
ABSTRACT 
 

FRANTZ, NEHA JOSHI. Characterization of Complex Protein Mixtures from Human 
Plasma Fractionation by Capillary Electrophoresis and Mass Spectrometry.  (Under the 
direction of Dr. Morteza G. Khaledi.) 
  

The purpose of the research has been to develop a simple, quantitative method for 

characterizing complex protein mixtures using Cohn Fractionation IV-1 Paste as an example.  

This process step is the starting material for the plasma fractionation process which leads to 

purified alpha1-antitrypsin, and is an example of a complex protein matrix.  Currently, CE 

analysis of complex plasma samples involves a Borate-NaCl buffer system which does not 

provide adequate resolution to quantitate protein composition.  The goal of this research is to 

discover optimum CE separation conditions, which would allow rapid, efficient, and inexpensive 

characterization of these complex samples. 

A simple, reproducible system utilizing SDS has been developed which provides better 

resolution and quantitation of complex protein mixtures.  This new method is referred to as “CE-

SDS,” and although it is an improvement over the current method, orthogonal methods such as 

mass spectrometry can provide additional information not captured by this method. 
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CHAPTER 1.  INTRODUCTION 

Background – Cohn Fractionation Process 

Modified Cohn Fractionation of human plasma involves various steps including ethanol 

and salt precipitation, centrifugation, polymer suspension/extraction, pH adjustment, 

ultrafiltration/diafiltration and various modes of chromatography.  Originally, Dr. E.J. Cohn1  

invented the process to provide serum albumin as a substitute for whole blood for wounded 

soldiers in the field during World War II.  Purified serum albumin is stable at ambient 

temperature for several years and can be administered to prevent death due to loss of blood.  

Based on Dr. Cohn’s principles, many other therapeutic proteins of interest can be purified 

upstream of serum albumin.  Newer technology has provided better, more efficient purification 

techniques so that plasma purification can be performed at large-scale.  Figure 1.1 shows a 

diagram of the fractionation and purification processes used to produce various therapeutic 

products from human plasma. 

Much of the work presented in this research will focus on Fraction IV-1 Paste. 

This process step serves as an example of separation of a complex protein mixture, comprised of 

approximately twenty or more proteins.  However, the same separation conditions can be applied 

to subsequent process steps leading up to the final product, and can be a quantitative measure of 

yield.  Ideally, a fast, inexpensive method to obtain a protein profile can easily be introduced 

in-line during the manufacturing process saving millions of dollars per year for biotech 

companies. 

 The benchmark techniques used for separation of protein mixtures are sodium 

dodecylsulfate polyacrylamide gel electrohporesis (SDS-PAGE) and two-dimensional gel 

electrophoresis.  SDS-PAGE provides separation of proteins based on size in a gel matrix.  The 

protein bands must be stained and detected off-line by band densitometry.  Two-dimensional gel 

electrophoresis combines the separation based on isoelectric point (pI) in one dimension and size 

in a second dimension.  Multiple spots can arise from the same protein.  The spots must also be 
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stained and detected off-line by band densitometry.  These techniques are almost unrivaled for 

their resolution capabilities, however, they are manual and time-consuming.  Capillary 

electrophoresis has great potential to mimic these separations with high efficiency, better 

reproducibility and higher throughput. 

The main issues surrounding CE of complex protein mixtures include protein adsorption 

to the silica wall, solubility, protein heterogeneity (factors affecting surface charge), pH and ionic 

strength of the background electrolyte (BGE) which affect mobility and resolution.  Reliance on 

commercially available kits and coated capillaries may lead to problems with reproducibility if 

these materials become discontinued or modified by the vendor. 

 

Applicable Modes of Capillary Electrophoresis 

Various classes of CE conditions appropriate for protein separations were investigated in 

this research.  The traditional method is referred to as the clinical method, and is an example of 

capillary zone electrophoresis (CZE) 2.  Human serum protein separation is based on cellulose 

acetate electrophoresis where the separation zones or regions are defined by gamma globulins, 

beta globulins, alpha globulins and albumin.  This type of electrophoresis is used in clinical 

settings on individual patient serum samples and can diagnose disease states.  The separation is 

based on overall charge-to-mass ratio, and it is a generally low resolution method. 

Another mode of separation is Micellar Electrokinetic Chromatography or MEKC.  In 

MEKC, surfactants such as sodium dodecylsulfate (SDS), form micelles in solution, and analytes 

partition between the micellar phase and the solution phase.  The micelles act as a pseudo-

stationary phase, and separation is based on differential partitioning.  It is important to note that 

human plasma proteins are generally too large to partition into micelles, but the use of surfactants 

in CE separations of proteins is widespread. 

Alternatively, a polymer, such as dextran or hydroxypropyl methylcellulose (HPMC), can 

be added to provide a viscous sieving matrix where proteins can ideally be separated by size.  



3 

High pressures are required in order to pack the capillary prior to each sample injection. Many of 

these types of run buffers are now commercially available. 

 Coated capillaries are able to reduce or eliminate electrosmotic flow and may provide 

better resolution.  Coating also helps to avoid protein adsorption to the capillary walls.  Many 

types of coated capillaries are commercially available, and dynamic coatings using divalent 

amines are popular as well.  

Capillary isoelectric focusing (cIEF) relies on the separation of proteins based on their 

isoelectric points (pI).  Unfortunately, many of the proteins in human plasma have a pI range and 

not a single point.  Often the pI ranges overlap which can lead to co-migration.   

 All of these methods have the potential to provide an efficient, quantitative profile of 

complex protein mixtures.  However, given the small light path length for absorbance detection, 

some sensitivity is lost which can adversely affect the detection of low abundance proteins.  In 

order to identify low abundance proteins, orthogonal methods using reverse-phase liquid 

chromatography coupled to mass spectrometry was applied to IV-1 Paste. 
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Figure 1.1. General Overview of the Modified Cohn Fractionation Process 
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CHAPTER 2.  CAPILLARY ELECTROPHORESIS METHODS DEVELOPMENT 

Introduction 

Human plasma protein analysis has historically been performed using electrophoresis-

based techniques.  These techniques include free-solution electrophoresis (Tiselius 1937), high 

resolution agarose gel electrophoresis (HRAGE), cellulose acetate electrophoresis, sodium 

dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE) and isoelectric focusing (gel 

support) 4.  These techniques result in approximately five to six bands which reflect the wide 

distribution of proteins found in plasma. Capillary electrophoresis has advantages over the 

historical techniques including the capability of automation and high resolution.  This chapter will 

focus on the application of capillary electrophoresis to the separation and quantitation of human 

plasma proteins.    

The electrophoretic flow produced in capillary electrophoresis involves the interaction of 

the negatively-charged silanol groups lining the walls of the capillary with positively charged 

ions provided by the background electrolyte.  A double-layer of charge is formed by the attraction 

of the buffer cations to the silanoate groups, where the first layer of cations are tightly bound and 

the second cation layer is loosely bound (mobile layer).   When voltage is applied across the 

capillary, the buffer cations in the mobile layer are pulled toward the cathodic end of the capillary 

dragging the buffer along causing flow through the capillary.  This flow is referred to as the 

electroosmotic flow, or EOF, and it is partly responsible for the migration of analytes through the 

capillary.  Electrophoretic mobility of analytes depends upon the ionic character of the analyte, 

charge-to-size ratio 1,2.     

When the analytes are proteins, inherent challenges are present.   Proteins are large 

molecules with heterogeneous surface charge character (zwitterionic).  Capillary electrophoresis 

of proteins has the potential to capitalize on the differences in charge-to-size ratio in order to 

achieve separation.  The high efficiency of capillary electrophoresis, being an open tubular 

method, has the potential to provide high resolution with short analysis times.  Also, due to the 
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size of proteins, their diffusion is slower when compared with small molecules, which can lead to 

sharp peaks 1. 

 

Experimental 

Chemicals 

Tris hydrochloride, boric acid (sodium salt), sodium phosphate (anhydrous), 1,4-diaminobutane 

(putrescine), sodium dodecylsulfate (SDS), Triton X-100, cetyl trimethylammonium bromide 

(CTAB), sodium cholate, and phytic acid (sodium salt) were purchased from Sigma Chemical 

Company (St. Loius, MO).  Sodium chloride and 5N sodium hydroxide were purchased from 

Fisher Scientific.  cIEF kit was purchased from Beckman-Coulter.  The Protein 200 kit was 

purchased from Agilent Technologies, and the Bioanalyzer instrument was borrowed from 

Agilent Technologies. 

 

Capillary Electrophoresis Conditions  

Several different conditions were investigated, and the run conditions are listed in each figure 

legend.  In general, samples were diluted into run buffer for compatibility.  Where commercially 

available kits were used, run conditions were per kit instructions. 

 

Capillary Zone Electrophoresis 

Capillary Zone Electrophoresis, or CZE, of human serum proteins has origins in paper 

electrophoresis, cellulose acetate  electrophoresis and agarose gel electrophoresis 3.  Common to 

these techniques is that human plasma proteins are separated into regions: gamma, beta, alpha-2, 

alpha-1 and albumin.  In this research, the CZE method utilizes a simple borate buffer system.  

Table 2.1 outlines the CZE regions and which plasma proteins are expected in each region.  

Figure 2.1 shows a typical electropherogram obtained for IV-1 Paste samples by the CZE method.  

The CZE method can provide a qualitative profile of IV-1 Paste, however, integration is difficult.  
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Also, due to co-migration of the many protein components expected in this sample, this method is 

not considered quantitative.  There are variations of CZE method used in clinical settings to 

analyze patient sera 3.  

In this research, electrolytes consisting of borate, phosphate, a combination of borate and 

phosphate, and tris/HCl were investigated.  Alkaline pH (>9) is preferred in order to minimize the 

interaction of the proteins with the silica wall.  Also, the isolectric points of the various proteins 

in IV-1 Paste requires a pH above 7.5 in order to maximize solubility and mobility by creating a 

net negative charge for all proteins. Figure 2.2 shows an example of the results obtained using a 

tris buffer at varying pH.  The separation in not a significant improvement over the current 

separation, and co-migration is evident.  Varying the pH does not appear to provide any 

advantages or disadvantages to the separation.  In the case of the tris buffer system (Figure 2.2), it 

appears that the increase in pH decreased the overall separation time by increasing  mobility.  The 

bands became more narrow, but no improvement in resolution was achieved.   

In general, run buffers prepared without additives did not produce significant resolution 

for this complex mixture. 

 

Capillary Isoelectric Focusing, cIEF 

Isoelectric focusing can be performed in a capillary, cIEF.  An ampholyte mixture of a 

selected pH range is flushed through the capillary and creates a pH gradient.  When a sample plug 

is introduced and a voltage is applied, the proteins migrate and focus into the zone in the capillary 

corresponding to the isoelectric point, pI.  Adding pressure causes the focused proteins to move 

past the detector.  Most proteins have a pI range, due glycosylation and other post-translational 

modifications.  The pI range of the major protein constituents in IV-1 Paste tended to overlap, 

which defeated the purpose of the separation.  A commercially available kit manufactured by 

Beckman-Coulter (circa 1999) was tried but resulted in poor reproducibility.  In this kit, the 

ampholyte mixture ranged from pH 3-10.  For IV-1 Paste, several sharp peaks were noted, 
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however, many of the peaks were below 3:1 signal-to-noise.  It is difficult to tell which peaks are 

real as the peak shapes are unusually sharp resembling spikes (Figure 2.3).  It should be noted 

that the matrix of IV-1 Paste may also adversely affect the separation by cIEF.   These conditions 

were not further explored. 

 

“Micellar Electrokinetic Chromatography,” MEKC 

Micellar Electrokinetic Chromatography, or MEKC, is another widely-used CE 

technique.  In MEKC, addition of surfactants creates micelles in solution and can enhance 

resolution and provide selectivity.  Consider the example of SDS, where the critical micellar 

concentration, CMC, is 7-10 mM in water7.  In a CE application, this is not a traditional MEKC 

application in that plasma proteins are too large to partition into SDS micelles, although 

interaction of hydrophobic portions of a protein with the micelles is possible8,9.  More likely, SDS 

binds to proteins, disrupting the secondary structure due to hydrophobic interactions and resulting 

in a net negative surface charge.  This net negative charge will cause proteins to repel from the 

capillary wall and from each other.  For this reason, the term “MEKC” is used loosely when 

discussing CE separations of proteins using SDS.  For this research, CE applications involving 

SDS will be referred to as “CE-SDS.” 

Surfactants are preferred for protein separations by CE.  These reagents provide solubility 

and help keep the proteins from adsorbing to the capillary walls.  In this research, the anionic 

surfactants sodium dodecyl sulfate (SDS) and sodium cholate were investigated.  Cetyl 

trimethylammonium bromide is an example of a cationic surfactant investigated in this research. 

Triton X-100 is an example of a nonionic surfactants examined in this research.  Table 2.2 

outlines some properties of these surfactants which are important to their application in MEKC7.  

For this research, the ionic nature of the head group, the length of the alkyl chain, the CMC and 

the aggregation number of each representative detergent were considered.  These properties can 

influence the selectivity of the separation.  For example, the aggregation number, or the number 
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of detergent molecules in a single micelle, can influence the separation by creating a larger 

micelle, which can allow smaller proteins to partition.  

Consider the use of SDS in the separation of the protein constituents of IV-1 Paste.  SDS 

binds to proteins in a ratio of 1.4 grams of SDS per gram of protein10.  However, this ratio is not 

constant when one considers that some proteins have internal infrastructure, such as disulfide 

bonds, which cannot be disrupted by the detergent alone.  These types of bonds provide rigidity to 

the protein structure and require reducing agents in order to break the disulfide bond.  

Nevertheless, the binding of SDS to proteins results in conformational change, which is not 

always a linear or rod-shaped conformation.  The differential binding of SDS to protein based on 

the protein structure provides selectivity to SDS-based CE separations. 

Upon addition of SDS in sub-micellar concentrations, a difference in resolution is seen 

between pH 8.3 and 9.5 (Figures 2.4 and 2.5).  A better separation is obtained at pH 9.5 where 

most of the proteins in IV-1 Paste are soluble.  Even though SDS is present in sub-micellar 

concentration, its presence has affected the separation when compared to run conditions without 

SDS (Figures 2.9 and 2.10).  When SDS is not included in the separation conditions, and when 

the concentration of SDS is replaced with salt, the separation results in co-migration similar to the 

current CZE method.  The overall effect of adding salt is reduction of electroosmotic flow and 

subsequent loss of resolution.  One can conclude that ionic strength of the run buffer alone is not 

adequate for resolving the protein mixture.   

Where SDS is added to the separation conditions above the critical micellar 

concentration, the separation is significantly improved.  Once again, a better separation is 

achieved at higher pH (Figures 2.6 and 2.7).  If the SDS concentration is increased further, there 

appears to be no advantage, but the disadvantage of broader peaks and lower detection of the 

minor constituents (Figure 2.8). 

Consider the effect of the background electrolyte, in this case boric acid.  When the 

buffer concentration is reduced in the presence of micellar SDS, the separation is negatively 
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impacted and resembles the separation obtained with sub-micellar SDS at lower pH (Figures 2.6 

and 2.11).  One can conclude that the buffer capacity of boric acid was greatly reduced and the 

pH was affected by the proteins and excipients in the sample.  When the buffer concentration is 

increased in the presence of micellar SDS, the separation is negatively impacted as seen by a loss 

of resolution (Figure 2.12).  Here, the conductivity of the run buffer caused a decrease in 

resolution by an increase in current.  An increase in current can lead to an increase in temperature 

within the capillary, decreased buffer viscosity and subsequent decrease in electroosmtic flow.  In 

essence, all the proteins migrated rapidly through the capillary (as seen by the short run time) at 

the speed of the electroosmotic flow.  Typically, an increase in ionic strength should result in a 

decrease in electroosmotic flow.  However, in this case, one can speculate that the increase in 

borate concentration led to an increase in current, capillary heating and a subsequent decrease in 

viscosity.  This may have been caused by an enrichment of the charge double layer with sodium 

ions which decreases the zeta potential. 

These experiments led to the optimized buffer conditions of 65 mM boric acid, 20 mM 

SDS, pH 9.5 for separation of IV-1 Paste. 

Another anionic surfactant, sodium cholate, was investigated to see if a different 

selectivity could be obtained.  Sodium cholate has a CMC of 13-15 mM and an aggregation 

number of 2-4.  Again, proteins do not partition into micelles, but the CMC and aggregation 

number are provided only to illustrate the difference between the two anionic surfactants.  For 

simplicity, sodium cholate was used above the CMC only at the same concentration as SDS in the 

previous experiments (20 mM).  In essence, sodium cholate was substituted for SDS into the 

optimized CE-SDS run buffer.  Figure 2.13 shows that there was no advantage for using sodium 

cholate over SDS.   

The cationic surfactant, cetyltrimethylammonium bromide (CTAB), is another popular 

surfactant used in MEKC.  In MEKC, a difference in selectivity can be achieved by using a 

surfactant of an opposite charge as seen with small molecules and peptides.  For proteins, 
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published literature has shown examples of high resolution protein separation using CTAB for 

basic proteins using covalent and dynamic coated capillaries 12-13.  For the purpose of this 

research, CTAB was used above the micellar concentration at the pH appropriate for solubility of 

the acidic proteins in IV-1 Paste.  The resulting separation shown in Figure 2.14 shows a lack of 

resolution, which may be attributed to the lower association constant of CTAB to proteins as 

compared to that of SDS.  There is also very little change to the protein structure upon binding of 

CTAB to proteins as reported in literature 11.  In this case, it is likely that CTAB does not provide 

adequate denaturation or charge variation to produce separation. 

Triton X-100 is an example of a nonionic surfactant. Triton X-100 has a large 

aggregation number and a low CMC.  In comparison with SDS, Triton X-100 creates a larger 

micelle at lower concentrations. Literature states that the interaction of Triton X-100 with 

proteins is dependent on their hydrophobicity or hydrophilicity.  TX has much higher association 

with hydrophobic proteins for example those associated with lipid membranes 8,14.  The 

association of TX with hydrophilic proteins is less and due in part to dipole interaction with the 

oxygen in the polar head group of this neutral surfactant 8.  When 1% Triton X-100 was applied 

to capillary electrophoresis separation of IV-1 Paste, no protein peaks were visible after 45 

minutes regardless of polarity.  This surfactant was difficult to solubilize, and was higher in 

viscosity than other additives used.  This detergent was not further pursued, however, a lower 

concentration and a larger inner diameter capillary would be possible avenues. 

 

Capillary Gel Electrophoresis, CGE 

Capillary gel electrophoresis (CGE) aims to mimic SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE).  Many kits are now commercially available.  In CGE, a coated 

capillary is used, and the run buffer contains polymer additives, which act as a sieving matrix 15.  

For the purpose of this research, these kits were investigated but avoided as the basis of this 

research in order to develop a novel approach without relying upon commercially available 
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reagents.   These kits may be modified or discontinued in the future, which poses a problem for 

regulated industries.  The separation of IV-1 Paste proteins using the Beckman SDS CGE kit was 

impressive (Figure 2.15).  The proteins are theoretically separated by molecular weight due to the 

presence of SDS and high concentrations of polymer.  The negative points involve the 

reproducibility of the separation, the requirement for high pressure in order to pack the capillary 

with the replaceable gel buffer, and the long run times.  Also, it is apparent that the later 

migrating proteins have broader peak shapes.  For the purposes of this research, it was not 

prudent to perform spike studies to identify the peaks in this separation due to the fact that a novel 

system was desired.   

In order to further explore size-based separation by CE without the use of commercial 

products, the addition of polymers, such as polyethylene glycol (PEG), has been suggested in 

literature 16. For this experiment, 0.8% PEG was added to the optimized CE-SDS buffer system to 

see if any further improvement could be made (Figure 2.16).  Although the peak shapes were 

improved for early migrating peaks, the migration order did not appear to change.  A loss of peak 

shape is noted with the apolipoprotein A-1 peak, and the baseline appears noisy.  The separation 

is also shorter in run time, which was unexpected.  One would expect the retardation of the 

proteins by the polymer would slow down the migration times.  One explanation might be an 

increase in current, which led to faster migration time and some baseline noise.  

Capillary electrophoresis is easily adapted with lab-on-a-chip technology.  Caliper 

Technologies and Agilent Technologies have co-developed a new instrument called the 

Bioanalyzer.  The instrument and chemistry involve SDS-CGE on a chip with LIF detection.  The 

separation is theoretically based on molecular size, however, it appears that the two major protein 

constituents in IV-1 Paste are switched in order with respect to molecular weight.  Albumin and 

Alpha1-Antitrypsin are inverted where AAT migrates as the first peak and ALB is the second 

peak (Figure 2.17).  The apparent molecular weight of other proteins is also inaccurate when 

compared with the protein standards (Table 2.3).  This may be attributed to the presence or 
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absence of glycosylation.  For IV-1 Paste, no new proteins are identified using this separation, 

and it appears that there may be co-migration with the lower marker.   

 

Dynamic Coated Capillaries 

Dynamic coating of the capillary walls can be achieved using polyamines (polycations) 

such as putrescine (1,4-diaminobutane).  This is a simple buffer additive that can have dramatic 

effects through EOF suppression and reduced protein adsorption 17, 18.  In contrast with covalently 

coated capillaries, dynamic coatings are replaced with every run and do not require much more 

than a bare fused silica capillary. Using conditions suggested in literature, putrescine was studied 

for the separation of IV-1 Paste proteins. In this experiment, albumin was run as a purified 

standard protein to compare with IV-1 Paste.  Figures 2.18 and 2.19 show a complex separation 

of IV-1 Paste, with a negative impact on the baseline. This suggests that there are secondary 

interactions or possible matrix effects from non-protein components in IV-1 Paste.  Under these 

conditions, albumin is now a split peak, which shows a variant that was not previously seen. In 

literature, multiple peaks are obtained for purified glycoproteins through the use of these dynamic 

coatings and the resulting EOF suppression 17, 18.  For complex protein mixtures, the resolution 

capability of this dynamic coating may further complicate the protein profile and have a negative 

impact on the separation. 

 

Conclusion 

The challenge with separation of complex protein mixtures, such as human plasma 

proteins from the Cohn fractionation process, is the heterogeneity of the protein constituents with 

respect to concentration, size, glycosylation, surface charge and structural properties. Each 

protein has its own microheterogeneity, which further complicates the profile.  Several capillary 

electrophoresis techniques have been explored in this research in an attempt to capitalize on these 

differences while balancing the need for resolution of all constituents.   
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SDS-CGE and cIEF showed excellent promise for resolving the proteins in IV-1 Paste.  

These applications require some optimization.  Overall, the most efficient CE separation was 

developed and optimized in-house without relying on commercially available products. The 

method utilizes a bare fused silica capillary and a simple borate, SDS buffer at pH 9.5. 

As a side note, the proprietary cIEF and SDS-CGE kits used in this research are older 

generation kits and have since been improved by the manufacturers.  Instrumentation has also 

been improved in order to achieve higher and more consistent pressures. 
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Table 2.1. Capillary Zone Electrophoresis Protein Identification 

CZE Region Expected Proteins 
Gamma Immunoglobulins: IgG, IgM, IgA 

Beta 
Transferrin, Plasminogen, C3 
(complement), C-reactive Protein, Free 
Hemoglobin, Lipoproteins (LDL, VLDL) 

Alpha-2 Alpha-2-macroglobulin, Antithrombin III, 
Ceruloplasmin, Haptoglobin 

Alpha-1 
Alpha-1-antitrypsin, Alpha-1-acid 
Glycoprotein, Alpha Fetoprotein, High 
Density Lipoprotein (HDL) 

Albumin Albumin 
 

Table 2.2  Surfactant Properties7 

Class Detergent 
Name 

MW of 
Monomer 

CMC (mM) Aggregation # MW of Micelle 

Nonionic Triton X-100 650 0.2-0.9 100-155 80,000 
Cationic CTAB 364.5 1.0 170 62,000 
Anionic SDS 288.5 7-10 62 18,000 
Anionic Sodium 

Cholate 
430.6 9-15 2 900 

 

 

Table 2.3.  Apparent Molecular Weight by Agilent Bioanalyzer 

Protein Expected Molecular 
Weight (Da) 

Molecular Weight by 
Bioanalyzer (Da) 

IgG 150,000 162,000 
Alpha1-Antitrypsin 54,000 75,000 
FVIII 285,000 210,000 
Albumin 67,000 54,000 
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Figure 2.1. IV-1 Paste by Capillary Zone Electrophoresis (CZE) Method: 200mM Borate, 
130mM NaCl, pH 9.8; 31.2cm x 20µm bare fused silica capillary; UV detection at 
214nm; System: Beckman MDQ. 
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Figure 2.2.  IV-1 Paste: 50mM Tris/HCl, 100mM NaCl; 37cm x 20µm bare fused silica 
capillary; 10kV; UV detection at 214nm; System: Beckman P/ACE 5000. 
A. pH 7.5 
B. pH 8.0  
C. pH 8.5 
D. pH 9.0  
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Figure 2.3 Capillary Isoelectric Focusing of IV-1 Paste Using Beckman cIEF kit.  Run conditions 
per kit instructions. 
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Figure 2.4  IV-1 Paste Using Sub-Micellar SDS, Run Conditions: 65 mM boric acid, 3.5 mM 
SDS, pH 8.3; 10kV, 37 cm bare fused silica capillary. 
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Figure 2.5  IV-1 Paste Using Sub-Micellar SDS, Run Conditions: 65 mM boric acid, 3.5 mM 
SDS, pH 9.5; 10kV, 37 cm bare fused silica capillary. 
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Figure 2.6  IV-1 Paste Using Micellar SDS, Run Conditions: 65 mM boric acid, 20 mM SDS, pH 
8.3; 10kV, 37 cm bare fused silica capillary. 
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Figure 2.7  IV-1 Paste Using Micellar SDS, Run Conditions: 65 mM boric acid, 20 mM SDS, pH 
9.5; 10kV, 37 cm bare fused silica capillary. 
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Figure 2.8  IV-1 Paste Using Micellar SDS, Run Conditions: 65 mM boric acid, 50 mM SDS, pH 
9.5; 10kV, 37 cm bare fused silica capillary. 
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Figure 2.9  IV-1 Paste without SDS, Run Conditions: 65 mM boric acid, pH 9.5; 10kV, 37 cm 
bare fused silica capillary. 
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Figure 2.10  IV-1 Paste without SDS adding salt for ionic strength, Run Conditions: 65 mM boric 
acid, 20 mM NaCl, pH 9.5; 10kV, 37 cm bare fused silica capillary. 
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Figure 2.11  IV-1 Paste with Micellar SDS reducing boric acid, Run Conditions: 10 mM boric 
acid, 20 mM SDS, pH 9.5; 10kV, 37 cm bare fused silica capillary. 
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Figure 2.12  IV-1 Paste with Micellar SDS increasing boric acid, Run Conditions: 200 mM boric 
acid, 20 mM SDS, pH 9.5; 10kV, 37 cm bare fused silica capillary. 
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Figure 2.13  IV-1 Paste Using Sodium Cholate, Run Conditions: 65 mM boric acid, 20 mM 
sodium cholate, pH 9.5; 10kV, 37 cm bare fused silica capillary 
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Figure 2.14  IV-1 Paste Using CTAB, Run Conditions: 65 mM boric acid, 3.5 mM CTAB, pH 
9.5; -10kV, 37 cm bare fused silica capillary 
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Figure 2.15  IV-1 Paste by Beckman SDS CGE Kit; Run conditions per kit instructions. 
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Figure 2.16  IV-1 Paste by CE-SDS with PEG, Run Conditions: 65 mM boric acid, 20 mM SDS, 
0.8% PEG, pH 9.5; 10kV, 37 cm bare fused silica capillary. 
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Figure 2.17  IV-1 Paste by Agilent Bioanalyzer (Protein 200 Chip); LM = lower marker, UM = 
upper marker. 
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Figure 2.18  IV-1 Paste and Albumin, Run Conditions: 100 mM boric acid, 5 mM diaminobutane,  
pH 8.5; 20kV, 37 cm bare fused silica capillary. 
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Figure 2.19  IV-1 Paste and Albumin, Run Conditions: 20 mM sodium phosphate, 50 mM boric 
acid, 5 mM diaminobutane,  pH 8.5; 20kV, 37 cm bare fused silica capillary. 
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CHAPTER 3.  CHARACTERISTICS OF THE CE-SDS METHOD 

Introduction 

In this research, the optimal conditions identified involve a borate-SDS buffer with free-solution 

separation of proteins in complex matrices.  This method was developed in-house, and the 

performance characteristics of the method will be discussed in this chapter. 

  

Experimental 

Chemicals 

Boric acid (sodium salt), lauryl sulfate (sodium salt), transferrin (human), Prealbumin (human), 

apolipoprotein A-I (human), alpha2-macroglobulin (human), haptoglobin (human), IgA (human) 

and IgM (human) were purchased from Sigma Chemical Company (St. Louis, MO).  IV-1 Paste, 

albumin (human), alpha-1-antitrypsin (human), antithrombin III (human) and IgG (human) were 

obtained from Bayer Biological Products. 

 

Capillary Electrophoresis Conditions 

In general, CE-SDS experiments were performed on Beckman P/ACE 5000 or MDQ CE 

systems.  Later experiments were performed on Agilent G1600A HPC E systems.  For 

experiments performed on the Beckman systems, fused silica capillaries (Beckman) with an inner 

diameter of 20 µm and a total length of 27 cm were used.  The separation voltage was 10 kV (370 

V/cm). For experiments performed on the Agilent system, fused silica capillaries (Agilent 

Technologies) with an inner diameter of 25 µm extended path length and a total length of 47 cm 

were used.  The separation voltage was 17 kV (362 V/cm). 

For all experiments, the CE-SDS run buffer consists of 65 mM borate, 20 mM SDS, pH 

adjusted to 9.5 with 5 N NaOH.  All capillaries were first conditioned with 1 N NaOH, followed 

by deionized water, and then run buffer for approximately ten minutes each.  Between sample 
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injections, capillaries are rinsed with 1 N NaOH followed by water for two minutes each.  Prior to 

sample injection, the capillary is rinsed with run buffer for four minutes.  Sample injection was 

performed by pressure. 

 

Immunonephelometry 

Immunonephelometry was performed on a Behring BNII instrument which measures 

light scattering turbidity formed by antibody recognition complexes. 

 

Sample Preparation 

IV-1 Paste was prepared by weighing 0.1 grams of frozen paste and dissolving in five 

milliliters of CE-SDS run buffer.  The solution was vortexed until no pellet was visible.  It should 

be noted that solid IV-1 Paste is considered heterogeneous, and different areas of the solid were 

sampled in order to be representative. 

Other process intermediate samples were diluted a minimum factor of two in order to 

incorporate SDS and allow to reach equilibrium.  If possible, protein concentration was estimated 

using immunonephelometry of alpha1-antitrypsin, and samples were diluted to fall within the 

range of the standard curve (0.5 to 5.0 mg/mL). 

 

Results and Discussion 

Spike Studies 

Spike studies were performed using purified protein standards.  In order to identify the 

migration time of proteins in IV-1 Paste, proteins were injected alone and spiked into IV-1 Paste.  

The results were varied, where some proteins could be positively identified and others were 

inconclusive due to multiple peaks or impurities.  Also, proteins in run buffer alone did not 

always have the same migration time as in IV-1 Paste suspension, which made identification by 

migration time unreliable in some cases.  This is attributed to the fact that IV-1 Paste suspension 
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has a complex matrix and higher ionic strength than purified protein matrices.  Most of the early 

migrating proteins do not resolve completely and exist in low concentrations in IV-1 Paste.  The 

Igs (IgG, IgA and IgM) appear broad and may migrate under several peaks in the distribution.  

Although the Igs exist in low abundance in IV-1 Paste, they potentially contribute to the 

broadness of the peaks in the regions preceding the AAT peak.  The spike studies using the 

CE-SDS conditions are summarized in Figures 3.1 to 3.11. 

 

Mechanism of Separation 

Figure 3.12 shows the separation and peak identification obtained by the CE-SDS method 

for IV-1 Paste.  It is believed that the mechanism of separation is based on the differential binding 

and denaturation of the proteins by SDS resulting in elongated structure and overall negative 

charge.  SDS binding to the protein surfaces has a positive effect on the CE separation in that the 

net negative charge will cause proteins to repel from the capillary wall and from each other.  In 

this method, the separation relies on structural differences of the proteins and how the degree of 

SDS binding differs between the various structures.  Certain protein characteristics are listed in 

Table 3.1, and proteins are listed in migration order by the CE-SDS method. The selected proteins 

discussed are not necessarily baseline resolved from each other.  However, this chapter aims to 

characterize the method and its capabilities and limitations. 

Consider the example of prealbumin (transthyretin), haptoglobin, tranferrin, alpha1-

antitrypsin, albumin and apoliprotein A-I (Figure 3.12).  The mechanism of separation of these 

proteins can be explained by considering the structural characteristics such as beta-sheet or alpha-

helical motifs, the presence or absence of disulfide bonds and the degree of glycosylation. One 

can conclude that the order of migration is dependent on the protein structure primarily, and the 

presence or absence of disulfide bonds plays a secondary role.  The migration order of these 

selected proteins begins with the early migrating proteins that exist as tetramers (e.g. prealbumin, 

haptoglobin).  The monomeric proteins rich in beta-sheet structure are next in the migration order 



33 

(e.g. alpha-2-macroglobulin, transferrin, alpha1-antitrypsin).  Finally, the proteins which have 

mostly alpha-helical structure migrate last (e.g. albumin, apolipoprotein A-I).  However, one 

cannot ignore the fact that albumin contains 17 disulfide bonds, yet  is almost last in migration 

order and tends to separate well from the other proteins.  One explanation may be that the 

disulfide bonds in albumin create nine loops and can be grouped into three homologous domains.  

Each domain consists of a repeating triplet pattern of long-short-long loops.  In solution with 

SDS, the structure of albumin can be perturbed to form an almost cylinder shape due to the 

simple adjacent loop structure of the protein 1.  In contrast, prealbumin, or transthyretin, is made 

up of two homologous dimers through the interactions of the beta-sheet structures 6.  These 

hydrophobic beta-sheet structures are easily perturbed by SDS, and most likely result in the 

denaturation of prealbumin into its monomeric form.  In other words, the affects of SDS binding 

are maximized on proteins with mostly hydrophobic structure. 

Glycosylation, or the post-translational addition of sugar subunits to proteins, aids in the 

stability, solubility, folding, biological activity and circulation half-life in the body.  For the 

purpose of this discussion, glycosylation results in additional negative surface charge arising from 

terminal sialic acid residues.  Glycosylation occurs at asparagine residues (N-linked) or threonine 

residues (O-linked).  Not all possible sites of glycosylation for a given protein are occupied by 

glycans; this results in heterogeneity of the protein population.  The presence or absence of 

glycans affects the binding of SDS, molecular weight and  isoelectric point of a protein as well.  

The example of the model proteins does not allow much correlation between the amount of 

glycosylation and the migration order other than the fact that the last two proteins (albumin and 

apolipoprotein A-1) are not typically glycosylated.  However, it is important to emphasize the 

heterogeneity introduced by glycosylation as one explanation for the lack of baseline separation 

of all of the proteins in the complex mixture. 
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Quantitation of Alpha1-Antitrypsin by CE-SDS 

As mentioned previously, IV-1 Paste is the starting material for the purification of Alpha-

1-Antitrypsin by modified Cohn Fractionation.  Protein composition of IV-1 Paste was 

determined by immunonephelometry, which involves immunoprecipitation (monoclonal and 

polyclonal antibodies) reactions detected by light scattering turbidity, LST (Table 3.2).  This 

technique is used in hospital laboratory settings for quantitation of major plasma proteins of 

interest.  It should be emphasized that this panel of proteins does not represent all of the possible 

proteins in human plasma.  However, it provides a comprehensive profile of the clinically-

significant proteins for which quantitation by immunoreaction and LST is accurate within 15% 

CV.   

The three major components in IV-1 Paste include Alpha1-Antitrypsin, Albumin, and 

Apolipoprotein A-1, where the protein of interest is Alpha1-Antitrypsin (AAT). From Table 3.2, it 

appears that %Area by CE-SDS has a linear correlation with the fraction of the individual protein 

of the total protein content, where the protein is identified by this method.  Minor components 

will not likely be identified in part due to the lack of sensitivity from the short path length in CE. 

By creating an external standard curve of known AAT concentration versus response 

factor (peak area), AAT can be accurately quantitated in samples ranging from IV-1 Paste to pre-

formulated product.   Accurate quantitation is dependent upon a correlation coefficient (R2) 

greater than or equal to 0.99 for a standard curve determination (Figure 3.13).  Values obtained 

by CE-SDS for the different process intermediates show reasonable correlation with the values 

obtained by immunonephelometry (Table 3.3).   

Figures 3.14 to 3.18 show the electropherograms of the different process steps during the 

purification of alpha1-antitrypsin.  From the purification process published by Chen, et al in 

19982, the first step is to suspend the IV-1 Paste in a Tris buffer pH 9.25 to 9.5 and adjust the 

conductivity by the addition of sodium chloride (Figure 3.14).  The second step in the 

manufacturing process involves the addition of 11.5% PEG for precipitation of viruses and 
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contaminant proteins, which are removed by centrifugation (Figure 3.15).  The level of PEG is 

then increased to 28.5% in order to precipitate alpha1-antitrypsin.  The 28.5% PEG sample is 

centrifuged to collect alpha1-antitrypsin as a paste and then frozen for further processing (Figure 

3.16).  When the 28.5% PEG Paste is thawed, it is resuspended in a Tris buffer pH 8.0 and loaded 

onto a DEAE column for anion chromatography (Figure 3.17).  Alpha1-antitrypsin binds to the 

column resin while many of the remaining contaminant proteins are removed in the flowthrough 

fraction.  Then, the bound alpha1-antitrypsin is eluted and concentrated by 

ultrafiltration/diafiltration (Figure 3.18). 

The CE-SDS method works well for characterizing the process for the purification of 

alpha1-antitrypsin.  One exception is the 11.5% PEG Filtrate sample where the protein profile 

looks significantly impacted by the sample matrix.  (In a previous chapter, the addition of PEG 

was discussed as a possible sieving polymer for the purpose of size-based separation by CE.)   

Overall, the purification of alpha1-antitrypsin can be tracked through the process by the CE-SDS 

method (some level of albumin is present in the final product).  The protein profile can be a 

valuable tool in the manufacturing process to calculate the appropriate column loading based on 

the amount of alpha1-antitrypsin and contaminant proteins present.  The high efficiency and 

simplicity of this method makes it ideal for the production floor. 

 

Intermediate Precision of the CE-SDS Method 

The repeatability (intermediate precision) of the CE-SDS method is outlined in Table 3.4, 

where the %RSD of the migration time is less than 3% and relative area percent is less than 8% 

for the three major proteins in IV-1 Paste (n=22 injections).  The variability in area percent values 

can be attributed to the heterogeneity of IV-1 Paste as the same preparation could not be used for 

these studies (same starting paste).  The robustness of this method is proven by the application of 

this method in different laboratories on different equipment.  Early experiments were performed 

on Beckman P/ACE 5000 and Beckman P/ACE MDQ capillary electrophoresis instruments.  
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Later experiments were performed on Agilent G1600A HPCE instruments.  Minor adjustments 

were made to the CE conditions in order to compensate for longer and slightly wider capillaries 

used in the Agilent systems.  The only notable difference is seen towards the end of the CE run, 

where the baseline is affected in samples run on the Agilent system (Figure 3.19).  This may 

beattributed to the temperature thermostatting of the capillary, which is air-cooled in the Agilent 

system versus liquid-cooled in the Beckman systems.  Overall, the profiles are highly conserved. 

 

Limitations 

The separation window of the CE-SDS method defined by the migration time of the 

electroosmostic flow marker, mesityl oxide, and the micelle marker, Sudan III (Figure 3.19).  The 

migration time window is less than eight minutes for which to separate the many protein 

constituents in IV-1 Paste.  Although this separation is not due to differential partitioning, the 

separation window can still be defined and poses a limitation to the separation capability.  

Attempts to widen the window of separation by increasing the ionic strength or increasing the 

SDS concentration did not improve resolution, but only broadened the peaks and reduced 

detection sensitivity of low abundance proteins. 

IV-1 Paste is a downstream sample form the modified Cohn fractionation process, where 

several proteins of interest have been removed in previous steps.  For example, Igs 

(immunoglobulins) are  very minor components in IV-1 Paste (precipitated upstream in II+III 

Paste).  Given the heterogeneity of the Igs, the depletion of Igs from this sample has been 

advantageous to this separation.  It is not possible to separate such a heterogeneous class of 

proteins by this method even though they are significantly different in size.  The CE-SDS method 

did not result in separation of IgG, IgA and IgM, and the baseline in the early migrating peaks 

may have been negatively impacted by the presence of the Igs (Figures 3.8, 3.9 and 3.10). 
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Applicability 

The CE-SDS method as developed in this research has the capability for on-line process 

monitoring during plasma fractionation.  Recently, the Food and Drug Administration has 

introduced the Process Analytical Technology Initiative (PAT), which defines the need for 

characterization of the manufacturing process through implementation of analytical techniques at 

various points in the manufacturing process of a biopharmaceutical.  Through multivariate 

analysis of characterization data, critical process parameters which may correlate to yield can be 

identified.  The goal is to analyze samples at multiple checkpoints throughout the process in order 

to monitor aberrances prior to reaching final product.  By improving process control through 

analytical characterization testing, pharmaceutical and biopharmaceutical companies can avoid 

discarding final product and save millions of dollars per year.   

Biopharmaceutical companies also have to balance the implementation of technological 

advancements with adherence to the licensed manufacturing process.  Theoretically, the PAT 

Initiative allows for technological advancements in equipment and processes to be implemented 

without having to reapeat licensure.  Comparability protocols have to be performed, however, this 

is yet another important source of cost savings.  

 

Conclusions 

 Overall, the CE-SDS method as developed in this research shows excellent precision, 

accuracy, linearity, and robustness for the detection of proteins of interest in IV-1 Paste. The 

resolution of the method is a significant improvement over the current serum protein methods.  

The mechanism of separation involves differential binding of SDS to the proteins due to 

structural properties, and the solubility and charge repulsion from the capillary wall provided by 

SDS. The limitations of the method as discussed include the resolution of early migrating 

proteins, low detection sensitivity to low abundance proteins and the lack of resolution for 

immunoglobulins.
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Table 3.1 Protein Characteristics of Selected Proteins in IV-1 Paste 

M
ig

ra
tio

n 
O

rd
er

SwissProt P02647,
Ref 17

None0All alpha-helix5.128,000Apolipoprotein 
A-1

SwissProt P02768,
Ref 1, 3, 14, 15, 16

None17 + 1 free CysAll alpha-helix4.0-5.866,500Albumin

SwissProt P01009,
Ref 3, 5, 13

3 possible sites 
(N-linked only)

0
1 free Cys

Combination 
of alpha-helix 
and beta-sheet

4.2-4.951,000Alpha1-
Antitrypsin

SwissProt P02786,
Ref 4, 12

4 possible sites 
(3 N-linked, 1 
O-linked)

1Combination 
of alpha-helix 
and beta-sheet

5.5-5.985,000Transferrin

SwissProt P01023,
Ref  4, 10, 11

8 possible sites 
(all N-linked)

13, 
3 possible 
internal cross-
links

beta-sheet rich, 
low alpha-helix

5.4163,000Alpha2-
Macroglobulin

SwissProt P00738,
Ref 4, 7, 8, 9

4 possible sites 
(all N-linked)

7, 
of which 3 are 
interchain

Tetramer of 2 
alpha and 2 
beta chains
Combination 
of alpha-helix 
and beta-sheet

4.1200,000Haptoglobin

SwissProt P02766,
Ref 3, 6

None0
1 free Cys

Homotetramer 
beta sheet rich

4.765,000Prealbumin 
(Transthyretin)

ReferencesGlycosylationNo. of 
Disulfide 
Bonds

Structural 
Motifs

pIMolecular 
Weight (Da)

Protein

 



39 

Table 3.2  CE-SDS Relative %Composition Compared with Immunonephelometry 

Component 
% Protein by 

Immunonephelometry
Rel. %Area by  

CE-SDS 

Alpha-1 Antitrypsin 19.9% 23.83% 
IgG 8.3% 
IgA 8.8% 12.07% 

IgE Not significant unidentified 
Antithrombin III 2.7% 0.54% 

Albumin 22.3% 17.53% 
Transferrin 7.3% 

Alpha-2-Macroglobulin 7.6% 14.29% 

Haptoglobin 2.5% 2.86% 
Alpha-1-acid Glycoprotein 0.6% unidentified 

Ceruloplasmin 3.3% unidentified 
Apolipoprotein-A1 13.7% 18.17% 

Fibronectin 0.5% Not significant 
Plasminogen 0.2% Not significant 

Apolipoprotein-B 0.2% Not significant 
Prealbumin 1.2% 0.84% 

 

Table 3.3  Quantitation of Alpha1-Antitrypsin by CE-SDS in Process Intermediates 

Sample AAT (mg/mL) by 
Immunoneph. 

AAT (mg/mL) by CE-
SDS 

% Recovery 
between CE-SDS 
and Immunoneph* 

IV-1 Paste Suspension 2.2 1.9 87% 
11.5% PEG Filtrate 0.9 1.1 117% 
28.5% PEG Paste Prelim 10.7 11.4 107% 
28.5% PEG Suspension, 
Column Load 16.3 17.0 105% 

Concentrated Column Eluate  125 121 98% 
 

Table 3.4 Intermediate Precision of IV-1 Paste (day-to-day, capillary-to-capillary) 

Migration Time (min) Area% N = 22 injections Alpha-1 Albumin Apo-A1 Alpha-1 Albumin Apo-A1 
Average 9.2 9.8 10.7 31.3 23.1 13.5 
Standard 
Deviation 0.24 0.27 0.32 1.87 1.76 0.52 

%RSD 2.6% 2.8% 3.0% 6.0% 7.6% 3.8% 
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Figure 3.1  Spike Study of Alpha1-Antitrypsin (AAT) and Albumin (ALB) in IV-1 Paste by CE-
SDS. 
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Figure 3.2 Spike Study of Albumin in IV-1 Paste by CE-SDS. 
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Figure 3.3 Spike Study of Apolipoprotein A-1 in IV-1 Paste by CE-SDS. 
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Figure 3.4 Spike Study of Haptoglobin in IV-1 Paste by CE-SDS. 
 
 
 
 
 
 



44 

 

IV-1
Paste

IV-1 Paste +
Alpha2-
Macroglogulin

M in u t e s
0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8

A
U

0 . 0 0 0

0 . 0 0 2

0 . 0 0 4

0 . 0 0 6

0 . 0 0 8

0 . 0 1 0

0 . 0 1 2

0 . 0 1 4

0 . 0 1 6

0 . 0 1 8

0 . 0 2 0

A
U

0 . 0 0 0

0 . 0 0 2

0 . 0 0 4

0 . 0 0 6

0 . 0 0 8

0 . 0 1 0

0 . 0 1 2

0 . 0 1 4

0 . 0 1 6

0 . 0 1 8

0 . 0 2 0

 

6.
35

8

7.
16

7

7.
44

2

7.
97

5 8.
45

8

8.
79

2
8.

90
8

9.
15

0 9.
33

3
9.

45
0

9.
84

2

10
.5

25

10
.9

92

11
.2

92

11
.5

75

12
.3

58
12

.4
08

13
.2

17

C h a n n e l  A --  U V
I V -1  P a s te
0 1 1 3 0 0 0 1 . D AT

M i g ra t i o n  T i m e

M inutes
0 1 2 3 4 5 6 7 8 9 1 0 11 12 1 3 1 4 15 1 6 1 7 1 8

A
U

0 .0 00

0 .0 02

0 .0 04

0 .0 06

0 .0 08

0 .0 10

0 .0 12

0 .0 14

A
U

0 .0 00

0 .0 02

0 .0 04

0 .0 06

0 .0 08

0 .0 10

0 .0 12

0 .0 14

 

7.
24

2

7.
52

5

8.
05

8 8.
89

2

9.
46

7
9.

61
7

9.
92

5
9.

97
5

10
.2

92

10
.6

92

11
.7

75

13
.6

67
13

.7
08

C h a n n e l  A -- U V
IV -1  P as te +A2 Ma cr o g
01 1 30 01 3. D AT

M ig ra ti o n  T im e

 

IV-1
Paste

Alpha2-
Macroglogulin

M in u t e s
0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8

A
U

0 . 0 0 0

0 . 0 0 2

0 . 0 0 4

0 . 0 0 6

0 . 0 0 8

0 . 0 1 0

0 . 0 1 2

0 . 0 1 4

0 . 0 1 6

0 . 0 1 8

0 . 0 2 0

A
U

0 . 0 0 0

0 . 0 0 2

0 . 0 0 4

0 . 0 0 6

0 . 0 0 8

0 . 0 1 0

0 . 0 1 2

0 . 0 1 4

0 . 0 1 6

0 . 0 1 8

0 . 0 2 0

 

6.
35

8

7.
16

7

7.
44

2

7.
97

5 8.
45

8

8.
79

2
8.

90
8

9.
15

0 9.
33

3
9.

45
0

9.
84

2

10
.5

25

10
.9

92

11
.2

92

11
.5

75

12
.3

58
12

.4
08

13
.2

17

C h a n n e l  A --  U V
I V -1  P a s te
0 1 1 3 0 0 0 1 . D AT

M i g ra t i o n  T i m e

M in u t e s
0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2 1 3 1 4 1 5 1 6 1 7 1 8

A
U

-0 . 0 0 0 5

0 . 0 0 0 0

0 . 0 0 0 5

0 . 0 0 1 0

0 . 0 0 1 5

0 . 0 0 2 0

0 . 0 0 2 5

0 . 0 0 3 0

0 . 0 0 3 5

0 . 0 0 4 0

0 . 0 0 4 5

A
U

-0 . 0 0 0 5

0 . 0 0 0 0

0 . 0 0 0 5

0 . 0 0 1 0

0 . 0 0 1 5

0 . 0 0 2 0

0 . 0 0 2 5

0 . 0 0 3 0

0 . 0 0 3 5

0 . 0 0 4 0

0 . 0 0 4 5

 

9.
62

5

C h a n n e l  A - -  U V
A-2 -M a c r o g l o b u l i n
0 1 1 3 0 0 1 5 . D AT

M i g ra t i o n  T i m e

 
Figure 3.5 Spike Study of Alpha2-Macroglobulin in IV-1 Paste by CE-SDS.
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Figure 3.6 Spike Study of Transferrin in IV-1 Paste by CE-SDS. 
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Figure 3.7 Spike Study of Prealbumin in IV-1 Paste by CE-SDS. 
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Figure 3.8 Spike Study of IgG in IV-1 Paste by CE-SDS. 
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Figure 3.9 Spike Study of IgA in IV-1 Paste by CE-SDS. 
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Figure 3.10 Spike Study of IgM in IV-1 Paste by CE-SDS. 
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Figure 3.11  Spike Study of Ceruloplasmin by CE-SDS. 
 



51 

Minutes
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

A
U

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

A
U

-0.002

0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

 

6.
09

2

6.
78

3
7.

04
2

7.
51

7 7.
95

0

8.
34

2
8.

55
8

8.
72

5
8.

82
5

9.
17

5 9.
76

7

10
.6

75

12
.0

75

Channel A -- UV
IV-1 Paste
01129901.DAT

Migration Time

Apo 
A-I

AlbAAT

5
4

321

1=ATIII
2=Prealbumin
3=Haptoglobin
4=IgG+IgA+IgM
5=α2-macroglobulin                                                   

+Transferrin

 
Figure 3.12  Electropherogram of IV-1 Paste by CE-SDS Method. 
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Figure 3.13. Standard Curve of Alpha1-Antitrypsin by CE-SDS Using an In-house Standard. 
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Figure 3.14  IV-1 Paste Suspension Post-NaCl Addition by CE-SDS. 
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Figure 3.15  11.5% PEG Filtrate Step by CE-SDS. 
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Figure 3.16  28.5% PEG Paste Step by CE-SDS. 
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Figure 3.17  28.5% PEG Suspension, Column Load Step by CE-SDS. 
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Figure 3.18  Concentrated Column Eluate Step by CE-SDS. 
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Figure 3.19  IV-1 Paste by CE-SDS on Agilent HPCE System 
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CHAPTER 4. CHARACTERIZATION OF IV-1 PASTE BY MASS SPECTROMETRY 

Introduction 

The complicated task of human plasma protein analysis can be addressed by multi-

dimensional techniques in order to obtain a more complete protein profile. Typical plasma 

profiling methods include capillary electrophoresis, two-dimensional gel electrophoresis, and 

SDS-PAGE.  Separation techniques can provide semi-quantitative distribution of proteins in a 

plasma sample.  However, a high concentration of albumin in human plasma amounts to 

approximately 50-60% of the total protein and often creates a problem with detection of low 

abundance proteins 2.  Mass spectrometry can provide detection sensitivity not afforded by 

absorbance detection with additional specificity.   

  One disadvantage of mass spectrometry is that it cannot be considered quantitative due 

to differences in ionization properties of different proteins and peptides.  However, mass 

spectrometry can be used as a second dimension to identify some of the protein constituents not 

well separated or detected due to low abundance.  Recently the flourishing proteomics field has 

resulted in a wealth of research in analytical approaches, such as the “top down” or “bottom up” 

approaches 7.  

The “top down” approach to analyzing complex biological samples, such as human 

serum, cell lysates, and protein complexes, involves coupling of chromatographic separation with 

mass spectrometry.  The “bottom-up” approach involves the enzymatic digestion (e.g. trypsin) of 

the entire mixture of proteins followed by cation exchange chromatography with fraction 

collection.  Each fraction containing multiple peptides is subsequently injected onto a reverse-

phase separation column with direct infusion into a mass spectrometer (Figure 4.1).  Tandem 

mass spectrometry provides a higher level of peptide sequencing information as compared to 

parent mass only techniques.  Peptide sequences lend to protein identification, which is often 

accomplished through database searching 7,8,9.   
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Alternatively, differential protein expression is studied by two-dimensional gel 

electrophoresis, where proteins are separated orthogonally by isoelectric point (pI) and molecular 

weight.  Spots which increase in signal intensity indicate elevated expression of a particular 

protein.  These spots are excised and subsequently subjected to enzymatic digestion followed by 

the procedures mentioned.  Although these methods have great potential to identify unknown or 

low abundance proteins, they are quite labor intensive and time-consuming.  High-throughput 

analysis using these methods has been achieved, but requires expensive instrumental setups 

involving multiple capillary LC with high resolution mass spectrometry (e.g. FT-ICR) and 

robotics for sample preparation.  Also, this type of approach makes an inherently complex sample 

several-fold more complex. For these reasons, this approach is not desirable for the current 

analytical problem. 

In this research, two capillary electrophoresis methods, a clinical method and a newly-

developed method (CE-SDS), is compared with a proteomics approach to examine the protein 

profile of a sample from human plasma fractionation, IV-1 Paste.  To illustrate the top-down 

approach, a reverse-phase LC/MS experiment was performed.  The mass spectrometer in this case 

is a quadrupole ion trap with an electrospray source.  As an example of the bottom-up approach, 

the entire protein mixture was digested with trypsin and analyzed by LC/MS/MS using the same 

mass spectrometer (Figure 4.2).  The protein profile obtained by MALDI-TOF mass spectrometry 

will provide orthogonal protein profile, since the ionization off proteins by MALDI is different 

than by electrospray.  Also, an albumin-depletion method was used to investigate whether 

removal of albumin will increase the detection of low abundance proteins in IV-1 Paste. 

 

Experimental 

Chemicals 

Urea and acetonitrile (JT Baker) were purchased from Fisher Scientific. Dithiothreitol (DTT) was 

obtained from Invitrogen (10X sample reducing agent). Sequencing grade TPCK-treated bovine 
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trypsin was purchased from Promega.  Trifluoroacetic acid, ammonium bicarbonate, sinnapinic 

acid, tris, and calcium chloride were purchased from Sigma Chemical Co., St. Louis, MO.  

Montage albumin depletion kit was purchased from Millipore Corporation, Bedford, MA. 

 

CE “CLINICAL METHOD” 

The “Clincal Method” was adapted from M.A Jenkins, et al 1.   The experiments were performed 

on Agilent G1600A HPCE system.  The buffer conditions were 75 mM boric acid, 0.2 mM 

calcium lactate, pH 10.3. Bare fused silica capillaries (Agilent Technologies) with an inner 

diameter of 50 µm and a total length of 70 cm were used.  The separation voltage was 20 kV 

(positive polarity).  Sample injection was performed by pressure (15 seconds with 50 mbar).  

Diode array detector was used to obtain absorbance at 214 nm.  Data were collected and analyzed 

using ChemStation software. 

 

CE-SDS METHOD 

CE-SDS experiments were performed on Agilent G1600A HPCE system.  Bare fused silica 

capillaries (Agilent Technologies) with an inner diameter of 25 µm extended path length and a 

total length of 47 cm were used.  The separation voltage was 17 kV (positive polarity).  The CE-

SDS run buffer consists of 65 mM borate, 20 mM SDS, pH 9.5.  Sample injection was performed 

by pressure (15 seconds with 50 mbar).  Diode array detector was used to obtain absorbance at 

214 nm.  Data were collected and analyzed using ChemStation software. 

 

MALDI-TOF 

Analysis was performed using a Voyager MALDI-TOF in linear, positive ion mode. Sinnapinic 

acid matrix was dissolved at 20 mg/mL in 50% acetonitrile/50% water/0.1% TFA. IV-1 Paste 

suspension was diluted 1:50 in sinnapinic acid matrix and spotted onto a MALDI plate. 
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LC/MS 

Reverse phase LC/MS was performed on an Agilent 1100 HPLC system coupled with a Thermo 

Finnigan LCQ Classic ESI-Ion Trap mass spectrometer.  The column was manufactured by 

Microhm BioResources PLRP-S 4000Å, 2.0mm x 150mm, and column temperature was 

maintained at 40°C.  Mobile phase A was 0.1% TFA in water and mobile phase B was 0.1% TFA 

in acetonitrile.  Gradient elution 30-40% mobile phase B over 20 minutes, 0.4 mL/min. UV 

detection was at 210nm.  Mass spectral data was collected and analyzed by Xcalibur software. 

 

LC/MS/MS 

Reverse phase LC/MS/MS was performed on an Agilent 1100 HPLC system coupled with a 

Thermo Finnigan LCQ Classic ESI-Ion Trap mass spectrometer.  The column was manufactured 

by Vydac C18 (218MS52) with dimensions 4.1mm x 150 mm, and column temperature was 

maintained at 40°C.  Mobile phase A was 0.02% TFA in water and mobile phase B was 0.02% 

TFA in acetonitrile.  Gradient elution of 2-60% B over 180 minutes at 0.1 mL/min. UV detection 

was at 210nm.  MS parameters involved data-dependent scanning and three scan events: full 

spectrum, MS/MS of the most abundant ion from full scan, and MS/MS of the second most 

abundant ion from full scan.  Mass spectral data was collected and analyzed by Xcalibur software 

and SEQUEST. 

 

Tryptic Digest 

Tryptic digest protocol began with denaturation of the proteins in IV-1 paste suspension by 

dilution in 12M urea.  Samples are heated at 37°C for 15 minutes to promote denaturation.  

Samples are cooled to room temperature prior to addition of reducing agent. Disulfide bonds are 

reduced by adding 0.5M dithiothreitol (DTT). Addition of molar excess of  iodoacetamide 

provides stabilization of free sulfhydryls by alkylation.  During the alkylation step, samples are 
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incubated in the dark at ambient temperature.  Samples are diluted to 2M Urea using 400mM 

ammonium bicarbonate in 5% acetonitrile. Trypsin activation buffer (1X TAB) is comprised of 

50mM Tris, 8mM calcium chloride, 5% (v/v) acetonitrile, pH 7.8  The pH of samples should be 

checked at this step to ensure the ideal pH 8.  Trypsin is added (bovine, TPCK-treated, Promega) 

1 part trypsin to 50 parts protein, and samples are incubated overnight at 37°C (approximately 16 

hours).   Samples are frozen to stop enzymatic reaction. 

 

 

Albumin Depletion 

The sample preparation for the albumin depletion experiment was performed per kit instructions.  

In summary, the column is equilibrated with equilibration buffer prior to the addition of diluted 

sample (also in equilibration buffer).  The column is centrifuged, then washed and the eluate is 

collected which is the depleted sample.  Albumin and other proteins are retained or bound to the 

affinity resin. 

 

Results and Discussion 

Results of Capillary Electrophoresis Methods 

 Capillary electrophoresis of proteins is quite challenging but can lead to a rewarding 

separation which can be high-throughput, high resolution and quantitative.  Protein adsorption to 

the capillary wall and protein heterogeneity contribute to the level of difficulty in achieving such 

a separation.   

IV-1 Paste and albumin-depleted IV-1 Paste samples were analyzed by two capillary 

electrophoresis methods, a generally accepted clinical method and a newly-developed CE-SDS 

method.  The results of the original sample analyzed by the clinical method were inconclusive 

due to the low resolution and shift in migration time of the expected proteins (Figure 4.3).  Only 

albumin alpha1-antitrypsin and transferrin could be identified qualitatively.  Clearly, protein loss 
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(non-specific removal proteins other than albumin) from the albumin depletion sample 

preparation is evident.  The results from the CE-SDS method also indicate protein loss, but also 

show an enhanced detection of antithrombin III, AT-III (Figure 4.4).  One advantage of the 

clinical CE method over the CE-SDS method is the ability to resolve transferrin.   

 
 
Results of MALDI-TOF Analysis of IV-1 Paste 
 

Matrix-assisted laser desorption/ionization, time-of-flight (MALDI-TOF) mass 

spectrometry allows protein-profiling by mass-to-charge ratio and requires minimal preparation 

and analysis time.  There is no pre-separation technique, and this method is considered qualitative 

versus quantitative.  MALDI-TOF has the advantage of minimal sample preparation, salt 

tolerance, and a wide mass range.  MALDI-TOF of proteins does not yield high resolution mass 

spectra when compared with other mass spectrometry techniques such as electrospray ionization 

mass spectrometry (ESI-MS).  Rather, the protein spectra resemble chromatographic peaks with 

broad distributions.  Lower molecular weight proteins have sharper peaks, whereas higher 

molecular weight proteins have broader peaks.  This is due mainly to the ionization of proteins by 

MALDI and the distribution of time for each ionized protein species as it reaches the detector. 

The results of the original IV-1 Paste sample and the albumin-depleted sample are 

shown in Figures 4.5 and 4.6 respectively.  No proteins were detected >100,000 m/z, where Igs, 

alpha-2-macroglobulin, and haptoglobin (tetrameric) may be found.  However, the MALDI-TOF 

profile is quite comprehensive although it is not quantitative.  The speed of analysis is a key 

advantage. 

 

 
Results of LC/MS Analysis of IV-1 Paste 

Reverse-phase liquid chromatography was utilized for separation of IV-1 Paste proteins 

based on the theory that proteins would separate based on hydrophobicity, where hydrophilic 



64 

proteins would elute earlier than hydrophobic, less polar proteins.  Reverse-phase methods 

utilizing volatile solvents are typically interfaced with mass spectrometers.  One drawback of 

reverse-phase methods involves the fact that ion-pairing agents, such as trifluoroacetic acid 

(TFA) are often added to the mobile phase to improve the chromatographic peak shape and 

resolution.  However, ion-pairing agents can suppress ionization and therefore reduce the 

resolution capability of mass spectrometers.  For these reasons, the TFA concentration had to be 

reduced, which compromised the chromatographic resolution.   

The quadrupole ion trap (QIT) mass spectrometer is ideal for analyzing peptides but has 

only adequate resolution for obtaining molecular weight of intact proteins.  The spectral quality is 

heavily dependent on the ionization source, which in this case is electrospray ionization.  Intact 

proteins must acquire multiple charges to fall within the mass-to-charge range (m/z) of the mass 

spectrometer, in this case 300-2000 m/z.  Nevertheless, this type of mass spectrometer is ideally 

coupled with LC. 

The chromatographic separation is not optimal; however, the mass spectrometer was able 

to discern some of the proteins even with the low chromatographic resolution (Figure 4.7).  By 

LC/MS, antithrombin III, alpha1-acid glycoprotein, alpha1-antitrypsin, apolipoprotein A-I, and 

albumin were conclusively detected (Figures 4.7 and 4.8).  Apolipoprotein A-I, a major 

constituent of IV-1 Paste, was not well resolved by the chromatography but was detected by mass 

spectrometry due to the spectral quality of the charge envelope (Figure 4.9).   Alpha1-antitrypsin, 

the main component of interest in IV-1 Paste, is positively identified, and the major glycoforms 

are resolved by mass spectrometry (Figure 4.10).  The charge envelopes obtained for 

antithrombin III are shown in Figures 4.11 and 4.12 respectively. The idenitification of AT-III 

from the charge envelope and subsequent deconvoluted mass was slightly enhanced by the 

albumin depletion step.  The charge envelope of albumin was complicated, however, upon 

deconvolution, it is apparent that an isoform of albumin is being resolved, which was also 

indicated in the chromatography.  The mass of the major peak (66,559 Da) is consistent with the 
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blocked thiol form of albumin (expected 66,556 Da) 4.  The second major peak (66,440 Da) was 

identified as the free thiol form of albumin (expected 66,438 Da) 4. 

Despite the fact that the quadrupole ion trap is considered a low resolution mass 

spectrometer compared with the Q-TOF and FT-ICR, it is very versatile and the mass accuracy is 

sufficient for protein identification.   

 
Results of LC/MS/MS Analysis of Tryptic Digest of IV-1 Paste 

Reverse-phase LC/MS/MS was performed to identify unresolved proteins and minor 

components in IV-1 Paste.  This experiment is an example of the “bottom-up” approach, where 

the protein mixture is digested with trypsin, then subjected to reverse-phase LC followed by 

MS/MS for peptide identification.  Figure 4.13 and 4.14 show the reverse-phase LC separation of 

the peptide mixture (UV traces) as well as the total ion chromatograms (TIC).   

By LC/MS/MS, alpha1-antitrypsin was the first protein identified in the original sample. 

Roughly equal concentrations of albumin and alpha1-antitrypsin is expected, however albumin 

was the fourth match.  In the albumin-depleted sample, albumin peptides were no longer detected, 

even though albumin is still present. Apolipoproteins made up the majority of the protein 

matches.  AT-III was not detected, however, transferrin was detected.  The results are 

summarized in Table 4.3. 

  

Conclusion 

The resolution and/or detection of the protein constituents of IV-1 Paste by the various 

methods are summarized in Table 4.1.  Although the removal of albumin was successful, in most 

cases, albumin depletion did not improve the detection or identification of low abundance 

proteins.  This may be attributed to the protein loss due to non-specific binding and dilution of the 

sample by the preparation. 
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The CE-SDS method provides a protein profile that correlates well with the 

immunonephelometry profile (Table 4.2) and MALDI-TOF profile.  CE analyses provided 

protein composition information which was supported by mass spectrometric results.  For 

example, the CE-SDS method exhibited an increase in the detection of AT-III upon albumin 

removal, and this was supported by LC/MS results.  Also, the presence of apolipoprotein A-I is 

detected by the CE-SDS method and supported by the MALDI and LC/MS/MS results.   

LC/MS/MS provides high quality data for peptide matching and subsequent protein 

identification.  This is particularly useful for the identification of low abundance proteins.   

In general, no single technique was able to capture all of the proteins regardless of 

abundance.  Single-dimension separation such as capillary electrophoresis and liquid 

chromatography are capable of producing a quantitative profile but with limited dynamic range.  

Mass spectrometry adds a second dimension of “separation” where the co-eluting protein 

constituents can be identified.  The collection of techniques in this research together provide a 

comprehensive profile of the protein constituents in IV-1 Paste.   
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Table 4.1 Resolution/Detection of Expected Proteinsa in IV-1 Paste by Technique 

Proteinb Method AT-III PreA HPT AAG A2M TRF AAT ALB Apo AI 
Clinical CE No No No No No Yes Yes Yes No 
CE-SDS Yes Yes Yes No co-migrationc Yes Yes Yes 
MALDI-TOF Yes Yes No No No Yes Yes Yes Yes 
LC/MS Yes No No Yes No No Yes Yes Yes 
LC/MS/MS No No Yes No Yes Yes Yes Yes Yes 
aExpected proteins are based on immunonephelometry panel results (see table 4.2). 
 
bAbbreviations are as follows:  AT-III = antithrombin III, PreA = prealbumin (transthyretin),  
HPT = haptoglobin, AAG = alpha1-acid glycoprotein, alpha-2-macroglobulin, TRF = transferrin, 
AAT = alpha1-antitrypsin, ALB = albumin, Apo AI = apolipoprotein A-I 
 
cCo-migration of transferrin and AAT also exists. 
 

Table 4.2 Example of Immunonephelometry Results (Expected Protein Profile) of IV-1 Paste 
(n=30 lots); Comparison with CE-SDS Method 
 

Component 
% Protein by 

Immunonephelometry
Rel. %Area by  

CE-SDS 

Alpha-1 Antitrypsin 19.9% 23.83% 
IgG 8.3% 
IgA 8.8% 12.07% 

IgE Not significant unidentified 
Antithrombin III 2.7% 0.54% 

Albumin 22.3% 17.53% 
Transferrin 7.3% 

Alpha-2-Macroglobulin 7.6% 14.29% 

Haptoglobin 2.5% 2.86% 
Alpha-1-acid Glycoprotein 0.6% unidentified 

Ceruloplasmin 3.3% unidentified 
Apolipoprotein-A1 13.7% 18.17% 

Fibronectin 0.5% Not significant 
Plasminogen 0.2% Not significant 

Apolipoprotein-B 0.2% Not significant 
Prealbumin 1.2% 0.84% 
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Table 4.3  LC/MS/MS Protein Identification in Order of Peptide Matches 

Order Original Sample Albumin-depleted Sample 

1 Alpha1-antitrypsin Apolipoprotein A-I 

2 Apolipoprotein A-I Alpha1-antitrypsin 

3 Albumin Apolipoprotein A-II 

4 Alpha2-macroglobulin Alpha2-macroglobulin 

5 Haptoglobin Transferrin 
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Figure 4.1 Ideal Proteomics Approach 

Top-down Approach Bottom-up Approach

Intact Proteins Digest with Trypsin
R

PLC

R
PLC

ESI-QIT Mass 
Spectrometer

ESI-QIT Mass 
Spectrometer

MS Analysis/Deconvolution

Database Search, Protein Identification

MS/MS Analysis of peptide fragment ions

Protein Mixture

 

Figure 4.2 Proteomics Approach for Current Research 
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Figure 4.6 MALDI-TOF Analysis of Albumin-depleted IV-1 Paste Sample.  PreA = prealbumin 
(transthyretin), AAG = alpha1-acid glycoprotein, AT3 = antithrombin III, AAT = alpha1-
antitrypsin, Apo AI = apolipoprotein A-I, ALB = albumin, TRF = transferrin 
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Figure 4.7  Reverse-phase LC-MS UV Chromatogram of Original Sample.  ALB = albumin, 
AAG = alpha1-acid glycoprotein, AT3 = antithrombin III, AAT = alpha1-antitrypsin. 
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Figure 4.8  Reverse-phase LC-MS Total Ion Chromatogram (TIC).  ALB = albumin, AT3 = 
antithrombin III, AAT = alpha1-antitrypsin. 
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Figure 4.9 A. Charge envelope of Apo A-I. B. Spectral deconvolution of Apo A-I. 
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Figure 4.10 A. Charge envelope of Alpha1-Antitrypsin (AAT). B. Spectral deconvolution of 
AAT. 
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Figure 4.11  A. Charge envelope of AT-III. B. Spectral deconvolution of AT-III. 
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Figure 4.12  A. Charge envelope of Albumin. B. Spectral deconvolution of Albumin. 
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Figure 4.13 LC-MS-MS Tryptic Digest of Original IV-1 Paste Sample. A UV Chromatogram.  B. 
Total Ion Chromatogram. 

A

B

 

Figure 4.14 LC-MS-MS Tryptic Digest of Albumin-depleted IV-1 Paste Sample. A UV 
Chromatogram.  B. Total Ion Chromatogram. 
 



79 

 

References 

1. Jenkins, M.A. Methods in Molecular Medicine, Vol 27: Clinical Applications of Capillary 

Electrophoresis. Humana Press, Inc., Totowa, NJ 1999 

2. Reif, O.W., Lausch, R., Feitag, R. High Performance Capillary Electrophoresis of Human 

Serum and Plasma Proteins, Advances in Chromatography, Vol. 34 1994 

3. Mass Spectrometry of Biological Materials, Second Edition, Larsen, B.S., McEwan, C.N., 

Marcel Dekker, Inc. New York, NY 1998 

4. Chan, B.; Dodsworth, N.; Woodrow, J.; Tucker, A.; Harris, R. Site-specific N-terminal auto-

degradation of human serum albumin. European Journal of Biochemistry. 1995, 227, 524-

528. 

5. http://prospector.ucsf.edu/ 

6. http://us.expasy.org/ 

7. Kelleher, N.L., Lin, H.Y., Valaskovic, G.A., Aaserud, D.J., Fridriksson, E.K., McLafferty, 

F.W., Top Down versus Bottom Up Protein Characterization by Tandem High-Resolution 

Mass Spectrometry. Journal of the American Chemical Society 1999, 121, 806-812.  

8. McLafferty, F.W., Tandem mass spectrometric analysis of complex biological mixtures. 

International Journal of Mass Spectrometry 2001, 212, 81-87. 

9. Shen, Y., Jacobs, J.M., Camp II, D.G., Fang, R., Moore, R.J., Smith, R.D., Ultra-High-

Efficiency Strong Cation Exchange LC/RPLC/MS/MS for High Dynamic Range 

Characterization of the Human Plasma Proteome. Analytical Chemistry 2004, 76, 1134-1144. 

 

 



80 

CHAPTER 5. CONCLUSIONS AND FUTURE RECOMMENDATIONS 

 

Abstract 

 

Protein profile analysis of complex process intermediates from Cohn plasma fractionation was 

investigated. In this research, protein profiling of Fraction IV-1 Paste was analyzed by 

comparison of separation techniques with mass spectrometry techniques.  Capillary 

electrophoresis methods are simple, reproducible, provide acceptable resolution and detection.  

An example of CE-SDS of proteins was applied to IV-1 Paste and resulted in a significant 

improvement in resolution over current analytical CE applications.  However, the use of SDS in 

CE and the interaction of SDS with proteins both in solution and in the micellar phase could be 

further explored.  Reverse phase HPLC was similarly capable of resolving and detecting the 

major protein constituents, but low abundance proteins were still not well detected.  Mass 

spectrometry coupled with bioaffinty interactions, such as antibody-protein recognition, has the 

potential to add another dimension of separation and identification of proteins in such a complex 

mixture.  Specifically, SELDI and SPR coupled with MALDI-TOF may be a perfect alternative to 

quantitate and identify low abundance proteins in complex protein matrices.   

 

Introduction 

 

Modified Cohn Fractionation processing of pooled human plasma is the underlying 

scheme of many biological therapeutics.  In sequential processes, human plasma proteins are 

separated through alcohol precipitation and chromatography into several fractions [1].  Protein 

profile analysis of Cohn fractionation intermediates has many advantages, for example, 

identification of new protein targets, abundance of those proteins, analysis of waste fractions, and 

impurity analysis.  As the raw material for plasma processing is inherently heterogeneous, it is 
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understood that the immunoglobulin population would cause great interference with most 

analytical techniques.  IV-1 Paste represents an intermediate step where Igs are previously 

removed and will be used as an example to illustrate the approach. 

 Single dimension separation techniques, such as capillary electrophoresis and liquid 

chromatography, can be limited in resolution and detection of the many types of proteins present 

in human plasma.  No single technique can separate such a complex mixture of proteins widely-

ranging in properties of pI, hydrophobicity, hydrophilicity and size.  Also, the overwhelming 

concentration of albumin often suppresses the detection of low abundance proteins.   

Application of bioaffinity interactions can provide front end specificity to simplify the 

identification of low abundance proteins in human plasma.  Published analytical approaches 

which combine bioaffinity capture techniques with mass spectrometry include surface-enhanced 

laser desorption ionization (SELDI) and surface plasmon resonance (SPR).  Both SELDI and SPR 

can be combined with  the ease and elegance of MALDI-TOF analysis with the specificity of 

biomolecular interactions.  In effect, bioaffinity capture concentrates a protein of interest. 

 

Future Directions in Capillary Electrophoresis 

 In this research, a simple CE-SDS method was developed capable of separating the major 

protein constituents of IV-1 Paste.  The addition of SDS to the run buffer significantly improved 

resolution and peak shape over current CE methods.  The mechanism of separation seemed to 

involve protein structural attributes such as size, structural rigidity, structural motifs and 

glycosylation, for example.  In order to explore the structural basis of the separation by CE-SDS, 

an experiment similar to Gudiksen, et al. could be performed 1.  Gudiksen et al. examined the 

unfolding/denaturation of representative proteins by various levels of SDS by calculating the 

mobility shifts by CE.  The representative proteins all underwent different stages of unfolding at 

various levels of SDS, which could lead to the identification of the optimal SDS concentration at 

which each protein may be resolved.   
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 This type of experiment could be performed for the major protein constituents found in 

IV-1 Paste.  By varying the levels of SDS at smaller increments, one can study the nature of the 

SDS-protein binding and denaturation using CE as a tool for studying protein structure.  Also, the 

differential binding of SDS to the various proteins in a mixture is one way to optimize the 

separation. 

 

Surface-Enhanced Laser Desorption-Ionization Mass Spectrometry (SELDI) 

In SELDI experiments performed by Weinberger et al., cell extracts and cell culture 

supernatants were exposed to several different types of bound stationary phases in an array 

format2.  Protein arrays were chosen containing five different stationary phases: strong anion-

exchange, weak cation-exchange, hydrophobic, and immobilized metal affinity capture 

ProteinChip® arrays (Ciphergen Biosystems).   This technology attempts protein separation from 

crude mixtures using principles of liquid chromatography miniaturized to the surface of a 

microchip.  The crude samples are loaded onto the array surface at the appropriate pH and ionic 

strength for the capture of the protein of interest.  A wash step removes unbound species as well 

as impurities by increasing the ionic strength or varying the pH.  Finally, sinnapinic acid matrix is 

added to desorb bound proteins and crystallize. Laser beam desorption followed by TOF-MS 

analysis generates a mass spectrum.  This technique allows the rapid investigation and 

identification of the appropriate chromatographic conditions to capture the protein of interest.  

However, the specificity of the capture is not comparable with that of antibody-antigen 

recognition.   

 

Biomolecular Interaction Mass Spectrometry (BIA-MS) 

 Nedelkov et al. have coined the term “biomolecular interaction analysis mass 

spectrometry” (BIA/MS).  Their research focuses on combining the high sensitivity and 

specificity of SPR and mass spectrometry in a two-dimensional approach to study biomolecular 
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interactions of proteins of interest 3,4.  Here, antibodies against the protein of interest are used as 

affinity ligands for capture.  SPR serves as the first dimension of capture of the specific proteins.  

The sensor chip is then washed to elute/release the bound proteins, and these samples are 

subsequently analyzed by MALDI-TOF (Figure 5.2).  The SPR experimental setup is highly 

specific and nondestructive, which allows for further structural analysis of the proteins of interest 

by mass spectrometry.  In fact, the authors indicate that MALDI-TOF analysis provides 

validation of the SPR data.   

The main advantages of this approach include reduced sample manipulation/preparation, 

reduced instrumental analysis time and reduced data analysis time.  This technique can be used to 

study many classes of proteins, such as hydrophobic proteins associated with lipid bilayers.   

Potential disadvantages include the expense of the instrumental setup as well as expense 

of individual antibodies.  This approach does not identify unknown proteins which may also be of 

low abundance.  In the case of IV-1 Paste, the sample must be depleted of albumin and Igs. 

 

Conclusions 

Bioaffinity mass spectrometry through the use of surface plasmon resonance and mass 

spectrometric analysis may indeed solve the problem of detection of low abundance proteins in 

human plasma.  This approach combines front end specificity, quantitative ability, and validation 

of results through mass spectrometry.  
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Figure 5.1  Example of electropherograms showing the denaturation of representative proteins by 
SDS and the subsequent shifts in mobility (Gudiksen et al.)1 
 

 

Figure 5.2 BIA-MS Experimental Setup (Nedelkov et al.)4 
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