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ABSTRACT OF THE DISSERTATION 
 

Developing Novel Biointerfaces and Biomaterials with Surface Plasmon Resonance and 
SPR Imaging 

 
by 

Matthew James Linman 
 

Doctor of Philosophy, Graduate Program in Chemistry 
University of California, Riverside, June 2011 

Dr. Quan Cheng, Chairperson 

 

Much research has focused on the development of analytical methods to monitor a 

multitude of biological interactions including protein-carbohydrate, protein-lipid, and 

protein-DNA among others. Surface plasmon resonance (SPR) remains one of the most 

exciting techniques that allows for real-time data collection and label free detection 

amenable to many biological systems. This thesis focuses on the development of novel 

sensing interfaces/materials for biomolecular interaction analysis (BIA) with SPR and 

SPR imaging (SPRi).  

The first half of this work focuses on the development of unique surface 

chemistry designs to examine biological interactions. Firstly, in an effort to augment 

understanding of lectin (protein)-carbohydrate interactions, SPR spectroscopy is used to 

display differential binding of lectins to various synthetic carbohydrates. This 

biointerface was later adapted to a high-density array format for SPR imaging detection. 

Secondly, to expand the use of SPR to large bioparticle detection another interface based 

on the generation of a mass-enhancing product at the sensing interface for highly 
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sensitive and fast detection of E. coli is presented. Results indicate a multi-fold signal 

enhancement of E. coli cells in buffer and on spinach leaves. 

The second part of this thesis focuses on the development of new substrates for 

both SPR and SPR imaging experiments. Firstly, the fabrication of ultra-thin (ca. 5-8 nm) 

glass layers on top of a gold surface for SPR biosensing applications is demonstrated. 

This nanoglassy layer is created by employing a high-pressure, low-volume paint gun 

technique, resulting in ultra-thin and fracture-free substrates for biosensing applications 

including monitoring membrane protein interactions in real-time. Finally, the facile 

fabrication of gold-coated etched glass substrates for SPR imaging that reduces 

background resonance 5-fold in situ compared to the standard gold island array platform 

is presented. The etching of the glass substrate induces a variation in the resonance 

condition and thus in the resonance angle between the etched wells and the surrounding 

area, leading to the isolation of the array spot resonance with a significant reduction of 

the background resonance. Additionally, these chips enhance the SPR evanescent field 

intensity 3-fold compared to standard planar gold chips and significantly enhance SPR 

imaging surface sensitivity. 
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CHAPTER 1: SPR and SPR Imaging for Bioanalysis 
 
  

In this introductory chapter background of the label-free SPR and SPR imaging 

techniques will be covered in great detail. Then the introduction will identify three 

problem areas in label-free SPR technology that this thesis aims to address: ineffective 

surface design, inability to detect large pathogenic microbial particles, and low detection 

sensitivity. Through a series of both simulations and experimental work, the data 

compiled in this thesis has greatly improved on existing SPR biosensor designs. With 

these improvements we candidly express our optimism that the sensor designs presented 

herein will eventually make SPR as commonplace in biology, chemistry, engineering, 

and physics labs as fluorescence is today.  

Background and History of SPR 

Surface plasmon resonance or SPR is a surface sensitive analytical technique that 

is widely used to monitor both chemical and biological interactions in real-time. The idea 

of surface plasmons was originally identified more than 100 years ago by R. W. Wood1 

when he first described his observation of unusual diffraction on diffraction gratings, a 

phenomenon later attributed to the excitation of surface waves by Fano.2 Eventually the 

existence of surface plasmons in thin metal films penetrated by electrons was theorized 

and later proven in the 1950s.3,4 Later in the 1960s the two most common present day 

forms of SPR spectrometers were developed by Otto5 and Kretschmann6  based on 

attenuated total reflection (ATR) in a prism. The Kretchsmann configuration is especially 

convenient and is the basis for most SPR instrumentation to this day. However, despite 
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identifying a new optical technique, it was not until the late 1980s when Raether7 

popularized SPR into the label-free optical technique that is widely employed by 

chemists, biologists, and engineers today.  

One feature that makes SPR extremely unique is real-time data collection giving it 

a distinct advantage over endpoint binding assays, which are limited and have been 

gradually replaced by SPR since its widespread usage in the 1990s.  The phenomenon of 

surface plasmon resonance occurs at a metal/dielectric interface where one of the 

biological binding pairs is immobilized on the metal surface while the other binding 

partner is allowed to flow across the sensing interface. SPR spectroscopy monitors the 

changes in refractive index occurring at the metal surface upon interaction between the 

two biospecific ligands. All analyses require no labels, thus precluding the use of 

convoluted and sometimes disruptive labeling chemistry found in fluorescence methods.8 

Given this perceived analytical advantage, the use of surface plasmon resonance has 

grown substantially in the recent years.  According to a recent survey by SciFinder 

Scholar, for the year 2007 to present (March 2011), more than 10000 articles and reviews 

have been published on surface plasmon resonance analysis including multiple reviews in 

the area in the last few years.9-11 In an effort to understand the basis for the majority of 

work in this thesis, the next section will cover the physics of SPR and the associated 

technique of SPR imaging. 
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SPR: Physics and Kinetics of Real-Time Sensing 

Electromagnetic Waves at the Interfaces of Complex Media 

Well before the formulation of the electromagnetic theory of light by Maxwell, 

van Snell discovered the law of refraction empirically in the early 1600s.12 If you 

consider two materials, each occupying a half-space, which share a common flat interface 

at z = 0. The electromagnetic response of each material i is described by the dielectric 

function εi (from which we can readily derive the refractive indices ni using equation 

(1.1) for that material). For a plane electromagnetic wave with an angle of incidence αi 

measured from the surface normal, we find the angle of transmission αt via Snell’s law of 

refraction: 
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Reflection occurs at αr = −αi For n2 < n1, αt is always larger than αi. If αt equals 90°, no 

light is transmitted into medium two and the full intensity is reflected. This condition is 

called total internal reflection (TIR). The angle of incidence under which TIR occurs is 

called the critical angle θc. It is given by Snell’s law when the numerator on the right side 

of equation (1.1) reduces to unity: 
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Since reflection and transmission constitute competing propagation channels, the 

question arises how the impinging intensity is split up quantitatively between the two. 

This problem was resolved by Fresnel. His deduction13 is based on the continuity 
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conditions for the interfacial components of the electric and magnetic fields. The 

different polarization of the transversal field have to be distinguished since they behave 

differently at the interface. With its wave vector situated within the xz-plane, any 

arbitrary plane electric field can be decomposed into a component that is lying also 

within the xz-plane and an orthogonal component that runs parallel to the y-axis. The 

latter corresponds to an electric field of s-polarization (TE-mode). The in-plane 

component is called p-polarization (TM-mode). Fresnel’s formulas express the ratio of 

the electric field amplitude of the reflected (or transmitted) wave divided by the incident 

wave amplitude for the two polarizations: 
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These equations provide the fundamental physical basis for SPR which is outlined in 

more detail in the following section. 

SPR Theory 

 Surface plasmons (SPs) are surface electromagnetic waves that propagate parallel 

along a metal/dielectric interface. These modes can be derived as solutions to Maxwell’s 

equations which were covered briefly in the previous section. More relevant to our 
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discussion is the fact that only a p-polarized electric field can induce surface charges due 

to its field component along the z-axis and therefore generate surface plasmons. Thus all 

equations herein will focus on the case of a p-polarized electric field only. For this 

phenomenon to occur the real part of the dielectric constant of the metal must be negative 

and its magnitude must be greater than that of the dielectric (or fluid). Thus usually only 

certain metals such as gold, silver and aluminum are used for SPR measurements. The 

dispersion relation for surface plasmons on a metal surface is: 
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where ksp is the wave vector for surface plasmons, c is the speed of light, ε(ω) is the metal 

complex dielectric function and εa is the dielectric constant of the ambient.14 Given this 

dispersion relation, surface plasmons can be directly excited by electrons but not directly 

by light because SPs have a longer wave vector than light waves of the same energy (

cklight /ω= ).15 Thus the wave vector of the photon must be increased in order to convert 

the energy of the photon into surface plasmons. This can be done by employing a high 

refractive index prism or grating coupler. There are two major setups to excite surface 

plasmons: the Otto configuration and the Kretschmann configuration. Since the Otto 

configuration is rarely employed, we will focus our discussion entirely on the 

Kretschmann configuration. This configuration is shown in Figure 1.1, which employs p-

polarized light that is totally internally reflected at the metal surface.  
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Figure 1.1 Kretschmann configuration in SPR depicting the conversion of energy from 
light waves to surface plasmons via a gold/dielectric interface. 
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In this configuration a laser beam or light emitting diode (LED) is reflected off the base 

of a high refractive index prism and the reflected intensity is measured. A thin metal layer 

is located on the prism base which is the sensor chip, about 51 nm of gold, followed by a 

bulk dielectric (usually water or buffer). The metal layer thickness needs to be precisely 

controlled in order to obtain the most efficient coupling to the excitation of surface 

plasmon for maximum surface sensitivity.  

In order to observe SPR, the matching conditions for the wave vectors of the 

incident light and SP can be achieved by either tuning the incident angle or the 

wavelength of the incident light. Using a fixed wavelength light source, surface plasmons 

will be generated in the metal film at angles where the photon’s wave vector (klight) equals 

the surface plasmon’s wave vector (ksp). Since this phenomenon is a conversion of light 

energy to surface plasmons, the excitation of SPs corresponds to an attenuation of the 

reflected light intensity. The angle where a complete attenuation of the reflected light 

occurs is known as the surface plasmon resonance angle and is depicted as a symmetric 

dip in the reflection spectrum.  

 Along with the creation of SPs, there exists a decaying evanescent wave depicted 

as E in Figure 1.1. The evanescent field (E) associated with the surface plasmon wave has 

its maximum at the surface and decays exponentially into the space perpendicular to it, 

extending into the metal and the dielectric.16-18 The position of the resonance angle is 

affected by the binding of biomolecules to the metal surface. Consequently, SPR is 

sensitive to changes in the surface characteristics near the interface at a distance of about 

200 nm.19 Thus SPR offers great potential as a surface analytical technique for label-free, 
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nondestructive study of interfacial properties and processes involving both chemical and 

biological species.  

Instrumentation and Modes of Operation 

 SPR instrumentation has been commercialized by a number of companies 

including Biacore (now GE Healthcare), Sensata Technologies (formerly part of Texas 

Instruments), Eco Chemie, Biosensing Instrument, and Biosuplar, to name a few. Since 

the Biacore instrument has proven to be the most popular for SPR chemical and 

biological sensors,20 a brief discussion is merited. The sensing chip in the Biacore 

instrument makes contact with a microfluidic system to create several flow cells through 

which solutions are independently passed under the control of valves. The back side of 

the chip couples with the optical system, in which light at a range of angles of incidence 

is reflected from the chip onto a detector that enables the resonance angle to be measured 

and logged by the control software as a function of time.21 The angle is conventionally 

expressed in terms of the arbitrary resonance units, RU, where a change in resonance 

angle of 0.1° is equal to 1000 RU.22 The Biacore instrument is fully automated, highly 

sensitive and requires only minute amount of samples for analysis. However, the cost of 

instrument is usually high and the use of prefabricated proprietary sensor chips also 

drives up the running cost. Nevertheless, it has been the SPR instrument of choice for 

biologists whose goals are to characterize binding affinity rather than method 

development. With the growing industry of SPR technology, there is a plethora of options 

and instruments available to suit various research needs. 
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 It should be noted there exist both angular-scanning SPR and wavelength-

scanning modes SPR spectroscopy, although angular-scanning is more widely practiced. 

In the Kretschmann configuration in the angular scanning mode, there is a light source 

(e.g., a laser) that is polarized upon hitting a high-refractive index prism under total 

internal reflection conditions as mentioned earlier (Figure 1.2). The SPR signal is 

detected by monitoring reflected light intensity on the opposite side of the prism, which 

changes upon an analyte binding to the sensing surface. The binding curve obtained by 

monitoring the minimum angle shift as a function of time is known as a sensorgram, 

shown in the bottom right hand portion of Figure 1.2, which results from a shift in 

minimum angle in the reflectivity curve shown on the left side of the same figure. The 

analysis of SPR via sensorgrams will be discussed in the following section. 
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Figure 1.2 Schematic of real-time biointerface upon analyte binding to sensing surface. 
The reflectivity curve (lower left) shifts upon analyte binding (displayed as AB) and can 
be monitored in real-time with a sensorgram (lower right).  
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Sensorgrams and Kinetics 

 The SPR sensorgram generally contains three phases: the association phase, the 

dissociation phase and the regeneration phase, as shown in detail in Figure 1.3.  The 

binding kinetics that quantitatively characterizes a biomolecular interaction by rate 

constants and equilibrium constants can be determined from the sensorgram as well.  
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Figure 1.3 Sample SPR sensorgram showing all the different kinetic and equilibrium 
phases along with key functional regions for data analysis. 
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For an SPR measurement, the reaction rate and equilibrium constants of interactions can 

be assessed with the reaction: 

ABBA ↔+           (1.8) 

where A is the biological/chemical analyte and B is the ligand immobilized on the gold 

sensor surface. The association rate is the rate at which complex AB forms. Given that 

binding can occur very quickly, the transient kinetic period is important for determining 

the association constant and methods to determine its value have been demonstrated 

previously.23 Generally, in this initial rate kinetic method, at t = 0, the equation for initial 

rate analysis is: 

asskAAB
dt

dAB ][max=          (1.9) 

where ABmax is the maximum response that can be obtained for analyte binding on the 

sensor surface, and assk  is the association constant in units of mol-1s-1.  By plotting the 

initial rate against analyte concentration A, a straight line is obtained with a slope equal to

maxAB × assk .  After assk  is determined, dissk , the dissociation constant, in units of s-1 for 

an AB-type reaction, can be determined mathematically by eq 1.10: 

∞∞ +−−= ABtkABABAB disst )])[exp(( 0       (1.10) 

where 0AB  is the initial response (i.e. the beginning of the dissociation curve), and ∞AB  

is the final response once completely dissociated.  

As the formation of AB complexes reaches equilibrium, the equilibrium 

association constant and the equilibrium dissociation constant can be determined. These 

constants represent affinities of interaction rather than kinetic constant values. Briefly, 



14 
 

the value for the equilibrium dissociation constant, KD, can be determined from the rate 

constants by the following: 

ass

diss
D k

kK =           (1.11) 

where the reciprocal of KD is the equilibrium association constant, KA. In addition, the 

equilibrium dissociation constant can be determined from the sensorgram by: 

( )])/[1/(1max AKABAB Deq +=        (1.12) 

where eqAB  is the average of the response signal at equilibrium in defined intervals for 

each concentration of analyte ][A .24 It should be noted that the kinetics methods 

displayed here are the most commonly employed. There are other methods that are 

constantly being employed for SPR for specific biological interactions.25,26  

SPR Imaging 

While highly useful for determining a variety of important kinetic and affinity 

parameters of biological interactions, one major drawback of SPR is its low-throughput 

nature. This problem has been largely circumvented with the advent of SPR imaging or 

SPRi technique. For more information, multiple comprehensive reviews of the SPR 

imaging technique have appeared on the subject recently.15,27,28 Rather than a scanning-

angle or scanning-wavelength measurement commonly employed in SPR spectroscopy, 

SPRi generally measures at a fixed angle where differences in reflectivity are monitored 

over time with both images and spectroscopic data, thus allowing for multiplexed 

detection for high-throughput bioanalysis, as shown in Figure 1.4.  
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Figure 1.4 A schematic of a standard SPR imaging setup with a model reflectivity curve 
and functionalized biosensor surface. The brighter the array element in the SPR image 
indicates more material is present at that location. 
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A major difference between SPR and SPRi in instrumental setup is that SPRi typically 

uses a CCD camera for image collection and processing. SPRi allows for quantitative 

determination of analyte presence and is also much more amenable to high-throughput 

screening.  

 

Interface Design and SPR/SPR Imaging 

SPR is a nonselective detection method and nearly any binding moiety on the 

surface changes the local refractive index and thus the SPR signal. Therefore, 

reproducible and well-understood surface chemistry to create a selective sensing interface 

is an important research area for generating meaningful results and understanding 

biological interactions. There have been annual reviews on SPR applications by the 

Myszka group at Utah and others as well covering this topic in detail.29-31 This section of 

the introduction will focus on the latest work involving rapid surface prototyping and 

unique designs for sensing of specific biological interactions with SPR and then the carry 

over technology to the high-throughput SPR imaging format. 

Protein-Carbohydrate Interactions 

 Protein-carbohydrate interactions are important in cellular signaling and cancer 

cell metastasis.32,33 The ability to monitor the interactions in a quantitative, real-time, and 

label-free manner makes SPR ideally suited for monitoring these interactions, and it has 

been the focus of many research groups, including ours34 in work that will be discussed in 

Chapters 3 and 4.  
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 Proteins that bind carbohydrates are typically called lectins with their binding 

generally regulated by the complex network on non-covalent interactions including 

hydrogen bonding and hydrophobic interactions.35 Although in a single lectin a limited 

set of residues contribute to the interactions with the ligand (usually hydroxyls from the 

carbohydrate and amine/carboxyl side chains on the lectins), on the whole almost all 

kinds of amino acids participate in ligand binding.36 Given this binding motif the 

interactions between carbohydrates and proteins are often very weak (Ka ~ 103 M-1)37 

making the rational design of surface chemistry extremely important. 

Many groups have tried to examine these interactions including through the use of 

a cuvette-based SPR method for examining binding domains of lectins on carbohydrate 

immobilized covalently on a silane-coated gold surface.38 By taking advantage of the low 

sample volume required by their cuvette-based method, screening of lectin binding was 

performed. The assay was especially useful for more expensive lectins where sample 

restrictions exist. Additionally, various other methods to immobilize carbohydrates have 

been used to examine their lectin binding including using a synthetic multimodal linker,39 

a synthetic peptide linker,40 and commercially available chips41 as well. 

Since protein-carbohydrate interactions are important and occur throughout cells, 

high-throughput screening of these interactions is timely needed. Most recently a surface 

plasmon resonance based natural carbohydrate microarray for screening of interactions 

between carbohydrates and carbohydrate-binding proteins (CBPs) has been reported.42 

The microarray allowed the real-time and simultaneous screening for recognition by 

CBPs without the need of fluorescent labeling. Specifically, the generated SPR glycan 
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array presented a subset of the glycan repertoire of a human parasite Schistosoma 

mansoni where simultaneous detection of glycan-specific serum antibodies and the anti-

glycan antibody profiles from sera of S. mansoni-infected were recorded. The SPR assay 

was sensitive to slight differences between infection sera and control sera, and revealed 

antibody titers and antibody classes (IgG or IgM). These results indicate that SPR-based 

arrays constructed from glycans can be used as unique analytical tools for screening 

infection markers. 

The conversion of surfaces designed for SPR to the array format for SPR imaging 

has been demonstrate multiple times for lectin-carbohydrate binding, including a report 

by our group on protein-carbohydrate interactions with SPRi to be discussed in Chapter 

4.43 Other groups studying these systems with SPRi include Ratner’s group which studied 

carbohydrate array surfaces based on mixed self-assembled monolayers (SAMs) to 

examine protein binding.44 Surface glycan density was related to biological function, 

which was carried out with lectin binding to SAMs of varying densities of carbohydrates 

using SPR imaging. The Livache group has developed a polypyrrole-based 

oligosaccharide chip constructed via a copolymerization process of pyrrole and pyrrole-

modified oligosaccharide to screen protein-carbohydrate interactions.45 They covalently 

immobilized various carbohydrate probes and studied affinity binding patterns for 

different glycosaminoglycan (GAG) fragments and proteins. The detection limit was in 

the low nM range. Another carbohydrate microarray method came out recently from a 

much more biological perspective.  Karamanska and coworkers reported plant lectin 

recognition of glycans by SPR imaging using a model carbohydrate microarray based on 
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biotin-NeutrAvidin interactions.46 SPR imaging of an array of 40 sialylated and 

unsialylated glycans established the binding preferences to various carbohydrate 

moieties.  

Protein-Aptamer Interactions  

Another important class of biological interactions includes those involving 

proteins and aptamers. Aptamers are short single-stranded oligonucleotide ligands chosen 

from large oligonucleotide libraries by an in-vitro evolution process known as SELEX 

(systematic evolution of ligands by exponential enrichment). Aptamers bind many 

biomolecules, including proteins, with high specificity due to their specific base sequence 

and steric configuration.47 Aptamers are generally more stable than antibodies and easier 

to generate so they have obvious use for SPR biosensor technology.48 Our group recently 

used PDMS multi-channels for affinity studies of aptamer–human Immunoglobulin E 

(IgE) interactions by SPR imaging.49 Using a similar system another group recently 

reported an aptamer-based sensor for detection of IgE using SPR.50 In this work various 

oligo(ethylene glycol) mixtures were used for the construction of self-assembled 

monolayers and then using biotin/avidin chemistry a steptavidin tagged aptamer for IgE 

was bound to the surface for detection of IgE. The limit of detection was in the low 

ng/mL range with a dynamic range spanning three orders of magnitude.   

Other groups have also found the utility of aptamers for SPR biosensors. 

Specifically, an SPR sensor was reported for retinol binding protein 4 (RBP4) in serum 

samples, which is a useful biomarker in the diagnosis of type 2 diabetes.51 A single-

stranded DNA (ssDNA) aptamer that showed high affinity and specificity to RBP4 was 
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selected. This RBP4-specific aptamer was immobilized on a gold chip using tosyl-

activated magnetic beads. Compared to traditional immunogenic assays, the SPR method 

gave better dose-dependent responses and was more sensitive than corresponding ELISA 

assays and yielded better dose-dependent responses.  Another group recently developed a 

real-time qualitative assay for probing the pattern of biomolecular interaction between the 

human IgE and its corresponding aptamer by SPR.47 To amplify the SPR signals, 

biomacromolecules such as streptavidin and anti-hIgE antibody were utilized. Their 

results offer some unique information about the human IgE-aptamer complex in a non-

labeling manner and provide an important analytical strategy for a greater understanding 

of the aptamer-protein complex.  

Protein-DNA Interactions 

Multiple SPR assays for protein-DNA interactions have recently reported for 

measuring biological events in its natural environment including work from our lab.49 An 

analysis of this interactions was carried out using a two-step antibody approach for the 

study of estrogen receptor α (ERα)–DNA interactions, in which nuclear extracts prepared 

from MCF-7 breast cancer cells were used as the source of ERα protein.52 The authors 

indicate this two-step antibody approach could be extended to any transcriptional factors, 

given the availability of good quality of primary antibodies. Meanwhile another group 

used SPR to monitor the binding of mammalian high-mobility-group transcriptional 

factor (HMGA2) to target sites on immobilized DNA, and a competition assay for 

inhibition of the HMGA2–DNA complex was designed.53 HMGA2 targets the DNA 

minor groove and plays critical roles in disease processes from cancer to obesity. Assay 
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results indicated the protein binds in a 1:1 complex to two closely spaced DNA sequences 

that have five or six adjacent AT base pairs.  The kinetics for the binding events was 

monitored, in hope to lay a framework for possible elucidation of HMGA2 inhibitors. 

Protein-Protein Interactions 

Protein-protein interactions have been extensively probed with SPR and SPR 

imaging where readers are encouraged to consult the general review on protein-protein 

interactions by Berggard et al.54 An interesting recent example is the work by the Love 

group on a fusion protein known as smGN, which comprises of soluble green fluorescent 

protein (smGFP) and the calmodulin (CaM) binding protein calspermin.55 CaM is known 

as a Ca2+ sensor and is important because of its complex involvement in cell signal 

transduction pathways. Using SPR spectroscopy the binding kinetics between 

immobilized smGN via carboxymethyl dextran chips and calmodulin (CaM) was 

determined. Specifically, the binding strength and affinity of a newly synthesized fusion 

protein to CaM was quantitatively characterized, suggesting that smGN could possibly be 

used as a CaM inhibitor as well as provide information about the role of CaM in vivo. 

Work has also been extensively done on the surface chemistry for protein-protein 

interactions in the imaging SPR mode. For example, the Zare group reported a PDMS 

microfluidic device containing an array of gold spots onto which antigens or antibodies 

of interest are attached for SPRi detection.56 Antigen-antibody reactions were detected 

and quantitatively characterized in about 10 min at the sub-nanomolar level. To increase 

the sensitivity of the assay, gold nanoparticles were selectively coupled to the 
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immunocomplex, resulting in sensitivity reaching the 10-100 pM level with limited 

sample volume requirements. 

Protein-Lipid Interactions 

 Quite possibly the fastest growing area of SPR biological binding studies is based 

around protein-lipid interactions. These studies are important as many lipid-protein 

complexes modulate cellular functions and control various signal transduction cascades.57 

Our group has studied these interactions extensively58-60 including some work explained 

in both Chapter 761 and Chapter 8. This includes a microfluidic version of a tethered 

bilayer membrane (tBLM) that was developed on nanoglassified substrates to monitor the 

protein-ligand interaction in an array format.58 In this work the tBLM arrays demonstrate 

marked stability and high mobility, which provide an ideal host environment for 

membrane-associated proteins and open new avenues for high-throughput analysis of 

these proteins.  Other examples of studying these interactions with SPR include Ito and 

coworkers reported a kinetic study on the interactions between mannosylerythritol lipid 

(MEL) assembled monolayers and various classes of immunoglobulins including HIgG, 

HIgA, and HIgM.62 The effect of MEL structure on the binding behavior of HIgG was 

examined, and SPR kinetic data enabled the identification of important binding motifs in 

this protein-lipid interaction.  Another protein-lipid interaction study involves interactions 

between unmodified natural lipids and lipid transfer proteins (LTPs).63 The authors used 

genetically engineering biotinylated peptides to anchor LDPs on the surface of 

prefabricated chips to examine their interactions with various lipid molecules. Rate and 

equilibrium constants were determined.   
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Finally, it is worth noting that while there are a number of surface designs to 

monitor protein-lipid interactions among others, the biotin/avidin chemistry has a 

particularly useful application in SPR sensing interface construction. A recent study 

reports the binding of apolipoprotein A-I to high density lipid (HDL) states with SPR by 

biotinylating HDL on the streptavidin-coated SPR chip.64 The partitioning of 

apolipoprotein A-I (apoA-I) molecules in plasma between HDL-bound and –unbound 

states is an integral part of HDL metabolism. Thus the study helped determine binding 

kinetics previously undetermined for apoA-I/HDL interactions.  

 

Low MW and Large Bioparticle Detection 

 While there is a plethora of research dedicated to examining relatively large mass 

molecules, namely proteins, and their interactions, very little has been dedicated to 

examining both very small molecules and very large biological particles such as microbes 

given the limitations of the SPR evanescent field. While surface chemistry is vitally 

important to any SPR assay, understanding the limitations of the technique must be taken 

into account as well. Due to the relatively small physical size of proteins and DNA (nm 

range) compared to the size of the SPR evanescent sensing field (∼ 200 nm), their 

detection has been accomplished in a variety of formats. However, for larger target 

analytes such as bacteria and some viruses (µm size scale) their detection goes beyond 

the sensing field thus making their detection quite difficult to monitor with SPR.65 

Additionally, very low MW compounds like organic molecules and even some 

biomolecules (carbohydrates) < 1000 Da are habitually difficult to monitor with SPR.66,67 
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These two research areas represent significant limitations in current SPR methodology 

that we have tried to address with small molecule detection with carbohydrates in 

Chapters 3 and 4, along with large molecule detection for bacteria in Chapter 5. 

Low Molecular Weight Detection  

A multitude of biologically relevant small molecules have been studied by SPR 

using a variety of surface immobilization approaches.  Our group has recently 

demonstrated the incorporation of a water-soluble deep cavitand into a membrane bilayer 

assembled onto a nanoglassified surface61 for study of molecular recognition in a 

membrane-mimicking setting. This cavitand retains its host properties, and real-time 

analysis of the small molecule guests (< 400 Da) via surface plasmon resonance has been 

realized.68 In this case the SPR signal was generated by a perturbation in the local 

membrane environment, but more commonly small molecules are detected by an 

enhancement method such as nanoparticles, enzymes, or polymers. Nanoparticles,  in 

particular AuNPs, have been used for signal enhancement in SPR for the detection of 

Hg(II) ions,69 single stranded DNA (ssDNA),70 and protein binding small molecules.71  

Another approach for detection of small molecules is the indirect detection 

through antibodies or proteins. One such example involves the direct detection of 

antibodies against the human growth hormone (anti-HGH) using SPR has been 

reported.72 A deficiency of HGH produces a variety of health problems and the early 

detection of HGH in complex matrices is important.  In this work the sensing surface was 

modified by covalent coupling of the human growth hormone (HGH) to a self-assembled 

monolayer (SAM). The specific binding of monoclonal anti-HGH antibody on the HGH-
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modified surface indicated a limit of detection in the low nanomolar range. Another 

group recently used the same type of interface design to detect the presence of cortisol in 

saliva.73 Cortisol, a small molecule used as a marker for stress and various disease states, 

was covalently coupled to the sensor surface through a SAM and then a primary antibody 

to cortisol was bound with detection from a secondary antibody. The limit of detection in 

buffer was in the low pg/mL range and it was also detected in saliva across the whole 

spectrum of physiological concentrations. For a more in-depth discussion of small 

molecule detection with SPR there is a recent review74 that focuses on this subject in 

detail. 

Large Particle Detection 

Mainly when discussing large particle detection this refers to micrometer sized 

organisms such as bacteria, fungi, and viruses as they are notoriously difficult to detect 

with SPR.  Specifically, the detection of bioparticles like bacterial pathogens is of 

extreme importance to human health. SPR has been applied to examine these species 

despite food matrices often presenting a significant obstacle in the realization of reliable 

quantitative detection.  While the detection of bacterial species in particular has been 

accomplished, the methods that rely on direct detection on the cells themselves are 

generally insensitive and require very high concentrations for detection.75-77 Given this 

limitation the need for indirect detection of these bacteria in a sandwich format has been 

popularized.78 Recent applications in this area include Mazumdar et al. who reported the 

use of an SPR-based sandwich immunoassay for serotyping Salmonella.79 The 

Salmonella are captured on the chip using a polyclonal antibody, and SPR sensorgrams 
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are obtained for the immunoreactions of the somatic (O) and flagellar (H) surface 

antigens of the captured bacteria to their respective antibodies. This group was able to 

completely serotype Salmonella Enteritidis using this SPR-based method. In addition, 

Salmonella belonging to serogroups B, C and D were successfully assigned to their 

respective serogroups. This work is important because it is quantitative and not prone to 

false-positives as often seen in the standard slide agglutination test (SAT) for bacterial 

pathogens. Additionally, our group has developed a sensor for E. coli using a modified 

sandwich antibody assay80 that will be discussed in detail in Chapter 5. 

 

New Materials to Enhance the Sensitivity and Performance of SPR/SPR Imaging 

Most of the research focusing on new materials for SPR is motivated by two main 

considerations: obtaining films with good electric field enhancement while also 

presenting unique advantages with regards to surface chemistry. Enhancing the electric 

field in theory will produce more surface sensitive materials for biological interactions 

with SPR.81,82 While the label free nature of SPR/SPR imaging make them an attractive 

alternative to fluorescence assays, the reality is the sensitivity of the technique lags orders 

of magnitude behind fluorescence. Many researchers have recognized this deficiency and 

their attempts to address them by a variety of means are detailed in the following section.               

New Chemical and Array Fabrication Methods for Improved SPR/SPRi Performance  

Especially with regards to SPR imaging technology for high-throughput screening 

the method lacks sensitivity compared to fluorescence. Thus, many different methods 
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have been formulated to enhance detection signals in order to compete with fluorescence 

methods. One approach to improve SPRi sensitivity is to develop new methods or new 

instrumentation to examine SPR images. Singh and Hillier reported on a variant of SPRi 

that utilizes surface plasmon resonance dispersion as a mechanism to provide multicolor 

contrast for imaging thin molecular films.83 In this technique colors transform in response 

to the formation of thin films on the surface. To demonstrate the applicability of their 

approach a protein microarray was formed by a commercial ink jet printer and sub 

monolayer films of a test protein (bovine serum albumin) were detected. Another 

interesting approach for SPRi is the coupling of SPRi to imaging ellipsometry (IE) to 

monitor the thickness of phospholipid films of varying number of layers.26 An SPR 

imager and IE constructed with a single optical system mounted on a goniometer allowed 

thickness measurements to be sequentially performed on the same area of a sample. 

Switching between the two instrumental modes was quick and the researchers determined 

SPRi was better suited to measure thin films of a few nanometers while IE worked better 

for thicker ones. In addition, Beusink and coworkers reported monitoring the SPR image 

by continuous angle scanning of the SPR angle rather than the change in reflectivity at a 

fixed angle.84 This resulted in a 10-fold increase in linearity of the interactions compared 

to conventional SPRi fixed angle measurements and allowed imaging each array element 

individually on a sensing surface in real-time. 

 Chemical and biological methods have also been used for signal amplification in 

SPRi to increase surface sensitivity. Corn and coworkers developed a method for the 

detection of protein biomarkers at picomolar concentrations that utilizes SPRi 
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measurements of RNA aptamer microarrays.85 In this method the SPRi response signal is 

augmented using enzymatic amplification. An RNA aptamer/protein biomarker/antibody-

HRP (horseradish peroxidase) sandwich motif is formed on the microarray surface, and a 

subsequent localized HRP-TMB (3,3-,5,5-tetramethylbenzidine) precipitation reaction is 

used to amplify the SPRi response due to specific protein biomarker adsorption onto the 

RNA aptamer array. This enzymatically amplified SPRi methodology led to detection of 

human thrombin at high fM levels and protein vascular endothelial growth factor (VEGF) 

at a biologically relevant concentration of 1 pM, putting SPRi in the close range of 

fluorescence detection. Inoue et al. reported on the enzymatic activity monitoring of 

caspases by using peptide arrays with SPRi.86 Signal enhancement was achieved using 

streptavidin and surface-immobilized substrate peptides labeled with biotin, while the 

cleavage of the substrate peptides by caspases leads to a signal decrease. Using this 

method, they were able to monitor the activities of caspases in cell lysates, making this 

assay useful for drug screening purposes. Other methods to enhance analytical signals for 

large molecule SPRi detection have included the use of gold nanonparticles56 and gold 

nanoposts87 among others. 

New Materials for Improved Performance of SPR 

Circumventing the limitation in sensitivity with SPR and SPR imaging can not 

only be addressed by chemical or physical means, but also by the development of new 

sensing materials. One of the most exciting new materials with applications to SPR are 

metamaterials, also known as negative index materials (NIM) or left-handed materials. 

These materials exhibit simultaneously negative dielectric permittivity and magnetic 
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permeability in a given frequency range. As a consequence, new counterintuitive 

phenomena are observed including negative refraction, enhancement of evanescent waves 

and their conversion to propagative ones.88,89 Therefore, surface plasmons could 

propagate not only in the direction parallel to the surface but in the normal direction as 

well. Such a behavior significantly enhances the field depth for SPR imaging and 

increases the sensitivity to changes in refractive index in the bulk solution. Another 

interesting outcome is the possible excitation of surface plasmons polaritons by s-

polarized light at the interface between a dielectric and a metamaterial,90 which is 

impossible to implement with naturally occurring materials following Maxwell’s 

equations. Precursor works have enabled the synthesis of metamaterials in the 

microwave91 and infrared region.92 More important for SPR sensing are the recent efforts 

in the optical or visible spectral range.93-96  

Besides the growth of metamaterials to improve SPR performance and sensitivity, 

some efforts have been directed to find replacements for the resonantly active material, 

i.e gold, the adhesive layer or even for the glass substrate. One area of interest includes a 

carbon-on-gold substrate using amorphous carbon.97 The carbon-on-gold substrates 

employ a lamellar structure in which an SPR conducting gold thin film was evaporated 

onto a high-index glass substrate and then an amorphous carbon overlayer was sputtered 

onto the gold. The amorphous carbon was then hydrogen terminated with inductively 

coupled hydrogen plasma and UV photofunctionalization. To demonstrate the utility of 

this substrate Smith and coworkers created an oligonucleotide array synthesized on the 

substrate in a base-by-base fashion using photolithographic chemical methods.  
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Complementary base detection using a commercial SPR imager was realized for a variety 

of oligonucleotides. While this design offers promise for improved surface 

functionalization, the authors note that sensitivity can be decreased by as much as 42% 

by the addition of the carbon film. These authors later tried to address this problem by 

optimizing the fabrication process to limit the thickness of the amorphous carbon.98 

Beyond the use in oligonucleotide arrays, they have demonstrated the identification of 

RNA accessible sites on these arrays as well.99 Another group has used this technology 

but altered the fabrication process slightly by coating the gold (Au) or silver (Ag) 

substrate with 5-nm thin amorphous silicon-carbon alloy films.100 Ag/a-Si1-xCx:H and 

Au/a-Si1-xCx: H multilayers to realize a sensitivity enhancement  2.8 times over gold and 

2 times over silver for SPR refractive index sensing. While still in development, these 

carbon-on-gold surfaces offer a possible alternative to conventional SPR gold substrates.   

Other work includes the development of glass-on-gold substrates as conventional 

gold coated substrates for biosensing possess rather limited available surface chemistry. 

In an effort to rectify this issue we have developed stable, nanometer-scale glass (silicate) 

layers on gold substrates via a layer-by-layer (LbL) approach for SPR analysis that will 

be explained in Chapter 661 and has also been used for other purposes in our group.101,102 

This surface is especially beneficial for lipid-based analyses given that lipid vesicles 

directly fuse to glass forming a stable lipid bilayer while on gold they stay in vesicle 

form.103 The Corn group has recently recognized the value of our approach by  coating 

gold nanorods with a thin silica film and then functionalizing them with single-stranded 

DNA (ssDNA).104 Coating the nanorods with 3-5 nm of silica improve their solubility 
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and stability while also allowing SPR and SPR imaging to be performed. In their work, 

amine-modified ssDNA is attached to the silica-coated gold nanorods which are capable 

of hybridization with the complementary ssDNA sequence either immobilized onto a 

planar gold surface or attached to another nanorod at the femtomolar concentration level. 

It should be noted that the technique of silicate-coated SPR gold substrate we developed 

has found applications beyond SPR as has been recently demonstrated by our group as a 

unique substrate allowing direct mass spectrometric analysis without the need for organic 

matrices.105 

Additionally, there are other materials being reported including Rhodes et al106  

on the observation of surface plasmon resonance in indium tin oxide thin film, thus 

demonstrating the possibility of using conducting metal oxides as active substrates for 

SPR biosensors in the near-infrared region. Earlier this year, conducting metal oxides 

(especially zinc oxide, ZnO) were also used107 to replace Cr or Ti as adhesion layer. 

These two metals present a high imaginary part of the refractive index, and thus affect 

considerably the SP resonance properties by widening the reflectivity curve and 

decreasing the amplitude. Such spectral changes decrease the sensitivity of the 

reflectance variation and narrow the linear range.108 Chang and co-workers reported that 

the nanocomposite ZnO/Au allowed for a sensitivity two-fold higher and a detection limit 

four times lower than the standard Au-based substrates. Unfortunately, they did not 

compare the adhesion efficiency of ZnO and Cr which is of high importance for the 

trade-off between adhesion and sensitivity. Also, they did not discuss the effect of the 50 

nm thickness used for ZnO layer which represents around a quarter of the SP penetration 
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depth. Another group has recently focused on the investigation of different oxide-based 

thin films as protective layers to improve the chemical stability of a silver SPR chip.109 

Some other efforts have been made to find replacement for the glass substrate using 

ceramics. Compared to BK7 slides, an order of magnitude improvement in sensitivity 

could be obtained using a transparent ceramic substrate with a 2.04 refractive index.110  

Although simulations and experiments show that these replacements improve the 

sensitivity, it is unlikely that the SPR community will dismiss gold and glass altogether. 

The good stability of gold (especially against oxidation) either for deposition or surface 

chemistry and the cost-efficiency of glass substrates suggest these materials will remain 

the first choice in ATR-based SPR technology for a long time. As explained in Chapter 6, 

we hope to improve this area of research some with our glass-on-gold substrates for SPR 

biosensing. 

 

Computationally Based Rational Interface Design: FDTD Method 

While the majority of this thesis will be focused on the development of 

experimental methods for the rational design of biointerfaces for biosensing applications, 

there is another equally important area of research: simulations and computational work. 

While simulation work is not too common in most chemistry laboratories, it is difficult to 

overstate the importance of simulation to the world of engineering. Simulation 

is useful because it allows us to test our designs prior to constructing any sensing devices. 

In fact, the market for quality simulation is quite rich, and one could easily foresee 
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making an entire career out of developing cheap, efficient, and accurate tools for 

simulation. While there are a number of popular simulation tools, the finite-difference 

time-domain (FDTD) algorithm is an especially popular tool because it is simple, robust, 

and relatively easy to understand. For the last project in my thesis on etched glass arrays 

(see Chapter 8), experimental work was initially guided by computations using the FDTD 

method, which will be explained in the following sections.   

Maxwell’s Time-Domain Equations 

The FDTD method is a numerical method for solving the time-domain Maxwell’s 

equations for spatiotemporal evolution of the electric and magnetic fields.111 It involves 

representing the fields on (staggered) grids and a leap-frog scheme for taking discrete 

time steps. These relatively simple, basic ideas were given by Yee in his seminal 1966 

paper finding.112 Basically, the algorithm works by taking the telegrapher's equations (a 

pair of coupled partial differential equations in space and time) and approximating all of 

the derivatives as finite-differences. The system is then incremented by small time steps, 

and the solution effectively “plays itself out” in time through a defined number of 

iterations. In fact, virtually any physical system that is governed by a time-dependent 

partial differential equation (PDE) can be readily simulated through the use of FDTD. 

More specifically, the simulation begins with a convenient form of Maxwell’s 

time-domain equations for modern implementations of the FDTD method:111 
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where E and H symbolize the electric and magnetic fields, respectively. These equations 

involve four three-component vectors, D(t), E(t), B(t), and H(t), each of which depends 

on the three spatial Cartesian coordinates x, y and z. The optical and magnetic response of 

a material occupying a given spatial region allows one to relate D to E and B to H, thus 

completing the system of equations to be solved. These relations are called constitutive 

relations. 

Yee Cell and Yee Algorithm 

The next step in the FDTD method is typically part of the Yee algorithm, which 

involves the core discretization and propagation scheme  presented in Yee’s original 

paper.112 It consists of a leap-frog time propagation which is second order accurate in 

time. It achieves second order accuracy in spatial derivatives in an efficient manner with 

staggered grids and is such that, in free space, Gauss’s and Ampere’s laws are 

satisfied.113 For simplicity of presentation, we forgo a detailed presentation of the spatial 

derivative expressions and focus on the time stepping component of the FDTD method. 

In this case, the E and H vectors are separated into three vectors in 3D and the Maxwell’s 

equations can be rewritten into differential form in rectangular coordinates as for a 

constant time spacing t, the nth time step begins with updating D(t) from equation 1.13: 
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Updates for the E field Maxwell’s equations from equation 1.14 are given as follows: 
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Using equations 1.15 and 1.16 model space is established as a finite physical region 

where the FDTD simulation is performed. The model space is discretized to a number of 

cells, and time duration is discretized to a number of time steps to do the necessary 

computation.  

Boundary Conditions 

The implementation of absorbing boundary conditions at the edges of the FDTD 

grid is very important since otherwise outgoing waves will be artificially reflected back 

into the physical region. The most straightforward approach is to define an absorbing 

layer around the grid and to damp the fields in this layer after each time step.114 The most 

common approach to this is the use of Berenger’s perfectly matched layer (PML).113,115 

This method is consistent with the introduction of an artificial absorbing medium and 

involves impedance matching ideas to minimize reflection errors. For the PML, the 

electric and magnetic field components are split into subcomponents within the absorbing 

region and additional electric/magnetic conductivities are introduced.  There are a 
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number of other methods but with relation to this thesis work, a PML boundary condition 

will be used. Once all these parameters are set the electric field distribution can be solved 

over the structure of choice by using commercially available software. The advantages of 

using this FDTD method include a simple & robust numerical algorithm, versatility for 

nearly any geometry, and good scalability of computing resources as a function of 

simulation volume size.81 For all these reasons, the FDTD method provides a great base 

for rational design of new sensing materials and was integral to the work outlined in 

Chapter 8. 

 
 
 

Thesis Outline 

In this thesis the primary goal is to address each of the three areas covered above: 

improved surface design, large bioparticle detection, and sensitivity enhancement for 

SPR spectroscopy and SPR imaging. Chapter 2 of this dissertation will focus on the main 

experimental work and analytical methods used throughout the dissertation that will be 

explained in detail later on. Chapter 3 focuses on a project to develop an effective surface 

system to examine the carbohydrate-protein interaction with SPR. Lectin binding of 

carbohydrates ligands is critical in cell signaling and cell metabolism.  These binding 

events are not well understood due to their relatively weak affinity (Ka = ~ 103 M-1).  In 

an effort to augment understanding of lectin-carbohydrate interactions and display 

differential binding of lectins to various sugars, we report the use of SPR spectroscopy to 
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study these weak interactions with novel biotinylated sialosides or sugars. The surface 

design approach and results from these studies will be explained in detail. 

In Chapter 4 the biointerface design from Chapter 3 was adapted to an array 

format and nanomolar concentrations of lectins were detected in a high-density, 

multiplexed format via SPR imaging. The process of converting the surface prototype 

from Chapter 3 into a useable array format for high-throughput screening of lectin 

interactions with SPR imaging will be explained in detail. 

Chapter 5 will slightly change gears and look at ways to improve large bioparticle 

detection that are usually beyond the limits of SPR to quantitatively detect. In this system 

the large particle of interest is Escherichia coli (E. coli), whose detection is of great 

importance and urgent need to public health and safety in the wake of the E. coli spinach 

outbreak in California in 2006. In this chapter we report on the development of an 

enzymatic signal enhancement method for highly sensitive and fast detection of E. coli. 

The enhancement is based on the generation of a mass-enhancing product at the sensing 

interface that is quantified by SPR.  The results from this work and signal enhancement 

afforded by the approach will be explained. Additionally, the application of this assay 

approach to detect other large biomolecules will be discussed as well. 

Chapter 6 marks a general change in theme of the thesis from novel surface 

design to new material design to enhance the performance of SPR spectroscopy and SPR 

imaging. This chapter details the fabrication of ultra-thin (ca. 5-8 nm) glass layers on top 

of a gold surface for SPR biosensing applications. To deposit these layers in a uniform 
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and reproducible manner we developed a high-pressure, low-volume paint gun technique, 

which offers high precision and better control through pressured nitrogen gas. The 

fabrication process and applications to a range of planar glass assay applications will be 

discussed.  

Chapter 7 focuses on ongoing efforts to design supported membrane architectures 

to assay membrane proteins using the glass-on-gold substrates from Chapter 6. 

Membrane proteins are key biomolecules involved in vital cellular activities, and 60% of 

drug targets are membrane proteins. This chapter details the design of novel biointerfaces 

that can incorporate membrane proteins in a lipid environment on a solid support for real-

time monitoring with surface plasmon resonance (SPR). The target molecule in this case 

is EGFR (epidermal growth factor receptor), a membrane protein that is often over-

expressed on cells in certain types of epithelial cancers such as breast, colon, lung, 

prostate, and pancreas. Furthermore, in parallel with the EGFR study in an effort to 

determine the optimal interface design, the model membrane protein Annexin V was 

used. The process of using an interface design for Annexin V with SPR spectroscopy and 

applying it to the design of an ideal interface for functional EGFR immobilization will be 

discussed in detail. 

Chapter 8 will go one step further in improving SPR-based materials with the 

development of a new array based platform for high-throughput biosensing with SPR 

imaging. In this chapter the facile fabrication of gold-coated etched glass substrates that 

reduce background resonance 5-fold in situ compared to the standard gold island array 

platforms will be discussed. The etching of the glass substrate induces a variation in the 
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resonance condition and thus in the resonance angle between the etched wells and the 

surrounding area known as “differential resonance.” This concept will be explained in 

detail along with FDTD simulations to support the application of these microstructures. 

Bulk and surface sensitivity studies were conducted for these substrates as well showing 

enhanced sensitivity compared to the existing state of the art array platforms. A 

discussion of using these etched glass array chips in conjunction with any gold or glass 

based surface chemistries for a variety of optical formats will conclude the chapter. 

Finally, Chapter 9 concludes the thesis focusing on how I have addressed 

improving SPR and SPR imaging with better surface designs, large biomolecule 

detection, and new materials for better performance/sensitivity. Given the stiff 

competition SPR faces in fluorescence, we believe the accomplishments in this work go a 

long way towards minimizing that gap. However, that gap is still large so understanding 

the future of SPR and SPR imaging for bioanalysis is important for any further research 

in this area. This discussion will be based around coupling SPR with more frequently 

used analytical techniques. 
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CHAPTER 2: Experimental Section 

Surface Plasmon Resonance Spectroscopy (SPR) 

 Two different SPR spectrometers, the NanoSPR 6: Model 321 and the Biosuplar-

2 are used for this work. The NanoSPR 6: Model 321 (Chicago, Illinois) uses a GaAs 

semiconductor laser (λ = 650 nm), a high-refractive index prism (n = 1.61), and 30 µl 

dual-channel flow cell for high sensitivity refractive index measurements. The Biosuplar-

2 (Analytical μ-Systems, Germany) possesses a light-emitting diode light source 

(λ = 670 nm), high-refractive index prism (n = 1.61), and 30-µL flow cell that was used 

for all experiments. Images of these two instruments are shown in Figure 2.1 and Figure 

2.2.  
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Figure 2.1 Image of the BioSuplar-2 SPR spectrometer with key instrumental 
components labeled. 
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Figure 2.2 Picture of the NanoSPR 6: Model 321 Dual Channel SPR Spectrometer with 
key components labeled. 
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All SPR experiments on the Biosuplar (Figure 2.1) were monitored and characterized 

using the tracking mode of SPR angular scanning around the minimum angle. 

Meanwhile, for the NanoSPR 6: Model 321 (Figure 2.2) with dual-channel capabilities, 

the “multiple” mode was used to scan around the minimum angle. A fully constructed 

flow cell and complete instrumental setup for the NanoSPR is shown in Figure 2.2. The 

cleaned gold-coated sensor chips are adhered to the high refractive index prism using a 

refractive index matching fluid (n= 1.610) from SPI Supplies (West Chester, PA). The 

prism itself sits on a goniometer, a mechanical device that rotates constantly finding the 

minimum angle as interactions on the sensor surface take place. A polycarbonate flow 

cell with two channels is attached to the sensor chip/prism, making a tight seal by virtue 

of a dual-channel Teflon gasket. The flow cell itself has two outlet tubes that go to waste 

and two inlet tubes which are connected to separate medium pressure HPLC valves from 

Upchurch Scientific (Oak Harbor, WA). These are standard 6-port valves often used in 

HPLC that have both load and injection settings. Connected to the each 6-port valve are 

separate 60-mL syringes. During experiments these syringes are either filled with buffer 

or water. The syringes are docked in the Model 351 Syringe Pump from Sage Instruments 

(Cambridge, MA) which allows precise control of buffer flow rate across the sensor 

surface. For a typical experiment the syringe pump is set to either 0.15 or 0.2 mL/min. 

Once all of this is connected the whole instrumental setup looks like Figure 2.2.  

When running an experiment on the NanoSPR 6 spectrometer, the software opens 

by double-clicking the desktop NanoSPR icon and two windows open, “SPR1” and 

“SPR2”. Mid experiment the entire desktop window looks the picture from Figure 2.3.  
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Figure 2.3 Screenshot of the dual-channel NanoSPR 6 at the beginning of data collection. 
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Briefly, SPR1 contains reflectivity curves for each channel labeled “Min1” in red for the 

channel closest to the SPR spectrometer and “Min2” in blue for the channel closest to the 

user. On the right panel is SPR2 which contains the real-time data acquisition also known 

as a sensorgram of minimum angle (in degrees) on the y-axis versus time (in minutes) on 

the x-axis.  For other settings go to the “Options” menu and then “Set Options” and under 

the “Multiple” panel set the max angle, which corresponds to the amount (in degrees) the 

goniometer will rotate to find the minimum angle. This value will depend on the 

experiment being run. In this menu one can also set the period in seconds, which is how 

often a data point is taken. The fastest acquisition on the NanoSPR is 5 seconds and for 

the Bio-Suplar 2 it is 10 seconds. Next, before running an experiment the instrument must 

be calibrated by going to the “Measurement” dropdown menu and pressing “Calibration” 

while buffer is flowing across the sensor surface. The calibration scan shows r.u. or 

resonance units on the y-axis and degrees on the x-axis. The scan should be very flat 

except for one broad peak in the 10-12 degree range which should be marked by a line in 

the software program. If there is not one broad peak marked by a line at its peak, the 

goniometer can be rotated manually and calibrated again if necessary. The software will 

ask if this is OK. To start an experiment go to “Measurement” and then “Multiple” mode 

and data will be taken with reflectivity curves on the left (SPR1 window) and sensorgram 

on the right (SPR2 window) similar to the screen shot in Figure 2.3. If calibrated 

properly, the reflectivity curve in SPR1 will have a large dip in reflectivity with the 

critical angle visible (shown as a notch near the top of the reflectivity curve at lower 

angles) and the minimum angle at about 63 degrees or so for a standard planar gold chip. 



51 
 

While running an experiment it is possible to zoom in on a small angle/time range by 

creating a box with the left mouse button by dragging it from the top left to the bottom 

right of the main screen. If one does the opposite and makes a box from the bottom right 

to the top left the user can zoom back out to the original scale. Additionally, if the user 

would like to move along the time axis (x-axis) without changing the scale,  right-click 

the mouse and just drag the mouse. Finally, if during an experiment an air bubble arises 

in the flow cell or it’s necessary to pause data collection for any reason, just click the 

hourglass symbol on the top panel to pause data collection and then press it again when 

ready to collect data.  

When running an actual experiment usually buffer is allowed to rinse across the 

surface to get a stable signal and then typically small 100 µl glass syringes are used from 

Hamilton Co. (Reno, Nevada) to inject the samples into each respective 6-port valve 

while on the “Load” setting for that valve. When making an injection the valve is turned 

to the “Injection” setting and with buffer/water flow from the syringe pump the sample 

will be carried to the surface, separated into two channels by the Teflon gasket attached 

to the flow cell at the sensor surface. Upon interaction on the surface if a binding event or 

change in refractive index occurs at the surface you will see a change in the minimum 

angle. For binding this typically means the syringe pump should be turned off and 

incubated to allow binding to take place and after equilibrium is reached (i.e. a flat signal 

is present on the sensorgram) then rinse the surface.  When finished with the experiment 

click the red “X” on the top panel to stop data collection and then save the data under the 

“File” dropdown menu. The file of interest for most experiments is the .SP2 file which 
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contains the sensorgram data. If the user would like have reflectivity curve data as well 

when running the experiment save the reflectivity curves in SPR1 during a standard 

experiment or run the “Single Measurement” mode under the “Measurement” dropdown 

menu at the top.  The single measurement mode will take one reflectivity curve and save 

that data—this is a nice feature to monitor layer buildup on a surface.  

Once the data is saved, to open up the raw data files use Microsoft Excel or 

OriginLab and the data can be easily placed in separate columns. Many columns will 

appear with one time column and the other columns in angle-minutes. From here to 

obtain the actual minimum angle values, divide the y-axis (angle-minute) values by 360. 

At this point the sensorgrams can be processed in either data analysis program. 

 

Preparation of Gold Chips for E-Beam Evaporation 

Initially for electron beam evaporation of Cr/Au slides for standard SPR 

spectroscopic and imaging experiments the substrates are 25 × 75 × 1 mm glass 

microscope slides from Thermo Fisher Scientific (Waltham, MA). Approximately 16 

slides are added to a large glass bucket (VWR, 190 × 100) and the bucket is placed with 

slides on a hot plate in a chemical fume hood. The e-beam evaporator only has enough 

room for 14 slides but by preparing a few extra if any are still dirty after the cleaning 

process there are backup slides. While wearing a lab coat, safety glasses, and gloves, a 

piranha solution is poured into the bucket. This solution consists of a 1:3 mixture by 

volume of H2O2: H2SO4. Typically 50 mL H2O2 + 150 mL H2SO4 are mixed in a large 

graduated cylinder and poured over the slides in the large bucket. Next, a thermometer is 
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placed in the bucket and hot plate turned on, raising the temperature to about 70°C and 

letting it sit there for at least 30 minutes with the hood sash closed. After 30 min. in the 

acid bath, using acid resistant tweezers each slide is rinsed in four separate DI water baths 

(just four beakers filled with DI water) and they are finally thoroughly rinsed with a spray 

bottle of DI water. Then the slides are dried with N2 gas. Each slide is then placed in a 

glass slide rack and placed in the oven for 1 hr. at 70°C or until completely dry. Finally, 

the dried slides are placed on 100 mm silicon wafers for evaporation. Two slides are 

adhered to each wafer using low-static polyimide tape from McMaster-Carr (Los 

Angeles, CA). Then the seven wafers containing the 14 glass microscope slides are 

placed in a plastic container and taken over to the clean room for e-beam evaporation. E-

beam evaporation uses a standard operating procedure we have written for our lab that 

first deposits a 2 nm thick adhesion layer of Cr and then a subsequent 51 nm Au 

thereafter. Before using gold-coated sensor chips for experiments, the slides are placed in 

a small piranha bath in a Pyrex petri dish for 10 min. to clean the sensor chip before use. 

 

Carbohydrate Microarray Fabrication with Contact Printer 

To fabricate the carbohydrate microarrays explained in Chapter 4 after performing 

the underlying surface chemistry the functionalized sensor chip was taken from the flow 

cell on the SPR imager and dried under a gentle stream of nitrogen gas. The cleaned 

sensor chip was placed in the GMS 417 Arrayer from Genetic Microsystems by clipping 

it into the arrayer platform shown in Figure 2.4. 
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Figure 2.4 Image of GMS 417 Arrayer with key components labeled. 
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The GMS 417 Arrayer uses the pin- and-ring type of contact printing technology, which 

delivers highly reproducible spots.  In this contact arrayer there are four total pins. To run 

an experiment, first the wells of a 96-well plastic microtiter plate (A1 to B2–4 spots total) 

are filled with 50 µL of 2.0 mg/mL of each biotinylated sialoside and the well plate is 

clamped into the well plate holder. Meanwhile, the DI water reservoir on the left side of 

the arrayer is filled and this water is used to clean the pins before and after deposition.  

After setting up the instrument, open the software program by clicking on the “GMS 

417” desktop icon. To create a 400 spot high density array, first set the dot spacing at 300 

µm. Note that the spots themselves are approximately 150 µm in diameter and spot 

spacing (center-to-center) can be adjusted anywhere from 300–375 µm. Before running 

the arrayer run the “Wash” cycle on the drop down menu to clean the pins. Next, start the 

arrayer run by pushing the “Test” button and the arrayer should spot the substrate with 

the four different biotinylated sialosides. Afterwards, the pins should be automatically 

rinsed in the DI water reservoir which is continuously replaced from a large bottle of 

fresh DI water. Meanwhile, contaminated water taken to a waste reservoir via a vacuum 

pump. From here the spotted substrates can be taken over to the SPR imager. Use of the 

SPR imager will be explained in the following section. 

 

Surface Plasmon Resonance Imaging (SPRi) 

 For all SPR imaging experiments the protocol was nearly the same throughout. A 

detailed explanation of our home-built instrument for SPR imaging instrument and the 

instrumentation setup was provided in previous work.1 Briefly, the sensor substrate is 
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first mounted on a dual-channel flow cell as shown in Figure 2.5. The flow cell itself is 

made up of aluminum with an insert piece of polycarbonate with two threaded holes to 

define the two sensing channels. This round insert piece is fitted with an O-ring made of 

Teflon that defines the sensing region (about 2 cm2 in area) which holds about 300 µl in 

volume. The bare flow cell displaying these pieces is shown in Figure 2.5a. The sensor 

substrate fits perfectly onto the flow cell and is connected to an equilateral high refractive 

index prism, either SF-2 or BK-7 via refractive index matching fluid. Finally, a tight seal 

is made between the flow cell, sensor chips, and prism by clamping on a notched 

aluminum piece at the top of the prism. Both a side-on (Figure 2.5b) and top-down 

(Figure 2.5c) view of the completely connected flow cell with sensor chips but no tubing 

is shown in Figure 2.5. 
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Figure 2.5 a) Bare flow cell with polycarbonate gasket shown with sensing area defined 
by O-ring. b) Connected flow cell with gold island array substrate connected. c) Top 
down view of gold island array substrate connected to the flow cell. 
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Once the flow cell was constructed with the sensor substrate, the flow cell was mounted 

on an optical stage. A red light emitting diode (LED, 648 nm) was used for excitation and 

the reflected images were captured by a cooled 12-bit CCD camera (Retiga 1300 from 

QImaging) with a resolution of 1.3 MP (1280 × 1024 pixels) and 6.7 µm × 6.7 µm pixel 

size. The injection of solutions onto the chip surface was monitored in real time by 

recording changes in the reflectivity at a specific time interval with a home-built 

LabVIEW program to be explained. An image of the entire optical setup for the home-

built SPR imager is shown in Figure 2.6. 
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Figure 2.6 SPR imaging optical setup complete with syringe pump, flow cell, light 
source, polarizer, and a CCD camera. 
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The imager itself is controlled by home-built software made in LabVIEW courtesy of  

Christopher C. Roberts. Briefly when using the stage, connect the camera to the CPU of 

the computer through the firewire port and turn it on. On the desktop of the computer 

open “SPR” LabVIEW program located on the desktop. Upon opening the program hit 

the white arrow pointing to the right (upper left hand portion of the window) to initiate 

the capture of the image from the CCD camera via the Q-Imaging software. Upon hitting 

this arrow a real-time image of the surface will be shown along with a secondary window 

labeled “SPRPlot.vi”. This secondary window follows the sensorgram data in real-time, 

monitoring reflectivity vs. time. On the major window going from the top right down 

there is a “QImaging Camera Setup” which can allow one to change settings on the 

camera to get the best image contrast (note: it is easier to optimize the image quality with 

the QImaging software before the SPR.vi program is opened). Right below there one can 

choose whether to display a real-time image preview by checking the box on “Display 

Preview”. Going down the right side of the main window one can choose the “Capture 

Interval” or how often to take data points (this feature is limited to 300 ms). Additionally, 

one can have an image saved at an automatic time interval and can also hit the button 

“Capture and Save Image Now” right below there to capture an image any time during an 

experiment.  

The next major area of that window shows a tabulated area labeled “profiles”. 

Using the mouse one can make either box (2D) or line (1D) areas of interest to monitor. 

The exact locations of these regions of interest (ROIs) will appear in that box itself and 

are saved automatically during the experiment. Going down that column on the right 
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hand side of the window is the “Data Directory” tab which will indicate where the data 

that will be saved. The exact title of this experiment file is labeled under “Session Title” 

and will by default be labeled as “exp-day.month.year-hour.minute” form with the year 

only the last two digits. This can be changed manually as well. Finally, the big button 

with a green light labeled “Begin Experiment” commences an experiment and then when 

done with an experiment, right below there is “Stop Experiment And Quit” button. 

 Thus once one has all the parameters chosen and the ROIs determined, and the 

flow cell and instrument setup is ready, press “Begin Experiment” and the sensorgram 

will begin to appear in real-time in the SPRPlot.vi window. A screenshot of what the 

software windows look like during an experiment when monitoring the SPR imaging 

angle in air for an etched glass array substrate (see Chapter 8 for more details) is shown 

in Figure 2.7. 
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Figure 2.7 Screen shot during SPR imaging experiment in air of an etched glass array 
substrate with differential resonance patterning showing the real-time SPR image (top) 
and corresponding sensorgram (bottom). 
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Notice that the sensorgrams on the bottom panel are for regions that are indicated prior to 

running the experiment. When initially running the experiment the user typically allows a 

baseline to be established for each ROI before injection of any analyte or other substance. 

The initial screenshot from Figure 2.7 is taken in air, as water is added to the flow cell the 

SPR image changes as do the sensorgrams as depicted in Figure 2.8. 
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Figure 2.8 Screen shot during an SPR imaging experiment in air of an etched glass array 
substrate as water is added to the flow cell. 
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The signal for the sensorgrams and the SPR images themselves change in real-time as 

displayed in Figure 2.8. Additionally, during the experiment it is possible to zoom in on 

either the x or y-axis on the “SPRPlot.vi Front Panel” by clicking the magnifying glass 

symbol to the lower right of the sensorgrams and dragging out either the x or y-axis with 

the mouse. Note that in order to zoom in on a certain area it is necessary to right-click in 

the sensorgram area and remove the check from either “Autoscale x-axis” or “Autoscale 

y-axis”. Finally, to stop the experiment click the “Stop Experiment And Quit” button and 

close the LabVIEW program windows. Next, track down the folder containing the data 

which will include: SPR images (time and date stamped), a “regions” picture depicting 

the ROIs on the image, a “regions” CSV file giving exact coordinates of each ROI, and a 

CSV file with the sensorgram data. The resulting CSV data file is shown in Figure 2.9. 

Briefly, there is a time column on the left and then many columns of data to choose from 

but typically the average data for each ROI are used to construct the resulting 

sensorgrams. 
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Figure 2.9 Resulting CSV data file from a completed SPR imaging experiment. 
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Preparation of E. coli Cells and SPR Spectroscopy Assay 

This section covers the preparation of bacteria samples used in Chapter 5. The 

DH5α E. coli pellets used in this study were a gift from Dr. Yinsheng Wang’s lab.  The 

cell pellets were places in a graduated centrifuge tube from Thermo Fisher Scientific 

(Waltham, MA) and were cultured overnight in a luria broth from Sigma-Aldrich (St. 

Louis, MO) for roughly 14 hours at 37°C on a shaker. A calibration curve of McFarland 

standards was used to quantitate the E. coli. Briefly, these turbidity standards were made 

by mixing 1% BaSO4 and 1% H2SO4 to predetermined ratios to create 0.5 through 4 

McFarland standards.  For all SPR measurements the culture turbidity was adjusted to 

match the 4 McFarland standard and subsequently diluted in phosphate-buffered saline 

(PBS), pH 7.0, 150 mM NaCl to obtain the other standards. The use of McFarland 

standards to quantify gram-negative E. coli is commonly practiced throughout the 

literature.2-5 

The E. coli cultured cells were prepared for long term storage by adapting 

protocols from previously published work.6 Briefly, after culturing the E. coli cells 

overnight 1 mL of cells were aliquot into 1.5 mL centrifuge tubes and centrifuged for 10 

min. at 12,000 rpm, and then the supernatants were discarded. The cells were either 

resuspended immediately in PBS for immediate use or processed through the following 

steps for storage: the pellets were resuspended in 50 µL of 7.5% glycerol in PBS buffer, 

pH 7.0 and dissolved in a 1 mL of the same buffer for storage at -20°C. The 7.5% 

glycerol in PBS works well for storage purposes because it aids in avoiding protein 
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denaturation, minimizes the repeated freezing-thawing effect, and extends the shelf life of 

the cells.6 

 Inoculation of spinach leaves with E. coli was performed with a modified 

protocol.7 The protocol is displayed in a flow chart in Figure 2.10. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

 

 

 

 

 
 

Figure 2.10 Flowchart of step-by-step protocol for E. Coli cell preparation on spinach 
leaves and subsequent SPR spectroscopy analysis. 
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Fresh spinach was purchased from a local grocery store (Winco) and maintained at 4°C 

prior to testing. The spinach leaves were surface sterilized by immersion in 70% 

methanol in water for 30 s, rinsed in deionized water, and allowed to air-dry.8 The 

sterilized leaves were placed in a clean Ziploc bag and inoculated by pipetting 2 mL of 

106 cfu/mL E. coli cells onto the surface of each leaf. The bag containing the inoculated 

spinach leaves was placed on a shaker to evenly disperse the  E. coli and then the bag was 

placed in a laminar flow safety hood (25°C; >70% humidity) for 4 hr to allow for 

bacterial attachment. While previous work indicates bacterial attachment present after 1 

hr,9 we chose 4 hr to ensure bacterial attachment.  After inoculation, the spinach leaves 

were rinsed with deionized water to remove weakly attached bacteria and placed in a dry 

Ziploc bag. Thereafter buffered peptone water (2 mL) was added to the spinach leaves10 

in the Ziploc bag to extract the E. coli into two separate microcentrifuge tubes. These E. 

coli-containing aliquots were used in all the SPR experiments. 

 

Layer-by-Layer Nanoglassification of Gold via Paint Gun Technique 

For the fabrication of nanosilicate layers on gold by layer-by-layer (LbL) 

deposition a novel technique was employed using a DeVilbiss SRi high-volume, low-

pressure (HVLP) paint gun purchased from DeVilbiss Inc. (Glendale Heights, IL). This is 

a device used for spot painting but in this case the gun is attached to compressed nitrogen 

for LbL deposition to control droplet size and hence homogeneity of the film. An image 

of the LbL deposition setup is depicted in Figure 2.11.  
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Figure 2.11 a) High volume low pressure (HVLP) paint gun setup for layer-by-layer 
(LbL) deposition of nanoglassified gold. b) HVLP paint gun. c) Sample stage setup with 
slide ready for layer-by-layer polyelectrolyte deposition. 
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In Figure 2.11a the entire setup is shown with a HVLP paint gun connected with high 

pressure hosing to a compressed nitrogen tank. The contents of the nitrogen tank are 

filtered through a Wilkerson 5 µm airline filter from W.W. Grainger (Lake Forest, IL). 

The high pressure tubing is connected to the HVLP paint gun through a flow 

controller/pressure gauge to control the rate of polyelectrolyte deposition. On the HVLP 

paint gun itself (Figure 2.11b), an aluminum container with the polyelectrolyte solution is 

connected to the gun. Additionally, the nozzle of the gun can be loosened or tightened to 

control the aspiration shape/size of the solution and then the nozzle is secured in place by 

wrapping it in white Teflon tape. A tighter nozzle results in a less dispersed and larger 

droplet size in general. Once the gun, flow rate, and aspiration size/shape is optimized the 

sample deposition stage is set up. This stage consists of two plastic pieces with a row of 

glass slides to create a backing with the target substrate slides placed at a 45 degree angle 

against that backing as shown in Figure 2.11c.  

Gold substrates for the LbL nanoglassification were fabricated with a 2-nm thick 

chromium adhesion layer, followed by the deposition of a 51-nm thick gold layer via e-

beam evaporation onto cleaned glass slides as explained earlier. The preparation of 

nanoglassified layers was modified from previous work.11 Briefly, clean gold substrates 

were immersed in 10 mM MPA ethanol solution overnight, followed by extensive rinsing 

with ethanol and nanopure water (18 MΩ), and then dried with nitrogen gas. Using the 

HVLP gun setup outlined in Figure 2.11, PAH (1 mg/mL, adjusted to pH 8.0) and sodium 

silicate or SiOx (22 mg/mL, adjusted to pH 9.5) were alternately sprayed across each 

sensor chip by changing out aluminum canisters. After each deposition of PAH or sodium 
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silicate, the surface was allowed to incubate for 30s and then rinsed for at least 20s with 

DI water. This process was repeated to form 5-8 layers with each layer constituting of a 

polyion set (PAH+SiOx). The layered chips were calcinated in a furnace by heating to 

450°C at a ramp rate of 17°C/hr and then brought to room temperature after 4 hr.  

 

Photolithography and Wet Chemical Etching of Etched Glass Arrays 

 Initially positive photoresist AZ5214E (note: the last two digits in the photoresist 

name indicate the thickness, thus AZ-5214E = 1.4 µm thickness after spin coating) was 

spun coat onto a clean BK7 glass substrate. Photoresist was uniformly dispersed across 

the glass substrate using a three step recipe which started with spin speed of 1000 rpm; 

ramp = 500 rpm; and time = 2 seconds. The second step was spin speed of 4000 rpm; 

ramp = 1000 rpm; and time = 30 seconds before finally stopping the spinning. After spin 

coating, the slide is removed and placed on a hot plate at 110°C for 5 minutes to soft bake 

the photoresist to the glass slide.  

Next, the coated slide was patterned with photolithography using a mask aligner. 

The lab’s photomask was loaded into the mask aligner and then the slide itself was 

loaded onto the mask aligner in the orientation noted in Figure 2.12. 
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Figure 2.12 Image of slide orientation of proper mask/slide alignment. 

 

 

 

 

 

 

 

 

 

 

  



75 
 

Briefly, make sure before adding the glass substrate to the mask aligner a green plastic 

membrane with holes is added to allow the vacuum to hold. Orient the glass slide on the 

substrate holder (on top of the green membrane) as shown in Figure 2.12.  Next the 

substrate can be patterned by photolithography by exposing the substrate to UV light for 

∼ 10 s.  Thereafter, the arrays were developed with a 4:1 ratio of water to AZ 400K 

developer solution to expose the patterned areas. The substrate was rinsed with water and 

dried with nitrogen. Finally, before etching a post-bake was performed to adhere the 

photoresist polymer to the surface of the slide by placing it on a hot plate at 120°C for 10 

min. 

 Next, the slides can be etched to create etched glass arrays in this case. To etch 

the patterned glass substrate, standard wet chemical etching using buffered hydrofluoric 

acid (BOE) was used (Caution!), which presents many advantages.12 First, etch depth 

calibration measurements were performed to a reproducible level anywhere from 1-15 

µm deep in the patterned areas, depending on BOE exposure time. After the etching 

process, the glass arrays were rinsed with water. Acetone was then used to remove the 

remaining photoresist. The etched glass arrays were dried under a stream of nitrogen gas 

and etch depth measurements were taken using a Veeco Dektek 8 profilometer (Santa 

Barbara, CA).  The etched glass arrays were then coated with a 2-nm thick chromium 

adhesion layer, followed by a ∼ 51 ± 2 nm thick gold layer via electron beam 

evaporation. The resulting etched glass gold coated chips were stored in a vacuum 

desiccator until use. 
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Furthermore, to make the gold coated etched glass arrays hydrophilic, plasma 

enhanced chemical vapor deposition (PECVD) of 3-6 nm silicon dioxide using a Unaxis 

Plasmatherm 790 system (Santa Clara, CA) was used. This layer was deposited on top of 

the gold layer. All chips were stored under vacuum. 

 

Preparation of Lipid Vesicles 

Vesicles are prepared from stock solutions in chloroform. The appropriate mole 

percent of each lipid is mixed together in a small vial and then dried with nitrogen to 

form a dry lipid film. Thereafter the lipid containing vial is placed in a vacuum desiccator 

for 4 hr. in order to completely remove all solvent. The lipid was then resuspended in the 

buffer of choice to a lipid concentration of 1.0 mg/mL. After vigorously vortexing to 

remove all lipid remnants from the walls of the vial, the vesicles were probe sonicated for 

20 min. The resuspended lipids were then centrifuged at 8000 rpm for 6 min to remove 

any titanium particles from the probe tip during sonication. Then the supernatant was 

extruded through a polycarbonate filter (100 nm) from Avanti Polar Lipids (Alabaster, 

AL) 11 times to produce vesicles of uniform size. Small unilamellar vesicles (SUV) 

prepared by this method are generally 125 ± 5 nm in diameter as determined by dynamic 

light scattering (DLS) using a particle sizing analyzer from Brookhaven Instruments 

Corp. (Holtsville, NY). 
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CHAPTER 3: Surface Plasmon Resonance Study of Protein-

Carbohydrate Interactions using Biotinylated Sialosides 

 
 

ABSTRACT 

 Lectins are carbohydrate binding proteins found in plants, animals and 

microorganisms. They serve as important models for understanding protein-carbohydrate 

interactions at the molecular level. We report here the fabrication of a novel sensing 

interface of biotinylated sialosides to probe lectin-carbohydrate interactions using surface 

plasmon resonance spectroscopy (SPR). The attachment of carbohydrates to the surface 

using biotin-NeutrAvidin interactions and the implementation of an inert hydrophilic 

hexaethylene glycol spacer (HEG) between the biotin and the carbohydrate result in a 

well defined interface, enabling desired orientational flexibility and enhanced access of 

binding partners. The specificity and sensitivity of lectin binding were characterized 

using Sambucus nigra agglutinin (SNA) and other lectins including Maackia amurensis 

lectin (MAL), Concanavalin A (Con A), and wheat germ agglutinin (WGA). The results 

indicate that α2,6-linked sialosides exhibit high binding affinity to SNA, while alteration 

in sialyl linkage and terminal sialic acid structure compromises the affinity by a varied 

degree. Quantitative analysis yields an association constant ( aK ) of 1.29 × 106 M-1 for 

SNA binding to Neu5Acα2,6-LHEB and a dissociation constant ( DK ) of 777 ± 93 nM. 

Transient SPR kinetics confirms the DK  value from the equilibrium binding studies. A 
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linear relationship was obtained in the 10-100 μg/mL range with LOD of ~50 nM. Weak 

interactions with MAL, Con A and WGA were also quantified. The control experiment 

with bovine serum albumin indicates that nonspecific interaction on this surface is 

insignificant over the concentration range studied. Multiple experiments can be 

performed on the same substrate using a glycine stripping buffer, which selectively 

regenerates the surface without damaging the sialoside or the biotin-NeutrAvidin 

interface. This surface design retains a high degree of native affinity for the carbohydrate 

motifs, allowing distinction of sialyl linkages and investigation pertaining to the effect of 

functional group on binding efficiency. It could be easily modified to identify and 

quantify binding patterns of any low-affinity biologically relevant systems, opening new 

avenues for probing carbohydrate-protein interactions in real-time. 

 

INTRODUCTION 

 Lectins are carbohydrate binding proteins of considerable specificity derived from 

plants, animals and microorganisms.1 Specifically, carbohydrate-protein interactions play 

key roles in modulating intracellular traffic,2 endocytosis,3 cell-cell recognition,4 signal 

transduction,5 inflammation processes,3 and cancer cell metastasis.6 Structurally, lectins 

have shallow binding pockets, which results in relatively weak, non-covalent binding 

with affinity constants in the millimolar range.7-9 In addition, lectins are structurally 

complex and binding motifs are often not well understood.9 To overcome the weak-

binding problem of the carbohydrate-lectin interaction, the use of multivalent interactions 

to enhance the binding affinity is often employed. This can be accomplished by varying 
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the density of the lectin-carbohydrate recognition domains,6 clustering carbohydrates on 

the cell surface,10 or altering molecular topography by adjusting the length of linkers to 

improve their accessibility to ligands on opposing binding partners.11  

Many analytical and bioanalytical techniques have been employed to study 

protein-carbohydrate interactions, including NMR in conjunction with isothermal 

calorimetry and fluorescence spectroscopy,12 dual polarization interferometry,13 enzyme-

linked lectin assays (ELLAs),14 quartz crystal microbalance (QCM),15 and microarray 

techniques.16,17 A number of these methods require either labeling steps with convoluted 

chemistry or expensive materials and optics. To circumvent these drawbacks, surface 

plasmon resonance (SPR) has emerged as the method of choice in recent years to study 

carbohydrate-lectin interactions.12,18-20 SPR is advantageous for its intrinsic sensitivity 

that has been documented to be at least an order of magnitude higher than that of QCM 

for a comparable biological system.21 Also, the SPR method is fast and suitable for real 

time measurement. SPR has been used to study protein-carbohydrate interactions for the 

determination of affinity constants,22 equilibrium dissociation constants,23 and lectin 

specificity.24 However, SPR kinetic/thermodynamic studies have been limited to the use 

of proprietary prefabricated sensor surfaces thus far.  

Meanwhile, the use of multifunctional surface chemistry characterized by SPR for 

carbohydrate-protein interactions is still an emerging scientific field. In order to 

effectively study carbohydrate-lectin interactions with SPR, optimal surface chemistry is 

of most significance. Previous work has used surface immobilized lectin due to easy 

fabrication.25 However, binding of a low molecular weight carbohydrate ligand (< 1000 
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Da) is difficult to quantify by SPR.9,11 In contrast, immobilization of carbohydrates to the 

surface have the advantage of straightforward detection of large lectin molecules with the 

SPR method. In order to immobilize the carbohydrate efficiently, simple and well-

understood surface chemistry must be developed. To date, several techniques have been 

attempted to immobilize carbohydrates, including copolymerization,26 reductive 

amination,27 chemical immobilization of carbohydrates through diazirine derivatization,28 

self-assembled monolayers,29 and other covalent immobilizations.30,31 While these 

approaches have been successful for their specific systems, the complexity of most 

oligosaccharides can cause surface deformation and inhomogeneity.32 Therefore, 

alternative surface modifications have been attempted.20,33 However, many of these 

strategies are multi-step laborious protocols that often lead to inconsistent results.  

Surface immobilization of carbohydrates has been further complicated by the need to 

conserve the original structure and expose the functional sites so that the immobilized 

moiety can mimic the specific biomolecular interactions occurring on the cell surface. 

Because carbohydrates are flexible molecules, it has proven technically challenging to 

immobilize carbohydrates in an oriented fashion while retaining their inherent structures 

and functionalities.34 Most recently, Karamanska et al. used commercial NeutrAvidin 

coated gold chips to detect lectin-carbohydrate interactions in an array manner,35 seeking 

more biological interaction information rather than focusing on method development. 

An important family of monosaccharide-containing structures that can be 

recognized by certain lectins are sialic acid (SA)-containing structures. SAs are α-keto 

acids that widely exist as components of the sugar chains of glycoconjugates in cells and 
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tissues, playing important roles in many biological recognition mechanisms.36 

Specifically, sialic acid is the binding moiety for numerous plant lectins including wheat 

germ agglutinin (WGA), Sambucus nigra agglutinin (SNA),  and Macckia amurensis 

lectin (MAL).37 In recent years, derivatives of sialic acid have shown various biological 

activities, aiding the development and production of medicines.38  However, many SA 

derivatives have yet to be tested on biological systems. In particular, sialyl trisaccharides 

containing various naturally existing sialic acid residues have yet to be studied 

extensively. These structures have varying levels of binding affinity to a number of 

lectins (SNA, MAL, WGA), making them conducive for structure-function relationship 

studies of carbohydrate-lectin interactions. In addition, sialyldisaccharides can contain 

different sialic acid structures, sialyl-linkages, and underlying disaccharide structures, 

providing enough sophistication for understanding complex oligosaccharide-based 

biomolecular interactions systems. Furthermore, these sugars are generally amenable to 

efficient synthesis and modification by the one-pot multiple-enzyme chemoenzymatic 

synthetic system established in the Chen group.39-41  

To create a reproducible and efficient biological mimic of carbohydrate-lectin 

interaction, we report the use of chemoenzymatically synthesized biotinylated 

sialyldisaccharides to study carbohydrate-lectin interactions. Figure 3.1 shows the 

schematic illustration of the sensing interface. While a number of surface chemistries 

have been employed to study carbohydrate-lectin interactions as mentioned previously, 

the use of biotin-avidin chemistry allows for strong binding (Ka = 1015 M-1), facilitating 

the removal of bound lectin, and eliminating the need for long incubation steps. The 
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biotinylated sialosides contain a flexible hexaethylene glycol (HEG) spacer. The HEG 

linker allows orientational flexibility to closely mimic the sialoside-lectin interaction in 

its native conformation. The binding of SNA to sialosides was investigated and the 

kinetic data are reported and compared.  This surface design is desirable for studies of 

both strong and weak biological interactions, enabling rapid determination of lectin-

carbohydrate binding specificity in a highly sensitive manner.  
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Figure 3.1 Cartoon representation of the carbohydrate-immobilized surface for lectin 
sensing. 
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EXPERIMENTAL 

Materials and Instrumentation. Biotinylated bovine serum albumin (b-BSA) and 

NeutrAvidin were purchased from Pierce Biotechnology (Rockford, IL). Sambucus nigra 

agglutinin (SNA) was purchased from Vector Laboratories (Burlingame, CA). Bovine 

serum albumin (BSA), wheat germ agglutinin (WGA), and Concanavalin A (Con A) 

were from Sigma-Aldrich (St. Louis, MO). An SPR spectrometer Biosuplar-2 (Analytical 

μ-Systems, Germany) with a light-emitting diode light source (λ = 670 nm), high-

refractive index prism (n = 1.61), and 30-µL flow cell was used for all SPR 

measurements. SPR gold chips were fabricated onto cleaned BK-7 glass slides as 

described in Chapter 2. All SPR experiments used 20 mM phosphate buffered saline 

(PBS) (pH 7.4 with 150 mM NaCl) as a running buffer. 

Synthesis of Biotinylated Sialosides. Monotosylation of hexa(ethylene glycol) (HEG, 1) 

was achieved in the presence of silver (I) oxide42 and potassium iodide with good yield. 

The HEG azide 3 was then prepared in 98% yield from the mesylate 2 by using sodium 

azide in N,N-dimethylformamide at 60 °C. Coupling of lactose trichloroacetimidate 4 

with acceptor HEG azide 3 in the presence of TMSOTf afforded compound 5 in 87% 

yield. After deacetylation of 5 using NaOMe in methanol followed by hydrogenation of 

azido group to the primary amino group, the reduced product coupling with N-hydroxy 

succinamide ester of biotin (Biotin-NHS) in DMF afforded biotintylated lactoside 

(LHEB, 7) in 78% yield (Figure 3.2). 

 Chemoenzymatic sialylation of 7 was achieved using a highly efficient and 

convenient one-pot three-enzyme system established in the Chen laboratory.39-41 In this 
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system, N-acetylmannosamine (ManNAc, 8) or mannose (9) was converted to Neu5Ac or 

KDN by an aldol condensation reaction catalyzed by an E. coli K-12 sialic acid aldolase, 

and then activated to form CMP-sialic acids catalyzed by an N. meningitidis CMP-sialic 

acid synthetase (NmCSS). The sialic acid residue in CMP-sialic acid was then transferred 

to the galactose moiety of the acceptor 7 by a multifunctional Pasteurella multocida 

sialyltransferase (PmST1) to form an α2,3-linked sialoside 10 (Neu5Acα2,3-LHEB) or 

11 (KDN2,3-LHEB), or by a Photobacterium damsela α2,6-sialyltransferase (Pd2,6ST) 

to form an α2,6-linked sialoside 12 (Neu5Acα2,6-LHEB) or 13 (KDNα2,3-LHEB), in 

high yields varying from 91-94% (Figure 3.2). Sialoside products were purified by Bio-

Gel P-2 gel filtration chromatography and the structures were characterized by 1H and 

13C NMR as well as mass spectrometry. 
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Figure 3.2 Chemoenzymatic synthesis of biotinylated sialosides 10-13. 
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SPR Analysis of Sambucus nigra Agglutinin on Biotinylated Sialosides Immobilized 

on the Gold Substrates. Surface interaction and modification was monitored and 

characterized using the tracking mode of SPR angular scanning around the minimum 

angle. To prepare the sensing surface, a previous protocol was modified.43 Briefly, gold 

substrates were rinsed with ethanol and ultra pure water. After drying under a gentle 

stream of N2 gas, the gold substrates were clamped down by a flow cell on a high-

refractive index prism for use. Once PBS buffer had established a smooth baseline across 

the surface, biotin-BSA (0.5 mg/mL in PBS) was injected across the gold chip. The 

modified surface was allowed to incubate for 30 min and then rinsed with PBS for 15 min 

to wash away any non-specifically adsorbed species. NeutrAvidin (0.5 mg/mL in PBS), a 

tetramer that forms a very stable complex with biotin, was subsequently injected across 

the sensing surface and incubated for 90 min to allow binding to biotin-BSA, while 

leaving additional biotin binding sites.  Once a stable signal was observed, the surface 

was rinsed with PBS for 30 min. The constructed sensor chip was then injected with a 

biotinylated sialoside such as Neu5Acα2,6-LHEB (1.0 mg/mL in PBS) and allowed to 

incubate for 30 min and rinsed with PBS for 30 min. 

 SNA solutions diluted in PBS with concentrations varying from 10 to 1000 

µg/mL were injected onto the carbohydrate-functionalized surface.  Each aliquot was 

incubated for 60 min and then rinsed with PBS for 30 min.  Upon rinsing the lectin-

immobilized surface, the minimum angle decreased slightly over time, characteristic of 

lectin dissociation kinetics.18 The free biotinylated-carbohydrate functionalized surface 

was regenerated with 100 mM glycine (pH 1.7) stripping buffer to remove bound lectin. 
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Once the carbohydrate baseline had been established, a second aliquot of the same 

concentration of lectin was injected and the entire process was repeated.  Each calibration 

standard was obtained in triplicate on the same substrate.  

 For the experiments with surfaces immobilized with different carbohydrates, the 

same surface modification procedure was followed as above except that a different 

biotinylated carbohydrate was used in place of Neu5Acα2,6-LHEB. Similarly, for 

experiments with various lectins, the same surface modification procedure was followed 

as above except that a different lectin was used in place of SNA. For each different set of 

binding process, carbohydrates and lectins diluted in PBS with a final concentration of 

1.0 mg/mL were used as standards. 

Data Analysis and Determination of Equilibrium and Kinetic Constants. The 

equilibrium dissociation constant ( DK ) value for the interaction between Sambucus nigra 

lectin (SNA) and Neu5Acα2,6-LHEB was determined from saturation binding 

experiments. Increasing concentrations of SNA (10 µg/ml to 1 mg/ml) were injected over 

the Neu5Acα2,6-LHEB functionalized surface and the minimum angle shift was 

recorded. The value for DK  was obtained using a non-linear least squares analysis 

outlined previously44 with eq 3.1  

 

( )])/[1/(1max AKABAB Deq +=        (3.1) 
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where eqAB  is the average of the response signal at equilibrium in defined intervals for 

each concentration of SNA ][A  and maxAB is the maximum response that can be obtained 

for lectin binding depending on the number of binding sites available on the 

Neu5Acα2,6-LHEB functionalized surface.45  AK  can then be determined by the 

reciprocal value of the DK .   

In addition, to confirm the DK  value obtained for the Neu5Acα2,6-LHEB surface 

an initial rate kinetic method was employed to extract kinetic information with transient 

SPR response.46  At t = 0, the equation for initial rate analysis is:  

asskAAB
dt

dAB ][max=          (3.2) 

where assk  is the association constant.  By plotting the initial rate against lectin 

concentration the result is a straight line with a slope equal to maxAB × assk .  After assk  is 

determined, dissk , the dissociation constant, can be determined by eq 3: 

∞∞ +−−= ABtkABABAB disst )])[exp(( 0       (3.3) 

In this equation, 0AB  is the initial response (i.e. the beginning of the dissociation curve), 

∞AB  is the final response once completely dissociated.  The value for the equilibrium 

dissociation constant, KD, is thus determined by the following: 

ass

diss
D k

kK =           (3.4) 
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RESULTS AND DISCUSSION 

Surface Chemistry, Detection, and Regeneration 

The surface chemistry employed in this work reflects our desire of using SPR to 

study the relatively weak affinity in carbohydrate-lectin interactions with high accuracy. 

The choice of Sambucus nigra agglutinin as the target was aimed to understand the 

general binding characteristics of lectins to carbohydrates with a wide affinity 

distribution in the micromolar-millimolar range. The scheme in Figure 3.1 offers 

simplicity in surface chemistry to provide a unique interface for detecting the generally 

weak interactions. The structures for the synthesized biotinylated SA are depicted in 

Figure 3.2 (labeled 10-13). We have focused initially on Neu5Acα2,6-LHEB due to the 

high SNA affinity for α2,6 linked sialosides.47 The hydrophilic hexaethylene glycol 

(HEG) spacer allows flexible movement of the carbohydrate immobilized to the surface 

via biotin-NeutrAvidin binding, thus enhancing the affinity of interaction of the 

carbohydrates and carbohydrate-binding lectins. Biotinylated sialosides that varied either 

in the sialyl linkage or the substituent at C-5 of the Neu5Ac were used for comparison. 

Biotin occupies the opposite end of the PEG spacer, providing highly specific binding to 

an avidin protein sub-layer. The strong interaction of biotin-avidin48 was used in hope to 

remove the bound lectin for repeat use without damaging the sialoside-immobilized 

surface. After testing a class of avidin proteins, we found that NeutrAvidin has the lowest 

nonspecific binding in the avidin family most likely due to its deglycosylated structure. 

Together with the better performance in biotin-binding, it is selected for use in all the 

experiments reported here.  
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The SPR sensorgram for the interaction of Neu5Acα2,6-LHEB with SNA is 

shown in Figure 3.3. Upon addition of 400 µg/mL SNA to the Neu5Acα2,6-LHEB 

functionalized surface, slow binding was observed, which is common for carbohydrate-

lectin interactions. The curve shape is consistent, even for long incubation times. Upon 

rinsing with buffer, the lectin dissociated rapidly due to weak carbohydrate-lectin 

interactions, similar to previous SPR studies.11,18,25 It is highly desirable if such a surface 

can be regenerated with a simple reagent that largely preserves the native binding 

structures. Although various stripping buffers have been used for SPR studies, we found 

that very few of them performed well on a carbohydrate surface. After testing multiple 

stripping buffers, the best results were obtained with 100 mM glycine, pH 1.7. This 

stripping buffer was modified from a previous protocol in which the buffer was used to 

strip antibodies from a binding surface.49 The capability of reusing the sialoside-

immobilized surface was tested by repeated injection of aliquots of 400 µg/ml SNA, 

followed by addition of the glycine buffer. The sudden drop of the baseline upon glycine 

injection is due to the difference in the solution refractive index relative to the buffer. 

Rinsing with the buffer quickly established the original carbohydrate baseline. This 

greatly reduces material consumption required by the SPR apparatus, and significantly 

decreases assembly and experimental time. In addition, the new stripping buffer allows 

facile quantitation and direct comparison on the shape of kinetic curves by providing the 

same baseline of the carbohydrate-coated surface. In comparison, other surface 

chemistries that have been attempted, including self-assembled monolayers (SAMs), are 
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time consuming (requiring overnight incubation), require chemical modification, and are 

less sensitive to lectin binding than the aforementioned surface. 
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Figure 3.3 Characteristic sensorgram for carbohydrate functionalized sensing surface in 
response to 400 µg/ml SNA. 
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To ensure that the surface regeneration did not damage the carbohydrate-functionalized 

surface, 250 mM glycine, pH 1.7 was injected over the Neu5Acα2,6-LHEB derivatized 

surface before the addition of 250 µg/ml SNA (Figure 3.4, insert). The data obtained was 

then compared to a surface in which 250 µg/ml SNA was injected without prior addition 

of glycine (Figure 3.4). A comparison of the two experiments shows a similar 

equilibrium binding level of lectin, with corresponding angular changes of 0.145º and 

0.149º, the latter representing the glycine-free assay. This demonstrates the unique ability 

of this low pH buffer to provide a fresh sensor surface after each injection of lectin 

without compromising surface functionality. A higher concentration of glycine (250 mM) 

was used in this case to prove that under even harsher conditions, the lectin binding 

response would not be diminished by the stripping buffer. For all other experiments, the 

concentration of glycine was optimized at 100 mM, providing complete lectin removal to 

the carbohydrate baseline and establishing a fully functional surface capable of 

subsequent binding analyses, as depicted in Figure 3.4.  
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Figure 3.4 Sensorgram of Neu5Acα2,6-LHEB functionalized surface upon addition of 
250 µg/ml SNA. Inset: Identical sensorgram except that a 250 mM glycine stripping 
buffer of pH 1.7 is added before the addition of SNA. 
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Lectin Quantitation and Kinetic Analysis 

 The Neu5Acα2,6-LHEB functionalized surface was further tested over a wide 

range of physiologically relevant concentrations of SNA to evaluate its analytical 

performance (Figure 3.5).15,19 At higher concentrations of SNA, more binding sites 

become occupied, resulting in saturation binding kinetics as expected.  Using the linear 

portion of the response curve to increasing concentrations of SNA (Figure 3.5, insert), the 

limit of detection (LOD) was determined to be 8.01 µg/ml or 53.3 nM. Our results are 

comparable to most recent work using a similar approach.19 It should be noted that the 

literature reported system used a higher concentration of immobilized carbohydrate and 

more expensive instrumentation, and each assay took more than a day to complete.19  Our 

work yielded a dynamic range over several orders of magnitude (10-400 µg/ml SNA or 

high nM range), which is considerably better than the range observed for a similar QCM 

system15 and on par with another SPR studies.19 In comparison to recent carbohydrate-

lectin studies, our design offers distinctive advantages in that the experiments were 

performed with inexpensive instrumentation, simple and well-understood chemistry, 

allowing regeneration of the sensing surface to yield reproducible results.   
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Figure 3.5 Sensing response obtained by addition of increasing concentrations of 
Sambucus nigra lectin to a Neu5Acα2,6-LHEB immobilized surface. Inset: Linear 
portion of response curve before saturation binding occurs. 
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SPR sensorgrams provided values for the determination of the equilibrium 

dissociation constant ( DK ) and association constant ( aK ). The values for both aK  (1.29 

x 106 M-1) and DK  (777 ± 93 nM) were quite consistent with previously reported 

constants for similar systems.10,18,20 Specifically, two separate reports studied the 

interaction of SNA with sialic acid terminated α2,6 conjugates by immobilizing SNA. 

Haseley et al. employed a similar oligosaccharide and determined an affinity constant 

that was very similar to ours (1.9 x 106 M-1),50 while Duverger et. al. showed a slightly 

higher binding affinity (4.5 x 106 M-1),51 likely due to the use of a neoglycoprotein which 

is known to enhance affinity constants.11  

For comparison, we also used the transient SPR response method to determine the 

binding constant on the carbohydrate functionalized surface.  The calculation of the 

dissociation constant ( dissk = 6.49 × 10-3 s-1) and association constant ( assk = 8.60 × 104 M-

1 s-1) enables the determination of the equilibrium dissociation constant (KD) to be 754 

nM.  This value agrees very well with the number determined through equilibrium 

binding analysis and thus verifies the results and method employed in this work.   

Screening of Carbohydrate–Lectin Interactions 

The surface system was further tested using three additional structurally similar 

sialosides (10, 11, and 13 in Figure 3.2) at the saturation concentration of SNA.  Results 

demonstrate structure-dependent variation on binding characteristics, with the 

Neu5Acα2,6-LHEB immobilized surface having the highest affinity to SNA (Figure 3.6).  
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Figure 3.6 Relative affinity of SNA at saturation concentration on surfaces immobilized 
with different biotinylated sialosides. 
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The KDNα2,6-LHEB immobilized surface also showed significant binding. By using 

two biotinylated sialosides containing a Neu5Ac or a KDN, our surface design was able 

to clearly distinguish these compounds altering only one functional group on the sialic 

acid (Neu5Ac has an N-acetyl group at C5, while KDN has a hydroxyl group at C5). 

SNA showed a significant decrease in binding to Neu5Acα2,3-LHEB surface compared 

to Neu5Acα2,6-LHEB, demonstrating the importance of sialyl linkages in the SNA 

binding. This result is consistent with several previous reports51,52 and emphasizes the 

importance of sialyl linkage in lectin binding specificity. KDNα2,3-LHEB displayed 

slightly weaker binding than Neu5Acα2,3-LHEB for reasons indicated above with 

regards to replacing the C5 N-acetyl group in Neu5Ac to C5 hydroxyl group in KDN. 

This information would be useful for future work to design other carbohydrate 

functionalized surfaces to study weak biomolecular interactions.  

The Neu5Acα2,6-LHEB functionalized surface was also used to test four 

additional proteins or lectins at saturation concentrations as shown in Figure 3.7.  
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Figure 3.7 Binding intensity of different lectins to a Neu5Acα2,6-LHEB functionalized 
surface. 
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The strongest binding protein was SNA, followed by Con A, which is known to 

specifically bind to mannosylated surfaces.53 Mannose is a stereoisomer of both galactose 

and glucose, which are the monosaccharides comprising the lactose that is present in all 

of the four biotinylated sialosides used here. In fact, Con A exhibits a primary specificity 

for mannose, but will also bind glucose.54 Therefore, a relatively strong binding signal to 

Con A is expected, yet weaker than that of SNA. Additionally, the binding to wheat germ 

agglutinin was slightly weaker than that of Con A. While WGA does have affinity for 

sialic acid,54 it is a secondary interaction with affinity fourfold less than its affinity to N-

acetylglucosamine (GlcNAc) according to a hapten-inhibition study of the methyl ester of 

sialic acid.54 Thus the lack of strong binding exhibited by WGA to the Neu5Acα2,6-

LHEB immobilized surface was expected. The binding of Maackia amurensis lectin (a 

lectin known to bind to Neu5Acα2,3Lac(NAc) trisaccharide containing structures)36,52 to 

the Neu5Acα2,6-LHEB immobilized surface was even weaker. Finally, the weakest 

binding protein was bovine serum albumin. BSA has no known affinity towards any 

specific carbohydrate, so binding should be minimal. The result also confirms that the 

nonspecific interaction on this surface is insignificant over this concentration range. 

Overall, we believe that these results show the applicability of this surface to be used to 

distinguish many different types of lectins and carbohydrates in a quantitative and real-

time manner. 
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CONCLUSIONS 

 With the use of simple and highly effective surface chemistry based on 

biotinylated sialosides, we have shown the study of carbohydrate-lectin interactions in a 

detailed, quantitative fashion. Structure-dependent variation of sialoside-lectin binding 

was observed for different lectins and different carbohydrate-immobilized surfaces. 

These results indicate the sensing surface described here could be broadly applied to a 

wide variety of biologically relevant low-affinity systems beyond the carbohydrate-lectin 

interaction studies shown here. The bare carbohydrate surface could be reproduced 

multiple times without degradation of the binding signal. In addition, this surface design 

has high sensitivity for weak carbohydrate-lectin interactions due to unique surface 

chemistry employed. Its ability to distinguish subtle changes on the ligand of 

carbohydrate-binding protein is remarkable.  One could envision transforming the current 

system to microarray format for high-throughput screening of weak biological 

interactions. Future work will focus on optimizing the immobilization density of the 

oligosaccharides and determining the ideal biotin-linker for the sialosides for maximum 

sensitivity in monitoring carbohydrate-lectin interactions. 
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CHAPTER 4: Fabrication and Characterization of a Sialoside-Based 

Carbohydrate Microarray Biointerface for Protein Binding Analysis 

with Surface Plasmon Resonance Imaging 

 
 

ABSTRACT 

 Monitoring multiple biological interactions in a multiplexed array format has 

numerous advantages. However, converting well-developed surface chemistry for 

spectroscopic measurements to array-based high-throughput screening is not a trivial 

process and often proves to be the bottle neck in method development. This paper reports 

the fabrication and characterization of a new carbohydrate microarray with synthetic 

sialosides for surface plasmon resonance imaging (SPRi) analysis of lectin-carbohydrate 

interactions. Contact printing of functional sialosides on neutravidin-coated surfaces was 

carried out and the properties of the resulting elements were characterized by 

fluorescence microscopy and atomic force microscopy (AFM).  Sambucus nigra 

agglutinin (SNA) was deposited on four different carbohydrate functionalized surfaces 

and differential binding was analyzed to reveal affinity variation as a function of head 

group sialic acid structures and linking bonds. SPRi studies indicated that this 

immobilization method could result in high quality arrays with RSD < 5% from array 

element to array element, superior to the conventional covalent linkage used for protein 

cholera toxin (CT) in a comparison experiment, which yields non-uniform array elements 

with RSD > 15%. Multiplexed detection of SNA/biotinylated sialoside interactions on 
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arrays up to 400 elements has been performed with good data correlation, demonstrating 

the effectiveness of the biotin-neutravidin based biointerface to control probe orientation 

for reproducible and efficient protein binding to take place. Additionally, the regeneration 

of the array surface was demonstrated with a glycine stripping buffer, rendering this 

interface reusable. This in-depth study of array surface chemistry offers useful insight 

into experimental conditions that can be optimized for better performance, allowing many 

different protein-based biointeractions to be monitored in a similar manner.  

 

INTRODUCTION 

Carbohydrates are key components in cell surface interactions with both proteins 

and lipids, responsible for recognition, adhesion, and cell-to-cell signaling.1 Since they 

are structurally complex, there has been considerable effort in synthesizing carbohydrate 

analogs and investigating their structure-function properties. Monitoring multiple 

carbohydrate interactions is challenging but highly desirable for gaining affinity 

information in a timely and cost effective manner, particularly for pharmaceutical 

research. This has led to the construction of carbohydrate microarrays for multiplexed 

detection of protein-carbohydrate interactions as early as in 2002.2-5 Since then there have 

been a number of reports on carbohydrate microarrays, and the subject has been the topic 

for several reviews in the past few years.6-11  

Several commercial instruments are available for fabrication of microarrays with 

varied quality. The methods for array fabrication can generally be classified as either 

contact or non-contact printing. The former utilizes pin-type arrayers that transfer a 
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defined volume of sample by directly touching the surface of the substrate, whereas the 

latter dispenses the sample droplets onto the substrate without a direct contact to the 

surface. The most common non-contact printing methods are photolithography and ink-

jet printing. Photolithography is very useful to pattern a variety of materials with different 

surface chemistries.12 However, it is incompatible with photosensitive compounds 

including many biomolecules that cannot be deposited onto photoresists or metals.  For 

inkjet printing, while cheaper than their contact printing counterparts, suffers from 

multiple drawbacks such as unsuitability to print on glass slides13 and droplet smearing.14 

Contact printing has been widely used and many pin-type arrayers are available, which 

are usually simpler in design, less expensive, and faster than non-contact printers.15 

Contact printing has been used to pattern biomaterials including DNA,16,17 colloidal 

crystal arrays,18 and  monoclonal antibodies19 where elements can be densely packed in 

spatially defined areas. Recently several new types of contacting printing have emerged 

including dip pen nanolithography (DPN)20 and varied forms of printing based on a 

PDMS continuous flow microfluidic device.21 In spite of good flow control and small 

sample volume, one major drawback of patterning using microfluidics is that elaborate 

patterns with features more complex than simple cross patterned strips, such as arrays in 

high density, are hard to achieve without additional fabrication steps.22  The most popular 

method of contact printing employed currently is still the use of solid pins. There are a 

number of advantages to this technology including easy deposition of viscous solutions,23 

simple design that enables reproducible and efficient printing,24 and simple cleaning 

procedure for the pins.24 One unique variant to the solid pin design is the pin and ring 
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spotter employed in the GMS 417 arrayer, which uses a large ring to hold the sample and 

the pass of a pin deposits a droplet.25 The coefficient of variation (CV) using the GMS 

417 Arrayer has been reported to be < 10% previously26 and several groups have used the 

device to examine a multitude of biological interactions including arrays of antibodies,27 

extracellular matrix proteins (ECM),28 tissue lysates,29 as well as organic dyes and ionic 

substances.30 Despite the widespread application of contact printers, in-depth 

examination of morphological features of the printed elements created by contact printing 

and their dependence on surface chemistry is generally lacking.  

Biomolecular interaction studies desire proper orientation of the ligands and probe 

density for functional binding. It is known that surface chemistry employed to 

immobilize the biomolecules of choice is of great importance. This is especially true 

when immobilizing carbohydrates in an array format. Among various covalent coupling 

approaches that are typically used, one main problem is the lack of control with regards 

to the orientation of the probe glycan relative to the surface.8 In addition, how this lack of 

control affects detection performance with new detection schemes such as label-free 

methods has not been investigated as the majority of detection is fluorescence-based. 

Label-free detection with microarray has gained considerable acceptance in the past few 

years31,32 and there was a recent report that uses SPR and XPS to examine a self-

assembled carbohydrate monolayer for array analysis.33 But in general, the effects of 

carbohydrate immobilization on microarray performance and reliability, especially that 

involving protein-based surface chemistries, has not been extensively studied.  
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We report here the fabrication of a carbohydrate microarray using contact printing 

with biotinylated sialosides and the characterization of the array morphology with a series 

of surface microscopic techniques. The array has been further characterized for its 

effectiveness in the study of interactions with lectins by surface plasmon resonance 

imaging (SPRi). SPR imaging allows multiplex detection of biological interactions with 

real-time kinetic analysis possible.34 We recently demonstrated an SPR spectroscopic 

analysis with surface chemistry based on synthetic sialosides for the detection of 

lectins.35 The leap to microarray and imaging analysis will enable multiplexed 

examination of carbohydrates in their native state and yield desirable affinity information 

with speed. There are a few attempts recently that aim to combine SPR with array 

analysis,36-38 including a carbohydrate microarray that was created by 

electropolymerization in a 25 spot matrix for the detection of proteins.36 In this work a 

home built SPR imaging system39 is utilized along with a commercial contact printing 

arrayer (the pin-and-ring arrayer) to reveal the morphological connection to biotin-

neutravidin chemistry in the immobilization of carbohydrates and its impact on 

performance. The arrayer is employed to create upwards of 400 individual array elements 

for demonstrating proof of principle for high density fabrication with quality. In addition, 

regeneration of the surface is investigated, which aims to substantially reduce material 

cost and time associated with sample preparation and measurement. We also compare 

biotin-avidin surface chemistry attachment to covalent attachment of protein analytes, 

and examine their effects on fabrication reproducibility and binding efficiency. The 
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biointerface design described herein should be applicable to many biological systems for 

high throughput bioanalysis.  

 

EXPERIMENTAL  

Materials. Sambucus nigra agglutinin (SNA) and fluorescein tagged-SNA (FL-SNA) 

were purchased from Vector Laboratories (Burlingame, CA). Biotinylated bovine serum 

albumin (b-BSA), neutravidin, avidin, and streptavidin were purchased from Pierce 

Biotechnology (Rockford, IL). Bovine serum albumin (BSA), 11-mercaptoundecanoic 

acid (MUA), N-hydroxysuccinimide (NHS), 1-(3-Dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC), cholera toxin (CT) from Vibrio cholerae, and 

anti-cholera toxin from rabbit (anti-CT) were obtained from Sigma-Aldrich (St. Louis, 

MO). SPR gold chips were fabricated as indicated in Chapter 2 onto cleaned BK-7 glass 

slides and were subsequently used in all assays. All SPR and SPR imaging experiments 

used a 20 mM phosphate buffered saline (pH 7.4 with 150 mM NaCl) as both a running 

buffer and dilution buffer. All biotinylated sialosides were synthesized as previously 

described.35 

Carbohydrate Array Fabrication and SPR Imaging. The substrate for the arrays was 

generated by depositing 0.5 mg/mL biotin-BSA onto a gold SPR substrate and allowing 

incubation on a shaker in a humid environment for 30 min. Then the surface was 

copiously rinsed with DI water to avoid salt buildup from the buffer. 0.5 mg/mL 

neutravidin was added to the substrate, followed by incubation and rinsing as previously 

mentioned. The sensor chip was then placed in the GMS 417 Arrayer for printing of 20 × 
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20 arrays of four different biotinylated carbohydrates and BSA control. Smaller sets of 2 

× 2 arrays containing the same compounds were fabricated as well for comparison 

experiments. The GMS 417 Arrayer uses the pin- and-ring type of contact printing 

technology, which delivers highly reproducible dots.40 The arrayed spots were 

approximately 150 µm in diameter and spot spacing (center-to-center) was adjusted from 

300-375 µm.  

 After creating the carbohydrate microarrays, the arrays were imaged on a home-

built SPR imager, which has been described previously39 and was described in Chapter 2. 

Thereafter 500 µg/mL SNA (or fluorescein tagged SNA) was deposited on the substrate 

and the arrays were imaged once again. The image before SNA binding was subtracted 

from the image after binding to obtain difference images, with data analyzed in a similar 

manner to our previous publications.41,42 For confirmation of binding events, FL-SNA 

was deposited on the carbohydrate functionalized surface and images of the arrayed 

substrate were obtained with a confocal fluorescence microscope. 

Covalent Fabrication of Protein Microarray. The gold SPR substrates were immersed 

in 1 mM MUA for overnight incubation. Thereafter the chips were rinsed and dried in N2, 

and EDC/NHS (4:1 molar ratio) was added to the surface to generate reactive NHS ester 

to facilitate the formation of a stable intermediate for subsequent protein 

immobilization.43 After a short incubation and rinsing step, anti-CT (1.0 mg/mL) was 

arrayed on the active surface by the GMS 417 arrayer. Then CT (200 µg/mL) was 

deposited across the surface and the chip was rinsed extensively before its use for 

analysis.  



115 
 

Atomic Force Microscopy (AFM) Characterization of Array Substrates. AFM 

images were obtained using a Veeco Dimension 5000 atomic force microscope (Santa 

Barbara, CA) with manufacturer provided software. Arrays were identified with the AFM 

microscope by using alignment marks on the substrate and from there images from 

amongst arrays, on the edge of array elements, and between arrays were taken. All 

images were obtained under the tapping mode and root-mean-square (rms) surface 

roughness values were obtained by averaging multiple 225 µm2 areas across the entire 

imaged substrate at a scan rate of 1 Hz. 

Fluorescence Microscopic Analysis of Carbohydrate Microarrays. Fluorescence 

microscopy experiments were carried out on a Zeiss LSM 510 confocal laser scanning 

microscope (CLSM) with 488 nm argon laser excitation, CCD camera, and 527 nm long 

pass emission filter with a 10x objective.  The carbohydrate arrays were fabricated in the 

same manner as normal SNA arrays as noted above. After FL-SNA was deposited, the 

surface was incubated and rinsed. The substrate was placed in a Petri dish and covered 

with aluminum foil until analysis to avoid photodegradation. Snapshot fluorescent images 

were taken of the arrayed substrates and presented without further optimization. 

 

RESULTS AND DISCUSSION 

SPR Imaging Analysis of Carbohydrate Microarray  

A scheme of the biointerface examined in this work is shown in Figure 4.1 with 

individual element details. Also depicted in Figure 4.1 are the structures of the 



116 
 

biotinylated sialosides used for building the arrays and their synthesis can be found in a 

previous publication.7  
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Figure 4.1 Schematic of the carbohydrate microarray surface chemistry and the structures 
of the four biotinylated sialosides. 
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The substrate was treated with biotin-BSA, followed by addition of neutravidin. These 

steps served two important purposes: to build up the surface chemistry for the arraying 

process and to passivate the surface to suppress nonspecific adsorption. The surface 

coverage of the biotin-BSA layer can be calculated from SPR results to determine the 

efficiency of immobilization and thus explain the strong coupling efficiency with the 

subsequent neutravidin sub-layer. To assess the amount of adsorbed protein, methods 

from Jung et al. were applied.44 The adsorbate film thickness is determined by the 

following (Eq. 4.1):44 

 )/1ln()2/( maxRRld d −−=         (4.1) 

where d is the adsorbate film thickness, ld is the decay length which can be estimated at 

37% of the wavelength of light (670 nm) so in this case ld is 247.9 nm, R is the response 

in degrees and Rmax is the maximum response that would be measured for an infinitely 

thick adlayer, or  

)(max samR ηη −=         (4.2) 

where m is the sensitivity factor of the instrument estimated at 100 deg/RIU, aη  is the 

biotin-BSA refractive index estimated at 1.57,44 and sη  is PBS buffer refractive index 

measured to be 1.340 with an Abbe refractometer. Plugging in the known values in Eq. 1 

and using the specific volume of biotin-BSA (0.77 cm3/g),45 the surface coverage of 

biotin-BSA is determined to be 1.32 x 10-7 g/cm2. This value is very close to the reported 

surface coverage of serum albumin proteins adsorbed on gold under similar conditions.46  

In addition, the orientation of the adsorbed protein is estimated to account for the 

efficient establishment of the neutravidin layer. Two different arrangements of the 
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ellipsoidal-shaped BSA on a substrate are possible: a parallel (or side-on type) and a 

perpendicular (or end-on type) orientation. If the gold substrate is covered with a 

monomolecular layer of BSA the parallel orientation surface coverage should be close to 

140 ng/cm2.47,48 The biotin-BSA surface employed here yields a 132 ng/cm2 surface 

coverage, confirming a parallel orientation of the biotin-BSA on gold, as similarly 

observed with other studies.49,50 This high-density, parallel orientation of the biotin-BSA 

layer apparently allows for a reproducible and strong binding of neutravidin to 

functionalize the substrate. Thereafter 20 × 20 arrays of four different biotinylated 

carbohydrates were deposited with a contact arrayer and the chips were then imaged with 

an SPR imager. Difference images for the Neu5Acα2,6-LHEB functionalized array are 

shown in Figure 4.2.  

 

 

 

 

 

 

 

 

 

 

 

 

     

 



120 
 

 

 

 

 

 

 

 
 

 
 

Figure 4.2 SPR difference image of a high density carbohydrate microarray of (a) 
Neu5Acα2,6-LHEB interacting with 100 µg/ml SNA; (b) a zoomed up SPR image of a 6 
× 5 arrayed area; and (c) the corresponding reflectance intensity profile for the array 
elements. 
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The difference images were obtained by subtracting the image before SNA binding from 

the image after binding, with data analyzed in a similar manner to our previous 

publication.12 The high reflectance intensity in Figure 4.2a and Figure 4.2b clearly shows 

the binding of SNA to the carbohydrate array made by Neu5Acα2,6-LHEB. SNA 

specifically binds to α2,6-linked sialosides well51 so this result is expected. The blown up 

image in Figure 4.2b along with its corresponding profile in Figure 4.2c readily 

demonstrates the high reproducibility of the array and low non-specific adsorption. The 

coefficient of variance (CV) of the array before SNA deposition was determined to be 

3.2% by using the SPRi reflectance intensity (RI). After SNA binding, the CV increased 

slightly to 4.3%, which still places this microarray on par or better than most other 

microarrays reported in literature. The high specificity of binding interaction and minimal 

array element-to-element variation make this carbohydrate microarray scheme very 

useful to monitor protein-carbohydrate interactions. Furthermore, addition of 100 mM 

glycine, pH 1.7 to the chip surface removes the lectin entirely while leaving the 

carbohydrate intact and functional (data not shown). This property allows the generation 

of a fresh carbohydrate surface for reuse of the array in subsequent binding experiments. 

The CV of the array after stripping buffer treatment is 8.2%, showing the effectiveness of 

the stripping process.  

Multiplexed SPR imaging analysis of lectin-carbohydrate interactions were also 

performed and the results are shown in Figure 4.3. Each image depicted in Figure 4.3 is a 

2 × 2 carbohydrate array after deposition of 500 µg/mL SNA.  
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Figure 4.3 SPR images of 2 × 2 arrayed spots upon interaction with 500 µg/mL SNA for 
chips immobilized with (a) Neu5Acα2,6-LHEB, (b) KDNα2,6-LHEB, (c) Neu5Acα2,3-
LHEB, (d) KDNα2,6-LHEB and (e) BSA. The reflectance for each image is noted in the 
bottom right position of the figure. 
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In addition, a BSA control array was fabricated for comparison, and reflection intensities 

for the four biotinylated sialosides and control are listed as well. It is important to note 

that all carbohydrates and BSA were deposited as clusters of arrays on the same substrate 

and therefore subjected to the same experimental conditions. The strongest binding signal 

is obtained for the Neu5Acα2,6-LHEB (RI = 128.2 a.u.), which is known to have high 

affinity to SNA. This is followed by the KDNα2,6-LHEB, which has an RI of 99.1. The 

binding interaction for this sialoside is weaker than that for Neu5Acα2,6-LHEB as the 

difference here in carbohydrate structure is a missing N-acetyl at the C5 carbon of sialic 

acid, which is replaced with a hydroxyl moiety. There is a large drop-off in binding 

observed for the Neu5Acα2,3-LHEB (RI = 39.5 a.u.), illustrating the importance of sialyl 

linkage on binding affinity which has been previously documented.40,52 Finally the 

weakest binding biotinylated sialoside in this group is the KDNα2,6-LHEB with an RI of 

19.1. This carbohydrate has both a different sialyl linkage and a different functional 

group on sialic acid, largely altering the structural moiety necessary for maximum 

binding. This relative binding interaction pattern agrees quite well with previous SPR 

spectroscopic studies by our group,35 indicating the successful creation and application of 

a carbohydrate microarray. In the control, the interaction of bovine serum albumin (BSA) 

with SNA was tested for non-specific binding and only a small signal (6.1 a.u) was 

obtained, suggesting that the SNA-carbohydrate interactions are highly specific. Clearly 

the results reported here show that this carbohydrate microarray is able to distinguish 

small variations in carbohydrate structure and their effect on binding in a quantitative 

manner. 
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Effect of Avidin Proteins on Array Measurement  

An important goal of this work is to explicitly determine any potential correlation 

between structural/morphological characteristics of the printed elements and 

performance, and seek to maximize analytical merits through optimized conditions and 

unique interfacial design. Use of different avidin proteins for immobilization of 

biotinylated sialosides was thus investigated. SPR spectroscopy was first used to examine 

three major classes of avidin proteins: avidin, streptavidin, and neutravidin. Avidin is a 

glycoprotein containing four identical subunits with a combined molecular mass of ~67 

kD. It consists of 128 amino acids and has an isoelectric point of 10-10.5. Chemical 

modification has little effect on the activity of avidin, and it is stable over a wide range of 

pH values and temperatures. Streptavidin is a 53kD non-glycosylated avidin protein with 

a lower isoelectric point (6.8-7.5) and tends to have low nonspecific binding. Neutravidin 

contains no carbohydrate and has a near-neutral isoelectric point (6.3), providing a useful 

agent with very low nonspecific binding (lower than streptavidin) and broader utility in a 

variety of applications.53,54 For the biointerfaces tested here, these features of neutravidin 

make it highly desirable for protein-sugar interactions. SPR spectroscopic data indicated 

that at saturation levels of lectin the change in minimum angle for nonspecific avidin 

binding was largest (62.2 ± 5.1 mdeg.) while for streptavidin, the non-specific binding 

signal was considerably lower (37.1 ± 4.2 mdeg.). The lowest non-specific binding was 

observed for neutravidin as expected (24.9 ± 3.1 mdeg.), roughly two-thirds that of 

streptavidin and only 40% of avidin. Furthermore, SPR binding analysis reveals that on 

Neu5Acα2,6-LHEB biotinylated sialoside surface SNA has the strongest binding signal 
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(background corrected) with a neutravidin protein sub-layer. Given the deglycosylation 

nature of neutravidin the overwhelming majority of binding occurs between the lectin 

(SNA) and the carbohydrate, not the protein sub-layer and carbohydrate. In contrast, 

avidin tends to bind both the carbohydrate and the lectin thus resulting in a generally 

weaker signal for specific SNA/carbohydrate interactions. For streptavidin the specific 

signal is larger than for avidin but given the higher pI compared to neutravidin some 

electrostatic interactions with the protein sublayer is most likely responsible for the 

smaller specific binding compared to neutravidin. Therefore carbohydrate microarrays 

prepared with a neutravidin protein sublayer demonstrate better signal performance as 

compared to other protein sub-layers, making this sublayer a desirable surface for 

carbohydrate microarray fabrication. 

AFM Characterization of Carbohydrate Microarrays  

AFM was employed to characterize the morphological features of the arrays and 

to verify if a specific binding interaction was taking place on the surface of the 

carbohydrate microarray elements. AFM has been effectively used to examine molecular 

orientation as well as surface roughness and height distributions.55 The image shown in 

Figure 4.4a is the center of an array element on the Neu5Acα2,6-LHEB functionalized 

microarray with SNA deposited.  This image clearly indicates the buildup of materials in 

the array element, and the surface roughness has increased to 10.5 ± 0.8 nm. In 

comparison the surface roughness measured between array elements on the same 

microarray (Figure 4.4b) was much smaller (only 2.8 ± 0.2 nm). The roughness value for 

the Neu5Acα2,6-LHEB functionalized array element without SNA interaction was 5.6 ± 
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0.5 nm. These numbers clearly show that the buildup of material in the array element 

originates from SNA binding to the probe carbohydrate immobilized in the array element.  
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Figure 4.4 AFM image of (a) Neu5Acα2,6-LHEB based array element after SNA 
interaction and (b) the space in between array elements. 
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Similar experiments have been performed on other functionalized carbohydrate 

microarrays before and after SNA deposition and the surface roughness values are given 

in Table 4.1.  
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Table 4.1 AFM surface roughness on the carbohydrate functionalized array elements 
before and after deposition of 500 µg/mL SNA. 

 

Carbohydrate Surface Roughness 
(nm)- carbohydrate 

Surface 
Roughness(nm)- 

with SNA 
Neu5Acα2,6-LHEB 5.6 ± 0.5 

 
10.5 ± 0.8 

 

KDNα2,6-LHEB 
 

5.2 ± 0.3 
 

7.5 ± 0.7 
 

Neu5Acα2,3-LHEB 
 

5.7 ± 0.3 
 

5.9 ± 0.4 

KDNα2,3-LHEB 5.6 ± 0.2 
 

5.8 ± 0.4 
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Interestingly, Neu5Acα2,6-LHEB functionalized microarray shows the largest difference 

in surface roughness before and after protein binding, and surface roughness differences 

appear to decrease with decreasing affinity. The relative binding between the four 

carbohydrates obtained from the roughness measurements was very similar to that 

observed with the SPR imaging data. It offers an alternative to quantify affinity on a 

surface and provides supporting evidence of carbohydrate functionalization and 

subsequent protein binding by SNA. 

Fluorescence Microscopic Analysis of FL-SNA Binding to Microarrays  

AFM is highly useful for topological characterization but fails to provide 

chemical information about the array and the binding events on the array elements. 

Fluorescence microscopy was thus used to further confirm specific carbohydrate-protein 

interactions. Figure 4.5 is a 2 × 2 fluorescent array snapshot for the Neu5Acα2,6-LHEB 

functionalized microarray interacting with FL-SNA.  
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Figure 4.5 Fluorescent microscopic image of Neu5Acα2,6-LHEB array with SNA 
interaction on the surface. 
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The concentration of fluorescein-SNA was the same as SNA (500 µg/mL) used in the 

SPRi experiments. The fluorescence signal is much brighter in the array elements than in 

the surrounding areas, which confirms that a specific binding event between SNA and the 

carbohydrate takes place on the surface. It is worth noting that there is a faint 

fluorescence background throughout the array. In a control experiment using only 

fluorescein dye on the carbohydrate microarray a faint fluorescence signal was also 

observed from minimal non-specific binding to the neutravidin layer. Thus the well-

defined neutravidin-laden sub-layer ideal for label-free SPR imaging analysis may 

contribute to certain degree of background fluorescence if a conventional fluorescence 

measurement is employed. 

Biointerface Comparison: Biotin-Avidin Chemistry vs. Covalent Coupling  

As a comparison to demonstrate the advantage of biotin-neutravidin chemistry for 

interface construction, a microarray using covalent attachment was also fabricated. This 

covalent array immobilized anti-cholera toxin (anti-CT) for detection of bacterial cholera 

toxin (CT). The array was fabricated on an activated SAM surface in a similar manner as 

the carbohydrate microarrays previously discussed except in this case an antibody, anti-

CT, was printed. For the carbohydrate interface it is imperative to not disrupt the 

structure while exposing the functional sites so native carbohydrate-protein interactions 

can take place.56  Carbohydrates do not have functional groups for orientation, so it is 

often difficult to immobilize them in an oriented and functional fashion.9,57 Designing an 

interface based on the biotin-neutravidin interaction seems inherently important in our 

carbohydrate microarray for proper orientation of the glycan probe for subsequent protein 
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binding. The covalent coupling, on the other hand, is very routinely used when 

immobilizing a probe like a protein. However, studies indicate that the use of covalent 

coupling can often result in the random orientation of probe species and the 

denaturation/change in inherent chemical structure, which can affect the efficacy of 

binding to other biomolecules.58 This is because there are a number of possible 

orientations that the modified biomolecule may adopt on the substrate surface through the 

use of a SAM.59 From an experimental standpoint for any microarray, if probe orientation 

is compromised, there should be poor uniformity in the binding pattern of the analyte 

along with non-specific protein adsorption. To test this assumption 200 µg/mL CT was 

applied on the anti-CT functionalized array surface and the respective SPR difference 

image and binding profile (outlined by a red rectangle) are displayed in Figures 4.6. As is 

evident from the SPR image in Figure 4.6 there is a large degree of inhomogeneity on the 

array elements despite the well-characterized strong interaction between anti-CT and CT 

(Ka = 1.4 × 109 M-1).60  
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Figure 4.6 SPR image of a) anti-CT/CT array and b) the corresponding line profile as 
outlined by the red rectangle in the SPR image in a).  
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In fact, the SPR imaging data suggests that on most of the array elements there is a 

surface buildup on the edge of the array elements themselves rather than dispersed 

throughout the element indicating a possible probe immobilization and orientation 

inhomogeneity. Quantitatively this is described by the CV of the row of array elements 

indicated in Figure 4.6b at ~ 16%, or three times the value of the biotin-neutravidin based 

carbohydrate microarray. This substantial signal variation is not conducive for high-

confidence quantitative measurements in an array format. These data indicate the 

covalent method of probe immobilization is not ideal if orientation and structural 

integrity of the probe molecule must be highly preserved, which is achievable with a 

biotin-neutravidin based interface. A similar conclusion has been previously reported 

where the authors determined a biotin-streptavidin based surface system more reliable 

than a NHS-modified SAM in examining antibody-antigen interactions with fluorescence 

and other surface analytical techniques.61  

 To further determine the morphological characteristics of specific interaction 

occurring on the anti-CT array elements, AFM images were collected and results are 

shown in Figure 4.7.  Inside an individual array element there is minimal binding 

demonstrated (Figure 4.7a). The surface roughness values are not very high in the array 

element itself and there are large deviations even within the array element (RMS = 11 ± 

6.2 nm). This surface roughness value is only about 1 nm higher than the anti-CT 

microarray elements without CT. The large standard deviation in array element roughness 

also confirms what was observed optically with SPR imaging, which exhibited lack of 

uniform binding.  
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Figure 4.7 AFM images of the anti-CT array as shown in Figure 6. a) The center area of 
an anti-CT array spot (inside the array element); b) space between the array spots; and c) 
on the edge of an array spot after CT interaction with white arrows indicating the edge of 
the array element for both b) and c). 

  

(b) (c) 
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Figure 4.7b shows the surface between array spots demonstrating similar roughness as 

that of an array element (10.5 ± 6.8 nm), indicating a high degree of non-specific 

adsorption. Finally, the buildup of binding material on the edge of individual array 

elements observed on the SPR images is confirmed with AFM as shown in Figure 4.7c. 

While on the edge of the individual array element there is obvious surface buildup (RMS 

= 24 ± 1.5 nm) the rest of the array element in the same image (RMS = 10 ± 5.5 nm) is 

not nearly as rough. This non-uniformity that was observed throughout the anti-CT array 

provides substantial evidence that probe immobilization orientation cannot be achieved 

effectively with NHS-modified SAMs. The biotinylation process reported here can be 

adapted for use to orient nearly any biomolecule on many substrates. We have recently 

demonstrated the use of nanoscale thick glass on gold for non-labeling SPR and SPR 

imaging examination of various biointeractions.62,63 Future work will be focused on 

obtaining kinetic data from the SPR imaging experiments and combining the biotinylated 

interface with new substrates for various biosensing applications involving proteins, 

carbohydrate, and other biomolecules  

 

CONCLUSIONS 

 The results reported in this study demonstrate reusable carbohydrate microarrays 

employing contact printing and interface design with biotinylated sialosides and biotin-

neutravidin interactions. The properties of this biointerface have been investigated 

extensively by SPR, SPR imaging, AFM and fluorescence microscopy to demonstrate the 

advantageous nature of the design. In comparison with the covalent microarray of anti-
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CT, the carbohydrate microarray based on biotin-neutravidin chemistry provides three 

times lower CV values, a much more homogeneous array, and very little non-specific 

adsorption. All of these factors make the reported microarray biointerface highly 

attractive and suited for study of not only carbohydrate-protein interactions but also 

protein-protein and other biomolecule-protein interactions in a high-throughput manner. 

In comparison to a NHS-modified SAM, which is primarily used for fluorescence 

detection, the biotin-neutravidin biointerface can be applied to both labeled and label-free 

detection schemes, which largely expands the choice of detection platforms when 

switching to more advantageous label-free analysis.  
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CHAPTER 5: Detection of Low Levels of Escherichia Coli in Fresh 

Spinach by Surface Plasmon Resonance Spectroscopy with a TMB-

Based Enzymatic Signal Enhancement Method 

 
 

ABSTRACT 

The development of effective Escherichia coli (E. coli) sensors has been of great 

importance and urgent need to public health and safety in the wake of the spinach 

outbreak in California in 2006. We report here an enzymatic signal enhancement method 

for highly sensitive and fast detection of E. coli based on the generation of a mass-

enhancing product at the sensing interface that is quantified by surface plasmon 

resonance (SPR) spectroscopy.  The insoluble product is formed through the reaction of 

3,3′,5,5′-tetramethylbenzidine (TMB) with a horse radish peroxidase (HRP) conjugated 

antibody that attaches to the bacteria captured on a self-assembled monolayer (SAM) 

surface. Results indicate a signal enhancement of E. coli cells on the order of 250% as 

compared to the control samples. In addition, this signal enhancement was consistent for 

over six orders of concentration range. The limit of detection for E. coli is determined to 

be 103 cfu/mL by this method, offering excellent detection sensitivity for probing actual 

E. coli levels in produce and other real world samples. The method was further 

demonstrated for E. coli measurement in the complex matrix of spinach leaves where a 

dynamic range over three orders of magnitude of concentrations was obtained with a 

limit of detection of 104 cfu/mL.  This approach is simple, fast and sensitive; given the 
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relative simple procedure of adding an HRP tag to an antibody, it opens new route for 

detection of low levels of biomolecules, in particular bacteria and viruses, in a complex 

matrix. 

 

INTRODUCTION 

Bacteria are ubiquitous throughout nature. Certain strains of bacteria are 

malignant and can negatively affect human and animal health. While there are a wide 

variety of disease causing bacterial pathogens, food borne pathogens are possibly of 

paramount importance. According to the Centers for Disease Control (CDC) about 

325,000 hospitalizations and 5,000 deaths related to food borne diseases occur each 

year.1,2  It has been estimated that over 12 percent of these illnesses are linked to 

contaminated produce (e.g. fresh fruits and vegetables).1 This means that in any given 

year, 39,000 hospitalizations and about 60 related deaths due to food borne illness related 

to unclean produce are expected. Among all bacterial pathogens, Escherichia coli (E. 

coli) is a significant, gram-negative pathogenic bacterium, which if ingested, can cause 

urinary tract infections, inflammations and peritonitis in immunosuppressed patients like 

children and elderly people.3 E. coli naturally occurs in the intestinal tract of humans and 

warm-blooded animals but outside the intestine, it is often used as biomarker to detect 

fecal pollution of water and food products. Several strains such as the enteropathogenic 

E. coli (EPEC), the enterotoxic E. coli (ETEC), the enterohemorragic E. coli (EHEC) and 

the enteroinvasive E. coli (EIEC) can cause diarrhea.3,4 The infections are often 

correlated with direct or indirect pollution of drinking water and food products. In one of 
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the most virulent outbreaks of E. coli in decades, fresh spinach was contaminated in 

multiple places in California in 2006.5 The outbreak presented a particularly virulent 

pathology in which 51% of the patients were hospitalized and 16% developed 

haemolytic-uraemic syndrome (HUS) with kidney failure complications.6 In an effort to 

avoid future cases like this, a recent push in the scientific community has been to detect 

the presence of E. coli in perishable food products before making its way to the 

consumer.  

 There are several analytical methods that can be used to detect the presence of E. 

coli in food matrices in small quantities, from electrochemical to optical sensing schemes. 

Geng et al. reported the detection of E. coli in water samples at low cfu/mL level using 

electrochemical impedance spectroscopy (EIS).4 Another group reported  the detection of 

Escherichia coli O157:H7 using a quartz crystal microbalance with dissipation 

monitoring (QCM-D) at the 3 × 105 cfu/mL level.7 Maraldo et al. showed the detection of 

E. coli in various food matrices down to 100 cells/mL using a piezoelectric-excited 

millimeter-sized cantilever (PEMC) sensor.8 Ravindranath et al. has functionalized 

magnetic nanoparticles with anti-Escherichia coli O157:H7 antibodies to isolate the E. 

coli from a cocktail of bacteria/food matrices and used IR fingerprinting for detection at 

the 104 cfu/mL level.9 Other methods employed involve indirect detection of E. coli 

through the use of an enzymatic assay10 and the development of a handheld device for E. 

coli monitoring.11  

The gold standard method for bacterial identification is pulsed-field gel 

electrophoresis (PFGE), which relies on the size and banding patterns of large 



145 
 

chromosomal restriction fragments, and has been a workhouse for detection in public 

health outbreaks.12 A PFGE pattern is usually sufficient to implicate a particular bacterial 

strain in an epidemiological study.5 However, PFGE has limited resolving power and it 

can take anywhere from 3-6 days to complete.13 Furthermore, bacterial identification 

must be confirmed by cell culture and the results may be compromised by the complex 

medium and background. Therefore, the development of a sensor capable of rapid 

detection and quantification of bacteria in real world samples is urgently needed. As 

virulent pathogens including E. coli are often present in low quantities, higher sensitivity 

and specificity have become crucial factors for effective biosensors used in these 

applications.14 

We report here a highly sensitive and yet simple method for bacterial detection 

using surface plasmon resonance (SPR) technique in combination with enzymatic signal 

enhancement. SPR has emerged as an important technique in biosensing and this method 

has been reviewed recently.15 It is an optical technique offering the detection of many 

biomolecules with great sensitivity including pathogenic toxins.  Additionally, SPR 

instrumentation is simple and inexpensive (non-Biacore types), and optimization of 

experimental parameters is quite straightforward, making SPR a highly attractive 

platform for sensing purposes. SPR also offers reproducible measurements and relatively 

fast data acquisition, allowing experiments to be repeated easily in a limited amount of 

time. In addition, SPR can be used to track long experiments (> 15 hours) as well to test 

the stability of novel interface designs. These features are especially useful for biosensing 
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when it is important to verify proper biological functioning of probe and analyte 

molecules of interest.  

Recently there has been a substantial research interest on SPR microbial and 

bacterial toxin sensors. Specifically, SPR immunosensors for E. coli O157:H7,16 

staphylococcal enterotoxin A (SEA),17 and Salmonella Typhimurium have been 

reported.18  While these assays had varying levels of success, they are relatively 

insensitive as compared to other advanced approaches. Thus a developing field in SPR 

biosensing has been the advent of signal enhancement methodologies to detect low and 

physiologically relevant concentrations of biomolecules. Previously there have been 

attempts to enhance the sensitivity of SPR or associated assays with immuno-magnetic 

nanoparticles,19 enzymes,20 and gold nanoparticles.21 We report herein the detection of E. 

coli in fresh spinach using a signal enhancement method based on the reaction of 

horseradish peroxidase (HRP) with 3,3′,5,5′ -tetramethylbenzidine (TMB). This reaction 

forms an insoluble dark blue product which can be used for mass enhancement in SPR 

measurement. The reaction has been used to amplify signals for the detection of IgG 

spiked in undiluted serum,22 protein biomarkers,23 and acetylcholine.24 However, there 

has been no report yet to show its use for microbes in fresh produce. As discussed 

previously, the detection of pathogens in food matrices is particularly important given the 

high number of bacterial outbreaks in recent years. The enzymatic signal enhancement 

using the TMB substrate proves effective for SPR sensors in a raw spinach sample. 

Furthermore, due to the wide availability of HRP conjugated antibodies, the method can 

be applied to nearly any biomolecule with an antibody.  
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EXPERIMENTAL 

Materials and Instrumentation. All surface plasmon resonance (SPR) spectroscopy 

measurements were performed on a Biosuplar II instrument from Analytical μ-Systems 

(Regensburg, Germany). The gold-coated glass slides were prepared as previously 

documented.25,26  

 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-hydrosuccinimide 

(NHS), 11-mercapto-undecanoic acid (MUA), bovine serum albumin (BSA), 3,3′,5,5′ -

tetramethylbenzidine (TMB) Liquid Substrate System for Membranes and LB Broth were 

purchased from Sigma (St. Louis, MO).  Two antibodies against E. coli were purchased 

from Cygnus Technologies Inc. (Southport, NC) including the anti-E. coli HRP labeled 

and goat anti-E. coli HCP antibody. DH5α Escherichia coli (E. coli) cell pellets (from 

Sigma) were a gift from Dr. Yinsheng Wang’s laboratory at UCR. 

E. coli Culture Preparation and Preparation of Spinach Leaves for E. Coli Testing 

 The details of these procedures are explained in Chapter 2. 

Fabrication of the Sensing Interface and Detection of E. coli Cells in PBS and 

Spinach Extracts 

 The gold coated glass slide (2 nm Cr adhesion layer and 51 nm Au created as 

previously demonstrated)26 was initially cleaned with a Piranha solution (1:3 mixture of 

30% H2O2/concentrated H2SO4) for 10 min (Caution!). Thereafter, the gold surface was 

immersed in 1 mM MUA in ethanol overnight to form a SAM. The MUA-modified 

sensor chip was then dried with N2 gas and placed on the SPR spectrometer to begin data 

acquisition. The running buffer for all experiments was PBS, pH 7.0, containing 150 mM 
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NaCl. In order to fabricate the sensing interface, a 4:1 molar ratio of EDC/NHS was first 

injected onto the surface and incubated for 15 min and rinsed to convert the terminal 

carboxylic acid group of MUA into the active NHS ester. Next, goat anti-E. coli HCP 

antibody was injected on the SAM surface and allowed to incubate for about 30 min and 

rinsed. The surface was then treated with 1 mg/mL BSA to block unreactive and 

nonspecific sites. After blocking, the E. coli cells in PBS or spinach extract at various 

concentrations were injected onto the surface and incubated for 1 h and rinsed. Then 

another antibody, the anti-E. coli HRP labeled antibody was injected across the surface 

and incubated for 30 min. After rinsing, the running buffer was changed to PBS, pH 6.5 

and the undiluted TMB solution was injected and incubated. Upon incubation in the 

presence of bacteria a dark blue, insoluble precipitate formed. The low pH running buffer 

allows the insoluble product to stay stable during the measurement.27,28 For optical 

inspection and characterization, chips exposed to high concentrations of E. coli in PBS 

and subsequently the TMB solution were removed, dried, and photographed with a digital 

camera. 

 

RESULTS AND DISCUSSION 

Preparation of the Sensing Interface 

The scheme for the sensor setup used in this work is showed in Figure 5.1a. A 

self-assembled monolayer (SAM) of MUA was formed first on the gold surface for 

antibody attachment. Using a SAM on gold here enables well-defined assemblies to be 

prepared under ambient conditions, and strong coordination of the sulfur to the gold 
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yields a film which is sufficiently stable to desorption.29 In addition, the relatively short 

chain length of MUA, measured to be ~ 2 nm using Spartan and confirmed by 

ellipsometry data,30 enables highly sensitive measurements to take place by taking 

advantage of the strong evanescent field of surface plasmons near the interface. The 

surface was activated with an NHS-EDC solution and washed with PBS buffer; the anti-

E. coli antibody was immobilized through an amide bond and then the E. coli cells were 

added. In a sandwich format the anti-E. coli HRP conjugated antibody was added with a 

final addition of TMB.  
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Figure 5.1 a) A schematic illustration of the sensing interface design for E. coli detection 
with TMB enhancement. The binding of horseradish peroxidase (HRP) tagged antibody 
to the surface captured E. coli leads to formation of a dark blue precipitate in the presence 
of TMB and H2O2. b) Oxidation of the TMB reagent to an insoluble blue product in the 
presence of HRP and H2O2. 
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The chemical conversion of TMB reaction is shown in Figure 5.1b. TMB is converted to 

its insoluble oxidized form in the presence of HRP and H2O2. To the best of our 

knowledge this paper represents the first example of its use for the detection of any type 

of bacterium.  

Direct detection of E. coli by SPR has been attempted but there are multiple 

problems associated with direct detection methods, mostly for lack of needed 

sensitivity.31 The effective penetration depth of the evanescent field in SPR is 200-300 

nm. This indicates that only refractive index changes occurring within this short distance 

from the surface will cause a change in the SPR signal. The large size of bacterial cells 

(often 1-5 µm in diameter) suggests that only a small fraction of the cell that is in close 

contact with the sensor surface will contribute to refractive index changes,32 let alone the 

existence of a thick outer membrane and flagella. Also due to the size of the cells there 

can be uneven surface distribution, resulting in non-linear signal response.33 This same 

problem with SPR applies not only to bacteria, but other large biomolecules such as 

viruses and fungi.14 By using indirect detection in a sandwich format, we envision that 

sensitivity and selectivity of the interaction can be increased. The problem with the size 

of the bacterial cells can be overcome by the enzymatic signal enhancement method, 

which forms an insoluble precipitate directly on the sensor surface where the evanescent 

field will be the strongest. This feature of the enzymatic signal enhancement should allow 

for the sensitive detection by SPR of other bacteria as well as other large biomolecules 

including viruses and fungi, showing a broad potential in microbial analysis.    
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Detection of E. Coli Cells in Buffer by SPR Spectroscopy 

Previous work has indicated that using the HRP/TMB signal enhancement system 

can yield a multiple fold increase in sensitivity improvement for protein binding.23 A 

sensorgram for the SPR assay of E. coli in PBS buffer is displayed in Figure 5.2.   
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Figure 5.2 SPR sensorgram depicting the detection of E. coli in PBS with signal 
amplification based on the HRP/TMB interaction. 
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While there is a response present after addition of 106 cfu/mL E. coli cells to the surface, 

the binding yields a change of only 65 mdeg, indicating a fairly weak signal. In addition, 

the binding of the anti-E. coli HRP conjugated antibody also gives a relatively small 

signal, most likely due to the problem that majority of the antibody binding to the cell 

falls beyond the evanescent field.  However, the reproducibility of the signal observed for 

E. coli binding is quite good, indicating a very stable interface design with the 

immobilized anti-E. coli antibody. For bacterial cells sensor sensitivity is often decreased 

due to fluid forces that have to be overcome before cells can reach the sensor surface for 

antibody capture.31 Once cells have found their target, the antibody–cell-binding avidity 

must be able to withstand the effect of shear force created by the laminar flow.32 This 

sensing interface appears to be able to withstand these forces and create a stable 

functionalized interface.   

While the initial binding signal of E. coli is reproducible, the signal is no doubt 

too weak for effective sensing. The lack of signal and sensitivity proves to be very 

problematic at lower concentrations. TMB is thus used next for signal enhancement. As 

shown in Figure 5.2, after the addition of the anti-E. coli HRP conjugated antibody with 

TMB to the E. coli laden sensor surface, the binding signal increases to 171 mdeg, or an 

increase of 263% compared to the sample without HRP/TMB enhancement. Additionally, 

the signal for a low concentration of E. coli (104 cfu/mL) was indistinguishable from the 

background without the signal enhancement step. By employing the enhancement method 

it increases to about 20 mdeg, well beyond the noise level.  The reproducibility of the 

signal enhancement is highly satisfactory, demonstrated by triplicate measurement of all 
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E. coli concentrations with each measurement featuring very little signal change. The 

sensing interface was very robust under relatively harsh conditions for antibodies (pH 6.0 

was used to form the insoluble product effectively). The HRP conjugated antibody stayed 

attached to the E. coli cells remarkably well as demonstrated by the substantial signal 

enhancement observed. These results indicate that the intrinsic problems with sensitivity 

and stability that have plagued previous E. coli sensors have been effectively addressed 

with this amplification design.  

While the signal enhancement can be quantified optically, it is also easily 

discernable visually, especially at high concentrations of E. coli. As shown in Figure 

5.3a, a dark blue precipitate can be observed at a 106 cfu/mL concentration of E. coli. In 

order to verify this was a specific interaction, a control interface was constructed with an 

anti-E. coli antibody that was not HRP conjugated. In the presence of TMB, no blue 

precipitate was formed (Figure 5.3b). The material buildup on the dried surface is most 

likely from the salt from the buffer and the underlying protein adlayer. Controls without 

the anti-E. coli HRP conjugated antibody or without the TMB substrate system present 

were also run and in both instances no blue precipitate was present and very little binding 

signal was observed with SPR (data not shown).  
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Figure 5.3 a) Sensor chip with a dark blue precipitate in the presence of HRP tagged anti-
E. coli. b) Control chip without an HRP conjugated antibody exhibiting no blue 
precipitate. 
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For example, for a 106 cfu/mL sample, the binding signal with TMB enhancement 

increased by 263%, meanwhile the control channel containing no HRP conjugated 

antibody had a change of reflectivity < 5%. This difference in relative signal was very 

similar to that of the control with HRP conjugated antibody present but no TMB 

substrate. In the low concentration end for a 104 cfu/mL E. coli sample, the TMB 

enhancement signal was 21.4 mdeg. This signal was still 2.6 times higher than the control 

signal.  

Calibration Curves for E. coli  

Calibration curves for various concentrations of E. coli in PBS buffer with the 

enhancement strategy were obtained and the data is shown in Figure 5.4. The response 

with TMB enhancement is linear over six orders of magnitude (R2 = 0.99) and directly 

proportional to concentration of E. coli present in the sample.  When comparing the two 

sets of data on average the signal enhancement observed is on the order of 250%, making 

this method a highly effective signal enhancement mechanism. Comparing the 

sensitivities of the two curves in Figure 5.4, the slope for the TMB curve was 0.0823 

deg/log10 cfu/mL while the curve without TMB is only 0.0288 deg/log10 cfu/mL. Thus 

the sensitivity enhancement based on the slope of the calibration curves places the TMB 

enhancement method ~ 2.9 times more sensitive, showing a marked increase in 

sensitivity despite the simple procedure of TMB. Using the 3σ cut-off method, the limit 

of detection for E. coli cells in PBS buffer was determined to be 6 × 103 cfu/mL.  
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Figure 5.4 Calibration data of E. coli sensing in PBS without signal enhancement 
(circles) and with TMB enhancement (squares). 
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This LOD is on par or better than many reported values for the detection of E. coli in a 

variety of matrices.16,34-37  

In addition, in comparison to previous E. coli sensors this interface allows fast 

data acquisition and uses a simple instrumental setup. SPR offers real time measurement, 

which is advantageous for screening optimal experimental parameters under complex 

conditions. This feature is quite advantageous for microbe detection. Finally, this method 

is straightforward and could be easily be adapted to detect many other biological analytes 

that have corresponding antibody as labeling an antibody with HRP is readily achievable 

with commercially available kits. Thus the signal enhancement shown here should work 

for a wide variety of biomolecular targets that possess an antibody. 

Detection of E. coli Cells in a Complex Matrix: Spinach 

 In order to prove the applicability of this SPR signal enhancement strategy to real 

world samples, fresh spinach samples were spiked with E. coli. The detection of E. coli in 

food, especially spinach, has been an important area of research since the 2006 E. coli 

spinach outbreak in California. The spinach leaves in these experiments were spiked with 

E. coli and then the extract was tested via SPR with signal enhancement. The results of 

these studies are displayed in Figure 5.5. For a typical result at the concentration of E. 

coli at 106 cfu/mL, the TMB enhancement yields a signal of 63.6 mdeg, substantially 

greater than the control sample with no TMB enhancement, which yielded a signal of ~ 4 

mdeg (data not shown).  
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Figure 5.5 SPR sensorgram depicting the detection of E. coli in a spinach leaf extract 
with signal amplification based on the HRP/TMB interaction. 
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The interaction of the HRP conjugated antibody with E. coli yields a 40 mdeg signal, thus 

the TMB enhancement increases the signal approximately 150% after subtracting out the 

control signal. This signal enhancement is substantial considering the deleterious matrix 

effects that are present in the spinach samples in the forms of various pigments and 

proteins. Obviously, the sensitivity for the measurement of E. coli is compromised 

somewhat as compared to that of the pure buffer sample. But a linear relationship for E. 

coli in the 104-106 cfu/mL concentration range was readily obtained with signal being ~10 

mdeg for 104 cfu/mL. This level of sensitivity is satisfactory for the detection of E. coli 

on spinach leaves which has been found in local groceries in the Washington DC area to 

vary from 104 – 108.3 cfu/g spinach leaves.38 The sensitivity demonstrated here is on par 

with a mid-IR E. coli sensor for spinach extracts,9 which employs biologically modified 

magnetic nanoparticles. In addition, the limit of detection reported herein is three orders 

of magnitude better than a recently report  SPR E. coli sensor39 and this enhancement 

method also improves upon a gold nanoparticle-enhanced piezoelectric biosensor for E. 

coli in buffer.21 In addition, in comparison to the plate counting method which can often 

take days, the detection time for this SPR-based signal enhancement is limited to a few 

hours. With an utterly low limit of detection for E. coli, this SPR-based signal 

enhancement strategy substantially improves on existing technologies for bacterial 

sensing.  
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CONCLUSIONS 

 In this research we have reported on the application of a signal enhancement 

method for the sensitive detection of E. coli in both PBS buffer and spinach leaves by 

SPR spectroscopy.  Fast measurements of E. coli at commonly observed concentration 

levels for contamination in the produce industry were achieved at the 103 cfu/mL level in 

PBS buffer. This detection limit is on par or better than many other optically based E. coli 

sensors reported in the literature. The signal enhancement allows for sensitivity increases 

of about 250 and 150% for E. coli in PBS and spinach leaves, respectively. Compared to 

the simple antibody based detection, TMB based signal enhancement shows a 2.9-fold 

improvement over six orders of magnitude of E. coli concentrations. The interface is 

highly robust and reliable despite relatively harsh conditions applied to enable insoluble 

precipitate formation. As the conjugation of HRP to antibody is straightforward with 

readily available kits, this process will be very attractive for a broad range of large (µm 

size) biological molecules including viruses and fungi. Future work will focus on further 

improvement of the amplification and use of other enzymes for SPR enhancement 

strategy for a multitude of biological systems. 
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CHAPTER 6: Fabrication of Fracture-Free Nanoglassified Substrates 

by Layer-by-Layer Deposition with a Paint Gun Technique for Real-

Time Monitoring of Protein-Lipid Interactions 

 
 

ABSTRACT 

New sensing materials that are robust, biocompatible, and amenable to array 

fabrication are vital to the development of novel bioassays. Herein we report the 

fabrication of ultra-thin (ca. 5-8 nm) glass (silicate) layers on top of a gold surface for 

surface plasmon resonance (SPR) biosensing applications. The nano glass layers are 

fabricated by layer-by-layer (LbL) deposition of poly(allylamine) hydrochloride (PAH) 

and sodium silicate (SiOx), followed by calcination at high temperature. To deposit these 

layers in a uniform and reproducible manner we employed a high-volume, low-pressure 

(HVLP) paint gun technique, which offers high precision and better control through 

pressured nitrogen gas. The new substrates are stable in solution for a long period of 

time, and scanning electron microscopy (SEM) images confirm these films are nearly 

fracture-free. In addition, atomic force microscopy (AFM) indicates the surface 

roughness’s of the silicate layers are low (RMS=2-3 nm), similar to that of bare glass 

slides. By tuning the experimental parameters such as HVLP gun pressure and layers 

deposited, different surface morphology could be obtained as revealed by fluorescence 

microscopy and SEM images. To demonstrate the utility of these ultra-thin, fracture-free 
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substrates, lipid bilayer membranes composed of phosphorylated derivatives of 

phosphoinositides (PIs) were deposited on the new substrates for biosensing applications. 

Fluorescence recovery after photobleaching (FRAP) data indicated these lipid 

components in the membranes were highly mobile. Furthermore, interactions of 

PtdIns(4,5)P2 and PtdIns(4)P lipids with their respective binding proteins were detected 

with high sensitivity by using SPR spectroscopy. This method of glass deposition can be 

combined with already well-developed surface chemistry for a range of planar glass assay 

applications, and the process is amenable to automation for mass production of 

nanometer thick silicate chips in a highly reproducible manner for label-free 

measurements.  

 

INTRODUCTION 

 Over the past decade there has been emerging interest in the development of 

novel sensing materials, especially biocompatible, chip-based materials for chemical or 

bioanalysis. The use of polymeric thin films has expanded significantly, and the 

technique of fabricating these films through layer-by-layer (LbL) deposition has proven 

its versatility and reproducibility in making very uniform films of precisely controlled 

thickness on a variety of substrates.1 LbL deposition is based on the alternating 

deposition of oppositely charged polyelectrolytes in a sequential manner.2 Advantages of 

LbL deposition include simplicity, low cost, and availability of a variety of 

polyelectrolytes. Among a broad range of applications, LbL-based polymer films have 
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been used for biosensing,3 photonic devices,4 in-situ repair of blood vessels,5 and in 

various industrial applications including protective coatings.6  

 For biosensing applications, the ability to manufacture robust and thin biomimetic 

coatings is advantageous. This is particularly true for surface sensitive techniques where 

sensitivity is directly affected by the distance the analyte lies from the sensing interface. 

Among the important surface analytical methods is surface plasmon resonance (SPR) 

spectroscopy, which is a label-free method used for a variety of biosensing applications.7-

9 The majority of SPR assays are performed on gold coated substrates, which provide a 

deep resonance band. There is a plethora of well-developed chemistry for gold surface 

functionalization, making it a good substrate for SPR biosensing. However, most gold 

chips use either proprietary chemistry involving dextran that is expensive and has limited 

chemical functionality, or use self-assembled monolayers (SAMs). SAMs enhance 

chemical selectivity but are prone to poor stability, biocompatibility, and non-specific 

protein adsorption.10 While there are alternative surface chemistry routes for the 

immobilization of biomolecules on gold, more complex biomimetic requirements for 

many sophisticated systems make gold coated substrates insufficient and ineffective.  

Meanwhile, glass has become the standard biosensing substrate because it is 

inexpensive, well characterized, has desired surface properties and a variety of 

attachment chemistries.11-13 Analysis of biomolecules with fluorescence detection using 

glass substrates has been broadly demonstrated, thanks to the wide availability of 

fluorescence scanners and associated microarray equipment for high-throughput assays. 

However, labeling a protein or biomolecule with a fluorophore can cause protein 
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denaturation and a changed binding behavior, in addition to often inherent high 

background from intrinsic fluorescence in biological matrices.14 Thus taking advantage of 

well developed surface chemistry on glass and combining it with non-labeling 

spectroscopic methods would generate a powerful new technique. We have recently taken 

enormous efforts in developing SPR biosensing on a glass-coated Au substrate.15 As the 

SPR signal decays exponentially away from the surface within about 200 nm,16 the 

coating used must have nanometer thickness to retain high detection sensitivity. LbL 

deposition is ideal for this specific fabrication process. 

There are many materials that can be deposited by LbL deposition, including 

silicate coating.17 In the early work of silicate materials, nanometer thick glass could be 

coated on gold films using plasma enhanced chemical vapor deposition (PECVD).18,19 

Silicate layers of < 10 nm were reported with high thermal stability. However, PECVD 

requires expensive instrumentation, produces toxic byproducts, and substrates suffer from 

chemical/particulate contamination.20 Most critically, the behavior of these films in 

aqueous solutions has not been fully tested. In many cases, they simply peel away from 

the substrate once in contact with a PBS buffer. A better approach must be developed 

from other methods including LbL. LbL deposition is generally performed by dip 

coating, spin coating, or spray coating. Dip coating often suffers from cross-

contamination problems and results in thick polymer coatings.21 Spin coating is faster but 

is limited by substrate size and planarity. Obtaining nanometer thin films is also difficult 

with spin coating.22 Spray coating, on the other hand, can be employed to form highly 

homogenous (due to short contact time) and very thin films.21,23,24 Our group first used 
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dip coating and then spray coating technique to demonstrate the fabrication of a 

nanoscale glassified surface on gold for SPR biosensing.15 Using simple Nalgene hand 

pumps we were able to show nanomolar detection limits for lipid-protein interactions on 

a highly stable nanoglassified surface.  

Although Nalgene hand pump method offers some advantages and simplicity, the 

silicate coating at very low thickness obtained by this method often shows nanoscale 

fractures. In addition, the process was very laborious and difficult to be controlled 

precisely. We report here the fabrication of nanosilicate layers on gold by LbL deposition 

using a high-volume, low-pressure (HVLP) paint gun. This is a device used for spot 

painting but in this case we have attached the gun to compressed nitrogen for LbL 

deposition to control droplet size and hence homogeneity of the film. The schematic of 

the LbL deposition process is depicted in Figure 6.1.  
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Figure 6.1 Schematic of the high-volume, low-pressure (HVLP) gun LbL polyelectrolyte 
deposition and calcination process for fabricating nanoglassy substrates. 
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In this process it is possible to completely control LbL thickness and surface morphology 

by simply optimizing parameters such as pressure, spray time, and number of layers 

deposited.  The goal is to generate ultra-thin and relatively fracture-free nanosilicate 

substrates for lipid membrane immobilization. A clear advantage of using glass as a 

substrate in this application is that surface modification is not necessary as lipid vesicles 

readily fuse on glass to form lipid bilayers, while this is not the case on gold.25 To prove 

the utility of this novel substrate, the binding of phosphorylated derivatives of 

phosphatidylinositols (PIs) to proteins are investigated. PIs are important controllers of 

signal transduction, membrane trafficking, and cell-to-cell signalling.26-28 Specific 

recognition of a particular lipid in a membrane is the key regulatory step of protein 

action.29 Although there are different methods to probe phosphoinositide-protein 

interactions including protein-lipid overlay assay, ELISA, and liposome-pulldown 

assays,30  these methods are either non-quantitative or time-consuming.27 SPR is 

preferred to probe phosphoinositide-protein interactions because of its ability to gain both 

quantitative and qualitative information in a sensitive and highly reproducible manner.  

In this paper we first describe the characterization of silicate gold chips generated 

by the Nalgene pumps and the HVLP paint gun. The surface structure and morphology 

are characterized and compared by scanning electron microscopy (SEM), atomic force 

microscopy (AFM), and fluorescence microscopy. Silicate layer thickness is determined 

by ellipsometry, and stability of the silicate coated gold chips are analyzed by SPR. SPR 

bioanalyses of PtdIns(4,5)P2 and PtdIns(4)P lipids to their respective binding proteins are 

carried out in a real-time manner. This study is performed in order to demonstrate the 
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effect of the newly acquired defect-free property obtained via the HVLP gun technique 

approach on chip performance. Detection limits on the new substrate and its eventual 

adaptation to the high-throughput array format for SPR imaging (SPRi) detection are 

discussed as well. 

 

EXPERIMENTAL  

Materials. 3-mercaptopropionic acid (MPA), poly(allylamine) hydrochloride (PAH), and 

Triton X-100 was obtained from Sigma-Aldrich (St. Louis, MO). Sodium silicate (SiOx) 

was obtained from Fisher Scientific (Pittsburgh, PA). L-α-phosphatidylcholine (PC), L-

α-phosphatidylinositol-4-phosphate [PtdIns(4)P], and L-α-phosphatidylinositol-4,5-

biphosphate [PtdIns(4,5)P2] were purchased from Avanti Polar Lipids (Alabaster, AL). 2-

(12-(7- Nitrobenz-2-oxa-1,3-diazol-4-yl) amino) dodecanoyl-1-hexadecanoyl-sn-glycero-

3-phosphocholine (NBD-PC) was from Molecular Probes (Eugene, OR). PtdIns(4,5)P2 

Grip (G-4501) and PtdIns(4)P Grip (G-0402) were purchased from Echelon Biosciences 

(Salt Lake City, UT). All buffers used were degassed and filtered prior to use. All other 

reagents were analytical grade and used without further purification.  

Instrumentation. A Biosuplar II instrument from Analytical µ-Systems (Regensburg, 

Germany) was used for all SPR experiments. Fluorescence microscopy and fluorescence 

recovery after photobleaching (FRAP) experiments were carried out on a Zeiss LSM 510 

confocal laser scanning microscope (CLSM) with 488 nm argon laser excitation, CCD 

camera, and 527 nm long pass emission filter with a 40x dipping objective. The 

DeVilbiss SRi high-volume low-pressure (HVLP) spot paint gun was purchased from 
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DeVilbiss Inc. (Glendale Heights, IL). The Wilkerson 5 µm airline filter was from W.W. 

Grainger (Lake Forest, IL). The furnace used for calcinating chips was from Barnstead 

(Dubuque, IA) and the model 250 probe tip sonicator was from Branson Ultrasonics 

(Danbury, CT). 

Preparation of Fracture-Free Nanoglassified Monolayers with Paint Gun 

Technique. Gold substrates were fabricated as detailed in Chapter 2. 

Atomic Force Microscopy (AFM). AFM images were obtained using a Veeco 

Dimension 5000 atomic force microscope (Santa Barbara, CA) with manufacturer 

provided software. All images were obtained under the tapping mode and root-mean-

square (rms) surface roughness values were obtained by averaging multiple 25 µm2 areas 

across the entire calcinated substrate at a scan rate of 1.5 Hz.  

Ellipsometry Measurements. Spectroscopic ellipsometry (SE) measurements were 

conducted using a Jobin Yvon UVISEL Spectroscopic Phase Modulated Ellipsometer 

(SPME) Version M200 in the spectral range of 300-800 nm. For all SE measurements, 

the calcinated substrate was placed on a sample stage situated on a goniometer with light 

from a 75W Xenon arc source at 70° angle of incidence and reflected light was detected 

by a PMT.  The ellipsometry data were fitted to a regression method with proprietary 

software to extract glass layer thickness values. 

Preparation of Vesicle Solutions. Vesicle solutions were prepared from stock solutions 

in chloroform as indicated in Chapter 2.  

FRAP Measurements. Fluorescence recovery after photobleaching (FRAP) experiments 

were performed by first making fluorescent vesicles containing 2% NBD-PC, 5% 
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PtdIns(4)P or PtdIns(4,5)P2, and 93% PC. After vesicle preparation similar to that noted 

above a small calcinated chip was secured in small Petri dish (35 mm × 10 mm) with thin 

poly(dimethylsiloxane) (PDMS) strips to clearly identify the sensing area of the chip. 

Thereafter 100 µl of vesicle solution was pipetted onto the calcinated chip along with a 

few drops of water to keep the lipids hydrated. The Petri dish was closed and vesicles 

incubated on the sensing surface for 1 h to allow the vesicles to fuse. Thereafter Tris 

buffer was added to the dish to completely cover the chip. Then the 40x dipping objective 

from the CLSM was focused onto the sensing region defined by the PDMS strips. The 

scanning mode of the CLSM was used and after three pristine surface images were taken, 

a vertical line was bleached with new images taken at 3-4s intervals with a CCD camera. 

Fluorescence recovery was monitored with time and the data was fit to the model 

developed by Koppel31 to determine diffusion coefficients. 

SEM Measurements. Scanning electron microscopy (SEM) measurements were 

performed with a Philips XL30 FEG scanning electron microscope. The bottom and sides 

of the substrate were painted carefully with a colloidal silver paste (Pelco) and fixed to 

the sample stage via conductive carbon tape. The SEM measurements were performed 

with a beam power of either 10 or 20 kV and magnifications ranging from 10x to 

200,000x. 

SPR Biosensing of Phosphoinositide-Protein Interactions. All vesicle solutions for 

SPR analysis were either 95/5 mol% PC/PtdIns(4)P or PC/PtdIns(4,5)P2. The vesicle 

solutions were injected into the single-channel SPR flow cell and allowed to incubate for 

1 hr on the nanoglassified substrate to fuse and form a bilayer. After incubation, flow was 
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resumed at a rate of 8.3 mL/h. After 10-15 minutes of rinsing with Tris buffer to verify 

complete removal of non-bound vesicles, the PI-binding proteins were injected through a 

sample loop for binding studies. After each binding assay, the lipid membranes were 

removed from the surface with 5% Triton X-100 resulting in a clean substrate surface for 

subsequent vesicle fusion and protein binding. 

 

RESULTS AND DISCUSSION 

Nanoglassy Surface by Nalgene Pumps  

As noted in previous work,15,32 layer-by-layer assembly of polyelectrolytes is an 

effective way to control the thickness of the deposited film at the nanometer level.33 We 

aimed to expand this line of research with a goal of constructing smooth and high 

performance nanoglassy substrates. The advantages and limitations of the Nalgene pump 

method were first evaluated. To examine the reproducibility of the Nalgene pump 

method, thickness of the chips was determined by ellipsometry and the results are shown 

in Table 6.1.  
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Table 6.1 Silicate layer thickness determined by ellipsometry for the Nalgene pump LbL 
deposition. 

 

Chip ID/Layer # Thickness (Å) 

5 38.8 ± 2.5 

6 59.4 ± 2.6 

7 75.5 ± 2.4 

8 82.1 ± 2.6 
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Results indicate that layer thickness is very reproducible with a roughly 1 nm/layer 

fashion. The only exception to this is with only 5 layers but this can be explained by the 

non-linear growth regime often observed for fewer layers (n<5) before the linear growth 

phase is reached.34 In addition, SPR angular shifts correlate very well with theoretical 

predictions from the Winspall program (R2 = 0.9977) developed by the Knoll group 

(Figure 6.2).  
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Figure 6.2 Linear relationship between experimental and theoretical SPR minimum angle 
shifts for calcinated films on SPR gold substrates. 
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Despite the advantage of simplicity with the Nalgene pump method, creating fracture-free 

silicate films is still very challenging.15 A new approach is thus developed to fabricate 

calcinated sensing chips by LbL deposition with a HVLP paint gun technique. This 

deposition strategy appears to provide the ideal complement to the Nalgene pump 

method. 

HVLP Paint Gun-Based Nanoglassified Substrates and SEM Characterization  

The schematic for the setup of LbL deposition via the HVLP gun is shown in 

Figure 6.1. The paint gun is connected to high-vacuum robust tubing and hooked up to an 

air filter to clean possible dust and other contaminants from the nitrogen tank. The 

atomization can be adjusted on the gun for deposition of polyelectrolyte solutions.  In 

addition, the flow rate and thus pressure of deposition can be easily altered by a flow 

controller connected to the HVLP gun itself. SEM, fluorescence microscopy, and AFM 

were all performed on both newly fabricated HVLP gun based chips and the older version 

Nalgene pump based chips to test the homogeneity of the silicate coated substrates.  

SEM was used to characterize the surface microstructures at the micrometer and 

nanometric scales.  SEM images of nanoglassified substrates obtained under different 

conditions are shown in Figure 6.3.  
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Figure 6.3 SEM characterization of nanoglassified substrates. (a) Nanoglassy chip made 
with Nalgene pump method; (b) HVLP gun based nanoglassy chip with poor atomization 
resulting in large structures on surface; (c) HVLP gun based nanoglassy chip obtained at 
12.5 psi, 4 layer; (d) HVLP gun based nanoglassy chip obtained at 10 psi, 4 layer; (e) 
HVLP gun based nanoglassy chip obtained at 7.5 psi, 6 layer. 
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Using the old method of deposition with the Nalgene pumps there are fractures observed 

at the nanometric level (Figure 6.3a) along with some small surface features. There is a 

white streak in the upper right-hand portion of the image, showing a common 

inhomogeneity on the surface. This is most likely due to the lack of control of the 

pressure of LbL deposition which leads to polydispersity of the polyelectrolyte droplets.21 

Upon first attempt at using the HVLP gun, micrometer sized islands formed on the 

substrate (Figure 6.3b), indicating non-ideal surfaces. Nevertheless, fewer fractures were 

formed on this surface. It appears that by optimizing the atomization of the 

polyelectrolyte deposition, a relatively uniform nanoglassy surface could be formed. 

When using a relatively high pressure (12.5 psi) very few fractures are observed but 

small holes are blown in the calcinated surface down to the gold appearing black in the 

image (Figure 6.3c). At a slightly lower pressure (10 psi) these holes are becoming less 

prominent (Figure 6.3d) but this deposition results in a very thick film (>20 nm), which is 

not ideal for biosensing. Finally, with a lower pressure (7.5 psi) an ideal and relatively 

fracture-free silicate coated gold substrate is obtained (Figure 6.3e) with a thickness of 

only 8 nm as measured by ellipsometry. The flexibility the HVLP paint gun provides 

enables precise control of pressure and atomization condition on LbL polyelectrolyte 

deposition, leading to distinct control of silicate film surface morphology. Additional 

experiments were performed with various surface characterization methods, and the ideal 

HVLP gun based silicate surface was generated with a pressure of 5-7.5 psi and 6-8 

layers for a total thickness of usually 6-8 nm as determined by ellipsometry 

measurements.  
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Fluorescence Microscopic Characterization of HVLP Gun-Based Substrates  

In addition to SEM, fluorescence microscopy was used to probe the surface 

property of these new calcinated substrates, through the use of fluorescent vesicles 

deposited on the substrate.  These fluorescent images hint at the uniformity of the surface 

imaged. For ideal biosensing measurements, a smooth and void free surface is ideal for 

the formation of a uniform supported lipid bilayer.  To test this, PtdIns(4)P and 

PtdIns(4,5)P2 lipids doped with 2% NBD-PC were deposited on various calcinated 

substrates and fluorescence images were shown in Figure 6.4.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



183 
 

 

 

 

 

 

 

 
 

Figure 6.4 Fluorescence microscopy images of silicate-coated substrates. (a) Image of 7 
layer calcinated chip deposited via Nalgene pump; (b) Image of 7.5 psi, 8 layer HVLP 
gun based silicate-coated chip. All chips have roughly the same silicate layer thickness. 

 

 

 

 

 

 

 

 

  

(a) 



184 
 

First, using the Nalgene pump method of deposition there is obvious inhomogeneity in 

surface structure as noted by non-uniform fluorescence across the substrate (Figure 6.4a). 

In addition,  there are quenched areas indicating silicate-free regions of the substrate,35 

which are unusable for biosensing applications. By contrast, using the HVLP gun method 

of deposition the silicate-coated gold substrate has shown a quite high degree of uniform 

fluorescence distribution (Figure 6.4b). Dark spots are still visible for chips prepared at 

high pressures (>12.5 psi), indicating voids existing in surface structure (data not shown). 

The results are quite consistent with SEM images (Figure 6.3) for these chips, which have 

non-uniform distribution of polyelectrolytes. With the optimal condition used (deposition 

pressure of 7.5 psi), a very uniform, void-free fluorescence distribution is observed 

(Figure 6.4b).  In this image with a calcinated layer of only 8 nm, a lipid bilayer is 

formed in a very uniform manner with no visible voids indicating an advantageous 

surface for lipid bilayer formation. 

Atomic Force Microscopic Characterization of HVLP Gun-Based Substrates  

Given the importance of surface morphology for successful vesicle fusion to form 

supported lipid membranes, the silicate coated chips made with the HVLP paint gun were 

further examined by atomic force microscopy.  Figure 6.5 shows the images.  
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Figure 6.5 AFM Images of silicate-coated substrates obtained under different conditions 
as compared to those of bare gold and BK-7 glass. a) 7.5 psi, 8 layer HVLP chip; b) 5 psi, 
6 layer HVLP chip; c) 6-layer Nalgene pump chip; d) BK-7 glass substrate; e) Bare gold 
substrate. 
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A simple image analysis suggests the HVLP gun based calcinated surface (Figure 6.5a 

and Figure 6.5b) is very similar to a bare BK-7 glass slide (Figure 6.5d) and a bare gold 

slide (Figure 6.5e). This is very important because vesicles readily fuse on borosilicate 

glass36 making biosensing possible.37 In contrast, the Nalgene pump based silicate chips 

(Figure 6.5c) show the presence of non-uniform surface features dissimilar to BK-7 glass 

slides. A smooth and defect-free substrate similar to BK-7 is imperative for the ideal 

presentation of lipid vesicles for proper fusion to take place. Given the non-ideal glass 

mimicking nature of the Nalgene pump based silicate surface, makes these substrates 

impractical for most biosensing assays. RMS roughness values taken from AFM images 

for various substrates have been analyzed. The surface roughness for HVLP gun based 

chips (2.66 ± 0.34 nm for 5 psi, 6 layer and 2.96 ± 0.31 nm for 7.5 psi, 8 layer) is very 

similar to that of BK-7 glass (2.01 ± 0.29 nm). Meanwhile, the Nalgene pump based 

silicate chips provide a rough surface on average with a rather large standard deviation 

(3.79 ± 0.59 nm), indicating some degree of inhomogeneity. Furthermore, only a 4 µm2 

area was imaged for the Nalgene pump based silicate chips compared to a 25 µm2 area 

for all HVLP gun based chips. Previous AFM studies indicate there is a large dependency 

on sampling area and surface roughness, with a larger sampling area usually lending itself 

to a greater surface roughness.38 Thus if tested in a larger sampling area the surface 

roughness of the Nalgene pump based silicate chips could increase a bit further. All these 

data indicate the HVLP gun based technique provides a substantial improvement with 

regards to surface roughness compared to the Nalgene pump based silicate chips. 
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FRAP Testing of Lateral Mobility of Supported Lipid Membranes 

To confirm the presence of a single, fluid lipid bilayer FRAP experiments were 

conducted on the calcinated substrates. FRAP has been proven useful to test membrane 

protein mobility as lateral mobility in a membrane is necessary for intrinsic biological 

functionality,39,40 and the results can enable the determination of diffusion coefficients, 

D.41-43 PC-based lipid membranes containing PtdIns(4)P and PtdIns(4,5)P2 were 

immobilized on HVLP gun based calcinated substrates for subsequent FRAP analysis. 

Figure 6 is a representative example of FRAP results with fluorescent time stamped 

images (Figure 6.6a) and a recovery curve for the PtdIns(4)P membrane (Figure 6.6b). 

The average diffusion coefficients for the FRAP experiments are shown in Table 6.2. 

These values agree very well with previously studied PC-based membranes on glass 

where diffusion coefficients generally ranged from 1-4 µm2/s.44 In addition, mobile 

fraction values (i.e. the fraction of fluorescence recovered) for both PIs is  ≥ 0.90 

indicating a very fluid lipid membrane necessary for full biological functionality.  
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Figure 6.6 a) FRAP images for a PtdIns(4)P containing membrane on the HVLP gun 
based nanoglassy substrate. The first image is pristine and while (ii), (iii), (iv), (v), and 
(vi) represent 0, 3, 24, 48, and 70s after bleaching. b) FRAP fitting curve for PtdIns(4)P 
based membrane on a HVLP gun based nanoglassy substrate.  Silicate layer thickness is 
~ 8 nm. 
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Table 6.2 Diffusion coefficient values and mobility fractions for the PtdIns(4)P and 
PtdIns(4,5)P2  lipid membranes on a HVLP gun-based nanoglassified substrate. 

 

Lipid Component Diffusion Coefficient 
(µm2/s) 

Mobile 
Fraction 

PtdIns(4)P membrane 2.67 ± .31 0.93 

PtdIns(4,5)P2 membrane 2.83 ± .39 0.91 
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Thus all evidence points to the successful presentation of a single lipid bilayer on the 

newly fabricated HVLP gun-based calcinated chips. 

SPR Biosensing of PI-Protein Interactions  

To further prove the utility of the HVLP paint gun based silicate substrate SPR 

was employed to examine lipid-protein interactions. SPR studies of lipid-protein 

interactions give both a qualitative and quantitative description of lipid specificity of a 

membrane-binding protein.29 Recognition of a specific lipid membrane is often an 

important step of protein action and the use of SPR to study lipid-protein interactions has 

been extensively documented.29 In this work, lipid vesicles were fused onto the HVLP 

gun based nanoglassy substrate and PI-binding proteins were injected across the sensing 

surface for bioanalysis. A representative sensorgram for the assays is shown in Figure 

6.7. Vesicle fusion generates an SPR angular shift of 0.63±0.01 degree, and the process is 

highly reproducible. The binding of a lipid-specific binding protein, in this case, 2.5 

µg/mL PBP (PtdIns(4,5)P2 binding protein), yields a signal of 45±5 millidegrees. A 

control experiment with 1 mg/mL BSA was performed and only a few millidegrees of 

weak signals were observed, demonstrating a specific binding event between the PBP and 

the PI lipids. After injection of the lipid-specific binding protein, the entire lipid-protein 

complex can be removed with 5% Triton X-100 surfactant as previously reported for 

similar systems.15,43 Triton X-100 is a non-ionic surfactant ideal for breaking lipid-protein 

interactions in addition to solubilizing and removing membranes.45 The advantage of this 

membrane removal process is that the substrate can be reused for multiple binding 

experiments without degradation of signal. The sensorgram displayed in Figure 6.7 show 
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only three membrane-binding protein buildups and removals, but this substrate can be 

reused at least 10 times without visible degradation of the protein binding signal.   
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Figure 6.7 Characteristic SPR sensorgram for PtdIns(4,5)P2 lipid functionalized HVLP 
gun based silicate coated sensing surface in response to 2.5 µg/mL PtdIns(4,5)P2 binding 
protein (PBP). 
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To further test the stability of the new nanoglassy surface, the sensing chip was placed in 

the SPR flow cell and incubated with Tris buffer. The signal was tracked over a 24 hour 

period with the minimum angle fluctuating between 0.005-0.01° mainly due to 

instrumental drift. However, the important characteristic of this calcinated surface was 

that after the 24 h incubation, PtdIns(4)P lipid vesicles could still be fused onto the HVLP 

gun-based nanoglassy surface and showed a subsequent binding with the PI binding 

protein (PBP) sample (data not shown).  This property is indicative of superb robustness 

of this substrate, making it highly useful for lipid-protein interaction studies.  

 Calibration curves were constructed for various concentrations of the PI binding 

proteins. Using a 3σ cutoff, the limit of detection for PtdIns(4)P binding protein was 

determined to be 0.18 µg/mL or 2.9 nM using the linear range of the calibration curve (R2 

= 0.97). Meanwhile, the limit of detection for PtdIns(4,5)P2 binding protein was 0.21 

µg/mL or 4.9 nM. Both of these values improve on the limit of detection reported for the 

PI-binding protein interaction using protein-lipid overlay46 and ELISA.47 In addition, the 

limit of detection is orders of magnitude better than a recent SPR spectroscopy 

investigation.48 It should be noted that the binding proteins were supplied with 80% 

purity so there is reason to believe upon better sample preparation the limit of detection 

could be lowered further. Additionally, it is possible to make thinner nanoglassified 

coated substrates, which may lead to an enhancement in sensitivity. A highly promising 

application of the HVLP gun based silicate substrate would be analysis of lipid-protein 

interactions using SPR imaging (SPRi), which is currently under investigation in our 

group. A lipid-protein binding assay has been reported with SPRi using a tethered bilayer 
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membrane array constructed through a self-assembled monolayer on a gold substrate.30 

Using the highly smooth nanoglassified surface obtained from this work, it should be 

possible to build array assemblies with well established silane-based attachment 

chemistry, as has been demonstrated on glass slides, for examining lipid-protein 

interactions in an ultra-sensitive, label-free and high-throughput manner. 

 

CONCLUSIONS 

Through the use of a HVLP paint gun technique, defect-free, ultra-thin glass 

coated gold substrates have been produced by spray coating LbL deposition. The 

substrates produced by this method are exceptionally robust and of high quality, with 

almost no surface defects as indicated by SEM, AFM, and fluorescence microscopy. In 

addition, the LbL deposition with the HVLP paint gun is simple, reproducible, and cost-

effective, as there is virtually no major cost to the fabrication process as opposed to many 

clean room deposition methods that require sophisticated devices. The method also lays 

the foundation for an automated fabrication process for the mass production of high 

quality sensing chips. By using a thin silicate layer on gold no surface chemistry is 

required for lipid vesicle fusion and formation of a single lipid bilayer.  FRAP 

experiments indicate a fluid lipid bilayer can be formed on these substrates in a 

reproducible fashion. In order to demonstrate the applicability of the new substrate, lipid-

protein interactions were examined with SPR spectroscopy. Limits of detection for two 

different phosphoinositide-protein interactions were reported in the low nanomolar range. 

The result improves on similar SPR spectroscopic studies that employ gold substrates 
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with a membrane interface, and also show orders of magnitude better sensitivity than 

comparable protein-lipid overlay and ELISA assays. The smooth, thin and defect-free 

substrates demonstrated here will open up new avenues to probe affinities of different 

biological systems with SPR using surface chemistry already developed for glass 

substrates. 
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CHAPTER 7: Functional Interface Designs to Examine Membrane 

Protein Interactions 

 
 

This chapter covers an interface design to examine membrane proteins and their 

interactions with its ligands. Initially, a model membrane protein system is used (Annexin 

V) and then applied to an epidermal growth factor receptor (EGFR) based system with 

samples provided by Eureka Therapeutics Inc. The interface designed in this project is 

based on the nanoglassified gold substrate as explained in Chapter 6. 

 

INTRODUCTION 

Lipid membranes make up the foundation for mammalian life. Cell membranes 

are essential for the integrity of the cell as they are effective diffusion barriers in addition 

to upholding concentration gradients of ions and molecules across the membrane.1 The 

cell membrane itself contains a variety of biomolecules as depicted in Figure 7.1. 
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Figure 7.1 Lipid bilayer with key biomolecular components labeled. 
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Among these important components in a lipid membrane are membrane proteins. 

Membrane proteins are perhaps the most important component making up a third of the 

human proteome, acting as enzymes, transporters, and receptors.2 As a consequence these 

proteins constitute 60-70% of current drug targets3,4 so their inhibition and binding 

property is important to therapeutic intervention. One particularly important 

transmembrane protein is epidermal growth factor receptor or EGFR. EGFR is a 170-kD 

transmembrane protein5 composed of three domains: an extracellular ligand-binding 

domain, a transmembrane lipophilic region, and an intracellular protein tyrosine kinase 

(Figure 7.2).  
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Figure 7.2 Mechanism of action for epidermal growth factor receptor in the cell.  
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As shown on Figure 7.2, the extracellular ligand binding region on the cell membrane is 

connected to the intracellular machinery that contains the tyrosine kinase activity via a 

single hydrophobic membrane. EGFR itself binds to and can be activated by a number of 

ligands including epidermal growth factor (EGF), transforming growth factor alpha 

(TGFα), and heparin binding EGF-like growth factor (HB-EGF) among others.6,7 Upon 

binding of the ligand to EGFR, the ligand–receptor complex undergoes dimerization and 

internalization. This in turn activates the intracellular protein kinase via 

autophosphorylation, leading to signal transduction and cellular functions.  

EGFR has been associated with the regulation of cell growth, proliferation, and 

apoptosis or programmed cell death.8 Its over expression has been implicated in 

numerous epithelial cancers including head and neck cancer,9 thyroid cancer,10 and 

ovarian cancer.11 While understanding the interaction of EGFR with its binding ligands 

has extreme biological importance, lack of appropriate analytical methods to probe these 

proteins quantitatively and understand their interactions in a native state leaves the 

biological relevance of many potential markers largely undetermined. The most common 

method to diagnose these types of cancers is through the use of fine-needle aspiration or 

FNA. In this technique a biopsy of the suspicious tissue is taken and a trained clinician is 

needed for a proper diagnosis. Unfortunately this method can take 2-3 days to get a 

diagnosis and requires a skilled practitioner to correctly diagnose the cancer via cytology. 

Additionally, 10 to 20% of FNAs are found to be nondiagnostic12 and an additional 10 to 

20% of FNAs are classified as indeterminate or suspicious and only one in five of these 

cases diagnosed as indeterminate will prove to be malignant at surgery.13 This presents 
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the obvious problem of unnecessary surgery with a generally unreliable analytical 

method. We report in this chapter the development of a biointerface to examine 

interaction network between epidermal growth factor receptor (EGFR) and its antibody 

cetuximab (Erbitux™) with label-free SPR for cancer biomarker analysis. We have 

established collaboration with Eureka Therapeutics Inc. that provided various forms of 

EGFR and corresponding antibodies for these studies.  

 Unfortunately studying membrane proteins is often a quite difficult task. While 

there are many different ways to examine membrane proteins, one of the most promising 

methods is studying membranes on a planar surface using solid-supported lipid bilayers. 

This method has a number of key advantages including ability to keep biomolecules 

oriented in a controlled manner, a variety of functional groups are available for 

functionalization, and a variety of spectroscopic/microscopic techniques can be used to 

analyze these interfaces.14,15 Additionally, for an ideal supported lipid membrane, the 

interface should possess minimal surface defects, have high lipid mobility, and the 

surface should be hydrophilic, smooth, and clean.16 A cartoon of a sample solid-

supported lipid bilayer interface is shown in Figure 7.3. 
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Figure 7.3 A general solid supported lipid bilayer structure reproduced from Sackmann et 
al.14 
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However, examining membrane proteins via solid-support lipid bilayers have some 

inherent problems. These problems originate from the proximity of the artificial 

membrane and the bare solid surface onto which it is deposited. The membrane–substrate 

distance is usually not sufficiently large to avoid direct contact between transmembrane 

proteins incorporated in the membrane and the solid surface which can cause 

denaturation of the protein. In an effort to avoid this problem there are a number of 

solutions including using a protein tether,17 self-assembled monolayer,18 or a polymer 

cushion.19 The use of polymer cushion is intriguing in that the interaction between a 

transmembrane protein and the underlying substrate can be avoided by using soft 

polymeric materials that rest between the substrate and support the membrane as shown 

in Figure 7.3. This approach significantly reduces the frictional coupling between 

membrane-incorporated proteins and the solid support, and hence the risk of protein 

denaturation.20,21 While the cushion design is important the underlying substrate is just as 

important. Gold, the typical metal used for SPR does not fuse vesicles directly making 

the use of this standard SPR substrate problematic.16 While one can tether lipids on gold 

using a SAM the ideal biosensing interface is one with minimal surface preparation thus 

direct vesicle fusion would be required. Many surfaces directly fuse lipid vesicles, most 

importantly SiO2 or glass.22,23  

In Chapter 6 of this thesis the development of a thin layer of nanoglass on gold 

was reported for direct vesicle fusion and that substrate was used in these subsequent 

studies. We report here the development of a solid-supported lipid membrane interface 

using a polymer cushion directly deposited on nanoglassified gold. Given the scarcity of 
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samples available for this project another transmembrane protein was chosen as a model 

system for the EGFR/antibody interaction: Annexin V. This is a 36 kDa transmembrane 

protein that can bind to negatively charged phospholipids in a Ca2+ dependent manner. 

This protein has been used as a marker for apoptosis24 and also can act as an inhibitor for 

thrombosis.25 The Annexin V based interface used in this work was applied to examine 

EGFR binding to its antibody in the same manner. 

 

EXPERIMENTAL 

Materials. Annexin V was purchased from BioVision (Mountain View, CA) and 

monoclonal anti-Annexin V clone AN5, epidermal growth factor receptor, bovine serum 

albumin (BSA), and SIGMAFAST protease inhibitor tablets were from Sigma-Aldrich 

(St. Louis, MO). Anti-EGFR TK domain and Anti-EGFR were from Anaspec (Fremont, 

CA). L-α-phosphatidylcholine (PC), L-α-phosphatidylethanolamine (PE), L--α-

phosphatidylserine (PS),1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-

[methoxy(poly(ethyleneglycol))] were purchased from Avanti Polar Lipids (Alabaster, 

AL) with PEG molecular weights of 2000 and 5000. CHOK1 control cells and CHOK1 

that over express EGFR were gifts from Eureka Therapeutics Inc. (Emeryville, CA). 

Buffer Exchange of Proteins. Initially all proteins (EGFR, Anti-EGFR, Annexin V, 

Anti-Annexin V) were all dissolved in either HEPES or PBS buffer while flow injection 

experiments were run in Tris buffer. Thus a buffer exchange was performed using Zeba 

0.5 mL desalting columns from Pierce (Rockford, IL). To perform the buffer exchange 
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first the column’s bottom closure was twisted off and cap loosened. The column was 

placed in a 1.5 mL centrifuge tube and centrifuged at 1,000 × g for 2 minutes to remove 

the storage solution. Next, the spin column was placed in a new 1.5 mL centrifuge tube 

and spun at 1500 × g or ∼4290 rpm for 1 min. Using a black pen a mark was placed on 

the side of the column where the compacted resin was slanted upward. Next, the marked 

column was placed in a new 1.5 mL microcentrifuge tube with the black marking always 

facing outward. 300 µl of the original buffer (HEPES or PBS) was add to the top of the 

resin bed and centrifuged at 1500 × g for 1 min, discarding the flow through from the 

collection tube. This process was repeated two more times. With the equilibrated spin 

column in a new 1.5 mL collection tube, the cap was removed and slowly a 100 µl 

sample volume to the center of the compact resin bed. Next, the loaded column was 

centrifuged at 1500 × g for 2 min. to collect the buffer exchanged sample. 

EGFR-Over Expressed Cells Preparation. First, a solubilization buffer made up of 20 

mM Tris, pH 8.5, 0.1 M (NH4)2SO4, 10% glycerol, and 1% Triton X-100 was used as 

done previously for similar cell types.26 Next, the CHO-K control cells or CHO-K-EGFR 

cells (1 × 108 cells) were thawed and 100 µl of the cells and 180 µl solubilization buffer 

were mixed together in a microcentrifuge tube. Tubes for both the control cells and 

EGFR-cells placed on a shaker in the cold room at 4°C for 45 min. After 45 min., the cell 

mixtures were centrifuged at 14,000 rpm for 30 min. at 4°C. The supernatants containing 

the protein extracts were divided among separate ∼ 90 µl aliquots in microcentrifuge 

tubes and stored in a -80°C freezer until use. 
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SPR Experiments with Annexin V. For the Annexin V, a nanoglassified gold sensor 

chip explained earlier was used on the NanoSPR 621 for all experiments. A running 

buffer of 10 mM Tris, 100 mM NaCl, pH 7.4 was used for all Annexin V based 

experiments. 0.1 mg/mL BSA was first added to the surface to cover the surface and 

prevent non-specific adsorption. Secondly, extruded vesicles were prepared as shown in 

Chapter 2 for different lipid mixtures. Mixtures of either PC/PEG-5000 PE/PS 

(79.5/0.5/20) or PC/PEG-2000 PE/PS (78.6/1.4/20) by mol% were added to the BSA-

laden nanoglassified gold surface. After incubating and rinsing, the running buffer was 

changed out to 10 mM Tris, 100 mM NaCl, pH 7.4, 8 mM CaCl2. Buffer exchanged 

Annexin V (0.05 mg/mL) in Tris was added to the surface next. While incubating, the 

buffer was switched to 10 mM Tris, pH 6.0, 100 mM NaCl, 5 mM EDTA to help the 

binding of Annexin V to the PS containing lipid bilayer and rinsed for about 30 min. 

Thereafter the buffer was switched back to the original pH 7.4 buffer.  Next, buffer 

exchanged anti-Annexin V was added to the surface on one channel and BSA in another 

as a control. 

SPR Experiments for EGFR-Over Expressed Cells Assay. SPR experiments for 

EGFR were based off the Annexin V assays and generally were similar. Using the same 

type of assay 0.1 mg/mL BSA was added to the surface first. Next either PC/PEG-5000 

PE/ (99.5/0.5) and PC/PEG-2000 PE (98.5/1.5) were premixed with an aliquot of 

prepared CHO-K control cells and/or CHO-K EGFR cells in a similar manner to previous 

membrane protein immobilization with SPR protocols.27 The mixture was subsequently 
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injected onto the surface followed by the addition of Erbitux, the monoclonal antibody 

for EGFR. 

FRAP Measurements. Fluorescence recovery after photobleaching (FRAP) experiments 

for Annexin V were performed by first making fluorescent extruded vesicles containing 

PC/PEG-5000 PE/PS/NBD-PC (74.5/0.5/20/5) by mol % in the same manner as previous 

projects. A small nanoglassy chip was secured in small Petri dish (35 mm × 10 mm) with 

thin poly(dimethylsiloxane) (PDMS) strips to clearly identify the sensing area of the chip. 

Thereafter 100 µl of vesicle solution was pipetted onto the calcinated chip along with a 

few drops of water to keep the lipids hydrated. The Petri dish was closed and vesicles 

incubated on the sensing surface for 1 hr. to allow the vesicles to fuse. Thereafter Tris 

buffer was added to the dish to completely cover the chip. Then the 40x dipping objective 

from the confocal laser scanning microscope (CLSM) was focused onto the sensing 

region defined by the PDMS strips. The scanning mode of the CLSM was used and after 

three pristine surface images were taken, a vertical line was bleached with new images 

taken at 3-4s intervals with a CCD camera. Fluorescence recovery was monitored with 

time and the data was fit to the model developed by Koppel28 to determine diffusion 

coefficients and mobile fractions. 

 

RESULTS AND DISCUSSION  

Annexin V Studies 

 For this initial work Annexin V was employed as a model transmembrane protein 

due to limited availability of the EGFR containing cells. Annexin V is a small 
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transmembrane protein that binds negatively charged phospholipids in a calcium-

dependent manner. This is an ideal model protein because Annexin V modulates 

numerous membrane-associated events including vesicular trafficking, membrane fusion, 

and ion channel formation. This protein has also been used as an apoptosis marker in a 

product made by BD Biosciences where phosphatidylserine (PS) externalization only 

occurs with apoptotic cells thus only binds Annexin V if dead. Problems associated with 

apoptosis have been linked to various diseases including atrophy and cancer.  In our work 

we used Annexin V as a model protein to learn how to successfully immobilize a 

membrane protein in a solid supported lipid bilayer. 

 Using a similar system to that demonstrated by Cremer’s group,29 we developed 

an interface for Annexin V with SPR as shown in Figure 7.4. 
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Figure 7.4 Annexin V interface based on a solid-supported lipid bilayer platform 
examined with SPR spectroscopy. 
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This interface shown in Figure 7.4. is based on the HVLP nanoglassified chip as the 

substrate which was covered in Chapter 6. Briefly, this method of a thin layer of glass 

deposition on gold results in a very smooth and fracture-free surface30 which is required 

for direct vesicle fusion on glass based surfaces.16,22 On top of the nanoglassified chip is a 

protein sub-layer of BSA which help prevent non-specific adsorption of binding protein 

to the glassy substrate directly.31,32 On top of the BSA is another cushion layer of PEG-

linked lipids. PEG is a hydrophilic polymer that spreads well on the hydrophilic surface 

allowing relatively uniform surface coverage. Additionally, this design allows for a 

stable, large sub-membranous space where the cushion height can be easily modified by 

altering the size/density of PEG. To decide the mol% of the PEG-PE a concentration was 

chosen at the mushroom-to-brush transition regime explained in Figure 7.5. 
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Figure 7.5 Graphical explanation of the mushroom-to-brush transition for PEG 
containing lipid vesicles. 
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As shown in Figure 7.5, we chose this transition point because the highest diffusion 

coefficients and mobile fraction values are found at the onset of the mushroom-to-brush 

transition.33,34 The decrease in mobility above and below this value can be explained as 

follows: in an isolated mushroom conformation (where adjacent chains do not interact 

laterally) for PEG2000 or PEG5000 will not be able to prevent direct interactions 

between Annexin V and the substrate at many locations on the surface. However, 

concentrations of PEG well into the brush transition (when adjacent chains overlap 

laterally) are known to lead to lipopolymer immobilization,29 which almost certainly 

affects the mobility of the membrane protein. An intermediate lipopolymer concentration 

avoids both of these problems and thus the mol% of both PEG-2000 PE and PEG-5000 

PE reflect this idea.  First we wanted to test the surface design to see the specificity of the 

interface, which is shown in Figure 7.6 for PEG-5000 PE. 
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Figure 7.6 SPR sensorgram for cushioned supported lipid bilayer interface for Annexin 
v/antibody interactions. 
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As shown in Figure 7.6 the PEG-5000 PE cushion at the mushroom-to-brush transition 

seems to work quite well as the signal for 100 µg/mL Anti-Annexin V is 4.4 times larger 

than a 20x concentrated control (2 mg/mL BSA). The same surface for PEG-2000 PE 

(data not shown) was 4.1x the control. Thus the PEG-5000 PE surface seems to work a 

little bit better and to confirm this notion both PEG cushions were run on the same 

substrate but in different channels as shown in Figure 7.7. 
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Figure 7.7 PEG-5000 PE and PEG-2000 PE based cushions for examining Anti-Annexin 
V/Annexin V interactions. 
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This figure shows a binding signal for Anti-Annexin V of 187 mdeg for the PEG-5000 

PE surface compared to 149 mdeg for the PEG-2000 PE surface. Thus moving forward 

we chose to use the PEG-5000 PE based surface. To make sure the method was 

quantitative for amount of protein bound, a couple different concentrations of Anti-

Annexin V were added to the PEG-5000 PE surface and those results are shown in Figure 

7.8. 
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Figure 7.8 PEG-5000 PE based cushion for binding of different concentration of Anti-
Annexin V. 

 

 



220 
 

Given that differences in concentrations can be examined easily with the PEG-5000 PE 

based surface, a calibration curve was constructed shown in Figure 7.9. Using the linear 

portion of the calibration curve (inset of Figure 7.9) the limit of detection was determined 

to be about 36 nM.  
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Figure 7.9 Calibration curve for Anti-Annexin V binding to Annexin V containing 
nanoglassified gold supported lipid bilayer. 
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In an effort to confirm that not only can protein binding take place but in order to be fully 

functional the lipids must be mobile. Thus the mobility of the lipids were examined with 

FRAP and the recovery curve along with a few time stamped images are shown in Figure 

7.10. In these experiments NBD-PC was added to the lipid mixture for the PEG-5000 PE 

cushion developed earlier containing Annexin V. Using the recovery curve the diffusion 

coefficient was calculated to be 1.1 ± 0.2 µm2/s, on par with the expect range of diffusion 

coefficients on glass substrates.29 Additionally, the mobile fraction of 0.86 (the fraction 

of fluorescence recovery) is nearly 10% higher than Cremer reported for a similar system. 

Thus this surface system is mobile and allows for protein binding to take place in a 

reproducible manner. 
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Figure 7.10 FRAP recovery curve of Annexin V containing cushioned lipid bilayer on 
nanoglassified gold with recovery images shown on the right, time stamped. Note: the 
recovery area monitored on the image is displayed by the red rectangles. 
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EGFR Based Studies 

 Given the success of the studies with Annexin V, a similar surface system was 

applied to the EGFR containing cell lysates. Using a PEG based cushion along with PC, 

the cell lysates binding to the monoclonal antibody of EGFR (Erbitux) was examined 

with SPR spectroscopy. The results of the binding on the PEG-5000 PE based surface 

and PEG-2000 PE based surface are shown in Figure 7.11. 
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Figure 7.11 Binding on EGFR antibody (Erbitux) on polymer cushion membrane based 
on the PEG-5000 PE cushion a) or a PEG-2000 PE cushion b) developed for Annexin V. 
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As expected from the Annexin V studies, the PEG-5000 PE cushion results in a stronger 

binding signal (7.3x control vs. 4x control for PEG-2000 PE cushion). While it is only 

proof of concept the development of a cushioned interface to examine membrane protein 

interactions has been designed. 

 

CONCLUSIONS 

Using Annexin V as a model system, the development of a robust interface to 

examine membrane protein-antibody interactions in real-time with SPR spectroscopy has 

been developed. By employing a similar system to examine EGFR containing cells 

antibody binding was observed at the low µg/mL range. In the future we hope to 

immobilize EGFR in a polymer cushioned supported lipid bilayer in an array based 

format for SPR imaging as shown in Figure 7.12.  
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Figure 7.12 Schematic of membrane protein array with SPRi detection. 
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Using an etched nanoglassy array to be explained in Chapter 8 we hope to use the same 

surface design in an array format and examine a series of antibodies and small molecule 

inhibitors for EGFR to screen binding affinities with stronger bindings yielding brighter 

spots under the SPR imaging mode for quantification as shown in Figure 7.12.  We 

believe this proposed method will generate an exciting technology platform to provide 

fundamental methodologies for monitoring many other important biomolecules including 

cancer biomarkers and their expression in real-time. 
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CHAPTER 8: Etched Glass Differential Resonance Microarrays for 

Enhanced Contrast and Sensitivity of SPR Imaging 

 

ABSTRACT 

 We report the fabrication and characterization of gold-coated etched glass array 

substrates for surface plasmon resonance imaging (SPRi) analysis with significantly 

enhanced performances, in particular image contrast and sensitivity. The etching of the 

glass substrate induces a variation in the resonance condition and thus in the resonance 

angle between the etched wells and the surrounding area, leading to the isolation of the 

array spot resonance with a significant reduction of the background signal. FDTD 

simulations show arrays with large spots and minimal spot-to-spot spacing yield ideal 

differential resonance conditions, which are verified by experimental results. Simulations 

also indicate the etched well structure exhibits enhanced SPR electric field intensity by 

three-fold as compared to standard planar gold chips. The bulk sensitivity of the etched 

arrays is obtained at <10-4 RIU level based on image intensity difference. The strong 

image contrast allows for improved microarray imaging analysis with easily 

distinguished signals from background resonance. The etched array chips are 

demonstrated for SPRi detection of bacterial toxins through the coating of an ultrathin 

SiO2 film for direct vesicle fusion that establishes a supported membrane-based 

biosensing interface. Protein detection with cholera toxin (CT) at 5 nM is obtained, 

making this chip one of the most sensitive SPR imaging substrates ever reported without 
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a post-binding amplification scheme. Furthermore, the surface can be regenerated by 

Triton X-100 for repeated cycles of membrane formation, protein binding, and 

biomolecular removal. The reusability and enhanced performance of the etched glass 

array chips should find a broad range of applications, opening up new avenues for high-

throughput SPR imaging detection with convenience and marked surface sensitivity. 

 

INTRODUCTION 

The development of high-throughput analytical tools is a burgeoning field.1,2 

While most array based technologies have focused on fluorescence detection, there has 

been a steady expansion in the new microarray methods with the label-free technique of 

surface plasmon resonance imaging (SPRi).3,4 SPRi enables real-time multiplexed 

monitoring of different biological interactions ranging from viruses to carbohydrates.5,6 It 

is a highly attractive technical platform not only for its capability to interrogate a large 

surface but also for its ability to produce sensorgrams for determination of 

kinetic/equilibrium constants, which encompasses the primary usage of SPR 

spectroscopy. The importance of scientific advancement with regard to SPR and SPRi 

has sparked a flurry of publications in the area including several recent reviews.7-9  

Typical SPR imaging experiments involve data collection at a fixed angle.10 

Recent work also demonstrated angle-scanning11,12 and wavelength-scanning13 formats. 

However, very little attention has been given to novel chip design for improving the 

quality of SPR detection. Using planar gold chips, the sensitivity of SPR imaging is 
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known to be lower than conventional SPR spectroscopy due to less compact optical 

configuration, use of intensity-based measurements and less sensitive detectors.6,14 Even 

with the improved instrumentation,6 the detection sensitivity still lags considerably 

behind fluorescence methods. Additionally, development of imaging-specific SPR 

substrates is generally lacking. At present, the contrast, uniformity, and quality of SPR 

images from spot-to-spot on planar gold are still low15,16 and have not been the focus of 

recent studies. Difference images are broadly used for data reporting17 with rendered 

false color presentation where the background is subtracted to zero.18-20 By ignoring the 

background, a large amount of analytical signal and hence information becomes 

unavailable, severely limiting the dynamic range and sensitivity of these substrates. 

The image contrast, sensitivity and large background signal often present in SPR 

imaging measurements are greatly influenced by the array fabrication method. 

Conventional arrays for SPRi have been fabricated by the use of contact printing,21 

microcontact printing,22 non-contact printing,23 microfluidics,24 and continuous flow 

microspotting.25 Recently, photolithography has been utilized for creation of patterns and 

array templates for array imaging analysis.26 In addition to the creation of arbitrary 

patterns on a surface,26 photolithography is capable of bulk scale patterning with short 

processing time compared to other lithographic techniques,27 and the patterns can be 

made on the surface to mimic the size of the biomolecule to be deposited through the use 

of different photomasks.   

We set out to use photolithography to generate new biochips with improved SPRi 

performance. One key element in this task is to minimize the background signal without 
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constantly taking difference images. Chemical approaches to suppress non-specific 

adsorption are widely adopted, including the use of peptides,28 self-assembled 

monolayers,29 poly(ethylene glycol) (PEG),30 and PEG-polymer brushes.31 Approaches to 

reduce non-specific adsorption have been the focus of a recent review.32 While all these 

chemical methods effectively reduce the non-specific adsorption to various levels, they 

have limited effect on the metal surface resonance around the spots or regions of interest 

(ROIs). Propagating surface plasmon resonance occurs on the whole surface giving rise 

to significant background signals that cannot be reduced with chemical methods. To 

address this problem, an interesting approach by photolithography is the fabrication of 

gold islands or isolated gold spots on a glass substrate.24,33 Although the gold island 

platform provides brightly resonant ROIs with reduced background resonance, the 

background remains sensitive to refractive index changes due to the presence of a 

decaying electric field at the glass-dielectric interface. 

In addition to background suppression, sensitivity improvement is another 

important aspect for new biochip designs. Nanohole arrays34,35 in particular are garnering 

significant interest given their sensitivity to small changes in refractive index. Recent 

work by Masson et al. indicates these arrays can enhance sensitivity of planar gold SPR 

films by a factor of two.34 A variety of work has appeared focusing on enhancing the 

evanescent field in the conventional Kretschmann configuration,36 including periodic 

metal nanowires,37 gold nanoposts,38 gold nanogratings,39 and new prism materials.40 It 

should be noted that simply making patterns and structures ultra-small is often not the 

most productive route for array based biological applications.32 Instead, the pattern 



235 
 

dimensions should be carefully optimized with regard to the biological system targeted 

and large patterns with dimensions of hundreds of micrometers are often more 

appropriate.  

In this work we report the development of new micron-scale glass etched arrays 

for SPR imaging analysis. Three main aspects are specifically addressed and featured: 

simple fabrication, suppression of background resonance, and enhancement of the electric 

field on the arrayed spots for increasing surface sensitivity. Figure 8.1 shows the scheme 

of the array structure, fabrication process, and optical images of the chips.  
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Figure 8.1 a) Fabrication procedure for the etched glass array SPRi substrate. 1 BK7 glass 
slides were patterned using standard photolithography with a photomask containing 800 
µm circles and squares with 1.6 mm center-to-center spacing;  2 The patterned substrate 
was developed in the exposed UV irradiated areas; 3 BOE etching to different 
micrometer level etch depths completed and thereafter photoresist is removed with 
acetone; 4 Deposition of 2 nm chromium adhesion layer, followed by  a 51 ± 2 nm gold 
layer via e-beam evaporation; 5 For the CT/GM1 surface sensitivity study, deposition of 
3-6 nm silicon dioxide (light blue) by plasma enhanced chemical vapor deposition 
(PECVD) at 300 °C. b) Sample optical image of the square gold coated glass etched array 
(etched well: 800 µm). c) Sample optical image of the circular gold coated glass etched 
array (etched well: 800 µm). 
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The arrays differ from conventional planar gold substrates in that a glass substrate is 

etched down to micrometer levels and then coated with a gold film. This approach is also 

different from a previous report with a 15 nm grating.39 The etching process serves two 

main purposes: creating a differential resonance by severely reducing background 

resonance and enhancing the electric field amplitude inside the wells for higher surface 

sensitivity to biological interactions. The concept of reducing background resonance has 

been attempted with a polymer micropatterned array,41 where a micrometer-scale 

polymeric optical screen (microPOS) was used to passivate the region deposited with 

polymer to reduce background SPR signals. However, no appreciable sensitivity 

enhancement was observed. The gold coated etched glass array used in our work, on the 

other hand, demonstrates a significant electric field amplitude enhancement. This unique 

feature of the etched glass arrays is supported with both FDTD simulations and 

experimental results, demonstrating bulk and surface sensitivity enhancement compared 

to planar gold substrates and gold island arrays. 

 

EXPERIMENTAL 

Materials. The metals (gold, silver, chromium) used for electron-beam evaporation were 

acquired as pellets of 99.99% purity from Kurt J. Lesker (USA). BOE etchant (6 parts 

40% NH4F and 1 part. 49% HF) was obtained from Shipley Co. (Marlborough, MA). 

Ethanol (200 proof) was obtained from Gold Shield Chemical Co. (Hayward, CA). BK-7 

glass substrates were from Corning (Painted Post, NY). L-α-phosphatidylcholine (PC) 

was purchased from Avanti Polar Lipids (Alabaster, AL). Cholera toxin (CT) from Vibrio 
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cholera and Triton X-100 were obtained from Sigma-Aldrich (St. Louis, MO). The 

monosialoganglioside receptor (GM1) was obtained from Matreya (Pleasant Gap, PA). 

All lipids were made into stock solutions in chloroform and stored in a -80°C freezer 

unless otherwise noted. 

Fabrication of Etched Glass Arrays. A photolithographic method was used for pattern 

fabrication with high precision. A five-step process including photolithography, 

developing, wet chemical etching with buffer oxide etchant (BOE), e-beam evaporation 

of gold, and PECVD of SiO2 (optional) has been developed and utilized for this work 

(Figure 1a). First, positive photoresist AZ5214E was spin coated on the cleaned BK7 

glass substrate and then patterned by exposing the substrate to UV light for ∼10 s.  

Thereafter, the arrays were developed with 4:1 ratio of water to AZ400K developer 

solution to expose the patterned areas. The substrate was rinsed with water and dried with 

nitrogen for subsequent wet chemical etching. 

To etch the patterned glass substrate, standard wet chemical etching using 

buffered hydrofluoric acid (BOE) was used (Caution!), which presents many 

advantages.42 First, etch depth calibration measurements were performed (Figure 8.2) to a 

reproducible level for 1-15 µm etching in the patterned areas. This process requires 

control of BOE exposure time, which allows the production of desired etch depths based 

on simulation results.  
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Figure 8.2 Calibration curve of etch depth vs. exposure time in buffer oxide etchant 
(BOE) for the etched glass arrays. R2 = 1 with an etchant rate of 0.62 µm/min. 
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It is advantageous to employ BOE rather than HF for the etching process as BOE 

maintains a slower and more stable etch rate by controlling the pH and replenishing the 

depletion of the fluoride ions (where the buffer acts as source of extra fluorine).43 For 

micrometer sized etches, BOE provides good uniformity, little precipitation, and high 

stability of the photoresist.44  After the etching, the glass arrays were rinsed with water. 

Acetone was then used to remove the remaining photoresist. The etched arrays were dried 

under a stream of nitrogen gas and etch depth measurements were taken using a Veeco 

Dektek 8 profilometer (Santa Barbara, CA).  The etched glass arrays were then coated 

with a 2-nm thick chromium adhesion layer, followed by a 51 ± 2 nm thick gold layer via 

electron beam evaporation.  The resulting fabricated etched glass chips coated with gold 

are shown for square (Figure 8.1b) and circular (Figure 8.1c) 800 µm patterns. The 

surface roughness of the array wells were measured to be < 3 nm via AFM images 

obtained using a Veeco Dimension 5000 atomic force microscope (Santa Barbara, CA) 

with manufacturer-provided software. All images were obtained in tapping mode, and 

rms surface roughness values were obtained by averaging multiple 25 μm2 areas across 

the array well at a scan rate of 1 Hz. The etched glass arrays were stored in a vacuum 

desiccator until use. 

For surface sensitivity measurements the etched glass arrays were made 

hydrophilic by plasma enhanced chemical vapor deposition (PECVD) of 3-6 nm silicon 

dioxide using a Unaxis Plasmatherm 790 system (Santa Clara, CA) on top of the gold 

layer. All chips were stored under vacuum. 
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Simulation and Computational Modeling of the Arrays. Simulation was performed 

with 3-D Finite-Difference Time-Domain (FDTD) method and commercial software EM 

Explorer. This method is based on the direct solution of Maxwell’s curl equations by 

discretization in space and time.45  The simulation was performed using Yee cell size of 

20 nm, giving an accuracy of 1-2%. Data points were taken every 0.05 deg. with 4000 

iterations for high accuracy reflectivity curves. The structure (length: 94 µm, etch width: 

90 µm, etch depth: 0-15 µm) was illuminated with an incident plane wave (λ= 648 nm) 

with Perfectly Matched Layer (PML) absorbing boundary conditions applied in all 

directions. The dielectric permittivities and thickness (d) of gold  (ε=-14.81 + i0.77, d=51 

nm), chromium (ε=8.60+ i8.19, d=2 nm) and silicon dioxide (ε=2.12, d = 6 nm) were 

determined by fitting the theoretical reflectivity curves obtained by FDTD calculations 

with the experimental curves obtained using NanoSPR6 reported in a recent work by our 

group.46  

Instrumentation for SPRi analysis.  A detailed description of the instrumentation setup 

was provided in previous work.47 Briefly, the etched BK7 glass array substrate coated 

with gold was mounted on an optical stage containing a 300 µl flow cell. An equilateral 

SF2 triangular prism (n=1.616) was then put in contact with the array substrate with a 

refractive index matching liquid (n=1.610). The optical stage was fixed to a goniometer 

that allows the tuning of the incident angle. A red light emitting diode (LED, 648 nm) 

was used for excitation and the reflected images were captured by a cooled 12-bit CCD 

camera (Retiga 1300 from QImaging) with a resolution of 1.3 MP (1280 × 1024 pixels) 

and 6.7 µm × 6.7 µm pixel size. The injection of sample solutions into the flow cell was 
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monitored in real time by recording changes in the reflectance every 300 ms inside the 

etched glass array wells and on the surroundings. A sensorgram was collected using a 

home-built LabVIEW program, and the images of the array were taken automatically 

using p-polarized light and s-polarized light alternatively and streamed to the computer. 

Differences images were obtained by digitally subtracting one image from another. All 

the experiments were carried out at room temperature (23 °C) and used 20 mM phosphate 

buffered saline (PBS) buffer (pH 7.4 with 150 mM NaCl) as the running buffer. 

Preparation of Lipid Vesicles. Vesicles were prepared from stock solutions in 

chloroform. The appropriate mole percent of each lipid was mixed together in a small 

vial and then dried with nitrogen to form a dry lipid film. Thereafter the lipid containing 

vial was placed in a vacuum desiccator for 4 h in order to completely remove all solvent. 

The lipid was then resuspended in 20 mM PBS buffer solution (150 mM NaCl; pH 7.4) to 

a lipid concentration of 1.0 mg/mL. After vigorously vortexing to remove all lipid 

remnants from the walls of the vial, the vesicles were probe sonicated for 20 min. The 

resuspended lipids were then centrifuged at 8000 rpm for 6 min to remove any titanium 

particles from the probe tip during sonication. Then the supernatant was extruded through 

a polycarbonate filter (100 nm) to produce vesicles of uniform size. Small unilamellar 

vesicles (SUV) prepared by this method were 125 ± 4 nm in diameter as determined by 

dynamic light scattering (DLS) using a particle sizing analyzer from Brookhaven 

Instruments Corp. (Holtsville, NY). 

Test of Stripping Methods on Etched Glass Array Substrates. The NanoSPR 6: 

Model 321 (Chicago, Illinois) was used for all SPR measurements. This instrument uses a 
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GaAs semiconductor laser (λ = 650 nm) and 30 µl dual-channel flow cell for high 

sensitivity refractive index measurements. 20 mM phosphate buffered saline solution (pH 

7.4 with 150 mM NaCl) was used as both the running buffer and dilution buffer, and the 

flow rate was 6 mL/hr unless otherwise noted. Once a smooth baseline was established, 

PC or PC/GM1 vesicles (1.0 mg/mL in PBS) were injected across the SiO2-coated gold 

sensor chip. Instant vesicle fusion on the hydrophilic surface was observed and the 

membrane-laden surface was allowed to incubate until complete vesicle rupture and 

bilayer formation was observed (ca. 15 min.) before finally rinsing the surface with PBS 

to wash away any non-specifically adsorbed vesicles. For the biomolecular interaction 

analysis (BIA) consistent to experiments taking place on the SPR imager, cholera toxin 

(0.085-100 µg/mL in PBS) was injected and incubated to allow for stable lipid-protein 

binding. Once a stable signal was observed, the surface was rinsed with PBS again. To 

regenerate the sensor surface, a variety of solutions including NaOH and Triton X-100 

have been tested (Figure 8.3). For complete removal of the lipid-protein complex a 

modified protocol using 5% Triton X-100 from our previous work on calcinated 

nanoglassy substrates was selected.48 Briefly, after 5% Triton X-100 reached the surface, 

the flow rate was increased 4 times for 30s to remove bound protein/membrane from the 

hydrophilic surface, resulting in a return of the signal to the sensor baseline, which 

indicated the removal of all bound biomolecules. This process of membrane formation, 

CT binding, and biomolecule removal with surfactant could be easily repeated for 

numerous cycles and carried over to the SPR imaging format. 
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Figure 8.3 SPR sensorgram of troubleshooting the stripping of protein/membrane from an 
SiO2-coated gold chip. 

 

 

 

  



245 
 

Calibration Assay with Ethanol and SPRi.  To test bulk sensitivity of the etched glass 

arrays various concentrations of EtOH in DI water (0.1% to 20% w/v) were made. 

Refractive index values for each solution were determined using an Abbe refractometer 

from American Optics (Ontario, Canada). All solutions were injected under flow 

conditions at a flow rate of 6 mL/hr in the previously described flow cell. Values for spot 

intensity were converted to change in percent reflectivity to correct for spot to spot 

variations in light intensity via the equation %∆R = (Ip/Is) × 100 where Ip and Is represent 

the p-polarized and s-polarized light intensity of each spot, respectively. 

CT/GM1 Biointeraction Assay with SPRi. This assay on the SPR imager was run in the 

same manner as the SPR spectroscopy method explained above and the surface was 

regenerated using 5% Triton-X 100 for subsequent biosensing cycles. 

 

RESULTS AND DISCUSSION 

Differential Resonance at the Microscale  

A number of resonance enhancement methods exist, which generally take 

advantage of localized SPR (LSPR) and surface enhanced Raman spectroscopy (SERS).49 

However, research effort utilizing microstructured substrates to manipulate resonance to 

improve propagating SPR for SPR imaging applications has been very limited. Our 

approach focuses on separating the background resonance from the main etched glass 

array plane and therefore offers a “differential resonance” with improved performance. In 

these arrays the background resonance is separated from the array well resonance leading 

to lower background signals. To demonstrate the effectiveness of this design, FDTD 
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simulations were carried out with parameters set for micrometer sized etches on gold 

substrates under aqueous conditions (Figure 8.4). While various etch depths have led to 

distinct differential resonance, the best resonance separation was obtained at the low 

micrometer level, specifically at ∼ 3 µm, as shown in Figure 8.4a. The strong resonance 

in the wells originates from the SPR confinement and back reflection on the walls of the 

well. This phenomenon leads to a higher field on the left side due to SPR propagation 

direction and the large size of the wells.46 At higher etch levels (up to 25 µm) differential 

resonance was obtainable but there is no enlarged resonance separation. When a 

nanometric-scale depth (~ 500 nm) was used, the resonance separation was small and the 

chip displayed almost no differential resonance patterns. This is due to the fact that at 

sub-wavelength depths, surface plasmon polaritons propagate beyond the abrupt 

nanometric discontinuity separating the wells from the surrounding area. For wells with 3 

µm etch depth, a very strong electric field is observed inside the wells at the resonance 

angle (Figure 8.4b) that is not present on the background plane. However, at a slightly 

lower angle, no electric field is observed inside the wells while a weak field is present on 

the background (Figure 8.4c).  
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Figure 8.4 Simulated reflectivity curves for the etched glass array coated with gold in 
water. a) Reflectivity curves for both the etched glass array and gold island array 
substrates. Inset: Magnified region around each reflectivity curve minimum. b) Electric 
field distribution in a 3 µm etched glass array spot at the resonance angle. c) Electric field 
distribution in a 3 µm etched glass array spot off the resonance angle. The scale for b) is 
more than three times larger than that of c). 
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These results clearly demonstrate differential SPR excitation in the array wells only at a 

specific incident angle. It is also important to note that the scale on Figure 4b is more 

than three times larger than that of Figure 4c, thus the resonance in the wells is much 

stronger than that in the background region. The large difference in the electric field 

strength between the etched glass array and planar gold substrate has been quantified as 

well (Table 8.1). In that table, it is worth noting that at the 3 µm etch depth, a 3-fold 

electric field enhancement is observed in the etched glass array wells compared to planar 

gold substrates, which presents an exciting and important feature for our design.  

Previous studies have indicated that higher amplitude of the electric field often leads to 

higher detection sensitivity for SPR imaging.38,39  
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Table 8.1 Electric field enhancement comparing planar chips (etch depth of zero) to 
etched glass chips coated with gold. 

 
Etch Depth (µm) Electric Field (arb.) Field Enhancement 

0 36.0 1 

1 110.3 3.06 

2 119.4 3.32 

3 114.2 3.17 

4 119.0 3.30 

5 112.8 3.13 
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To understand this enhancement effect, simulations were carried out at a fixed 

micrometer level etch depth whereas the array well widths were varied. The resulting 

reflectivity curves are displayed in Figure 8.5.  For wells with 3 µm etch depth, the 

electric field values increase with larger well widths (Table 8.2), showing a nearly 2.5 

fold higher field for a 90 µm well as compared to a 10 µm well.  
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Figure 8.5 FDTD simulation depicting the electric field enhancement in 2 µm etched 
glass arrays based on different etch widths. 
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Table 8.2 Electric field values and measures of precision for a simulated 2 µm etched 
glass array. 

 

Etch Width (µm) Electric Field 
(arb.) FWHM (deg.) 

10 44.2 9.2 

30 98.6 5.4 

90 119.4 3.8 
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Narrow etch widths exhibit substantial interference from the side walls, resulting in larger 

full width half maximum (FWHM) in reflectivity curves. The large FWHM value can 

lead to less precise reflectivity curves, weak differential resonance effect, and possibly 

less detection sensitivity. In addition, when the SPR active area (well surface) increases, 

the contribution from the background area to the reflected light decreases. All these data 

suggest that large etches and small spot-to-spot distance, which leads to high signal 

intensity and improved signal to background ratio, would yield the strongest differential 

resonance pattern. The fabrication of high performance arrays is thus focused on 

generating large spots at micrometer etch depths with small spot-to-spot distance, which 

should yield two exciting features particularly useful for SPRi biosensing: differential 

resonance with severely reduced background resonance and marked electric field 

enhancement compared to existing array platforms. 

Characterization of Etched Glass Arrays with SPR Imaging  

To demonstrate the utility of these chips for SPR imaging a series of experiments 

were conducted for imaging analysis under various conditions when the flow cell was 

filled with water for high-density, 800-µm spot arrays (Figure 8.6). For comparison 

purposes, chips of gold island arrays were tested under identical conditions. Gold island 

arrays represent an advanced form of SPR imaging substrate and have been used in a 

number of commercial instruments and by several research groups.4,50,51 On the left side 

of Figure 8.6 are the SPR images of the etched glass array while the gold islands arrays 

are depicted on the right side of the figure. Also in Figure 8.6 from top to bottom are SPR 

p-polarized image in air, p-polarized image as water fills the flow cell, and difference 



254 
 

image for each type of the array chip. Upon injection of water the background signal is 

minimally affected as the etched array spots become brighter, nearly matching the 

background resonance. For the gold island array, however, the resonance signal changes 

differently as the spots go from dark to bright and vice-versa for the background. This 

switching background effect is due the support of a weak evanescent field at the glass-

fluid interface in the background of the gold island array substrate. This feature of the 

gold island array represents a number of significant drawbacks including poor 

quantitation of biointeractions with SPR imaging along with a limited dynamic range.10 

Additionally, the image contrast flip indicates the background area supports a relatively 

strong evanescent field and thus is sensitive to changes occurring at the surface. This is a 

major disadvantage for the gold island substrate for SPR biosensing. By contrast, the 

etched glass arrays demonstrate a differential resonance pattern, making the signal 

outside the spots (background) nearly negligible and thus irrelevant even in the presence 

of non-specific adsorption. 
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Figure 8.6 SPR images of an etched glass array (left column) and gold island array (right 
column) as water fills the flow cell. For each column, from top to bottom, initial SPR 
image taken in air, water covering the substrate surface, and the resulting difference. 
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Not only are the etched glass arrays capable of reducing background resonance, they 

exhibit improved sensitivity. One approach to improve SPR imaging sensitivity is to 

increase the signal-to-noise (S/N) ratio.52 Upon examining the line profiles for the SPR 

difference images displayed in Figure 8.7, the increase in S/N is easily demonstrated 

compared to the gold island arrays. Line profiles from SPR images of the etched glass 

array exhibit at least a two-fold increase in S/N ratio compared to the gold island array 

(Table 8.3). Furthermore, by severely reducing the background signal (Figure 8.7), the 

signal-to-background (S/B) ratio for the etched glass arrays is five times higher than the 

gold island array (Table 8.3). This unique feature of the etched glass arrays should enable 

a larger dynamic range and higher detection sensitivity by uncovering signal that remains 

lost among the background on the gold island arrays. Additionally, the reproducibility of 

the differential resonance patterning on the etched glass arrays is demonstrated with less 

than 1.5% RSD, more than two fold lower than that of the gold island array (Table 8.3). 

With the advent of a reproducible differential resonance pattern, this substrate is at the 

forefront of an exciting new class of SPR mode supported sensing materials. 
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Figure 8.7 SPR images of etched glass array (left) and gold island array (right). SPR 
Images  taken in air  with p-polarized (top image) and s-polarized (middle image) 
incident light. Bottom images represent the SPR difference images. The line profile 
(bottom) of the top row of each difference image (not background corrected) is depicted 
by a black rectangle for each array. For reference, the blue line indicates the zero 
background level. 
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Table 8.3 Comparison of analytical features of etched glass array versus gold island 
array. 

 
Array Characteristics Etched Glass Array Gold Island Array 

Signal/Noise (S/N) 72 30 
Signal/Background (S/B) 10.6 2.1 

%RSD 1.4 3.3 
Background Resonance Weak Strong 
Switching Background No Yes 
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The etched glass arrays not only eliminate the switched background effect and 

consequently the strong background resonance, but also show almost no appreciable 

reflectivity under s-polarization (Figure 8.7). Under a normal SPR imaging experiment 

the s-polarization image is collected and then subtracted out to create a difference image 

devoid of inhomogeneities that may be present on the substrate. With these etched glass 

array chips, the need for continual retrieval of difference images is negated. The gold 

island arrays, however, show a signal under s-polarization due to the difference in 

reflection between glass and gold. Along with the presence of a weak evanescent field at 

the glass-dielectric interface, background signals are considerable more apparent on the 

gold island arrays compared to the etched glass arrays. 

Bulk Sensitivity of Etched Glass Arrays  

To determine if electric field enhancement in the etched wells leads to greater 

sensitivity, a bulk calibration test was performed with ethanol (EtOH) solutions. As 

shown in Figure 8.8, 0.1% and 1% EtOH are considerably below the detection range of 

the planar gold substrate while the etched glass arrays can easily observe a strong signal 

for 0.1% EtOH (Figure 8.8b). This minute shift in of refractive index of < 10-4 RIU 

demonstrates a high level of bulk sensitivity for the etched glass array better than existing 

SPR imaging substrates.  
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Figure 8.8 Sensorgrams from SPR imaging calibration experiments for low 
concentrations of ethanol for both a planar gold substrate a) and an etched glass array 
substrate b). 
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To quantify the analysis, calibration curves were completed for all three types of arrays 

(planar, gold island, and etched glass arrays) and the results are shown in Figure 8.9. The 

etched glass array substrate is at least four times more sensitive than the planar substrate 

and roughly 2 times more sensitive than the gold island array. The etched glass array also 

has the largest dynamic range for the tested samples. The marked improvement in bulk 

sensitivity can be directly attributed to the unique substrate design which creates a 

differential resonance pattern in the etched wells while also enhancing the electric field. 
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Figure 8.9 SPRi calibration curves for ethanol standards on a planar gold substrate 
(black), gold island array (blue), and etched glass array (red) where ∆n represents the 
change in refractive index. 
 

 

  



263 
 

Test of Surface Sensitivity with Cholera Toxin-GM1 Interactions  

To demonstrate sensitivity for biointeraction on the etched glass array substrate, a 

surface sensitivity study was conducted for the detection of cholera toxin (CT) using 

ganglioside GM1 embedded supported lipid membranes. Cholera toxin (CT) is a protein 

enterotoxin secreted by the bacterium Vibrio cholerae. It is a cytotoxin with pentameric B 

subunits that recognize and bind to the pentasaccharide moiety of GM1 on the cell's 

membrane and this interaction has been widely used as a model membrane system.53,54 

To allow for direct vesicle fusion of a lipid membrane on the etched glass array a thin 

layer of SiO2 was deposited on the surface.55 A mixture of lipids containing 5% GM1 was 

then fused to the SiO2 coated gold etched glass array. The addition of 10 µg/mL CT 

yielded a strong binding signal on the resonant spot while the signal in the background 

was virtually unchanged (Figure 8.10). The sensor surface can be regenerated with the 

addition of 5% Triton X-100 using a modified procedure from previous work in our lab.48 

This procedure removes the protein/membrane complex without damaging the underlying 

substrate. Sensorgrams showing two cycles of lipid vesicle fusion, CT binding, and 

protein/membrane removal are given in Figure 8.10.  
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Figure 8.10 SPR sensorgram from SPR imaging analysis on SiO2-coated gold etched 
array demonstrating biomolecular interactions. v: vesicles, 1 mg/mL PC/GM1 (95/5); p1: 
10 µg/mL cholera toxin; p2: 20 µg/mL cholera toxin; s: surfactant, 5% Triton X-100. 
Two control responses (located ca. 2100 arb. on the y-axis) based off background signals 
on the same chip are shown as well. 
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Additionally, a calibration curve was measured for CT binding to the GM1 incorporated 

membrane (Figure 8.11) and the limit of detection was determined to be < 5 nM. At  this 

concentration a discernible signal can be observed for CT on the sensorgram data from 

the SPR images (Figure 8.12a) while no signal is observed on the control (Figure 8.12b). 

Although a signal at 1 nM CT can be observed, the S/N is only ∼2, below the standard 

confidence level of detection. Nevertheless, the 5 nM detection limit is multi-fold lower 

than the previous work using a tethered array format56 and roughly 60% lower than the 

calcinated silicate film we previously reported.57 To the best of our knowledge, this 

etched glass array exhibits the most sensitive result for CT binding without post-binding 

amplification. 
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Figure 8.11 Calibration curve of CT binding to GM1 moiety on etched SiO2-coated gold 
etched glass array under the SPR imaging mode. 
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Figure 8.12 SPR sensorgram from SPR imaging experiment on SiO2-coated gold etched 
glass array.  a) Binding signal for 5 nM CT on a PC/GM1 vesicles and b) binding signal 
for 5 nM CT on PC based vesicles only. 
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CONCLUSIONS 

Through the use of both simulations and experimental data we have demonstrated 

the design of a unique array substrate that yields high performance for SPR imaging 

analysis. With differential resonance patterns, the etched glass array substrate greatly 

reduces the background signal, resulting in a signal-to-background ratio five times better 

than the gold island substrates. Furthermore, simulations indicate a 3-fold electric field 

enhancement compared to the best SPR imaging substrates available. This field 

enhancement was verified with the interaction of CT with GM1 where the surface 

sensitivity was an order of magnitude better than any other reported SPR imaging 

substrate without the use of post-binding signal amplification.  This sensitivity 

improvement over existing SPR imaging substrates signifies a remarkable advantage for 

label-free biosensing. In addition to sensitivity enhancement, the fabrication process is 

relatively easy, and the substrate can be reused with a mild stripping buffer, minimizing 

both the cost and labor of array fabrication. These unique attributes of the etched glass 

array chip could inspire new SPR applications that demand higher throughput and better 

detection sensitivity. The simple chip fabrication method allows user-defined shape and 

depths to be used, enabling new exploration in cellular analysis and microfluidics. In 

addition to SPR imaging studies, other optical platforms such as total internal reflection 

spectroscopy (such as total internal reflection fluorescence) will benefit from this unique 

substrate design, changing the face of both label and label-free high throughput analysis.  
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CHAPTER 9: Conclusions and Future Work 

 SPR and SPR imaging are becoming the technique of choice for biotech 

industries, in particular biopharmaceuticals, for molecular interaction study and lead 

compound discovery. Although there are still challenges ahead before matching up to the 

competing fluorescence methods, the steps that we have taken in this thesis will certainly 

make SPR and related techniques more competitive and more powerful. The main 

contributions on innovative surface design, large biomolecule assays, and development of 

new materials will broadly enhance the performance and impact the SPR field for years 

to come. When I started my graduate studies at UCR there were very limited number of 

US based companies marketing SPR spectrometers. Now there are as many as 20 

companies that have established a portion of the market within the last five years.  In fact, 

our group has been at the forefront of this growing technology by working with an 

Illinois-based company, NanoSPR, to develop a two-channel SPR spectrometer to 

examine both s and p-polarized light on the same sample. This instrument can yield 

exciting results leading to new insight into the biological systems, especially lipid 

bilayers, which has never been addressed before in a label-free manner.  

 It is difficult to determine what the next decade of SPR and SPR imaging will 

become but chances are the best way to break into the market that fluorescence dominates 

is through the development of hyphenated instrumentation. While SPR itself may not yet 

challenge the labeled fluorescence detection, its applicability to existing analytical 

instrumentation could make the technique more useful and offer the power of analysis 

never seen before.  The combination of surface plasmon resonance with complementary 
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analytical techniques is not a new idea as it has become increasingly popular during the 

last decade. However, very little research has been focused on combining SPR with 

routinely used analytical techniques like mass spectrometry and liquid chromatography, 

paving the way for an exciting branch of SPR-based hyphenated technique research. The 

hyphenation could be divided into two different approaches depending on research 

emphasis: 1) combining different physical phenomena in the same instrument in order to 

achieve a higher sensitivity and/or resolution; and 2) achieving serial use of different 

instruments for the same sample analysis.  

Many techniques have regained previous levels of popularity by either 

hyphenation or other adaptation. Among techniques in this category include Raman 

spectroscopy, the basis for the growing technique of surface enhanced Raman 

spectroscopy (SERS). This technique enables an unprecedented spectroscopic signal 

enhancement on the order of 106 for the detection of single molecules.1 Similar to SERS 

technique, surface-plasmon field-enhanced fluorescence spectroscopy enhances the 

sensitivity by several orders of magnitude (ca. 103).2  The concept is based on the 

excitation by surface plasmons of fluorescently labeled analyte molecules, and detection 

of the emitted fluorescence intensity. SPR-ellipsometry is also reported to increase the 

sensitivity by one or two orders of magnitude for thin film analysis while also enabling 

measurements in opaque liquids.3 A variant of this approach has been demonstrated by 

coupling SPRi to imaging ellipsometry (IE) to monitor the thickness of phospholipid 

films of varying number of layers.4  
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The serial coupling of analytical instruments with SPR biosensors is generally 

utilized to speed up and complement the bioanalysis procedure. This approach is well 

illustrated by the successful and rapid implementation of SPR-mass spectrometry (MS).5 

It is based on the use of SPR to characterize the activity of a target molecule, which is 

then recovered from the SPR chip surface for subsequent MS analysis. Such a sequence 

enables rapid study of both the function (by SPR) and the structure (by MS) of the 

binding molecules. We recently demonstrated that an ultrathin calcinated film on a gold 

SPR substrate allows effective laser desorption/ionization MS analysis of proteins and 

peptides without the need of an organic matrix.6 Marchesini and coworkers developed the 

on-line nanoscale coupling of SPR for the screening of low molecular weight molecules 

with nano-liquid-chromatography electrospray ionization time-of-flight mass 

spectrometry (nano-LC ESI TOF MS).7 Visser and coworkers combined LC, SPR, and 

MS together and immobilized cGMP molecules to an SPR chip to monitor the binding 

and dissociation of proteins from a human cell lysate by sequential elution steps and 

SPR.8  In fact, SPR-MS technological innovations have grown considerably in the last 

few years and have even sparked enough interest that leads to a book chapter devoted to 

the topic.9 A highly interesting development is the creation of an SPR-MS array platform 

and realization of SPR/MS detection on a single high-content protein microarray.10,11 The 

SPR-MS dual detection demonstrates that both protein concentration as well as structural 

aspects of protein variants can be detected. High-throughput detection using various 

forms of SPR-MS have also been reported for automated affinity purification of 

recombinant and native proteins12 and identification of proteins captured on DNA 
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surfaces.13 These examples aforementioned represent just the beginning in the rapidly 

expanding field of SPR/MS technology. 

Another interesting design involves the development of one single chip to 

combine micro-free flow electrophoresis (µ-FFE) and surface plasmon resonance 

detection.14 The combination of this technique with MS analysis represents one of the 

most interesting sequences towards a unique proteomics platform. Other techniques have 

been recently coupled to SPR-MS including liquid chromatography8 and protein 

digestion by immobilized enzymes reactors.15 Scanning tunneling microscopy (STM) and 

atomic force microscopy (AFM) have also been used to correlate the attachment and 

positioning of biomolecules onto the surface with their functionality measured by an SPR 

biosensor,16 and for simultaneous analysis of thin films and polymers.17 The optical set-

up for AFM-SPR could be easily implemented due to the geometrical compatibility (the 

AFM tip probes the sample from the top while the incident light of ATR-SPR reaches the 

surface from underneath). SPR has also been combined to other analytical devices 

including electrochemical instrumentation.18 surface acoustic wave sensors,19-21 HPLC,22 

and quartz crystal microbalance (QCM).23 

As I addressed in Chapter 8, the development of new materials and optical 

designs for SPR based sensors is another likely future research focus in the field. From 

the use of metamaterials, to the replacement of the resonantly active layer (i.e. gold, 

silver), the adhesion layer, and even the glass substrate have all been attempted with 

varying degrees of success in recent years. While the most likely focus in the coming 

years for SPR spectroscopy will be focused on minimizing components, improved in 
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instrumentation design should also continue. Reducing the number components in the 

optical system for simplicity remains a major goal of SPR based sensors and should 

continue to be a major focus in the field for years to come. Related, the development of 

linear optics for SPR could change the way experiments are performed and possibly bring 

down the cost of future SPR instrumentation. These are just a few of the possible major 

directions SPR spectroscopy could point towards in the coming years. 

While there are a number of research directions to be explored with SPR and SPR 

imaging, it is believed that the trend in hyphenation and new optical designs are the two 

burgeoning fields that could mark the future of SPR. Combining hyphenation with the 

development of exciting new SPR-carrying materials, the prospect of SPR and SPR 

imaging looks brighter than ever. By adding functionality to existing analytical devices 

rather than creating a new demand in the market SPR research, method development, and 

commercialization should continue to grow for the foreseeable future. 
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