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Phosphorylation is one of the most significant post-translational modifications of 

proteins in eukaryotes, and is involved in numerous cellular events. Therefore the 

identification and quantification of phosphorylation sites in proteins is of great 

importance. With its rapid development, mass spectrometry (MS) appears to be the 

most powerful technology in proteome research. However, the quantitative 

characterization of phosphoprotein is still a challenging task because of the low 

abundance of phosphoprotein, the substoichiometric nature of phosphorylation, and 

some technical limitations, which makes the isolation and concentration of 

phosphopeptides prior to MS analysis necessary. To date, ion metal affinity 

chromatography (IMAC) and metal oxide affinity chromatography (MOAC) are the most 

commonly used methods. However, nonspecific binding from the acidic side chains of 

nonphosphorylated peptides results in low specificity and sensitivity in both.  

The use of zirconium alkyl-phosphonate (ZrP) for capturing molecules containing 

phosphate groups was first reported by our group and collaborators in studies including 

DNA or protein immobilization. The first study described in this thesis applied the ZrP 
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surface in phosphopeptide enrichment by first studying the pH influence on peptide 

binding and then investigating the ability of the surface in distinguishing phosphopeptide 

analogs, using surface plasmon resonance enhanced ellipsometry (SPREE) technique. 

The second project aims to compare the enrichment efficiency of the ZrP surface 

to TiO2, which is the most widely used material in MOAC. A solution deposition method 

to grow a TiO2 thin film on gold slides was tried and atomic layer deposition (ALD) was 

also performed. Four peptides used in project 1 were chosen for the enrichment 

efficiency comparison using the SPREE technique. 

The objective of the third project is to develop a phosphorylatable protein tag for 

protein immobilization. Five peptide candidates were chosen to evaluate the binding 

affinity to Zr-phosphate and Zr-phosphonate surfaces. The final chosen peptide was 

fused with a protein to test its ability to immobilize the protein. A bench prepared amine 

slide was also tested in the same experiments.  

With SPREE and fluorescence techniques, we can obtain mass quantitative 

information and details on kinetic binding. Other biophysical techniques such as atomic 

force microscopy (AFM), X-ray photoelectron spectroscopy (XPS) were applied to 

characterize the surface.  
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CHAPTER 1 
INTRODUCTION 

Phosphoproteome 

Phosphorylation is one of the most significant post-translational modifications of 

proteins in which a serine, a threonine or a tyrosine residue(Figure 1-1) is 

phosphorylated by a protein kinase by the addition of a phosphate group.  

Starting from the 1950s, phosphoproteins began to emerge as key regulators of 

cellular life. In 1954, Burnett and Kennedy first reported the biological process of 

phosphorylation by observing an enzyme activity in which a phosphate was transferred 

onto a protein.[1] The protein responsible was a liver enzyme that catalyzed the 

phosphorylation of casein and became known as a protein kinase (Figure 1-2), the first 

of its kind to be discovered. A year later, Fischer and Krebs [2], and Sutherland  and 

Wosilait [3], showed that an enzyme involved in glycogen metabolism was regulated by 

the addition or removal of a phosphate, suggesting that reversible phosphorylation 

could control enzyme activity. Today, with the development of science and technology, 

it is estimated that protein phosphorylation is involved in about 30% of the proteome 

and plays crucial regulating roles in numerous cellular events such as cell growth, cell 

division, cell signaling, metabolism and apoptosis, which is often referred as 

”phosphoregulation”. [4] [5] [6]In these metabolic processes, the protein realizes its 

regulation functions by switching between a phosphorylated form and an 

unphosphorylated form, with one being the activate form and the other the inactivate 

form. Abnormal phosphorylation is the cause of many human diseases like diabetes or 

Alziheimer’s. Moreover, some naturally occurring toxins and pathogens also function by 

altering the phosphorylation states of proteins.[7] [8] Therefore, the identification, location 

http://en.wikipedia.org/wiki/Serine
http://en.wikipedia.org/wiki/Threonine
http://en.wikipedia.org/wiki/Tyrosine
http://en.wikipedia.org/wiki/Phosphorylation
http://en.wikipedia.org/wiki/Kinase
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and quantification of phosphorylation sites in proteins is of great importance to help 

investigate the regulation of cellular metabolic mechanisms and other biological 

networks.  

Mass spectrometry (MS) is an important technology in proteome research and is 

widely applied in the detection and characterization of protein phosphorylation and 

phosphopeptides due to its ability to identify a large number of proteins from their 

corresponding peptides fragments, as well as to identify and locate post-translational 

modifications, such as phosphorylation sites.[9]However, the identification and 

characterization of phosphoprotein is still a very challenging task because of the low 

abundance of phosphoprotein, the substoichiometric nature of phosphorylation, and 

some technical limitations,[10] [11] which makes a step of isolation and concentration of 

phosphopeptides prior to MS analysis necessary. In this step, protein digest is 

introduced to the phosphopeptide enrichment system, which retains most of the 

phosphopeptide from the mixture. In the following rinsing step, the unbound peptide 

from the digest mixture and most of the non-specifically bound non-phosphopeptide is 

washed out, while the target phosphopeptides remains in the system. Finally in the 

elution step, a strong eluting solvent would be able to wash all the phosphopeptides off 

the system, giving concentrated and purified phosphopeptides. A flow chart of the 

enrichment procedure is shown in Figure 1-3. Many approaches have been developed 

to capture phosphopeptide from protein digest mixtures, including immunoprecipitation 

with phosphoprotein specific antibodies, immobilized metal affinity chromatography 

(IMAC), ion exchange chromatography, metal oxide affinity chromatography (MOAC), 

and other alternative methods such as chemical derivatization and addition of an affinity 

javascript:popupOBO('GO:0051179','c0nr00896f')
javascript:popupOBO('GO:0016310','c0nr00896f')
javascript:popupOBO('CHEBI:36080','c0nr00896f')
javascript:popupOBO('GO:0007165','c0nr00896f')
javascript:popupOBO('CMO:0000470','c0nr00896f')
javascript:popupOBO('CMO:0000470','c0nr00896f')
javascript:popupOBO('CHEBI:36080','c0nr00896f')
javascript:popupOBO('CHEBI:16670','c0nr00896f')
javascript:popupOBO('GO:0043687','c0nr00896f')
javascript:popupOBO('GO:0043687','c0nr00896f')
javascript:popupOBO('CMO:0000470','c0nr00896f')
javascript:popupOBO('CMO:0002256','c0nr00896f')
javascript:popupOBO('CMO:0002256','c0nr00896f')
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tag to phosphorylated amino acids through chemical reactions.[12]To date, IMAC, MOAC 

are the most commonly used techniques. And zirconium phosphate/phosphonate 

modified particles or surfaces also becomes more and more popular since the first 

reported by Zou’s research group in China in 2006[5] [13] [14] [15] [16].  

IMAC  

Immobilized metal affinity chromatography is based on a high affinity binding of 

an immobilized metal ion by chelating a part of the target protein (Figure 1-5) [17]. It is 

first introduced by Porath et at. in 1975 under the name of metal chelate affinity 

chromatography and is now the most popular tool in phosphopeptide enrichment. 

[18]Typical metal ions used in IMAC include Fe3+, Ga3+ and Ni2+, and recently some 

groups also reported IMAC with Ti4+ and Zr4+. [6] [19] [20]In conventional IMAC, the metal 

ions are usually immobilized onto the adsorption matrix by two types of chelating 

ligands: iminodiacetic acid (IDA) and nitrilotriacetic acid (NTA), which chelates to the 

metal ion via carboxylic groups and amino groups respectively(Figure 1-4). However, 

possible loss of phosphopeptide and nonspecific binding from the non-phosphorylated 

peptides containing carboxylic groups (indicated in the red box in Figure 1-5) in the side 

chains to IMAC results in low specificity and sensitivity.[21] [19] [22]  

MOAC  

MOAC is an upgrade of IMAC, by incorporating metal oxides, mostly titanium 

dioxide (TiO2), zirconium dioxide (ZrO2), in place of metal ions (Figure 1-5). Compared 

to IMAC, MOAC was found to have better loading capacity. [23] [24] In MOAC, metal 

oxides capture phosphopeptides through the formation of bidentate bonds on the metal 

oxide surface.[25] [26] Metal oxides can also be regarded as Lewis acids, the phosphate–

metal oxide interaction could also be regarded as Lewis acid-base interaction. Other 

javascript:popupOBO('CMO:0002256','c0nr00896f')
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proposed mechanism believed the enrichment is based on the electrostatic interaction 

between negatively charged peptides and positively charged metal oxide surface at low 

pH. [27] [28]  

Compared to IMAC, MOAC is considered to be time-saving, more selective and 

specific. [11] [29] [17] It is suggested that large surface area associated with the nanoscale 

nature may be the cause of the improvement in enrichment specificity and selectivity. 

However, non-specific binding from non-phosphorylated peptides containing acidic side 

chains is also observed with MOAC. 

Zr Phosphate/Phosphonate 

In 1964, Clearfield and Stynes first reported the formation of crystalline α-

zirconium phosphate (α-ZrP). It is a layered structure consisting of sheets of Zr atoms 

bound to the O atoms in phosphonic acid (structure shown in Figure 1-6 [5]), which has 

excellent ion exchange capacity, high mechanical strength and biocatalytic 

performance. [30] Xu, Whitin, et. al. reported the first use of α-ZrP in phosphopeptide 

enrichment in 2008. Comparing the enrichment results of α-ZrP to those of IMAC (with 

Fe3+) and MOAC with TiO2 using mass spectrometry, α-ZrP was found to isolate the 

most phosphopeptides after phosphoproteome analysis of mouse liver and leukemia 

cell lysate. [31]  

The use of zirconium alkyl-phosphonate (ZrP) for capturing molecules containing 

phosphate groups was first reported by our group and collaborators for its application in 

oligonucleotide microarrays based on the strong covalent bond formed between the 

zirconium ion and the phosphate group in single-stranded DNA molecules(ss-DNA). [32] 

Oligonucleotide microarrays were achieved by spotting ss-DNA molecules in a certain 

pattern on the ZrP surface followed by incubating with complementary DNA with a 
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fluorophor. Fluorescence could be observed from where the ss-DNA molecules were 

spotted (Figure 1-7). Since then, various types of ZrP modified surfaces were applied in 

phosphopeptide enrichment, such as ZrP coated porous silicon wafer, ZrP coated 

magnetic nanoparticles, and ZrP coated open tubular capillary columns(OTCC).[5] [14] [15] 

[33] All demonstrated the high selectivity and sensitivity of ZrP towards phosphopeptides. 

As compared to IMAC and TiO2, ZrP on self-assembled monolayers (SAMs) has been 

shown to bind more phosphopeptides with better selectivity from different protein 

digests.[16] 

Protein Immobilization on Surfaces 

Functioning as structural components and playing important roles in numerous 

metabolic procedures such as immune response, transport and storage process, 

protection events, and signaling processes, proteins are the most significant 

biopolymers in life. Immobilization of proteins can be defined as attaching selected 

protein molecules to a support with reduction or loss of its mobility, ideally without a loss 

of activity or function. Protein immobilization is the initial event for its diverse application 

in affinity chromatography, immunoassays, biosensors, biochips, bioreactors and many 

clinical analysis and diagnostics. [34] [35] One of the most remarkable protein functions is 

their role as natural biocatalysts - enzymes, which control almost all metabolic reactions 

in human body. Due to their high activity under mild conditions, high selectivity and 

specificity, immobilized enzymes and microorganisms have found their places in food, 

medicine and pharmaceutical industrial and environmental monitoring. [36] 

The major concern regarding immobilized proteins has been the reduction in the 

biological activity or thermal stability due to immobilization. The loss in activity could 

possibly be caused by structural modification of the protein during immobilization, 
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changes in the protein conformation after immobilization, changes in the protein 

microenvironment resulting from the interaction between the support and the protein, or 

limited access of macromolecular substrates to the active sites of the enzyme. [35] 

Therefore the concept of stabilization has been an important concern when immobilizing 

proteins/enzymes. 

The immobilization can be fulfilled by binding the protein molecules to a carrier, 

or via entrapment or enzyme molecules cross-linking. Binding to a carrier is currently 

the most commonly used approach to immobilize proteins, which takes the advantage 

of the various types of linkages and interactions among the functional groups in side 

chains of the amino acids and the support.  These interactions mainly involve physical 

adsorption such as hydrophobic and van der Waals interactions, ionic binding, covalent 

binding and affinity binding. Figure 1-8 shows a scheme of various binding interactions 

[37] and the comparison of them are listed in Table 1-1. The characteristics of the carrier 

matrix are of great importance in determining the performance of the immobilized 

protein/enzyme system. Ideal support properties include physical resistance to non-

specific binding, hydrophilicity, inertness toward protein enzyme, ease of derivatization, 

biocompatibility, uniform and oriented functional groups coverage, chemical 

environment favoring the immobilized protein molecules to retain their native 

conformation, and availability at low cost. [38] [39]  

Carrier matrices can be classified as inorganic and organic according to their 

chemical composition, from which the organic supports can further be subdivided into 

natural and synthetic polymers. 
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In the past decades, protein/enzyme immobilization technology has been rapidly 

developing and has become a matter of rational design. To date, many approaches 

have been developed to immobilize proteins and enzymes, including binding on hollow 

fiber modules, packed beds, carbon nanotubes, suspended particles and in hydrogels. 

[40] [41] Nanoporous TiO2 film was applied in protein immobilization by Topoglidis et. al. in 

1998 and then opened the gate for TiO2-immobilized protein into the electrochemical 

biosensor application field, in which the direct electron transfer between nanoscale TiO2 

and the immobilized protein help investigate the mechanism of biological redox 

reactions and develop advanced bioelectronic devices. [42] [43] [44] α-ZrP and zirconium 

phosphonate of other crystal form such as γ-zirconium phosphate has been applied in 

protein immobilizations short after its first application in phosphopeptide enrichment, 

with the mechanism believed to be the intercalation of protein between the layers of 

crystalline zirconium phosphate.[45] [46] [47]In 2008, after first reported application of ZrP 

in DNA microarrays, our group and collaborators further applied the same technique in 

microarrays for probing DNA-protein interactions, providing new perspective in applying 

ZrP in protein immobilization.[48]  

Study Overview 

This research aims at applying the same surface chemistry, Zr modified gold and 

amine surfaces to biomolecule immobilization, particularly peptides and proteins. 

Surface plasmon resonance enhanced ellipsometry (SPREE) is the major technique 

used in this work.  

Chapter 2 is an introduction to analytical techniques used in this work with 

instrumentation and applications, including introduction to fundamentals of surface 
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plasmon resonance, ellipsometry, and the advantages of the combination of the two 

techniques.  

Chapter 3-4 describes the application of ZrP modified gold surfaces in a 

phosphopeptide enrichment study using SPREE technique, including pH dependence, 

kinetics and selectivity (Chapter 3). Possible mechanisms are investigated using a 

mathematical model (Chapter 3), and a specificity test using peptide analogs (Chapter 

4).  

As the mechanism of ZrP surface capturing phoshopeptides is believed to be 

based on the covalent bond formed between the zirconium ion and the phosphate group 

in the peptides, while the enrichment mechanism of TiO2 is considered to be involved 

with electrostatic interaction, a comparison between the two on phosphopeptide 

selectivity drew our interest. 

The next chapter, Chapter 5, focused on the deposition of TiO2 thin films onto 

gold surface, surface characterization and comparison of efficiency in phosphopeptide 

enrichment to ZrP surface. The enrichment mechanism was also discussed and 

compared. This chapter introduces two approaches to coat a TiO2 thin film on gold 

surface: solution deposition method and atomic layer deposition method. Certain 

peptides used in previous experiments in Chapter 3 were again employed to compare 

with the ZrP surface.  

Chapter 6 is part of a collaborative research project aims at developing a 

phosphorylatable protein tag that serves as an anchor for protein immobilization on 

zirconium phosphate and phosphonate modified amine surface. We discussed in detail 

surface modification, characterization and compared the performance of five protein tag 
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candidates-5 peptides using fluorescence scanning technique and SPREE technique. 

And to reduce the cost, this chapter also presented the self-prepared amine slides 

similar to the amine surface used in previous experiments, and implemented 

fluorescence experiment using the same peptide candidates was performed to compare 

the surface chemistry.  

Finally, Chapter 7 is a summary and conclusion chapter of the overall work. 
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Table 1-1. Comparison of protein immobilization procedures.  

Method Advantages Disadvantages 

Physical Adsorption and 
ionic binding 

Simple; mild conditions; 
Less disruptive to protein 
molecules 

Insensitive; binding highly dependent on 
environment like pH; solvent and 
temperature 

Covalent Binding 

Stable protein-support 
interaction; ideal for mass 
production and 
commercialization 

Complicated; time-consuming; biological 
activity loss 

Entrapment 
Mild procedure; universal 
for any protein 

Large diffusional barriers; loss of enzyme 
activity by leakage; possible denaturation of 
proteins 

Cross-linking 

Simple; strong chemical 
bonding of the protein 
molecules 

Difficult to control the reaction; requires 
large amount of protein molecules; linked 
molecules lack of rigidty; low enzyme 
activity 
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Figure 1-1. Structures and abbreviations of amino acid Serine, Threonine and Tyrosine. 

 

 
Figure 1-2. Protein kinases and protein phosphatases. Adapted from "The Science 

Creative Quarterly", scq.ubc.ca. Adapted with permission.  
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Figure 1-3. A typical phosphopeptide enrichment procedure. 

 

 

Figure 1-4. Structures of the most commonly used chelating ligands in IMAC: (A) IDA 
and (B) NTA. 
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Figure 1-5. Scheme of phosphopeptide enrichment procedure with IMAC and MOAC. 

 

 

Figure 1-6. Schematic structure of α-zirconium phosphate. 
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Figure 1-7. Zirconium phosphonate surface for DNA microarrays.  

 

 

Figure 1-8.  Scheme of protein/enzyme immobilization classifications and interactions. 
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CHAPTER 2 
SURFACE PLASMON RESONANCE ENHANCED ELLIPSOMETRY 

The increasing number of methods to synthesize and extract biomolecules led to 

the development of various biosensors to qualitatively or quantitatively detect 

interactions among those molecules such as antibodies, DNA, RNA, proteins, and 

peptides. [49] Nowadays, the most commonly applied optical biosensors are based on 

fluorescence techniques. However, the demand for label free biosensors as well as time 

consuming problem associated with attaching fluorescent labels somehow limits its 

application. Moreover, layers of biomolecules are typically in the angstrom to nanometer 

range, well below optical wavelengths, thus conventional microscopy, which has a 

resolution limit in the micrometer range, is not sensitive enough. Fortunately, some 

techniques like interferometry, ellipsometry and surface plasmon resonance are capable 

of analyzing ultra thin films.[50] 

In the presented work, the surface plasmon resonance enhanced ellipsometry 

(SPREE) technique has been used to study the biophysics and biochemistry of the 

binding of biomolecules such as peptides and proteins to zirconium phosphonate 

modified surfaces. Ellipsometry is based on the Fresnel equations to determine layer 

thicknesses while excitation of surface plasmons in a metallic layer are also sensitive to 

refractive index and film thickness changes of the surface material. The combination of 

both highly enhances the sensitivity of this technique due to the propagating plasmon 

wave on the metal surface. When used with appropriate metal coatings, SPREE is a 

powerful tool to study interactions in real time, such as binding events and structural 

changes, with a high level of sensitivity.[49] [51] [52]This method also allows the study of 

multiple interface interactions such as chemical bond formation, charge transfer 
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interactions, Van der Waals forces and acid-base chemistry. In this chapter the 

principles of ellipsometry and surface plasmon resonance techniques are introduced 

along with the instrumentation required to perform SPREE experiments. 

Ellipsometry 

Ellipsometry is a highly sensitive, non-invasive and non-destructive technique 

widely used for investigating dielectric properties of surfaces and thin-films of different 

materials such as metals, semiconductors and polymers. This technique measures the 

change in the polarization of light on a reflecting system at a defined angle of incidence 

of a polarized light to determine optical constants as well as thicknesses of thin films 

and bulk materials. The technique measures a relative change in polarization and is 

therefore not dependent on absolute intensity. This makes ellipsometric measurement 

very precise and reproducible. In a single measurement, film thickness with resolution 

on the order of angstroms and refractive index to three decimal places can be obtained. 

Ellipsometry principles with fundamental equations were introduced in this section.[53] [54] 

Polarization of light 

A light wave is a transverse electromagnetic wave that has both an electric and a 

magnetic component. Ellipsometry uses only the electric components of the light as it 

interacts more with matter than the magnetic field does. Natural light is unpolarized, with 

all planes of propagation being equally probable. Polarization occurs when the 

electromagnetic vector oscillates only in certain planes. Light is considered to be linearly 

polarized when it contains waves that only fluctuate in one specific plane. If light is 

composed of two plane waves of equal amplitude by differing in phase by 90°, then the 

light is said to be circularly polarized, while when the relative phase is other than 90° 

then the light is elliptically polarized. In fact, the term ellipsometry comes from the word 
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ellipse, which is the most general state of polarization of light. In principle, polarized light 

is reflected off a sample at an angle of incidence, φ, as shown in Figure 2-1.  

The incident (Ein) and reflected (Eout) electric vector are connected through the 

matrix R: 

, ,

, ,

pp spp out p in
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R RE E
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      (2-1) 

Reflection at surfaces: Fresnel equations 

Light interacting with the surface is shown on Figure 2-2. An incident beam from 

ambient enters the substrate medium with a different refractive index N, and upon 

contact with the substrate, the incident beam can either reflect or refract. 

From this simple interaction, the Fresnel reflection coefficients, for the 

perpendicular (s) and parallel (p) components of the electric field can be determined as 

followed: 
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with N n jk           (2-4) 

where n is the refractive index (ratio of the phase velocity in a material to the speed of 

light in vacuum) and k is the extinction coefficient. 

The reflectance ratios can directly be obtained from the Fresnel reflection 

coefficients: 

 Rs=|rs|2          (2-5) 
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Rp=|rp|2          (2-6) 

The interaction of light with a multi-layer system is shown in Figure 2-3. Film 

thickness measurements utilize the interference between multiple light beams. The light 

traveling through the film rejoins the light reflected from the film surface. The various 

components of light will have different phases, depending on the additional optical 

distances they travel. The interference between multiple light beams will depend on the 

wavelength (due to different phase velocities) and angle of incidence (due to different 

path lengths).  

Using the three-phase formalism, the total reflection coefficients and the film 

phase thickness, β, can be determined as follows: 
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where r12 and r23 are the Fresnel reflection coefficients for the interface between 

media 1 and 2, and 2 and 3, respectively. For a sample with multiple layers, the N 

phase model is employed and the total reflection coefficients are calculated by the Airy 

formulas, the scattering matrix formalism and the 4*4 matrix formalism. 

Nulling ellipsometry 

When linearly polarized light with an axis pointing anywhere but in the s or p 

direction is incident on a sample, the reflected light will in general exhibit an elliptical 
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state of polarization. The other way around, the same elliptical state of polarization (but 

with a reversed sense of rotation) incident on a surface will generate a linearly polarized 

reflection. More generally, using a linear polarizer and a quarter-wave compensator 

combination (PC combination) one can always find an elliptical polarization that 

produces a perfect linearly polarized reflection with a sample which is not depolarizing. 

The consequence involves: one can easily detect this particular state by using a second 

polarizer as an analyzer in the reflected beam. For a linearly polarized beam it is 

possible to extinguish the beam by setting the analyzer to a 90° position with respect to 

the axis of the linear polarization. This is called ”finding the null” or ”nulling”. In practice 

this is equivalent to finding a minimum in the signal of a photo-detector. Therefore the 

recipe for a nulling ellipsometer will be:  

1. Let light pass through a PC combination, while recording the angular setting of 

P and C; 

2. Change P and C in such a way that the reflection from the sample S is linearly 

polarized; 

3. Use a photo-detector behind an analyzer A to detect this as a minimum in the 

signal. [55] [56] 

The instrument used in this research is the Imaging EP3 system (Nanofilm, 

Germany), which is a 532 nm-single wavelength ellipsometer capable of multilayer 

analysis by the variation of the angle of incidence. It is a powerful instrument with a 

lateral resolution of ± 1 µm and of ± 1 Å in the z-direction. The imaging ellipsometer 

operates on the principle of classical null imaging ellipsometry and real-time 

ellipsometric contrast imaging. The laser beam is elliptically polarized after it passes 
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through the linear polarizer and the quarter-wave compensator (Figure 2-4). The 

elliptically polarized light is then reflected off the sample onto an analyzer and imaged 

onto a CCD camera through a long working distance objective. In this configuration, the 

orientation of the angles of polarizer and compensator is chosen in such a way that the 

elliptically polarized light is completely linear polarized after it is reflected off the sample. 

The ellipsometric null condition is obtained when the absolute minimum of light flux is 

detected at the CCD camera. The angles of polarizer, compensator, and analyzer that 

obtained the null condition are related to the ellipsometric parameters delta (∆) and psi 

(Ψ). 

Modeling of the multilayer system 

In ellipsometry, incident monochromatic light is reflected or transmitted at a 

surface. For anisotropic materials, where the matrix R is diagonal (Rsp=Rps=0), the two 

complex reflection coefficients Rp (=Rpp) and Rs (=Rss) describes the two parameters 

∆ and Ψ, measured by the ellipsometer: 
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tanΨ gives the ratio of amplitude change for the polarization components, while ∆ 

denotes the relative phase shift of these polarization components upon reflection. 

Reduction of those measured data with computerized optical modeling leads to a 

deduction of film thickness and the complex refractive indices. The optical model 
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simulates those two parameters as a function of the optical properties of the sample. 

The model can also calculate optical properties such as refractive index and 

thicknesses to simulate ∆ and Ψ in order to compare with the measured ∆ and Ψ.  

Surface Plasmon Resonance 

Surface plasmon resonance (SPR) is the collective oscillation of electrons in a 

solid or liquid stimulated by incident light. It occurs when polarized light strikes an 

electrically conducting surface at the interface between two media. The resonance 

condition is established when the frequency of light photons matches the natural 

frequency of surface electrons oscillating against the restoring force of positive nuclei. 

This generates electron charge density waves, namely plasmons, reducing the intensity 

of reflected light at a specific angle known as the resonance angle, in proportion to the 

mass on a sensor surface.[57] [50] [58] 

The optical technique based on SPR phenomenon is widely used in biological 

applications including biosensors, immunodiagnostics, biotherapeutic and drug 

discovery research, kinetic analysis of antibody-antigen interaction as well as protein 

activity and stability analysis in biopharmaceutical production. The SPR phenomenon 

was discovered in the early 20th century and occurs under total internal reflection 

condition on the surface of thin layers of noble metals, mostly Au and Ag. In principle, 

the SPR technique measures the change in refractive index occurring at the surface of 

a thin metal film. The advantage of this technique involves its high sensitivity, real-time 

monitoring feature and no need for fluorescent or other labeling agents. For example, 

the technique can monitor multistep adsorption and the measurements are made in real 

time providing dynamic kinetic information in a very sensitive and label-free biochemical 

http://en.wikipedia.org/wiki/Solid
http://en.wikipedia.org/wiki/Liquid
http://en.wikipedia.org/wiki/Resonance
http://en.wikipedia.org/wiki/Photon


40 
 

experiment. Refractive index change less than 10-5 can be detected with time resolution 

of few seconds. [59] [60] 

Total Internal Reflection (TIR) 

Total internal reflection is a phenomenon that happens when a light beam 

propagating in a medium with higher refractive index strikes the boundary of a medium 

with lower refractive index at an angle larger than a particular critical angle with respect 

to the normal to the surface. The critical angle is the angle of incidence above which the 

total internal reflection occurs (Figure 2-5).  

In SPR, typically, the incident light is passed through a glass in a form of a prism, 

whose refractive index is greater than unity. As the angle of incidence increases, the 

transmitted beam gradually approaches tangency with the interface. At one minimum 

angle, the critical angle, the transmitted beam is parallel to the interface thus no energy 

can be transmitted across the interface. When the incident angle equals or is greater 

than the critical angle, all the energy from the incident beam appears in the reflected 

beam, causing total internal reflection. 

Surface Plasmons 

However, if the total internal reflection interface is coated with a thin metallic 

layer, the p-polarized component of the incident light may penetrate the metal layer as a 

so called “evanescent wave” and excite electromagnetic surface plasmon waves 

propagating within the surface of the metallic layer (Figure 2-6). Only the p-polarized 

light component can interact with the plasmons as the s-polarized component is not in 

the same oscillation plane as the plasmons. For a non-magnetic layer, this surface 

plasmon wave will also be p-polarized and will create an enhanced evanescent wave. 

http://en.wikipedia.org/wiki/Total_internal_reflection#Critical_angle
http://en.wikipedia.org/wiki/Normal_%28geometry%29
http://en.wikipedia.org/wiki/Angle_of_incidence
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The particular configuration shown in Figure 2-6 is called the Kretschmann 

configuration, which is used to create an evanescent field on the gold surface where the 

polarized light is directed through a prism with high refractive index (n = 1.72) to the thin 

layer of gold in contact with the sample solution in the flow cell with the low refractive 

index (n = 1.33). The purpose of using high refractive index medium is to modify the 

wave vector of the light by decreasing the phase velocity of the photons. At a specific 

incident angle, greater than the TIR angle, the vector of the evanescent field matches 

the wave vector of the plasmons oscillations at the metal/dielectric interface. If the 

reflectance Rp of p-polarized light at a fixed wavelength is measured as a function of the 

incidence angle then a sharp minimum will be observed where this frequency matching 

condition is satisfied and SPR occurs (Figure 2-7). SPR occurs at an incident angle of 

~65°. The minimum reflected light corresponds to the photon energy being coupled to 

the electrons in the film. The observed minimum depends on different parameters of the 

reflecting system: refractive index (n), extinction coefficient (k) and thickness (d) of the 

different layers. 

According to above introduction, the wave of electron density and its associated 

electromagnetic field generated on a metal surface upon incidence of light is what is 

referred to as a surface plasmon. The term "plasmon" is chosen both to suggest that it 

is an excitation of an electron plasma and also to indicate its quantum nature -- just as a 

"photon" is a quantum of light, a "plasmon" can be a quantum excitation of an electron 

plasma. Plasmons, although composed of many electrons, behave as if they were a 

single charged particle. Part of their energy is expressed as oscillation in the plane of 

the metal surface. Their movement, like the movement of any electrically charged 

http://en.wikipedia.org/wiki/Plasma_%28physics%29
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particles, generates an electrical field. They propagate along the surface with amplitude 

decaying exponentially in the direction perpendicular to the interface, and can interact 

with molecules up to a 100 nm range. 

It is important to note that not all metals can support surface plasmons. They 

exist only in metals with the right material properties, and typically only over narrow 

frequency ranges. For visible light, silver and gold have plasmon resonances and are 

typically materials used in applications. The frequency of the surface plasmon depends 

on the bulk plasma frequency and on the dielectric constant of the medium in contact 

with the metal.  

Surface Plasmon Resonance Enhanced Ellipsometry(SPREE) 

The first work utilizing ellipsometry for surface plasmon analysis appeared in 

1976 by Abeles.[61] After then the SPREE method has been more and more applied in 

detecting genomic DNA adsorption, low molecular weight toxins, pesticides and 

herbicides, interactions between biomolecules and functionalized polymer surfaces, and 

anti-body interactions.[62] 

When the SPR effect is combined with ellipsometry under total internal reflection 

conditions, it yields a highly sensitive sensor technique because of the sensitivity 

enhancement due to SPR waves propagating at the metal surface. The resulting 

surface plasmon resonance enhanced ellipsometry (SPREE) technique greatly 

improves the precision and sensitivity of the measurement. When the laser light of the 

ellipsometer shines through the prism and the glass slide onto the gold film at an angle 

near the resonance angle, the optical reflectivity of the gold changes very sensitively 

with the presence of biomolecules on the gold surface. This high sensitivity optical 

response comes from the efficiency of the collective excitation of conducting electrons 
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on the gold surface. This configuration can achieve a resolution of 5×10-7
 refractive 

index units for the SPREE technique compared to 10-5
 for the ellipsometric 

measurements and in the order of 2×10-6
 to 1×10-5

 refractive index units for SPR only.40 

This method is also less sensitive to external light and intensity fluctuations of the 

incident light source compare to the SPR technique because it measures a relative ratio 

instead of absolute intensity. The adsorption and desorption of biomolecules on the gold 

surface can be observed and quantified by monitoring the Ψ change as the increase in 

the resonance angle is proportional to the refractive index and thickness (surface 

coverage) of the adsorbed layer. Ψ as a function of the angle of incidence (AOI) spectra 

resemble typical SPR curves, since both dependencies represent the Fresnel Rp 

amplitude. The minimum detectable signal change of the instrument used in this work 

was about 10 millidegrees in Ψ which results in a thickness precision of 0.1 nm. 

Therefore, in our SPREE experiment, adsorption of biomolecules that changes the 

refractive index in the interfacial region can be sensitively monitored by SPREE. 

Experimental Set-up 

The scheme of the experimental set-up is shown in Figure 2-8a. In our 

experiment, the substrate used is SF10 glass slides sputtered with a layer of 2 nm 

chromium as the adhesive layer followed by a 28.5 nm gold layer. The substrate is 

assembled with a 100 µL sample cell, and a 60° SF10 prism (n=1.72) is mounted with 

the glass slide using diodomethane as an index matching fluid. The cell, as seen on 

Figure 2-8b, has inlet and outlet tubes allowing injection of different solutions into the 

cell via a peristaltic pump with digital flow rate control. A Peltier temperature control is 

linked to the cell and the temperature is set at 24.5 °C for all experiments. The cell was 

sealed against the sample through a rubber O-ring. A monochromic laser beam (λ = 532 
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nm) is elliptically polarized after it passes through a linear polarizer and a quarter-wave 

plate. The elliptically polarized light is then reflected off the sample onto an analyzer and 

imaged onto a CCD camera trough a 10x working distance objective. The angles of the 

polarizer and the analyzer are chosen in such a way that the elliptically polarized light is 

completely linear polarized after it reflects off the sample. The ellipsometric null 

condition is obtained when the minimum of light intensity is detected at the CCD 

camera. The angles of the different components are related to the optical properties of 

the sample. 

The software AnalysisR from the company Nanofilm in Germany is used to fit the 

experimental data to a particular model by which we can then obtain the parameters of 

the system (thickness, refractive index and extinction coefficient of the layers). Real 

time measurements consist of recording the Ψ value at a fixed angle, a few degrees 

before the resonance angle to get the highest resolution, as a function of time. Figure 2-

9 shows this specific angle. The experimental set-up was optimized to maximize 

sensitivity and to increase the signal to noise ratio. SPREE detection limits depend on 

the noise and baseline drift. Long time measurements degrade the detection limit since 

baseline drifts becomes increasingly problematic with increasing time. Potential sources 

of baseline drift are temperature fluctuations, changes in the flow rate and air bubbles. 

In our experiment, sufficient time was allowed to obtain a stable signal thus getting the 

best signal to noise ratio. 

The SPREE Experiment 

 Figure 2-10 shows a typical adsorption procedure for a solution of 

phosphopeptide flowing over a zirconium phosphonate modified surface. The Ψ signal 

is plotted as a function of time. The experiment starts with the buffer in contact with the 
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surface (A). The phosphopeptide solution is then flowed over the surface at point B. 

When phosphopeptides reach the surface and begin to adsorb or bind to the surface, 

causing an increase in Ψ. At point C, the adsorption reaches equilibrium and at point D, 

a buffer wash is performed to monitor any desorption. Kinetics information can be 

obtained by using an appropriate model. The Ψ signal in SPREE is not a simple report 

of association and dissociation at the surface. It is a combination of all chemical 

processes and transport processes of diffusion and flow.  

Kinetic Model of Phosphopeptide/surface Interactions 

The adsorption process of phosphopeptides to the zirconium phosphonate 

surface depends on mass transport (the transport of phosphopeptides to the surface) 

and intrinsic adsorption kinetic rate (the binding of phosphopeptides with immobilized 

zirconium ions). Kinetics information can be obtained by using an appropriate model. 

Several methods have been reported to calculate the association and dissociation rate 

constants from SPREE data, including linearization, analytical integration [63], and 

numerical integration [64]. In our experiment, we will adapt the linearization method to 

calculate the rate constants of phosphopeptide binding to zirconium phosphonate 

surfaces in a simple Langmuir interaction. [65] [66]. The fitting model we applied to fit our 

data here is the Langmuir interaction model. 

The simple binding of an analyte A, in our case the phosphopeptide, to a 

receptor B, namely the immobilized zirconium ions, can be based on the law of mass 

action, which can be represented by the following equation: 

on

off

k

k
A B AB 

            (2-13) 

where kon is the association rate constant and koff  is the dissociation rate constant.  
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As indicated in equation 2-13, the procedure is considered reversible. The analyte can 

either be brought to the receptor by the moving buffer solution and diffusion, or taken 

away from the surface by a continuous buffer flow. Equilibrium is reached when the rate 

of complex AB formation equals the rate of the complex dissociation and the 

dissociation equilibrium constant KD equals 
koff

kon
.  When the concentration of analyte 

equals KD, half the receptors will be occupied at equilibrium. In this model, the reaction 

between the analyte and the immobilized receptor follows first-order reaction kinetics, 

therefore during the association process, the increase in concentration of the complex 

AB as a function of time can be represented by: 

( )
( ) ( ) ( )AB

on A B off AB

dc t
k c t c t k c t

dt
    

      (2-14) 

At time t, the concentrations of the analyte A and the unoccupied immobilized receptor 

B is: 

( ) (0) ( )B B ABc t c c t 
 and 

( ) (0)A Ac t c
      (2-15) 

in which  it is assumed that the concentration of free analyte remains uniform in space 

and constant in time (=cA(0)). However, this assumption has some limits [67] [68] [69]. 

By substituting eqn. 2-15 in eqn. 2-14, we have: 

( )
( (0) ) ( ) (0) (0)AB

on A off AB on A B

dc t
k c k c t k c c

dt
       

   (2-16) 

At time t=0, the concentration of the bound analyte is zero and the unbound receptor 

has its highest concentration. Solving the above differential equation: 
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( (0) )(0) (0)
(0) 0 ( ) [1 ]

(0)

on A offk c k ton A B
AB AB

on A off

k c c
c c t e

k c k

   
   

 
    (2-17) 

Since cB(0)=cAB(max), eqn. 2-17 becomes: 

( (0) )(0) (max)
( ) [1 ]

(0)

on A offk c k ton A AB
AB

on A off

k c c
c t e

k c k

   
 

 
    (2-18) 

Eqn. 3-6 shows the concentration of complex AB increasing with time. The ellipsometric 

signal relates to complex AB concentration as shown in eqn. 2-19: 

( ) ( ) (0) ( )

(max) (max) (0) (max)

AB

AB

f t f t f c t

f f f c

   

   
      (2-19) 

Hence we can build the equation describing the changing ellipsometric signal with time. 

Before the whole association process, the signal baseline should be stable. The 

baseline value corresponds to: 

( ) 0 (0)bf t t A A f     
       (2-20) 

where A is defined as the ψ signal corresponds to the unoccupied receptor in buffer 

solution. 

For the association process, changing ellipsometric signal with time can be 

described in eqn. 2-21.  

( (0) )

( (0) )

(0) (max)
( ) [1 ] (0)

(0)

(0) ( (max) (0))
       [1 ] (0)

(0)

on A off

on A off

k c k ton A

on A off

k c k ton A

on A off

k c f
f t e f

k c k

k c f f
e f

k c k

  

  

 
  

 

  
  

 
   (2-21) 
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Because the concentration of complex AB follows a quasi-first order rate reaction, 

ellipsometric signal can also be formulated using a quasi-first order rate reaction 

equation. 

1

1

( ) (1 )

(0) ( (max) (0)) 1
           

(0) ( (0) )

t

ass

on A

on A off on A off

f t f e A

k c f f
f

k c k k c k







    

  
  

  
  (2-22) 

During the dissociation process, the concentration of the complex AB decreases as a 

function of time according to a first-order decay, given by: 

( )
( )AB

off AB

dc t
k c t

dt
  

        (2-23) 

Intergration of eqn. 2-23 gives:  

( max) (max) [ ]offk t

AB ABc t c e


  
       (2-24) 

Combining eqn. 2-19 and 2-24 gives:  

( ) (max) ( ) ( ) (max) ( (max) (0)) ( )off offk t k t
f t f e f t f f f e

 
        

 (2-25) 

The dissociation equation is: 

( ) ( (max) (0)) (max) (max) (max)off offk t k t

diss ABf t f f e f c e f
 

      
 (2-26)  

The derived equations are used to fit the raw data obtained by SPREE. A fit to a 

raw SPREE experiment is shown in Figure 2-11, with ∆Ψ calculated as the difference 

between the average of starting baseline signal and the average of signal after the final 

washing step, and is proportional to the surface mass density change. This will be 

discussed in details in Chapter 3. In each of our SPREE experiment, 9 regions of 

interest were chosen and the final result shown is the averaged value of all 9 regions. 
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Discussions 

In the research work presented further on, characterization of biosensors is 

shown to be fundamental for the understanding of biological phenomena. The SPREE 

technique makes rapid, sensitive, specific detection of chemical and biological analytes 

possible by allowing the study of binding interactions between peptides and modified 

surfaces, while kinetic information is obtained to better understand the interaction 

mechanism. Imaging techniques such as atomic force microscopy and quantitative 

technique such as X-ray photoelectron spectroscopy were also used to characterize the 

biosensors in more detail. 
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Figure 2-1. Interaction of polarized light on a sample surface. 

 

 

Figure 2-2. Interaction of light with material. 
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Figure 2-3. Interaction of light with a three-layer system. 

 

 
Figure 2-4. Schematic of the ellipsometry instrument with the different polarization 

states. 
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Figure 2-5. Total internal reflection condition with the light passes from a denser 
medium (glass) to a less dense one (air), with φc being the critical angle. 

 

 

Figure 2-6. Surface plasmon resonance on a glass surface coated with a gold layer. 
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Figure 2-7. Surface plasmon resonance simulation curve for Cr (2 nm)/Au (28.5 nm) 

layer system. 

 

 

Figure 2-8. Schematic of the surface plasmon resonance enhanced ellipsometry 
technique (SPREE): (A). Image of the SPR cell composed of the SF10 prism 
in the Kretschmann configuration (B). The sample is situated under the prism 
and has a volume of 100 µL. 
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Figure 2-9. Typical SPREE sensorgram. The dip in the psi signal is associated with the 
resonance phenomenon. The red curve shows from the shift in the angle of 
resonance after adsorption of molecules on the surface. By selecting an angle 
before the angle of resonance, maximum signal change can be obtained.  

 

Figure 2-10. Typical SPREE sensorgram of phosphopeptide adsorbing to the zirconium 
phosphonate surface. 
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Figure 2-11. Raw and fitting data of a phosphopeptide binding to the zirconium 
phosphonate surface in a SPREE experiment and indication of ∆Ψ. 
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CHAPTER 3 
pH DEPENDENCE STUDY OF ZIRCONIUM PHOSPHONATE SURFACE IN 

PHOSPHOPEPTIDE ENRICHMENT AND MECHANISM DISCUSSION 

Background 

Compared to metal oxides and IMAC, zirconium phosphonate surfaces have 

been shown to bind more phosphopeptides with better selectivity from certain protein 

digests. The improved enrichment performance of the ZrP method is possibly due to the 

coordination mode of the phosphate group, which causes strong affinity interactions 

between the phosphate group and the zirconium layer on the surface. Our group has 

been working with zirconium phosphonate and phosphonate surfaces for years. 

Recently, Dr. Williams studied the phosphopeptides enrichment capacity of zirconium 

phosphate-based nanoparticles by mass spectrometry and Dr. Fabre studied 

membrane protein immobilization by zirconium phosphonate surface supported lipid 

bilayers using SPREE technique.[70]  

Among all the phosphopeptide enrichment techniques, there has not been any 

one focused on pH dependence study of the process. Most of the enrichment 

techniques work under very acidic pH conditions. However, pH is a crucial factor in 

phosphopeptide enrichment because it can alter the peptide charge and the state of 

ionization of charged side chains in peptides, also the charge that the enrichment resin 

carries.  Therefore varying the pH may change the ability of the technique in capturing 

phosphpeptides. In this work, the pH dependence of phosphopeptide enrichment using 

zirconium alkyl phosphonate surface was studied by SPREE technique. This technique 

was chosen due to the fact that it is very sensitive to surface refractive index change, 

which could be used to monitor the peptide binding process. Meanwhile kinetics 

information can be obtained, which may be used in discussing binding mechanisms. 

javascript:popupOBO('CHEBI:32958','c0nr00896f')
javascript:popupOBO('CHEBI:32958','c0nr00896f')
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Four pairs of peptides varying in the charged side chains, each consisting of one 

phosphorylated peptide and one non-phosphorylated peptide with the same sequence, 

were studied under four different pH conditions. Then, a possible mechanism was 

proposed and a mathematical model was built to test the rationale of the mechanism 

and two test peptides were evaluated to inspect the ability of the model to predict 

peptide binding behavior.  

Experimental Section 

Materials and Solutions 

All peptides used in this work were obtained from Anaspec. Inc. (California). The 

sequence and molecular weight and the abbreviations of the chosen peptides were 

listed in Table 3-1. All peptides were used as received (HPLC purity>95%). Peptides 

were dissolved in Milli-Q water (resistivity of 17.9 MΩ·cm) with the concentration of 

1mg/mL and made into 100 µL aliquots. All aliquots were stored at -20°C for later use. 

Four pH values were chosen: 3.0, 4.5, 6.0 and 7.4. Tris base solution was used as the 

solution system, concentration being 10 mM with 100mM NaCl. pH was carefully 

adjusted to target values with 1M, 0.1M and 0.01M HCl or NaOH. The final measured 

pH values are 3.09, 4.46, 6.18 and 7.40. Tris solutions with concentration of 20 mM and 

200 mM NaCl were also prepared with pH from 3.0-8.0.  

Substrate Preparation 

Slides used for SPREE experiments were made of 28.5 nm of gold evaporated 

on a 2 nm chromium adhesion layer on a clean SF10 glass slide (Schott Glass). Gold 

slides were cleaned with a solution containing 15% ammonium hydroxide, 15% 

hydrogen peroxide and 70% Milli-Q water at 60-80°C for 5 min, rinsed with Milli-Q water 

and ethanol, and dried with a nitrogen flow.  Cleaned gold slides were immersed in a 1 
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mM octadecylmercaptan(ODM) solution in ethanol for 16h to make the surface 

hydrophobic. The hydrophobicity was analyzed by contact angle measurement. The 

slides were rinsed with ethanol and dried with nitrogen gas afterwards. 

Zirconium Phosphonate Modified Surfaces 

A monolayer of octadecylphosphonic acid (ODPA), which was synthesized by 

our collaborating lab in Nantes, France, was transferred to the gold slide surface using a 

KSV 3000 Teflon-coated Langmuir-Blodgett (LB) trough (Connecticut). The surface 

pressure was monitored with a filter paper Wilhelmy plate. The aqueous subphase was 

2.6 mM CaCl2 solution with pH 7.8, adjusted with a potassium hydroxide solution. 

ODPA was spread from a 0.30 mg/mL chloroform: ethanol=9:1(v:v) solution with a 

Halmiton syringe in the LB trough. The solvent was allowed to evaporate for 10 min, 

and the monolayer was compressed at a rate of 8 mN·min-1 to reach a surface pressure 

of 20 mN·m. Hydrophobic substrates were then dipped down through the monolayer 

surface at a rate of 5 mm·min-1, during which process the monolayer was transferred 

from the subphase onto the substrates. The substrates were then incubated with a 3 

mM zirconyl chloride (Sigma-Aldrich) solution for 4 days to bind a monolayer of Zr4+ ions 

on the surface. A scheme of the substrate prepare procedure is shown in Figure 3-1.  

The slides were then rinsed with and stored in Milli-Q water for future use.  

SPREE Experimental Set-Up 

The SPREE experiments were performed with a Nanofilm imaging ellipsometer 

EP3 (Germany) coupled with a SPR flow cell with Kretschmann configuration. The 

angle of incidence is set at 64° for all experiments, and the temperature of all the 

experiments were kept at 24°C by a digital temperature controller (Jemo, Germany). 

Changes in the surface refraction index caused by the peptide-surface interactions are 
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detected as changes in the psi signal. A SF10 prism was used in all experiments and 

was coupled together with the gold substrate using diiodomethane as the immersion oil. 

During the experiments, solutions were pumped through the flow cell using a peristaltic 

pump (Rainin, California) with digital control of the flow speed varying from 

approximately 0.30 µL/min to 1.50 mL/min. In any experiment, a solution baseline was 

first established by flowing the Tris solution of certain pH for 15-20 min. To eliminate the 

possible change in surface refractive index caused by the introducing of peptide, one 

aliquot of peptide water solution was mixed with 20mM Tris solution (with 200mM NaCl) 

of pH close to target pH in order to obtain a peptide solution of corresponding pH, and 

then pumped through the cell. The pH of each peptide solution measured is listed in 

Table 3-2. After the peptide solution was pumped through the cell, the peristaltic pump 

was stopped, and enough time was given for the peptide to react with the surface. After 

the psi signal saturated, a rigorous Tris solution was again applied to wash off the non-

bound and some loosely bound peptide and monitor the desorption process. All 

experiments were repeated at least once to test the reproducibility of the data.  

Results and Discussions 

Surface Characterization 

The surface morphology and chemistry of the substrate was characterized with 

AFM and XPS. The surface morphology of the gold surface, gold with ODM and with the 

final Zr-ODPA layer was shown in Figure 3-2. AFM was on tapping mode with a 

measuring scale of 5 µm2. The height of roughness measurement was on a 20nm scale.  

It is found that the both ODM and zirconium phosphonate films formed uniform 

films after deposition on the gold surface.  
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XPS spectrum and the multiplex is shown in Figure 3-3 and 3-4. XPS was done 

on glass slides to save the cost.  

The P:Zr ratio calculated is 0.96:1.0, close to their stoichiometric ratio 1:1 

according to our previous publications [71] [70] [72]. 

Maximum binding capacity on zirconium phosphonate surfaces 

The area of the elliptic O-ring of the SPR flow cell can be roughly calculated by 

the equation of ellipse area: 

S a b             (3-1) 

where a and b is the length of the major axis and the minor axis respectively. The length 

measured is 1.1 cm and 0.6 cm for a and b, therefore the area of the O-ring will be  

21.1 0.6 2.1S a b cm cm cm         

The cross sectional area of each zirconium ion will be approximately  

 
2

2 8 16 20.72 10 1.63 10S r cm cm          

Therefore a complete coverage of zirconium atoms on the surface will be estimated to 

be:
15 2

16 2

1
6.13 10 /

1.63 10
atoms cm

cm
 


 

Within the area of the O-ring, the number of zirconium binding sites could be calculated 

as:
15 2 2 166.13 10 / 2.1 1.3 10atoms cm cm atoms     

However, the zirconium was bound to a monolayer of ODPA with a stoichiometric ratio 

of 1:1. The mean molecular area of ODPA prior to transferring is about 15 times 

compared to cross sectional area of zirconium ion, so theoretically the number of 

available zirconium binding sites should be 15 times less, which is  

http://www.iciba.com/stoichiometric_ratio
http://www.iciba.com/stoichiometric_ratio
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16
141.3 10

8.7 10
15

atoms
atoms


    

The minimum amount of peptide used in the experiments is 5.11×10-8 mol, which has  

8 23 165.11 10 6.02 10 / 3.07 10mol mol      phosphate groups, 

which is an excess compared to the number of available binding sites, therefore the 

surface should be saturated with peptide in all experiments.  

Zirconium phosphonate surfaces in peptide capturing 

In SPREE experiment, peptide binding onto the zirconium phosphonate surface 

is monitored in real time. The specificity of the zirconium phosphonate surfaces for 

phosphorylated peptides was studied with peptide set 1-4 under all four pH conditions. 

Raw data was fit using the Langmuir model introduced in Chapter 2. The fitting results 

of two parallel experiments are shown in Figure 3-5 to 3-8.with error bars representing 

the standard deviation of each data point of the raw data at each stage (baseline stage, 

peptide adsorption stage, peptide saturation stage, peptide desorption stage) to the 

fitting data. 

Selectivity of zirconium phosphonate surfaces investigation 

It is obvious that for all sets of peptides, the phosphorylated binds more to the 

surface than the non-phosphorylated version does under all pH conditions. As the Ψ 

signal change is proportional to surface refractive index change, which is further 

proportional to mass density change on the surface, hereby we define selectivity as 

.

.

phos

non phos
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for each peptide set at certain pH. The selectively at each pH was then calculated and 

shown in Table 3-3.  

N/A means the surface has 100% selectivity of phosphorylated peptide over non-

phosphorylated peptide since there is no non-specific binding of the non-phosphorylated 

peptide. We observed that the selectivity change over pH is not the same for all the 

peptide sets. For set 1 and set 4, the selectivity increases as pH increases, however for 

set 3 it is completely the opposite. For set 2 the selectivity doesn’t change according to 

pH.  

Kinetic Analysis of Phosphopeptide/Surface Interactions 

The transport of the peptide molecules to the surface is an important process in 

determining the binding kinetics. The rate of adsorption is determined by mass 

transport and kinetics at the interface. To minimize the influence of mass transport on 

the binding kinetics, the peptide-Tris mixture was pumped through the flow cell within 5s 

using the highest pumping speed of the peristaltic pump to make sure the psi signal 

change respects binding kinetic instead of diffusion control. The value of kon, koff  and KD 

of the phosphopeptide from each set was then calculated from the fitting data and listed 

in Table 3-4. There is not a very obvious trend that the dissociation constant KD with pH 

increases.  

Phosphopeptide-surface Interaction Mechanism Discussion 

To better compare the difference in peptide binding at each pH, the overall signal 

change calculated from the difference between the stabilized signal after peptide 

desorption and the buffer baseline in the fitting data of each peptide set is calculated 

and plotted in Figure 3-9.  
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Noticing the fact that set 1 and set 4 peptides are similar since they only have 

acidic side chains in the sequence (D and E), while set 2 peptides have only basic side 

chains (K and R), and set 3 peptides have equal amount of acidic and basic side 

chains, and they show different dependence trends toward pH, we want to further 

investigate the interaction mechanisms.  

We believe phosphorylated peptides attach to the surface mostly because of the 

coordinate covalent bonding between the peptide phosphate and the zirconium. In 

addition, charges on the peptide side-chains and Zr phosphonate surface vary under 

different buffer pH, which may cause electrostatic interactions, attractive or repulsive, 

between peptide and the surface Zr layer, either helping bring the peptide molecules 

down to the surface, or preventing the peptide molecules from accessing the surface 

and thus hindering the adsorption process. It is assumed that these two types of 

interaction are the most significant between peptide and Zr phosphonate surface, and a 

mathematical model was built to simulate their binding affinity with these two terms. For 

each phosphopeptide used in the experiments, there is a non-phosphopeptide version 

with the same sequence. Thus, coordination and electrostatic forces can be compared 

between phos and non-phos peptide pairs. Meanwhile, we can also get the idea how 

the strength of covalent bond formed and different electrostatic forces change with pH. 

We suppose that for the phosphopeptide to coordinate to Zr, phosphate group 

must orient toward the Zr surface. It can be imagined that under the same buffer pH, the 

ability of phosphate to form a coordinate covalent bond for different phosphopeptides 

would be almost the same, while electrostatic forces act in a totally different way. Non-

phosphopeptide would adopt different conformations when getting close to Zr surface in 
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order to let its favored charged residues face the charged surface. The amino acids 

Aspartic acid (D) and Glutamic acid (E) contains carboxyl groups as negatively charged 

residues in favored pH values, while Arginine (R) and Lysine (K) contain amino-groups 

as positively charged residues. All charged residues may influence binding no matter 

facing directly to the surface or stretching towards other directions. A common idea can 

be raised that the contributions of charged residues to the electrostatic force depends 

on the distance they are from the charged surface. Because it is very difficult to know 

the actual position of each charged residues when peptides bind to the surface, we 

build an empirical function to simulate the experimental data in order to evaluate how 

different charged residues in a peptide contribute to the binding affinity. We first define a 

"central amino acid", which is the amino acid facing directly toward the surface when 

binding. Electrostatic forces fade away as the charged amino acids move along peptide 

sequence away from the "center amino acid".  

1o

e eF F
n

 
          (3-2) 

This equation describes the electrostatic force between a charged amino acid and the 

Zr surface. Fe
o is the electrostatic force between the peptide and the surface if the 

charged residue is at the "central amino acid", n is the number between the "central 

amino acid" and the amino acid where the charged residue locates. For a 

phosphopeptide, the "central amino acid" would always be the one attached to 

phosphate group. Electrostatic forces for all charged residues can be calculated with 

eqn.3-16 and the total electrostatic force can be calculated as: 
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1N
total o

e e

i i

F F
n

 
  

 


         (3-3) 

where i indicates each charged amino acid and ni is the number of amino acids between 

the "central amino acid" and the ith charged amino acid (Figure 3-10). In p60. phos., 

tyrosine with phosphate acts as "central amino acid" when binding to Zr surface. The 

two glutamic acids are 3 and 4 amino acids away from the "central amino acid", so their 

contributions to electrostatic force are different. The total electrostatic force would be 

the sum of their partial contributions. 

However, the case for a non-phosphopeptide is more complicated. Because 

there is no dominant interaction like covalency between the peptide and the Zr surface, 

the peptide can choose as many conformations as possible when getting closed to the 

surface. All amino acids have chances to face the surface but only those with charged 

residues contribute to binding. So we only take into account those conformations 

contribute significantly to binding. We made two assumptions and simplified this 

problem as follows: (1) For each conformation, there is one amino acid facing directly 

toward the Zr surface, and only when a charged amino acid is facing directly toward the 

surface, is the corresponding conformation counted. (2) Each conformation taken into 

account has equal weight. Hence the total electrostatic force is modeled as: 

1 1N N
total o

e e

a i i

F F
N n

  
   

  
 

        (3-4) 

Total electrostatic force is defined by eqn.3-4, in which the first summation 

indicates all conformations that contribute to binding are considered, and each 
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conformation has equal weight as 
1

N
. The second summation indicates that in each 

conformation, the total electrostatic force is the summation of partial electrostatic forces 

from all charged residues. Figure 3-11 and 3-12 introduced two different cases of non- 

phosphopeptide electrostatic force calculation. 

The binding signal of all the peptides from the four peptide sets was calculated 

with this method and compared with the SPREE experimental results. Covalency (C), 

negatively charged residue-Zr electrostatic force (Fn), and possitively charged residue-

Zr electrostatic force (Fp) are derived by fitting to the binding signal. Total surface 

binding (Sb) is derived from the following equation: 

1 1 1 1N N M M
total total o o

n p n p

a i b ji i

Sb C F F C F F
N n M m

      
             

      
   

  (3-5) 

Based on the mathematical function, the calculated parameters in eqn. 3-5 are 

listed in Table 3-5 and the actual experimental binding signal change vs. calculated 

binding signal change at all pH conditions for the four peptide sets are plotted in Figure 

3-13. From the calculated parameter values in eqn. 3-19, we found that the covalency 

contribution decreases by more than half as the pH increases from 3.0 to 7.4. 

Negatively charged residues contributes positively to peptide binding, and this 

contribution also decreases as pH increases due to electrostatic interaction, while 

positively charged residues contributed negatively to peptide binding at lower pH(3.0 

and 4.5) and positively at higher pH(6.0 and 7.4) as effected based on the pH 

dependence of the surface charge.  

Ideally, the plot of predicted  by the simulation function vs. actual 

experimental   should correlate linearly with the function y=x. After fitting the plot of 
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our experimental value from all four sets of peptides vs. the   calculated from the 

simulation function, we have a linear fit of y=0.79x+0.076 and R2=0.91, showing 

acceptable correlation between the experimental value and calculated value using our 

mathematical model. Additionally, if we take out the factor of covalency from the 

simulation function, perform the fitting with only electrostatic interaction factors, the 

same plot of calculated value vs. experimental value shows a correlation of R2=0.63, 

poorer compared to the model with covalency as the main interaction factor, proving the 

necessity of covalency in the interaction mechanism.  

Two test peptides pTP1 and pTP2 were used to demonstrate the ability of the 

simulation function to predict peptide binding under certain pH conditions. SPREE 

experiments were performed with these two peptides at all four pH conditions and the 

overall  is plotted for both experimental value and the predicted value in Figure 3-14. 

It is obvious that the experimental value is consistent with the predicted value for 

both, and they follow the same trend over pH. Especially for pTP2, a neutral peptide 

without any charged side chains in the sequence, the binding trend is a reflection of the 

dependence of coordination interaction with pH. The fact that the binding signal 

decreases as pH increases corresponds to the fitting results by the simulation function 

in Table 3-6. 

 Similarly, the correlation between the calculated value and the actual 

experimental value at each pH for pTP1 and pTP2 shown in Figure 3-15 gives a linear 

fit equation of y=1.01x+0.0056 and y=0.89x-0.032 with a R2=0.99 and R2=0.96, 

respectively, while after taking out the covalency factor from the simulation function only 

results in an R2=0.83 for pTP1 and R2=0.76 for pTP2. These examples also proved that 
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the main interaction force between the phosphopeptide and the zirconium phosphonate 

surface is the coordinate covalent interaction. However, there are also limitations go 

with the simulation function, as the simulation result highly depends on the training sets. 

For example, it can only be applied to simulate and predict binding results of simple 

systems with the same pH range and peptides sequence similar to the training sets. 

Application of the simulation function to other pH systems and peptides with greatly 

different structures than the training peptides may lead to less inaccurate results.  

After testing the reliability of the simulation function and the proposed interaction 

mechanism, we can use it to explain the pH dependence of different peptides on pH. 

Since the factors contributing to peptide binding are a combination of covalency and 

electrostatic interaction between the peptide and the surface, it is important for us to 

figure out the surface charge and peptide charge under each pH condition. Calculated 

peptide charge and anticipated surface charge is shown in Table 3-6 and Figure 3-16. 

Peptide net charge is calculated based on the equation: 

10 10

10 10 10 10

ai

a ai j

pK pH

i jpK pKpH pH
i j

Z N N 
 

      (3-6) 

where Z is the net charge of the peptide sequence; Ni is the number of arginine, lysine, 

and histidine residues and the N-terminus; pKai  is the pKa values of the N-terminus and 

the arginine, lysine, and histidine residues; Nj is the number of aspartic acid, glutamic 

acid, cysteine, tyrosine residues, phosphate groups and the C-terminus; pKaj is the pKa 

values of the C-terminus and the aspartic acid, glutamic acid, cysteine, tyrosine 

residues and the phosphate group. [73] 
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At lower pH, the surface zirconium ion coordination sites are completed by 

hydroxide groups in the solution and at higher pH the species occupying the 

coordination sites are oxides. Upon the addition of phosphopeptide, the phosphate 

group is basic enough to compete for the coordination sites of zirconium and form a 

zirconium phosphonate bilayer structure. [74]Therefore we suppose at acidic pH, the 

surface carries positive charge, which decreases as pH increases, until in basic 

solution, the surface is close to neutral. As for acidic peptide set No. 1 and 4, there is 

electrostatic attraction between the surface and the peptide molecules, and the peptide 

net charge increases while surface charge decreases with pH. More importantly, the 

covalency contribution also decreases with pH, because of the fact that hydroxide is a 

better leaving group than oxide and is easier to be replaced by phosphate group. 

Therefore we observed less peptide binding as pH goes higher. For the non-

phosphopeptide, we believe that the non-specific binding is caused by electrostatic 

interaction and weak non-covalent linkage between the carboxyl groups in the side 

chains to the zirconium surface (Figure 3-17). For basic peptide set 2, the peptide is 

positively charged under all pH condition and the net charge is about the same. 

Therefore there are repulsive interactions between the peptide and the surface most of 

the time. The unfavorable influence weakens as pH goes up, but so does the covalent 

bond between the phosphate and the zirconium on the surface. This might be the 

reason that the phosphopeptides have the same level of binding under all pH 

conditions. There is no acidic side chain to interact with the positively charged surface, 

so no non-specific binding is observed under all pH conditions. This set of peptides 

further supports our interaction mechanism that the coordination force is the major and 
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most significant interaction between peptide molecules and zirconium ions at the 

surface. Peptide set 3, is more complicated compared to the other sets, as the peptide 

has both acidic and basic residues and the influence to binding is an overall effect. At 

pH 3.0, both the peptide and surface is relatively highly positively charged, and the 

influence from the acidic residues and basic residues in the peptide sequence almost 

cancel out each other (Table 3-5). The repulsion between the peptide and the surface 

thus hinders the peptide binding. At pH 4.5, peptide turns to be negatively charged and 

the electrostatic interaction switches to attraction in this case and the overall influence 

of the side chains favors the binding process. Thus we observed more binding at pH 

4.5. At pH 6.0, though the overall effect of the side chains highly favors binding, the 

covalency strength weakens, resulting in less binding compared to that at pH 4.5. At pH 

7.4 the peptide binding is both unfavorable in covalency and electrostatic interaction, so 

even less binding occurs on the surface. The non-specific binding in this case is also a 

result of the acidic side chain as in set 1 and 4.  

Future Work 

In this work a zirconium alkyl phosphonate surface was prepared and 

characterized. The binding affinity of different sets of phosphopeptides and non-

phosphopeptides with this surface was studied by SPREE. The results indicated that 

this surface showed good selectivity towards phosphopeptides over non-

phosphopeptides with the same sequence, and can therefore be used as an enrichment 

medium for phosphopeptides. Moreover, pH dependence of the binding affinity was 

observed, with kinetics studies of the rate constant at each stage it was found that low 

pH’s achieved the highest and fastest binding. Based on the pH dependence observed, 

a possible interaction mechanism between the phosphopeptide and the zirconium 
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phosphonate surface was proposed and a mathematical simulation function was built 

based on possible factors which could potentially influence the binding and used to fit 

the experimental raw data to determine the variable parameters in the equation. The 

equation was then applied to predict the binding behavior of two phosphopeptides to 

test its reliability. It turned out that the function simulates experimental data well and 

proved that the factors we took into consideration is reasonable. However, there are 

also some limitations about the simulation function, for example, it can only be applied 

to simple systems with the same pH range and peptides sequence similar to the training 

sets. The whole proposed mechanism was used to explain the pH dependence of 

binding behavior of the phosphopeptides and to determine the better pH condition for 

phosphopeptide enrichment based on the peptide sequence. For example, higher pH 

will work better for phosphopeptide enrichment when the mixture has a lot of acidic non-

phosphopeptides, since the non-specific binding caused by acidic residues is minimized 

at pH 7.4. However, if we want to enrich a peptide out from a basic non-phosphopeptide 

mixture, pH 3.0 will be the best choice because at pH 3.0, the covalency between the 

peptide and the surface is the strongest and will lead to highest binding, recovering the 

most phosphopeptide, while no non-specific binding will occur from basic peptide at pH 

3.0. Future work will further investigate the specificity of the zirconium phosphonate 

surface towards phosphopeptide analogs at optimal pH condition. 
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Table 3-1. Peptides studied with their sequence, molecular weight and the abbreviation 
in later figures and tables. 

Peptide     Abbreviation   
Molecular 

Weight 

Set 1      

TSTEPQ-pY-QPGENL p60. phos.  1544.5 

TSTEPQYQPGENL p60.  1464.5 

      

Set 2      

FFKNIVTPR-pT-PPPSQGK-NH2 pMBP  1913.3 

Ac-FFKNIVTPRTPPPSQGK-NH2 MBP  1955.3 

      

Set 3      

TRDI-pY-ETDYYRK 1-pY  1702.7 

TRDIYETDYYRK 3-Y  1622.8 

      

Set 4      

WAGGDA-pS-GE pDSIP  928.8 

WAGGDASGE DSIP  848.3 

      

Test peptide 1     

END-pY-INASL   pTP1  1119.1 

      

Test peptide 2     

QGISF-pS-QPTC  pTP2   1148.2 

 
Table 3-2. Measured pH for each peptide solution after mixing with 20 mM Tris solution. 

Anticipated 
pH 

Set 1 Set 2 Set 3 Set 4 Test Peptide 

p60. phos. p60. pMBP MBP 1-pY 3-Y pDSIP DSIP pTP1 pTP2 

3.0 3.13 3.19 3.21 3.22 3.14 3.09 3.14 3.20 3.12 3.12 

4.5 4.47 4.38 4.48 4.78 4.35 4.41 4.47 4.39 4.46 4.31 

6.0 5.73 5.53 5.97 6.19 5.72 5.81 5.76 5.55 5.77 6.19 

7.4 7.42 7.27 7.31 7.30 7.24 7.28 7.39 7.31 7.38 7.40 
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Table 3-3. Selectivity of zirconium phosphonate surface toward each peptide set under 
various pH conditions. 

  Selectivity 

pH Set 1 Set 2 Set 3 Set 4 

3.0 3.3 N/A 24.7 6.5 

4.5 2.8 N/A 5.1 5.4 

6.0 2.2 N/A 4.8 3.7 

7.4 3.7 N/A 3.7 N/A 

 
Table 3-4. Association and dissociation rate constants of the interactions between 

phosphopeptides and zirconium phosphonate surface calculated by the 
Langmuir model. 

  p60. phos.  pMBP 

pH 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 

3.0 1.8±0.1 6.5±0.1 3.7±0.1 1.2±0.1 6.3±0.1 5.5±0.2 

4.5 2.0±0.1 6.4±0.1 3.2±0.1 1.7±0.1 7.3±0.1 4.3±0.3 

6.0 1.7±0.1 8.0±0.1 4.6±0.1 1.6±0.1 9.7±0.1 6.2±0.3 

7.4 1.5±0.1 5.2±0.1 3.4±0.2 1.6±0.1 9.9±0.1 6.2±0.2 

  1-pY pDSIP 

pH 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 

3.0 2.8±0.1 4.2±0.1 1.5±0.1 2.3±0.1 6.3±0.1 2.7±0.1 

4.5 3.5±0.1 5.0±0.1 1.5±0.1 1.9±0.1 7.4±0.1 4.0±0.2 

6.0 3.1±0.1 6.9±0.1 2.2±0.1 1.7±0.1 9.7±0.1 5.7±0.2 

7.4 1.3±0.1 6.4±0.1 5.0±0.3 1.4±0.1 9.6±0.1 7.1±0.6 

 
Table 3-5. Strengths of different parameters under four pH conditions. 

pH Covalent  

Negatively Charged 
Residue-Zr Electrostatic 

Interaction 

    Positively Charged 
Residue-Zr Electrostatic 

Interaction  

3.0 0.51 0.11 -0.11 

4.5 0.41 0.12 -0.059 

6.0 0.25 0.094 0.086 

7.4 0.20 0.020 0.10 

 
Table 3-6. Net charge of each peptide under various pH conditions.  

 Net Charge 

pH 
p60. 
phos. p60. pMBP MBP 1-pY 3-Y pDSIP DSIP 

3.0 -0.839 -0.073 3.088 3.000 1.972 2.883 -0.907 -0.005 

4.5 -2.343 -1.273 2.929 3.000 -0.331 0.739 -2.517 -1.447 

6.0 -3.681 -1.965 2.285 2.999 -1.684 0.031 -3.691 -1.975 

7.4 -3.988 -2.006 2.009 2.998 -1.994 -0.012 -3.989 -2.004 
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Figure 3-1.Procedure of zirconium phosphonate surface preparation. 

 

 

Figure 3-2. AFM images of each step in preparing the zirconium phosphonate surface:  
(A) plain gold; (B) self-assembled ODM monolayer; and (C) the Zr-ODPA 
surface.  

 

(A) (B) (C) 
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Figure 3-3.  XPS spectrum of Zr-ODPA on glass. 

 

Figure 3-4. XPS multiplex of zirconium and phosphorus of Zr-ODPA on glass. 
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Figure 3-5. Fitting data of set 1 peptides binding to zirconium phosphonate surface at 
various pH: (A) 3.0; (B) 4.5; (C) 6.0 and (D) 7.4. 

 
Figure 3-6. Fitting data of set 2 peptides binding to zirconium phosphonate surface at 

various pH: (A) 3.0; (B) 4.5; (C) 6.0 and (D) 7.4. 
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Figure 3-7. Fitting data of set 3 peptides binding to zirconium phosphonate surface at 
various pH: (A) 3.0; (B) 4.5; (C) 6.0 and (D) 7.4. 

 

Figure 3-8. Fitting data of set 4 peptides binding to zirconium phosphonate surface at 
various pH: (A) 3.0; (B) 4.5; (C) 6.0 and (D) 7.4. 
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Figure 3-9. Overall signal change of Ψ in SPREE experiment of set 1-4 peptides at 
various pH conditions.  

 

 

Figure 3-10. Scheme of how to calculate the influence of charged amino acid residues 
to phosphopeptide binding in the simulation function.  
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Figure 3-11. Scheme of how to calculate the contribution of two charged amino acid 
residues to non-phosphorylated peptide binding in the simulation function. 

 

 

 

Figure 3-12. Scheme of how to calculate the contribution of three charged amino acid 
residues to non-phosphorylated peptide binding in the simulation function. 
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Figure 3-13. Plot of Ψ value predicted by the simulation function vs. experimental value 
of set 1-4 peptides and linear fit. 

 

 

Figure 3-14. Comparison of ∆Ψ over pH between the value predicted by simulation 
function and actual experimental value: (A) pTP1 and (B) pTP2  
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Figure 3-15. Correlation of ∆Ψ estimated by the simulation function vs. experimental 
∆Ψ: (A) pTP1 and (B) pTP2. 

 

 

Figure 3-16. The zirconium phosphonate surface representation before phosphopeptide 
binding at low pH (A) and high pH (B) and after phosphopeptide binding (C). 
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Figure 3-17. Scheme illustrating the nonspecific binding presented by carboxyl side 
chains.  
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CHAPTER 4 
SPECIFICITY INVESTIGATION OF ZIRCONIUM PHOSPHONATE SURFACE IN 
PHOSPHOPEPTIDE ENRICHMENT AND DiFFERENTIAL DESORPTION STUDY 

Background 

Among the existing phosphopeptide enrichment techniques, the specificity has 

not been given enough attention. Phosphopeptides can possibly differ in sequence 

length, number of phosphorylation sites and also site of phosphorylation. For instance, a 

short peptide may have faster binding kinetics compared to long peptide due to the fact 

that the phosphate group and charged residues are easier to be exposed, and bi-

phosphorylated or tri-phosphorylated peptides may have different binding affinities from 

singly phosphorylated peptides. The sensitive real time monitoring feature of the 

SPREE technique allows us to get an idea of the total mass that would adsorb on the 

surface and the kinetics information associated with the adsorption process during the 

enrichment of different type of peptides, which will help determine the specificity of the 

technique if there is any. After studying the pH dependence and the enrichment 

mechanism, we applied the SPREE technique to investigate the kinetic binding process 

of 3 pairs of phosphopeptide analogs, in order to further explore the specificity of 

zirconium phosphonare surface in phosphopeptide enrichment. The 3 pairs of peptides 

include phosphopeptides of the same amino acid sequence yet varying in length, 

number of phosphorylation sites and location of phosphorylation sites, respectively. 

SPREE was conducted for each peptide pair at specific pH value which was determined 

based on previous pH dependence study. Also, to achieve optimal enrichment, the 

desorbing solvent used to wash off non-specifically bound peptide after the enrichment 

was also studied aiming at discovering a solvent which could ideally wash off all the 

bound non-phosphopeptide while doing no harm to the phosphopeptide on the surface. 
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Five solvent systems were chosen to learn their ability to wash off non-phosphopeptide 

as well as phosphopeptide from the surface at pH 3.0. Set 1 peptide from Chapter 3, 

p60. phos. and p60. non-phos. were chosen as peptides of interest.  

Experimental Section 

All peptides used in this work were also obtained from Anaspec. Inc. (California) 

and prepared in the same way as previous. The sequence and molecular weight and 

the abbreviations of the chosen peptides were listed in Table 4-1.  

For pair 1 peptides, there are only acidic side chains in the sequence. Based on 

the earlier pH dependence study, acidic phosphopeptides, the highest binding at pH 

3.0, so this value was chosen for the SPREE experiment. For pair 2 peptides, peptide 1-

pY showed highest binding level at pH 4.5 in the previous experiments, which was also 

the pH chosen in this case. However, this peptide group is the most complicated one 

because they have both acidic and basic residues in the sequence. To better test the 

reliability of the experimental data, SPREE experiments were performed also under 4 

pH conditions as in early work. For peptide pair 3, it has 7 basic residues in the 

sequence with only one acidic residue, and the phosphate group is surrounded mainly 

by basic residues, thus we expect the peptide to show behavior similar to a basic 

peptide, which didn’t really show pH dependence. In this case, pH 7.4 was chosen as 

there won’t be any electrostatic repulsion between the surface and positively charged 

peptide molecules. All Tris solution and substrate preparation was the same as used in 

Chapter 3 work.  

In the desorbing solvent study, five solvents systems used were: 0.1% acetic 

acid (HAc) solution, 300mM ammonium bicarbonate (NH4HCO3) solution, 10mM Tris 

solution(pH=1.0), 1% phosphoric acid (H3PO4) solution and 6% trifluoroacetic acid 
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(TFA) solution + water. The peptides used were the p60. phos. and p60. set from 

Chapter 3 and the SPREE experiments were conducted at pH 3.0. The desorbing 

solvent was introduced into the system after the peptides saturated the surface and 

original pH 3.0 Tris solution wash. After the wash signal stabilized, pH 3.0 Tris solution 

was run again to eliminate the signal change caused by surface refractive index change 

due to the addition of the new materials in the desorbing solvent.   

Results and Discussions 

Peptide Analogue Kinetic Study 

SPREE experiments were then performed with peptides in Table 4-1 at chosen 

pH and the fitting results to experiment raw data is plotted in Figure 4-1. Kinetics 

parameters kon, koff and KD was calculated and listed in Table 4-2. 

From the result shown in Figure 4-1, for pair 1 peptides, the mass of 6AA bound 

to the surface is about half of that of 13AA. Since the peptides are relatively in excess 

amount compared to available surfaced zirconium ions, the surface should be mass 

saturated and the signal change depends on the surface mass density change. As the 

molecular weight of 13AA is about twice of the molecular weight of 6AA, after saturation 

of surface zirconium coordination sites, the mass density left on the surface for 13AA 

should also be twice of 6AA. Also there is not much difference in the kinetic constants of 

the two. For peptide pair 2, almost no desorption is observed for 3-pY, a consequence 

of more than one phosphate group involved in the binding. For pair 3 peptide, no 

significant difference in surface mass density is observed. More experiments should be 

done to certify if the surface can distinguish peptide with the same sequence and 

different phosphorylation locations.  
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Figure 4-2 shows that at each pH, the amount of 1-pY and 3-pY bound onto the 

surface in the adsorption step is almost the same, however, in the desorption step, 

there was only little 3-pY was washed off from the surface and the amount of 1-pY 

washed off was obviously more. This is due to the fact that there is not much difference 

in the molecular weight of 1-pY and 3-pY, however, in 3-pY, which has 3 

phosphorylation sites, it is very likely that more than one phosphate group contributed to 

the binding. The kinetic information shown in Table 4-3 indicates a greater Kon and a 

smaller Koff and KD for 3-pY compared to1-pY, which may be caused by multiple 

phosphate groups binding.  

Differential Desorption Study 

A differential desorption study was performed by introducing solvents other than 

the experiment buffer to investigate their ability to wash off non-specifically bound 

peptides. Raw data of SPREE experiments with five desorption solvents is shown in 

Figure 4-3 to 4-7.  

From the results shown in Figure 4-3 (a) and (b), by comparing the signal level 

before and after the wash, we found that 0.1% HAc solution barely washed off any non-

specifically bound non-phosphopeptide, as well as little covalently bound 

phosphopeptide. After increasing the concentration from 0.1% to 1.0%, there was still 

hardly any change in non-phosphopeptide binding signal (Figure 4-3 (c)), which 

indicated that HAc is not a good desorbing solvent candidate in this case.  

From the results shown in Figure 4-4, it is clear that pH 1.0 Tris solution could 

wash off about 50% of non-specifically bound non-phosphopeptide while didn’t harm the 

phosphopeptide, which is better than the HAc solution but still not perfect.  
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Figure 4-5 showed that 300mM NH4HCO3 solution not only washed off all the 

non-phosphopeptide but also all the bound phosphopeptide, which weakens its 

capability of being a good desorbing solvent.  

Figure 4-6 presented the results of a two-step wash: 6% TFA solution followed by 

water. We found that this combination could wash off all the bound non-phosphopeptide 

from the surface while leaving about half of the phosphopeptide on the surface. 

From the results shown in Figure 4-7, we found that 1% H3PO4 solution works 

very well as the desorbing solvent, for its ability to wash off most of the non-specifically 

bound non-phosphopeptide (about 80%) while only washed off little of phosphopeptide 

(about 15%) from the surface. This is due to the stronger coordinating ability of 

phosphate which competes for the zirconium sites, bringing non-phosphopeptide down 

from the surface. 

Future Work 

In this work 3 pairs of peptide analogs were used to study the specificity of 

binding to the zirconium phosphonate surface in model phosphopeptide enrichment 

studies. Peptides used include peptide analogs with different lengths (6AA and 13AA), 

different number of phosphorylation sites (1-pY and 3-pY) and different location of 

phosphorylation site (p-S and p-Y). According to the results of the SPREE experiment 

and kinetic analysis, we found that for the 6AA and 13AA pair, the amount of 6AA 

bound to the surface is almost half that 13AA bound to the surface. The observation 

supports our calculation in Chapter 3 that the peptide is in excess relative to the number 

of zirconium sites on the surface. With all the available zirconium sites on the surface 

occupied, the signal change, reflects the surface mass density change, as the molecular 

weight of 6AA is about half of that of 13AA. For the 1-pY and 3-pY pair, 3-pY follows the 
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same pH dependence as 1-pY. However, the kinetic information indicats that 3-pY binds 

more tightly compared to 1-pY, which was also reflected by the amount washed off in 

the desorption step. From this we can conclude that there was more than one 

phosphate group involved in binding to the surface. 

In the desorbing solvent study, five solvent systems were investigated in order to 

find a desorbing solvent that could wash off all the non-specifically bound non-

phosphopeptide while doing no harm to the covalently bound phosphopeptide, using the 

p60. and p60. phos. pair. These five solvents were chosen according to the washing 

solvent in relative phosphopeptide enrichment with mass spectrometry analysis. From 

the SPREE results we obtained, acetic acid is not a good desorbing solvent candidate 

for the reason that it could not wash off even the non-phosphopeptide. Ammonium 

bicarbonate solution works well for washing off the non-phosphopeptide, however, all 

bound phosphopeptide was also washed off, making ammonium bicarbonate also not a 

good choice. pH 1.0 Tris solution was able to wash off almost 50% bound non-

phosphopeptide from the surface and no desorption of phosphopeptide was observed 

under the same condition. A combination of trifluoroacetic acid and water could wash off 

all the non-phosphopeptide and about 50% of covalently bound phosphopeptide. 

Finally, the best desorbing solvent we found was 1% phosphoric acid solution, which 

washed off about 80% of non-phosphopeptide due to the strong competition of the 

phosphate group for surface zirconium sites and left around 85% phosphopeptide on 

the surface.  

Future work will apply the results of the pH and desorbing solvent study to 

phosphopeptide enrichment from a protein digest and mass spectrometry analysis. In 
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addition, a comparison of the selectivity to the most commonly used MOAC material 

TiO2, which is believed to have a different phosphopeptide enrichment mechanism, will 

also be explored.  
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Table 4-1. Peptides studied with their sequence, molecular weight and the abbreviation 
in later figures and tables. 

Peptide     Abbreviation 
Molecular 

Weight 

Pair 1     

DADE-pY-LIPQQGFF 13AA 1622.7 

DADE-pY-L-NH2 6AA 803.7 

     

Pair 2     

TRDI-pY-ETDYYRK 1-pY 1703.8 

TRDI-pY-ETD-pY-pY-RK 3-pY 1863.8 

     

Pair 3     

KRREILSRRPS-pY-RK p-Y 1926.2 

KRREILSRRP-pS-YRKC p-S 2029.3 

 

Table 4-2. Association and dissociation rate constants of the interactions between 
phosphopeptides and zirconium phosphonate surface calculated by the 
Langmuir model. 

  13AA 6AA 

pH 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 

3.0 2.4±0.1 7.1±0.1 3.0±0.1 2.4±0.1 7.0±0.1 2.8±0.1 

       

  1-pY 3-pY 

pH 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 

4.5 3.5±0.1 5.0±0.1 1.4±0.1 5.2±0.1 2.1±0.1 0.36±0.1 

       

  p-S p-Y 

pH 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 

7.4 1.6±0.1 4.8±0.1 2.9±0.2 1.6±0.1 7.0±0.1 4.5±0.3 
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Table 4-3. Association and dissociation rate constants of the interactions between 1-
pY/3-pY and zirconium phosphonate surface calculated by the Langmuir 
model at all four pH conditions. 

  1-pY 3-pY 

pH 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 
Kon 

(×103 M-1·min-1) 
Koff 

(×10-2 min-1) 
KD 

(×10-5 M-1) 

3.0 2.8±0.1 4.2±0.1 1.5±0.1 2.9±0.1 2.3±0.1 0.80±0.1 

4.5 3.5±0.1 5.0±0.1 1.4±0.1 5.2±0.1 2.1±0.1 0.40±0.1 

6.0 3.1±0.1 6.9±0.1 2.2±0.1 3.8±0.1 1.7±0.1 0.45±0.1 

7.4 1.3±0.1 6.4±0.1 5.0±0.3 1.4±0.1 1.6±0.1 1.2±0.1 
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Figure 4-1. Fitting results of two parallel SPREE experiments of all peptides: (A) pair 1 
peptides; (B) pair 2 peptides; and (C) pair 3 peptides binding to zirconium 
phosphonate surface at pH= (A) 3.0; (B) 4.5; and (C)7.4. 
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Figure 4-2. Fitting results of two parallel SPREE experiments of 1-pY and 3-pY at 

various pH conditions: (A) pH 3.0; (B) pH 4.5; (C) pH 6.0; and (D) pH 7.4. 
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Figure 4-3. SPREE raw data with HAc as desorbing solvent at pH 3.0: (A) p60. non-
phos. with 0.1% HAc solution; (B) p60. phos. with 0.1% HAc solution and (C) 
p60. non-phos. with 1% HAc solution. 

 

Figure 4-4. SPREE raw data with pH=1.0 10mM Tris solution as desorbing solvent at 
pH 3.0: (A) p60. non-phos. with pH=1.0 10mM Tris solution and (B) p60. 
phos. with pH=1.0 10mM Tris solution. 
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Figure 4-5. SPREE raw data with 300mM NH4HCO3 as desorbing solvent at pH 3.0: (A) 
p60. non-phos. with 300mM NH4HCO3 solution and (B) p60. phos. with 
300mM NH4HCO3 solution. 

 

 

Figure 4-6. SPREE raw data with 6% TFA solution and water as desorbing solvent at 
pH 3.0: (A) p60. non-phos. with 6% TFA solution + water and (B) p60. phos. 
with 6% TFA solution + water. 
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Figure 4-7. SPREE raw data with 1% H3PO4 solution as desorbing solvent at pH 3.0: (A) 
p60. non-phos. with 1% H3PO4 solution and (B) p60. phos. with 1% H3PO4 
solution. 
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CHAPTER 5 
DEPOSITION OF A TITANIUM DIOXIDE THIN FILM ON GOLD AND ITS 

PHOSPHOPEPTIDE ENRICHMENT EFFICIENCY COMPARED TO THE ZIRCONIUM 
PHOSPHONATE SURFACE  

Background 

After studying the selectivity of our zirconium phosphonate surface in 

phosphopeptide enrichment and elucidating the enrichment mechanism as mainly 

based on the coordinate covalent interaction between the phosphate group in the 

peptide and the surface zirconium ion, it will be interesting to compare the 

phosphopeptide enrichment efficiency to that of a metal oxide, the mechanism of which 

is believed more likely to be electrostatic interactions between negative charges on 

peptide phosphates and side chains and positively charged surface at low pH. The most 

commonly used metal oxide in phosphopeptide enrichment, TiO2 was chosen to 

compare with the zirconium phosphonate surface.  

There have been several approaches to deposit TiO2 thin films on solid 

substrates, including chemical vapor deposition (CVD)[75] [76], pulsed laser deposition[77] 

[78], reactive sputtering [79] [80], sol-gel deposition[80] [81], electrophoresis deposition [82] [83] 

and atomic layer deposition (ALD) [84] [85]. In our work, we adopted the ALD method and 

a direct solution deposition.  

Atomic Layer Deposition  

Atomic layer deposition (ALD) is a thin film deposition technique that is based on 

the sequential use of a gas phase chemical process. Most of the ALD reactions use two 

chemicals, so called precursors. The two precursors react with a surface one at a time 

in a sequential manner. By exposing the precursors to the growth surface repeatedly, a 

thin film is deposited. A typical ALD procedure is shown in Figure 5-1. 

http://en.wikipedia.org/wiki/Thin-film_deposition
http://en.wikipedia.org/wiki/Chemical_process
http://en.wiktionary.org/wiki/precursor
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ALD is a self-limiting technique due to the fact that the amount of film material 

deposited in each reaction cycle is constant. Because of the self-limiting character and 

surface reactions, ALD film growth makes atomic scale deposition control possible. The 

film growth can be obtained as fine as ~0.1 Å per cycle by keeping the precursors 

separate throughout the coating process. Separation of the precursors is usually 

accomplished by pulsing a purge gas (typically nitrogen or argon) after each precursor 

pulse to remove excess precursor from the process chamber. 

The concept of the ALD process was first proposed by Prof. V.B. Aleskovskii in 

his Ph.D. thesis in 1952. In the mid-1970s, the work of Suntola and coworkers in 

Finland took the ALD technique into an industrial use and worldwide awareness. 

Interest in ALD has increased in the mid-1990s and 2000s, with the interest focused on 

silicon-based microelectronics. ALD is considered as one deposition method with the 

greatest potential for producing very thin, conformal films with control of the thickness 

and composition at the atomic level. A major driving force for the recent interest is the 

prospect of scaling down microelectronic devices. [86] [87]  

ALD can be used to deposit several types of thin films, including various oxides 

(e.g. Al2O3, TiO2, SnO2, ZnO, HfO2), metal nitrides (e.g. TiN, TaN, WN, NbN), metals 

(e.g. Ru, Ir, Pt), and metal sulfides (e.g. ZnS). In TiO2 ALD deposition, the Ti precursor 

used is mostly titanium tetrachloride (TiCl4), titanium tetramethoxide (Ti(OCH3)4) and 

titanium tetraethoxide (Ti(OC2H5)4),[85] [84] [88] [89] while the O precursor is usually water.  

Atomic layer deposition and direct solution deposition were both used to coat 

TiO2 thin films on gold surface. Surface characterization was done by AFM, XPS, 

contact angle measurement and ellipsometry. SPREE experiments were conducted with 

http://en.wikipedia.org/wiki/%C3%85
http://en.wikipedia.org/wiki/Nitrogen
http://en.wikipedia.org/wiki/Argon
http://en.wikipedia.org/w/index.php?title=Tuomo_Suntola&action=edit&redlink=1
http://en.wikipedia.org/wiki/Microelectronics
http://en.wikipedia.org/wiki/Oxide
http://en.wikipedia.org/wiki/Nitride
http://en.wikipedia.org/wiki/Sulfide
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set 1(p60. phos. and p60. non-phos.) and set 2 (pMBP and MBP) peptides used in 

Chapter 3 at pH 3.0 and 7.4. By comparing the peptide binding behavior we would be 

able to compare the phosphopeptide enrichment efficiency and the interaction 

mechanism to that of our zirconium phosphonate surface.  

Solution Deposition 

TiO2 deposited directly from solution generally uses silicon and glass substrates. 

The substrates are often treated with either self-assembled monolayers (SAMs) in order 

to obtain a patterned thin film, or sputtered with a seed layer of TiO2 to increase film 

adhesion[90]. The Kunihito Koumoto group at Nagoya University in Japan has published 

several methods to deposit TiO2 thin films on patterned SAMs. In 2001 and 2002 they 

reported selective and micropatterning of TiO2 thin films on SAM using various titanium 

precusors[91] [92], and in the year 2003 they published their method to deposit TiO2 thin 

films at room temperature from aqueous peroxotitanate solution and site-selective 

deposition of TiO2 in aqueous solution using a seed layer of TiO2 [93] [94]. Another 

Japanese group found that the crystal phase of TiO2 films deposited directly from 

aqueous solution can be controlled by initial pH values and precursor solution 

concentration[95]. Gregory K. L. Goh and coworkers in Singapore applied an amorphous 

TiO2 seed layer to glass substrates and deposited TiO2 from a TiCl4 and HNO3 mixture 

solution[96] [97] [90]. Earlier this year, Tredici and et al. reported solution deposition of 

several micropatterned metal oxide thin films including TiO2 through a soft-lithographic 

process based on metal-loaded hydrogels [98] 
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Experimental Section 

Solution Deposition 

The deposition procedure mostly followed that published by Masuda and el al. in 

2002. [92] The Ti precursor chosen was titanium tetraethoxide (TE) (Sigma) due to the 

slowest film growth speed, 0.14 nm/min, reported in the literature. A 5 nm thick TiO2 thin 

film is our goal because the thickness is comparable to our ODPA-Zr layer, which will 

reduce changes in the SPR signal caused by film thickness difference. A 0.1M TE 

solution was made with anhydrous toluene as the solvent in a glove box under nitrogen 

atmosphere. Gold slides were cleaned as describled previously in Chapter 3 and then 

immersed in a 2.5 mM 11-mercapto-1-undecanol (MUO) (Sigma) solution in ethanol for 

3h to make the surface hydrophilic and rich with –OH groups, like the silicon surface 

used in the literature. The slides were rinsed and ultrasonically washed in ethanol to 

wash off the excess amount of MUO. Then the slides were dried with nitrogen gas and 

brought into the glove box immediately. Slides were soaked in 0.1M TE solution with a 

time gradient to study the film growing speed and surface morphology at various 

incubating times of 5 min, 15 min, 30 min, 1 h, 2 h and 3 h. XPS, AFM and ellipsometry 

experiments were conducted to study surface chemistry, surface morphology and film 

thickness, which indicate the film growing speed. SPREE experiments were then 

performed to investigate the binding behavior of phosphopeptide and non-

phosphopeptide onto TiO2 thin film coated gold slides.  

Atomic Layer Deposition  

An atomic layer deposition followed the procedure of Seo et al.’s published in 

2004. [99] The gold slides were also immersed in MUO solution to generate a hydrophilic 

surface.  The ALD system used in our experiment is a Cambridge Nanotech Fiji 200 
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equipped with a loadlock.  The method of growth was thermal ALD with a chamber and 

substrate temperature of 200 °C.  The precursors used for the TiO2 growth are 

tetrakis(dimethylamido)titanium (TDMAT) and H2O. The cycle times were 0.06 sec H2O 

pulse, 10 sec wait, 0.1 sec Ti pulse, 5 sec wait, and this pattern was repeated for 136 

cycles to provide approximately 5nm of TiO2.  Chamber pressure during the growth is 

approximately 200 mTorr. A silicon slide was used as a control. Again, XPS, AFM, 

ellipsometry and SPREE experiments were done to evaluate the deposition efficiency.  

SPREE Experiment 

In the following SPREE experiments, two sets of peptide, set 1 and 2 from 

Chapter 3 (see Table 5-1) were used to test the phosphopeptide enrichment efficiency 

and to compare with the results of the zirconium phosphonate surface at pH 3.0 and 

7.4. 

Zeta Potential Measurement  

Zeta potential measurements of TiO2 nanoparticles were performed by a pH 

titration from pH 3.0 to 8.0 on a Malvern Zetasizer (Malvern, UK) in order to investigate 

the surface charge under certain pH condition. A 1 mg/mL suspension of commercially 

purchased TiO2 nanoparticles (Sigma) was made with Milli-Q water and the auto pH 

titration was run from pH 3.0 to 8.0 with 0.1 M HCl solution, 0.1 M KOH solution and 

0.01 M KOH solution. One data point was taken at every 0.5 unit change in pH.  

Results and Discussions 

Surface Characterization 

An XPS spectrum of TiO2 thin film on gold with 15min and 3h deposition time is 

shown in Figure 5-2. 
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Moreover, by comparing the XPS spectra taken at various deposition times, we 

found that the O1s peak obviously split into two peaks at and after 15 min, and the 

relative peak intensity also changes with time. The O1s peak and peak fitting results of 

MUO coated slide and TiO2 thin film coated slides with deposition time from 15 min to 

3h was shown in Figure 5-3. The results indicate that the TiO2 thin film is gradually 

formed on the MUO surface. However, the Ti:O ratio is nearly 1:3 instead of 1:2. A 

future condensation step with high temperature treatment may help improve the Ti:O 

ratio. 

Peak position and relative intensity for O1s peak in Figure 5-3 is listed in Table 5-

2.  

The O1s peak indicates that TiO2 starts to present on the surface after 15 min of 

deposition time. The peak contributed by the –OH group of the MUO molecule appears 

at around 530 eV and the Ti-O peak appears at about 528 eV. The peak area showed 

that the relative intensity of the Ti-O peak increases as longer deposition time adopted.  

AFM images of the MUO surface and TiO2 surfaces with various deposition times 

are shown in Figure 5-4.  

Mean surface roughness calculated by AFM,film thickness achieved with 

ellipsometry and static contact angle measured by contact angle goniometer is shown in 

Table 5-3. Figure 5-4 together with Table 5-3 showed that as deposition time goes 

longer, TiO2 first forms little islands on the surface and then clusters of these little 

islands are formed. 

XPS results of a 5nm TiO2 thin film deposited on gold and a control silicon 

surface are shown in Figure 5-5.  
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The Ti2p and O1s peak and fit of TiO2 on the two surfaces are magnified and 

shown in Figure 5-6. The Ti:O element ratio is 1:2.31 and 1:2.28 respectively, close to 

the actual ratio 1:2. Both the O1s peak on gold and on the silicon surface showed a 

single peak and no peak split was observed. The fitted O1s peak yield binding energies 

of 528. 39 eV on gold surface and 528.27 eV on silicon surface. Together with the peak 

position in solution deposition, we can conclude that the peak is contributed by oxygen 

of the Ti-O bond. However, we see the Au peak for the TiO2 thin film deposited on the 

gold surface but no Si peak observed for the silicon surface. Therefore to see if the film 

deposited on gold is homogeneous and uniformly covered, angle resolved XPS was 

performed. Angle-resolved XPS is a non-destructive method for measuring the depth 

distribution of species present in XPS spectra. By tilting the sample away from or 

towards the analyzer, changing the photoelectron escape depth, the sensitivity to the 

outermost atomic layers can also be changed. [100] Angle resolved XPS experiments 

were conducted at the sample tilting angle of 20 degrees, 45 degree and 70 degree 

respectively. 

Figure 5-7 shows the XPS spectra taken at the three angles. The principle is 

shown in Figure 5-8. The angle between the surface and analyzer is usually 45°. When 

the sample tilting angle increases/decreases, the mean free escape path λ for 

photoelectron becomes shorter/longer, making the technique more/less surface 

sensitive. The result indicated that the surface is more likely to be covered by a uniform 

homogeneous TiO2 thin film. The AFM image of TiO2 on the two surfaces after ALD is 

shown in Figure 5-9. Mean surface roughness, film thickness and contact angle was 

listed in Table 5-4. 
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Surface mean roughness shows that the TiO2 thin films are very smooth. And the 

reason that the film on gold is rougher than the silicon surface is possibly because that 

the film on gold has poorer adhesion compared to silicon surface due to surface 

character.   

SPREE Experiment 

SPREE experiments were performed in the same way as in Chapter 3. pH 3.0 

and 7.4 were chosen to study the binding behavior of peptide sets 1 and 2. As the 

simple Langmuir model we used to fit the raw data in Chapter 3 and Chapter 4 doesn’t 

fit the raw data well in this work, raw data is shown here. SPREE results of peptide set 1 

and 2 at the TiO2 surface prepared by solution deposition and atomic layer deposition at 

pH 3.0 and 7.4 are shown in Figure 5-10 and 5-11 respectively. We found that for 

peptide set 1, binding occurs for both phosphopeptide and nonphosphopeptide at pH 

3.0 but no binding is observed at pH 7.4 for both peptides. However, peptide set 2 

showed the exactly the opposite behavior, at pH 3.0 both peptides don’t bind to the 

surface, while at pH 7.4, the phosphopeptide and nonphosphopeptide exhibits the same 

level of binding. The same behavior was observed for TiO2 deposited with both solution 

and atomic layer deposition methods. And overall binding level is higher for TiO2 

deposited with solution deposition compared to the surface deposited with ALD. This is 

possibly because the thin film surface by solution deposition is rougher therefore the 

specific surface area is larger.  

The observation that set 1 and 2 peptides show different pH dependence when 

binding to TiO2 surfaces compared to zirconium phosphonate, indicates that the binding 

mechanism is different than the mechanism we proposed in Chapter 3 for zirconium 

phosphonate surface. Adsorption to TiO2 appears to be based primarily on electrostatic 
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interactions. To further test this assumption, we calculated the peptide net charge using 

the peptide net charge calculation [73] equation listed in Chapter 3 and the results are  

shown in Table 5-5.  

Zeta Potential Measurement 

The zeta potential of TiO2 nanoparticles is shown in Figure 5-12. We found that 

the isoelectric point for TiO2 nanoparticles is around pH 6.0, meaning that at pH lower 

than 6.0, the surface carries a positive charge; while at pH higher than 6.0, the surface 

is negatively charged. Together with the peptide net charge calculation results listed in 

Table 5-5, we conclude that the mechanism of TiO2 surface in phosphopeptide 

enrichment is likely to be based on electrostatic interactions. At pH 3.0, the surface is 

positively charged, meanwhile for peptide set 1, the peptides are negatively charged, 

therefore there is electrostatic attraction between the surface and the peptide, resulting 

in peptide binding to the surface. At pH 7.4, both the surface and the peptides are 

negatively charged, and the electrostatic repulsion between the two prevents the 

peptides accessing and binding to the surface. For the same reason, with positively 

charged peptide set 2, when the surface is positively charged at pH 3.0, no peptide 

binding is observed because of the electrostatic repulsion interaction, while when the 

surface carries negative charge at pH 7.4, electrostatic attraction favors peptide binding.  

The selectivity was calculated as the same way in Chapter 3 by 
.

.

phos

non phos



  

and listed in Table 5-6. The selectivity for TiO2 deposited with solution deposition and 

ALD doesn’t show much difference and are both lower compared to the selectivity 

calculated for the zirconium phosphonate surface at the corresponding pH, further 
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pointing this attributes to different mechanisms the two surfaces adapt when binding 

phosphopeptides. 

Future Work 

In this work two approaches, solution deposition and atomic layer deposition 

were applied to deposit TiO2 thin film onto gold surface in order to compare the 

phosphopeptide enrichment efficiency of TiO2, which is the most commonly used 

material in MOAC for phosphopeptide enrichment, to our zircounium phosphonate 

surface. After the deposition surface characterization was achieved with XPS, AFM, 

ellipsometry and contact angle measurement to study the surface chemistry, surface 

morphology, film thickness and deposited thin film property, respectively. With the help 

of the surface characterization, we are able to confirm the successful deposition of TiO2 

thin film on gold surface, and the thin film obtained by atomic layer deposition is ultra 

smooth. Two pairs of peptide analogs were used to study the phosphopeptide 

enrichment efficiency of the TiO2 surface. Set 1 and 2 peptides from Chapter 3, (p60. 

phos. and p60. set and pMBP and MBP set) were chosen and SPREE experiments 

were performed at pH 3.0 and 7.4. The SPREE results were quite different compared to 

the results of the same peptide binding to zirconium phosphonate surface under the 

same pH condition. We assumed this is due to the different mechanism they adapted in 

phosphopeptide binding. Peptide net charge was calculated at each pH and zeta-

potential measurement was conducted to investigate the surface charge of TiO2. 

Results showed that when both the peptide and the surface carries like charges, there 

is no binding to the surface observed. However, when the peptides and the surface 

carries opposite charge, binding to the surface occurs. Therefore we conclude that the 

mechanism for TiO2 in phosphopeptide enrichment is based on the electrostatic 
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interaction between the charged peptide and the surface.  And the selectivity calculation 

showed that the TiO2 surface has poorer selectivity towards phosphopeptide compared 

to the selectivity of the zirconium phosphonate surface.  

Future work will include apply high temperature annealing to recover the Ti-O 

bond in the solution deposition method in order to improve the Ti:O ratio.  
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Table 5-1. Peptides used in SPREE experiment with TiO2 thin films coated gold slides. 
  

peptide     Abbreviation 
Molecular 

Weight 

Set 1     

TSTEPQ-pY-QPGENL p60. phos. 1544.5 

TSTEPQYQPGENL p60. 1464.5 

     

Set 2     

FFKNIVTPR-pT-PPPSQGK-NH2 pMBP 1913.3 

Ac-FFKNIVTPRTPPPSQGK-NH2 MBP 1955.3 

 

Table 5-2. Peak position and relative intensity for O1s peak with various deposition 
time. 

Deposition Time 
O1s Peak 

Position(eV) O1s Peak Area 

0 min (MUO surface) 530.61 1752 

15 min 530.30    528.31 3744   976 

30 min  530.60   528.39 3076   1146 

1h  530.51   528.77 3584   4486 

2h  530.12   528.51 4131   5421 

3h  530.21   528.49 3509   5942 

 

Table 5-3. Mean surface roughness, film thickness and static contact angle of MUO 
surface and TiO2 with various deposition time.  

Deposition Time 
Mean Surface 

Roughness (nm) 
Film Thickness 

(nm) 
Static Contact Angle 

(°)  

0 min (MUO 
surface) 1.072 0.9±0.2 12.2±2.0 

15 min 1.166 1.2±0.1 19.7±1.9 

30 min  1.429 2.4±0.1 26.4±2.5 

1h  2.793 4.6±0.3 41.6±2.7 

2h  5.818 7.3±0.4 64.5±2.4 

3h  5.967 6.9±0.2 68.3±3.1 
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Table 5-4. Mean surface roughness, film thickness and static contact angle of TiO2 thin 
film on gold and silicon surface after ALD. 

Surface 
Mean Surface Roughness 

(nm) Film Thickness (nm) Static Contact Angle (°)  

Si 0.472 5.0±0.3 51.2±2.1 

Au 0.816 5.2±0.3 54.5±1.6 

 

Table 5-5. Estimated peptide net charge for set 1 and 2 peptides at pH 3.0 and 7.4.  

  Net Charge 

pH p60. phos. p60.  pMBP MBP 

3.0 -0.839 0.073 3.088 3.000 

7.4   -3.988 2.006 2.009 2.998 

 

Table 5-6. Selectivity of TiO2 surface with different deposition methods at pH 3.0 and 
7.4. 

  Selectivity(TiO2 Solution) Selectivity(TiO2 ALD) 

pH Set 1 Set 2 Set 1 Set 2 

3.0 1.22 N/A 0.92 N/A 

7.4 N/A 1.28 N/A 0.87 
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Figure 5-1. Scheme of one typical ALD cycle.  

 

Step 1: Precursor 1 Exposure Step 2: Purge 

Step 3: Precursor 2 Exposure Step 4: Purge 
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Figure 5-2. XPS spectrum of TiO2 deposited on gold with various deposition time: (A) 15 

min and (B) 3h and (C) comparison of the Ti 2p3 peak over the time. 
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Figure 5-3. The O1s peak and peak fitting results of MUO and TiO2 with various 
deposition time on gold. 

 

Figure 5-4. AFM image of TiO2 thin film with various deposition time of (A) 0 min (MUO 
surface); (B) 15 min; (C) 30 min; (D) 1h; (E) 2h and (F) 3h.  
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Figure 5-5. XPS spectrum of TiO2 thin film on gold surface (A) and silicon surface (B) 
deposited by ALD. 
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Figure 5-6. Ti2p(A) and O1s(B) peak and fit result of TiO2 on silicon and gold surface by 
ALD.  
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Figure 5-7. XPS spectra of TiO2 thin film on gold surface at sample tilting angle of 20 
degree, 45 degree and 70 degree respectively. 

 

 
Figure 5-8. Principles of Angle-resolved XPS.  
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Figure 5-9. 2D AFM image of TiO2 thin film on silicon surface(A) and gold surface(B).  

 

 

Figure 5-10. Set 1 and 2 peptides binding to TiO2 surface prepared by solution 
deposition at pH=3.0 and 7.4.  

 

(A) (B) 
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Figure 5-11. Set 1 and 2 peptides binding to TiO2 surface prepared by atomic layer 
deposition at pH=3.0 and 7.4.  

 

Figure 5-12. Zeta-potential of TiO2 nanoparticles at pH 3.0-8.0.  
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CHAPTER 6 
DESIGN AND OPTIMIZATION OF A PHOSPHOPEPTIDE ANCHOR FOR SPECIFIC 
IMMOBILIZATION OF PROTEIN ON ZIRCONIUM PHOSPHATE/PHOSPHONATE 

MODIFIED AMINE SURFACES 

Background 

Major challenges have to be addressed related to the design of new concepts in 

biomaterials engineering. This is the case for example in the field of biological 

microarrays, which are now widely used for the high throughput analysis of biological 

media for applications in genomics, proteomics or diagnosis among others. [101] [102] [103] 

[104] Following the success of oligonucleotide microarrays, there is no doubt that the use 

of these biological tools will increase dramatically and become a routine procedure in 

the near future. One key point in the development of such biosensors is the control and 

optimization of the binding of the biological probes on solid supports to obtain integrated 

analytical and miniaturized devices.[105] Hence, the binding of the probes needs to be 

efficient and their orientation needs to be homogeneous to facilitate the capture of the 

analyte (i.e. the target) and increase the sensitivity of detection.[106] To make these 

devices of practical use, strong binding between the probes and the support is 

desirable, using chemical processes which are the simplest and cheapest as possible, 

but robust enough to ensure repeatability of biological experiments.  

A variety of methods are commonly used for immobilizing proteins for the design 

of microarrays, most often based on nonspecific adsorption (for example via H-bonding 

or electrostatic interactions) of the protein to a solid support.[107] Simple chemical 

couplings of reactive groups present on proteins, typically amine or carboxylic acid 

residues, have also been used to immobilize proteins onto surfaces suitably 

functionalized by complementary reactive groups.[108] Both methods, which require 
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highly purified proteins, often result in randomly oriented and partially denatured 

proteins. More recently, the use of recombinant tags allowed proteins to attach to a 

substrate in a defined orientation, but these more specific interactions used for 

immobilization of the probes (e.g., glutathione S-transferase, oligohistidine) although 

strong are however reversible[109].  

In that context, we were interested in developing a general method where very 

little chemistry would be used to prepare the substrate for microarrays and where no 

chemical modification would be needed on proteins or biomolecules to be immobilized 

in order to avoid their denaturation. A few years ago, we reported the use of zirconium 

phosphonate monolayers coated on glass slides as reactive surfaces able to provide 

covalent attachment of phosphate-terminated biological probes. This approach is very 

attractive since phosphorylation can be achieved using enzymes without affecting the 

functionality of the modified biological probes. This original concept was first validated in 

the case of 5′-phosphate terminated oligonucleotides for which specific binding to the 

zirconium phosphonate surface occurred. This was then successfully extended to the 

immobilization of phosphate terminated ds-DNA. More recently, our goal was to 

investigate the potential of this technology for the design of protein microarrays, which is 

a more challenging issue needing original solutions to allow stable surface attachment 

of proteins while controlling their orientation. In order to preserve the high affinity 

binding of protein probes, once immobilized, an innovative solution consists in the 

attachment of the probes onto the surface via a short phosphorylated peptide sequence 

fused at the N- or C-terminus of the proteins that would make it able to bind to the active 

surface, via the formation of “zirconium-(OPO3-peptide)” covalent bonds (Figure 6-1). 
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This approach has great potential since fusion of such peptide tags should in 

principle be feasible for any type of proteins expressed by genetic engineering and this 

was confirmed by us in a recent exploratory study.[109] 

In this work, the best conditions to provide high binding affinity of the 

phosphopeptide for the zirconium phosphonate support was investigated, in particular 

spotting conditions (pH and nature of the buffer) and the number of phosphorylated 

amino acid units present in the phosphopeptide tag. The resulting phosphorylated 

peptide tags, either pure or fused to affinity proteins were found to specifically bind on 

the zirconium phosphonate surface, and the resulting microarray was shown to be 

highly efficient in terms of both sensitivity and signal-to-noise ratio.  

Experimental Section 

Materials and Solutions 

Zirconyl chloride octahydrate, 2,4,6-collidine, phosphorous oxytrichloride (POCl3), 

octadecyltrichlorosilane(OTS), (3-aminopropyl)triethoxysilane(APTES), 4-

dimethylaminopyridine (DMAP), α-casein and streptavidin were used as received from 

Aldrich. Reagents were of analytical grade and were used as received from commercial 

sources. Glass slides were purchased from Goldseal (Horseshoe, NC) (3’’ x 1’’, 

thickness 0.93–1.05 mm). Aminopropylsilane glass slides (SuperAmine 2®) were 

purchased from Arrayit (Sunnyvale, CA). Phosphorylated peptides were purchased from 

ProteoGenix (Schiltighem, France) with the name and sequence listed in Table 6-1, with 

the bold letter p indicating the location of the phosphorylation site. The purity of the 

peptides was verified by the mass spectroscopy spectra that the manufacturer provided. 

The buffer used throughout the experiments consisted of 10 mM glycine, 10 mM Tris 

base, 10 mM 2-(N-morpholino)ethanesulfonic acid(MES) and 10 mM acetic acid, which 
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has a pH range of 2-10. Four pH conditions were chosen according to our previous 

experiments in Chapter 3: pH 3, 4.5, 6, and 7.4)  

APTES slides preparation 

APTES was stored in the glove box under N2 atmosphere after purchase. Glass 

slides were cleaned with HNO3: HCl=3:1 solution, followed by five times for 1 min with 

Milli-Q water in an ultrasonic bath (50 kHz) and dried with a N2 flow. Cleaned slides 

were etched with trifluoroacetic acid for 90 min and stored in vacuum for at least 10 h. 

Silanization of cleaned slides was then carried out in Petri dishes that had been washed 

in "piranha bath" (3.5% H2O2 in 18 M H2SO4), followed by rinsing with water and 

acetone. Slides were then silanized with APTES (2% in 95% aqueous acetone) for 3 

min followed by washing with acetone (12 times, 5 min each). Curing of the silane 

linkages was carried out in an oven at 110°C for 1 h.[110] Surface characterization was 

done by AFM and XPS and compared to that of the SuperAmine surface. The 

comparison of the SuperAmine surface and APTES surface is shown in Figure 6-2. 

Zirconium phosphate modified surface 

SuperAmine 2® slides (used as received) and prepared APTES slides were 

soaked in a 1:1 solution of 2,4,6-collidine (20 mM) and POCl3 (20 mM) in anhydrous 

acetonitrile and gently rocked for 16 h. The slides were rinsed with acetonitrile and dried 

with Argon. The phosphonate-terminated samples were then exposed to a 25 mM 

ZrOCl2·8H2O solution in Milli-Q water overnight. The slides were rinsed with Milli-Q 

water and stored under argon in Milli-Q water. 

Zirconium phosphate/phosphonate modified surface 

SuperAmine 2® slides (used as received) and prepared APTES slides were 

soaked in a 1:1 solution of DMAP and an organic compound with a terminal phosphate, 
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compound D(structure shown in Figure 6-3), synthesized by our collaborators in France 

in anhydrous dichloromethane and gently rocked for 16 h. The slides were rinsed with 

dichloromethane and then were again annealed at 200 °C for 24 h. The phosphonate-

terminated samples were then exposed to a 25 mM ZrOCl2·8H2O solution in Milli-Q 

water overnight. The slides were rinsed with Milli-Q water and stored under argon in 

Milli-Q water. The two amine surfaces after POCl3 and compound D treatment is 

compared and shown in Figure 6-4.  

Microarray spotting and incubation conditions 

The modified slides were washed once with ultrapure water and dried by 

centrifugation (1500 rpm, 1 min). The slides were then spotted with a non-contact 

spotter (sciFlex Arrayer S3, Scienion). The spotted slides were placed 1 h in an 

incubation chamber at 37 °C. To passivate the unspotted areas, slides were treated 

after spotting with a solution of 0.3 wt% α-casein in a TBS (Tris-buffered saline) solution 

of TrisHCl (20 mM) and NaCl (150 mM) at pH 7.4. Incubation was performed by 

applying an Alexa 647-labeled Streptavidin solution (1 μM in TBS-0.3 wt;% α-casein) to 

the substrate for 1 h at room temperature in the dark. Microarrays were washed 3 times 

with TBS for 5 min, then once with ultrapure water. Finally, the slides were spun dry by 

centrifugation at 1500 rpm for 1 min. All washes and incubations were performed in 

small staining jars at room temperature on an oscillating shaker. 

Microarray analysis 

All microarrays were scanned on a Scanarray Gx apparatus (Perkin-Elmer) with 

a laser power and gain value of 60. Suitable excitation wavelength and emission filter 

were used to detect Alexa 647: 650 nm (excitation), 665 nm (emission). The location of 
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each analyte spot on the array and measurement of the fluorescence intensities was 

performed using the Genepix mapping software (Axon laboratories, Palo Alto, CA). 

Surface Plasmon Resonance Enhanced Ellipsometry (SPREE) experiments 

SPREE measurements were performed with the same experimental setup as in 

Chapter 3. The purpose is to compare the results to that of fluorescence microarray. 

Gold slides were modified with zirconium phosphonate as described in Chapter 3. The 

concentration of the peptide solution is still 1mg/mL and the volume applied is 100μL 

per experiment. The buffers used in this case are the same buffers used for microarray 

experiments. After the surface was saturated with the peptides followed by a vigorous 

buffer wash, streptavidin was introduced into the system to investigate any further 

binding.  

Results and Discussion 

Surface Characterization 

AFM and XPS characterization results for the SuperAmine surface and APTES 

slides are shown in Figure 6-5 and 6-6. The surface roughness for the SuperAmine 

surface and APTES are 1.698 nm and 1.832 nm respectively and the XPS results 

shown similar results, indicating our bench prepared APTES slides are similar to the 

commercially purchased SuperAmine slides. XPS multiplex results of zirconium and 

phosphorous on the zirconium phosphate and phosphonate modified SuperAmine 

surfaces are shown in Figure 6-7. The Zr and P ratio is 1.6:1 and 1.3:1 respectively.  

Phosphopeptide Binding on Zr Phosphate/Phosphonate Surfaces 

Surface affinity of all five peptide candidates is evaluated by fluorescence 

spotting experiments as well as SPREE experiments. Results are listed and discussed 

below.  



124 
 

Spotting experiments 

Zirconium phosphonate monolayers coated on glass slides were made by self-

assembly from an adapted procedure.[111] Briefly, commercially available amine-coated 

slides (SuperAmine 2®) and bench prepared APTES slides were treated with POCl3 and 

compound D and subsequently dipped into an aqueous solution of zirconium 

oxychloride. Then the resulting zirconium phosphonate surfaces were used to 

investigate their interaction with short phosphopeptide segments made of 12 amino 

acids versus a non-phosphorylated analogue. For that matter, the number of phosphate 

groups on the peptide sequence was varied (from 0 to 4 phosphate serine moieties (pS) 

– see Table 6-1) and the influence of spotting conditions (pH) was also studied. All 

peptides were biotinylated on the C-terminal to allow quantification of the immobilized 

probes upon incubation with streptavidin labelled with a fluorophore (Alexa Fluor 647). 

The interaction of the selected peptides (Table 6-1) with the zirconium 

phosphonate substrates was compared by spotting a solution of the peptides at fixed 

concentrations, in a buffer at different pH. Two identical sets of microarrays were 

spotted on each slide to account for any surface inhomogeneities. Prior to incubation 

with labeled streptavidin, α-casein, which has a high phosphate content, was used to 

passivate the non-spotted areas and prevent nonspecific protein binding.[48] Figure 6-8 

depicts the spotted pattern at the end of the incubation process. 

The fluorescence signal was quantified on a fluorescence reader. The quantified 

signal of 0P-4P spotted at pH 3.0-7.4 on POCl3 and compound D treated two amine 

slides, SuperAmine slide and APTES slide, are shown in Figure 6-9 to 6-12.  

It is important to note that over the whole pH range, the non-phosphorylated 

peptide (0P) binds very poorly to the Zr/phosphonate surface, in sharp contrast to 
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phosphorylated peptides. This observation strongly suggests that immobilization of the 

peptides proceeds via the expected formation of “zirconium-(OPO3-peptide)” covalent 

bonds. Moreover, none of the peptides were found to bind when the same experiment 

was performed on the bare superamine slide or on SuperAmine slides only treated with 

POCl3. In addition, the amount of phosphopeptide bound to the surface decreased when 

the spotting concentration varied from 10 µM to 1 µM.  

Interestingly, the binding of the phosphopeptides 1P to 4P decreased as the pH 

value increased. At pH 6.0 and 7.4, weak fluorescent spots could be observed after 

incubation with labeled streptavidin, indicating relatively poor immobilization on the 

zirconium phosphonate surface (Figure 6-8). By contrast, a strong binding of the four 

phosphopeptides was present at pH 3.0 and to a lesser extent at pH 4.5, evidenced by 

highly fluorescent spots with a ca. 15-fold intensity increase compared with pH 6.0 and 

7.4. This result is consistent with the pH dependence we observed in Chapter 3 with set 

1 peptides, containing only acidic amino acid side chains (glutamic acid (E) and aspartic 

acid (D)) in the sequence. The peptides used in this project (see Table 6-1) all have 

several D and E residues in the sequence and is very acidic, it is not surprised to find 

that it follows the same pH dependence as set 1 peptides.  

Occasionally, peptide 1P was found to have more surface affinity than 2P, 

leading us to question whether the additional phosphate group in 2P, which is relatively 

close to the biotin end, would pull the biotin close to surface, limiting the streptavidin 

molecule’s access to biotin. This requires further experiment to prove. 

SPREE experiments 

In order to complement spotting experiments, binding of the peptides on the 

Zr/phosphonate surface at pH 3.0-7.4 conditions were also probed using the SPREE 
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technique (Figure 6-11). SPREE was also used to monitor the binding of streptavidin to 

the peptide at pH 3.0 for all the peptides. From the overall signal change for all peptides 

under various pH conditions shown in Figure 6-13, we can again observe a pH 

dependence, the amount of peptide binding to the surface decreases as the pH 

increases for a given peptide. Meanwhile at the same pH, 4P binds slightly more to the 

surface compared to other peptides. The non-phosphorylated peptide 0P has poor 

surface binding under all pH conditions. 

We expect a signal increase after introducing the phosphopeptide into the 

system. Since the peptide was modified with biotin at the N-terminal, another signal 

increase may be observed when flowing streptavidin through the cell after the traditional 

buffer washing step. When trying to dissolve streptavidin in water and pH 3.0 super 

buffer, it was found that the protein tends to aggregate and deactivate under such 

conditions. Therefore we dissolve streptavidin in pH=7.4 super buffer and in each 

experiment with pH 3.0, after the buffer washing step, before adding streptavidin 

solution, we run another washing step by flowing pH 7.4 super buffer through the cell 

first and give enough time for the signal to reach a stable level again, in order to 

minimize possible surface refractive index change caused by changing solution. This is 

also similar to the pH 7.4 washing step in the spotting experiment, making the final 

SPREE signal change ∆Ψ comparable to the fluorescence signal.   

The poor binding affinity of the non-phosphorylated peptide (0P) was also 

observed, since the amount of peptide bound to the surface after the rinsing step was 

found to be pretty low, with a final signal change of ΔΨ ≈ 0.10-0.25°(Figure 6-14). 

Regarding the four phosphopeptides 1P, 2P, 3P and 4P at pH 3.0, the Zr/phosphonate 
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surface exhibits a higher and specific binding than 0P, as evidenced by the amplitude 

change of ΔΨ ≈ 0.70-0.85°. Also, the amount of peptide washed off in the pH 7.4 

washing step was larger for 0P compared to the other 4 phosphopeptides, indicating 

that the binding of 0P is mostly non-specific binding caused by electrostatic interaction 

between the positively charged surface and negatively charged peptide side chain at pH 

3.0. 

The SPREE results are in good agreement with the spotting experiments, and 

confirm that working at pH 3.0 results in the specific anchoring of phosphopeptides onto 

zirconium phosphonate surfaces while at higher pH, no significant binding occurs. The 

reason why 1P-4P exhibits similar level of surface binding is that the surface is mass 

saturated by these peptides. However, when adding streptavidin to the system, 

interesting behavior was observed. The protein binds to 0P and 4P is less compared to 

the amount binds to 1P, 2P and 3P (see Figure 6-15, the arrow indicates the addition of 

streptavidin). 

It is easy to understand there is no streptavidin binding for peptide 0P since 

before adding the protein, the pH 7.4 buffer washing step already washed off most non-

specifically bound peptide. However, for 4P, the reason why there is almost no 

streptavidin binding could be due to the fact that all the phosphorylation sites 

contributes in surface binding and therefore the biotin is pulled down to the surface, 

making it difficult for a big protein molecule, namely the streptavidin to access and bind. 

Although for 2P and 3P, there is also a phosphorylation site close to biotin, there are 

three and two amino acid residues in between the phosphorylation site and other 

phosphorylation sites, while for 4P there is only one amino acid residue separating the 
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phosphorylation site close to biotin and other phosphorylation sites, so we guess the 

amino acid residues in between the phosphorylation sites could cause some steric 

hindrance for phosphate groups binding to the surface. The more amino acid residues 

in between the phosphorylation sites, the more difficult it is for all phosphate groups to 

bind to the surface. This may be proved by experiments with new 2P and 3P peptides 

with all of the phosphorylation sites together, for example the sequence could be Biotin-

REEDDDD-pS-pS-EDE for 2P and Biotin-REEDDD-pS-pS-pS-EDE for 3P respectively.  

Influence of the number of phosphate moieties in phosphopeptides on their 
binding affinity  

Results from the spotting and SPREE experiments were also analyzed to 

investigate whether the number of serine-phosphate blocks in the phosphopeptide 

sequence has a significant influence on their affinity for the Zr/phosphonate supports. 

Taking account of the previous observations, comparison of the binding ability of the 

five peptides (Table 6-1) was limited to higher spotting concentration (5 and 10 µM, 

respectively). For all pH, the spotting experiments show that the 3P and 4P 

phosphopeptides bind more strongly onto the surface since the fluorescence intensities 

are ca. 2 or 3 times higher than for the 1P and 2P phosphopeptides. The poor binding 

ability of the non-phosphorylated analogue (0P) was again clearly apparent.  

From the SPREE data recorded at pH 3.0 (Figure 6-14), the amount of 

phosphopeptide bound to the Zr/phosphonate support was quite similar for the four 

phosphopeptides 1P to 4P due to surface mass saturation, and the kinetics of the 

fixation is rapid. Low binding of the non-phosphorylated peptide was observed (ΔΨ ≈ 

0.35° versus ΔΨ ≈ 0.6°-0.8° for 1P to 4P) as a result of non-specific weak interactions 

(electrostatic interaction, H bonding) between 0P and the support. While the binding 
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properties of the four phosphopeptides were found to be similar in SPREE experiments, 

the best results obtained in the spotting experiments for 3P and 4P by comparison with 

1P and 2P could reflect the higher binding stability of the two former peptides in the 

presence of competitors, in particular during the α-casein-mediated blocking step, due 

to a higher number of phosphate binding sites.  

Future Work 

In this work inorganic and organic treatments were applied to coat a phosphate 

monolayer on the surface of commercially available SuperAmine slide and bench 

prepared amine slide. Then the surface was incubated with zirconium solution to 

generate a zirconium phosphate (inorganic treatment)/phosphonate (organic treatment) 

surface. Surface characterization was done by AFM and XPS to compare the bench- 

prepared amine slide to purchased SuperAmine slides. Five peptide candidates with the 

number of phosphorylation sites varying from 0 to 4 were chosen to study their binding 

affinity to the zirconium phosphate/phosphonate surface under four pH conditions: 3.0, 

4.5, 6.0 and 7.4. Fluorescence spotting experiments and SPREE experiments were 

performed to investigate the surface binding affinity.  

Surface characterization and fluorescence spotting experiments both proved that 

the bench-prepared amine slide surface is similar to the surface of the commercially 

purchased SuperAmine slide.  

From the spotting experiment results, we can conclude that phosphorylation of 

peptides makes them able to bind strongly to Zr phosphonate surfaces via the formation 

of P-O-Zr bond. The surface affinity of 0P is very poor under all pH conditions compared 

to other phosphorylated peptides. For 1P-4P, the surface binding affinity increases as 

the number of phosphorylation sites increases, and decreases as the pH increases.  
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The SPREE experiments for all peptides under four pH conditions further 

confirmed that the surface binding affinity for a given peptide decreases as the pH 

increases, and non-phosphorylated peptide 0P has poorer binding under all pH 

conditions. However, at any pH, the surface binding difference among different 

phosphorylated peptides was not as obvious as what was observed in the spotting 

experiments. The reason is that SPREE is a surface mass density sensitive technique 

and the surface is mass saturated with the peptides. The SPREE experiment at pH 3.0 

showed almost no streptavidin binding for 4P. The reason might be that all 4 phosphate 

groups are involved in surface binding thereby pulling the biotin close to surface, 

preventing streptavidin access and binding. The reason why this behavior is not 

observed with 2P and 3P is probably the steric hindrance effect caused by the amino 

acid residues in between the phosphate group close to the biotin end and other 

phosphate groups. This assumption requires further experiments with peptides of 

different sequences to prove. 

We conclude that the presence of multiple phosphate groups leads to improved 

results, though perhaps not mandatory providing efficient and stable covalent binding of 

phosphopeptides. The appropriate peptide candidate for protein immobilization was 

chosen to be 4P based on the fluorescence spotting experiment due to the fact that the 

amount of bound peptide remaining on the surface is most for 4P after several vigorous 

washing steps. Though based on SPREE experiments there is less streptavidin binding 

observed, the reason is more likely to be the steric hindrance and kinetic issues, instead 

of surface binding ability. pH 3.0 appears to be the best pH condition to work with in 

future protein immobilization experiments. 
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Future work of this project includes more spotting and SPREE experiments with 

2P and 3P with new sequences, for example, with all phosphate groups together and 

relatively far away from the biotin end, to investigate the relationship between the 

location of phosphorylation sites and the streptavidin binding behavior. We are also 

waiting for the protein spotting experiment results with 4P at pH 3.0, which will be done 

by our collaborators at Université de Nantes in France.  
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Table 6-1. Amino acid sequences used for the binding study with zirconium 
phosphonate substrates. 

Name Amino Acid Sequence    Molecular Weight 

0P Biotin-REEDSDSDSEDE  1638.57 

1P Biotin-REEDEDDD-pS-EDE  1788.6 

2P Biotin-REED-pS-DDD-pS-EDE  1826.54 

3P Biotin-REED-pS-DD-pS-pS-EDE  1878.51 

4P Biotin-REED-pS-D-pS-pS-pS-EDE   1930.48 
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Figure 6-1: Covalent attachment of proteins on Zr phosphate/phosphonate surfaces via 
phsophopeptide anchors. 
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Figure 6-2. Comparison between commercially purchased SuperAmine surface(A) and 
APTES(B) treated glass surface.  
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Figure 6-3. Structure of the organic compound D used to prepare zirconium 
phosphonate modified amine surface.  

 

Figure 6-4. Scheme of the two amine surfaces after POCl3 (A) and compound D (B) 
treatment.  
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Figure 6-5. AFM (A) and XPS (B) survey spectra of SuperAmine surface.  
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Figure 6-6. AFM (A) and XPS (B) survey spectra of APTES surface.  
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Figure 6-7. XPS result of Zr and P signal on zirconium phosphate (A) and zirconium 
phosphonate (B) modified SuperAmine surface.  

 

Figure 6-8 : Fluorescence analysis of Zr/phosphonate substrates spotted with peptide 
0P, 1P, 2P, 3P and 4P at different pHs. For each condition, three spotting 

concentrations were used (from the left to the right: 10, 5 and 1 M). After 
spotting, saturation and rinsing, the substrates were incubated with 
streptavidine labelled with a fluorophore (Alexa Fluor 647). 
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 Figure 6-9. Fluoresence quantification as a function of pH for peptides 0P-4P spotted at 
various concentrations (1, 5 and 10 µM) on POCl3 treated SuperAmine slide. 
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Figure 6-10. Fluoresence quantification as a function of pH for peptides 0P-4P spotted 

at various concentrations (1, 5 and 10 µM) on compound D treated 
Superamine slide. 
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Figure 6-11. Fluoresence quantification as a function of pH for peptides 0P-4P spotted 

at various concentrations (1, 5 and 10 µM) on POCl3 treated APTES slide. 
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Figure 6-12. Fluoresence quantification as a function of pH for peptides 0P-4P spotted 

at various concentrations (1, 5 and 10 µM) on compound D treated APTES 
slide. 
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Figure 6-13: Overall signal change ∆Ψ of 0P-4P binding to zirconium phosphonate 
surface at pH 3.0-7.4 in super buffer.  

 

Figure 6-14: Raw SPREE data of 0P-4P binding to zirconium phosphonate surface at 
pH 3.0 in super buffer with a pH 7.4 washing step (plots are vertically offset 
for better comparison).  
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Figure 6-15. Raw SPREE data of 0P-4P binding to zirconium phosphonate surface at 
pH 3.0 in super buffer with addition of Streptavidin afterwards (plots are 
vertically offset for better comparison).  
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 

The focus of the research presented in this dissertation was the development of 

biosensors for the immobilization of phosphopeptides and proteins. For the systems 

discussed in different chapters, zirconium phosphonate surface was used as a support 

for biomolecules immobilization. This surface was first reported by our group and 

collaborators and has been a popular use for biomolecules immobilization such as DNA 

and proteins. In Chapter 3, efficiency of zirconium phosphoante surface in 

phosphopeptide enrichment is investigated. It is becoming obvious that protein 

phosphorylation plays an important role in the regulation and metabolism of many cell 

processes. Ongoing research on phosphopeptide enrichment approaches helps study 

protein phosphorylation quantitatively and protein phosphorylation regulation 

mechanisms. Therefore, our zirconium phosphonate surface was applied to enrich 

phosphopeptides. pH dependence was first studied by observing the binding behavior 

of various peptide analog pairs consisting of one phosphopeptide and one non-

phosphopeptide with the same amino acid sequence. pH dependence is of great 

importance to us as it could be a guide for certain peptide enrichment. Selectivity of the 

zirconium phosphonate surface towards phosphopeptide over non-phosphopeptide and 

kinetic information for phosphopeptide binding process has been looked into and a 

peptide-surface interaction mechanism based on different pH dependence of the 

peptides was proposed. The rationality of the mechanism was testified by a 

mathematical model. It turned out to be that the surface binding is mostly contributed by 

covalency between the phosphate group and the surface zirconium ion, electrostatic 

interaction between charged residue side chains in the sequence and the surface at 
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certain pH also influences the binding. As well as the design of biosensors, 

characterization by many techniques was an important aspect of this research work. As 

demonstrated in this work, it was possible to gain insight in phosphopeptide enrichment 

efficiency and pH dependence of zirconium phosphonate surface in phosphopeptide 

enrichment.  

After figuring out pH dependence and phosphopeptide-surface interaction 

mechanism, more phosphopeptide analog pairs were studied at chosen optimal pH 

based on the peptide sequence (Chapter 4), including phosphopeptides with the similar 

sequence but different lengths (one is a fragment of the other), phosphopeptides with 

the same sequence but different number of phosphorylation sites, as well as 

phosphopeptides with similar sequence but different phosphorylation site, in order to 

further study the ability of the zirconium surface in distinguishing those phosphopeptide 

analogs. Also, to find a desorbing solvent which is able to wash off the non-specifically 

bound non-phosphopeptide is also our interest and goal. Five different desorbing 

solvent was studied with a phosphopeptide and non-phosphopeptide analog pair. The 

results were also shown in Chapter 4. The most effective desorbing solvent is found to 

be 1% phosphoric acid solution, which could wash off almost 80% of non-specifically 

bound non-phosphopeptides while not affecting covalently bound phosphopeptides 

much. This solvent can be used in other phosphopeptide enrichment procedures as well 

as future mass spectrometry analysis of phosphoproteomics. 

Titanium dioxide is the most commonly used material in metal oxide affinity 

chromatography in phosphopeptide enrichment, with the mechanism believed to be the 

electrostatic interaction between the negatively charged phosphate groups and the 
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positively charged metal oxide surface at low pH. This leads to our idea to compare the 

phosphopeptide enrichment efficiency of titanium dioxide with our zirconium 

phosphonate surface, since the two methods are based on different interaction 

mechanisms. Due to the fact that we want to apply the SPREE technique for the 

comparison, the most important step is to coat a TiO2 thin film on gold surface. In 

Chapter 5, two approaches, solution deposition and atomic deposition were adapted to 

deposit TiO2 thin film onto gold surface. Surface characterization approved the success 

of thin film deposition. SPREE experiments were then performed with two 

phosphopeptide and non-phosphopeptide pairs at two selected pH, at which condition 

the two peptide set are believed to carry opposite net charge. Zeta-potential 

measurement of TiO2 nanoparticles was done to determine the surface charge at 

certain pH. The peptide binding behavior together with peptide and surface charge at 

given pH showed that the mechanism for TiO2 in phosphopeptide enrichment is truly 

based on electrostatic interaction and the calculated selectivity of this approach towards 

phosphopeptide is lower compared to our zirconium phosphonate surface.  

Recently, proteins immobilization has become of high interest in the 

understanding of biological mechanisms. Chapter 6 described the design of peptide 

anchors to immobilize proteins onto solid supports. Two amine surfaces, commercially 

purchased SuperAmine surface and bench prepared APTES slides, were used as the 

support. Organic and inorganic treatment was applied to generate a zirconium 

phosphate and phosphonate surface respectively. Four pH conditions were chosen 

according to our pH dependence study in Chapter 3. Five peptide candidates, with 

number of phosphorylation sites varying from 0-4, were utilized to investigate their 
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affinity to the zirconium phosphate/phosphonate surface under various conditions. 

Fluorescence spotting experiment as well as SPREE experiment was performed to 

examine the surface affinity of all peptides. Peptide candidate with the best surface 

affinity and the corresponding pH was chosen for future protein immobilization test. 

To date, all the phosphopeptide enrichment work is conducted under acidic pH 

conditions and no pH influence was reported. Our pH dependence study allows us to 

investigate the influence of pH on phosphopeptide enrichment using zirconium 

phosphonate surfaces, providing a new perspective in guiding future phosphopeptide 

enrichment. For example, if we want to isolate certain acidic peptides from a peptide 

mixture, we can work at acidic pH like pH 3.0 since that the most phosphopeptides are 

recovered at this pH. Meanwhile if basic peptides are our interest, basic pH such as pH 

7.4 is recommended because there is not much difference in phosphopeptide affinity to 

the surface while least non-specific binding from acidic side chains and no non-specific 

binding from basic side chains occurs at this pH. The simulation function based on the 

possible factors that could influence peptide binding to the surface simulates the 

experimental results well and proves that the factors we use to build the function is 

reasonable. Following experiments with peptide analogues of various lengths, numbers 

of phosphorylation sites and locations of phosphorylation sites further help us to 

evaluate the surface in distinguishing peptide analogues under certain pH conditions, 

which may also provides guidance to future phosphoproteomic study. 

 Since we propose the phosphopeptide and zirconium phosphonate surface 

interact with each other via the coordinate covalent bond formed between the peptide 

phosphate and the surface zirconium ion, comparing the phosphopeptide enrichment 
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behavior of our zirconium phosphonate surface to that of metal oxide surface, the 

mechanism of which is believed to be based on the electrostatic interaction between the 

negatively charged peptide phosphate and positively charged surface under acidic pH 

condition, will be significant. The different binding behaviors under certain pH conditions 

shown by the same peptide onto zirconium phosphonate surface and TiO2 surface, the 

most commonly used metal oxide for phosphopeptide enrichment, indicates that the 

metal oxide surface does adopt a different mechanism in capturing phosphopeptides. 

This explains from the mechanism the reason why zirconium phosphonate surfaces 

have better selectivity towards phosphopeptide compared to TiO2 surfaces in many 

cases.  

 When further apply the zirconium phosphonate surface in protein immobilization, 

using a phosphorylatable peptide tag enables the feature of immobilizing protein in 

certain orientations on a solid surface while retaining their activities. Investigating the 

surface affinity of peptide tag candidates with various numbers of phosphorylation sites 

helps us find out how many phosphates are necessary to efficiently immobilize protein 

on the surface.  It turned out that the coordinate covalent bond between the phosphate 

group and the surface zirconium ion is so strong that even one phosphate group in the 

peptide sequence provides good surface affinity. Presence of multiple phosphate 

groups leads to higher surface affinity, though not mandatory to provide efficient and 

stable covalent binding of phosphopeptides. 
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APPENDIX 
pI OF All PEPTIDES  

The isoelectric point of the peptide, pI, is the pH at which the net charge of the 

peptide is zero. The pI values calculated for all the peptides used in this work are listed 

in Table A-1. 

Table A-1. pI values of all peptides used.  

Peptide Abbreviation pI 

p60. phos. 2.05 

p60.  2.92 

pMBP 10.6 

MBP 14.0 

1-pY 4.28 

3-Y 6.89 

3-pY 3.09 

pDSIP 2.04 

DSIP 2.90 

pTP1 2.04 

pTP2 2.06 

6AA 2.61 

13AA 2.02 

p-S 10.7 

p-Y 11.8 

0P 2.64 

1P 2.07 

2P 1.76 

3P 1.58 

4P 1.44 
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