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Summary 
Capillary electrophoresis combined with contactless conductivity detection allows to 

separate and detect the ionic species, which are neither UV absorbing nor fluorescent. 

This thesis focuses on the applications of this method on enzymatic reactions in 

different analytical tasks.  

First, the non-ionic species ethanol, glucose, ethyl acetate and ethyl butyrate were 

made accessible for analysis by capillary electrophoresis via charged products or 

byproducts obtained in enzymatic conversions using hexokinase, glucose oxidase, 

alcohol dehydrogenase and esterase. The conversion of glucose and that of 

ethylacetate were also successfully demonstrated on a microchip-device. 

Quantification of ethyl acetate, was found possible with a detection limit of 

approximately 7 µM. Then the model of urea catalyzed by urease was chosen for the 

study of the enzymatic mechanism, the effect of substrate concentration and pH value 

as well as the Michaelis-Menten constant. The determination of urea in human blood 

as clinical application of this enzymatic reaction was tested. 10 human blood samples 

were collected from a hospital and analyzed. The results were comparable with the 

established methods. The method was then extended to proteome analysis; 

identification of proteins is generally achieved through proteolytic digestion with 

enzymes such as pepsin and trypsin. Protein digestion with pepsin and trypsin was 

successfully monitored by capillary electrophoresis. Minigastrin I, myoglobin, 

cytochrome C, human serum albumin and bovine serum album were the model 

proteins digested by pepsin, cytochrome C and myoglobin were the model proteins 

digested by trypsin. Electrophoretically mediated micro-analysis (EMMA) technique 

is employed for the tryptic digestion of cytochrome C and apomyoglobin. 

Finally, the enantioselective hydrolysis of esters of amino acids with lipase was 

monitored. Porcine pancreas lipase was found to have a better efficiency on 

hydrolysis and enantioselectivity than wheat germ lipase. L-threonine methyl ester 

demonstrated stronger enantioselectivity than L-serine methyl ester. 

Acetylcholinesterase inhibitors can be used as drug against Alzheimer disease or 

nerve agents. Three compounds, namely galantamine, paraoxon and Huperzine-A, 

were the model inhibitors to study the behavior and kinetics of the inhibitors. The 

values of IC50 were obtained through graphical plot. Their dependence on the time 

course was monitored and graphically illustrated. 
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I. Introduction to CE-C4D 
1. Historical background 

Electrophoresis is the movement of charged ions in a fluid or gel under the influence 

of an electric field, it is based on the principle that charged molecules will migrate 

toward the opposite pole and separate from each other based on physical 

characteristics. Electrophoresis was first introduced as an analytical technique by 

Arne Tiselius in 1930. When a layer of pure fluid without particles was placed over a 

quantity of the same fluid containing colloidal particles; he discovered the boundary 

between two layers of fluid was visible and moved at the speed of electrophoresis of 

the particles. From this observation, he originated the moving-boundary method, 

which was used to separate serum proteins in solution [1]. Later this method became 

also known as zone electrophoresis. Its separation mechanism is based on differences 

in the charge to mass ratio of the analytes. In the 1940’s and 1950’s, two other 

methods were also developed known as isoelectric focusing and isotachophoresis. 

Isoelectric focusing is a separation technique based on the different isoelectric points 

(pI) of the sample components, the pI is the point at which the sample has an overall 

net charge of zero [2]. Isotachophoresis uses a discontinuous electrical field to create 

sharp boundaries between the sample constituents, it is based on differences of 

migration velocities of the analytes [3]. 

 

These electrophoretic separation methods can also be described by the different 

matrices used, which give different advantages over different types of samples. Papers 

were used in the first electrophoretic techniques because of its simplicity; however 

gels were more often used. Smithies used starch gel as a supporting medium for 

electrophoresis in 1955 [4]. The method was developed for separation in a whole 

process of protein analysis using color forming reagents. The gel formed a solid, yet 

porous matrix. By placing the molecules in wells in the gel and applying an electric 

current, the molecules will move through the matrix at different rates, usually 

determined by their mass to charge ratio. It was also observed that the relative values 

of starch concentration and ionic strength were the fundamental criteria for the 

separation. The separation of proteins was largely depending on the effective pore size 

of the gels. The resolving power of the starch gels was found much superior in such 

cases in comparison with paper filter. 
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Buffer-filled capillaries instead of gel medium planar were first used by Jorgenson 

and Lukacs in the early 1980's [5, 6]. 75 µm open-tubular glass capillaries coupled 

with on-column fluorescence detector was first developed to perform zone 

electrophoresis, with such small inside diameter of these capillaries, the heat 

generated by the application of 30 kV high voltages was efficiently dissipated. 

Jorgensen also described the relationship between the operational parameters and 

separation quality, from which he declared the potential of high performance capillary 

electrophoresis (HPCE) as an analytical technique. 

 

2. Basic principles of CE 

1) Basic concepts 

In a capillary electrophoresis system, the ends of a capillary are placed in buffer 

reservoirs, each containing a positive (anode) or negative (cathode) platinum electrode, 

the electrodes are connected to a high voltage power supply capable of delivering up 

to 30 kV. The capillary is filled with a buffer identical to that in the reservoirs. The 

sample is introduced into the capillary by replacing one of the buffer reservoirs with 

sample reservoirs containing ions (usually at the anode end); the sample can be 

injected either electrokinetically or hydraulically. When the electric field is applied 

across the electrodes, analytes ions of different charge will move through the solution 

towards the electrode of opposite charge, where they are visualized and the signal is 

recorded on the data acquisition system. A schematic diagram of capillary 

electrophoresis is illustrated in Figure 1. The basic components required for CE 

instrumentation includes a high-voltage power supply, a capillary, detector, data 

acquisition system, vials for buffer and sample. 

 

2) Electrophoretic mobility 

The separation of compounds by capillary electrophoresis is dependent on differential 

migration velocity of ions or solutes in an applied electric field. The migration 

velocity of an ion can be expressed as: 

   υ= µeE        (I.1) 

where υ is ion migration velocity (m s-1), µe  is electrophoretic mobility (m2V-1s-1) and 

E is electric field strength (Vm-1).  
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Fig. 1 A schematic representation of the main components of capillary electrophoresis 

 

The electric field strength is a function of the applied voltage divided by the total 

capillary length. Electrophoretic mobility is a factor that indicates how fast a given 

ion or solute may move through a buffer solution. It is an expression of the balance of 

forces acting on each individual ion, the electrical force are in favor of motion and the 

frictional force are against motion, during electrophoresis, these forces reach a steady 

state.  For a given ion under a given set of conditions, electrophoretic mobility is a 

constant and can be described as the following equation: 

   µe = q/6πηr       (I.2) 

where q is the charge on the ion, η is the solution viscosity and r is the ion radius. The 

charge on the (q) can be affected by pH changes in the case of weak acids or bases. 

The ion radius (r) can be affected by counter-ion present or by any complexing agents 

used. Differences in the charge-to-size ratio of analyte ions, higher charge and smaller 

size confer greater mobility, whereas large minimally charged species have low 

mobilities. 

 

Electrophoretic mobility is a characteristic property for any given ion or solute and 

decides migration velocities. Different ions and solutes have different electrophoretic 

mobilities so they have different migration velocities at the same electric field 

strength. The differences in electrophoretic mobility make it possible to separate 

High voltage 
power supply 

Capillary 

Data acquisition 

Detector 

Buffer reservoirs 

Electrode Electrode 
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mixtures of different ions and solutes. However, the mobility is also dependent on the 

temperature and electroosmotic flow (EOF) of buffer solution. 

 

3) Electroosmotic flow (EOF) 

In a typical system, the electroosmotic flow is caused by an uncoated fused-silica 

capillary tube. The surface of the inside of the tube has ionisable silanol groups, 

which give the capillary wall a negative charge. The negatively charged capillary wall 

attracts positively charged ions from the buffer solution, generating an electrical 

double layer and a potential difference (zeta potential) close to the capillary wall. An 

electrical double layer includes a rigid layer of adsorbed ions and a diffuse layer. The 

zeta potential is the potential at any given point in the double layer and decreases 

exponentially with increasing distance from the capillary wall. Electroosmotic flow 

results from cations in the diffuse layer migrating towards the cathode, carrying the 

bulk solution with them. An electroosmotic flow velocity is proportional to the zeta 

potential and can be described as 

   vEOF= (εζ/η) E       (I.3) 

where ε is the dielectric constant of the buffer, ζ is the zeta potential, η is the viscosity 

of the buffer, E is the applied electric field. The dielectric constant and viscosity of the 

buffer and the size of the zeta potential are the main factors affecting EOF mobility.  

 

Electroosmotic flow is important in CE separation. The pH values may be affecting 

the separation. At a high pH, the rapid EOF may result in the elution of the solute 

before separation taking place; at a low pH, the negatively charged wall can cause 

absorption of cationic solutes through coulombic interactions. Therefore, optimized 

EOF and solute mobility properties are critical to successful separations. The most 

frequently used methods to control electroosmotic flow are: 

 

• Change electric field: increasing the electric field generates an increase in EOF 

• Modify buffer pH: EOF decreased at low pH and increased at high pH 

• Modify ionic strength of buffer concentration: zeta potential is decreased and 

EOF is lowered when the ionic strength of buffer is reduced. 

• Temperature changes: high temperature leads to low buffer viscosity and high 

EOF. 
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• Adding organic modifier: change zeta potential and viscosity, usually 

decreases EOF. 

• Covalent coating: chemical bonding to capillary wall. 

 

4) Classification of electrophoresis modes 

Ever since separation techniques have evolved. Use of even narrower bore fused-

silica capillaries of typically 25-75 µm inner diameters for separation allowed more 

efficient dissipation of the heat. Sample introduction can be accomplished by 

immersing the end of the capillary into a sample vial and applying pressure, vacuum 

or voltage. Based on the types of capillary and electrolytes used, capillary 

electrophoresis can be briefly classified as follows: 

• Capillary zone electrophoresis (CZE) is the simplest form of CE. The 

separation is realized based on the size of the species to charge ratio in the 

interior of a small capillary filled with an electrolyte. Homogeneity of buffer 

solution and constant field strength throughout the capillary are key to this 

technique. 

• Capillary gel electrophoresis (CGE) is the adaptation of traditional gel 

electrophoresis into capillary. Polymers are used in solutions to create a 

molecular sieve known as replaceable physical gel, which allows analytes to 

be resolved by size. 

• Capillary isoelectric focusing (CIEF) allows separation of amphoteric 

molecules in a pH gradient generated between the cathode and anode. A solute 

migrates to a point where its net charge is zero. At the solutes isoelectric point 

(pI), migration stops and the sample is focused into a tight zone. The zone will 

be mobilized past the detector by either pressure or chemical means when a 

solute focuses at its pI. 

• Isotachophoresis (ITP) is a separation mode based on the migration of sample 

components between leading and terminating electrolytes, which stack into 

sharp, focused zones according to their mobilities. 

• Micellar electrokinetic capillary chromatograph (MECC) is a mode of 

electrokinetic chromatography. Its principle is based on the differential 

partition between the micelle and the solvent. The micelle is formed by adding 

surfactants to the buffer solution. Both charged and neutral solutes can be 

separated involving either stationary or mobile micelles. 
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• Micro emulsion electrokinetic chromatography (MEEKC) employs moving oil 

droplets in buffer. The microemulsion droplets are formed by sonicating 

immicible heptane or octane with water. SDS is added to stabilize the 

emulsion. The separation of both aqueous and water-insoluble compounds is 

possible. 

• Capillary electrochromatography (CEC) is a hybrid of CZE and HPLC. This 

technique uses an electric field rather than hydraulic pressure to propel the 

mobile phase through a packed bed. High efficiencies can be achieved by 

using small-diameter packing. It exploits the combined advantages of both 

capillary electrophoresis (high efficiencies) and HPLC (mobile and stationary 

phase selectivity). 

 

5) Capillary electrophoresis on microfabricated device 

In 1987, Manz et al. first integrated a liquid chromatographic chip containing a 

capillary column with an electrochemical detector, the work was first published in 

1990 [7]. Since then, silicon and glass microstructures [8-10] have been used to 

integrate with capillary electrophoresis channels. When Soper et al. [11] integrated a 

miniaturized solid phase sequencing reactor with a capillary electrophoresis apparatus, 

this technology has become an attractive alternative for DNA sequencing, which 

previously was dominated by capillary gel electrophoresis. Lately, considerable 

interest has been focused on the area of micro total analysis systems, especially CE 

microchips.  

 

In this microfabrication technology, a capillary column is replaced with a microchip 

with much smaller channel length and dimensions, which offers dramatic decrease in 

analysis times and reagent consumption. A typical microchip used for electrophoretic 

separations can be illustrated as in Figure 2.  
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Fig. 2 A schematic layout of a typical microchip 

1. Electrolyte inlet, 2. Sample inlet, 3. Sample outlet, 4. Outlet 

 

Photolithographic and wet etching techniques are mainly used to produce these planar 

devices with micrometer dimensions, which are hence named as microchips. Non-

insulating substrates glass, silicon and polymer are used. A typical fabrication process 

involves metal film deposition, photolithography and etching of a CE channel with 

desired dimensions on a bottom plate. A coverlid was bonded on top of that. Plastic 

vials used as fluids reservoirs are glued on to the chips. They are connected to the 

microchannel through holes drilled into the cover plate. Electrodes mainly made from 

gold, platinum or carbon are placed into these reservoirs and connected to a high 

voltage power supply via relays. 

 

3. Detection in capillary and microchip electrophoresis 

1) UV-Vis and fluorescence detection 

Among the techniques listed above, detection methods rely mainly on UV-absorption 

and fluorescence detectors. Optical detection methods have proved to be valuable 

techniques; however, they have also limitations. Most components of samples 

separated with electrophoresis are not directly UV absorbent or fluorescent. Methods 

have been also developed to help visualize and quantify components of such sample 

mixtures. The short detection path length in narrow-bore capillaries results often in 

unfavorable detection limits for absorbance-based detection methods. Despite the fact 

that the adaptation of optical detectors into CE is fairly easy, the detection hardware 

involves a few elements such as a light source, monochromator, optical detectors and 

focusing optics, which are often expensive. Most of the detection methods applied to 

conventional CE are adopted in the microchip format, sensitive methods such as LIF 

are preferred, due to the significantly reduced sample volume detected [12]. However, 

most compounds do not naturally exhibit fluorescence, the instrument is large and 

expensive, and these facts limit the use of LIF. 

4 3 

2 

1 

Separation channel 
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2) Electrochemical detection 

The call for alternative and robust detection methods for CE was then followed, 

during the 1980s and 1990s, electrochemical detection has gained acceptance as an 

analytical method. The principle methods of electrochemical detection for CE can be 

distinguished as amperometric, potentiometric and conductometric. Electrochemical 

detection became powerful detectors for microchip CE too, because of its high 

sensitivity, simplicity, low cost and eases of miniaturization.  

 

Amperometric detection relies on oxidation or reduction of the analyte species on a 

working electrode. Amperometric detection in capillary electrophoresis was first 

introduced by Wallingford and Ewing in 1987 [13]. The ground electrode for the 

applied high voltage was positioned at a porous joint which was formed by fracturing 

a fused-silica capillary 5 cm from the detector end. A carbon fiber electrode as 

working electrode inserted into the end of the capillary. Together with a reference 

electrode and an auxiliary electrode, the working electrode was connected to a three-

electrode potentiostat. A potential was applied across a supporting electrolyte between 

the working electrode and the reference electrode effecting solute oxidation or 

reduction. A potential difference was created between the working and reference 

electrodes. The current flowing through the working electrode is proportional to the 

number of electron transfers taking place and therefore to solute concentrations. 

Amperometric detection was also coupled to microchip electrophoresis. Schwarz et al. 

from Hauser’s group analyzed biochemicals such as neurotransmitters [14, 15], amino 

acids [16] by employing amperometric detection on microchip. It is a detection 

method which offers more selectivity, however its applications are limited to electro-

active species. 

 

Potentiometric detection is to measure a potential developed on an ion-selective 

electrode or membrane in contact with an analyte ion. Detectability increases with 

lipophilicity of the ion, the larger the ion and the lower its charge, the greater the 

response of the electrode. Potentiometric method was first introduced in 1991 by 

Haber et al. [17] to detect cations with ion-selective microelectrodes (ISME). Nann 

and Simon [18, 19] developed this method further. Using ion-selective 

microelectrodes (ISME), they demonstrated sensitive determination of inorganic and 
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organic cations. Since then, the majority of work on potentiometric detection in CE 

has focused on the use of ion-selective electrodes in the form of ion-selective 

microelectrodes (ISME) or coated wire ion-selective electrodes. The ion-selective 

electrodes are difficult to construct and tend to be too fragile to be applicable to 

routine CE analysis. So far the adaptation of potentiometric detection on the 

microchip has not been reported. 

 

Conductometric detection exploits the ability of ions to conduct charge in solution. 

Upon applying a voltage, the current produced between two electrodes is measured. 

As conductimetric detection is the method exclusively used for my work, 

comprehensive details are discussed in the next chapter. 

 

4. The basic principle of conductivity detection 

Conductivity detection can be considered as a universal detection method, it is 

possible to carry out a direct or an indirect measurement of the analyte’s response 

signal. It is based on the change in bulk solution conductivity between two electrodes 

when an analyte band passes through the electrode gap. Any kind of molecules can be 

detected when it causes a change in the conductivity between the two electrodes. The 

response is proportional to the concentrations of analyte ions. Most analytes are 

determined in background electrolyte (BGE) solutions, in which they are fully ionized, 

and the detector response is essentially due to the difference in molar conductivity 

between the analyte ion and the ion of the same charge of the BGE. Both positive and 

negative going peaks from the baseline are therefore possible. Conductivity detection 

generally works by applying an AC voltage between two electrodes to produce a 

current. This current can be measured and yields the resistance and conductivity 

according to Ohm’s law respectively. It is preferable to use an alternating current to a 

direct current (DC), the latter may cause electrochemical reaction at the electrode 

surfaces and polarization of the electrodes, and it may interfere with the detection 

electronics. 

 

In conductivity detection, the solution resistance R (Ω) is calculated from its 

conductance G (S), defined as G = 1/R. G can also be denoted as G = κ / kcell , where 

κ is the ratio of the specific conductance (S·cm-1) and kcell the cell constant (cm-1), 

which indicates the relationship between the surface area (A) and the distance 
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between the electrodes (l) in a detector (kcell = l/A). The ratio of the specific 

conductance can be described as  

κ = Σλi·ci       (I.4) 

where ci indicates the molar concentration of the ionic species i in solution. The 

limiting equivalent conductivity λ results from µ the absolute mobility values for the 

respective ions by multiplication with the Faraday constant F.  

λi =  µi F       (I.5) 

 

Conductivity detection has been an attractive method for CE analysis. It requires no 

additional chemical properties for detection. The detector can be miniaturized to scale 

down with narrow bore capillaries and to the microchip format. Conductivity 

detection can be carried out either as contact or contactless mode. Although the 

integration of conductivity detection and CE was a challenge for mechanical grounds 

for a while, after minimizing the influence of capacitors in series or parallel with 

solution resistance during conductivity measurements, both contact conductivity 

detection and contactless conductivity detection were developed and made available 

commercially. However the commercial contact conductivity detector received a 

setback, while contactless conductivity detection enjoyed popular attention. A high-

frequency contactless conductivity detector was first introduced by Gaš et al. for 

isotachophoresis (ITP) in the late 1970s [20]. In 1998, the contactless conductivity 

detector was introduced into CE by two independent research groups, Zemann et al. 

[21] and Fracassi da Silva and Do Lago [22]. In their approach, two cylindrical 

electrodes were placed around separation capillary. When applying an AC voltage to 

the input electrode, the conductivity of the liquid inside the capillary can be measured 

using capacitive coupling. Zemann [23] and Kuban et al. [24] attributed the popularity 

of contactless conductivity detection in capillary electrophoresis to the improvements 

made in the design of the detector for easier handling and higher sensitivity. Most of 

reported capillaries used were fused-silica with an inner diameter of 50 or 75 µm. 

Conductivity methods require only very small sample volumes, often in the microliter 

range, coupled with the low detection limits allowing analysis on subpicogram 

amounts of analyte. It offers an excellent selectivity in complex samples because 

fewer electroactive interferents are often encountered than spectroscopic interferents.  
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Contactless conductivity detection in microfluidics was also developed. In 2002, in 

the group of M. J. Vellekoop from Netherland, Berthold et al. [25] developed a 

detector consisting of four aluminum electrodes that were physically isolated and 

electrically insulated from separation channel by a 30 nm thick layer of silicon carbide. 

Laugere et al. [26-28] and Bastemeijer et al. [29] have continued to discuss the 

advantages of four – electrode conductivity detection over two-electrode 

measurements. Two of these four electrodes were replaced with platinum electrodes 

by Lichtenberg et al. [30]. A simpler and movable detector was developed by 

Tanyanyiwa in the group of Hauser [31], the detection electrodes were placed in the 

chip holder instead of on top or integrated into the microdevice. The microfabrication 

process was then simplified and the cost of device was reduced. 

 

While the instrumental device has been improved, the range of applications has also 

been widened. The applications of CE with contactless conductivity detection and 

microchip include the detection and determination of amino acids [32-35], amine [36, 

37], vitamin C and preservatives [38], glutamic acid [39], inorganic ions [40-42], 

metal ions [43-45] and drugs [46-48]. 

 

5. The principle of C4D 

Capacitively coupled contactless conductivity detection (C4D) as a quantification 

method for capillary electrophoresis was introduced in 1998. It was a configuration 

made by the introduction of axial electrodes. Two metal tubular electrodes were 

positioned side by side along the capillary axes. The usual axial arrangement of two 

tubular electrodes used on a conventional capillary is illustrated in Figure 3. In 

capacitively coupled contactless conductivity detection method, the measurement is 

not fundamentally different to conventional conductivity measurements. An AC-

voltage is applied to one of the galvanically isolated electrodes and the resulting AC-

current is measured at the second electrode. The currents are only limited by the 

concentration and mobility of the ionic charge carriers in the solution. But the 

insulation layer present in the contactless arrangement the capacitances are much 

lower than the double-layer capacitances of non-isolated electrodes, so the working 

frequency has to be significantly higher. A simplified circuit diagram can be given as 

Figure 4. 
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Fig.3  Axial arrangement 

 

 

 

 

Fig. 4 Circuit diagram 

 

 

A possible capacitively coupled contactless conductivity detection device can be 

demonstrated as in Figure 5.  
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Fig. 5  Schematic drawing of the portable capillary electrophoresis system 

1. Control electronics, 2. Sample tray, 3. Capillary holder, 4. Vial holder, 5. Detector cell 

 

 

Figure 6 illustrates a possible electrode arrangement for measurements of the 

capacitively coupled contactless conductivity detection conductivity on a microfluidic 

chip.  The electrodes consist of 2 mm wide strips of copper foil, placed across the 

microchannel and leaving a 1 mm wide gap in between for the shielding. The 

electrode may be embossed in the chip, and covered with an insulation layer, or 

placed either in the holder or on top of the device. Micro device made from glass may 

be used; the electrodes can be placed on the bottom of two trenches of 1-mm width 

milled across the top of the separation channel by using a high–frequency cutting 

wheel. A PMMA chip can also be used; they are mounted on the holder. The holder 

bears a Faraday shield to separate the excitation and pick-up electrodes. During the 

detection, the sinusoidal excitation signal is created by a function generator and 

boosted by a high-voltage amplification stage. The cell current is then converted to an 

AC voltage by a pick-up amplifier. The AC voltage is rectified and amplified.  

Electrodes

Earth Plane

Clamp

 
Fig. 6 Microchip 
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Microchip CE coupled with conductivity detection holds considerable analytical 

promise for applications such as determination of peptides [49], quantitative analysis 

of alcoholic and non-alcoholic beverages [50], and organic and inorganic acids 

expected in wine [51]. 

 

A review from Zemann [52] on capacitively coupled contactless conductivity 

detection for capillary electrophoresis is available. Another review from Kuban et al. 

[53] focusing on the development in capacitively coupled contactless conductivity 

detection appeared in 2008. 
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II. Introduction to Enzymology 
1.  Enzymes 

1.1 Definition  

Enzymes are giant biomolecules which catalyze biochemical reactions. Each enzyme 

catalyzes a single chemical reaction on a particular chemical substrate, converting it 

into a different molecule called the product. Enzymes are usually evolved in nature to 

speed up and co-ordinate the multitude of chemical reactions necessary to develop 

and maintain life. Chemical reactions are too slow to be effective under the conditions 

existing in normal living systems, in comparison enzymes achieve up to 107 fold faster 

reaction rate.  

 

Most enzymes are proteins; they exist in living cells, in the cytoplasma of the cells, in 

the biomembrane, in the body cavities, such as the digestion enzymes in intestine. The 

first pure enzyme form urease was crystallized from Jack beans by James. B. Sumner 

in 1926 [54]. 

 

1.2 Structure and Mechanism 

Enzymes are macromolecular proteins; they range from 62 amino acid residues to 

over 2500 residues. Their molecular weight varies from 5 000 to 5 000 000 Da, with 

typical values in the range 20 000 – 100 000 Da. The common feature of proteins is 

that they are polypeptides: their structure is made up of a linear sequence of α-amino 

acid building blocks joined together by amide linkages. This linear polypeptide chain 

then folds to give a unique three-dimensional structure. The activities of enzymes are 

determined by their three-dimensional structure. The part of enzyme tertiary structure 

that contains the catalytic residues, binds the substrate and then carries out the 

reaction is known as the active site.  

 

Depending on complementary shape, charge and hydrophilic/hydrophobic 

characteristics of enzymes and substrates, enzymes are usually specific to reactions 

they catalyze and the involved substrates in these reactions. To explain the specificity, 

Emil Fischer suggested in 1894 [55] that this was because both the enzyme and 

substrate possess specific complementary geometric shapes that fit exactly into one 

another, it is referred as „the lock and key“ model, see Figure 6.  



II. Introduction to Enzymology  16 

 

  
Fig. 6 Lock and key model 

 

The induced fit model is a more popular model, which was introduced by Daniel 

Koshland in 1958 [56], it is a modification to the lock and key model. He explained: 

both enzymes and substrates have flexible structures, one protein has a cavity or 

indentation that another protein perfectly fits in. The interaction of an enzyme with its 

substrate resembles the fit of a hand in a glove; the amino acid side chains which 

contain the active site are moulded into the precise positions that enable the enzyme to 

perform its catalytic function. The final shape and charge is determined when the 

enzyme is completely bound to the substrate, see Figure 7. 

 
Fig. 7 Induced fit model  

  

1.3 Cofactors and coenzymes 

Some enzymatic reactions require additional components to show full activity. These 

compounds are usually non-protein molecules, either tightly or loosely bound to an 

enzyme and required for catalysis, they are called cofactor. Cofactor can be either 

Enzyme Enzyme-substrate 
complex 

a 

b 
c a 

b c 

Enzyme Substrate Enzyme-substrate 
complex 
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inorganic such as metal ions or iron-sulfur clusters or organic compounds. Cofactors 

can be divided into two broad groups: prosthetic groups and coenzymes. A prosthetic 

group is a non-protein (non- amino acid) component of a conjugated protein that is 

important in the protein’s biological activity, it forms a permanent part of the protein 

structure. Coenzymes are those molecules which act to transfer chemical groups 

between enzymes and are released from the enzyme’s active site during the reaction. 

Coenzymes make up a part of the active site. Nicotinamide adenine dinucleotide 

reduced form (NADH), nicotinamide adenine dinucleotide phosphate reduced form 

(NADPH), adenosine-5'-triphosphate (ATP) and adenosine diphosphate (ADP) are the 

most commonly used coenzymes. 

 

1.4 Kinetics 

In 1902, a quantitative theory of enzyme kinetics was first proposed by Victor Henri 

[57], it was to investigate how enzymes bind substrates and turn them into products. 

Since then, various chemists have developed different kinetic theories, among which, 

Michaelis –Menten kinetics [58] is most widely used. 

 

1) Reaction rate and enzyme activity 

Chemical reactions can be classified as unimolecular, bimolecular and trimolecular 

according to the molecularity, which defines the number of molecules that are altered 

in a reaction. A unimolecular reaction is A → P; a bimolecular reaction is A+B → P; 

a trimolecuar reaction is A+B+C →P.  An order of a reaction describes its kinetics 

that defines how many concentration terms must be multiplied together to get an 

expression for the rate of reaction. In a first-order reaction, the rate of a reaction is 

proportional to one concentration; in a second –order reaction, the rate is proportional 

to the product of two concentrations or to the square of one concentration. Many 

reactions consist of sequences of unimolecular and bimolecular steps, the molecularity 

of the complete reaction need not be the same as its order.  

 

The rate ν of a first-order reaction A → P can be described as 

              (II.1) 

in which a and p are the concentrations of A and P respectively at any time t, k is a 

first-order rate constant and a0 is a constant. As in this equation, rate v is defined in 



II. Introduction to Enzymology  18 

terms of the appearance of product P or disappearance of reactant A. However, in real 

experiments, the relative changes in p are much larger than those in a in the early 

stages of a reaction, it is usually more accurate to measure increases in p than 

decreases in a. 

 

A first-order reaction is specified as the third equality sign in the equation, because it 

states that the rate is proportional to the concentration of reactant. The last equality in 

the equation describes, when the time zero is defined as a=a0, p=0 when t=0, the 

values of a and p at any time can be related according to the equation a + p = a0. 

 

Principally, all the chemical reactions are reversible, the reversity must be considered 

in the rate equation when the reverse reactions are easily observable. The reaction can 

be described 

                (II.2) 

   a0-p         p 

While II.1 can be changed to 

                     (II.3) 

 

2) Michaelis-Menten-theory 

The Michaelis-Menten model for enzyme kinetics was based on the assumption on the 

steady state of an enzyme-catalysed reaction. The enzymatic reaction involves two 

steps: reversible formation of the enzyme-substrate (EA) complex and conversion to 

product. 

                 (II.4) 

   e0-x   a       x      p 

This model assumes: the enzyme binds only a single substrate, there is only one 

kinetically significant step between the EA complex and product formation, the 

product formation is irreversible, the enzymatic reaction reaches a situation of steady 

state in which the concentration of the intermediate species, EA, remains constant.  
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 Fig. 8 Michaelis-Menten curve 

 

In equation 8, e and a represents the instantaneous concentrations of free enzyme and 

substrate respectively, they are not directly measurable so they are expressed in terms 

of the initial concentrations e0 and a0, using the stoichiometric relationship e0 = e + x 

and a0 = a + x. 

 

The rate equation can be obtained as following, 

                  (II.5) 

when a steady state is reached, the dx/dt = 0, and v=k2x, thus the Michaelis-Menten 

equation is obtained as   

               (II.6) 

in which k2 has been written as kcat, kcat a as Vmax, (k-1+k1)/k1 as Km, which is referred 

as Michaelis constant. The Michaelis-Menten curve can be illustrated as in Figure 8. 

 

3) Catalytic efficiency—the importance of Km and Vmax 

The Michaelis-Menten constant Km has specific significance; it combines first-order 

rate constants k-1 and k2 with a second-order rate constant k1. Its units are mol-1 or M. 

In practice, the Km is the concentration of substrate that provides a reaction velocity 

that is half of the maximal velocity obtained under saturating substrate conditions. It 

Substrate concentration, [S] 

Initial  
rate, v 
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can also be taken a rough indication of how tightly the enzyme binds its substrate. A 

substrate bound weakly by an enzyme will have a large Km value, a substrate bound 

tightly will have a small Km. Km depends on the conditions of solution, such as 

temperature, the nature of the substrate, pH, ionic strength and other reaction 

conditions. Determination of Km values serves to characterize a particular enzyme-

substrate system under specific conditions. Values of Km are typically in the range of 

10-1 M – 10-7 M [59]. 

 

The maximum rate Vmax represents the maximum rate attainable; it is the rate at which 

the total enzyme concentration is present as the enzyme-substrate complex. The 

catalytic constant k2 is usually referred to as turnover number. The turnover number of 

an enzyme is the number of substrate molecules that are converted to product per unit 

time, when the enzyme is fully saturated with the substrate. 

 

1.5 Graphical determination of Km and Vmax 

The kinetic constants Kmax and Km are determined graphically with initial rate 

measurements obtained at varying substrate concentrations. Experimentally, prepare a 

stock solution of substrate at the highest concentration that is experimentally 

reasonable, before it is twofold diluted from this stock solution to produce a range of 

lower substrate concentrations. In principle, both Km and Vmax can be determined from 

a Michaelis-Menten plot such as previous drawing Figure 8. In reality, it is difficult to 

locate the asymptotic value Vmax at very high substrate concentrations is often difficult; 

therefore the plot of v0 versus a is not very useful in determining the value of Vmax. 

Lineweaver–Burk plot is the most commonly used method for linearizing enzyme 

kinetics. The Michaelis-Menten equation can be rewritten as  

                (II.7) 

 

both Km and Vmax can be obtained from the slope and intercepts of the straight line, as 

shown in Figure 9. 
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Fig. 9 Lineweaver –Burk plot 

 

However, Lineweaver –Burk plot has disadvantage of compressing the data points at 

high substrate concentrations into a small region and emphasizing the points at lower 

substrate concentrations, which are sometimes not very accurate. 

 

2  Enzyme inhibitors  

2.1 Definition  

An enzyme inhibitor reduces the effectiveness of enzyme in an enzyme-catalysed 

reaction; it decreases the rate or prevents a chemical reaction. Inhibitory molecules 

can bind to sites on the enzyme that interfere with proper turnover. This binding stops 

a substrate from entering the enzyme’s active site or hinders the enzyme from 

catalysing its reaction. Inhibitor binding can be either reversible or irreversible. 

Reversible inhibitors generally bind to enzymes but do not undergo chemical 

reactions. Irreversible inhibitors usually react with the enzyme and change it 

chemically. 

Reversible inhibitors bind to enzymes using weak bonds with non-covalent 

interactions. These bonds are usually hydrogen bonds, hydrophobic interactions and 

ionic bonds. They are formed rapidly and break easily, they do not undergo chemical 

reactions therefore do not permanently disable the enzyme; the inhibition can be 

easily removed by dilution or dialysis. The mechanism of this type of inhibition can 

be expressed as following, the inhibitor comes to equilibrium with the enzyme, to 

- 1/Km 

1/V 

Km/Vmax 

1/Vmax 

1/a 



II. Introduction to Enzymology  22 

form an enzyme-inhibitor complex, and the degree of inhibition depends on the 

position of equilibrium and the amount of enzyme which is bound to inhibitor: 

                 (II.8) 

 

Usually reversible inhibitors can be classified as three types. When the substrate and 

inhibitor cannot bind to the enzyme at the same time, the substrate and inhibitor 

compete for access to the enzyme's active site, this form of inhibition is known as 

competitive inhibition. In practice, this type of inhibition can be overcome by high 

concentrations of substrate. Km is an indication of enzyme-substrate affinity, in the 

presence of an enzyme inhibitor, enzymes will exist either as free enzymes or 

enzyme-inhibitor complex, so it reduces enzyme-substrate affinity, or increases Km. 

Competitive inhibitors do not slow the reaction at high substrate concentrations and 

their is no change in Vmax. 

 

Sometimes the inhibitor can bind to enzyme at the same time as the substrate; the 

binding of the inhibitor to the enzyme does not affect the binding of substrate but 

reduce its activity by preventing the enzyme from converting the bound substrate to 

product.  This type of inhibition can be reduced, but not overcome by increasing 

concentrations of substrate, and is known as non-competitive inhibition. A classical 

non-competitive inhibitor has no effect on substrate binding as well as the substrate-

enzyme affinity, so the Km is unchanged. However it inhibits at high concentrations so 

the Vmax is decreased. 

 

Another type of inhibitor can bind to the enzyme at the same time as the enzyme's 

substrate. However, the binding of the inhibitor affects the binding of the substrate, 

and vice versa. A change to the shape of the active site alters the ability of the 

substrate to bind. It doe not stop the enzyme activity all together but the affinity will 

be reduced. This type of inhibition is called as mixed inhibition; it has some properties 

of competitive and noncompetitive types. A mixed inhibitor allows the substrate to 

bind but reduce its affinity, so Km is increased. It inhibits at high concentrations, so 

Vmax is decreased. 

 



II. Introduction to Enzymology  23 

Irreversible inhibitors usually modify the enzyme by forming a strong, covalent bond:  

                 (II.9) 

The inhibition can not be reversed; the enzyme is effectively permanently disabled. 

They are also known as enzyme inactivator. Irreversible inhibitors take some time to 

react with the enzyme as covalent bonds are slower to form. They display time 

dependency, the degree of inhibition increasing with the time with which the enzyme 

is in contact with the inhibitor. Irreversible inhibitors are often electrophilic and 

contain reactive functional group such as nitrogen mustards, aldehydes, haloalkanes 

or alkenes. 

2.2  Graphic determination of activities of inhibitors 

There are a few graphic methods to determine the mode of inhibition of a particular 

molecular. The double reciprocal (Lineweaver-Burk) plot, Dixon plot, dose-response 

plot have been described to be used for the different type of inhibitors. The double 

reciprocal plot is the most straightforward means of diagnosing inhibitor modality. It 

graphs the value of reciprocal velocity as a function of reciprocal substrate 

concentration to yield a straight line, overlaying the double-reciprocal lines for an 

enzyme reaction carried out at several fixed inhibitor concentrations will yield a 

pattern of lines that is characteristic of a particular inhibitor type. The double-

reciprocal plot serves a means of easily estimating the kinetic values Km and Vmax 

from the linear fits of the data in the plot. 

 

Ki is known as inhibitor constant, it refers to the binding affinity of the inhibitor. The 

Dixon plot is a common method for determining Ki value of a competitive inhibitor. 

The initial velocity of the reaction is measured as a function of inhibitor concentration 

at two or more fixed concentrations of substrate. The data are then plotted as 1/v as a 

function of [I] for each substrate concentration, and the value of – Ki is determined 

from x-axis value at which the lines intersect.  

 

A specific signal as a function of the concentration of some exogenous substance can 

be measured in many biological assays. A plot of the signal obtained as a function of 

the concentration of exogenous substance is referred to as a dose-response plot, and 
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the function that describes the change in signal with changing concentration of 

substance is called as dose-response curve, as seen in the Figure 10. 

 

 
  Fig. 10 Dose-response curve 

 

2.3 IC50  

The concentration of inhibitor required to achieve a half-maximal degree of inhibition 

is referred to as the IC50 value, it indicates how much a particular inhibitor is needed 

to inhibit a given biological process by half, IC50 is commonly used as a measure of 

antagonist drug potency and its effectiveness in pharmacological research. IC50 values 

are dependent on conditions under which they are measured. Generally, the higher the 

concentration of inhibitor, the more will agonist activity be lowered. IC50 value 

increases as enzyme concentration increases. The following equation describes the 

effect of inhibitor concentration on reaction velocity:  

              (II.10) 

 where vi is the initial velocity in the presence of inhibitor at concentration [I] and v0 is 

the initial velocity in the absence of inhibitor. Dose-response plots are popularly used 

to determine IC50, the plot is made by making measurements over a broad range of 

inhibitor concentrations at a single, fixed substrate concentration. A range of inhibitor 

concentrations spanning several orders of magnitude can be studied by means of the 

twofold serial dilution scheme. The method is convenient. 

 

Concentrations 
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While the inhibitor constant Ki is an absolute value, IC50 is not a direct indicator of 

affinity of the inhibitor, it is the functional strength of the inhibitor and its value may 

vary between experiments depending on the concentration of enzymes. The 

relationship between IC50 and Ki is described by Cheng – Prusoff [60] as  

               (II.11) 

where S is substrate concentration and Km the affinity of the substrate for the enzyme. 

 

3. The importance of enzymes in the life sciences 

In clinical analysis, many species are not directly detectable, usually they need to be 

converted through enzymatic reactions to another species either using UV absorption 

or colorimetric. Typically, the detection of ammonia in blood sample uses the GLDH 

(Glutamatdehydrogenase) and cofactor NADPH [61],  

 

   (II.12) 

the amount of oxidized NADPH reflects the ammonia concentration, it can be 

determined through photometric detection. 

 

In a clinical procedure to detect creatine in blood serum, the following steps using 

creatinase are involved [62],  

Creatine + H2O  Sarcosine + urea                    (II.13) 

Sarcosine +             (II.14) 

H2O2 + Phenolderivate + 4 – aminophenazone  Benzochinonimine  (II.15) 

The intensity of red benzochinonimine is then proportional to the creatine 

concentration. 

 

Enzymatic reactions using lactatedehydrogenase (LDH) and alanine-amino-

transferase (ALT) are employed to detect lactate in plasma [63],  

             (II.16) 

          (II.17) 

 

The detection of Pyruvate in plasma uses LDH and cofactor NADH [64]. 
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            (II.18) 

 

Many plants and micro-organisms contain natural products that possess potent 

biological activities. To isolate these natural product is fundamental to the 

development of modern medicine, the discovery of quinine, morphine and penicillin 

was the benefit of this technique. Many of these natural products are structurally so 

complex that it is not practical to synthesise them in the laboratory at an affordable 

price. However, using enzyme-catalysed biosynthetic pathways, it is much easier to 

operate highly selective enzymatic reactions and biosynthesise these molecules.  One 

specific application is to use enzyme in asymmetric organic synthesis. Enzymes are 

highly selective and enantiospecific, they can be highly efficient under mild reaction 

conditions and due to that they can save cost in energy and waste treatment, and are 

environmental friendly. 

 

A selective inhibitor of an enzyme can be used for selective toxicity against the 

specific organism or cell type, which hosts the enzyme. This inhibitor can be 

developed for the bacterial enzyme, if the difference is significant comparing to a 

particular enzyme found in bacteria with the same enzyme in humans. If this inhibitor 

did not inhibit the human enzyme, then it could be used as an antibacterial agent, 

which leads to a new drug discovery. 
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III. Enzyme assays 
Enzyme assays are laboratory analytical methods for measuring enzymatic activity, 

quantification and determination of an enzyme as an analyte, which can be achieved 

by determining the rate of product formation or substrate used during the enzyme-

catalyzed reaction. There are several alternative assay procedures available and 

convenience, cost, the availability of appropriate equipment and reagents and the level 

of sensitivity are the grounds required for the choices to make. 

 

1  Development of assay method 

The determination of kinetic constants kcat and Km relies on the information obtained 

during the enzymatic reaction; one of the most important information is the initial 

velocity. The ability to measure accurately the initial velocity of an enzymatic 

reaction under well-controlled conditions is the key to the measurement of enzyme 

activity. In order to measure the velocity of a reaction, it is necessary to follow a 

signal that reports product formation or substrate depletion over the time. 

 

According to their sampling method, the assays can be distinguished as:  

• Continuous assays: the assays give a continuous reading of activities, it is 

usually most convenient. 

• Discontinuous assays: the samples are taken when the reaction stopped and 

then the concentrations of substrates/products are determined. 

• Coupled assays: some enzyme-catalyzed reactions do not result in changes 

in the properties of the reactants. It is necessary to use an indirect assay 

method which involves some further treatment of reaction mixture. These 

further treatment of reaction mixture will either produce a measurable 

product or to increase the sensitivity or convenience of the assay procedure. 

The reduction of NAD(P)+ or the oxidation of the corresponding reduced 

coenzymes is often involved in a coupled assay.  

 

It is possible to use indirect assays both continuously and discontinuously to monitor 

the progress of the reaction, which can be described as: 

• Discontinuous indirect assays: the enzymatic reaction is stopped after a 

fixed time and the reaction mixture is treated to separate a product for 
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analysis or to produce a change in the properties of one of the substrates or 

products. 

• Continuous indirect assays: the assays involve carrying out the 

manipulations necessary to detect product formation, or product remaining 

within the assay mixture, which will allow the change to be followed 

continuously as it occurs.  

 

2  Detection methods 

Depending on the changes in absorbance, fluoresces, pH, optical rotation, 

conductivity, enthalpy or viscosity or volume of the reaction mixture, various 

following detection and separation methods have been developed and used to assay 

the activities of individual enzymes and follow the course of the reaction:  

• UV/VIS absorption detection is based on the changes in electronic 

configuration of molecules which result from their absorption of light energy 

of specific wavelength. This wavelength lies in the UV-visible region. 

Absorption measures transitions from the ground state to the excited state. It is 

convenient. 

• Fluorescence detection uses a difference in the fluorescence of substrate from 

product to measure the enzyme reaction. A beam of light is used to excite the 

electrons in molecules of certain compounds. Emission of light of a lower 

energy is measured. In contrast to UV/VIS method, it measures transitions 

from the excited state to the ground state; it is more sensitive, permitting the 

detection of much lower concentration changes in substrate or product. 

• Calorimetric detection measures the heat released or absorbed by enzymatic 

reactions. 

• Chemiluminescent detection detects the emission of light by a chemical 

reaction. 

• Radioisotopic detection measures the amount of radioactivity in the substrate 

and product fractions. A radioactive species is incorporated into the structure 

of the substrate, after separation, the substrate loss and product production can 

be quantified. It is accurate, specific, sensitive, quantitative, simple and rapid 

to perform. 
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• Immunologic detection detects antibodies raised or developed against a certain 

protein substrate. It can be used to follow proteolytic cleavage of a protein 

substrate by Western blotting and ELISA type assays. 

• Polarographic detection measures the current as the potential is varied, 

therefore information about an analyte can be obtained. A dropping mercury 

electrode is used as working electrode; it is useful for its wide cathodic range 

and renewable surface. 

• Conductivity detection measures the change in bulk solution conductivity 

between two electrodes when an analyte band passes through the electrode gap. 

It is a universal detection method. 

 

The UV/visible type detector are most widely used, due to their versatility, high 

sensitivity, and wide dynamic range, relative insensitivity to temperature and flow 

variations. Fluorometric detection provides higher sensitivity than absorption. This 

method can be used to detect any compounds that can not be easily detected by other 

methods such as UV. This high sensitivity and selectivity have been extensively 

applied in biochemical systems since many biologically important compounds are 

strongly fluorecence, such as biogenic amines, amino acids, and drugs. Typically, 

fluorometric detection is used for enzyme-linked immunoassays [65]. 

 

3  Separation methods. 

1) Chromatographic separation methods 

Paper chromatography, thin-layer mode chromatography (TLC) and high performance 

liquid chromatography (HPLC) are the three most commonly used chromatographic 

separation methods. 

 

Paper chromatography and TLC are commonly used to separate low molecular weight 

substrate and products of enzymatic reactions, the separation of these two methods is 

accomplished through the differential interactions of molecules in the sample with ion 

exchange or silica-based resins that are coated onto paper sheets or plastic or glass 

plates. 

 

Liquid chromatography is a separation process to separate a mixture into its individual 

components followed by their detection with a suitable monitor. It uses gravity to pull 
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the solvent or mobile phase through a column packed with a stationary phase, a lower 

limit on the size of particles was eventually reached beyond which flow under gravity 

completely diminished. HPLC is the result of development on generating high 

pressure to meet this need. The introduction of low compressibility resins, typically 

based on silica, has made it possible to run liquid chromatography at high pressure. At 

this high pressure, the resolution is enhanced, much faster flow rate can be used, and 

the time for a chromatographic run is shortened.  

 

A typical HPLC separation may take between 5 and 30 min compared to several hours 

in the case of conventional liquid chromatography. HPLC has been extensively used 

to separate low molecular weight substrates and products, the peptide-based substrates 

and products of proteolytic enzymes. Reversed phase [66-69], ion exchange [70-72] 

and size exclusion [73-75] HPLC are the three most commonly used separation 

techniques used in enzyme assays. 

 

2) Electrophoretic methods  

Electrophoresis is mostly used to separate macromolecules in hydrated gels of 

acrylamide or agarose. The most common electrophoretic technique used in enzyme 

assays is sodium dodeczl sulfate/polyacrylamide gel electrophoresis (SDS-PAGE). It 

serves to separate proteins and peptides on the basis of their molecular weights. In 

SDS-PAGE, the anionic detergent SDS is employed to coat samples of proteins or 

peptides to give the similar anionic charge densities, then such samples are applied to 

a gel, an electric field is applied across the gel, the negatively charged proteins will 

migrate toward the positively charged electrode. Depending on the molecular weight 

of the species undergoing electrophoresis, the polymer matrix of the gel causes 

different degree of retardation when molecules migrate toward the positive pole. The 

purpose of the electrophoresis in a protease assay is to separate the protein or peptide 

substrate of the enzymatic reaction from the products, Examples of SDS-PAGE used 

for enzymatic assays include proteolytic enzymes [76], kinases [77] and DNA–

cleaving nucleases [78]. After electrophoresis, protein or peptide bands are visualized 

with a peptide-specific stain, Coomassie Brilliant Blue or silver staining [79] are often 

used, Wirth and Romano has published a review on staining methods in gel 

electrophoresis [80]. Reviews on the methods to detect enzymatic activity using gel 
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electrophoresis and after gel electrophoresis are available from Hames and Rickwood 

[81], Gabriel and Gersten [82]. 

 

4. Capillary electrophoresis (CE) in enzymatic assays  

Recently, CE methods are reportedly used to monitor and investigate enzymatic 

activity, metabolism, production of reactive oxygen species and cellular function. CE 

separation is compatible with many detection methods, most popularly used are the 

fluorescence and UV absorption detections. 

 

CE-CIF Capillary electrophoresis with laser-induced fluorescence detection (CE-LIF) 

was one of the most frequently used methods on enzyme assay. LIF utilises superior 

properties of laser light, narrow laser beam is characterised by minimal divergence 

and focused between inner walls of capillary. Lee et al. [83] developed a quantitative 

assay relying on capillary electrophoresis with laser-induced fluorescence detection. 

The interconversion of sphingosine and sphingosine-1-phosphate by enzymatic 

reaction was followed and measured. This assay was also able to determine the in 

vitro activity of both kinase and phosphatase using purified enzymes. Another CE 

assay was described by Jameson and co-workers [84] to detect G protein-coupled 

receptor (GPCR)-stimulated G protein GTPase activity in cell membranes expressing 

alpha2A adrenoreceptor-Galphao1 wild-type (wt) or C351I mutant fusion proteins 

using a fluorescent, hydrolysable GTP analogue. There was no change in total 

fluorescence observed from substrate to product. CE was used to separate the 

fluorescent substrate (*GTP) from the fluorescent product (*GDP). Whitmore et al. 

[85] have reported an ultra sensitive method by using CE-LIF for the analysis of 

glycosphingolipid catabolism. CE was used to separate a cellular homogenate 

prepared from the cells. The transformation from fluorescently labelled substrate to 

fluorescently labelled product was monitored at the yoctomole level. CE-LIF was also 

used by Kim et al. [86] to measure nitric oxide in single neurons. Acorbate oxidase 

was used as an enzyme to catalyze the substrate ascorbic acid (AA) to the product 

dehydroascorbic acid (DHA), CE-CIF detection was used to distinguish the various 

reaction products. This specific, effective and simple method allowed nitric acid to be 

measured in single cells without detectable interference from other compounds. Eder 

et al. [87] adopted CE-CIF to CE-MEKC-CIF to separate and quantitate doxorubicin 

and doxorubicinol. Doxorubicinol is a human metabolite of the chemotherapy agent 
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doxorubicin and is associated with dose-dependent cardiotoxicity and decreased drug 

efficacy. 

 

CE-UV method has been another one of mostly used analytical methods, especially in 

chiral analysis. Developed by Ha et al. [88], a chiral capillary electrophoresis with UV 

detection method was used for the analysis of verapamil. A method for CYP3A4 

activity assay with verapamil as a substrate was proposed. Both R, S-verapamil and 

its metabolites R, S –norverapamil in the reaction mixture with cytochrome P450 

were separated and determined. Meanwhile, Koval et al. [89] have reported a CE 

method using UV detection for the determination of D-serine in the presence of L-

serine and the evaluation of serine racemase (SR) activity and SR’s inhibitor 

screening. A good agreement was achieved between the developed CE method and 

the previously established HPLC method for determination of the inhibition constant, 

K(i), of a new SR inhibitor, L-erythro-3-hydroxyaspartate. 

 

CE-MS was used to study proteins by analysis of metabolic changes [90]. Purified 

proteins were incubated with a pool of metabolite present in yeast extract. MS was 

used to detect the transformations in this pool of metabolites, therefore to discover the 

enzyme activities of proteins such as YbhA and YbiV. 

 

5.  EMMA 

Electrophoretically mediated microanalysis (EMMA) uses the variability in 

electrophoretic mobilities among enzyme and substrates to initiate an enzymatic 

reaction inside the capillary, to separate the components of the reaction mixture from 

each other for the final quantification. It was first introduced by Bao and Regnier in 

1992 [91] to achieve enzyme assays of glucose-6-phosphate dehydrogenase. Enzyme, 

substrates, coenzyme and running buffer were injected into a deactivated fused-silica 

capillary in a capillary zone electrophoresis apparatus and electrophoretically mixed. 

A UV-detector was used to detect the products. EMMA method is also classified as 

homogeneous enzyme assay by CE, while heterogeneous enzyme assay by CE refers 

to one of the reactants is immobilized onto the wall of the capillary. 

 

Depending on the techniques on how to load and mix the enzyme and substrates in the 

capillary, a few approaches have been reported and classified as following: 
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• Zonal sample introduction (throughout-capillary reaction): the capillary is 

initially filled with one of reactants (enzyme or substrate) while the second 

reactant is introduced as a plug, the product is continuously formed during the 

electrophoretic mixing. See Figure 11(a). 

• Moving boundary sample introduction (Figure 11(b)), the capillary is initially 

filled with one of reactants (enzyme or substrate) while the second reactant is 

introduced continuously from the inlet vial, the product is continuously formed 

during the electrophoretic mixing. 

• Classical plug-plug mode (zone passing reaction), both enzyme and substrate 

are introduced in the capillary as distinct plugs, the reactant with lower 

electrophoretic mobilities is first injected, as in Figure 11(c). 

• Plug-plug mode with partial filling (Figure 11(d)), an alternative to the classic 

plug-plug mode, part of the capillary is filled with the optimum buffer for the 

enzymatic reaction; the rest of the capillary is filled with the BGE optimal for 

the separation of substrate and product. 

• At-inlet reaction, enzyme and substrate plugs are consecutively injected 

(Figure 11(e)); they are mixed by simple diffusion and reacted for a given time 

at the inlet part of the capillary. 
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 Fig. 11 Schematic illustration of EMMA sample introduction methods 
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The EMMA methodology has been successfully employed with different enzyme 

assays, kinetic studies, inhibitor study and screening, quantitative studies. Kim et al. 

[92] carried out an assay of uridine diphhosphate glucuronosyltransferases using plug-

plug mode. Iqbal et al. [93] used plug-plug partial filling technique assayed adenosine 

kinase. Urban et al. [94] [95] [96] made quantitative studies of glucose oxidase, 

penicillinase and yeast alcohol dehydrogenase by plug-plug mode. An 

electrophoretically mediated microanalysis method with a partial filling technique was 

developed for flavin-containing monooxygenase assay in the group of A. Van 

Schepdael [97].  Among these assays, UV detectors were used. So far, no report has 

appeared using conductivity detection in EMMA methodology. 
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IV. Aims of this thesis 
Since capacitively coupled contactless conductivity detection (C4D) in the axial 

electrode configuration was introduced as a quantification method for capillary 

electrophoresis in 1998, the application of this detection was first used for inorganic 

ions and organic ions, it was then extended to the determination of biomolecules. 

Kuban et al. [53] has made a comprehensive review on the applications of CE-C4D 

detection method. However, the use of this method for monitoring the enzymatic 

reactions and for the determination of non-ionic species converted to ionic species 

via enzymatic reactions has not been reported. 

 

The main goal of this thesis is to explore applications of conductometric detection 

on enzyme assays. Analytical methods for clinical analysis and in the life sciences 

in general rely on optical detection by UV-Vis absorption or fluorescence. However, 

many species are not directly accessible optically. In enzyme assays, important 

methods in which the selectivity of the enzyme for the substrate is made use of, the 

analytical reaction therefore usually has to be coupled to a second reaction (often 

via H2O2 as intermediate [98] [99]) which leads to the formation of a colored 

product. However, conductometric detection is a universal detection method for 

ionic species which does not require derivatization, thus exploration of an indirect 

application of this technique remains as an interesting task. 

 

First investigation involved the non-ionic species glucose, ethanol, ethyl acetate and 

ethyl butyrate, which can not be detected either by UV absorption or fluorescence. 

Through the conversion to ionic species via enzymatic reaction, these species can be 

selectively quantified via CE separation with C4D. After this successful model, the 

investigation is then extended to urea, one of the species routinely determined in 

clinical samples (blood serum, urine). The suitability of conventional CE and 

microchip electrophoresis with C4D for this purpose is further explored. This 

investigation involved detailed urease kinetic studies and the determination of urea 

in human blood serum. A common method for the identification of protein is to use 

enzymes for selective cleavage of amide bounds. This produces a mixture of 

peptides, each protein having its characteristic peptide pattern, which can be 

determined by capillary electrophoresis. In the third approach, peptic and tryptic 
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digestion of model proteins was examined; the suitability of online (EMMA) 

digestion was also investigated. The development of chiral synthesis using soft 

catalysts, such as enzymes, is currently an important trend. Expensive HPLC 

column is commonly used to analyze the enantioselectivity during the synthesis. By 

directly monitoring the enantioselective hydrolysis of amino acid ester, CE C4D was 

exploited as an inexpensive alternative to HPLC. Furthermore, the investigation was 

applied on study of acetylcholinesterase inhibitors. Some of acetylcholinesterase 

inhibitors are used to treat Alzheimer’s disease. Others are used as chemical 

weapons such as nerve agents and as pesticides. The antagonist drug potency can be 

demonstrated through the value of IC50.  
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V. Results and discussion 
The results and discussion chapter comprises reprints of three published paper in 

Electrophoresis and Analytical Biochemistry, one manuscript of a paper recently 

submitted for publication in Chirality, another manuscript is in preparation for 

submission. All the papers are contained in the subsections. 

 

CE C4D can separate and detect inorganic species, organic ions and biochemicals, 

their applications include clinical analysis, food analysis and enantiomeric 

separations. However, so far, the application of this method on enzymatic reactions 

has been unknown. The evaluation of this new approach started with glucose. The 

determination of glucose is of high interest because of clinical importance. When 

hexokinase [100] is used as a catalyst together with cofactors ATP, glucose is 

converted to glucose-6-phosphate (G6P) and ATP to ADP. Another enzyme glucose 

oxidase (GOX) catalyzes the oxidation of glucose to glucono-1,5-lactone which 

then hydrolyzes to gluconate. In both assays, the products from reactions, glucose-

6-phosphate, ADP and gluconate are ionic, negatively charged, thus they were 

possible to be measurable in capillary electrophoresis with contactless conductivity 

detection. Ethanol is another substrate which is not ionic, using alcohol 

dehydrogenase as enzyme, together with cofactor NAD, ethanol is converted to 

acetaldehyde and NAD to NADH. Esterases hydrolyze esters into their 

corresponding acids and alcohols. Acetate and butyrate are the products converted 

from ethyl acetate and ethyl butyrate. NADH, ethyl acetate and ethyl butyrate were 

all detectable using CE C4D. A microfluidic device with the standard channel 

configuration of an elongated cross was used to demonstrate the possibility of using 

this platform. The conversion of glucose to gluconate using GOX for catalysis and 

the enzymatic hydrolysis of ethyl acetate were both carried out on micro-chip. More 

detailed discussions can be found in subsection V.1. 

 

With the successful detection of these three substrates via enzymatic reactions using 

CE C4D, the method was then applied to more routinely determined species in 

clinical analysis. Urea is routinely examined in blood serum samples. The most 

common way to detect urea is to employ the enzyme urease to catalyze the 

hydrolysis of urea and to determine the products. In this urease enzymatic assay, 



V. Results and Discussion 39 

one of the products ammonia is positively charged, it is possible to use conductivity 

detection to determine ammonia, as well as directly quantify the ammonium. Being 

able to monitor the amount of ammonium produced as product of the enzymatic 

conversion allows the direct study of the enzyme kinetics. The efficiency of the 

enzymatic reaction is pH-dependent, a series of experiments were carried out at 

different pH-values ranging from 5.2 to 7.6 using constant concentrations of urea 

(20 mM) and urease (0.1 mg·mL), graphs were plotted in relation between v, 

substrate concentration and pH values, the maximum rate of reaction, Vmax, was 

determined as 5.1 mmol·mL-1·min-1, and the Michaelis-Menten constant, KM, was 

determined as 16 mM. The real blood samples were collected from a hospital. The 

determination of urea in human blood serum was investigated. The possibility of 

determining urea in serum samples was first investigated by examining the 

separation. Quantification of urea in 10 serum samples was subsequently carried out. 

The results were close in comparison to the values provided by hospital, which had 

been determined with a standard photometric method. Determination and 

quantification of urea in these 10 serum samples were also carried out on micro-chip 

device. Detailed work see subsection V.2.  

 

The method was then further extended to study the proteolytic enzymes pepsin and 

trypsin, as discussed in the subsection V.3. These two enzymes are frequently used 

for in-vitro studies of proteins. Both enzymes occur in the digestive tract and break 

down proteins, but preferentially cleave the proteins only at specific peptide bonds. 

Amino acids are best separated and detected under acidic conditions in cationic 

form, peptides can also be determined under these conditions. Mass spectrometry is 

often used to determine the peptides and amino acids. The low pH-value assures a 

positive charge of all compounds and therefore fast migration and sensitive 

detection by conductometry. The peptic digestion and the separation of the products 

were carried out using a buffer consisting of 2.3 M acetic acid and 0.05% (v/v) 

Tween with a pH 2.1. Minigastrin I, myoglobin, cytochrome C, HSA and BSA were 

cleaved by pepsin, the peaks of peptides were detected. Tryptic digestion was 

carried out in an optimized buffer consisting 10 mM ammonium bicarbonate 

solution and 2 M urea with pH 7.8. For separation and detection the 2.3 M acetic 

acid buffer was again used in order to assure that all analytes are rendered in the 

protonated cationic form. Cytochrome C and myoglobin were the model proteins 
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cleaved by trypsin, and the peaks of their products were detected. 

Electrophoretically Mediated Micro-Analysis or EMMA [91] is a technique 

developed to carry out the assays in a real nanoliter scale. An adoption from partial 

filling technique [101] with some modifications was employed for tryptic online 

digestion. Cytochrome C and apomyoglobin were employed to be digested by 

trypsin, the peaks of peptides resulting from the digestion were detected.  

 

Subsection V.4 focuses on the use of CE C4D on monitoring enantioselective 

hydrolysis of amino acid esters. A buffer consisting of 2 M acetic acid and 5 mM 

the chiral crown ether 18C6H4 was used for detection of DL-esters and DL-amino 

acids. DL-serine methyl ester (DL-SME) and DL-threonine methyl ester (DL-TME) 

were the two model groups to be examined. Lipase is a water-soluble enzyme that 

catalyzes the hydrolysis of ester bonds in water-insoluble, lipid substrate. A reaction 

buffer with pH at 7.4 consisting 0.2 M NaHCO3 was employed for the hydrolysis of 

ester to amino acid using lipase from porcine pancreas (PPL). Follow the course of 

the hydrolysis, the increase of the both D- and L-serine peaks was observed, as well 

as those of D- and L-threonine. The enantioselectivity ee and yield were studied 

through the model group DL-SME and DL-TME. Comparison was made on the 

selectivity of different lipases, namely between lipase from porcine pancreas (PPL) 

and lipase from wheat germ (WGL). The rate of reaction is slightly higher for the 

PPL than for the WGL. While the WGL also prefers the L-serine ester, a higher 

selectivity for the L-form is found for the PPL. L-SME and L-TME were selected 

together as starting substrates, the rate of reaction is higher for L-TME than for L-

SME. 

 

In the final section V.5, the behaviours of acetylcholinesterase (AChE) inhibitors 

are studied. Acetylcholinesterase inhibitors are chemicals that inhibit the 

cholinesterase enzyme from breaking down acetylcholine, as a result, increase both 

the level and duration of action of the neurotransmitter acetylcholine. AChE 

inhibitors are used as medicinally to treat neurodegenerative disorder such as 

Alzheimer’s disease (AD) and as chemical weapons in the form of nerve agent and 

as pesticides. The enzymatic assay based on the reaction can be described as the 

following, Acetylthiocholine+ → ✡cetate + thiocholine+, in this reaction, AChE 

hydrolyzes acetylthiocholine (ATCh) and breaks it into acetate and thiochline. 



V. Results and Discussion 41 

Acetate is a negatively charged species, it is possible to be separated and detected 

by CE C4D. The buffer consisting 15 mM Mes and 16 mM Arg with pH 8.0 was 

made for the purpose of hydrolysis, another buffer consisting 25 mM Mes, 5 mM 

Arg and 50 µM CTAB with pH 5.7 was used for the separation. The assays were 

first carried out with ACh and AChE. After a mixture of AChE and ACh was 

injected into capillary, the peak of acetate was detected; the size of the peak 

increased following the time course with incubation at 37°C. ACh is used for in vivo 

experiments; ATCh is more often used for in vitro experiments. The further 

experiments were carried out with ATCh using the same protocol. The kinetics from 

this reaction was monitored, 20 U·mL-1AChE was an optimized concentration used 

for monitoring the enzymatic reaction with the inhibitors. The rate of reaction is 

higher for ACh than ATCh. Galanthamine is a model of a reversible inhibitor. A 

range of concentration of galanthamine between 0.1 µM to 100 mM was mixed with 

ACh before the enzymatic reactions took place. IC50 for galanthamine was 39.8 µM 

at incubation time 5 min. Paraoxon is a model of a quasi-irreversible inhibitor, IC50 

of paraoxon at interval time 2 hours was 89.12 µM. Huperzine A is a naturally 

occurring novel Lycopodium alkaloid found in the extracts of the firmoss Huperzia 

serrata and Chinese herb Qian Cheng Ta. At 5 min, IC50 was 31.62 µM. The model 

of galanthamine was also tested on electrophoretically-mediated microanalysis 

(EMMA), 3.89 µM was obtained for the IC50 of galanthamine. 
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Abstract 

The hydrolysis of acetylcholine and acetylthiocholine as catalyzed by the enzyme 

acetylcholineesterase was monitored by capillary electrophoresis with contactless 

conductivity detection by determining the acetate produced in the reaction.  This 

approach eliminates the need for a colour forming derivatization procedure.  The 

effects of the three inhibitors galanthamine, hyperzine A and paraoxon on the 

enzyme kinetics could also be investigated by the new procedure and the IC50-

values were determined.  The contactless conductivity detection was also found to 

be compatible with the electrophoretically mediated microanalyis approach 

(EMMA), in which the enzymatic reaction is carried out directly inside the capillary 

prior to separation and quantification.   
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Introduction   

Acetylcholinesterase inhibitors are substances which inhibit the enzyme from 

breaking down acetylcholine, increasing both the level and duration of action of the 

neurotransmitter acetylcholine.  Such substances occur naturally as venoms and 

poisons.  Importantly, synthetic inhibitors are used as medicines to treat 

neurodegenerative disorders such as Alzheimer’s disease.  Some pesticides and 

chemical weapons compounds also act as acetylcholine inhibitors.   

 

Alzheimer’s disease is the most common cause of dementia.  It is affecting 22 

million people worldwide.  It usually occurs in people over 65 years old, and has 

become one of the major diseases threatening the life of old people.  According to 

one of three competing hypotheses, Alzheimer’s disease is due to the reduced 

biosynthesis of the neurotransmitter acetylcholine.  Based on this cholinergic 

hypothesis, many drugs have been developed to treat acetylcholine deficiency by 

using acetylcholinesterase (AChE) inhibitors to increase the levels of acetylcholine, 

such as tacrine, donepezil, T AK147, physostigmine, galanthamine and huperzine A.  

Since the current AChE inhibitors may also be useful for the treatment of other 

diseases such as Parkinson’s disease [1], the search for new AChE inhibitors is 

receiving much attention.  On the other hand, the inhibition of acetylcholine 

breakdown is a detrimental effect of pesticides on humans and of nerve agents used 

as chemical weapons.  When AChE is not effective in hydrolyzing the breakdown 

of the neurotransmitter acetylcholine, coordination within the nervous system will 

break down due to a buildup of neurotransmitter within synaptic nerve junctions.  

This causes respiratory failure, and eventually death.  Nerve agents and pesticides 

often belong to the organophosphorous compounds and their extreme toxicity has 
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been know since the 1930s.  VX, sarin and soman are important examples of 

organophosphorous nerve agents.  Organophosphorous esters with less toxicity such 

as parathion are employed as pesticides.   

 

The most commonly used methods for assaying AChE activity are based on a 

spectrometric method developed by Ellman et al. in 1960 [2].  The enzyme activity 

is measured by following the increase of a yellow colour produced from the product 

thiocholine when it reacts with dithiobisnitrobenzoate.  In order to enable this 

colorimetric reaction, acetylthiocholine is used commonly as substrate for in-vitro 

studies, rather then acetylcholine, the substance present in living organisms.  A 

chemiluminescent procedure to determine acetylcholine was described by Israël and 

Lesbats [3, 4].  The specificity of the chemiluminescent method depended on the 

fact that choline oxidase (which was used as a secondary enzyme) received its 

substrate only when acetylcholine was hydrolyzed by acetylcholinesterase.  Rhee et 

al. [5] developed a high sensitivity fluorometric assay of AChE inhibitory activity in 

a flow system using a fluorogenic substrate.  Hai et al. [6] designed a bioelectronic 

hybrid system for the detection of acetylcholine and acetylcholineesterase inhibitors; 

the enzyme was immobilized on the surface of the gate of an ion-sensitive field-

effect transistor (ISFET).   

 

Capillary electrophoresis may also be used as an analytical technique for enzyme 

assays, it offers the advantage of specificity through separation, i.e. colour forming 

reagents are not necessarily required for selective quantification.  A further 

advantage is the ability to work with small sample volumes.  CE systems have for 

example been successfully applied to assaying enzymatic activity [7] and [8], 
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including the determination of Michaelis-Menten constants (Km values) [9, 10] and 

inhibition constants [11, 12].  CE is useful for investigating enzyme reactions 

involving charged substrates or products, e.g. for monitoring phosphorylation or 

dephosphorylation reactions [13].  

 

Enzyme assays may also be wholly carried out inside an electrophoresis capillary 

[14]; this microanalysis technique is based on the fact that transport velocities of the 

enzyme, reagents and products are different under applied potential and this may be 

used both to mix the reactants and, after a reaction period without applied voltage, 

separate the product from the enzyme and remaining substrate.  This technique has 

come to much attention as electrophoretically mediated microanalysis (EMMA).  

Van Schepdael and coworkers recently published an updated review on CE-

mediated microanalysis [15].  Heleg-Shabtai et al. [16] presented a sensitive on-chip 

AChE assay, in which the resulting labelled product was detected by laser-induced 

fluorescence.  An EMMA technique using UV detection was reported by Tang et al. 

[17] to screen AChE inhibitors in natural extracts.  Thiocholine, as product from 

enzymatic reaction, was measured directly as a peak in the electrophoretic 

separation by its UV-absorbance at 230 nm.   

 

Capacitively coupled contactless conductivity detection (C4D) is an alternative to 

UV-detection, also suitable for only weakly or not absorbing species, which has 

been explored in past years (see for example the recent reviews [18-22]).  CE-C4D 

has been applied to the monitoring of enzymatic reactions in which the five non–

ionic substrates ethanol, glucose, ethyl acetate, and ethyl butyrate were converted to 

charged products or by-products by alcohol dehydrogenase, hexokinase, glucose 
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oxidase, or esterase [23].  The method was also used to directly quantify the 

ammonium produced in the enzymatic conversion of urea with urease and this was 

applied to the analysis of clinical samples [24].  An investigation of the use of CE-

C4D for further enzymatic assays, namely for acetylcholine inhibitor studies, is 

presented herein.    

 

2  Materials and methods 

2.1 Instrumentation 

Separations were conducted in conventional fused-silica capillaries either on an 

electrophoresis instrument built in-house or a commercial unit.  The former is 

similar to a design detailed elsewhere [25], but uses a high-voltage power supply 

from Spellman (model CZE2000, Pulborough, UK) capable of delivering up to 30 

kV.  The commercial system was a PrinCE instrument (600 series, Prince 

Technologies, Emmen, The Netherlands).  Both instruments were fitted with a 

contactless conductivity detector constructed in-house.  The mechanical details of 

the detector cell can be found previous publications [26, 27].  The cell current was 

transformed into an AC voltage with an operational amplifier (OPA655, Texas 

Instruments, Dallas, TX, USA) in the current follower configuration (feedback 

resistor: 220 kΩ).  The signal was then rectified and further amplified.  The 

electropherograms were recorded on a MacLab/4e data acquisition system (AD 

Instruments, Castle Hill, Australia) which was connected to a computer.  

 

Fused-silica capillaries of 50 µm id and 375 µm od (Polymicro Technologies, 

Phoenix, AZ, USA) were used for all the separations.  Two buffers were prepared 

and used throughout the experiments.  A buffer consisting of 15 mM 2-
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morpholinoethanesulfonic acid (MES) and 16 mM Arginine (Arg) with pH 8.0 was 

used for all enzymatic reactions with and without enzyme inhibitors.  Another 

buffer containing 25 mM MES, 5 mM Arg and 50 µM cetyltrimethylammonium 

bromide (CTAB) with pH 5.7 was used for separation and detection.  The enzymatic 

reactions took place at a temperature of 37°C in a water bath.  

 

2.2 Reagents and methods 

All chemicals were of reagent grade and deionized water (Millipore, Bedford, MA, 

USA) was used throughout.  Acetylthiocholine chloride (minimum 99% TLC), 

acetylcholine chloride (minimum 99% TLC), and acetylcholinesterase from electric 

eel (1052 Units/mg solid) were purchased from Sigma (Buchs, Switzerland).  The 

inhibitors galanthamine hydrobromide from lycoris sp., and (-)–huperzine A were 

also obtained from Sigma.  The inhibitor paraoxon was bought from Supelco (Buchs, 

Switzerland).  MES, CTAB and acetic acid were purchased from Fluka (Buchs, 

Switzerland).  L-(+)-Arginine was bought from Acros Organics (Geel, Belgium).  

Enzymes and substrates were dissolved in the corresponding buffers which have the 

suitable pH-environment for the enzymatic reactions.  Stock solutions of the 

inhibitors were prepared in deionized water, before dilution in the reaction buffer to 

the final concentrations.  All enzymatic reactions were performed in 1.5 ml-

microvials, except for the EMMA measurements.  All capillaries were 

preconditioned with 1 M sodium hydroxide solution, flushed with water and 1 M 

hydrochloric acid solution followed by further flushing with water.  Before use the 

separation capillaries were flushed with the appropriate running buffer.  Except for 

the EMMA procedures, measurements were carried out on the instrument 

constructed in-house.  The enzymatic reaction was studied by mixing a solution of 1 



V.5 Study of acetylcholinesterase inhibitors  89 

mL 1 mM acetylthiocholine or acetylcholine and of 0.05 mL 10 µM 

acetylcholinesterase.  For the investigation of the inhibitor activity, a solution of 

0.05 mL containing the inhibitor at different concentrations was mixed with 1 mL of 

the 1 mM acetylthiocholine solution before adding the enzyme solution.  Sample 

injection was carried out manually in a hydrodynamic manner by lifting the 

injection end of the capillary to a height of 15 cm for 10 s and separations were 

carried out at -25 kV.  In the EMMA mode, each injection was made automatically 

by applying 250 mPa pressure for 10 s.  This was followed by the application of 5 

kV for 5 s to mix the compounds, an incubation time of 5 min and finally separation 

at –30 kV.   

 

3 Results and discussion 

3.1 Conditions for acetylcholinesterase assays  

Acetylcholinesterase breaks down acetylcholine into positively charged choline and 

negatively charged acetate.  In the common Ellman procedure [2], acetylthiocholine 

is used instead of the native acetylcholine as the product thiocholine allows the 

colour forming coupling reaction used for quantification.  When using CE-C4D, 

quantification of either of the ionic species produced is possible directly without an 

auxiliary reaction.  As in CE the concurrent determination of cations and anions is 

only possible in special cases, a decision had to be made to either monitor the 

choline (or thiocholine) cation or the anionic acetate.  It was chosen to quantify the 

acetate produced, rather then the choline cation, but similar results would be 

expected for the alternative procedure.    
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A buffer consisting 25 mM MES, 5 mM Arg of pH 5.7 and containing 50 µM 

CTAB was deemed suitable for the determination of acetate.  As the optimal pH-

value for acetylcholinesterase is between 7.0 and 9.0 [28], a MES / Arg buffer of 

slightly different composition, namely 15 mM MES and 16 mM Arg, with a pH-

value of 8.0 was chosen to investigate the reaction of acetylcholine with 

acetylcholineesterase.  Solutions of acetylcholine and acetylcholineesterase were 

prepared separately in the buffer and then mixed in a microvial.  Upon mixing, a 

first injection into capillary was made, before placing the vial into a 37ºC of water 

bath for incubation.  The reaction mixture was analysed again after 4 min, 8 min, 12 

min and 30 min.  The resulting electropherograms are shown in Fig. 1.  Clean peaks 

for acetate were obtained.  The chloride peaks are due to the fact that acetylcholine 

was added as the hydrochloride salt.  The results clearly illustrate the gradual 

increase of the acetate concentration as the enzymatic reaction progresses.   

 

The reaction was repeated for different concentrations of the enzyme added 

(between 1 and 20 U·mL-1 AChE in the 0.05 mL solution added to 1 mL of the 1 

mM ACh solution) and the resulting reaction kinetics are shown in Fig. 2A as plots 

of peaks areas for acetate obtained vs. reaction time.  Clearly, for the conditions 

used, a strong dependence of the reaction kinetics on the amount of enzyme added 

was obtained.  As the use of acetylthiocholine rather than acetylcholine has become 

standard for in vitro studies of AChE activities, the reaction was also performed 

with this substrate.  All reaction conditions and detection procedures were identical 

to those used for ACh.  The kinetics for the reaction of ATCh catalyzed by different 

concentrations of AChE is illustrated in Fig 2B.  Similar results were obtained, 
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albeit, the reaction kinetics were somewhat slower for the sulfur containing 

compound.  ATCh was adopted as substrate for the subsequent investigations.   

 

In order to study the effect of a potential enzyme inhibitor a suitable concentration 

of the enzyme had to be chosen.  By adding an inhibitor to an enzymatic reaction, 

the enzyme reaction will be significantly slowed down.  For 1 U·mL-1 AChE, the 

reaction was already too slow without inhibitor, within the time scale of first 30 min, 

it was not possible to detect any peaks.  For concentrations between 5 and 15 U·mL-

1 AChE, a inhibitory effect would be noted, but for strong effects quantification 

might not be possible.  A concentration of 20 U·mL-1 AChE was thus used for the 

inhibitor studies reported below.   

 

 

3.2 Acetylcholinestrase assay with inhibitors 

Galanthamine 

Galanthamine is a naturally occurring alkaloid and has recently been approved as a 

drug for the treatment of mild to moderate Alzheimer’s disease [29].  It is a 

competitive and reversible cholinesterase inhibitor.  It binds to enzymes with non-

covalent interactions such as hydrogen bonds, hydrophobic interactions and ionic 

bonds.   

 

The inhibitory effect of galanthamine was tested using CE-C4D by mixing 0.05 mL 

of solutions of galanthamine at different concentrations between 10 and 50 µM with 

1 mL of a solution of 1 mM ATCh before adding 0.05 mL of 20 U·mL-1 AChE.  All 

solutions were prepared in a buffer of 15 mM MES and 16 mM Arg (pH 8.0).  The 
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reaction mixture, which was thermostatted at 37°C, was then analysed by injection 

of aliquots into the capillary after different time intervals of up to 120 min.  The 

effect of the inhibitor galanthamine on the enzyme kinetics is shown in Fig. 3.  

Clearly with increasing concentration of galanthamine a more pronounced effect is 

observed.   

 

The effectiveness of a particular drug or a inhibitor is usually quantified by 

determining the so-called IC50-value, indicating the inhibitor concentration which 

reduces the effectiveness of the enzyme by 50%.  For the purpose of determining 

this value, a range of concentrations of galanthamine between 0.1 µM to 100 mM 

was mixed with ATCh using the conditions as detailed above.  A dose-response 

curve for the relative inhibition of the reaction after 5 min incubation time is shown 

in Fig. 4.  50% inhibition was obtained at a concentration of 40 µM (or 10-4.4 M) in 

the added solution.  This corresponds to 1.8 µM in the final solution.  The IC50-

values are strongly dependent on the conditions used for their determination.  But 

for comparison, de Jong et al. reported a value of 0.38 µM at 0.75 U·mL-1 AChE 

[30].  Dose-response curves were also constructed for the incubation times of 15 

min, 30 min, 45 min and 2 hours, and the resulting IC50-values are plotted against 

reaction time in Fig. 5.  The fact that the values were relatively independent of the 

reaction time is an indication for the reversable nature of inhibitor.    

 

Huperzine A 

Huperzine A is being investigated as a possible new treatment for diseases 

characterized by neurodegeneration, particularly Alzheimer’s disease [31, 32].  It is 

a naturally occurring Lycopodium alkaloid found in the extracts of the moss 
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Huperzia serrata and the Chinese herb Qian Cheng Ta [33].  Huperzine A is a 

reversible AChE inhibitor.   

 

Solutions of huperzine A with concentrations of 4.1 nM, 41 nM, 410 nM, 4.1 µM, 

41 µM, 410 µM and 4.1 mM were prepared.  0.05 mL of these solutions were mixed 

with ATCh and AChE as described above.  At 0 min, 5 min, 15 min, 30 min, 45 min 

and 2 hours incubation time, samples were injected and the acetate peaks were 

determined on application of the separation voltage.  From a dose-response curve 

for the incubation time of 5 min an IC50-value of 10-4.5 M of the added solution was 

obtained.  This corresponds to an IC50-value of 1.4 µM in the final solution.  Some 

variation of this value for the other reaction times was obtained as is also shown in 

Fig. 5.  The data again matches that of a reversible inhibitor.  An IC50-value of 3.2 

µM was reported for (-)-huperzine A by de Jong et al. [30].    

 

 

Paraoxon 

Paraoxon, is an organophosphate compound and the active degradation product of 

the insecticide parathion.  It is known to be highly toxic and a quasi-irreversible 

acetylcholinesterase inhibitor [34].  The IC50-values were determined as described 

above for the other two inhibitors by using a series of 8 concentrations of paraoxon 

from 3.6 µM to 36 mM.  The values obtained after incubation times of 5 min, 15 

min, 30 min, 45 min and 2 hours, are plotted again in Fig. 5.  The strong 

dependence of the IC50-value is a result of the irreversable nature of this inhibitor.  

It is noted that the difference of IC50-values between the incubation times of 5 min 
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and 2 hours is almost 20 fold.  The lowest value, obtained after 2 hours is about 4 

µM.  Lessire et al. reported a value of 0.2 µM obtained by in vivo studies [34].    

 

 

3.3 EMMA   

As different buffers are used for the enzymatic reaction and the subsequent 

separation, the on-capillary EMMA-procedure has to be tailored to accomodate this 

situation.  A partial filling technique combined with the EMMA plug-plug mode 

was therefore used for the on-line reaction and separation.  This technique was first 

introduced by Van Dyck et al. [9] and has been adopted widely since [35].  The 

detailed plug introduction scheme is seen in Fig 6.  The capillary is rinsed and filled 

with the separation buffer (buffer 1), which consists of 25 mM MES / 5 mM Arg / 

50 µM CTAB at pH 5.7.  The first plug of buffer 2, which consists of 15 mM MES / 

16 mM Arg with pH 8.0, is to isolate the reaction medium from buffer 1 and create 

a suitable pH-environment for the enzymatic reaction.  AChE has a larger mass 

compared to ATCh, therefore the injection of the enzyme solution (20 U·mL-1 AChE) 

is followed by the 1 mM ATCh-solution.  Another plug of buffer 2 is again used to 

isolate the reaction medium from the separation buffer.  After 5 kV was applied for 

5 s to achieve mixing, 5 min of incubation time was allowed to let the enzymatic 

reaction take place.  The production of acetate can be observed in the resulting 

electropherograms as illustrated in trace 1 of Fig 7.  Following the addition of 0.01 

mL 100 µM of galanthamine solution to 1 mL of 1 mM ATCh solution, the online 

procedure was repeated, and electropherogram 2 of Fig. 7 was obtained.  The 

inhibitor effect of galanthamine could thus also be monitored by using the EMMA 

procedure.  The experiment was thus repeated for galanthamine concentrations (in 
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the 0.01 mL aliquot mixed to the substrated solution) of 0.01 µM, 0.1 µM, 1 µM, 10 

µM, 100 µM, 1 mM, 10 mM and 100 mM.  A dose-response curve for the inhibition 

activity of galanthamine was plotted and the resulting IC50-value determined.  This 

came to a value of 36 µM for the undiluted solution, or 0.36 µM for the 

substrate/inhibitor solution before injection.   

 

4. Conclusions 

The use of CE-C4D as analytical method was found to be useful for the facile study 

of acetylcholineesterase inhibitors, without having to employ colour forming 

reagents, or the thiocholine variant as substrate.  To our knowledge, this is the first 

report employing this technique for this purpose.  The sampling of small aliquots for 

the CE-step allowed an easy determination of kinetic data from small samples 

volumes.  The EMMA-method is an elegant on-line method, which allows to work 

with even smaller volumes.  However, the acquisition of time dependent data by this 

means is more elaborate as the reaction mixture is available always for only a single 

measurement.  There is also a question related to numerial data, due to non-

quantifiable possible dilution effects taking place inside the capillary.  This may 

partly account for the differences in the IC50-values obtained for the off-line and on-

line procedures (1.8 µM vs. 0.36 µM).   
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Figure captions 

Fig. 1   Electropherograms showing the acetate produced after different intervals 

from acetylcholine by acetylcholineesterase catalyzed hydrolysis as well as 

the concomitant chloride.  Reaction mixture:  1 mL of 1 mM ACh in 15 

mM MES / 16 mM Arg, at pH 8.0 and 37°C, to which was added 0.05 mL 

of 10 U·mL-1 AChE-solution.  Separation buffer:  25 mM MES / 5 mM Arg 

/ 50 µM CTAB, pH 5.9.  Injection:  hydrodynamic, 10 s at 15 cm elevation.  

Capillary length:  50 cm.  Separation: -25 kV.   

 

Fig. 2  Production of acetate from the hydrolysis of (A) ACh and (B) ATCh by 

different concentrations of AChE.  AChE concentrations in the aliquot:  ◆ 1 

U·mL-1, ▲ 5 U·mL-1, ▼ 10 U·mL-1, ■ 15 U·mL-1  and  ● 20 U·mL-1.  Other 

conditions as for Fig. 1.   

 

Fig. 3  Production of acetate from the enzymatic reaction inhibited by 

galanthamine at different concentrations in an aliquot of 0.05 mL added to 

the reaction mixture:  ■ no galanthamine, ▲ 10 µM, ▼ 20 µM, ● 40 µM 

and ◆ 50 µM.  A concentration of 20 U·mL-1 of AChE in the aliquot was 

used for all reactions.  Other conditions as for Fig. 1.   

 

Fig. 4  Dose-response curve for the inhibition activity of galanthamine for the 

determination of the IC50-value.  Range of galanthamine concentrations 

used:  0.1 µM, 1 µM, 10 µM, 100 µM, 750 µM, 1 mM, 10 mM and 100 

mM in the aliquot added to the reaction mixture.  Incubation time:  5 min.  

Other conditions as for Fig. 1.   
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Fig. 5  Time dependence of the IC50-values for (A) the inhibitors galanthamine, 

huperzine A and (B) paraoxon.  Experimental conditions as for Fig. 4.   

 

Fig. 6  Schematic illustration of the EMMA methodology with a partial filling 

technique.  Buffer 1: 25 mM MES / 5 mM Arg / 50 µM CTAB, pH 5.9.  

Buffer 2:  15 mM MES / 16 mM Arg, pH 8.0.   Substrate solution:  1 mM 

ATCh in buffer 2.  Enzyme solution:  20 U·mL-1 AChE in buffer 2.  

Injection order:  1) Injection of buffer 2 for 10 s at 250 mPa;  2) Injection 

of the enzyme solution for 10 s at 250 mPa;  3) Injection of substrate and 

inhibitor solution for 10 s at 250 mPa;  4) Injection of buffer 2 for 10 s at 

250 mPa;  5) Application of -5 kV for 5 s to mix the substrate and inhibitor 

with the enzyme;  5) Electrophoretic separation after high voltage -30 kV is 

applied.   

 

Fig. 7  Electropherograms of ATCh catalyzed by AChE with the EMMA mode.  

Electropherogram 1:  production of acetate without galanthamine. 

Electropherogram 2:  reduced production of acetate on adding 

galanthamine in the ATCh solution.  Online incubation time:  5 min.  Other 

conditions as for Fig 6.  Capillary length: 70 cm.   
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