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ABSTRACT 

DEVELOPMENT OF NOVEL METHODS FOR THE RAPID 

SEPARATION OF BIOMOLECULES 

 

Manasa Mamunooru 

Doctor of Philosophy  

Temple University, 2013 

 

         Successful methods for the separation of biomolecules like amino acids, proteins, 

peptides, and DNA have been developed previously using HPLC, GC, GC-MS, and CE. 

Recently CE has become a routine laboratory technique in the analysis of biological 

molecules. Even though high-resolution separations with small sample volumes is the 

main advantage, CE is limited by lower sensitivity detection of analytes when universal 

detectors like UV absorption or refractive index detectors are used. Therefore, sensitivity 

enhancement can be obtained by either using different detection schemes or 

electrophoretically based pre- or on-line concentration methods. These can be grouped 

into two categories. The first category includes IEF, CGF or TGF where sensitivity is 

achieved through equilibrium electrofocusing. In these methods, electrophoresis and bulk 

solution is combined in the capillary or separation column to form a null velocity point, a 

point at which the net velocity of the analyte is zero. Using these methods 10-10,000 fold 

sensitivity enhancement is achieved. The second category uses velocity gradients but not 

the nul velocity for the enrichment of samples. These methods include FASS, LVSS, 
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NSM, etc., which are applied for the analysis of small molecules, and 10-10,000 fold 

sensitivity enhancement is reported by using these methods. 

         In this work, first GEITP an on-line preconcentration technique is applied for the 

detection of amino acids (using Trp and Tyr as model analytes). This work also 

established the effects of different parameters on enrichment. The parameters studied 

include effect of current flow acceleration across capillary inner diameter, the effect of 

leading electrolyte (LE) concentration on current density, and the effect of applied 

electric fields on the current density. To explore the application of GEITP in biological 

fluids, optimized parameters were developed for the detection and separation of Trp and 

Tyr in artificial cerebrospinal fluid (aCSF). Next, GEITP was applied for enrichment and 

separation of physiologically relevant concentrations of chromophore-derivatized Asp 

and Glu in high conductivity samples like artificial cerebrospinal fluid (aCSF). It was 

concluded from this work that the major factors which influence the enrichment is the 

ratio of current density to sample conductivity. Finally, GEITP is applied as a prior step 

before CZE to increase the resolution between analytes without using ampholyte 

mixtures. In this method GEITP was combined to CZE to achieve resolution adjustment 

between amino acids mixture using low pressure hydrodynamic flow during CZE without 

changing the separation column, field strength, or electrolyte system. 

         In this work, a rapid CE method for extraction and analysis of amino acids in 

planarians, labeled with 4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F), was developed. 

This method was applied to detect the changes in the levels of amino acids when 

planarians were fed and starved. This method can be applied to study pharmacological 

effects in planaria, as it can monitor different amino acid levels with respect to feeding. 
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         Finally, ssDNA photoproducts of different lengths (11-mer and 63-mer) were 

separated using two different matrices, a traditional C18 and a PV/DBS (PLRP-S) matrix. 

A faster separation (within ~ 10 mins) was achieved for a 11-mer by the PLRP-S column. 

A separation was achieved in the PLRP-S column for the 63-mer while there was no 

separation in C18 column. Baseline resolution was not achieved. Therefore, C18 can best 

be used for small length DNA while PLRP-S can be applied for longer length DNA, as it 

is more hydrophobic than C18 column. Parameters can still be optimized for a baseline 

separation. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Capillary Electrophoresis  

1.1.1 History  

         Capillary Electrophoresis (CE) has undergone many changes since it was first 

described by Tiselius in mid-1930.
1
 In 1967, Hjerten described electrophoretic separation 

and detection of molecules like inorganic and organic ions, nucleic acids, nucleosides, 

nucleotides, proteins, subcellular particles, viruses, and erythrocytes by ultraviolet (UV) 

absorption detection.
2
  Different modes of CE are applied representing a dominant 

technique for different applications, which are suitably competitive to high performance 

liquid chromatography (HPLC),
3
 the most commonly applied separation technique.   

         Hjerten developed a high performance electrophoresis method for elimination of 

electroendosmosis and solute adsorption using a narrow-bore tube which is coated with a 

mono-molecular layer of non-cross-linked polyacrylamide.
4 

Guttman developed a 

polyethylene oxide-mediated capillary sodium dodecyl sulfate electrophoresis for fast, 

high-resolution separation and molecular mass assessment of protein molecules.
5
 Mikkers 

et al showed that by using narrow-bore tubes, dispersion in CE can be controlled. They 

applied this method for the analysis of anions. The analysis time was reduced to a few 

minutes with plate heights smaller than 10 µm, obtained with UV and conductimetric 

detection.
6
 Jorgenson et al showed high efficiency separations of fluorescent derived 

amino acids, dipeptides, and amines in the separation of a human urine sample in 10-30 

min with 400,000 theoretical plates using on column fluorescence detection.
7
 These 

methods lead to the application of CE in different modes.
4, 5

 Therefore, this method is 

used as a substitute to slab gels, and other chromatographic techniques including high 
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performance liquid chromatography (HPLC) and gas chromatography (GC). In 1984 

Terabe et al
3,8

 established micellar systems which increased the applicability of CE to 

uncharged electrolytes, which otherwise was only applicable to charged analytes. These 

techniques are based on charged pseudostationary phases called micelles. Charged 

soluble polymers or smaller additives are used instead of micelles.
9,10

 The main 

advantages of CE are the use of small sample and buffer volumes, and can also be easily 

hyphenated to different detection techniques. Different samples like amino acids,
11,12

 

volatile nitrosamines,
13

 biogenic amines,
14-18

 proteins,
19-22

 phenolic compounds,
23-25

 

edible olis,
26 

isoflavones,
27

 flavonoids,
28

 carbohydrates,
29,30

 DNA,
31,32

 genetically 

modified organisms (GMO’s),
33

 vitamins,
34,35

 cations,
36 

toxins,
37,38

 pesticides,
39,40 

herbicides,
41

 food preservatives,
42,

 and food colorents
43

 can be analyzed. These methods 

for the above mentioned analytes are summarized in Table 1. 

 

1.1.2 Theory 

1.1.2.1 Electerophoresis
44

  

         Ohm’s law describes the conduction of fluid in solution:  

E = IR                                     (1) 

where E is the voltage or applied field, I is the current passing through the solution, and R 

is the resistance of the fluid medium. Conductivity is the reciprocal of resistance. 

According to Kohlrausch, independent migration of ions results in the conductivity of the 

solution. When a current passes through the ionic solution, anions move towards the 

anode or positive electrode and the cations move towards the cathode or the negative 

electrode. An electric force (F) is produced due to the potential difference between the 
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electrodes, which helps in the movement of the ions. The direction of movement of ions 

is based on the charge of ion. Cations move towards the anode whereas anions move 

towards the cathode. As these ions migrate they experience a frictional force due to the 

viscosity of the solution. 

         Charge to size ratio of the ions governs their mobility in solution. The size of the 

molecule depends on the molecular weight, three-dimensional structure and the degree of 

solvation. Stokes’ law expresses the forces governing this behavior.  

f = 6πηrν                         (2) 

where η = viscosity, r = ionic radius, and ν = ionic velocity. As the ion migrates through 

the electrolyte, the ion size modifies its mobility due to solute’s exposure to frictional 

drag. Viscosity, size, and electrophoretic velocity are directly proportional to the 

frictional drag. An expression for the mobility of an ion using these terms is as follows: 

                       


cm2

V.s
  

  cm  s 

E (V / cm )


q

6r
                (3) 

where q = the net charge and E = the electric field strength. Thus, mobility is considered 

a charge-to-size ratio. Since the units for velocity are centimeters per second and the field 

strength is expressed as volts per centimeter, the units of mobility are cm
2
/Vs. 

         The ion’s electrophoretic mobility (µep) is determined by electrical and frictional 

forces. This relationship is derived as follows:   

F = q dV

dx                            (4) 

and 

Fd = f dx

dt                          (5) 
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where q is charge (q=zeo), z is the analyte ion charge, eo is the electron charge (1.602 x 

10
-19

 coulombs), dV/dx or E is the field strength (V/cm),  f is the frictional coefficient  (f = 

6πηr, in Newtons or kgms
-2

), and dx/dt or vep is the ion’s electrophoretic velocity (m s
-1

). 

Both forces are balanced at equilibrium, 

f vep = qE
                               (6) 

Therefore, an ion electrophoretic mobility is given by 

ep =
vep

E                             (7) 

A relation for electrophoretic velocity is obtained by rearranging the above equation, 

vep = epE
                              (8) 

 

1.1.2.2 Electroosmotic Flow (EOF) 

         In CE, EOF produces movement of bulk fluid in an electric field.
22

 EOF occurs due 

to the presence of surface charge on the wall of capillary, called the zeta potential. The 

most common material used for the producing capillaries is fused silica. The outer wall of 

the fused silica is coated with polyimide. This coating helps increase the tensile strength. 

Fig 1
46 

shows a typical capillary.  This outer polyimide coating should be burned so that a 

UV transparent window is created, as shown in Fig 2.
46

 To make the capillary ready to 

use, a 1 M sodium hydroxide is passed through the capillary to condition it. The resulting 

ionic distribution and formation of electric double layer in the capillary due to the 

ionization of the free silanol groups is shown in Fig 3.
44

  

As the capillary wall is now negatively charged, the cations are attracted while the anions 

are repelled. Even under the influence of the electric field, the ions closest to the wall are 
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tightly bound and are immobile. This layer is also called the Stern layer. As the zeta 

potential is decreased and becomes electrically neutral further down from the compact 

layer and is called the diffuse layer. Now, when the voltage is applied, the ions start to 

migrate towards the respective electrodes. But as the ions are solvated, all the ions are 

dragged towards the cathode. This flow is called electroosmotic flow or 

electroendoosmotic flow (EOF), which is given as: 

v eo =


 E
                       (9) 

where ε is the dielectric constant, η is the viscosity of the buffer, and ξ is the zeta 

potential of the liquid-solid interface. The equation is only valid for capillaries where the 

double layers on opposite walls do not overlap and are sufficiently large.
44

  

         As EOF influences the mobility of the ions, the actual mobility or the net mobility 

of ion under the influence of electric field strength (E) is given as,  

tot = ep +eo                       (10) 

Where, µtot is the total mobility of the ion, µep is the electrophoretic mobility and µeo is 

the electroosmotic mobility:
47-49

 

tot =
vtot

E
=

Ld / tm

V/ Lt
=

Ld / tt

V tm                      (11) 

where Ld is the effective separation length from sample reservoir to the detector,  

Lt is the total capillary length, tm is the measure of time for the ion to reach the detector, 

and V is the voltage at both reservoirs. 
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1.1.2.3 Flow Profile in CE  

         The Van Deemter equation
50

 relates the peak broadening parameters with the 

resolving power of the column. It is expressed as, 

H tot = H A+ H D + H M            (12) 

The above equation can be rewritten as, 

H = A+
B
ux

+
C
ux         (13) 

where H is the plate height which measure of the resolving power of the column, A is the 

multiple flow paths or Eddys diffusion, B is the longitudinal diffusion, and C is the mass 

transfer of analyte between mobile and stationary phase. In CE, due to the lack of 

packing, the A term (HA) is zero, and the primary contribution of band broadening is the 

B term (HD). Thus, HD is 

H D =
B
ux                            (14) 

If the ions stay longer in the column, this leads to the longitudinal diffusion of the analyte 

zone which further causes band broadening and a decrease in plate height. In LC, the 

radial velocity gradient is created throughout the column due to the interactions between 

frictional forces of the mobile phase and the column. This results in the greatest fluid 

velocity at the middle of the tube and comes to zero near the walls of the column. This 

flow is called parabolic or laminar flow (Fig 4)
44

. The frictional forces and the 

chromatographic packing together leads to a pressure drop in the LC column, whereas in 

electrophoretically driven columns like CE, the EOF is distributed consistently over the 

entire length of the column. Therefore, there is no pressure drop which leads to a uniform 
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flow profile (Fig 4)
44

 in the capillary, excluding near the capillary walls where the flow 

rate is almost zero. 

 

1.1.2.4 Efficiency and Resolution 

         The Einstein equation explains that in liquids initially band is broadened by the 

diffusion, as given by the equation,  

2
L = 2Dt =

2DL2

V                (15) 

where D = the diffusion coefficient of the individual solute. 

In CE, resolution (R) can be related to efficiency (N) the length of the column (L), and 

the efficiency and resolution are expressed as follows, 

N =
VLd

2DLt                             (16) 

and             

R =
1__
4

ep N
tot                       (17) 

 

1.1.3 Instrumentation 

         The instrumentation of CE is very simple and is shown in Fig 5. It consists of a 

capillary (the parameters of the capillary are chosen according to the application), source 

and destination vials, high voltage power supply, pressure controller, electrodes, and a 

detector. Common detectors used are UV-VIS, LIF, electrochemical, contactless 

conductivity etc. The inlet and outlet of the capillary are connected to source and 

destination vials respectively. The high voltage and ground are connected to the 
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reservoirs. During injection, the sample vial is placed at the inlet of the capillary. The 

sample is injected either by pressure (hydrodynamic) or by applying voltage (electro- 

kinetic).  Once the pressure or voltage is applied, a small slug of sample enters the 

capillary. The sample vial is then replaced with the source vial. When high voltage is 

applied, the sample ions move according to their charge-to-mass ratio affording 

separation. 

 

1.2 Isotachophoresis (ITP) 

         ITP is an electromigration separation technique which has formed principles for 

other separation technique like CZE and has been applied to genomics, proteomics and 

metabolomics.
51 

ITP, a preconcentration technique, uses a discontinuous electrolyte 

system to resolve the analytes of interest. A system in which the electric field strength is 

not same throughout the capillary is known as a discontinuous system in CE. The 

mobilities and concentration of the electrolyte component affects the vector of the electric 

field strength.
51-53

  

         ITP can also be applied to microchips to enhance the sensitivity of different 

analytes. Kondratova et al
54 

developed a tube gel isotachophoresis for quantitative 

isolation of nucleic acids from dilute solutions.
54

 Liu et al
55

 developed a microfluidic chip 

for the analysis of polymerase chain reaction (PCR) samples by combining transient 

isotachophoresis (tITP) with capillary gel electrophoresis (CGE) using LIF detection. The 

LOD using this method was approximately 1.1 ng/mL. Kaigala et al
56

 developed a hand- 

held miniaturized device for the analysis of fluorescent species with a LOD of 100 pM 

using ITP with LIF for detection. A poly (methyl methacrylate) (PMMA) chip is devised 
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by Wang et al
57

 for the analysis of proteins by online microchip gel electrophoresis 

combined with ITP. This method achieved more than 20,000-fold enhancement in protein 

concentration.  

         ITP is applied as a small preconcentration step prior to separation to increase the 

sensitivity of the analyte. Transient isotachophoretic preconcentration step prior to CGE 

for the analysis of DNA and dsDNA on a microchip was developed independently by 

Wang et al
58

 and Liu et al.
59

 A two dimensional and multidimensional chip for 

proteomics was developed by Mohan et al
60

 and Fang et al
61

 separately by combining 

tITP with isoelectric focusing (IEF) and tITP with electrospray ionization-tandem mass 

spectrometry respectively. ITP analysis of different analytes are reviewed in.
62-69 

 

1.2.1 Principle of Separation
51

 

         In ITP, the analyte is introduced between a high mobility electrolyte or leading 

electrolyte, (LE) and a slow mobility electrolyte or a trailing electrolyte (TE). The 

principle of separation is showed in Fig 6.
51

 Consider ions A and B to be the analytes, 

then the electrophoretic mobilities of analytes, TE and LE can be written as, µLE > µA > 

µB > µTE, where EOF is neglected. When a constant electric field is applied, the zones 

start separating and moving according to their electrophoretic mobility as shown in Fig 

6a and 6b. As the analyte A is faster than B, A moves faster than B as shown in Fig 6b 

and 6c. The zones keep separating until a steady state is reached and then all the zones 

move with a same speed. Hence the name iso (same), tacho (speed), phoresis (migration). 

The Electric field strength E is given by the equation: 
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E =
U

L

I

S
= =

j


=

j

F
n

i =1

cizii

         (18) 

where U is voltage, L is conductor (capillary) length, I is electric current, Sk is conductor 

(capillary) area, j is current density, and j is the specific conductivity given by the product 

of the Faraday constant and the sum of product of concentration ci, charge zi, and 

mobility µi of i
th

 species. 

 

1.2.2.2 Resolution 

         In ITP a pseudo separation can be achieved between different zones which are in 

direct contact using ampholytes as spacer ions. The ampholyte is a combination of non- 

absorbing species with a wide pH range (3 to 11). Ampholytes usually create a pH 

gradient between analyte zones which leads to stacking analytes at different points, but 

the use of higher concentration of ampholytes leads to a decrease in sensitivity.
70-75 

  

1.3 Gradient Elution Moving Boundary Electrophoresis (GEMBE) 

         Shackman and Ross
76

 first described GEMBE in 2007 and applied this method for 

different analytes like small dye molecules, amino acids, DNA, and immunoassay 

products. GEMBE uses variable hydrodynamic counter-flow with time, and continuous 

sample injection. Separation is based on different electrophoretic mobilities of the 

analytes. As there is continuous change in counter-flow from high to low is applied, 

analytes which have electrophoretic mobilities greater than counter-flow enters the 

separation column.
76

 Therefore, different analyte boundaries move in the column with 

different times, which leads to high resolution separation in shorter columns. 
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1.3.1 Instrumentation 

         As shown in Fig 7,
77

 a GEMBE device consists of sample and run buffer reservoirs 

which are connected by a capillary. A high voltage is applied for the movement of sample 

from the sample reservoir to the capillary. To move the bulk flow through the capillary in 

the opposite direction, a combination of electroosmosis and an applied pressure is used. 

Initially the applied pressure is high and the bulk flow velocity is greater than the 

electrophoretic velocity of the analyte, therefore, the sample stays in the sample reservoir, 

as shown in the Fig 7A.
77

 Once the applied pressure is decreased such that the magnitude 

of the bulk flow velocity is less than the electrophoretic velocity, the sample starts 

moving into the column, as shown in Fig 7B.
77

 As the sample passes the detector, it can 

be detected as a moving boundary, which can be seen as a step change in the detector 

response. The detectors like UV absorption, fluorescence or conductivity, LIF can be 

used for GEMBE. 

 

1.3.2 Resolution 

         Resolution (Rs) in GEMBE is a function of counter-flow acceleration.
76

 The 

specific relation between resolution and counter-flow acceleration, and also resolution 

and analysis time, have been established by Shackman and Ross
76

 in their initial 

description of GEMBE. A power law was fitted to data obtained using a linear pressure 

gradient for resolution versus acceleration, which resulted in a square root dependence on 

acceleration (Rs α acceleration
-1/2

). This indicates that resolution in GEMBE is limited by 

diffusion.
78

 When this is applied to resolution-versus-analysis time, it further 
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demonstrated the GEMBE resolution is limited because of diffusion (Rs α analysis 

time
1/2

). As EOF is dominant in the bulk flow, the peak broadening in parabolic flow is 

negligible. Ross and Romantseva, equation for the resolution in GEMBE is derived 

as,
77,78

 

RGEMBE =
E

(31.2 D/L)2
+ 2La                      (19) 

where Δµ is the difference in mobility between two analytes, E is the electric field, D is 

dispersion constant, L is the channel length, and a is the acceleration. The time to 

accomplish unit resolution between two ions is given by,
77,78 

tGEMBE =
324.4 D

2E2
                           (20) 
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Table 1: Summary of different analytes analyzed by CE 

Analyte Detection Method Comments Reference 

Amino acids CE-LIF Capillary coating with (DMA-EpyM) 11 

Amino acids in edible 

marine algae 

CE-DAD Amino acids were derivatized with PITC 12 

Volatile nitrosamines MEKC-UV Supercritical fluid extraction 13 

Biological amines MEKC-LIF 6-oxy-(N-succinimidyl acetate)-9-(20-

methoxy-carbonyl) fluorescein labeling 

14 

Biogenic amines in 

meat matrices 

MEKC-UV - 15,16 

Amines in beer CZE-LIF FITC used as derivatization agent 17 

Biognic amines CZE-UV FASS method 18 

Proteins CE-MS - 19,20 

Milk proteins CE-UV Uncoated fused Si capillary 21 

Phycobili proteins CE-MS Optimized pressurized liquid extraction 22 

Phenolic compounds Micro emulsion MEEKC Ionic selective, injection sweeping 

technique 

23 

Phenolic compounds 

in cereal and beer 

Coelecrtosmotic CE Direction of EOF & electrophoritic mobility 

is same 

24 

Phenolic compounds 

in grape skin 

CZE Extraction of compounds by ethanol-water 25 

Edible oils MEKC-UV Solid-phase and liquid-liquid extraction 26 

Isoflavins MEKC-UV - 27 

Flavinoids CZE-DAD - 28 

Carbohydrates CZE-indirect detection - 29 

Carbohydrates CZE-LED Carbohydrates derivatized with p-nitro 

aniline 

30 

DNA sequences in 

food 

CGE-LIF ligation dependent probe amplification 31 

DNA  CGE-LIF Bare-fused Si capillaries are used 32 

Genetically modified 

organisms (GMOs) 

PCR-CGE-LIF Fluorescent labeled primers 33 

Vitamin C CE-Elctrochemical  - 34 

Folic acid & folate CZE-DAD - 35 

Cations in beverages CZE-UV Electrokinetic injection 36 

Ochratoxin (OA) CZE-ELISA & CZE-LIF CZE-ELISA overestimated the LOD 37 

Domoic acid (DA) cITP-CZE online coupling of cITP-CZE 38 

Pesticides REPSM-MEKC-UV on-column and off-column pre 

concentration detection 

39 

Pesticides CE-MS - 40 

Herbicides RP-CEC - 41 

Food preservatives C4D Detector CTAB added to supress EOF 42 

Synthetic food 

colorents 

MEKC-UV running buffer pH 11 43 



14 

 

 

 

                                

                      

Figure 1: Typical capillary                        Figure 2: Detection window
46

  

 

 

 

 

Figure 3: Illustration of the electrical double layer. 
44 
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Figure 4: Flow profiles in LC (hydrodynamic flow) and CE (electroosmotic flow) 

systems.
44 

 

 

Figure 5: Instrumental setup of capillary electrophoresis 
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Figure 6: Principle of Isotachophoresis.
51 

 

 

 

Figure 7: Principle of separation in GEMBE.
77
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CHAPTER 2: GRADIENT ELUTION ISOTACHOPHORESIS WITH 

DIRECT ULTRAVIOLET ABSORPTION DETECTION FOR 

SENSITIVE AMINO ACID DETECTION IN aCSF 

 

2.1 Abstract 

         This work focuses of the detection of sensitive amino acids, tryptophan (Trp) and 

tyrosine (Tyr), by using gradient elution isotachophoresis (GEITP), an advanced 

technique of capillary electrophoresis. GEITP is an online preconcentration or sample 

enrichment technique. This work also established the effects of different parameters on 

enrichment. The parameters studied include effect of current flow acceleration across 

capillary inner diameter, the effect of leading electrolyte (LE) concentration on current 

density, and the effect of applied electric fields on the current density. Optimized 

parameters were applied for the separation and detection of Trp and Tyr. To explore the 

application of GEITP in biological fluids, the optimized parameters were applied for the 

detection and separation of Trp and Tyr in artificial cerebrospinal fluid (aCSF). The 

separation of Trp and Tyr was achieved in less than 6 minutes and the limits of detection 

were 51 and 215 nM respectively. 
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2.2 Introduction 

         Recently Capillary Electrophoresis (CE) has been used as a routine method for 

analysis of samples in chemistry, biology and pharmaceutical sciences. Even though 

high-resolution separations with small sample volumes can be achieved, lower sensitivity 

detection of analytes is still a concern when universal detectors like UV absorption or 

refractive index detectors are used.
83,84

 Therefore, laser-induced fluorescence (LIF) 

detection is applied for improving the limit of detection (LOD). The main disadvantage 

of using LIF is that the analytes must have native fluorescence or they should be 

derivatized. As an alternative to enhancing the LOD by detection schemes, 

electrophoretically based pre or on-line concentration methods can be employed,
89

 where 

the analyte zone is compressed within the separation column. These can be grouped into 

two categories. In the first category, enrichment is achieved through equilibrium 

electrofocusing. Examples include isoelectric focusing (IEF), electric field gradient 

focusing (EFGF), conductivity or temperature gradient focusing (CGF or TGF) where the 

velocity gradients are achieved by pH, electric field and conductivity respectively.
86,87

  In 

these methods, electrophoresis and bulk solution is combined in the capillary or 

separation column to form a null velocity point, a point at which the net velocity of the 

analyte is zero. Using these methods sensitivity enhanced by 10-10,000 fold are 

summarized in.
85

 Dynamic enrichment methods like field-amplified sample stacking 

(FASS) or normal stacking mode (NSM), field-amplified sample injection (FASI), large 

volume sample stacking (LVSS) fall in to the second category. These methods use 

velocity gradients but not a null velocity point for the sample enrichment. A 10-10,000 
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fold sensitivity enhancement is reported by using these methods. These methods are 

applied for the analysis of small molecules.
85,86,88

  

         Transient Isotachophoresis (tITP) where ITP is applied prior to the CE separation is 

also considered as dynamic enrichment method leading to 100-10, 000 fold 

enrichment.
90,83,89,91

 The main advantage of counter-flow applied in ITP is the increase in 

the time the analytes spend in the separation column. This helps in higher enrichment and 

thus good resolution between the analytes in shorter column lengths.
90

 Vasik and Zuska, 

Everaerts et al independently applied ITP to increase the enrichment and separation of 

small anions, and molecules in high concentration by using constant electrolyte counter-

flow, and also by using counter-flow in narrow polymer tubes respectively. Everaerts et 

al observed the effect of enrichment on the resolution but not on the enrichment of 

analytes.
90,92,93

  

         Gradient elution isotachophoresis (GEITP) is also an on-line pre-concentration 

method which was initially reported by Shackman and Ross.
90

 The advantages of both 

isotachophoresis (ITP) and gradient elution moving boundary electrophoresis (GEMBE) 

are combined in GEITP.  The principles and instrumentation of ITP and GEMBE are 

discussed in Chapter 1.  In GEITP, similar to isotachophoresis, the leading electrolyte 

(LE) and trailing electrolyte (TE) are selected in such a way that they have higher and 

lower electrophoretic mobilities than the analyte respectively. Differing from ITP, the LE 

is introduced into the counter-flow buffer and the TE is introduced into the sample 

matrix
89

 so that enrichment starts at the outside the capillary. In GEITP the enrichment 

and separation of analytes takes place in 3 steps as shown in Fig 8. In Step 1, (Fig 8c) at 

an initial high counter-flow the LE ions are pushed into the sample reservoir forming an 
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ionic interface at the capillary inlet. Analytes form ITP-enriched zones at the 

discontinuous buffer interface. In step 2, (Fig 8d) the discontinuous zones are pulled 

gradually into the capillary by reducing the counter-flow which is achieved by reducing 

the applied pressure. In step 3, (Fig 8e) the when the counter-flow is further reduced the 

analyte ions further move into the column and are detected when they pass through the 

detector. As the analytes are separated into continuous discrete zones, the resolution 

between the analyte zones can be obtained by using spacer ions. The non-detectable 

spacer ions are chosen in such a way that they have electrophoretic mobilities which 

allow them to fall in between the analytes. These spacer ions are mixed with the sample 

and introduced into the TE reservoir. As the spacer ions have intermediate electrophoretic 

mobility between the analytes, they arrange themselves between the analytes in the ionic 

interface. When the applied pressure is decreased and the ionic interface is pulled into the 

capillary and passes the detector, the analytes are detected with a resolution/space 

between them as the spacer ion is not detectable. Ampholyte is used as spacer in this 

work. Carrier ampholytes are commonly used in the separation of proteins by applying 

technique like ITP with carrier ampholytes also called displacement electrophoresis with 

spacers or isotachophoretic focusing (ITF).
94

 ITF was described by Charlionet et al. for 

the separation of proteins on a thin gel slab in a poly-ampholyte background based on the 

presence of a constant field strength gradient and pH under steady-state.
95

  

         The advantages of using GEITP include use of short length separation column, 

continuous sample injection, does not require polarity switching as in other ITP methods 

and rapid enrichment. Shackman and Ross achieved an LOD enhancement of 100, 000-

fold in 8 min, for carboxyfluorescene. They also studied effects of initial counter-flow 
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velocity, counter-flow acceleration, electric field strength, and LE concentration on 

sensitivity enhancement and also applied GEITP for the separation of different samples 

like small dye molecules, DNA, amino acid mixtures, and protein mixtures.
90

  

         In this work we have coupled a universal, low cost single wavelength, UV detector 

to GEITP and performed systematic studies to optimize the enrichment process. 

Specifically, the effect of current density varied by LE concentration, current density 

varied by electric field, and counter-flow acceleration were compared across varying 

capillary inner diameters. Two significant deviations from the previous work’s methods 

were undertaken. First, the parametric study was constrained to maintain a constant 

enrichment time; the prior study did not normalize enrichment to equivalent enrichment 

times, yielding ambiguous results. Second, lower mobility analytes, tryptophan an 

essential amino acid (Trp; µep = −25.4×10
−9

 m
2
/(Vs)) and tyrosine a non-essential amino 

acid (Tyr; µep = −40.0×10
−9

 m
2
/(Vs))

96
 were utilized, as compared with the high mobility, 

doubly charged carboxyfluorescein anion; use of slower analytes allowed for more 

realistic limits of the method, and compared with the use of ideal, high mobility analytes. 

         Trp and Tyr are used as model analytes in the current work as they are present in 

biological fluids in high concentration, such as cerebrospinal fluid (CSF) and serum, and 

in common foods and beverages. CE based methods for separation of trp and tyr include 

LIF with fluorescence derivatization, direct LIF, contactless conductivity, and 

electrochemical methods. Zhau and Liu described a method for the determination of D- 

and L-Trp in biological samples like human urine and cerebrospinal fluid (CSF), rat brain 

tissue, and Aplysia ganglia by micellar electrokinetic chromatography (MEKC) and laser 

induced fluorescence (LIF) detection. In this method, the D- and L-Trp were precolumn-
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derivatized with a fluorescence tagging reagent, naphthalene-2, 3-dialdehyde (NDA). A 

chiral selector, hydroxypropyl-cyclodextrin (HP-γ-CD) was used to get good resolution 

between the two enantiomers.
97

 In another study conducted by Bayle et al, trp and tyr 

were detected in human cerebrospinal fluid (CSF) by using “ball lens” UV-pulsed LIF. 

Using this method, separation of Trp and Tyr was achieved within 12 min based on a 5 

µL injection volume.
98

 By using contactless conductivity detection (CCD), Tuma et al 

could detect 20 free amino acids and 12 biogenic compounds in amniotic fluid. In this 

method acetonitrile was added to the sample to improve the stacking of amino acid zones, 

which is caused by high electric field strength and transient pseudo-isotachophoresis. 

This leads to improved resolution between analytes.
99

  

         Another method for detection of underivatized amino acids was developed by 

Tanyanyiwa et al, in which, for the first time, a polymeric planar electrophoresis device 

was coupled to contactless conductivity detection.
100

 A new micromachined CE system 

with a Cu amperometric detector (CE-AD) was developed by Chu et al. This miniaturized 

analytical system, was initially applied to detect biogenic amino acids in food samples, 

can be extended to the detection of clinical and environmental samples.
101

 Wang et al 

developed a micellar electrokinetic capillary chromatography (MECC) with 

amperometric detection (AD) method for the identification and separation of biogenic 

amines and their precursor amino acids in less than 4 mins. This method was applied to 

rice spirit to check for the applicability of the method in real samples.
102

 Online 

preconcentration methods like CE coupled with ITP and electrostatic interaction between 

the analytes and inner surface of the capillary, using CE coupled with a diode array 

detector (DAD) were developed for analyzing enantiomers of amino acids in multi 
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component ionic matrices, and zwitterionic analytes respectively.
103,104

 The present work 

using GEITP-UV is a simple, sensitive, and rapid method for the analysis of the amino 

acids Trp and Tyr. To demonstrate the applicability of this method, Trp and Tyr are 

separated from artificial cerebrospinal fluid (aCSF). The analysis time, limit of detection 

(LOD), relative standard deviation (% RSD) for both Trp and Tyr using the above 

mentioned methods are summarized in Table 2.  

         Hikora et al analyzed protein and amino acid components in CSF using CE. In this 

method, the major proteins in CSF and sera were separated into several fractions. These 

fractions were compared against densitograms of the stained protein bands that were 

obtained after electrophoresis on cellulose-acetate strips.
105-108,112

 An ITP method for 

identifying glutamine from CSF as a biomarker for neurological disorders was developed 

by Hikora et al. In this method, a 10 µL CSF was injected into a 125 µL PTFE ITP tube. 

The LODs were in the mid-micromolar range with 40 min of analysis time.
109

 Oefner et 

al used a 10 µL injection volume and identified 11 small organic molecules in CSF by 

ITP. The LODs were in 100 µM range with conductivity detection.
110

 Lu et al used CE 

with LIF to determine γ-amino butyric acid (GABA), glycine (Gly), glutamine (Gln), and 

glutamate (Glu) in CSF. The amino acids were derivatized with naphthalene-2,3-

dicarboxaldehyde (NDA) for analysis and the LODs were in 10-30 nM range.
111
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2.3. Experimental 

2.3.1. Chemicals and Reagents 

         Reagent grade l-tryptophan (Trp), l-tyrosine (Tyr), ethanolamine (ETA), and high-

resolution ampholyte mixture (pH 3.0-10.0) were obtained from Sigma–Aldrich (St. 

Louis, MO, USA). All other chemicals were obtained from Fisher Scientific (Pittsburgh, 

PA, USA) and were of the highest purity available. All solutions were made from Milli-Q 

(Millipore, Bedford, MA, USA) ≥18 MΩ cm
-1

 deionized water. Amino acid stock 

solutions were 10 mM Trp and 1 mM Tyr in 0.1 M sodium hydroxide with 0.2 % (v/v) 

ampholyte. The LE was acetate at various concentrations (as described in the text), the 

pH adjusted to 9.5 with ethanol amine (ETA). The TE was either 0.1 M NaOH with 0.2 

% ampholyte or 25 mM NaOH with 0.1% ampholyte, as noted in the text. aCSF consisted 

of 145 mM NaCl, 2.68 mM KCl, 1.01 mM MgSO4, and 1.22 mM CaCl2. 

 

2.3.2. Instrumentation 

          Experiments were performed on a similar instrumental setup described by 

Shackman and Ross for GEITP
90

 and the schematic of the instrument is shown in Fig 8a. 

Fig 8b shows the instrumental setup in the lab. Briefly, there are two reservoirs, the 

sample and buffer reservoirs. The sample reservoir is made of derlin and can hold 100 µL 

(McMaster-Carr, Robbinsville, NJ, USA). While the leading electrolyte reservoir is made 

of polymethyl methacrylate and can hold 750 µL. These reservoirs are connected by a 15 

cm fused-silica capillary (either 30, 50, or 75 µm I.D., as described in the text; 360 µm 

O.D.; Polymicro Technologies, Phoenix, AZ, USA). The sample inlet end of the capillary 

is inserted through a PTFE-backed silicon septum (Fisher) into a 400-µm hole drilled into 
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the sample reservoir. The sample outlet end of the capillary is inserted into the buffer 

reservoir with an Upchurch Nanoport (N-124S; Oak Harbor, WA, USA). High voltage 

(CZE1000R; Spellman, Hauppauge, NY, USA) is maintained at the sample reservoir by a 

platinum electrode, while a grounding platinum electrode is placed into the buffer 

electrolyte reservoir via the Nanoport. Buffer is exchanged with a Nylon screw-secured 

fill port. A 2-mm wide optical window is centered 6 cm from the sample inlet end 

(Microsolv Window Maker, Eatontown, NJ, USA) and is placed in a Lambda 1010 single 

wavelength UV detector equipped with a CE flow cell set to 280 nm (Groton Biosystems, 

Boxborough, MA, USA). The buffer reservoir was connected to a ± 69 kPa (10 psi) 

precision pressure controller (Series 600; Mensor, San Marcos, TX, USA) for counter-

flow regulation. All instrument control, like changing the applied pressure in defined time 

increments (Pa/s) to the buffer reservoir via the pressure controller and data acquisition, 

was performed using LabVIEW software (National Instruments, Austin, TX, USA) 

written in-house. Digitization of the UV detector and current output of the power supply 

utilized an USB-6221 module (National Instruments) recording at 100Hz. Data analysis 

was performed using Cutter software
113

 with 1Hz low-pass filtering of the raw UV data. 

Plate number (N) was measured at wh, is the peak width at half height of the peak. Peak 

identification of mixtures was accomplished through individual analyte runs and spiking 

of analytes.  
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2.4. Results and Discussion 

2.4.1. Effect of Capillary I.D. on Enrichment 

         Counter-flow ITP and volume-coupled ITP are modified to develop GEITP.  

Everaerts et al
114,115

 used counter-flow to increase column length by increasing the time 

of analyte stay in the column, therefore, increasing the resolution between the analytes. 

GEITP relies on the gradient change in the counter-flow. The counter-flow is a 

combination of electroosmotic flow (EOF) and the hydrodynamic flow. The 

hydrodynamic flow is changed constantly by changing the applied pressure at the buffer 

reservoir. In the first step of GEITP, the counter-flow velocity is high enough such that 

the LE in the buffer reservoir is pushed into the sample reservoir and is dispersed into the 

TE (Fig 8c). In the next step, counter-flow is lowered by decreasing the applied pressure. 

This reduces the dispersion of LE and an ionic interface is formed at the inlet of the 

capillary; enrichment of analytes occurs at this discontinuous boundary (Fig 8d). As the 

applied pressure is further lowered the discontinuous boundary or concentrated analyte 

bands are pulled in to the capillary and gets more enriched and are detected when they 

pass the detector (Fig 8e). In the initial description of GEITP this process was 

visualized
90

 and is a similar effect seen in field-amplified continuous sample injection-

temperature gradient focusing (FACSI-TGF).
116

  

         In the initial step of GEITP the counter-flow should be high enough to extend the 

LE in to the sample well. As shown previously by Shackman and Ross
92

 the excessive 

initial high counter-flow only increases the analysis time and the lower counter-flow 

noticeably decreases the enrichment. An optimal initial counter-flow must be determined 

for any new analyte or buffer system by noting enrichment versus starting pressure.  
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         Continuous sample injection is used in GEITP similar to GEMBE.
114

 Mazereeuw et 

al
117 

coupled in-line ITP and CE for very large injection volumes by using a 

hydrodynamic counter-flow. This volume-coupling in ITP increases the injected sample 

amount by using a large volume sample capillary for loading and smaller capillary for 

detection.
118,107

  In GEITP the sample reservoir is similar to the large capillary in volume-

coupled ITP. Hence the capillary geometry is a critical question in GEITP. Verheggen et 

al compared narrow bore tubes of 0.4, 0.2, and 0.1mm I.D. in a standard ITP arrangement 

with thermometric, conductivity, and UV detection. In that work, eventhough the 

quantitative analysis was not presented, it was found that resolution, and sensitivity were 

increased with a decrease in column I.D.
118

  

         The effect on GEITP enrichment using capillaries of 75, 50, and 30 µm I.D. is 

demonstrated in this work.  Trp is used as a model analyte. To obtain the detection limit 

of UV detector, and compare them after the analyte is enriched under GEITP conditions, 

standard concentrations were simply flowed through (FT) the capillary by switching the 

counter-flow from positive to negative in the absence of an applied field (Fig 9a). The 

calibration curve slope (sensitivity) generated was compared with standards measured 

under enriching conditions (i.e., voltage applied and linear decrease in counter-flow 

velocity). All calibration curves throughout have a correlation co-efficient R
2
 ≥0.99. All 

measurements at a given concentration had <6% RSD in peak heights. Example GEITP 

electropherograms for Trp is shown in Fig 9b. 

         Initially, GEITP was performed on a 75 µm I.D. capillary using 50 mM acetate 

(balanced to pH 9.5with ETA) as LE and 0.1 M NaOH with 0.2 % ampholyte as TE (Fig. 

10a). The hydroxide acts as the terminating ion
119

 and the amino acids have a net 
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negative charge as TE is highly alkaline (pH 13). At the sample reservoir, an electric field 

strength of −400 V/cm was applied yielding an initial current of 90 µA and current 

density of 20,000A/m
2
. The migration time (tm) for Trp of 124.1 ± 3.9 s was achieved by 

the change in counter-flow velocity with a pressure step (ΔP) of −1.5 Pa/s. LODs were 

11.5 µM and 922 nM under GEITP and FT conditions respectively. Modest 17-fold 

improvement was achieved under GEITP conditions.  As the capillary I.D. used is 

increased ie, 75 µm when compared to the original GEITP used 30 µm.
90

 Therefore, the 

reduced enrichment could be attributed to this change in the capillary I.D. or due to the 

reduced mobility of the zwitter ion Trp relative to the multiply charged 

carboxyfluorescein or alternatively, because of the longer capillary inlet to detector length 

required of the UV detector (6 cm vs.1cm used previously
90

) 

         To determine the effect of capillary I.D. on enrichment, the LE, TE, electric field, 

current, and ΔP were kept constant and only the capillary I.D. was reduced. To make the 

total enrichment time approximately equivalent across all conditions, the starting pressure 

was adjusted until tm was between 120 and 130 s. Reducing the capillary I.D. to 50 and 

30 µm enhanced sensitivity to 25- and 31-fold, respectively (Fig 10b and c).  

        Further, the effect of the initial counter-flow velocity on enrichment of analyte was 

studied. It was observed that if the initial flow rate was high, the analysis time would be 

increased with minimal enhancement in enrichment. If the initial flow rate is low, then 

there would be limited enrichment as the ionic interface cannot exit the capillary.  

                                          
Q =

Pr4
c

8 L                                (21) 
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         To confirm the Hagen–Poiseuille equation,
120

 as the capillary radius (rc) is reduced, 

ΔP must be increased in a fourth power to maintain equivalent tm, a constant starting 

counter-flow fluid flux (Q) and a constant fluid acceleration, where, solution viscosity (η) 

and capillary length (L) remain constant. There was a slight degradation effect on 

enrichment enhancement (20-fold for 50 µm and 28-fold for 30 µm I.D. capillaries), 

when the ΔP was adjusted of to −7.6 and −58.6 Pa/s for 50 and 30 µm I.D. capillaries, 

respectively. This indicates that the initial counter-flow was high enough but the 

increased hydrodynamic flow rate caused slight detrimental dispersion (Fig 10b and c). 

         Next, the effect of initial absolute current was studied. As opposed to using the 

same LE concentration as the 75 µm I.D. capillary, when the capillary I.D. was reduced, 

the assumed equivalent current density with respect to capillary I.D. was reduced. 

Therefore, the effect of initial absolute current was studied. An initial current of 90 µA 

was observed therefore, when using the smaller capillary I.Ds, LE acetate concentration 

was increased to match the initial current. Using both the same ΔP and acceleration (by 

increasing the magnitude of ΔP via Eq. (21)) as the 75 µm I.D. capillary, the increased 

current’s effect on enrichment was studied. The enrichment increased with increase in 

current. An 65- and 51-fold enhancement and 197- and 181-fold improvement using 50 

µm I.D. and 30 µm I.D. capillary respectively at equivalent ΔP and acceleration for both 

I.D. capillaries was observed. But as the magnitude of ΔP was increased to achieve 

equivalent accelerations, the same degradation in enrichment was observed as the ionic 

strength was increased (Fig 10b and c). Experimental parameters to assess the effect of 

capillary I.D. on enrichment and N in 75, 50 and 25 µm I.D. capillaries are summarized 

in Table 3 and Fig 10d and e.  
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         In electrophoresis based separations, though N is not an ideal predictor of potential 

resolving power in focusing-based separations,
85

 it would be a useful measure of zone 

broadening as all peaks had equivalent tm. As the Table 3 summarizes, that both 

enrichment and peak enhancement is increased with a decrease in capillary I.D. and also 

a decrease in the magnitude of ΔP, but it had a deleterious effect on N. Therefore, 

increasing acceleration is a favored mode of operation. Even though, it appears that I.D. 

reduction was favorable for enrichment; but when UV detection is used, the reduction in 

optical path length parallely degrades sensitivity. Hence, similar best LODs of 

approximately 400 nM for Trp were observed during the parametric study for the 50 and 

30 µm I.D. capillaries. This can be applied to detectors without path length dependence. 

 

2.4.2. Comparision of LE versus Electric Field Adjustment of Current  

         LE concentration or electric field strength could be altered either by driving current 

or by current density. A logarithmic increase in enrichment was observed in the prior 

work as the LE concentration was increased and a linear improvement in enrichment was 

observed with field strength within a given capillary. This work was performed without 

maintaining equivalent enrichment times, although the acceleration and starting pressure 

were held constant.  Enrichment of Trp was evaluated using 50, 100, and 150mM acetate 

as LE,  0.1M NaOH with 0.2 % ampholyte as TE, a 30 µm I.D. capillary, −400 V/cm, 

and −58.6 Pa/s. These results were compared with a series of analyses using 50mM 

acetate LE and the field strength was increased to match the initial current of the 100 and 

150mM acetate LE experiments (Table 3 and Fig 11). For all analyses tm was between 

120 and 130 s.     
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         While both LE concentration and electric field strength improved enrichment in a 

linear manner for the ranges studied, evidently increasing LE was the preferred method to 

achieve sensitivity enhancement due to the effect each method had on N (Fig 11b). A 

linear improvement in peak efficiency was obtained by increasing LE concentration and 

increasing the field strength had a deleterious effect (best fit to a power function of N= 

4.08×10
6
 ×i 

−1.86
, where i was current). Due to increased Joule heating there might have 

been decrease in N. There may be increased heating in the LE zone due to increase in LE 

ionic strength, and the local heating of the sample and TE zones would remain relatively 

unchanged. But increasing the field would increase heating across all ITP zones. Ohm’s 

law plots relating current versus voltage are commonly used to detect Joule heating in 

CE. As Ohm’s law plots determined when the capillary is filled only with LE (Fig 12a) 

cannot adequately describe the dynamic process of GEITP, where the fluid composition 

within the capillary is constantly changing. Therefore, to better describe the potential for 

Joule heating, the current is monitored throughout the course of the counter-flow change. 

Fig 12b shows examples of the current at various operating conditions. To access the 

enrichment and efficiency of the initial state when only LE was present in the capillary 

these examples were recorded with a higher starting pressure than used for the Trp 

analyses. The total time of analysis was increased so that a sharp rise in current is seen, 

since only NaOH was present in the capillary, which indicates a full flow reversal. A 

higher overall current was seen throughout the entire gradient at equivalent LE 

concentrations versus elevated field strength (50 mM LE at -400 and -780 V/cm) when 

only LE was present in the capillary, a comparison of 50 mM LE at -780 V/cm and150 

mM LE at -400 V/cm showed initially equivalent currents.  Nevertheless, the higher LE 
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at lower field strength had a lower overall current throughout the gradient than the lower 

LE at higher field strength, which would suggest a reduced potential for Joule heating.  

 

2.4.3. Application to Amino Acid Analyses 

         The above optimization of parameters was applied to the sensitive determination of 

Trp and Tyr (Fig 13a). These parameters are 30 µm I.D capillary, -400 V/cm, 250 mM 

acetate as LE, and -58.6 Pa/s. High concentrations of LE and use of smaller bore 

capillaries should be considered for optimal enrichment, sensitivity and efficiency. It was 

also established that reduction of capillary I.D. from 30 µm was limited by the pressure 

range of the counter-flow controller. Similar to the work reported earlier,
90

 enrichment 

was severely degraded at field strengths of -300 V/cm and below. When the LE 

concentration from 535 to 250 mM acetate was reduced with field strength of -400V/cm, 

there was only slight degradation in enrichment. Nevertheless, the system was more 

stable and was less prone to bubble generation. A sensitivity enhancement was achieved 

when TE NaOH concentration was reduced to 25 mM with 0.1 % ampholyte (v/v). 

While, further reduction in TE concentration reduced enrichment, probably due to the 

ampholyte becoming a major buffering constituent therefore, reducing the pH of TE. It 

was determined that 0.1% ampholyte as spacing ions effectively resolved the analytes.  

         The small range of concentrations for the FT tyr calibration was due to poor 

solubility. A separation of a mixture of trp and tyr, using the ampholyte mixture as a 

universal spacer, is shown in Fig 13b. Minor peaks were observed which were believed to 

be systemic and due to absorbing species in the ampholyte mixture. A sensitivity 

enhancement of 860- and 1900-fold and LODs of 51 and 215 nM were obtained for Trp 
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and Tyr respectively. As the trp and tyr are low mobility analytes, the enrichment values 

are within the range expected for GEITP and are comparable to the 300-fold enrichment 

seen for proteins.
90

 The higher mobility tyr showed improved enrichment as compared 

with Trp. Additionally, each concentration had less than 4% RSD in peak heights. 

         To demonstrate GEITP-UV’s applicability to biochemical monitoring, a sample 

consisting of 2 µM Tyr and 500 nM Trp in a solution of 5 µL aCSF and 95 µL TE (25 

mM NaOH with 0.1 % ampholyte) was analyzed. To be consistent with the previous ITP 

and CE works (15, 16, 27, 28) a 20-fold diluted aCSF was used. Analyte peaks were very 

similar in runs with aCSF when compared with the standard runs (without aCSF). Even 

though the sample with aCSF had 7 mM NaCl in only 25 mM NaOH, the 

electropherograms with (Fig 13b) and without (Fig 13c) aCSF were very similar as 

mentioned above. This might be due to the choice of the lower mobility acetate LE (µep 

=−53×10
−9

 m
2
/(Vs)) compared to chloride (µep = −79.1×10

−9
 m

2
/(Vs))

119
 suggesting that 

chloride would actually pass ahead of the ITP enrichment boundary. The systemic 

ampholyte peaks preceding the target amino acids were more fully resolved from each 

other and tyr, perhaps the other aCSF components were acting as spacing ions. The peak 

at 282 s was identified as an impurity in the aCSF solution itself. GEITP-UV is a 

potential analytical tool for studying Tyr and Trp in both human and rodent models as it 

have been shown that their levels are in a range of 1 and 20 µM in CSF,
98,122,123

 directly 

from microdialysate without derivatization. 
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2.5 Conclusion 

         This is the first example of coupling GEITP to a low-cost conventional UV detector 

for sensitive amino acid measurement. Analysis times of less than six min with mid-

nanomolar LODs were obtained for separation of for trp and tyr. Previously described
104

 

etched capillary surface interaction enrichment method with direct UV detection of trp 

and try had similar LODs obtained using GEITP-UV 

         The main advantages of GEITP-UV over this above mentioned method is that it 

does not require multiple buffers or voltage switches, and exhibits better peak height 

reproducibility (<4% vs. 13% RSD). GEITP is the first method to demonstrate the 

measurement and applicability of the method to do assays from biological matrices like 

aCSF. A better understanding of the mechanism and improved optimization of the GEITP 

technique was provided by further experimental evidence. Increased enrichment and 

efficiency was observed when capillary I.D. was reduced. However, path length- 

dependent detectors cannot completely realize the full advantage in detection sensitivity. 

Path length-independent techniques, such as LIF or electrochemical detection would be 

best suited to the small geometries for trace analysis measurement. 

         For resolution of analyte zones, fluorescence would allow for a wider selection of 

spacing ions, as many of these absorb in the UV. GEITP-UV cannot be applied in 

applications where analytes do no natively fluoresce, and require unconventional 

excitation sources like UV lasers.  

         When considering separation efficiency, it was proved that enrichment 

improvements realized by increasing the LE conductivity was superior to increasing the 

electric field strength. Degradation in efficiency was observed due to larger Joule heating 
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across the total capillary at elevated potentials. The major advantages of the method in 

addition to rapid enrichment were the use of short column lengths and continuous sample 

injection i.e., the elimination of defining an injection plug. As confirmed in a related 

technique, counter-flow rejection TGF,
124 

the counter-flow can be utilized to remove 

potentially capillary fouling components, such as large proteins. 

         GEITP-UV can be considered an attractive method for sensitive amino acid assays 

from a variety of matrices. Due to the requirement of non-detectable spacers analyte zone 

discrimination is difficult in GEITP-UV. Therefore, for measuring multi-component 

mixtures unconventional detection schemes, such as conductivity or multiple wavelength 

UV can be used. As indicated by Shackman and Ross, careful choice of the LE and TE, 

or use of discrete spacing ions, can be exploited to isolate specific analytes from 

mixtures.
100
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Table 2: Selected CE-based methods for Trp and Tyr measurements 

 

Detection Method Analysis 

Time (min) 

Trp LOD 

(nM) 

Tyr LOD 

(nM) 

RSD 

(%) 

Comments Reference 

LIF 25 33 - 4-6 MEKC method, Fluorescently labeled Trp 97 

LIF 10 0.15 50 3-6 Direct LIF with UV pulsed laser 98 

Contactless Conductivity 50 3,000 3500 - Acetonitrile stacked injection 99 

Contactless Conductivity 3 50,000 - - Microfabricated device 100 

Electro-chemical 6 610 - 3 Amperometric 101 

Electro-chemical 10 150 210 3 MEKC, amperometric 102 

UV absorbance 40-60 10 - - ITP coupled to CE 103 

UV absorbance 10 40 - 13 Electrostatic enrichment injection 104 

UV absorbance 2-6 51 215 4 GEITP This work 

 

     

Table 3: Experimental parameters to assess effect of capillary I.D. on enrichment 

 

Capillary 

id (um) 

[LE] 

mM 

Current 

(uA) 

i/A 

(A/m-
2
) 

E 

(V/cm) 

Acceleration 

(Pa/s) 

tm 

avg 

LOD 

(µM) 

Slope 

(AU/M) 

N 

75 50 90 20382 -400 -1.5 124.1 0.922 419 1215 

50 50 34 17325 -400 -1.5 122.5 0.405 286 2078 

50 50 34 17325 -400 -7.6 121.4 0.728 229 11436 

50 50 90 45860 -400 -1.5 130 0.516 748 5704 

50 50 90 45860 -400 -7.6 126 0.437 586 19122 

30 50 9 12739 -400 -1.5 123.3 2.688 108 2754 

30 50 9 12739 -400 -58.6 126.9 2.109 97 71912 

30 50 90 127389 -400 -1.5 130 0.373 681 14240 

30 50 90 127389 -400 -58.6 130 0.458 627 109209 

30 100 18 25478 -400 -58.6 122.2 1.299 201 92874 

30 150 26 36801 -400 -58.6 122.7 0.857 274 115021 

30 50 18 25478 -682 -58.6 128.6 1.989 138 15983 

30 50 26 36801 -780 -58.6 123.2 1.186 178 10461 
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Figure 8: Instrumentation and concept of GEITP. (a) Schematic of instrument used for 

performing GEITP with UV detection. A 15 cm capillary connected a pressure controlled 

and grounded reservoir containing 750 µL of leading electrolyte solution to a 100 µL 

sample reservoir maintained at high voltage. Detection was performed 6 cm from sample 

inlet. (b) GEITP instrumental setup used in the lab (c) In GEITP the initial bulk flow 

(hydrodynamic and electroosmotic, EOF) is high enough that LE is pushed into the 

sample reservoir. (d) It is hypothesized that the LE creates an ionic interface upon which 

analytes and trailing electrolyte (TE) are enriched as the counter-flow is reduced. (e) As 

the hydrodynamic flow is further reduced, the interface and analyte zones are pulled into 

the capillary forming enriched zones based on order of electrophoretic mobility where 

they will be detected on-capillary. Zone resolution can be achieved using non-detectable 

spacer ions. 
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Figure 9: Examples of flow-through (FT) and GEITP-UV detection. (a) FT in a 30 µm 

I.D. capillary of 1, 2, 4, and 8 mM Trp obtained by step-changing the applied pressure 

from 7000 to −7000 Pa at the start of data collection. (b) GEITP-UV of 100, 200, 300, 

and 400 µm Trp. 15 cm capillary (30 µm I.D.); 6 cm separation length; −400 V/cm; 

−58.6 Pa/s acceleration; LE, 50 mM acetate balanced to pH 9.5 with ETA; TE, 0.1 M 

NaOH with 0.2 % (v/v) ampholyte. 
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Figure 10: Effect of capillary I.D. on GEITP enrichment. See Table 3 for individual 

separation conditions. (a) FT and GEITP calibration curves using 75 µm I.D. capillary. 

(b) 50 µm I.D. capillary calibration curves with the same acceleration and current density 

(a and J), pressure step and current density (ΔP & J), acceleration and current (a and i), 

and pressure step and current (ΔP & i) as used for the 75 µm I.D. capillary in (a). (c) 

Same as (b) using 30 µm I.D. capillary. (d) Comparison of sensitivity enrichment over FT 

vs. capillary I.D. (e) Comparison of N vs. capillary I.D. All error bars are 1 SD (n = 3). 
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Figure 11: Comparison of LE vs. electric field strength (E) adjustment of current. See 

Table 3 for individual separation conditions. (a) Calibration curves of GEITP enrichment 

using various concentrations of acetate as LE (all balanced to pH 9.5 with ETA). (b) 

Calibration curves of GEITP enrichment using fields of −400, −682, and −780 V/cm to 

generate equivalent initial currents as generated using 50, 100, and 150 mM acetate LE at 

−400 V/cm. (c) Comparison of sensitivity enrichments when current was adjusted by 

either LE or field strength. (d) Comparison of plate number when current was adjusted by 

either LE or field strength. All error bars are 1 SD (n = 3). 
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Figure 12: Monitoring current in GEITP. (a) Ohm’s law plots of 50, 100, and 150 mM 

acetate balanced to pH 9.5 with ETA present in both the sample and pressure controlled 

reservoirs. No pressure was applied during the current measurement. All error bars are 1 

SD (n = 3). (b) Examples of current changes during the course of GEITP using 50 mM 

acetate LE at −400 V/cm, 150 mM LE at −400 V/cm, and 50mM LE at −720 V/cm. TE, 

0.1M NaOH with 0.2 % (v/v) ampholyte. The power supply had a maximal output of 300 

µA. 
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Figure 13: Optimized amino acid analyses by GEITP-UV. (a) FT and GEITP-UV 

calibration curves for Trp and Tyr. 15 cm capillary (30 µm I.D.); 6 cm separation length; 

−400 V/cm; −58.6 Pa/s acceleration; LE, 250 mM acetate balanced to pH 9.5 with ETA; 

TE, 0.1 M NaOH with 0.1 % (v/v) ampholyte. Error bars are 1 SD (n = 3). Example 

electropherograms showing the separation of 2 µM Tyr and 500 nM Trp samples (b) in 

only TE and (c) in 1:20 aCSF:TE. 

 

 

 

 

 

 



49 

 

 

2.6 References 

83. Weinberger, R. Practical Capillary Electrophoresis, Academic Press, New        York, 

1993. 

84. Goetz, S.; Karst, U. Anal. Bioanal. Chem. 2007, 387, 183-192. 

85. Shackman, J. G.; Ross, D. Electrophoresis 2007, 28, 556-571. 

86. Lin, C.H.; Kaneta, T. Electrophoresis 2004, 25, 4058-4073. 

87. Ivory, C. F. Electrophoresis 2007, 28, 15-25. 

88. Breadmore, M. C. Electrophoresis 2007, 28, 254-281. 

89. Osburn, D.M.; Weiss, D. J.; Lunte, C. E. Electrophoresis 2000, 21, 2768-2769. 

90. Shackman, J. G.; Ross, D. Anal Chem. 2007, 79, 6641-6649. 

91. Gebauer, P.; Mala, Z.; Bocek, P. Electrophoresis 2007, 28, 26-32. 

92. Vacik, J.; Zuska, J. J. Chromatogr. 1974, 91, 795-808. 

93. Everaerts, F. M.; Verheggen, T. P. E. M.; Vandevenne, J. L. M. J. Chromatogr. 1976, 

123, 139-148. 

94. Chartogne, A.; Reeuwijk, B.; Hofte, B.; van der Heijden, R.; Tjaden, U. R.; Van der 

Greef, J. J. Chromatogr. A 2002, 959, 289-298. 

95. Charlionet, R.; Bringard, A.; Davrinche, C.; Fontaine, M. Electrophoresis. 1986, 7, 

558-566. 

96. Pospichal, J.; Gebauer, P.; Bocek, P. Chem. Rev. 1989, 89, 419-430. 

97. Zhao, S.; Liu, Y. Electrophoresis. 2000, 22, 2769-2774. 

98. Bayle, C.; Siri, N.; Poinsot, V.; Treilhou, M.; Causse, E.; Couderc, F.; J. Chromatogr. 

A 2003, 1013, 123-130. 



50 

 

99. Tuma, P.; Samcova, E.; Andelova, K.; J. Chromatogr. B 2006, 839, 12-18. 

100. Tanyanyiwa, J.; Abad-Villar, E.M.; Fernandez-Abedul, M.T.; Costa-Garcia, A.; 

Hoffmann, W.; Guber, A.E.; Herrmann, D.; Gerlach, A.; Gottschlich, N.; Hauser, P.C. 

Analyst 2003, 128, 1019-1022. 

101. Chu, Q.; Guan, Y.; Geng, C.; Ye, J. Anal. Lett. 2006, 39, 729-740. 

102. Wang, Q.; Yu, H.; Li, H.; Ding, F.; He, P.; Fang, Y.; Food Chem. 2003, 83, 311-

317. 

103. Dankova, M.; Kaniansky, D.; Fanali, S.; Ivanyi, F. J. Chromatogr. A 1999, 838, 31-

43. 

104. Qu, Q.; Liu, Y.; Tang, X.; Wang, C.; Yuang, G.; Hu, X.; Yan, C. Electrophoresis 

2006, 27, 4500-4507. 

105. Smuts, H.E.; Russell, B.W.; Moodie, J.W. J. Neurol. Sci. 1982, 56, 283-292. 

106. Kjellin, K.G.; Hallander, L. J. Neurol. 1979, 221, 225-233. 

107. Kopwillem, A.; Merriman, W.G.; Cuddeback, R.M.; Smolka, A.J.; Bier, M. J. 

Chromatogr. 1976, 118, 35-46. 

108. Charlionet, R.; Bringard, A.; Davrinche, C.; Fontaine, M.; Electrophoresis 1986, 7, 

558-566. 

109. Hiraoka, A.; Miura, I.; Tominaga, I.; Hattori, M. Clin. Biochem. 1989, 22, 293-296. 

110. Oefner, P.; Hafele, R.; Bartsch, G. J. Chromatogr. 1990, 516,  251-262. 

111. Lu, M. J.; Chiu, T. C.; Chang, P. L.; Ho, H.T.; Chang, H. T. Anal. Chim. Acta. 2005, 

538, 143–150. 

112. Hiraoka, A.; Miura, I.; Hattori, M.; Tominaga, I.; Machida, S. Biol Pharm 

Bull.1993, 16, 949-952. 



51 

 

113. Shackman, J. G.; Watson, C. J.; Kennedy, R. T. J. Chromatogr. A 2004, 1040, 273-

282. 

114. Everaerts, F.M.; Vacik, J.; Verheggen, T.P.E.M.; Zuska, J. J. Chromatogr. 1970, 49, 

262-268. 

115. Everaerts, F.M.; Verheggen, T.P.E.M.; van de Venne, J.L.M. J. Chromatogr. 1976, 

123, 139-148. 

116. Munson, M.S.; Danger, G.; Shackman, J.G.; Ross, D. Anal. Chem. 2007, 79, 6201-

6207. 

117. Mazereeuw, M.; Tjaden, U.R.; Vandergreef, J. J. Chromatogr. A 1994, 677, 151-

157. 

118. Verheggen, T.P.E.M.; Mikkers, F.E.P.; Everaerts, F.M. J. Chromatogr. 1977, 132, 

205-215 

119. Bocek, P.; Deml, M.; Gebauer, P.; Dolnik, V. Analytical Isotachophoresis, VCH, 

New York, 1988. 

120. Giddings, J.C. Unified Separation Science, Wiley, New York, 1991. 

121. Landers, J.P. Handbook of Capillary Electrophoresis, 2nd ed., CRC Press, Boca 

Raton, FL, 1997. 

122. Comai, S.; Longatti, P.; Perin, A.; Bertazzo, A.; Ragazzi, E.; Costa, C.V.; Allegri, G. 

J. Neurosci. Res. 2006, 84, 683-689. 

123. Molfino, A.; Muscaritoli, M.; Cascino, A.; Fanfarillo, F.; Fava, A.; Bertini, G.; 

Citro, G.; Rossi Fanelli, F.; Laviano, A. Pharmacol. Biochem. Behav. 2008, 89, 31-35. 

124. Munson, M.S.; Meacham, J.M.; Locascio, L.E.; Ross, D. Anal. Chem. 2008, 80, 

172-178.  



52 

 

CHAPTER 3: NEUROTRANSMITTER MEASUREMENTS FROM 

ARTIFICIAL CEREBROSPINAL FLUID BY GRADIENT ELUTION 

ISOTACHOPHORESIS 

 

3.1 Abstract 

         Methods for enrichment and separation of many analytes, from small molecules to 

proteins have previously been established by using gradient elution isotachophoresis 

(GEITP).
154

 It was also demonstrated that using low conductivity samples and high 

conductivity leading electrolytes gives the most efficient enrichment. This current work 

explores the application of GEITP for enrichment and separation of physiologically 

relevant concentrations of chromophore-derivatized aspartate and glutamate in high 

conductivity samples like artificial cerebrospinal fluid (aCSF). Compared to all labeling 

reagents, carboxyfluorescein-labeled glutamate and aspartate yielded high resolution with 

120 and 180 nM limits of detection (LODs), respectively. 

 

 

 

 

 

 

 

 

 



53 

 

3.2 Intraduction 

         In addition to the pharmacological effects on cellular signaling, measurement of 

neurotransmitters under normal and pathological conditions has been of great interest.
125

 

Sensors, spectroscopic techniques and coupling of sampling techniques like microdialysis 

with chromatographic, electrophoretic, or enzymatic assays have been developed for 

measuring neurotransmitters. The main advantages of applying these methods are 

improved temporal resolution, analysis multi-analytes and automation.
126

 Even though 

many methods have been developed; microdialysis is the most frequently used among all 

the techniques. It necessitates the use of small sample volume injections and highly saline 

matrix samples should be diluted to a large extent
10

; however, it suffers from lower LODs 

of neurotransmitters. Therefore, methods to improve the sensitivity, minimizing sample 

loss and/or dilution, and sample enrichment have been developed.  

         Glutamate (Glu) and aspartate (Asp) are present in mid-nanomolar to mid-

micromolar basal concentrations in rodent model brains.
127,128

 Smolders et al,
129

 

developed a method using microbore liquid chromatography (LC) for the analysis of 

excitatory, inhibitory and other amino acids in rat brain microdialysates. They developed 

several methods for the separation of amino acids, analysis of GABA, fast measurement 

of glutamate and aspartate by gradient elution with electrochemical detection, isocratic 

elution with electrochemical detection, and gradient elution with fluorescence detection 

respectively. They achieved a 5-fold increase in sensitivity for GABA when compared to 

conventional LC.
130

 Many methods like LC, CE and ITP methods have been developed 

for the analysis of Glu and Asp,
126,130,131

 but LC methods suffer from limited temporal 

resolution.
126

 Capillary LC and ultra high pressure LC have improved the temporal 
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resolution and can also be applied to microdialysis analysis. The major disadvantage of 

the CE methods is the poor sensitivity and either derivatization techniques
8,9 

or 

preconcentration methods have to be employed.
135-137

 Breadmore and Simpson et al
135,137 

summarized various in-line preconcentration techniques like FASS, tITP, FAEP sweep 

which can improve sensitivity from 10 to 1000, 000 fold used in capillary or microchip 

electroseparations. Shackman and Ross summarized counter-flow gradient focusing 

techniques, in which electrophoresis and a bulk solution counter-flow are used to focus 

analytes at stationary points along a separation column.
136

  

        Capillary Isotachophoresis (CITP) is a common preconcentration technique applied 

to improve sensitivity by several orders of magnitude using small amounts of sample or 

as a first step before CE. It can be applied as a step prior to CE.
138-140

 As ITP can be 

applied to microfluidic device applications,
141  

high conductivity samples like highly 

saline solutions (>100 mM NaCl),
142,143

 seawater
144,145

 and urine
146-148

 and a minimal 

dilution are required for the analysis of biological samples like proteins,
149

 amino 

acids,
150,151

 serum,
151 

CSF,
152

 urine,
152

 and saliva.
153

  

         As discussed earlier, GEITP uses continuous sample injection and variable counter-

flow of high electrophoretic mobility leading electrolyte (LE) to efficiently enrich the 

analytes.
154-156

 Amino acids, DNA, and proteins, have been analyzed by GEITP, which 

enhanced the sensitivity greater than 100,000-fold for high mobility analytes and several 

hundred-fold for low mobility analytes in a few minutes.
156

 The principles and 

instrumental set up of GEITP are discussed in earlier chapters. Briefly, initially, the 

pressure is applied high enough that the LE solution flows towards the inlet of the 

capillary, and forms an ionic interface in the sample solution. The analytes became 
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enriched according to their electrophoretic mobility between the high mobility LE and 

low mobility TE (Fig 8c, d). Next, when the applied pressure is reduced, the counter-flow 

is reduced, and the ionic interface is introduced into the capillary and is detected when 

the analytes pass through the detector (Fig 8e). UV transparent ampholyte mixtures are 

added to the sample to separate analyte zones.
157 

         It has been proved earlier that higher GEITP enrichment can be achieved using low 

conductivity sample (present with TE) and high conductivity LE.
154-156

 This implies that a 

sample like microdialysate will have poor enrichment without extensive dilution. In this 

present work using artificial cerebrospinal fluid (aCSF), it is proved that GEITP can be 

applied to highly conductive samples with minimal dilution (five fold). This method was 

further optimized for the separation of Glu and Asp at physiological concentrations in 

aCSF. 

 

3.3 Experimental 

3.3.1 Chemicals and Reagents 

         Reagent grade L-glutamate (Glu), L-aspartate (Asp), ethanolamine (ETA), 

5-carboxyfluorescein (FAM), dansyl-L-glutamic acid bis(cyclohexylammonium) salt, 

dansyl-DL-aspartic acid bis(cyclo-hexylammonium) salt, phenyl isothiocyanate (PITC), 

and high-resolution ampholyte mixture (pH 3.0-10.0) were obtained from Sigma-Aldrich 

(St. Louis, MO, USA). 5-Carboxyfluorescien, succinimidyl ester (FAM, SE) single 

isomer was purchased from Invitrogen (Carlsbad, CA, USA). All other chemicals were 

obtained from Fisher Scientific (Pittsburgh, PA, USA) and were of the highest purity 

grade available. All solutions were made from Milli-Q (Millipore, Bedford, MA, USA) ≥ 
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18 MΩ cm deionized water. LE was citrate and TE was borate at various concentrations 

(as described in the text), both adjusted to pH 9.5 with ETA. Varying amounts of 

ampholyte were added to TE, as noted in the text. aCSF consisted of (in mM): 147 NaCl, 

1.2 CaCl2, 0.85 MgCl2, and 2.7 KCl. 

 

3.3.2 PITC Labeling Procedure 

         Stock solutions of Glu and Asp were 1 mM in 10 mM sodium tetraborate (pH 9.5). 

Stock dye solution was 0.1 M in DMSO. For labeling, 10 µL of dye stock was added to 

990 µL of amino acid stock and allowed to react at room temperature for 12 h in the dark, 

after which they were stored at 5 ˚C until used. 

 

3.3.3 FAM, SE Labeling Procedure 

         FAM, SE labeling was performed as previously described.
154,156

 Briefly, 1.0, 2.5, 

5.0, and 10 µM stock solutions of amino acids were made in aCSF and 0.1 M dye stock 

solution was made in DMSO. For labeling, 10 µL of dye stock was added to 970 µL of 

amino acid stock. To raise the reaction pH, 20 µL of 100 mM borate solution (pH 9.5) 

was added to the above mixture of dye and amino acids. This mixture was incubated at 

room temperature for 12 h in the dark. The labeled amino acids were stored at 5 ˚C until 

used. This incubated reaction mixture was used for experiments without the removal of 

free dye. For peak identification and individual calibration curves the amino acids were 

labeled individually. Following the above labeling procedure, Glu and Asp mixtures were 

labeled jointly with FAM, SE. The degree of labeling was not characterized, and sample 

concentrations given assumed 100% yield for the reaction. 
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3.3.4 Instrumentation 

Experiments were carried out on a similar GEITP apparatus previously described in 

Chapter 1and as shown in Fig. 13d. Briefly, a fused-silica capillary of 15 cm was used 

(30 µm I.D., 360 µm O.D.; Polymicro Technologies, LLC, Phoenix, AZ, USA). A 2 mm 

wide optical window (Window Maker, Microsolv, Eatontown, NJ, USA) was burned 6 

cm from the sample inlet. The capillary inlet interfaced the sample reservoir (open to 

atmosphere, 100 µL machined from Delrin; McMaster-Carr, Robbinsville, NJ, USA) via 

a PTFE-backed silicon septum taped over a 400 µm diameter hole. The sample was 

maintained at high voltage (CZE1000R; Spellman, Hauppauge, NY, USA) using a 

platinum electrode. The optical window was centered through a Lambda 1010 single 

wavelength UV detector equipped with a CE flow cell set to 280 nm (Groton Biosystems, 

Boxborough, MA, USA). The pressure controller block was made using a 750 µL 

PMMA machined buffer reservoir (McMaster-Carr) with an Upchurch Nanoport (N-

124S; Oak Harbor, WA, USA). The block interfaced a platinum electrode via a Nanoport. 

A Nylon screw secured fill port served for buffer exchange. The pressure reservoir was 

connected to a ±69 kPa (10 psi) precision pressure controller (Series 600; Mensor, San 

Marcos, TX, USA) for counter-flow regulation. LabVIEW software (National 

Instruments, Austin, TX, USA) written in-house managed the instrument control and data 

acquisition process. The pressure controller was used to modify the applied pressure in 

defined time increments (Pa s
-1

) through the software. Digitization of the UV detector 

output utilized a USB-6221 module (National Instruments) recording at 25 Hz. Cutter 

software was used for data analyses with 0.25 Hz low-pass filtering of raw UV data.
158
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Conductivity measurements were performed using a Traceable meter (Control Company, 

Friendswood, TX). All error bars shown are ±1 standard deviation. Calibration curves 

given in Table 4, utilized three replicates at four concentrations and fit to trend lines with 

R
2
 values >0.99. LODs were calculated at S/N = 3. 

 

3.4 Results and Discussion  

3.4.1 Effect of Relative Conductivies on Enrichment 

         Theoretical and experimental studies for the optimization of ITP were recently 

described by Khurana and Santiago
159 

under standard (without counter-flow) conditions. 

In this method, they described the effect on enrichment when current density and 

conductivities of the LE and TE buffers were steadily varied. Conductivity of the sample 

and TE solution (σ) and current density (j) were determined to be the key parameters that 

effect the enrichment. At a migration distance of x the observed enriched sample 

concentration (Cs) was described by equation, 

                           

Cs = K
j

 s

Cs
x

                                            (22) 

where,  K is a function based on the LE, TE, and analyte electrophoretic mobilities and 

C
0

s is the initial concentration of the sample analyte. With an increase in current density, 

which in GEITP is dictated mainly by the counter-flow solution conductivity, enrichment 

should increase, whereas an increase in the conductivity of the sample reservoir solution 

should decrease the enrichment. By changing the LE concentrations, previous GEITP 

work has shown similar trends.
154,155

 Therefore, the obvious approach to improve 

sensitivity would be to increase Cs
0
. However, only when σ is relatively small or in the 

dilute case, initial analyte concentration can be considered as an independent variable. 
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For highly conductive samples, increasing Cs
0 

by smaller dilutions also leads to an 

increase in σ and loss of sensitivity; hence, an optimal dilution value must be determined. 

         Sample conductivity was varied through the concentration of TE present (2.5-50 

mM borate), at a constant LE concentration (50 mM citrate) and electric field (-500 

V/cm) to confirm if the above equation describes enrichment in GEITP at constant Cs
0
,
 

using FAM as model
 
analyte. The effect of (j/σ) on enrichment (as monitored by FAM 

peak intensity; Cs
0
 = 2 µM) is shown in Fig 14, with the expected increase in peak height 

as sample conductivity decreased. By using a higher LE concentration (100 mM), the 

current density was increased. Then analysis was performed with the same conductivity 

range of sample solutions which lead to a further improvement in enrichment. The higher 

LE concentration and the lower LE concentration initial current density were then 

matched by raising the field strength to -740 V cm
-1

. There was lower enrichment even 

though the initial current density was similar to the 100 mM LE. In GEITP, j decreases 

throughout the analysis as lower conductivity TE is introduced on column under a 

constant applied field.
155

 Raising current density through increasing the LE concentration 

leads to a lower total current density (from both LE and sample/TE contributions) 

throughout the enrichment, in comparison to raising the field strength. Previously,
155

 a 

decrease in peak heights was observed, higher field strengths led to larger Joule heating 

effects therefore the preferred mode is raising j via LE concentration compared to raising 

the field strength. 
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3.4.2 Optimization of Enrichment with a Highly Conductive Sample Matrix  

         A balance between σ and Cs
0
 must be found so that enrichment of low-level 

analytes from highly conductive matrices such as microdialysates can be achieved.  

Degradation in enrichment is also observed, even though minimal dilution of the sample 

leads to higher starting concentrations. Using both constant concentration of analyte after 

dilution with 100 mM TE (Fig 15a) and a constant concentration of analyte in aCSF prior 

to dilution, (Fig 15b) the optimal amount of dilution of a microdialysate matrix, aCSF, 

was examined. FAM is used as a model analyte in this experiment. The former condition 

showed the effect of increasing σ, while the latter allowed for determination of Cs
0
 

effects. It was observed that, there was a small effect on enrichment when relatively large 

amounts of up to 20 % of aCSF were used. aCSF was unbuffered and maintained at a 

constant pH of 9.5 when any amount of TE was  added. It was also observed that at 25 % 

aCSF, the system became less reproducible, and from 30 to 45 % aCSF, total loss of 

current during the analysis would occur (implying a fluidic disconnect or bubble 

formation) with no detectable FAM peak. A small FAM peak was observed above 45 % 

aCSF, but there was a severe loss in the detectable signal. Next when Cs
0
 was increased 

to the maximal working amount of 25 % aCSF an initial increase in detectable signal was 

observed (Fig 15b). To maximize the initial sample concentration and also maintain 

analysis stability it was determined that the optimal dilution should be 1:5. 68 nM with 

aCSF and 94 nM without aCSF (were observed with the minimal effect of 20 % aCSF 

(Table 4 (all peak height values were less than 6% RSD)).  

         As indicated previously, to achieve resolution between multiple analytes when 

using single wavelength absorbance detection GEITP requires discrete spacers or 
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ampholyte mixtures. For separation of similar species, such as Glu and Asp, a relatively 

large amount (5% v/v) of spacer is required. The effect of increasing ampholyte 

concentration on enrichment is shown in Fig. 15c. There is a greater than 50% loss in 

enrichment at 5% (v/v) of ampholyte in the sample. As discussed by Reinhoud et al,
160

 

this drawback could be improved by alternative detection strategies (e.g., conductivity) or 

by performing a two-dimensional separation, similar to ITP-CZE.  

 

3.5 Application to Amino Acid Analyses 

         Glu and Asp were labeled with a chromophore absorbing at a wavelength longer 

than electrolyte solutions so that they can be used as model analytes in this present work. 

Initially, dansyl and PITC were chosen for labeling the amino acids as they were the 

common UV labeling reagents.
161

 But poor enrichment was observer and resolution was 

also bad even with longer migration times of 20 min in dansyl labeled species Fig. 16a. 

PITC-labeled species provided better enrichment and resolution compared to dansyl 

labeled species when high concentration of ampholyte was used. Separation was achieved 

within 7 min (Fig. 16b). This might be due to the smaller size of PITC when compared to 

dansyl. As the LODs were in high micromolar concentrations, it indicates that the 

labeling efficiency of PITC was poor in aCSF matrix. 

         FAM, SE has a UV absorption at 280 nm even though it is widely used as 

fluorescent derivatization agent. Lau et al previously used FAM, SE to label low levels of 

amino acids in microdialysate samples.
162

 The enrichment of Glu and Asp when labeled 

with FAM, SE was comparable to FAM and the analysis time was within 25 min (Fig 

16c). The side products of the reaction are shown as additional peaks. As a relatively long 
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15 cm capillary, was used in this work, this lead to the increase analysis time. If the 

length of the capillary is decreased, shorter analysis times can be achieved when shorter 

capillaries with either fiber optic or microscopic based detectors are used. As in GEITP, 

the enrichment and separation takes place at the ionic interface at the inlet of the 

capillary. 

         As mentioned earlier, different concentrations (1-10 µM) of Glu and Asp were 

individually labeled in aCSF. Then the optimized parameters were applied ie., different 

concentrations are diluted in 1:5 with TE, and then analyzed by GEITP. 120 and 180 nM 

of Glu and Asp were found respectively and the LODs are similar when aCSF is present 

and absent (Table 4). The overall vaguely higher LODs were due the use of ampholyte 

concentration for good resolution. 

 

3.6 Conclusion 

         The present work shows the first separation of neurotransmitters in the high 

conductivity matrix aCSF using GEITP with a universal, low cost UV detector. Sub-

micromolar LODs were achieved with an analysis time of less than 25 min. It is also 

concluded that the major factors which influence the enrichment is the ratios of current 

density to sample conductivity. This method can be applied to different matrices like 

urine or sea water as suggested by good separation in 20 % aCSF of the sample. 
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Table 4: Linear equations and LODs for the analytes studied 

Analyte Slope Intercept Correlation coefficient (R2) LOD (nM) 

FAM (0% aCSF) y = (0.0185 ± 0.0003) 0.0000(±0.0006) 0.999 94 

FAM(20% acSF) y = (0.0215 ± 0.0004) 0.0000(±0.0005) 0.999 68 

Glu y = (0.0175 ± 0.0006) 0.0020(±0.0007) 0.998 120 

Asp y = (0.0125 ± 0.0008 0.0036(±0.0008) 0.993 180 
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Figure 14. Effect of j/σ ratio on enrichment. Peak height of 2 µM FAM plotted versus 

initial current density (j) divided by TE conductivity (σ). 100 mM citrate LE at -500 V 

cm
-1

 (Red) as TE conductivity was reduced. 50 mM citrate at either -500 (Black) or -740 

V cm
-1

 (Green) (to generate the same initial j as the 100 mM LE solution) as TE 

conductivity was reduced. Trend lines are shown only to assist the reader in following the 

data. 
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Figure 15. Optimization of GEITP for a microdialysate sample matrix. Red plot is 

observed peak heights and green plot is the sample solution conductivity.  (a) Effect of 

increasing aCSF on enrichment of FAM (based on peak height) at a constant analysis 

concentration (2 µM). (b) Enrichment of 40 µM FAM in aCSF at various dilutions into 

TE. (c) Effect of increasing ampholyte on enrichment of 2 µM FAM. All analyses used 

100 mM citrate LE and 100 mM borate TE (pH 9.5 with ETA); -500 V cm
-1

; -50 Pa s
-1

 

acceleration. (a), (b) used 2% ampholyte. 
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Figure 16. GEITP for neurotransmitter measurements in a microdialysate matrix. 

Electropherograms of (a) dansyl-labeled (20 µM each; 5 % ampholyte; -5 Pa s
-1 

acceleration), (b) PITC-labeled (5 lM each; 3% ampholyte; -25 Pa s
-1

 acceleration), and 

(c) FAM, SE-labeled (194 nM each; 6% ampholyte; -2.5 Pa s
-1 

acceleration) Glu and Asp. 

FAM, SE had 20 % aCSF present in the sample. All analyses used 100 mM citrate LE. 

Dansyl and PITC analyses used 100 mM borate TE and FAM, SE used 25 mM borate TE 

(pH 9.5 with ETA). 
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CHAPTER 4: GRADIENT ELUTION ISOTACHOPHORESIS FOR 

FEMTOMOLAR AMINO ACID DETECTION 

 

4.1 Abstract 

         As mentioned in the previous chapters, in this work GEITP-CZE, ITP is used as a 

prior step to CZE to increase the analyte enrichment. Use of CZE in the final step 

increases the resolution of analytes.  In GEITP, the combination of electroosmotic and 

hydrodynamic flow forms a discontinuous ionic interface in the sample well. Then as the 

counter-flow is reduced, the ionic interface and the enriched analytes are pulled into the 

capillary.  To ensure the CZE-based separation of the GEITP-focused samples, the 

sample solution is replaced with CZE buffer and hydrodynamic flow is maintained such 

that the ionic interface moves towards the detector. Without changing the separation 

column, field strength, or electrolyte system a resolution adjustment is achieved with low 

pressure hydrodynamic flow during CZE. Aspartate (Asp), glutamate (Glu), glycine 

(Gly), alanine (Ala), serine (Ser), and valine (Val) are analyzed to show the applicability 

of GEITP-CZE. Separation of the amino acids is achieved in 11 mins, with 200 fM LODs 

and a 6 % relative standard deviation (RSD) in peak heights. 0.5 % migration times are 

achieved in 11 mins by single solution switch and without polarity inversion.  

 

 

 

 

 



71 

 

4.2 Introduction 

         As indicated in previous chapters, many improvements have been developed to 

increase the sensitivity of CE, which include detector improvements and applying pre-

concentration techniques to increase the amount of sample loaded onto the column for 

detection.
163-165 

Electrophoretic enrichment methods like FASS, FASI, pH junctions, ITP 

and focusing methods like IEF, electric field gradient (EFG) and TGF have also been 

developed for increasing the sensitivity of the analytes. ITP is applied as a coupling 

method with CZE (ITP-CZE) or as a transient step prior to CZE (tITP).
166-168 

         
 Santiago et al achieved an 500 000-fold sensitivity enhancement using ITP and 

attomolar detection of small fluorescent dyes using tITP.
169,170 

The principle of ITP is 

discussed in detail in Chapter 1. Briefly, leading and trailing ions which have mobilities 

higher and lower than the analyte are selected. When voltage is applied, the analytes are 

separated into tightly focused, different zones with respect to the electrophoretic 

mobilities of the analytes.  The separated zones can be isolated by using spacer ions. In 

this work the separated zones are transferred to a next stage; CZE separation. 

         GEITP is a recently developed technique by Shackman and Ross
171

 in which 

continuous electrokinetic sample injection is combined with variable hydrodynamic flow 

to form a discontinuous ionic interface within the sample reservoir at the inlet of the 

capillary. The principle, instrumentation of GEITP is explained in Chapter 2 and 3. 

Briefly, the buffer reservoir holds the LE. A pressure controlled is attached to this 

reservoir. LE is incorporated into the bulk flow, which is a combination of hydrodynamic 

and electroosmotic flow, and the sample is placed into the TE. GEITP takes place in 

different steps. Initially, the bulk flow is maintained high such that the LE flows towards 
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the inlet of the capillary and mixes with the TE and sample forming an ionic interface 

outside the capillary. In the next step, when the applied hydrodynamic pressure is 

reduced, the ionic interface is pulled into the capillary and forms separate zones 

according to their mobilities. The applied pressure is further reduced, and the zones are 

detected when they move towards and pass the detector. Analytes such as small dyes, 

amino acids, DNA, and proteins are detected using either absorbance or fluorescence 

detection. Spacer ions are also used which are nondetectable.
171-174 

A method for the 

analysis of cations and anions in which ITP is coupled to CZE was developed by 

Reinhoud et al. In this method, a static hydrodynamic flow is applied on a single 

capillary.
175-177 

In their method, the LE was used as a background electrolyte for CZE and 

it initially filled in the capillary. The capillary was loaded with sample hydrodynamically, 

the TE was replaced with the sample vial, and a positive voltage was applied at the 

capillary outlet. To stop the back flow of the sample a static counter-flow is used to 

balance the analyte migration and EOF. After focusing was complete the hydrodynamic 

flow is removed, and the EOF is used to flush the sample and TE towards the inlet of the 

capillary after replacing the sample vial with LE. The TE was removed, but not allowed 

to move out of the capillary. The voltage was inverted so that now the system was in CZE 

mode. This switching of the voltage is very important as the sample would exit out of the 

capillary if the flushing step is for long. If the switching of voltage is early then much TE 

would be left in the capillary, which interrupts the CZE process as there are large 

variations in the field strength.
 

         This method of Reinhoud was modified for the simplified current study of anionic 

analysis using GEITP-CZE. By using GEITP as an sensitivity enhancement 
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preconcentration step, enrichment starts outside the capillary at the inlet. As the enriched 

zones are already present at the inlet of the column, there is no need for a TE flushing 

step. The sample solution is replaced with the LE once the focusing is complete. In this 

work, to balance the EOF a static hydrodynamic flow was used. The main advantages of 

using hydrodynamic flow are that there is no need of polarity inversion or capillary 

coatings for the suppression of the EOF. Jorgenson and Culbertson
178

 used bulk flow to 

adjust resolution. The main advantages of using the current GEITP-CZE method is that 

the sensitivity is not limited by the capillary volume as the enrichment starts outside the 

capillary and this preconcentration can easily be adjusted by changing the GEITP 

parameters. It is a simple and rapid analysis method with high resolution efficiency by 

using variable bulk flow. 

         This technique was first applied to the separation of amino acids. Poinsot et al 

speculated that these specific amino acids; Asp, Glu, Gly, Ala, Ser, and Val are expected 

to be found in Martian soil and also have been found to be present in carbonaceous 

Martian meterorites.
179

 The Mars organic analyzer (MOA),
180-183

 which is a CE-based 

microfluidics has demonstrated features which are robust, sensitive, portable and flexible 

but are limited by adjustable sensitivity and resolution. The MOA exhibited a 13nM 

LOD
182

 and 75 pM LOD
183 

with fluorescamine-labeled amino acid standards, and Pacific 

Blue-labeled standards respectively. Danger et al
172

 applied GEITP using spacers for the 

analysis of amino acids which gave a low nanomolar LODs with ~ 1 h analysis time. In 

the current method, GEITP-CZE gave a 10-fold reduction in analysis time and a 1000-

fold increase in sensitivity enhancement. 
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4.3 Experimental 

4.3.1 Chemicals and Reagents 

         Reagent grade L-amino acids (alanine, Ala; aspartic acid, Asp; glutamic acid, Glu; 

glycine, Gly; serine, Ser; and valine, Val. Abbreviations refer to the fluorescently 

labeled species) and fluorescent grade tris(hydroxymethyl) aminomethane (tris), citric 

acid, and boric acid were obtained from Sigma (St. Louis, MO). 5-Carboxyfluorescien, 

succinimidyl ester (FAM, SE) single isomer was purchased from Invitrogen (Carls- 

bad, CA). All other reagents were obtained from Fisher Scientific (Pittsburgh, PA). All 

solutions were made using Milli-Q (Millipore, Bedford, MA) 18 MΩ cm deionized (DI) 

water. The LE was various concentrations of citrate (as noted in the text) balanced to pH 

8.5 with tris. The TE was 0.25 M tris/borate (pH 8.5). Solutions used on microchips were 

filtered using Whatman Anotop 0.2 µm syringe filters (Fisher). 

         1 mM amino acid stock solutions were made in 15 mM sodium borate buffer (pH 

9.2). 0.1 M FAM, SE was made in dimethyl sulfoxide. 2.5 µL of FAM, SE stock was 

added for labeling a 247.5 µL of amino acid aliquot. Now the mixture is incubated in 

dark for 12 h at room temperature after vortexing. After incubation, the solution was 

stored in 4 °C until further analysis. Then, without removing the free dye, amino acids 

are diluted in TE for analysis. For peak identification, each amino acid was labeled 

separately. The degree of labeling was not characterized. 
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4.3.2 Instrumentation 

         The instrumentation was similar to that previously described in
171,172

 and is shown 

in Fig 17a.
184

 Briefly, an 11 cm fused-silica capillary (25 µm i.d.; 360 µm o.d.; Polymicro 

Technologies, Phoenix, AZ) with a 2 mm optical window (Microsolv Window Maker, 

Eatontown, NJ) 6 cm from the inlet was inserted into a machined 100 µL Derlin sample 

reservoir (McMaster-Carr, Robbinsville, NJ) with a 400 µm diameter hole sealed with a 

Teflon-backed silicon septum (Sigma). High voltage (CZE 3000, Spellman High Voltage 

Electronics, Hauppauge, NY) was applied through a platinum electrode to the sample 

reservoir. Solution switching was done by a micropipette. For GEITP-CZE, the sample 

solution was removed and the reservoir is washed sequentially with DI water and LE, and 

then replaced with LE. A complete cycle was finished in 60 s. The capillary outlet was 

connected to a 750 µL polymethyl methacrylate machined buffer reservoir (McMaster-

Carr) via an Upchurch Scientific Nanoport (N-124S; Oak Harbor, WA); Using a 

Nanoport, a grounding platinum electrode was also connected to this reservoir. The 

buffer reservoir was connected to a ±69 kPa (10 psi) precision pressure controller (Series 

600, Mensor, San Marcos, TX) for hydrodynamic flow regulation through a removable 

Nylon Swagelok union (Penn Fluidic System Technologies, Huntingdon Valley, PA), 

which also was the access for fluid exchange. 

         An in-house modified Axio Observer A1 upright fluorescence microscope (Carl 

Zeiss, Thornwood, NY) was used for detection. The arc-lamp optical train was removed, 

and the output of a 30 mW diode-pumped solid state 488 nm laser (Melles Griot, 

Carlsbad, CA) was directed onto a fluorescein-specific optical block containing a 500 nm 

long-pass dichroic and 510-560 nm emission bandpass filter (QMAX Green series, 
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Omega Optical, Battleboro, VT). Using a 20× objective (0.4 numerical aperture (NA), 

Carl Zeiss) laser excitation was focused into the capillary. The same objective was used 

for fluorescence emission collection, which was detected through a 3 mm spatial filter 

using a Hamamatsu (Bridgewater, NJ) H5784 photosensor module and C7169 power 

supply.  

          LabVIEW software (National Instruments, Austin, TX) written in-house was used 

for all instrument control and data acquisition. Digitization of the PMT output utilized a 

USB-6221 module (National Instruments) recording at 100 Hz. Cutter software
158

 with a 

1 Hz low-pass filter was used for raw data analysis. Plates were measured at widths at 

half heights. Peak identification of mixtures was achieved by spiking of analytes. By 

performing the labeling reaction described above, amino acids unreacted and side 

products of FAM, SE conjugation (labeled as Dye on electropherograms) were identified. 

All electropherogram time scales include GEITP enrichment and solution switching 

times. 

 

4.3.3. GEITP-CZE Operation 

         The steps in GEITP-CZE are described in Figure 17b.
184

 In the first stage (i), the 

sample and TE are present at the capillary inlet at a negative potential (for anionic 

analyses). With a relatively high bulk counter-flow, which is a combination of EOF and 

hydrodynamic flow, the LE is dispersed into the sample reservoir. In the second step (ii) 

as counter-flow is reduced, enrichment starts outside of the capillary which is 

characterized by the formation of an ionic interface in which the analytes are separated 

according to their mobilities. In the third step (iii) when the bulk flow is further reduced, 
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the enriched zones are pulled into the capillary while GEITP enrichment continues. In the 

fourth step, (iv), the applied potential and pressure are stopped when the enriched zones 

are on the column and the TE is replaced with LE. In the fifth step (v), to make sure the 

analytes are moving towards the detector, the electric field and static hydrodynamic flow 

are re-initiated. These conditions are comparable to tITP but polarity inversion is not 

required and it is believed that diffusional band broadening during the solution switch 

stage is reduced by refocusing during tITP. Separation proceeds under CZE until zones 

migrate past the detector as the LE moves into the ITP zones (vi). 

 

4.4 Results and Discussion 

4.4.1 Hydrodynamic Flow Effects During CZE 

         Varying hydrodynamic flow in CE can increase analyte retention time, which 

increases the resolution between analytes.
178,185,186

 Culbertson et al
178

 in counter-flow 

balanced CE used short, on column, periodic counter-flow bursts to push analyte zones 

into the capillary. But in the present work, a low, constant hydrodynamic flow is applied. 

This was used as the additional band-broadening from pressure-induced parabolic flow 

being directly proportional to time but had a squared dependence on applied pressure. A 

remarkable improvement in the resolution was observed during the CZE step by simply 

modifying the applied pressure or hydrodynamic flow. Resolution was measured at 

different applied pressures after a short GEITP stage. For this experiment, 500 pM each 

Gly and Ala were used as model analytes. The result is shown in Figure 18a.
184

 A linear 

increase in resolution versus the square root of migration time was observed as shown in 

Figure 18b.
184 

The maximum pressure studied was 5000 Pa (less than 1 psi) and baseline 
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resolution obtained at 2500 Pa (less than 0.5 psi). Less than 4% average relative standard 

deviation (RSD) in resolution (n = 3) was observed which indicates that the system was 

very reproducible. Without altering the separation column, field strength, or electrolyte 

system, resolution can be altered only by adjusting the hydrodynamic flow, which is an 

important feature in this method. 

 

4.4.2. LE Effects on Enrichment 

         By increasing the LE concentration, it was observed from the earlier ITP and 

GEITP works that the preconcentration of analytes can be improved.
171, 173,187

 Sensitivity 

enhancement was previously calculated based on comparison of purified analyte (either 

fluorescent dyes by fluorescence or unlabeled amino acids by absorbance) being 

constantly infused through a field-free capillary relative to GEITP results.
184

 Pure labeled 

amino acids cannot be used in the similar way as the presence of unreacted FAM, SE and 

the reaction side products. Due to changes in the quantum yield after reaction, unreacted 

dye was not used.
188

 As there is a difference in amount of sample volume loaded, 

hydrodynamic loading (ie GEITP applied in the absence of electric field) was also not 

considered. The sum of EOF and hydrodynamic flow is the bulk flow during loading. 

Therefore, equivalent pressure profiles with and without an applied field would have 

significantly different total volumes introduced on the capillary. Hence, a baseline GEITP 

system is compared with enrichment trends of Gly at elevated LE concentrations using 50 

mM LE and short GEITP ( 250 Pa/s for 24 s). The migration time of Gly was adjusted to 

150 ± 10 s when different concentrations of LE were used, adjusting the applied pressure 

at the CZE stage. The CZE applied pressure is different when different LE concentration 
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was used as the conductivities of the LE is different and therefore the analyte velocities at 

each concentration is different. Field strength, starting pressure, and gradient steepness 

are all equivalent. The Gly peak height was then compared against the 50 mM LE Gly 

calibration (10-150 pM). The enrichment increased when LE concentration was increased 

to 175 mM following the previous trends, but the enrichment decreased when higher LE 

was used which is shown in Figure 19a. This decrease in sensitivity can be explained by 

the changes in current during various GEITP processes using different LE and is shown 

in Figure 19b. The presence of LE in the capillary is indicated by matching the initial 

current at time zero with the current at final CZE. When filling of capillary with TE as 

the bulk flow is decreased, is indicated by the decrease in current. When the sample is 

replaced with LE, the voltage is turned off which is indicated by the zero middle current. 

As voltage is reapplied and the LE enters the capillary the current is increased and 

reaches to the fully filled LE levels when CZE is proceeded in the capillary. Presumably, 

the higher LE concentrations had reduced EOF velocities and lower initial bulk 

flow.
184,189 

Higher applied pressures would have been needed to produce counter-flow 

sufficient to generate the GEITP interface outside of the capillary as EOF is reduced. 

During the GEITP stage, a larger volume of sample is loaded on to the capillary, since the 

lower bulk velocity with the conductivity increases with a constant pressure profile. 

These results suggest that the large on-capillary sample loading followed by tITP (stage 

(v) in Figure 17b is inferior to the initiation of enrichment outside of the capillary by 

GEITP. 
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4.4.4. Initial Pressure Effects on Enrichment 

         To further validate that GEITP initiated outside the capillary is more effective than 

large volume loadings, the initial pressure was varied for GEITP with a constant pressure 

differential (the difference between the initial GEITP pressure and the pressure at the end 

of GEITP) of 3000 Pa and a 250 Pa/s gradient. The plot for start pressure and peak height 

and area of the Gly peak is shown in Figure 20a. The GEITP focusing window was 

scanned with the constant differential and gradient variable initial pressure. The 

migration time of the Gly peak in CZE step was normalized to 150 ± 10 s by doing trial 

analysis at different CZE applied pressures while all the other parameters are kept 

constant. Figure 20a,
184

 shows the effect on enrichment due to change in the pressure. 50 

pM Gly was used as the model analyte in 200 mM LE. This 200 mM LE is the first 

concentration to deviate from the increase in enrichment with increase in LE 

concentration at an initial pressure of 2000 Pa. The start pressures verified were from 

high (10,000 Pa) where the sample was not introduced into the column to low (just below 

6000 Pa) where the sample passed the detector prior to the end of GEITP. As noted in 

Figure 20b,
184

 the amount of sample that is loaded on the capillary is increased with 

lower initial pressure, and peak broadening decreased the efficiency, as shown in Figure 

20c.
184

 Optimal peak height was found between 2000 and 4000 Pa as shown in Figure 

20b,
184

 which corresponds to the point on the current plots as shown in Figure 20d,
184

 

with a short initial plateau at maximal current, indicating that enrichment begins outside 

the capillary. The initial pressure requirement for optimal enrichment as measured by 

peak height was above 2000 Pa, the starting pressure used for studying the effects of LE 

concentration. At and below 2000 Pa, peak heights decreased, even though larger 
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volumes of sample is being loaded for tITP, possibly due to the larger hydrodynamic 

pressures (and associated band broadening) necessary to maintain equivalent migration 

times. The peak heights were < 5 % RSD (n = 3) in different start pressures, except for 

6000 Pa where the sample was loaded very close to the detectors. This indicates that the 

applied pressure can be modified instead of EOF modifiers and can be very reproducible. 

 

4.4.5 GEITP Duration Effects 

         The increase in length of the GEITP process is one way to increase the enrichment 

without changing the LE concentrations, which is a simpler and more flexible. For a 

given system when the optimal initial and differential pressure were determined, the 

focusing times can be increased by decreasing the bulk flow acceleration, which is 

proportional to the incremental pressure change which is measured as pascals per second. 

The CZE stage was unaffected by adjustment of only the gradient steepness, such that the 

enriched analytes began at the same point within the capillary, as the pressure differential 

and field strength remained the same. 

         Gly was measured with a constant pressure change from 2000 to -1000 Pa as the 

gradient was reduced from -500 to 2.5 Pa/s (yielding GEITP durations of 12 s to 40 min). 

The enrichment improvements relative to the fastest gradient ( -500 Pa/s) is shown in 

Figure 21. Applied pressure was held constant for all gradients at -2500 Pa during the 

CZE stage. Variability of peak migration times for all gradients were < 0.5 % RSD and 

peak heights were < 7 % average RSD (n = 3). Thus, enrichment was easily tuned, with a 

single, nonchemical adjustment. The higher current and associated Joule heating was 

detrimental for efficient CZE analysis although the higher LE seemed favorable for 
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improved enrichment under GEITP.  Lower LE concentrations could still yield 

impressive enrichment results and serve as more suitable CZE electrolytes.
184

  

 

4.4.6 Application to Amino Acid Mixtures 

         Using optimized conditions, the GEITP-CZE was applied to the separation of six 

proteinogenic amino acids to be assayed for in future extraterrestrial missions and an 

example electropherogram for the separation is shown in Figure 22. A resolution greater 

than one was achieved for adjacent amino acid peaks and Glu from dye associated peaks 

had greater than unit resolution except for Ala and Ser, with a resolution of 0.9. It should 

be noted that these results were obtained without additional buffer additives to improve 

separation (e.g., cyclodextran or sodium dodecyl sulfate) and in a 6 cm capillary with a 

static CZE counter-flow. Using the baseline widths of four amino acids, a peak capacity 

of 40 was calculated (Ala and Ser were excluded as the widths were not easily 

measurable).
190 

Femtomolar detection limits were obtained and the entire analysis was 

completed in 11 min with only 200 s of GEITP and without costly or exotic detection 

equipment such as high magnification/NA objectives, confocal optics, sheath-flow 

cuvettes, or avalanche photodiodes.
191 

Higher mobility analytes showed greater 

sensitivity than lower mobility species and is shown in Table 5, since enrichment is 

related to the electrophoretic mobility. Table 5 also shows the detection limits of amino 

acids which are calculated at 3 times the standard deviation of the noise, with the acidic 

amino acids having an order of magnitude better detectability than the electrophoretically 

slower Val.
184 
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4.5 Conclusion 

         This work has shown femtomolar detection limits of amino acids using short length 

capillaries without the use of spacer ions. The main advantage of this method is that the 

enrichment can be adjusted with the applied pressure and is not limited to the capillary 

volume. In this method, the separation is initiated outside the capillary column and is 

effective than loading larger volumes of sample into the column. A highly reproducible 

separation in native capillaries was obtained without requiring the elimination of EOF 

control through surface modification or additives and also eliminating the TE flushing 

step or field polarity inversion. Therefore, the migration order is also similar to the zones 

produced from GEITP under static hydrodynamic flow conditions. Both sensitivity and 

resolution can be adjusted by varying the hydrodynamic flow. This is a highly desirable 

feature for remote analyses where unknown analyte concentrations and interfering agents 

may be encountered.
184 
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Table 5. Amino Acid Detection Limits
a 

Analyte LOD (pM) 

Asp 0.3 

Glu 0.2 

Gly 0.4 

Ala 0.9 

Ser 0.6 

Val 2.0 

 

a 
Conditions as described in Figure 22. Limits of detection (LOD) calculated by the peak 

height at 3 times the standard deviation of the noise 
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Figure 17a.
184

 The capillary format utilized an 11 cm capillary connecting a pressure 

controlled and grounded 750 mL reservoir containing leading electrolyte (LE) to a 100 

µL open-atmosphere reservoir containing sample and trailing electrolyte (TE). Detection 

was performed by laser-induced fluorescence (LIF) microscopy 6 cm from the sample 

inlet.  
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Figure 17b.
184 

The stages to perform GEITP-CZE are as follows. (i) Initially, LE is 

dispersed into sample reservoir by relatively high bulk flow, a combination of 

hydrodynamic (∆P) and EOF (µEOF) flows. Anionic analyte mobility (µa) is toward the 

microcolumn outlet. (ii) As the pressure is reduced, analytes form ITP zones at the ionic 

interface and are enriched between the LE and TE. (iii) The pressure is further reduced 

and enriched zones migrate onto the microcolumn. (iv) Applied pressure and voltage are 

discontinued. The LE replaces the TE and sample solution. (v) Voltage and static 

hydrodynamic flow toward the outlet are applied. Because of the presence of the TE, a 

short stage of tITP occurs. (vi) Once the LE enters the TE zone, CZE conditions are 

present and analytes separate based on their respective electrophoretic mobilities. 
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Figure 18a
184

: Effect of hydrodynamic flow on CZE resolution. Example 

electropherograms of 500 pM Gly/Ala mixtures introduced by GEITP and separated by 

CZE at various pressures. Peaks marked Dye were due to unreacted conjugate and side 

reaction products. LE: 50 mM citrate balanced with tris (pH 8.5); TE: 250 mM tris-borate 

(pH 8.5); -600 V/cm; GEITP initial: 2000 Pa; GEITP final: -4000 Pa; gradient: -500 Pa/s. 

 

 

 

Figure 18b
184

: Effect of hydrodynamic flow on CZE resolution. Plot of resolution versus 

square root of average migration times (tm,avg). Error bars are 1 standard deviation (n = 3). 
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Figure 19a
184

: Effect of LE on enrichment with constant GEITP parameters: Gly 

enrichment (relative to 50 mM LE, as described in the text) as LE concentration is 

increased. Error bars are 1 standard deviation (n = 3). LE: citrate balanced with tris (pH 

8.5); TE, 250 mM tris-borate (pH 8.5); -600 V/cm; GEITP initial: 2000 Pa; GEITP final:  

-4000 Pa; gradient, -250 Pa/s; CZE pressure, normalized to tm = 150 ± 10 s. 

 

 

 

Figure 19b
184

: Effect of LE on enrichment with constant GEITP parameters. Example 

currents observed at the LE concentrations used in 3a. The middle, zero-current region 

(from 25-90 sec) was the point of solution exchange. 
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Figure 20a:
184

 Effect of initial GEITP pressure on enrichment. Example 

electropherograms of 50 pM Gly introduced by GEITP with varying start pressures but 

constant gradients and pressure differentials (initial minus final pressure). Peaks marked 

Dye were due to unreacted conjugate and side reaction products. LE: 200 mM citrate 

balanced with tris (pH 8.5); TE: 250 mM tris-borate (pH 8.5); -600 V/cm; GEITP 

pressure differential: 6000 Pa; gradient: -250 Pa/s; CZE pressure: normalized to tm = 150 

± 10 s.  

 

 

 

Figure 20b:
184 

Effect of initial GEITP pressure on enrichment. Measured Gly peak 

heights and areas as the start pressure varied. 
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Figure 20c:
184 

Effect of initial GEITP pressure on enrichment. Measured Gly peak plates 

as the start pressure varied. Error bars for parts B and C are 1 standard deviation (n = 3). 

 

 

 

 

Figure 20d:
184

 Effect of initial GEITP pressure on enrichment. Example currents 

observed as the start pressure varied. The middle, zero-current region was the point of 

solution exchange. 
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Figure 21:
184 

Effect of GEITP duration on enrichment. With a constant initial and final 

pressure for GEITP, the gradient steepness was reduced to increase the enrichment time. 

Plot shows increasing Gly enrichment (relative to the shortest time, 12 s, as described in 

the text) as the GEITP duration increased. Error bars are 1 standard deviation (n = 3). LE: 

50 mM citrate balanced with tris (pH 8.5); TE: 250 mM tris-borate (pH 8.5); -600 V/cm;
 

GEITP initial: 2000 Pa; GEITP final: -4000 Pa; CZE pressure: -2500 Pa. 
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Figure 22:
184 

Capillary GEITP-CZE analysis of six carboxyfluorescein-labeled amino 

acids. The sample consisted of (in picomolar): 6.25 Asp, 6.25 Glu, 12.5 Gly, 25 Ala, 25 

Ser, and 62.5 Val. Peaks marked Dye were due to unreacted conjugate and side reaction 

products. LE: 50 mM citrate balanced with tris (pH 8.5); TE: 250 mM tris-borate (pH 

8.5); -600 V/cm; GEITP initial: 1000 Pa; GEITP final: -1000 Pa; gradient: -10 Pa/s; 

CZE pressure, -600 Pa. 
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CHAPTER 5: EFFECT OF FEEDING ON AMINO ACID LEVELS IN 

PLANARIA; ANALYSIS BY CAPILLARY ELECTROPHORESIS 

 

5.1 Abstract 

            Planaria have a highly developed central nervous system as mammals. Therefore, 

planaria are widely used as a research model for pharmacological, behavioral, and 

regeneration studies. Planarians tend to degrow (decrease in size) with the non-

availability of food. In this work, changes in the levels of neurotransmitters (NTs) with 

feeding are measured using capillary electrophoresis (CE) and laser induced fluorescence 

(LIF) detection. A rapid CE method for extraction and analysis of amino acids like 

glutamine (Gln), γ-aminobutyric acid (GABA), glycine (Gly), glutamate (Glu) and 

aspartate (Asp) in single planaria homogenates was developed. These amino acids were 

labeled with 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) for detection with LIF. The 

NBD-F labeled amino acids were separated in 3 mins. It was confirmed that the levels of 

amino acids did not change with feeding by using analysis of variance (ANOVA). This is 

opposed to the initial hypothesis that amino acids levels change with feeding.  
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5.2 Introduction 

         Planaria are free-living carnivorous flatworms of the phylum platyhelminthes. They 

are soft by texture and are widely distributed over land, sea, and fresh waters. They 

possess a completely developed central nervous system (CNS) similar to mammals 

possessing catecholamines, serotonin, opioid, γ-aminobutyric acid (GABA), and amino 

acids. They show behavioral responses to drugs such as cocaine, cannabinoids, opiates, 

and amphetamines. As planaria share similarities with mammals they are widely used as 

model organisms for studying the withdrawal due to exposure to drugs,
192

 development 

and regeneration.
193

 Planarians have a developmental peculiarity to grow and degrow 

based on the feeding patterns. This degrowth is caused by a decrease in the number of 

cells.
194

 In the present work, the effect of changes in the levels of amino acids during 

feeding and non-feeding conditions on planaria are studied. 

         Analyses of amino acids is of broad interest due to their biological importance, as 

they form building blocks of proteins. Amino acids are generally analyzed using high 

performance liquid chromatography (HPLC),
213

 gas chromatography (GC),
214 and 

capillary 

electrophoresis (CE).
215

 Even though sensitivity is a hindrance in CE, as discussed in 

earlier chapters, sensitivity enhancement can be obtained by either using different 

detectors like LIF or using pre-concentration techniques like ITP. However, natively 

fluorescent analytes or derivatization techniques should be used when LIF is used as a 

detector.
195

 4-fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F), Napthalenedialdehyde 

(NDA), o-pthaldialdehyde (OPA), Fluorescamine (FS), etc are commonly used labeling 

reagents for derivatization.
196,197

 Even though, OPA is widely used in CE it has 

drawbacks; the isoindole derivatives formed are unstable and are subject to 



97 

 

photobleaching. FS makes separation difficult, as it forms enantiomers when reacting 

with amino acids.
198

  

         The NBD-F reagent used in this study has advantages over other dyes. It reacts with 

both primary and secondary amines forming NBD derivatives which are fluorescent and 

can be detected at an excitation wavelength of 470 nm and emission wavelength of 530 

nm
199

 and is compatible with argon-ion lasers. Zhou et al
200

 developed a MEKC in-

capillary derivatization method using NBD-F. Separation method was accomplished in 

10 mins and the LODs are in lower ng/mL. Ayoma et al
201

 developed a fully automated 

method for analysis of derivatized amino acids in 40 mins using NBD-F at room 

temperature. The detection limit was in a range of fM to pM. 

         This work demonstrates the detection of several biogenic amines including glycine 

(Gly), glutamine (Gln), along with NTs, GABA, glutamate (Glu), and aspartate (Asp) 

using CE-LIF. A simple and rapid extraction method was developed using an 

acid/organic (HCl/Acetonitrile (ACN)) mixture which stops the enzymatic activity and 

achieves protein precipitation, while removing the sample filtration step which minimizes 

sample loss. 4-Fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F) fluorogenic labeling was 

performed utilizing the procedure similar to HPLC.
192

 NBD-F reacts with amines to form 

NBD derivatives. The NBD-amino acid derivatives excites and emits at longer 

wavelengths therefore does not have interference with other compounds in the biological 

samples, which would be an advantage of working with NBD-F. The separation of amino 

acids took ~3 mins which is lesser than the analysis time by HPLC (10 mins).
192 
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5.2.1. Chemicals and Reagents 

         Planaria (Dugesia dorotocephala) were procured from the Carolina Biological 

Supply (Burlington, NC, USA).  Reagent grade L-Glutamine, γ-aminobutyric acid 

(GABA), L-glycine, L-glutamic acid, and L-aspartic acid were obtained from Sigma (St. 

Louis, MO, USA). 4-Fluoro-7-nitro-2,1,3-benzoxadiazole(NBD-F) is obtained from TCI 

America(Portland, OR, USA. All other analytical grade reagents were obtained from 

Fisher Scientific (Pittsburgh, PA, USA).  All analytical aqueous solutions were made 

using Milli-Q (Millipore, Bedford, MA)  18 M cm deionized water. 0.2 µm nylon 

syringe filters (Fisher) are used to filter aqueous derivatization and CE electrolyte 

solutions while planaria samples and standard amino acids were not filtered 

 

5.2.2 Planaria Preparation 

         Planaria preparation was carried out in the following way.
  

Briefly, planaria were 

assayed on the same day following standard calibration between 19:00 and 21:00 h.  For 

each extraction and measurement, one planarian was removed from the shipping media, 

blotted dry, and weighed (approximately 2 mg).  The planarian was then placed in fresh, 

treated tap water (AmQuel®, Kordon LLC, Haywood, CA, USA) for ca. 2 min, and then 

homogenized by a 550 Sonic Dismembrator (Fisher) for 2 min in a mixture of 0.1 M HCl 

(100 L) and acetonitrile (150 L).  The resulting homogenate was centrifuged at 13,000 

rpm in a Biofuge A (Heraeus Rotor 1378, Baxter Scientific Products, McGaw, IL, USA) 

for 5 min at 8 °C in a cold room.  5 L of the supernatant was then fluorescently labeled 

as described below. 
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         Two studies were conducted with two different groups of planaria: group 1, planaria 

which were fed on regular intervals (day 6 and 15) and group 2, which were not fed. The 

day when planaria was received is designated as day 0.  

 

5.2.3 Labeling Reaction With NBD-F 

Stock standard solutions of amino acids were 2 mM in 4 mM sodium tetraborate (borax; 

pH 9.2). The concentration range for each of the analytes ranged from 30 nM-360 µM. 

For calibration, different concentrations of standard mixtures of glutamine, GABA, 

glycine, glutamate, and aspartate were made in borax. 5 L of standard mixture and 5 L 

of mixture of 0.1 M HCl/acetonitrile were added to borax (60 L). 5 L of 20 mM NBD-

F in 500 M HCl/methanol (1:1) was added and heated for 1 minute at 60 °C. For 

planaria measurements, 5 L of homogenate was added to borax (65 L), followed by 

same reaction sequence with NBD-F. 

 

5.3 Instrumentation 

      Experiments were carried out on a CE-LIF apparatus built in-house. Briefly, 

derivatized samples (calibrants or planaria homogenate) were N2 pressure injected (0.5 

PSI; 30 s; 4 nL injection volume) into a 40-cm length fused-silica capillary (25 µm i.d.; 

360 µm o.d.; Polymicro Technologies, Phoenix, AZ, USA). A 2-mm optical window 

(Microsolv Window Maker, Eatontown, NJ, USA) was located 20 cm from the inlet. 

Tris-HCl buffer with sodium dodecyl sulfate (SDS) (20 mM; pH 8.0; 30mM SDS) served 

as the background electrolyte.  A field strength of 600 V/cm (24 kV applied via platinum 
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electrode at the inlet) was used (CZE 1000R, Spellman High Voltage Electronics, 

Hauppauge, NY, USA).   

         LIF was performed with a modified Axio Observer A1 inverted fluorescence 

microscope (Carl Zeiss, Thornwood, NY, USA).  The arc-lamp optical train was removed 

and the output of a 50-mW diode-pumped solid state 488-nm laser (Melles Griot, 

Carlsbad, CA, USA) was directed onto an optical block containing a 500-nm longpass 

dichroic and a 510-560-nm emission bandpass filter (Omega Optical, Battleboro, VT, 

USA).  Laser excitation was focused through a 20 objective (0.4 numerical aperture) 

into the capillary.  Fluorescence emission was collected through the same objective and 

detected through a 3-mm spatial filter with a Hamamatsu (Bridgewater, NJ, USA) H5784 

photosensor module and C7169 power supply operated at 0.650 V.   

         All instrument control and data acquisition was performed using LabVIEW 

software (National Instruments, Austin, TX, USA) written in-house.  Digitization of the 

PMT output utilized a USB-6221 module (National Instruments) recording at 1 kHz.  

Data analysis was performed using Cutter software
203

 with 10 Hz low-pass filtering of 

raw data.  Peak identification of glutamine, glycine, GABA, glutamate, and aspartate was 

accomplished through individual analyte runs and spiking of analytes.   

 

5.4 Results 

5.4.1 Standard Amino Acid Analysis 

          Figure 23 shows the calibration plots of the peak intensity for the amino acid NBD-

derivatives versus standard concentration (in M).  Line equations and LODs for each 

NBD-F labeled analyte are listed in Table 6.  
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         Figure 24 shows a representative electropherogram of a NBD-F derivatized 

planarian homogenate. Individual standard amino acid was spiked for peak identification. 

 

5.4.2 Planarian Homogenate Analysis 

         Figure 25 shows a data for the percent relative standard deviation (RSD) versus 

days, for each NBD-F labeled amino acid. Each plot shows the comparison of study 

1(worms fed every 7
th

 day for 21 days total; group 1) and study 2 (worms starved for 21 

days; group 2). The RSD of 5 worms each day is reported. From the plots, it can be 

inferred that the study 2 in which worms were starved showed higher deviation for each 

amino acid with respect to RSD.  

         Figures 26, shows a plot for the average amount (concentration) of amino acids 

detected in planaria each day versus total number of days, for NBD-F labeled amino 

acids. The concentrations of NBD-derivatives of glutamine, GABA, glycine, glutamate 

and aspartate were unchanged in both study 1 and 2.  

         The variability in the average weight of five worms each day versus number of days 

is shown in Figure 27. The red curve represents study 1 while the black curve represents 

study 2. As seen in the plot, that the planarian weights were approximately similar for 

both the studies until day 7. However, after day 7, the planarian weights from study 2 

started to drop significantly which can be attributed to starvation in planarians. However 

the levels of amino acid were minimally dependent on the weight of planaria.  
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5.5 Discussion 

         Planarians are widely used as model organisms in scientific study as they have a 

very similar nervous system as vertebrates. Neurochemical and histological studies were 

conducted in planaria, which indicated the presence of neurotransmitters and receptors 

like serotonin, catecholamines, acetylcholine, GABA, benzdiazepines, and excitatory 

amino acids like glutamate and aspartate, opiods and caniboids.
204,205,206

 Much work has 

been done for the analysis of amino acids in planaria. Immunohistochemical and HPLC 

studies conducted by M.T. Itoh and J. Igarashi,
207

 suggested the presence of serotonin in 

the brain of planaria and their levels vary with the circadian rhythms. Presence of 

GABA,
208

 other excitatory neurotransmitters like glutamate and aspartate
205

 in planaria 

were confirmed by immunocytochemical methods and HPLC. S.J. Coward and R.E. 

Johannes
209

 suggested that glutamine plays a chemotoxic role which helps in 

discriminating the prey organisms. It was indicated by previous studies that planaria 

degrow in the absence of food.
210,211,212

 Therefore, it was hypothesized that the levels of 

amino acids may decrease when they are starved. Hence, it may lead to false results if the 

amino acids are measured in these conditions. Therefore, the effect of feeding on the 

levels of amino acids was measured in this current work. A simple, robust, rapid, and 

high-throughput method using CE-LIF in individual planaria of quantifying biogenic 

amines was developed in this work. This approach gives a time range where the amino 

acids can be evaluated without substantial loss in the levels of amino acids which 

provides an insight into their neurological and behavioral functions. 

         MEKC-LIF was applied to the separation of amino acids in this method as Gln, 

GABA, and Gly are neutral while Glu and Asp are acidic in nature. The surfactant used is 
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an anion micelle, sodium dodecyl sulfate (SDS). The only difference between traditional 

CE and MEKC is the use of surfactant in MEKC. Analytes are separated by differential 

partitioning between background buffer and surfactant. As the neutral analytes distribute 

themselves between hydrophilic exterior of the buffer and the hydrophobic interior of the 

micelle, they acquire charge whereby, their respective electrophoretic mobilities of 

neutral and the ions (also) are altered. 

         As indicated before, changes in the levels of amino acids with respect to feeding 

were studied. Study 1 included worms which were fed every 7
th

 day up to 21 days. Study 

2 included worms which were starved. Table 7 compares the trend of each analyte with 

respect to study 1 and study 2 for NBD-F labeled planaria homogenates. Experiments 

used 5 worms each day over a total of 21 days for both studies. One-way ANOVA test 

was used to compare both study 1 and 2. The criterion for significance was P> 0.05. 

         The NBD-derivative of glutamine gave a P value 0.17 (P>0.05) for the means and 

P=0.73 (P>0.05) for the RSDs of two studies from the one-way ANOVA which indicates 

no significant variation in the levels during both studies. Similar to glutamine, the NBD-

derivative of GABA gave a P = 0.12 (P>0.05) for the means and P=0.34 (P>0.05) for the 

RSDs of two studies from the one-way ANOVA which indicates no significant variation 

in the levels during both studies. the NBD-derivative of glycine gave a P value 0.005 (P< 

0.05) for the means of two studies from one-way ANOVA. However, after day 15, there 

was no effect of feeding on the levels of glycine (Fig 26). While, the one-way ANOVA 

for the RSDs of both studies gave P = 0.25 (P> 0.05). This indicated that the RSDs were 

relatively equivalent for both the studies. The NBD-F labeled glutamate and aspartate 

levels were relatively stable in worms which were fed or starved, with P=0.57 (P>0.05) 
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for the means of two studies (Fig 26). This was also true for RSDs (Fig 25) with P=0.56 

(P>0.05), and for aspartate the P=0.29 for the means of two studies and P=0.08 for RSDs. 

The ANOVA results P> 0.05 demonstrate that the RSD and average amount of amino 

acid detected each day with respect to both the studies remained statistically invariant 

when the worms were starved, suggesting no effect on the levels of NBD-F labeled 

amino acids.  

 

5.6 Conclusion 

         A successful, rapid and high-throughput method for the labeling and detection of 

biogenic amines using MEKC-LIF was developed. Sample loss was prevented by 

eliminating the filtration step. It can be concluded that irrespective of nutritional stress, 

the levels of amino acids remains unchanged. On comparing the ANOVA results of the 

RSD and average amount of amino acids, this method proved to be robust.  
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Table 6: Line equations and LODs for each NBD-F labeled analyte (intercept set to 0) 

 

Table 7: Comparison of each analyte with respect to study 1 and study 2 for NBD-F 

labeled planaria homogenates 

Analyte Study-1 Study-2 

Avg. analyte 

concentration (pmol/mg) 

Avg. 

%RSD 

Avg. analyte 

concentration (pmol/mg) 

Avg. 

%RSD 

Glutamine 1792.63 23.36 1419.67 18.66 

Glycine 580.88 110.11 255.74 65.82 

GABA 407.29 77.30 276.18 60.26 

Glutamate 2446.91 53.55 2330.59 61.70 

Aspartate 2159.97 46.46 1899.69 89.22 

. 

 

 

 

 

 

Analytes Slope LOD 

(nM) 

LOD 

(pmol/planarian) 

R
2 

Migration time 

(secs) 

Glutamine 0.1904 80 9.5 X 10
1
 0.9933 117 

Glycine 0.1286 40 2.2 X 10
1
 0.9998 120 

GABA 0.1173 30 1.9 X 10
1
 1.0 127 

Glutamate 0.0673 3.0 X 10
-2

 2.3 X 10
1
 0.9996 151 

Aspartate 0.0582 4.0 X 10
-2

 2.6 X 10
1
 0.9998 170 
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Figure 23: Standard results. Calibration curves for NBD-derivatized a) glutamine, b) 

GABA, c) glycine, d) glutamate, and e) aspartate measured using CE-LIF. Symbols (●) 

are average of replicate injections (n = 3).  
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Figure 24: Measurement of amino acid standards.  Example electropherograms of NBD-

derivatized standard amino acids (red) and planarian homogenate (green). 5μL of 

standard was labeled with NBD-F as described in the text. 
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Figure 25: Comparison of %RSD versus Day. Plot of NBD-F derivatized individual 

amino acid percentage relative standard deviation, during feeding and starved (black) 

conditions with days. The symbols (●) indicate the percentage relative standard deviation 

of amino acid each day. 5μL of standard was labeled with NBD-F as described in the 

text. 

 

 



109 

 

 

 

 

Figure 26. Comparison of concentration versus Day. Curve of NBD-F derivatized 

individual amino acid concentration, during feeding and non-feeding (black) conditions 

with days. The symbols (●) indicate the concentration of amino acid each day. 5μL of 

standard was labeled with NBD-F as described in the text. 
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Figure 27: Comparison of average weight versus Day. Curve of average weight of 

worms, during feeding (red) and starved (green) conditions with days. The symbols (●) 

indicate the average weight of worm each day.  

 

 

 

 

 

 

 

 

 

 

 

 

 



111 

 

5.7 References 

192. Rawls, S. M.; Gomez, T.; Stagliano, G. W.; Raffa, Robert  B. 

J.Pharmacol.Toxicol.Methods 2006, 53, 291-295. 

193. Newmark, P.A.; Sanchez A. A. Nat.Rev.Genet., 2002, 3, 210-219. 

194. Baguna, J.; Romero, R. Hydrobiologia. 1981, 84, 181-194. 

195. Mamunooru, M.; Jenkins, R. J.; Davis, N. I.; Shackman, J. G. J.Chromatogr.A 2008, 

1202, 203-211. 

196.  Klinker, C. C.; Bowser, M. T. Anal.Chem. 2007, 79, 8747-8754.   

197. Underberg, W. J.; Waterval, J. C. Electrophoresis. 2002, 23, 3922-3933.   

198. Garcia Alvarez-Coque, M. C.; Medina Hernandez, M. J.; Villanueva Camanas, R.  

M.; Mongay Fernandez, C. Anal.Biochem. 1989, 178, 1-7.   

199. Watanabe,Y.; Imai,K. Anal.Chem., 1983, 55, 1786-1791. 

200. Zhou, L.; Zhou, X.; Luo, Z.; Wang, W.; Yan, N.; Hu, Z. J.Chromatogr.A, 2008, 

1190, 383-389. 

201. Aoyama, C.; Santa, T.; Tsunoda, M.; Fukushima, T.; Kitada, C.; Imai, K. 

Biomed.Chromatogr. 2004, 18, 630-636. 

203. Shackman, J. G.; Watson, C. J.; Kennedy, R. T. J. Chromatogr. A. 2004, 1040,  

273-282.   

204. Buttarelli, F. R.; Pontieri, F. E.; Margotta, V.; Palladini, G. Prog.Neuro- 

Psychopharmacol.Biol.Psychiatry 2002, 26, 65-68. 

205. Rawls, S. M.; Gomez, T.; Stagliano, G. W.; Raffa, R. B. 

J.Pharmacol.Toxicol.Methods, 2006, 53, 291-295. 

206. Umeda, S.;  Stagliano, G. W.;  Borenstein, M.; Raffa, R. B.  



112 

 

J.Pharmacol. Toxicol.Methods. 2005, 51, 73-76.    

207. Itoh, M. T.; Igarashi, J. Neuroreport. 2000, 11, 473-476.   

208. Eriksson, K. S.; Panula, P. J.Comp.Neurol. 1994, 345, 528-536. 

209. Coward, S. J.; Johannes, R. E. Comp.Biochem.Physiol. 1969, 29, 475-478. 

210. Bowen, E. D.; Ryder, T. A.; Dark, C. Cell Tissue Res. 1976, 169, 193-209.  

211. Boag, B.; Neilson, R.; Scrimgeour, C. M. Biol. Fertil. Soils. 2006, 43, 267-270.   

212. Blackshaw, R. P. Ann Appl Biol. 2008, 120, 573-578. 

213. Bartolomeo, M. P.; Maisano. F. J Biomol Tech. 2006, 17, 131-137. 

214. Zlatkis, A.; Oro, J. F.;  Kimball, A. P. Anal. Chem., 1960, 32,162-164. 

215. Poinsot, V.; Gavard, P.; Feurer, B.; Couderc, F. Electrophoresis, 2010, 31, 105-121. 

 

 

 

 

 

 

 

 

 

 

 

 



113 

 

CHAPTER 6: A COMPARISION BETWEEN PLRP-S AND C18 

HPLC COLUMNS FOR THE SEPARATION OF UV-DNA 

PHOTOPRODUCTS 

 

6.1 Abstract 

         UV light is absorbed by DNA leading to photoproduct formation. These 

photoproducts include the pyrimidine dimer, the major form is the cyclobutyl pyrimidine 

dimer (CPD) and [6-4] pyrimidine-pyrimidone dimer, depending on the wavelength used 

for irradiation. cis-syn and trans-syn CPD isomers are found in various degrees. The 

separation of these photoproducts from irradiated DNA is commonly done by using 

reversed phase HPLC using C18 columns
232,233

. To improve the separation and retention 

times on the column, an ion-pairing reagent like triethyl ammonium acetate (TEAA) is 

used. In this work, a PLRP-S column, which consists of a macroporous packing, poly 

(styrene-divinylbenzene) (PS/DVB), is used for the separation of 11-mer and 63-mer 

oligos and the separation was compared with standard C18 HPLC. It was observed that 

the separation of photoproduct and the parent DNA takes place faster in PLRP-S column 

for 11-mer while, for 63-mer the separation of photoproduct and the parent DNA is 

observed in the PLRP-S column but not resolved by C18 chromatography under the 

conditions surveyed. 
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6.2 Introduction 

         J.L. Ravanat et al
216

 indicated that solar light clearly is a genotoxic agent and that 

the UV region of the spectrum exhibits two absorption maxima for both mutagenicity and 

lethality. The most toxic and mutagenic range observed is UVB, (280-320 nm) compared 

with the UVA (320-400 nm). When UV light is absorbed by thymine or cytosine 

(pyrimidine) bases in the DNA, they can react with neighboring bases. A direct covalent 

bond is formed with the neighboring molecule if it is also a pyrimidine base. A tight four 

membered ring or cyclobutylpyrimidine dimer (Fig 28)
219

 is produced if two new bonds 

are formed between the neighboring bases. A [6-4] pyrimidine-pyrimidone dimer (Fig 

28)
 219

 is formed when a single bond is formed between carbon atoms 4 and 6 on the two 

rings. It is indicated that these reactions occur often (50 -100 per second) in the skin in 

sunlight.
217

 The formation of these different photoproducts is wavelength dependent
218

 

UVA (320-400 nm) UVB (280-320nm), and UVC (< 280nm)).  

         Nucleotide excision repair (NER) corrects these lesions immediately after they are 

generated. The genetic information is permanently mutated if the damage is uncorrected.  

For example, CC to TT mutation is the common mutation which is caused by UV light. 

This mutation occurs during replication when a CC dimer is mispaired with two adenine 

bases. In skin cancers in the p53 tumor suppressor gene these CC to TT mutations are 

often seen.
217 

Acute effects like erythema, temporary effects like suppression of immune 

function, and chronic effects like mutation induction on skin are caused by the UVB 

DNA damage.
218

 Hence, the characterization and isolation of photoproducts is important 

which leads to gain new insights in to DNA photobiology and genotoxicity.
217 

Simple 



115 

 

model systems like bases, nucleosides, and dinucleoside monophosphates are used for the 

characterization of the photoproducts.
217 

         A [2+2] photocycloaddition reaction between neighboring pyrimidines in the DNA 

leads to the formation of CPD.
281

 The monomers jump to an excited singlet state when 

they absorb light and normally revert back to the ground state. However, the presence of 

a adjacent pyrimidine can lead to the formation of CPD by a pericyclic reaction.
226

 Since 

a non-photochemical process cannot reverse the formed ring, the dimers formed are 

stable.
226 

The damaged DNA can be repaired by two mechanisms (Fig 29)
227

. NER helps 

to remove CPDs from DNA, even with high doses of UV.
228 

More than 20 enzymes are 

involved in NER, which excises the lesion and neighboring DNA and then reinstates the 

segment of DNA by replicating the intact complementary strand.
220,228

 A second 

mechanism involves the enzyme DNA photolyase, which repairs CPD directly but is not 

found in placental mammals (ie. humans). The reduced anionic favin adenine 

dinucleotide (FADH

) cofactor transfers electron to the CPD.

226,228,231 

         Bosken et al
220

 conducted a demographic and clinical variables study which 

confirmed a relation between DNA repair (by NER) and survival in patients with Non-

Small-Cell Lung Cancer (NSCLC). HPLC is a common method for the detection of DNA 

damage but, other methods have also been developed for the analysis of damaged DNA. 

For example Frankel et al
222 

developed a HPLC method for quantitative analysis of 

oxidized DNA. Curtis et al
223

 used a immunohistochemical analysis for oxidative stress 

and DNA repair proteins in normal mammary and breast cancer tissues. A DNA 

composition analysis by nuclease digestion and HPLC was developed by Weitstock
224

 

who used C18 reverse phase column chromatography. Yang and Stanley
232

 used RP-
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HPLC for the purification of 11-mer CPD. Christine and Stanley
233

 used RP-HPLC for 

the irradiation and repair of the photoproducts of the 11-mer which were further used to 

show that when thydimine binds to photolyase, its local structure around the lesion 

changes significantly. Time-resolved fluorescence spectroscopy was also applied for 

conformational analysis of DNA repair.
225

 In that work; Lin et al used time-resolved 

fluorescence spectroscopy to study the conformational dynamics of linear, nicked, 

gapped, and bulged DNA in the absence of protein enzymes. In another work by Johnson, 

a host cell reactivation (HCR) assay was developed in which damage localized to 

exogenous DNA was repaired by intact cells. In that work, luciferase reporter plasmid is 

damaged by UV irradiation. The amount of damaged plasmid that can be repaired can be 

quantified by measuring the activity of the reporter enzyme. GC/MS technique is also 

applied for the oxidative DNA base modifications.
221 

 

6.3 Experimental 

6.3.1 Chemicals and Reagents 

         Triethylammonium acetate (TEAA) 1M solution was obtained from Calbiochem, 

MA, USA. DNA oligos were obtained from Integrated DNA technologies, Iowa, USA. 

The DNA oligos were reconstituted with sterile water and stored at 4 ˚C until used. 

Acetonitrile and water (HPLC-grade) were obtained from EMD chemicals MA, USA. All 

buffer solutions were made using HPLC grade water. All analysis was performed using 

an Alliance, waters 2695 HPLC system and the data analysis was performed using 

Empower software. The oligos were irradiated using a 300 W Hg UV lamp (Oriel). 

The sequences of the oligos were  



117 

 

Sequence of “11-mer”: 5’- GCAAGTTGGAG -3’ 

Sequence of “63-mer”: 5’- CATGTGCGTATACATGCATGTACGCGTTACACGTGT 

GCACGTGTGCGTATACGT GTGCATATA -3’ 

 

6.3.2 Preparation of CPD- containing 11-mer and 63-mer 

         100 µL oligo (3.2 mM) and (15-150 µL) of acetone (photosensitizer) were added to 

750 µL of sterile water. This reaction mixture was placed into a glass vial and closed 

septum. A stir bar was placed into the vial and the solution was purged on ice for 20 mins 

with Ar gas. The sample was then irradiated on ice using 300 W UV lamp for 30 mins, 

with constant stirring. A filter is placed between the UV lamp and sample vial to filter 

UV light < 315 nm. 100 µL sample was withdrawn every 5 mins for up to 30 mins using 

air-tight syringe and analyzed for the formation of CPD by RP-HPLC. The peaks were 

collected and dried on Savant Speed Vac. 

 

6.3.3 Repair Assay of 11-mer CPD  

         The 11-mer repair assay was done in the following way and analyzed using C18 

and PLRP-S columns. 50.2 µL CPD (40 µM) was added to 973.6 µL buffer T (50 mM 

phosphate, 100 mM Potassium chloride, 0.1 mM EDTA, 10 mM β-mercaptoethanol) and 

purged with Ar gas for 20 mins. 20 µL of photolyase (27 µM) is added to 973.6 µL buffer 

T and purged for 20 mins with Ar. The concentration of photolyase and CPD in the 

reaction mixture is 0.27 μM (0.54 nmoles) and 1 μM (2nmoles) respectively. The 

photolyase was then reduced with near-UV light (365 nm). The CPD was added to the 

photolyase with constant purging of Ar. This mixture was irradiated with 365 nm light to 
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effect repair and samples were collected in regular intervals using an air-tight syringe and 

analyzed by HPLC. 

 

6.3.4 Repair Assay of 63-mer CPD  

         For 63-mer repair assay is done in the following way and analyzed using C18 and 

PLRP-S columns. 20 µL CPD (30 µM) was added to 730 µL buffer T (50 mM phosphate, 

100 mM Potassium chloride, 0.1 mM EDTA, 10 mM β-mercaptoethanol) and purged 

with Ar gas for 20 mins. 40 µL of photolyase (27 µm) was added to 960 µL buffer T and 

purged for 20 mins with Ar. 20 μL reduced E. coli PL was added to 750 μL CPD. The 

concentration of photolyase and CPD in the reaction mixture is 0.27 μM (0.27 nmoles) 

and 0.8 μM (0.6 nmoles) respectively. The CPD was added to the photolyase with 

constant purging of Ar. This mixture was irradiated with blue light to effect repair and 

samples were collected in regular intervals with an air-tight syringe and analyzed with 

HPLC. 

 

6.3.5 Analysis of CPDs Using RP-HPLC 

         The irradiated CPD was analyzed with reversed phase-HPLC (RP-HPLC). In this 

work, two different matrices, columns C18 and PLRP-S, were used and the results were 

compared.  

 

6.3.4.1 Principle of RP-HPLC229 

         RP-HPLC is based on the adsorption and desorption of various analyte molecules 

with different degrees of hydrophobicity to a hydrophobic stationary phase. Generally a 
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gradient method of aqueous buffer and organic solvent is used for the analysis of 

biomolecules. The analytes are adsorbed strongly onto the column under aqueous 

conditions and when an organic solvent is passed over the column, they desorb. Five 

different steps are involved in this process (Fig 30).
229

 In the first step, the column is 

equilibrated with the starting mobile phase (suitable pH, ionic strength and polarity (Fig 

30(1)). In this work, 0.1 M TEAA with 8 % ACN (mobile phase A) and 100 % ACN 

(mobile phase B) are used for 11-mer DNA while 0.1 M TEAA with 5 % ACN (mobile 

phase A) and 0.1 M TEAA with 50 % ACN (mobile phase B) are used for 63-mer DNA. 

TEAA is used as ion-pairing agent, which increases the hydrophobicity to analytes to 

help in adsorbing them onto the column. 5 and 8 % ACN is used in the mobile phase to 

retain bacterial growth in the buffer. In the second step (Fig 30(2)), the analytes 

(dissolved in the mobile phase) are injected. The flow rate is maintained so that the 

analytes are retained on the column. A flow rate of 1 mL/min is used in this work. In the 

next step, the retained analytes start to desorb (Fig 30(3)) from the column according to 

their individual hydrophobicities. Desorption is modified by adjusting the polarity of the 

mobile phase which in turn can be achieved by increasing the amount of organic solvent 

(ie, increasing the mobile phase B which has higher % of organic solvent). The fourth 

step involves the end of desorption process (Fig 30(4)). In this step, the organic solvent is 

increased to sufficiently to make certain the adsorbed analytes are completely desorbed 

such that the column can be used further. In the fifth step (Fig 30(5)), the column is re-

equilibrated to the initial conditions for further analysis. 
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6.4 Results and Discussion 

         Separation of short UV-irradiated oligos is easily achieved with C18 column, but 

the separation of longer oligos (> 20 bases) is a challenging analytical problem. In this 

work, separation of different lengths of oligos (11-and 63-mer) were used to compare a 

C18 column matrix with a PV/DBS matrix, PLRP-S column (Fig 31).
230

 PLRP-S 

columns are more hydrophobic than C18 columns. Also PLRP-S columns do not require 

bonded ligands, in contrast to alkyl-functionalized C18 columns (Fig 31). The C18 

columns have surface functionalities or other ionic species therefore have characteristic 

problems of acidic silanol groups (Fig 31) interfering with the separations. Considering 

all these disadvantages of C18 columns, PLRP-S has an exceptional chemical stability.
230 

 

6.4.1 Analysis of 11-mer CPD Using C18 Column 

         The analysis of 11-mer CPD was done using 0.1 M TEAA with 8 % ACN (mobile 

phase A) and 100 % ACN as mobile phase B. A gradient of 2-8 % B in 30 mins and 2-15 

% B in 10 mins was used for this purpose. The UV irradiated sample was directly loaded 

onto the column (20 µL injection). Separation of CPD and parent was achieved in ~ 35 

mins. Fig 32 shows the chromatograms for formation of the CPD from 0 mins to 30 mins 

irradiation detected by absorption at 265 nm. An increase in the CPD peak (~ 20 mins) 

intensity and a decrease in the parent (~ 30 mins) can be observed, which indicates the 

formation of CPD with time.  
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6.4.2 Repair Assay Analysis of 11-mer Using C18 Column 

         To verify that the ~ 20 min peak was the CPD, a repair assay was performed using 

E. coli photolyase using 0.1 M TEAA with 8 % ACN (mobile phase A) and 100 % ACN 

as mobile phase B. A gradient of 2-8 % B in 30 mins and 2-15 % B in 10 mins was used 

for this purpose. Fig 33, shows the overlay of chromatograms of the repair of CPD after 

different blue light exposure times from 0 mins to 15 mins. The formation of parent peak 

can be clearly seen at ~ 30 mins confirming that the ~ 20 min peak contained CPD.  

 

6.4.3 Analysis of 11-mer CPD Using PLRP-S Column 

         The analysis of 11-mer CPD was done by using 0.1 M TEAA with 8 % ACN 

(mobile phase A) and 100 % ACN as mobile phase B. A gradient of 2-8 % B in 30 mins 

and 2-15 % B in 10 mins was used for this purpose, which is similar to the method for 

C18 chromatography. Fig 34 shows the overlay of chromatograms of formation of CPD 

at 5 min irradiation, purified parent and CPD. The retention time of CPD and parent in 

the 5 mins irradiation time is similar to the purified parent and CPD peaks. The 5 min 

UV-irradiated sample was directly loaded onto the column (20 µL injection) and the 

retention time of the CPD and Parent were compared to determine the degree of 

separation using a PLRP-S column. Separation of CPD and parent was achieved in ~ 12 

mins. Even though the separation is ~ 3 times faster, than obtained using C18 the 

separation was not very clean as compared to the C18 column. An optimization of the 

separation might give a cleaner separation by compromising the time.  
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6.4.4 Repair Assay of 11-mer Using PLRP-S Column 

         The 11-mer repair assay on PLRP-S was done using 0.1 M TEAA with 8 % ACN 

(mobile phase A) and 100 % ACN as mobile phase B. A gradient of 2-8 % B in 30 mins 

and 2-15 % B in 10 mins was used for this purpose, similar to the repair assay of the 11-

mer on the C18 column. Fig 35, shows the chromatograms for the repair of CPDs after 

different blue light irradiation times ranging from 0 mins to 15 mins. The formation of 

parent peak was clearly seen at ~ 6 mins and increased with irradiation time. The analysis 

time was much faster with PLRP-S when compared to C18 column, as indicated above. 

 

6.4.5 Separation of 63-mer Parent and Photoproducts Using C18 Chromatography 

         When the 63-mer was analyzed using C18 column, there was no separation of the 

CPD and the parent. Different parameters were optimized to achieve the separation of 

photoproducts (Fig 37).When a gradient similar to the 11-mer was used, there was no 

separation of photoproducts (Fig 37, green plot). Different gradients were used (Fig 38) 

to improve the separation but gradient changes were ineffective in resolving the CPD and 

parent. 0.1 M TEAA (mobile phase A) and 100 % ACN (mobile phase B) with higher 

amounts of ACN was used which eluted the DNA but no separation of CPD and parent 

was observed (Fig 37, red plot). The Flow rate and was changed to see if longer retention 

time on the column would separate the photoproducts, but as seen in Fig 39, no 

separation was achieved. Fig 40 shows the effect of injection volume on separation of 

CPD and parent using C18 column. Even though less amount of sample was loaded with 

decrease in injection volume, there was no effect on resolution.  
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6.4.6 Analysis of 63-mer Using the PLRP-S Column   

6.4.6.1 Analysis of 63-mer CPD Using PLRP-S Column    

         A clean separation of parent and CPD 63-mer was effected by the PLRP-S matrix. 

Separation of photoproducts by PLRP-S was observed with in ~ 25 mins. However, the 

broad elution peaks probably obscure the presence of other photoproducts (Fig 34). 

However the bases surrounding the T-T site in the 11-mer are different from the 63-mer 

(-AGTTGG- vs -CCTTAC-). The Fig 41, shows the chromatograms for different 

irradiation times ranging from 0-30 mins. Separation of photoproducts of 63-mer was 

acheived using 0.1 M TEAA, 5 % ACN (mobile phase A) and 0.1 M TEAA, 50 % ACN 

(mobile phase B) with a gradient 12.5 % to 14.5 % B in 40 mins. A separation of CPD 

and parent was achieved in ~ 25 mins (Fig 41). The formation of CPD peak can be 

observed at ~ 19 mins with a consistent decrease in the parent peak can also be noticed.  

 

6.4.6.2 Repair Assay of 63-mer Using PLRP-S Column    

         Fig 42, shows the overlay of different irradiation times from 0-15 mins. Separation 

of photoproducts of 63-mer was achieved using 0.1 M TEAA, 5 % ACN (mobile phase 

A) and 0.1 M TEAA, 50 % ACN (mobile phase B) with a gradient 12.5 % to 14.5 % B in 

40 mins. A separation of CPD and parent was achieved in ~ 28 mins (Fig 42). The 

formation of Parent peak can be observed at ~ 25 mins with a concomitant decrease of 

the CPD peak, as expected. The CPD is not repaired in 15 mins for the 63-mer whereas a 

total conversion is achieved in 8 mins (Fig 35) for 11-mer. this can be attributed the 

higher amount (~ 3 times, 0.27 for 11-mer while 0.7 nmoles for 63-mer) of the CPD used. 
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         To achieve a baseline separation different parameters were evaluated (Fig 36). 

Different mobile phases (Fig 43) were used to get a better separation. Mobile phase A 

was kept constant, 0.1 M TEAA, 5 % ACN, while mobile phase was changed as shown in 

Fig 43. Better separation was achieved with 0.1 M TEAA, 5 % ACN (mobile phase A) 

and 0.1 M TEAA, 50 % ACN (Fig 43). Different gradients were used to further increase 

the separation as shown in Fig 44. While gradient changes were ineffective on C18, the 

resolution for PLRP-S was very sensitive to gradient changes. When flow rate was 

changed the retention time was increased with decrease in the flow rate as expected, but 

there was no increase in resolution (Fig 45). Even though the decrease in injection 

volume (Fig 46), increased resolution as the amount of sample loaded onto the column 

was decreased, the required baseline separation could not be achieved. The analysis using 

different gradients, flow rate and injection volume was performed by using 0.1 M TEAA, 

5 % ACN (mobile phase A) and 0.1 M TEAA, 50 % ACN (mobile phase B) to achieve a 

better separation.  

 

6.5 Conclusion 

         This work demonstrates the first separation of parent and CPD formed by UV 

irradiation for shorter (11-mer) and a longer (63-mer). A faster separation (within ~ 10 

mins) was achieved for a 11-mer by PLRP-S column. Even though the separation was 

much cleaner, a longer run time was required for C18. A comparatively inferior 

separation was achieved in PLRP-S, but no separation was seen in C18 for the 63-mer. 

Therefore, C18 can best be used for small length DNA while PLRP-S can be applied for 
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longer length DNA as it is more hydrophobic than C18 column. Parameters can still be 

optimized for a baseline separation. 

 

 

 

 

 

         

Figure 28:
219

 Structures of the UV-induced DNA lesions. R, H or CH3. 
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Figure 29:
227 

CPD repair mechanisms, NER and with photolyase. 
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Figure 30.
229 

Principle of reversed phase chromatography. 

 

 

 

 

Figure 31.
230 

Chemical structure of C18 (1) and PLRP-S (2) columns. 
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Figure 32: Analysis of 11-mer CPD using C18 HPLC column. Mobile Phase: A: 0.1 M 

TEAA + 8 % ACN; B: 100 % ACN; Gradient: 0-2 % (B) in 30 mins, 2-15 % (B) in 10 

mins; Overall Change in (B): 8-10 %: 0.067 %/min.  
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Figure 33: Repair analysis of 11-mer using C18 column. 0.1 M TEAA with 8 % ACN 

(mobile phase A) and 100 % ACN as mobile phase B. A gradient of 2-8 % B in 30 mins 

and 2-15 % B in 10 mins; Overall Change in (B): 8-10 %: 0.067 %/min. 
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Figure 34: Analysis of 11-mer using PLRP-S column. Mobile Phase: A: 0.1 M TEAA + 8 

% ACN; B: 100 % ACN; Gradient: 0-2 % (B) in 30 mins, 2-15 % (B) in 10 mins; Overall 

Change in (B): 8-10 %: 0.067 %/min.  
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Figure 35: Repair analysis of 11-mer using PLRP-S column. 0.1 M TEAA with 8 % ACN 

(mobile phase A) and 100 % ACN as mobile phase B. A gradient of 2-8 % B in 30 mins 

and 2-15 % B in 10 mins; Overall Change in (B): 8-10 %: 0.067 %/min. 

 

 

 

Figure 36: Different parameters were optimized to achieve the separation of CPD and 

Parent using C18 and PLRP-S columns. 
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Figure 37: Analysis of 63-mer by C18 by using buffer 0.1M TEAA, 5% ACN (A) and 

(B) as mentioned in the Fig with a gradient 12.5 % - 15.5 % (B) in 40mins; Overall 

change: 3 % in 40 mins; 0.075 %/min. 

 

 

 

 

CPD+Parent 

CPD+Parent 
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Figure 38: Different gradients used for the separation of CPD and parent using buffer 

0.1M TEAA, 5% ACN (A) and 0.1M TEAA, 50% ACN (B) with gradient as mentioned 

in the figure. 

 

 

 

 

 

CPD+Parent 
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Figure 39: Effect of change in flow rate on resolution using C18 column using buffer 

0.1M TEAA, 5% ACN (A) and 0.1M TEAA, 50% ACN (B) with a gradient 12.5 % - 

14.5 % B in 40 mins; Overall Change (B) 2% in 40mins; 0.05 %/min. 

 

 

 

 

 

 

CPD + Parent 
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Figure 40: Effect of injection volume on resolution in C18 column using 0.1M TEAA, 

5% ACN (A); 100 % ACN (B) with a gradient 12.5-15.5 % in 60 min. Overall change 

(B) 3 % in 60 min. 0.05%/min. 
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Figure 41: Analysis of 63 mer CPD using PLRP-S column. 0.1 M TEAA, 5 % ACN 

(mobile phase A) and 0.1 M TEAA, 50 % ACN (mobile phase B) with a gradient 12.5 % 

to 14.5 % B in 40 mins. Overall Change in (B): 3 % in 40 mins; 0.075 % change/min.  
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Figure 42: Repair assay analysis of 63-mer using PLRP-S column. 0.1 M TEAA, 5 % 

ACN (mobile phase A) and 0.1 M TEAA, 50 % ACN (mobile phase B) with a gradient 

12.5 % to 14.5 % B in 40 mins. Overall Change in (B): 3 % in 40 mins; 0.075 % 

change/min. 

 

 

CPD                            Parent 
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Figure 43: Effect of change in mobile phase on resolution. 0.1 M TEAA, 5 % ACN 

(mobile phase A) and mobile phase B as mentioned in the figure with a gradient 12.5-

15.5% (B) in 40mins. Overall Change in (B): 3 % in 40 mins; 0.075 % change/min. 

 

 

CPD + Parent 

CPD    Parent 
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Figure 44: Different gradient methods used to get a better separation of 63-mer using 

PLRP-S. 0.1 M TEAA, 5 % ACN (mobile phase A) and 0.1 M TEAA, 50 % ACN 

(mobile phase B) with gradient as mentioned in the figure. Overall Change in (B): as 

mentioned in the figure (% change in the figure with respect to each gradient). 

 

 

 

CPD + Parent 

CPD Parent 



140 

 

 

Figure 45: Effect of flow rate on resolution. 0.1 M TEAA, 5 % ACN (mobile phase A) 

and 0.1 M TEAA, 50 % ACN (mobile phase B) with a gradient 12.5-15.5% (B) in 

40mins. Overall Change in (B): 3 % in 40 mins; 0.075 % change/min. 
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Figure 46: Effect of injection volume on resolution. 0.1 M TEAA, 5 % ACN (mobile 

phase A) and 0.1 M TEAA, 50 % ACN (mobile phase B) with a gradient 12.5-15.5% (B) 

in 40mins. Overall Change in (B): 3 % in 40 mins; 0.075 % change/min. 
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CHAPTER 7: SUMMARY 

 

          Development of novel methods like GEITP, GEITP-CZE for the rapid separation 

of amino acids is successfully demonstrated in this thesis. In Chapter 2, a first example of 

coupling GEITP to a low-cost conventional UV detector for sensitive amino acid 

measurement was described. Analysis times of less than 6 mins with mid-nanomolar 

LODs were obtained for separation of Trp and Tyr.  

         The main advantages of GEITP-UV are it does not require multiple buffers  or 

voltage switches,  and exhibits better peak height reproducibility (<4% vs. 13% RSD). 

GEITP is the first method to demonstrate the measurement and applicability of the 

method to do assays from biological matrices like aCSF. A better understanding of the 

mechanism and improved optimization of the GEITP technique was provided by further 

experimental evidence. Increased enrichment and efficiency was observed when capillary 

I.D. was reduced.  However, path length dependent detectors cannot completely realize 

the full advantage in detection sensitivity. For resolution of analyte zones, fluorescence 

would allow for a wider selection of spacing ions, as many of these absorb in the UV. 

GEITP-UV cannot be applied in applications where analytes do not natively fluoresce, 

and require unconventional excitation sources like UV lasers.   

         When considering separation efficiency, it was proved that enrichment 

improvements realized by increasing the LE conductivity was superior to increasing the 

electric field strength. Degradation in efficiency was observed due to larger Joule 

heating
41 

across the total capillary at elevated potentials. The major advantages of the 

method in addition to rapid enrichment were the use of short column lengths and 
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continuous sample injection i.e., the elimination of defining an injection plug. As 

confirmed in a related technique, counter-flow rejection TGF
124

, the counter-flow can be 

utilized to remove potentially capillary fouling components, such as large proteins.  

         In Chapter 3, GEITP-UV is applied as an alternative method for sensitive amino 

acid assays from a variety of matrices. The present work shows the first separation of 

neurotransmitters in the high conductivity matrix aCSF using GEITP with a universal, 

low cost UV  detector. Sub micromolar LODs were achieved with an analysis time of less 

than 25 min. It is also concluded that the major factor which influence the enrichment is 

the ratios of current density to sample conductivity. This method can be applied to 

different matrices like urine or sea water as suggested by good separation in 20 % aCSF 

of the sample. 

         In Chapter 4, femtomolar detection limits of amino acids using short length 

capillaries without the use of spacer ions was achieved by combining GEITP with CE. 

The main advantage of this method is that the enrichment can be adjusted with the 

applied pressure and is not limited to the capillary volume. In this method, the separation 

is initiated outside the capillary column and is effective than loading larger volumes of 

sample into the column. A highly reproducible separation in native capillaries was 

obtained without requiring the elimination of EOF control through surface modification 

or additives and also eliminating the TE flushing step or field polarity inversion. 

Therefore, the migration order is also similar to the zones produced from GEITP under 

static hydrodynamic flow conditions. Both sensitivity and resolution can be adjusted by 

varying the hydrodynamic flow.  
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         In Chapter 5, a successful, rapid and high-throughput method for the labeling and 

detection of biogenic amines using MEKC-LIF was developed.  Sample loss was 

prevented by eliminating the filtration step. It was concluded that irrespective of 

nutritional stress, the levels of amino acids remained unchanged. On comparing the 

ANOVA results of the RSD and average amount of amino acids, this method proved to 

be robust.   

         Chapter 6 demonstrates the separation of parent and CPD formed by UV irradiation 

for shorter (11-mer) and a longer (63-mer). A faster separation (within ~ 10 mins) was 

achieved for 11-mer by PLRP-S column. Even though the separation was much cleaner, a 

longer run time was required for C18.  A comparatively inferior separation was achieved 

in PLRP-S, but no separation was seen in C18 for the 63-mer. Therefore, C18 can best be 

used for small length DNA while PLRP-S can be applied for longer length DNA as it is 

more hydrophobic than C18 column. Parameters can still be optimized for a baseline 

separation. 
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