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7.4.3.2.1  Pressure
Pressure injections are performed by placing the inlet end of the capillary into the inlet vial and 
applying a pressure to the vial (Figure 7.7). When the sample vial is pressurized, the sample or gel 
is forced into the capillary. The volume injected is dependent on the duration and magnitude of 
the pressurization, solution viscosity, and capillary dimensions. After injection, an electric field is 
applied and the separation is initiated.

7.4.3.2.2  Vacuum 
Injections can also be made by applying a vacuum to the outlet vial while the capillary inlet is in 
the inlet vial (Figure 7.8). The material is pulled into the capillary. The volume of material injected 
depends on the size and duration of the vacuum applied, solution viscosity, and capillary dimen-
sions. After injection, an electric field is applied and the separation is initiated.

Capillary

Vacuum

Inlet vial Outlet vial

 Detector

FIGURE 7.8  During a vacuum injection, the inlet end of the capillary and cathode (reverse polarity) are 
placed in the sample vial and a vacuum is applied on the outlet vial pulling the sample, into the capillary.

Pressure

Capillary

Detector

Inlet vial Outlet vial

FIGURE 7.7  During a hydrodynamic pressure injection, the inlet end of the capillary and cathode (reverse 
polarity) are placed in the sample vial and a pressure is placed on the sample, forcing it into the capillary.
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7.4.3.2.3  Split Flow
The split flow injection uses an HPLC type syringe and an injection block that is connected to the 
capillary and split-vent tubing. The injection occurs through hydrodynamic pressure being applied 
by the syringe. As a result of this pressure, the sample is introduced into the capillary and the vent 
tubing. The advantage to this type of injection is that it does not require constant pressure across the 
capillary; however, the amount of sample lost during the injection is often ≥99%.

7.4.3.2.4  Considerations
To minimize siphoning or band broadening during pressure or vacuum injections, the liquid levels 
in the inlet and outlet vials should be kept the same. This is also true of each end of the column; 
they should be at the same height. Siphoning may cause irreproducibility in the injections produc-
ing errors in quantitation. Further, any variability or loss in pressure or vacuum during injection 
will deleteriously impact injection reproducibility, so a constant pressure or vacuum is required for 
reproducible results.

Hydrodynamic injections give reproducible results as long as the pressure or vacuum, solution 
viscosity, and capillary dimensions remain constant and the instrumentation permits. Because the 
volume injected is dependent on the viscosity of the solution, any changes in the temperature of the 
solution will affect the reproducibility of the injection. Most instruments today have addressed this 
issue with temperature-controlled sample compartments and capillaries.

In CGE, hydrodynamic injections are not typically used as the action of introducing pressure or 
a vacuum may extrude the gels from the capillary. Further, with vacuum injections, the gels may 
provide too much resistance for consistent volume delivery. As such, electrokinetic injections are 
typically used with CGE.

7.4.3.3 E lectrokinetic
Electrokinetic injections are performed by placing the inlet end of the capillary into the vial from 
which the injection is to be made, the outlet end of the capillary into a buffer vial, and applying 
a voltage across the circuit for a given period of time (Figure 7.9). After the solution is delivered, 

Capillary

Detector

Inlet vial
(cathode)

Power supply

Outlet vial
(anode)

− +

FIGURE 7.9  During an electrokinetic injection, the capillary inlet and the cathode are placed in the sample 
(inlet) vial and a voltage is placed across the system creating migration of the ions into and through the capil-
lary pass the detector to the anode.
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the inlet end of the capillary and the anode, and the outlet end of the capillary and the cathode 
are placed into buffer vials and a voltage is applied. In normal operating mode the inlet end of the 
capillary and the anode is in the vial from which the injection is to be made. In reverse operating 
mode the cathode is placed in the vial from which the injection is to be made and the polarity of the 
voltage reversed.

In normal mode neutral molecules are pulled into the capillary by the electro-osomotic flow. 
Ionic molecules are injected as a result of the electro-osmotic flow and their electrophoretic mobil-
ity. If the capillary has been treated, as is usually the case with CGE analysis of nucleic acids, to 
eliminate electro-osmotic flow effects and the cathode is at the detector end of the capillary, only 
cations are injected. The anions in solution are attracted to the anode that is in the inlet vial. As 
nucleic acids are negatively charged, reverse polarity is used.

7.4.3.3.1  Sampling Bias
Although electrokinetic mode of injection is primarily used for CGE as hydrodynamic modes of 
injection can extrude the gels from the capillaries, a sampling bias exists.50 It was demonstrated by 
Huang et al. that larger quantities of solutes with higher electrophoretic mobilities are injected dur-
ing electrokinetic modes of injection than solutes with lower electrophoretic mobilities (see Figure 
7.10). For example, if there are equal amounts of anionic, cationic, and neutral species in a sample 
solution, once the electric field is applied the most highly charged cationic species have the high-
est mobility and will therefore get introduced into the capillary first in greater abundance. The 
next highly charged cations will follow then neutral ions and finally the singly and doubly charged 
anions in that order. The amount injected of each type is dependent on the mobility of each type 
(see Figure 7.10). After the injection, the separation is initiated and the ions migrate as shown in 
Figure 7.10 in their respective zones. As shown in Figure 7.11, because there are different amounts 
of each type of ion in each band, or zone, smaller intensity peaks are obtained for the later eluting 
species having the lesser electrophoretic mobility. A hydrodynamic injection is shown below the 
electrophoretic injection for comparison. As hydrodynamic injection does not involve application of 
a voltage, it does not demonstrate a sampling bias; all of the ionic species are represented equally, 
again, assuming an equal amount of each ionic species. A bias of up to 56% has been reported.50

To correct for this sampling bias, Huang et al. divided the area response of each solute by a bias 
factor consisting of a ratio of the migration times of the solutes.50 The sampling bias caused by 
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FIGURE 7.10  Sampling bias. (a) Typical solution prior to electrokinetic injection; ions are equally dispersed. 
(b) Voltage is applied; migration begins. Smaller more highly charged species migrate faster; so more of this 
type are introduced. (c) Unequal amounts of each component are introduced into the capillary and migrate as 
such when the voltage is applied during separation.
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differing electrophoretic mobilities is easily corrected if the samples are diluted in the same diluent 
and are of the same approximate concentration. As stated previously, the electro-osmotic flow of the 
solution and the electrophoretic mobility of the ionic species are affected by the diluent composition 
and concentration. So if there are variations in the diluent composition, such as salt type or concen-
tration, the peak area responses will change significantly for electrokinetic injections as compared 
to hydrodynamic injections (Figure 7.11). One way to correct or minimize sampling bias is to dilute 
all samples with a large volume of running buffer making each sample more similar. However, this 
may result in dilution of the samples below the limit of detection or quantitation of the method. 
Others51 have added a small amount of a concentrated, nondetected ion to the samples to yield 
samples with similar conductivities to reduce sampling bias as a result of electrokinetic injections. 
Another approach to reduce sampling bias is through the use of internal standards.52,53

Another issue with electrokinetic mode of injection is the depletion of the sample. With electro-
kinetic injections a larger amount of high-mobility solutes are removed upon injection as compared 
to lessor mobility solutes. If the samples are dilute, then multiple injections from the same vial can 
deplete the high-mobility solutes, thereby changing the makeup of the samples. It is recommended 
that one injection be performed from each vial.

7.4.4 S ample Size/Concentration Considerations

The length of the injected sample “band” is more important than its actual volume. The band should 
be as small as possible to reduce or minimize band spread resulting in loss of efficiency and resolu-
tion. Terabe et al.54 demonstrated that the best efficiency was achieved with a sample band of <0.8 
mm in width when using a 50 μm ID, 50 cm length column. This points to a sample band of <1% 
of the total capillary length to achieve optimal efficiency and resolution.55 In general, the smallest 
volume that yields detectable peaks should be injected for maximum efficiency.

Of course, sample concentration also impacts efficiency and resolution. Mikkers et al.56 demon-
strated that the best peak shape and resolution was achieved when the sample concentration was on 
average 100 times less than the concentration of the run buffer. They showed that the presence of 
high concentrations of solute ions may distort the electric field in the capillary, causing distortion 
of peak shapes.

Electrokinetic injection

Hydrodynamic injection
Time

FIGURE 7.11  Depiction of electrophoretic separation with a sample containing equal amounts of cations, 
anions, and neutral species employing electrokinetic injection. As more highly charged species are introduced 
into the capillary and travel faster, the first peak demonstrates a greater response than subsequent lesser 
charged species or those having a larger size-to-charge ratio resulting in the top electropherogram. When 
hydrodynamic injection is employed, all components of the sample solution are introduced into the capillary 
equally and demonstrate equal responses as shown in the bottom electropherogram.
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7.4.5 S ample Preparation

To avoid any interference or obstruction from small particles, samples, gels, and buffers should be 
filtered or centrifuged prior to introduction into the capillary. Oligonucleotides should be diluted in 
the run buffer or a diluent that is less viscous than the run buffer. For analyses employing electroki-
netic injection modes, sample/standard solutions should be prepared in water since all cations will 
enter the capillary and compete with each other reducing sensitivity. Figure 7.12 demonstrates how 
significantly the response is reduced by the presence of salt cations in the sample, further validating 
the need for desalting before injection.

7.4.6 D etector Selection

7.4.6.1 UV -Vis and Laser-Induced Fluorescence
Selection of the detector is based upon the oligonucleotide being analyzed. As oligonucleotides are 
chromophores, most single-stranded and duplex oligonucleotides are analyzed using UV-Vis detec-
tion using a wavelength, typically, of 254 nm. However, CGE with laser-induced fluorescence (LIF) 
detection has found great utility in, specifically, PCR and plasmid DNA analysis as it is 10,000 
times more sensitive than UV.57 Although LIF detection can be affected several ways, the most pop-
ular employs intercalating dyes and an Argon LIF detector with an excitation wavelength of 488 nm 
and an emission wavelength of 530 nm. Ethidium bromide (EtBr) is one of the most common dyes, 
but monomeric and dimeric intercalators such as oxazole yellow (YO) and its homodimer (YOYO); 
tiazole orange-thiazole blue heterodimer (TOTAB) and others have been used. Most detection and 
derivatization approaches are covered in a review article by Szulc et al.58 These modes of detection 
are relatively stable, easy to use, and allow on-line column detection, which minimizes band spread-
ing and has direct, simple capillary-to-detector connections.

7.4.6.2  Mass Spectrometry
Separation and detection by CE, despite this technique’s advantages in analyzing length and purity 
of oligonucleotides, are often not sufficient for absolute identity determination of a given base 
sequence. For example, the verification of a certain base composition at a given length requires 
the determination of the molecular mass of an oligonucleotide. Molecular masses are determined 
by mass spectrometry (MS). During the past decade, MS has become an important tool in the 
analysis of oligonucleotides and can provide a basis for elucidation of length and sequence of 
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FIGURE 7.12  Top electropherogram represents a 26-mer single strand DNA prepared in PBS, while the bot-
tom electropherogram is the same DNA prepared in water at the same concentration and injection volume.
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FIGURE 7.13  Mass analysis of oligonucleotides. (a) Raw mass data spectrum measured in negative ion 
mode. Intensity is plotted over m/z values. Negative numbers indicate charge states of the detected ion signals. 
(–4 = 1682.6; –5 = 1345.9; –6 = 1121.4; –7 = 961.1; –8 = 840.9; –9 = 747.4) (b) Deconvoluted mass spectrum. 
Main signal at a molecular weight of 6735 Daltons.
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oligonucleotides.59–61 However, until recently, only a few reports were found presenting MS analysis 
of oligonucleotides in combination with CE techniques.59,62–65 Owing to its gentle properties on 
large biomolecules, the preferred ionization technique used for the analysis of oligonucleotides is 
electrospray ionization (ESI). During ESI ions are formed directly from a liquid solution, and there-
fore ESI-MS can be directly interfaced to CE.65–68 During the ionization process of ESI, multiply 
charged oligonucleotide ions are produced in the ion source. The resulting mass spectrum contains 
an envelope of peaks that correspond to ions with various charge states of a relatively low mass-to-
charge ratio (m/z < 2500) (Figure 7.13a). Computer algorithms can transform this spectrum to a zero 
charge spectrum to yield the molecular mass of the oligonucleotide, called a deconvoluted spectrum 
(Figure 7.13b).69,70 The coupling of CE and MS for the analysis of oligonucleotides combines the 
advantages of CE with the ability of the mass spectrometer to provide sensitivity and selectivity for 
the target oligonucleotide, sequence variations, and fragments thereof.

A number of reports have addressed the combination of CGE with MS detection. Barry et al.62 
and Harsch et al.63 coupled CE in a fused silica capillary coated with poly-(vinyl alcohol) and filled 
with a poly-(N-vinylpyrrolidone) matrix to negative ion ESI-MS for the analysis of short modified 
oligonucleotides. Freudemann et al.64 and von Brocke et al.65 reported the on-line coupling of CGE 
with negative ion ESI-MS for oligonucleotide analysis (up to 20 bases in length) using an entangled 
polymer solution, bis-Tris-borate buffer, and coated capillaries. 

In addition to CGE-MS techniques, applications using capillary zone electrophoresis (CZE) in 
combination with MS have been reported. CZE is by far the most frequent CE-mode applied in 
combination with MS detection, mainly due to the fact that volatile electrolytes, as required for sen-
sitive MS detection, are easily available for a broad pH range (<2 up to >12). The separation in CZE 
is based on different migration velocities (i.e., charge to size) and has been applied to a wide variety 
of analytes including oligonucleotides.71–74 Schrader et al.66–68 used CZE-negative ion ESI-MS and 
ESI-MS/MS in an ammonium carbonate buffer for the detection of oligonucleotides. Deforce et al.59 
investigated an on-line CZE-negative ion ESI-quadrupole time of flight (Q-TOF)-MS and reported 
single step desalting, separation, and characterization of oligos up to 120 bases in length using a 
25 mM ammonium carbonate buffer supplemented with 0.2 mM CDTA (pH 9.7).75 A quality control 
method for the characterization of oligonucleotides by CZE-ESI-Q-TOF-MS has been reported by 
the same group.76

One of the main challenges of the combination of CE with MS is the high affinity of cations such 
as sodium and potassium in the sample solution to the polyanionic backbone of the oligonucleotide, 
which leads to the formation of adducts during the ionization process. As a result, the analyte ions 
are dispensed among multiple adduct ions, leading to highly complex spectra and low sensitivity of 
the mass measurements. Effective removal of these cations is required to obtain satisfactory sensitiv-
ity and peak resolution in the mass spectra. One approach to remove the sodium and potassium ions 
associated to the oligonucleotide is to use an excess of ammonium ions as competing agent. Because 
of their lower affinity to the negative charges at the sugar-phosphate backbone the ammonium ions can 
dissociate from the analyte during the electrospray process thereby avoiding adduct formation.77–80 

Another approach to remove unwanted cations from the sample is through the use of a chelat-
ing agent, such as trans-1,2-diaminocyclohexane-N,N,N′,N′-tetraacetic acid (CDTA) as it has been 
described first by Limbach et al.81 and has been further used by other groups.59 

Another challenge of CE is the limited volumes of sample that are typically loaded into a capil-
lary. When the sample is not preconcentrated during loading, low sample volumes can result in 
reduced sensitivity. Several methods for preconcentration of the sample during the loading process 
into the capillary have been described. Sample stacking with transiently reversed polarity, origi-
nally proposed by Burgi and Chien,82 can accomplish a signal enhancement of a factor of several 
hundred as compared to the classical use of the CZE. This technique removes the sample buffer 
prior to separation of the analytes by applying a high voltage with reversed polarity immediately 
after loading the sample. A prerequisite is that the sample is dissolved in a solution of lower conduc-
tivity than that of the CZE buffer. Because the nature of the stacking process, the method lends itself 
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particularly well for the analysis of negatively charged species as oligonucleotides.59,62,83,84 Using the 
sample stacking technique the unequivocal identification of low amounts (approximately 100 pmol/
μL) of oligonucleotides of 24 base lengths was feasible.76

Recently, Feng et al.85 described a CZE-MS application using a pressure assisted electrokinetic 
injection (PAEKI) technique, which uses external pressure to counterbalance the electro-osmotic 
flow (EOF) during sample introduction. Using PAEKI, single- and double-stranded oligonucle-
otides of up to 20-mer length could be loaded onto the capillary with a concentration enhancement 
of 300–800 times, allowing the identification of oligonucleotides at a low micromolar concentra-
tion. The dynamic linear range of the method was described to be in the range of approximately 
2 orders of magnitude.

Combinations of CGE or CZE with mass spectrometry have been reported to be rapid, low cost, 
and reliable methods suitable for the quality control of oligonucleotides after synthesis. A compre-
hensive review of the different techniques can be found in a review article by Deforce et al.86

7.5  Applications

Capillary gel electrophoresis has found multiple applications within the realm of oligonucleotide anal-
ysis in denaturing and nondenaturing applications and purity and content applications. Denaturing 
gel-filled capillaries are utilized mainly to separate short (up to several hundreds of bases) linear 
single-stranded DNA or RNA molecules based primarily on length while nondenaturing gels are used 
to separate longer double-stranded or structured polynucleotides (conjugates, plasmids, etc.). 

7.5.1 D enaturing CGE

Applications of denaturing CGE include the purity determination of unmodified and modified DNA 
and RNA oligonucleotides in the length range of 10–60 bases for therapeutic molecules or several 
hundred bases in sequencing applications. Purity determination by CGE has almost become com-
monplace as evidenced by the increasing presence of application notes, booklets, and publications 
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FIGURE 7.14  A capillary gel electropherogram metabolite profile resulting from analysis of a liver sample 
taken at 24 hours after intravenous administration. (A) intact CGP 69846A (20-base phosphorothioate oligo-
nucleotide); (B) N+1 metabolite (seen only in tissue); (C, D) 1 and 2 base deletions, respectively; T27, 27-base 
phosphorothioate oligonucleotide quantitative internal standard. (From Geary, R. S., Leeds, J. M., Fitchett, J., 
Burckin, T., Truong, L., Spainhour, C., Creek, M. and Levin, A. A., Pharmacokinetics and metabolism in mice 
of a phosphorothioate aligonucleotide antisense inhibitor of C-RAF-1 kinase expression, Drug Metabolism 
and Disposition 25, 1272–1281, 1997. With permission.)
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available from manufacturers, vendors, and others. These items have become valuable tools in the 
development of new approaches for the separation of more complex oligonucleotides and the separa-
tion of oligonucleotides in more complex matrices.

As CGE purity applications are on the rise so are quantitative applications. Several quantitative 
applications of CGE for the analysis of antisense ODN, immunomodulatory ODN or RNA have 
been described within the past 15 years. Leeds and others6,87–97 have used CGE extensively for the 
quantitation of therapeutic oligonucleotides and their chain-shortened metabolites in bioanalytical 
applications (Figure 7.14). Chen et al.98 demonstrated perhaps the first use of CGE for the quan-
titation of free and encapsulated oligonucleotides in liposome formulated drug products. Using 
eCAP™ ssDNA R-100 Gel and eCAP™ DNA capillary under denaturing conditions, they were able 
to quantitatively determine the amounts of free and encapsulated active pharmaceutical ingredient 
in the liposome to ensure consistent formulation behavior.

7.5.2 N ondenaturing or Native CGE

Another attractive use of CGE is under nondenaturing or native conditions. For nondenaturing 
gels, linear polyacrylamide monomers, or alkylcelluloses (e.g., hydroxypropylmethyl cellulose) are 
polymerized without urea, DMSO, or formamide. Parameters like duplex content or conjugation effi-
ciency can be determined using native CGE in addition to the determination of secondary structure 
differences and the separation of double-stranded DNA such as restriction fragments.23 However, 
when attempting to separate double-stranded DNA, lower concentrations of the gels are used as 
the resolution of larger molecules increases with increasing polymer chain length and decreasing 
concentration.13,34,99 Applications involving the purity and size determination of duplex oligonucle-
otides and evaluation of the parameters that affect the determination of these items are detailed in 
an Agilent application by Cavender and Heiger.100 In this paper, they show the effects of applied 
voltage, capillary length, and gel concentration on the separation of 15 pGEM DNA fragments that 
range from 36 to 2645 bp. Size determination was performed using Ferguson plots.

Other nondenaturing applications include quantification of plasmid structures using neutrally 
coated fused silica capillaries filled with replaceable 0.1% HPMC gels in combination with a Tris/
borate/EDTA buffer-system (e.g., 100 mM Tris-boric acid, 2 mM EDTA, pH 8–8.5). Samples are 
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FIGURE 7.15  CGE analysis of different plasmid topologies of pUC19 plasmid DNA (2.7 kb) using 0.1% 
HPMC, DB-17 coated capillary, and TRIS/Borate/EDTA buffer with LIF detection. (A,B) CCC forms (mono-
mer and dimer); (C,D) Linear forms (monomer and dimer); (E,F): OC forms (monomer and dimer). (Courtesy 
of M. Schleef, PlasmidFactory GmbH & Co., Bielefeld, Germany. With permission.)
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typically prestained with YOYO-1 intercalating dye and analyzed using an Argon laser. All plasmid 
structures can be separated as demonstrated by Schmidt et al.101 in Figure 7.15. The use of non-cross-
linked polyacrylamide (PAA) was presented by Hebenbrock et al.102 for studying plasmid DNA incor-
porated into the Escherichia coli hot cell. A 4% PAA gel was recommended for use as it demonstrated 
lower viscosity allowing for replacement. More recently, Boardman and Dewald103 demonstrated the 
use of eCAP™ dsDNA 1000 Gel with eCAP™ enhanced dye and eCAP™ DNA capillary for the 
separation of plasmid isoforms in 4.9 kb pGEM-luc plasmid. Baseline resolution of supercoiled, lin-
earized, open circular, and supercoiled dimer were achieved within 15 min (Figure 7.16).

Other CGE applications of note include viral load quantitation, DNA-protein interactions assess-
ments, and genotyping. Wei and coworkers104 adapted CGE-LIF to assess the quantification of viral 
load in patient specimens. Disease progression and drug therapy efficacy were evaluated. DNA-
protein interactions were investigated by Xian et al.105 using CGE. In a related note, sodium acetate 
content in antisense oligonucleotides was determined using CZE with reverse detection by Chen et 
al.106 And finally, CGE-LIF has been successfully applied to identify humans through the analysis 
of genetic markers as shown in Figure 9 of Ref. 107.
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FIGURE 7.16  Capillary gel electrophoresis analysis of a 1:1 mixture of linearized and untreated pGEM-
luc plasmid using eCAP™ dsDNA 1000 gel buffer diluted to 0.1X in TBE, eCAP™ LIFluor enhance stain, 
and eCAP™ DNA capillary 30 cm to detector. Detection employed an Argon laser at 488 nm excitation and 
520 nm emission wavelengths. (Courtesy of Beckman Coulter, Inc. http://www.beckman.com, Publication 
Number P-12584A.)
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7.6 S ummary

In this chapter we presented and gave background to different applications and assay conditions for 
the analysis of oligonucleotides by capillary electrophoresis. The reviewed methods can be appli-
cable for single-stranded, double-stranded, structured, or conjugated DNA or RNA molecules for 
therapeutic or diagnostic use in a quality control or drug development setting.

In the quality control of oligonucleotide diagnostics, cost, speed, and ease of use are of impor-
tance and can favor the use of a CE application over other high-resolution analytical methods. The 
development of oligonucleotide therapeutics requires generation and implementation of reliable, 
reproducible validated assays to ensure high-quality purity, and content determination to withstand 
the rigors of regulatory scrutiny. In recent years there has been significant progress in the develop-
ment of reliable, robust capillary gel electrophoresis assays for not only API’s but also increasing 
complex drug product formulations as evidenced by the increase in papers published on the subject. 
As such, CE has proven to be a powerful tool in continuing the progress of oligonucleotide thera-
peutics through the drug development pipeline, as well as oligonucleotides for diagnostic use, and is 
expected to continue to play a critical role in the future.
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