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PREDICTION OF ISOTACHOPHORESIS STEADY-STATE ZONE POSITION AND 

ANALYSIS OF ZONE BEHAVIOR AROUND A 180° TURN                                   

Abstract 

by Schurie Lanette Moreau Harrison, M.S. 

Washington State University  

August 2007 

 

 

Chair: Cornelius F. Ivory 

 

Isotachophoresis (ITP) has the ability to both concentrate and purify analytes, and thus is a 

candidate for the purification of low abundance species found in many systems, including 

human blood serum.  In this thesis, the theory and background of ITP is presented followed 

by two novel articles prepared for submission to scientific journals.   

 

The first article develops an analytical expression to predict the location of stationary steady-

state ITP zones.  Theoretical zone position predictions were compared to experimental results 

obtained using a vortex stabilized electrophoresis apparatus.  The analytical model was found 

to predict all experimental zone positions within the 95% confidence interval of the data.   

 

The second article presents a 2-D simulation of ITP in two turn, or S channel.  The 

introduction of turns into a channel provides two sources of dispersion, both from the 
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difference in electric field strength, and distance a zone must travel across the width of the 

channel.  The simulation presented shows that ITP zones are able to recover from the 

dispersion introduced by the turns in a straight segment following the turn.  The effects of 

turn radius, voltage and sample mass on the length of straight segment required for zone 

recovery are presented.  
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CHAPTER ONE                                                                                                      

INTRODUCTION 

 

 

The human proteomics initiative (HPI) is the task of providing for each known protein a 

description of its function, domain structure, subcellular location, post-translational 

modifications, variants, and any other information known [1].  Using this information new 

disease markers and drug targets may be identified to help prevent, diagnose and treat disease.  

For example, the serious liver pathology of cirrhosis can be detected by a decline in the net 

amounts of the proteins, haptoglobin and albumin, and inflammation or infection can be detected 

by measuring levels of interleukin-6 [2].  The normal concentrations of albumin and interleukin-

6 are 35-50 mg/ml and 0-5 pg/ml, respectively.  Thus, the concentrations of these two clinically 

valuable proteins differ by a factor of 1010.  Methods currently available for the discovery of 

novel proteins, such as two-dimensional electrophoresis and mass spectrometry, have a dynamic 

range of only 102 to 104 [2].  Therefore, there is a need for improved methods of purifying 

proteins, particularly when there are species of very low concentration in the solute relative to 

other species.   

 

In this work, the electrophoretic method known as isotachophoresis (ITP) is explored due to its 

unique characteristic of both concentrating and separating proteins.  Due to these characteristics, 

it is proposed that ITP will be a suitable method for purifying proteins, which may otherwise be 

in undetectable low concentrations due to the surrounding high abundance proteins that interfere 
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with recognition.  This chapter will cover previous work on ITP theory and modeling, compare 

ITP to other electrophoretic purification techniques, and introduce the theory of multi-scale ITP.   

 

Chapter two, a paper prepared for submission to Journal of Separation Science, derives an 

analytical expression for predicting the position of immobilized ITP zones as a function of 

current.  Comparison to experimental results obtained in a preparative scale apparatus at WSU 

showed that the model was able to predict zone location with reasonable accuracy.  In chapter 

three, the results of a 2-D simulation of ITP using COMSOL Multiphysics v 3.3 are presented.  

This simulation studies the behavior of ITP zones following a pair of 180° turns.  Simulation 

results, as well as experimental observations from ITP in an S channel, are presented in a paper 

formatted for submission to Electrophoresis. 

  

1.1 Theory and Modeling 

Electrophoresis is the separation of charged particles in response to an applied electric field.  

Under the influence of an electric field, cations will migrate towards the cathode, and anions will 

migrate towards the anode.  In ITP, a discontinuous buffer system is used, where sample is 

injected between a leading and terminating electrolyte having the highest and lowest mobility, 

respectively, of all of the sample species.   With applied current, individual species with the same 

charge sign are ordered according to their electrophoretic mobility in adjacent, self sharpening 

zones.  All species with the same charge sign move with equal velocity at pseudo steady-state.  

The concentration of zones is dependent on the concentration of the leading electrolyte, allowing 

for both concentration and separation of species to occur.  With sufficient mass of sample, a 
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plateau concentration is attained once the ITP zones have reached pseudo steady-state.  This 

concentration is described by the following equation [3]:  
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where µi is the electrophoretic mobility, ci the concentration, and zi the charge of the ith 

component.  The subscripts LE, j and m represent the leading electrolyte, sample species, and 

counterion, respectively.  

 

According to a review on ITP written in 1991, the focus of theoretical research was on computer 

simulation projects.  In the past decade, PC’s have become ubiquitous, allowing for computer 

modeling to be conducted in every laboratory [4].  Early computer simulations showed pH dips 

at zone boundaries, however by 2002, improved models were presented [5].  By applying a flux-

corrected transport finite difference method to the transient one-dimensional model, it was 

shown that pH dips reported were an artifact of the numerical methods used [5]. 

 

In 1995, Gebauer et al. published a paper on the theory of ITP taking a diffusional approach [6].  

This model helps explain the boundary layer between two adjacent bands, by addressing the 

dispersive forces that introduce overlap between the bands.  This theory is critical to 

understanding the resolution of a particular species, where resolution is defined as the ratio of the 

amount of a species which is pure to the total amount of that species.  According to Gebauer et 

al. the highest resolution is achieved when the sum of the sample zone lengths equals the 
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selectivity multiplied by the length of the separation column, where selectivity is defined as the 

relative mobility differences between two species.   

 

To illustrate the resolution that can be obtained using ITP, consider two species with high 

selectivity, or a large difference in mobilities.  The self-sharpening effect at the boundary 

between the two zones is strong, and results in a negligible overlap between the adjacent species.  

Thus for long sample zones the resulting resolution is effectively unity.  For a species pair with 

low selectivity, however, the self sharpening properties of the zone boundary are poor.  This 

results in a greater overlap between adjacent zones, consequently giving poorer resolution.  This 

leads to the separation limitation of ITP, which occurs when the selectivity is so low that 

sufficient resolution is unattainable [6].  However, Karel Šlais introduced a model which showed 

that the overlap between adjacent bands decreases in a tapered capillary [7], therefore improving 

resolution.  Šlais noted that it is advantageous to couple ITP in a large cross section into a 

smaller cross section.  The larger cross section is used as a pre-concentration step, while the 

narrow channel is used for the detection of longer zones.  Figure 1.1 illustrates the longer zones 

obtained when moving from a larger to smaller cross-sectional area.   
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Figure 1.1: Simulation of a two component sample with a 10x mass difference undergoing ITP 

through a 5x reducing or “swage” channel.  In the wide portion of the channel the low mass 

solute moves to the front of the ITP train.  After passing into the narrower portion of the channel, 

the low mass solute increases in both concentration and purity.  (Simulation by Cornelius Ivory, 

WSU) 
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The present work focuses on the study of ITP zone behavior for the benefit of future studies on 

multi-scale ITP, or moving from meso to micro scale and lower.  In chapter two, an analytical 

model is presented which allows an experimenter to immobilize an ITP zone at a specific 

location.  One can then remove that sample zone.  This can be done batchwise, or continuously.  

Once a sample has been removed from this scale, it can then be injected into a smaller scale ITP 

device to enhance purification of zones.  In chapter three, ITP in an S channel is explored.  This 

allows for increased channel length on a smaller platform, thus resulting in better resolution of 

sample zones.   

 

1.2 ITP in Contrast to other Electrophoretic Methods 

There are a variety of electrophoretic methods used for purification, including zone 

electrophoresis (ZE), isoelectric focusing (IEF), and ITP.  ZE, like ITP separates samples based 

on the electrophoretic mobility of a species, while IEF separates based on the isoelectric point of 

a species.  Combinations of ITP, IEF and ZE have also been explored.   

 

Separation via ZE is achieved by the injection of sample into a background electrolyte of a 

constant composition, pH and conductivity [8].  The use of ZE allows for high separation 

efficiency and detection sensitivity [4].  This is a gentle separation technique; however its 

inadequacy lies in the fact that it lacks the ability to concentrate or focus zones.  This means that 

although this separation technique can be employed for very sensitive species, the resulting 

concentration is equal to or less than the concentration of the species in the original sample, due 

to diffusion, hydrodynamic dispersion and electroosmotic dispersion, which widen the sample 
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streams [9].  Due to its non-focusing characteristic, ZE alone is not a suitable separation method 

for samples containing species that are found in very low concentrations, such as interleukin-6.   

 

In IEF, a pH gradient is formed using a set of carrier ampholytes, which are mixtures of a large 

number of low molecular weight amphoteric species characterized by slightly different 

isoelectric points [10].  Species move through the pH gradient until the pH is equal to their 

isoelectric point (pI), at which point the species has no charge.  Once a species reaches its pI it 

becomes immobile and focused [8].  IEF has the ability to purify proteins with much higher 

resolution than ZE, however, precipitation or aggregation of many proteins near their pI values 

creates a definite disadvantage in this environment [9].  In addition, the band sharpening forces 

of IEF are often not strong enough to overcome the hydrodynamic band broadening effect [9]. 

 

Due to the unique characteristic of concentrating and purifying species simultaneously, ITP is 

frequently used as a pre-separation and pre-concentration step prior to ZE, which has a higher 

resolving power and sensitivity [11].  Using column-coupling, ITP can be combined on-line with 

ZE (ITP-ZE) to first concentrate and remove the bulk of other species, before further separation 

using ZE [12].  In addition, it has been found that sample zones in ITP-ZE are usually sharper 

than those of ZE due to the fact that there is less dispersion [13].  Krivankova et al. reported that 

using ITP-ZE coupling in capillaries resulted in a 103 fold increase in detectability over ZE 

alone.  Additionally, this technique allowed for the determination of species with a concentration 

ratio of 105:1 [13]. 
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Mohan et al. studied coupling of IEF with ITP and ZE (IEF-ITP-ZE), which allowed for the 

discovery of 1,174 proteins for the bacterial species S. oneidensis [12].  Their research utilized 

the separation based on pIs of IEF, followed by ITP and ZE.  The rationale behind this method 

was that species with similar pIs have different electrophoretic mobilities, so by dividing the 

separated sample from IEF into nine fractions, and subsequently injecting into ITP-ZE, greater 

separation capabilities may be achieved.  

 

Although coupling of electrophoretic methods has allowed for separation of species with 

concentration ratios up to 105:1, this still falls short of the 1010 concentration difference that is 

found for various species of interest in human plasma [2].  The fact that dilute species are 

concentrated during the purification process gives ITP a distinct advantage over ZE when 

studying low concentration proteins.  In addition, unlike IEF, ITP zones form based on their 

electrophoretic mobility, so buffer solutions can be set at a pH that is not close to the pIs of 

sample proteins.  This eliminates the precipitation and aggregation of proteins that often occurs 

near their pIs.   

 

1.3 ITP Applications 

Use of varying sized separation apparatuses allows for a broad set of applications from analytical 

to preparative scales.  At the preparative scale Caslavska et al. used an apparatus with a total 

processing volume of 130 ml, which used recycling ITP to isolate human serum transferrin, a 

metal-binding glycoprotein which has a concentration of about 2.5 mg/ml [14].  The transferrin 

concentration has a ratio of 1:17 when compared to human serum albumin, and the device was 
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determined to be adequate for preparative scale usage.  However, separation of species with a 

higher dynamic range require smaller apparatuses, such as the 20 ml vortex stabilized 

electrophoresis apparatus at WSU, where preliminary experiments demonstrated separation of 

model proteins with a concentration ratio of 700:1.   

 

The use of miniaturized analytical separation devices has many potential benefits over the use of 

conventional equipment, including improved analytical performance, reduced analysis times, low 

manufacturing costs, and reduction in reagent and sample consumption [15], while for 

preparative scale, larger instrumentation is required.  Research on ITP has been done to explore 

instrumentation from milliliter to sub microliter capacities.    

 

During the last decade, capillary electrophoresis has gained a lot of popularity, and is routinely 

used in laboratories [16].  Capillary isotachophoresis (CITP) benefited from the development of 

capillary zone electrophoresis (CZE), since both these methods can be done in the same 

instrumentation [4].  On-line CITP-CZE has been used for many applications, including 

pharmaceuticals, food, lipoproteins, and waste water analyses [5].   

 

Gysler et al. compared the utility of CITP-CZE and high performance size-exclusion 

chromatography (HPSEC) for the determination of dimeric and monomeric recombinant human 

interleukin-6 [16].  Using fused silica capillaries, 75 µm I.D. X 360 µm O.D., cut to a total 

length of 70 cm, two physically different forms of dimeric interleukin-6 were revealed using 
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CITP-CZE.  In comparison, HPSEC was not able to separate the two different forms, and 

required 20 times more protein for analysis [16].   

 

Trace impurity analysis of synthetic and natural organic compounds using CITP coupled with 

nuclear magnetic resonance (NMR), was conducted in 2002, by Wolters et al. [17].  Their results 

showed that a 103 excess of sucrose (200 mM) over atenolol (200 µM) could be resolved using 

CITP-NMR, while concentrating the atenolol 200-fold.    Research on the determination of trace 

iodide in sea water illustrated that CITP-CZE was successful for the direct determination of sub 

to low µg l-1 levels [18].  

 

Previous work on ITP has shown that it is a suitable method for both meso and micro scales, and 

is applicable to the purification of species with a high dynamic range.  The present work 

examines ITP zone behavior at the meso scale and micro scale, focusing on zone immobilization, 

and zone behavior following a 180° turn.    
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Abstract 

A theoretical model is presented and an analytical expression derived to predict the locations of 

stationary steady-state zone positions in isotachophoresis (ITP) as a function of current for a 

straight channel under a constant applied voltage.  Stationary zones may form in the presence of 

a countercurrent flow whose average velocity falls between that of a pure leader zone and of a 

pure trailer zone.  A comparison of model predictions with experimental data from an anionic 

system shows that the model is able to predict the location of protein zones with reasonable 

accuracy once the ITP stack has formed.  This result implies that an ITP stack can be precisely 

directed by the operator to specific positions in a channel whence portions of the stack can be 

removed or redirected for further processing or analysis. 
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2.1 Introduction 

Isotachophoresis (ITP) is a suitable fractionation and concentration technique for a variety of 

different sample types including food additives [1], drugs in biological samples [2], and 

recombinant proteins [3], and it is well suited for multiple scales ranging from microchip [4] to 

preparative applications [5].  Currently there is a great deal of interest in using ITP in microchips 

due to their small sample size and rapid separation [4].  Electrophoretic separation techniques, 

including ITP, do not require high pressures, packings or miniature pumping devices, which 

makes them ideal for use on microchips [6].   

 

ITP is an electrophoretic separation method which utilizes a discontinuous buffer system [7, 8] 

comprised of a leading and trailing electrolyte having the highest and lowest mobilities, 

respectively, of all constituents in a target sample.  A complex analyte sample is placed between 

the leading and trailing electrolytes, and some time after current is applied, those analytes with 

the same charge sign as the leading ion will stack themselves into a “train” of contiguous self-

sharpening zones based on their electrophoretic mobilities.  In the absence of a hydrodynamic 

counterflow, the ITP train will reach a constant, pseudo steady-state velocity that is governed by 

the mobility of the leading analyte and the conductivity of the leading electrolyte.   

 

At steady-state, the concentration within each analyte zone increases until it is proportional to the 

concentration of the leading electrolyte, which allows for simultaneous fractionation and 

concentration of dilute sample species.  For this reason ITP is an attractive preconcentration step 

[9], which has been coupled online with capillary zone electrophoresis (CZE) for many 
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applications including monitoring protein formation [10], determining trace iodide in seawater 

[11], and determining drugs in serum [2].  The concentrating ability of ITP makes it a suitable 

candidate for use in processing low abundance species, which is one of the major problems 

facing proteomics research today [12].  

 

There has been a significant amount of work done on computer modeling of ITP [13-16].  In 

1983, Bier et al. developed a general, nonlinear model for all electrophoretic transport modes 

including zone electrophoresis, isoelectric focusing and ITP [17].  This model assumed a one 

dimensional, isothermal system and was comprised of a set of nonlinear partial differential and 

algebraic equations, requiring numerical methods for quadrature.  This model was modified in 

subsequent papers to account for various parameters including the effects of ionic strength on 

protein mobility [18, 19], electroosmosis [20], and bulk flow [21]. 

 

The application of a bulk flow, countercurrent to isotachophoretic transport has been applied as 

early as 1966 by Preetz [22].  Counterflow applied at appropriate rates can immobilize the ITP 

train.  Immobilization of the ITP train has been used for recycling ITP of ovalbumin and 

lysozyme [23] and for CZE-ITP coupling [24].   

 

In 1995, Thormann et al. expanded the model developed in 1983 by Bier et al. to investigate the 

impact of electroosmosis on ITP in capillaries [25].  Electroosmotic flow was assumed to be plug 

flow and was calculated based on the specific wall mobility, voltage gradient, pK of the wall, 

and pH of the solution.  Their model provides concentration, pH and conductivity profiles as a 
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function of time.  Computer simulation of an anionic ITP system showed that, under an applied 

current and with a counterflow of appropriate magnitude, the net velocity of the zones slowed 

asymptotically to zero.  This demonstrated that a balance between electroosmotic counterflow 

and isotachophoretic migration leads to the evolution of a stationary steady-state zone in 

capillary ITP.  Experiments performed in fused silica capillaries confirmed the formation of a 

stationary steady-state zone in ITP [25].   

 

In the present work it is shown that one can stop the ITP train at any chosen position within the 

channel.  An algebraic model is derived which predicts the locations and breadth of these 

stationary steady-state zones in ITP.  Unlike the models on counterflow ITP published to date, 

this model has an analytical solution which allows quick determination of zone position as a 

function of the current at a fixed voltage.  To test the model predictions, ITP experiments were 

conducted in a preparative scale apparatus [26] from which data was obtained by measuring zone 

position and current for a series of counterflow velocities.  As counterflow velocity is increased, 

the current increases proportionately, and the stationary position of zones moves closer to the 

cathode or anode for an anionic or cationic system, respectively.  A comparison of theory with 

experiment shows that the model was consistently able to predict zone position within the 95% 

confidence interval of the data.  The average difference between experimental and predicted zone 

positions was 18%.      
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2.2 Materials and Methods 

2.2.1 Chemicals 

Bovine serum albumin (BSA), bovine hemoglobin (Hb) and 6-aminohexanoic acid (EACA) were 

obtained from Sigma (St. Louis, MO).  Trizma base was purchased from Invitrogen (Carlsbad, 

CA), hydrochloric acid from Fisher Scientific (Hampton, NH), and bromophenol blue from Bio-

Rad (Hercules, CA).  Nanopure water came from a Barnstead Thermolyne (Dubuque, IA) 

Nanopure® Infinity UV/UF system.   

2.2.2 Electrolyte and Sample Preparation 

The leading electrolyte (LE) was 0.01 M hydrochloric acid adjusted to pH 9.5, and the trailing 

electrolyte (TE) was 0.06 M EACA adjusted to pH 10.  The pH of the LE and TE were adjusted 

using Trizma base, which also served as the counterion.  So that the BSA band was visible, 

bromophenol blue, which binds to BSA, was added to the LE in a 1:1 molar ratio to make a 10 

mg/ml “blue albumin” solution.  Bovine hemoglobin was dissolved in LE to make a 10 mg/ml 

Hb solution.   

2.2.3 Instrument 

ITP experiments were performed in a vortex-stabilized electrophoresis apparatus designed by 

Ivory and Gobie [27] which has recently been described in detail [26].  Briefly, the apparatus has 

a complementary grooved boron nitride rotor inside a Plexiglas® stator, which together forms an 

annulus in which the separation takes place.  Spinning the rotor at 50 RPM creates stable vortices 

in the annulus that are similar in structure to, but distinctly different from, Taylor vortices.  The 
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vortices prevent axial mixing of the fluid due to natural convection and provide improved heat 

and mass transfer via radial circulation of the vortices.   

 

Cooling was provided to the apparatus by circulating a Syltherm XLT coolant oil (Dow, 

Midland, MI) at 10 °C through the inside of the hollow rotor using a MGW Lauda RC3 

circulator (Brinkman, Westbury, NY).  A Spellman SL300 power supply (Hauppauge, NY) 

provided the power to the electrodes and counterflow was applied using a Buchler Instruments 

multistatic® pump (Lenexa, KS).   

2.2.4 ITP Procedure 

In each experiment, the anode was located at the bottom of the column and the cathode at the top 

with LE and TE used as analyte and catholyte, respectively.  Figure 2.1 shows a picture of the 

apparatus with relevant parts marked.  Due to the high pH of the system, all of the ions being 

separated were anions; therefore the electrophoretic movement of the sample ions was toward 

the anode located at the bottom of the column.    

 

Before each run, the bottom half of the column was filled with LE using a syringe mounted on a 

port at the anodic end of the column.  The top half of the annulus was filled with TE using a 

syringe mounted at the center of the column.  Then, a protein sample containing 30 mg BSA and 

30 mg Hb at a concentration of 10 mg/ml in LE was injected between the two electrolytes.  After 

the sample was injected, a constant electric field was applied across the column and a 

counterflow was applied to the annulus by pumping LE into the bottom of the column.   
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Figure 2.1: Photograph of the vortex-stabilized electrophoresis apparatus used for ITP.  At the 

beginning of each ITP experiment the annulus was filled with trailing electrolyte (1) and leading 

electrolyte (3).  Sample was then injected between the electrolytes (2).  Counterflow (4) was 

applied at the anodic end of the apparatus, countercurrent to isotachophoretic migration. 
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2.2.5 Theory 

Our model assumes that the system is at steady-state, which means that the train is fully formed 

and that it has reached its final, stationary position.  It includes only the sample species being 

separated, the leading and trailing ions, and a single counterion.  It is assumed that each zone is 

pure, meaning that a zone contains only one coion and one counterion.  Overlap between bands 

due to dispersion, as well as salt effects and double layer effects are neglected.   

 

A unique characteristic of ITP is that all species move at the same speed once steady-state has 

been reached.  The velocity of each species moving in an electric field is calculated by 

multiplying its electrophoretic mobility by the electric field strength; therefore in ITP, 

TETEjjLELE EEE µµµ == , (1) 

where µj is the electrophoretic mobility of the jth component and Ej is the electric field strength in 

the jth zone.  The subscripts LE, TE, and j represent the leading electrolyte, trailing electrolyte 

and each of the sample species in their respective zones.  The electrophoretic mobility of a 

species is dependent on many factors including temperature, ionic strength, and pH but, in this 

derivation, they are assumed to be constant within each zone. 

 

It is further assumed that a single counterion, represented by subscript m, is present in varying 

concentrations in each zone in order to ensure electroneutrality within that zone.  Equations 2a 

through 2c represent electroneutrality for a leading electrolyte zone, a single sample zone, and a 

trailing electrolyte zone, respectively 



 

  23

0=+ mLEmLELE czcz  (2a) 

0=+ mjmjj czcz  (2b) 

0=+ mTEmTETE czcz , (2c) 

where z represents charge valence and c represents concentration.  Since the concentration of the 

counterion varies within each zone, a second subscript is used to specify the zone that is being 

considered, for example cmLE is the concentration of the counterion, m, in the leading zone.   

 

The current in the jth zone can be described by the equation 

i j = σ j E j A , (3) 

where ij is the current, σj is conductivity, Ej is electric field strength, and A is the cross sectional 

area of the separation chamber, which is assumed constant along the channel.  By expanding the 

conductivity in terms of the ionic concentrations, we can write for the current in each zone 

AEczczFi LEmLEmmLELELELE )( µµ +=  (4a) 

AEczczFi jmjmmjjjj )( µµ +=  (4b) 

AEczczFi TEmTEmmTETETETE )( µµ += , (4c) 

where F is Faraday’s constant.   The current in each discrete zone is the same, thus 

TEjLE iii == . (5) 

The following equations for the total voltage drop across the column and total length of the 

column, respectively, for a system of n components in our sample are: 
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TETE

n

j
jjLELET LELELEV ++= ∑

=0

 
(6) 

TE

n

j
jLET LLLL ++= ∑

=0

, 
(7) 

where L is the length of a zone and the subscript, T, represents total. 

The concentration of each component in its respective zone is 

AL

M
c

j

j
j = , 

(8) 

where Mj is the mass of species j in that zone.  

 

In fully-developed ITP, the plateau concentration in each zone is dependent on the concentration 

of the leading electrolyte.  By solving Eqs. 1-5, one obtains the following relationships for the 

plateau concentration of the trailing electrolyte and sample species [28] 

LEmTETE

TEmLELE
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=  
(9a) 
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LE

j

z

z

c

c

µµµ
µµµ

)(

)(

−
−

= . 
(9b) 

From this solution it is seen that the plateau concentration of each zone is dependent only on the 

properties of the leading electrolyte, the particular zone species and the counterion, and is 

independent of the other species present in the system.  This shows that the plateau concentration 

of a sample zone does not depend on the amount of sample present or on the electric field.  From 

the relationship given in Eq. 8 one can see that the length of the sample zone increases 
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proportionally with increasing mass.  Therefore, once a species achieves its plateau 

concentration, zone length can be used as a direct measure of its total mass. 

 

By solving Eqs. 1, 2, and 4-8 simultaneously, algebraic expressions are obtained for the length of 

each zone, which allows prediction of the position of each band interface in the sample train.  

Here, the position of the train is defined as the interface between the leading electrolyte and the 

first sample zone relative to the front edge of the separation chamber.  To predict this position, 

Eqs. 1-8 were solved to obtain the length of the leading zone as a function of the current 
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and  

Acz LELE=γ . (10c) 

The length of the sample zones can be calculated from the following: 
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The current can be adjusted by varying the counterflow rate applied to the system.  At steady-

state the counterflow velocity will be equal to and opposite to the velocity of the zones.  

Substitution of the counterflow velocity, vCF, into Eq. 4a and simplification using the 

electroneutrality condition (Eq. 2a), yields a direct relationship between current and counterflow 

velocity: 









−= 1v

LE

m
CFLE Fi

µ
µγ . 

(12) 

Upper and lower limits of the counterflow rate appropriate for stopping the zones within a 

separation chamber can be estimated by substituting Eq. 12 for the current in Eq. 10a for a 

system with no sample species, and solving for the counterflow velocity: 

LETTELELE

LETET
CF LL

V

µµµ
µµ

−−
=

)(
v . 

(13) 

The length of the leading electrolyte zone in Eq. 13 can then be set to zero and to the total length 

of the separation chamber to approximate a suitable range of counterflow velocities.   

 

In order to make quantitative predictions using this model, the electrophoretic mobilities and 

charges of all species, the masses of all sample species, and the concentration of the leading 

electrolyte must be specified.  The cross sectional area and length of the separation chamber and 

the voltage across the separation chamber are also required. 
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2.3 Results and Discussion 

ITP was performed in a vortex-stabilized electrophoresis apparatus as described above.  For each 

experiment, the voltage was set at a constant value of 2.50 kV and the current was allowed to 

adjust to its steady-state value depending on the conditions set.  A set of counterflow rates 

ranging from about 0.002 to 0.02 cm/s were used to control the current.  As the counterflow 

velocity is increased, the steady-state position of the sample train is shifted towards the cathode, 

and the LE fills more of the annulus.  Since the LE has a higher conductivity than the other 

species in the column, the current will increase as the counterflow velocity is increased, 

according to Eq. 12.  The minimum and maximum counterflow rates were chosen such that no 

part of the sample train would migrate beyond the anode or cathode. 

  

The system was allowed up to 12 hours to reach steady-state at each counterflow rate.  When the 

sample was first introduced, and the voltage applied, distinct protein bands with sharp front and 

rear boundaries formed within 30 minutes.  The sample train then began moving toward its 

steady-state position and arrived there approximately 5 hours after the start of the experiment.  

By moving to smaller scales, such as a microchip, separation times can be greatly reduced.   

 

Figure 2.2 shows a photograph of the contiguous protein zones at two steady-state positions.  At 

an experimental pH of 9.5, blue albumin has a greater electrophoretic mobility than hemoglobin 

and therefore forms the front protein zone.  The figure of the sample train at 9.6 mA shows a 

clear band between the blue albumin and hemoglobin bands which is most likely “free” BSA, 

that is BSA which does not have bromophenol blue bound to it.  As the current was increased,  
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Figure 2.2: Photograph showing the isotachophoretic separation of 30 mg BSA and 30 mg Hb at 

a voltage of 2.50 kV and a current of A) 4.3 mA and B) 9.6 mA.   



 

  29

the edges of both sample zones became sharper, which is seen in Figure 2.2.  However, as the 

sample train neared the cathode, there was some dispersion of the Hb zone.  This dispersion is 

likely due to the fact that the fluid flow near the cathode is disturbed by the presence of an 

opening for the electrode housing.  No data was collected above a current of 24.1 mA because 

the Hb zone began exiting the system at this point.   

 

Modeling was performed by solving the set of non-linear algebraic equations (Eqs. 1-8), which 

describe steady-state ITP.  An analytical solution was obtained for the length of the leading 

electrolyte zone as a function of the current.  By choosing to model the length of the leading 

electrolyte zone, the position of the beginning of the sample train is obtained.  If desired, one 

could also solve for the length of each individual zone (Eq. 11) to predict the position of each 

zone interface.   

 

A system consisting of only a leading and a trailing electrolyte was initially modeled, using Eq. 

10, to illustrate the response of zone position to current.  From this solution it is shown that, as 

the current is increased via increasing the counterflow velocity, the fraction of the annulus that is 

filled with LE increases asymptotically.  With the addition of 30 mgs of two sample proteins, the 

resulting curve has the same shape as that of a system with no sample, but is shifted down.  

Figure 2.3 shows the length of the leading zone for both a system with only a leading and trailing 

zone and for the same system with two sample species added.  Figure 2.3 is based on a system 

with an annulus length of 29 cm, a cross-sectional area of 0.685 cm2 and a constant voltage of 

2.50 kV.  The relevant properties of all species in the system are shown in Table 2.1.    
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Figure 2.3: Model predictions of the length of the leading electrolyte zone as a function of 

current comparing a system containing only a leading and trailing electrolyte to a system with 30 

mg BSA and 30 mg Hb added.  Predictions are made for a system with a constant applied 

voltage of 2.50 kV.  The leading electrolyte is 0.01 M HCl, pH 9.5, and the trailing electrolyte is 

0.06 M EACA, pH 10.0. 
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Table 2.1: Parameters used for Model Calculations 

Zone Species Charge Mobilitya 

Leading Cl- -1 -7.91 [7] 

Trailing EACA -0.14b [30] -0.40c [31] 

Sample 1 BSA -25 [32] -3.25 [33] 

Sample 2 Hb -12 [34] -1.20c [35] 

Counterion Tris 0.96b [30] 2.84c [31] 

a) Net electrophoretic mobility in units of m2V-1s-1×108. 

b) Calculated based on pK values from cited reference. 

c) Calculated by multiplying the absolute mobility from the cited reference by the charge.
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Data sets were collected for three experiments, (E1-E3), with a BSA/Hb sample as described 

above.  Model predictions are compared to the experimental data in Figure 2.4 which shows that 

the model accurately predicts that, as the current increases due to an increase in counterflow 

velocity, the length of the leading zone increases asymptotically.  A statistical analysis of the 

data was conducted using the Matlab 7.0 curve fitting tool to calculate a 95% prediction interval 

[29] for the future response of experimental data.  This interval includes the error in estimating 

the mean and the variation in the data to predict that 95% of future data collected for zone 

position as a function of current will fall between the upper and lower limits.  Although the 

predicted LE zone length comes near the upper limit of the 95% prediction interval for currents 

between 5-7 mA, all points in the model are within the 95% prediction interval, which shows that 

it is able to predict the position of the steady-state stationary zone to within experimental 

variation.  
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Figure 2.4: Comparison of model predictions to experimental data for the length of the leading 

electrolyte zone.  The experiment was conducted three times in order to obtain data sets, 

represented by E 1 through E 3.  The dashed line shows the 95% prediction interval (PI) for the 

experimental results, based on data analysis.    Model input parameters were identical to the 

experimental conditions when possible.  Literature values of properties were used for parameters 

not directly measured during the experiment, shown in Table 2.1.     
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2.4 Concluding Remarks 

The model presented in this paper produces an analytical solution which can be used to 

accurately predict the positions of the stationary steady-state zones formed during ITP.  By 

varying the countercurrent velocity, within the calculated bounds, the ITP train can be 

immobilized at any position within the channel.  We have shown that these positions can be 

predicted as a function of the current, given a constant voltage, which gives us the ability to stop 

the train at any point in a channel.   

 

From these results, it appears that the assumptions made in the development of our model are 

valid for this apparatus under our experimental conditions.  One assumption is that dispersion is 

negligible.  In free-flow electrophoresis, conductivity gradient instability has been reported, 

which causes significant dispersion [36].  In unpublished free-flow ITP experiments performed 

in our lab in a channel without vortex stabilization, conductivity gradient instability was 

observed above a certain voltage, which caused significant dispersion of the ITP train between 

the Hb and TE zones. The agreement between the model and our experimental results in the 

present work show that the vortex stabilized electrophoresis apparatus stabilized the fluid and 

decreased dispersion.  Experimental results showed that dispersion was more pronounced at low 

currents but, even in this region, the model is able to predict the behavior of the stationary 

steady-state zone with reasonable accuracy.   

 

Temperature effects were not considered in this model.  Since Joule heating is the product of the 

electric field strength with the current and since we are working with a constant current, then the 
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temperature of zones will increase as electrophoretic mobility decreases [28].  Therefore there 

will be temperature variation during separation.  Species parameters, such as pK and 

electrophoretic mobility are dependent on temperature as well as other variables including ionic 

strength.  Neither temperature nor ionic strength were measured directly or predicted for this 

experiment.  Values used as input parameters were those found in literature for a temperature of 

either 20 °C or 25 °C and an ionic strength ranging from zero to 0.01 M.  Our results show that 

our model was able to predict stationary steady-state zone positions in agreement with 

experimental data, despite neglecting temperature variation. 
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Abstract      

ITP in a two turn S channel was simulated using Comsol Multiphysics v 3.3 and conducted 

experimentally in a free-flow apparatus developed by the authors.  Our simulation results 

show that ITP zones are able to return to an isotachophoretic pseudo steady-state given a 

sufficient length of straight channel following a turn.  This recovery distance was found to be 

independent of voltage.  Additionally, the recovery distance increased as total sample 

increased, and decreased as the turn radius increased.  Experimental results showed that ITP 

was affected by a conductivity gradient instability at higher voltages, and increased 

dispersion at lower voltages.  Our experimental results also showed that for our channel 

geometry and sample mass, dispersion due to the 180° turn was negligible.     
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3.1 Introduction 

Isotachophoresis (ITP) is a self-sharpening electrophoretic technique that has the ability to 

both purify and concentrate analytes.  For this reason ITP has been used for both purification 

and pre-concentration, often coupled to capillary zone electrophoresis [1-4].  In ITP, an 

analyte sample is placed between a leading electrolyte (LE) and a trailing electrolyte (TE), 

such that all of the constituents of the analyte sample have electrophoretic mobilities less 

than the LE and greater than the TE.  Once an electric field is applied, all species with the 

same charge sign as the leading ion align into a “train” of adjoining zones according to their 

mobilities.  A pseudo steady-state is attained when all zones in the ITP train move with 

constant, equal velocities.  With an appropriate counterflow, a stationary steady-state can be 

achieved where the train comes to and remains at a fixed position within the separation 

channel [5, 6]. 

 

During the ITP process, the concentrations of analyte zones adjust so that they are 

proportional to the concentration of the leading electrolyte, allowing dilute sample analytes 

to be concentrated.  Using a microchip, ITP has been shown to increase sample concentration 

by a millionfold in a single step assay [3].  There is a growing need for analysis of real 

samples, such as human blood, which include analytes in very low concentrations relative to 

other species, requiring techniques such as ITP that are able to both concentrate and purify 

these low abundance analytes [7].  Eventually, we would like a portable tool, likely in the 

form of a microchip, to analyze these complex samples [7].  Microchips have many 

advantages over larger scale separation devices, including the fact that separation of analytes 
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often takes only minutes or seconds, in partial due to small initial sample size and high 

electric fields [8]. 

 

In order to fit more separation length on a chip, turns in a channel are employed.  Griffiths 

and Nilson have presented various geometries using turns connected with straight segments 

to increase the channel length on a chip [9].  Although turns increase the channel length, they 

also present a potential source of dispersion due to the difference in length and field strength 

across the channel width [10].  Several authors have studied ways to minimize dispersion due 

to turns when zone electrophoresis is employed, including reducing channel width in the turn 

[11], using a tapered geometry into a reduced turn width [12], and determining a minimum 

turn radius [9]. 

 

In this paper, the effects of turns in a channel on ITP are examined.  Using a two turn S 

channel, 2-D modeling was performed using Comsol Multiphysics v 3.3.  Results showed 

that the ITP train was able to “recover” some distance after a turn.  The effects of voltage, 

turn radius, and sample quantity on the recovery distance are reported.  The behavior of ITP 

zones around 180° turns was also observed experimentally in a two turn S channel developed 

by the authors.   
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3.2 Materials and Methods 

3.2.1 Equipment 

ITP was performed in an S apparatus developed by the authors.  The separation channel had 

a constant width of 700 µm and constant height of 1 mm.  The length of the channel between 

the electrodes was 19 cm.  The channel has two 180° turns each with a turn radius 3.1 mm.  

The overall footprint of the apparatus used was 6 cm x 12 cm x 2 cm.  

 

The channel was cut into a 0.3 cm alumina ceramic plate (Superior Technical Ceramics 

Corp., St. Albans, VT) and has a flat 1.2 cm thick plexiglass top, which allows the channel to 

be viewed from the top of the apparatus (Figure 3.1).  The ceramic plate also has good heat 

transfer properties (thermal conductivity: 31 W/mK) to reduce the effects of Joule heating.  A 

PDMS gasket was sandwiched between the ceramic plate and plexiglass in order to seal the 

channel.  The ceramic plate, PDMS gasket, and plexiglass are held together by a set of eight 

bolts that surround the channel.  A steel plate on top of the plexiglass is used to prevent the 

bolts from deforming the plexiglass when they are tightened.   
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Figure 3.1:  A) Photograph of S channel developed by the authors.  Separation channel is 

700 µm wide x 1 mm deep x 19 cm long.  B) Photograph of the same apparatus with added 

steel plate and position scale.
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The electrode reservoirs are cylinders cut into the plexiglass top, and separated from the 

channel by a 6000 MWCO dialysis membrane.  An inlet and outlet into each electrolyte 

reservoir allows the electrolytes to be recirculated using a peristaltic pump (Buchler 

Instruments, Lenexa, KS).  In order to reduce pulsing from the peristaltic pump, windkessels 

(translated: air chambers) were fashioned using a T-junction between the pump and the 

electrolyte recirculation inlet of the apparatus (Figure 3.2).   

 

3.2.2 Chemicals and reagents 

Bovine serum albumin (BSA), bovine hemoglobin (Hb) 6-aminohexanoic acid (EACA), and 

methylcellulose were obtained from Sigma (St. Louis, MO).  Trizma base was purchased 

from Invitrogen (Carlsbad, CA), hydrochloric acid from Fisher Scientific (Hampton, NH), 

and bromophenol blue from Bio-Rad (Hercules, CA).  Nanopure water came from a 

Barnstead Thermolyne (Dubuque, IA) Nanopure® Infinity UV/UF system.   
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Figure 3.2: Design of a windkessel.  Windkessels were placed between the peristaltic pump 

and the electrode reservoirs to reduce pulsing due to electrolyte circulation. 
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3.2.3 Electrolyte and Sample Preparation 

The leading electrolyte (LE) was 0.01 M hydrochloric acid adjusted to pH 9.5, and the 

trailing electrolyte (TE) was 0.06 M EACA adjusted to pH 10.  Trizma base, which served as 

the counterion, was used to adjust the pH of the LE and TE.  A 10 mg/ml “blue albumin” 

solution was made by mixing bromophenol blue with BSA in a 1:1 molar ratio in LE.  

Bovine hemoglobin was dissolved in LE to make a 10 mg/ml Hb solution.  A 0.4% methyl 

cellulose solution was prepared by combining with nanopure water.     

 

3.2.4 Experimental procedure 

To suppress electroosmostic flow in the channel, a 0.4% methyl cellulose solution was 

injected into the channel and allowed to set at least five minutes prior to the ITP run.  The 

methyl cellulose was then removed, and the channel was filled with LE through a syringe at 

the anodic end of the channel.  Using a 20 µl sample loop, protein sample at a concentration 

of 10 mg/ml was injected via the sample inlet located nearest the cathode.  A valve at the 

cathodic end of the channel was closed during sample injection so that the sample was 

contained in the channel.  LE was circulated through the electrolyte reservoir at the anode, 

and TE was circulated through at the cathode via a peristaltic pump.  A fixed voltage was 

applied to the channel.     
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3.2.5 Theory 

A two dimensional, transient ITP model is presented which assumes that there is no bulk 

flow or temperature gradients in the system.  In a solution with an applied electric field all 

charged species can move by convection, electromigration, and diffusion.  The flux of each 

species can be described by the Nernst-Planck equation, 

iiiiiii CDCFzuCJ ∇−Φ∇−= µ , (1) 

where Ji is the flux of species i, Ci is the concentration of species i, u is the bulk flow 

velocity, F is Faraday’s constant, zi is the charge of species i, µi is the absolute mobility of 

species i, and Φ is the electric potential.  In the present work, there is no bulk flow and thus 

the convection term, Ciu, equals zero.   

 

The conservation of mass of each species is given by 

ii
i RJ

t

C =⋅∇+
∂

∂
, 

(2) 

where t is time, and Ri is the rate of generation of species i.  Our model assumes no 

generation for all species; hence Ri is zero for all species.    

 

Electroneutrality is conserved over the entire channel, and is given by 

0=Σ iiCz . (3) 

Thus current conservation can be described by 

0=⋅∇ I . (4) 
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3.2.6 Computer simulation 

To simulate ITP in a 2-turn S channel, the Nernst-Planck application mode in Comsol 

Mutiphysics v 3.3 was implemented.  A geometry was constructed (Figure 3.3) of a channel 

with a constant width of 350 µm and an overall length of 2.4 cm.  A fixed potential was set at 

the anode and cathode according to Table 3.1.  The insulation/symmetry condition was 

employed for all other boundaries.  The concentration profile of each species was specified 

for the initial conditions according to Table 3.1, and the initial potential was set to zero.  All 

other species parameters needed for the simulation are given in Table 3.2.         

 

Due to differences in both electric field strength and distance across the width of the 

separation channel around a turn, dispersion of zones occurs.  However, the self-sharpening 

attribute of ITP allows for the zones to return to a pseudo steady-state given a sufficient 

length of straight channel following a turn.  The length required for the zones to return to 

pseudo steady-state, or recovery distance, is obtained by finding the point in a straight 

channel following a turn where the protein zone has returned to pseudo steady-state.   
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Figure 3.3: Geometry used for ITP simulation.  The overall length of the channel is 2.4 cm, 

and the turn radius is 0.71 channel widths for all simulations, except when turn radius was 

varied. 
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Table 3.1: Boundary and initial conditions setup in simulations 

  

Leading Ion  

Cl-  

 

Protein Sample 

 

Terminating Ion 

EACA 

 

Counter-ion Tris 

 

Voltage 

Boundary Concentration  

10 mol/m3 

Concentration  

0 mol/m3 

Concentration  

0 mol/m3 

Electroneutrality 1000 Va 

Boundary Concentration  

0 mol/m3 

Concentration  

0 mol/m3 

Concentration  

60 mol/m3 

Electroneutrality 0 V 

All other 

Boundaries 

Insulation Insulation Insulation Insulation Insulation 

 

 

Initial 

Condition  

Leg 1 

Concentration (mol/m3) 

2

0025.0

0035.0(2
exp1

10






 −−
+

x

 

Concentration (mol/m3)b 

 











 −−
20025.0

2)0035.0(2
exp043.0

x  

Concentration 

(mol/m3) 





















−
2

0025.0
exp60

x  

Electroneutrality 0 V 

Initial 

Condition  

Legs 2, 3 

Concentration 

10 mol/m3 

Concentration  

0 mol/m3 

Concentration  

0 mol/m3 

Electroneutrality  

 

0 V 

 

a) Varied during vary voltage simulations 

b) Varied during vary concentration simulations 
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Table 3.2: Parameters of each species used in simulations   

  

Leading Ion  

Cl-  

 

Protein Sample 

 

Terminating Ion 

EACA 

 

Counter-ion Tris 

Absolute 

Mobilitya 

8.2 x 10-13 1.34 x 10-14 2.96 x 10-13 3.07 x 10-13 

Diffusion 

Coefficientb 

2.02 x 10-9 3.33 x 10-11 7.31 x 10-10 7.57 x 10-10 

Chargec -1 -25 -0.14 0.96 

a) Absolute mobility, iµ , (m2/Vs); Electrophoretic mobility, iω ,  is calculated by iii Fz µω =  

b) Calculated based on Einstein expression: RTD ii µ= , units m2/s 

c) Calculated via the Henderson-Hasselbalch equation
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This was evaluated using moment analysis to calculate the standard deviation (eqn 5) of the 

sample zone concentration profile as a function of location in the channel.   
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mσ , 

(5) 

 

where mnx and mny, are the absolute moments obtained by 

∫= dxdyxCm n
pnx  (6) 

and 

∫= dxdyyCm n
pny , (7) 

and Cp is the concentration of the protein sample.   

 

In leg two of the channel (Figure 3.1), the zone has reached a pseudo steady-state and the 

standard deviation of the concentration profile is relatively constant.  We will call this the 

pseudo steady-state standard deviation (PSSSD).  Due to numerical noise, there is a small 

range of values for the PSSSD, and thus an average PSSSD and 95% confidence interval was 

calculated for each simulation.  As a result of the dispersion of the zone around a turn, the 

standard deviation of the zone increases as it goes around a turn.  As the zone recovers in the 

straight portion of the channel, the standard deviation returns to its pseudo steady-state value.  

Once the standard deviation of the zone reached the upper limit of the 95% confidence 

interval of the PSSSD, the zone was considered “recovered”.  Recovery distances were 

measured starting from the beginning of the straight portion of leg 3.  
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During the simulation, artificial isotropic diffusion was applied to the system to smooth 

oscillations so that the solution would converge.  Isotropic artificial diffusion was set to 0.5 

for all simulations.  The effect of artificial diffusion built into Comsol Multiphysics varies 

over the subdomain and is dependent on mesh size and the velocity of species.  For this 

reason, artificial diffusion effects vary as the geometry of the channel or the voltage change.   

 

3.3  Results and Discussion 

3.3.1 Experiment 

ITP in a two turn S channel was conducted as described above for voltages ranging from 250 

V to 4500 V.  After applying an electric field, all species began moving towards the anode.  

Zone formation was observed starting with the trailing end of the Hb zone.    The BSA zone 

formed adjacent to, but in front of the Hb zone.  The interfaces between all 4 zones were 

distinct, however dispersion of zones was observed.  In particular, there was a definite cut-off 

of the concentrated portion of the Hb zone, followed by a “tail” of Hb following the zone 

(Figure 3.4).   

 

This tail was visible, but much lighter in color than the main Hb band.  One cause of this tail 

may be conductivity gradient instability (CGI) [13, 14].  Above 1500 V CGI was observed as 

wisps of Hb coming off the back of the main Hb band in a turbulence like fashion (Figure 

3.5).  These wisps would oscillate in frequency, coming off quickly, then  
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Figure 3.4: Photograph of ITP experiment in S channel.  The main Hb band is designated by 

the letter A, and the Hb tail by B.  The zone on the opposite side of the Hb band as the tail is 

the BSA band.
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Figure 3.5: Photographs of conductivity gradient instability (CGI) observed during an 

experiment in an S channel with a constant potential set to 2500 V.  The photographs are 

labeled 1-4, representing a sequence of time.  LE was 0.01 M HCl, pH 9.5 and the TE was 

0.06 M EACA, pH 10.0.  Sample was injected as a 50/50 mix of blue BSA and Hb.  

Photograph 1 shows the zones at a point where CGI was not observed.  Photographs 2-4 

show CGI via wisps off the tail end of the Hb zone.   
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dying down, and cycling.     Below 1500 V the wisps attributed to the instability were 

observed with the aid of a magnifying lamp.  As voltage was decreased, the wisps appeared 

to move slower than they did at higher electric field strengths.  At 500 V bands formed, but 

there was not a clear distinction between the end of the Hb and the TE.  Additionally, CGI 

was not observed at this electric field strength.  When the voltage was decreased to 250 V, 

sharp bands did not form.  This indicates that the Hb tail could be due to multiple 

phenomena, CGI at high electric field strengths, and diffusion at low electric field strengths.  

 

Due to the large turn radius relative to the channel width, the amount of dispersion of the 

sample zone due to the turns was minimal.  For this reason, sample zones returned to pseudo 

steady-state directly after each turn.  The minimal dispersion around turns was independent 

of the voltage applied to the channel.   

 

3.3.2  Modeling 

It was desired to characterize the recovery distance for a four component system, containing 

LE, TE, counter ion, and protein sample.  For the system simulated, the ITP zones did not 

reach pseudo steady-state until the zones were into the second leg.  Although there was 

dispersion due to the first turn in the channel, the ITP zones were still able to continue 

forming while in the turn.  This means that although the addition of turns may increase the 

overall necessary separation length, ITP zones are still maintained.  
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In the literature on zone electrophoresis in an S channel, the effect of turn radius and turn 

shape are explored [9, 11, 12].  By increasing the turn radius, it is reported that dispersion 

caused by a turn decreases.  Our modeling of ITP in an S channel showed that due to 

decreased dispersion around a 180° turn with increased turn radius, the recovery distance 

decreased as shown in Figure 3.6.    The decrease in recovery distance is dramatic for very 

small turn radii, but levels off as the turn radius passes the width of the column.  Figure 3.6 

shows a clear trend in the recovery distance even though there is some scatter in the data.  

This scatter is due to artificial diffusion. 

 

By calculating the recovery distance for three artificial isotropic diffusion values; keeping all 

other parameters equal, it was found that when the artificial diffusion changes, there is 

variation in the recovery distance.  Since artificial diffusion is linked to geometry mesh and 

the mesh changes as the turn radius is varied, the effect of artificial diffusion for each turn 

radius varies, which affects recovery distance.   

 

The effect of voltage on recovery distance was also simulated.  Simulations were conducted 

for voltages ranging from 500 to 3000 V.  It was found (Figure 3.7) that the recovery 

distance was independent of voltage.  As voltage is increased the zones move faster, but the 

distance they must travel to recover does not change.       
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Figure 3.6: Results from simulation of ITP in S channel obtained by calculating the recovery 

distance for a series of turn radii.   
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Figure 3.7:  Results from simulation of ITP in an S channel for a series of applied voltages. 
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The effect of sample quantity on recovery distance was studied via changing the initial 

concentration of protein sample by multiplying by a scalar ranging from 0.25 to 5 times the  

concentration in Table 3.1.  Our results showed that, as the overall mass of sample increases, 

recovery distance increases.  There are two regions of interest in Figure 3.8.  The first part of 

the curve corresponds to sample quantities below that which are required to achieve a plateau 

concentration.  In this region, we see a non-linear increase in recovery distance as sample 

mass increases.  At concentration 2x and above, there is a linear response to increasing the 

sample quantity.  In this region, the sample has reached its plateau concentration, and thus 

the zone length increases in proportion to sample quantity.  Due to the increased sample 

length, the zone must travel farther to get around the bend, and would naturally require more 

channel length to recover. 

  

3.4 Concluding Remarks 

Our simulation shows that ITP zones are able to recover following a turn in a separation 

channel and that models can be used to aid in the design of experiments or of apparatuses.  

One can predict the necessary length of straight channel needed for zones to recover 

following a turn, or the amount of sample that can be injected into an apparatus to achieve 

the necessary separation.  The model shows that this length is independent of voltage.  Our 

experimental results show that CGI is an issue in a free-flow separation channel for ITP.  In 

order to reduce this phenomenon, the viscosity of the solutions could be raised by an additive 

such as methyl cellulose.  Additionally, the column could be packed with a packing, or filled 

with a monolith.    
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Figure 3.8:  Results from simulation of ITP in an S channel for a series of sample masses.  

Sample masses were varied by changing the initial condition for the protein sample in leg 1.  

The concentration profile in Table 3.1 represents 1x sample mass, and all other sample 

masses are a factor of this.  Thus to calculate 2x sample mass, the initial concentration profile 

in Table 1 for the protein species in leg 1 is multiplied by 2.     
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CHAPTER FOUR 

CONCLUDING REMARKS 

 

This thesis extends the knowledge and prediction of ITP zone behavior in both a preparative 

scale device, and following turns in a separation channel.  In chapter two an analytical 

expression was derived to predict the location of stationary steady-state zones in a straight 

channel, under a constant voltage.  A comparison of model predictions with results obtained 

from ITP experiments performed in a vortex stabilized electrophoresis apparatus showed that 

the model was able to predict the location of immobilized zones within the 95% confidence 

interval of the experimental data. 

 

The analytical expression presented in chapter two to predict the location of immobilized ITP 

zones is significant to future experimental design.  One application of this predictive tool is 

for sample detection, either for predicting the necessary placement of a detector for set 

experimental conditions, or setting the experimental conditions.  By controlling the 

counterflow velocity applied to a system, one can immobilize the sample zone of interest 

prior to a detector.  Once the zone has reached steady-state, and thus its maximum resolution 

for the specific system, the experimenter can then adjust the counterflow velocity such that 

the fully formed zone moves past the detector.   
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The ability to immobilize the ITP train at a specified position within a separation apparatus 

also allows for continuous operation of a system.  By immobilizing the zone of interest at a 

specified offtake port, one can continuously inject an analyte mixture while withdrawing the 

target analyte once it has reached a desired concentration.  Likewise, for analytes in very low 

concentration relative to other species in the sample, one can continuously inject the analyte 

while withdrawing the high abundance species.  This concentrates the low abundance species 

within the channel, while removing contaminating species. 

 

Once a sufficient amount of low abundance species is concentrated within a separation 

apparatus, it can be removed and injected into a channel with a smaller cross-sectional area to 

increase resolution.  With the reduction in cross-sectional area of a channel, smaller devices 

are desired.  Thus, in order to have sufficient length of channel on a small platform, turns in a 

channel are introduced.  Chapter three describes the simulation and experimental studies of 

ITP in a two turn separation channel.   Simulation showed that dispersion of ITP zones 

within a bend are observed, however in a straight segment following a turn ITP zones are 

able to return to pseudo steady-state.  This is another advantage of ITP over ZE, where zones 

are unable to recover from the dispersion of zones due to turns.  The length of straight 

segment required for a zone to return to pseudo steady-state varies depending on the radius of 

the turn and the mass of sample; however it is independent of voltage. 

 

The ability to simulate ITP zone behavior in a channel with turns is important to the design 

of apparatuses and experiments on a small scale.  For a given sample mixture, one can design 
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an apparatus with turns that allows the analytes to achieve pseudo steady-state.  By varying 

the geometry in the simulation, one can evaluate the length of straight segment required for 

various turn radii.  In addition, for a specific apparatus, an experimenter can determine the 

maximum mass of sample that can be injected in order to reach pseudo steady-state.   

 

The work presented in this thesis is a foundation for future studies on multi-scale ITP.  This 

work is particularly significant to the area of purification of low abundance species in a 

sample mixture with a high dynamic range.  Immobilization of zones at a specified location 

allows for a focused analyte to be withdrawn, and then injected into an apparatus with a 

smaller cross-sectional area.  This process can be repeated multiple times from meso to micro 

and even nano scale.  Each time a sample is withdrawn, a portion of the high abundance 

species is removed, thus allowing for better purity of a low abundance species.  Additionally, 

with each move to a reduced cross-sectional area, better resolution of zones is achieved, 

further increasing analyte purity.  Reducing the cross-sectional area of a separation channel 

can also increase the concentration of a low abundance species, as was shown in Figure 1.1.  

This occurs when the cross-sectional area of an apparatus is too large for a mass of sample to 

achieve a plateau concentration. 

 

Currently at WSU, ITP has been successfully performed from preparative scale, as described 

in chapter two, down to microchip scale, as described by Cui et al [1].  ITP has also 

successfully been performed intermediate to these scales, as described in chapter three.  

Future work will involve performing ITP on a model blood system of approximately five 
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proteins in various concentrations before moving to a real system of approximately 100 

species.  ITP will first be performed in the vortex stabilized electrophoresis apparatus 

described in chapter two.  Samples containing the analyte of interest will then be combined 

and injected into the S channel described in chapter three.  A sample will then be taken at this 

scale, and the process will be repeated, moving to decreased cross-sectional areas with each 

step.   

 

In order successfully take a sample from the S channel previously described, a sample 

offtake system will need to be implemented into the apparatus.  This will likely be achieved 

via the addition of additional electrodes and legs into the apparatus to direct the zone of 

interest to a leg of the channel away from the main separation channel.  The S channel 

apparatus will also need to be modified to address the dispersion that was observed during 

ITP experiments, as described in chapter 3.  Dispersion may be decreased by the addition of a 

packing or monolith into the separation channel. 

  

Additional future work could include the development of a nano scale ITP apparatus.  This 

would allow for an additional step in the multi-scale process.  This could be advantageous for 

very complex sample mixtures with a high dynamic range.  In addition, for small sample 

quantities, the multi-scale process may start at the micro scale, rather than preparative scale, 

and may require a nano scale apparatus for purification of low abundance species.             
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