

The average and standard deviation of the response and extracted parameters were 

obtained from six measurement sites called “region of interests” (ROI) from a single 

array row. The standard deviations of the estimated affinity constants from the six ROIs 

are shown in Table 2. The fitting residuals are shown in Figs. 6.5a–6.5d. Table 4 shows 

the mean and standard deviation for each gold island during the association and 

dissociation phases, which was calculated from the residuals obtained from the fitting 

of the raw data to a 1:1 model assuming a Gaussian distribution (histograms not 

shown). The assocation and dissociation phases are each 300 s in duration. 
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Figure 6.5  Raw sensorgrams (a) – (d) of each row of human IgG (500 µg/mL) – 

antihuman IgG (10 µg/mL) interaction using electrokinetic focusing. 

Human IgG immobilized on gold surface by direct physical 

adsorption using 200 V EOF. It also shows the uniformity of the 

response observed with very little standard deviation. Insets: SPR 

dips of each gold islands (ROIs). Kinetics and affinity calculated 

from 1:1 interaction model (global analysis) fit using Scrubber 

software. Fit results are represented by orange curve and the 

resultant values are shown in table 2. Fitting residual plots for each 

row are shown with their respective colours. 

 Additional experiments have been performed and compared to the EKF – SPR 

results. First, the human IgG – antihuman IgG interactant pair was investigated with 

the same analyte concentration on a commercially available hydrogel coated gold 

sensor disc (HCX 80m from XanTec GmbH, Muenster, Germany) with conventional 
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pressure driven flow. The sensorgrams fits and residual plots are shown in Fig. 6.6a. 

There is a small response variation (~1.5%) between different ROIs in a single row, 

however, these variations are not caused by EKF as similar results were obtained from 

experiments done using conventional pressure driven flow as shown in Fig. 6.6a. The 

extracted pressure driven flow kinetic parameters are compared to the average results 

of EKF results in rows 1 and 2 of table 6.3. 

 

Table 6.2 Extracted 1:1 model parameters - association rate (ka), dissociation 

rate (kd) and affinity constant (KD) from experimental data for each 

row using electrokinetic focusing. Total number of measurement 

sites in each row is 6. 

Rows Response Stdev ka x 104 kd x 10-5 KD Rmax 

  mº mº M-1s-1 s-1 nM  

1 58 0.60 6.18 ± 0.01 9.27 ± 1.54 1.50 ± 0.25 64 ± 0.88 

2 69 0.38 7.39 ± 0.05 8.61 ± 0.32 1.16 ± 0.04 72 ± 0.43 

3 65 0.83 5.84 ± 0.25 11.3 ± 1.46 1.99 ± 0.23 73 ± 1.96 

4 62 0.39 5.24 ± 0.09 10.4 ± 0.87 1.97 ± 0.19 71 ± 0.40 

       

 

Figure 6.6 (a) Sensorgrams of the four spots having the same concentrations of 

analyte solution (133 nM) from a hydrogel/gold surface (b) 

Sensorgram of human IgG immobilization on hydrogel/gold surface 

(500 µg/mL) and various goat antihuman IgG concentrations (50, 

25, 12.5, 6.25, 3.125, 1.5625 and 0.78 nM). Fit results are 

represented by orange curve and the resultant values are shown in 

table 3.  
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Table 6.3 Comparison of extracted 1:1 interaction model parameters from a 

three different measurement approaches: conventional (7 different 

analyte concentrations), pressure driven (4 different measurement 

sites) and electrokinetic focusing experiments (24 measurement sites 

that is 6 from each rows). 

No Approach ka x 104 kd x 10-5 KD 

   M-1s-1 s-1 nM 

1 
Electrokinetic 

focusing 
6.17 ± 0.10 9.88 ± 0.56 1.66 ± 0.35 

2 
Pressure driven 

flow 
5.95 6.64 1.11 

3 
Conventional 

kinetics 
4.91 4.96 1.01 

  

 A classical kinetics experiment with varying analyte concentrations of 50, 25, 

12.5, 6.25, 3.125, 1.5625, and 0.78 nM has been performed as an additional 

comparison to the EKF results. The sensorgrams and fits are shown in Fig. 6.6b. The 

measured response in this case is ~3x less than the EKF responses because the 

maximum concentration of antihuman IgG ~ 2.7x less than the EKF experiments. The 

conventional kinetics results are shown in third row of table 3. The kinetic parameters 

and affinity are generally in the same order of magnitude, despite the varying 

experimental conditions of these experiments, such as pressure driven flow, higher 

flow rate (120 µL/s) and sample mixing (back and forth motion with 2 µL/sec speed 

using 100 µL volume) in the flow-cell. 

 Since high conductivity buffers such as phosphate buffered saline (PBS), are 

typically used for hybridization of complex interactant pairs more investigation is 

required to minimize the degradation effects of the metal layer. This problem can be 

solved by coating the gold with a thin silicon-dioxide layer deposited by chemical 

vapor deposition
51,52

 (results not shown). Research is ongoing in our lab to implement 

these improvements, and extend the designs from single interactant pairs to multiple 

interaction measurements. Multiplexing will lead to multiple simultaneous interactions, 

which do not require any regeneration steps. The large interaction chamber can also be 
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changed to individual microchannels in which the biomolecular interactions are 

performed, which also not require any regeneration steps and should be useful for one-

shot kinetic analysis.
14

 

 
Table 6.4 Analysis of the fitting residuals from Scrubber for all 24 imaging 

islands. For each island the mean and standard deviation are 

calculated over the time duration of the measurement phase. The 

association and dissociation phases are each 300 s in duration. The 

statistical distribution was graphically estimated with histograms 

and fit to a Gaussian distribution model (data not shown). 

Approximately 50 data points was considered in each association 

phase and dissociation residual values obtained from the fit. 

Association Phase (mº) 

  Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 

R1  0.03 ± 1.14  0.02 ± 1.14  0.07 ± 1.14 -0.01 ± 1.15  0.01 ± 1.14  0.12 ± 1.18 

R2 -0.04 ± 0.97 -0.02 ± 0.95  0.05 ± 0.98  0.08 ± 0.98  0.10 ± 0.99  0.07 ± 0.98 

R3  0.15 ± 0.55  0.20 ± 0.55  0.11 ± 0.51 -0.77 ± 0.80  0.22 ± 0.55  0.01 ± 0.55 

R4  0.08 ± 0.60 -0.05 ± 0.62 -0.17 ± 0.66 -0.10 ± 0.63  0.02 ± 0.61 -0.03 ± 0.61 

 

Dissociation Phase (mº) 

  Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Spot 6 

R1  0.03 ± 0.37  0.04 ± 0.36  0.01 ± 0.37  0.06 ± 0.36  0.04 ± 0.36 -0.05 ± 0.38 

R2  0.09 ± 0.38  0.07 ± 0.37  0.04 ± 0.38  0.02 ± 0.36  0.01 ± 0.36  0.03 ± 0.37 

R3  0.01 ± 0.37 -0.01 ± 0.38 -0.01 ± 0.40  0.39 ± 0.38 -0.02 ± 0.37  0.07 ± 0.36 

R4  0.01 ± 0.40  0.06 ± 0.40  0.10 ± 0.40  0.10 ± 0.40  0.04 ± 0.40  0.07 ± 0.40 

  

6.4 Conclusion 

 An all electrical electrokinetic sample transport chip has been successfully 

coupled to an SPR imaging system. Coupled EKF and SPR imaging was successfully 

demonstrated with 3% glycerol sample as well as biomolecular interaction of the well 

known interactant pairs: human IgG and goat anti-human IgG. The kinetics and affinity 

parameters extracted from the sensorgrams have been compared to experiments using 

conventional pressure driven flow and are in good agreement. The distribution of the 

responses from individual ROIs in the same row was similar for EKF – SPR and 

conventional pressure driven flow SPR indicating that this approach is viable and does 
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not affect SPR measurements. This successful demonstration of an electrically 

controlled sample transport system directly coupled to SPR imaging may be important 

for SPR miniaturization and for scaling systems to accept larger numbers of different 

samples. 
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6.6 Appendix 

6.6.1 Microfabrication Procedure 

Figure 6A.1 Schematic representation of EKF-iSPR chip fabrication.  

 The Microfabrication for EKF-iSPR chip involves 2 different processing steps 
(Fig. 6A.1). The first step involves microarray fabrication and the second involves the 
microfluidics fabrication. The microarray fabrication was done in cleanroom which 
involves several steps. A special AF-45/D263 glass was considered in our case as the 
refractive index of the glass should be 1.51 is necessary for our chips. Initial 
photolithography was carried out followed by gold evaporation step. In our case gold 
evaporation was done externally (sSens BV, Hengelo, the Netherlands). After this step, 
lift-off was carried out using a standard protocol with acetone. After this step, the chips 
were coated with pre-activated functionalized hydrogel for covalent immobilization of 
proteins which was also done externally (XanTec, Dusseldorf, Germany).  
 The microfluidic chip was fabricated with PDMS which again involves two 
stages of fabrication steps. The first one is the production of mold in the clean room 
which involves the spin coating of SU-8 (SU-8 is an epoxy based, chemically 
amplified resist system with excellent sensitivity and high aspect ratios) on the P-type 
silicon wafer with <1 0 0> orientation followed by soft bake and stepwise hard bake 
steps according to the standard protocol43. The second step involves the PDMS chip 
fabrication in the laboratory. PDMS monomer was taken in the ratio of 10:1 with 
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curing agent for PDMS and mixed thoroughly. The PDMS mixture was degassed and it 
was poured over the SU-8 mold. The proper thickness of the chip was obtained using 
the special homemade molding kit with special tracers. The mold was cured 80 deg C 
for 1 hour. The PDMS chip was properly diced and reservoir holes were punched 
manually. The final PDMS chip was cleaned in isopropanol and then in plasma 
treatment system for 15 minutes prior to bonding. The bonding procedure is described 
in the main chapter (section 6.2.1). 
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Electrokinetic Lab-on-a-

BioChip for Multi-

Ligand/Multi-Analyte 

Biosensing 

  
In this chapter, we present a very simple electrokinetic lab-on-a-biochip (EKLB) 

with four microchannels that is operated using a single electrical voltage for the 

simultaneous transport of reagents in all microchannels without any conventional 

fluidic plumbing. We have demonstrated various types of experiments that can be 

performed with the biochip, including single injection kinetics (various ligand densities 

and single analyte concentration), one shot kinetics (single ligand densities and 

various analyte concentrations) and multi-ligand/multi-analyte detections. In all cases, 

the binding kinetics and affinity were extracted using a conventional 1:1 interaction 

model. Since the reagent transport is done with only a single electrical voltage source, 

scaling up the number of channels such that the biosensing chip is capable of running 

100s to 1000s of simultaneous measurements is straight forward. A part of this chapter 

has been submitted as Research paper (2010). 

 

7.1 Introduction 

 Label-free biosensors are becoming commonly used to detect biological 

moieties in solution using a variety of detection techniques, such as, electrochemical, 

mechanical or optical.
1
 The simultaneous detection of multiple biomolecular targets, 

also known as a multiplexed assay, such as nucleic acids, antibodies and proteins, is 

important for medical diagnostics. For example, multiplexed assays for the detection of 

respiratory pathogens because many different pathogens present similar symptoms; 

accurate pathogen identification and fingerprinting are important for patient recovery 

and public health monitoring.
2
 Multiplexed assays are also important for diagnosing 

cancers.
3,4

 Multiplexed label-free bioassays have been previously reported.
1, 5-6

 The 
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main advantages of bioassay multiplexing are related to experimental time reduction 

and reduced cost since assays are performed simultaneously. 

Optical biosensors based on surface plasmon resonance (SPR) are currently the 

most commonly used systems for quantitative bioassays. The extension of the single 

spot SPR to imaging surface plasmon resonance (iSPR) biosensors and the integration 

with lab-on-chip (LOC) and microarrays is an ideal platform for multiplexed assays,
7, 8

 

where each ligand spot in the microarray is used as an individual sensing area with a 

unique functionality. Multiplexed iSPR assays have been reported for various 

application areas such as serum antibody screening,
9
 lipid-protein interactions,

10
 

blocking assays,
11

 DNA-protein interactions,
12

 food screening,
13

 and monitoring auto-

antibodies.
14

 Lab-on-a-Chip technology is a very important tool for multiplexed iSPR 

assays and can lead to multi-analyte detection. Most of the commercially available SPR 

systems, such as Biacore
15

 and Bio-rad,
16

 are integrated with automatic computer 

controlled microfluidic systems where they use multiple syringe pumps for sample and 

reagent delivery. The number of flow cells is limited due to size limitations of the 

imaging area and instrument size. Therefore, an alternative transport method that can 

reduce the complexity of the fluidic interconnects will aid in scaling the instruments to 

larger numbers of simultaneous measurements that can take advantage of conventional 

microarray ligand spot densities.  

We recently demonstrated the integration of surface plasmon resonance 

imaging (iSPR) with electrokinetic focusing and microarrays for multiplexed 

bioassays.
17

 However, that system had the possibility of sample cross contamination on 

the gold sensing islands when we try to move the sample stream to various locations of 

the chip. In addition, changing between samples was complicated. In order to solve 

some of the previous problems encountered while employing electrokinetic transport, 

the chip was modified where a single reaction chamber is converted into individual 

microchannels for various ligands and/or analytes, which leads to highly multiplexed 

multi-ligand/multi-analyte detection. The schematic illustration of the set-up is shown 

in Fig. 7.1.The advantages of the new configuration include pumpless and valve-less 

fluid transport and all transport can be accomplished with a single power supply. A 
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condition for using a single power supply is that the electrical resistance of the 

reactions microchannel is approximately the same throughout the entire array. 

 

Figure 7.1 Illustration of integrated surface plasmon resonance imaging system 

with our newly developed electrokinetic lab-on-a-biochip. 
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Multiple channels with pressure driven fluidic transport integrated to SPR have 

been previously reported for several applications including high throughput 

screening
18-28

 as well as small molecule detection
29

.  The new device could be used for 

multiple purposes, such as, the estimation of biomolecular interactions with a single 

injection of analytes
30

 over various densities of immobilized ligand, one-shot 

injection
16

 of multiple concentrations of analytes, and for the multi-ligand/multi-

analyte detection.
31

 For the experiments presented here, we have considered three well-

known interactant pairs such as Fab fragments of Human IgG–Fab specific antihuman 

IgG, β2 microglobulin–antiβ2 microglobulin and neomycin–antineomycin. The kinetics 

and affinity of all the interactant pairs were extracted from the measured iSPR 

sensorgrams. A detailed explanation of each different approach is described in the 

following sections. To the best of our knowledge, this is the first imaging system 

integrated directly with parallel flow channels using electrokinetic transport for 

biosensing applications. Success of this work enables increased throughput by 

increasing the number of flow channels. 

 

7.2 Materials and Methods 

7.2.1 Microfabrication 

 The EKLB chip (size: 15x15 mm
2
) is made of two layers. The top PDMS layer 

has four channel structures as well as reservoir holes (punched manually with a sharp 

hollow needle) for sample and electrode interfacing. The bottom glass layer, refractive 

index matched (n=1.52) to the hemispherical prism of the iSPR instrument (IBIS 

Technologies b.v., Hengelo, Netherlands), has patterned gold islands for SPR imaging. 

The gold iSPR islands were electron beam evaporated on the glass layer (SSens b.v. 

Hengelo, Netherlands) and subsequently photo-lithographically patterned. The 

patterned square gold islands are 200 µm on a side and the pitch (center to center 

distance) is 500 µm (Fig. 7.2a). The thickness of the gold imaging layer is 47 nm. The 

thickness of the bottom glass layer is 1.1 mm. Following, gold island patterning, the 

glass chips were coated with carboxymethyl dextran (CMD) of 100 nm thickness for 
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covalent ligand immobilization (XanTec GmbH, Muenster, Germany). The PDMS 

chips (2 mm thick) were ultrasonically cleaned in isopropanol for 15 minutes prior to 

any further processing and subsequently dried with dry nitrogen and cleaned with 

oxygen plasma for 5 min. Each reservoir hole is 2 mm in diameter and the depth of the 

microchannel is 40 µm. The various interaction channels are listed as C1, C2, C3 and C4 

for channel 1, channel 2, channel 3 and channel 4, respectively. All interaction channels 

have width Wc= 220 µm and length Lc= 22 mm. The stamp and stick technique
32

 was 

used to bond the PDMS chips to the glass chips. A thin layer of glue (Norland Optical 

Adhesive 81, Norland, USA) was applied to one side of a microscope slide which is 

continuously purged with dry nitrogen in order to avoid the contacts with oxygen as 

well as to have a more uniform layer of glue on the surface.
33

 The molded PDMS 

layers were carefully pressed onto the glue blotter layer, removed and subsequently 

bonded to the glass chip. The bonded stack was then cured in UV light (λ=359 nm) for 

2 min. The final chip is shown in Fig. 7.2b.  

 

7.2.2 Surface Plasmon Resonance Imaging 

 The angle scanning iSPR system (IBIS-iSPR, IBIS Technologies b.v., 

Hengelo, Netherlands) used for experiments has been described previously.
14,17,34

 A 

Kretschmann-Raether attenuated total reflection (ATR) configuration is used where a 

p-polarized light source incident on a hemispherical prism couples to the interface as a 

surface plasmon at a certain angle of incidence and source wavelength. At this angle of 

incidence, the reflected intensity of the ATR signal decreases, which results in an 

intensity dip or SPR-dip.
45

 A refractive index change at the solution/gold interface, is 

related to the amount of adsorption or binding of (bio)molecules at the surface, which 

results in a measurable shift of the SPR-dip. The measured SPR-dip position is 

converted to the time domain, which is referred to as a sensorgram. There are three 

main measurement phases of the sensorgram; 1) baseline phase: a running buffer in 

contact with the sensor surface to establish the baseline responses, 2) association phase: 

sample containing the target analyte [A] is injected to the interaction chamber and the 
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ligands [B] immobilized on the surface, the capturing element on the sensor surface 

binds to the target resulting in complex formation [AB], and 3) dissociation phase: 

injection of a running buffer again which leads to dissociation of bound molecules 

from the surface. The microfabricated chip was placed on the hemispherical prism that 

is integrated in the SPR interface module and separated by a droplet of refractive index 

matching oil (Fig. 7.2c). 

 

Figure 7.2 (a) 6×4 microarray of gold iSPR sensing islands (b) 15×15 mm
2
 

glass-PDMS microfluidic chip showing channels C1 - C4. S1 - S4 are 

sample fluidic inlets. (c) iSPR interface module with chip fixture 

with integrated platinum electrodes. (d) Electrical circuit 

representation of the EKLB chip. R1 - R4 represents electrical 

resistances in the respective channels. I1 - I4 represents electrical 

current in the respective channels. O represents the common fluidic 

outlet and electrical ground. 
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7.3 Results and Discussions 

Various experiments were conducted with the new EKLB chip. Prior to experiments, 

two-dimensional finite element simulations were performed to estimate the 

electrokinetic sample flow rate with respect to applied voltage and buffer. 

Electrokinetic flow profiles were measured using fluorescence microscopy followed by 

iSPR measurements with a standard calibrating sample (Glycerol). Finally 

biomolecular interaction experiments were performed. Details about the performed 

experiments are discussed in the respective discussion sections below.  

 

7.3.1 Electrokinetics Simulation  

 The electrokinetic flow behavior, such as flow rate and potential distribution 

across the gold islands, was calculated using a numerical solution of the 2D Navier-

Stokes equation with a commercial finite element software (Conductive media model, 

COMSOL, USA).
35,36

 The electrical circuit representation is shown in Fig. 7.2d. R1 – 

R4 are electrical resistances across each channels and I1 – I4 are electrical currents 

flowing from the inlet to the outlet in each channels, respectively. In this case, the 

channel inlets are connected to single voltage source, and therefore, the total electrical 

current is the sum of all currents, (i.e. It = I1+I2+I3+I4). This is only true when all the 

R’s are the same. The resistances are estimated with R = Lc/σA, where σ is conductivity 

of the buffer and A is the cross sectional area of the microchannel. The channels are 

designed in such a way that R1=R2=R3=R4, such that the flow rate is approximately the 

same in each channel. Controlling and minimizing the current in each channel is 

important in order to avoid any electrochemical reaction with the gold islands, which 

can adversely affect the thin gold layer and SPR measurements.
37–39

 Channel 

dimensions are chosen in such a way that the current in the microchannel should be ≤ 

20 mA as well as the electric field across gold sensing islands should be ≤ 10 V/mm to 

avoid electrochemical reaction with the gold sensing regions. The maximum electric 

field of 10 V/mm over the gold islands is the upper limit for such systems as the 

increase the Vin voltage leads to removal of gold from the sensing surface (results not 
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shown here). These parameter selections are important to eliminate any 

electrochemical reactions with the gold sensing regions.
17

 The initial boundary 

conditions were set according to the conditions mentioned above. The electroosmotic 

mobility was assumed to be 5×10
-8

 m
2
/Vs.

40
 Fig. 7.3a shows the typical electric 

potential profiles in the channels and Fig. 7.3b shows the flow speed (vf) profile. The 

estimated flow speed vf ~50 µm/s in all cases. The electric field across each channel is 

~9 V/mm. Our experimental results show that the electric fields in this range do not 

damage the thin gold layer. We have found that a dextran coating over the gold islands 

can help to protect the gold layer. Experiments were performed in the new chip and are 

discussed in the following section. 

 

Figure 7.3 Simulation of 2D Navier-Stokes equation with Conductive media 

model (COMSOL, USA). (a) Voltage profile across each 

microchannels. (b) Flow speed profile with Vin=200V resulting in vf  

~50 µm/s 

 

7.3.2 EKLB – Microscopy Flow Profiling 

 The electrokinetic flow profile was observed with fluorescence microscopy in 

which four different concentrations (0, 0.5, 1.0 and 2.0 µg/mL) of alexafluor488 

(Molecular probes, USA) were injected into the different microchannels 
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simultaneously. The flow profile is shown in the Fig. 7.4a. The measured fluorescence 

intensity profiles at location A-A’ is shown in Fig. 7.4b. The dark regions are caused by 

the gold islands blocking light from the inverted microscope. 

  

Figure 7.4 (a) Fluorescence microscopy images of various concentrations of 

alexafluor488 in 10mM HEPES in all channels. C1 – 1:10 dilution; 

C2 – 1:5 dilution; C3 – 1:20 dilution (b) Fluorescence intensity 

measurements at A-A’ (gray line) showing the highest intensity for 

the highest concentration (C2) and lowest intensity for the lowest 

concentration (C4). The inset plot shows the fluorescence intensity – 

concentration relationships. 

 

Figure 7.5 (a) iSPR image of the chip with gold sensing islands. (b) Measured 

iSPR response for different glycerol concentrations showing the 

largest response for the highest concentration (C1) and lowest 

response for the lowest concentration (C4).  

 
 The intensities observed in C2 and C3 are not uniform and show a slight 

decrease of intensity near the channel walls. This is very important when choosing 
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region of interests (ROIs) for the iSPR measurements, where it is best to have a 

uniform flow speed in the region where the iSPR measurement occurs. The inset of 

Fig. 7.4b is the relationship observed for fluorescence intensity versus concentration of 

alexafluor488. 

 The chip alignment of the microchannels to the gold-island imaging array is 

very important and misalignment can result in wasted sensing area and possible 

channel leakage. The difference between the channel dimensions and sensing array 

dimensions are very small in this case, the chip alignment problem was minor. This 

could be avoided by considering larger flow channel dimensions. Finally, the voltage 

drop across the gold imaging array may lead to electrochemical reactions, as previously 

reported,
37-39

 when the gold layer is exposed to high voltages for long times. A low 

conductivity (10 mM HEPES, σ ≈ 238 µS/cm) buffer is used to minimize current 

across the gold islands. 

 

7.3.3 Integrated EKLB – iSPR: Multi-analyte measurements (various 

concentrations of glycerol) 

 The SPR responses, as well as real time images, were recorded with injections 

of various concentrations (0, 1, 2 and 3%) of glycerol in 10 mM HEPES buffer. The 

real time iSPR image of the EKLB chip is shown in Fig. 7.5a. The resulting iSPR 

sensorgrams are shown in Fig. 7.5b. The total measurement time is 800 s in which 120 

s of baseline measurement with 10 mM HEPES buffer followed by 500 s of glycerol 

injection (Vin = 200 V DC) and 180 s of 10 mM HEPES buffer again. In channel 1, a 

3% glycerol solution resulted in measured response of 454 ± 4 mº. In channel 2, a 2% 

glycerol solution resulted in measured response of 307 ± 3 mº. In channel 3, a 1% 

glycerol solution resulted in measured response of 98 ± 4 mº. In channel 4, the signal 

observed was 2 ± 5 mº.  

   

7.3.4 Integrated EKLB – iSPR: Biomolecular interaction measurements 

 Various types of biomolecules (the immobilized biomolecules are ligands and 
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the biomolecules in flow are analytes) have been used in the experiments: Ligand 1 – 

Fab of human IgG (Sigma, Netherlands); Ligand 2 – neomycin (Sigma, Netherlands); 

Ligand 3 – β2 microglobulin (sigma, Netherlands); Analyte 1 – Fab specific goat 

antihuman IgG (Jacksons Immuno Research, USA); Analyte 2 – antineomycin 

(Biodesign, USA); Analyte 3 – mAb for β2 – microglobulin (Abcam, USA). All the 

samples were injected with the constant voltage Vin = 200 V DC (IBIS Technologies 

b.v., Hengelo, Netherlands). Prior to the biomolecular interaction experiments, the chip 

with gold sensing array coated with CMD was activated with 0.4 M EDC and 0.1 M 

NHS for 20 minutes followed by rinsing with acetic acid to maintain the pH suitable 

for immobilization. The chip was completely dried with dry nitrogen. After the 

immobilization of biomolecules, the active sites were blocked with 1M ethanolamine 

followed by washing with 10 mM HEPES buffer. Various experiments performed 

include: Scenario 1 “Single injection kinetics”
30

; four different concentrations of ligand 

1 (C1=2 mg/mL; C2=1 mg/mL; C3=0.5 mg/mL and C4=0 mg/mL) in 50 mM MES 

buffer (pH 5.4) were immobilized and single concentration of analyte 1 

(C1=C2=C3=C4=50 nM) was injected into the chip using EOF (Vin=200 Volts DC). This 

also gives information about reproducibility of the extracted kinetics with respect to 

various densities of ligand immobilized on the surface, which might provide 

information about re-binding effects, steric hindrance and mass transport limitations. 

Scenario 2: “One shot kinetics”
16

; Single concentration of ligand 1 (C1=C2=C3=C4=2 

mg/mL) was immobilized and different concentration of analyte 1 (C1=12.5 nM; C2=25 

nM; C3=50 nM and C4=0 nM) was injected into the chip. As described in literature
16

, 

this approach reduces the duration of kinetics experiments where various 

concentrations of analytes used for kinetics and affinity parameter extraction could be 

done with a single injection of various concentrations of analytes in different channels 

simultaneously. Scenario 3: “Multi-ligand/multi-analyte detection”
31

; Three different 

ligands (C1=85 mg/mL ligand 3, C2=20 mg/mL ligand 2 and C3=2 mg/mL ligand 1) 

were immobilized each in one channel and three different analytes (C1=35 nM analyte 

1, C2=110 nM analyte 2 and C3=50 nM analyte 3), which is specific to these ligands, 
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are injected in to the respective channels. In all the cases, after immobilization, the 

remaining active sites were blocked with 1M ethanolamine (Sigma, Netherlands) for 

10 minutes and subsequently washed prior to biomolecular interaction experiments. A 

baseline measurement was done using a 10 mM HEPES buffer for 100 s. In all 

experiments, the association phase was measured for 500 s followed by a dissociation 

phase with a running buffer for 500 s. The measured sensorgrams were fitted to a 1:1 

interaction model
41

 using the commercially available software (Scrubber, Biologics 

Inc., Australia). The results are discussed below in detail. 

 

7.3.4.1 Scenario 1 – Single injection kinetics 

 

Figure 7.6 Experiment and model fit (orange curves) results of scenario 1. (a) 

The concentrations of Human IgG Fabs immobilized are C1=2 

mg/mL; C2=1 mg/mL; C3=0.5 mg/mL and C4=0 mg/mL. The analyte 

concentrations in all the channels are 50 nM. The residuals of the 

model fit are shown in the lower plot.  

 The first biomolecular interaction experiment performed with the EKLB chip 

was a single injection kinetics measurement. The immobilization of different 

concentrations of ligand 1 were performed using the electrokinetic voltage Vin=100 V 

DC for 30 minutes. The biomolecular interaction was carried out with analyte 1. The 

resultant sensorgram is shown in Fig. 7.6 together with its 1:1 model function. The 

residuals of the fit are shown in the bottom plot. Results are shown in different colors. 
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The extracted parameters are shown in table 7.1. The affinity constant calculated in 

three channels varies between 1.3 and 2.2 nM. Channel 1, which has the highest 

concentration of immobilized ligand shows larger response variations.  

  

Table 7.1 Summary of results for scenario 1. Various concentrations of human 

IgG Fabs immobilized and single concentration of Fab specific 

antihuman IgG as analyte. The number of points considered for 

estimating the standard error is 6. 

Channels Interactant 

pairs 

Response 

(t=500 s) 

ka kd Rmax KD 

  mº M-1s-1 s-1 mº nM 

C1 28 ± 3 
(5.8 ± 2.1) × 

104 

(1.3 ± 2.1) × 

10-4 

34 ± 

3.0 
2.2 ± 1.1 

C2 17 ± 1 
(6.7 ± 3.6) × 

104 

(9.0 ± 4.3) × 

10-5 

22 ± 

1.5 
1.3 ± 0.8 

C3 

 

 

HIgG Fab – 

Fab specific 

AHIgG 

 11 ± 1 
(7.6 ± 1.8) × 

104 

(7.6 ± 3.2) × 

10-5 

15 ± 

1.2 
1.3 ± 1.0 

C4 Buffer - - - - - 

  

 The standard errors shown in the table are calculated from the 6 ROIs that are 

in a single channel. The large variations could be due to the fact that the ligand was not 

uniformly immobilized in the channel. The model fit is in very good agreement for the 

lower concentration ligands. The deviation from model fit was observed for the higher 

ligand concentration measurements and is due to the fact that molecules are completely 

saturated or active sites are not accessible by the analyte molecules. High analyte 

concentrations can also lead to mass transport limited interactions.
42–44

 Analyte 

concentrations for the kinetics experiment have to be in the range of the affinity 

constants to estimate the accurate results. In this experiment, we have included high 
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analyte concentrations and used the conventional 1:1 interaction model fit for the 

demonstration purpose only. In channel 1, the top most sensorgram is far away from 

the rest of the sensorgrams. This could be due to fabrication problem that might have 

existed in the specific gold sensing array. The standard error is comparatively less in 

the scenario 2 experiments. 

 

7.3.4.2 Scenario 2 – One shot kinetics 

 The second demonstration that we have performed with the EKLB chip is one 

shot kinetics as previously reported.
16

 The immobilization of ligand 1 followed by 

blocking and washing steps were done prior to the bonding of the top layer of chip. In 

this way, the electrical contact time with the surface gets reduced because of the offline 

immobilization. The interaction was performed with various concentrations of analyte 

1. The resultant sensorgram and its 1:1 model fit are shown in Fig. 7.7. The residual 

plots are shown in the lower plot in Fig. 7.7. This is an ideal experiment that also 

works in the classical kinetics approach where various concentrations of analytes were 

used for the extraction of kinetics and affinity parameters of the interactant pairs. The 

experimental data and fit are in very good agreement in this case. Higher analyte 

concentrations used in channel 3 slightly deviates from the 1:1 interaction model, 

which is reproducible when we compare the results of the experiment in scenario 1. 

The response level observed was in the same range and the standard error is slightly 

lower in this case. 

 The association rate (ka), as well as, dissociation rate (kd) extracted using a 

global fit analysis are quite similar to the values extracted in scenario 1 and are shown 

in Table 7.2. The large distribution observed in ka and kd is due to the deviations 

observed in responses. Proper immobilization or well quantified immobilization would 

be very helpful in order to reduce the response variations. 
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Figure 7.7 Experiment and model fit (orange curves) results of scenario 2. (a) 

The concentrations of Human IgG fabs immobilized in all the 

channels are 2 mg/mL. The analyte concentrations used are C1=12.5 

nM; C2=25nM; C3=50 nM and C4=0 nM as reference. The residuals 

of the model fit are shown in the lower plot.  

 

Figure 7.8 Experiment and model fit (orange curves) results of scenario 3. (a) 

C1=85 mg/mL β2 microglobulin immobilized and 35 nM anti-β2 

microglobulin as analyte; C2=20 mg/mL neomycin immobilized and 

110 nM anti-neomycin as analyte; C3=2 mg/mL human IgG fabs 

immobilized and 50 nM anti-human IgG specific to fab as analyte; 

C4=10 mM HEPES as reference. The residuals of the model fit are 

shown in the lower plot. 
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7.3.4.3 Scenario 3 – Multi-Ligand/Multi-Analyte detection 

 When kinetics information of a biomolecular interaction is not important, 

especially in the case of bio-detections or diagnostics, a single analyte (normally 

serum) is injected to detect and identify the presence of specific proteins or antibodies 

in the samples. If multiple components have to be detected in parallel, the assay time 

could be reduced which can make diagnostics faster. To demonstrate this scenario, we 

used each of the single channels for single interactant pairs and hence detected 3 

different interactant pairs at the same time. The fourth channel is used for referencing 

with the 10 mM HEPES buffer. 

 

Table 7.2 Summary of results for scenario 2. Single concentration of human 

IgG Fabs immobilized and various concentrations of Fab specific 

antihuman IgG as analyte (1 concentration in each channel). The 

number of points considered for estimating the standard error is 6. 

Channels 
Interactant 

pairs 

Response 

(t=500 s) 
ka kd Rmax KD 

  mº M-1s-1 s-1 mº nM 

C1 35 ± 2 

C2 24 ± 1 

C3 

 

HIgG Fabs - 

Fab Specific 

AHIgG 

 16 ± 2 

(5.2 ± 2.2) × 

104 

(9.7 ± 4.9) × 

10-5 

37 ± 

3.2 

1.9 ± 

0.7 

C4 Buffer - - - - - 

  

  In this experiment we see three different resultant sensorgram profiles, as well 

as, 1:1 model fits in Fig. 7.8. The extracted parameters for all 3 interactant pairs are 

listed in Table 7.3. In this case, similar results were observed in case of human IgG 

Fabs that were used in the previous experiments. The responses and extracted 

parameters are in the same range. This is a better indication that there is no cross 

contamination in the microchannels due to effects, such as, sample back flow from the 
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outlet reservoir. To avoid this effect, we have designed our chips with additional length 

in the microchannels from the sensing area to the outlet. 

 We have chosen three well known interactant pairs for this experiment to 

demonstrate the concept the new chip. All three interactant pairs follow the 

conventional 1:1 interaction model when the proper analyte and ligand concentration is 

used for the experiments. Kinetics information is not very important in this case as we 

try to detect multiple components at the same time. In general, the dissociation part of 

the sensorgram in all cases shows higher deviation which directly leads to higher error 

in dissociation rates. As of now, the exact reason for this deviation is unknown. 

However, the possible source of error could be due to the rebinding of desorbed analyte 

molecules to the surface which might arise from low flow rate.  

 

Table 7.3 Summary of results for scenario 3. Various components immobilized 

in each channel and various antibodies specific to the immobilized 

ligands as analyte. The number of points considered for estimating 

the standard error is 6. 

Channels 
Interactant 

pairs 

Response 

(t=500 s) 
ka kd Rmax KD 

  mº M-1s-1 s-1 mº nM 

C1 
Neo - mAb 

Neo 
47 ± 3 

(7.4 ± 

3.6) × 104 

(1.7 ± 1.1) 

× 10-4 
50 ± 3.0 2.3 ± 0.9 

C2 

HIgG Fab – 

Fab Specific 

AHIgG 

35 ± 1 
(8.5 ± 

2.8) × 104 

(1.1 ± 0.8) 

× 10-4 
41 ± 1.4 1.3 ± 0.8 

C3 
β2M - mAb 

β2M 
26 ± 2 

(2.2 ± 

1.2) × 105 

(1.9 ± 1.0) 

× 10-4 
27 ± 1.7 0.9 ± 0.5 

C4 Buffer - - - - - 

   

 There are some areas for future development in order to take full advantage of 

this method. The chips have been used for prototype development and this general 
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technique can be transferred to other materials such as glass. Another area for future 

development is overcoming the problem of gold degradation. We have observed that 

low conductivity buffers resulted in reduced damage to the gold sensing regions 

following a series of experiments. Hydrolysis leads to bubble formation in such 

circumstances on the corner of the gold sensing array and leads to detachment of the 

gold from the surface. This might be due to oxidation and subsequent removal of the 

titanium adhesion layer. Other adhesion layers, such as, tantalum can avoid this 

problem (results not shown). Coating of gold layers with functionalized hydrogel can 

protect the metal layer to a certain extent.
30

 

 

7.4 Conclusion 

 We have successfully demonstrated various possibilities of biosensing 

including multi-ligand/multi-analyte detection with the new device using electrokinetic 

fluid transport. The demonstration of the multi-ligand/multi-analyte concept using 

electrokinetics shows a new direction for biosensing chips when large numbers of 

reagents are simultaneously measured. At present, the possibility of extending this chip 

to greater than 10 channels where each channel has 12 sensing locations leading to the 

measurement of more than 100 sensing areas simultaneously, which are within the 

dimensions of CCD camera of iSPR system.  
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Electrokinetic Drug 

Screening Chip 
  

In this chapter, we present an extended version of the electrokinetic multi-ligand 

multi-analyte chip described in Chapter 7, where upto 10 samples can be 

simultaneously processed on chip. This approach reduces the time of experiment when 

compared to the conventional experimental methods. This new device offers a high 

degree of parallelization for not only analytes, but also for ligands where upto 90 

ligands are present on the sensing surface. This proof of concept has been 

demonstrated with well known interactant pairs. A discussion of drug screening 

applications concludes the chapter. A part of this chapter was modified from Lab Chip 

DOI:10.1039/C000705F (2010). 

 

8.1 Introduction 

We have already discussed the importance of surface plasmon resonance in the 

field of biomolecular interaction studies in previous chapters of this thesis. Hence, the 

focus of this chapter is the development of a new integrated device for drug screening 

applications. But the question is “are the SPR based diagnostic approaches useful for 

drug discovery?” We try to answer this question. The drug discovery companies are 

shifting their focus from high throughput screening towards more focused screening of 

drugs
1
 and drug fragments

2
. This type of analysis is where SPR biosensors are most 

effective and are quite commonly accepted as an important method. SPR is regularly 

used in the drug discovery process where some important parameters, such as kinetics
3
 

and affinity
3
 of drugs to the proteins, can be extracted in real-time in a label-free 

manner. Previously, drug screening was performed with fluorescent labels
4
 or 

radioactive labels
5
, where extra time and cost are required for the labeling process. 

There are many ways in which drug screening can be performed, but this is not the 

scope of this chapter. Previously reported reviews of various types of drug screening 
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approaches, as well as, the application of optical biosensors in drug discovery are 

available.
6,7

 

Microfluidic lab-on-a-chip (LOC) systems play a very important role in drug 

discovery as previously reported.
8,9

 However, there are no reports, to the best of our 

knowledge, that address integrated SPR – LOC devices in the field of drug discovery. 

In general, the combination of SPR with LOC technology, was previously reported for 

bioanalytical systems
10,11

 because the two techniques can be integrated relatively easily 

and have the potential for fast, automated biomolecular analysis with ultra-small 

sample volumes.
12

 Integrated LOC systems were also demonstrated previously by 

others
13

 as well as by us in previous chapters (Chapter 6 and 7).
14,15

 There are many 

recent reports describing new trends and designs for integrated SPR-LOC based 

measurement systems
16-20

 and many reports of applications for integrated LOC-SPR 

systems, such as, immunoassays,
21

 protein-aptamer interactions
22

 and cellular 

detection.
23 

A detailed review of integrated SPR-LOC systems has been discussed in 

Chapter 2. While the SPR and integration of microfluidics leads to a highly multiplex 

system, the integration of microarray to this integrated system leads to high-throughput 

multiplex system. This is currently an active area of research.
24-27

 As we mentioned 

previously, there is still plenty of room for improvement of such integrated systems to 

make efficient handling of samples as well as the more stable and robust operation of 

such integrated chips. We demonstrated an integrated iSPR-microarray-microfluidics 

system with electro osmotic flow (EOF)
28-30

 (also see chapter 7) for sample transport 

and electrokinetic focusing (EKF)
31-37

 (also see chapter 6) for sample guiding to 

specific array locations, which may be important for instrument miniaturization and 

scaling to larger numbers of the samples where conventional techniques will no longer 

be possible as the fluid handling would be tedious and cumbersome when more number 

of microchannels has to be handled simultaneously. 

We report here a simple integrated system with 12 microchannels in parallel 

and each microchannel has 12 gold sensing islands with electrokinetic transport of 

samples. For demonstration purpose, we use well-known interactant pairs in each 
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channel that results in the demonstration of nine different biomolecular interaction 

measurements simultaneously. One channel has been used for blank measurements for 

an experimental control.
38

 By observing the technical problems involved in such an 

integrated systems for highly parallel measurements, we propose the solution for 

solving those problems and also proposed a new hyphenated approach in the 

application area of drug screening. 

 

8.2 Materials and Methods 

8.2.1 Chip Descriptions 

 A two layer (Glass-PDMS) chips was used in this work. The chip fabrication 

was similar to that of the procedures described in Chapters 6 (section 6.6.1) and 7. The 

chip size is 15x15 mm
2
. The top PDMS layer includes the channel structures (12 

parallel channels), and reservoir holes for samples and buffer introduction. The bottom 

glass chip layer, which is refractive index matched (n=1.52) to the hemispherical prism 

of the iSPR instrument (IBIS Technologies b.v., Hengelo, Netherlands),
14,15

 has 

patterned gold islands (12x12 array) of 150 µm in diameter and 500 µm in pitch (center 

to center distance between two gold islands), as well as thickness of 47 nm (with 2 nm 

thick of titanium adhesion layer to enhance the gold adhesion) for iSPR. These sensing 

islands were coated with carboxymethyl dextran hydrogel (XanTec GmbH, Muenster, 

Germany) for covalent immobilization of biomolecules. The bonding of two layers of 

chips was done with UV-curable glue
39

 and the protocol described in chapter 7.  

 Each reservoir hole is 1 mm in diameter and the depth of the microchannel and 

interaction chamber is 48 µm. The illustration of the two layer chip together with chip 

holder integrated with platinum electrodes, as well as electrical connection 

representation is shown in Fig. 8.1. The length of each microchannel is different and 

the voltages that are required to calculate the same flow-rate has been listed in table 

8.1. 
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Figure 8.1 Illustration of the biochip (top layer – PDMS and bottom layer – 

glass with gold islands) with chip holder (integrated with platinum 

electrodes as well as reservoir holes for extra sample volume). The 

UV curable glue bonded chip is also shown here. Top left side image 

represents the electrical connections (For example: Channel 1 and 

channel 7 are connected to the same voltage source). A-A’ (Grey) 

line represents the splitting of two groups of channels structures and 

is also shown in chip images. 

 

8.2.2 Materials 

 The immobilization buffer used in this study was 10 mM sodium acetate 

(Sigma, the Netherlands), pH 5.2 and the running buffer was 10 mM HEPES buffer 

(Sigma, the Netherlands), pH 7.2 and conductivity of 29.6 µS/mm. The ligands used in 

this study are bovine serum albumin (BSA), human serum albumin (HSA), human 

immunoglobulin G (HIgG), β2-microglobulin (β2M) and antibiotics such as neomycin, 
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gentamycin, all bought from Sigma, the Netherlands. Other ligands such as Fab 

fragment of HIgG, F(ab’)2 fragment of HIgG and Fc fragments of HIgG, all bought 

from Jacksons Immunoresearch, USA. Various analytes used in the study are 

antibodies specific for HSA and BSA (Sigma, the Netherlands); antibodies of Fab 

specific, F(ab’)2 specific, and Fc fragment specific HIgG (Jacksons Immunoresearch, 

USA); antibody specific to β2M (Abcam, USA); antibodies specific to HIgG (Zymax, 

USA); antibodies specific to antibiotics (Neomycin and Gentamycin) (Biodesign, 

USA).  

Table 8.1 Summary of various channel dimensions as well as the respective 

voltages used for fluid transport.  

Channels 
Channel Length 

(mm) 
Voltage (V) 

C2 18.88 185 (V2) 

C3 17.40 171 (V3) 

C4 16.20 159 (V4) 

C5 16.18 159 (V5) 

C6 13.26 130 (V6) 

C8 18.88 185 (V2) 

C9 17.40 171 (V3) 

C10 16.20 159 (V4) 

C11 16.18 159 (V5) 

C12 13.26 130 (V6) 

 

8.3 Results and Discussions 

8.3.1 Electrokinetic flow simulations 

 Electrokinetic flow has been used in this study for the transport of all samples 

and buffers. The electrokinetic behavior in the microchannel has been modeled with a 

two-dimensional finite element code (conductive media model
40

 integrated with 

Navier-stokes equation
41

) using a commercial finite element software “COMSOL 

Multiphysics (COMSOL, USA)” (section 7.3.1)., and the same has been implemented 
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here to extract the parameters such as voltages necessary for the uniform velocity in all 

the channels according to the channel dimensions. The representation (Cn, Vn) in Fig. 

8.2 represents the respective channel numbers and voltages used in the simulation and 

experiments. The gold sensing islands have been set as floating during the simulation 

process. Since the area of gold is small compared to the total area of the channel, it 

does not show any macroscopic effects. However, the detailed evaluation of the 

simulated results shows the non-linear electrokinetic phenomenon.
42

 The electric field 

lines intersects the gold islands at a certain angle to the gold islands. In reality, this 

might not be true as the gold islands are coated with polymers such as dextran. The 

boundry condition has been changed to “surface insulation” from “floating potential”. 

In this situation, the later phenomenon has not been observed. Under steady state 

conditions, even without a dextran layer, the electrical double layer over the floating 

potential insulates the surface completely when the current drives positive ions towards 

one half side and negative ions to the other half side of the gold islands. In this 

situation, no electric field penetrates through the gold islands and electric field lines are 

tangential to the gold islands. When the electroosmotic slip was assumed, then the 

situation is different. However, simulations were carried out with no-slip boundry 

conditions.  

 The required flow velocity in each channel was set as 50 µm/sec and the 

voltage required to achieve such a flow velocity was estimated and applied in all 

experiments. The channel dimensions were chosen in such a way that there won’t be 

electrochemical reactions near the gold islands due to current flowing over the gold.
14

 

The electroosmotic mobility was assumed to be 5×10
-8

 m
2
/Vs.

43
 The electric field 

across each channel is ~9 V/mm. As previously mentioned, our experimental result 

does not show any gold damage in this range. Also the dextran coating over the gold 

island prevents the electrochemical reaction up to a certain extent. iSPR experiments 

were performed with the known interactant pairs with the newly developed chip and 

are discussed in the following section. 
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Figure 8.2  Voltage profile across each channels using simulation of 2D Navier-

Stokes equation with Conductive media model (COMSOL, USA). To 

have uniform velocity in all the channels, the input voltages were 

calculated accordingly and are listed in table 8.1  

 

Figure 8.3  (a) Microscope image of the chip (2x magnification) (b) iSPR image 

of 10 channels and 10x9 (90) gold islands for the iSPR 

measurement. Channels 1 and 7 as well as some gold islands (10x3 

+ 2x12 = 54) were not included in the study as this is out of the 

image area and iSPR signal could not be measured in those 

channels. 
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8.3.2 iSPR Experiment: Biomolecular Interactions 

 The integration of electrokinetics and iSPR was previously reported by our 

group,
15

 Hence, the new device has been used directly for the iSPR experiments. To 

demonstrate the proof of principle, a well known model biomolecular interaction pairs 

(table 8.2) has been considered. The chip was inspected in the microscope for any 

fabrication artifacts (Fig. 8.3 left side). The initial iSPR image is shown in Fig. 8.3 b.  

 The reproducibility of the iSPR measurement could be checked directly 

without repeating the experiment as each channel has 12 gold sensing islands for the 

measurement of same interactant pairs 12 times. However, the full sensing area did not 

completely fit in the iSPR camera (the range where the biomolecular interactions are 

measured) and hence could not measure all the channels, and hence reducing the 

number of samples measured simultaneously to 10. There were also a reduction in 

number of gold sensing islands in each channels (12 � 9). In the end, we could 

measure 90 simultaneous interactions instead of 144 for which, the chip has been 

initially designed. This is due to the restriction in the size of sensing area on the iSPR 

system only. Changing the chip design to accommodate the required number of 

channels and gold sensing islands required in the specific dimensions of the iSPR CCD 

camera resolution, then it would be possible to measure all the ligands and analyte 

samples in the same time. We have considered the chip as it is, to demonstrate the 

proof of principle of our new device. 

 All ligands used in this study were diluted 1:2 times from stock solutions using 

10 mM sodium acetate buffer of pH 5.2 and its respective final concentrations used are 

listed in Table 8.3. Prior to the PDMS chip bonding to the glass chip, the chip surface 

has been activated with mixture of 0.4 M EDC and 0.1 M NHS for 20 minutes.
44

 After 

the activation step, the chip surface was washed with 0.25% acetic acid to maintain the 

acidic property for the covalent immobilization of ligands. The processed chip is then 

dried with dry nitrogen. After chip bonding, 4µL of sample ligands have been 

immobilized in each channel. The chip has been kept in a humidity chamber (1 hour). 
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Table 8.2 Ligands and analytes used in this study in the respective channels.  

Channels Ligands Analytes 

C2 
Bovine Serum Albumin (BSA) Anti-BSA 

C3 
Human Serum Albumin (HSA) Anti-HSA 

C4 
Human Immunoglobilin G (HIgG) Anti-HIgG 

C5 
Neomycin Anti-Neomycin 

C6 
Gentamycin Anti-Gentamycin 

C8 
Fab HIgG Fab Specific AHIgG 

C9 
(Fab)2 HIgG (Fab)2 Specific AHIgG 

C10 
Fc HIgG Fc Specific AHIgG 

C11 
β2-Microglobulin Anti-β2M 

C12 
Buffer Buffer 

 

 The microchannels were washed and filled with a running buffer, and the chip 

has been placed over the iSPR interface module with a drop of refractive index 

matching oil. The iSPR interface module together with the chip is docked into the iSPR 

system followed by fixing of chip holder on the top of the chip. Various analyte 

samples were filled in their respective cuvettes of the chip holder. The electrodes are 

connected to the voltage power supply (IBIS Technologies B.V., Hengelo, the 

Netherlands). The voltages were controlled using an in-home developed C++ interface 

module, which is different than previously used (Chapter 6 and 7). The analyte sample 

concentrations used in this study are listed in Table 8.3. The results are shown in Fig. 

8.4 for all the channels and gold sensing islands.  The response observed in the 

association phase (t = 500 sec) with its standard error over the entire channel (n=9) are 

also listed in last column of Table 8.3.  

 Deviations in the response intensity were observed in the iSPR responses of 

the channels C2 and C4 (Fig. 8.4). This could be due to the uncontrolled immobilization 

where there is no control or quantitative measurement of the same. This could also be 

due to the fact that the molecules are multivalent.
56

 The responses observed in the 
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channels: C2, C3, C6, C8 and C9 could be influenced by steric hindrance due to the fact 

that the analyte sample used is bigger (150 KDa) than the immobilized molecules
45

 

(For example, the immobilized ligands, such as BSA or HSA (66 KDa), neomycin (615 

Da), gentamycin (576 Da) and Fab fragments of HIgG (50 KDa) and F(ab’)2 fragments 

of HIgG (100 KDa)). Highly oriented or high ordered spaced immobilization could be 

helpful in these cases or immobilizing very small amount of samples (low ligand 

density) could avoid this problem and should not affect the binding kinetics. 

 

Table 8.3 Concentration of sample ligands and analytes used in this study. The 

last column shows the response observed in the interface of 

association and dissociation phase (t = 500 sec) with its standard 

error (n=9). 

Channels 
Ligand Conc. 

(mg/mL) 

Analyte Conc. 

(µµµµg/mL) 

Response 

(mdeg) 

C2 5.0 80 54±7 

C3 5.0 80 142±5 

C4 0.5 20 51±4 

C5 17.0 66 20±1 

C6 7.5 12 124±3 

C8 2.2 26 16±1 

C9 2.2 46 49±2 

C10 1.2 26 63±2 

C11 0.13 20 42±1 

C12 0 0 0±0.3 

  

 Another factor that could be instantly observed is slow dissociation rates, 

indicating the strong complex formation (C3, C4, C6 and C10). In the following cases, 

Fab HIgG (C8), β2M (C11) and neomycin (C5), the dissociation phase starts slightly 

after 500 seconds, and could be the indication of effect of flow rate change during the 

experiment which might be due to the adsorption of molecules on the PDMS walls.
46

 

For the demonstration, there is no need for any model functions and fitting routines, as 

well as kinetics parameter extractions. It could be of beneficial only in a later stage. 
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Figure 8.4 Processed iSPR sensorgrams from the various well known interactant 

pairs used in this study as a proof of concept. The sensorgrams are 

split into two parts with grey lines (Left side: association phase for 

500 sec; Right side: dissociation phase for 500 sec). The channel 

numbers are displayed in the top left hand corner with its identities 

respectively.   
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8.3.3 Technical Problems 

 There are some issues that have to be addressed immediately to perform the 

experiments more efficiently. In our preliminary experiments demonstrated here, we 

have observed some practical and technical difficulties. Overcoming these following 

practical difficulties could be beneficial for the drug discovery community for easy 

drug screening in reduced time. 

 The first major issue was the problem of measuring all the region of interests 

“ROIs” (gold islands where the iSPR signals are measured) due to CCD camera 

restrictions of the iSPR system used. As we mentioned above, this problem could be 

handled carefully by designing the chips more carefully. However another major 

technical problem being the sensitivity of the interactions are affected when the ROIs 

are away from the center of the measurement zone (see Fig. 8.3). Corners are bit faded 

and no sharp images have been observed and hence the data obtained in the corners are 

not reliable as well as leads to higher standard deviations. It is also necessary to have 

good and reliable results from the SPR based assays. Better SPR dips (deep and narrow 

dip) leads to reliable data.
47

 The chip design for multi-ligand/multi-analyte detection 

becomes crucial in the space available (when corners are excluded) for the powerful 

and reliable measurement in the iSPR system. In order to validate this critical point, 

more experimental work has to be performed in the same configuration. 

 We have used PDMS as the top chip layer, which has to be diced perfectly in 

order to avoid the alignment problems with the gold sensing islands (150 µm diameter) 

and the channel width (200 µm). To avoid this problem, as well as the surface 

treatment step (to prevent protein adsorption to the PDMS wall), we propose to make 

the device in glass/glass. However the low temperature bonding that is required for the 

bonding of glass/glass chips is problematic. In the preliminary bonding procedures, we 

have observed bubble formation between the two glass layers when UV curable glue 

(NOA 81) is used. The reason is not yet known. High temperature glass/glass bonding
48

 

which is normally used cannot be used in our case as the high temperature leads to 

diffusion of the titanium layer (adhesion layer for gold) through the gold layer and we 
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have observed anamalous iSPR signals (results not shown).
49 

   

8.4 Proposed New Drug Screening Approach 

 This new device can, in principle, directly implemented for drug screening 

applications with certain improvements mentioned in the previous section. Normally, a 

drug screening is done with immobilizing HSA on the sensing surface followed by the 

injection of various concentrations of sample drugs, one after the other, with 

regeneration steps. With the collected iSPR data, the affinity was calculated and ranked 

in order to choose the right hits in the drugs that were screened. This process of 

performing an experiment can take days to weeks. Our idea is to reverse the drug 

screening assay by immobilizing various drugs on the sensing surface and inject 

various concentration of HSA to extract the required parameters. This is also due to the 

fact that small molecule measurements in the IBIS iSPR system are not possible. 

Reversing the assay leads to the injection of proteins or antibodies over the 

immobilized small molecules surface, in which case, the molecular weight is higher, 

there won’t be any problem in measuring the SPR signal during the drug-protein 

interaction measurements. However, there is a need for more amount of ligands that 

has to be immobilized on the sensing surface. The list of drugs that would be 

considered in this study is listed in Fig. 8.6. 

 There are many ways to perform drug screening assay in this newly developed 

device.  These are: 

1. Various drug molecules can be immobilized in various channels followed by the 

injection of HSA in order to measure the drug-protein interactions in real-time. The 

data is then fitted to the model functions to extract the affinity constants of drug-protein 

complex. Since a single channel is completely used and measures a single set of drug-

protein sets, which has multiple gold sensing islands, there is no need for multiple 

experiments to check the consistency and reproducibility of the measured responses.
15 

2. The method mentioned in “1” can also be extended to perform experiments to record 

kinetic titration data for which, regeneration steps can be completely neglected. In this 
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approach, the affinity parameter can be extracted in the same way as the conventional 

approach where multiple concentrations of analytes were used.
50

  

 

 

Figure 8.6 Panel of useful drugs for assay development. 

 

3. Another possible approach could be to immobilize the same drug in various channels 

and inject various concentrations of HSA of each concentration in the single channels 

and to extract the kinetics and affinity constant of the interactant sets similar to that of 

conventional approach and is also termed as “one shot kinetics”.
51

 A major 

disadvantage to this approach is that, only a limited number of drugs can be screened 

simultaneously as many channels are used for a single drug component. 

4. Various drug molecules can be immobilized on each gold sensing island (could also 

be different molecules in single channel) using a commercially available spotter.
52

 

Injecting the HSA in all the channels leads to data recording of all the drug-protein 

interactant sets. The affinity constant is extracted for all the sets in a single experiment. 

In this case, with the present chip design and technical aspects, it is possible to screen 
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80-90 drugs in a single experiment. 

 In all the above mentioned cases, one critical point of consideration is the 

immobilization of drugs on the sensing surface.
53

 This is different when compared to 

immobilizing proteins or antibodies that have discussed throughout this thesis booklet. 

In this case, the covalent immobilization of drug molecules to the sensing surface 

should happen with the –OH groups that are on the molecules.
54

 In this case, different 

surface chemistry protocol have to be followed in order to achieve good 

immobilization. The immobilization procedure is as follows: The hydrogel surface 

could be considered and immobilized dry with heating (mild SO4 catalysis). However, 

carboxymethyl dextran is less suitable as there could be a cross reactivity of the 

abundant hydroxyl groups of the dextran matrix. The formed esters are also subject to 

slow hydrolysis. For a very stable immobilization, it might make more sense to 

partially amino-functionalize the hydrogel (activation of sensor chip with EDC/NHS, 

but for very short time and functionalize it with 1M ethanolamine), followed by the 

introduction of epichlorohydrine (generation of epoxy functionalities) and again 

immobilize dry. In this way, the linkage is through amide and ether bond which gives 

more stable and robust immobilization.  

 It is also not necessary to wait for more than 10 hours to have a stable baseline 

measurement as is the case in immobilizing HSA on the surface.
55

 In general, for 

unknown reasons, the stable baseline could be achieved after 10 hours of continuous 

injection of buffer and regeneration solution over the HSA surface. This saves a huge 

amount of time in performing such an assay using the proposed approach. 

 

8.5 Summary 

 The successful implementation of a newly designed chip was demonstrated for 

the multiple ligand - multiple analyte (upto 10) interactions.  However there are many 

technical problems that have to be addressed before it is suitable for drug screening 

applications. The problems include, the corrected chip design as per the CCD camera 

dimensions, sensitivity issues in the corners, replace the PDMS with glass chips for 
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which, the low temperature bonding problem must be addressed. The electrochemical 

reaction problem arises due to high electric current  flow could be avoided by choosing 

proper design of the microchannels as well as with changing the titanium adhesion 

layer to tantalum layer for which the preliminary experiments already shows the 

promising results. But it needs optimization with respect to the optical settings of the 

iSPR system used. With all the improvements, the newly developed chip would be 

promising for performing the drug screening assay. This small scientific and technical 

contribution would be beneficial for high throughput – multiplex drug screening, where 

faster techniques are still in demand. 
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9 

Concluding Remarks and 

Recommendations for 

Future Work 

 
This chapter summarizes the overall results obtained in this four year research 

work on the development of an electrokinetic lab-on-a-chip for screening applications 

based on iSPR. We conclude this chapter with some important recommendations to 

improve the newly developed integrated device for drug screening applications.  

 

9.1 Conclusion 

 The major goal of the project is to design and develop an electrokinetic lab-on-

a-chip for high-throughput (multi-ligand) and multiplex (multi-analyte) detection 

focusing on biological screening applications (for eg. food, drugs, etc.). The major 

effort in this project includes the development of microarray-based bioassays on an 

iSPR platform in a conventional manner, transformation to a chip-based approach and 

improvement of the chip design to achieve the project goal. The major conclusion of 

the chapters of the thesis is summarized here. In chapter 1, chapter 2 and chapter 3 

respectively the aim of the project, state of the art and theoretical background has been 

described. 

Chapter 4: While trying to develop a microarray based bioassay with well known 

biomolecular interaction pairs, we developed an interesting and simplified 

biomolecular interaction kinetics approach (single injection kinetics) which could 

successfully extract kinetics and affinity parameters in a couple of minutes rather than 

hours using the conventional method. Quantitative comparisons between the estimated 

binding affinities measured with the conventional method are β2M: KD=1.5±0.3 nM 
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and HIgG: KD=12.6±0.2 nM and for the single injection method are β2M: KD=1.5±0.2 

nM and HIgG: KD=12.5±0.6 nM, which are in good agreement in both cases, as well 

as, with parameters described in literature. 

Chapter 5: We demonstrated another miniaturized multi-ligand/multi-analyte kinetics 

screening assay using iSPR with five different interactant pairs on a single sensor 

surface. The kinetics and affinity parameters which were extracted for all the 

interactant pairs by injecting the mixture of various antibodies are in very good 

agreement with results from conventional measurements using a single analyte. The 

experimental time was less for such experiments when compared to typical kinetics 

experiments. This approach could be extended further to more interactant pairs. The 

new approach facilitates the simultaneous screening and kinetics estimation of various 

multi-parameter samples e.g. drug targets in the drug discovery arena and also in many 

other interesting fields like biomarker discovery or antibody production. However, 

there are some limiting factors to implement such an assay to many real-time 

applications, as there might be cross-reactivity of various species in analyte mixture to 

the various immobilized ligands, which leads to false estimation of the kinetics. 

Chapter 6: Knowing the kinetic behavior of the biomolecular interactant pairs of 

interest, we proceeded with the design and development of a biochip. Finally, an all-

electrical electrokinetic sample transport chip has been successfully coupled to an SPR 

imaging system. The integrated system was successfully demonstrated with 3% 

glycerol sample, as well as biomolecular interaction of the well known interactant 

pairs: human IgG and goat anti-human IgG. The kinetics and affinity parameters 

extracted from the sensorgrams have been compared with results obtained from 

experiments using conventional pressure-driven flow and have been found to be in 

good agreement. The distribution of the responses from individual ROIs in the same 

row was similar for EKF – SPR and conventional pressure driven flow SPR indicating 

that this approach is viable and does not affect SPR measurements. This successful 

demonstration of an electrically controlled sample transport system directly coupled to 

SPR imaging may be important for SPR miniaturization and for scaling systems to 
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accept larger numbers of different samples. However, there were a couple of issues 

which needed immediate attention to move in the direction of multi-ligand/multi-

analyte detection. One of the issues was that high electrical current in the interaction 

chamber leads to electrochemical reactions around the gold sensing islands. Another 

point was mixing of samples will increase the risk of cross contamination of analytes 

and the flow rate should be sufficient and of a constant value to avoid other effects, 

such as mass transport limitations. 

Chapter 7: Considering all the points mentioned above, the second chip was designed 

with parallel microchannels instead of a single interaction chamber and each channel is 

used for a single sample. Hence the number of samples that needs to be used should 

have the same number of channels. We have successfully demonstrated various 

possibilities of biosensing including multi-ligand/multi-analyte detection with the new 

device using electrokinetic fluid transport. The demonstration of the multi-

ligand/multi-analyte concept using electrokinetics shows a new direction for biosensing 

chips when large numbers of reagents are simultaneously measured. For that situation, 

we propose to increase the number of channels further for optimizing the throughput 

and multiplexing the assay and implement the chip for drug screening application. 

 Chapter 8: Finally, we have developed a biochip with 12 channels where each 

channel has 12 sensing locations leading to the measurement of more than 100 sensing 

areas simultaneously. This should be within the dimensions of the CCD camera of 

iSPR system. However, in the end we have demonstrated 90 simultaneous 

measurements with this chip using nine well-known interactant pairs on the iSPR 

platform. We also propose to improve the chip for drug screening applications.  

 In most of the chip based approaches, the dissociation phase of the 

sensorgrams shows more deviations, and in some cases, there is hardly any 

dissociation. This might be due to the fact that there is a rebinding effect (desorbing 

molecules binds to the surface again). This might arise due to the lower flow rate used 

in the measurements. This variation in dissociation phase has a direct impact on the 

error calculated in the dissociation rate which directly adding up the error values in 

affinity values calculated. The exact reason for the same is not known and it needs 
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more experimental work with various biomolecules. The recommendation for 

improvement is discussed in the following section. 

 

9.2 Recommendations for future work 

 The proposed drug screening assay could be implemented on this chip only 

after certain problems are addressed. The problems include the corrected chip design as 

per the CCD camera dimensions, sensitivity issues in the corners, replacement of the 

PDMS with glass chips, for which the low temperature bonding problem must be 

addressed. Apart from these problems, there are also a couple of issues that need to be 

solved when electrokinetics has to be used for operating such a chip. The major issues 

and possible recommendation are listed here. 

 

9.2.1 Lab-on-a-Chip 

Metal Adhesion: The first problem is flow rate. In order to increase the flow rate, a 

high voltage should be applied across the containers, which in the end leads to a higher 

electric field and current flow over the sensing area. A buffer with high salt 

concentration is important for many complex biomolecular interaction measurements 

and in combination with a high electric field along the channel it may generate 

undesirable high currents. If currents are higher then a certain critical value, Joule 

heating will take place with many biochemical and physical consequences. It not only 

may affect the protein binding/denaturation, but also will affect the SPR resonance 

angle, conductivity of the buffer etc.  Higher currents over the gold might lead to 

electrochemical reactions and etching of the gold surface. In our experiments, we have 

protected the gold layer to a certain extent by coating the gold with 

dextran/functionalized hydrogel, as well as by using a low conductivity buffer such as 

10 mM HEPES buffer with low ionic strength background electrolytes. Both are 

effective strategies, but only to some extent. A solution is that the adhesion layer is 

replaced from titanium to tantalum, which withstands higher currents without forming 

bubbles over the metal surface or lift-off of the gold layer from the glass substrate.  
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 Because proteins in complex matrices will stick to the walls of the channels, 

the electro osmotic flow will be affected resulting in a reduced flow at equal electric 

fields. Kinetics of biomolecular interactions are dramatically affected by non-constant 

flow over time. A static or dynamic precoating, which shows very low levels of non 

specific binding in combination with samples at very low diluted complex matrices 

could overcome this. However during the 4 years time period it did not allow me to 

work on this subject and should be transferred to future work. For SPR measurements, 

the gold layer should be homogeneous and without trace metals in order to achieve a 

good response. In the present situation, it is not possible to achieve a pure 

tantalum/gold layer in our cleanroom. Professional chips should be obtained from the 

chip manufacturers who rely on high quality SPR gold. (eg. IBIS Technologies B.v.) 

Glass/Glass Chip: We have used chips made of PDMS as a top layer in our 

experiments. However, there were some problems which we have noticed while 

working on the hybrid PDMS/glass chips, e.g. stability of the bond over a certain 

period of time; adsorption of proteins to the PDMS walls leading to change in electro 

osmotic mobility and; improper dicing and punching of holes (manual) leading to 

alignment problems. We decided to shift to full glass chips instead of the hybrid 

PDMS/Glass. However, there is a bonding problem for this combination which is yet to 

be solved. Normally, glass/glass bonding is done at a high temperature which in our 

case is problematic due to faster oxidation of titanium layer which is used as the 

adhesion layer for gold. It is possible that the titanium diffuses into the gold and 

changes the property of the surface which is no longer suitable for SPR measurements. 

If e.g. spotting of different ligands to the SPR surface is desirable the chips cannot be 

closed using high temperature bonding. Biological ligands will not survive elevated 

temperatures. So there is a need for low temperature bonding which still should be 

developed for such applications. 

 

9.2.2 Surface Plasmon Resonance Imaging System 

CCD camera: The pixel noise of the camera has to be improved to make the assay 
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more sensitive. With the present configuration of the iSPR system, it is not possible to 

detect small molecules < 2000 Daltons even when high capacity chips are applied.  

Software: At present, the electrokinetics has to be controlled using a separate custom 

built labview or C++ interface to control the flow in chips which is not integrated with 

the software of the iSPR instrument provided by the company (IBIS technologies b.v., 

Hengelo, the Netherlands). It is desirable to integrate the SPR data acquisition with the 

control of the fluidics using the electrokinetic control unit. The recorded sensorgram 

data are stored in the database and can only be exported to Excel or in text data format 

for further characterization. Besides the determination of the dissociation rate constants 

with SPRint software, the value of the affinity constant must be separately analyzed 

using another commercial software package “scrubber2”. There is a need for integrated 

software packages, which controls both the electrokinetics the iSPR measurements and 

the data analysis. 

 

9.2.3 Drug Screening Assay 

 When the above mentioned issues are solved we could implement the 

proposed drug screening assay (Chapter 8) directly which would lead to the successful 

realization of the goal of the proposed project. There are different ways by which the 

analyte screening experiments can be performed using the new lab-on-a-chip device. 

1. Various small ligand molecules (drugs) can be immobilized in various channels. This 

can be followed by the injection of HSA in order to measure the drug-protein 

interactions in real-time.
1 

2. The method mentioned in “1” can also be extended to perform experiments to record 

serial kinetic interaction (also known as “kinetic titration”) data for which regeneration 

steps can be completely avoided.
2
  

3. Another possible approach could be to immobilize the same ligand in multiple 

channels and various concentrations of analyte are injected (one analyte per channel) in 

microchannels and to extract the kinetics and affinity constant of the interactant sets. 

This can be done similar to the conventional approach where various concentrations of 
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analyte are injected one after the other. Since it is done with a single step, it is termed 

“one shot kinetics”.
3
  

4. Various drug molecules can be immobilized on each gold sensing island (could also 

be different molecules in single channel) using a commercially available spotter.
4 

Injecting the HSA in all the channels leads to data recording of all the drug-protein 

interactant sets. Since, we can measure up to 90 interactions simultaneously with the 

present chip design, it is possible to screen 80-90 drugs in a single experiment. 

 In all the cases, the recorded iSPR data can be directly fitted to its model 

functions to extract the kinetics and affinity parameters, which are of main importance 

in the screening of drugs for a specific purpose. It could be of very high advantage for 

the drug discovery community to have such a high-throughput multiplex biochip which 

makes the drug discovery faster when compared to the present existing systems which 

take weeks to screen the potential drug candidates and extract the kinetics, and affinity 

parameters. 
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List of Abbreviations 

SPR Surface plasmon resonance 
iSPR Surface plasmon resonance imaging 
LSPR Localized surface plasmon resonance 
SPP Surface plasmon polaritons 
PDMS Poly di-methyl silaxone 
PMMA Poly (methyl methacrylate) 
PET Polyethylene terephthalate 
ROI Regions of interest 
LOC Lab-on-a-chip 
EKF Electrokinetic focusing 
EOF Electro osmotic flow 
EKLB Electrokinetic lab-on-a-biochip 
pI Isoelectric point 
SAM Self assembled monolayer 
DNA Deoxyribonucleic acid 
RNA Ribonucleic acid 
mRNA Micro ribonucleic acid 
IgG Immunoglobulin G 
IgA Immunoglobulin A 
IgD Immunoglobulin D 
IgE Immunoglobulin E 
IgM Immunoglobulin M 
h-IgG Human immunoglobulin G 
a-IgG Anti-immunoglobulin G 
BSA Bovine serum albumin 
HSA Human serum albumin 

β2M β2-microglobulin 

a-β2M Anti-β2-microglobulin 
Fab Fab fragment 
CMD Carboxy methyl dextran 
Noa Norland optical adhesives 
mAb Monoclonal antibody 
NHS N-hydroxy-succinimide 
EDC 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 
HCl Hydrochloric acid 
MES 2-(N-morpholino) ethanesulfonic acid 
HBS-EP 10mM Hepes, 150mM NaCl, 3mM EDTA, 0.005% Tween-20 
RU Response unit 
ELISA Enzyme-linked immunosorbent assay 
CFM Continuous flow microfluidics 
CCD Charge coupled device 
ATR Attenuated total reflectance 
EWOD Electrowetting on Dielectrics 
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Summary 

 This thesis titled “Lab-on-a-Chip Surface Plasmon Resonance Biosensor for 

Multiplex Bioassays” describes new developments in the integration of  an SPR 

imaging based biosensor and electrokinetic lab-on-a-chip. This research was aimed to 

develop a strategy to multiplex a bioassays in combination with high-throughput, 

which not only saves a huge amount of time, but also reduces the cost of such assays 

while performing multiple assays simultaneously. The major advantage of using 

electrokinetic driven fluidics instead of conventional pressure driven flow is to avoid 

complex plumbing network, valves and pumps, especially when large number of 

microchannels (n > 10) are used. This thesis describes a successful operation of a 

newly developed integrated biosensor system which needs a single voltage supply only. 

This thesis also explores the possibilities of measuring (multiple) biomolecular 

interaction kinetics in a different way compared to the conventional approaches, taking 

the advantage of the microarray integrated SPR imaging system. 

 The initial focus was on the development of a microfluidic lab-on-a-chip with 

the goal to demonstrate the feasibility of integrating both the biosensor microarray and 

applying electrokinetic pumping in a single device.  After the demonstration of such an 

integrated biosensor, some of the observed practical and technical problems were 

addressed. Eg. higher current flow in the interaction chamber leads to electrolysis 

reactions near the gold metal layer giving additional unwanted effects as bubble 

formation, etching of the gold, pH shifts etc. A solution was found to protect the gold 

film by a hydrogel/dextran coating as well as usage of low conductivity buffers. In a 

new design of the chip the large interaction chamber was changed to individual 

microchannels (four microchannels operated in parallel) for guiding the sample flow. 

The modified chip (electrokinetic lab-on-a-biochip) was demonstrated with various 

types of biomolecular interaction experiments which includes multi-ligand/multi-

analyte detection which is the core of the thesis. Kinetics and affinity of the model 
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biomolecular interactant pair (human IgG – a-IgG) was extracted from the integrated 

biosensor and compared with the conventional approaches. Both were in very good 

agreement with each other. 

 The device was further scaled-up to 12 channels in combination with up to 9 

times multiplexing per channel, which were demonstrated with well known interactant 

pairs. A recommendation for future work prior to the implementation of this newly 

developed chip for biological applications (for eg. drug screening) is firstly changing 

the titanium adhesion layer for the gold film to tantalum which withstands higher 

currents and secondly replacing the PDMS/glass hybrid chips with full glass chips 

although a low temperature bonding technique has still to be developed. With the 

modifications as suggested, it should be possible to screen ~ 80-90 drugs 

simultaneously with the extraction of its kinetics parameters straightaway from the 

measured SPR responses. The new device could be of further interest for not only drug 

discovery applications, but it also opens up a new dimension in the development of 

analytical tools in various application areas to measure many biomolecular interactions 

in multiplex format and at high throughput.   
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Samenvatting 

 Dit proefschrift met de titel “Lab-on-a-Chip Surface Plasmon Resonance 

Biosensor for Multiplex Bioassays” beschrijft recente ontwikkelingen bij het integreren 

van een biosensor gebaseerd op SPR imaging en een lab-on-a-chip. Het doel van dit 

onderzoek was het ontwikkelen van een strategie om bioassays te multiplexen, om  in 

combinatie met een hoge monster doorvoer, de benodigde tijd en kosten van assays te 

verminderen indien meerdere assays simultaan worden uitgevoerd. Het grote voordeel 

van het gebruik van elektrokinetisch gedreven vloeistofstromen in plaats van 

conventionele, drukgedreven vloeistofstroom is het voorkomen van een complex 

netwerk van slangen, kleppen en pompen. Dit is vooral van belang indien een groot 

aantal microkanalen (n > 10) wordt gebruikt. Dit proefschrift beschrijft de succesvolle 

werking van een nieuw ontwikkeld, geïntegreerd biosensor systeem, dat  gebruik maakt 

van slechts één enkele spanningsbron voor het verpompen van de vloeistoffen in de 

chip. Tevens wordt in dit proefschrift de mogelijkheid onderzocht om bindingssterktes 

van biomoleculen aan liganden op een niet-conventionele manier te meten, waarbij het 

voordeel van de geïntegreerde SPR microarray optimaal wordt benut. 

 De oorspronkelijke focus lag bij het ontwikkelen van een micofluidisch lab-

on-a-chip met het doel om de haalbaarheid van een geïntegreerde biosensor microarray 

en elektrokinetisch pompen in één enkel device te demonstreren. Na demonstratie van 

het bovengenoemde device zijn een aantal van de geobserveerde praktische en 

technische problemen aangepakt. Een hogere electrische stroom bij het 

sensoroppervlak leidt bijvoorbeeld tot electrolyse bij de gouden dunne film elektrode, 

wat resulteert in ongewenste effecten zoals gasbelformatie, het weg-etsen van de 

elektrode en verschuivingen in de pH. De oplossing van deze problemen is gevonden 

in een beschermende hydrogel coating over de goudfilm, samen met het gebruik van 

een buffer met lage geleidbaarheid. In een verbeterde versie van de microchip is de 

grote interactiekamer opgesplitst in individuele microkanalen (vier microkanalen 

opereren in parallel) om de meetvloeistof in de juiste baan te leiden. Met behulp van 
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deze verbeterde chip (elektrokinetic lab-on-a-biochip) zijn verschillende types 

biomoleculaire interactie experimenten in multiplex (meerdere interacties 

tegelijkertijd) uitgevoerd en gedemonstreerd, wat de kern vormt van dit proefschrift. 

De kinetiek en de affiniteit (bindingssterkte) van een bekend paar antilichamen 

(humaan IgG en anti-humaan IgG) is bepaald met behulp van de geïntegreerde 

biosensor en vergeleken met de conventionele aanpak. De resultaten waren in goede 

overeenstemming. 

 Het device is opgeschaald naar 12 kanalen in combinatie met een 9-voudige 

multiplexing per kanaal, waarvan de werking is gedemonstreerd met bekende interactie 

paren. Voordat dit opgeschaalde device kan worden geimplementeerd in biologische 

toepassingen, is het raadzaam om eerst de titanium hechtlaag onder de goudfilm te 

vervangen voor tantaal, omdat tantaal beter bestand is tegen grote stromen. Daarnaast 

is het aan te bevelen om de hybride PDMS/glas chip te vervangen door een volledig 

glazen chip, alhoewel lage-temperatuur bonding nog niet goed is ontwikkeld. Met de 

voorgestelde verbeteringen zou het mogelijk moeten zijn om ~80-90 verschillende 

stoffen tegelijkertijd rechtstreeeks uit de SPR respons te onderzoeken op de kinetiek-

parameters. Dit nieuwe device zou niet alleen interessant zijn in medicijnonderzoek, 

maar het opent ook een nieuwe weg in de richting van het ontwikkelen van analytische 

gereedschappen in diverse onderzoeksgebieden waarbij vele monsters tegelijkertijd en 

in gemultiplexte vorm gemeten kunnen worden.  
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