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Abstract

Capillary electrophoresis is a useful tool for the analysis of nucleotides. Methods have been optimized for both CZE and
MECC modes. A variety of CZE buffers, such as borate, carbonate and phosphate were used successfully. The pH of the
buffer changes the charge on the nucleotides. Therefore, the selectivity of the analytes can be controlled by the acidity of the
buffer solution. CE separations of nucleotides have been performed at all pH levels, in both CZE and MECC modes. SDS
was the most commonly used modifier in MECC separations, but other additives have been added to optimize selectivity. In
addition, nucleotides have been quantified in different matrices, including tissue and cell extracts and several DNA and RNA
sources. This paper summarizes the methods used for the optimization of nucleotides by CE and includes the most recent
techniques to improve selectivity, reproducibility and sensitivity. A summary of CE methods is used in analyses of
nucleotides in biological matrices is included. [0 1998 Elsevier Science BV. All rights reserved.
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1. Introduction

There is a critical need for nucleotide analyses in
many fields. Nucleotides are both precursors and
break-down products of DNA and RNA and they are
intrinsically involved with cell metabolism [1-16].
Nucleotide mutations have been linked to cancer and
genetic diseases [1-5,17]. Since some nucleoside
analogs are effective drugs in treating AIDS, cancer,
and other diseases their triphosphate metabolites
must frequently be monitored [1,6—10]. Thus, analy-
ses of nuclectides in body tissues and cells, are
widely used in biochemical, medical and pharma-
cology studies. In addition, nucleotides can produce
“off-flavors’ in foods and their concentrations must
be determined for quality control in the food industry
[13].

Nucleotides have been quantified by high-perform-
ance liquid chromatography (HPLC) for approxi-
mately 30 years. While HPLC analyses are effective,
they have limitations. The columns are expensive
and large amounts of the mobile phase are needed
for the anayses. The sample volume required is
relatively large, often between 10-100 wl. Column
equilibration in the ion-exchange and ion pairing
modes can be time consuming, with a total analysis
time of nearly an hour [1,2,6-9]. When radioactive
tracers are used to attain the desired sensitivity,
solvent disposal and personnel training costs are high
[6,7,10-12].

Nucleotides are easily separated by capillary elec-
trophoresis (CE) because of their negative charge.
Capillary electrophoretic methods are broadly classi-
fied into two main categories; capillary zone electro-
phoresis (CZE) and micellar electrokinetic capillary
chromatography (MECC or MEKC). Since two other
modes of separation, capillary gel electrophoresis
(CGE) [39] and isotachophoresis (ITP) [47] are not
widely used in the separation of nucleotides, the
focus of this review will be on separations by CZE
and MECC.

CE analyses are generally faster than comparable
HPLC analyses, the solvents used are inexpensive
buffer salts and smaller quantities of both buffer and
sample are required. CE is a flexible technique with
several separation and detection modes. Currently
researchers have used both MECC [8,14,15,17-27]
and CZE [1,2,4-6,9,12—14,16,18,28-44] modes to

separate nucleotides. As with HPLC, a variety of
detection methods, including UV [1,2,5,6,8,9,12—
16,19-37], fluorescence [4,18,38—40], mass spec-
trometry (MS) [5,17,42,43], and electrochemical
[33,43], methods have been used to quantify and/or
identify nucleotides and their analogs.

2. Nuclectide structure and charge calculations
2.1. Nucleotide structure

Nucleotides are easily analyzed by CE methods
because they are negatively charged in a pH range
from 2-12. Both the structures and the net ionic
charges on the molecule play a part in the selectivity
of the compounds. The structure of a nucleotide can
be divided into three parts; a purine or pyrimidine
base, a ribose sugar and from one to three phosphate
groups (Fig. 1).

The bases most commonly analyzed are the purine
and pyrimidine compounds associated with DNA and
RNA. The bases, adenine, cytosine and guanine are
the same in both DNA and RNA. In DNA, the fourth
base is thymine, and in RNA its complement is
uracil. In addition to these bases, two other nucleo-
tides, inosine monophosphate and xanthosine mono-
phosphate are frequently included in nucleotide
analyses (Fig. 2).

A nucleoside consists of a ribose sugar added to
the 9 carbon on a purine or the 3 carbon on a
pyrimidine. The nucleoside is in the ribose form if
there are hydroxyl groupsin the 2’ and 3’ positions.
The deoxyribose nucleoside only has a hydroxyl in
the 3’ position of the ribose (Fig. 1).

In a nucleotide there are one to three phosphate
groups in the 2', 3', or 5’ positions on the ribose of

C,)H 'OH (’)H
HO—P—0—p—0—P—0—CH

Fig. 1. Nucleotide structure: triphosphate shown. B=Purine or
pyrimidine base.
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Fig. 2. Structures of the purine and the pyrimidine bases of
nucleotides analyzed by CE.

the nucleoside. Above pH 6, each phosphate adds an
additional negative charge to the nucleotide; thus a
nucleoside triphosphate such as adenosine triphos-
phate, ATP, has a higher charge than its mono- or
diphosphorylated forms.

2.2. Nucleotide charge

The overal charge on a nucleotide can be derived
from the Henderson—Hasselbalch equation for acids:

pH=pK,—log (1/a—1) (1)

The charge on a nucleotide is complicated because
there are several pK, values associated with each
nucleotide [46]. The charge is based on the number
of phosphate groups present and the partial ionic

charges from the purine or pyrimidine base and the
sugar. The total charge on the nucleotide is calcu-
lated by adding the partial ionic charges determined
from the Henderson—Hasselbalch equation for each
pK, value [46]. The pK, values associated with the
ionization of the phosphate, base and sugar are listed
in Table 1.

The ionization of the first phosphate occurs at such
a low pH, below 1, that the nuclectide is charged
throughout the pH range of 20-12. Each additional
phosphate group has a pK, in the range of 6—7; thus
at neutral or high pH, the di- and triphosphorylated
forms of the nuclectides will have a higher overal
charge than a monophosphate.

The charge on the purine or pyrimidine base that
is determined by the pH of the buffer is primarily
responsible for the selectivity of the separation
between nucleotides that have the same number of
phosphate groups [46]. Since there is a wide range in
ionization constants for the base compounds, base
pK, can be used in the selection of a buffer.

Table 1
lonization constants of nucleotides
Nucleoside Phosphate Base Secondary
base form pK, phosphate
Adenosine 5 6.4

2 6.17

3 5.92
Deoxyadenosine 5 6.65
Cytidine 5 6.62

3 6.04
Guanosine 5 9.24 6.66

2 9.6 N/A

3 9.4 5.92
Deoxyguanosine 5 9.7 6.4

3 9.7 6.4
Uridine 5 95 6.4

3 9.43 5.88
Thymidine 5 10 6.5
Inosine 5 8.9 6.04
Xanthosine 5 57,111 N/A

Data from Ref. [59].
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The dissociation of the hydrogen from a sugar
moiety occurs at a pH greater than 12. Because a pH
range above 12 is higher than would normally be
used in a CE separation, very little of the overall
charge is due to the ribose portion of the molecule.
While there are slight differences in the pK, values
associated with the deoxyribose versus the ribose
form of the nucleotide, the bulk of the charge on the
nuclectide in the pH range of 2 to 11 is from the
base and phosphate groups. Therefore the overall
negative charge on a nucleotide provides the basis
for separation by CE.

3. Optimization of nucleotide analyses by CE

To develop and optimize CE analyses of nucleo-
tides, it is necessary to have an understanding of the
underlying principles of CE separations. Therefore, a
brief presentation of the theory and methods in-
volved in nuclectide separations will be presented.
Severa reviews and books are available which
provide more detailed discussions of CE theory
[14,48-53].

Method optimization involves maximizing the
experimental properties of selectivity, reproducibil-
ity, and sensitivity. Selectivity, which primarily
involves attaining the maximum resolution between
analytes is important when large numbers of analytes
are to be separated in a sample. Reproducibility is
needed especially when routine analyses are per-
formed and sensitivity is required for the analysis of
samples with low analyte concentrations. The theory
and experimental applications relating to each of
these optimization parameters will be presented.

3.1 Sdectivity

The goal of a selective analysisis baseline, or near
baseline separation of all the analytes of interest.
Buffer composition causes changes in both selectivi-
ty and resolution. Buffer pH plays a significant role
in CE because charge differences between analytes
drive electrophoretic based separations. However,
buffer composition, especialy in the MECC mode is
also important. The interaction of solutes with the
buffer may result in a changes in migration times and
elution order. Thus, the selectivity and resolution of

a separation can be controlled by the careful selec-
tion of buffer pH, buffer salts and modifiers. CE
separations of nucleotides have been performed in
both CZE and MECC modes under a variety of
conditions.

32 CZE

CZE separations are based on the relative migra-
tion of the negatively charged analytes to the posi-
tively charged anode and the attraction of the ionsin
the buffer for the negatively charged cathode. The
overall mobility of the electroosmotic flow (EOF)
must be greater than that of the anaytes, or the
analyte cannot be detected. Theoretically the velocity
of the anayte is

v=uE (2

where v is the ion velocity, u is the electrophoretic
mobility and E is the applied electric field [48]. The
fastest ions will be those with the highest mobility
and those exposed to the highest voltage. The term
M, is related to ionic charge and the ionic radius
based on the following equation:

p = q/6Anr (3)

where g is the ion charge, n is the solution viscosity
and r, the ionic radius. Under the same buffer
conditions of concentration, composition and pH, w«
is proportional to q/r [48].

The effective ionic mobility may be calculated
experimentally from the following eguation;

Me = LtLd /V(llta - 1/teof) (4)

where L, isthe total capillary length, L, the effective
capillary length (length of capillary to the detector),
V, the applied voltage, t,, the migration time of the
analyte and t., is the migration time of the EOF.
The resulting calculation yields a negative value for
mobility, because of the negative charge on the
nucleotide [48]. As the nucleotide moves against the
EOF, the least mobile species are eluted first, and
smaller, more negatively charged species are de-
tected last when bare capillary columns are used.
The selectivity of nucleotide separations by CZE
is based on buffer pH and composition. Buffer pH is
important, as it determines the ionic charge on each
nucleotide; thus the migration order expected at pH 3
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would be different from that achieved with a buffer
at pH 11. However, nucleotide separations by CZE
have been successfully performed under acidic,
neutral and basic conditions. For the separation of
nucleotides, acidic buffers have been used by many
researchers [2,21,28,30—33,37,41]. The buffers found
to be effective in the separation of nucleotides in the
pH range of 2-6 included salicylic acid/sodium
sdlicylate [37], acetic acid [31], ammonium acetate
[41], sodium phosphate [21], sodium formate [28]
and Tris—HCI [2,32,33]. Madifiers such as EDTA,
acetonitrile or methanol had to be added to obtain
adequate resolution.

The use of a neutral buffer for nucleotide sepa-
rations by CE has been reported. In 1988, Tsuda et
al. [34] used sodium phosphate buffers in the range
of 6-8 to separate 5’'-ribonucleotides in guinea pig
organs. Dawson et a. [22] also used a sodium
phosphate buffer with a pH of 6.6 in a separation of
impurities from the phosphonate analogue of ATPR,
FPL 67085XX. The addition of methanol and EDTA
were needed to achieve adequate resolution of the
nucleotide analog from its monophosphate, nu-
cleoside and base.

Alkaline solutions are widely used buffers for
nucleotide separations [1,2,4-6,12,16,18,19,29,30,
35,36,40,44,46,54]. Alkaline buffers provide a stable
EOF; thus coated capillaries are not needed to
eliminate or stabilize the EOF. Since the capillary is
already preconditioned to an akaline environment,
capillary equilibration time after a NaOH rinse is
minimal [1,6,46]. In addition, the EOF is fast, and
higher buffer concentrations can be used to eliminate
band broadening that occurs if the ionic strength of
the sample matrix is higher than that of the buffer
[5,6]. Because the second and third phosphate ioniza-
tions occur in the pH range of approximately 6—7,
differences in migration time for monophos-
phorylated versus triphosphorylated forms of a
nucleotide with the same base structure were higher
under alkaline conditions than with an acidic buffer.
In addition, alkaline buffers provide better separation
of a monophosphorylated nuclectide from its di- and
triphosphorylated forms due to the additional ioniza-
tion that occurs above pH 6 (Table 1).

Sodium borate was the most commonly used
alkaline buffer for nucleotide separations by CE
[4,9,12,16,35,36,45]. Pentoney et a. [44] used a

borate buffer, with a pH of 8.1 to separate radio-
labeled AMP from ATP and GTP. Ng et da. [9] aso
used sodium borate but at a pH of 9.4, to separate
5’-ribonucleotides in human blood cells. The nucleo-
tides were identified by spiking the sample with
standard nucleotides and observing comigration. A
20 mM sodium borate buffer, pH 9.24, was used by
Liu et al. [35] to analyze pig feed for IMP and GMP.
While these researchers used sodium borate buffers
successfully in their separations, other investigators
found that a modifier was needed with the borate
buffer to achieve adequate resolution. Li et al. [4]
separated four fluorescein labeled deoxynucleotides,
dAMP, dCMP, dGMP and dTMP with a 10 mM
Tris—borate buffer at pH 8.7. The addition of 10%
acetonitrile improved the peak shape. Although
Uhrova et a. [36] used a phosphate/ borate buffer to
separate twelve 5'-ribonucleotides, Norwood et al.
[16] determined that borate buffers alone provided
inadequate resolution for the separation of the four
ribonucleoside monophosphates and used sodium
carbonate to separate DNA adducts.

While not as widely used as sodium borate,
sodium and ammonium carbonate buffers are becom-
ing more popular. Carbonate buffers provide a stable
baseline and adequate resolution for many nucleotide
analyses. Geldart and Brown [45] separated the
twelve 5'- ribonucleotides with a 30 mM sodium
carbonate/ bicarbonate buffer at pH 9.5 with baseline
resolution of al twelve peaks (Fig. 3). Finaly,
DeForce et al. [5] took advantage of the volatility of
ammonium carbonate and interfaced a CE with MS
for the separation and detection of DNA adducts.

Other buffers used for high pH separations of
nucleotides include glycine [19], ammonium acetate
[41], and 3-(cyclohexylamino)-1-propanesulfonic
acid (CAPS) [13,43]. Tadey and Purdy [19] sepa-
rated 12 2',3’, and 5'-ribonucleoside monophos-
phates in 15 min with basdline resolution with a
glycine buffer at pH 9 (Fig. 4). The addition of
borate and B-cyclodextrin complexing agents were
necessary to obtain good resolution. Wolf and VVouros
[40] used a volatile ammonium acetate buffer in the
analysis of DNA adducts by CE-MS and Luong et
al. [43] and Nguyen et al. [13] used CAPS buffers to
analyze for hypoxanthine, inosine and IMP in fish
tissue.

Although the pH of the buffer is an important
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Fig. 3. CE separation of twelve 5'-ribonucleotides. The separation
conditions were 30 mM sodium carbonate/ bicarbonate buffer, pH
9.5, hydrostatic injection for 10 s, voltage 18 kV. The migration
order of the nucleotides was, 1=AMP, 2=CMP, 3=ADPR, 4=
GMP, 5=CDP, 6=ATPR, 7=UMP, 8=CTP, 9=GDP, 10=GTR,
11=UDP, and 12=UTP. Reprinted with permission from Ref.
[45].

factor in the separation of nucleotides, the relation-
ship between the experimental mobility and the
theoretica mobility is not fully understood. The
ionic charge, g, can be directly calculated from the
pK, of the anaytes and the pH of the buffer using
the Henderson—Hasselbalch equation [45]. The ionic
radius is dependent on factors such as molecular
mass and interactions of the solute with the buffer.

Differences in the migration order of nucleotides
based on charge-to-molecular mass ratios have been
reported [19,36,38,46]. In 1988, Kuhr and Yeung
[38] determined that there was good agreement
between elution order and the theoretical mobility

10

PR |

5 1 15
Migration Time (min)

Fig. 4. CE separation of 12 nucleotides based on complexation
with borate and B-CD, pH 9. Peaks: 1=3-AMP; 2=2'-AMP,
3=3'GMP; 4=3'-CMP; 5=2'-CMP; 6=2'-GMP; 7=3-UMP,
8=2-UMP; 9=5-AMP; 10=5-GMP; 11=5-CMP; 12=5"-
UMP. Reprinted with permission from Ref. [19].

calculated from the Henderson—Hasselbalch equation
with a sdlicylate buffer at pH 3.5. They concluded
that there were minimal interactions between the
analytes and either the capillary wall or the buffer
components under these conditions. In 1997, Geldart
and Brown [45] determined that a linear relationship
existed between experimental mobility and charge to
mass ratio under alkaline conditions. The correlation
between experimental mobility and /M calculated
using the Henderson—Hasselbalch equation for 12
5’-ribonucleotides was 0.974 when a 30 mM sodium
carbonate/ bicarbonate buffer at a pH 9.5 was used.
They found similar correlations existed for other
nucleotide analyses throughout the pH range of 9-11
and a buffer concentration of 30—50 mM. However,
the migration order found by Uhrova et a. [36] when
a phosphate/ borate buffer in the same pH range was
very different from that of Geldart and Brown (Fig.
5). The analysis with the carbonate buffer resulted in
a migration order of monophosphates followed by
diphosphates and finally the triphosphates. However,
when a borate/ phosphate buffer was used the migra-
tion order became monophosphates followed by
triphosphates and finally diphosphates. Uhrova ex-
plained the unusual order as the result of incomplete
ionization of the triphosphates as would be calcu-
lated from the Offord parameter expressed as the
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Fig. 5. Electropherogram of an 11-membered mixture of nucleoside-5'-phosphates. Conditions: individual sample concentration 10 pg/ml.
Buffer: 0.02 M phosphate—borate buffer, pH 10, 70 cm capillary, voltage: 20 kV, 1 s hydrodynamic injection, detection at 254 nm. Peak
identification: 1=GMP, 2=AMP, 3=CMP, 4=GTP, 5=UMP, 6=ATP, 7=UTP, 8=GDP, 9=ADP, 10=CDP, 11=UDP. Reprinted with

permission from Ref. [36].

ratio of the molecular mass (M,) of the solute and the
effective charge (2) of the particle in the form M?'®/

Z
3.3 MECC

Buffer composition becomes more complex when
MECC is used. Originaly developed to separate
neutral compounds by CE, MECC has aso been
found to be useful in the separation of charged
compounds [48-53]. The addition of a surfactant,
usually sodium dodecyl sulfate (SDS), to the buffer
creates micelles within the buffer which act as a
chromatographic stationary phase. Thus, in addition
to the charge to mass based electrophoretic sepa-
ration, chromatographic partitioning is also present.

The capacity factor for the electrophoretic separation
is determined from the following equation [48].

K' =(t, —to)/to(1 — t, /1) (5)

where k' is the capacity factor, t, the migration time
of an unretained solute, t,, the migration time of the
analyte, and t,, the migration time of the micelle.
The formula is similar to that of a chromatographic
separation, except for the introduction of the migra-
tion time of the micelle, which is included to account
for the movement of the ““ stationary phase” through
the capillary.

MECC has been used in the separation of nucleo-
tides by CE [8,14,15,17—27]. The most widely used
buffer is a combination of phosphate and borate salts
with 10-100 mM of SDS added as a surfactant
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[15,17,20,22,23,25,27]. Plate counts for these analy-
ses are often very high. Row and Raw [20] achieved
170 000 theoretical plates/m for a separation of four
deoxyribonucleoside triphosphates and Wang et al.
[24] separated four ribonucleoside monophosphates
with a plate count of 65000. An analysis of eight
isomeric forms of 3’-ribonucleoside monophosphates
and 2’'-deoxy-3'-ribonucleoside monophosphates by
Lecoqg et al. [17] had a plate count of 237 000
theoretical plates/m. Thus, the addition of a chro-
matographic partitioning phase resulted in a sepa
ration of these isomeric compounds which were not
fully resolved on a basis of electrophoresis alone.

Another advantage of MECC is that neutral and
charged compounds can be simultaneously separated.
MECC has been used to separate mixtures of neutral
nucleosides and charged nuclectides. Row et al. [25]
first used MECC in 1987 to separate four 2'-deoxy
5'-ribonuclectides from their  2’'-deoxyribonu-
cleosides. Lahey and St. Claire, 11l [23] separated
five neutral deoxyadenosine and deoxyguanosine
nucleosides and eight negatively charged deoxy-
adenosine and deoxyguanosine nucleotides from
AZT, a nucleoside analog in approximately 40 min.
With an optimized isocratic ion pairing reversed-
phase liquid chromatography (RP-LC) method only
half the compounds were resolved (Fig. 6a and b).

While SDS was the most commonly used surfac-
tant in MECC separations, dodecyltrimethylammon-
ium bromide (DTAB) was also used [8,35]. In
addition to creating micelles, DTAB coats the capil-
lary walls, causing the wall to be positively instead
of negatively charged [8]. The positively coated wall
results in a reversal of the EOF as the positively
charged micelles now migrate toward the cathode,
which is normally located at the buffer inlet. The
voltage polarity was reversed to reestablish the EOF
toward the detector. The addition of DTAB accom-
plished two goals; first, it minimizes the EOF,
making the separation more reproducible, and sec-
ond, it adds partitioning character to the buffer. Liu
et al. [35] and Loregian et al. [8] both used buffers
containing DTAB to separate nucleoside triphos-
phates.

In addition to the surfactant, buffer modifiers were
used to increase resolution or change selectivity.
Organic modifiers, such as isopropanol [20] and
acetonitrile [15,17] were used to increase the speed

of the analysis and obtain better peak shape. EDTA
[8,12,22] was also used, especially with buffers
containing borate, to enhance peak efficiency.

3.4. Reproducibility

The need for reliable, reproducible results is
critical in most analyses. In general, CE analyses
have been less reproducible than similar HPLC
separations. However, with better understanding of
CE methods and the use of coated capillaries, area
and migration time reproducibility in the separations
of nucleotides by CE was reported to be better than
1% [8,15,17,18,21].

The main causes of irreproducible results in CE
are the methods of injection, interactions of the
solute with the capillary wall, and build-up of wastes
in the buffer vials. Both electrokinetic and hydro-
dynamic injection methods have been used in CE
separations of nuclectides. While electrokinetic in-
jection is preferred for higher sensitivity, the repro-
ducibility is lower than when hydrodynamic injection
is used [17,21,47]. Capillary conditioning with either
HCI [20] or NaOH [1,2,4,5,8,17-19,36] was found
to increase both resolution and reproducibility by
providing the same surface conditions between runs.
In addition, frequent replenishment of both buffer
containers eiminated variations in ionic strength and
volume level between the inlet and outlet buffer
compartments resulting in more reproducible results
[5].

Capillary wall modifications have been used to
increase reproducibility. Silated capillaries, especial-
ly those coated according to the method by Hjertan
[54], have been found to increase reproducibility
[2,21,38]. Silylation also increased baseline stabiliza-
tion, and decreased noise and peak broadening.
Takigiku et al. [21] used silated capillaries to elimi-
nate the EOF; thus the mobility of the analyte was no
longer dependent on the EOF, resulting in a more
reproducible separation.

Other methods of eliminating the EOF involved
the addition of cetyltrimethylammonium bromide
(CTAB) to the buffer. Huang et al. [28] separated
ribonucleoside monophosphates from three different
RNA sources with a sodium formate buffer con-
taining CTAB. The separation was achieved in 5 min
and the percentages of AMP, CMP, GMP and UMP
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triphosphate, (H) 2’,3'-dideoxyadenosine 5'-triphosphate, (1) 2’'-deoxyguanosine, (J) 2',3'-dideoxyguanosine, (K) deoxyguanosine 5'-
monophosphate, (L) 2'-deoxyguanosine 5'-diphosphate, (M) 2’,3’-dideoxyguanosine 5'-triphosphate, (N) 3'-azido-3'deoxythimidine (AZT).
Reprinted with permission from Ref. [23]. (b) Separation by HPLC. Conditions: column: Adsorbosphere HS (C,;), 250X 4.6 mm, column
temperature: 35°C, mobile phase: 8% acetonitrile in 50 mM ammonium phosphate buffer with 2 mM tetrabutylammonium hydroxide, pH
6.5, injection volume: 50 pl, individual sample amount: 13-55 pmol. Buffer: 20 mM sodium phosphate buffer, pH 7.1 with 200 mM SDS,
72 cm capillary, voltage: 20 kV, 1 s vacuum injection, detection at 252 nm. Peaks as in (a). Reprinted with permission from Ref. [23].

found experimentally in each source matched the
published values to within 1.4%.

UCON-coated capillaries were used to eliminate
the EOF and to increase efficiency of ribonuclectide
separations [32,33]. O'Neill et al. [33] separated 15
ribonucleotide standards in 45 min with a phosphate/
Tris—HCI buffer at pH 5.2 (Fig. 7). The relative
standard deviation (R.S.D.) of the migration time
ranged from 0.21-0.52%. Shao et a. [32] achieved
the same reproducibility with a UCON-coated col-
umn for a separation of 12 ribonucleotides in a

lymphoma cell extract. The detection limits for these
separations were approximately 10 ° M.

3.5. Senditivity: detectors

The sensitivity for CE separations is determined
primarily by the type of detection used. Several
detectors, including UV [1,2,5,6,8,9,12-16,19-37],
fluorescence [4,18,38-40], and MS [5,17,41,42] have
been used in CE separations of nucleotides.

Two-thirds of the researchers reported the use of
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Fig. 7. CE separation of ribonucleotide standards on a UCON-
coated column. Conditions: 90 cmX50 pm |.D. column, 54 cm
separation distance; 30:50 mM phosphate—Tris—HCI buffer, pH
5.2; electromigration injection for 6 sa —23 kV; —20 kV applied
voltage. Pesks. 1=UTR, 2=CTP, 3=ATP, 4=GTP, 5=UDP,
6=CDP, 7=ADP, 8=GDP, 9=XMP, 10=UDP-g, 11=ADP-r,
12=UMP, 13=CMP, 14=AMP, 15=GMP. Reprinted with per-
mission from Ref. [33].

UV detection in the CE anayses of nucleotides.
There are severa advantages to UV detection. First,
it is inexpensive and easy to use. The instrumen-
tation is relatively ssmple and UV detection technolo-
gy has aready been used extensively for HPLC. The
flow cell on most CE instruments with UV detection
is the capillary itself [48]. The UV detector is
situated perpendicularly to the capillary; thus the
pathlength of the flow cell is the same length as the
inner diameter of the capillary. UV detection is
highly sensitive to mass limit of detection and
detection limits of picomoles and occasionaly fem-
tomoles have been achieved [15,17,23,33,34]. The
calibration curves generated with UV detection are
linear over two- to three-orders of magnitude and the
sample volume required was 1 to 10 nl.

Although the UV range of 250-280 nm has been
used for nucleotide analyses by CE-UV, 254 nm was
the most commonly used wavelength. Samples ana-
lyzed with UV detection include nucleotides
[1,2,8,9,12,19,23,31-33,36], DNA adducts
[5,16,17,22], and drug metabolites [6,23]. MECC

was frequently used to separate mixtures of bases,
nucleosides and nucleotides in the same sample
[16,23,27]. No differences were seen in the detection
limits for MECC and CZE separations. Detection
limits for most nucleotide separations by CE were in
the picomole range [15,17,23,33,34].

While the mass limit of detection is excellent for
CE analyses of nucleotides, the concentration limit
of detection was inadequate for many applications
because of the small pathlength of the flow cell.
According to Beer's Law

A= ebC (6)

As the pathlength b, gets smaller, the concen-
tration of the solution, C, must be higher to generate
sufficient absorbance, A, to generate a detectable
signal. In CE separations, the absorbance signal
detected is limited by the pathlength, which is
typicaly 25-75 w [48]. As a result, detection limits
achieved for nucleotide analyses by CE were in the
micromolar range [1,2,6,12,16,17,21,24,26,32,34].
While this limit was sufficient for many analyses
where nucleotides were abundant, the sensitivity was
not high enough to analyze for drug metabolites or
adducts that require detection at lower concentrations
[5,6,16,41].

Thus, more sensitive detection methods were
required for many nucleotide analyses. Fluorescence,
especialy laser-induced fluorescence (LIF) methods
were found to be very successful in decreasing
detection limits for nucleotide analyses. Kuhr and
Yeung [38] used an indirect method to analyze 5'-
monophosphate and diphosphate nucleosides. The
high background fluorescence of the sodium salicyl-
ate buffer used resulted in detection limits of 70
attamoles for each of the 5’'-nucleoside monophos-
phates detected. The advantages of an indirect fluo-
rescence method were higher sensitivity than with
UV detection and no sample derivatization.

While indirect fluorescence methods are more
sensitive than similar UV analyses for nucleotides,
sample derivatization with fluorescent tags resulted
in more sensitive CE analyses for nucleotides. A
variety of different compounds, including fluorescein
[4], and choloroacetaldehyde [18] were used to
create fluorescent nuclectide derivatives. Tseng et al.
[18] used a LIF method to separate derivatized
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adenine compounds from oocytes. The concentration
limit of detection was in the nanomolar range, with a
mass limit of detection of 5-10° " moles for the
adenine nucleotides. The method was linear over
five-orders of magnitude and the separation of the
nucleotides was achieved in under 10 min (Fig. 8).

In addition to fluorescence and UV techniques,
several other detection methods have been used in
the analysis of nuclectides by CE. Pentoney et al.
[44] took advantage of the high sensitivity of
radioactivity detection methods and developed a
radioisotope detector for a CE system. Detection
limits of 10°° M were achieved for **P labeled
nucleotides. The detection limit was lowered 10-fold
if a flow programming procedure was incorporated
into the analysis.

Krattinger et a. [27] developed a hologram based
thermooptical absorbance detector for CE analyses.
The MECC separation of a mixture of nucleosides
and nucleotides was accomplished in 20 min (Fig.
9). The detection limit for AMP was 50 nM, and no
sample derivatization was required.

The coupling of CE with wall-jet amperometric
detection was achieved by Lin et al. [42] for the
separation of nucleoside monophosphates. The meth-
od was linear over two- to three-orders of magnitude

ATP
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Fig. 8. Electropherogram of approximately 2 .M each of adenine
(ADE), adenosine (ADO), cAMP, AMP, ADP and ATP deriva-
tized with chloroacetaldehyde and analyzed with confocal laser-
induced fluorescence apparatus. The peak between AMP and ADP
is an unknown impurity peak. Column: 60 cmXx25 um I.D., 20
mM sodium phosphate buffer, voltage: 20 kV. Reprinted with
permission from Ref. [18].

and the detection limit for all analytes was below 9
fmoles. The method was successfully applied to the
separation of nucleotides and nucleosides in plasma.

The interface of CE with mass spectrometry is the
most active area of research in the CE field. CE-MS
has been used for the analysis of nucleotides and
DNA adducts but the technique is still in its infancy
[5,17,40,41]. Fast atom bombardment (FAB) MS
[17,40] was the most frequently used mode of MS
for CE-MS systems, athough DeForce et a. [5]
successfully separated DNA adducts with an electro-
spray (ESI) method (Fig. 10). Both MECC and CZE
methods have been used in CE-MS techniques, but
the SDS used in MECC separations was found to be
incompatible with both fast atom bombardment
(FAB) and ESI detection methods [17,41]. In addi-
tion, buffer additives such as polyvinyl acohol, or
Triton X-100, used to eliminate the EOF reduced the
sensitivity of the method [41] thus the buffer used in
CE-MS separations must be carefully selected. CZE
separations of DNA adducts with ammonium carbon-
ate [5] and ammonium acetate [40] buffers have been
performed, but the sensitivity of the analyses was
limited. Preconcentration methods, including capil-
lary isotachophoresis (cITP) [41] and sample stack-
ing [5,40] were needed for the anaysis of DNA
adducts in biological matrices.

3.6. Sensitivity. preconcentration

Due to the relatively high detection limits of many
of the current CE detection techniques, including UV
and MS, sample preconcentration has been used to
increase sensitivity [5,6,16,40,41]. On-line precon-
centration methods included clITP [41] and sample
stacking [5,6,40]. Reversed-phase cI TP was used by
Zhao et a. [41] in the CE-MS separation of four
ribonucleotide monophosphates. These preliminary
results were encouraging and future plans involve the
application of this method for the characterization of
adducts that result from radiation induced DNA
damage.

Analyte “‘stacking”’ is a phenomenon specific to
CE separations [45,55-59]. Stacking of an analyte is
caused by a difference in ionic strength between the
sample and the buffer [57]. As the analytes move
through the capillary, they are separated into discreet
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Fig. 9. MEKC electropherogram of a mixture of nucleosides and their monophosphate nucleotides detected by thermooptical absorbance.
Conditions: column: 75 cmX20 wm I.D.; buffer: 20 mM sodium phosphate, 20 mM sodium tetraborate, 50 mM laura sulfate, pH 7,
detection: 257 nm, voltage: 30 KV, injection: 30 s pressure of 25 mbar. Reprinted with permission from Ref. [27]. 11996 American

Chemical Society.
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Fig. 10. CZE-ES-MS-MS spectrum of the daughters monoalkylated dAMP (mother ion mass [M —H] ~ =480), present in the hydrosylate of
the reaction of DNA with PGE. Here the sample stacking technique was used following an injection of 100 mbar for 30 s. The collision
energy was set at 25 ev. Reprinted with permission from Ref. [5]. 01996 American Chemical Society.
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zones that have the same ionic strength as the buffer.
If the ionic strength of the sample is lower than that
of the buffer, the analytes will be drawn into a very
tight narrow zone in the capillary (Fig. 11). Con-
versaly, if the ionic strength of the analytesis greater
than that of the buffer, then band broadening occurs
as the sample components spread out to match the
lower ionic strength of the surrounding buffer. Thus,
the resolution and sensitivity of the CE method can
be madified by changes in the ionic strength of the
buffer and that of the sample matrix [5,6,40].

Three types of sample stacking have been per-
formed in CE separations of nucleotides. lonic
strength mediated stacking has been observed when
the sample matrix has a lower ionic strength than the
surrounding buffer. This phenomenon has not only
occurred naturally in  nucleotide separations
[2,21,33,35], but has also been used deliberately as a
method of sample preconcentration [5,6,40]. The use
of ionic strength mediated stacking increases sen-
sitivity by a factor of 10 when compared to a
separation without stacking [54,56].

The use of electrokinetic injection for sample
introduction has been associated with an increase in
sensitivity of a CE separation [45]. Further sensitivi-
ty enhancement can be achieved by hydrodynamical-

LOW FIELD HIGH FIELD
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- CD
C :&g +
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Fig. 11. Illustration of ionic-strength mediated stacking of anions
in a high-pH buffer. eo: Electrophoretic velocity of the buffer, ep:
electrophoretic velocity of the anion. (A) Sample is loaded on to
the capillary. (B) Voltage is applied and anions move through the
sample zone toward the cathode. (C) Samples approach the
buffer/sample interface, slow down and are dragged toward the
anode by the EOF. Reprinted with permission from Ref. [47].
(01993 Academic Press.

ly injecting a small plug of water onto the capillary
before an eectrokinetic injection is made. Electro-
kinetic stacking occurs as the analytes move quickly

a.
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- *
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Fig. 12. Steps involved in whole capillary stacking. (A) Sample is
loaded onto the capillary. (B) Sample stacking and matrix
removal. Negative voltage applied. (C) Analytical separation.
Positive voltage applied. Reprinted with permission from Ref. [6].
(01998 John Wiley and Sons, Inc.
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through the low ionic strength of the water and stack
in discreet narrow zones at the buffer/sample inter-
face. Electrokinetic stacking is associated with >10-
fold increases in sensitivity for many analyses.

The most effective stacking method used for
improving the sensitivity of CE separations of
nucleotides is whole capillary stacking, or whole
capillary injection. Whole capillary stacking methods
increase the sensitivity of CE techniques by injecting
large quantities of sample onto the capillary, or
completely filling the capillary [1,5,6,16,40,56—59].
Band broadening associated with large sample vol-
umes is minimized by the remova of the sample
matrix before analysis. The procedure is fast; the
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Fig. 13. Electropherogram of a separation of 12 ribonucleotides
with stacking (~0.1 pM). The entire capillary was filled with
sample (70 cm). Separation conditions: 70 cmX75 pm |.D.
column, 60 cm separation distance; 50 mM sodium carbonate/
bicarbonate buffer, pH 10; —18 kV during stacking, +18 kV for
analysis; 254 nm UV absorbance detection. Peaks. 1=AMP,
2=CMP, 3=ADP, 4=GMP, 5=CDP, 6=ATP, 7=UMP, 8=CTR,
9=GDP, 10=GTP, 11=UDP and 12=UTP. Reprinted with
permission from Ref. [53].

injection and sample removal steps take between 5-8
min, and the separation is similar to an anaysis
performed without preconcentration [6,54]. The steps
involved with whole capillary stacking are shown in
Fig. 12.

Whole capillary stacking has been used to increase
sensitivity in CE separations of nucleotides. Geldart
and Brown [45] used whole capillary stacking to
increase the sensitivity of a CZE method for 5'-
ribonucleotides. A separation of 12 5’-ribonu-
cleotides with UV detection was performed with a
detection limit of 50 nM. The nucleotide concen-
trations in the electropherogram in Fig. 13 are ~5
wM; the detection limit of most UV analyses. Whole
capillary stacking has also been applied to CE-UV
separations of deoxyribonucleoside monophosphates
[16,56], DNA adducts [5,16,40], and nucleoside
analogs [6] with a general increase in sensitivity of
200-fold for most analyses. The use of whole
capillary stacking has made it possible for the CE—
MS characterization of DNA adducts [5,16,40].
Detection limits in the nanomolar range have enabled
researchers to identify adducts from DNA hydro-
sylates. Further research involving in vivo studies is
planned [5].

4. CE nuclectide applications

While the development of CE methods for nucleo-
tides has been done primarily with standards, appli-
cations to real samples have been performed (Table
2). Problems with compatibility of nucleotide ex-
traction procedures with CE methods was found to
be minima. However, some modifications were
necessary for some of the analyses. The matrices
varied widely; biologica sources included fish
[13,43] and guinea pig tissues [34], plasma [31,42]
and severa types of cells, including oocytes [18],
lymphoma [32] and hybridoma [33] cells. In addi-
tion, several different DNA adducts were analyzed
by UV [16] and identified by CE-MS techniques
[5,40]. Other nucleotide sources analyzed with CE
include pig feed [35] and fermentation broth [31].

4.1. Tissue and cell samples

Sample preparation for most tissue and cell ma-



SE. Geldart, P.R. Brown / J. Chromatogr. A 828 (1998) 317—-336 331
Table 2
Nucleotide applications by CE
Matrix Analytes Mode Buffer pH Detector Ref.
Guinea pig organs 5’-Ribonucleotides CZE 0.02 M phosphate 6.36 UV [34]
0.5% ethylene glycol
Pig feed IMP, GMP CZE 20 mM sodium borate 924 UV [35]
Fish tissue Hypoxanthaine, CZE 100 mM CAPS 11.00 UV [13]
inosine, IMP
Fish extract Hypoxanthine, CZE 100 mM CAPS 11.00 UV [43]
inosine, IMP
DNA hydrosylate 2'-Deoxy 3'-monophosphates  MECC 100 mM SDS 920 UV [15]
5% acetonitrile
20 mM sodium phosphate
DNA hydrosylate Deoxymonophosphates CZE 20 mM sodium carbonate 9.60 UV [16]
DNA adducts
DNA hydrosylate 2'-Deoxynucleotides CZE 100 mM ammonium carbonate 9.68 MS [5]
DNA adducts
DNA hydrosylate dGMP adducts CZE 10 mM ammonium acetate 940 MS [40]
RNA digests 3’-Monophosphates MECC 12 mM sodium formate 380 UV [28]
(rabbit, calf, yeast) 0.1 mM CTAB
Hel a cells 5’-Ribonuclectides CZE 50 mM Tris—HCI 530 UV [2]
30 mM sodium phosphate
Molt 4 human leukemic cells  5’-Ribonucleotides CZE 130 mM borate 940 UV [9]
blood lymphocytes
Hydridoma cells 2'-Deoxy-5’-ribonucl eotides CZE 30 mM phosphate 520 UV [33]
50 mM Tris—HCI
Oocytes Adenine compounds CZE 20 mM phosphate 880 LIF [18]
Human lymphoma cells 5’-Ribonuclectides CZE 30 mM phosphate 528 UV [32]
50 mM Tris—HCI
Cofluent Vero cells 5’-Ribonucleoside MECC 100 mM DTAB 700 UV [8]
triphosphates 1 mM EDTA
50 mM sodium phosphate
Human plasma Guanosine, 5'-GMP CZE 40 mM NaOH ED [42]
adenine, 5'-AMP
Plasma ATP CZE 50 mM ammonium acetate 300 UV [31]
0.005% HPMC
Fermentation broth Inositol phosphates CZE 50 mM ammonium acetate 300 UV [31]

0.005% HPMC
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terial for nucleotide analyses involved nuclectide
extraction with either trichloroacetic acid (TCA)
[8,13,34,42,43] or perchloric acid [33,34] followed
by neutralization with sodium or potassium hydrox-
ide. Methanol has also been used to separate the
nucleotides from the remainder of the cell debris
[8,9,18]. In a comparison of the two methods,
Loregian et a. [8] determined that TCA extraction
was better at removing protein contaminants from
ribonucleoside triphosphates, while the methanol
extraction produced higher quantities of nucleotides.
A few researchers filtered the samples [34,43], but
the majority of the methods did not cite sample
filtration before analysis.

While the sample preparation was relatively sim-
ple, many researchers observed matrix effects, in-
cluding loss of reproducibility, variation of migration
time between samples and standards, and stacking
effects [9,28,34,42,43]. Reproducibility was im-
proved with the use of an NaOH wash after each run
[8,34,35,43]. In most cases, rinsing the capillary
returned the reproducibility of the samples to the
same level as that achieved with standard nucleotide
preparations. Coated capillaries were also used to
improve reproducibility by minimization of protein
adsorption to the capillary walls [2,32,33]. UCON-
coated capillaries were used in the analyses of
hybridoma and lymphoma cells [32,33]. Migration
time reproducibilities were between 0.2—0.7% for 15
nucleotides and only a buffer rinse between runs was
used to prepare the capillary for the next run (Fig.
14).

Differences in migration times between the
nucleotides in the sample to those in the standard
solutions were caused by either absorption of con-
taminants in the sample to the capillary wall or by
differences in ionic strength of the sample and the
standards [2,33,42,43]. Wall interactions were mini-
mized, but not eliminated by the use of coated
capillaries [2,32,33] or by rinsing the capillary with
NaOH after each run [8,34,35,43]. While these
methods were effective in improving reproducibility
of the analyses, the selectivity could be different for
the nucleotides within the sample when compared to
those in a standard solution. Huang et al. [2] used
internal standards to spike the sample matrix to
determine the migration time of each individual
nucleotide in a cel extract. Luong et al. [43]
determined that the migration times of hypoxanthine

Time (min)

Fig. 14. Electropherogram of ribonucleotides in a hybridoma cell
extract. Conditions: Ucon coated capillary, 90 cmXx50 pwm 1.D.,
54 cm separation distance; buffer: 30:50 mM phosphate—Tris—
HCI buffer, pH 5.2; electromigration injection for 6 s at —23 kV,
separation voltage: 20 kV. Peaks: 1=UTP, 2=CTP, 3=ATR,
4=GTPR, 5=UDP, 6=CDP, 7=ADP, 8=GDP, 9=XMP, 10=
UDP-g, 11=ADP-r, 12=UMP, 13=CMP, 14=AMP, 15=GMP.
Reprinted with permission from Ref. [33].

compounds in fish tissue varied from those in the
standard solution and used interna standards to
identify each compound before quantitation.

While protein contaminants from the cell matrix
were suspected as being the source of some of the
matrix effects, variations in ionic strength between
the sample and the standard solutions also affects the
resolution and reproducibility of the analysis [33,35].
Severa investigators observed higher resolution for
the nucleotides in the real samples than for those in
the standard nucleotide solution [2,31,22]. The
sharper peaks resulted in differences in the migration
times between the nucleotides in samples and those
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in standard solutions. This difference in resolution
between the samples and the standards was found to
occur when standards had a higher ionic strength
than the cell extract. Thus, the high peak efficiency
in the cell extract was due to stacking effects that
occur when the difference in ionic strength between
the sample and the electrophoretic buffer increase
[2,33]. The difference in resolution observed for the
nucleotides in standard solutions and sample ma-

trices was eliminated if the ionic strength of the
standard solution was reduced [33].

4.2. DNA/RNA sources

While the extraction procedure for nucleotides
often resulted in samples with very low ionic
strength, the process of enzymatic DNA hydrolysis
used by many researchers resulted in a high ionic
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strength sample matrix [5,16,40]. Severa methods
for lowering the salt content of the samples were
used. Dilution of the hydrolysis extract reduced the
band broadening that resulted from a high ionic
strength matrix [5]. However, as the concentration of
the DNA adducts in the extract is aready low, this
method is not aways feasible. Solid phase extrac-
tion, SPE, [16,40] has been used to remove undi-
gested material, enzymes and non-adducted DNA. In
addition it could be used to lower the salt con-
centration of DNA extracts. Wolf and Vouros [40]
used poly(styrene—divinyl benzene) for DNA adduct
isolation. No matrix effects were noted after the
sample pretreatment. In addition, the use of M, 3000
cut-off centrifuge filters during centrifugation pro-
vided a cleaner sample (Fig. 15).

The concentration of adducted DNA in hydro-
sylate samplesis often very low; one molecule out of
10" molecules is not uncommon [40]. Whole capil-
lary stacking methods have been used to increase the
sensitivity of the CE method [5,6,16,40,56], especial-
ly if MSisused [5,40]. The use of stacking methods
increased the quantity of material available for
characterization, and DNA adducts were identified at
concentrations below the detection capability of the
mass spectrometer. Norwood et al. [16] used CE
with UV detection and whole capillary stacking to
increase the sensitivity of the method by 200-fold.

4.3. Other nucleotide sources

Sources of nucleotide material include plasma
[31,42], fermentation broth [31] and pig feed [35].
Preparation of plasma samples was similar to that for
tissue samples. However, dilution was necessary to
minimize matrix effects due to the high salt content
of the sample matrix [42]. Electrodialysis has been
used for the preparation of plasma samples [31]. An
on-line electrodialysis—-CZE method has been de-
veloped for the separation and quantitation of ATP
and ITP in human blood plasma. The method
involved coupling an electrodialysis device to the
CZE system. Samples of fermentation broth and
blood plasma were spiked with nucleotides and used
to demonstrate that bicanalysis by electrodialysis—
CZE is possible. However, more sensitive detection
methods are required before analysis of natural
nucleotide levels in the biomatrices is possible.

The analysis of IMP and GMP in pig feed by CE
was relatively simple [35]. The feed was diluted in
water, filtered and injected. Matrix effects due to
high salt content of some feeds were eliminated by
the addition of equa quantities of NaCl to both
samples and standards to equalize the salt content of
the feed samples and the standard solutions. A
NaOH wash was used to clean the capillary between
runs, and reproducibility of the peak area was less
than 8%.

5. Conclusions

CE is an attractive dternative to HPLC for the
analysis of nucleotides. Since the instrumentation has
few moving parts, it is relatively simple and rugged.
The analyses are fast and the resolution is high. Plate
counts can be greater than 200 000 [17,25]. Only a
few nanoliters of sample are required for an analysis.
Since the selectivity of the nucleotide separation can
be modified by the choice of buffer composition and
pH, CE is a flexible technique.

Capillary electrophoresis separations of nucleo-
tides have been performed in both the CZE and
MECC modes with a variety of buffers and at
different pH levels (Table 2). The parameters of pH,
buffer type and mode have been manipulated to
obtain the resolution and selectivity, and speed
necessary for many different nucleotide analyses.
Nucleotide separations can be performed throughout
the pH range of 2—11 and are reproducible, sensitive,
and selective. Bare capillaries were used for many
separations, but coated capillaries could be used to
reduce matrix effects or to increase reproducibility.
The use of a sodium hydroxide rinse between
samples was also used to enhance reproducibility.

A variety of detection methods, including UV,
fluorescence, LIF and MS have been used in CE
analyses to determine nucleotide concentrations and
analog identification.

However, for many nucleotides, especially nucleo-
tides with low extinction coefficients or analytes that
must be quantified at concentrations less than 1 wM,
the sensitivity of current CE techniques may be
inadequate. This limitation occurs because of the
relatively high concentration limit of detection of
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many detection modes, such as UV and fluorescence,
due to the minute sample volume. Preconcentration
methods, including solid-phase extraction and stack-
ing methods have been used to increase the con-
centration sensitivity of CE techniques. One stacking
method in particular, whole capillary stacking has
increased the sensitivity of CE separation of nucleo-
tides by 200-fold.

Whole capillary stacking has been used in CE-MS
and CE-UV analyses, and should enhance the sen-
sitivity of fluorescence and electrochemical methods
as well. The advantages of preconcentration by
whole capillary stacking include short sample prepa-
ration time, minimal expense, and ease of use.

Separations have been performed on nucleotidesin
a variety of matrices, including plasma, tissues and
DNA hydrosylate samples, animal feeds and fermen-
tation broths. CE analyses are usualy faster than
HPLC analyses and require smaller sample volumes,
thus making single cell analyses possible [18].

CE is a vauable technique for the analysis of
nucleotides in the pharmaceutical, biochemical, clini-
cal, biotechnology and environmental fields. Further
investigations into the separation mechanisms of
nucleotides will decrease the time required for
method development by enabling the researcher to
predict migration behavior before the anaysis is
performed [46]. The development of sample pre-
concentration methods, including cI TP and stacking
methods have expanded the current range of nucleo-
tide analyses below the 1 M limit to permit low-
level detection of nucleotides and analogs. With
these developments and additional applications to
biological samples, CE will become a practical,
inexpensive technique for the routine analysis of
nucleotides.
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