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Abstract: 

A custom capillary electrophoresis system with post-column chemiluminescence 

detection (CE-CL) was used with electrophoretically mediated microanalysis (EMMA) to 

indirectly determine the enzyme kinetics of glucose oxidase. Validation of the instrument was 

performed through injecting luminol hydrodynamically to measure the consistency of the results, 

as well as learning how to use the CE-CL system. Based on the results obtained from the luminol 

injections, there was strong linearity present, with an R2 value of 0.9925, as the concentration of 

luminol increased. The glucose oxidase was introduced by electrokinetically injecting the 

enzyme into the system to react with the substrate, β-D-glucose. The byproduct, hydrogen 

peroxide, was produced on column and reacted with luminol in the outlet cell, in which the 

production of light was detected by the photon counter. Based on the results obtained from the 

glucose oxidase injections, there was a fairly strong linearity present, with an R2 value of 0.976. 

As the concentration of glucose oxidase increased, the intensity of the plateaus also increased 

because there was an increase in the formation of product. CE-CL has been proven to be an 

effective technique to indirectly determine kinetic constants of enzymes that produce hydrogen 

peroxide and to be later compared to literature values. 

 

 

 

 

 

 

 



Portagallo 5 

Introduction: 

Capillary electrophoresis 

 Capillary electrophoresis is a separation technique that is becoming more commonly used 

because of its speed, efficiency, high sensitivity, small sample volume, minimal waste, as well as 

its various applications.1-4 Capillary electrophoresis does not have a stationary phase, and utilizes 

a large electric field to carry the solution across the capillary and results in separation based on 

charge from the generation of electroosmotic flow. A typical capillary electrophoresis system, 

which is shown in Figure 1, consists of an anode in an inlet buffer and a cathode in an outlet 

buffer solution. Both buffers contain the capillary and are connected to a high voltage power 

supply, and the detector cell is on-column.1 In the set-up used for this experimentation, the 

detection cell contains an optical window for post-column detection rather than an on-column 

detection window. 

 

Figure 1. Capillary electrophoresis system set-up using an on-column detector.5  

Electroosmotic flow (EOF) causes the solution to travel across the capillary from the 

anode to the cathode.1 In order for this to occur, the capillary has to be washed first with sodium 

 detection 
window 
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hydroxide, which deprotonates the silanol groups of the fused silica capillary. Then, the cations 

in the buffer form a charged double layer, which is shown in Figure 2. This process allows the 

cations in the solution to flow from the anode to cathode when a potential is applied.1 Cations 

travel the fastest, because they are attracted to the cathode, while the neutral charges are moved 

because of EOF, and the anions travel the slowest because of their attraction to the anode, but 

will still flow towards the cathode.1 EOF is much greater than electrostatic attraction, and 

regardless of the charge of the molecule, it will flow in one direction towards the cathode and 

separate during one run.  

 

Figure 2. Electroosmotic flow diagram in the capillary showing the charged double layer from 
the cations in the buffer. 
 
 

As a result of separation in CE is based on the charge of an ion, the velocity and mobility 

of an ion can be determined by the following equations:  

vion = µeE           (1) 

µe = 𝑞𝑞
6∗π∗η∗𝑟𝑟

         (2) 

where µe is the electrophoretic mobility, E is the strength of the electric field being applied, q is 

the charge of the ion, η is the viscosity of the buffer solution, and r is the radius of the ion .1 The 

variables in this equation depend on the type of ion, as well as the pH of the buffer.1  

Anode 
 

Cathode 
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There are two factors that affect EOF: the pH of the buffer used and suppression of 

flow.1,6 The pH of the buffer has to be considered regarding EOF, because it can affect the 

charge separation within the capillary.1 When the buffer has a high pH, the silanol groups stay 

deprotonated and charged, allowing for the formation of a strong double layer. 1, 7 When the 

buffer has a low pH, the silanol groups are protonated and are neutral, resulting in a weaker 

double layer and weak EOF. 1, 6, 7  

Suppression of flow also has an effect on the EOF, because if there is no current flow, the 

solution is prevented from traveling to the cathode where the products can be detected. This 

could be due to bubble formation or a blockage in the capillary. Bubble formation occurs when 

the capillary is not fully submerged in the sample during injection, if the capillary is placed 

above the electrode during injection, or if the sample in the capillary becomes dislodged when 

placing back into the inlet buffer solution. Another cause for bubble formation is due to Joule 

heating. Joule heating occurs when there is too much current flowing, due to increasing the 

applied electric field or the ionic strength of the buffer.8 The temperature increases too much in 

the center of the capillary, which can result in bubble formation or laminar flow.1 However, 

Joule heating can be prevented by thermostatting the capillary to keep the temperature stable 

when current is flowing. A blockage can occur if the capillary was not washed thoroughly. Both 

bubble formation and a blockage in the capillary can be resolved by washing the capillary with 

buffer.  

 An advantage of capillary electrophoresis is that the EOF causes the solution to flow 

through the capillary with a flat flow profile, or plug flow, which is shown in Figure 3.1 Since 

EOF is caused by an electric field and is able to occur because of the charged double layer 

surrounding the capillary, and results in separation based on the charge of the ion. This will 
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allow the EOF to be uniform throughout the capillary and results in a flatter shape. The flat flow 

profile increases the efficiency of separation, and there will be an increase in the number of 

theoretical plates (N).1 In systems with laminar flow, the flow has a parabolic shape and will 

have lower resolution, since it is caused by a frictional force along the walls of the stationary 

phase and the solution.1, 3, 9, 10 Compared to laminar flow that occurs in high performance liquid 

chromatography (HPLC) because of a high pressure pump, EOF can be more efficient for 

separation and can have a greater resolution.1, 6, 7  

 
 
Figure 3. Different types of flow profiles that can occur in a capillary, with the expected 
responses.1 
 

Depending on the type of sample being injected into the CE system, there are three types 

of sample injections that can be performed: hydrodynamic, electrokinetic, and pressure 

injections.1, 3, 11 In hydrodynamic injections, the sample is placed at a higher elevation, and when 

the capillary is placed in the sample for a few seconds, the height difference allows for the 

sample to move into the capillary. For electrokinetic injections, both the capillary and the anode 

are placed in the sample, and when a high voltage is applied for a few seconds, the sample is 

introduced to the system, and then placed back into the anode reservoir.1 For pressure injections, 

pressure is applied in the sample or a vacuum is applied in the cathode reservoir, so when the 

capillary is placed in the sample, there is enough pressure to move the sample into the capillary.1  

Time (s) Time (s) 

Si
gn

al
 

Si
gn

al
 

EOF  Flow  



Portagallo 9 

Capillary electrophoresis is often advantageous because of its high efficiency; however, a 

limitation of this separation method is its detection limits.12, 13 Capillary electrophoresis is often 

paired with optical detection, such as UV-Vis absorption, because it is nearly a universal 

detector.1, 4 UV-Vis absorption does not have good detection limits because of problems with the 

pathlengths.4, 14 This is due to the outer diameter of the capillary being approximately 360 µm, 

thus making the path length much shorter than the typical one centimeter.1 Other types of optical 

detectors paired with CE include laser induced fluorescence, fluorescence, and photodiode arrays 

(PDAs).1,15 These other methods have better sensitivity than UV-Vis absorption, but due to the 

fact they are all types of on-column detectors, they will also have higher detection limits because 

of smaller path lengths.1, 4, 6, 15 

Electrochemical detection can be used as an alternative detection method for CE, because 

of its high sensitivity. These methods can be separated into three categories: potentiometric, 

conductometric, and amperometric detections.16-18  Potentiometric detection are ion selective, 

and are able to detect the ion of interest in small volumes of sample when a potential difference 

is applied.17 Conductometric detection utilizes a potential difference between two electrodes in 

an electrolytic sample.17 Amperometric detection is highly sensitive and selective, and transfers 

electrons when a voltage is applied.1, 17 Electrochemical detection can be favored because of its 

sensitivity and selectivity, but this type of detection also has its limitations.16 One of the main 

limitations is that it can interfere with the applied voltage, causing fluctuations in the current 

flowing across the capillary.16 These electrochemical methods are all post-column detectors, 

making it problematic to be paired with capillary electrophoresis systems that utilize post-

column detection cells. With the cathode is in the outlet cell, and in close proximity to the 

detector, the increased current leads to noise.16, 17 Another limitation of electrochemical detection 
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is that it is not a universal type of detection, and the outlet cell must be modified in order to use 

the external equipment (i.e. electrodes).1, 13, 17  

Chemiluminescence detection 

 Another type of detection that has been paired with capillary electrophoresis is 

chemiluminescence (CL). Dadoo et al. used an end-column CE-CL system with several 

chemiluminescent reagents due to CE’s higher separation efficiency and high sensitivity.19 Since 

then, capillary electrophoresis has often been paired with chemiluminescence detection to 

analyze metal ions, enzymes, proteins, as well as amino acids and peptides.2, 14, 20-23  

Chemiluminescence is a direct result of the emission of light caused by a chemical 

reaction when the photon relaxes. 2,3,22-24  A chemiluminescent reagent such as luminol, reacts 

with hydrogen peroxide to produce 3-aminophthalate and light, which is shown in Figure 4.25 

The amount of light that is emitted from the excited intermediate has a direct relationship to the 

concentration of luminol.2, 21 As the concentration of luminol increases, the more intense the 

peak will be, and a detector is used to monitor the production of light.2, 21 In addition, a catalyst 

is often used, such as microperoxidase, horseradish peroxidase, or potassium ferricyanide to 

speed up the rate of production of light, and can all be used with luminol.2,3,20, 22, 26  

 

Figure 4. Chemiluminescence reaction of hydrogen peroxide and luminol.  

+ N2 + H2O 
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CE-CL has also been widely used, because chemiluminescence is a type of detection that 

does not require an external light source.22, 24, 27 Due to chemiluminescence not requiring an 

external light source, there will be reduced background noise, in addition to high sensitivity and 

selectivity when paired with CE because it is usually performed in the dark.2, 15, 19, 22-24, 26, 27  

However, a significant drawback to using CE-CL is that luminol is sensitive to pH.14, 24, 

26, 28 If the pH of the buffer used is too high, the intensity of the peak increases. Conversely, if the 

pH of the buffer is too low, the intensity of the peak will decrease.28 This is due to the conditions 

for luminol to be oxidized when reacting with hydrogen peroxide to produce light, and 

depending on the pH, there will either be an increase or decrease in amount of light produced. A 

possible reason to alter this condition is because another reagent (such as an enzyme) being used 

in the reaction requires a different pH to react for optimal activity. Another drawback to using 

CE-CL is that there is a limitation on the reagents that can be used with luminol. This limits the 

type of enzyme or chemical used because luminol has to react with hydrogen peroxide in order 

for chemiluminescence to occur.  For this project in particular, it was limited to only enzymatic 

reactions that produce hydrogen peroxide. Glucose oxidase, the model enzyme, produced 

hydrogen peroxide as a byproduct, which resulted in the reaction with luminol in the outlet cell 

and produced light.  

Electrophoretically mediated microanalysis    

 Enzyme kinetics have been used to determine the rate of the enzymatic reaction, and a 

generic enzyme reaction is shown in the equation below: 

E + S ⇌ ES  E + P         (3) .29 

Equation 3 shows that when an enzyme and substrate react, the substrate binds to the enzyme’s 

active site, creating the enzyme-substrate complex (ES), and product is formed after the substrate 
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is converted to product at the active site.29  When the enzyme and substrate react to form the 

enzyme-substrate complex, it can occur in two different ways: under the lock and key model or 

the induced fit model, which are shown in Figure 5.  

 

 

Figure 5. Lock and key model (A) and the induced fit model (B) for ES complex binding.30 
 
 
 
For the lock and key model, the shape of the substrate is complementary to the shape of 

enzyme’s active site, and is able to bind to form the ES complex with no conformational change. 

For the induced fit model, the enzyme’s active site has to undergo a conformational change in 

order for the substrate to be able to fit and form the ES complex. The steps in this reaction are 

important in determining the Michael-Menten constant of the enzyme of interest. The Michaelis-

Menten equation is:  

vo = 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚[𝑆𝑆]
𝐾𝐾𝑚𝑚+[𝑆𝑆]

            (4) 

where Vmax is the maximum velocity (or rate) of the enzyme, [S] is the substrate concentration, 

and Km is the Michaelis-Menten constant of a particular enzyme.29 This equation is useful for 
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seeing how the rate changes in response to varying the substrate concentration when the enzyme 

concentration is held constant. The Km value can be determined on the Michaelis-Menten plot as 

the substrate concentration at half Vmax and be compared to literature values, which is shown in 

Figure 6A. Another way for the Km value to be determined by linearizing the Michaelis-Menten 

graph using a Lineweaver-Burk plot. The Lineweaver-Burk plot equation resembles a line of best 

fit, which is: 

1
𝑣𝑣𝑜𝑜

= � 𝐾𝐾𝑚𝑚
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

� 1
[𝑆𝑆] +  1

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚
                 (5). 

By taking the inverse of the Michaelis-Menten plot, the Km can be determined by setting the 

negative inverse of the Km equal to the x-intercept of the line, which is shown in Figure 6B. The 

Km value indicates the type of binding that occurs at the ES complex. A lower Km value indicates 

that tight binding is occurring and there is more ES complex forming so there will also be more 

product formation. A higher Km value indicates that weak binding is occurring and there is more 

ES complex dissociating than forming, therefore less product. 

 
A.                                                                     B.  

  
Figure 6. Example Michaelis-Menten plot (A) and Lineweaver-Burk plot (B).31, 32 
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 Electrophoretically mediated microanalysis (EMMA) is used to continuously mix and 

separate the enzyme, substrate, and products.33-35 This is achieved by injecting a plug of enzyme 

into the capillary containing substrate, which is shown in Figure 7. In order to construct a 

Michaelis-Menten or Lineweaver-Burk plot to determine the rate of the enzymatic reaction, the 

enzymatic rates can be determined from obtaining plateaus of the reaction using EMMA.  

  

 

 

 

 

Figure 7. Zone of enzyme in the capillary using EMMA. 

 

 When the zone of enzyme is injected into the system, EMMA can be used under either 

zero potential or constant potential.29, 36, 37 Under zero potential, there is no current flow, so there 

would be no EOF to separate the enzyme and substrate.29 This is done to leave the enzyme and 

substrate to mix without separation, and product would form.29, 37 Under constant potential, the 

enzyme and substrate are constantly mixed, product formed, and separated from each other as 

they progress through the capillary.29  

When EMMA is performed under constant potential, there are three types of responses 

that can occur during the reaction. The first type of response that can occur is when the enzyme, 

substrate, and product are all mixing and separating continuously that the reaction detected will 

show a constant EMMA plateau, which is shown in Figure 8A. The second type of response 

involves the product being formed, or having excess product from the previous trial, before the 

E 

EOF 

Capillary Post-Column 
Reactor 
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enzyme was introduced into the system by electrokinetic injection.29 When this occurs, the 

product will be detected first and have a higher response on the EMMA plateau, which is shown 

in Figure 8B. The final type of response involves excess product being detected at the end.29 

When this occurs, the product has more time to mix and separate in the capillary, so the response 

will be much greater on the EMMA plateau, which is shown in Figure 8C.  

A.  

         B.  

      C.    

          
Figure 8. Example of expected EMMA plateau (A), EMMA plateau where excess product is 
detected first (B), and EMMA plateau where excess product is detected at the end (C).29 
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EMMA paired with CE was the main focus in a paper by Bao and Reigner, where the 

enzyme and substrate of interest were NADP oxidoreductase and D-glucose-6-phosphate (G-6-

PDH).29 The enzyme was introduced into the capillary by electrokinetic injection, and the 

substrate was constantly flowing through the capillary from the inlet, when a constant potential 

was be applied for the enzyme and substrate to mix.29 Using UV-Vis absorbance, product 

formation could be detected if the enzyme absorbed light at a certain wavelength.29 This project 

is very similar to the work done by Bao and Regnier. However, a custom capillary 

electrophoresis system with post-column chemiluminescence detection is being utilized to 

indirectly determine kinetic constants of enzymes that produce hydrogen peroxide. When the 

model enzyme, glucose oxidase, reacts with the substrate, β-D-glucose, D-glucono-1,5-lactone 

and its byproduct, hydrogen peroxide, are formed, as shown in Figure 9.38, 39 Since this project is 

completed in the dark, the hydrogen peroxide is the product of interest, because a response is 

detected when it reacts with luminol in the outlet cell.    

 
Figure 9. Catalyzed oxidation reaction of β-D-glucose 
 
 

Another application of EMMA that is utilized in CE is through the studies of inhibitors, 

as shown in Figure 10. In a paper published by Whisnant and Gilman, the study of three different 

types of inhibitors were used to measure the response of the enzyme of interest.33  The results 

showed that timing is an important factor when injecting the inhibitor and enzyme because of 
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their electrophoretic mobilities.33 The inhibitor zone has to be injected during the formation of 

the ES complex, so they can mix and separate, which results in a dip on the EMMA plateau 

because of a decrease in product formation.33 The work done by Whisnant and Gilman was an 

effective method for demonstrating that the presence of an inhibitor in the capillary 

electrophoresis system can used to measure inhibition constants. 

 

Figure 10. Enzyme inhibition reaction. 

 

The three types of inhibitors are competitive, uncompetitive, and non-competitive. A competitive 

inhibitor binds at the enzyme’s active site, because it has a structure that is similar to that of the 

substrate, and ultimately prevents the formation of the ES complex.33 This type of inhibitor does 

not affect the Vmax value of the enzyme but does increase the Km value, which is shown on the 

Lineweaver-Burke plot in Figure 11A, where both plots have the same y-intercept. 

Noncompetitive inhibitors bind either to enzyme or the formed ES complex.33 This type of 

inhibitor only affects the Vmax of the enzyme. As the concentration of the inhibitor increases, 

there is a decrease in Vmax but the Km value remains the same, which is shown on the 

Lineweaver-Burke plot in Figure 11B, where both plots have intersecting x-intercepts. 

Uncompetitive inhibitors bind to the formed ES complex, and decreases the amount of product 

formed.33 This type of inhibitor affects both the Vmax and Km of the enzyme. As the concentration 
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of the inhibitor increases, there is a decrease in both the Km and Vmax, which is shown on the 

Lineweaver-Burke plot in Figure 11C, where the plot has non-intersecting lines.  

A. B.  C.       

Figure 11. Lineweaver-Burk plots of competitive inhibition (A), noncompetitive inhibition (B), 
and uncompetitive inhibition (C).40 
 
 

For this project, a known, competitive inhibitor of glucose oxidase that can be used as a is 

chloride.39 At low pH, chloride ions are a competitive inhibitor for glucose oxidase, and will bind 

bind to the active site of the oxidized form of the enzyme.39, 41, 42 However, the conditions for this 

project uses a buffer with pH = 10.80, and does not satisfy these conditions for chloride ions. 

Another type of inhibitor that can be used is 2-deoxy-D-glucose, which is shown in Figure 12.39 

This is a competitive inhibitor, because it has a similar structure to the substrate, and is able to 

bind to the enzyme’s active site.39 

A.   B.  

Figure 12. Structure of competitive inhibitor (A) and substrate (B). 
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Materials and Methods: 

Reagents 

Microperoxidase (CAS 104870-94-2) and luminol (CAS 521-31-3), glucose oxidase (CAS 9001-

37-0, 10 kU), methanol (CAS 67-56-1) and hydrogen peroxide (CAS 7722-84-1, 30% w/w) were 

purchased from Sigma Aldrich. β-D-glucose (97%, CAS 492-61-5) was purchased from MP 

Biomedicals. Sodium phosphate tribasic (CAS 10101-89) and sodium phosphate dibasic (CAS 

7558-79-4) were purchased from Fisher Scientific, which were combined to make the sodium 

phosphate buffer used (pH =10.80, 1.3780 g Na2PO4, 0.1114 g Na3PO4).  

The instrument 

 For both the luminol and glucose oxidase injections, a custom CE-CL system was used, 

which are shown in Figures 13A and 13B. In the outlet box, the post-column detector (which is 

the photon counter) is connected to the computer monitor through a National Instrument data 

acquisition board (CB-68LP) in which a photon counter program is utilized in LabVIEW, as 

shown in Figure 14. A Spellman power supply (CZE1000R) was used to apply a constant 

potential of 15 kV and allow current to flow across the capillary during each run, and the 

capillary used was purchased from Polymicro Technologies (363 μm outer diameter, 75 μm 

inner diameter).  
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A. 
 
 

 
B. 
Figure 13. Diagram of the CE-CL system (A) and custom CE system with post-column 
chemiluminescence detection (B). 
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A.  
 
 

 
B. 
Figure 14. Photon counter program used on LabVIEW (A) and EMMA plateau (B). 
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Preparing the capillary 

 Before the first run, or whenever suppression of flow occurred, the capillary had to be 

washed in this order with: 0.1M sodium hydroxide, DI water, then with sodium phosphate buffer. 

In order to do this, a custom capillary adapter was used and attached to a syringe.  

Validation of the instrument: luminol injections 

 For the validation of the instrument, various concentrations of luminol were used to 

measure the consistency of the trials performed. A 1.0 mM luminol stock solution was prepared 

by weighing 0.0089 g and quantitatively transferring it to a 50.00 mL volumetric flask with 5.00 

mL of methanol. The solution was sonicated until the luminol fully dissolved, and was then 

diluted to the mark with sodium phosphate buffer. A 0.215 mM microperoxidase stock solution 

was prepared by weighing 0.0042 g and quantitatively transferring it to a 10.00 mL volumetric 

flask to be diluted to the mark with sodium phosphate buffer. A 0.4 M hydrogen peroxide stock 

solution was prepared by weighing out 0.435 g in a 10.00 mL volumetric flask and diluting to the 

mark with sodium phosphate buffer. 

 The capillary (37.0 cm) was placed in the inlet and outlet cells. In the inlet, the anode and 

capillary were placed in a beaker filled with 0.215 mM microperoxidase solution, while the 

cathode and capillary in the outlet cell were placed in 0.4 M hydrogen peroxide. The luminol 

sample was prepared in an Eppendorf tube and diluted with sodium phosphate buffer. This 

Eppendorf tube was taped above the anode on the inlet box. The capillary was then placed in this 

sample to allow the luminol to be introduced into the system by a five second hydrodynamic 

injection, then placing it back into the microperoxidase solution. The parameters set for the 

luminol injections on the Photon Counter LabVIEW program were a 6-minute runtime, with 5 

measurements/second. 
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Glucose oxidase injections 

 For the glucose oxidase injections, various concentrations of the enzyme were used to 

determine the optimal concentration for this portion of the project. The luminol and 

microperoxidase stock solutions were prepared the same way as the luminol injections. A 2.50 x 

10-5 M microperoxidase/ 2.50 x 10-6 M luminol solution was prepared by adding 1.00 mL of the 

microperoxidase and 75.0 µL of luminol stock solutions in a 10.00 mL volumetric flask, and 

diluting to the mark with sodium phosphate buffer. A 200.0 mM β-D-glucose stock solution was 

prepared by weighing out 3.60 g and quantitatively transferring it to a 100.0 mL volumetric flask 

to be diluted to the mark with sodium phosphate buffer. A glucose oxidase stock solution was 

prepared by adding 200.0 µL to a 10.00 mL volumetric flask and diluting to the mark with 

sodium phosphate buffer. 

 Once the optimal glucose oxidase concentration was determined, the concentration of the 

substrate, β-D-glucose, was varied. Using the 200.0 mM β-D-glucose stock solution, a series of 

10.00 mL dilutions were performed to vary the concentration between 5.00 mM-100.0 mM. 

 In the inlet, the anode and capillary were placed in a beaker filled with 200.0 mM β-D-

glucose stock solution, while the cathode and capillary in the outlet cell were placed in the 2.50 x 

10-5 M microperoxidase/ 2.50 x 10-6 M luminol solution. Before the run could begin, the β-D-

glucose solution had to flow through the capillary. The glucose oxidase sample was prepared in 

an Eppendorf tube and diluted with sodium phosphate buffer, and the Eppendorf tube was placed 

in the inlet box. The capillary and anode were then placed in this sample to allow the glucose 

oxidase to be introduced into the system, by a five second electrokinetic injection, then placing 

both back into the β-D-glucose solution. The parameters set for the glucose oxidase injections on 

the Photon Counter LabVIEW program were a 6-minute runtime, with 5 measurements/second. 
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Results and Discussion: 

Validation of the instrument: luminol injections 

Validation of the instrument was performed in order to learn how to use the custom CE-

CL system, as well as obtaining consistent responses using different concentrations of luminol. 

During this method, luminol is injected into the capillary and reacts with hydrogen peroxide in 

the outlet cell to produce light, in which the signal detected by the photon counter would be a 

peak. In order to learn how to use the system and obtain consistent results, replicates using 

multiple concentrations of luminol had to be obtained, as shown in Figure 15. Due to the fact that 

CE-CL system used is not automated, the retention times of the peak will not always be the same 

because of the time it takes to have the system in order before the trial starts. However, the 

intensity of the peak is what should be consistent throughout the trials. It is also expected that as 

the concentration of luminol increased, the peaks increased, which is shown in Figure 16.  

The results from the validation of luminol injections confirmed that the response to the 

reaction occurring significantly increases when using increasing concentrations of luminol, 

which is shown in Figure 17A. Using the maxima of the peaks obtained from increasing luminol 

concentrations, a calibration curve was created to determine if there was consistency in the 

results with the method used, which is shown in Figure 17B. The line of best fit was determined 

to be 3.0 x 1010x - 6.7 x 104, with an R2 value of 0.9925. The R2 value indicates that that was 

strong linearity present as the concentrations of luminol increased. 

The luminol injections validated the method and proved to be a reliable and effective 

method in detecting chemiluminescence. It also showed that there was confidence in the obtained 

results, and could move forward with the glucose oxidase injections.  
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Figure 15. Normalization of triplicate luminol injections using 1.00 x 10-5 M (A) and 2.50 x 10-6 
M (B). 
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Figure 16. Normalization of various luminol concentrations.  
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Figure 17. Normalization of various luminol concentrations used (A) and calibration curve (B). 
 

B. 

0.4 M H
2
O

2
 

0.1 mM microperoxidase 
5 second injections 
pH = 10.80 

0.4 M H
2
O

2
 

0.1 mM microperoxidase 
5 second injections 
pH = 10.80 



Portagallo 27 

Glucose oxidase injections 

The custom CE-CL system was used with EMMA to introduce various concentrations of 

glucose oxidase by electrokinetic injection to see if a signal was detected by the photon counter, 

when the byproduct, hydrogen peroxide, reacted with the luminol in the outlet cell. Previous 

work done by former chemistry major, Blake Seaton, is shown in Figures 18A and 18B.43 As the 

concentration of glucose oxidase increases, the intensity of the plateau also increases which is 

supported by the R2 value of 0.9938, indicating strong linearity present. However, one difference 

between Blake’s results and the ones obtained here is the concentration of the substrate, β-D-

glucose, used. In these results, the substrate concentration was held constant at 200 mM, because 

it was to ensure that there was excess substrate during the enzymatic reaction. Blake’s results 

utilized a constant substrate concentration of 10.00 mM, but the results show that there was not 

enough β-D-glucose to react with glucose oxidase and have product formation, showing that the 

results were obtained under non-optimal conditions. Due to this, more results needed to be 

obtained, as well as more reproducible data for publication. Blake Seaton also proceeded to 

determine the Km value of glucose oxidase, which was 24.8 mM, by producing a Michaelis-

Menten plot, and linearizing it by a Lineweaver-Burk plot, which are shown in Figures 19 and 

20. The Km value Blake obtained showed that a higher concentration of β-D-glucose was needed 

for this enzymatic reaction.  
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Figure 18. Previous results of EMMA plateaus using various glucose oxidase concentrations (A) 
and the calibration curve (B) (adapted from Blake Seaton).43 
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Figure 19. Previous results of a Michaelis-Menten plot of glucose oxidase (adapted from Blake 
Seaton).43 
 

 

 

Figure 20. Previous results of a Lineweaver-Burk plot of glucose oxidase (adapted from Blake 
Seaton).43 
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As stated in the luminol injection results, this CE-CL system is not automated, so the retention 

times of the EMMA plateaus will not always be exact throughout multiple trials, but the intensity 

of the plateaus should be consistent when using the same concentration of glucose oxidase, as 

shown in Figure 21.  Figure 21 also shows that there was consistency between trials and as the 

concentration of enzyme increased, the rate of the reaction would also increase as a result of a 

product formation from a high turnover number. 
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B.  

Figure 21. Normalization of replicate trials using 25 U glucose oxidase (A) and 50 U glucose 
oxidase (B). 
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The results of the glucose oxidase injections displayed that the response to the formation 

of product increases when using increasing concentrations of glucose oxidase, which is shown in 

Figure 22A. Using the average of the constant portion of the EMMA plateaus obtained from 

increasing glucose oxidase concentrations, a calibration curve was created to determine if the 

results were consistent throughout the trials performed, which is shown in Figure 22B. The line 

of best fit was determined to be 5.3 x 103x – 1.9 x 104, with an R2 value of 0.976. The R2 value 

indicates that that was fairly strong linearity present as the concentrations of glucose oxidase 

increased.  

 
A. 

 
B. 

Figure 22. Normalization of EMMA plateaus using various concentrations of glucose oxidase 
(U) (A) and calibration curve (B). 
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One trial was completed to begin the determination of the Km value of glucose oxidase by 

constructing a Michaelis-Menten plot and linearizing it by the Lineweaver Burke Plot, which is 

shown in Figures 23 and 24. This portion of the project will be continue in future work.  

 

 

Figure 23. Michaelis-Menten plot of glucose oxidase. 

 

 

Figure 24. Lineweaver-Burk plot of glucose oxidase.  
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The results shown in Figures 22-24 were intended to continue for consistency, as well as to 

complete the data analysis for publication. However, a flood occurred in the laboratory, which 

caused significant damage to the system and the lab itself. After about three months, 

experimentation was able to proceed. During trials, there was often no response because the 

enzymatic reaction was not occurring, having a low signal, significant current drop during trials, 

or no current flowing through the capillary during trials. Troubleshooting was necessary in order 

to find the cause of these problems. This process first included replacing the capillary, in case it 

cracked or was causing flow suppression and checking all reagents used to see which one could 

be causing this error. Luminol injections were also performed to see if a response would be 

detected, or if it was a system issue. A peak was observed, but the signal was much lower than 

expected with the concentration used, indicating that less luminol was being pushed towards the 

detector after each trial, which is shown in Figure 25. After changing these two conditions with 

no improvement, all of the solutions were re-made, including the use of DI water from another 

lab for the buffer. Re-making the solutions had a slight effect on obtaining a response, but the 

capillary either had a significant current drop or could not hold a steady current, meaning that 

very little from the inlet was being moved to the outlet cell. It was then determined that the cause 

of this was not due to anything chemical, but rather a bad cathode, which the results obtained are 

shown in Figure 26. After replacing the cathode, the system began to function properly, and less 

noise was observed with the consistent trials, as shown in Figure 27.  
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Figure 25. Normalization of luminol injections using 1.00 x 10-5 M (before changing the 
cathode). 
 
 

 

Figure 26. Normalization of EMMA plateaus using 100 U glucose oxidase (before changing the 
cathode). 
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A. 

 

 

B. 

Figure 27. Normalization of EMMA plateaus using 100 U glucose oxidase (A) and 75 U glucose 
oxidase (B) (after replacing cathode). 
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Conclusion and Future Work: 

This research project included validating the instrument and proceeding to the glucose 

oxidase injections to study the enzyme kinetics of glucose oxidase. After validation, the method 

of using custom CE-CL system with EMMA to indirectly determine enzyme kinetics has been 

proven to be very effective and consistent. Future work for this project includes the completion 

of the data analysis of the glucose oxidase injections to determine the Michaelis-Menten 

constant, Km, and compare to the literature values. Future work also includes other inhibitors, 

such as Co2+, Cu2+, Ag+, Mg2+, or 2-deoxy-D-glucose, a competitive inhibitor.39  
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