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ABSTRACT 

The objective of this project is to develop an automated device used to spot 

protein samples on a hydrophobic membrane. We have developed two automated 

methods using a pneumatic tool to bring the pipette to its desired position relative to the 

hydrophobic membrane. They consist of ways of dispensing the protein complexes on the 

membrane either by using a high force solenoid or preloading the pipette slowly using the 

actuator method. The goal of the automated device is to effectively spot the protein 

complexes such that they are able to be completely separated using 2-D electrophoresis.  

The automated methods proposed we believe will help prevent the protein binding 

found with traditional methods. The automated methods will hopefully allow for a 

simpler and more effective procedure whose end result is the complete separation of 

proteins without streaking on the membrane surface. It is believed that the high force of 

spotting the protein onto the surface may allow trapped air in the membrane to prevent 

the binding of proteins on the surface thus allowing the complete separation of proteins 

using the 2-D electrophoresis established in U.S. patent 7,326,326. Based on the position 

and the orientation of the proteins on the membrane, one can detect cancer earlier and 

determine stages of diseases. 
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CHAPTER 1 

INTRODUCTION 

The objective of this project is to develop an automated device used to spot 

protein samples on a hydrophobic membrane. Based on the position and the orientation of 

the proteins on the membrane, one can detect cancer earlier and determine stages of 

diseases. The goal of the automated device is to effectively spot the protein complexes 

such that they are able to be completed separated using electrophoresis. 

 This project began out of a need to develop a simpler and more effective way to 

separate protein to analyze properties such as biomarkers. Traditional methods of 

separating and spotting proteins are manually done using various electrophoresis and 

spotting techniques. The current issue with the current electrophoresis method is its 

inability to allow complete separation of proteins. The manual method done by biologists 

and medical professionals consists of manual spotting of proteins onto the hydrophobic 

membrane, and after which electrophoresis is performed to the membrane. The ideal 

result is the separation of proteins on the membrane for further analysis. The problem 

arises when proteins bind to the membrane cavities since movement of the protein is 

essential to the process. Several students of Dr. Frank Chang’s Research Group have 

attempted to develop manual methods to reduce the binding of proteins. Some 

researchers have been able to come up with manual methods that produce good results. 

Our objective is to automate these methods. 

 The proposed device consists of a pneumatic air slide which controls the vertical 

motion of the pipette for spotting. Electrically, for controlling the air slide, we employ 
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two solenoid valves that receive air from approximately a 60 psi source. Control of 

pressure is dependent on the position of the pressure regulators. A simple circuit controls 

the valves and the position of the slide and corresponding pipette. To activate the system, 

one must begin by turning the gas valve from the wall on and press a button for 

downward movement of the pipette. Two sensors are fixed along the slide in order to 

control the upward and downward movement of the pipette. 

The position of the Polyvinylidene fluoride (PVDF) membrane is controlled by 

using a z-axis stage with micrometer resolution. Once adjusted to the desired tip to 

surface clearance, no further adjustment is necessary. 

 For the two methods, we take advantage of the sensor location for control of the 

position and activation of the device. In the solenoid method, sensors control the position 

of the pipette as well as the point at which the solenoid activates. In the actuator method, 

sensors control only the position of the pipette. Measuring the force required to depress 

the pipette to its two positions yields 12 and 45 N respectively. The first position causes 

the pipette to depress to the first stop, and the second position is the full stroke. 

The mechanics of the solenoid method described for this device is summarized as 

follows. The solenoid is attached to the aluminum mounts shown in Figure 1.1 and uses a 

12 V battery and relay to energize the device. Upon downward movement of the slide and 

subsequently the pipette, the solenoid is energized immediately at the most downward 

point. The sensor is energized when the slide reaches this location, which “switches’’ on 

the relay to energize the solenoid. The solenoid moves in a complete downward motion in 
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a single motion with high force. Several solenoids have been explored based on the 

notion that the application of force is critical. 

 

 

Figure 1.1 Solenoid Mechanics and Assembly 

In this method as illustrated in Fig. 1.1, the pipette tip is brought close (less than 

0.5 mm) to the membrane (Step 1).  After which, 100% of the sample is spotted onto the 

membrane with force (Step 2).  Immediately before the liquid is diffused further, the 

pipette must be raised quickly in order to stack the proteins on the membrane (Step 3). 

The actuator method uses an actuator with a microcontroller to control the extent 

to which the pipette is depressed. Before movement of the pipette begins, the actuator is 

moved to the position of interest by turning a potentiometer till the pipette is depressed to 

its desired location. For our experiments, approximately 70-80 percent of the sample is 

out of the tip, and upon touching the surface, the remaining amount is drawn out by 

capillary action. Figure 1.2 accurately displays the setup once again. 

 

Step 1      Step 2 Step 3 
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Figure 1.2 Actuator Mechanics and Assembly 

In this method as shown in Fig. 1.2, approximately 70% of the 0.5 µl protein 

sample is initially ejected (Step 1).  The pipet is then lowered so that the sample lightly 

touches the membrane to create a small contact area (Step 2).  The pipet is lifted very 

quickly to dispense the rest of the sample and to stack the proteins resulting in a 

“Hershey kiss” shaped sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Step 1 Step 2 Step 3 
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CHAPTER 2 

OVERVIEW OF ELECTROPHORESIS 

2.1  2-D PAGE Electrophoresis (Limitations and Approach) 

 Several forms of Poly-acrylamide Gel Electrophoresis (PAGE) exist and can 

provide different types of information about the protein. SDS-PAGE separates proteins 

primarily by mass because the ionic detergent sodium dodecyl sulfate (SDS) denatures 

and binds to proteins to make them evenly negatively charged. The 2-D Poly-acrylamide 

Gel Electrophoresis (PAGE) method was developed by O’Farrell in 1975 that was able to 

separate charged particles according to their physical properties such as charge or mass as 

they are forced through a gel matrix by an electrical current. Acrylamide is the material of 

choice for creating the gel for separating the pores according to their size (Thermo 

Scientific, 2010). The size of the pores created in the gel is inversely proportional to the 

amount of acrylamide used. This is due to the polymerization and cross linking of 

acrylamide. Gels with a low percentage of acrylamide are typically used to resolve large 

proteins, and high percentage gels are used to resolve small proteins (Thermo Scientific, 

2010). Gradient gels are gels prepared to have low percent acrylamide at the top of the 

sample and a high percent acrylamide at the bottom, allowing for a broader range of 

protein sizes to be separated. Gels are formed in a buffer solution allowing for the 

conduction of current through its matrix. The matrix is defined by the porous structure 

essentially trapping the proteins. The solution (now in liquid form), is poured into an 

assembly typically called a cassette. Once the gel polymerizes fully, the gel is mounted in 

an apparatus where the top and bottom are exposed to the anode and cathode. When the 
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proteins are applied at the top edge, current is applied. In order to obtain optimum 

resolution of proteins, a stacking gel is placed on top of the resolving gel which 

concentrates the sample during the first few minutes of applying current.  

 In the past, researchers have poured their own cast gels, but recently, gels are 

precast. Commercialization of these gels led to greater uniformity, shelf life, and 

reproducibility (Thermo Scientific, 2010). This also eliminates the need for researchers to 

be exposed to acrylamide, a known neurotoxin and potential carcinogen.  

2.2  1-D Gel Electrophoresis 

 Although in this project, our ultimate goal is separation in two dimensions, one 

dimensional separation must be explained in order to comprehend the latter.  Protein 

samples are first added to the top of the wells. Upon the application of current, the 

proteins move down the matrix creating lanes where the intensity of spots corresponds to 

their relative abundance (Thermo Scientific, 2010). A general rule of thumb is that larger 

gels are needed when separating similar proteins or a large number of proteins. The 

position of the bands of proteins indicates their sizes. 

2.3  2-D Gel Electrophoresis 

 The resolution of proteins in two dimensions allows for better resolution and 

useful information when compared to solely the first dimension. Multiple components of 

the sample can be looked at when separating in the first dimension according to the 

protein’s iso-electric and in the respective second dimension according to their mass. The 
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first dimension is separated by a electrophoresis method called iso-electric focusing 

(IEF). The second dimension is separated by the ordinary SDS-PAGE methods.  

 In IEF, a ph gradient is established in a strip gel using a buffer system. Along the 

strip, proteins move till their net charge equals zero, corresponding to their respective iso-

electric points. The strip is then laid on top of 1D gel, allowing for the separation 

according to size (Thermo Scientific, 2010). 

 Migration of the proteins in the second dimension occurs because proteins carry a 

net charge in the buffer solution. The higher the negative charge density, the faster the 

migration will occur. The frictional force of the gel to protein interaction results in a 

retardation of movement relative to their 3-D shape and size. The sieving effect results in 

the resolution of the proteins to be compromised. Proteins must remain cool during this 

entire process to eliminate the possibility of denaturing.   

2.4    Protein Gel Stains 

  

 After the complete methods of electrophoresis are performed, a water wash is 

performed to remove the buffer solution from the gel matrix. Staining of the gel is 

performed allowing for the dye to diffuse into the gel and bind to the proteins thus 

illuminating their respective positions (Thermo Scientific, 2010). Coomassie dye is the 

most popular dye used and binds to basic and hydrophobic residues of proteins. 

Fluorescent staining is also becoming very popular and more commonly used.  
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2.5    Advances and Limitations  

 The need to create a process with better resolution of the image of proteins has 

driven the creation of many new advances that either speed up the process of separation, 

or make it easier. Several new stains have been developed to help in the detection of pro-

teins. Nile Red, is one example, used as an fluorescent stain for proteins in the PAGE me-

thod. It has been confirmed to detect smaller amounts of protein compared to the tradi-

tional dyes (Daban, Bartolome, & Samso, 1991). The use of a moving membrane has 

been used to absorb protein when they migrate out of a capillary when using capillary 

electrophoresis (Ericksson, Palm, & Hjerten, 1992). Using Iso-electric focusing one is 

able to use a concentration detector successfully by employing  ampholoytes whose net 

charge is zero (Wu & Pawliszyn, 1992). This allows for the improvement in IEF, and 

with the addition of small amounts of hydroxypropyl methylcellulose to the catholyte, 

one can decrease the time and improve the resolution of the proteins (Thormann, 

Caslavska, Molteni, & Chmelik, 1992). Later, an improved procedure was developed to 

transfer proteins from silver stained polyacrylamide gels to, PVDF membrane (Madjar, 

Arpin, & Reboud, 1977), the membrane used for our experiments which will be intro-

duced in detail later.  

 The previously mentioned ways of improving upon the 2-D PAGE method are 

recent and have typically occurred during the 1990’s. Other simpler techniques have been 

developed to first assist the researchers after O’Farrell developed the 2-D PAGE method. 

Cooling systems for electrophoresis systems have resulted in better resolution of the pro-

teins. IEF gel solutions were changed and used a lower amount of cross linker which de-

creases the C value thereby increasing the permeability of the gels (Hochstrasser, 
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Patchornik, & Merril, 1988). This directly affects the degree to which the proteins are 

separated.  

Using low electrolyte concentration in the buffer solutions reduces the heat in the 

gel since there is less current through it.  During experiments after O’Farrell, the reduc-

tion of the diameter of the IEF tube gel resulted in greater resolution of the proteins. Re-

searchers reduced the tube diameter from 2.5 to 1.4 mm (Harrington, Merril, Goldman, & 

Xu, 1984). Higher gradient concentrations of acrylamide have been obtained and have 

increased the ability to separate more complex mixtures than before (Weber & Osborn, 

1969). The sieving effect allows for this separation in the gel matrix. Using modern 2-D 

gel electrophoresis equipment commonly couples protein spotting with a mass spectro-

metry to allow for protein identification using computer database software (Friedman & 

Lilley, 2009). This allows for a more sophisticated method of identification as compared 

to the typical visual techniques done by the user.  

 The limitations of the SDS-PAGE methods are due to the increased to the repro-

ducibly due to the placement of the protein sample positions on the gel. As a result, new 

methods have been used to statistically analyze samples (Pleiner, et al., 1999). For exam-

ple, the researcher often wants to identify the spots that represent identical proteins in gel 

images. Thus, because of experimental variation, spot location may vary from gel to gel 

(Potra, Liu, Seillier-Moiseiwitsch, Roy, & Hang, 2006). Image registration processes are 

necessary to help the researcher identify this much gap and leads to better and more con-

sistent detection. Smilansky (Smilansky, 2001), talks about a system for matching gels 

based on image analysis using the Compugen software package. 
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Limitations of the 2-D PAGE technique is that it is rather time consuming (several 

days) and cannot be used for proteins smaller than 10 kDa (Thongboonkerd, 2007). Also 

its use is limited for use for highly hydrophobic proteins. Trouble frequently results in 

what is called co-migration, where one stained stop contains more than one protein 

(Zhang J. , 2007). Thus the need for greater resolution and less laborious process is 

needed.  

In order to identify the proteins correctly, modern researchers have often used 

Proteome Software that is used to validate various proteins (Shevchenko, Wilm, Vorm, & 

Mann, 1996). It has been known that gel characteristics have been affected by organic 

solvents (Righetti, 1989), (Zewart & Harrington, 1992).  Other substances have been pro-

posed by other researchers using monomers. The basis of all these methods was original-

ly proposed by O’Farrell in 1975 with all the previous work a combination of IEF and 

SDS-PAGE methods (O'Farrell P. , 1975). The combination of both these methods is the 

reason behind their fundamental strength.  

2.6    Patents and Recent Literature 

Up to now, we have only discussed the traditional methods of electrophoresis us-

ing the gel. Dr. Chang’s electrophoresis method uses some elements of this approach but 

performs electrophoresis directly on a Polyvinylidene fluoride (PVDF) membrane 

(Chang & Yonan, 2008). The principle advantages are faster turnaround time and better 

resolution. Reviewing Figure 2.2 reveals the ideal separation. 

On the left one can see the 2-D page method (O'Farrell, Goodman, & O'Farrell, 

1977) that uses a gel during electrophoresis. As one can see, the clarity and resolution of 

the image is quite low; however, on the right using the 2-D membrane electrophoresis, 
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one is able to separate many protein complexes with clarity. After reviewing patent 

7,326,326 (Chang & Yonan, 2008), one is able to fully understand the electrophoresis 

method described.  

2.7    Electrophoresis Process 

The sample consists of serum protein dissolved in water and caprolactone. The 

purpose of the solvent caprolactone is to wet the surface and to fill the cavities of the 

membrane thus preventing the binding of the proteins on the surface. Ratios of water to 

protein were investigated experimentally and it has been shown initially that 2:1 may 

result in cleanest and fastest movement of proteins along the membrane. Sample is mixed 

prior to experiments. After spotting them on the surface, electrophoresis is performed. 

The electrophoresis method used is a process whereby proteins are separated by 

immersing the membrane in a low conductivity buffer solution of varying pH and by 

applying a high voltage across the membrane. The membrane is first soaked in a low 

conductivity buffer solution and placed between two glass plates. Each end of the paper 

strips that is in contact with the membrane is submerged in trays filled with that solution. 

Each electrode end is then placed in tray after which low current-high voltage is applied. 

By applying about 3500 Volts across the plate, one is able to separate the proteins rather 

quickly in about five minutes, as opposed to the gel method which may take several days. 

Figure 2.2 clearly displays results typical of Dr. Christopher Yonan’s manual spotting 

method after electrophoresis is performed. Figure 2.1 clearly illustrates the apparatus 

where the membrane is encased in two glass plates and platinum wires immersed in the 

solution connect the circuit. 
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Figure 2.1  Electrophoretic apparatus 

 

The membrane is taken out of the solution and placed in distilled water where it is 

washed of the buffer solution. It is then placed in a red dye compound to illuminate the 

proteins on the surface. Figure 2.2 shows how the proteins move along the surface 

according to their iso-electric points, from the origin which is shown in the arrows. 

  
Figure 2.2 One-dimensional separation of proteins at pH 5.0 (left) and pH 8.0 (right).  

Arrow indicates where the protein or mixture is spotted.  Lane 1 contains the protein 

mixture. 

These images represent good results where a clean separation is present. This; 

however, is not always the case. An earlier method of electrophoresis developed by 

O’Farrell uses a 2-D page method directly on a gel surface. The 2-D page method has 

many limitations, one of which is its poor resolution. Since proteins were separated 

quickly in our membrane electrophoresis in two different water-miscible organic solvent 

systems at pH 5.0 and 8.0, a 2-D electrophoretic system on PVDF membrane was 

developed to separate proteins from a human breast carcinoma cell extract. As stated 
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before, Dr. Chang’s 2-D electrophoresis method occurs directly on the membrane and 

does not use a gel as in the 2-D page method.  Shown in Figure 2.3 one is able to see the 

resolution of both methods contained in the process.  

  
Figure 2.3  Separation of human breast carcinoma proteins using 2-D PAGE (left) 

and our 2-D membrane electrophoresis (right) 
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CHAPTER 3 

 

METHODOLOGY 

 

Two automated methods are proposed for the reduction of binding of proteins to 

the membrane. Through this, it is our hope that they will be patentable after further 

development and validation of effectiveness is proved. It is our assertion that the 

introduction of air in the sample will help prevent the binding of proteins and result in 

complete separation. We are proposing a research direction in which the application of 

force we believe will be the key to effectively separating the proteins and analyzing their 

properties. 

 The manual procedure should first be discussed to better understand how and why 

automation can prove more effective. A small amount of protein dissolved in water is first 

mixed with the solvent caprolactone in a prescribed ratio. The purpose of the solvent is to 

act as a wetting agent and to also help prevent the binding of proteins on the membrane. 

The molecular structure of caprolactone is such that it has some hydrophobicity. We use a 

Pipetman 5 uL pipette with hydrophobic tips. Spotting is done by injecting the sample 

close to the surface is a quick fashion.  

The automated methods proposed we believe will help prevent the protein binding 

found with traditional methods. The automated methods will hopefully allow for a 

simpler and more effective procedure whose end result is the complete separation of 

proteins without streaking on the membrane surface. The solenoid automated uses 

downward motion and high injection force to help trap air in the membrane and in the 
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pipette tip. It is believed that the high force of spotting the protein onto the surface may 

allow trapped air in the membrane to prevent the binding of proteins on the surface thus 

allowing the complete separation of proteins using the 2-D electrophoresis established in 

U.S. patent 7,326,326. (Chang & Yonan, 2008). Also in consideration, is the possibility of 

inducing trapped air in the sample before it is dispensed. Working with Dr. Shackman of 

Chemistry, we used a device that generates small bubbles of varying size in the sample. 

Also we experimented with the sonic device that one believes will induce even smaller 

bubbles in the sample. It is our hope that this preliminary research will help understand 

the necessary variables needed to completely separate the proteins. 

Working on the optimization of the existing pneumatic device to blot samples of 

the protein on a hydrophobic membrane leads to better results. Several problems arise in 

the separating of proteins using electrophoresis, one of which is when the sample 

becomes donut shaped with proteins along the edge of the circle. This behavior makes it 

very difficult to separate the proteins effectively. The objective is twofold, to reduce the 

contact area of the droplet while still using a wetting agent such as caprolactone, and to 

eliminate the donut like behavior of the sample. 

One has been able to configure an actuator method that is used to blot samples 

(Thermo Scientific, 2010) on a hydrophobic membrane.  We are now doing experiments 

in changing the downward and upward speed of the air slide to reduce the contact area of 

the droplet to make electrophoresis easier. Using the actuator method which we believe to 

most closely resemble Dr. Yonan’s method, we have been able to record videos where the 

upward motion of the pipette has created the desired shape of the droplet using a 3:1 ratio 
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of water to caprolactone mixture. One is also looking at the shape using a 50/50 mixture 

that seems to be a good baseline and compromise.  

3.1 Theory 

Capillary Force: 

The capillary force may be one of the critical factors needed to prevent the binding of the 

proteins on the surface. This currently, though, is not known and must be approximated. 

The contact area of the droplet has been measured using imaging software and is 

approximately 2mm in diameter. The most common approximation for this calculation is: 

.𝐹𝑐 = 4𝜋𝛾𝑅 cos 𝜃         (1) 

Where ϴ is the contact angle approximated by the rule of mixtures, R is the radius, Fc is 

the capillary force, and γ is the surface tension. 

The droplet mechanics of this project need to be approximated and compared with 

different research results. If one is able to come up with an ideal contact area, angle, and 

force, one will succeed in repeating these results. 

Spreading Parameter: 

The rate at which the mixture spreads may be critical in preventing the proteins from 

trapping the cavities of the membrane. 

Spreading parameter, S distinguishes the two different regimes of wetting. It measures the 

difference between the surface energy (per unit area) of the substrate when dry and wet: 

𝑆 = 𝛾𝑠𝑜𝑙𝑖𝑑    − (𝛾𝑙𝑖𝑞𝑢𝑖𝑑 + 𝛾𝑠𝑜𝑙𝑖𝑑 −𝑙𝑖𝑞𝑢𝑖𝑑  )      (2) 

If S > 0: Total wetting 
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If the parameter S is positive, the liquid spreads completely in order to lower its surface 

energy. This increases for decreased γliquid (solvents). 

If S < 0: Partial wetting 

The drop does not spread but, instead, forms at equilibrium a spherical cap resting on the 

substrate with a contact angle θ. When θ < 90° it is wetting, and non wetting when θ > 

90°. 

Contact Angle: 

The contact angle can be calculated using the following formula: 

cos 𝜃 = 𝛾𝑠 − 𝛾𝑠𝑙          (3) 

 

 

Figure 3.1 Contact Angle  

Controlling the contact angle in order to reduce the contact area, may be necessary to 

optimize the results. 

 

3.2    Results 

Experiments using both the manual and automated methods were run to compare 

the results obtained for both automated methods and what is believed to be the ideal 

manual method as observed by Dr. Yonan’s video. A high speed camera took pictures of 

Dr. Yonan as he applied force to the pipette in order to spot the protein effectively on the 
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membrane. What will first be looked at though is our initial hypothesis that the 

solvent/water ratio is critical in getting good results. 

 By manipulating the solvent/water ratio, it was found that the protein is able to 

separate better with the 3:1 ratio. Based on the images below, one is able to see how the 

proteins have separated for the 2:1 and 3:1 ratios but have remained stationary for the 1:1 

mixture. This result was repeated several times indicating that there is some correlation 

between the mixture ratio and the separation rate. In comparing the two proposed 

methods, one is not able to distinguish significantly between the results. Based on 

previous manual methods, we conclude that the application of force is critical in 

providing a reliable method to spot the proteins. Repeatability of these processes is a 

major concern in this project due to the highly unknown parameters needed to prevent 

protein binding. Results indicate that the protein mixture and the application of force are 

critical. Figure 3.2 illustrates how the mixture ratio may affect the separation. In the 

bottom and middle image, one can clearly see partial separation of the proteins. Notice 

how the streaking of the proteins are taking place as the darkest spot indicates the origin, 

and the lightest spot are the moved proteins due to electrophoresis. This image illustrates 

the actual streaking that must be reduced in the coming months. In the top image with a 

ratio of 1:1, only some movement occurs. This is an attempt to illustrate the effect of the 

ratio on movement of the proteins. Since it is believed the solvent helps to prevent the 

binding of the protein on the surface, an idealized 2:1 mixture ratio will be used for the 

upcoming experiments. Subsequent experiments; however, indicate little difference 

between the results for each solvent/water ratio.  
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Figure 3.2 Results and Comparison of Ratios of Water/Solvent where 3:1, 2:1, and 1:1 

run respectively upward 

 

Manual experiments were run as a baseline to compare our automated 

experiments. Figure 3.4 illustrates the separation of various proteins from left to right 

where the origin is at the top and the proteins are moving linearly downward. This figure 

illustrates the differences in movement due to the charge of the protein. As stated earlier, 

the protein will move along the membrane until the net charge becomes zero at their 

respective iso-electric points. The far right spot is a protein mixture and shows some 

movement of it without much streaking. Movement of the mixture of protein complexes 

has not been successful up to this point with the manual and automated methods 

proposed. Manual spotting consists of a fast movement of pipetting and fast upward 

movement after dispensing. There is much variability in the results using the manual 

technique which stresses the importance of our automated method.  

Although the PVDF membrane was the primary membrane used, other 

membranes with varying pore sizes have been tried and tested. Some tests indicate that 

the PVDF membrane is the optimal membrane. Previous to the patent for which Dr. 
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Chang and Yonan received, researchers in the Biology department at Temple used a 

membrane from Pall Corporation. This company has been contacted with the intent to 

examine its old product for variations in cavity structure with the new membranes using 

electro-microscopy.  Old membrane was sent to the Biology department and manual 

testing was completed under the supervision of Dr. Chang and Yonan. Figure 3.3 

illustrates the cavity structure of the PVDF membrane that is currently used, as 

traditionally this membrane is intended to trap not separate proteins. This makes research 

and experimentation quite difficult but complete separation has occurred with the correct 

application and lifting force. The challenge is automating this process to spot the protein 

on the membrane.  

 

Figure 3.3 Porosity in PVDF Membrane 
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Figure 3.4 Protein Spotting (Left to Right) Cytochrome-C, Beta Lactoglobulin, 

Myoglobin, Five Protein Mixture 

 

Up to now, many experiments have been performed and although results have 

gotten better, results are not ideal. In an effort to increase the reproducibility of the 

clearance (tip to membrane), the stroke of the air slide was reduced to approximately 3 

inches which has increased the reproducibility of spotting. The velocity of the air slide 

downward has been decreased to increase the reproducibility as well. The velocity 

upward; however, has been increased which is believed to be critical to this experiment 

and may result in stacking of the proteins and may minimize the binding taking place.  

Experiments in the past have resulted in poor separation and have caused us to 

reexamine the necessary parameters to prevent protein binding. As one can see, the origin 

of the spot remains heavily darkened and the movement of proteins remains small 

compared to those contained in the initial spot. These results make it difficult to 

differentiate between a mixture of proteins with similar iso-electric point. Working on 

improving the speed and tip to membrane distance, one is able to separate these proteins 

more completely.  
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Figure 3.5 Poor Results and Binding of Proteins in Membrane Cavity 

   Subsequent experiments in the fall and spring have used the actuator method as 

the preferred method trying to replicate Dr. Christopher Yonan’s results. Figure 3.6 

illustrates some of our most recent results. On this PVDF membrane, to the left a mixture 

of five proteins was spotted and as one can see, no movement occurred longitudinally. 

However, on the right solely Cytochrome-C was used. Movement occurred from the 

origin to the movement where streaking of the protein occurred. The mixture for both 

experiments was 50/50 solvent of water. Cytochrome-C moved quite well in this case 

compared to previous experiments.  

 Below in the images, we ran tests using Cytochrome-C is the protein of choice 

where the left image corresponds to the automated method of choice with varying ratios, 

and the right image corresponds to the manual method for the same case. The current 

manual methods are not seen as ideal, but rather a step to reach. All of them are separated 

using electrophoresis performed directly on the membrane.  

 Notice that the origin of the spot still contains quite a bit of bound protein that is 

an indication that better results are still needed. Ideally, no streaking should be present. 

Likewise, there should be no protein present at the origin. More progress must be made in 
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order for the spot to the right to show no residue at the origin. The speed of the air slide 

has been increased for Figure 3.6. It is this change we believe, is the reason for the better 

separation.  

Five Protein 
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Movement 
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of 
Spot

Movement 
of Protein
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Figure 3.6 Protein Spotting of Mixture (Left-Left Image), Using Actuator Method at 3:1 

Protein Spotting of Cytochrome-C (Right-Left Image), Protein Spotting of Cytochrome-C 

using Manual Method (Right Image) 

 

 

Origin of 
Spot

Actuator 
Method 
2:1

 

Origin 
of Spot

Manual 
Method for 
2:1

 

Figure 3.7 Protein Spotting of Cytochrome-C using Actuator Method at 2:1(Left), Protein 

Spotting of Cytochrome-C using Manual Method (Right) 
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Figure 3.8 Protein Spotting of Cytochrome-C using Actuator Method at 1:1 (Left), 

Protein Spotting of Cytochrome-C using Manual Method (Right) 

 

For each of the above results, there is not a significant difference in the results as 

the ratios were changed for the actuator method. Each of the images above illustrates the 

way in which the proteins have separated using the automated method (Left), and the 

manual method (Right). As one can see, significant separating of the protein sample is 

shown on all of the far right pictures. Although separation of the protein on the left is 

present, the movement of the protein is limited. Therefore, the conclusion is that the 

results are not significantly affected by the ratio. Initial experiments showed some 

noticeable difference, but after multiple tests were run, results are fairly consistent.  

Experiments were also run for the solenoid method in which the ratios were 

changed as before. Again, no significant change in the results has been shown. The image 

to the right of each Figure is again the manual method in which significant movement of 

the proteins is present. Proteins in right image using the manual method have moved 
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farther in these experiments then previously. In the future, our objective will be to 

duplicate the manual method using the automated device proposed.  
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Figure 3.9 Protein Spotting of Cytochrome-C using Solenoid Method at 1:1 (Left), 

Protein Spotting of Cytochrome-C using Manual Method (Right) 
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Figure 3.10 Protein Spotting of Cytochrome-C using Solenoid Method at 2:1 (Left), 

Protein Spotting of Cytochrome-C using Manual Method (Right) 
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Figure 3.11 Protein Spotting of Cytochrome-C using Solenoid Method at 3:1 (Left), 

Protein Spotting of Cytochrome-C using Manual Method (Right) 

 

Diameters of the spot of the solutions have been investigated to see if there is a 

relationship between the diameter, method, and ratio of solution. There is some reason to 

believe that the smaller the diameter of the spot, the better the separation possibly due to 

the stacking phenomenon discussed earlier. Pictures below demonstrate how the two 

methods differ in their respective diameters when experiments were run at all the same 

speed of the device. Pictures below are taken from a movie video and each picture is 

captured one frame after dispensing the sample onto the membrane. Figure 3.11 displays 

spotting using the actuator method for a 3:1 ratio. The average diameter was measured to 

be 2.37 mm. All Figures above use the same air slide speed to ensure accurate results 

since the speed at which the slide moves is also critical to the size of the droplet. The 

ruler in back of the tip is used as a reference measurement when measuring the size. For 

every case, identical membrane was used and the tip size remained the same.  
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Figure 3.12 Actuator Method for 3:1 Solvent to Water Ratio 

For Figure 3.13, the 2:1 case, the same experiment was ran using all of the same 

components and slide speed as previously. The average diameter of the spot increased 

slightly to 2.4 mm for this case. As we ran more experiments, we found little affect on the 

solvent ratio on the results. Separation did not significantly change once we ran many 

consecutive tests for each of the method and solution ratios. The 2:1 ratio we used for 

quite some time during the summer of 2009, while in the fall 2009 and spring 2010 we 

used the 1:1 ratio.  
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Figure 3.13 Actuator Method for 2:1 Solvent to Water Ratio 

The 1:1 ratio in Figure 3.14 has the average diameter of 2.35mm indicated in table 

1. The actuator method is the preferred method for testing, since it tends to imitate the 

good manual results obtained in Figure 3.11 when multiple proteins are spotted on the 

membrane. The speed is seen as most critical for optimal results.  



28 
 

Diameter at 
Membrane 
for 1:1

Actuator 
Method for 1:1

 

Figure 3.14 Actuator Method for 1:1 Solvent to Water Ratio 

The same experiments were run consecutively using the solenoid method also 

comparing the diameters of the droplets for each of the cases. Below in Figure 3.14, we 

have the 3:1 case for the solenoid method. What can be seen from the videos obtained for 

the solenoid method is that because of the high force, splattering of the solution on the 

ruler and neighboring objects was present. This is a concern since much of the droplet is 

lost prior to spotting on the membrane. Diameters for every case were observed to be 

higher and table 1 below indicates this change. Notice in Figure 3.14, the high force of 

the solenoid has actually moved the pipette to the right and splashed sample on ruler 

surface. This is a common observation when using the solenoid method. For 3:1, the 

average diameter was measured to be 2.39 mm. For every case using the solenoid 

method, significant splattering occurred and not the entire sample was removed from the 

tip. This causes significant concern, as ideally, all the protein sample should be 

completely removed from the tip.  
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Figure 3.15 Solenoid Method for 3:1 Solvent to Water Ratio 
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For the 2:1 ratio in Figure 3.16, same was observed with diameters measured at 2.12 mm.  
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Figure 3.16 Solenoid Method for 2:1 Solvent to Water Ratio 

For the 1:1 ratio in Figure 3.17, the solenoid method was used and the diameter was 

measured to be 1.96 mm.  
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Figure 3.17 Solenoid Method for 1:1 Solvent to Water Ratio 

Variations during subsequent experiments do not accurately provide results 

indicating any special advantage over the actuator method. Initially, the high force was 

considered an advantage, but after careful observation of videos of Dr. Yonan’s manual 

method, we reverted back to the actuator method. 

 Pictures of the various methods proposed with varying solvent/water mixtures 

indicates that the actuator method is the optimal choice for keeping the sample intact 

during spotting. As for the solvent/water ratios, the results are not significantly different 

which led us to revert back to the 1:1 ratio quite some time ago.  
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When the patent for electrophoresis was granted in 2008, for Dr. Chang and 

Yonan’s work, experiments in support of the patent used an old membrane from the Pall 

Corporation. It is believed that this membrane may have an optimal cavity structure for 

the prevention of protein binding from taking place. As a result, the old membrane was 

examined by Pall Corporation using electro-microscopy to look at the cavity differences. 

Several membrane samples are currently being sent to us so that experiments may be run 

to see if there is an optimal membrane for this process. If the experiments conclusively 

prove that the old membrane is optimal, we have convinced Pall Corporation to 

manufacture a small amount for experimental purposes. 

Table 1 Solenoid/Actuator Method Diameters 

Mixture Ratios Actuator Method Solenoid Method 

1:1 Solvent/Water Ratio 2.35 +/- 0.306 (mm) 1.96 +/- 0.206 (mm) 

2:1 Solvent/Water Ratio 2.40 +/- 0.290 (mm) 2.12 +/- 0.282 (mm) 

3:1 Solvent/Water Ratio 2.37 +/- 0.283 (mm) 2.39 +/- 0.246 (mm) 

 

As the table indicates, as one increases the solvent to water ratio, the size of the 

droplet increases relative to that mixture spotted for only the solenoid method; however, 

the differences are within experimental error. In comparing the viscosities of the two 

mixtures, we presume about 0.00103 Pa-s for water, and 0.007 Pa-s for capralactone. As 

the viscosity of the mixture increases, the diameter of the spot increases proportionally. 

This is most probably due to the wetting effect of the solvent in which spreading takes 

places as indicated by the video analysis. In examining the videos for each case, it is clear 

that with the higher solvent present, the spreading parameter increases as each frame 
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(1/250 s) is run through.   Conclusions made are that the solenoid method probably is not 

a viable option for the future because of the splattering of the droplet and the residue left 

in the tip. Results indicate not a significant decrease in separation between the two 

methods, though this could be explored further in the future.  
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CHAPTER 4 

 

SUMMARY AND FUTURE WORK 

 

In order for this research to be successful, one must first find the ideal parameters 

for separation such as force application, mixture ratios, and an ideal membrane. 

Currently, several different membranes are being tried and hopefully this will prove to be 

better than before. Knowledge from previous researchers must be taken into account as 

well. Two researchers, both of whom have different methods, are able to effectively 

separate the protein complexes. Membrane analysis is being performed to analyze 

previous membranes used by former researchers and this will perhaps shed some light on 

what properties are desired. Tests will be run to compare results with various membranes 

to establish a list of parameters that are ideal for the separation of these complexes. What 

is needed though, are concrete and clear results that fully parameterize these criteria. 

What can be learned from their methods must be implemented and duplicated using the 

automated method. Using this knowledge, we hope to develop the processes needed to 

effectively separate these protein complexes so that this product can be placed in the 

market. 

This research provides a possible solution for the separation of protein complexes 

that can be used for the earlier detections of diseases such as cancer. Fragments of the 

cancer cells bind to the serum protein found in the body changing the charge and can be 

detected using the electrophoresis technique proposed. Much can be learned from this 

research that can lead to advancements in the medical and biological fields. The proposed 
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instrument could greatly impact these fields by expanding our knowledge of cell function 

and regulation. 

Patent review and recent experience indicates that the complete separation of 

proteins is possible, and the figures above show that this is indeed the ideal result. 

Proteins ideally are separating according to their iso-electric point along the membrane 

surface.  The problem; however, arises when the proteins bind to the surface of the 

membrane creating streaking and unclean separation.  This proposal then is based off the 

assertion that the introduction of air in the sample will allow for the complete separation 

of the proteins along the surface.  Review of literature pertaining to this air induction is 

indeed relevant and noted. Several articles use fluid exchangers to help in the generation 

of nano-bubbles.  Several articles contend that by washing the surface with ethanol and 

then flushing it with water can induce nano-bubbles to some degree (Zhang, Quinn, & 

Ducker, Nanobubbles at the Interface between Water and a Hydrophobic Solid, 2008). In 

an attempt though to simplify our device for commercialization, it is believed that these 

methods are impractical. Therefore, one must identify a simple method for which nano 

size air is induced in the sample. Bubble and sonic devices used for chemistry 

applications have been explored and noted, though further research must be done to 

indicate whether the air induced in the sample is small enough and also if the air 

effectively prevents the binding of the proteins. It is believed if the air is too large, 

binding prevention would be minimized or negligible. 

 Our conjecture is that the introduction of nano bubbles in the sample will create a 

barrier that impedes the binding of protein on the membrane surface.  It is through this, 

that one is able to effectively run electrophoresis. 
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One possible way of inducing nano bubbles at the surface is through the 

introduction of ethanol on the surface.  Experiments published by investigators at the 

University of Melbourne, indicate that nano bubbles are generated by first beginning with 

a hydrophobic solid in one solvent and exchanging that solvent with another.  Figure 1 

shows how this process takes place, first by beginning with the hydrophobic solid in air, 

and then is submerged in water then the surface is then washed with ethanol. It is 

believed that the exchange of solvents results in nano bubbles at the surface. The 

researcher’s hypothesis is that gas that is dissolved in the ethanol initially becomes 

supersaturated in the water and precipitates on the solid surface (Zhang, Quinn, & 

Ducker, Nanobubbles at the Interface between Water and a Hydrophobic Solid, 2008). 

 

Figure 4.1 Experimental protocol. Bubbles are formed when the fluid surrounding the 

hydrophobic solid is switched from ethanol (stage 1) to water (stage 2). The previous 

stages (in air and stage 0) are for control experiments and to allow recording of the 

background IR spectra.  

Note. From “Nanobubbles at the Interface between Water and a Hydrophobic Solid,” by 

Zhang, Quinn, and Ducker, 2008, Langmuir, 24, p. 02., Copyright 2008 by Langmuir 

Reprinted with permission. 

 

This is one way I believe of accomplishing the goal of nano bubble creation. 

Based on the paper it would involve the saturation of all the solvent with C02.  Of course, 

there is some uncertainty on whether this would indeed prevent the binding of proteins. 
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Figure 5-6 shows the AFM images of bubble formation.  Perhaps the need for another 

more feasible procedure for nano bubbles may be necessary. 

 

 

 

Figure 4.2 Tapping-mode AFM images of the surface of OTS-coated silicon/water (A) in 

air; (B) stage 0, in water before ethanol; (C) stage 1, in ethanol; (D) stage 2, in water after 

exchange. All solutions were saturated with CO2(g). The cross section (E) shows 

measured points through the bubble apex (shown by the dotted line in D) and the best fit 

of an arc of a circle (solid line, radius:6.2 ím) to the cross section. 

Note. From “Nanobubbles at the Interface between Water and a Hydrophobic Solid” by 

Zhang, Quinn, and Ducker, 2008, Langmuir, 24, p. 03, Copyright 2008 by Langmuir. 

Reprinted with permission 

 

 

Another paper with counterarguments to the interpretation of this experiment 

finds that nano bubble creation is not so reproducible. It is argued that the introduction of 

nano bubbles on the surface may be due to the contamination from substrate preparation 

and not from the solvent exchange (Zhang, Li, Maeda, & Hu, 2006). There are also 

questions on how long the nano bubbles will stay on the surface, as they may disappear in 

a matter of microseconds. From thermodynamics, there is also a question that nano 
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bubbles cannot form spontaneously on a flat smooth because of very large water-gas 

interfacial energy (Zhang, Li, Maeda, & Hu, 2006).   

 

Figure 4.3 Tapping mode AFM images of nanobubbles on an HOPG substrate in water 

prior to degassing. The nanobubbles were induced by the exchange of ethanol with water. 

Initially, the distribution of nanobubbles was uniform over a large area even though 

locally the nanobubbles tend to align along the steps on HOPG. After a small region (A) 

was scanned many times, the number of nanobubbles in this region was much smaller but 

the size of each bubble is larger than in the other region, as shown in (B). These larger 

nanobubbles could be from the merging of different nanobubbles that were brought close 

to each other by the scanning AFM tip. 

Note. From “Removal of Induced Nanobubbles from Water/Graphite Interfaces by Partial 

Degassing” by Zhang, Li, Maeda, and Hu, 2006, Langmuir, 22, p. 03, Copyright 2006 by 

Langmuir. Reprinted with permission 

 

 

Another possibility for nanobubble creation is to introduce vibration at the pipette 

tip. It is believed that the vibration of the tip will induce some bubbles and cause this to 

accomplish our goal. This may ultimately make a better and more marketable product 

that could be used by everyone and not require a complex procedure. In this experiment, 

nanobubbles were removed by degassing. Once the size of the bubbles increases, they 

will detach from the substrate due to their buoyancy. This would be disadvantageous for 

the prevention of binding of proteins as substrate nanobubbles would be necessary for our 

device. 
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The actuator method is seen as the ideal method to replicate the results obtained 

manually using special techniques ensuring not to touch the tip with the membrane 

surface. What is seen as a viable option in the future is to continue on the actuator method 

and find ways of introducing nanobubbles in the tip to prevent protein binding from 

occurring. This is the primary concern with this project, protein binding, which is the 

reason for the poor separation rate obtained in most experiments. What can be explored is 

ways to trap air in the tip through vibrational or methods that could introduce air. The 

result may yield better separation, less streaking, and ultimately full separation in the 

future. The way in which the force is applied is seen as most critical in obtaining the ideal 

results. A high firm force at the end of spotting results in good separation using the 

manual methods proposed in the experiment. What is known now is that force application 

of the automated method must be changed in order to replicate the manual results. 

Exploration of the other ideas proposed may be also critical in getting the desired results 

in order to possibly patent such a device for commercialization.  
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