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ABSTRACT OF THE DISSERTATION  
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The development of effective assays to determine enzyme activity is fundamental to 

biochemical research and has broad industrial applications including high-throughput 

screening (HTS). In this Thesis, we have focused our effort on the development of new 

enzymatic assays using novel surface chemistry that enables selective capture of analytes 

and label-free technologies for characterization and quantification. Both covalent and non-

covalent capture methods for selective enrichment of target analytes have been employed 

in this research. The binding process between the target analytes and the substrate surface 

was monitored in real time with Surface Plasmon Resonance (SPR) spectroscopy, and 

further confirmed and quantified with Matrix-Assisted Laser Desorption/Ionization mass 

spectrometry (MALDI-MS). 

In the first part of this work, the non-covalent capture method was developed and employed 

to determine enzyme activities for two glyco-enzymes. First, α-glucosidase (α-GD) activity 

was studied using maltose as a substrate. A new carbohydrate probe has been synthesized 



 viii 

and attached to a perfluorodecanethiol (PFDT)-covered surface via van der Waals 

interactions in a microarray format, followed by characterization by MALDI-MS. Using a 

ratiometric approach, we have determined the half maximal inhibitory concentration (IC50) 

values of inhibitors such as acarbose and epigallocatechin gallate on α-GD. In addition, N-

acetylglucosamine-perfluorodecane probes have been synthesized and immobilized on 

PFDT-covered surface for β-1, 4-galactosyltransferase (β-GT). The design enables 

desalting and immobilization of carbohydrate-conjugated probes to be completed in one 

step. The simplicity of this approach is a high advantage for the quantification of enzymatic 

activity.  

In the second part of this work, we have developed a robust and facile method for the 

fabrication of functional biochips with gold thin films. Using surface modification by self-

assembled monolayers (SAMs) of lipoic acid derivatives, we have performed enzymatic 

reactions using droplet deposition method. The functional surface is primarily 

characterized by Self-Assembled Monolayers Desorption/Ionization-Mass Spectrometry 

(SAMDI-MS). Lipoic amido (LA)-undecaethylene glycol (PEG11)-maleimide (MAL) has 

been used as a model ligand to determine the binding strength between the ligand and the 

surface with SPR spectroscopy. Measurement of the molar mass of ligands on the surface 

was performed using SAMDI-MS. The maleimide moiety in the ligands allowed facile 

immobilization of various molecules on the surface. In addition, lipoic amido (LA)-

octaethylene glycol (PEG8)-2, 3, 5, 6-tetrafluorophenol (TFP) was characterized for surface 

modification of the ligands by SAMDI-MS. These labeled biomolecules are then used as 

substrates for measurement of enzyme activities by SAMDI-MS. From the results, we have 
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shown that LA derivatives bind effectively onto gold surfaces, providing a simple platform 

for surface modification of various biomolecules and as substrates for MALDI-based 

enzymatic assays. 
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Chapter 1: Determining Enzyme Activity by Combination of Functionalized Surface 

and Mass Spectrometry 

 
1.1 Enzyme assays within Biological Systems 

Enzymes are fascinating natural catalysts that are highly specific toward their substrates in 

biochemical reactions.1 For example, addition, elimination, and isomerization of substrates 

all occur through enzyme functions. As a result, enzymology is one of the important 

fundamental parts of biochemistry.2 In addition, enzymes are important drug targets for 

pharmaceutical industries. Indeed, approximately 25 % of new drugs target enzymes.3 It is 

therefore of great importance to accurately and robustly characterize enzyme activities. 

Currently, many enzyme assay techniques are available. Most of these techniques depend 

on labeling of their substrates in order to acquire optical signals for spectroscopic detection, 

such as UV-Vis spectroscopy and fluorescence spectroscopy.4,5 Combining automated 

liquid handling systems and microwell plates, High-throughput screening (HTS) has been 

successfully implemented in pharmaceutical industry by performing enzyme inhibition 

assays.6 It is generally accepted that HTS technology allows us to analyze 104~105 samples 

in a day.7 However, it is not always simple to synthesize chromophore labeled enzyme 

substrates, and there is also a possibility that such substrates do not reflect the physiological 

activity of the enzyme.8 Although current spectroscopic methods provide high-throughput 

screening platforms, high percentages of false-positive rate (FPR) have been reported.9 In 

addition, certain enzyme reactions require extra enzyme samples for 

consumption/production of natural chromophores, such as NADPH and NADP, to detect 
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optical signals.10 In such cases, the measured reaction rate and enzyme activity can be 

affected by the secondary enzymes involved in the generation of chromophores.11 As a 

result, there are high demands for new technologies in enzymatic assay research. A highly 

promising direction is label-free enzymatic assay development, especially with surface 

based mass spectrometry (MS).12 First, it provides a label-free approach so that it is ideal 

to detect unanticipated enzyme activities.11 Second, detector systems of MS are relatively 

slower than spectrophotometer but fast enough to conduct HTS experiments. Indeed, 

analyzing 105 samples a day has been demonstrated by Milan Mrksich group.13 MS-based 

inhibition assays allow us to monitor modification of enzyme substrates by mass changes. 

Therefore, we can expect that the detection system provides more robust results and 

generate less FPR values than conventional colorimetric detection system. In the following 

section, we present the background and current development of surface assisted affinity 

purification mass spectrometry (SAAP-MS) and their applications for capturing target 

analytes in enzyme assays.  

 

1.2 Label-free Enzyme Assays using SAAP-MS 

Surface based mass spectrometry (MS) has potential as a new type of enzyme assay 

technique by employing a ratiometric method.14 Matrix-Assisted Laser 

Desorption/Ionization (MALDI)-MS meets various conditions as the surface based MS. 

First of all, minimal biological enzyme substrate fragments are generated due to the “soft 

ionization” technique, making it convenient to conduct the ratiomentric method by 

comparing intensities of each peak from reactants and products.15 Second, the technique is 
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a label free method. As a result, no chromophore or labeling fluorescent dyes are needed 

in the substrate.16 Third, the technique can be automatized by the assistance of electronics 

and software. Therefore, it is the method of choice for high-throughput method for assays 

or screening. However, there are several critical disadvantages of MALDI-MS. Since the 

technique requires small organic aromatic compounds for ionization of target analytes, 

there are high background signals in the small m/z regions (>300 Da).17 Therefore, most 

enzyme assays are limited to the relatively large substrates such as peptides, proteins, and 

DNA.18  

In order to overcome this problem, functionalized surfaces have been combined with 

MADLI-MS. In this research, we use the term, Surface-Assisted Affinity Purification Mass 

Spectrometry (SAAP-MS), which describes the combination of the functionalized surface 

and MALDI-MS. SAAP-MS provides a useful platform for the enzyme assays, since it 

enables the surface to specifically capture the substrates that are allowed to desalt and 

enrich target analytes using the surface in a single step. In addition, the substrate has special 

tail groups, such as polyethyleneglycol (PEG) or perfluorocarbon, which increase the 

molecular mass of the substrates, allowing us to avoid analysis of the low molecular region 

around 300 Da.    

Gold thin films have been traditionally used in our group as a substrate for determining 

molecular interaction in aqueous media using various techniques.19,20 There are many 

advantages of gold surface based sensors. Gold surface is stable in various conditions, 

making it suitable for the treatment of biological samples. Moreover, gold surface based 

sensors provide a useful label-free platform to determine the binding selectivity of proteins 
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in combination with Surface Plasmon Resonance (SPR) phenomenon.21 Due to these 

advantages plus the compatibility with conventional MALDI-TOF-MS, gold surfaces have 

been mainly used for covalent and non-covalent SAAP-MS.  

In the following section, conventional SAAP-MS methods and their strategies are reviewed 

and summarized before introducing our new research. Characteristics of functionalized 

gold surface by self-assembled monolayer (SAM) of organic ligands will be discussed.  

Next, the mechanism and instrumentation of SPR spectroscopy are reviewed. SPR is one 

of the most sensitive and widely used label-free techniques for investigating the 

interactions between films and ligands. Self-assembled molecules on gold surfaces are used 

to fabricate the functionalized surface, and the immobilized substrates are analyzed by 

SAAP-MS to determine chemical and enzymatic reactions. In some of the studies, we have 

employed conventional MALDI-TOF-MS matrix and instrumentation for SAAP-MS. 

Therefore, MALDI-MS will be discussed in details. Finally, we have summarized and 

reviewed the biomolecules that have been studied as substrates for this research. 

 

1.3 Strategies of SAAP-MS based Enzyme Assays 

There are two SAAP-MS based enzyme assay methods. Figure 1.1 shows the two 

methods using a flowchart to illustrate enzyme activity analysis through surface 

immobilization. The first method is enzyme reaction on immobilized substrate using two 

dimensional surfaces,22 such as thin inorganic films,23 glass,24 and polymer materials.25 The 

most important advantage of the surface based enzyme assays is being able to conduct 
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miniaturized high-throughput screening. The platform can be applicable to new drug 

development in pharmaceutical industries via high-throughput screening (HTS) .2  

 

 

Figure 1.1 Two strategies for selective capturing methods of SAAP-MS.1   

 

The second strategy is to use an in-solution enzyme assay. The synthesized biomolecules 

are used as substrates in an in-solution enzymatic reaction. After the reaction, the substrates 

are enriched using surface based on specific interactions between the molecules and 

surface.26 Selective chemical reaction between natural substrates and probe molecules is 

one of the promising tools of in-solution enzyme assays for high-throughput manners, 

providing specific interaction between surface and the enzyme substrates. It uses chemo-

selective conjugation reaction after the enzymatic reaction in-solution. The probe linked 

substrates can be easily immobilized on the surface via selective covalent or non-covalent 

interactions.1  

 

1.4 Examples of Capture Chemistries for SAAP-MS 

Table 1 shows various SAAP-MS methods that are used to determine enzyme 

activities.1 The enzymes and capture chemistries for the methods are also summarized. 
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Figure 1.2 illustrates typical SAAP-MS capture chemistry on each surface.1,27,28 First, Self-

Assembled Monolayer Desorption/Ionization (SAMDI)-MS was invented by Dr. Milan 

Mrksich.29 It is one of the successful SAAP-MS methods, which shows various roles for 

determining enzyme activities.28,30-34 The disulfide form of PEG alkanethiol-labeled 

biomolecules were immobilized on the gold surface and used as enzyme substrates as 

shown in figure 1.2-(a). The interaction between the gold and sulfur atom is strong enough 

to carry on an enzymatic reaction on the surface after vigorous washing.35 PEG moiety in 

the molecules provide a barrier to block direct contact gold surface and enzymes.36 Hybrid 

MALDI-MS employs Indium-Tin Oxide (ITO) surfaces or gold surfaces covered with 

hydrophobic coupling agents, such as trichloro(octadecyl)silane37 or 1-octadecanethiol,14 

respectively. Figure 1.2-(b) illustrates a hydrophobic surface using a silane coupling agent 

on ITO glass. The techniques were first reported by Niels-Christian Reichardt group. They 

mainly focused on glycol-enzymes as shown in Table 1. SAMDI and Hybrid-MALDI-MS 

requires organic matrix for ionizing target molecules. On the other hand, the other two 

techniques, Nanostructure-Initiator Mass Spectrometry (NIMS)38 and Aluminum oxide 

coated glass27 are matrix free techniques. Therefore, these techniques are useful for 

analyzing small molecules. Those techniques are also employed perfluorocarbon tagging 

molecules and surfaces.39,40 Using the fluorine-fluorine interactions41, the enzyme 

substrates were successfully immobilized on the surface. NIMS was developed by Gary 

Siuzdak and et al. using etched nanoporous silicon wafer42 as shown in figure 1.2-(c). The 

surface was functionalized by perfluorocarbon containing silane coupling agents, such as 

Bis(heptadecafluoro-1, 1, 2, 2-tetrahydrodecyl)tetramethyl disiloxane.38 There are many 
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applications of NIMS for enzyme assays. One of the successful achievements of the 

technique was implementation of β-glucosidase assays from E.coli lysates.43 It was useful 

for finding optimization conditions of enzyme expression, in which the proteins have been 

recognized as important sources for producing bio-fuel by degradation of cellulose.44 The 

aluminum oxide coated glass was functionalized with phosphonic acid labeled 

perfluorocarbon molecules, such as (3, 3, 4, 4, 5, 5, 6, 6, 7, 7, 8, 8, 9, 9, 10, 10, 11, 11, 12, 

12, 12-Heneicosafluorododecyl)phosphonic acid.27 It was first demonstrated by Chi-Huey 

Wong et al. that perfluorocarbon functionalized aluminum oxide surface provides matrix-

free conditions for ionizing target molecules. Therefore, the surface was employed for 

immobilizing perfluorocarbon tailed carbohydrates and used for determining 

glycohydrolase activities on the surface. Figure 1.2-(d) shows an experimental scheme of 

functionalization and analysis of perfluorocarbon tailed carbohydrates on the aluminum 

oxide coated glass.27   
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Table1.1 Examples of SAAP-MS technologies applied towards assaying enzyme activity. 

Examples of enzymatic reactions on immobilised substrates 

Condition Matrix Matrix-free 

Surface 

chemistry 
SAMDI-MS 

Hybrid MALDI-

MS 
NIMS 

Aluminum-oxide 

coated glass 

Enzymes 

Peptide kinase,28  Peptide kinase,39  

histonedeactylase,30 Glycosyltransferase,45  glycosylhydrolase,44  
Glycosylhydrolase27 

 

 

 

 

glycosyltransferase,31 glycosylhydrolase14  glycosyltransferase,43 

 

protease32 

   

acetyltransferase40 

 

Capture 

chemistries  

 

akyne-azide,31 

 

Cysteine-

maleimide,33 Hydrophobic14,45 

Fluorous,39, 40 

 Fluorous27 

biotin-streptavidin34   

hydroxylamine-

aldehyde26   

     

 

 
Figure 1.2 Surface immobilization methods that have been applied towards enzyme activity 

screening by SAAP-MS. (a) SAMDI-MS,30-34 (b) hybrid-MALDI-MS,14,45 (c) NIMS,39-40 

and (d) aluminum oxide coated glass based LDI-MD.27 
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1.5 Thiol-Au interactions 

The interaction between sulfur and gold is one of the well-known natural phenomena.35 

Although the chemical bonds between two atoms still have some enigmatic environments 

in nanoscale science, they have been widely used for fabrication of sensors, electronic 

devices, and passivating agents for gold surfaces.46 Since the interactions occur 

spontaneously in nature, thiolate molecules bind on the gold surface and forming an 

organic monolayer.47 Considerable research has been conducted with SAMs on the Au 

plane surface. For example, Figure 1.3 illustrates a conventional mechanism for thiol-Au 

bonds. Standard model shows one sulfur atom is adopted in empty space between two gold 

atoms on the Au (111) surface.48 Normally, the gold-sulfur interaction has a 40-50 kcal/mol 

range.49 The bond strengths can be affected by hydrocarbon chain lengths due to 

intermolecular forces between the molecules during the SAM process.50 Due to the easiness 

and neatness of SAM in solution phase, it is widely used for functionalization of gold 

surface using thiolate organic ligands. Since we employed various functionalized gold 

surfaces by SAM using thiolate ligands, it is worth summarizing typical ligands that have 

been used in previous literature. 

Figure 1.3 Schematics of bonding motifs between thiolates and gold.43 
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1.6 Alkanethiol and Perflurodecanthiol as Organic Ligands on Gold Thin Films 

Alkanethiol molecules were one of the typical ligands for SAM on the gold surface.50 

The molecules were easy to obtain from commercial vendors and there were intense 

research studiesof SAM using the various alkanethiols. The typical structure of alkanethiol 

is shown in figure 1.4-(a). Generally, the alkanethiol coated gold surface is hydrophobic as 

opposed to the bare gold surface. This result indicates that the properties of gold surfaces 

can be affected by organic monolayers on the surface.51 The usage of hydrophobic surfaces 

varies. There was a good example that the alkanethiol coated gold surface used as a 

substrate for self-assembly of phospholipid on the surface.20 In the same manner, synthetic 

glycolipids has been shown that the molecules were successfully self-assembled on the 

surface using the hydrophobic-hydrophobic interactions. Moreover, synthetic glycolipids 

bilayers also demonstrated enzymatic reaction on immobilized substrate, which was 

confirmed using MALDI-MS.37  

Perfluorocarbon thiol compounds were also employed for generation of 

superhydrophobic gold surfaces.52 Figure 1.4-(b) shows the typical molecules that have 

been used for functionalization of the gold surface. Recently, it has been shown that there 

are specific interactions between fluorocarbons and that can be used for desalting and 

enriching polyfluorocarbon tail containing compounds.53 Gary Sizudak and et al. are 

pioneers of such polyfluorocarboncoated silicon surface based ionization techniques.54 For 

example, the surfaces were able to use selective polyfluorocarbon-containing molecules 

through fluorine-fluorine interaction since the nanostructured silicon surfaces were 

covered with polyfluoro carbons.53 Enzymatic reactions were successfully able to occur on 
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the polyfluorocarbon coated surfaces.39,43 However, there are difficulties of nanostructured 

silicon chip fabrication because it requires harsh etching conditions, such as hydrogen 

fluoride.55 

 

 

Figure 1.4 Typical structure of (a) alkanethiol and (b) perfluoroalkanethiol. 

 

 

As a complementary method to take advantage of fluorine-fluorine interactions, 

polyfluorocarbon coated gold surface can be used for SAAP-MS. The main advantage of 

the gold surface is facile fabrication of SAM on the surface using thiolate perfluorocarbons, 

such as pefluorodecanethiol.56 There are not extensive studies of polyfluorinated gold 

surface as a tool for immobilization of polyfluorocarbon tail containing compounds and 

enzymatic reaction on the surfaces. Therefore, it is meaningful to use polyfluorocarbon 

coated gold surface as a chip for SAAP-MS experiments. For instance, there is importance 

in the immobilizing perfluorocarbon tailed molecules or conducting enzymatic reactions 

on the surface. For these reasons, we used the perfluorodecane thiol (PFDT) coated gold 

surface as model system to investigate whether the surface is able to used for enrichment 

or immobilization of perfluorocarbon tailed molecule on the surface.  
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1.7 PEG-alkanethiol as Organic Ligands on Gold Thin Films  

There were many reports of polyethyleglycol (PEG)-alkanethiol coated gold 

surface having protein-resistant properties.57 The protein-resistance surface is useful for 

bio-sensors to reduce background signal from non-specific interactions between the protein 

and surface.58 The surface blocks the non-specific interaction which enable to generate 

genuine signals from specific interaction between proteins and ligands on the surface.59 

Figure 1.5 shows the typical structure of PEG-alkanethiol compounds. There are many 

possible functional groups at the end of the carbon chain in the structure. Generally, 

hydroxyl, amine, and carboxylic acid groups can be used.  

There are two possible mechanisms how the OEG-alkanethiol acts as protein 

barriers for the gold surface. First,the OEG moiety provides a barrier by absorbing water 

molecules since the moiety has strong affinity (approximately 34 kJ/mol) with them. As a 

result, proteins in the solution do not contact the surface.60 

 

Figure 1.5 Typical structure of PEG-alkanethiol. The R group can be various species, such 

as hydroxyl, amine, and carboxylic acid, which are commonly used. 

 

The second mechanism is the steric effect of the OEG-alkanethiols on the gold surface.46 

Proteins do not have a chance meet the surface since OEG-alkanethiol already occupies the 

possible binding area on the surface. Therefore, it requires high energy when proteins 

desorb OEG-alkanthiol on the surface. Due to the inertness of surface, there are many 
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applications of OEG-alkanethiol. One of the emerging techniques is SAMDI-TOF-MS.11 

The terminology was first used by Milan Mrksich who is a pioneer of the techniques.61 It 

was the first trial to use an OEG-alkanethiol functionalized surface confirmed with 

conventional MALDI-MS.29 Maturing the technique provided a new perspective for 

surface based enzymatic reactions.31,32 There are many successful reports for enzyme 

reactions onfunctionalized surfaces. For example, immobilized peptides were employed as 

substrates for measuring kinase activities on the surface.62 Moreover, it has been shown 

that carbohydrate functionalized surfaces can be used for determination of 

glycosyltransferase activities.31 However, the techniques are not widely used by many 

analytical chemistry research groups since the technique is based on synthesis of OEG-

alkanethiols, which is commercially available but the materials are expensive. Moreover, 

mixed SAM are generally used for immobilization of the biomolecules on the surface. One  

is for hydroxyl group attached OEG-alkanethiol and the other one contains a functional 

group for conjugation of biomolecules. The latter type of OEG-alkanethiole is not 

commercially available so it requires tedious and laborious synthetic procedures. 

Therefore, it is necessary to develop new SAMDI-MS materials.     
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1.8 Lipoic Acid or Lipoic Acid Derivatives as Organic Ligands on Gold Thin Films 

Lipoic acid (LA) is one of the well-known antioxidants, which acts as radical 

scavenger in biological systems.63 Figure 1.6 shows the structure of LA and its derivatives. 

The compound has 1, 2-dithiolan ring and carbon chain with a carboxylic acid group. It is 

known that the disulfide bonded compounds also have strong interaction with gold 

surfaces.64 The molecules are soluble in water and organic solvents.65 Therefore, it is 

convenient for conducting self-assembly of the molecules on the gold surface. Figure 5-(b) 

and (c) show structures of Lipoic amido (LA)-octaethylene glycol (PEG8)-2, 3, 5, 6-

tetrafluorophenol (TFP) and Lipoic amido (LA)-undecaethylene glycol (PEG11)-

Maleimide (MAL), respectively. Recently, Hedi Mattoussi clearly showed that PEG-linked 

LA stably binds to gold nanoparticle (AuNP) surfaces.66 These materials can be used for 

various purposes, especially biological applications. Since the molecules on the surface 

have anti-biofouling efficacy due to the OEG moiety, the surface is able to reduce its non-

specific interactions with biomolecules.67,68 These properties meet conditions with 

bioimaging and drug delivery systems (DDS) using AuNPs because the system requires 

antifouling surfaces and target binding motifs for targeted delivery to cancer cells or 

tumors.69,70 Moreover, Richard W. Vachet’s group demonstrated that OEG-LA molecules 

bound to the AuNP’s surface and the organic monolayer were easily analyzed by the laser 

desorption/ionization (LDI) method.71 They also exhibited the monolayers were stable 

even inside of cells. These results indicate that the LA-OEG moieties are able to be used 

as SAMDI-MS materials. There are three required critical conditions to be an SAMDI-MS 

material. First, the ligand must stably bind to the gold surface but be cleavable by the 
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ionization step. Second, the compound should generate less fragments during ionization by 

MALDI or SAM. 

 

 

Figure 1.6 The structure of (a) LA, (b) LA-PEG8-TFP, and (c) LA-PEG11-MAL 

 

Third, the organic thiolate ligands should be bigger than 500 Da to avoid intense 

background signals. LA-OEG molecules meet these conditions but there are also 

commercial vendors sellingproducts that meet these conditions?. As a result, it can be 

widely used for analytical chemists to circumvent complex synthesis and purification steps 

if the LA-OEG derivatives work for SAMDI-MS. From these research aims, we examined 

LA-OEG derivatives as SAMDI-MS materials but also as enzyme substrates on the surface.  
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1.9 Principle and Instrumentation of SPR 

Surface plasmon (SP) is collective oscillation of electrons on the interface of two different 

media, such as air and a metal surface.72 Silver (Ag) and Gold (Au) are commonly used 

materials for studying SP due to its properties.73 The metals have complex dielectric 

constants, where the real part of the dielectric constant has negative values and its 

magnitude is higher than its dielectric. The first observation of SP was in 1902 by Wood 

whose experimental data revealed that irradiated light to a grating metal surface was able 

to generate dark bands in the spectrum of the diffracted light.74 This phenomenon garnered 

much attention among physicists and the result was explained by many researchers. 

According to the Maxwell’s equations, the dispersion relation of SP can be derived as 

𝑘ᵪ =
ω

c
√

ε′ε′′

ε′ + ε′′
 

where ω is the frequency, c is the speed of light in vacuum, ε’ is the permittivity of dielectric 

materials, and ε’’ is the permittivity of metals. In the vacuum system, the angular frequency 

of an electromagnetic wave is proportional to the wavenumber (w = ck ).72 According to 

the free-electron  model, the plasma frequency (ωp) is defined as   

ωp = √
Ne²

ε˳𝚖ₑ
 , where the N is the concentration of free electrons, and e and me are the electron 

charge and mass, respectively. Surface plasmon frequency is defined as  

ωsp = ωp/√2 

Figure 1.7 describes the dispersion relation of the SP, electromagnetic wave in air, and 

plasma frequency. The solid line indicates the SP dispersion approach asymptotic limit.   
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As seen in the figure, the incident light in air does not have direct resonance with SP. 

However, prisms or grating surfaces are employed for excitation of SP through coupling 

SP and incident light.75  

 
Figure 1.7 The dispersion of light in the SP, electromagnetic wave in air, and surface 

Plasmon frequency.70 

 

There are three different types of coupling light to SP: prism, grating, and waveguide. The 

most widely used method is the prism coupler and there are two types of configurations, 

Kretchmann geometry and Otto geometry. Due to the complexity of setting up the 

instrument for Otto geometry, Kretchmann geometry is commonly used.76 In this research, 

we employed Kretchmann configuration surface plasmon resonance (SPR) spectroscopy. 

SPR spectroscopy is widely used for binding studies between a surface and molecules in 

solution.77 Incident light can be totally reflected on an interface between two different 

refractive index materials, such as water to air. There are certain conditions required for 

observation of the total internal reflection (TIR).75 The incident light should be irradiated 
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from a higher refractive index medium. In this case, the sine of the angle of refraction 

should be higher than 1. This is not possible, and the incident light in such case is totally 

reflected by the interface. Even with TIR, there is an electromagnetic field, which is 

exponentially decreasing in intensity propagation in the lower refractive index medium. 

This electromagnetic field is known as an evanescent wave.72  

In Kretchmann geometry SPR, there are resonances between the SP and evanescent wave.72 

The incident light passes through a prism and the glass substrate, coated with a very thin 

gold layer. The SP and evanescent wave on the gold layer are coupled. In this case, the 

propagation constant of the SP and evanescent wave on the gold should be equal.  As a 

result, the coupling condition can be described as 

𝑛𝑃𝑆𝑖𝑛𝜃 =  𝑛𝐸𝑊 =  𝑛𝑠𝑝 

where  𝑛𝐸𝑊is refractive index of evanescent wave and 𝑛𝑠𝑝is refractive index of SP. When 

the coupling occurs between evanescent wave and SP, there is strong absorbance  on the 

surface. Due to the absorbance of the irradiated light, very weak reflection signal is 

observed at a certain angle. As the equation implies, the weak reflection signal is dependent 

on the angle of incident light, which is called the SPR angle. The evanescent wave is highly 

sensitive to the change in refractive index of the environment. When the refractive index 

of the environment changes, the propagation constant of the evanescent wave changes, 

which is associated with SP. Since the SPR angle is dependent to the SP propagation 

constant, the SPR angle also shifts when there is a change in refractive index in media.78 

SPR spectroscopy measures the lowest reflectivity versus time.79 Figure 1.8 shows a 

scheme of SPR spectroscopy, a reflectivity curve, and a sensorgram. The scheme illustrates 
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that a functionalized metal surface provides a specific binding site for certain molecules. 

When the molecules bind to the surface, the propagation constant of evanescent wave and 

SP are changed. As a result, time-based sensorgrams can be generated by measuring the 

SPR angle shift.80   

SPR imaging is a useful tool to determine binding between ligands and biomolecules in a 

multiplex detection platform.81 The technique requires a charge coupled device (CCD) 

camera as a detector for the system. SPR imaging measures the change of reflectance across 

the sample surface.82 Using the sensorgram, SPR can be a useful tool to determine 

adsorption of molecules to the surface. SPR spectroscopy is an important tool used to 

examine SAM on the gold surface. Therefore, in this research, we used SPR or SPRi for 

determining SAM on the surface.  
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Figure 1.8 Example of biosensing interface for SPR with corresponding reflectivity curve 

and sensorgram.80 
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1.10 Principle and Instrumentation of MALDI-TOF-MS 

 

The history of mass spectrometry is more than 100 years old, since J.J. Thompson invented 

the first mass spectrometer, which measures the mass-to-charge ratio of electrons.83 Mass 

spectrometry is not only an important tool for characterization of chemicals but also it is a 

critical instrument for studying gas phase chemistry.84,85 As a result, there are many studies 

of mass spectrometry and its applications. One of the crucial parts of the mass spectrometry 

is the development of various ionization sources.86 The firstly used ionization source in 

mass spectrometry is the electron impact ionization (EI) method which is widely used in 

various instruments.87 The source generates electron beams from filaments of tungsten or 

other metal coils and the beams are irradiated to vaporized gas analytes.88  This technique 

has been widely used for analysis of organic molecules, especially for relatively low 

boiling point molecules. Because all analytes should be in the gas state in the source 

chamber, when target analytes have high boiling points, it is hard to induce vaporization. 

Moreover, the EI method produces many fragments due to its high energy (< 70 eV); 

therefore,many researchers have devoted to developing soft ionization techniques.89,90 One 

of the first techniques for the soft ionization method is chemical ionization (CI), which 

produces protonated molecular ion species in the ionization process.91 However, there are 

restrictions of CI, especially, when analyzing biomolecules. Due to the hydrogen bond 

donors and acceptors in biological molecules, the boiling point of biomolecules is quite 

high compared to simple organic molecules. Moreover, vaporized biomolecules, such as 

proteins, lipids, and nucleic acids, are easily fragmented in the gas phase in EI or CI 

techniques. As a result, there are a lot of demanding new ionization techniques for 
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biomolecules, especially useful in observing molecular ion form. In 1986, Dr. Penn 

developed a method, electrospray ionization (ESI), which showed conserved, intact protein 

ions from liquid phase.92,93 In 1988, Koichi Tanaka, observed intact protein ions from solid 

phase to gas phase by irradiation of a laser in a vacuum chamber.94 The techniques were 

evolved by Dr. Hillenkemp who used small organic acids as assistants in the ionization 

process of analytes.95 Due to the use of organic matrices in the ionization process, the 

technique is called Matrix-Assisted Laser Desorption/Ionization (MALDI). In contrast to 

ESI, MALDI mainly produces singly charged ions.96 Figure 1.9 illustrates the 

instrumentation of MALDI-TOF-MS.90 The technique is widely used for analysis of 

biomolecules such as lipids, oligosaccharides, peptides, and even proteins. Since MALDI 

techniques commonly have been combined with a time of flight (TOF) analyzer, we can 

describe the basic principle of the TOF system for MS.96 After generation of ions by 

MALDI, the ions are accelerated with 20 kV in an acceleration region. The accelerated 

ions move through a field-free region (drift path). According to equation (1), kinetic energy 

of accelerated ions can be expressed by total charge, q = ze, and potential difference (Vs). 

Rearrangement of the equation results in equation (2). If the length of field-free region is 

set to L, the arrival time of ions can be expressed by ‘t’ as shown in equation (3). If equation 

(2) is plugged into equation (3), mass to charge ratio can be calculated using the arrival 

time of ions. Equation (4) describes the relationship between time and mass to charge ratio. 

Therefore, by measuring the arrival time of each ion to the detector, m/z values can be 

calculated.90   
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Figure 1.9 Illustration of instrumentation of MALDI-TOF-MS.  
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The choice of matrix and laser wavelength for different analytes is one of the most 

important factors in efficiently analyzing samples.97 UV wavelengths of 337 nm and 355 

nm for N2 and Nd:YAG lasers, respectively, are commonly used in MALDI-MS 

experiments. In the case of matrices, generally small organic acids have been widely used. 

Table 1.2 shows the structure and efficacy of matrices.98-102  

Recently, surface-based mass spectrometry has been widely developed to analyze chemical 

species on surfaces. Conventional methods such as secondary ion mass spectrometry 

(SIMS) is a good method for characterization of organic ligand immobilized surfaces.103 

The technique provides narrow spatial resolution (> 100 nm) and rapid analysis time.104 

However, there is a drawback due to the fragmentation of molecular ions during the 

ionization process.105 As a result, there are a lot of demands to the development of new 

technique analysis of functionalized surfaces. Recently, MALDI-MS based techniques 

have been highlighted as alternative methods to analyze functionalized surfaces, especially 

for functionalized gold surfaces. In this research we report the conventional MALDI-MS 

combined with a functionalized gold surface, such as a PFDT-covered gold surface or LA-

PEG derivative coated surface, as a tool for desalting and immobilizing target analytes on 

a gold surface. In this research, we employed standard SAM technique in order to fabricate 

perfluorodecanthiol (PFDT) coated gold surface for measuring enzyme activities. The 

perfluorocarbon supported surface enable to selectively capture the perfluorocarbon 

containing molecules. Especially, nanostructure-initiator mass spectrometry (NIMS)54 has 

demonstrated that fluorine-fluorine interaction is a useful platform to perform enzymatic 

reaction on the perfluorocarbon coated silicon surface. One critical drawback of NIMS 
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requires many steps and harmful chemicals for fabrication of the chip.55 In this research, 

we used one-step method to fabricate pefluorocarbon coated gold surfaces without using 

harmful chemicals. PFDT coated gold chips can use as a tool to enrich or immobilize 

fluorous tagged molecules on the surface. The surface can be easily analyzed by MALDI-

TOF-MS. 

LA-PEG derivatives are ideal choice as a tool for desalting and immobilizing target 

analytes on a gold surface. First, there are extensive researches that lipoic acid (LA) is a 

useful material for SAM on gold surface.64 It has been revealed that LA derivatives can be 

practical materials for SAMDI-MS. Second, LA derivatives have an internal disulfide bond 

so that even if the bond was cleaved during the SAM or ionization step, there are no mass 

fragmentations occurring. Therefore, it is expected that using the ligands, reducing 

complexity of mass spectrum. For those reasons, LA-PEG derivative coated surface can be 

useful tools for fabrication of biochips on a gold surface. The fabricated biochips can be 

characterized by SAMDI-TOF-MS. 
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Table 1.2 Common UV-MALDI matrices 

 

Name Abbreviation Analytes 

α-Cyano-4-hydroxycinnamic acid98 CHCA Peptides/proteins 

2,5-Dihydroxybenzoic acid99 DHB Glycan, Peptides, and proteins 

3,5-Dimethoxy-4-hydroxycinnamic acid100 SA Proteins 

2, 4, 6-Trihydroxyacetophenone100 THAP Oligonucleotides, acidic glycan 

3-Hydroxypicolinic acid101 HPA Oligonucleotides 

2-(4-hydroxyphenylazo)benzoic acid102 HABA Synthetic polymer 
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1. 11 Carbohydrates as Enzyme Substrates 

Even though carbohydrates are one of the main components of biological samples, the 

study of saccharides has been obstructed due to mainly their complicated structures.106 For 

example, a simple glycan, consisting of six monosaccharide units and commonly observed 

in 9 mammalian carbohydrates, can generate ~1012 different isomeric forms.106 Figure 1.10 

shows 9 basic building blocks consisting of 9 monosaccharides for mammalian cells.106  In 

biological processes, glycosylation has been known for attachment of carbohydrate 

residues to biological molecules such as lipids and proteins by enzymatic reactions.107 

Glycosylation is one of the important post-translational modifications (PTMs) of 

proteins.108 PTMs are important for function of proteins or binding to other proteins.109,110 

These glycans are mainly assembled in the golgi membrane and each step requires specific 

enzymes, such as transferase and hydrolase.111 When the glycans are synthesized or 

hydrolyzed by each enzyme, the stereocenter of anomeric carbon becomes important. 

When an open-chain monosaccharide becomes closed, two possible diastereomers can be 

generated with the hemiacetal carbon, which is called anomeric carbon. The direction of 

the hydroxyl group at the hemiacetal carbon defines the α-anomer and β-anomer. For 

example, the α-anomer has the –OH group on the anomeric carbon trans to the CH2OH 

substituent of C5. In contrast, the β-anomer has the –OH group cis to the CH2OH substituent 

of C5.
112 The sensitivity of glyco-enzymes for the chiral center is critical for synthesis or 

hydrolysis of the carbohydrate. For example, α-glucosidase can dissociate α-glycosidic 

bonds but not β-glycosidic bonds.113 On the other hand, β-glycosidase can selectively 

dissociate β-glycosidic bonds instead of α-glycosidic bonds.112     
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There has been considerable research for hydrolase due to convenient assay tests of the 

enzyme activity using synthetic substrates.114 However, the main disadvantage of the 

synthetic substrates is that they may not reflect the genuine physiological activity of the 

enzymes since the synthetic substrates are not natural products.115 In order to overcome the 

drawbacks, it is required to develop an enzymatic assay using natural substrates.8 One of 

the ideal methods is using mass spectrometry techniques for analysis of natural enzyme 

substrates. However, the substrates are relatively difficult to detect without derivatization 

or purification due to the fact that MALDI-MS is not compatible with small molecular 

compounds and ESI-MS is not salt tolerable and is relatively slow to analyze samples. 

Therefore, in current research, we have developed a methods that are directly applicable 

for glycohydrolase assays by combination of functionalized gold surfaces and MALDI-

MS.8 In addition, synthesis of glycan by glycotransferase is also one of the major events 

for glycobiology. However, due to the lack of the appropriate detection methods, the 

investigation of glycosyltransferase has been relatively less studied and highlighted.31 In 

this research, we also developed rapid and easy methods for assays using glycotransferase. 

As a model system, β-1, 4-galactosyltransferase (β-1, 4-GT) has been used. The enzyme 

can selectively recognize β-glycosidic bonded N-acetylglucosamine or glucose so that only 

the β-form sugars can act as acceptors for the enzyme.      
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Figure 1.10 Common monosaccharides found in vertebrates106 
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1. 12 Peptides as Enzyme Substrates 

 

Peptides and proteins are widely used as substrates for determination of enzyme 

activities.116 The substrates consist of 20 species of amino acids and each amino acid is 

conjugated with an amide bond (peptide bond).117 Each amino acid has specific functional 

groups in their residues.118 Among the functional groups, the primary amine in lysine and 

the free thiol group in cysteine are widely used for selective chemical modification of the 

peptides or proteins.119 Peptides and proteins are suitable target analytes for analysis using 

MS after development of soft ionization techniques.120 Furthermore, peptides are generally 

used substrates for measuring enzymatic activities via MS due to its small size and relative 

ease of synthesis.121 Determination of protease activities are good ways to understand how 

the peptides are able to be used as substrates for the current work. 

Protease activities have important roles in biological systems for degradation of 

proteins but also in activation of specific enzymes.122,123 Enzymes can specifically 

hydrolyze target sequence of peptides or proteins.124-128 In addition, protease inhibitors are 

important candidate drugs for antiviral or antitumor activities.129,130 As a result, it is 

important to determine protease activity using accurate and fast methods. MS-based 

methods are important tools to determine protease activities. MALDI-MS provides a robust 

and salt-tolerant platform for measuring protease activities. However, the methods are 

limited for determination of enzymatic activities since it has no selective enrichment of the 

substrates from high concentration of inhibitors, which can act as interferences or block 

ionization efficiencies of target analytes. In order to simplifye enrichment steps, peptide-

coated biochips are ideal tools, which can be combined with SAMDI-MS, and the peptide 
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immobilized surface is a useful tool to determine protease activity on the surface.61 In the 

current research, trypsin was used as a model protease to digest immobilized neurotensin 

on the surface. 
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Table 1.3 Examples of enzymes that have been used as peptide substrates 

Enzymes Reactions 

α-Chymotrypsin122 
Hydrolyses C-terminal to aromatic amino acids and L and 

secondary binding site after M, I, S, T, V, H, G and A 

Calpain-1123 Broad endopeptidase specificities 

Caspase-3124 Hydrolyses after D in the consensus sequence -D-E-V-D-|- 

Caspase-6125 Hydrolyses after D in the consensus sequence -V-E-H-D-|- 

Caspase-8125 Hydrolyses after D in the consensus sequence -L/D/V-E-T-D-|- 

Cathepsin B126 
Hydrolyses after R/K in the consensus sequence -X-T/V-R/K-|- 

where X is any basic residue 

Chymopapain127 
Hydrolyses after K/R in the preferable sequence - 

A-F/P/V/A/R-V/T-K/R-|- 

Lysyl-endopeptidase (LEP)128 Hydrolyses C-terminal to K 

Papain126 Hydrolyses after R/K in the consensus sequence -P-V-K/R-|- 

Subtilisin127 
Hydrolyses after A/L/V in the sequence -F/D-A/F/V-X-A/L/V-|- 

where X is any amino acid 

Thermolysin131 
Hydrolyses N-terminal to hydrophobic and/or aromatic residues 

unless P is +2 

Thrombin132 Hydrolyses after R/K enhanced if P is 1 

Trypsin133 Hydrolyses C-terminal to R/K unless followed by P 

V8 protease128 Hydrolyses C-terminal to E 
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Chapter 2 : Quantitation of Alpha-Glucosidase Activity using Fluorinated 

Carbohydrate Array and MALDI-TOF-MS 

 

Abstract 

 Quantitation of alpha-glucosidase (α-GD) activity is of significance to diagnosis of 

many diseases including Pompe disease and type II diabetes. We report here a new method 

to determine α-GD activity using matrix-assisted laser desorption/ionization (MALDI)-

time-of-flight (TOF) mass spectrometry (MS) in combination with carbohydrate 

microarray and affinity surface chemistry. Carbohydrate probes are synthesized for capture 

of the enzymatic reaction products and the adducts are loaded onto a fluorinated gold 

surface to generate an array, which is followed by characterization by MALDI-TOF-MS. 

The ratio of intensities is used to determine the level of activity of several enzymes. In 

addition, half maximal inhibitory concentration (IC50) of acarbose and epigallocatechin 

gallate are also determined using this approach, and the results agree well with the reported 

values. This method is advantageous as compared to conventional colorimetric techniques 

that typically suffer matrix interference problems from samples. The use of the 

polyfluorinated surface has effectively suppressed the interference. 

 

Introduction 

 Alpha-glucosidase (α-GD) plays an essential role in the degradation of glycogen 

therefore quantitative characterization of α-GD activity has a significant implication to the 

diagnosis of certain diseases such as Pompe disease and type II diabetes.1-2 To search for 
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treatment of type II diabetes, a number of α-GD inhibitors have been developed.3 Currently, 

immune-colorimetric methods are widely used for the measurement of α-GD activity.4 

However, these methods show typical drawbacks of optical detection and are vulnerable to 

matrix interference from the samples.5 In addition, they require synthetic substrates, such 

as 4- nitrophenyl-α-D-glucopyranoside, and 4-methylumbelliferyl-α-D-glucopyranoside, 

for the enzyme assays. Though the substrates are sensitive in the assays and easy to use, 

they may not reflect physiological activity of the enzyme for hydrolysis of α-D-(1→4) 

glycosidic bonds.Therefore, developing rapid and effective assays to determine the α-GD 

activity using natural substrates is highly desired. 

Mass spectrometry (MS) is a powerful analytical method and can be used for measuring 

enzyme activity by determining the m/z values of substrates and products from the enzyme 

reaction.6 Recently, there are a few reports that demonstrate the use of MALDI-MS for 

measuring enzyme activity with simplicity and high salt tolerance. Mirkish et al. pioneered 

the self-assembled monolayer desorption/ionization (SAMDI) approach, which is effective 

for characterizing enzyme activity.7 To reduce nonspecific interactions, they employed 

various polyethylene glycol (PEG) terminated materials for immobilization of biological 

sample on the gold surface 8-10. Since the method measures the ratios between two peaks, 

it is possible to acquire robust quantitative information. Siuzdak at al. reported a 

nanostructure-initiator based mass spectrometric method for enzyme assay with no 

requirements of matrix for ionization of target molecules.4 However, these methods all 

require expensive carbohydrate derivatives in order to form a selective linkage between the 

derivatives and probe molecules. Eliminating this sophisticated synthetic step by using 
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more generic hydrophobichydrophobic interaction for fixation of probes can considerably 

improve the screening efficiency. In this work, we report the quantitative characterization 

of enzymatic assay of α-GD with natural substrates using fluorinated carbohydrate 

microarray and MALDI-TOFMS. Figure 2.1 shows the general strategy for the work with 

maltose as the model substrate. The natural substrate is composed of two D-glucose units 

joined with an α-D-(1→4)-glycosidic bond and it is this glycosidic bond that is selectively 

hydrolyzed by α-GD. Products after the enzymatic reaction in solution are directly ligated 

to the probe molecule, which contains a hydrazide group for conjugation of carbohydrates. 

The advantage of hydrazide conjugation is that it is suitable for connecting a wide range of 

reducing sugars.11 Using this method, forming a selective linkage is enabled without 

employing carbohydrate derivatives. Moreover, the conjugation reaction between 

carbohydrates and hydrazide group can be accelerated by addition of aniline as catalyst.12 

The probe ligated carbohydrates can be easily characterized by MALDITOF-MS, which 

allow us to rapidly and accurately determine enzyme activity using ratiometric method. 

Polyfluorinated gold surface is used for the fixation of the carbohydrate conjugated probes. 

The synthesized carbohydrate probe also has a polyfluorinated chain, which interacts 

relatively strongly with the fluorinated surface, based on the specific interactions between 

fluorinefluorine atoms.13 The use of fluorine-fluorine interaction is advantageous, leading 

to marked selectivity as fluorine atoms are not widely found in biological system.14 To 

further validate the current method, half maximal inhibitory concentration (IC50) of 

Acarbose and Epigallocatechin gallate (EGCG) have been determined by using the 

technique reported here. Acarbose is a therapeutic agent for diabetics and EGCG is a new 
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candidate as an α-GD inhibitor.15 It is hoped that the new platform is effective for 

determining α-GD activity as well as screening of new candidatesfor α-GD inhibitors. 
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Figure 2. 1 (a) Cartoon illustration of synthesis of the carbohydrate probe and (b) Scheme 

of enzymatic glycohydrolysis, conjugation of carbohydrate probe, and surface enrichment 

of the products and on-chip desalting on a perfluorodecanthiol coated gold surface for 

MALDI analysis.  
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Experimental 

Materials and Instrumentation.  Alpha-Glucosidase type I from Saccharomyces 

cerevisiae, D-(+)-Maltose monohydrate as the substrate of R-glucosidase, acarbose, and 

(-)-epigallocatechingallate (EGCG) were purchased from Sigma (St. Louis, MO). All other 

chemicals for synthesis of the carbohydrate probe were also purchased from Sigma and 

used without purification. 1H spectra were recorded on a Varian Inova 300 spectrometer. 

Proton (1H) chemical shifts are reported in parts per million (δ) with respect to 

tetramethylsilane (TMS, δ=0), and referenced internally with respect to the proton solvent 

impurity. 13C spectra were recorded on a Varian Inova 400 spectrometer.  Deuterated 

chloroform was obtained from Cambridge Isotope Laboratories, Inc., Andover, MA, and 

used without further purification for all NMR experiments. All other materials were 

obtained from Aldrich Chemical Company, St. Louis,MO. Solvents were dried through a 

commercial solvent purification system (SG Water, Inc.).  

Synthesis of the carbohydrate probe. Compound 2 in Figure 2.1 was synthesized 

according to the literature procedures.16 39.4 mmol (5mL) of chlorotrimethylsilane (TMS-

Cl) and 0.3 g of paraformaldehyde were mixed in a 25 mL round bottom flask. The reagents 

were allowed to stir under N2 atmosphere until homogeneous. 10 mmol (2.27 mL) of 

1H,1H,2H,2H-Perfluoro-1-octanol (1) were added to the reaction vessel. The reagents react 

at room temperature for two hours. The TMS-Cl is removed under vacuum followed by a 

vacuum distillation of the product (19.8% yield). 1H NMR (300 MHz, CDCl3) : δ = 5.48 

(s, 2H; OCH2Cl), δ = 3.98 (t, 2J(H, H) = 6.6 Hz, 2H; OCH2CH2), δ = 2.47 (m, 2H; 

OCH2CF2). The obtained 1H NMR spectrum is shown in figure 2.2. 
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Figure 2.2 1H-NMR spectra of Molecule (2) (300 MHz, CDCl3) : δ = 5.48 (s, 2H; 

OCH2Cl), δ = 3.98 (t, 2J(H, H) = 6.6 Hz, 2H; OCH2CH2), δ = 2.47 (m, 2H; OCH2CF2). 
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Diisopropylethylamine (DIPEA, 174 μL) was mixed with 2 mL of dimethylformamide 

(DMF) in a flame dried 25 mL round bottom flask. To this mixture, 0.194 g (1.00 mmol) 

of butyl 4-hydroxybenzoate was dissolved in the solution. The reaction mixture was placed 

under inert atmosphere and allowed to stir until all reagents were dissolved. At this time, 

260 μL (1.08 mmol) of the newly synthesized chloromethyl ether (2) was added drop wise 

to the reaction mixture. The reaction was then stirred at room temperature overnight. 

Reaction mixture was diluted with chloroform and washed repeatedly with saturated NaCl. 

Completion of reaction was checked with TLC and MALDI-TOF MS. The reaction 

mixture was purified by passing through a silica gel column in 2:1 hexane : ethyl acetate. 

The eluents were collected and evaporated by reduced pressure (clear liquid, 110 μL, 

density : 1.3 g/mL Y% : 25.1%). The products (100 μL) were dissolved in 4 mL of water : 

MeOH : THF (1:1:2, v:v:v) solution (pH > 13) to remove butyl group. The reaction was 

stirred at room temperature overnight. Completion of reaction was checked with TLC and 

MALDI-TOF MS. The solution was neutralized by addition of 1 mL of 1M HCl. The 

mixture was evaporated by reduced pressure. The product was diluted with hexane : 

ethylacetate (1:1) and conducted flash column chromatography. The eluents were collected 

and evaporated by reduced pressure (white powder, 0.103g, Y% : 79.9%). 1H NMR (300 

MHz, CDCl3) : δ = 8.01 (d, 2J(H, H) = 9 Hz, 2H; ArH), δ = 7.08 (d, 2J(H, H) = 9 Hz, 2H; 

ArH), δ = 5.32 (s, 2H; OCH2O), δ = 4.00 (t, 2J(H, H) =6.6 Hz, 2H; OCH2CH2), δ = 2.44 

(m, 2H; OCH2CF2). 13C NMR (100 MHz, CDCl3) δ 178.0,170.0, 135.4, 125.3, 117.3, 

92.7, 58.1, 26.0. 19F NMR (282 MHz, CDCl3) δ -81.2, -113.9, -122.3, -123.2, -124.1, -

126.6. The obtained 1H, 13C, and 19F NMR spectrum is shown in figure 2.3, 2.4, and 2.5, 
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respectively. HRMS (MALDI-TOF MS) calcd. for C16H11F13O4 (MNa)+, 537.2252; 

found, 537.2142.  
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Figure 2.3 1H-NMR spectra of Molecule (4) (300 MHz, CDCl3) : δ = 8.01 (d, 2J(H, H) = 

9 Hz, 2H; ArH),  δ = 7.08 (d, 2J(H, H) = 9 Hz, 2H; ArH), δ = 5.32 (s, 2H; OCH2O), δ = 

4.00 (t, 2J(H, H) =6.6 Hz, 2H; OCH2CH2), δ = 2.44 (m, 2H; OCH2CF2).   
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Figure 2.4 13C-NMR spectra of Molecule (4) (100 MHz, CDCl3) δ 178.0,170.0, 135.4, 

125.3, 117.3, 92.7, 58.1, 26.0.   
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Figure 2.5 19F-NMR spectra of Molecule (4) (282 MHz, CDCl3) δ -81.2, -113.9, -122.3, -

123.2, -124.1, -126.6.  
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0.50mmol 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC, 69 mg) was added to 

a 10 mL round bottom flask containing 0.50mmol of newly synthesized product (3) (103 

mg) and 0.50mmol Nhydroxysuccinimide (57.5 mg) in 2.0 mL DMF. After a 16 hours 

reaction period, completion of reaction was checked with TLC. Without purification, 100 

μL of hydrazine (60% in water, excess) was added to the mixture. After 2 hours, the product 

(4) was extracted using water : chloroform (1:1, v:v) solution. The collected chloroform 

was evaporated with reduced pressure. The product was further purified by silica gel 

column chromatography in 1:10 hexane: ethylacetate. The eluents were collected and 

evaporated by reduced pressure (white powder, 9.2 mg, Y% : 8.5 %). All the results were 

confirmed by MALDI-TOF-MS and NMR. 1H NMR (300 MHz, CDCl3) : δ = 7.71 (d, 

2J(H, H) = 9 Hz, 2H; ArH), δ = 7.39 (s, 1H; -NH), δ = 7.06 (d, 2J(H, H) = 9 Hz, 2H; ArH), 

δ = 5.28 (s, 2H; OCH2O), δ = 4.11 (broad, 2H; NH2), δ = 3.97 (t, 2J(H, H) = 6.6 Hz, 2H; 

OCH2CH2), δ = 2.42 (m, 2H; OCH2CF2). 13C NMR (101 MHz, CDCl3) δ 168.4, 160.1, 

128.8, 126.5, 116.2, 93.2, 61.2, 31). 19F NMR (282 MHz, CDCl3) δ -81.2, -113.9, -122.3, 

-123.3, -124.1, -126.5. The obtained 1H, 13C, and 19F NMR spectrum is shown in figure 

2.6, 2.7, and 2.8, respectively. HRMS (MALDI-TOF-MS) calcd. for C16H13F13N2O3Na 

(MNa)+, 551.2551; found, 551.2399. 
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Figure 2.6 1H-NMR spectra of Molecule (5) (300 MHz, CDCl3) : δ = 7.71 (d, 2J(H, H) = 9 

Hz, 2H; ArH), δ = 7.39 (s, 1H; -NH), δ = 7.06 (d, 2J(H, H) = 9 Hz, 2H; ArH), δ = 5.28 (s, 

2H; OCH2O), δ = 4.11 (broad, 2H; NH2), δ = 3.97 (t, 2J(H, H) = 6.6 Hz, 2H; OCH2CH2), δ 

= 2.42 (m, 2H; OCH2CF2).   
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Figure 2.7 13C-NMR spectra of Molecule (5) (101 MHz, CDCl3) δ 168.4, 160.1, 128.8, 

126.5, 116.2, 93.2, 61.2, 31).  
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Figure 2.8 19F-NMR spectra of Molecule (5) (282 MHz, CDCl3) δ -81.2, -113.9, -122.3, -

123.3, -124.1, -126.5. 19F NMR (282 MHz, CDCl3) δ -81.2, -113.9, -122.3, -123.3, -124.1, 

-126.5.  
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Preparation of the polyfluorinated surface. The polyfluorinated gold films are prepared 

based on a previous report.17 Briefly, Au surface was fabricated by e-beam deposition of a 

46-nm thick gold layer onto pre-cleaned glass slides. Cleaned gold substrates were 

immersed in 1 mM 1H,1H,2H,2H-Perfluorodecanethiol in ethanol solution overnight, 

followed by extensive rinsing with ethanol and DI water.18 The hydrophobicity of the 

surface was checked with contact angle measurement. The result revealed a significant 

increase. The contact angles of the bare gold surface and PFDT-covered surface have 57.5° 

and 105.8° as shown in Figure 2.9. 

Measurement of initial rate of enzymatic reaction using maltose as the substrate for 

α-GD. An enzyme stock solution (0.5 UN/μL) was prepared and 2 μL of the solution was 

added to 100 μl of maltose solution (10 mg/mL) in 10 mM PBS buffer. The mixture was 

kept in 37 oC for the time course. 
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Figure 2.9 Measurement of hydrophobicity using contact angle. (a) Bare gold surface; (b) 

after conducted polyfluorination. 
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Conjugation reaction. After finishing the enzymatic reaction, 10 μL of the mixture was 

transferred to another vial and added 10 μL of 0.1M sodium acetate (pH 5.0) solution to 

stop the reaction. Then 5 μL of the mixture was transferred to another vial and added 5 μL 

of probe molecules (10 mg/ml) and 1 μL of 1 M aniline. Open chain carbohydrates have 

aldehyde group around pH 5.0. The functional group is selectively reacted with hydrazide 

group in the synthetic probe. Hydrazone bond has been used for bio-conjugation purposes 

since natural polymer do not normally contain hydrazide or hydrazine derivatives. Schiff 

base between aldehyde and amine may form but in aqueous solution they are fully 

reversible without a reduction step and rapidly exchange with hydrazide or hydrazine 

derivatives. It is known that the reaction between reducing terminal monosaccharides and 

hydrazide and hydrazine derivatives is produced for predominately the β-pyranoside. In 

addition, aniline has been used as a nucleophilic catalyst for acceleration of the conjugation 

reaction. The solution was incubated in 50 oC for 2 hours. The structures, chemical formula 

and exact mass of the glucose and maltose residues are shown in Figure 2.10 (a) and (b), 

respectively. The probe conjugated glucose and maltose have sodium adducted form ions, 

which produced peak at m/z 713.1 and 875.2, respectively. The optimized time for 

conjugation reaction between the probe and carbohydrates was set to 2 hours. The probe 

molecules are acted as limiting reagent in the reaction. By comparing relative intensity of 

the m/z 551.1and 875.2, the conversion rate can be calculated. The sodium adducted probe 

ion at m/z 551.1 is the base peak in the mass spectrum in Figure 2.11 (a). However, after 2 

hours or 24 hours reaction, the maltose residue at m/z 875.2 becomes the base peak in the 

mass spectra (Figure 2.11 (b)&(c)). Conversion rate of 2 hours reaction and 24 hours are 
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both higher than 80%. In addition, Figure 2.11 (b) shows much cleaner mass spectrum as 

comparing to Figure 2.11 (c). 
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Figure 2.10 The expected molecular mass and chemical formula of the maltose and glucose 

residues were calculated using Chemdraw. The molecular structures in Figure s 2-(a) and 

(b) were corresponding to maltose and glucose residues, respectively.   
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Figure 2.11 The optimized time for conjugation reaction between probe and carbohydrates 

was set to 2 hours. The probe molecules are acted as limiting reagent in the reaction. By 

comparing relative intensity of the m/z 551.1and 875.1, the yield was calculated. The 

sodium adducted probe ion at m/z 551.1 was base peak in the mass spectrum in figure (a). 

However, after 2 hours or 24 hours later the maltose residue at m/z 875.1 was base peak in 

the mass spectra (b) and (c). Moreover, mass spectrum (b) shows much cleaner mass 

spectrum comparing to (c).     
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Inhibition assay with acarbose and EGCG. To 100 μL of reaction mixture containing 50 

μL of maltose (20 mg/mL) in 10 mM phosphate buffer (pH7.0), 50 μL of different 

concentration of α-GD inhibitors in the same buffer and 2 μL of α-GD in phosphate buffer 

were added and mixed well. After incubation for 20 min at 37 oC, the mixture was 

subsequently allowed to perform the conjugation reaction. The inhibition (%) of the test 

sample on R-glucosidase can be calculated by 

 

Inhibition (%) = (Hydrolysis efficiency of reference – Hydrolysis efficiency of sample)/ 

Hydrolysis efficiency of reference × 100 

 

Preparation of samples for MALDI-TOF-MS. Using the polyfluorinated gold chip, 1 

μL of each probe ligated solution was loaded onto the surface. Super-DHB was employed 

as the matrix at the concentration of 20 mg/ml (50:50, v:v), prepared with the mixture of 1 

μM NaCl and 1 mM aniline. 

 

Results and Discussion 

Design of the carbohydrate probe and its use for α-GD assay. Figure 2.1 shows the 

synthesis and immobilization of carbohydrate probe molecules on the polyfluorinated gold 

surface. In the synthesis of the probe molecules, conjugation of carbohydrates is achieved 

by the (transamination) reaction from reducing sugars, which generally produces hydrazide 

conjugated carbohydrates with beta anomer configuration.12 There are a number of reports 

confirming aniline as a nucleophilic catalyst for the transamination reaction.19 The 

percentage of open form hydrazide conjugated carbohydrates was negligible, confirmed 
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with NMR. Similarly, we employed hydrazide group for ligation of glycan on the probe 

molecules. Figure 2.1 (b) shows the concept of coupling and immobilization of the 

carbohydrate probe on the surface. Fluorous tag is advantageous and has been used for 

generating carbohydrate microarrays 20-21. These microarrays have sufficient affinity for 

molecular attachment based on hydrophobic fluorine-fluorine interaction.22 This 

noncovalent strategy with polyfluorinated surface is desirable for washing off any 

hydrophilic molecules from the surface. As a result, the un-reacted carbohydrates, salts and 

α-GD inhibitors can be easily eliminated after the immobilization process. In addition, the 

noncovalent interaction is highly compatible with mass spectrometry such as MALDI or 

LDI-MS,23 which will be discussed later. The enzymatic reaction was performed pH 7 in 

PBS buffer solution. Then the pH of solution was decreased to 5 to stop the reaction. We 

first checked on the interference from the reactants and side products during the reaction.  

Figure 2.12 shows the MS results, revealing that this approach does not have significant 

interference peaks from the reactions. Figure 2.12 (a) shows the spectrum after conjugation 

reaction with maltose without α-GD in solution. The probe conjugated maltose 

corresponded to [Mal + Na], where the peak is at m/z 875.2. Glucose ligated probe at m/z 

713.1 was not observed in the mass spectrum. This result indicates that from the 

conjugation reaction, there was no dissociation of α-D-(1→4)-glycosidic bond. We also 

confirmed that there was no enzymatic product at pH 5 at 50 oC for 2 hours (2.12 (b)). No 

glucose residues were observed at m/z 713.1 after the enzymatic reaction was completed 

with α-GD. All these indicate that there is no enzymatic reaction occurring in the 0.1M 

aniline solution with 50% of ethanol (pH=5). Figures 2.12 (c) and (d) are the mass spectra 
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for the enzymatic hydrolysis reaction at 37 oC for 5 min and 60 min, respectively. The 

relative intensity of the m/z 713.1 value of the glucose residue increases dramatically 

whereas that of maltose at m/z 875.2 decreases. This pattern shows that the enzyme 

reaction has successfully executed in the designed condition. In addition, the intensity for 

the glucose probe is significantly different with reaction time from 5 min to 60 min. If there 

are enzymatic reactions in the conjugation reaction condition, the product yield should be 

the same pattern. There appear several factors in the inhibition of enzymatic reactions for 

α-GD in the conjugation reaction.  
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Figure 2.12 MALDI mass spectra (a) after the conjugation reaction without α-GD in 

conjugation buffer (pH = 5, 50% EthOH, and 0.1 M aniline), (b) after the conjugation 

reaction with α-GD in the conjugation buffer(c) after 5 min enzymatic hydrolysis reaction 

in pH = 7 buffer and subsequently performed conjugation reaction (d) after 60 min 

enzymatic hydrolysis reaction in pH = 7 buffer and subsequently performed conjugation 

reaction. 
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First, α-GD has some reactivity at pH 5 but the reaction occurs very slowly. Second, the 

solvent composition of the reaction has a maximum 50% of ethanol. It is known that 

organic solvents such as ethanol, acetone, and others contribute to the denature of proteins, 

which affect the activity of the enzyme.24 Third, the aniline concentration is maintained at 

100 mM. From the results, we can conclude that after the enzymatic reaction, there is no 

more generation of the products. 

We next carried out the quantitative analysis to extract optimized conditions for the 

enzymatic assays from the MS data. Figure 2.13 (a) shows the comparison between the 

peak ratio of glucose and maltose probes versus mole fraction of the carbohydrates. The 

mass spectra show sodiated adducts for glucose and maltose probes as base peak, indicating 

that affinity of sodium ion in the gas phase is an important factor for ionization of the 

samples. 25 Although the slope does not have a perfect value of 1.0, presumably due to the 

different sodium ion affinity between glucose and maltose, the results show a good 

linearity. This graph suggests that the ratiometric method by measuring peak intensities of 

the substrate and product are feasible using MALDI-TOF-MS since as the mole fraction of 

glucose in solution is proportional to the intensity of glucose in the mass spectrum also 

increase. In another word, the proportionality indicates that mole ratio of glucose and 

maltose in solution well reflected by gas phase. Figure 2.13 (b) shows a curve for relative 

peak ratio of glucose and maltose probe as a function of hydrolysis time. After 20 minutes, 

the relative yield of glucose (%) flats out, indicating the reaction was completed after 20 

min. The reaction time for experiments for searching enzyme inhibitors was therefore set 

at 20 min. 
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Figure2.13 (a) Comparison of the mole fraction of Glu:Mal versus experimentally obtained 

intensities of glucose and maltose. (b) Relative yield of glucose versus enzymatic 

hydrolysis time. All data points obtained duplicate experiments. The result indicates that 

after 20 min later with enzymatic reaction, the relative yield of glucose (%) are almost 

identical. 
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Elimination of interference from reaction mixture. MALDI-TOF-MS analysis can be 

affected by background signal in the low m/z (≤ 500 Da) region. Here we employed a sugar 

probe for this work, which has a molecular mass of 528.1. When the compound specifically 

conjugates with maltose or glucose, the molecular mass of each compound increases to 

852.2 and 690.1, respectively. For better adhesion, the probe molecule contains 

perfluorinated carbons. Fluorine-fluorine interaction has been used for specific capturing 

target molecules.26 In order to test the specific capture of polyfluorinated carbohydrates, 

arcarbose was used for an inhibitor of α-GD but also employed for interference. Figure 

2.14 shows the mass spectra for the enzymatic hydrolysis of maltose. The concentration of 

maltose was set to 10 mg/mL. In Figure Figure 2.14 (a), since there are no inhibitors in the 

mixture, maltose was hydrolyzed by α-GD only. However, enzymatic hydrolysis with 

acarbose (15 mM) in the mixture shows that glucose is almost completely removed (Figure 

2.14 (b)). The most intense peak is arcarbose at m/z 668.2 ([M+Na]+), which can act as an 

interfering agent for glucose and maltose residues. It is known that high concentration of 

interfering agents can inhibit ionization efficiency of target analytes. In order to remove 

the unwanted contaminants on the spectrum, we employed polyfluorinated coated gold 

chip. Fluorine-fluorine interaction has been adopted for selective enrichment of analytes 

and on-plate desalting process.4, 20 After washing the plate with DI water, the acarbose peak 

was completely eliminated from the mass spectra. (Figure 2.14 (b)). This result indicates 

that our system is useful for determination of inhibition efficacy without signal 

interferences from other inhibitors. 
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Figure 2.14 MALDI mass spectra of (a) enzymatic hydrolysis of maltose for 20 min in 37 

oC without arcarbose, (b) enzymatic hydrolysis of maltose for 20 min in 37 oC with 

arcarbose before desalting, and (c) enzymatic hydrolysis of maltose for 20 min in 37oC 

with arcarbose after desalting. 
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Determination of IC50 of acarbose and EGCG: Acarbose has higher affinity (104 to 105) 

for α-GD as comparing to natural oligosaccharides. The enzyme activity is competitively 

inhibited by the compound and the hydrolysis rate of oligosaccharides from dietary starch 

is reduced. Recent studies on α-GD inhibitors suggest that current inhibitors, such as 

arcarbose, have large side effects27. Natural products, on the other hand, are ideal due to its 

diversities. One of the effective α-GD inhibitors from natural products is polyphenols in 

green tea. EGCG has been known as an antioxidant, which also acts as an inhibitor for α-

GD. It has been shown that EGCG inhibited the enzyme in a concentration-dependent 

manner, with noncompetitive kinetics. We measured the IC50 value of acarbose and EGCG 

using the technique we developed here. Figure 2.15 shows results of inhibition of α-GD 

with acarbose and EGCG, respectively. From the graphs, IC50 were determined to be 3.5 

± 0.5 mM and 0.19 ± 0.04 mM for acarbose and EGCG, respectively. The values match 

well with literature values which are 3.6 and 0.18 mM for acarbose and EGCG, 

respectively.15 The result shows that the synthesized carbohydrate probe in combination 

with mass spectrometry is a useful tool to determine α-GD activity. It can also be used to 

determine other glycoside hydrolase or glycosyl transferase since the hydrazine based 

conjugation with carbohydrates are widely available as long as carbohydrate substrates 

have reducing end. 
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Figure 2.15 Plotting graphs for determination of IC50 of (a) Acarbose and (b) EGCG.  
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Conclusions 

 In conclusion, we have developed a new platform that combines fluorinated surface 

chemistry and MALDI-TOFMS for the quantitation of α-GD activity and IC50 values of 

α-GD inhibitors. By calibrating through comparison between theoretical ratios among 

different concentration of glucose and maltose and experimental ratio of the carbohydrates, 

accurate measurements can be readily realized. Using the polyfluorinated coated gold 

surface, desalting and immobilization of carbohydrate conjugated probe can be completed 

in one step. The simplicity of the approach would be advantageous for quantification of 

enzymatic activity and search of α-GD inhibitors 
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Chapter 3: Chemoselective Ligation Reactions of N-acetylglucosamine (NAG) using 

Hydrazide containing Probes for Galactosyltransferase Activity on Gold Surfaces 

 
 

Abstract 

This Chapter describes biologically active properties of synthetic β-N-

acetylglucosamine (NAG)-ligands. Evaluation of β-1, 4-galactosyltransferase (β-1, 4-GT) 

activity can be a useful tool to diagnose various disease, such as lung and ovarian cancers. 

Hydrazide-linked β-D-NAG is used as an acceptor for β-1, 4-galactosyltransferase (β-1, 4-

GT), and β-1, 4-GT activity is determined by matrix-assisted laser desorption/ionization 

(MALDI)-time-of-flight (TOF) mass spectrometry (MS). Since synthesized 3,3’-

dithiodipropionic acid dihydrazide (DTP)-linked β-D-NAG contains a disulfide bond, the 

moiety are expected to be selectively bound to gold surfaces. Using the interaction between 

the disulfide bond and gold surfaces, Au nanoparticles (AuNPs) are used for enrichment of 

DTP-linked β-D-NAG after the enzymatic reaction. The ligands bounded AuNPs are 

subsequently deposited on a plate for determination of enzyme activity. In addition, a 

perfluorocarbon (PF) labeled β-NAG-ligand has been used as acceptor for β-1,4-GT 

reaction on surface enzymatic reaction by combination with a perfluorooctadecanethiol 

(PFDT)-covered gold surface. Using the ratiometric method, the activity of β-1,4-GT is 

determined to be 0.83±0.03 as conversion rate. This is the first work that uses hydrazide-

linked β-D-NAG for determination of β-1, 4-GT activity, demonstrating the synthesized 

molecules are acted as efficient acceptor for the enzyme This research clearly exhibited 
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that β-1,4-GT activity was conserved in surface, which allowed us to conduct surface 

combined MS and determine the enzyme activity in a high-throughput manner. 

 

Introduction 

 Interactions between carbohydrates and proteins play an important role in 

pathogenic infections from environment to humans1, and cell signal transductions.2 

Considerable results have shown that the carbohydrates residues in biomolecules are very 

important selective binding sites2. Carbohydrate chips3,4 are advantageous for investigating 

carbohydrates-protein interactions due to its diverse detection techniques and sensitivity.  

Comparing interaction study, finding new glycotransferases are relatively less researched 

due to the fact that there are lack of easy and rapid detection methods.5  For examples, 

radiolabeled substrates6 or fluorogenic probes7 require long analysis time to determine 

glycoenzyme activity. Therefore, development of a new analysis technique to determine 

the glycotransferase activity in a high-throughput manner is important.5,8 By combining 

carbohydrate chips and a new detection platform, studying glycotransferase activity can be 

accelerated. It has been noted that fabrication of carbohydrate array requires synthesis of a 

series of carbohydrate derivatives for chemoselective labeling of carbohydrates9, which 

can be expensive. An alternative approach is to functionalize by direct coupling of reducing 

sugars with hydrazide containing molecules that allow selective generation of β-

pyranosides4,10. Glycosylhydrazide formation is stable in neutral pH.11 N-

acetylglucosamine (NAG), which is an electron-poor monosaccharide, shows long half-

lives in aqueous solution (1100 hr, pH = 6)12. NAG is one of the main components for the 
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structures of many glycans. For examples, N-linked and O-linked glycans on proteins 

almost always contain β-NAG except heparan.13 The  β-NAG molecules have been used as 

an acceptor of galactosyltransferase (GT) in biological system.14  In this work, we 

synthesize two different hydrazide-linked β-D-NAG molecules and verify their function as 

the acceptor of β-1,4-GT. In recent years, mass spectrometry has been broadly utilized for 

characterizing enzymatic functions since the technique provide high sensitivity and 

specificity.15  In high-throughput assays, MALDI-MS technique is particularly suitable and 

highly compatible with the assay due to its high-salt tolerance and fast analysis of 

samples.15 It is well known that the mercapto groups or disulfide groups bind firmly on the 

gold surface by forming self-assembled monolayer (SAM).16,17 The binding between gold 

surface and the disulfide molecules have been characterized with MALDI-TOF/MS.18,19 In 

addition, biological thiols in cysteine residues can be selectively enriched with AuNPs.20 

The cysteine containing peptides in peptide mixtures have been specifically captured by 

AuNPs, which are then directly analyzed with MALDI-MS.21 In the current research, we 

have synthesized DTP linked β-D-NAG as an acceptor of β-1,4-GT. Since the synthetic 

molecule contain disulfide bond, it is expected to be selectively bound to gold surfaces. 

After the enzymatic reaction in solution, the molecules are selectively captured using 

AuNPs, prior to analysis with MALDI-MS. We have recently demonstrated the use of 

perfluorodecanthiol coated surface for quantification of the activity of α-glucosidase by 

MALDI-TOF/MS.22 The perfluorocarbon supported surfaces enable selectively capture of 

the perfluorocarbon containing molecules.23 Nanostructure-initiator mass spectrometry 

(NIMS) has shown that fluorine-fluorine interaction is a useful platform to perform 
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enzymatic reaction on the perfluorocarbon coated silicon surface.24,25 One major drawback 

of NIMS is the requirement of multiple steps in the fabrication of the chip. In this research 

we present a simple approach to fabricate pefluorocarbon-coated surface. We developed 

the PFDT-covered gold chip for determination of β-1 4-GT activity toward hydrazide-

linked β-D-NAG. The β-NAG residue is synthesized with adipic acid dihydrazide (AAD) 

and the residue is labeled to NHS-perfluorodecan (PF) molecules. After immobilization of 

β-NAG-PF molecules to the surface, the enzymatic reaction is monitored directly on the 

functionalized gold surface by MALDI-TOF/MS. From the results, the hydrazide-linked 

β-NAG residue acts effectively as an acceptor for β-1 4-GT. To our best knowledge, this is 

the first report that hydrazide-linked β-D-NAG is used as an acceptor for β-1 4-GT to 

determine the enzymatic activity. 

 

Experimental 

Materials and Instrumentation. β-1, 4-GT from bovine milk, D-NAG (95%), 3-

mercaptopropionic acid (3-MPA, ≥99%), 2′,4′,6′-trihydroxyacetophenone monohydrate 

(THAP, ≥99.5%), super-DHB (≥99.0%), DMSO, hydrazine monohydrate (64-65%), adipic 

acid dihydrazide (AAD, ≥98%), methanol were purchased from Sigma (St. Louis, MO). 

N-[4-(1H,1H,2H,2Hperfluorododecyl)benzyloxycarbonyloxy]succinimide was purchased 

from Fluorous Technologies. Inc. All chemicals for synthesis of the carbohydrate probe 

were used without purification. THAP was dissolved in acetone.5 MALDI spectra were 

obtained using a Voyager-DE STR MALDI-TOF mass spectrometer (Applied Biosystems, 

USA) operating in positive reflector mode. The mass spectrometer is equipped with a 
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pulsed nitrogen laser operated at 337 nm with 3-ns duration pulses. The accelerating 

voltage, grid voltage, and extraction delay time were set as 20 kV, 65% and 190 ns, 

respectively. MS spectra were acquired as an average of 60 laser shots. The prepared 

solution was used for analysis of DTP-β-NAG covered gold chip and AuNPs. Super-DHB 

was dissolved in ethanol 20 mg/ml, which is mixture of 1 μM of NaCl. After washing of 

the plate and drying the sample, 1 μL of matrix solution was deposited on the sample. 

1H spectra were recorded on a Varian Inova 400 spectrometer. Proton (1H) chemical shifts 

are reported in parts per million (δ) with respect to tetramethylsilane (TMS, δ=0), and 

referenced internally with respect to the proton solvent impurity. 13C spectra were recorded 

on a Varian Inova 400 spectrometer. Deuterium oxide was obtained from Sigma aldrich, 

(St. Louis, MO) and used without further purification for all NMR experiments. All other 

materials were obtained from Aldrich Chemical Company, St. Louis,MO. Solvents were 

dried through a commercial solvent purification system (SG Water, Inc.).  

Synthesis of 3,3’-dithiodipropionic acid dihydrazide (DTP). DTP was synthesized 

according to the literature procedures26. 1 mL of 3-MPA and 1 mL of DMSO were mixed 

in a 25 mL round bottom flask. The reagents were allowed to stir under atmosphere for 24 

hours. Without purification of the mixture, 3 drops of sulfuric acid and 10 mL of methanol 

were added to the mixture and refluxed for two hours. The mixture cooled to room 

temperature and evaporated methanol with reduced pressure. The product was extracted 

with diethyl ether (10 mL) and water (10 mL). The organic layer was collected and dried 

with MgSO4. The product was evaporated with reduced pressure. The pale amber oil, 

dimethyl 3,3’-dithiopropionate, was used without purification. The product (1 g) was added 



 82 

to 20 mL of methanol and 1.2 g of hydrazine monohydrate was mixed together. The 

mixture stirred over 18 hours at room temperature. The product has white solid suspension, 

which was filtered and washed with methanol and water. The collected sample was dried 

in vacuum overnight. DTP has white solid (520 mg, 52%). 1H NMR (300 MHz, DMSO-

d6) : δ = 9.05 (s, 2H; NHNH2), δ = 4.20 (s, 4H; NH2NH), δ = 2.88 (t, J = 7.2 Hz, 4H; 

CH2CH2S). δ = 2.40 (t, J = 7.2 Hz, 4H; CH2SS). The obtained 1H NMR spectrum is shown 

in figure 3.1.  
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Figure 3.1 1H NMR spectrum of DTP (300 MHz, DMSO-d6) : δ = 9.05 (s, 2H; NHNH2), 

δ = 4.20 (s, 4H; NH2NH), δ = 2.88 (t, J = 7.2 Hz, 4H; CH2CH2S). δ = 2.40 (t, J = 7.2 Hz, 

4H; CH2SS). 
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Synthesis of DTP-β-NAG. The synthesized DTP (40 mg) was dissolved in 1 mL of 0.1 M 

acetate buffer (pH = 5.0) with 0.12 g of NAG. Aniline as a catalyst was dissolved in the 

mixture. The reagents were allowed to stir under atmosphere at 50 °C for 24 hours. The 

product was collected with gel-filtration chromatography. Sepadex® G-10 was used for 

column resin and collected solution evaporated with reduced pressure.   The product has 

white solid (91.5 mg, 84.5%). 1H NMR (400 MHz, D2O) δ 4.24 (d, 1H, J = 9.6 Hz), 3.94 

(d, 1H, J = 12.4 Hz), 3.88-3.75 (m, 2H), 3.60 (t, 1H, J = 8.4 Hz and 10.4 Hz), 3.53–3.44 

(m, 2H), 2.98(m, 2H),  2.66(m, 4H), 2.07(s, 3H, Ac); 13CNMR (100 MHz, D2O) δ  174.7, 

173.0, 88.6, 77.1, 74.9, 69.8, 60.1, 52.5, 33.3, 33.0, 22.4. The obtained 1H NMR spectrum 

is shown in figure 3.2 and 3.3, respectively. HR-MS calcd. for C22H40N6O12S2 (MNa)+, 

667.2043; found, 667.2142. 
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Figure 3.2 1H NMR spectrum of  DTP-β-NAG (400 MHz, D2O) δ 4.24 (d, 1H, J = 9.6 Hz), 

3.94 (d, 1H, J = 12.4 Hz), 3.88-3.75 (m, 2H), 3.60 (t, 1H, J = 8.4 Hz and 10.4 Hz), 3.53–

3.44 (m, 2H), 2.98(m, 2H),  2.66(m, 4H), 2.07(s, 3H, Ac). 
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Figure 3.3 13C NMR spectrum of DTP-β-NAG (100 MHz, D2O) δ 174.7, 173.0, 88.6, 

77.1, 74.9, 69.8, 60.1, 52.5, 33.3, 33.0, 22.4. 
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Synthesis of molecule (1). Molecule (1) in shcheme 2-(a) was synthesized according to 

the synthetic procedures of DTP-β-NAG. AAD (87 mg) was dissolved in 1 mL of 0.1 M 

acetate buffer (pH = 5.0) with 0.110 g of NAG. Aniline as a catalyst was dissolved in the 

mixture. The reagents were allowed to stir under atmosphere at 50 °C for 24 hours. The 

product was collected with gel-filtration chromatography. Sepadex® G-10 was used for 

column resin and collected solution evaporated with reduced pressure. The product has 

white solid (105 mg, 56%). 1H NMR (400 MHz, D2O) δ 4.23 (d, 1H, J = 9.6 Hz), 3.94 (d, 

1H, J = 12.4 Hz), 3.86-3.74 (m, 2H), 3.59 (t, 1H, J = 8.4 Hz and 10.4 Hz), 3.44–3.43 (m, 

2H), 2.24(m, 4H),  2.05 (s, 3H, Ac), 1.60(m, 4H); 13CNMR (100 MHz, D2O): d 175.5, 

175.2, 174.7, 88.6, 77.1, 74.9, 70.0, 60.1, 52.3, 33.6, 33.5, 24.6, 23.4, 22.4. The obtained 

1H NMR spectrum is shown in figure 3.4 and 3.5, respectively.  HR-MS  calcd. for 

C14H27N5O7 (MNa)+, 400.1808; found, 400.1808. 
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Figure 3.4. 1H NMR spectrum of molecule (1) (400 MHz, D2O) δ 4.23 (d, 1H, J = 9.6 

Hz), 3.94 (d, 1H, J = 12.4 Hz), 3.86-3.74 (m, 2H), 3.59 (t, 1H, J = 8.4 Hz and 10.4 Hz), 

3.44–3.43 (m, 2H), 2.24(m, 4H), 2.05 (s, 3H, Ac), 1.60(m, 4H).  

NH
HN

O

O
NH

H2N

O

N
H

O

OH

OH

HO



 89 

 
Figure 3.5 13C NMR spectrum of molecule (1) (100 MHz, D2O): d 175.5, 175.2, 174.7, 

88.6, 77.1, 74.9, 70.0, 60.1, 52.3, 33.6, 33.5, 24.6, 23.4, 22.4. 
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Characterization of DTP-β-NAG covered gold chip. In order to examine the stability of 

SAM of DTP-β-NAG on gold surface, SPR spectroscopy was used.  The flow rate of the 

washing buffer was set to 0.15 mL/min. DTP-β-NAG (1mM) was dissolved in deionized 

water and 150 μL of the sample was injected to the SPR flow cells. The SAM process on 

gold surface was performed to incubate for 30 min and then rinsed with HEPES buffer (pH 

= 7.0) for 30 min to wash away any nonspecifically adsorbed species. After washing step, 

the gold chip was washed with ethanol and the film was attached onto a stainless steel 

MALDI plate by adhesive polyimide tape before matrix deposition. In order to detect 

surface bind DTP-β-NAG, there are two matrices have been employed.  

Enrichment of DTP-β-NAG using AuNPs in-solution. In case of enzymatic assay 

reaction and enrichment of the molecules, β-1, 4-GT (5 mUN/μL) and UDP-Gal (10 mM), 

were prepared in HEPES buffer (pH = 7.0, 1 mM of MnCl2, CaCl2, MgCl2, and NaCl). The 

each enzyme solution (1 μL) and 1 μL or 4 μL of UDP-Gal were added to the 1mM of 

DTP-β-NAG (50 uL) solution. The mixture was kept in 37 oC for one hour to conduct the 

enzymatic reaction in the solution. For enrichment of the substrates and products after the 

enzymatic reaction, the previous literature method was used.21 In brief, 13 nm AuNPs was 

synthesized according to the literature procedure27 In order to verify the capturing efficacy 

of AuNPs for DTP containing molecules, 1 mM of DTP-β-NAG was prepared in deionized 

water. 50 uL of DTP-β-NAG solution was mixed with the excess AuNPs (950 uL). Binding 

between AuNPs and DTP-β-NAG was set to 30 min in room temperature. Centrifugation 

at 13000 rpm for 30 min was used for separation of AuNPs in aqueous. The supernatant of 

the solution was discarded and added deionized water (1 mL) for washing step. The same 
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washing procedures were replicated. In the final step, the supernatant of the solution was 

discarded and added deionized water (50 uL). One microliter was deposited on MALDI 

plate. We validated the method to the mixture of DTP-β-lactose and AAD-β-lactose. The 

results were shown in supplementary figure 6 that AuNPs were selectively capturing DTP-

β-lactose.  

Synthesis of molecule (1) covered substrate for β-1, 4-GT assay. The procedures for 

synthesis of molecules (1) are followed previous literature. Briefly, 20 mg/mL of N-[4-

(1H,1H,2H,2H-perfluorododecyl)benzyloxycarbonyl oxy] succinimide (100 µL) in THF 

was mixed with 20 uL of molecule (1) in water (100 mg/mL). After 2 hr reaction in ambient 

condition at room temperature, 1 μL of mixture was deposited on the polyfluorinated gold 

films. The deposited samples were washed with 40% methanol solution. The synthesized 

N-acetylglucosamine labeled perfluocarbon tag (NAG-PF) was confirmed MALDI-TOF-

MS. The expected chemical formula and molecular mass are C32H36F17N5O9 and 957.2, 

respectively. After confirmation of the NAG-PF are safely immobilized on the surface, the 

prepared each enzyme solution (1 μL) and 4 μL of UDP-Gal   were added to the molecule 

NAG-PF covered substrate. The mixture was kept in 37 oC for time courses. After finishing 

the enzymatic reactions on the surface, the surface was washed with 40% methanol 

solution. The conversion rate of the samples could be calculated as  

 

Conversion rate = Isubstrate / (Isubstrate + Iproduct )      (1) 
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Results and Discussion 

Preparation of a DTP-β-NAG and binding study using SPR.  

The DTP is a bifunctional linker molecules since the disulfide bond easily attach to the 

gold surface and hydrazide group selectively conjugate reducing sugars.10 Moreover, the 

hydrazide linked carbohydrates predominantly have β anomer10. Figure 3.6-(a) shows the 

synthetic procedures of the molecule DTP-β-NAG. After synthesis of the molecule, 

stability and binding capacity of the molecule on the gold surface was examined with SPR 

spectroscopy. Figure 3.6-(b) shows the process of fabrication of the β-NAG functionalized 

surface in the SPR flow cell. The molecules are dissolved in the buffer (pH = 7) and infuse 

to the flow cell. First figure explaining the molecules were directly adsorbed on the gold 

thin film. Second figure illustrates the characterization step of the functionalized surface 

using MALDI-MS. Figure 3.6-(c) shows scheme of β-1, 4-GT enzymatic reaction in 

HEPES buffer with molecule (1). After the enzymatic reaction the substrate and products 

were enriched with excess AuNPs. 
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Figure 3.6 (a) Procedures of synthesis of the DTP-β-NAG (b) cartoon represents of the 

carbohydrate-immobilized surface in a SPR flow cell and surface was characterized with 

MALDI-MS (c) scheme of β-1, 4-GT enzymatic reaction in-solution with molecule (1) and 

enrichment of the molecules using AuNPs. 

(a)

(b)

(c)
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By real-time monitoring shift of the SPR angle, SAM of the DTP-β-NAG was confirmed. 

Figure 3.7-(a) is a SPR sensorgram for the binding of the DTP-β-NAG on the gold surface. 

The angle shift approaching the steady state after injection of sample for 30 min later, the 

surface was washed with the buffer until the shift of SPR angle stable. In order to determine 

stability of DTP-β-NAG, MALDI-MS was employed. The functionalized gold chip 

consecutively washed with ethanol and deionized water to remove non-specifically bound 

DTP-β-NAG on the gold surface. THAP was used as matrix for the matrix of MALDI-

MS18. Figure 3.7-(b) shows mass spectrum of the functionalized surface. The base peak of 

the mass spectrum at m/z 667.2 matched with sodiated form of DTP-β-NAG. From this 

result, we can conclude that DTP-β-NAG is stably bound gold surface. Even after washing 

with buffer more than an hour, the hydrazide linked NAG did not hydrolysis in the aqueous.  
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Figure 3.7 (a) SPR sensorgram of the DTP-β-NAG on the bare gold surface (b) mass 

spectrum of the functionalized gold surface. 
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Determination of the β-1,4-GT activity.  

It is known that β-1,4-GT is located in the golgi apparatus, the enzyme acivity is widely 

used for as biochemical marker for measuring extraction  efficiency of golgi from cells28. 

The enzyme activity is also involved in various cancers and tumor metastasis so that 

regulation of β-1,4-GT activity is one of the important target for treatment of those 

diseases29. β-NAG is mainly employed as an acceptor for the enzyme in biological system. 

Based on the information, we investigated whether the hydrazine-linked β-NAG can act as 

an acceptor for the enzyme. We show that DTP-β-NAG were stably bound to gold surfaces. 

The ligand was used as substrate for β-1,4-GT on the gold surface. However, there were 

no signal generated on the surface when we applied matrix and conducted MALDI-TOF-

MS experiment. As a result, we require a different system to examine DTP-β-NAG as an 

acceptor for β-1,4-GT. Recently, it has been revealed that AuNPs was able to selectively 

enrich cysteine containing peptides in peptide mixtures due to Au-S interaction. In the same 

manner, we employed the interaction in the mixture to isolate the enzyme substrates and 

products after the enzymatic reaction in solution. The result of selectivity of AuNPs was 

confirmed with mixture of DTP-β-lactose and AAD-β-lactose as shown in figure 3.8. The 

mass spectrum after the enriching and washing procedures, there was base peak from 

sodium adduct form of DTP-β-lactose ion. The AAD-β-lactose peak was completely 

removed. Figure 3.8-(a) was obtained from mixture of 1 mM of AAD and DTP conjugated 

lactose. Figure 3.8-(b) was obtained after enriching DTP conjugated lactose using AuNPs. 

The result indicated that a disulfide bond containing DTP conjugated lactose were 
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selectively captured by AuNPs. Figure 3.8-(c) and (d) illustrated the structures of DTP-β-

lactose and AAD-β-lactose, respectively. 
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Figure 3.8 MALDI mass spectra (a) mixture of AAD and DTP conjugated lactose (b) after 

enrichment of DTP conjugated lactose using AuNPs. (c) and (d) shows structures and 

chemical information of DTP-β-lactose and AAD-β-lactose, respectively. 
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Figure 3.9 is mass spectra of various conditions of the enzyme reaction. Figure 3.9-(a) is a 

mass spectrum after the enrichment of molecule (1) in solution. The AuNPs are directly 

deposited on the MALDI plate and covered with THAP matrix. The base peak at m/z 667.2 

supports that AuNPs are useful materials for enrichment molecule (1), which shown similar 

peak pattern in Figure 3.7-(b). Figure 3.9-(b) shows a result after the β-1, 4-GT enzymatic 

reaction in-solution with 10 nmol of UDP-gal, molecule (1), and AKP. The base peak at 

m/z 667.2 in the mass spectrum is sodiated form of molecule (1). There were sodium 

adducted form of monovalent N-acetyllactosamine conjugated DTP-β-NAG ion observed 

at m/z 829.3. However, sodium adducted form of divalent DTP-β-N-acetyllactosamine 

matched peak at m/z 991.3 was not observed. In figure 3.9-(c), when the concentration of 

UDP-gal was 40 nmol in mixture, the relative intensity of monovalent N-acetyllactosamine 

conjugated DTP-β-NAG at m/z 829.3 increase but also peak matched with divalent DTP-

β-N-acetyllactosamine at m/z 991.3 was observed in the mass spectrum The result indicates 

that the generation of products dependent on the concentration of UDP-gal, which act as 

limiting agent. 
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Figure 3.9 MALDI mass spectra of (a) after the enrichment of molecule (1) using AuNPs, 

(b) after β-1, 4-GT enzymatic reaction in-solution with 1o nmol of UDP-gal, and (c) after 

β-1, 4-GT enzymatic reaction in-solution with 50 nmol of UDP-gal.  
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In order to show wider perspective where the hydrazide linked N-

acetylglucosamine can immobilize to various molecules but also act as an acceptor for β-

1, 4-GT, bifunctional linker, adipic acid dihydrazide (AAD), were also used. One side 

hydrazide group was used for labeling NAG, other one was employed to form amide bond 

with NHS-ester group. The functional group are widely used for formation of amide bond 

between primary amine and carboxyl group. The perfluorocarbon tail in the NHS-ester 

containing molecule provide facile capturing platform by fluorine-fluorine interaction. 

Fluorocarbon tagged biomolecules has been widely used as immobilized substrates for 

enzyme assay on fluorocarbon functionalized surfaces via fluorine-fluorine interaction.30 

The main advantage of immobilized substrates for enzyme assays is miniaturization of 

systems, which can be combined with high throughput assay.31 In order to verify the 

hydrazide linked β-NAG is able to act as an acceptor of β-1, 4-GT, we employed 

fluorocarbon tagged β-NAG. The tagged molecules were able to easily immobilize on the 

PFDT-covered gold surface. Figure 3.10-(a) shows synthetic procedure of PF labeling to 

molecule (1). The synthesized molecule (1) has a free hydrazide group, which is used for 

joining PF molecules. After the labeling procedures, the mixture was directly deposited on 

the PFDT-covered surface. The surface was washed with 40% of MeOH solution and 

deionized water, subsequently.32 Figure 3.10-(b) indicates the enzymatic reaction on the 

immobilized substrate. In case of the reaction, UDP-gal acts as a galactose donor and was 

involved in the reaction. The time for enzymatic reaction was set to 3 hr or 6 hr. In previous 

research, our group showed that the PFDT-covered surface was able to act as a useful 

support to selectively enrich PF containing molecules. By comparing with NIMS, the 
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advantage of PFDT-covered gold surface is easiness of preparing the surface. NIMS have 

been used for enzymatic reaction on the surface24. The technique also used perfluorocarbon 

coated surfaces in order to immobilize fluorous tagged molecules. The bottleneck of NIMS 

based assay techniques is difficulty of fabrication of chips. To avoid the problem, we 

employed SAM of gold thin film using PFDT molecules and the surface was used for 

selectively immobilizing the target analytes by fluorine-fluorine interaction. 
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Figure 3.10 (a) Procedures of synthesis of the PF-labeled β-NAG (b) cartoon display 

enzymatic reaction on the PFDT-covered gold surface. Green square, pink ball, and black 

chain indicates β-NAG, galactose, and perfluorodecane, respectively.   
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Figure 3.11 shows results after the enzymatic reaction on the PFDT-covered gold surface. 

Without purification steps, there are many chemical components in the mixture after 

chemical reactions. As a result, the analysis of sample was interfered by unwanted analytes. 

There are no analyte peaks observed in figure 3.11-(a) which is mass spectrum before the 

washing step. On the other hand, after washing the surface with 40% MeOH, the target 

molecules are observed in figure 3.11-(b). The sodiated form of analyte ion at m/z 980.2 

was a base peak in the mass spectrum. In order to confirm whether the PF-labeled β-NAG 

can act as an acceptor of β-1,4-GT, enzymatic reaction on the solid was performed. Figure 

3.11-(c) shows the PF-labeled β-NAG at m/z 980.2 as a base peak after the reaction on the 

substrate without β-1,4-GT. However, there are another base peak at m/z 1141.3 observed 

in figure 3.11-(d). The m/z value matched with sodium adducted form of N-

acetylconjugated PF. In case of the reaction, 5 mUN of β-1, 4-GT was used. As a result, 

N-acetylactosamine residue at m/z 1141.3 was generated from enzymatic reaction.  Figure 

3.12 shows a structure and chemical information of PF-labeled β-Lactosamine. There are 

many reports that N-linked or O-linked β-NAG act as an acceptor for β-1, 4-GT33,34. 

However, as far as we know there is no report that the hydrazide linked β-NAG shows 

activity for the enzyme acceptors. As a result, the current research is significance due to 

the fact that we firstly report that hydrazine linked β-NAG act as an acceptor for the β-1, 

4-GT.  
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Figure 3.11 MALDI mass spectra of (a) before washing, (b) after washing PFDT-covered 

surface, (c) enzymatic reaction on the surface without β-1,4-GT, and (d) with β-1,4-GT, 

respectively. 
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Figure 3.12 The chemical structure, formula, and exact mass of the product from β-1, 4-

GT reaction on the PFDT-coated gold surface. 
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In order to determine the conversion efficiency of the enzyme in various conditions, 

ratiometric measurement of peak intensities from substrate at m/z 980.2 and product at m/z 

1142.3 was used. Figure 3.13 exhibits results from various experimental conditions for the 

enzyme assay. In the histogram, the experimental results show that β-1, 4-GT was able to 

generate N-acetyllactosamine even without ALP. This result is well matched with previous 

literature.8 Figure 3.13-(a) is the result for the enzymatic reaction with ALP and 3.13-(b) 

for the same reaction without ALP. The conversion rate of Figure3.13-(a) and Figure3.13-

(b) are 0.40±0.04 and 0.52±0.11, respectively. Therefore, there are no significant different 

between two results. However, for the enzymatic reaction with 6 hr on the surface, the 

conversion efficiency approached 0.83±0.03 as shown in 3.13-(c). As the time increase the 

conversion efficiency also increase. The result indicates that this platform can be useful 

tool determine the efficiency of enzyme in a given time.The theoretical yield of the PF-

labeled β-NAG is 28.8 nmol/µL since the PF molecule act as a limiting reagent in the 

mixture. Excess amount of UDP-gal (40 nmol) were used as carbohydrate donor for the 

enzymatic reaction when the reaction consider 1 to 1 reaction for donor and acceptor.   As 

the time increase the conversion efficiency also increase. The result indicates that this 

platform can be useful tool determine the efficiency of enzyme in a given time. 
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Figure 3.13 A histogram of data from conversion efficiency of different experimental 

conditions. The data was obtained from the enzymatic reaction for (a) 3 hrs with ALP, (b) 

3 hrs without ALP, and (c) 6 hrs without ALP. All data points obtained triplicate 

experiments. 
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Conclusions 

 In this work, we have synthesized a divalent β-NAG ligand for fabrication of gold 

chips, which has been characterized with SPR spectroscopy and MALDI-MS. The method 

shows that gold surface is a useful tool to selectively enrich disulfide formed divalent β-

NAG molecules. The newly synthesized DTP- β-NAG shows a critical evidence that 

hydrazine connected NAG can act as an acceptor for β-GT. As far as we know, this is the 

first report that hydrazine linekd β-NAGs act as acceptor for β-GT. The PFDT-covered 

gold surface was allowed to immobilize NAG-PF and react with enzyme on surface. 

Moreover, the β-NAG linked PF molecules were used for measurement of β-GT activity 

using MALDI-TOF/MS. This type of enzymatic reactions on immobilised substrates are 

useful for high-throughput assays to determine enzyme activities in various conditions. By 

combination of PFDT-covered surface and PF-tagged molecules, arrays were fabricated 

and the surface was able to analyze by MALDI-TOF-MS. 
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Chapter 4 : Evaluation of Enzymatic Assays using SPR hyphenated MS on Lipoic 

Acid Derivatives Functionalized Gold surfaces 

 

Abstract 

 Development of characterization techniques for thiolate ligands on gold surfaces is 

important as ligands are widely used for the functionalization of noble metal surfaces. 

Immobilization of lipoic acid derivatives has been employed for functionalization of gold 

surfaces via gold-sulfur bonds. In this research, we applied self-assembled monolayer 

desorption/ionization (SAMDI) mass spectrometry (MS) for characterization of the 

functionalized gold surface by lipoic acid derivatives. Lipoic amido (LA)-octaethylene 

glycol (PEG8)-2, 3, 5, 6-tetrafluorophenol (TFP) was used as a model ligand on gold 

surfaces. Construction and quality control of self-assembled monolayer of the ligand on 

the surface is monitored through surface Plasmon resonance (SPR) spectroscopy.  Direct 

measurement of the molecular mass of the ligands on the surface was performed on 

SAMDI-MS. TFP ester in the ligands facilitated immobilization of various bio-molecules 

on the surface. Moreover, the labeled biomolecules on the surface were utilized as 

substrates for enzymes and used for measurement of the enzymes activities. The results 

clearly revealed that the lipoic acid derivatives are easily modified by various biomolecules 

on the surface. Additionally, SPR combined with SAMDI-MS was an ideal techniques for 

characterization of the ligands on the gold surface. 
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Introduction 

 Various techniques have been used for analyzing functionalized gold surfaces 

through spectroscopic and spectrometric methods.1 Because of the selective interactions 

between gold and sulfur atoms,2 Self-Assembled Monolayers (SAMs) based functionalized 

gold surface have been widely researched and employed for fabrication of various 

sensors.3,4 It is a common method used to conduct chemical reaction on solid supports for 

modification of SAMs based functionalized gold surfaces.5,6 There are various methods 

that have been introduced for characterization of the modified gold surface. X-ray 

photoelectron spectroscopy (XPS) has been widely used to investigate the organic ligands 

on the gold surfaces.7 XPS grants qualitative but also quantitative information. However, 

the methods do not provide information about chemical formulas. As a result, surface based 

mass spectrometric methods have been widely researched to examine chemical formula of 

ligands after SAM processes.8,9 For example, Secondary ion mass spectrometry (SIMS) is 

one of the powerful techniques for MS imaging of surfaces.10 However, this technique 

produces various fragments of ions on the functionalized gold surface.11 The fragments 

lead to complex mass spectra and make it difficult to identify the chemical formula of the 

ligands. Therefore, developing rapid and effective methods is essential to be able to identify 

the molecular mass of organic ligands on the gold surface using MS. Alternatively, laser 

based MS has revealed that the technique was not only for in-depth investigation of ligands 

on the gold surface but also for determining stability of different types of thiolate ligands.12 

The main advantage of the technique was that it generates quasi-molecular ion or alkali 

metal ion adduct peaks even in the very complex samples, such as cell lysates.13 The 
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experimental results exhibited that dithiolate ligands show higher stability than mono 

thiolate ligands in biological system.14 However, this technique mainly used for analyzing 

organic monolayer on gold nanoparticles (AuNPs) or quantum dots (QDs). The property 

of inorganic nanoparticles are suitable for transfer energy to surface ligands, which become 

ions after the desorption/ionization process. Moreover, the technique also generates intense 

fragments, which can make it difficult to interpret data. Matrix-Assisted Laser 

Desorption/Ionization (MALDI)-MS has been used for analyzing thiolate ligands on thin 

gold film surfaces after SAM processes.15 Recently, Mrksich et al. shows the self-

assembled monolayer desorption/ionization (SAMDI) approach, which is effective for 

characterizing organic ligands on the thin gold films after the SAM. The method is also 

useful for determining enzyme activity.16 To reduce nonspecific interactions while 

conducting the enzyme assays, mixed SAM process was employed. By combining 

polyethylene glycol (PEG) terminated alkanethiols and synthetic enzyme substrates, the 

surface becomes robust and prevents nonspecific interactions.17 The PEG moiety acts as 

barrier to block the nonspecific interactions.18 The materials contain intra disulfide bonds 

between the PEGylated alkanethiols and the synthetic enzyme substrates. The disulfide 

bond can be selectively cleaved during SAM process19 or ionization steps.20 Therefore, 

both alkanethiolate and dialkyl disulfide forms of the ions have been observed in mass 

spectra.21 The diverse molecular species can be the cause of the complexity of the data. In 

order to avoid such problems, it is necessary to find new materials for SAMDI-MS. 

Recently, there have been extensive research that lipoic acid (LA) is a useful material for 

SAM on gold surface.22 It has been demonstrated LA derivatives can be practical materials 
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for SAMDI-MS.23,24 Moreover, LA derivatives have an internal disulfide bond so that even 

if the bond was cleaved during the SAM or ionization step, no mass fragmentation occurs. 

Therefore, it is expected that using the ligands, the complexity of the mass spectrum can 

be reduced.  In this research, we employed lipoic amido octaethylene glycol-2, 3, 5, 6-

tetrafluorophenol (LA-PEG8-TFP) as a model molecule to examine of applicability the LA 

derivatives for SAMDI-MS. SPR spectroscopy was employed as a quality control step for 

fabrication of the LA-PEG8-TFP covered gold chips. SPR spectroscopy system is a 

powerful technique to describe binding capacity for molecules onto gold surfaces.25 After 

the fabrication of the chip, the surface was characterized with SAMDI-MS. In order to 

functionalize the ligand, two bio molecules were labeled on the surface. The functionalized 

ligands were investigated by SAMDI-MS. The ligands also have been used for enzyme 

substrates. After the each enzyme reactions, the modified ligands were examined by 

SAMDI-MS in order to determine enzyme activities. 

 

Experimental 

Materials and Instrumentation. Acetonitrile, ethanhol, (±)-α-lipoic acid (≥98%), 4-

aminophenyl-β-d- glucopyranoside (4-APG), β-1, 4-glaactosyltransferase from bovine 

milk (β-1, 4-GT), Uridine 5’-diphosphogalactose (UDP-gal) disodium salt (≥ 97%), 2-[2-

[2-[2-Mercaptoethoxy]ethoxy]ethoxy]ethanol (TEG-SH), Trihydroxyacetophenone 

monohydrate (>99.5 %, THAP), super-DHB, and Neurotensin (≥90%) were purchased 

from Sigma (St. Louis, MO). 4-aminophenyl-α-D-glucopyranoside (4-α-APG), and 4-

aminophenyl-2-acetamido-2-deoxy-β-D-glucopyranoside (4-NPG) was purchased from 
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Carbosynth. LA-PEG8-TFP was purchased from Quanta Biodesign. All chemicals used 

without purification.  

In order to examine the stability of SAM of LA-PEG8-TFP and TEG-SH, SPR 

spectroscopy was used. The flow rate of the washing buffer was set to 0.15 mL/min. The 

concentration of prepared mixture of LA-PEG8-TFP and TEG-SH is 0.5mM and 2.5 mM, 

respectively in deionized water. 150 μL of the sample was injected to the SPR flowcells. 

The SAM process on gold surface was monitored and incubated for 30 min and then rinsed 

with deionized water for 30 min to wash away any nonspecifically adsorbed species. After 

the washing step, the gold chip was washed with ethanol and the film was attached onto a 

stainless steel MALDI plate by adhesive polyimide tape before matrix deposition. In order 

to detect surface bound LA-PEG8-TFP. Two matrices, THAP and super-DHB were used.  

1H spectra were recorded on a Varian Inova 300 spectrometer. Proton (1H) chemical shifts 

are reported in parts per million (δ) with respect to tetramethylsilane (TMS, δ=0), and 

referenced internally with respect to the proton solvent impurity. Deuterated Chloroform 

was obtained from Cambridge Isotope Laboratories, Inc., Andover, MA, and used without 

further purification for all NMR experiments. All other materials were obtained from 

Aldrich Chemical Company, St. Louis,MO. Solvents were dried through a commercial 

solvent purification system (SG Water, Inc.).  

Preparation of functionalized gold surfaces. Briefly, Au surface was fabricated by e-

beam deposition of a 46-nm thick gold layer onto pre-cleaned glass slides.26 The surface 

was cleaned with deionized water and then ethanol. In order to fabricate LA-PEG8-TFP 

functionalize gold surface by a droplet deposition method, one microliter of LA-PEG8-TFP 
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and TEG-SH mixture solution was directly deposited onto the gold slides. The slides were 

prepared as 1 cm × 1 cm size. After the deposition of the mixture, waited for 90 min to 

generate organic monolayers. The functionalized surface was subsequently washed with 

deionized water and ethanol. Lipoic acid-N-Hydroxysuccinimide (LA-NHS)27 

functionalized gold surface was prepared by conventional SAM method. One millimolar 

of LA-NHS was prepared in 10 mL of ethanol. The prepared gold slides were dipped into 

the solution for 1 day and then then rinsed with deionized water and ethanol, subsequently. 

Chemical synthesis of LA-NHS : Lipoic acid (LA, 1.0 g, 4.8 mmol) and 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC, 1.0 g, 6.4 mmol) were dissolved in  30 mL of 

tetrahydrofuran (THF), and N-hydroxysuccinimide (NHS, 1.o g, 8.7 mmol) in 5 mL of 

THF was slowly added to it. The solution was kept in room temperature and stirred 

overnight. The product (3) was extract using water : chloroform (1:1, v:v) solution. The 

collected chloroform was evaporated with reduced pressure. Finally, the recrystallization 

process of the product was performed using hot ethyl acetate/hexane (1:1 v/v) ,and obtained 

yellow powder (0.68g, Yield% : 52.5% ).27  

Fabrication of neurotensin and carbohydrate covered substrates for determination of 

enzymes activities.  One microliter of neurotensin and 4-APG (20 mg/mL) in deionized 

water was deposited onto LA-PEG8-TFP and TEG-SH covered gold chips. The LA-NHS 

covered gold surface was functionalized with the same concentration of neurotensin 

solution. After 5 hours of the reaction in ambient condition at room temperature, the 

deposited samples were washed with ethanol and deionized water. The conversion 

efficiency was determined by SAMDI-MS. In order to determine trypsin activity on the 
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surface, one microliter of trypsin solution (1 UN/µL) in tris buffer (pH = 7.0) was deposited 

onto a neurotensin covered surface and then kept at room temperature for 1 hr. After the 

tryptic digestion of the substrate, the surface was washed with EtOH, ACN and deionized 

water, sequentially. For determination of galactosyltransferase activity, β-1, 4-GalT (5 

mUN/μL) and UDP-gal (10 mM) were dissolved in HEPES buffer (pH = 7.0, 1 mM of 

MnCl2, CaCl2, MgCl2, and NaCl). The enzyme solution (0.5 μL) and 0.5 μL of UDP-Gal 

was added to the 4-APG covered substrate. The mixture was kept in room temperature for 

24 hours. After finishing the enzymatic reactions on the surface, the surface was washed 

with ethanol and deionized water, sequentially. The LA-PEG8-TFP functionalized gold 

surface by the droplet deposition method was also used for the measuring β-1, 4-GalT 

assays. 4-APG, 4-α-APG and 4-NPG have been used to determinate selectivity of the 

enzyme as carbohydrates acceptors. THAP and Super-DHB were employed that 20 mg/ml 

(50 : 50, v:v), in acetone and ethanol, respectively. 1 μL of matrix solution was deposited 

onto the sample.  

 

Results and Discussion 

In-depth characterization of organic monolayer using SPR-MS.  SPR spectroscopy has 

been widely used for detecting molecular interactions.25 SPR phenomenon has been 

observed noble metals, such as Au and Ag.28 As a result, SPR spectroscopy is one of the 

powerful techniques for studying SAM of thiolate molecules onto gold surfaces.29 Figure 

4.1-(a) is a sensorgram of the mixture of 0.5 mM of LA-PEG8-TFP and 2.5 mM of TEG-

SH. As soon as the sample was injected on to the surface, we observed a SPR angle shift 
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from 62.64o to 62.82o. After the stabilization of the minimum angle (Min. angle), deionized 

water was infused to the flow cell. Unbounded molecules were washed out, which was able 

to confirm Min. angle decrease from 62.81o to 62.75o, kept flow deionized water above 

surface for 30 min to approach stable Min. angle. The sensorgram indicates that the mixture 

of LA-PEG8-TFP and TEG-SH are bound to the gold surface. Since the mixture has been 

used in the experiments, it is necessary to confirm whether LA-PEG8-TFP is stably binding 

to the surface or not. Surface based MS technique is one of the ideal methods to detect 

molecular mass of the compound since the molecule is binding to the solid surface and it 

is difficult to obtain structural information using optical methods such as NMR. As a result, 

we employed SAMDI-MS. SAMDI-MS has been widely used for determination of 

chemical reactions4 and enzyme activities30 since the technique is able to detect molecular 

mass of substrate and products on the surface. After finishing the SPR experiment, the chip 

was collected from the flow cell and washed with deionized water and ethanol. One 

microliter of THAP (20 mg/mL) was deposited onto the surface that covered with the 

mixture. Figure 4.1-(b) is a SAMDI mass spectrum of the mixture. The base peak at m/z 

800.4 in the spectrum was correspondent to sodium adducted form of LA-PEG8-TFP. This 

result indicated that LA-PEG8-TFP is stably binding to the gold surface. Additionally, 

SAMDI-MS was useful for detection of the lipoic acid derivative without special 

fragmentations. Result indicate that this platform can be applicable to bio-chips since LA-

PEG8-TFP has TFP esters moiety, which is easily labeled with primary amine groups in 

various biomolecules. Mrksich et al. have shown successful results for enzyme assays 

using surface based enzyme reactions by hyphenation of SAMDI-MS and biochips.31
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Figure 4.1 (a) SPR sensorgram of the mixture of LA-PEG8-TFP (0.5 mM) and TEG-SH 

(2.5 mM) on the bare gold surface (b) mass spectrum of the functionalized gold surface. 

THAP was used as a matrix. 
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Fabrication of biochips and measurement of enzyme activity using the chips. 

neurotensin and 4-APG were used in order to show the feasibility of labeling biomolecules 

onto LA-PEG8-TFP and TEG-SH coated chips. Each biochip has been used for measuring 

enzyme activities of trypsin and β-1, 4-GalT. Figure 4.2 shows preparation of the biochips 

and enzymatic reactions on each chip. The main advantage of immobilized substrates for 

enzyme assays is miniaturization of the platform, which is an ideal scenario for biochips.32 

Figure 4.2-(a) illustrates LA-PEG8-TFP and TEG-SH coated chips after the SPR 

experiments. TFP ester moiety is reactive with the primary amine group in the molecules 

so that we can easily functionalize the surface. Figure 4.2-(b) exhibits immobilization of 

4-APG (20 mg/mL in PBS buffer). After the functionalization steps, the tagged 4-APG was 

used as a β-1, 4-GalT acceptor. The enzymatic reaction was confirmed by SAMDI-MS. 

Figure 4.2-(c) shows immobilization of neurotensin (20 mg/mL in PBS buffer), where the 

peptide consists of 13 amino acids and has only one primary amine due to the fact that N-

terminal of the peptide is blocked with pyroglutamic acid.33 After the immobilization of 

the peptide on the surface, the substrates were used for determining enzyme activity on the 

surface. In order to determine peptidase activity to neurotensin, trypsin was used in the 

experiment. Trypsin is one of the widely used for proteomics studies because of its 

specificity, which selectively cleaves C-terminal of lysine and arginine residues.34 1 

UN/µL of trypsin was deposited on the surface and performed digestion for 1 hr in RT.  
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Figure 4.2 Illustration of (a) LA-PEG8-TFP and TEG-SH coated gold chip, (b) consecutive 

procedures of neurotensin labeling on the surface and tryptic digestion of the peptide, and 

(c) preparation of 4-APG covered gold chip and measurement of β-1, 4-GalT activity on 

the surface. 
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Determination of trypsin activity on the surface. Protease activities are not only 

important for biological systems for degradation of certain proteins but also for activation 

of specific enzymes. Therefore, controlling protease activities by inhibitors are one of the 

important mechanism to treat many diseases. For example, such inhibitors can be candidate 

drugs for antiviral or antitumor activities.35 As a result, it is important to determine protease 

activity using accurate and fast methods. MS techniques have been used as a gold standard 

to examine the activity of proteases.36 Current research of SAMDI-MS also revealed that 

peptide immobilized surface are useful tools in determining protease activity on the 

surface. Trypsin is the one of the widely used proteases to digest proteins for various 

studies.34 In order to examine the applicability of biochips to determine trypsin activity, a 

neurotensin labeled biochip was employed. The primary amine group in the lysine residue 

of the peptide reacted with LA-PEG8-TFP and then became LA-PEG8-neurotensin. We 

also used LA-NHS, which was synthesized according to previous literatures, to examine 

the applicability of SAMDI-MS for characterization of the peptide coated gold surfaces. 

The obtained 1H NMR spectrum is shown in figure 4.3. However, presumably due to the 

lack of PEG8 in the LA-NHS, there was significant non-specific absorption observed on 

the surface in figure 4.4-(a). Figure 4.4-(b) shows a structure and chemical information of 

LA-labeled neurotensin. 
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Figure 4.3 1H NMR spectrum of NHS-Lipoic acid (CDCl3, 300 MHz, ppm) δ 1.45-1.55 

(m, 2H), 1.61-1.77 (m, 4H), 1.81-1.92 (m, 1H), 2.35-2.46 (m, 1H), 2.56 (t, J = 7.5 Hz, 2H), 

2.78 (m, 4H), 3.01-3.16 (m, 2H), 3.47-3.56 (m, 1H) 
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Figure 4.4 (a) SAMDI-MS spectrum of surface immobilized Neurotesin on the LA-NHS 

coated gold surface. (b) chemical structure and information of LA-labeled neurotensin.  
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LA-PEG8-neurotensin was used as a substrate for trypsin and measuring enzyme activity. 

Since SAMDI-MS requires matrices to ionize the organic monolayers on the gold surfaces, 

it is expected that the selection of matrices is important to generate high-quality mass 

spectra. We chose two matrices in order to examine the efficacy of matrices on the quality 

of mass spectrum. Super-DHB is a common matrix used for analysis of oligosaccharides 

and proteins. The matrix has shown better performance than a normal matrix, such as DHB, 

due to its ‘softer’ desorption.37 THAP has been one of the widely used matrices for 

SAMDI-MS experiments.15 When comparing matrix efficiency, Super-DHB shows better 

efficiency to analyze LA-PEG8-neurotensin. Figure 4.5-(a) is a mass spectrum using THAP 

as matrix. There are unwanted peak observed in the mass spectrum at m/z 1138.6 and 

protonated and sodiated form of ions have intense signals at m/z 2284.2 and 2306.2, 

respectively. On the other hand, Super-DHB matrix generated much cleaner mass spectrum 

in figure 4.5-(b) since the protonated form of LA-PEG8-neurotensin at m/z 2284.2 was 

predominant. This phenomenon is supposed to be from the fact that Super-DHB has a 

carboxylic acid group but THAP does not have the same functional group. As a result, the 

Super-DHB is a more efficient matrix to provide protons to LA-PEG8-neurotensin.38 In 

order to examine trypsin activity on the surface, one unit of trypsin was deposited onto the 

surface and underwent a reaction for 1 hr in RT. After the tryptic digestion of the LA-

PEG8-neurotensin, the cleaved peptide was confirmed with SAMDI-MS as shown in figure 

4.5-(c). As we expected, c-terminal arginine of 9th amino acid in the peptide was cleaved 

from original peptide. The base peak at m/z 1641.8 in the figure 4.5-(c) indicates that the 

tryptic digestion was successfully working on the organic monolayer surfaces. Figure 4.6 
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exhibited structure of (a) LA-PEG8-neurotensin (1-13), and (b) LA-PEG8-neurotensin (1-

8), respectively. The chemical formula and theoretical exact mass of the compounds are 

shown.   
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Figure 4.5 SAMDI mass spectra of LA-PEG8-neurotensin using (a) Super-DHB (b) 

THAP as matrix, (c) trypsin reaction on the surface. LA+(1-13)  and LA+(1-8) indicate 

the peptide labeled LA-PEG8. The number implies the sequence of the peptide. 
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Figure 4.6 Theoretical structure of LA-PEG8-neurotensin (a) LA+(1-13), and (b) LA+(1-

8). The number in the parenthesis implies the sequence of the peptide. 
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Determination of β-1, 4-GalT activity on the surface. Figure 4.7 shows SAMDI mass 

spectra after the surface modification with 4-APG and β-1, 4-GalT reaction on the surface. 

There is a mass spectrum obtained from using a Super-DHB matrix as shown Figure 4.7-

(a). The result indicates that there is a strong peak matched with fragments of LA-PEG8-4-

APG at m/z 721.3. Although the sodiated form of LA-PEG8-4-APG is a base peak at m/z 

905.4 in the mass spectrum, the protonated form of the ion at m/z 883.4 is as intense as 

60% of the base peak. Therefore, complexity of mass spectrum occurred by diverse ion 

species. On the other hand, using THAP as the matrix for SAMDI-MS generated a much 

simpler mass spectrum than Super-DHB matrix as shown in figure 4.7-(b). THAP has been 

widely used for SAMDI-MS matrices. The matrix generates a sodiated form of LA-PEG8-

4-APG with a base peak at m/z 905.4 in the mass spectrum, which provides a much cleaner 

mass spectrum than figure 4.7-(a). Consequently, THAP is reasonable choice for analysis 

of LA-PEG8-4-APG. The molecule was used as a substrate for β-1, 4-GalT. Figure 4.2-(b) 

indicates the enzymatic reaction on the immobilized substrate. In the reaction, UDP-gal 

acts as a galactose donor. The duration of the enzymatic reaction was set to overnight in 

RT. Figure 4.7-(c) shows a mass spectrum after the enzymatic reaction on the surface. It 

was clearly shown that the substrate, LA-PEG8-4-APG at m/z 905.4, was modified by the 

enzyme and became LA-PEG8-4-aminophenyllactose (4-APL) form at m/z 1067.4. The 

increasing m/z value from 905.4 to 1067.4 clearly demonstrated that this platform was 

effective enough to conduct a glycosyltransferase experiment on the surface. Figure 4.8 

exhibited structure of (a) LA-PEG8-4-APL, and (b) LA-PEG8-4-APG, and (c) a possible 
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fragment of LA-PEG8-4-APG, respectively. The chemical formula and theoretical exact 

mass of the compounds are shown.   
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Figure 4.7 SAMDI mass spectra of LA-PEG8-4-APG using (a) Super-DHB (b) THAP as 

matrix, (c) β-1, 4-GalT reaction on the surface. ‘M’ and ‘M+Gal’ indicate LA-PEG8-4-

APG and galactose linked LA-PEG8-4-APL, respectively.       
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Figure 4.8 Theoretical structure of LA-PEG8-(a) 4-APL, (b) 4-APG, and (c) a possible 

fragment of 4-APG. 
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Result show that the LA-PEG8-TFP has stably bound to gold surface and the interactions 

are strong enough to tether the functionalized molecules on surface even after 24 hours of 

the enzymatic reaction. In order to extend scope of the carbohydrate coated gold surfaces, 

we applied a droplet deposition method on the gold surface. The method is ideal for 

fabrication of small array types since it requires small volume of samples and the diameter 

of the functionalized surface area is localized due to the droplet size. Since the process for 

fabrication of LA-PEG8-TFP functionalized gold surface consumes only 1 µL of the 

mixture solution, it is an ideal method to manufacture carbohydrate arrays. The diameter 

of the water droplet was approximately 2 mm. Additionally, there are various synthetic 

carbohydrates are able to be used due to many commercially available modified 

carbohydrates. In this study, three types of carbohydrates have been used for examining 

the conversion efficiency of each carbohydrate by β-1, 4-GalT based on anomeric carbon 

and structures. Figure 4.9 shows results of functionalization steps of the gold surface by 

the droplet deposition method. Figure 4.9-(a) shows the sodiated form of LA-PEG8-TFP 

as a base peak at m/z 800.3 in the mass spectrum, which was very similar peak patterns 

with figure 4.1-(b). After the droplet deposition, the surface were functionalized with 4-

APG. Figure 4.9-(b) demonstrated the result after the functionalization step. The sodiated 

form of LA-PEG8-4-APG at m/z 905.4 clearly shows that the droplet deposition was a 

useful method to fabricate carbohydrate functionalized gold surfaces. Figure 4.9-(c) shows 

a mass spectrum after β-1, 4-GalT reaction on the surface. The result indicated that the 

funtionalized surface was a useful tool in determining the enzyme activity on the surface.  
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Figure 4.9. SAMDI-MS spectra after (a) droplet deposition on the gold surface using 1 µL 

mixture of LA-PEG8-TFP and TEG-SH, (b) chemical reaction of 4-APG on the 

functionalized surface, and (c) enzymatic reaction on the LA-PEG8-4-APG surface.  
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In order to compare efficiency of acceptors of each carbohydrate with 4-APG, we 

employed two more carbohydrates, 4-NPG and 4-α-APG. 4-NPG is known to act as an 

efficient acceptor for the enzymatic reaction. Figure 4.10-(a) was a mass spectrum after the 

functionalization of LA-PEG8-TFP with 4-NPG. The base peak at m/z 947.4 was a sodiated 

form of LA-PEG8-4-NPG. Figure 4.10-(b) displayed a mass spectrum after the enzymatic 

reaction on the surface. The peak at m/z 1109.5 matched with the sodiated form of LA-

PEG8-4-aminophenol-lactosamine (APL). Figure 4.11 shows the structure of (a) LA-PEG8-

4-NPG, and (b) LA-PEG8-4-APL, respectively. The chemical formula and theoretical exact 

mass of the compounds are shown.  It was clearly exhibited that LA-PEG8-4-NPG on the 

gold surface acted as an efficient acceptor for the enzymatic reaction. On the other hand, 

4-α-APG was not an efficient acceptor for the reaction. Figure 4.12-(a) exhibited the result 

the funtionalized surface with 4-α-APG. The peak at m/z 905.4 matched with the sodiated 

form of LA-PEG8-4-α-APG and the resulting pattern was very similar to figure 4.9-(b) 

since 4-APG and 4-α-APG are stereoisomers each other. Figure 4.12-(b) demonstrated that 

the enzymatic reaction on the surface was not effective due to the fact that the 4-α-APG 

was not an efficient acceptor.  

Figure 4.13 shows a histogram for describing conversion efficiency by β-1, 4-GalT reaction 

on the surface for each carbohydrate. 4-NPG (0.80±0.03) and 4-APG (0.81±0.04) act as 

efficient acceptors for the enzyme. However, there are no significant conversion observed 

in 4-α-APG (0.045±0.009). This result indicates that α-Glucose does not act as an effective 

acceptor for the enzyme. The observation is consistent with previous reports.39 
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Figure 4.10 SAMDI-MS spectra after (a) chemical reaction of 4-NPG on the functionalized 

surface, and (c) enzymatic reaction on the LA-PEG8-4-NPG surface. 
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Figure 4.11 Theoretical structure of LA-PEG8-(a) 4-APL, (b) 4-APG, and (c) a possible 

fragment of 4-APG. 
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Figure 4.12 SAMDI-MS spectra after (a) chemical reaction of 4-α-APG on the 

functionalized surface, and (c) enzymatic reaction on the LA-PEG8-4-α-APG surface. 
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Figure 4.13 A histogram of data from conversion efficiency of different experimental 

conditions. The data is obtained from the enzymatic reaction. All data points obtained 

triplicate experiments. 
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Conclusions 

 We fabricated biochips on the gold surface using LA-PEG8-TFP and TEG-SH. 

Binding mono and bithiolated molecules to the gold surface was confirmed by SPR 

spectroscopy. SAMDI-MS was used to investigate the existence of LA-PEG8-TFP on the 

gold surface after the SPR experiment. The surface was functionalized with 4-APG and 

neurotensin using a primary amine in the molecules. Characterization of each biochip was 

examined by SAMDI-MS. The biochips, LA-PEG8-4-APG and LA-PEG8- neurotensin, 

were used as substrates to determine activities of β-1, 4-GalT and trypsin, respectively. 

SAMDI-MS data indicates that LA-PEG8 based compounds are desorbed from the gold 

surface during the laser irradiation of matrix covered surfaces without special fragments. 

Moreover, the choices of matrices for each analytes are an important factor to successfully 

analyze samples. Results clearly revealed that the enzymes conserve the activities on the 

surface. Therefore, we believe that the current platform is a useful tool fabricate various 

biochips but also a practical method to determine enzyme activities on the surface. 
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Chapter 5 : SAMDI-Mass Spectrometry for Characterization of Lipoic Acid 

Derivatives on Coated Gold Substrates 

 

Abstract 

Fabrication of robust biomolecules functionalized surfaces on the 2-D space to 

determine roles of the biological molecules is significant. In this research, we utilized thin 

gold films and patterned gold well arrays in order to develop a facile method for 

manufacturing and examining stability of biochips. Lipoic amido (LA)-undecaethylene 

glycol (PEG11)-Maleimide (MAL) was used as a model ligand to determine binding 

strength of the ligand to the surface by Surface Plasmon Resonance (SPR) spectroscopy. 

Direct measurement of the molecular mass of the ligands on the surface was performed on 

Self-Assembled Monolayers Desorption/Ionization (SAMDI)-Mass Spectrometry (MS). 

Furthermore, MAL group in the ligands facilitated immobilization of various bio-

molecules on the surface. Modification of the ligands was confirmed by SAMDI-MS. It 

was clearly exhibited that the gold surfaces were easily functionalized with a droplet 

deposition (1 µL) method. Using the Surface Plasmon Resonance imaging (SPRi) 

technique, it was confirmed that Lipoic Amido (LA)-octaethylene glycol (PEG8)-2, 3, 5, 

6-tetrafluorophenol (TFP) was stably bound to patterned gold-well surfaces. After the 

immobilization of the dithiolate ligand, the surface was characterized by SAMDI-MS. The 

reaction kinetics between LA-PEG8-TFP and 4-aminophenyl-carbohydrates on the arrays 

were measured using SAMDI-MS. The stability of the carbohydrate coated surface was 

examined by the mass spectrometric techniques after Hela cells cultured on the surfaces. 
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From the results we can conclude that the lipoic acid derivatives act as robust and efficient 

ligands on the gold well surfaces to fabricate biochips. Additionaly, hyphenation of SPR 

and SAMDI-MS techniques show good performance for characterization of functionalized 

gold surfaces. 

 

Introduction 

 The formation of organic monolayers on metal surfaces has been extensively 

researched.1,2 Since there are strong interaction between noble metals and sulfur atoms, 

self-assembled monolayers (SAMs) based functionalization of metal surfaces have been 

widely used for various fields.3 For example, it is routine to use fabrication of biosensors.4 

Since gold is known for low reactivity and toxicity in biological conditions, it is one of the 

ideal metals for various conditions as sensor and drug delivery systems.5 Gold thin films 

have been commonly utilized for studying SAM. Surface Plasmon Resonance (SPR) 

spectroscopy is a good example of using gold thin films as sensor.6 The technique is a 

powerful tool to study binding molecules onto gold thin films (less than 100 nm) in 

solution.7 The spectroscopic techniques allow us to monitor the real-time binding process 

of thiolate ligands on gold surfaces.8 The organic monolayers on the gold surfaces are 

available to use for chemical reactions on the surface.9 For example, carboxylic acid 

terminated alkanethiols are generally used for surface chemical reaction using coupling 

reactions.10 Therefore, it is important to characterize the organic monolayers on the gold 

surface in order to determine immobilization of the ligands and chemical reactions on the 

surface. 
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There are many techniques for characterization of gold surface after functionalization with 

thiolate molecules. X-ray photoelectron spectroscopy (XPS) has been accepted as a gold 

standard to examine the organic monolayers on the surfaces.11 However, the technique does 

not provide information of molecular formula to determine the organic compounds on the 

surface. The typical methods to determine molecular formula is mass spectrometry (MS).12 

The techniques allows for measuring molecular mass or fragments of the organic 

molecules. Various ionization techniques have been developed and investigated for 

analysis of functionalized surfaces. Traditionally, Secondary Ion Mass spectrometry 

(SIMS) has been used for analyzing chemical species of organic ligands on the solid 

surfaces.13,14 SIMS provide high-spatial resolution (> 100 nm), which is ideal for analysis 

of small surface areas. The technique also allows imaging of surface based on presence of 

chemical species.15 However, there are many chemical species observed due to the 

fragmentation. There are other ionization techniques such as direct analysis in real time 

(DART)16, and low-temperature plasma (LTP)17, which are actively studied for analyzing 

organic monolayers on metals.  However, these techniques also generate intense fragments 

or even dimers of chemical species. The main issue of the fragments of molecular ions are 

generation of complexity of mass spectra. Moreover, it is more complicated to identify 

reactants and products due to the fragments after chemical or enzymatical modification of 

the organic ligands on the surfaces. Selective desorption and generation of quasi-molecular 

ion or alkali metal ions adduct formations of the ligands in ionization steps is one of the 

short-cut method in order to avoid a complex mass spectra. In addition, it is more 

convenient to identify reactant and product after chemical or enzymatical reaction on the 
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surface due to the simplicity of mass spectra. For example, Matrix-Assisted Laser 

Desorption/Ionization (MALDI) is one of the soft ionization methods which generates 

quasi-molecular ion or alkali metal ion adduct formations of target molecules without 

intense fragments.18 The technique has been used for examining the organic ligands on the 

gold surfaces after SAM with thiolate molecules.19 Self-Assembled Monolayer 

Desorption/Ionization (SAMDI) is a combination of SAM and MALDI-MS.20 Mrksich et 

al. invented the technique, which is effective for characterization of the organic ligands on 

the thin gold films.21 The technique is also useful in determining chemical reaction on the 

surface.22 Moreover, the method is practical for determination of enzyme activity.23 

SAMDI-MS has been commonly used combination of polyethylene glycol (PEG) 

terminated alkanethiols and synthetic enzyme substrates where the PEG moieties prevent 

nonspecific interaction.24 However, intra disulfide bonds between the PEGylated 

alkanethiols and the synthetic enzyme substrates can be breakable in the SAM25 or 

ionization steps.26 Therefore, SAMDI mass spectra shows both alkanethiolate and dialkyl 

disulfide forms of the ions.27 The diverse quasi-molecular ion species are able to be 

interferences for interpretation of data. Moreover, SAMDI-MS are not applicable for small 

thiolate compounds (> 500 Da) since the technique require small organic acid as matrix to 

ionize the ligands, where the matrix generate intense background signal at low m/z regions. 

In order to circumvent the problems, development of new materials for SAMDI-MS are 

needed. There are three critical criteria to be as materials for SAMDI-MS. First, the ligand 

must stably bind to gold surface but be cleavable by ionization step. Second, the compound 

should generate less fragments in the ionization or SAM. Third, the organic thiolate ligands 
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should bigger than 500 Da to avoid intense background signals. Recently, our research 

group comprehensively researched of lipoic amido octaethylene glycol-2, 3, 5, 6-

tetrafluorophenol (LA-PEG8-TFP) as a model molecule to confirm applicability of lpoic 

acid derivatives for SAMDI-MS. In current research, we employed both Lipoic amido 

(LA)-undecaethylene glycol (PEG11)-Maleimide (MAL) and LA-PEG8-TFP for 

immobilization of biomoelcules. SPR spectroscopy provides real-time monitoring for 

SAM of the LA-PEG11-MAL on the gold chip. After the fabrication of the chip, the surface 

was characterized with SAMDI-MS. In order to functionalize the ligand, a thiol group 

containing molecules are immobilized on the surface. The functionalized ligands were 

investigated by SAMDI-MS. SPR imaging (SPRi) and SAMDI-MS were used as a quality 

control step for fabrication of the LA-PEG8-TFP covered patterned gold-well arrays. 

Carbohydrate arrays were successfully fabricated using 4-aminophenyl linked 

carbohydrates on the LA-PEG8-TFP covered arrays. The stability of the fabricated 

carbohydrates arrays was examined using SAMDI-MS by HeLa cell culturing on the 

surface. The model compounds meet the three criteria previously mentioned, and are 

suitable for immobilization of biomolecules.   

 

Experimental 

Materials and Instrumentation. Acetonitrile, Ethanol, 4-aminophenyl-β-d- 

glucopyranoside (4-APG), 4-aminophenyl-α-d- glucopyranoside (4-α-APG), 4-

aminophenyl-β-d- galactopyranoside (4-APGal), 4-aminophenyl-α-d- mannopyranoside 

(4-APM), glutathione reduced (≥ 98.0 %), glutathione oxidized (≥ 98.0 %), L-cysteine 
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(>97.0 %), and 1-Mercapto-11-hydroxy-3, 6, 9-trioxaundecane (>97.0 %, TEG-SH), and 

2', 4', 6'-Trihydroxyacetophenone monohydrate (>99.5 %, THAP) were purchased from 

Sigma (St. Louis, MO). 4-aminophenyl-α-d-glucopyranoside (4-α-APG) was purchased 

from Carbosynth. LA-PEG8-TFP and LA-PEG11-MAL was purchased from Quanta 

Biodesign. All chemicals used without purification. 

In order to monitor the SAM process of LA-PEG11-MAL, SPR spectroscopy was 

employed. The flow rate of the washing buffer was set to 0.15 mL/min. The concentration 

of prepared mixture of LA-PEG11-MAL is 1 mM in deionized water. 150 μL of the sample 

was injected to the SPR flowcells. The SAM process on gold surface was performed to 

incubate for 30 min and then rinsed with deionized water for 30 min to wash away any 

nonspecifically adsorbed species. After washing step, the gold chip was rinsed with ethanol 

and the film was attached onto a stainless steel MALDI plate by adhesive polyimide tape 

before matrix deposition. In order to detect surface bind LA-PEG8-TFP and LA-PEG11-

MAL, two matrices, THAP and super-DHB, were employed.  

In case of mixture of LA-PEG8-TFP and TEG-SH, SPRi was used as a monitoring system 

for SAM on the patterned gold-well arrays. The flow rate of the washing buffer was set to 

0.15 mL/min. In deionized water, the concentration of prepared mixture of LA-PEG8-TFP 

and TEG-SH was 0.5mM and 2.5 mM, respectively. 150 μL of the sample was injected 

into the SPRi flowcells. The SAM process on the patterned gold-wells was monitored for 

5 min and then rinsed with deionized water for 5 min to remove unbounded species. 

Condition of MALDI-MS. MALDI spectra were obtained using a Voyager-DE STR 

MALDI-TOF mass spectrometer (Applied Biosystems, USA) operating in positive 
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reflector mode. The mass spectrometer is equipped with a pulsed nitrogen laser operated 

at 337 nm with 3-ns duration pulses. The accelerating voltage, grid voltage, and extraction 

delay time were set as 20 kV, 65% and 190 ns, respectively. MS spectra were acquired as 

an average of 60 laser shots. The effective range of laser intensity in our experiment is from 

600 to 2700 au corresponding to laser fluence approximately from 20 to 130 mJ/cm2. In 

this range, the arbitrary laser intensity rises in a roughly linear relationship (R2 ≈ 0.96) with 

the increase of laser fluence.  

Preparation of functionalized gold surfaces. Briefly, Au surface was fabricated by e-

beam deposition of a 46-nm thick gold layer onto pre-cleaned glass slides.28 The surface 

was cleaned with deionized water and ethanol, in that order. In order to fabricate LA-

PEG11-MAL or LA-PEG8-TFP functionalize gold surface by a droplet deposition method, 

1 µL of LA-PEG11-MAL or mixture of LA-PEG8-TFP (0.5 mM) and TEG-SH (2.5 mM) 

solution was directly deposited on gold surfaces. In case of LA-PEG8-TFP functionalized 

patterned gold wells, 0.5 µL of LA-PEG8-TFP and TEG-SH mixture solution was directly 

deposited on well arrays. After the deposition of the mixture, waited for 90 min to generate 

organic monolayers. The functionalized surface was washed with deionized water and 

ethanol, subsequently.  

Immobilization of molecules on LA derivatives covered substrates. One microliter of 

L-cysteine (83 mM), and TEG-SH (5 mM) in deionized waster was deposited onto LA-

PEG11-MAL covered gold chips. After 24 hours in an ambient condition at room 

temperature, the deposited samples were washed with ethanol and deionized water. The 

water droplets were removed by blowing compressed air on the slide. The conversion 



 153 

efficiency was determined by ratiometric method using peak intensities of reactants and 

products. For fabrication of carbohydrate chips on gold surfaces, one microliter of 4-α-

APG, 4-APG (74 mM), and 4-APN (68 mM) were added to the mixture of LA-PEG8-TFP 

and TEG-SH covered gold surfaces. The reaction time was set to 24 hours. The mixture 

was kept in RT. After finishing the chemical reactions on the surface, the surface was 

washed ethanol and deionized water, sequentially. In order to fabricate neurotensin 

immobilized surface, one microliter of neurotesin solution (pH = 7.0 PBS buffer, 12 mM) 

was deposited onto the surface. The reaction time was set to 24 hours. After finishing the 

reactions, the surface was cleaned with acetonitrile, ethanol and deionized water, 

sequentially.  

Determination of enzyme activity using SAMDI-TOF-MS For determination of 

galactosyltransferase activity, β-1, 4-GalT (5 mUN/μL) and UDP-gal (10 mM) were 

dissolved in HEPES buffer (pH = 7.0, 1 mM of MnCl2, CaCl2, MgCl2, and NaCl). The 

enzyme solution (0.5 μL) and 0.5 μL of UDP-Gal were added to the 4-APG covered 

substrate. The mixture was kept in room temperature for 24 hours. After finishing the 

enzymatic reactions on the surface, the surface was washed ethanol and deionized water, 

sequentially. The LA-PEG8-TFP functionalized gold surface by the droplet deposition 

method was also used for the measuring β-1, 4-GalT assays. 4-APG, 4-α-APG and 4-NPG 

have been used to determinate selectivity of the enzyme as carbohydrates acceptors. In 

order to determine trypsin activity on the surface, one microliter of trypsin solution (1 

UN/µL) in tris buffer (pH = 7.0) was deposited onto neurotensin covered surface and then 

kept in room temperature for 1 hr. After the tryptic digestion of the substrate, the surface 
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was washed with EtOH, ACN and deionized water, sequentially. The conversion rate of 

the samples could be calculated as  

 

Conversion rate = Iproduct / (Isubstrate + Iproduct )      (1) 

 

SPR Imaging Procedure. The BK7 glass substrate (n=1.515) was mounted on an optical 

stage containing a 300 μL flow cell. An equilateral SF2 triangular prism (n=1.616) was 

then put in contact with the glass substrate with a matching liquid (n=1.6). The optical 

stage was fixed to a rotating stage that allows the tuning of the incident angle.18 A red light 

emitting diode (LED) was used to excite the surface plasmons on the metal surface at a 

wavelength of 648 nm. The reflected images were captured by a cooled 12-bit CCD camera 

(Retiga 1300 from QImaging) with a resolution of 1.3 MP (1280 × 1024 pixels) and 6.7 

μm × 6.7 μm pixel size. The injection of different solutions onto the chip surface was 

monitored in real time by recording changes in the reflectivity every 800 ms inside the 

wells and on the surroundings. A sensorgram was collected using a home-built LabView 

program and the image of the array taken every 30 s using p-polarized light and s-polarized 

light alternatively. Differences images were then obtained by digitally subtracting one 

image from another. All the experiments were carried out at room temperature (23 °C). 

Cell culture on carbohydrate arrays. Human cervical adenocarcinoma HeLa cells (CCL-

2), were obtained from the American Type Culture Collection (ATCC; Man-assas, VA, 

USA). HeLa cells were cultured at 37◦C in a humidified atmosphere of 5% CO2, using 

DMEM supplemented with 10% fetal calf serum (FCS) and 0.5% 100 U/mL penicillin. 
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Subcultures were performed using trypsin–EDTA solution (2.5 g/L porcine trypsin and 0.2 

g/L EDTA in Hank’s Balanced Salt Solution with phenol red, activity 1:250). Cells were 

counted in a Neubauer chamber after staining with Trypan Blue. 104/mL and 106/mL cells 

were used for culturing on the carbohydrate arrays. 6 mL of media was used for covering 

the whole surface area of the arrays and 1 mL of the each seed solution was added to each 

array. The cell culturing was set to 48 hrs. The cell detachment on the arrays was performed 

using the prepared trypsin solution, deionized water, and ethanol, subsequently until all 

cells were detached.  

Photolithography and Fabrication of Arrays for SPRi chip. Initially positive 

photoresist AZ5214E (note: the last two digits in the photoresist name indicate the 

thickness, thus AZ-5214E = 1.4 μm thickness after spin coating) was spun coat onto a clean 

BK7 glass substrate. Photoresist was uniformly dispersed across the glass substrate using 

a three step recipe which started with spin speed of 1000 rpm; ramp = 500 rpm; and time 

= 2 seconds. The second step was spin speed of 4000 rpm; ramp = 1000 rpm; and time = 

30 seconds before finally stopping the spinning. After spin coating, the slide is removed 

and placed on a hot plate at 110°C for 3 minutes to soft bake the photoresist to the glass 

slide. Next, the coated slide was patterned with photolithography using a mask aligner. The 

lab’s photomask was loaded into the mask aligner and then the slide itself was loaded onto 

the mask aligner. To start the mask aligner, press “ON” on the lower panel. Then press 

“CP1” on the lower panel and then press “start” on the lower panel. On the mask aligner, 

make sure Ch. 1 is lit and make sure the lamp goes to “idle” and the lamp power goes to 

275 watts. Next turn on the power using the upper panel switch by turning it to the right. 
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Once everything is on, press “Load” on the mask aligner to initiate the instrument starting 

up. Orient the photomask so the patterns look like above and place the mask in the mask 

aligner. Then hit “Change Mask” and you can move the mask around. Hit “Enter” and now 

you should not be able to move the mask because the vacuum should turn on. Hold the 

holder with mask carefully, flip over and place back in mask aligner while making sure the 

vacuum stays on.  After putting the substrate make sure the mode is set to “hard contact”. 

Do this by selecting “edit parameters” and then use the arrow keys (right and left) to change 

it to hard contact. The gap should be 30 µm. This gap can be set by using the up/down 

arrow keys and then the L/R arrow keys for changing the number. Next, change the 

exposure time also under “edit parameter” and use the arrows (up and down) to change the 

exposure time to 10 seconds. Next, “load” will be flashing, hit “enter”, then “exposure” 

Finally, expose sample to UV light by hitting “Enter” after entering the parameters. After 

UV exposure, take the slide out of the holder. The slide is removed and placed on a hot 

plate at 115°C for 3 minutes to post bake the photoresist to the glass slide. Next, the slide 

put on the mask aligner without mask. After putting the substrate make sure the mode is 

set to “Flood E”. Do this by selecting “edit parameters”. Next, change the exposure time 

also under “edit parameter” and use the arrows (up and down) to change the exposure time 

to 180 seconds. Next, “load” will be flashing, hit “enter”, then “exposure” Finally, you 

expose your sample to UV light by hitting “Enter” after entering the parameters. For 

Developing procedure of the chip, Take a plastic beaker labeled “Developer” and clean it 

with water first and then fill up in a 4:1 ratio of water to AZ 400K developer solution (for 

a total of 500 mL). Fill up another plastic beaker with water. Using a plastic basket holder 
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place the exposed substrate in the developer for 35 seconds. Remove from the developer 

and place in the water beaker. Rinse substrate with water and dry with nitrogen.  

 

Results and Discussion 

Characterization of LA-PEG11-MAL covered gold chips using SPR and SAMDI-MS. 

SPR spectroscopy has been widely used for measuring interactions between surface and 

molecules.6 SPR phenomenon has been observed novel metals, such as Au and Ag thin 

films.7 As a result, SPR spectroscopy is one of the powerful techniques for studying SAM 

of thiolate molecules onto gold surfaces.8 Figure 5.1-(a) is a sensorgram of 1 mM of LA-

PEG11-MAL. As soon as sample was injected to the surface, we observed SPR angle shift 

from 62.74o to 62.98o. After the stabilization of the minimum angle (Min. angle), deionized 

water was infused to the flow cell. Even after washing step for 30 min to remove 

unbounded molecules on the surface, we were able to confirm that Min. angle at 70 min 

(62.95o) was higher than initial value. The sensorgram indicates that the ligand is binding 

to the gold surface. It is necessary for in-depth characterization of the surface in order to 

confirm whether the original form of LA-PEG11-MAL is stably binding to the surface or 

other modified form of the ligand. Since the molecule is binding to the solid surfaces, it is 

difficult to obtain structural information using optical methods such as NMR. SAMDI-MS 

technique is one of the ideal methods to detect quasi-molecular ions of the compound, 

therefore, we employed it. SAMDI-MS has been widely used for determination of chemical 

reactions29 and enzyme activities30 since the technique was able to detect molecular mass 

of substrate and products on a given surface. After finishing the SPR experiment, the chip 
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was collected from the flow cell and washed with deionized water and ethanol. One 

microliter of THAP (20 mg/mL) was deposited onto the surface that was covered with the 

mixture. Figure 5.1-(b) is a SAMDI mass spectrum of the mixture. The base peak at m/z 

906.4 in the spectrum clearly matched with sodiated form of LA-PEG11-MAL. There was 

minor peak at m/z 884.4, which is protonated form of the ligand. This result indicates that 

the original form of ligand is stably binding to the gold surface and SAMDI-MS was being 

successful for detection of lipoic acid derivative. From the result, this platform can be 

applicable to label various thiol containing compounds since the ligand has maleimide 

group, which is easily labeled with free thiol group.21  
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Figure 5.1 (a) SPR sensorgram of 1 mM of LA-PEG11-MAL on the bare gold surface (b) 

SAMDI mass spectrum of the functionalized gold surface.  
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Immobilization of thiol group containing molecules on LA-PEG11-MAL coated chip 

by droplet deposition method. In order to show feasibility of labeling thiol group 

containing molecules onto a LA-PEG11-MAL coated chip, cysteine, and TEG-SH, were 

used. In order to determine whether the droplet deposition method was effective for 

fabrication on the gold surface, there were various concentration of LA-PEG11-MAL that 

have been used, as shown in figure 5.2. The concentration of each solution was set to (a) 

500 µM and  (b) 10 µM. Even in 10 µM of LA-PEG11-MAL, the sodium adduct form of 

LA-PEG11-MAL ion was detectable with SAMDI-MS as shown in figure 5.2-(b).  One of 

the important advantages of the droplet deposition method is miniaturization of platform, 

which is the ideal scenario for fabrication of biochips. Using 1 mM of LA-PEG11-MAL as 

the standard concentration of the experiment for the droplet deposition method. One 

microliter of water droplet is about a 5 mm diameter. In order to show feasibility of labeling 

the thiol group containing molecules onto LA-PEG11-MAL coated chip, cysteine, and 

TEG-SH, have been used.  Figure 5.3-(a) indicates that the one microliter of 1 mM of LA-

PEG11-MAL was retained on the gold surface after the 90 min SAM. The functionalized 

surface were characterized with SAMDI-MS. The base peak in the spectrum at m/z 906.4 

is correspondent to the sodiated form of the ligand. There were minor peaks of protonated 

form of molecular ions at m/z 884.4 and oxidized forms at m/z 922.4 were observed in the 

mass spectrum. The base peak in figure 5.3-(b) and (c) matched with cysteine and TEG-

SH labeled LA-PEG11-MAL, respectively. The concentration of cysteine and TEG-SH was 

set to 83 mM and 5 mM at room temperature for 24 hrs, respectively. The base peak in 

figure 5.3-(b) is at m/z 1027.4, which is sodium adducted form of molecular ion. The quasi-
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molecular ion was obaserved at m/z 1004.4. Figure 5.3-(c) shows base peak at m/z 1116.5, 

where the peak is sodium adducted molecular ion. There was a weak intensity peak at m/z 

906.4 which was unreacted LA-PEG11-MAL on the gold surface. By comparing intensities 

of reactant and product peaks, the conversion rates were easily calculated. Figure 5.4 

exhibited theoretical structure of (a) LA-PEG11-MAL, and (b) LA-PEG11-MAL-Cys, and 

(c) LA-PEG11-MAL-TEG. The chemical formula and theoretical exact mass of the 

compounds were shown.  We intentionally used excess amount of thiol containing 

molecules in order to examine stability of the LA-PEG11 ligands on the surface. There were 

many reports that the organic monolayer can be exchangeable by other thiolate organic 

ligands. Moreover, biogenic thiolate ligands such as cysteine and glutathione are as high 

as tens millimolar range intracellular organelles. From the results, we can clearly conclude 

that SAMDI-MS based surface characterization is an ideal technique to confirm the 

maleimide-thiol conjugation reaction. The organic monolayers showed that there were 

sufficient ligands still remaining on the surface to confirm chemical reactions even after 

ligand exchanges. In order to determine the specificity of the thiol-maleimide coupling 

reaction, oxidized (Ox) and reduced (Re) forms of glutathione (GSH) were employed. It is 

expected that only Re-GSH react with LA-PEG11-MAL and convert into LA-PEG11-MAL-

GSH. Figure 5.5 shows results after we performed the chemical reactions on the surface. 

33mM of Re-GSH was used for modification of the LA-PEG11-MAL to LA-PEG11-MAL-

GSH, Figure 5.5-(a). When we employed Ox-GSH, there was no peak difference with LA-

PEG11-MAL as shown in figure 5.5-(b). The structure and chemical information of GSH 

labeled LA-PEG11-MAL was exhibited by figure 5.5-(c). 
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Figure 5.2 SAMDI-TOF-MS spectra after SPR experiment (a) 500 µM and (b) 10 µM of 

LA-PEG11-MAL. 
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Figure 5.3 SAMDI mass spectra of after immobilization of (a) LA-PEG11-MAL, (b) 

cysteine, and (c) TEG-SH on the gold surface using a droplet deposition method. Cysteine 

and TEG-SH were deposited onto LA-PEG11-MAL covered areas. 

 

900 1200
0

50

100

R
e

la
tiv

e
 I

n
te

n
si

ty
 (

%
)

m/z

900 1200
0

50

100

R
e

la
tiv

e
 I

n
te

n
si

ty
 (

%
)

m/z

900 1200
0

50

100

R
e

la
tiv

e
 I

n
te

n
si

ty
 (

%
)

m/z

(a)

(b)

(c)

[M+Na]+

[M+H]+

[M+Cys+Na]+

[M+TEG-SH+Na]+



 164 

 
 

Figure 5.4 Theoretical structure of LA-PEG11-(a) LA-PEG11-MAL, (b) cysteine, and (c) 

TEG-SH. 
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Figure 5.5 SAMDI-TOF-MS spectra after chemical reaction with (a) 1 µL reduced 

glutathione (33.0 mM), (b) 1 µL oxidized glutathione (16.5 mM), and (c) structure of GSH 

labeld LA-PEG11-MAL 
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Fabrication of carbohydrate chips and surface characterizations using SPRi and 

SAMDI-TOF-MS. SPRi is one of the known techniques used to examine binding of 

molecules to the surface in a multiplex detection platform. The technique requires a charge 

coupled device (CCD) camera as a detector for the system. SPRi measures the change of 

reflectance across the sample surface. There are many reports stating that the technique can 

be useful to measure the interactions between gold surfaces and thiolate compounds. Figure 

5.6-(a) illustrates selected areas for measuring reflectance on the surface by the instrument. 

The numbers inside of blue box area indicate five selected areas in the picture. Figure 5.6-

(b) is the sensorgram of the mixture of LA-PEG8-TFP and TEG-SH, where the pink, black, 

red, blue, and sky blue lines are matched with the numbers on the picture, respectively. 

There were signal changes (71.5 ± 7.6) observed in the sensorgram even after washing 

unbounded molecules for 400 sec. All sensorgrams have the almost the same magnitude of 

signal change. The results indicate the ligands are stably bound to SPRi chip. All gold-

wells are 810 µm in diameter and the distance between each well is 810 µm.  Since the 

mixture was used in the experiments, in order to confirm whether LA-PEG8-TFP was 

stably binding to the surface or not, it is necessary in-depth characterization of surface. 

Surface based MS technique is one of the ideal methods to detect molecular mass of the 

compound since the molecule is binding to the solid surfaces. After finishing the SPRi 

experiment, 1 µL of THAP was applied onto the surface. Figure 5.6-(c) is a SAMDI mass 

spectrum of the mixture. The base peak at m/z 800.4 in the spectrum clearly matched with 

sodiated form of LA-PEG8-TFP. This result indicates that LA-PEG8-TFP is stably bound 

to the gold surface and this result supports our previous literature. Moreover, the stability 
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of SAM were strong enough to detect ligand on the gold-wells even after two weeks. The 

data were shown in figure 5.7. The sample was kept at room temperature in atmospheric 

condition. Even though there were some oxidized peaks patterns that showed up, there 

were still sodium adducted form of LA-PEG8-TFP as a base peak in the spectrum. 
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Figure 5.6 (a) SPRi picture that collect reflectance value, (b) SPR sensorgram of 0.5 mM 

LA-PEG8- TFP and 2.5 mM TEG-SH on the bare gold surface, and (c) mass spectrum of 

the functionalized gold surface. 
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Figure 5.7 SAMDI-TOF-MS mass spectrum obtained two weeks later after SPRi 

experiment with mixture of LA-PEG8-TFP (0.5 mM) and TEG-SH (2.5 mM).The 

[M+Na]+ indicates the sodium adducted form of molecular ion species. S and O represent 

Sulfur and oxygen atom, respectively. 
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Using the TFP functional group, this platform can be applicable to biochips. Recently, we 

clearly proved that the 4-aminophenyl carbohydrates were easily labeled on LA-PEG8-TFP 

coated gold surfaces since the ligand has TFP esters moiety, which is easily labeled with 

primary amine groups in the molecules. Moreover, the droplet deposition method was also 

applicable to the immobilization of the ligands on gold surfaces. In the same manner, the 

SPRi chip was functionalized with the droplet deposition method. Figure 5.8 shows results 

after the functionalization of the surface with 4-APG. The functionalized surface was 

characterized with SAMDI-MS. Figure 5.8-(a) is SAMDI-MS spectrum after the 

immobilization of 4-APG on the surface for 24 hr with 1 µL of solution. The base peak at 

m/z 800.4 of the mass spectra is correspondent to sodiated form of LA-PEG8-TFP. The 

chemical reactions on the gold-wells are slower than the plane gold surfaces. The intensity 

of the product peak correspondent to LA-PEG8-4-APG at m/z 905.5 is almost 75% 

compare to the base peak at m/z 800.4. Therefore, we extended reaction time and amount 

of 4-APG in order to increase conversion efficiency. Figure 5.8-(b) is a SAMDI-MS mass 

spectrum after the chemical reaction on the wells for 96 hr by consuming 3 µL of 4-APG. 

The chemical reaction was confirmed that most of LA-PEG8-TFP on the surface was 

converted to LA-PEG8-4-APG. Figure 5.8-(c) is a histogram to show conversion rate from 

LA-PEG8-TFP to LA-PEG8-4-APG based on different reaction conditions. The conversion 

rate gets stronger with time and consuming volume of 4-APG for the reactions.  
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Figure 5.8 SAMDI mass spectra of after immobilization of 4-APG for (a) 24 hours with 

one microliter (20 mg/mL), (b) 96 hours with three microliter (20 mg/mL), and (c) a 

histogram to show conversion rate from LA-PEG8-TFP to LA-PEG8-4-APG based on 

different reaction conditions. 
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Determination of stability of carbohydrate chips in cell growth conditions. The 

functionalized gold-well chips were used for determination of stability of carbohydrate 

residues in various environments. Figure 5.9 shows an example how the organic 

monolayers were examined in a biological environment. The carbohydrate chips were used 

for substrates for culturing Hela cells on different carbohydrate surfaces. There are many 

advantages of using the chips as cell culture substrates. Firstly, the well allows us to 

observe localized areas where the surface was functionalized with carbohydrates. Figure 

5.9-(a) and (b) shows cells where they are inside of wells. The diameter of each well are 

810 µm, however, the sizes of well are easily controllable using different sized photomasks. 

We easily obtained 85 µm gold wells. Since the thickness of gold layer of well is 51 nm 

and outside of wells is 151 nm, the incident light from microscope is only able to pass 

through the well. Therefore, outside of the wells, it’s completely dark. Since we selectively 

functionalize well areas, it allowed us to confirm whether the cells were attached on the 

functionalized surface or not. By controlling number of cells in the media solution, we can 

easily manipulate the number of cells on the surface. The initial number of cells in figure 

5.9-(a) and (b) are 104 and 106, respectively. As we expected, figure 5.9-(b) shows a 

dramatically increase the number of cells on the functionalized surface. After the culturing 

of cells on the carbohydrates chips, the existence of the carbohydrates monolayers was 

confirmed by SAMDI-MS. The detachment of cells on the carbohydrates chips was 

conducted by tryptic digestion. After examining the surface using optical microscope, the 

surface was covered with 1 µL of THAP matrix. Figure 5.9-(c) and (d) were correspondent 

to SAMDI mass spectra from wells where the initial number of cells were 104 and 106, 
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respectively. The mass spectra shows LA-PEG8-4-APG at m/z 905. 5 show base peak in 

the spectra. The results indicated that the carbohydrate mononlayers were stably bound to 

the gold surface after 48 hours later in the cell culturing media and even underneath Hela 

cells.  
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Figure 5.9 Optical microscope images, 10x objective lens, of patterned gold wells in Hela  

cell culturing with (a) initial number of cells in 104, (b) initial number of cells in 106, (c) 

 and (d) were corresponding to SAMDI mass spectra from wells where the initial number  

of cell were 104 and 106, respectively. 
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Conclusions 

 In current research, we bound LA derivatives, LA-PEG11-MAL and a mixture of 

LA-PEG8-TFP and TEG-SH to gold surfaces. Binding of the molecules to the gold surface 

was confirmed with SPR spectroscopy and SPRi. Additionally, it was proved that droplet 

deposition was an effective method to immobilize the ligands on the surface. The 

immobilized LA derivatives on the surface were examined using SAMDI-MS. The 

functionalized surface served as a useful chemical cross linking site. LA-PEG11-MAL 

provide linker for thiol groups. After the immobilization of thiloate molecules, TEG-SH 

cysteine, and glutathione, on the surface, the maleimide-thiol reaction results were 

confirmed by SAMDI-MS. The mixture of LA-PEG8-TFP and TEG-SH was used for 

immobilization of synthetic 4-aminophenyl carbohydrates using primary amine in the 

molecules. Using SAMDI-MS, the conversion efficiency of the reaction was measured in 

various conditions. The carbohydrate chips were used for examining the stability of the 

organic monolayer on the surfaces. SAMDI-MS data indicates that the ligands were stably 

bound to the surface in aqueous buffer for 48 hours later, and even beneath Hela cells. 

Therefore, we believe that the current platform is a useful tool to fabricate various biochips 

and is also a practical way to determine stability of the organic ligands on the surface.  
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Chapter 6 : Determination of Enzyme Activities on Microporous Membranes using 

SAMDI-TOF-MS

 

Abstract 

There has been considerable research on enzymatic reactions on immobilized substrates, 

especially using polyethylene glycol (PEG) alkanethiols by Self-Assembled Monolayers 

(SAMs) on gold surfaces. One of the important factors of successful implementation of the 

technique is prevention of specific and non-specific interaction between the gold surface 

and enzymes. Here, we described a new method that physically prevents the interaction 

using nanoporous membranes. The pores of the membrane cut off at specific molecular 

sizes so that only relatively small sized molecules are able to pass through the pores in the 

membrane. To model over system, we choose glutathione reductase (GTR). The enzyme 

produces a reduced form of glutathione (Re-Gluta) from oxidized form of glutathione (Ox-

Gluta) using Reduced Nicotinamide Adenine Dinucleotide Phosphate (NADPH) as a 

reducing agent.  From this reaction, the reaction product, Re-Gluta, and NADP were 

allowed to penetrate the membrane, while the relatively big-sized enzymes remained on 

the membrane. The Re-Gluta specifically were reacted to lipoic amido-undecaethylene 

glycol-maleimide (LA- PEG11-MAL) on the gold surface. Using this chemical reaction, we 

can easily immobilize Re-Gluta by Thiol-MAL reaction on the surface, which allows us to 

monitor GTR activities using Self-Assembled Monolayers Desorption/Ionization-Mass 

Spectrometry (SAMDI-MS). From experimental results, we clearly show that the 

membrane is an effective tool to prevent the non-specific interaction between 

functionalized gold surface and proteins. Moreover, the functionalized surface act as a 
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probe to determine enzyme activity on the surface. In addition, SAMDI-MS is an useful 

tool to analyze self-assembled organic molecules on the gold surface. 

 

Introduction 

 Self-Assembled Monolayer Desorption/Ionization mass spectrometry (SAMDI-

MS)1,2 for measuring chemical and enzymatic reaction on the gold surface. The technique 

used a conventional MALDI-MS but it employed various polyethylene glycol (PEG) based 

materials for immobilization of biological molecules on gold surface.3,4 By incorporation 

of PEG to the organic ligands, molecular mass of the ligands are higher than 400 Da, 

avoiding small m/z area to detect the target compound. Moreover, the PEG moiety can 

prevent non-specific interaction between surfaces and proteins.5 In addition, the method 

allows measuring the chemical reaction or enzyme activities by determining ratio of 

intensities from reactants and products on the surface. Since the method exploits the ratio 

between two peaks, it is possible to acquire robust quantitative information.6 Recently, our 

research demonstrated that commercially available lipoic acid derivatives were able to use 

as materials for SAMDI-MS. 

SAMDI-MS based enzyme assays methods rely on direct contact of enzymes substrates 

and functionalized ligands on the surfaces. Maleimide group in the ligands are specifically 

reacted to free-thiol groups.7 Therefore, it can selectively react to target substrates since 

the synthetic substrates contains a cysteine residue, which has free-thiol group.8 However, 

even in PEG-covered surfaces, some types of enzymes do not work on the surfaces based 

on our experimental data. One of the biggest reason is denaturing enzyme due to non-
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specific interaction between surface and proteins.9 Moreover, enzyme itself can have free 

cysteine residues in their sequences. Those residues in the backbone might be reacted to 

maleimde and loss of their activities due to the fact that the residue has an important role 

for the enzyme function. Therefore, it is necessary to have a filter to discriminate target 

molecules and enzymes. One of the easiest and effective ways is separation of molecules 

based on diffusion rates. The bigger molecules have lower diffusion rate.10 Using this 

property, Dr. Masson et. al. recently showed microporous membrane was employed as a 

diffusion gated sensing experiments with SPR to detect target molecules in blood 

samples.11 Inspired from the results, we conduct enzyme reaction on the membrane covered 

surfaces. The basic idea is that bigger molecules remain on the membrane and smaller 

molecules are able to penetrate the membrane. Therefore, only small molecules are able to 

contact surfaces, where were functionalized by organic molecules. In order to conduct 

proof-of-concept experiments, Glutathione reductase (GR) was employed. Glutathione 

(GSH) is a cysteine containing peptide, which compose of three amino acids, glycine, 

cysteine, and γ-glutamic acid.12 The role of glutathione is important for biological systems. 

For example, the molecules act as one of the major antioxidants radical species.13 

Moreover, abnormal concentration of GSH can be used as an indicator for diseases, such 

as Alzheimer’s, Parkinson’s, Huntington’s disease, and cancers.14 By scavenging radical 

species from environments, disulfide form of GSH is generated. In order to regenerate 

reduced form of (Re-GSH), GR is involved in the oxidation-reduction reactions. The 

enzyme activity is important to control oxidative stress of cells or organisms. In the 

reaction, Reduced Nicotinamide Adenine Dinucleotide Phosphate  (NADPH) use as a 
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reducing agent for Ox-GSH. The enzyme generate from oxidized form of glutathione (Ox-

GSH).15,16  

In current research, there was interaction on the surface and the enzymes observed. 

Therefore, it has difficulty to monitor the enzyme activity on the surface. Using the 

microporous membrane, the problem was circumvented. The enzyme reaction conducted 

on the membrane, where the underneath of the membrane, there were lipoic amido-

undecaethylene glycol-maleimide (LA-PEG11-MAL) covered gold surfaces. The organic 

monolayer acts as probe for Re-GSH. Since the size of enzyme product is smaller than 

enzyme, it is expected that Re-GSH can selectively penetrate the pores of membrane. By 

monitoring of intensities of LA-PEG11-MAL and LA-PEG11-MAL-Re-GSH using 

SAMDI-TOF-MS, it was allowed us to determine the enzyme activity. In addition, the 

method allow us to monitor the enzyme activities in complex sample, such as fetal bovine 

serum (FBS).    

 

Experimental  

Materials and Instrumentation. Acetone, acetonitrile, ethanol, β-Nicotinamide adenine 

dinucleotide 2′-phosphate reduced tetrasodium salt hydrate (≥ 90.0 %, NADPH), Filter 

membranes (Isopore track-etched polycarbonate, poresize 0.2 µm), glutathione oxidized (≥ 

98.0 %), 2', 4', 6'-Trihydroxyacetophenone monohydrate (>99.5 %, THAP), glutathione 

reductase from baker’s yeast (100 UN), and FBS were purchased from Sigma (St. Louis, 

MO). LA-PEG11-MAL was purchased from Quanta Biodesign. All chemicals used without 

purification. 
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MALDI spectra were obtained using a Voyager-DE STR MALDI-TOF mass spectrometer 

(Applied Biosystems, USA) operating in positive reflector mode. The mass spectrometer 

is equipped with a pulsed nitrogen laser operated at 337 nm with 3-ns duration pulses. The 

accelerating voltage, grid voltage, and extraction delay time were set as 20 kV, 65% and 

190 ns, respectively. MS spectra were acquired as an average of 60 laser shots. The 

effective range of laser intensity in our experiment is from 1600 to 2700 au corresponding 

to laser fluence approximately from 20 to 130 mJ/cm2. In this range, the arbitrary laser 

intensity rises in a roughly linear relationship (R2 ≈ 0.96) with the increase of laser fluence.  

Preparation of gold surfaces. Briefly, Au surface was fabricated by e-beam deposition of 

a 46-nm thick gold layer onto pre-cleaned glass slides.17 The surface was cleaned with 

deionized water and ethanol, sequentially. In order to fabrication LA-PEG11-MAL 

functionalize gold surface by a droplet deposition method was used according to previous 

literature. Briefly, 1 µL of LA-PEG11-MAL was directly deposited on gold surfaces. After 

the deposition of the mixture, waited for 90 min to generate organic monolayers. The 

functionalized surface was washed with deionized water and ethanol, subsequently.    

Enzymatic reactions on the microporous membrane. The gold chip covered with LA-

PEG11-MAL was used for determination of GR activity. 0.5 µL of the enzyme solution was 

obtained from vial and transferred to the membrane, where the gold chip was beneath of 

the membrane. Next, the same volume of 10 mg/mL NADPH solution and 1 mg/mL Ox-

GSH was deposited on the same area. The membrane covered chip were put into the water 

bath for various times (1, 2, and 4 hours) in 23 OC.  
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Preparation of SAMDI-TOF-MS samples. After finishing the enzymatic reaction, the 

membrane on the goldchip was removed and the surface of the chip was washed with 

deionized water and ethanol, subsequently. The liquid on the surface was removed using 

compressed air. THAP was employed as matrix that 20 mg/ml in acetone. 1 μL of matrix 

solution was deposited on the chip.  

 

Results and Discussion 

Preparation of a LA-PEG11-MAL functionalized chip and determination of GR 

activities on the surface. It has been shown that lipoic acid-PEG derivatives, such as LA-

PEG11-MAL and Lipoic Amido-octaethylene glycol-Tetrafluorophenylester (LA-PEG8-

TFP), were able to form of self-assembled monolayers (SAMs) on gold surfaces. We have 

demonstrated that droplet deposition method allows us to fabricate arrays on the surface. 

The functionalized surface were easily and rapidly characterized with SAMDI-TOF-MS. 

Figure 6.1 illustrates the functionalized surface provide a new platform to conduct 

enzymatic assays on the microporous membrane. The LA-PEG11-MAL coated gold surface 

acts as probe for capturing Re-GSH by reaction between thiol group in the cysteine residue 

and maleimide group on the surface. The reaction is well known for one of the most 

efficient Michael-type additions.18 Figure 6.2 shows optical images after the enzymatic 

reaction with Ox-GSH and NADPH on the surface. Without the microporous membrane, 

staining marks on the surface after enzymatic reactions as shown in Figure 6.2-(a). There 

are two possible scenario that can be explaining the staining marks. First possible reason 

is there are non-specific interaction between surface and proteins. It has been well known 
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that PEG residues in the molecules can prevent non-specific interaction between molecules 

and surfaces. However, it has been observed that there were nonspecific interaction even 

after SAMs with PEG containing molecules on the gold surface. The second reason is that 

the enzyme has six sulfhydryl groups in the residues. Therefore, the cysteine residues in 

the enzyme can react with maleimide group on the surface. On the other hand, there are no 

stains on the surface in Figure 6.2-(b) when the reaction carried on the membrane. The 

membrane has 25 mm diameter and 0.2 µm size pores. Polycarbonate materials have useful 

character to minimize non-specific interaction between membrane and biomolecules. 

Moreover, the isopore size can prevent or delay diffusion of bigger sized molecules such 

as proteins. Therefore, the enzyme substrates, Re-GSH and NADP, were able to diffuse 

through pathways. Scheme 1 shows a membrane on the surface. Circle and square indicated 

GSH and NADPH, respectively. After enzyme reaction, the Re-GSH can react with 

maleimide group on the surface. On the other hand, GR has less accessibility to the surface 

and less chance to react with maleimide group due to the lower diffusion rate. Using this 

diffusion gate, we can avoid complicate and tedious purification step of enzyme products 

to measure the enzyme activity. The droplet deposition method allows to conduct array 

experiment by minimizing surface areas.  
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Figure 6.1 Illustration of enzyme reaction on the membrane with mixture of (a) GTR 

(Circular sector, 1 UN/µL), Ox-Gluta (Linked Circle, 1mg/mL), and NADPH (Square, 

10mg/mL). After each enzyme reaction, the membrane on the surface pill out and the chip 

was washed with deionized water and ethanol, subsequently. The cleaned surface was 

covered with THAP and performed SAMDI-TOF-MS.  
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Figure 6.2. Optical images after enzymatic reaction on the LA-PEG11-MAL coated gold 

chips (a) without membrane, (b) with membrane. 
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Figure 6.3 show SAMDI mass spectra after SAMs and GR reaction on the surface without 

or with membrane. Figure 6.3-(a) is SAMDI mass spectrum which was obtained after the 

droplet deposition for 90 min on the surface using 100 µM of LA-PEG11-MAL. The sodium 

adducted form of LA-PEG11-MAL ion at m/z 906.4 is a base peak in the spectrum. The 

result has consistence with previous literatures. There is a SAMDI spectrum after the GR 

reaction for 24 hours in the room temperature (23 OC) on the surface as shown in Figure 

6.3-(b). We observed the mono and di loss of sulfur atoms in the ions.19 For example, the 

loss of mono and di sulfur atom from the sodium adducted form of LA-PEG11-MAL ion 

were correspondent to at m/z 874.4 and 842.4, respectively. The spectrum also exhibited 

sodium adducted GSH labeled LA-PEG11-MAL ions at m/z 1213.5. The base peak in the 

spectrum was mono loss of sulfur atom from GSH labeled LA-PEG11-MAL ions at m/z 

1181.5. Di loss of sulfur atoms from the same ion was also observed at m/z 1149.5. On the 

other hand, there were no observation of loss of sulfur atoms in the spectrum as shown in 

Figure 6.3-(c). The spectrum shows much cleaner and higher quality data to compare with 

intensities of substrate and product. It is enabled us to conduct ratiometric method for 

measuring enzyme activities. The result was obtained after GR reaction on the membrane 

for 24 hours in room temperature with NADPH and Ox-GSH mixtures. The contrast results 

between enzymatic reaction on the gold surface (Figure 6.3-(b)) and on the membrane 

(Figure 6.3-(c)) can be explained by diffusion rate of each molecule. Since the bigger 

molecules has lower diffusion rate, it can speculate GR, which has 118 kDa, less diffused 

on the membrane. In contrast, GSH and NADPH, 307.1 Da and 745.1 Da, has much faster 

diffusion rate than the enzyme. As a result, only enzyme products have allowed to penetrate 
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the membrane. Among the products, Re-GSH has a thiol group, which was able to 

specifically react with maleimide group on the gold surface. On the other hand, direct 

exposure of the enzyme on the maleimide group without the membrane on the surface has 

possibility that cysteine residue in the enzyme can react with the functional groups. 

Moreover, it is probable that the enzyme can be immobilized on the gold surface via 

nonspecific interactions.20 As a result, the stain marks in Figure 6.2-(a) and complicate 

peaks in Figure 6.3-(b) were supposed to be generated by the enzyme immobilization 

through both covalent and noncovalent bond interactions.  
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Figure 6.3 SAMDI mass spectra of after immobilization of LA-PEG11-MAL on the gold 

surface for (a) 90 min with one microliter (100 µM), after enzymatic reaction for 24 hours 

on the surface (b) without membrane, and (c) without membrane. 
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Effect of lateral diffusion of the enzyme on the membrane. We found lateral diffusion 

of GR on the membrane.21 In order to measure the effect of lateral diffusion on the 

membrane, we employed array type SAMs on the surface using the droplet deposition 

method. The distance dot to dot was set to 5 mm. When the mixture of the Ox-GSH, 

NADPH, and GR were deposited on the membrane, the diameter of the water drop was 

around 20 mm. It was expected that the GSH probe would generate LA-PEG11-MAL-GSH 

when the enzyme on the membrane diffuse through horizontal direction within certain time. 

This effect would generate false signals that would lead us wrong conclusion of the enzyme 

activity. Figure 6.4 shows SAMDI mass spectrum after the reaction with mixture of 

NADPH and OX-GSH on the membrane where the size of membrane was Figure 6.4-(a) 

25 mm diameter of circle and Figure 6.4-(b) 4×4 mm of square, respectively. The bigger 

membrane, which covered two spot area of LA-PEG11-MAL, where one spot was deposited 

with NADPH and Ox-GSH and other has NADPH, Ox-GSH, and GR, shows strong signal 

at m/z 1213.5. We believe that the peak was generated by lateral diffusion of GR on 

membrane. In addition, water diffusion would assist the diffusion of GR on the membrane. 

On the other hand, the result matched with our expectation that smaller sized membrane in 

figure 6.4-(b) did not appear LA-PEG11-MAL-GSH at m/z 1213.5. From the result, we 

conduct rest of experiment with square shaped membrane (approximately 4 mm × 4 mm) 

to prevent lateral diffusion.   
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Figure 6.4 SAMDI mass spectra of reaction of Ox-GSH with NADPH after one hour in 23 

oC without GR on the membrane whereas the adjacent spot near to 5 mm was a mixture of 

Ox-GSH, NADPH, and GR. The size of membrane was (a) diameter 25 mm of circle, and 

(b) 4×4 mm of square membrane, respectively.  
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Enzyme kinetic data. In order to develop an enzyme assays, there are many components 

that we should consider whether the techniques are practically usable.22 Optimization of 

enzymatic reaction time is one of the critical point of practical consideration for developing 

enzyme assays.23 Generally, it has been reported that enzymatic reaction on immobilized 

substrates were slower reaction rate than in-solution enzymatic reactions. One of the 

reasons for the phenomenon is caused by influence of accessibility to the enzyme substrates 

on the surface.20 In-solution enzyme assays, there are no specific distance between surface 

and enzymes. However, tethering substrate on the surface would define specific distance 

(a few nanometers) between surface and enzymes. That would affect structure of the 

enzyme by denaturing proteins, which inhibit function of the proteins.24 In addition, 

immobilizing substrates might change the structure of the reactants. Therefore, the 

recognition of the substrates by enzymes would be hindered and affected to the 

efficiency.20 Figure 6.5 shows conversion rate as a function of hydrolysis time. In order to 

calculate the conversion rate we used peak intensities of two peaks. One was reactant, 

sodium adducted peak of LA-PEG11-MAL at m/z 906.4, and the other one was product, 

sodiated form of LA-PEG11-MAL-GSH at m/z 1213.5. There are no observation of the 

product peak before the enzymatic reaction. Zero background signal is an impressive result 

since other enzyme assays have almost always have some amount of background signal, 

especially, when we employed optical method such as spectrophotometer or fluorescence 

spectroscopy. After 30 min later, there are significant intense peak shows up at m/z 1213.5. 

The conversion rate was 0.62 ± 0.03. Based on our experimental data, the optimized time 

for the enzyme reaction was one hour. The conversion rate was 0.86 ± 0.04. We extended 
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the reaction on the surface to 2 hours and 4 hours. However, there are no significant 

statistical difference observed of the conversion rates. The each value was 0.89 ± 0.05 and 

0.79 ± 0.05 for two and four hours, respectively. As a result, we decided the enzymatic 

reaction time was set to one hours for rest of experiments. The result indicated that the 

enzyme activities on the membrane was conserved and the enzymatic reaction time was 

satisfied with high-throughput assays using chip based techniques. 
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Figure 6.5 Conversion rate of Ox-GSH to Re-GSH versus enzymatic reaction time. All 

data points obtained duplicate experiments. The result indicates that after 1 hour later with 

the enzymatic reaction, the conversion rate of GSH are statistically no different. 
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Conclusions 

 We demonstrated that LA-PEG11-MAL were safely bound to the gold surface and 

effective Re-GSH probe molecule on the surface. By combination of microporous 

membrane and LA-PEG11-MAL functionalized gold surfaces, we can successfully exhibit 

promising results of on-membrane enzyme assays. The membrane act as diffusion gate, 

which were selectively penetrated based on molecular size. Therefore, only enzyme 

substrates, GSH, which were smaller than enzymes, pass through the pore in the membrane 

and selectively reacted with maleimide group. By filtering the protein on the membrane, 

there are no stain mark on the gold surface after enzymatic reaction and no unwanted peaks 

were removed in SAMDI-MS spectra. We also observed the lateral diffusion of GR on the 

membrane, which can prevent by fitting size of membrane. Lastly, we confirmed that the 

enzymatical and chemical reaction were completed in an hour. As a result, current 

technique shows a promising label-free method to conduct enzyme assays, especially GR, 

using SAMDI-TOF-MS.   
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CHAPTER 7 : Conclusions and Future Work 

 

Development of enzyme assays with label-free detection is important due to the 

fact that it is not always simple to synthesize chromophore-labeled enzyme substrates. 

Moreover, dye-labeled substrates may not precisely reflect the physiological conditions. In 

addition, the dye itself can lead to high false-positive rate (FPR) because of hydrolysis. 

Recently, fluorescence resonance energy transfer (FRET) based techniques show promise 

as label-free assay methods. However, fluorescent dyes may have strong background signal 

in certain conditions. Therefore, it is desirable to have direct observation of enzyme 

substrates and products in a label-free manner. High-Performance Liquid Chromatography 

(HPLC) or LC-MS are reasonable choices to detect enzyme substrates and products 

without labeling procedures. However, these techniques are relatively slow as compared to 

other optical detection methods. We have developed a new concept of Affinity Surface-

Assisted Purification MS technique to circumvent aforementioned barriers. Since the 

technique exploits surfaces, it is suitable to perform arrays based experiments, which allow 

us to conduct high throughput analysis. Moreover, the assay techniques can connect to new 

drug discovery by screening enzyme inhibitors.  

Due to limited instrumentation, current research has been conducted primarily with 

MALDI-TOF-MS. We can expect that advanced instrumentation, such as MALDI-

TOF/TOF-MS and Desorption Electrospray Ionization-MS, would enhance performance 

of the surface based analysis with high-throughput analysis by accelerated speed and 

automatization.1,2 One of the promising ways to analyze array surface is imaging the region 
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of interest.3 The imaging mass spectrometry (IMS) is one of the fastest growing subfields 

of MS. The technique was initially developed for analysis of biological thin (~10 um) tissue 

section by comparison of a few thousands of spatially defined spots.4 This spatial resolving 

power would allow us to compare spot to spot variation of ratio of intensities from enzyme 

substrates and products. Therefore, it will provide an attractive platform to conduct high-

throughput screening.  

In order to immobilize molecules on the surface, we have used fluorine-fluorine 

interactions and Au-thiol interactions. These interactions were measured on the gold thin 

films (~50 nm) using SPR. Recently, there have been many reports on alternative SAMs 

materials for the study. For example, N-heterocyclic carbene (NHC) compounds show a 

good stability and formation of SAMs on the gold surface.5 Crudden et al. show that NHC 

compounds can be used to form organic monolayer on the gold surface and the ligand 

shows stronger interaction than Au-thiol interactions.6 Therefore, we can expect that NHC 

compounds have potential as tethering molecules on the gold surface for SAMDI-MS 

experiments.  

In this research, we have targeted various functional groups, including primary 

amine, thiol, and aldehyde, to use selective reactions for immobilization of enzyme 

substrates and products. Recently, there have been many reports of selective and high yield 

reaction with “click chemistry”. Azide-alkyne cycloaddition is a good example to represent 

click chemistry.7 Those chemical compounds are unnatural functional groups. When using 

these functional group in labeled molecules as enzyme substrates, they can easily and 

selectively conjugate to their pair functional groups immobilized on the surface, enabling 
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us to measure the enzyme activity on the surface. Moreover, the unnatural species allow us 

to use complex samples, such as cell lysates and bloods, since the reaction only occurs 

through the functional group and its pair species. Recently, Mrksich group successfully 

demonstrated immobilization of azido glycosides to alkyne-terminated monolayers. Azide 

group containing carbohydrates were used as glycotransferase substrates and the gold 

surface was functionalized with alkyne containing PEG alkanethiol molecules.8 After the 

enzymatic reactions, the reactants and products were successfully immobilized on the 

surface using click chemistry. This strategy could expand to other enzymatic reactions for 

determination activities using SAMDI-MS. 

Gold nanoparticles (AuNPs) act as excellent matrix for Surface-Assisted Laser 

Desorption/Ionization-MS.9,10 Lipoic acid derivatives based biomolecule conjugation on 

AuNPs can be applicable for other research projects. We have already proved that lipoic 

acid derivatives are useful materials to form organic monolayers on the thin gold film. The 

surface can be easily characterized with SAMDI-TOF-MS. We have confidence that the 

same methodology would work in AuNPs. Moreover, the lipoic acid derivatives employed 

in our research can be easily functionalized with biomolecules using conjugation 

chemistry. There have been a number of studies for development of methodology for label-

free cell based targeted enzyme assays.11 The biomolecule conjugated AuNPs can be used 

as targeted enzyme substrates and injected to cell cytoplasm. By centrifugation, the AuNPs 

can be collected from cell lysates. The changes of biomolecules by targeted enzymes on 

the AuNPs can be analyzed using laser desorption/ionization mass spectrometry.   
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Moreover, the lipoic acid derivatives are useful molecules for fabrication of 

carbohydrate arrays on gold surfaces. Many research groups have developed carbohydrates 

arrays to identify and determine selectivity of the carbohydrate binding proteins, such as 

lectins. There are many advantages of the gold surface based carbohydrate arrays. First, 

the gold surface is stable in various conditions. Therefore, it is suitable for treatment of 

biological samples. Second, the carbohydrate arrays on the gold surface can be easily 

characterized by SAMDI-MS. The technique is not only useful to determine activity of 

glycoenzymes but also suitable for approaches to find glycoenzyme inhibitors in high-

throughput manner. Third, the gold surface based carbohydrate arrays can provide useful 

label-free platform to determine selectivity of carbohydrate binding proteins by 

combination with surface plasmon resonance imaging.12 

The synthesized carbohydrate probes are applicable for preparation of samples for 

glycome. Since the probe contains hydrazide group in the molecule, it is selectively 

conjugated with aldehyde containing molecules.13 The advantage of hydrazide conjugation 

is that it is suitable for connecting a wide range of reducing sugars.14 When glycans such 

as N- and O- linked glycosylation are released by enzymes or chemical reactions, they have 

free reducing end. Therefore, the glycan can selectively react and thus be enriched. The 

advantage of the reaction is relatively cleaner than conventional reductive amination using 

primary amine containing molecule due to high reactivity of the hydrazide. In addition, the 

perfluorocarbon tag provides hydrophobicity to the labeled glycan.15 As a result, the glycan 

becomes suitable for conventional HPLC experiment with reversed-phase 

chromatography. Moreover, the probe molecule has benzene moiety. Therefore, the 
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conjugated glycan can be detected with UV detector. Recently, there is a report that the 

fluorinated carbon tag dramatically improved the MS/MS efficiency of glycan by 

enhancement of signal intensity without any fragmentation from the tag.15  

The microarray chips can be used for the analysis of microbial metabolomics by 

growing cells in the micro-sized wells.16,17 Moreover, dumbbell shaped wells can be an 

efficient way to study interactions between two different species of microbes using each 

well to grow different species of microbes.  There have been not many in-depth studies on 

the analysis of microbial metabolomics. Since the metabolites from microbes can be used 

for antibiotics and medicines, it is important to study microbial metabolites. IMS may allow 

us to perform high-throughput analysis of metabolomics since the growing microbes on 

the defined wells are ideal for setting up microarray experiments. Automatizing analysis 

of the array using IMS will further strengthen the approach and provide a new avenue for 

performing the high-throughput discovery metabolomics.18  
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