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Abstract 

The use of sol-gel immobilization in the fabrication of microarrays is a relatively 

new approach that has shown potential to become a leading methodology in this field. 

However, there are a limited number of assay systems that have been reported using this 

method. Furthermore, methods to produce high-density sol-gel-derived microarrays have 

not been reported. Herein, two novel assays utilizing sol-gel-derived microarrays are 

presented. In the first case, the solid phase of sol-gel-derived microarrays was employed 

as a detection platform for monitoring the activity of glycogen synthase kinase 3-B 

(GSK3B) in solution using a phosphospecific stain. Using this assay format, the ability to 

detect hyperphosphorylated product over the pre-phosphorylated substrate was 

demonstrated and a z' value of 0.49 was obtained, indicating amenability to small 

molecule screening. Secondly, a fluorogenic assay for acetylcholinesterase (AChE) was 

development that is compatibility with sol-gel derived microarrays and standard imaging 

instrumentation. A thiol-reactive fluorogenic dye, typically used for detection of thiolated 

oligonucleotides, was successfully used to monitor AChE activity both in solution and in 

silica. Further, a functional sol-gel-derived AChE microarray was fabricated and activity 

on array was detected. We have also reported on the optimization of materials for the 

fabrication of high-density kinase microarrays using sol-gel immobilization. By 

employing a directed criteria-based screen, optimal materials were quickly and efficiently 

identified. Two materials, l.5SS/1PV A/Glycerol and 0.25DGS, were identified as the 

optimal materials for fabrication of sol-gel-derived functional microarrays. 
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Chapter 1: Introduction 

Portions of this introduction were excerpted from Lebert, J.M.; Forsberg, E.M.; 

Brennan, J.D. 2008. Solid-phase assays for small molecules screening using sol-gel 

entrapped proteins. Biochemistry and Cell Biology, 2008, 86, 100-110. © 2008 NRC 

Canada or its licensors. Reproduced with permission. 

1.1 High Throughput Screening of Small Molecules 

The advent of combinatorial chemistry and parallel synthesis allows for the rapid 

creation of vast libraries of small molecules that may find use as therapeutics. In initial 

phases of drug development, pharmaceutical companies typically screen small molecule 

libraries against the biological target of interest in order to identify potential drug leads. 

With small molecule libraries now reaching several million compounds, there has been 

an increased demand to improve the throughput and decrease the cost of the screening 

process. Assay miniaturization, particularly in the form of functional protein microarrays, 

represents a promising path to improve the high throughput screening (HTS) of such 

compounds. 

1.2 Functional Protein Microarrays 

Microarrays consist of several hundred or thousand spatially ordered elements, 

typically 50-300 µm in diameter, printed onto a surface, such as derivatized glass slides. 

Each microarray includes all necessary controls along with samples of interest, such that 

control and screening assays can be performed in a highly parallel fashion. 1 The 
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development of microarray technology in the 1990s primarily focused on DNA and in 

1995, Schena et al. first reported on the use of the technology to assess gene expression.2 

The advancement of genome sequencing technologies and the relatively direct methods 

for immobilization of DNA3 has resulted in DNA-based microarrays becoming a routine 

tool for biochemical research. While these microarrays provide vast amounts of data on 

the DNA or mRNA level, it can be difficult to make direct correlations between this data 

and the conditions at the proteome level.4' 
5 Additionally, it is not possible to use DNA 

microarrays directly as a screening platform for assaying of small molecules in a high 

throughput-screening environment since DNA is generally not a suitable target for small 

molecule therapeutics. 

Following the success of DNA microarrays, protein arrays emerged as a system 

for the simultaneous detection of analytes6 and in 2000, the first protein microarray was 

reported for the detection of protein-protein interactions.7 Subsequently, high-density 

protein microarrays were fabricated for the elucidation of novel protein-protein 

interactions and profiling of substrate specificity.8
' 

9 As an alternative approach, small 

molecule or peptide microarrays have been prepared and used to assess protein binding or 

modification to the bound substrates with detection by fluorescence 10 matrix-assisted 

12laser desorption ionization mass spectrometry (MALDI-MS)11
' or surface plasmon 

resonance (SPR).13 

The above examples utilize immobilized proteins, peptides or small molecules as 

substrate microarrays for assessment of enzyme activity. There are far fewer examples of 

functional protein microarrays, where the enzyme, and possibly substrate, are 
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immobilized in microarray format and assayed directly on array. By immobilizing the 

enzyme directly, lower volumes can be used for assaying large numbers of compounds, 

thereby reducing assay cost. This is particularly advantageous for expensive low­

abundance proteins. Additionally, the solid phase nature of microarray assays allows for 

reduction of reaction volumes, increased sample concentration, and accelerated reaction 

kinetics. 14 Additionally, selective dyes and stains can also be employed with solid-phase 

assays by using washing steps to reduce background noise and improve assay 

sensitivity. 15 

1.3 Protein Immobilization 

Microarrays are typically prepared using standard protein immobilization 

techniques that have been applied for other applications, such as biosensor development 

and affinity chromatography. Examples of technique commonly used for 

bioimmobilization include those based on: i) covalent attachment16
; ii) affinity-based 

immobilization methods17
; and iii) microencapsulation into activated hydrogels 18

' 
19 as 

shown in Figure 1.1.20 
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Covalent attachment to Affinity capture 
activated surfaces 

Microencapsulation in hydrogels 
or polymers 

Sol-Gel entrapment 

Figure 1.1. Comparison of methods of protein immobilization.20 

Despite demonstrated success for each of these immobilization methods, each 

technique has specific drawbacks that limit its versatility and applicability to a wide 

variety of proteins and biomolecules. Both immobilization within hydrogels and covalent 

attachment methods rely on direct bonds formed between the surface and protein, which 

can compromise the structure and stability of the protein. Additionally, protein 

orientation is also frequently uncontrolled in these two approaches, which can result in 

lower sensitivity and increased biomolecule consumption due to the presence of protein 

with blocked active sites. Covalent attachment also suffers from dehydration problems, 

thus highly sensitive proteins may not be able to withstand the dehydration stresses. 

Affinity-based techniques rely on either labour intensive genetic manipulation of the 

protein of interest to insert a hexahistidine (His6) or glutathione S-transferase (GST) tag 
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for adhesion to nickel or glutathione supports, or modification of the protein structure by 

processes, such as biotinylation, for linking to streptavidin coated surfaces. For these 

techniques, protein conformational stability can be impaired due to direct modification to 

the protein structure. 

A relatively new route to biomolecule immobilization involves the sol-gel process 

22 23 24 25to entrap biologicals within a porous inorganic silicate matrix (Figures 1.2).21
• • • • 

The sol-gel process refers to the formation of a three-dimensional network from a 

colloidal suspension of particles, typically 1 - 10 run in diameter.26
• 

27 This process is a 

low temperature polymerization that can occur in aqueous solutions under mild pH 

conditions. While various metal oxides can be used, such as Ti02 and Ah03, most 

research has focused on Si02•
26

' 
27

' 
28 Protein entrapment within sol-gel-derived materials 

was first reported in 1955,29 however the field did not gain significant attention until 

1990 with Avnir's seminal paper reporting on the entrapment of alkaline phosphate in 

tetraalkoxysilane-derived silica with retention of 30% activity.30 Since this time, the field 

has advanced significantly, with reports on the entrapment of a wide variety of 

biomolecules, including antibodies, soluble enzymes, membrane-bound receptors, DNA 

aptamers and even whole cells, in a diverse range of sol-gel-derived materials.24
• 

31 
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?l-' Silica gel 
substrate  ~network 

Figure 1.2 Schematic representation of an enzyme entrapped in sol-gel-derived silica. 
Enzyme is accessible to small molecules and substrates, but it unable to leach from the 
spot. Figure adapted from Pierre 2004.42 

1.4 Sol-Gel Entrapment 

Bioencapsulation in silica via the sol-gel process typically involves two steps 

(Figure 1.3). The first is the preparation of the silica precursor via hydrolysis to create a 

suspension of silica nanoparticles 1 - 10 nm in diameter called a "sol". The subsequent 

step involves combining the "sol" solution with a buffered protein sample to induce 

polymerization. The buffer present in the biological sample neutralizes the pH and 

increases the ionic strength of the "sol", resulting in rapid condensation and the formation 

of a loosely cross-linked silica matrix called a "gel". This resulting gel is highly hydrated 

and porous, and thus allows small molecules to move freely in and out of the material, 

while retaining the larger biomolecule(s) of interest. 
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pH 7 

SS Si(ONa), + H" 
Ion Exchange Resin 

Si(OH).,. Na' 

Si{ORl,,,(OH)., 

Bio-doped sol 

COtlden$8tlon 
2 Si(OR).,,,{OH),, SiiOR},~(OH)0,,-0- (OH),,,,(OR)~ Si+ H20 

' ' polycondensalion • • ' ' n[-S1-0·S1·J [..Sl-O-S1-Q.Si-O-S1·0.J .. 
f I I l I 

Cast sol as COiumn or film, or pnnl array 
Gel forms Wtth entrapped DIO!'TlQtee:u•es 

Figure 1.3 General process for the sol-gel entrapment of biomolecules. Reproduced from 
Lebert et al. 2008. 3 

The sol solution is typically prepared by hydrolysis of tetraalkoxysilanes 

[Si(OR)4] under acidic or basic catalysis; specifically, tetramethoxysilane (TMOS) and 

tetraethoxysilane (TEOS) are most often used. Upon hydrolysis, TMOS and TEOS 

release methanol and ethanol respectively. Although most proteins can tolerate small 

amounts of alcohol, it is detrimental to protein stability and becomes a greater issue when 

working with fragile or unstable proteins such as kinases and G-protein coupled receptors 

(GPCRs). Methods to remove the alcohol prior to encapsulation via evaporation have 

been developed, 33 however one can eliminate the presence of alcohols directly by using 
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bio-friendly silica precursors in place of the tetraalkoxysilanes. Examples of bio-friendly 

precursors include glycerated silanes, 34
' 

35
' 

36 which release the protein stabilizer glycerol 

as the hydrolysis by-product, and sodium silicate,37 a pre-hydrolyzed precursor that, after 

Na+ to H+ cation exchange, can directly undergo condensation and polycondensation 

processes. An added benefit of using these precursors is that they can be both hydrolyzed 

and condensed at neutral pH, which is ideal for protein entrapment. Additionally, there 

are silane precursors with covalently tethered sugars, such as gluconamidyl 

triethoxysilane, that can also be incorporated into the sol solutions. While these 

precursors still release alcohol during the hydrolysis process, the sugar moiety can help 

stabilize the protein and retain water in the material.38 

In the second step of the process, it is possible to include a variety of additives 

along with the buffered protein sample, in order to modify the final properties of the 

material. Examples of additives include: i) polymers, such as polyethylene glycol and 

polyvinyl alcohol; ii) protein stabilizers, such as glycerol and sugars; and iii) silanes 

additives, such as tethered sugar silanes, mentioned above, as well as other functional 

silanes. Similar to the type of silica precursor used, the type and amount of additives can 

have a drastic effect on the final properties of the material, including pore size and 

distribution and surface chemistry. Additives provide a versatile method to optimize and 

tune the material properties to retain maximal activity of the protein of interest while 

ensuring material compatibility for the desired application. 

After combining the buffered protein sample and desired additives with the silica 

precursor solution, gelation is initiated and depending on the variables discussed above, 
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gelation can occur in seconds to hours or even days. Typical sol-gel immobilization 

protocols have gelation times less than 60 minutes. During the window of time between 

the mixing of protein and sol solutions and gelation, it is possible to cast the material in a 

variety of formats, such as columns, thin films and microarrays. Depending on the format 

desired, the required gel time and material properties vary. For instance, columns require 

a macroporous morphology (pore diameter >50 nm) to allow flow of eluent through the 

column; however for microarrays mesoporous materials with long gelation times are 

needed to prevent leaching and allow for printing. It is important to note that material 

properties are also affected by pH, ionic strength and the nature of the buffered solution 

containing the protein of interest, and possibly even by the protein itself.39 

After gelation has occurred on the macroscopic scale, the resulting material 

continues to evolve in a process called aging or syneresis. Aging involves the continued 

condensation of free SiOH groups within the matrix, resulting in both shrinkage of the 

material itself and the pore sizes within the material. After gelation and aging, the matrix 

contains nano-scale pores, which allow for the diffusion of small molecules in and out of 

the material, while retaining the protein. 

The sol-gel technique for protein immobilization offers several key advantages 

over the more traditional techniques. Firstly, as mentioned above, no modifications to the 

protein structure are needed for this immobilization strategy. As such, proteins in their 

native form can be used, reducing the potential of destabilizing the protein structure. 

Secondly, it has been shown that entrapment of enzymes can itself be stabilizing to pH 

31 40 41and temperature, preventing denaturation.23
' ' ' ' 

42 Thirdly, all surfaces of the protein 
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should be accessible for interaction with the analyte and thus allosteric interactions may 

be detected. 43 Lastly, this technique has been successful with a large number of proteins 

from a wide variety of protein families, as noted in a number of recent reviews.23
' 

24
' 

42 

While these advantages have led a number of groups, including ours, to investigate this 

route for production of functional protein microarrays, the potential of this method has 

yet to be reached due to the limited number of assay systems that have been successfully 

applied to this format. Thus it is necessary to expand the number of assay systems 

amenable to sol-gel-derived microarrays before this technique can be used as a general 

research tool for screening. 

1.5 Fabrication of Sol-Gel-Derived Microarrays 

The use of sol-gel technology for the fabrication of immobilized protein 

microarrays is a relatively new area as compared to arrays formed by more traditional 

immobilization techniques, such as covalent attachment to activated surfaces or affinity 

capture. This field has emerged over the past decade, with the first report of successful 

entrapment of a protein in a sol-gel-derived microarray format by Cho et al. in 2002.44 In 

this pioneering work, glucose oxidase was entrapped in a TEOS-based xerogel array with 

retention of activity and the ability to simultaneously detect glucose and 02 on array was 

demonstrated. Since this initial report, there have been a number of proteins successfully 

used in sol-gel-derived microarrays, including antibodies,45
' 

46 kinases,47 P450s,48 

horseradish peroxidase'49 and urease. 49 Sol-gel derived microarrays present several 

benefits over the traditional immobilization methods used for microarray fabrication, 
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including higher protein loading due to the 3-dimensional nature of the microspots,46 and 

the ability to entrap multiple enzymes within a single array element, making coupled 

"bl 49assays poss1 e. 

There are a number of methods that can be used to prepare microarrays, however 

sol-gel-derived protein microarrays tend to be fabricated by either contact pin-printing 

(Figure 1.4),45
· 

50 or non-contact printing, such as inkjet printing.48 While many of the 

criteria needed for the pin-printing of microarrays are similar to those for ink-jet-based 

non-contact printing, only pin-printed microarrays will be discussed in detail, as this is 

the printing technique used throughout this thesis. 

,,, 
Imm 

Figure 1.4 Scheme of the contact pin-printing of microarrays. Figure obtained in part 
from Reference 50. 

Contact pin-printing involves dipping a solid or capillary pm into a solution, 

followed by deposition of the solution onto a planar surface via contacting of the pin with 

the surface. This method has several features that make it highly amenable to printing 

sol-gel-derived microarrays, including the direct adaptability from printing standard 

spotting solutions to bio-doped sols, spot size variability simply by pin choice or 

printhead speed, and the potential for parallel printing using multiple pins simultaneously 

to enable efficient array fabrication. However, due to the nature of the sol-gel process, a 

number of criteria must be met in order to successfully print bio-doped sol-gel derived 
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microarrays: the sol must have a sufficiently long gelation time to prevent gelation of the 

material in the capillary of the pin and variable spot size/volume caused by changing 

viscosities during the gelation process; surface tension and viscosity must be such that the 

material can be deposited on the substrate surface; the spots must be uniform for 

quantitative analysis; and must also adhere to the substrate surface, and be resistant to 

cracking and leaching from washing steps. Additionally, the material must also retain of 

the bioactivity and accessibility of the protein by the analyte while preventing protein 

leaching. To simultaneously meet all of these criteria, it is best to screen a wide range of 

materials followed by optimization of those materials that pass the initial screen. 

1.6 Materials Screening for Sol-Gel-Derived Microarray Fabrication 

In 2002, Cho et al. described the high throughput screening of sol-gel materials 

for either growth factor delivery or retention of native protein structure and activity.45 In 

the first series of experiments, the group screened 900 bio-degradable polylactic acid­

based materials for successful entrapment of keratinocyte growth factor (KGF) in 

microarray format with materials printed onto fused silica or glass microscope slides. By 

comparing the emission spectra of native and entrapment KGF, six formulations were 

identified that appeared to retain the KGF in it native structure over a period of one 

month. A second set of materials was also screened, where ~600 silica sol-gel 

compositions were analyzed for maximum retention of binding activity of anti­

fluorescein antibody. Using TMOS as the silica precursor, compositions were prepared 

with various amounts of additives: aminopropyltriethoxysilane (APTES), Nafion, 
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polyethyleneimine (PEI, 70kDa), polyethyleneoxide (PEO, 1OOkDa), and dextran 

(25kDa). The formulations containing anti-fluorescein antibody were pin-printed onto 

cleaned plain glass slides and allowed to age a minimum of 3 days at 4 °C before 

analysis. While most (>80%) of the formulations demonstrated a detectable level of 

fluorescein binding, only a few materials gave maximum binding, including an unusual 

material composed of 95% TMOS, 4% APTES, 1 % Nation, which had a hydrolysis time 

of 10 h and a pH of 6.2 (20 mM Tris buffer). A complex composition like this would not 

have been predicted and thus demonstrates the benefits of material screening. 

In 2003, Rupcich et al. looked at the effects of the slide surface chemistry, the 

nature of the sol-gel precursor, the type and concentration of buffer, the water-to-silane 

ratio, the pH of the sol and the presence of the protein stabilizer glycerol, on the quality 

of the resulting microarray.46 Of the buffer conditions screened, 100 mM Tris at pH 8 

kept the final sol pH above 5.5 and had gelation times sufficiently long for printing. 

Silica precursors, including tetraethylorthosilicate (TEOS), sodium silicate (SS), 

diglyceryl silane (DGS) and monosorbitol silane (MSS) were mixed in various 

buffer:silane ratios (1:1:, 1.5:1, 2:1, 3:1) with 100 mM Tris (pH 8) and 0, 25 or 40% 

glycerol and tested for their gelation time and printability. These silica precursors were 

chosen to explore how bio-friendly precursors compare to traditional silica precursors 

that release alcohol during hydrolysis. Some sols with gelation times of <10 minutes 

were able to print 100 spots, however gelation times of>20 minutes were vital to prevent 

gelation of the sol in the pin. The spot quality was also compared between three surfaces, 

un-derivatized, aminopropyltriethoxysilane (APTES)-coated and 3­
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glycidoxypropyltrimethoxysilane (GPS)-coated glass slides. It was found that the more 

hydrophobic surfaces, APTES and GPS-coated slides, were better for spot shape and 

uniformity. Bio-doped sols prepared using SS with no glycerol and printed onto APTES 

or GPS coated slides were best for reproducible spot formation. Interestingly the addition 

of glycerol tended to cause cracking after washing of the microarray spots. The three-

dimensional sol-gel derived microspots were shown to immobilize > 50-fold more 

protein relative to the printing of proteins directly onto the slide surface (Figure 1.5). 

a) b) 

Figure 1.5 a) Image of sol-gel-derived microspots spaced 500 µm. b) Fluorescent image 
comparing sol-gel-derived (columns 1 and 2) versus monolayer (columns 3 and 4) 
microarrays containing anti-fluorescein antibody loaded with fluorescein. Images adapted 
from Rupcich et al. 2003.46 

In 2006, Kim et al. took high throughput screening of sol-gel materials for 

microarrays to the next level by screening 100,000 formulations to identify materials that 

could entrap antibodies without leaching and yet allow binding of secondary proteins.51 

Formulations were prepared with 5-25% silica monomers [tetramethyl orthosilicate, n­

methy ltrimethoxysilane, tetraethyl orthosilicate, ethy ltriethoxysilane, 

tetramethoxysilicate, methyltrimethoxysilicate, 3-aminotrimethoxysilane ], 5-15% silica 

intermediates [polyglycerylsilicate, diglycerylsilicate], and additives [N­
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triethoxysilylpropyl-0-poly( ethylene oxide) urethane, glycerol, poly( ethylene) glycol, 

PEG400, PEG 800]. All compositions were prepared in 10 mM HCl and then mixed with 

buffers with a range of concentrations (0 - 500 mM) and pHs ( 4-9) and containing 

various salts [potassium sulfate, ammonium phosphate, sodium phosphate]. Formulations 

were arrayed onto poly(methyl methacrylate) slides and screened against the follow 

criteria: adhesion, spot morphology, gelation time, optical transparency and auto­

fluorescence. The 700 materials that passed the first set of criteria were categorized based 

on their immobilization efficiency of Cy-3-labelled small molecules, protein or 

antibodies. Seven formulations were found to be suitable for protein immobilization. 

Bovine serum albumin (BSA) arrays were printed with each of these seven materials and 

assessed by incubating the array with Cy3-labelled anti-BSA antibody, washing, and 

imaging. Additionally, the seven materials were examined for nonspecific absorption, 

pore size and sensitivity. The best material identified for protein immobilization and 

detection using labeled antibody was 25.5% TMOS, 12.5% MTMS, 5% PEG8000. 

While the above examples show the importance of materials optimization for 

fabrication of highly functional sol-gel-derived protein microarrays, there are no reports 

describing the fabrications of high-density sol-gel derived protein microarrays. In 2007, 

Tehan et al. reported on the use of quartz pins to print microspots on the order of 10 

µm. 52 With array elements of this size, it would be possible to fabricate super high­

density microarrays with densities of 630 000 - 860 000 spots/cm2
• Using these pins, 

their studies indicated that it was possible to print a variety of solutions and sols of 

varying hydrophobicity and to adjust spot size via silanization of the quartz pin. Although 
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it is necessary to have pins capable of printing high-density microarrays, it is equally 

imperative to find sol-gel compositions with suitable properties to allow for the printing 

of these arrays. The ability to print high-density microarray is essential for bringing this 

technology into the high throughput screening environment. 

1.7 Small Molecule Screening Using Protein Microarrays 

The application of microarrays to small molecules screening has primarily 

focused on assaying for kinase inhibitors. 12
' 

13 However, rather than immobilizing the 

kinase, substrate microarrays were fabricated in order to assess the activity of soluble 

kinases via observation of changes in substrate structure upon exposure to kianses. A 

number of functional protein microarrays have been successfully fabricated to screen 

inhibitors on array, including microarrays of phosphatases and serine hydrolases,53 

cysteine proteases54 and the integrin av~3-vitronectin interaction55
• Membrane-receptors, 

such as GPCRs, have also been arrayed and used to screen for inhibitors. In the past 

decade, Lahiri et al. have described the fabrication of GPCR microarrays for competitive 

56 57binding assays and function-based GPCR assays. Receptor microarrays for 

competitive binding assays were prepared by printing phospholipid microsomes onto 

amniopropylsilane derivatized surfaces. These receptors retained their ability to bind 

fluorescent probes and, using competitive displacement of fluorescently labelled ligands, 

inhibitors were identified. Similarly, the group immobilized microsomes doped with 

GPCR onto glass slides. By using highly porous glass slides, ligands could access the N­

terminus of the GPCR and the non-hydrolysable Eu(llI)-labelled guanosine 5' ­
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triphosphate (GTP) analog could interact with Ga subunit of the GPCR:G-protein 

complex. Using the binding of Eu-labelled GTP, small molecules with agonistic or 

antagonistic properties could be identified. 

The ability to entrap membrane proteins within sol-gel materials58 suggests that it 

should be possible to fabricate GPCR microarrays for nanovolume screening. Indeed, sol­

gel derived microarrays have been utilized for the entrapment of a series of membrane­

associated CYP450 enzymes and used for high-throughput analysis of drug metabolism 

by these enzymes.48 In this work, CYP1A2, CYP2B6 and CYP3A4 were immobilized in 

sol-gel based microarrays and overprinted with~ 30 nL of a substrate/drug of interest and 

incubated. The microarrays were then overlaid with a second cell-coated slide, and a 

live/dead stain was subsequently applied to the cell-based slide to determine which drug 

metabolites were cytotoxic. It was clearly shown that the CYP containing arrays could 

convert the non-toxic pro-drug cyclophosphamide into the cytotoxic chemotherapeutic 4­

hydroxycyclophosphamide, as indicated by site specific cell death on the overlaid cancer 

cell slide. They further showed the versatility of the microarray platform (termed the 

Meta Chip™) by assaying several different drugs against the CYP isoforms, with all 

compounds exhibiting activities and inhibition constants close to those in solution. 

Two protein families of particular interest for inhibitor screening are kinases and 

esterases. Kinases are currently the second most widely studied target in pharmaceutical 

companies due to their involvement in a great number of diseases. Choline esterases, 

particularly acetylcholinesterase, have regained attention due their involvement in 

Alzheimer's disease and other nervous system diseases. Because of this broad interest, 
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our efforts have focused on developing functional protein microarrays for these two 

classes of proteins. 

1.8 Kinases 

Kinases play an essential and complex role in cellular metabolism and signalling 

pathways. These enzymes transmit cellular signals along a pathway by transferring 

phosphate groups from ATP to a substrate protein or molecule. Phosphorylation is 

believed to be one of the most common covalent post-translational modifications - in fact, 

one-third of eukaryotic gene products are predicted to undergo phosphorylation at some 

stage of their lifecycle.59 Fittingly, there are over 500 protein kinases in the human 

proteome, which perform these phosphorylation events.60 The improper regulation of 

kinase activity has been implicated in a number of diseases, including cancer,61 

inflammation,62
• 

63
• 

64 and diabetes,65
• 

66 and as such, it is not surprising that kinases have 

become the second most targeted family of proteins by pharmaceutical companies. 67 

Among the kinases, glycogen synthase kinase-3 (GSK-3) is of significant interest 

to both academic and pharmaceutical driven research, as it plays an intricate and central 

role in basic cellular metabolism. Originally, GSK-3 was identified through its ability to 

inactivate glycogen synthase via phosphorylation, and thereby regulate glycogen 

metabolism.68
•
69 However, over the past two decades, it has been found that this kinase 

has a multitude of putative substrates and is essential for many cellular functions 

including cytoskeletal regulation, 70 apoptosis,71 and transcription factor regulation 72
. 

Additionally, GSK-3 has been implicated in a number of pathological conditions such as 
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schizophrenia,73 heart disease,74 non-insulin-dependent diabetes mellitus,75 cancer76 and 

Alzheimer's disease. 77 

There are a variety of methods used to monitor kinase activity; a summary of 

frequently used assays is described in Table 1.1. Although all of these methods have 

utility, there are also disadvantages associated with each, as described in the table. Many 

of these assays require expensive reagents, such as synthetic substrates or expensive 

antibodies, as well many formats are not compatible with sol-gel-derived microarrays. 

Furthermore, due to the unique preference of GSK-3 for pre-phosphorylated, or 'primed', 

substrates, these methods are not ideal to monitored GSK-3 activity.78 

Table 1.1 Selection of assays used for monitor kinase activity. Adapted in part from 
Reference 67. 

Method Techn!g_ue Disadvanta_g_es 
Luciferase Coupled Luminescence signal generated Requires high turnover of 
Assay79 from 1 uciferase-1 uciferin ATP due to high sensitivity 

reaction with un-reacted ATP of ATP detection 

Homogenous time- Labelled antibodies bring Eu- Relies on the availability of 
resolved fluorescence fluorophore FRET pair in close expensive antibodies 
(HTRF) based assays8° proximity specific for the substrates. 

Scintillation proximity Streptavidin-coated scintillant Uses radioactive ATP 
assay (SP A/0 beads bind to biotinylated 

peptides 
Using ATP33 

, emission of beta 
particles in close proximity to 
scintillant beads result m 
emission of l!ght 

Fluorescence Antiphospho-antibody binds to Requires both labelled 
polarization (FP) fluorophore-labelled substrate peptide and antibody 
assays81 

• 
82 peptide to slow depolarization specific for system 

of light 
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Method Techn!g_ue Disadvanta_g_es 
84IMAP assay83

· Fluorescence polarization assay Require large turnover 
Phosphory lated peptides bind Protein substrates cannot be 
trivalent metal ion coated beads used 
to increase mass 

NADH coupled Assay-gr Absorbance decrease assay Signal decrease assay 
monitors consumption of Requires secondary 
NADH (340nm) screening to ensure 

inhibitor specific to kinase 
(off-target hits) 

JQ----so Fluorophore-labelled peptide is Signal decrease assay 
quenched upon phosphorylation Sensitive to compound 
by proprietary quencher interference 

Ms'31 Changes in mass due to Limited to MS-compatible 
phosphorylation monitored assay conditions 

Radioactivity88 Radioactive ATP lS used to Use of radioactivity 
monitor generation of 
phosphorylated product 

Amplified luminescence In close proximity donor- Relies on antibodies and 
proximity homogenous acceptor beads generate light. biotin-streptavidin 
assay (ALP HA/9 Very sensitive to compound 

interference 

Z'-Lytew Phosphorylation inhibits Requires availability of 
cleavage of a peptide which is double-labelled peptide 
dually labelled with a FRET Requires presence of a 
palf cleavage sight in peptide 

se_g_uence 

In 2003, Martin et al. reported on the adaptation of a phospho-selective stain, 

typically used for phosphoprotein identification in gels, for quantitative detection of 

phosphoproteins and phosphopeptides in microarray format. 91 Pro-Q® Diamond TM stain 

by Invitrogen is a rhodamine-based dye that binds selectively to phosphorylated residues 

via a Fe3 
+ bridge. Pro-Q® Diamond™ stain was found to be compatible with both 
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covalently immobilized and hydro-gel-based protein/peptide microarrays by Martin et al. 

The authors were also able to demonstrate the use of immobilized peptide arrays and the 

Pro-Q® Diamond™ stain to monitor kinase activity. 

The compatibility of Pro-Q® Diamond™ with sol-gel-derived silica microarrays 

was later confirmed by the Brennan group using Protein Kinase A (PKA) and kemptide 

as a model kinase:substrate system.47 In this paper, Rupcich et al. reported on the 

fabrication of a functional sol-gel-derived kinase microarray as a platform for 

nanovolume screening of inhibitors. The kinase microarray was based on the co­

immobilization of the substrate, kemptide, and the model kinase, PKA (a-catalytic 

subunit), within a single array element using sodium silicate as the silica precursor. 

Nano-litre volumes of known PKA inhibitors, H7 and H89, at various concentrations 

were overprinted on top of the individual array elements, followed by overprinting of 

ATP. After a set incubation period, the entire array was washed and stained with Pro-Q® 

Diamond™ dye. Using a fluorescence slide scanner to image the array, the IC50 values of 

these inhibitors were determined using less than 40 nL of inhibitor solution per curve and 

were found to be comparable to literature values. However, all arrays used in this study 

had <100 array elements, and thus high density microarrays were not demonstrated. 

1.9 Acetylcholinesterase 

Functioning in the synaptic cleft, acetylcholinesterase (AChE) catalyzes the 

deactivation of neurotransmitter acetylcholine via hydrolysis to choline and acetate. This 

enzyme has regained attention recently for its association with Alzheimer's disease (AD). 
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In fact, several drugs that inhibit AChE are currently available on the market for 

treatment ofAD, including galanthamine,92 donepezil,93 and rivastigmine.94 

Acetylcholinesterase has historically been assayed using the Ellman assay. This 

well-known assay utilizes a substrate analog, acetylthiocholine, and monitors reaction of 

the product thiocholine with 5,5' -dithiobis(2-nitrobenzoic acid) (DTNB). This reaction 

results in formation of 5-thio-2-nitrobenzoate (TNff), which absorbs at 412nm. Although 

this assay has been shown to be robust, because it relies on absorbance measurements, 

this assay is not amenable to the microarray format. 

A number of fluorogenic assays for AChE are available, which involve either 

direct monitoring using fluorogenic substrate mimics or indirect monitoring using 

coupled assays or a pH-sensitive dye. Examples of fluorogenic substrates include 1­

naphthylacetate95 and 1-methyl-7-acetoxy-quinolinium iodide.96 However, these 

compounds require excitation in the near-UV or blue-violet visible region and thus are 

not amenable to standard microarray scanners that use 532 and 633 nm lasers for 

excitation. Coupled assays for AChE include Amp lex Red® 

Acetylcholine/ Acetylcholinesterase Assay from Invitrogen97 which couples choline 

generation to H102 production via choline oxidase catalysis. Horseradish peroxidase in 

turn reacts with peroxide and the Amplex Red reagent to generate a fluorescence signal. 

While compatible with array scanners, this coupled assay requires secondary assays to 

assess off-target inhibition. Additionally, reports on utilizing the pH change produced 

from generation of acetate to induce changes in fluorescence intensity have been 

used.98
'
99 In fact, Tsai and Doong reported on the generation of functional AChE 
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microarrays using the pH-sensitive dye fluorescein isothiocyanate (FITC)-dextran which 

was referenced to the intensity of the pH-insensitive dye tetramethylrhodamine 

isothiocyanate (TRITC)-dextran.100 While this method is ratiometric, it is very sensitive 

to environmental changes and interferences from the nature of the compounds to be 

screened and requires tight control over buffer capacity and assay conditions. These 

problems could be eliminated by utilization of a non-pH sensitive dye system. 

1.10 Thesis Overview 

Sol-gel immobilization as an approach to functional protein microarray 

fabrication has shown potential to become a leading methodology in this field. However, 

there remain a number of challenges with employing this approach that must be 

addressed. Firstly, the number of assays systems reported in literature using this approach 

is low and thus this number must be increased in order to fully demonstrate the potential 

of the technique. Secondly, a sol-gel composition universally amenable to protein 

microarray technology or even a single protein class has yet to be identified. For instance, 

it has been shown that functional PKA microarrays can be fabricated in SS,47 however it 

is not known if this precursor and entrapment method is amenable to all kinases or 

potentially all soluble proteins. Thirdly, methods to produce high-density sol-gel-derived 

microarrays have not been reported. The scale-up of this technology is required in order 

to move into the HTS environment. Given the potential of sol-gel derived microarrays, 

this thesis will report on our efforts in evaluating new assay systems amenable to this 

technology and the development of methods to fabricate high-density sol-gel-derived 
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microarrays. Particular attention will be paid to the development of methods for the 

fabrication of such devices for use with kinases and esterases. 

Chapter 2 will describe results utilizing sol-gel-derived microarrays as a solid 

phase platform for detection of GSK3B activity. Assays using GSK3B were conducted in 

solution, followed by entrapment in a sol-gel-derived microarray format. This solid-phase 

format enabled the use of a fluorescent phospho-specific stain to monitor the degree of 

phosphorylation within each sample microspot. Using this solution-based method, it was 

possible to monitor inhibition of the reaction to generate IC5ocurves. 

Chapter 3 of this thesis will discuss overcoming the challenges of producing 

functional kinase microarrays using sol-gel entrapment and the generation of high-density 

sol-gel-derived microarrays. While sol-gel immobilization to fabricate functional kinase 

protein microarrays has shown promise as discussed above,47 several issues must be 

addressed. Firstly, initial studies with other kinases have concluded that the 

immobilization procedure used for PKA is not generic to all kinases. Secondly, the sol­

gel composition employed in the original kinase array paper cannot be implemented to 

fabricate high-density microarrays due to the relatively short gelation time of the 

precursor solution. In this chapter, the results of a directed materials screen to optimize of 

sol-gel compositions that allow for both robust high-density microarray fabrication and 

retention of activity for a wide number of kinases will be presented. Factors examined in 

the screen were buffer type, concentration and pH, silica precursor and concentration, 

ormosil additives, small molecule additives and slide surface chemistry. The materials the 
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were amenable to high-density array fabrication were then tested for retention of kinase 

activity for a selection of therapeutically relevant kinas targets 

Chapter 4 will present our work toward developing functional sol-gel-derived 

acetylcholinesterase microarrays using a fluorogenic thiol-reactive dye. This fluorogenic 

dye is compatible with standard DNA microarray scanners and was assessed for its 

ability to monitor AChE activity both in solution and in silica using micro-well plate 

assays. This is the first report of this dye being used to monitor the activity of AChE. 

Using SS, a functional sol-gel-derived AChE microarray was fabricated and shown to 

retain AChE activity on array. 

Finally, Chapter 5 will provide conclusions on this body of work and propose 

directions for future research in this area. 
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Chapter 2  

Sol-Gel-Derived Microarrays as a Solid-Phase Platform for  

Detection of GSK-3(3 Activity  

In the following chapter, I was responsible for all experimental design, data 

analysis, interpretation and presentation. I wrote the first draft of the manuscript and Dr. 

Brennan provided editorial input to generate the final draft. 
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Chapter 2: Sol-Gel-Derived Microarrays as a Solid-Phase 

Platform for Detection of GSK-3P Activity 

Abstract 

A solution-based glycogen synthase kinase 3B (GSK-313) assay was developed, 

utilizing sol-gel entrapment for generation of a microarray-based solid phase platform 

that allowed for detection of phosphorylated substrates using a fluorescent stain. Solution 

assay mixtures were immobilized in silica in microarray format via pin-printing of the sol 

and biomolecule mixture. Using Pro-Q® Diamond™ stain, a phospho-residue specific 

dye, the extent of phosphorylation in each microarray element was analyzed. GSK-313 has 

a preference for pre-phosphorylated, or primed, substrates, and therefore the ability to 

detect hyperphosphorylation was demonstrated using a gradient of GSM peptide, a 

primed substrate for GSK-313. After assaying four different GSK-313 substrates, GSM 

peptide was found to be the optimal substrate to monitor GSK-313 activity using the 

microarray format based on signal-to-background and cost/availability considerations. 

This assay was found to be a amenable to small molecule screening, with a z' value of 

~0.5. Three different GSK-313 inhibitors, with varying potency and modes of action, were 

tested with this system. The known ATP-competitive and non-competitive inhibitors 

were correctly identified and showed a level of inhibition corresponding to their potency. 

The ATP-competitive inhibitor, SB415286, was chosen for further characterization and it 

was shown that the microarray assay could be used to generate an IC50 value. 

36 



Master's Thesis- J.M. Lebert McMaster - Chemical Biology 

2.1 Introduction 

Phosphorylation is a ubiquitous post-translational protein modification that plays 

a key role in the regulation of many cellular processes.1 The improper regulation of 

phosphorylation by kinases has been associated with a wide range of diseases and as such 

kinases have become the second most targeted family of proteins for drug development.2 

A particularly interesting kinase is glycogen synthase kinase 3 (GSK-3), which is 

involved in many central cellular functions including cell cycle progression, 3 
' 

4 

apoptosis,5 and transcription factor regulation6
. It has also been implicated in various 

pathological conditions including schizophrenia,7 heart disease,8 non-insulin-dependent 

diabetes mellitus, 9 cancer 10 and Alzheimer's disease. 11 The association of GSK-3 in 

Alzheimer's disease is attributed to its role in the hyperphosphorylation of tau protein. 12 

Using antisense treatment and phosphatidylinositol(3,4,5)triphosphate (Ptdlns(3,4,5)P3) 

inhibition studies, Takashima et al. were able to establish that the 13-isomer of GSK-3 

(GSK-313) was the key isomer responsible for the hyperphosphorylation of tau. 13 As such, 

it is of both therapeutic, as well as academic, interest to identify inhibitors of GSK-313. 

There are a wide variety of methods currently used to screen small molecule 

libraries in high throughput to identify kinase inhibitors. The most prevalent of these are 

the scintillation proximity assay (SP A), 14 homogeneous time-resolved fluorescence 

(HTRF) assay, 14 fluorescence polarization (FP) assay, 15
' 

16 and amplified luminescence 

proximity homogeneous assay (ALPHA). 17
' 

18 While each method has its strengths, there 

are also disadvantages associated with each: SP A requires the use of radioactive ATP33
; 

HTRF and FP assays require expensive labelled antibodies; while ALPHA screens are 
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very sensitive to interferences. 18 Additionally, the methods are not ideal for GSK-313, due 

to the unique preference of GSK-313 for pre-phosphorylated, or 'primed' substrates. GSK­

313 has a recognition sequence of S-X-X-X-pS, where pS is a phosphoserine, 19 and most 

of the assays described above are unable to distinguish between the primed substrate and 

hyperphosphorylated product. 

In 2005, a mass spectrometry-based assay for GSK-313 activity was reported by 

Bowley et al.20 This method involved the covalent attachment of the substrate peptides to 

a gold-plated surface, followed by incubation of the plate with GSK-313 and necessary 

cofactors. To detect the generated product, surface enhanced laser desorption/ionization 

time of flight mass spectrometry (SELDI-TOF-MS) was used. This format allowed for 

rapid, non-radioactive-based assaying of GSK-313 activity. However, this method is not 

amenable to the large protein substrates of GSK-313 and the mode of MS used in known 

to be only semi-quantitative in nature. 

Partserniak et al. also published a MS-based assay for GSK-313 in 2008.21 This 

article reported a solution-based GSK-313 assay with the substrate phosphopeptide, GSM, 

using ESI-MS to detect levels of pGSM relative to GSM. Levels of ammonium acetate 

buffer and magnesium ion were screened for maximal GSK-313 activity while 

maintaining a high MS signal. Using this method, a screen of 100 compounds in mixtures 

of 10 compounds each was performed and samples spiked with known inhibitors were 

correctly identified. This method however is limited to MS-compatible assay conditions 

and is not easily amenable to protein substrates of GSK-313. 
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A relatively novel method to monitor kinase activity involves the use of a 

phospho-specific stain, Pro-Q® Diamond™ from Invitrogen, in conjunction with 

microarrays as a solid phase support. In 2003, Martin et al. reported on the adaptation of 

this stain, which is typically used for phosphoprotein identification in gels, for 

quantitative detection of both phosphoproteins and phosphopeptides on covalently 

immobilized and hydrogel-based protein/peptide microarrays. 22 Kinase activity could 

also be monitored using the substrate microarrays and the phospho-specific stain. 22 The 

compatibility of this dye with sol-gel-derived silica microarrays was later confirmed by 

the Brennan group using protein kinase A (PKA) and kemptide as a model kinase 

system.23 

Herein, we investigate the application of Pro-Q® Diamond™ stain with sol-gel­

derived microarrays as a solid phase platform for the monitoring of GSK-3~ activity and 

inhibition in solution. By carrying out reactions in solution, then entrapping the final 

reaction mixture in silica in microarray format, the required solid phase support is 

generated. The inexpensive Pro-Q® Diamond™ stain can then be employed for end-point 

detection to assess the degree of phosphorylation in each microspot (Figure 2.1 ). Sol-gel­

derived microarrays are a particularly attractive solid phase platform for this assay format 

due to their high loading capacity and sensitivity relative to monolayer immobilization 

techniques. 24 Additionally, this assay format does not rely on expensive antibodies or 

labelled substrates, nor does it require specific buffer conditions to be compatible with 

the detection mode. Furthermore, the type of substrate is not limited with this kinase 

assay - both peptide and protein substrates can theoretically be employed. Lastly and 

39 

http:system.23


Master' s Thesis - J.M. Lebert McMaster - Chemical Biology 

most importantly, this method is shown to be quantitative and compatible with primed 

substrates. 

1:0.5 (v:v) with SS 

96-weJI plate 

Pro..Q® 
Diamond Stain 

-
550/580nm 

Figure 2.1 GSK-3~/GSM assay scheme. Solution-run assays are printed as sol-gel­
derived microarrays, then stained with Pro-Q® Diamond™ stain and imaged 
fluorescently. 

2.2 Experimental 

2.2.1 Materials. The structure of GSK-3~ substrates and inhibitors, as well as Pro-Q® 

Diamond™ stain are shown in Table 2.1. ~-casein, bovine serum albumin (BSA), 

adenosine triphosphate Mg(II) salt, MgClz, sodium silicate, Dowex 50x8-100 cation 

exchange resin and SB415286 were obtained from Sigma (Oakville, ON). Glycogen 

synthase kinase 3~ and CREB peptide were purchased from New England Biolabs. 

FRA Ttide, GSK Inhibitor I and Tau protein was obtained from EMD Biosciences 

(Mississauga, ON). B-Catenin was purchased from Millipore (Etobicoke, ON). 
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SuperAldehyde™ derivatized glass microscope slides were purchased from Arraylt 

(Sunnyvale, CA). Pro-Q® Diamond™ phosphorylation dye and destaining solution were 

purchased from Invitrogen (Burlington, ON). Water was purified with a Milli-Q 

Synthesis Al0 water purification system. All other chemicals and solvents used were of 

analytical grade, and were used without further purification. 

Table 2.1 Inhibitor and substrate structures. 

Structure CommentsInhibitor/Substrate 
Not primed 

(GST tagged) 
B-catenin 112kDa protein 

Complex with axin enhances 
_Q_ho~ho....!i'._lation25 

KRREILSRRPS(p )YRK CREB peptide Primed 
_{_14-mer}_ One site for _Q_hoSQhO_!:YJ.ation 

Tau protein 60 kDa protein Not primed 
(His6 Tag) Nine phosphorylation sites 

Heparin enhances 
_Q_ho~ho....!i'._lation26 

Primed 
lP_SlHQRR_{_22-me:Q 

GSMpeptide RRRPASVPPSPSLSRHS 
3J!_ho~ho_!Y_lation sites 

SB41286 ATP-competitive~~ H 
ICso 78 nM (Ki 33.1 nM) 27 

~:CCCI 
0 ~ 0 OH 

,0 Non-ATP competitive GSK Inhibitor I 
(TDZD-8) ICso 2 µM (Ki~ 0.5 µM)2 8 

o'lro 
HJC" 

FRATtide SQPETRTGDDDPHRLLQQL Prevents binding of un-
VLSGNLIKEA VRRLHSRRL primed substrates29 

Q (39-mer) 

I IPro-Q® Diamond1
M Selectively stains phosphate /N ""' 0-""I ""' ""'­

Stain groups
# # / 

Ex/Em: 500/580 nm 
,p- I 
' 0-------------o~F 
"j-_o"li'" I #

~J:o a o- ~--< 
Fe" 0 
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2.2.2 Arraying Methods. 

Sodium silicate preparation. The sodium silicate precursor solution (SS) was prepared by 

diluting 2.9 g of sodium silicate in 10 mL of ddH20 and immediately adding 5 g of the 

Dowex resin. The mixture was stirred for 30 seconds and then vacuum filtered through a 

Buckner funnel. The filtrate was then further filtered through a 0.45 µM membrane 

syringe filter to remove any particulates in the solution. The solution was made fresh 

daily and kept on ice until use. 

Spotting solution preparation. Spotting solutions were formed by combining the buffered 

assay sample solutions (25 µL) in a 1:0.5 (v:v) ratio with SS to a final volume of 37.5 µL 

in a 96-well plate. These solutions were mixed immediately before printing to reduce any 

risks of gelation of the sample in the printing pin. The mixtures typically required at least 

30 min to gel, allowing samples to be printed as often as required. 

Microarray Pin-Printing and Slide Aging. A Virtek Chipwriter Pro (Virtek Engineering 

Sciences Inc., Toronto, ON) robotic pin-spotter equipped with a SMP3 stealth 

microspotting pin (250 nL uptake, 0.6 nL delivery, Telechem Inc., Sunnyvale, CA) was 

used to print 100 µm diameter spots onto aldehyde-derivatized glass microscope slides 

from 96-well plates using a printhead speed of 10 mm.s-1
• The time required to uptake 

and print a single sample (with 15-20 replicates) is approximately 3 minutes, including 

the time required for washing, sonicating and drying the pin following spotting. Printing 

was performed at room temperature with humidity at ~80%. Arrays were allowed to age 

at 30° C overnight at high humidity prior to staining and imaging. 
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Pro-Q Staining/Destaining. Aged arrays were stained with Pro-Q® Diamond™ stain for 

45 min with shaking. The slides were then destained twice for 10 min with shaking using 

the commercial destaining solution from Invitrogen. Lastly, the slides were washed with 

ddH20 for 10 min with shaking and spun dry using a high-speed slide centrifuge (max. 

speed ~6000 rpm) (Telechem International). 

Fluorescence Imaging. Fluorescence images of the microarrays were taken with a 

ScanArray Express (Packard Biosciences). Excitation was performed with the 548 nm 

laser at 90% laser power and emission at 580 nm was monitored with 50% gain. For 

experiments involving internal controls, the 647 nm laser was used for excitation and 

emission was monitored at 668 nm. 

Image Analysis. The microspot intensities were quantified usmg ArrayPro Analyzer 

software (MediaCybernetics). The corrected spot signal intensities were calculated by 

subtracting the local background from the total integrated signal. In each case, the 

average signal intensity of the replicate spots is reported with errors representing 1 

standard deviation. Outliers were identified using the Q test and not included in the 

average. 

2.2.3 Assay Procedures.  

GSM Gradient. A dilution series of GSM peptide (0 - 400 µM) in 50 mM Tris, pH 7.5,  

10 mM MgCh was printed 1) directly onto a SuperAldehyde slide and 2) mixed 1 :0.5  

(v:v) with SS and printed onto a SuperAldehyde slide. Both arrays were imaged and  

analyzed with the method described above.  
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GSK-3{3 Optimization. GSK-313 (10 units/µL or 5 units/µL) was mixed with GSM (50 

µM) and ATP (250 µM) in 50 mM Tris pH 7.5, 10 mM MgCh (25 µL total volume) and 

the mixture was incubated for 2, 4 and 6 hours on a plate shaker at room temperature. As 

the negative control, the assay was run with all components except ATP. Following 

incubation, the samples were then mixed 1 :0.5 (v:v) with SS and printed in arrays of 5 

replicates per sample on a SuperAldehyde slide and analyzed as noted above. 

GSK-3{3 Assay Proof of Concept. GSK-313 (10 units/µL) was mixed with one of 

13-Catenin (1 µM)/CREB (50 µM)/Tau (2 µM)/GSM (50 µM), as well as ATP (250 µM) 

in 50 mM Tris pH 7.5, 10 mM MgCh with or without 50 µg/mL heparin (25 µL total 

volume) and the mixture was incubated for 2 hours on a plate shaker at room 

temperature. As negative controls, the assays were run with all components (including 

heparin) except ATP. The samples were then mixed 1 :0.5 (v:v) with SS and printed in 

arrays of 5 replicates per sample on a SuperAldehyde slide and analyzed as noted above. 

GSK-3{3/GSM z' Plot. Assays were run using GSK-313 (10 units/µL), GSM (100 µM), 

ATP (100 µM) in 100 mM Tris, pH 7.5, 10 mM MgCh. Five assays were performed in 

parallel and incubated for 2.5 hours at room temperature on a plate shaker. As the 

negative control (NC) for the plot, assays were run without ATP. Each sample was used 

to generate 50 microspots and therefore in total 250 microspots were printed. This array 

was analyzed and used to generate a z' plot. To reduce variation due to differential spot 

volumes, only the last 25 spots were used for each sample to generate the z' plot. The z' 

value was calculated using Equation [1] provided below. 
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z'=l- 3as+3ac 
lµs - µcl 

[1] 

Inhibition Assays. Solutions containing GSK-313 (10 units/µL), GSM (50 µM), ATP (50 

µM), and one of SB415285 (A)/GSK-313 Inhibitor I (B)/FRATtide (C) at 4 µM in 50 

mM Tris, pH 7.5, 10 mM MgCh were incubated for 2 hr incubation with shaking at room 

temperature. Inhibitor stocks solution were 10 mM in DMSO (1 µL in 25 µL assay). 

Positive control (PC) samples utilized the assay conditions above with the addition of 

DMSO only; the negative control (NC) consisted of the same assay components as the 

positive control but without ATP. Solutions were printed onto an aldehyde-derivatized 

slide and processed as described above. 

GSK-3{3/GSM IC50 Determination. To assess the ICso value of the known inhibitor, 

SB415286, the following assay conditions were used: GSK-313 (10 units/µL), GSM (50 

µM), ATP (50µM) and SB415286 (0-100 µM) in 50 mM Tris, pH 7.5, 10 mM MgCh 

with a 25 µL total volume assay with a final concentration of 4% v/v DMSO (lµL in 

25µL assay). GSK-313 was incubated with inhibitor for 10 min prior to addition ofATP to 

the assay mixture and incubation for 2 hrs at room temperature on a plate shaker. 

Samples were then mixed with SS and printed onto a SuperAldehyde slide. Arrays were 

prepared, imaged and analyzed using the method described above. The resulting ICso 

curve was plotted as RFU vs. log[SB415286] and fit to Hill-Slope model.30 
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2.3 Results and Discussion 

GSM gradient analysis. Because GSK-313 has a preference for primed substrates, it was 

necessary to demonstrate the ability to detect hyperphosphorylation over and above the 

signal generated by the pre-phosphorylated substrate Additionally, it was important to 

establish the quantitative nature of phosphorylation detection with the Pro-Q® 

Diamond™ stain and the value of using sol-gel entrapment versus standard covalent 

attachment methods for microarray fabrication. These goals were achieved by printing 

gradients ( 5 - 400 µM) of primed GSM peptide on aldehyde-derivatized slides by direct 

covalent immobilization and via sol-gel entrapment, allowing of the comparison between 

the two techniques and assessment of sensitivity to phosphoresidue concentration (Figure 

2.2). 

30000 
•Sol-Gel Entrapment 

25000 • Direct Immobilization 

~ 
~ 20000 
...w y = 44.Sx + 3259.2 

R2s 15000 = 0.99 
5c:: y = 17.4x - 951.85 10000 

R2 = 0.99f g 5000 
ii: 

0 •• <..._~life 

Q 100 200 300 400 500 
-5000 ! 

[GSM] (JJM} 

Figure 2.2 Comparison of covalent immobilization and sol-gel entrapment techniques 
using a GSM peptide gradient printed onto an aldehyde-derivatized slides. 
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The results shown in Figure 2.2 indicate direct immobilization onto aldehyde­

derivatized slides provided a linear trend (R2=0.99), however concentrations below 50 

µM were not detected above background. When using sol-gel entrapment, a 2.5-fold 

improvement in sensitivity and >5 fold higher overall signal levels were observed 

compared to direct immobilization. Furthermore, the gradient showed impressive 

linearity (R2=0.99) from 5 µM to 400 µM, although this method shows a higher 

background level. From this gradient, the optimal concentration of GSM for assaying is 

inferred to be 50 - 200 µM, assuming a 2 - 4 fold increase in phosphorylated residues. 

The sol-gel-based data shows the inherently higher loading capacity of sol-gel-derived 

microarrays compared to monolayer protein immobilization techniques.24 While previous 

work in our group reported a signal increase of 100-fold between monolayer and sol-gel 

immobilized anti-fluorescein antibody,24 a ~5-fold increase in signal was observed 

between the covalently immobilized and sol-gel entrapped GSM sample (200- 400 µM). 

This lower enhancement may be due to issues with leaching of GSM from the sol-gel 

microarray elements, low accessibility of dye to phosphate groups, or higher efficiency of 

covalent immobilization for peptides relative to antibodies. Even so, the sol-gel 

immobilized GSM microarray shows supenor signal-to-background relative to the 

covalent immobilized microarray, allowing for a reduction in the concentrations of 

reagents used. 

GSM-3/3 Optimization. Solution-based assay conditions were optimized for GSK-313 

concentration and incubation time to maximize signal-to-background ratios for 

subsequent experiments. GSK-313 is known to be a slow enzyme and as such incubation 
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times of 2, 4 and 6 hours were examined at two levels of GSK-313 (5 and 10 units/µL) 

(Table 2.2). It was found that the higher concentration of GSK-313 (10 units/µL) gave 

better signal-to-background ratios at all time points relative to the lower concentration (5 

units/µL). While signal-to-background values increased with increasing assay time, a 2­

hour incubation time was chosen for further studies due to fact that the improvement was 

not substantial enough to justify the longer incubation time. 

Table 2.2 Optimization of GSK-313 concentration and assay incubation time. Assays 
were performed with 50µM GSM and 250 µM ATP. 

GSK3B 
_(_units/~LJ_ 

Incubation time 
_(_hl 

PC/NC 

5 2 2.3 
5 4 2.6 
5 6 3.0 

10 2 3.3 
10 4 3.4 
10 6 3.7 

GSK-3/3 assay proof of concept. Following the PKA sol-gel-derived microarray-based 

assay reported by our group,23 initial studies focused on the entrapment of GSK-313 prior 

to assaying. These efforts, however, were unsuccessful, and thus we pursued solution-

based studies using the sol-gel-derived microarray as a solid phase platform for 

phosphorylation detection with Pro-Q® Diamond™ phosphospecific stain. 

GSK-313 has over 40 putative substrates ranging in size, number of 

phosphorylation sites and primed status.31 As such, four substrates were chosen for 

consideration with the microarray-based GSK-313 assay based on availability, potential 

degree of phosphorylation, involvement in key pathways, primed or unprimed status, as 

well as the nature of the substrate (protein or peptide). The four different substrates 
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examined were t3-catenin, tau protein, CREB peptide, and GSM peptide (Figure 2.3). B-

Catenin and tau are both unprimed protein substrates with three32 and nine33 potential 

sites for phosphorylation, respectively. Two primed synthetic peptides were also 

examined; CREB (14-mer) and GSM (22-mer) peptides have one34 and three35 additional 

phosphorylation sites, respectively. Theoretically, both the unprimed and primed 

substrates should be compatible with the microarray assay format; detection of 

phosphorylation of unprimed substrates was demonstrated previously with the 

PKA/kemptide system and, as discussed above, it should also be possible to detect 

hyperphosphorylation of a primed substrate. 
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Figure 2.3 GSK-3t3 assays with various substrates (as labelled in x-axis) in the absence 
(-) and presence ( +) of heparin. Control samples contain GSK-3 t3, substrate and heparin, 
but no ATP. Note: microarray image is false coloured and edited for clarity. Columns in 
microarray are in the same sample order as presented in the chart. 
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Based on the results, two of the four substrates, GSM and tau, were identified as 

potential substrates for use with this assay format. The other two substrates, which did 

not show a significant signal increase over background, were 13-catenin and CREB 

peptide. The lack of signal from B-catenin was not surprising as phosphorylation of this 

protein generally requires formation of a complex involving 13-catenin, GSK-313 and 

axin.25 The lack of signal increase for the CREB peptide may be attributed to leaching, as 

this peptide is relatively small (12-mer), or low binding efficiency of the phosphospecific 

dye. 

Both tau protein and GSM peptide gave substantial signal increases over the 

negative controls. GSM phosphorylation gave a 2.4-fold signal increase over the negative 

control, which was not affected by the presence of heparin. For tau protein, a 4-fold 

enhancement of signal over background was observed. This increase could be improved 

to 6-fold through the utilization ofheparin, a known potentiator of tau phosphorylation by 

GSK-313.26 Unfortunately, these impressive results for tau protein were counterbalanced 

by a comparatively high cost, and issues with short shelf life and poor stability of the tau 

protein. For these reasons, GSM was the substrate of choice for further investigation of 

this assay format. 

Assessment ofAssay Quality for HTS. In high throughput screening, it is vital to have a 

robust and reproducible assay with a large separation between positive and negative 

control signals. A large separation with highly reproducible positive and negative control 

values provides a 'hit' window where inhibitors from the screening can be identified 

confidently. The quality of this 'hit' window and thus the suitability of this assay to high 
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throughput screening is often described by a z' value (or Z-factor).36 As a general rule, a 

z' value >0.5 represents an excellent assay for high throughput screening.36 

A z' plot was generated for this assay to assess its applicability to high throughput 

screening. To construct the plot, five positive control (PC) assays and five corresponding 

negative control (NC) assays were run in parallel and printed as microarrays of 50 

spots/sample. Due to spot variation in the first 25 spots resulting from decreasing array 

element size, only the final 25 microspots were used to generate the z' plot (Figure 2.4). 

From this plot, the z' value was calculated using equation [1] and found to be 0.48 (~0.5), 

showing that the assay is of the minimum quality required for small molecule screening 

and inhibitor identification. This value may be improved with the use of an internal 

standard to correct for spot size/volume variations, the major contributing factor to the 

lower z' value. 

25000 z' = 0.48 
•RXN 
•RXN-ATP 

0 .. 
0 20 40 60 80 100 120 

Assay# 

Figure 2.4 z' plot for GSK-3~ assay with GSM peptide. Negative control is the assay 
without ATP (RXN-ATP), positive control is the assay with ATP (RXN). The solid lines 
represent the average of the positive and negative control assays. The dashed lines are ± 3 
standard deviations from the average. 
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Inhibition Assays. 

The ability to identify potent GSK-313 inhibitors using the microarray-based assay 

was investigated using three known GSK-313 inhibitors with different modes of action 

were chosen for study: A) SB415286, an ATP-competitive inhibitor;27 B) GSK-313 

Inhibitor I, a non-ATP competitive inhibitor;28 and C) FRATtide, a peptidic unprimed site 

inhibitor.29 GSK-313 was incubated with each inhibitor at a concentration of 4 µM, which 

is within the typical screening range. As seen in Figure 2.5 below, inhibition was 

observed for both inhibitor A and inhibitor B relative to the positive control. For inhibitor 

A, 70% inhibition was obtained compared to inhibitor B with 28% inhibition and 

inhibitor C with no inhibition. The larger degree of inhibition for inhibitor A was 

expected due to its greater potency (K; = 33. l nM27
) relative to inhibitor B (K; = ~500 

nM28
). Additionally, the lack of inhibition by inhibitor C was expected as FRATtide 

blocks phosphorylation of unprimed substrates and GSM is pre-phosphorylated.29 

Using this assay format, the known inhibitors of GSK-313 were correctly 

identified, further demonstrating the applicability of this assay for small molecule 

screening. Efforts are currently underway to perform a 1000 compound screen consisting 

of a subset of the Canadian Compound Collection (obtained from McMaster University 

HTS Lab) using this assay. Mixtures of 20 compounds will be used to increase the 

throughput of the assay with deconvolution of any mixtures that show GSK-313 inhibition 

in order to identify inhibitors. 
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Figure 2.5 Substrate-selective inhibition of GSK-313 with various inhibitors at a 
concentration of 4 µM. A= SB415286, B = GSK-313 Inhibitor I, C = FRATtide, NC= 
negative control (BSA), PC = positive control (13-Casein), RXN NCs (no ATP), RXN 
PCs. Note: the PC (13-casein) signal is above the scale of graph (~54,000 RFU). 

IC50 Analysis. To further assess the quantitative nature of the microarray assay, a dose-

response curve for the known inhibitor, SB415286, which showed highest inhibition in 

preliminary inhibition assays, was generated to assess the IC50 value. The dose-response 

curve followed the expected trend and was successfully fit to a Hill-Slope model (Figure 

2.6).30 Using equation [2] below, the Ki value was derived from the IC50 plots37 

[2]  

where [S] is the substrate concentration and KM is the Michaelis constant for the enzyme 

and the ATP substrate. The Ki for this inhibitors was determined to be 360 nM, which is 

roughly 10-fold greater than the literature value of 33.1 nM.27 The difference in Ki values 
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may be attributed to differences in assay incubation time or degradation of the inhibitor 

stock. Additionally, the small difference in the measurements around the inflection point 

can significantly change the IC5o value. Nonetheless, it was shown that this assay format 

is able to generate an IC50 curve to assess the relative potency of potential inhibitors 

identified during small molecule screening. 
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Figure 2.6 IC5ocurve ofSB415286 using GSM/GSK3j3 assay. Assay was run with GSM 
and ATP at 50 µM. 

2.4 Conclusion 

Our results demonstrate that sol-gel-derived microarrays are a promising solid 

phase platform for the detection of solution-based GSK-313 activity using Pro-Q® 

Diamond™ phosphospecific stain. Sol-gel based microarrays provide a higher loading 

capacity and greater sensitivity than microarrays based on covalent immobilization of 

assay components. Additionally, the ability to discern primed substrates relative to 
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multiply phosphorylated products is easily achieved using sol-gel-derived microarrays. 

Using the microarray assay format, four substrates were examined and GSM peptide was 

identified as the optimal substrate for this assay. The suitability of this assay for an HTS 

environment was evaluated using a z' plot. The z' value found was ~0.5 indicating that 

the assay quality is acceptable for single point screening in an HTS environment. Using 

three GSK-313 inhibitors with varying modes of action, the potent ATP-competitive 

inhibitor, SB415286, was successfully identified using this assay. Inhibition of GSK-313 

by SB415286 was further explored through the generation of an IC50 curve, showing the 

ability of this assay to characterize inhibitor efficacy. Overall, the use of sol-gel-derived 

microarrays and Pro-Q® Diamond™ phosphospecifc stain to monitor kinase activity 

presents a very promising kinase assay format. This assay benefits from the ease of 

solution based assays and the use of an inexpensive end point detection reagent. 

Additionally, no modification to the kinase or substrate is required and both protein and 

peptide substrates can be employed, making this assay an appealing approach for almost 

any kinase/substrate pair. 
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Chapter 3  

Materials Screen for Fabrication of Sol-Gel-Derived High­ 

Density Kinase Microarrays  

As primary author, I was responsible for the experimental design, analysis, 

interpretation and presentation in Figures 3.1-3.6 and Supplementary Information. 

Jessamyn Little, a summer student under my direct supervision, assisted me with 

microarray fabrication for Figure 3.6. The experimental work of Dr. Xin Ge is presented 

in Figures 3.7 and 3.8. Dr. John Brennan provided editorial input to generate the final 

draft of the chapter. 
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Chapter 3: Materials Screen for Fabrication of Sol-Gel­

Derived High-Density Kinase Microarrays 

Abstract 

Protein microarrays based on pin-printing of sol-gel entrapped biomolecules have 

emerged as a potential tool to accelerate drug screening and discovery. However, the 

ability to print high-density arrays of multiple proteins using this technology has yet to be 

demonstrated, primarily owing to difficulties associated with pin-printing of 

biocompatible sol-gel derived silica materials. In this study, we have performed a criteria­

based directed screen of sol-gel based materials to identify compositions that are suitable 

for fabrication of high-density kinase microarrays. Materials were assessed for: 1) 

gelation time; 2) printability - the number of spots that could be printed and spot 

uniformity; and 3) adhesion to the slide surface; 4) resistance to cracking; and 5) 

compatibility with stain. Using an optimized buffer type, concentration and pH, variables 

examined were silica precursor and concentration, polymer additives and concentration, 

silane additives, small molecule additives and slide surface chemistry. Of the 69 

sol-gel/surface combinations found to be compatible with high-density microarray 

fabrication, two materials were shown to retain activity of 3 of the 4 kinases studied in 

sol-gel-derived monoliths. 
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3.1 Introduction 

The complex inter-play of phosphorylation and dephosphorylation events is 

involved in countless signaling pathways and cellular processes. 1 These phosphorylation 

events are performed by a class of proteins called kinases, which catalyze the transfer of a 

phosphate group from ATP to a substrate. While only a fraction of the 500 plus human 

protein kinases have been characterized, 2 research already has revealed that improper 

regulation of kinase activity is associated with numerous diseases such as cancer,3 

inflammation4 and diabetes.5 Consequently, kinases have become the second most 

targeted family of proteins for drug discovery, following G-protein coupled receptors 

(GPCRs). 6 

There exist a variety of homogenous assays for kinase activity that can be used in 

high-throughput screening for inhibitor identification.7 However, recent requirements for 

increased assay throughput and decreased reagent volumes have led to the development 

of protein and peptide substrate microarrays for detection of kinase activity.8
' 

9 Using 

peptide and protein microarrays, kinases can be rapidly characterized for their sequence 

11 12 13 14 15recognition and activity .10
' ' ' ' ' ' 

16 While these arrays can quickly and efficiently 

assess the interactions between the kinase and each of the substrate microarray 

components, there are few reports of functional kinase microarrays, where the kinase is 

immobilized and can be used for nanovolume assays. 17 

An emerging functional protein array platform involves the pin-printing and 

immobilization of proteins onto a solid support using silica sol-gel entrapment (Figure 

3.1).17 Protein solutions are first mixed with silica-based sols, then pin-printed onto a 
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functionalized microscope slide, which is followed by gelation of the sol to entrap the 

protein in a spot that is on the order of 100 µm in diameter. Advantages of this method 

include the applicability of sol-gel immobilization to a wide variety of proteins, 18
· 

19
· 

20 the 

ability to use native proteins and to tune the silica matrix with various precursors and 

additives to optimize the activity of that protein,21 high protein loading,22 and the ability 

· 1 · · · l l 17 23 24 O hto co-entrap mu tip e protem components m a smg e array e ement. 1 · · ur group as 

successfully demonstrated the use of this approach for monitoring kinase activity and 

inhibition with the co-entrapment of protein kinase A and its peptide substrate 

kemptide. 17 In this paper, a fluorescent phosphospecific stain, Pro-Q® Diamond™ from 

Invitrogen,25 was employed for end-point detection of degree of phosphorylation within 

each micro-assay. 
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Figure 3.1 General method for fabrication of sol-gel-derived protein microarrays. 
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While sol-gel based kinase arrays show promise for high-throughput screening to 

identify kinase inhibitors, there are significant issues that remain to be addressed 

regarding the material used to fabricate such arrays before these can be routinely and 

generically implemented. Firstly, the sol-gel composite material needs to have a long 

gelation time to allow for fabrication of high-density microarrays. Most materials used 

have relatively short gelation times ( <30 min), which lead to non-uniform printing (since 

viscosity changes with time as the solution gels) and the potential for gelation in the 

spotting pin. Secondly, the material must have good adhesion to the substrate and should 

not crack when exposed to assay solutions. Thirdly, the material must be amenable to 

staining and destaining with phosphospecific dyes (such as Pro-Q® Diamond) as 

incompatibility with the stain, such as high non-specific binding, can lead to poor signal­

to-background levels. Lastly, the material must be able to retain the activity of a range of 

kinases. 

In order to meet the material requirements listed above for printing high-density 

sol-gel-derived functional protein microarrays, it is necessary to screen a range of sol-gel 

compositions and additives to identify optimal materials. There are numerous variables 

that can affect the materials properties, including buffer type, concentration and pH, the 

nature and concentration of silica precursors, presence of silane and/or polymer additives, 

slide surface chemistry, and small molecule additives. To assess these parameters, one 

can either perform a large-scale screen to assess all possible combinations or a smaller 

screen based on systematic hierarchical fulfilment of selected criteria. While there are 

advantages to screening a wide range of variables in a comprehensive manner - such as 

64 



Master's Thesis- J.M. Lebert McMaster - Chemical Biology 

the 100,000 composition screen performed by Kim et al. to identify optimal materials for 

protein-protein interactions on sol-gel-derived microarrays26 
- this approach is both time­

consuming and costly. Instead, by using a small directed screen based on the systematic 

fulfilment of various criteria in a step-wise manner, the number of materials screened can 

be greatly reduced and should theoretically result in findings similar to an undirected 

approach (Figure 3.2). 

To this end, we have screened materials based on two biocompatible silica 

precursors (diglycerylsilane (DGS) or sodium silicate(SS)) at two concentrations, three 

polymer additives at two concentrations, six organosilane additives and five small 

molecule additives produced at a single buffer composition which was optimized to 

produce long gelation times and entrap protein at neutral pH, with all materials printed 

onto four slides with different surface chemistry. Materials were selected for further 

study and optimization based on: 1) gelation times; 2) the number of spots that could be 

printed; 3) spot uniformity; 4) adhesion to slide surface; 5) resistance to cracking; and 6) 

compatibility with the stain. Variables were screened in a hierarchical manner against 

criteria in the following order, i) silane precursor and concentration and polymer additive 

and concentration, ii) silane additives, and iii) small molecule additives. Compositions 

that passed the minimum material property requirements were then assayed for kinase 

activity against four kinase targets. This multi-step screening, involving primary 

screening of gel times, secondary screening of material properties in microarray format 

and tertiary screening for assay compatibility, allowed for rapid identification of 

materials that were suitable for fabrication of high-density microarrays, and demonstrates 
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that small, directed material screening studies have potential for efficient optimization of 

materials for specific applications. 

( Gel Times \ 
I 2 Silica Precursors. 2 Silica Concentrations, 3 Polymers. 2 r...-• 

Polymer Concentrations. 6 Small Molecule Additives, 
I 5 Silane Additives 
\ 

l  
Printability 

Cracking. Spot Uniformity,# Spots/Dip, 4 Slide Surfaces 
----------------------' 

l  
· 'staining·~;~1 . 

Post-Stain Cracking, Ad~sion. Non·' 
$pecific Binding (SIN). : *· .. •. " ) 

l  

l  
Figure 3.2 Scheme of criteria-directed screen used to identify optimal materials for 
fabrication of high-density kinase microarrays. 

3.2 Experimental 

3.2.1 Chemicals.  

Sodium silicate (27 wt% Si02, 10 wt% NaOH) was purchased from Fisher (Ottawa, ON).  

Diglycery lsilane (DGS) was prepared as described previously from  
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tetramethylorthosilicate (TMOS) (SigmaAldrich) and anhydrous glycerol 

(SigmaAldrich).27 Bis[(3-methyldimethoxysilyl)propyl]-polypropylene oxide (Bis-PEG), 

N-(3-triethoxysilyproply) gluconamide (GLS), aminopropyl triethoxysilane (APTES), 

bis-(triethoxysilyl) ethane (Bis-TEOS), phenyldimethylsilane (PhDMS) and carboxyethyl 

silanetriol (Si-COOH) were purchased from Gelest (Morrisville, PA). Glycerol, sorbitol, 

trehalose, NE-acetyl-lysine, Triton® X-100, magnesium chloride hexahydrate, 

manganese(II) chloride tetrahydrate, adenosine 5 '-triphosphate disodium salt (ATP), B­

nicotinamide adenine dinucleotide reduced dipotassum salt hydrate (NADH), 

phospho( enol)pyruvate monosodium salt (PEP), polyvinyl alcohol (PV A, MW=9000), 

polyethylene imine (PEI, MW=1300), polyethylene glycol (PEG, MW=600), ~-casein, 

bovine serum albumin (BSA), pyruvate kinase from rabbit muscle (PK), D-lactatic 

dehydrogenase from Lactobacillus /eichmanii (LDH), poly(Gll4Tyr) and Dowex 50x8­

l 00 strongly acidic cation exchange resin, were obtained from Sigma-Aldrich (Oakville, 

ON). The kinases p38a/SAPK2a (p38a), mitogen-activated protein kinase 2/Erk2 

(MAPK2), epidermal growth factor receptor (EGFR), glycogen synthase kinase 3~ 

(GSK-3~), the substrate myelin basic protein (MBP, substrate for p38a and MAPK2), 

and the general kinase inhibitor staurosporine were donated by Millipore (Billarica, MA). 

GSM (substrate for GSK-3~) was purchased from Millipore. Pro-Q® Diamond™ 

phosphospecific staining and destaining solutions were purchased from lnvitrogen 

(Burlington, ON). SuperAldehyde®, SuperEpoxy® and SuperAmine® derivatized 

microscope slides were purchased from Arraylt (Sunnyvale, CA). Poly(methyl 

methacrylate) (PMMA) slides were obtained from Exakt Technologies (Oklahoma City, 
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OK). Water was purified with Milli-Q Synthesis AlO water purification system. All other 

chemicals and solvents were of analytical grade and were used without further 

purification. 

3.2.2 Procedures. 

Preparation ofMaterials for Screening: Two biocompatible precursors (sodium silicate 

and DGS), 3 polymers (PEI, PEG, PV A), 6 silanes (GLS, MTMS, MDSPPO, APTES and 

Si-COOH) and 8 additives (Nt-acetyl lysine, glycerol, sorbitol, trehalose, Triton® X-100) 

were chosen as material components to perform screening. Organosilanes were 

hydrolyzed by sonication in water for 20 min prior to addition to sol solutions. Additives 

were prepared as aqueous solutions and used directly for preparing spotting solutions. 

Silica precursor solutions containing sodium silicate and diglycerylsilane were prepared 

as described below. 

Sodium silicate (SS) was prepared as follows: 2.59 g of sodium silicate was 

diluted with 10 ml of distilled, deionized water, and mixed with 5.5 g of Dowex strong 

acid cation-exchange resin. The mixture was immediately stirred for 1 min to lower the 

pH to a value of ~4.0. The mixture was filtered through Whatman #1 filter paper and then 

through a 0.2 µm membrane syringe filter to remove any particulates. This sol (3SS) was 

used directly or diluted 1 :1 (I.SSS) with ddH20 prior to use. 

DGS sols were prepared by dissolving 0.5 g of DGS in 1 mL of ddH20 followed 

by sonication in ice water for 15 min to promote hydrolysis. The resulting sol was filtered 

through a 0.2 µm membrane syringe filter to remove any particulates. The resulting sol 
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(0.5DGS) was used as is or diluted 1: 1 (0.25DGS) with H20 to alter the water-to-silicon 

ratio in the final materials. 

All sols were prepared by mixing the silane precursor solution with an equal 

volume of a buffered solution (Tris or HEPES buffer at 25 or 50 mM, pH 7.0 - 8.2) 

containing the organosilane, polymer and small molecule additives at 2x the final 

concentration of reagents desired in the final sol. The final pH was near neutral (6.8-7.2) 

in most cases, depending on the specific composition. The final composition formed is 

designated by the following nomenclature: using 0.25DGS/0.5PV A/GLS/Trehalose as an 

example, the first term denotes the silica precursor and concentration, the second term 

denotes the polymer additive and final concentration (% w/v), the remaining terms 

represent the silane additive and small molecule additive. Silanes were added to a final 

concentration of 1 % (w/v) and small molecules were added to 125 mM, except for 

glycerol at 2.5 % (v/v) and Triton® X-100 at 62.5 µM. All compositions were prepared to 

a final volume of 100 µL for gel time analysis and printing of microarrays. 

Gel Times: All sol compositions were assessed for gel time prior to printing. In order to 

print high-density microarrays, it is necessary to have very long gelation times to ensure 

uniform spots and prevent gelation within the pin. The gel times of the 100 µL sol -gel 

formulations were determined by measuring the time between addition of the sol and 

when the monolith would no longer flow upon tilting the vial. 

Microarray Printing: Only those compositions with gelation times >2.5 hours were 

examined for printability. The silica sol spotting solutions containing various additives 

were spotted using a Virtek Chipwriter Pro® contact pin-printer equipped with a 
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Telechem SMP3 stealth quill pin (250 nL uptake; 0.7 nL delivery; 200 spots/loading, 100 

µm spot diameter) (Arraylt). Virtek Chipwriter Pro software was used to control all the 

parameters associated with microarraying, such as sample position, spot position and 

pattern, and inter-element spacing (usually set to 250 µm). Microspots were printed onto 

glass microscope slides modified with aldehyde, amine, or epoxy groups or plastic slides 

made of PMMA. Printing was done at room temperature (23 ± 2 °C) at -80% relative 

humidity to slow evaporation of water from the spots. Completion of an array of 200 

spots (20 x 5) took about 12 minutes to perform, including pin wash and dry cycles, when 

using a printhead speed of 10 mm·s-1
• 

Optical Imaging ofMicroarrays: Following printing, the arrays were aged for at least 24 

hours prior to obtaining optical images of microarrays using an Olympus BX50 

brightfield/fluorescence microscope equipped with mercury lamp and a Roper Scientific 

Coolsnap Fx CCD camera. At this stage, microarrays were assessed for the number of 

spots printed, spot uniformity, transparency, and cracking. Array were again optically 

imaged after staining with Pro-Q® Diamond™ stain (see below) to examine for cracking 

and spot adhesion after the staining process. 

Staining Microarrays with Pro-Q® Diamond™: Microarrays were stained for 45 minutes 

with Pro-Q® Diamond™ stain by immersing the slide in the dye solution with gentle 

shaking. Excess dye was removed, then the slides were destained by incubating the slide 

in the commercial Pro-Q® Diamond™ destaining solution twice for 10 minutes each. 

Slides were removed from the solution and spun dry using a micro-centrifuge (maximum 

speed-6000 rpm) (Telechem). 
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Fluorescence Imaging of Microarrays: The stained slides were imaged usmg a 

ScanArray Express Microarray Scanner (Packard Biosciences) with laser excitation at 

543nm, 90% laser power and 50% gain. The fluorescence intensities of the resulting 

images were quantified using Array Pro Analyzer (MediaCybemetics). Signal values 

were calculated by subtracting local background from each spot. In each case, the signal 

average of the replicates is reported with error bars representing 1 standard deviation. 

Kinase Activity in Monoliths. Kinases (0.1 µg) and substrates were entrapped in the 

various sol-gel formulations to generate 50 µL monoliths in UV-transparent, Yz area 96­

well plates. The following kinase/substrate combinations were used: p38a/MBP, 

MAPK2/MBP, EGFR/p(E4Y), and GSK-3j3/GSM. MBP and p(E4Y) were entrapped at 

0.25 mg/mL, GSM was entrapped at 25 µM. For p38a/MAPK2/GSK-3j3 monoliths, Mg2 
+ 

was included in the formulation at a final concentration of 1 mM. For EGFR, Mn2
+ at 1 

mM was included in the sol mixture. The monoliths were allowed to age overnight at 4 

°C. To test the kinase for retention of activity, a NADH-coupled assay was used.28 Above 

the monoliths, 50 µL of the following solution was pipetted: 10 U/mL LDH, 5 U/mL PK, 

2 mM PEP, 500 µM NADH, 500 µM ATP in 25 mM HEPES, pH 7.5 buffer. Absorbance 

at 340 nm was monitored for 1 hour on an Infinite® MlOOO platereader (Tecan) with 

reads every 1 minute and shaking between each read. The temperature was maintained at 

25 °C. Data was analyzed by comparing the slopes of the positive control (PC), 

containing active kinase and all necessary assay components, and negative control (NC), 

containing denatured kinase in place of the active kinase. Slopes were determined using 

the linear response region of the assay. 
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Linear Response of Signal in l.5SS!JPVA/Glycerol Microarrays. Using the material 

1.5SS/1PV A/Glycerol, a gradient (3.9 µg/mL - 500 µg/mL) of ~-Casein, a 

phosphoprotein with 5 phosphoserine residues, was printed onto a SuperAmine slide. The 

B-casein solutions were prepared at steps of 2-fold dilutions in 25 mM HEPES, pH 8.0. 

The microarray was then analyzed as described above. 

Functional Kinase Microarrays: The 1.5SS/1PV A material printed on an amrne­

derivatized slide surface was selected for further studies involving kinase assays. Sols 

were prepared by adding components in the order of water, PVA, NaOH, Tris·HCL (25 

mM), sodium silicate, substrates and enzymes to achieve a final pH of 7.0-7.5. For a 

typical reaction volume of 25 µL, 1-2 U of kinases were added, and the final 

concentrations substrates were set as: were 27 µM MBP; 5 mg/ml pE4Y; 37.5 µM GSM. 

The arrays were printed using the following kinase/substrate combinations: p38a//MBP; 

MAPK2/MBP; EGFR/poly(E4Y); GSK-3~/GSM. After aging for 30 minutes, printed 

microspots were then exposed to ATP and inhibitor solutions by over-printing using the 

array printer to place the solutions directly over individual array elements or over­

spotting of larger volumes of solution over the entire array at once. Preliminary assays 

utilized concentrations of the ATP and inhibitor staurosporine of 100 µM in 50 mM 

Tris·HCL, pH 7.5 containing 10 mM MgCli. For IC5o measurements, the concentrations 

of staurosporine were varied over the range of 1 nM to 100 µMusing 100 mM ATP. 

Assays were performed in the microarray chamber with ~80% relative humidity. 

Following the designated reaction period, usually 2 hours, the arrays were stained and 

destained and imaged as described above. 
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3.3 Results and Discussion 

Selection of Precursors, Silanes and Additives and Screening Approach. There are 

essentially an endless number of combinations of silica precursors, additives and 

processing conditions that can be screened for their ability to fabricate high-density sol­

gel derived kinase microarrays. Therefore, it was necessary to select a set of variables for 

consideration in the screen in order to minimize the number of possible formulations. To 

this end, we specifically selected two bio-friendly precursors, six organosilanes with 

varying polarity and functionality, three polymers with different functionality, and five 

small molecules that would either help stabilize the kinases or aid in pin-printing. This 

"directed" screening approach provided a more focused method with a relatively high 

chance for successful identification of useful compositions. 

The selected silica precursors for this screen were DGS and SS. Both of these 

precursors have both been used for successful entrapment of sensitive proteins with 

retention of activity. 17
' 

29 Additionally these precursors can be processed under aqueous 

conditions with no evolution of alcohol, a known destabilizer of protein structure.30 Six 

organosilanes were selected to alter the polarity and surface charge of the silica material. 

Among these were GLS, which has previously been shown to improve kinase activity,31 

and a bifunctional PEG-modified silane (Bis-PEG), which was selected to assess whether 

it was possible to modify the polarity without reducing crosslink density. Three polymers 

(PEG, PVA, PEI) with varying functionality were selected to alter sol viscosity, surface 

tension, silica porosity and protein stability. Five small molecules were also studied; four 

of which (glycerol,32 sorbitol,33 trehalose34 and NE-acetyl lysine) are known to be 
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stabilizing toward proteins, acting as osmolytes to control the degree of hydration and 

ultimately the thermal stability of entrapped proteins. The final small molecule, Triton® 

X-100, is a nonionic detergent that was included to modify surface tension and aid in 

printing. Finally, we examined four different slide surface chemistries, which were 

expected to influence adhesion and cracking of the array elements. 

Together, screening for the optimal buffer composition (discussed below) and all 

precursor and additive variables, would lead to ~20,000 potential compositions for testing 

on each type of substrate surface if a non-directed screen were employed. However, by 

using a directed screen where variables are evaluated on the systematic hierarchical 

fulfilment of selected criteria, it is possible to assess the factors using a much smaller 

number of experiments (refer to Figure 3.2). Assessing each set of criteria in a step-wise 

fashion, many variables can be eliminating quickly and the materials showing promise 

are carried forward in the optimization process in a feedback loop approach. 

Gelation Time Studies. Prior to screening the various additives, the buffer type, 

concentration and pH were optimized for long gelation times and entrapment at neutral 

pH. Two buffers, Tris· HCl and HEPES, were examined at 25 and 50 mM ionic strengths 

and pH levels of 7.0 - 8.2. It was found that 25 mM HEPES buffer at pH 8.0 satisfied the 

gelation requirement (>2.5 hours) when mixed 1:1 (v/v) with SS or DGS at the two silica 

concentrations screened and results in entrapment at neutral pH (6.8-7.2). 

Using the optimal buffer composition, gelation times for all the compositions 

were assessed prior to printing onto the slide surfaces. At this stage, it was determined 

that compositions containing amines, PEI and APTES, resulted in rapid gelation. These 
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additives were therefore eliminated from further studies. Additionally, compositions 

prepared using the higher concentration of DGS (0.5 g/mL) also produced gelation times 

under 2.5 hours and thus were not carried forward on in the study. Several additives, Bis­

PEG, Bis-TEOS and PhDMS, were also eliminated immediately due to insolubility or 

immiscibility issues. In total, 135 gelation times, representing 540 possible sol/slide 

surface formulations (135 x 4 slide surfaces), were measured. Of the 135 gelation times, 

106 had sufficiently long gelation times (>2.5 hours) to assess for printability. 

Printability Studies. Those materials with gel times greater than 2.5 hours were printed 

onto amine, aldehyde and epoxy-derivatized slides and PMMA slides. The microarrays 

were allowed to age at 4 °C for a minimum of 24 hours, then imaged by optical 

microscopy to assess for number of spots printed, cracking, uniformity, phase separation 

and spreading. Figure 3.3 shows examples of the failure modes observed for different 

materials (note that only a small portion of the full 4 x 50 array is shown). 

At this stage of the screen, many materials were eliminated due to the various 

failure modes described. Of the 81 SS-based compositions screened, 28 were eliminated 

at this point with the most common failure modes being poor spot deposition and poor 

spot uniformity. SS-based materials containing high silica content (3SS) and GLS 

appearred to have a higher failure rate. This issue with materials of higher silica content 

is not surprising as the higher silica concentrations had shorter gelation times and thus are 

more likely to undergo greater viscosity changes during the printing process. The trend 

observed for SS compositions containing GLS was not expected, but may be due to 

interaction between GLS and the silica nanoparticles. Additionally all SS-based materials 
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containing N,-acetyl lysine exhibited cracking, suggesting that this amino acid derivative 

compromised the materials resistance to hydration stress. DGS-based composition all had 

excellent printability except those printed onto the PMMA slides. Poor printability on 

PMMA was also observed for many SS-based materials and thus the PMMA slide was 

removed from consideration. No significant difference was observed between the 

derivatized glass slides at this stage. In total, 192 sol/slide surface formulations tested for 

printability and 155 were carried forward and tested for compatibility with the staining 

process. 

0 0 

0 0 

0 0 

3SS/3. 75PEG 
PMMA 

Irregular Spots 

1.5S8/B-TE08 
Epoxy 

Cracking 

1.588/0.5PVA/GL8 
Amine 

Spreading 

@ @ © 

© @ 

© 
1.5S8/7.5PEG 

Aldehyde 
Phase Separation 

0.25DG8 
Amine 
Good 

250µm 

388 
Aldehyde 

Poor Printability 

Figure 3.3 Optical images of materials showing various failure modes of materials. 
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Staining Compatibility Studies: The 155 material /slide surface formulations that were 

found to be have acceptable printability were examined for compatibility with Pro-Q® 

Diamond™, a fluorescent phosphospecific stain. Two samples of each material were 

printed, one without protein and one with j3-casein (0.125 µg/mL), a phosphoprotein 

containing 5 phosphoserine residues. Following staining, the S/B ratios between the two 

samples were evaluated to assess compatibility with the stain and non-specific binding of 

the dye to the material. Figure 3.4A shows an example of amine-derivatized slide that 

was analyzed, where 12,000 spots were printed consisting of positive and negative 

controls for 30 different sol materials with 200 spots/sample. Figure 3.4B shows 

examples of failure modes at this stage of the screening: low staining, high background, 

poor adhesion and cracking during the staining process. Post-staining cracking was a 

common problem in the materials screened, especially in DOS-based materials that 

included the silane additive GLS, where 15 of 36 materials containing GLS exhibited 

cracking. Cracking is a result of hydration stress, or pressure, on the material as water 

exits and enters the matrix. 35 If the material network is weaker than the hydration stress 

put on it, cracking will occur. PEG-modified materials were also observed to have post­

staining cracking and/or poor SIN ratios and thus no materials containing PEG were 

carried forward. SS-derived materials containing both PVA and GLS also had a higher 

frequency of cracking (6of15 formulations). Adhesion issues were uncommon, however 

compositions containing silane Si-COOH exhibited poor adhesion, especially with the 

epoxy-derivatized slide surface. One of the trends identified for promising formulations 

was that the majority of the materials exhibiting both good printing and compatibility 
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with the staining contained PVA. In fact, 49 of the 69 optimal sol/slide surface 

compositions contained PV A at 0.5 or 1 % w/v. All three derivatized-glass surfaces were 

well represented in 69 materials. 

B) 

500 µm 

0.25DGS/0.5PVA f ,5SS/0.5PVAGIS 1.5SS 1.5SS/t PVA/SiCOOH 025DGS/GLS/Ac4.yslne 
Amine Epoxy Aldehyde Amine Aldehyde 
Good Low Staining High Background Poor Adhesion Cracking (Post-Staining) 

Figure 3.4 A) Composite image of microarray consisting of 12,000 spots (60 samples x 
200 spots/sample). B) Various modes of failure used to assess stain compatibility. 

A summary of the total materials screened over the first three stages is provided in 

Figure 3.5. By using a directed criteria-based screen, the number of possible sol-gel 

compositions was rapidly decreased from ~20,000 for 4 different surfaces to 69 potential 

formulations, inclusive of slide surface. In total, 135 material gel times were analyzed 

representing 540 (135 x 4 slide surfaces) formulations. Of these, 192 sol/slide surface 

formulations were assessed for printability criteria, including number of spots printed per 
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dip, cracking, spot uniformity and spreading. At this stage, 3 7 materials were eliminated 

due to various printability issues and the remaining 155 were assessed for staining 

compatibility. Of the 155 materials screened, 86 did not exhibit the necessary material 

properties to be considered for kinase activity studies. Most frequently cracking due to 

the staining process was the failure mode. A table of results for all the materials and 

criteria screened is included as Supplementary Information. 

Gel Times (135 x 4 = 540) 
2 Silica precursors, 2 Silica Concentrations, 3 Polymer 

Additives, 5 Small Molecule Additives, 5 Silane Additives 

l > 2.5 hours 192 

Printability 
Cracking, Spot Uniformity,# Spots/Dip, Slide Surface 

l No cracking 
200 spots/dip 155 
Good spot uniformity 

, Staining 
Post-Stain Cracking, Adhesion, Non­

Specific Binding ,(SIN) 

l No cracking 
69Adhesion  

S/B>2  

l S/8>1.5 
2 

Figure 3.5 Results of criteria-directed screen used to identify optimal materials for 
fabrication of high-density kinase microarrays. 
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Kinase Activity in Monoliths. Four kinases were studied for retention of activity in sol-gel 

materials: p38a, MAPK2, EGFR and GSK-3j3. These kinases were selected based on 

their therapeutic relevance: kinases p38a and MAPK2 were chosen owing to their 

importance as targets for cancer therapy;36
' 

37 EGFR is a membrane-associated kinase that 

is over-expressed in tumor cells, and thus provides a useful demonstration of the 

extension of the microarray technology to membrane-associated kinases;38 GSK-313 is an 

important target from treatment of several diseases, including Diabetes and Alzheimer's 

Disease.39 Kinase activity was assessed in a selection of materials, which represented a 

range of the 69 final compositions, by entrapping the kinases in silica monoliths in a 96­

well plate using the following kinase:substrate pairs, p38a:MBP, MAPK2:MBP, 

EGFR:pE4Y, and GSK-3j3:GSM. Monoliths were used to perform an initial kinase 

activity screen because this removed hydration issues that may be encountered during the 

printing process and also allowed for studying the materials left from printing. Kinases 

were assayed using a coupled NADH assay; absorbance at 340 nm was monitored over a 

1-hour period in the plates and the rate of absorbance decrease was compared between 

the positive and negative controls (negative control contained denatured kinase) to 

determine those materials, which retained kinase activity. A summary of the materials 

screened and results is included in Table 3.1. No material was identified that retained the 

activity of all four kinases. However, several kinases seemed to retain activity in 

materials containing GLS, a trend previously observed for Src tyrosine kinase.31 

Additionally, two materials, 1.5SS/1PV A/Glycerol and 0.25DGS, were shown to retain 
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activity of three of the four kinases. The first material, l.5SS/1PV A/Glycerol, was chosen 

for further investigation as it showed more promising kinase activity levels than 

0.25DGS. The graph of absorbance at 340 nm over time for each of the kinases in 

1.5SS/1PV A/Glycerol is included in the Supplementary Information (Figure 3.9). 

Table 3.1 Kinase activity retention in monoliths of various sol-gel materials. *indicates a 
PC/NC ratio> 1.5 , ** indicates a PC/NC> 3. 

Silica 
Precursor 

[Silica] Polymer Silane 
Small 

Molecule 
p38a MAPK2 EGFR GSK-3B 

SS 1.5 0.5PVA GLS ** 
SS 1.5 0.5PVA - - * * 
SS 1.5 lPVA - -
SS 1.5 lPVA - Sorb ** 
SS 1.5 lPVA - G_!y_cerol ** ** ** 
SS 1.5 lPVA - Triton 
SS 1.5 lPVA GLS 

DGS 0.25 - - - * * * 
DGS 0.25 - - Sorb 
DGS 0.25 - - Ac-1,ysine * 
DGS 0.25 - - G_!y_cerol 
DGS 0.25 - - Triton 
DGS 0.25 - SiCOOH -
DGS 0.25 - GLS - * * 
DGS 0.25 - GLS Sorb * 
DGS 0.25 lPVA - -
DGS 0.25 lPVA - Sorb 
DGS 0.25 lPVA - Trehalose 
DGS 0.25 lPVA - Ac-1,ysine 
DGS 0.25 lPVA - G)y_cerol 
DGS 0.25 lPVA - Triton 
DGS 0.25 - GLS Trehalose 
DGS 0.25 - GLS Ac-1,ysine * 
DGS 0.25 - GLS G!Y_cerol 
DGS 0.25 - GLS Triton ** 
DGS 0.25 0.5PVA - -
DGS 0.25 0.5PVA - Sorb 
DGS 0.25 O.SPVA - Trehalose 
DGS 0.25 0.5PVA - G!Y_cerol * 

Linear Response of Dye in 1.5SS!JPVA/Glycerol. Prior to testing kinase activity on 

microarray, it was important to demonstrate the quantitative nature of this assay format. 

For this purpose, a ~-casein gradient was prepared by printing varying concentrations of 

~-casein onto an amine-derivatized slide as an array using l.5SS/1PV A/Glycerol (Figure 
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3.6). The fluorescence signal intensity from samples ranging from 3.9 µg/mL to 500 

µg/mL were analyzed and the trend was shown to have excellent linearity (R2 = 0.997). 

While relatively large errors were observed for the highest concentrations, the errors 

associated with the lower, more biologically relevant, concentrations are much less 

significant. 
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Figure 3.6 B-Casein gradient (3.9 -500 µg/mL) printed in 1.5SS/1PV A/Glycerol on a 
SuperAmine slide. Microarray shows GSM gradient increasing from left to right. Each 
sample was printed in 200 ( 4 x 50) replicate spots. 

Functional Kinase Microarrays. The kinases, GSK-3~, EGFR, MAPK2, p38a, were 

entrapped with their respective substrates, GSM, pE4Y, and MBP, m 

1.5SS/1PV A/Glycerol by printing the kinase:sol mixture onto an amine-derivatized slide. 

The microarray was aged overnight, after which ATP was spotted over top of the array 
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and allowed to incubate for 2.S hours. While activity of the kinases on array could not be 

confirmed from the results, previous work by a member of our group demonstrated 

retention of kinase activity in a similar material, l.SSSllPVA prepared in Tris buffer and 

printed onto an amine-derivatized slide. The kinase:substrate pairs above were entrapped 

in the material and allowed to age 30 minutes, after which a 100 µM ATP solution (in 

SOmM Tris-HCl and lOmM MgClz) with and without 100 µM staurosporine) was 

overprinted on the microarrays using the microarrayer (0.6 nL per assay), with one array 

element left untreated as a negative control. Reactions were run at 30 °C for 2 hours at 

80% relative humidity followed by washing, staining and destaining. Figure SA shows 

the scanned image of the resulting microarray while Figure SB shows quantitative data of 

the signal-to-background ratios (SIB) for each array, where SIB is defined as the signal of 

the positive control (ATP reaction, middle row) to the negative control (no ATP present, 

top row). The results demonstrate that all four kinases remained active in the silica-based 

microarray (middle row) and that the kinases were all sensitive to the presence of the 

inhibitor staurosporine (bottom row). The SIB ratios for the four kinases were 4.S (p38a), 

3.7 (MAPK), 1.9 (EGFR) and 4.0 (GSK-3~). The somewhat lower SIB for EGFR may 

reflect a decreased activity for the membrane-associated kinase relative to the soluble 

kinases. 
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Figure 3.7 Assays of 4 kinases preformed on a sol-gel based microarray in 1.5SS/1PVA 
printed on an amine-derivatized slide. (A) slide scanning image of the microarray. 
Mixtures of substrate/kinase were pin-printed, followed by overprinted with reaction 
buffer without ATP (negative control, top row), with ATP (middle row), with ATP 
containing the inhibitor staurosporine (bottom row); (B) Plot of signal intensity after 
subtracting the background signal of the negative control (2200 cps). 

IC5o Measurements. To assess the ability of the microarray to provide quantitative 

inhibition data, p38a kinase was co-entrapped with MBP in l .5SS/1PV A as the test 

system to evaluate the use of over-spotting of solution onto arrays for generating 

inhibition data. In this method, several identical microarrays were fabricated in different 

locations on the microscope slide and each sub-array was incubated with an 

ATP/inhibitor solution containing varying levels of inhibitor to generate a concentration 

dependent inhibition curve. This format is essential if the microarray technology is to be 
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integrated into a conventional high-throughput screening facility, where conventional 

liquid handling systems are designed to dispense microlitre volumes of reagents into 

microwell plates. For this assay, ATP concentration was held constant at 100 mM while 

staurosporine concentrations varied from 1 nM to 100 µM. Images of arrays are shown in 

Figure 6A, while the IC50 curve generated from the array images is shown in Figure 6B. 

Analysis of the response indicated an IC50 value of 1.0 µM. These results demonstrate 

that over-spotting of reagents onto microarrays can be used to provide data on inhibitor 

efficacy. 
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Figure 3.8 IC5oassay performed on a p38a/MBP microarray over-spotted with several 
concentrations of staurosporine at a constant ATP concentration. (A) Images of arrays 
obtained by a single scan of the same slide; a composite image is shown for clarity. (B) 
IC50 curve generated from the array images. The intensity obtained at 100 µM was 
subtracted from all images to produce a zero level; all other intensities were normalized 
by setting the intensity of the highest intensity image ( 10 nM) to a value of 100 % 
activity. 

l 
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3.4 Conclusion 

The present study has demonstrated the use of a directed screening methodology 

to identify sol-gel compositions that can be used for fabrication of high-density kinase 

microarrays. By assessing the variables in a stepwise fashion, the number of possible 

formulations requiring screening is drastically reduced from -20,000 to 540. Sol-gel 

formulations were assessed for their ability to print high-density, robust microarrays by 

assessing criteria in the following order: i) gel time, ii) printability and iii) stain 

compatibility. Two silica precursors at two concentrations, three polymers at two 

concentrations, six silanes, five small molecules and four slide surface chemistries were 

screened against these criteria. In total, 69 formulations were identified for fabrication of 

high-density microarrays. By testing a selection of these materials for kinase activity in 

monoliths, two compositions were identified as potential formulations for the fabrication 

of high-density sol-gel-derived kinase microarrays. 
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3.6 Supplementary Information 

Table 3.2 A summary of the sol-gel formulations screened and the results. * indicates the 
criteria not met by the corresponding material. Formulations in red are those, which have 
passed all criteria for high-density microarray fabrication. 

Siiica 
[Siiica] Buffer [Buffer] 

pH of Final Polymer Silanes 
Small 

Surface Gel #of 
Uniformity Adhesion 

Cracking Cracking S/N Other
Precursor Buffer pH Molecule Tlme Spot (Pre) (Post) Ratio 

SS 3 Tris 100 7.5 6.0 . 
SS 3 HEPES 100 7.5 7.0 

SS 3 HEPES 50 7.5 6.2 

SS 3 HEPES 50 7.0 6.0 

SS 3 HEPES 50 7.2 6.2 

SS 3 HEPES 50 7.4 6.4 

SS 3 HEPES 50 7.6 6.6 

SS 3 HEPES 50 7.8 6.8 

SS 3 HEPES 50 8.0 7.0 

SS 3 HEPES 50 8.2 7.9 

SS 1.5 HEPES 50 7.0 6.2 

SS 1.5 HEPES 50 7.2 6.4 

SS 1.5 HEPES 50 7.4 6.5 

SS 1.5 HEPES 50 7.6 6.6 

SS 1.5 HEPES 50 7.8 6.8 

SS 1.5 HEPES 50 8.0 7.0 

SS 1.5 HEPES 50 8.2 7.2 

SS 3 HEPES 50 8.0 7.0 Amine . . 
SS 3 HEPES 50 8.0 7.0 Aldehyde . . 
SS 3 HEPES 50 8.0 7.0 Epoxy . . 
SS 3 HEPES 50 8.0 7.0 PMMA . . 
SS 3 HEPES 50 8.0 7.0 O.SPVA Amine . 
SS 3 HEPES 50 8.0 7.0 O.SPVA Aldehyde . 
SS 3 HEPES 50 8.0 7.0 O.SPVA Epoxy . 
SS 3 HEPES 50 8.0 7.0 O.SPVA PMMA . 
SS 3 HEPES 50 8.0 7.0 1PVA Amine . 
SS 3 HEPES 50 8.0 7.0 1PVA Aldehyde . 
SS 3 HEPES 50 8.0 7.0 1PVA Epoxy . . 
SS 3 HEPES 50 8.0 7.0 lPVA PMMA . 
SS 3 HEPES 50 8.0 7.2 3.75PEG Amine . 
SS 3 HEPES 50 8.0 7.2 3.75PEG Aldehyde . 
SS 3 HEPES 50 8.0 7.2 3.75PEG Epoxy . . . 
SS 3 HEPES 50 8.0 7.2 3.75PEG PMMA . 
SS 3 HEPES 50 8.0 7.2 7.SPEG Amine . 
SS 3 HEPES 50 8.0 7.2 7.SPEG Aldehyde . . 
SS 3 HEPES 50 8.0 7.2 7.SPEG Epoxy . . . 
SS 3 HEPES 50 8.0 7.2 7.SPEG PMMA . 
SS 3 HEPES 50 8.0 7.6 O.SPEI . 
SS 3 HEPES 50 8.0 >8 1PEI . 
SS 1.5 HEPES 50 8.0 7.0 Amine . 
SS 1.5 HEPES so 8.0 7.0 Aldehyde . 
SS 1.5 HEPES 50 8.0 7.0 Epoxy . . 
SS 1.5 HEPES 50 8.0 7.0 PMMA . 
SS 1.5 HEPES 50 8.0 8.0 Si-COOH Amine . . 
SS 1.5 HEPES 50 8.0 8.0 Sl-COOH Aldehyde . . 
SS 1.5 HEPES 50 8.0 8.0 Si-COCH Epoxy . . . . 
SS 1.5 HEPES 50 8.0 7.0 GLS Amine . 
SS 1.5 HEPES 50 8.0 7.0 GLS Aldehyde . 
SS 1.5 HEPES 50 8.0 7.0 GLS Epoxy . 

continued ... 

91 



Master's Thesis - J.M. Lebert McMaster - Chemical Biology 

Table 3.2 continued. 

Sillca 
[ Silica) Buffer [ Buffer) 

pH of Final 
Polymer Si lanes 

Small 
Surface 

Gel # of 
Uniform ity Adhesion 

Cracking Cracking S/ N 
Other 

Precursor Buffer pH Molecute llme Spot ( Pre) (Post) Ratio 

SS 1.S HEPES so 8 .0 7 Bis-TEOS . 
SS 1.S HEPES so 8 .0 > 8 APTES . 
SS 1.S HEPES so 8.0 7 Ph OMS . 
SS 1.S HEPES so 8 .0 7 .0 O.SPVA Amine 

SS 1.S HEPES so 8.0 7 .0 O.SPVA Aldehyde . . 
SS 1.S HEPES 50 8 .0 7 .0 O.SPVA Epoxy 

SS 1.S HEP ES 50 8 .0 7.0 O.SPVA PMMA . . 
SS 1.S HEP ES so 8 .0 8 .0 O.SPVA Si-COOH Amine . 
SS 1.S HEP ES so 8 .0 8 .0 O.SPVA Si-COOH Epoxy . . 
SS l.S HEP ES so 8.0 7 .0 O.SPVA GLS Amine 

SS 1.S HEPES so 8 .0 7 .0 O.SPVA GLS Epoxy . 
SS 1.S HEPES so 8 .0 7 O.SPVA GLS Sorb Amine . . . 
SS 1.S HEPES so 8 .0 7 O.SPVA GLS Trehalose Amine . . . 
SS 1.S HEPES so 8 .0 7 O.SPVA GLS Ac-Lysine Amine . . . . . 
SS 1.S HEPES so 8 .0 7 O.SPVA GLS Glycerol Amine . 
SS 1.S HEPES so 8 .0 7 O.SPVA GLS Triton Amine . . 
SS 1.S HEPES so 8 .0 7 O.SPVA Bis-TEOS . 
SS 1.S HEPES so 8 .0 >8 O.SPVA APTES . 
SS 1.S HEPES so 8 .0 7 O.SPVA PhDMS . 
SS l.S HEPES so 8 .0 7 .0 1PVA Amine 

SS 1.s HEPES so 8.0 7 .0 lPVA Alde~e 

SS 1.5 HEPES so 8 .0 7.0 lPVA Epoxy 

SS 1.S HEPES so 8 .0 7 .0 lPVA PMMA . . 
SS 1.S HEPES so 8.0 7 lPVA Sorb Amine 

SS 1.S HEPES so 8 .0 7 lPVA Sorb Alde~e 

SS 1.S HEP ES so 8 .0 7 lPVA Sorb Epoxy . 
SS l.S HEP ES so 8 .0 7 lPVA Trehalose Amine . 
SS l.S HEPES so 8 .0 7 lPVA Trehalose Aldehyde . 
SS 1.5 HEPES so 8 .0 7 !PVA Trehatose Epoxy . . 
SS 1.S HEPES so 8 .0 7 lPVA Ac-Lysine Amine . . 
SS 1.S HEPES so 8 .0 7 lPVA Ac-Lysine Aldehyde . . 
SS 1.S HEPES so 8 .0 7 lPVA Ac- lysine Epoxy . . 
SS 1.S HEPES so 8 .0 7 lPVA ~erol Amine 

SS l.S HEPES so 8 .0 7 lPVA G~erol Alde~e 

SS 1.S HEPES so 8 .0 7 1PVA GJl!:erol ~ 
SS t .S HEPES so 8.0 7 lPVA Triton Amine 

SS 1.S HEPES so 8.0 7 l PVA Triton Aldetlyde 

SS 1.5 HEPES so 8 .0 7 lPVA Triton ~ 
SS 1.S HEPES so 8.0 8 .0 lPVA 51-COOH Amine . 
SS 1.S HEPES so 8 .0 8 .0 lPVA 51-COOH Aldehyde . . 
SS 1.S HEP ES so 8 .0 8 .0 lPVA Si-COOH Epoxy . . 
SS 1.S HEPES 50 8 .0 7.0 lPVA GLS Amine 

SS 1.S HEP ES so 8 .0 7 .0 lPVA GLS Aldehyde . . 
SS 1.S HEPES so 8 .0 7 .0 lPVA GLS Epoxy . 
SS 1.5 HEPES so 8 .0 7 lPVA GLS Sorb Amine . 
SS 1.S HEPES so 8 .0 7 lPVA GLS Tre Amine . 
SS 1.5 HEPES so 8 .0 7 lPVA GLS Ac-Lysine Amine . . . 
SS 1.S HEPES so 8 .0 7 lPVA GLS Glycerol Amine . . . 
SS 1.S HEPES so 8 .0 7 lPVA GLS Triton Amine . 

continued ... 
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Table 3.2 continued 

Silica 
[Siiica] Buffer [Buffer] 

pH of Anal Polymer Sllanes Small Surface 
Gel #of 

Uniformity Adhesion 
Cracking Cracking S/N Other 

Precursor Buffer pH Molecule llme Spot (Pre) (Post) Ratio 

SS 1.S HEPES so 8.0 7 1PVA Bls-TEOS . 
SS 1.S HEPES so 8.0 >8 1PVA APTES . 
SS 1.S HEPES so 8.0 7 lPVA Ph OMS . 
SS 1.S HEPES so 8.0 7.2 3.7SPEG Amine . 
SS 1.S HEPES so 8.0 7.2 3.7SPEG Aldehyde . 
SS 1.S HEP ES so 8.0 7.2 3.7SPEG Epoxy . 
SS 1.S HEP ES so 8.0 7.2 3.7SPEG PMMA . . 
SS 1.S HEPES so 8.0 7.2 7.SPEG Amine . . 
SS 1.S HEPES so 8.0 7.2 7.SPEG Aldehyde . . 
SS 1.S HEPES so 8.0 7.2 7.SPEG Epoxy . . . 
SS 1.S HEPES so 8.0 7.2 7.SPEG PMMA . 
SS 1.S HEP ES so 8.0 7.6 O.SPEI . 
SS 1.S HEP ES so 8.0 >8 1PEI . 

DGS o.s Tris 100 7.S 6.2 . 
DGS o.s HEPES 100 7.S 6.6 . 
OGS o.s HEPES so 7.S 6.4 . 
DGS o.s HEPES so 7.0 6 . 
DGS o.s HEPES so 7.2 6 . 
DGS o.s HEPES so 7.4 6.2 . 
DGS o.s HEPES so 7.6 6.2 . 
OGS o.s HEPES so 7.8 6.4 . 
OGS o.s HEPES so 8.0 6.6 . 
OGS o.s HEPES so 8.2 6.6 . 
OGS o.s HEPES so 8.2 6.6 O.SPVA . 
DGS o.s HEPES so 8.2 6.6 1PVA . 
DGS o.s HEPES so 8.2 6.8 3.7SPEG . 
DGS o.s HEPES so 8.2 6.8 7.SPEG . 
OGS o.s HEP ES so 8.2 7.4 O.SPEI . 
OGS o.s HEPES so 8.2 7.6 1PEI . 
OGS 0.2S HEPES so 7.0 6.1 

DGS 0.2S HEPES so 7.2 6.2 

OGS 0.2S HEPES so 7.4 6.4 

DGS 0.2S HEP ES so 7.6 6.S 

DGS 0.2S HEPES so 7.8 6.6 

OGS 0.2S HEP ES so 8.0 6.8 

OGS 0.2S HEP ES so 8.2 6.8 

DGS 0.2S HEPES 50 8.0 6.8 Amine 

DGS 0.25 HEPES 50 8.0 6.8 Aldel!:i!le 

DGS 0.25 HEPES 50 8.0 6.8 Epoxy 

DGS 0.25 HEP ES 50 8.0 6.8 PMMA . 
DGS 0.25 HEPES 50 8.0 6.8 Sort> Amine 
OGS 0.25 HEP ES so 8.0 6.8 Sort> Aldehyde . 
DGS 0.2S HEPES 50 8.0 6.8 Sorb ~ 
DGS 0.2S HEPES so 8.0 6.8 Trehalose Amine . 
DGS 0.2S HEPES so 8.0 6.8 Trehalose Aldehyde . . 
OGS 0.2S HEPES 50 8.0 6.8 Trehalose Epoxy . . 
DGS 0.2S HEPES 50 8.0 6.8 Ac-~lne Amine 

DGS 0.25 HEP ES 50 8.0 6.8 Ac-~ine Alde~de 

DGS 0.2S HEPES so 8.0 6.8 Ac-Lysine Epoxy . . 
continued ... 
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Table 3.2 continued 

Siiica 
[Silica] Buffer [Buffer] 

pH of Final 
Polymer Sitanes 

Small 
Surface 

Gel •of 
Uniformity Adhesion 

Cracking Cracking S/N 
Other Precursor Buffer pH Molecule TI me Spot (Pre) ( Post) Ratio 

DGS 0 .2S HEP ES so 8 .0 6.8 Glycerol Amine . 
DGS 0 .2S HEPES so 8 .0 6.8 G_!Yferol Aldellli!e 

DGS 0 .2S HEPES so 8 .0 6 .8 Glycerol Epoxy . 
DGS 0 .25 HEPES so 8 .0 6.8 Triton Amine 

DGS 0 .25 HEPES so 8.0 6 .8 Triton Aldehyde . 
DGS 0 .25 HEPES so 8 .0 6 .8 Triton Epoxy . 
DGS 0 .25 HEPES so 8 .0 8 .0 Sl-COOH Amine 

DGS 0 .2S HEPES so 8 .0 8 .0 Sl -COOH Aldehyde . 
DGS 0 .2S HEPES so 8 .0 8 .0 Si-COOH Epoxy . 
DGS 0 .2S HEPES so 8.0 8 .0 SICOOH Sorb Amine . 
DGS 0 .2S HEPES so 8 .0 8 .0 SICOOH Trehalose Amine . 
DGS 0 .25 HEPES so 8.0 8 .0 SiCOOH Ac-Lysine Amine . 
DGS 0 .2S HEPES so 8 .0 8 .0 SiCOOH Glycerol Amine . 
DGS 0 .25 HEPES so 8 .0 8 .0 SICOOH Triton Amtne . 
DGS 0 .25 HEPES so 8.0 6.8 GLS Amine 

DGS 0.2S HEP ES so 8.0 6 .8 GLS Aldei))'<Je 

DGS 0 .2S HEP ES so 8 .0 6 .8 GLS ~~ 
DGS 0 .2S HEP ES so 8 .0 6 .8 GLS Sorb Amine 

DGS 0 .2S HEPES so 8 .0 6.8 GLS Sorb Aldehyde . 
DGS 0 .25 HEPES so 8 .0 6 .8 GLS Sorb ~~ 
DGS 0 .2S HEPES 50 8 .0 6 .8 GLS Trehalose Amine 

DGS 0 .2S HEP ES so 8 .0 6 .8 GLS Trehalose Aldehyde . 
DGS 0 .2S HEPES so 8 .0 6 .8 GLS Trehalose ~ 
DGS 0 .25 HEPES 50 8 .0 6 .8 GLS Ac-illine Amine 

DGS 0 .2S HEPES so 8 .0 6 .8 GLS Ac-Lysine Aldehyde . 
DGS 0 .2S HEPES so 8.0 6 .8 GLS Ac-Lysine Epoxy . 
DGS 0.25 HEPES so 8.0 6.8 GLS '!!Y.cerol Amine 

DGS 0 .2S HEPES so 8.0 6 .8 GLS Glycerol Aldehyde . 
DGS 0 .2S HEPES so 8 .0 6 .8 GLS Glycerol Epoxy . 
DGS 0 .2S HEPES so 8 .0 6 .8 GLS Triton Amine . 
DGS 0 .25 HEPES so 8.0 6 .8 GLS Triton Aldehyde . 
DGS 0.2S HEPES so 8 .0 6.8 GLS Triton ~ 
SS l.S HEPES so 8 .0 6 .8 Bls-TEOS . 
SS l.S HEPES so 8 .0 >8 APTES . 
SS l.S HEPES so 8 .0 6 .8 PhDMS . 

DGS 0 .2S HEPES so 8 .0 6.8 O.SPVA Amine . 
DGS 0 .2S HEPES so 8 .0 6.8 O.SPVA Aldei))'<Je 

DGS 0 .2S HEPES so 8 .0 6 .8 O.SPVA ~~ 
DGS 0.2S HEPES so 8 .0 6.8 O.SPVA PMMA . 
DGS 0 .25 HEPES 50 8 .0 6 .8 O.SPVA Sorb Alde!!}'.!le 

DGS 0 .2S HEPES so 8 .0 6 .8 O.SPVA Sorb Epoxy . 
DGS 0 .2S HEPES so 8 .0 6 .8 O.SPVA Trehalose Alde!!Y_de 

DGS 0 .2S HEP ES so 8.0 6 .8 O.SPVA Trehatose Epoxy . . 
DGS 0 .2S HEP ES so 8.0 6 .8 O.SPVA Ac-Lysine Aldehyde . 
DGS 0 .25 HEP ES so 8 .0 6 .8 O.SPVA Ac-Lysine Epoxy . 
DGS 0 .25 HEP ES so 8 .0 6 .8 O.SPVA G.!Y_cerol Alde!!Y_de 

DGS 0 .2S HEP ES 50 8 .0 6 .8 O.SPVA Glycerol Epoxy . 
DGS 0 .25 HEPES 50 8 .0 6 .8 O.SPVA Triton Aldehyde . 
DGS 0.25 HEPES 50 8 .0 6 .8 0.5PVA Triton ~ 

continued ... 
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Table 3.2 continued 

Silica 
[Silica] Buffer [Buffer] 

pH of Anal 
Polymer Sllanes 

Sma ll 
Surface 

Gel #of 
Uniformity Adhesion 

Cracking Cracking S/N 
Other Precursor Buffer p H Molecule TI me Spot (Pre) (Post) Rat io 

DGS 0.25 HEP ES 50 8.0 8 .0 O.SPVA Sl-CDOH Aldehyde . 
DGS 0.25 HEPES 50 8.0 8 .0 O.SPVA Sl-CDOH Epoxy . . 
DGS 0.25 HEP ES 50 8.0 6.8 O.SPVA GLS Aldehyde . 
DGS 0.25 HEPES 50 8.0 6.8 O.SPVA GLS Epoxy . 
SS 1.5 HEPES 50 8 .0 6.8 O.SPVA Bls-TEOS . 
SS 1.5 HEPES 50 8.0 >8 O.SPVA APlCS . 
SS 1.5 HEPES 50 8.0 6.8 O.SPVA PtiDMS . 

DGS 0.25 HEP ES 50 8.0 6.8 1PVA Amine 

DGS 0.25 HEP ES 50 8.0 6.8 1PVA Alde!!Y_de 

DGS 0.25 HEP ES 50 8 .0 6.8 1PVA ~ 
DGS 0.25 HEPES 50 8 .0 6.8 1PVA PMMA . . 
DGS 0.25 HEPES 50 8.0 6.8 1PVA Sorb Amine 

DGS 0.25 HEPES 50 8 .0 6 .8 1PVA Sorb Aldellyde 

DGS 0.25 HEPES 50 8 .0 6.8 IPVA Sorb ~ 
DGS 0.25 HEPES 50 8 .0 6.8 1PVA Trehalose Amine 

DGS 0.25 HEPES 50 8.0 6.8 1PVA Trehalose Aldellyde 

DGS 0.25 HEPES 50 8.0 6.8 lPVA Trehalose ~ 
DGS 0.25 HEPES 50 8.0 6 .8 lPVA Ac-~ine Amine 

DGS 0.25 HEPES 50 8.0 6 .8 lPVA Ac-~ine Aldellyde 

DGS 0.25 HEP ES 50 8.0 6.8 lPVA Ac-~lne ~ 
DGS 0.25 HEP ES 50 8.0 6.8 lPVA GI cerol Amine 

DGS 0.25 HEP ES 50 8.0 6.8 lPVA G_!:ti:erol Aldellyde 

DGS 0.25 HEP ES 50 8.0 6.8 lPVA G!:£!:erol ~!!l'._ 
DGS 0.25 HEP ES 50 8 .0 6.8 lPVA Triton Amine 

DGS 0.25 HEP ES 50 8.0 6.8 lPVA Triton Aldellyde 

DGS 0.25 HEP ES 50 8.0 6.8 lPVA Triton ~ 
DGS 0.25 HEPES 50 8.0 8.0 1PVA 51 -COOH Amine 

DGS 0.25 HEPES 50 8 .0 8.0 l PVA 51-COOH Aldehyde . 
DGS 0.25 HEPES 50 8 .0 8.0 1PVA 51-COOH Epoxy . . 
DGS 0.25 HEPES 50 8 .0 6.8 1PVA GLS Amine 

DGS 0.25 HEPES 50 8 .0 6.8 lPVA GLS Aldellyde 

DGS 0.25 HEPES 50 8.0 6.8 lPVA GLS Epoxy . 
DGS 0.25 HEPES 50 8.0 6.8 l PVA GLS Sorb Amine . 
DGS 0.25 HEPES 50 8.0 6 .8 lPVA GLS Sorb Alde~e 

DGS 0.25 HEPES 50 8.0 6.8 l PVA GLS Sorb Epoxy 

DGS 0.25 HEPES 50 8.0 6.8 lPVA GLS Trehalose Amine . 
DGS 0.25 HEP ES 50 8.0 6.8 lPVA GLS Trehalose Aldellyde 

DGS 0.25 HEPES 50 8.0 6.8 IPVA GLS Trehalose ~~ 
DGS 0.25 HEPES 50 8 .0 6.8 lPVA GLS Ac-Lysine Amine . 
DGS 0.25 HEPES 50 8 .0 6.8 lPVA GLS Ac-.!:l_Sine Aldellyde 

DGS 0.25 HEPES 50 8.0 6.8 1PVA GLS Ac-Lysine Epoxy . 
DGS 0.25 HEPES 50 8 .0 6.8 l PVA GLS Glycerol Amine . 
DGS 0.25 HEPES 50 8 .0 6.8 1PVA GLS G~erol Alde~e 

DGS 0.25 HEPES 50 8.0 6.8 lPVA GLS Glycerol Epoxy 

DGS 0.25 HEPES so 8 .0 6.8 lPVA GLS Triton Amine 

DGS 0.25 HEPES 50 8.0 6.8 lPVA GLS Triton Aldellyde 

DGS 0.25 HEPES 50 8.0 6.8 l PVA GLS Triton Epoxy . 
SS 1.5 HEP ES 50 8.0 6.8 l PVA Bls-TEOS . 
SS 1.5 HEPES 50 8.0 >8 l PVA APTES . 

continued ... 
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Table 3.2 continued 

Silica 
[Silica] Buffer [Buffer] 

pH of Anal 
Polymer Sllanes 

Small 
Surface 

Gel #of 
Uniformity 

Precursor Buffer pH Molecule Tlme Spot 

SS 1.S HEPES so 8.0 6.8 1PVA Ph OMS 

DGS 0.2S HEPES so 8.0 7 3.7SPEG Amine 

DGS 0.2S HEPES so 8.0 7 3 .7SPEG Aldehyde 

DGS 0.2S HEPES so 8.0 7 3 .7SPEG Epoxy 

DGS 0.2S HEPES so 8.0 7 3 .75PEG PMMA . 
DGS 0.2S HEPES so 8.0 7 7.SPEG Amine 

DGS 0.2S HEPES so 8.0 7 7.SPEG Aldehyde 

DGS 0.2S HEPES so 8.0 7 7 .SPEG Epoxy 

DGS 0.2S HEPES so 8.0 7 7.SPEG PMMA . 
DGS 0 .2S HEPES 50 8.0 7.6 O.SPEI . 
DGS 0.2S HEPES so 8.0 8 lPEI . 

Stlane bis( 3- methyldlmethoxysllyl)-propyl polypropylene oxide did not dissolve In water to create the stock solution. 
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Figure 3.9 Kinase activity in 1.5SS/1PV A/Glycerol monoliths. A coupled NADH assay 
was used to detect kinase activity by monitoring signal decrease at 340 nm. 
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Chapter 4 

Acetylcholinesterase Assay Using a Fluorogenic Thiol-Reactive 

Dye Compatible with Standard Microarray Scanner 

Technology 

I was responsible for the experiment design, analysis and interpretation presented 

in this Chapter 4. Jessamyn Little was a summer student under my direct supervision and 

assisted me in experimental execution and data collection for Figures 4.3 - 4.5. Dr. 

Brennan provided editorial input to generate the final draft of this chapter. 
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Chapter 4: Acetylcholinesterase Assay Using a Fluorogenic 

Thiol-Reactive Dye Compatible with Standard Microarray 

Scanner Technology 

Abstract 

A fluorogenic acetylcholinesterase (AChE) assay that is compatible with standard 

DNA microarray scanners (543run/554nm) was developed and characterized in solution 

and for AChE entrapped in sol-gel-derived silica. A thiol-reactive fluorogenic dye was 

used to monitor thiocholine generation by AChE catalyzed hydrolysis of 

acetylthiocholine (ATCh) in both kinetic and end point assays. Using this fluorogenic 

assay, KM values for acetylthiocholine were determined both in solution and in silica and 

were found to be comparable to literature. Functional AChE microarrays were fabricated 

using silica sol-gel immobilization and contact pin-printing. By overprinting nanolitre 

volumes of ATCh solutions with and without inhibitor, the retention of AChE activity on 

array was demonstrated and inhibition of the enzyme could be detected. 

4.1 Introduction 

Acetylcholinesterase (AChE) plays an important role in acetylcholine (ACh) 

mediated neurotransmission, catalyzing the hydrolysis of the neurotransmitter 

acetylcholine to inactive choline thereby releasing acetate. 1 Functioning in the synaptic 

cleft, AChE is one of the fastest known enzymes with rates approaching diffusion limited 

turnover.2 While the role of AChE in neurotransmission was discovered almost a century 
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ago, 3 it has recently regained attention due to its association with Alzheimer's disease 

(AD)4 as well as other neurological diseases. 5 Several drugs are now available on the 

market to treat AD via inhibition of AChE, including galantamine,6 donepezil,7 and 

rivastigmine. 8 Additionally, various toxins in the environment that inhibit AChE have 

also been of concern over the past decade. Examples of such toxins include 

organophosphate esters (OPs),9
• 

10 aflatoxin B1
11 and certain metal ions. 12 This makes 

AChE a particularly interesting target for high throughput screening to discover novel 

drug leads as well as for biosensing applications. Of particular interest is adapting AChE 

assay technology to a miniaturized microarray format, which allows for nanovolume 

assays13 and highly parallel screening.14 

Acetylcholinesterase is typically assayed usmg the well-known colorimetric 

Ellman assay. 15 The Ellman assay monitors the hydrolysis of acetylthiocholine (ATCh) 

via the reaction of ATCh with 5,5' -dithiobis(2-nitrobenzoic acid) (DTNB), generating 5-

thio-2-nitrobenzoic acid (TNB), which absorbs highly at 412 nm. While the Ellman assay 

is time-tested and robust, solution-based assays are limited in the degree of 

miniaturization due to path length issues and thus are not easily adapted to the microarray 

format. By employing fluorescence as a detection mode, assays become compatible with 

microarray scanner instruments and thus can be run on the nanovolume scale. 

There are a number of fluorogenic AChE assays available, which rely on either 

direct monitoring of AChE activity using a fluorogenic substrate or indirect monitoring 

using coupled assay or pH-sensitive dyes. Examples of fluorogenic substrates for AChE 

include 1-naphthylacetate16 and 1-methyl-7-acetoxy-quinolinium iodide.17 These assays, 
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however, the fluorescence product requires excitation in the near UV range or blue-violet 

visible region. Excitation in this wavelength region can result in higher levels of 

interferences due to compound absorbance or fluorescence. 18 Additionally, in order to 

adapt these fluorogenic AChE assays to a microarray format, it is desirable to have the 

wavelength compatible with typical DNA microarray scanners using 532 nm laser 

excitation. 

A coupled AChE assay compatible with microarray scanners is the Amplex® Red 

Acetylcholine/Acetylcholinesterase Assay from Invitrogen19
• The Amplex® Red assay 

relies on the coupling of choline generation to H20 2 production using choline oxidase. In 

turn, H202 with horseradish peroxidase reacts with the Amplex Red reagent to generate a 

fluorescent signal (570/585 ex/em maxima). Difficulties arise when using coupled assays 

for screening, however, as secondary screens are required to eliminate off-target hits.20 

In 2005, Tsai and Doong reported on the fabrication of functional AChE 

microarrays using sol-gel immobilization and a pH sensitive dye.21 Utilizing the pH shift 

due to acetate generation from the hydrolysis reaction, they were able to monitor AChE 

activity on array. While this method provides a novel miniaturized method for screening 

AChE activity, inhibitor screening using pH as a readout is not ideal because such assays 

are sensitive to environmental changes and require careful control of initial pH and buffer 

capacity. By using a non-pH sensitive fluorogenic dye to develop functional sol-gel­

derived AChE microarrays, these obstacles can be overcome. For this purpose, the thiol­

reactive BODIPy® FL L-Cystine dye was explored.22 In a similar manner to the Ellman 

assay, the AChE-catalyzed generation of thiocholine from acetylthiocholine can be 
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monitored by the thiol-reactive reagent, fluorogenic BODIPy® FL L-cystine. A sulphur 

exchange reaction can occur between TCh and this dimeric dye to relieve the fluorescent 

quenching between the two BODIPY FL fluorophores and generate two fluorescent 

products (Figure 4.1 ). While this dye has been used previously to monitor thioreductase 

activity;23 its use with AChE has not been reported. Herein, we report on the adaptation 

of this reagent for monitoring AChE activity both in solution and in silica and the 

extension of the assay to a microarray format. 

'L A _A_C_h_E __ '!+ + TI 
/~s o /~sH ~o-
Acetylthiocholine Thiocholine 

BODIPY® FL L-Cystine 
Non-fluorescent Fluorescent 

Figure 4.1 Assay scheme for AChE activity detection using BODIPY® FL L-Cystine. 

4.2 Experimental 

4.2.1 Materials. Acetylcholinesterase from Electrophorus electricus, HEPES, Tris, 

Dowex 50X8-100 cation exchange resin, and acetylthiocholine were purchased from 

Sigma (Oakville, ON). Bodipy® FL L-Cystine was obtained from Invitrogen (Burlington, 
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ON). Sodium silicate was purchased from Fischer Scientific (Ottawa, ON). SuperAmine 

and SuperEpoxy derivatized slides were obtained from Arrayit® (Sunnyvale, CA). 

Galanthamine was a gift from Dr. Jim McNulty. Water was filtered though a Milli-Q 

Synthesis AlO water purification system (ddH20). All other chemical and solvents were 

of analytical grade and used without further purification. All reagents were prepared in 

ddH20 unless otherwise specified. 

4.2.2 Procedures. 

Sodium silicate preparation. Sodium silicate (SS) spotting solution was prepared by 

stirring 2.59 g of sodium silicate solution with 10 mL ddH20 and 5.5 g Dowex 50W80 

cation exchange resin for 1 minute. The mixture was filtered with a Buchner funnel and 

then through a 0.2 µm syringe filter. This solution was used directly or diluted 1: 1 with 

ddH20 (l/2SS). The solutions were kept on ice until use. 

Platereader settings. All experiments were run in black 96-well plates with transparent 

bottoms, excluding those conducted with microarrays. Microwell plates were analyzed 

using a Tecan Sapphire with 532 nm excitation and 554 nm emission. The excitation 

bandwidth was at 2.5 nm and the emission bandwidth was at 12 nm, unless otherwise 

stated. The instrument gain was set between 140-150 and 10-20 flashes with a 500 µs 

integration time was used unless otherwise stated. Assays monitored over time were 

carried out at 25 °C. 

Microarray fabrication, imaging and analysis. The microarray printing was performed 

with a Virtek Chipwriter Pro (Virtek Engineering Sciences Inc., Toronto, ON, Canada) 

robotic contact microarray printer using 10 mm/s printhead speed with a SMP3 stealth 
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microspotting pin with 250 nL uptake 0.7 nL delivery to produce spots of approximately 

100 µm diameter. Humidity of the chamber was >80%. The slides were imaged using a 

ScanArray Express (Perkin Elmer) microarray scanner with the Alexa 532 settings, 70% 

gain and 90% laser power. The resulting images were analyzed using ArrayPro Analyzer 

software. Signal values were calculated by subtracting local background from each spot. 

The signal average of the replicates is reported with error bars representing 1 standard 

deviation. 

Characterization of thiol-reactive dye. Emission spectra (excitation 505 nm) of 

BODIPy® FL L-Cystine were obtained for the dimerized and free form. In a 96-well 

plate, 200 µL ofBODIPY® FL L-cystine (12.5 µM) in 50 mM Tris pH 7.0 was examined 

in the presence and absence of B-mercaptoethanol (1 µL, absolute). Emission spectra 

were scanned from 510-650 nm (505 nm excitation) using a Tecan Saphire with 2.5 nm 

bandwidth, 1 nm steps, 100 gain setting and 500 µs integration time. Background 

fluorescence from the plate was negligible. 

pH-Dependence of ATCh autohydrolysis. Initial efforts to study the kinetics of the assay 

in solution and in silica were hindered by background fluorescence. To study the effect of 

pH on the background levels, ATCh (18.75 mM) was incubated with BODIPY® FL L­

cystine (10 µM) in 50 mM Tris buffer at various pH levels. This study was repeated with 

1 mM DTNB in place of BODIPy® FL L-cystine with absorbance being monitored at 

412 nm to confirm the source of the background fluorescence was due to autohydrolysis 

of ATCh. 
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Assay Proof of concept. For solution-based assays, AChE (0.25 U/mL) in 25 mM Tris, 

pH 7.0 (200 µL), was incubated with either 1 µL DMSO (PC) or 1 µL galanthamine 

(3.484 mM, DMSO) for 30 min. Negative controls with either thermally denatured AChE 

or no addition of A TCh were treating in the same way as the positive control (PC). AChE 

was thermally denatured by heating in a water bath for 30 min at 60 °C. Following 

incubation of AChE with the galanthamine, BODIPy® FL L-cystine and ATCh were 

added to final concentrations of 12.5 µMand 250 µM, respectively, immediately before 

acquiring data. The final assay volume was 200 µL. For the 'in silica' assays, a 50 µL 

solution containing 0.5 U/mL AChE (or denatured AChE), 25 µM BODIPY® FL L­

Cystine, and 25 mM Tris Buffer pH 8.0 was mixed 1: 1 (v:v) with SS. Following gelation, 

the resulting hydrogel (100 µL) was aged for 3 hours at 4 °C. Similar to the solution 

assays, the various controls were incubated with either 1 µL DMSO (PC, NC - AChE, 

NC -No ATCh) or 1 µL galanthamine (3.484 mM, DMSO) (NC- Galanthamine) in 94 

µL of buffer (50 mM Tris, pH 7.0) for 30 min prior to the addition ATCh to a final 

concentration of 250 µM immediately before analysis. Negative controls were performed 

with thermally denatured AChE in place of active AChE and with no substrate added. 

Using the Tecan platereader, the reactions were monitored for ~1 hour with shaking 

between each read. This set of experiments was repeated under identical conditions with 

the Ellman assay, where 1 mM DTNB was used in place of the BODIPy® FL L-cystine 

and absorbance at 412 nm was monitored. 

KM Determination in solution and in silica. The Michaelis-Menten constant, KM, of 

A TCh was determined both in solution and in silica. In solution, the following conditions 
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were used to generation the Michaelis-Menten curve: 0.25 U/mL AChE, 25 mM Tris, pH 

7.0, 12.5 µM BODIPy® FL L-cystine, and ATCh (0 - 937.5 µM). Both the dye and the 

substrate were added immediately prior to analysis. For the 'in silica' KM determination, 

AChE was first entrapped in sodium silicate (SS) using the sol-gel process described 

above; the sample solution containing 0.5 U/mL AChE, 25 mM Tris, pH 8.0, 25 µM 

BODIPY® FL L-cystine was mixed 1: 1 with SS to produce a 100 µL hydrogel. Note that 

Tris buffer at pH 8.0 was used for the entrapment step in order to achieve neutral pH in 

the final hydrogel. After gelation and aging at 4 °C for 2-3 hours, the monoliths were 

incubated with 100 µL of various concentrations of ATCh (0 - 937.5 µM) in 25 mM Tris, 

pH 7.0. Both in solution and in silica assays used shaking between each measurements 

and were monitored for ~ 1 hour. Using the linear slope (~RFU/min) for each 

concentration of ATCh, Lineweaver-Burke plots were generated to determine KM and 

V max values using the following equation [ 1]: 

1 KM 1 1 
-=----+--
v V max [S] Vmax 

[1] 

This experiment was repeated with the Ellman assay using 1 mM DTNB in place o 

BODIPy® FL L-cystine and monitoring of absorbance at 412 nm. 

AChE activity on array. Spotting samples (100 µL) contained 1.25 U/mL AChE, 25 µM 

BODIPy® FL L-cystine in 25 mM Tris, pH 8.0. Samples were mixed with 100 µL 1/2SS 

then immediately pin-printed onto an epoxy-derivatized slide. The microarray was aged 

for 1 hour in the microarrayer humidity chamber (>80% humidity) at room temperature. 

Samples were then over-printed with nanoliter volumes of solutions containing 20% (v/v) 
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glycerol in 25 mM Tris buffer, pH 7.0 with 1 % (v/v) DMSO or 34.8 µM galanthamine in 

DMSO. Arrays were incubated with the DMSO or inhibitor solution for 30 min, after 

which they were over-printed again with identical solutions except containing 250 µM 

ATCh. For the negative control where no ATCh was added, ddH20 was substituted in the 

spotting solutions. 

4.3 Results and Discussion 

Characterization of Fluorogenic Dye. The fluorogenic properties of BODIPy® FL L­

Cystine were examined using f3-mercaptoethanol to reduce the disulfide bond. The 

emission properties of the dimerized and free forms of the dye with excitation at 505 nm 

(absorbance Amax) are shown in Figure 4.2. At the emission Amax (514 nm) a 32-fold 

increase in fluorescence intensity was observed between the disulphide coupled dye and 

its free form. The initial rate of reaction between thiocholine and the dye was also 

examined to demonstrate that in this coupled assay, the reaction of thiocholine with the 

dye is not the rate-limiting step. It was found to be approximately 1700 8RFU/min, 

which is 5-times greater than the rate observed for the AChE-catalyzed reaction in 

solution (see Table 4.1) suggesting that this dye reacts sufficiently rapidly to be used as a 

reporter for the AChE assay. 
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Figure 4.2 Fluorescence spectra (excitation 505 nm) of BODIPy® FL L-Cystine in dimer 
and free forms. 

pH-Dependence of Autohydrolysis. While phosphate buffer is most frequently used in 

AChE assays, Tris buffer was used to allow the assay conditions to be compatible with 

microarray fabrication using sol-gel materials. HEPES buffer was also considered for the 

assay, however higher fluorescence levels for the negative controls were observed for this 

buff er. In order to determine the optimal pH for this experiment, the substrate, A TCh, and 

the dye were mixed at seven pH levels (pH 7.0-8.2) and assessed for background 

fluorescence over time (Figure 4.3). The background fluorescence over time increased 

with increasing pH, with little background fluorescence observed for neutral pH (7.0). 

While the optimum pH is 7.6 for this enzyme,24 the subsequent experiments were run at 

pH 7.0 to minimize background levels. To determined if the background fluorescence 

was due to autohydrolysis of ATCh or pH-sensitivity of the dye, this series of 
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experiments was repeated with DTNB (Ellman reagent) and a similar trend was observed 

(Figure 4.3 panel), suggesting that the background source is autohydrolysis of ATCh. 
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Figure 4.3 pH-dependence of background fluorescence. Background fluorescence 
monitored over for ATCh and BODIPy® FL L-cystine incubated at various pH levels 
(indicated on graph). Panel shows the rate of fluorescence and absorbance increase over 
time from incubating ATCh with the Ellman or fluorogenic reagent at various pH levels. 

Assay Proof of Concept. BODJPy® FL L-cystine reacts in a similar manner to DNTB, 

whereby it can undergo a thiol exchange reaction with thiocholine produced from the 

AChE-catalyzed hydrolysis of ATCh. The amenability of this dye to monitor AChE 

activity was determined by measuring the fluorescence signal increase of the positive 

control assay, along with negative control assays containing denatured AChE or no 

A TCh or AChE inhibitor galanthamine. Studies were conducted both in solution and in 
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silica to establish the compatibility of this dye with silica sol-gel-derived microarrays 

silica-based assays and the results were compared with identical assays run using the 

Ellman assay (Figure 4.4, Tables 4.1 and 4.2). 
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Figure 4.4 Activity of AChE A) in solution and B) entrapped in silica monitored using 
BODIPy® FL L-Cystine. Negative controls were run under the condition indicated in 
brackets. A galathamine concentration of 17.5 µM was used for the negative control 
assay run in the presence of inhibitor. Fluorescence intensities shown are after 
background subtraction of initial fluorescence from the negative control (No ATCh). 

Table 4.1 Activity of AChE in solution and entrapped in silica using thiol-reactive 
fluorogenic dye. PC = positive control, NC - dAChE = negative control assay run with 
denatured AChE, NC - ATCh =negative control assay run without ATCh, NC -
galanthamine = assay run in presence of inhibitor galanthamine (1 7 .5 µM). 

In Solution In Silica 
Sl~e_{_L\RFU/minl Standard Error SloQ_e _f_L\RFU/min) Standard Error 

PC 24 1.7 0.7 16.9 0.2 
NC-dAChE 0.5 0.3 4.5 0.2 

NC-NoATCh 0.3 0.3 4.3 0.2 
NC -_g_alanthamine 42.5 0.7 7.7 0.3 
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Table 4.2 Activity of AChE in solution and entrapped in silica using the Ellman assay. 
PC= positive control, NC= negative control, dAChE =denatured AChE, PC+IN =assay 
inhibited by galanthamine (35 µM). 

In Solution In Silica 
Sio_Q_e _{_Mbs/minl Standard Error Sl~e_{_Mbs/min_l Standard Error 

PC 0.1215 0.0016 0.01777 0.00009 
NC- dAChE -0.0008 0.0002 0.00144 0.00003 

NC-NoATCh -0.0006 0.0001 0.00014 0.00001 
NC -_g_alanthamine 0.0120 0.0004 0.00255 0.00006 

In solution studies with the fluorogenic dye, it was found that the fluorescence 

response was linear over time and negative controls resulted in little autohydrolysis ( <l % 

of the positive control) (Figure 4.4A, Table 4.1 ). Additionally, the inhibited reaction 

showed a ~6-fold decrease in activity over the positive control. Similar observations were 

made for the Ellman assay under identical conditions (Table 4.2). While the 'in silica' 

Ellman and fluorogenic assays followed similar trends to the solution-based assays, the 

rate of reaction for the positive controls were both roughly IO-fold lower compared to the 

respective solution-based assays (Figure 4.4B, Tables 4.1 and 4.2). This is most likely 

due to mass transfer issues; however for the fluorogenic assay, the slow formation of 

non-emissive BODIPY dimers in silica has previous been reported and could also be a 

source of the lower signal intensities.25 

The background fluorescence increased over time for both the solution and silica-

based fluorogenic assays, although the rate was found to be much higher for the silica-

based assay, especially for the fluorogenic assay. When compared to the results from the 

Ellman assay in silica, the background from the negative controls for the fluorogenic 

assay are more significant. The background from the negative controls (denatured AChE 

and no ATCI controls) for the Ellman assay was less than 10% of the positive control. 
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However, for the fluorogenic assay in silica, the background from the negative control 

with denatured AChE was ~25% of the positive control signal. This suggests that the 

fluorogenic dye may be interacting with the silica to cause higher background levels. 

Measurement of KM in solution and in silica. To validate the assay both in solution and in 

silica, the KM of AChE/ATCh was determined for each (Figure 4.5). Lineweaver-Burke 

plots were used to determine the KM and V max values for both the solution and in silica 

assays. The calculated solution KM value of 78±9 µM compared well with the literature 

value of 140 µM. 15 The Vmax for this assay was determined to be 1300±100 ~RFU/min. 

The apparent KMapp found for AChE in silica, 250±30 µM, was higher than that for the 

solution assay. This increase in KMapp has been observed for a number of assay systems,26 

and was also observed when this experiment was performed in silica with the Ellman 

assay (KM ~300 µM, data not shown). The V ma/PP was 5-fold lower for the silica-based 

assay at 50±9 ~RFU/min. Similarly with the Ellman assay, a 8-fold decrease in V max was 

observed between the solution and silica-based assays. 
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Figure 4.5 Michaelis-Menten curves for AChE in A) solution and B) silica. KMapp values 
were determined using Lineweaver-Burke plots with the standard error calculated from 
linear regression analysis. 
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AChE Activity on Array. Functional sol-gel-derived AChE microarrays were prepared by 

entrapping AChE and BODIPy® FL L-Cystine in SS in array format. By depositing 

microspots of reagents directly over the AChE-containing array elemtns, assays could be 

run in nanovolume scale. The results show that AChE activity is retained on array and 

inhibition of the reaction can be detected with a ~2-fold reduction in signal compared to 

the positive control (Figure 4.6). In order to obtain a larger signal differences between the 

positive and inhibited controls and thus obtain a z' value >0.5, which is needed for 

adaptation of this assay to small molecule screening, it will be necessary to further 

optimize the assay. The AChE concentration within the elements will be increased to 

improved signals as previous work by our group suggests higher concentrations of AChE 

in silica are optimal.27 Additionally, the robustness of the microarray assay and long-term 

stability of the fabricated microarrays still require optimization and assessment. 
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Figure 4.6 Fabrication of sol-gel-derived AChE microarray with retention of AChE 
activity on array. PC = positive control, PC+IN = assay run in presence of inhibitor 
galanthamine (35 µM) , NC - No substrate = negative control assay run without ATCh. 
Fluorescence intensity values shown are after background subtraction of fluorescence 
intensity from the negative control (NC - No Substrate). Microarray image columns 
correspond to PC, PC+IN and NC- No Substrate, from left to right. 
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4.4 Conclusion 

AChE is an interesting target for high throughput screening due to its involvement 

in various neurological diseases. Current assay methods are not easily amenable to the 

microarray format using standard microarray scanning technology. We have reported on 

the development of a novel AChE assay utilizing a thiol-reactive fluorogenic dye that is 

compatible with standard DNA microarray scanners and with sol-gel-based bio­

immobilization for microarray fabrication. KM values were determined both in solution 

and in silica and found to be comparable with the values determined using the Ellman 

assay. By entrapping AChE in sol-gel-derived silica in microarray format and 

overprinting substrate and inhibitor solutions, both activity and inhibition could be 

detected on array. 

113 



Master's Thesis - J.M. Lebert McMaster - Chemical Biology 

4.5 References 

1. Quinn, D.W. Acetylcholinesterase: enzyme structure, reaction dynamics, and 
virtual transition states. Chemical Reviews. 1987, 87, 955-979. 

2. Bazelyansky, M.; Robey, E.; Kirsch, J.F. Fractional diffusion-limited component 
of reactions catalyzed by acetylcholinesterase. Biochemistry. 1986, 25, 125-130. 

3. Augustinsson, K-B.; Nachmansohn, D. Distinction between acetylcholine-esterase 
and other choline ester-splitting enzymes. Science. 1949, 110, 98-99. 

4. Talesa, V.N. Acetylcholinesterase in Alzheimer's disease. Mechanisms of Ageing 
and Development. 2001, 112, 1961-1969. 

5. Soreq, H.; Seidman, S. Acetylcholinesterase - new roles for an old actor. Nature 
Reviews Neuroscience. 2001, 2, 294-302. 

6. Scott, L.J.; Goa, K.L. Galantamine: A review of its use in Alzheimer's disease. 
Drugs. 2000, 60, 1095-1122. 

7. Rogers, S.L.; Farlow, M.R.; Doody, R.S.; Moh, R.; Friedhoff, L.T. A 24-week, 
double-blind, placebo=controlled trial of donepezil in patients with Alzheimer's 
disease. Neurology. 1998, 50, 136-145. 

8. Rosler, M.; Anand, R.; Cicin-Sain, A.; et al. Efficacy and safety ofrevistigmine in 
patients with Alzheimer's disease: international randomized controlled trial. BMJ. 
1999,318,633-639. 

9. Marrs, T.C. Organophosphate poisoning. Pharmacology & Therapeutics. 1993, 
58, 51-66. 

10. Hsieh, B.H.; Deng, J.F.; Tsai, W.J. Acetylcholinesterase inhibition and the 
extrapyramidal syndrome: a review of the neurotoxicity of organophosphate. 
NeuroToxicology. 2001, 22, 423-427. 

11. Cometa, M.F.; Lorenzini, P.; Fortuna, S.; Volpe, M.T.; Menegruz, A.; Palmery, 
M. In vitro inhibitory effect of aflatoxin B1 on acetylcholinesterase activity in 
mouse brain. Toxicology. 2005, 206, 125-135. 

12. Stoytcheva, M.; Sharkova, V.; Panayotova, M. Electrochemical approach in 
studying the inhibition of acetylcholinesterase by arsenate(III): analytical 
characterization and application for arsenic determinatin. Analytica Chimica Acta. 
1998, 364, 195-201. 

114 



Master's Thesis - J.M. Lebert McMaster - Chemical Biology 

13. Rupcich, N.; Green, J.R.A.; Brennan, J.D. Nanovolume kinase inhibition assay 
using a sol-gel-derived multicomponent microarray. Analytical Chemistry. 2005, 
77, 8013-8019. 

14. MacBeath, G.; Schreiber, S.L. Printing proteins as microarrays for high­
throughput function determination. Science. 2000, 289, 1760-1763. 

15. Ellman, G.L.; Courtney, K.D.; Andres, V.; Featherstone, R.M. A new and rapid 
colorimetric determination of acetylcholinesterase activity. Biochemical 
Pharmacology. 1961, 7, 88-95. 

16. Siegel, G.J.; Lehrer, G.M.; Silides, D. The kinetics of cholinesterases measured 
fluorometrically. The Journal of Histochemistry and Cytochemistry. 1966, 14(6), 
473-478. 

17. Prince, A.K. Spectrophototmetric study of the acetylcholinesterase-catalyzed 
hydrlysis of 1-methyl-acetoxyquinolinium iodides. Archives of Biochemistry and 
Biophysics. 1966, 113, 195-204. 

18. Comley, J. Assay interference, a limiting factor in HTS? Drug Discovery World., 
2003, 4, 91-98. 

19. Amplex® Red Acetylcholine/Acetylcholinesterase Assay Kit (Al2217). 
Invitrogen. <<http://probes.invitrogen.com/media/pis/mp12217.pdf>>. 

20. Kruger, N.J. Errors and artifacts in coupled spectrophotometric assays of enzyme 
activity. Phytochemistry. 1995, 38, 1065-1071. 

21. Tsai, H-C.; Doong, R-A. Simultaneous determination of pH, urea, acetylcholine 
and heave metals using array-based enzymatic optical biosensor. Biosensors and 
Bioelectroncis. 2005, 20, 1796-1804. 

22. BODIPY® FL L-cystine (B20340). Invitrogen. <<www.invitrogen.com>>. 

23. Lackman, R.L.; Jamieson, A.M.; Griffith, J.M.; Geuze, H.; Cresswell, P. Innate 
immune recognition triggers secretion of lysosomal enzymes by macrophages. 
Traffic. 2007, 8, 1179-1189. 

24. Acetylcholinesterase from Electrophorus electricus (electric eel) (C2888). Sigma. 
<<www.sigmaaldrich.com>>. 

115 



Master's Thesis - J.M. Lebert McMaster - Chemical Biology 

25. Tleugabulova, D.; Zhang, Z.; Brennan, J.D. Characterization of bodipy dimmers 
formed in a molecularly confined environment. Journal of Physical Chemistry B. 
2002, 106, 13133-13138. 

26. Besanger, T.R.; Chen, Y.; Desisingh, A.K.; Hodgson, R.; Jin, W.; Mayer, S.; 
Brook, M.W.; Brennan, J.D. Screening of inhibition using enzymes entrapped in 
sol-gel-derived materials. Analytical Chemistry. 2003, 75, 2382-2391. 

27. Hossain, S.M.Z.; Luckham, R.E.; Smith, A.M.; Lebert, J.M.; Davies, L.M.; 
Pelton, R.H.; Filipe, C.D.M.; Brennan, J.D. Development of a bioactive paper 
sensor for detection of neurotoxins using piezoelectric inkjet printing of sol-gel­
derived bioinks. Analytical Chemistry. 2009, 81, 5464-5483. 

116 



Master's Thesis -J.M. Lebert McMaster - Chemical Biology 

Chapter 5: Conclusions and Outlook 

Miniaturized assays using functional protein microarrays are an attractive means 

to increase the throughput and cost effectiveness of small molecule screening efforts. Sol­

gel immobilization as an approach to protein microarray fabrication has shown potential 

to become a leading methodology in this field. While this technology has been applied to 

sensitive proteins such as kinases1 and cytochrome p450s2
, there remain a number of 

issues when employing this technique. Foremost, there are few reports discussing 

adaptations of assay systems to this format. Thus is order to demonstrate the utility of 

such a method, it is necessary to increase the number of assays compatible with the 

technique. Furthermore, sol-gel compositions have been limited in scope of specific 

proteins and applications. There has yet to be described an example of a widely 

applicable material. For instance, we have found that, while functional PKA microarrays 

can be fabricated using SS, this material is not amenable to all kinases. Additionally, 

typical sol-gel formulations have gel times <30 minutes, limiting their application to 

formats such as the pin-printing of high-density microarrays. Given the potential of sol­

gel derived microarrays, this thesis focused on evaluating new assay systems amenable to 

this technology and the development of methods to fabricate high-density sol-gel-derived 

microarrays. 

In Chapter 2, a novel GSK-313 assay was described where sol-gel-derived 

microarrays were employed as a solid phase platform to assess kinase activity. By 

conducting assays in solution and subsequently printing the assay solutions as sol-gel 
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derived microarrays, a fluorescent phosphospecific stain could be used to assess the 

degree of phosphorylation within each microarray element. The linear response of the 

dye and quantitative nature of this assay was demonstrated through analysis of a gradient 

of GSM, a phosphopeptide substrate of GSK-3~, and generation of an IC50 curve for a 

known GSK-3~ inhibitor. Compatibility of this assay with high throughput screening 

efforts shows promise (Z' = 0.5), however further optimization is required before this 

method can be implemented in single point screening. This assay format was also 

successfully used with another GSK-3~ substrate, tau protein, indicating applicability to 

both peptide and protein substrates and the potential to simultaneously assay multiple 

substrates of GSK-3~ to assess substrate-specificity of inhibitors. 

In Chapter 3, the results of a materials screen used to identify optimal sol-gel 

compositions for fabrication of high-density kinase microarrays were presented. Initial 

investigations revealed that the method previously reported by our group was not 

amenable to all kinases and, due to short gelation times, was also not applicable for 

fabrication high-density microarrays. As such, it was necessary to screen a variety of sol­

gel compositions to identify optimal materials for maximal retention of kinase activity. 

Using a directed, criteria-based approach, the following variables were screened in a 

rapid and cost-effective manner: silica precursor types (2) and concentration (2), polymer 

additives (3) and concentration (2), silane additives (6), small molecule additives (5) and 

surface chemistry of slides (4). In total, 69 sol-gel/surface combinations were identified 

that were amenable to fabrication of high-density microarrays and were compatible with 

the staining assay. Preliminary studies showed retention of kinase activity on array. 
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In Chapter 4, we reported on the development of functional sol-gel-derived 

acetylcholinesterase microarrays using a commercially available fluorogenic thiol­

reactive dye. This fluorogenic dye, BODIPY® FL L-Cystine, was able to successfully 

monitor AChE activity both in solution and in silica using micro-well plate assays. 

Michaelis-Menton curves were generated in both solution and silica to compare KM and 

V max values. It was found that the KM was greater in silica than in solution, while the V max 

observed was lower in silica. This trend has previously been observed with other assay 

systems.3 Finally, retention of AChE activity in microarray format was demonstrated 

using nanovolume assays on array. 

Future work will firstly focus on using the presented assay systems to screen 

small molecule libraries. In each case, a 1000-compound library will be screened against 

the target in efforts to identify novel inhibitors. Additionally, in the longer term, other 

assay systems will be explored for use with sol-gel-derived microarrays. In particular, 

efforts will concentrate on development of G-protein coupled receptor (GPCR) functional 

microarrays, as they are the most targeted protein family by pharmaceutical companies 

for drug development.4 
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