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Acronyms and Symbols Used

The following acronyms and symbols are used in this book.

α separation factor
CD cyclodextrin
CDEKC cyclodextrin electrokinetic chromatography
CDMEKC cyclodextrin-modified micellar electrokinetic chromatogra-
phy
CE capillary electrophoresis
CMC critical micelle concentration
Csf surfactant concentration
CTAB cetyltrimethylammonium bromide
CZE capillary zone electrophoresis
DTAB dodecyltrimethylammonium bromide
E electric field strength
EKC electrokinetic chromatography
EOF electroosmotic flow
HPLC high performance liquid chromatography
IXEKC ion exchange electrokinetic chromatography
K distribution coefficient
Kp Kraft point
k’ capacity factor
LMT N-lauroyl-N-methyltaurate
MECC micellar electrokinetic capillary chromatography
MEEKC microemulsion EKC
MEKC micellar electrokinetic chromatography
µeo electroosmotic mobility
µep electrophoretic mobility
µep(mc) electrophoretic mobility of the micelle
µep* effective electrophoretic mobility
N number of theoretical plates
n aggregation number
naq number of moles of the analyte incorporated into the aqueous

phase
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v

nmc number of moles of the analyte incorporated into the micelle
RPLC reversed phase liquid chromatography
SDS sodium dodecyl sulfate
SDVal sodium N-dodecanoyl-L-valinate
STS sodium tetradecyl sulfate
t0 migration time of the bulk solution
tmc migration time of the micelle
tR migration time of the analyte
UV ultraviolet
Vaq volume of the nonmicellar phase
Vmc volume of the micellar phase
v migration velocity

partial specific volume of the micelle
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I: Introduction

Electrokinetic chromatography (EKC) is a family of electrophoresis tech-
niques named after electrokinetic phenomena, which include electroosmo-
sis, electrophoresis, and chromatography. Micellar electrokinetic
chromatography (MEKC) is a mode of EKC in which surfactants (mi-
celles) are added to the buffer solution. Surfactants are molecules which
exhibit both hydrophobic and hydrophilic character. They have polar
“head” groups that can be cationic, anionic, neutral, or zwitterionic and
they have nonpolar, hydrocarbon tails. The formation of micelles or
“micellization” is a direct consequence of the “hydrophobic effect.” The
surfactant molecules can self-aggregate if the surfactant concentration
exceeds a certain critical micelle concentration (CMC). The hydrocarbon
tails will then be oriented toward the center of the aggregated molecules,
whereas the polar head groups point outward. Micellar solutions may solu-
bilize hydrophobic compounds which otherwise would be insoluble in
water. The front cover picture shows an aggregated SDS molecule. In the
center of the aggregate, p-fluorotoluene is situated depicting the partition-
ing of a neutral, hydrophobic solute into the micelle. Every surfactant has a
characteristic CMC and aggregation number, i.e., the number of surfactant
molecules making up a micelle (typically in the range of 50-100). (See also
Table 1 and the discussion on page 10). The size of the micelles is in the
range of 3 to 6 nm in diameter; therefore, micellar solutions exhibit proper-
ties of homogeneous solutions. Micellar solutions have been employed in a
variety of separation and spectroscopic techniques. In 1980, Armstrong
and Henry pioneered the use of micellar solutions as mobile phases for
reversed-phased liquid chromatography (RPLC).

In the literature, MEKC is also often referred to as MECC (micellar
electrokinetic capillary chromatography) since the separations are most
often performed in a capillary tube. Other modes of EKC are cyclodextrin
EKC (CDEKC), ion-exchange EKC (IXEKC), and microemulsion EKC
(MEEKC). Cyclodextrin derivatives, polymer ions, and microemulsions
are used in CDEKC, IXEKC, and MEEKC, respectively, instead of the
micelles used in MEKC. The references listed on page 3 provide further
detail on the differences between the various kinds of EKC techniques. In
the following chapters, relevant references are listed in reverse chronologi-
cal order after each chapter. All EKC techniques are based on the same
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separation principle: the differential partitioning of an analyte between a
two-phase system (i.e., a mobile/aqueous phase and a stationary phase).

The same instrument that is used for capillary zone electrophoresis
(CZE) is also used for MEKC. Both MEKC and CZE are modes of capil-
lary electrophoresis (CE), as are capillary gel electrophoresis, capillary
isoelectric focusing, and capillary isotachophoresis (for an introduction to
CE, see the Beckman Primer Introduction to Capillary Electrophoresis,
part number 360643). MEKC is different in that it uses an ionic micellar
solution instead of the simple buffer salt solution used in CZE. The micel-
lar solution generally has a higher conductivity and hence causes a higher
current than the simple buffer does in CZE. MEKC can separate both ionic
and neutral substances while CZE typically separates only ionic sub-
stances. Thus MEKC has a great advantage over CZE for the separation of
mixtures containing both ionic and neutral compounds. However, in
MEKC the size of the sample molecules is limited to molecular weights of
less than 5000, whereas CZE has virtually no limitation in molecular size.
The separation principle of MEKC is based on the differential partition of
the solute between the micelle and water; CZE is based on the differential
electrophoretic mobility.
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II: Separation Principle/Fundamentals

Figure 1 shows a schematic representation of the separation principle of
MEKC. When an anionic surfactant such as sodium dodecyl sulfate (SDS)
is employed, the micelle migrates toward the positive electrode by electro-
phoresis. The electroosmotic flow transports the bulk solution toward the
negative electrode due to the negative charge on the surface of fused silica.
The electroosmotic flow (EOF) is usually stronger than the electrophoretic
migration of the micelle under neutral or alkaline conditions and, therefore,
the anionic micelle also travels toward the negative electrode at a retarded
velocity.

= Surfactant
(negative charge)

= Solute

= Electroosmotic Flow

= Electrophoresis

Figure 1. Schematic of the separation principle of MEKC. The detector
window is assumed to be positioned near the negative electrode.

When a neutral analyte is injected into the micellar solution, a fraction
of it is incorporated into the micelle and it migrates at the velocity of the
micelle. The remaining fraction of the analyte remains free from the mi-
celle and migrates at the electroosmotic velocity. The migration velocity of
the analyte thus depends on the distribution coefficient between the micel-
lar and the non-micellar (aqueous) phase. The greater the percentage of
analyte that is distributed into the micelle, the slower it migrates. The
analyte must migrate at a velocity between the electroosmotic velocity and
the velocity of the micelle (see Figure 2A), provided the analyte is electri-
cally neutral. In other words, the migration time of the analyte, tR, is lim-
ited between the migration time of the bulk solution, t0, and that of the
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micelle, tmc (see Figure 2B). This is often referred to in the literature as the
migration time window in MEKC.

Water Solute Micelle

Micelle Solute Water

inj. column det.

Time
0 t0 tR tmc

(A)

(B)

Figure 2. Schematic of the zone separation in MEKC (A) and chromato-
gram (B). Reproduced with permission from Terabe, et al., Anal. Chem.
57, 834 (1985).

Capacity Factor

We can define the capacity factor, k', similarly to that of chromatography
as

k' = nmc

naq
(1)

where nmc and naq are the amount of the analyte incorporated into the mi-
celle and that in the aqueous phase, respectively. We can obtain the rela-
tionship between the capacity factor and the migration times as

tR = 1 + k'
1+ (t0 / tmc )k'

t0 (2)

The migration time of the analyte is equal to t0 when k' = 0, or when
the analyte does not interact with the micelle at all; the migration time
becomes tmc when k' is infinity or the analyte is totally incorporated into
the micelle. Thus, the migration time window is limited between t0 and
tmc.
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When t0 is infinity (electroosmosis is completely suppressed), equa-
tion (2) becomes

tR = (1 + 1 / k' )tmc (3)

In this case, the bulk solution remains stationary in the capillary and
the micelle migrates only by electrophoresis. If we define the capacity
factor as the reciprocal of equation (1), equation (3) becomes identical with
the relationship between tR, t0, and k' in conventional chromatography.

Figure 3 shows a typical example of MEKC separation. Eight electri-
cally neutral compounds were successfully resolved in 17 min. The capac-
ity factor scale is inserted in the figure to indicate the relationship between
the migration time and the capacity factor. The capacity factor of infinity
means that analyte has the same migration time as the micelle. Theoretical
plate numbers calculated from the peak widths range from 200,000 to
250,000 which is typical for MEKC separations.

0.004 AU

0 1 2 6 10 20 50∞

0 5 10 15
Time (min)

Capacity Factor

1

2

3

4

5

6

7

8

Figure 3. Micellar electrokinetic chromatogram of a test mixture:
1 = methanol; 2 = resorcinol; 3 = phenol; 4 =p-nitroaniline;
5 = nitrobenzene; 6 = toluene; 7 = 2-naphthol; 8 = Sudan III. Conditions:
capillary, 50µm i.d. ×  65 cm (effective length 50 cm); run buffer, 30 mM
SDS in 50 mM phosphate/100 mM borate (pH 7.0); applied voltage, 15 kV;
current, 33µA; detection, UV absorbance at 210 nm; temperature, 35°C.
Reproduced with permission from Terabe, Trends Anal. Chem. 8, 129 (1989).
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Effective Mobility

The capacity factor is a fundamental term in chromatography and equation
(2) is derived from a chromatographic perspective. We can derive a similar
equation for electrophoretic processes. In CZE, the migration velocity of
the analyte, vs, is expressed as

vs = µeo + µep (s)[ ]E (4)

where µeo and µep(s) are the electroosmotic mobility and electrophoretic
mobility of the analyte, respectively, and E is the electrical field strength.
We can apply this equation to MEKC by defining the effective electro-
phoretic mobility, µep*(s), for the neutral analyte as

µep * (s)
k'

1 + k'
µep (mc) (5)

where µep(mc) is the electrophoretic mobility of the micelle and k'/(1+k') is
the fraction of the analyte incorporated into the micelle, as shown by the
following equation:

k'
1 + k'

= nmc

naq + nmc
(6)

Thus, the velocity of the neutral analyte in MEKC is given as

vs = µeo + µep * (s)[ ]E (7)

The effective mobility tells us that even a neutral analyte has an appar-
ent mobility. We can use the effective mobility in a similar way as the
electrophoretic mobility is used in CZE to derive a resolution equation
which can assist in optimizing separations (see also the discussion regard-
ing equation 8). The effective mobility can simply be calculated according
to equation 7, provided veo (= µeoE) or µeo is known. However, in MEKC
the calculation of the capacity factor requires both t0 andtmc. This is the
advantage of using the effective mobility as compared to using the capacity
factor. It should be emphasized that the capacity factor provides quantita-
tive information about the distribution equilibrium, whereas the effective
mobility only gives qualitative information about it. In other words, the
capacity factor cannot be obtained according to equation 5 unless µep(mc)
is known.
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Operating Conditions

Capillary: 25–75 µm i.d. × 20–75 cm length
Run buffer: A solution of an ionic micelle in a buffer solution.

The surfactant concentration must be higher than
its critical micelle concentration (CMC).

Applied voltage: 10 to 25 kV
Current: Below 75 µA, preferably below 50 µA

Since the micellar solution has a relatively high conductivity, a capil-
lary with a small diameter is favored to prevent excessive Joule heating.
The length of the capillary usually is not very important, but a longer one
can accommodate a larger amount of sample solution at the expense of
time. When using relatively large i.d. capillaries for increased sample ca-
pacity, efficient capillary cooling (such as the liquid cooling system used in
the P/ACE™) becomes important.

The micellar solution is prepared by dissolving a surfactant into a
buffer solution at a concentration higher than its CMC (Table 1). The
buffer solution is required to keep the pH constant. Concentrations of 30 to
100 mM are typically employed for both the surfactant and buffer compo-
nents. The separation solution must be filtered through a membrane filter
to remove particulates. A disposable, cartridge-type membrane filter can be
used with a syringe because the amount of the solution necessary for an
MEKC run is usually less than 10 mL. Degassing of the micellar solution
is troublesome because of bubbling and is typically unnecessary. When a
cationic surfactant (e.g., CTAB) is employed at a high enough concentra-
tion, the direction of the electroosmotic flow is reversed. In this case, the
polarity of the power supply must be reversed (see page 16).

The applied voltage must be kept to a level that is not too high in order
to avoid excessive current. It is also desirable to control the capillary tem-
perature because the migration time in MEKC is even more sensitive to
temperature than in CZE (S. Terabe, J. Microcol. Sep., (1992) in prepara-
tion).
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Table 1. Critical Micelle Concentration, Aggregation Number (n),
and Kraft point ( Kp) of Selected Ionic Surfactants

Surfactant CMCa/10-3 M n Kp

Sodium dodecyl sulfate (SDS) 8.1 62 16
Sodium tetradecyl sulfate (STS) 2.1 (50°C) 138b 32
Sodium decanesulfonate 40 40 —
Sodium dodecanesulfate 7.2 54 37.5
Sodium N-lauroyl-N-methyltaurate (LMT) 8.7 — <0
Sodium polyoxyethylene dodecyl ether sulfate 2.8 66 —
Sodium N-dodecanoyl-L-valinate (SDVal) 5.7 (40°C) — —
Sodium cholate 13–15 2–4 —
Sodium deoxycholate 4–6 4–10 —
Sodium taurocholate 10–15 5 —
Sodium taurodeoxycholate 2–6 — —
Potassium perfluoroheptanoate 28 — 25.6
Dodecyltrimethylammonium chloride (DTAC) 16 (30°C) — —
Dodecyltrimethylammonium bromide (DTAB) 15 56 —
Tetradecyltrimethylammonium bromide (TTAB) 3.5 75 —
Cetyltrimethylammonium bromide (CTAB) 0.92 61 —

a 25°C
b In 0.10 M NaCl
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Composition of the Micellar Solution

Ionic surfactants are essential for MEKC. Numerous ionic surfactants are
commercially available. The surfactants suitable for MEKC should meet
the following criteria:

1. The surfactants must have enough solubility in the buffer
solution to form micelles.

2. The micellar solution must be homogeneous and UV
transparent.

3. The micellar solution must have a low viscosity.

Table 1 lists the CMC, aggregation number, and Kraft point of some
selected ionic surfactants available for MEKC. The Kraft point is the tem-
perature above which the solubility of the surfactant increases steeply due
to the formation of micelles. In order to obtain a micellar solution, the
concentration of the surfactant must be higher than its CMC. The surfac-
tant has enough solubility to form micelles only at temperatures above the
Kraft point as
mentioned above. The counter ion of the ionic surfactant does affect the
Kraft point. For example, the Kraft point of sodium dodecyl sulfate (SDS)
is 16°C but potassium dodecyl sulfate has a Kraft point of approximately
35°C. Therefore, if SDS is dissolved in a buffer containing potassium ions,
the solubility of SDS will be less than its CMC at ambient temperature
because of the exchange reaction of the counter ions. The actual CMC in
the buffer solution is usually lower than the value listed in Table 1, as these
values were obtained with pure water as solvent.

High concentrations of surfactant (>200 mM) result in relatively high
viscosities (and high currents) and should therefore be avoided in MEKC.
It is recommended that the concentration of the buffer salt should not be
lower than 10 mM. A higher concentration of buffer relative to that of
surfactant is preferred to keep the pH constant during the run. It should be
remembered that, in electrophoresis, electrolysis occurs at the electrodes,
resulting in a reduction of the pH of the anodic solution. This solution may
enter the capillary during the run when an anionic micelle (e.g., SDS) is
employed. The cathodic solution becomes alkaline during electrophoresis
and may enter the capillary when a cationic surfactant (e.g., CTAB) is
employed. In this case the EOF is reversed.
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Factors Affecting Reproducibility

In our experience, MEKC usually yields better reproducibility in migration
times and peak areas than does CZE. Occasionally, however, the reproduc-
ibility is poor, probably due to a contaminated capillary surface. In such
cases, cleaning of the capillary is necessary. It is recommended to use a
strong cleaning solution, e.g., a product used for cleaning lab glassware.
Organic solvents such as methanol, acetone, acetonitrile, or tetrahydrofu-
ran are also often effective.

In a clinical application relevant to therapeutic drug monitoring,
Nakagawa et al. (1989) found that cleaning of the capillary between runs
with 0.1 M NaOH was essential to obtain good performance and reproduc-
ibility. In this study, an antibiotic, cefpiramide, was determined in plasma
by means of a direct injection method in an SDS-containing buffer. That is,
no sample pretreatment such as deproteination or extraction was necessary.
Without SDS (i.e., in the CZE mode), plasma protein peaks interfered with
the peaks of interest (see Figure 4A). With SDS, the migration times of the
protein peaks had shifted relative to cefpiramide and the internal standard
(antipyrine), thus enabling a quantitative plasma assay (see Figure 4B).
The plasma proteins solubilized by the SDS have a strong negative charge
resulting in a slow net migration whereas the negatively charged
cefpiramide and antipyrine will not interact with the SDS. Hence, the mi-
gration times of the drugs are not affected by the presence of SDS in the
buffer as indeed is observed from Figure 4. Recoveries were found to be
near 100%, indicating that the method could be used to determine the total
concentration of the drug in plasma (i.e., the SDS enabled rapid release of
protein-bound drug). Furthermore, the assay is fast (≈ 6 min run time) as it
is not necessary to wait for the elution of the plasma proteins from the
capillary. A rinse with 0.1 M NaOH can be started as soon as the antibiotic
peak has been detected. As pointed out above, rinsing of the capillary also
aids in generating reproducible surface conditions, which benefits preci-
sion and accuracy. A similar direct sample injection assay for the penicillin
antibiotic aspoxicillin in human plasma was developed by Nishi et al.
(1990). Both assays showed good linearity and covered the plasma levels
typically encountered in clinical therapy.
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1 2

0 4 8 0 4 8 12

A

Time (min)

B
1 2

Figure 4. (A) Separation of cefpiramide (peak 2) and antipyrine (peak 1)
in human plasma with a 50 mM  phosphate, pH 8.0 run buffer; (B) with the
run buffer of A and 10 mM SDS. Detection wavelength, 280 nm. Repro-
duced with permission from Nakagawa et al., Chem. Pharm. Bull. 36, 1622
(1988).

Marker of the Electroosmotic Flow and the Micelle

In order to calculate the capacity factor according to equation (2), it is
necessary to know the migration time of the bulk solution, t0, the migration
time of the micelle, tmc, as well as the migration time of the analyte, tR.
Since the whole capillary is filled with micellar solution, the markers of the
bulk solution and the micelle are required to obtain t0 and tmc. Strictly
speaking, no ideal marker is available for MEKC.

The marker for the bulk solution must be electrically neutral as well as
totally excluded from the micelle. Mesityl oxide, often used in CZE to
measure t0, is not an appropriate choice in MEKC, because it is partially
incorporated into the micelle. Methanol often serves to measure t0, because
its distribution coefficient is almost negligible. Furthermore, it can be de-
tected by UV absorption due to a change in refractive index as the metha-
nol peak passes through the detection zone.

The marker for the micelle must be totally incorporated into the mi-
celle. Sudan III or IV are often used to measuretmc. Both solutes are not
soluble in water and can be dissolved in methanol or in the micellar solu-
tion. However, because of the poor solubility in water, it is not always
possible to observe the peaks of Sudan III or IV in the electropherograms.
As an alternative, compounds that are insoluble in water but soluble in the
micellar solution can be employed to measuretmc. Timepidium bromide or
quinine hydrochloride are good markers for anionic SDS micellar systems.
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Resolution

The resolution equation for MEKC is given as

Rs = N

4
α − 1

α






k2'

1 + k2'







1 − t0 / tmc

1+ t0 / tmc( )k1'






 (8)

where N is the theoretical plate number, α the separation factor equal to
k2'/k1', and k1' and k2' are capacity factors of analytes 1 and 2, respectively.
The equation predicts the effect of N, α, k', and t0/tmc on resolution. Each
effect is briefly discussed below.

Plate Number
Resolution increases in proportion to the square root of the plate number.
The higher the applied voltage, the higher the plate number, unless condi-
tions are such that the applied voltage generates too much Joule heating.
Average plate numbers for most analytes are usually in the range of
100,000 to 200,000. If the plate number is considerably lower, analytes are
likely to be adsorbed on the capillary wall. In such cases, experimental
conditions must be optimized to produce more efficient separations. Clean-
ing of the capillary is a possible procedure, as is changing the pH of the run
buffer. Hydrophobic analytes, or those having longer migration times,
typically yield high theoretical plate numbers because the micelle has a
smaller diffusion coefficient. The plate number does not depend signifi-
cantly on the capillary length. With short capillaries, however, the amount
of sample volume injected must be minimized to avoid zone broadening.

Separation Factor
The separation factor, α, is the most important and most effective term to
maximize resolution. The separation factor reveals the relative difference
of the distribution coefficient between the two analytes and can be manipu-
lated by chemical means. Since the distribution coefficient is a characteris-
tic of a given separation system consisting of a micellar and an aqueous
phase, we can manipulate the separation factor by changing either the type
of micelle or by modifying the aqueous phase. Various factors affecting the
selectivity are discussed later. Generally in MEKC it is not very difficult to
separate a pair of analytes with α =1.02.
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Capacity Factor
It can be calculated that the optimum value of the capacity factor is equal
to (tmc/t0)1/2. Under conditions of pH above 6, the optimum k' value is
close to 2 for most long alkyl chain surfactants. Under most conditions, the
capacity factors must be adjusted to be between 0.5 and 10. A large capac-
ity factor means that the major fraction of the analyte is incorporated into
the micelle. It is necessary for the analyte to be distributed evenly between
the micellar and the aqueous phase, i.e., the analyte must not spend most of
its time in one phase.

The capacity factor is related to the distribution coefficient, K, by

k' = K
Vmc

Vaq
(9)

where Vmc/Vaq is the phase ratio and Vmc and Vaq are volumes of the mi-
celle and the remaining aqueous phase. The capacity factor is approxi-
mately related to the surfactant concentration, Csf, by

k' = Kv (Csf - CMC) (10)

wherev  is the partial specific volume of the micelle. Equation 10 indicates
that the capacity factor increases linearly with an increase of the surfactant
concentration. It should be noted that the capacity factor is not linearly
correlated to the migration time (see axes in Figure 3). Equation 10 sug-
gests that we can easily vary the capacity factor by adjusting the surfactant
concentration, provided the CMC is known. As mentioned above, the sur-
factant concentration should preferably  be in the range of 20 to 200 mM to
avoid excess currents.

Electroosmotic Velocity
The effect of the electroosmotic flow velocity on resolution can be dis-
cussed in terms of the migration time ratio, t0/tmc, which can be expressed
as

t0 / tmc = [1 + µep (mc) / µeo]E (11)

where E is the electrical field strength. The mobilities µeo and µep(mc)
usually have different signs and the ratio µep(mc)/µeo is smaller than zero
and larger than minus one. Therefore, t0/tmc is less than one. The t0/tmc is
also directly related to the width of the migration time window. The
smaller the value of t0/tmc, the wider the migration time window, hence the
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higher resolution. A longer run time is required, however. The value of the
migration time ratio t0/tmc is in the range of 0.2 to 0.3 for most ionic mi-
celles under the conditions of pH above 6.

In order to reduce the value of t0/tmc, it is necessary to reduce µeo rela-
tive to µep(mc) because, in practice, increasing µep(mc) is rarely possible.
The addition of an organic solvent, e.g., methanol or 2-propanol (<20%) is
a possible way to reduce the electroosmotic flow velocity. It is also pos-
sible to reduce veo by changing the pH of the buffer to acidic conditions.
Additives such as methylcellulose derivatives or ethylene glycol are often
used in CE to increase the viscosity of the run buffer. Although an increase
in viscosity of the solution reduces veo, it also reduces vep(mc) and, there-
fore, it does not help to increase resolution as predicted from equation (8).

Use of Coated Capillaries to Control the EOF
Coated capillaries can be used in CZE and MEKC to reduce the zeta poten-
tial at the capillary wall and, consequently, the electroosmotic flow. Cur-
rently, coated capillaries for CE are commercially available from several
manufacturers (e.g., J & W Scientific, Supelco, Scientific Glass Engineer-
ing, Chrompack). In MEKC, untreated fused silica capillaries have mainly
been used. An example of the utility of coated capillaries is presented in
Figure 5. A mixture of nucleobases was separated under identical condi-
tions on a nonpolar, polymethylsiloxane (OV-1) capillary (panel A) and on
a polar, polyethylene glycol (CW20M) coated capillary (panel C). For
comparison, panel B of
Figure 5 shows the separation on an untreated fused silica capillary. It can
be seen that with the polymethylsiloxane capillary actually an increase in
the electroosmotic flow is obtained with a corresponding decrease in reso-
lution. Presumably this is because of an increase in negative charge density
at the capillary wall as the micellar reagent, SDS, binds to the nonpolar
polysiloxane network. This is not the case with a relatively polar coating.
The polyethylene glycol capillary shows a increase in migration times
(decrease in the electroosmotic flow) and superior resolution. For example,
the resolution for the cytidine/guanosine pair is 3.9 with the
polymethylsiloxane capillary, 6.9 with the untreated capillary, and 9.7 with
the polyethylene glycol capillary. Another way to manipulate the electroos-
motic flow is to use cationic surfactants as will be discussed in the next
section.
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Figure 5. MEKC separations of nucleobases using capillaries coated with
different polymers: 1 = water; 2 = uridine; 3 = cytidine; 4 = guanosine;
5 = adenosine. (A) polymethylsiloxane OV-1 coating; (B) uncoated;
(C) polyethylene glycol CW20M coating. Run buffer, 0.02 M phosphate,
0.05 M SDS. Reproduced with permission from Lux et al., J. High Resolut.
Chromatogr. HRC 13, 145 (1990).

EOF Reversal
Cationic surfactants such as cetyl-, dodecyl-, and hexadecyltrimethylam-
monium salts can be used in MEKC to reverse the charge on the capillary
wall. These surfactants are absorbed on the capillary wall surface by a
mechanism involving electrostatic attraction between the positively
charged ammonium moieties and the negatively charged Si-O-groups. The
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non-polar chains (C10, C14, C16, etc.) create a hydrophobic layer and, at a
high enough surfactant concentration, the negative surface charge will be
completely neutralized. At even higher surfactant concentrations (e.g., 0.35
mM for CTAB), a bilayer is formed through hydrophobic interaction be-
tween the nonpolar chains. Schematically, this situation is depicted in
Figure 6. In this case, the cationic head groups are facing the buffer solu-
tion and the charge at the capillary wall is reversed from negative to posi-
tive. Consequently, under the influence of an electric field, a reversal of the
EOF takes place.
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Figure 6. Separation mechanism with EOF reversal. A bilayer is formed at
the capillary wall. The EOF is directed toward the anode. Proteins with a
net positive charge will electrophoretically migrate (Vep1) toward the cath-
ode. Net migration is toward the anode if EOF > Vep1. Negatively charged
proteins migrate toward the anode by both EOF and electrophoretic flow
(Vep2).
Positively charged micelles are formed and may interact with proteins.
Reproduced with permission from Emmer et al., J. High Resolut.
Chromatogr. HRC 14, 738 (1991).

Figure 7 shows examples of the charge reversal mode of MEKC. Opiates
and ephedrine are separated with high efficiency and relatively short analy-
sis times, made possible by operating at high pH conditions. It should be
noted that with charge reversal MEKC, the polarity of the power supply
must be reversed since the bulk flow is now towards the positive electrode,
i.e., the bulk flow must always go in the direction of the detector. Whereas
the majority of applications of charge reversal MEKC have involved small
molecules (e.g., ions, pharmaceuticals, and drugs), applications of biologi-
cally important molecules such as peptides and proteins have also been
demonstrated (Liu et al., 1990; Emmer et al., 1991). For example, in the
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separation of basic proteins, Emmer et al. (1991) suggested a fluorocarbon
surfactant, FC-134 (commercially available from 3M Company, St. Paul,
MI). This surfactant has a non-sticking, Teflon*-like chain, thus minimiz-
ing interactions with many proteins. In addition, proteins at a pH below
their pI will be repelled from the capillary surface. As shown in Figure 6,
the electrophoretic migration of a positively and a negatively charged pro-
tein is in opposite direction but in both cases, the net migration is in the
anodic direction (assuming that the EOF is greater than electro- phoretic
migration). Interactions between the micelles and the protein may enhance
the above described repellant effect.
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Figure 7. Separation of ephedrine and opiates with EOF reversal.
1 = ephedrine; 2 = pholcodine; 3 = codeine; 4 = morphine;
5 = dextromethorphan. Run buffer, 50 mM CTAB, 50 mM triethylamine,
pH 12.0 in 20% acetonitrile. Capillary, 75 µm i.d. × 57 cm (50 cm to de-
tector). Reproduced from Kerr and Jung, Beckman Application Note DS-
783, 1990.

* A registered trademark of E. I. du Pont de Nemours & Company.
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III: Selectivity Manipulation

 From the viewpoint of selectivity manipulation, the micellar phase in
MEKC corresponds to the stationary phase in reversed-phase liquid chro-
matography (RPLC) as does the surrounding aqueous phase to the mobile
phase in RPLC. There are five factors we can control to manipulate selec-
tivity:

1. Temperature
2. Choice of surfactant
3. Modification of the micelle
4. Choice of the aqueous phase
5. Modification of the aqueous phase

Each variable is discussed below.

1. Temperature
The distribution coefficient is significantly dependent on temperature. An
increase in temperature causes a reduction in migration time because of the
decrease in the distribution coefficient as well as the viscosity. Since the de-
pendence of the distribution coefficient on temperature is different among
analytes, temperature will also affect selectivity. The temperature effect on
selectivity is not dramatic but temperature does, however, affect the migra-
tion time. For reproducible results, it is essential to keep the run tempera-
ture constant. It should be noted that even if the temperature of the capillary
is carefully controlled, a high current will cause a substantial rise in the
temperature of the solution inside the capillary. This is because heat dissi-
pation under these conditions is not complete and instantaneous. Run condi-
tions which result in high currents should therefore be avoided. A CE sys-
tem which has efficient capillary cooling (such as that used in P/ACE) is
mandatory under high current  conditions.

2. Choice of Surfactant
A surfactant molecule has a hydrophobic part and hydrophilic part and
both groups affect the selectivity in MEKC. Since most analytes interact
with the micelles at their surfaces, the hydrophilic group, or ionic group, is
generally more important in terms of selectivity. That is, SDS and sodium
tetradecyl sulfate (STS) show very similar selectivity, but SDS and sodium
N-lauroyl-N-methyltaurate (LMT) yield considerably different selectivity,
provided the analytes are polar (see Figure 8 for example). In practice, it is
easy to change the micellar solution. When the resolution is not adequate
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with a particular surfactant solution, it is recommended to try another sur-
factant solution.
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Figure 8. Comparison of selectivity between surfactants with different
polar groups: 1 = caffeine; 2 = acetaminophen; 3 = sulpyrin;
4 = trimetoquinol; 5 = guaifenesin; 6 = naproxen; 7 = ethenzamide;
8 = phenacetin; 9 = isopropylantipyrine; 10 = noscapine;
11 = chlorpheniramine; 12 = tipepidine. Conditions: Run buffer, (A) 0.1 M
LMT in 20 mM phosphate-borate (pH 9.0); (B) 0.1 M SDS in the same
buffer as in A; applied voltage, 20 kV. Reproduced with permission from
Nishi et al., J. Pharm. Sci. 79, 519 (1990).

Bile salts such as sodium cholate, sodium deoxycholate, and their
taurine conjugates are natural surfactants. Bile salts form helical micelles
and yield selectivities significantly different from the long alkyl chain
surfactants. In particular, bile salts are useful for the separation of very
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hydrophobic compounds. In Figure 9, for example, corticosteroids were
not successfully separated with SDS but they were completely resolved
with sodium cholate as the micelle.
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Figure 9. Separation of eight corticosteroids: a = hydrocortisone;
b = triamcinolone; c = betamethazone; d = hydrocortisone acetate;
e = dexamethasone acetate; f = fluocinolone; g = fluocinolone acetonide;
h = fluocinonide. Conditions: Run buffer, 100 mM sodium cholate in
20 mM phosphate-borate (pH 9.0). Reproduced with permission from Nishi
et al., J. Chromatogr. 513, 279 (1990).

Although MEKC is used mainly for separating neutral compounds, it
sometimes also allows an improved separation of ionic analytes. MEKC
may work for the separation of ionic analytes when they are not success-
fully separated by CZE. Since the micelles used in MEKC are charged on
the surface, an analyte with the opposite charge of the micelle will strongly
interact with the micelle through electrostatic forces and an analyte with
the same charge as the micelle will interact weakly, due to the electrostatic
repulsion. In case of ionic analytes, hydrophobicity and charge affect the
distribution coefficient. Therefore, the use of a cationic surfactant will
result in an entirely different selectivity than when an anionic surfactant is
used for the separation of ionic analytes. This is illustrated in Figure 10 for
the separation of PTH amino acids.

Some classes of surfactants possess very specific selectivity. For ex-
ample, sodium N-dodecanoyl-L-valinate (SDVal) and many bile salts en-
able enantiomeric separations (see Section IV). Surfactants with
perfluorinated alkyl chains may exhibit enhanced selectivity towards flu-
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orinated compounds. It is expected that in the near future, surfactants spe-
cifically designed for the separation of certain groups of analytes will be
commercially available.
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Figure 10. Comparison of selectivity between anionic and cationic surfac-
tants for the separation of 22 phenylthiohydantoin (PTH)-amino acids by
MEKC: The peaks are labeled with one-letter abbreviations for amino
acid. Conditions: (A) Run buffer, 50 mM SDS in 50 mM phosphate-borate
(pH 7.0);
(B) 50 mM DTAB in 100 mM Tris-HCI buffer (pH 7.0); applied voltage,
(A) 10 kV, (B) 15 kV; detection, UV absorbance at 260 nm; temperature,
35°C. Reproduced with permission from Otsuka et al., J. Chromatogr. 332,
219 (1985).
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3. Modification of the Micelle
The micellar phase can be modified by adding a second surfactant to form
a mixed micelle or by selecting a different counter ion. Since a mixed mi-
celle of an ionic and a nonionic surfactant has a lower surface charge and a
larger size, its electrophoretic mobility will be lower than a single ionic
micelle. The addition of a nonionic surfactant to an ionic micellar solution
causes a narrower migration time window. In Figure 11, the separation of
several pharmaceuticals is shown. As shown in panel B, the addition of the
nonionic surfactant Tween 60 to the buffer resulted in several peak rever-
sals and a shorter analysis time. Typically, the selectivity is dramatically
affected by adding a nonionic surfactant because the polar group of non-
ionic and ionic surfactants are very different. The effect of the counter ion
is generally less important, unless the counter ion is replaced by an organic
ion.
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Figure 11. Effect of nonionic surfactant addition: 7 = acetaminophen;
8 = caffeine; 9 = guaifenesin; 10 = ethenzamide;
11 = isopropylantipyrine; 12 = trimetoquinol. Conditions: (A) Run buffer,
100 mM SDS in 50 mM phosphate/100 mM borate (pH 7.0); capillary,
75 µm i.d. × 57 cm (effective length 50 cm); applied voltage, 18 kV; detec-
tion, UV absorbance at 214 nm. (B) as in (A) but with 30 mM Tween 60
added to the run buffer. Unpublished data from Ishihama and Terabe
(1991).
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A relevant application of the mixed micellar phase is the separation of
enantiomers with a nonionic chiral surfactant. Several nonionic chiral sur-
factants are effective for the separation of enantiomers. In order to give
these surfactants electrophoretic mobilities, an ionic surfactant such as
SDS can be employed to form the mixed micelle. For example, digitonin is
successfully used with SDS for the enantiomeric separation of PTH amino
acids (Figure 12). The method involving the mixed micelle can also be
useful when surfactants are used which become nonionic under acidic
conditions.
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Figure 12. Enantiomeric separation of six PTH-DL-amino acids by
MEKC: 1 = Trp; 2 = Nle; 3 = Nva; 4 = Val; 5 = Aba; 6 = Ala. Condi-
tions: Run buffer, 25 mM digitonin and 50 mM SDS in 50 mM phosphate
buffer (pH 3.0); capillary, 50µm i.d. × 63 cm (effective length 59 cm);
applied voltage, 20 kV; detection, absorbance at 260 nm. Reproduced with
permission from Otsuka and Terabe, J. Chromatogr. 515, 221 (1990).
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4. Choice of the Aqueous Phase
The constituents of the buffer solution have very little effect upon selectiv-
ity. Organic buffers usually have a relatively low conductivity and, there-
fore, are recommended if they are stable and UV transparent. Care should
be taken not to replace the counter ion of the ionic surfactant with the
buffer ion.

The pH of the buffer is a critical parameter for the separation of ioniz-
able analytes. In separations with closely spaced peaks, it is often essential
to find the optimum pH. This is demonstrated in Figure 13 for the separa-
tion of chlorinated phenols by plotting the apparent capacity factor vs. the
buffer pH. Here, the apparent capacity factor is calculated according the
equation (2), regardless of whether the samples are ionized or not. It should
be noted that changing the buffer pH (especially in the acidic region)
causes a notable change in the electroosmotic velocity.
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Figure 13. Dependence of apparent capacity factors of chlorinated
phenols on pH: 1 = phenol; 2 = 2-chlorophenol; 7 = 2,5-dichlorophenol;
14 = 2,4,5-trichlorophenol; 17 = 2,3,4,5-tetrachlorophenol; 20 = pen-
tachlorophenol. Conditions: Run buffer, 100 mM SDS in 50 mM phos-
phate-borate; capillary, 50µm i.d. × 65 cm (effective length, 50 cm);
applied voltage, 15 kV; detection, UV absorbance at 220 nm. Reproduced
with permission from Otsuka et al., J. Chromatogr. 348, 39 (1985).
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5. Modification of the Aqueous Phase
The use of additives to modify the aqueous phase is very effective in ma-
nipulating selectivity. Modification of the mobile phase by additives is
well documented in HPLC and many of the HPLC additives are also appli-
cable to MEKC. However, we have to consider the difference between the
micellar phase in MEKC and the stationary phase in HPLC to take advan-
tage of such additives. Five classes of additives are applicable in MEKC:

1. Cyclodextrins (CDs)
2. Ion-pair reagents
3. Urea
4. Organic solvents
5. Metal salts

Cyclodextrins

CDs are oligosaccharides with truncated cylindrical molecular shapes.
Their outside surfaces are hydrophilic, while their cavities are hydropho-
bic. Traditionally, they have been used to improve the therapeutic useful-
ness, in animals and humans, of drugs and biologicals that are relatively
insoluble in water. CDs tend to include compounds which fit their cavities
by hydrophobic interaction. Three CDs, α-, β-, and γ-CD, are widely used
and some of their characteristics are listed in Table 2. The size of the cav-
ity differs significantly among the α, β and γ CDs. Only β-CD has a rela-
tively low solubility in water. Many CD derivatives (e.g., O-methylated
β-CD derivatives) have been developed for increased solubility in water as
well as to modify the cavity shape. CDs can be obtained from a variety of
commercial sources. For example, in the U.S., Sigma (St. Louis, MO) and
Pharmatec (Alachua, FL) offer a wide choice in chemically modified CDs.

Table 2. Characteristics of Cyclodextrins

Cyclodextrin α-CD β-CD γ-CD

Number of glucose units 6 7 8
Molecular weight 972.9 1135.0 1297.2
Internal diameter of the cavity/nm 0.47–0.52 0.62–0.64 0.75–0.83
Outside diameter/nm 1.46 1.54 1.75
Height of the cavity/nm 0.79–0.80 0.79–0.80 0.79–0.80
Solubility in water at 25°C 14.50 1.85 23.2
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In MEKC, CDs are electrically neutral and have no electrophoretic
mobility. They are assumed not to be incorporated into the micelle, be-
cause of the hydrophilic nature of the outside surface of the molecules. A
surfactant molecule may, however, be included into the CD cavity. The
separation principle of CD-modified MEKC (CDMEKC), in which CD is
added to the micellar solution, is shown schematically in Figure 14.

Anionic Surfactant

Analyte

Cyclodextrin

Electroosmotic Flow

Electrophoretic
Migration

Figure 14. Schematic of the separation principle of CDMEKC. The detec-
tor window is assumed to be positioned near the negative electrode..

The analyte molecule included by CD migrates at the same velocity as
the electroosmotic flow because, electrophoretically, CD behaves as the
bulk aqueous phase. Therefore, the addition of CD reduces the apparent
distribution coefficient and enables the separation of highly hydrophobic
analytes, which otherwise would be almost totally incorporated into the
micelle in the absence of CD. The higher the concentration of CD, the
smaller the capacity factor. In CDMEKC, therefore, the capacity factor is
changed by varying the concentrations of both the surfactant and CD. An
example of this approach for hydrophobic compounds is shown in Fig-
ure 15. All of the isomers of the trichloro- biphenyls migrated with the
same velocity as that of the micelle in MEKC. However CDMEKC al-
lowed the baseline separation of the eleven hydrophobic isomers.
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Figure 15. Separation of eleven trichlorobiphenol isomers by CDMEKC.
BIPH = biphenyl. Run buffer, 60 mM γ-CD, 100 mM SDS, and 2 M urea in
100 mM borate-50 mM phosphate (pH 8.0). Reproduced with permission
from Terabe et al., J. Chromatogr. 516, 23 (1990).

It should be mentioned that CDMEKC is a different technique from
CDEKC. In CDMEKC a neutral CD is added to the micellar solution,
while in CDEKC an ionic CD derivative without the micelle is employed.
CDMEKC is also very effective for enantiomeric separations because of
the chirality of CD itself. This will be discussed later in Section IV on
Enantiomeric Separations.

The solubility of β-CD is relative low. Addition of a high concentra-
tion of urea such as 2 M increases the solubility. It is our experience that,
for many compounds, γ-CD is a more effective additive than β-CD in
CDMEKC. This is even the case for the compounds successfully separated
in HPLC with the β-CD-bonded phase. Conceivably, co-inclusion of the
surfactant molecule into the cavity of γ-CD would result in less available
space for the analyte molecule. The use of a different CD typically causes
changes in selectivity.

Ion-Pair Reagents

There is an essential difference in the separation of ionic compounds be-
tween MEKC and RPLC, although both have similar characteristics in the
separation of nonionic compounds. The difference is due to the electric
charge on the micelle. When a tetraalkylammonium salt is added to the
SDS solution, migration times of anionic analytes increase with an in-
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crease in the concentration of the ammonium salt, because the ammonium
ion interacts with the anionic analyte to form the paired ion. Hence, the
electrostatic repulsion between the anionic SDS micelle and the anionic
analyte is reduced. In contrast, migration times of cationic analytes de-
crease, because the ammonium ion competes with the cationic analyte in
pairing to the anionic micelle. The effect of the ion-pair reagent on selec-
tivity depends significantly on the structure of the reagent, e.g., the length
of the alkyl chain. Figure 16 demonstrates the effect of the addition of
tetramethylammonium ion to the SDS micellar solution on the selectivity
for cephalosporin antibiotics. Also shown in Figure 16 is the CZE separa-
tion (i.e., with no SDS). In this case, poor selectivity is obtained. The best
separation is obtained when the tetramethylammonium salt is added to the
buffer (panel C). It should be mentioned that all cephalosporins are
baseline resolved when 100 mM SDS instead of 50 mM is used.
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Figure 16. Separation of cephalosporin antibiotics by CZE (A), MEKC
with SDS (B), and MEKC with SDS and tetramethylammonium salt (C):
1 = C-TA; 2 = ceftazidime; 3 = cefotaxime; 4 = cefmenoxime;
5 = cefoperazone; 6 = cefpiramide; 7 = cefpimizole; 8 = cefminox;
9 = ceftriaxone. (A) Run buffer, 20 mM phosphate-borate (pH 9.0); (B)
with 50 mM SDS added to run buffer A; (C) with 40 mM tetramethylammo-
nium bromide added to run buffer B. Capillary, 50µm i.d. × 65 cm (effec-
tive length 50 cm); applied voltage 20 kV; detection, UV absorbance at
210 nm. Reproduced with permission from Nishi et al., Anal. Chem. 61,
2434 (1989).
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Urea

A high concentration of urea is known to increase the solubility of hydro-
phobic compounds in water. Urea also breaks down hydrogen-bond forma-
tion in the aqueous phase. In MEKC, the addition of a high concentration
of urea to the SDS solution improves the separation of highly hydrophobic
compounds. In Figure 17, the effect of urea is shown for the separation of
lipophilic corticosteroids. Urea slightly reduces the electroosmotic velocity
and considerably reduces the migration velocity of the micelle, resulting in
a reduced capacity factor. Although the addition of urea causes a slight
increase in viscosity, the decrease of vmc is more significant than would be
expected from the viscosity change alone. Selectivity is not remarkably
altered by the addition of urea, but minor changes are noticeable, espe-
cially for the separation of closely related compounds.
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Figure 17. The effect of urea addition to the SDS solution: 1 = hydrocorti-
sone; 2 = hydrocortisone acetate; 3 = betamethasone; 4 = cortisone ac-
etate; 5 = triamcinolone acetonide; 6 = fluocinolone; 7 = dexamethasone
acetate; 8 = fluocinonide. (A) without urea; (B) with the addition of 6 M
urea to the run buffer. 50 mM SDS in 20 mM phosphate-borate (pH 9.0);
capillary, 50µm i.d.× 65 cm (effective length 50 cm); applied voltage,
20 kV; detection, UV absorbance at 210 nm. Reproduced with permission
from Terabe et al., J. Chromatogr. 545, 359 (1991).
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Organic Solvents

Organic solvents miscible with water are widely used as mobile phase
modifiers in HPLC. The main objective of using organic solvents in RPLC
is to adjust the capacity factor close to the optimum value. The result is a
reasonable analysis time, even for very hydrophobic compounds. We may
expect a similar effect with the use of organic solvents in MEKC. How-
ever, it should be noted that a high concentration of the organic solvent
may break down the micellar structure. Generally, concentrations of up to
20% organic solvent can be used without difficulty in MEKC. The use of
organic solvents contributes to the improvement of resolution or the alter-
ation of selectivity. In general, the addition of methanol, 2-propanol or
acetonitrile reduces the electroosmotic velocity and, hence, expands the
migration time window. This is illustrated in Figure 18 for the separation
of a number of aromatic sulfides with the addition of methanol to the run
buffer.

Metal Salts

It has been reported that the addition of certain metal salts to the SDS mi-
cellar solution improves selectivity. In particular, the MEKC separation of
oligonucleotides is enhanced by the addition of magnesium, zinc, or copper
(II) ion. Metals ions are electrostatically attracted to the surface of the
micelle where they can be selectively complexed with analytes. (Care
should be taken not to cause precipitation of metal salts with SDS.) The
analyte/metal ion/micelle complexation  results in a widened migration
time window and enhanced selectivity. An example of this approach is
shown in Figure 19. 3 mM Zn (II) was added to the buffer to significantly
enhance the resolution of oligonucleotides. Relatively low concentrations
of metal salt (0.3–3.0 mM) give a good compromise between zone broad-
ening and resolution.
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Figure 18. Effect of methanol addition to the SDS solution: 1 = benzyl
methyl sulfide; 2 = benzyl ethyl sulfide; 3 = benzyl propyl sulfide; 4 = ben-
zyl isopropyl sulfide; 5 = methyl phenyl sulfide; 6 = ethyl phenyl sulfide;
7 = phenyl propyl sulfide; 8 = isopropyl phenyl sulfide; 9 = butyl phenyl
sulfide; 10 = isobutyl phenyl sulfide; 11 =s-butyl phenyl sulfide;
12 = Sudan III. (A) without methanol; (B) with 20% methanol added. Run
buffer, 20 mM SDS in 50 mM phosphate-borate (pH 7.0); capillary, 50µm
i.d. × 90 cm (effective length 75 cm); applied voltage 21 kV; detection, UV
absorbance at 210 nm; temperature, 35°C. Reproduced with permission
from Otsuka et al., Nippon Kagaku Kaishi, no. 7, 950 (1986).
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Figure 19. Separation of a mixture of 18 oligonucleotides, each with 8
bases. Run buffer, 7 M urea, 20 mM Tris, 5 mM sodium phosphate, 50 mM
SDS, 3 mM Zn (II). Reproduced with permission from Cohen et al., Anal.
Chem. 59, 1021 (1987).
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IV: Enantiomeric Separations

In the pharmaceutical industry, the determination of the optical purity or
separation and determination of enantiomers is becoming increasingly
important. The non-active enantiomer in a drug formulation may be con-
sidered as an impurity. High resolution separation methods are required to
achieve chiral separations. The approaches used in CE, discussed next, are
relatively simple compared to HPLC methods in which expensive, chiral
stationary phases are frequently used. In CE only minute amounts of chiral
selectors are required to determine enantiomeric purity.

Two approaches can be used to perform enantiomeric separations in
MEKC:

1. Use of chiral surfactants
2. Use of chiral additives

1. Chiral Surfactants
Bile salts are widely available commercially and have shown to be useful
chiral surfactants. Sodium cholate (see the separation in Figure 9) or so-
dium deoxycholate can be used under neutral or alkaline conditions to
ionize the carboxyl group of the surfactant. Taurine conjugates of bile salts
can also be used in acidic conditions because taurine has a sulfonic acid
group. Amino acid-derived surfactants (e.g., sodium N-dodecanoyl-L-
valinate, SDVal) are another group of chiral surfactants that are commer-
cially available. They also must be used under neutral or alkaline
conditions. In order to use these surfactants under acidic conditions, SDS
can be added to form mixed micelles with appreciable electrophoretic
mobilities. The addition of a small amount of methanol and/or a relatively
high concentration of urea often improve resolution while sharpening peak
profiles. An example of the enantiomeric separation of PTH amino acids
with SDVal is shown in Figure 20. Alternatively, digitonin can be used to
form mixed micelles for these types of applications (see Figure 12).
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Figure 20. Enantiomeric separation of six PTH-DL-amino acids by MEKC
with SDVal: 0 = acetonitrile; 1 = Ser; 2 = Aba; 3 = Nva; 4 = Val;
5 = Trp; 6 = Nle. Conditions: Run buffer, 50 mM SDVal-50 mM SDS/
0.5 M urea in 50 mM borate buffer (pH 9.0) containing 10% methanol;
detection, UV absorbance at 260 nm. Reproduced with permission from
Otsuka et al., J. Chromatogr. 559, 209 (1991).
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2. Chiral Additives
The second, more popular, method of enantiomeric separation by MEKC is
to add CD to the micellar solution (see also discussion on page 27,
CDMEKC). The SDS micelle may be conveniently used for this approach.
Various CDs or CD derivatives may be tried. The concentrations of SDS
and CD should be optimized to yield optimal capacity factors (see Chapter
V). An example of this approach is shown in Figure 21. Cicletanine is a
member of a new class of antihypertensive drugs, the fusopyridines. Chiral
selectivity was obtained by using a buffer consisting of 100 mM borate,
50 mM SDS, pH 8.6 and 50 mM β-CD. The addition of methanol and/or
urea often enhances solubility and improves resolution. When γ-CD is
employed, a second chiral component, such as d-camphor-10-sulfonate or
l-menthoxyacetic acid, may enhance resolution. This is illustrated in Fig-
ure 22 for the separation of several barbiturates.
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Figure 21. Enantiomeric separation of R(-) and S(+) cicletanine. Run
buffer, 100 mM sodium borate, 50 mM SDS, pH 8.5. Reproduced from
Pruñonosa et al., Beckman Application Note DS-798, 1990.
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Figure 22. Enantiomeric separation of several barbiturates by CDMEKC
with d-camphor-10-sulfonate: 1 = thiopental (sodium salt); 2 = pentobar-
bital (calcium salt); 3 = 2,2,2-trifluoro-1-(9-anthryl)ethanol); 4 = 2,2'-
dihydroxy-1,1'-dinaphthyl; 5 = phenobarbital; 6 = barbital (sodium salt).
Run buffer, 50 mM SDS, 30 mM γ-CD, 20 mM sodium d-camphor-10-
sulfonate in 20 mM phosphate-borate (pH 9.0); capillary, 50µm
i.d. × 65 cm (effective length 50 cm); applied voltage, 20 kV; detection, UV
absorbance at 220 nm. Reproduced with permission from Nishi et al.,
J. Chromatogr. 553, 503 (1991).

Since the separation factor, α, of enantiomeric pairs is generally small,
the separation conditions must be carefully optimized to maximize resolu-
tion. This can be achieved, for example, by using a longer capillary, a
higher voltage, adjustment of the capacity factors, expansion of the migra-
tion time window, etc. Suppression of electroosmosis often enhances reso-
lution (see page 14, equation 11), although analysis times may become
long. The use of acidic buffer conditions or the addition of an organic
solvent is useful in reducing the electroosmotic flow.
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V: Strategy for Optimizing Resolution

After discussion of the separation principles, selectivity effects, and vari-
ous applications, this final section of the primer provides a method devel-
opment guide for MEKC. In many cases, the novice practitioner of MEKC
will be surprised how easy it is to get a good separation on the first try.
This is often the case with other modes of CE as well. Indeed, many sepa-
ration scientists feel that, in general, it is easier and quicker to get satisfac-
tory results in CE than in HPLC. Many separation problems can be solved
with a “standard” MEKC run buffer and operating conditions. These stan-
dard conditions are listed in Table 3. When an electropherogram obtained
with the standard operating conditions is not satisfactory, other options
must be pursued. These are discussed below and are summarized in the
flow chart shown in Figure 23.

Table 3. Suggested Standard Operating Conditions

Running solution: 50 mM SDS in 50 mM borate buffer*
(pH 8.5 – 9.0)

Capillary: 50 – 75 µm i.d. × 20 – 50 cm
(from the injection end to the detector)

Applied voltage: 10 – 20 kV (keep current below 100 µA)
Temperature: 25°C or ambient
Sample solvent: water or methanol
Sample concentration: 0.1 – 1 mg/mL
Injection end: the positive or anodic end
Injection volume: below 2 nL (or less than 1 mm from the end of

the capillary)
Detection: 200 – 210 nm (depends on the sample)

* The buffer solution in which to dissolve SDS may be a 50 mM phosphate
(pH 7.0) or 20 mM Good’s buffer (pH 7.0), if neutral conditions are de-
sired.

Optimize the Capacity Factor
The optimum value of the capacity factor, k', is around 2 under the above
conditions. Useful and practical capacity factors are in the range of 0.5 to
10. When the migration time of the micelle, tmc, is difficult to measure,
assume tmc is roughly equal to four times t0.
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If k' is less than 0.5, the concentration of SDS may be increased up to
200 mM, (see equation 10). When k' is still too small even when the SDS
concentration is relatively high, the surfactant should be altered. In such a
case, the analytes are negatively charged, and pH manipulation should be
considered as will be described later.

When k' is too large (i.e., k'>10), many options are available. For ca-
pacity factors less than 10, a reduction of the SDS concentration should be
effective. However, the SDS concentration must be kept higher than
10 mM, as low SDS concentrations limit the sample loading capacity.
When k'>10 or when the migration times are close to tmc, other parameters
should be changed.

Change the Surfactant
Even when the capacity factors are in the optimum range, separations may
not always be successful. One of the easiest ways to improve resolution is
to change the surfactant. At present, it is hard to predict which surfactant
will be suitable for the separation of particular analytes. In general, the
polar group of the surfactant molecule affects selectivity more than the
nonpolar group. Therefore we recommend using surfactants with different
polar groups to change selectivity. When the capacity factors are too large,
the use of a bile salt may give successful results. Cationic surfactants show
significantly different selectivities from anionic surfactants. The substitu-
tion of a cationic surfactant for an ionic surfactant should dramatically
change selectivity for ionic analytes. The addition of a nonionic surfactant
to the ionic micellar solution also affects selectivity but, as we have seen in
Figure 12, this approach results in an increase of the capacity factors and a
narrower migration time window.

Optimize the pH of the Buffer
As in CZE, the pH of the micellar solution is an important parameter in
optimizing the separation of ionizable analytes. The pH does not signifi-
cantly affect the selectivity of neutral analytes. In general, when an anionic
surfactant is employed, the increase in pH will decrease the capacity fac-
tors of acidic compounds. Acids ionize at a high pH and have their own
electrophoretic mobilities which are usually less than the mobility of the
SDS micelle. That is, the acids will migrate at velocities that are slower
than the electroosmotic flow at a high pH, although their interaction with
the SDS micelles will be weak. The simplest way to find the optimum pH
is to change the pH by one or two pH units and to run the separation in a
certain pH range.
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Modify the Aqueous Phase
Cyclodextrin is one of the most useful additives, not only for the separation
of very hydrophobic or enantiomeric analytes but also for changing the
selectivity. Among the various CDs, γ-CD in general will be most effective
for most analytes in MEKC. The other CDs also change selectivity and
should be used in case γ-CD is not very effective. The concentration of CD
affects resolution and should be optimized. In CDMEKC, the CD concen-
tration is dependent on the k' (in the absence of CD): for the separation of
water-soluble compounds or enantiomers, 10 mM of CD is generally suffi-
cient if the k's are in the proper range without CD. For the separation of
highly hydrophobic compounds (k' usually >10), CD concentrations of
>40 mM will be necessary.

Methanol or acetonitrile are other useful additives for changing selec-
tivity as well as expanding the migration time window. It is recommended
that the concentration of the organic solvent remains below 20% in order to
avoid breaking up the micellar structure. Other additives (ion-pair reagents,
urea, metal salts) were discussed earlier and may also be useful in certain
applications.
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