Journal of Chromatography, 557 (1991) 113-123
Elsevier Science Publishers B.V., Amsterdam

CHROM. 23 295

Bile salt surfactants in micellar electrokinetic capillary
chromatography

Application to hydrophobic melecule separations

RODERIC O. COLE and MICHAEL J. SEPANIAK*
Department of Chemistry, University of Tennessee, Knoxville, TN 379961600 (USA)
WILLIE 1. HINZE

Department of Chemistry, Laboratory for analysical Micellar Chemistry, Wake Forest University, Winston-
Salem, NC 27109 (USA}

and
JOSEPH GORSE and KIMBERLY OLDIGES
Department of Chemistry, Baldwin-Wallace College, Berea, OH 44017 (USA)

ABSTRACT

Bile salt surfactants are used in the micellar electrokinetic capillary chromatography (MECC) sep-
aration of varieus hydrophobic campounds. The use of methanol in the mobile phase allows the separation
of previously imtractable compounds including polyaromatic hydrocarbons. The effects of methanol on
eritical micelle concentration is imvestigated for sodivm dodecyl sulfate (SDS) and the bile salt sodium
cholate. It is determined that the uniqgue structure of the bile salt micelle is much more tolerant to the
addition of organic solvents than SDS, thereby increasing the scope of applications of MECC to include
hydrophobic compounds.

INTRODUCTION

Micellar electrokinetic capillary chromatography (MECC) is a form of capil-
lary zone electrophoresis (CZE) which offers unique selectivities as well as the ability
to separate ncutral compounds, CZE separates charged solutes based on their migra-
tion rate in an electric field [1]. In the case of neutral compounds, no separation is
usually observed for this separation mode. First reported in 1984 [2], MECC involves
the addition of an ionic surfactant such as sodium dodecyl sulfate (SDS) to the mobile
phase above the critical micelle concentration (CMC). The micelles are retarded in the
electric field and move at a velocity siower than electroosmotic flow. In this situation,
neutral solutes can partition between the micellar (pseudostationary) phase and the
mobile phase, resulting in separation. Due to the fact that the micellar phase is
moving toward the detector, an elution window is created that is bordered by a
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column void time (7,) and a micelle migration time (#,). As a result of this limited
range, hydrophobic compounds (spending the bulk of the separation time associated
with the micelle) tend to “‘stack up” (i.e., coelute) near #,,. Since resolution in MECC
is optimal for a capacity factor, k', in the range 1-5 [3], depending on the breadth of
the elution window, the technique is limited to compounds that are relatively hydro-
philic.

In an effort to extend the utility of the technique to more hydrophobic species,
organic solvents such as methanol have been added to the mobile phase [4,5]. Organic
solvents affect the MECC separation process in several ways. First, the organic sol-
vent slows electroosmotic flow by interacting with the capillary wall and thereby
extends the micelle migration time and thus the elution window [4]. Extension of the
clution window is concomitant with an increase in peak capacity. Second, the parti-
tion ratio is altered by decreasing the overall polarity of the mobile phase. Solutes
which are insoluble in water distribute more equitably between micellar and mobile
phases (i.e., k' is reduced). Moreover, this approach provides an element of selectivity
[5]. These effects have allowed the development of step- and continuous-gradient
elution techniques for MECC [6,7].

Relatively high concentrations of organic solvents degrade separation perform-
ance. At levels exceeding approximately 15% (v/v), efficiency begins to show signif-
icant reduction and analysis time becomes prohibitive [7]. Band broadening in this
situation is attributed to micelle polydispersity [7]. Analysis time is dependent on the
amount and type of organic solvent employed. Methanol and 2-propanol greatly
extend the elution range, presumably due to strong wall interaction and thus signif-
icantly alter electroosmotic flow. In some cases, the flow can be reduced to a point
where the electrophoretic mobility of the micelle exceeds electroosmotic flow and
migrates toward the positive electrode, away from the detector [8], Other solvents
such as acetonitrile and dioxane reduce solute capacity without dramatically reducing
flow, presumably due to less wall interaction,

When SDS is used as the pseudostationary phase, separations of extremely
hydrophobic molecules such as polyaromatic hydrocarbons (PAHs) are often un-
successful. Hydrophobic species usually coelute at 7, despite the addition of large
(20%) amounts of organic solvent to the mobile phase. Additives such as cyclo-
dextrins have been used with SDS to separate compounds such as PAHs, chlorinated
biphenyls and dioxins [9]. While successful, this approach is limited to solutes which
can fit into the cyclodextrin cavity.

As an alternative surfactant system, the bile salts have found application in
MECC. Bile salts exhibit several useful chromatographic properties such as the abil-
ity to recognize specific enantiomeric conformations {10-13] and increased micelle
polarity [12,14]. Based on a hydroxyl-substituted steroid backbone, bile salis are
important biological surfactants which possess both hydrophobic and hydrophilic
“faces™. Fig. ! shows the structures of the bile salts used in this work. While the
physical properties of bile salts have been extensively studied [15,16], there has been
some controversy over the structure of their micelles. In 1968, Small [17} introduced a
model in which the hydrophobic faces of the monomer units are proximal and the
protruding hydroxy! groups face the bulk solution. This model, based on logical
consideration of space-filling molecular models and interfacial behavior of the mono-
mer units, has recently been expanded in light of more sophisticated experimentation.
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Fig. 1. Bile salt structures.

Recent studies [18-20] suggest that the aggregates in question form helical micelles
with the hydrophobic portions of the monomer facing the aqueous solution while the
hydrophilic portions turn inward. Thus, in some respects, the bile salt micelle can be
envisioned as an “‘inverted micelle”. Studies with fluorescent and spin-label probe
compounds lend further support to this argement [21,22].

The fact that the bile salt monomer is more polar than SDS leads to a general
reduction of £" in MECC [12,14]. This is particularly advantageous in dealing with
hydrophobic compounds, as separations which prove difficult with conventional SDS
systems are more easily attained with bile salts. In addition, the unique inverted bile
salt micelle appears to tolerate high concentrations of solvents such as methanol
without drastic loss of efficiency or dramatic increase in analysis time, These desirable
characteristics allow separations of compounds never before performed with MECC.
This paper presents several separations of hydrophobic compounds using bile salt
mobile phases with high organic modifier content. Investigations of the effects of
methano! on the CMC for both SDS and sodium cholate, a trihydroxy bile salt, are
also reported. Reasons for the tolerance of the bile salt micelles to organic solvent are
discussed.

EXPERIMENTAL

Apparatus

Both absorbance and laser-based fluorescence detection were used in this study.
Fluorescence excitation was provided by a Liconics (Sunnyvale, CA, USA) Model
4230MB helium—cadmium laser operated at 325 nm. Collection of fluorescence emis-
sion was as described elsewhere [12]. Parameters such as detection wavelengths, col-
umn length, mobile phase composition and applied voltage are given in the text.
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Absorbance spectra were measured on a Perkin-Eimer Model Lambda 3B dual-beam
spectrometer. The sample cuvette was maintained at 30°C with a Perkin-Elmer Mode!l
0050405 temperature controller bath,

Chemicals

Sodium cholate (NaCh), sodium deoxycholate (NaDCh) and SDS were ob-
tained from Sigma (St. Louis, MO, USA). Rhodamine 6G, amines and 7-chloro-4-
nitrobenzo-2,1,3-oxadiazole (NBD-CI) were purchased from Eastman Kodak (King-
sport, TN, USA). NBD-Cl derivatization of amines has been described previously
[23]. All solvents were of high-performance liquid chromatography (HPLC) grade
and were purchased from Baxter. PAHs and aflatoxins were obtained from Aldrich
(Milwaukee, W1, USA). Benzo[a]pyrene (B[a]P) tetrol was obtained from Midwest
Research Institute (Kansas City, MQ, USA). Structures for compounds studied are
depicted in Fig. 2.

Procedures

Injections were made by a common syphoning procedure [6]. Column pretreat-
ment and equilibration was as described earlier {12]. Due to the very limited water
solubility of some of the compounds studied, the samples were dissolved in methylene

NBD-Amines (R = n-alkyl chain)

h
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Fig. 2. Structures of compounds investigated in this work.
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chloride and extracted into the mobile phase or further disselved in methanol fol-
lowed by dilution with an approximately 50% micellar solution. Injections from pure
organic solvent were avoided to prevent problems with electric field distortions and
loss of current.

CMC values were estimated via dye solubilization as described by Small and
Carey [15]. This procedure consists of measuring the wavelength of maximum absor-
bance for a dye (Rhodamine 6G) under varying concentrations of bile salt and metha-
not. The wavelength of maximum absorbance (An,,) is measured for cach concentra-
tion and plotted against the logarithm of the surfactant concentration. All Ap.x values
are the average of three measurements.
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Fig. 3. Separation of NBD-derivatized amines in {A) NaCh and (B) SDS. Mobile phase, 0.05 M surfac-
tant-0.01 M Na,HPO,-0.006 M Na,B,0.; applied voltage, [5 kV; column length, 50 cm, 45 cm to
window; detection, argon ion laser fluorescence, 1,, 488 nm, 4, 540 nm. Peaks: I = methylamine-NBD;

2 = propylamine-NBD); 3 = pentylamine-NBD; 4 = octylamine-NBD; 5 = decylamine-NBD; 6 =
deodecylamine-NBD; 7 = quadradecylamine-NBD.
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RESULTS AND DISCUSSION

In first evaluating the bile salts for hydrophobic separations, a well-character-
ized test mixture of derivatized n-alky!l amines were employed. To better estimate #,,
and separation performance, a mixture of NBD derivatives was made: methyl, pro-
pyl, pentyl, octyl {Cg)}, decyl (C,p), dodecyl (C,,) and tetradecyl (C,,) amine were
included. The late-eluting derivatives {(Cg—C,4) serve to gauge hydrophobic com-
pound separation performance as well as mark the micelle migration time. Fig. 3
shows the separation of these compounds with NaCh and SDS. Retention time in-
creases linearly with increasing carbon chain length, so elution order is the same for
both systems. Note that the late-eluting solutes are partially resolved with the NaCh,
As mentioned above, the more polar micelle allows for k&' values more near the
optimum range.

A more significant example of the capabilities of MECC using bile salis is
shown in Fig. 4; the separation of the aflatoxins G, G3, and B, with a NaDCh
pseudostationary phase. Aflatoxins are extremely toxic compounds found in spoiled
foodstuffs [24]. Baseline separation of these compounds has been reported [25] with
SDS, but only after addition of organic solvent. In this case baseline resolution is

—— |

0 8 18

time, minttes
Fig. 4. Separation of aflatoxins, Peaks: | = G;2 = G; 3 = B,. Mobile phase, 0.05 M NaDCh-0.01 M
Na,HPO,-0.006 M Na,B,0O.; applied voltage, L6 kV; column length, 53 cm, 50 cm to window; detection,
HeCd laser fluorescence, 4,, 325 nm, 4_ 450 nm,



MECC USING BILE SALT SURFACTANTS 119

obtained for all three compounds without the use of organic modifiers, thus saving
analysis time. Coupled with the sensitivity of laser-based fluorescence, bile salt
MECC offers a rapid assay for these toxins.

Further improvements in resolution are attained when methanol is added to the
mobile phase. Fig. 5 shows the separation of the aforementioned NBD amines using a
mobile phase containing 20% methanol. With the NaCh system (Fig. 5A), all of the
more hydrophobic (Ce—C,4) amine derivatives are fully resolved, with reasonable
efficiency. In contrast, the SDS system (Fig. 5B) allows resolution of only the Cq from
the C,4-C,4 amine derivatives which coclute at 7. In addition, analysis time for the
SDS system is roughly three times that for the NaCh system. Efficiency is much
poorer with the SDS system, presumably due to micelle polydispersity. Micelle poly-
dispersity arises when the micelles have a range of aggregation numbers, leading to
the formation of micelles with a possible range of electrophoretic mobilities. Solutes
that associate with the micelles can experience a similar range of velocities and there-
by become dispersed. This mechanism is thought to be a significant source of band
dispersion in MECC [7,26]. The micelle polydispersity problem is most acute at or
near the CMC [7,12]. Addition of organic solvent can lead to the onset of this prob-
lem at surfactant concentrations where this is usually not the case. When methanol is
added to the mobile phase, the overall solution polarity is decreased. This presumably
reduces the affinity of the hydrophobic tails of the SDS monomers for one another,
causing an increase in CMC [27]. Conversely, the helical structure of the bile salt
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Fig. 5. Separation of NBD-derivatized amines. Conditons identical to Fig. 3 except mobile phase contains
20% methanol. (A) NaCh: (B) SDS.
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micelle, since it resembles a reversed or inverted micelle, might be expected io be less
vulnerable to disassociation by a reduction in the polarity of the bulk solution. The
methanol-modified mobile phase might be favored by the hydrophobic face of the
monomer, possibly stabilizing the micelle relative to SDS.

The impact of methanol content on micelle formation was studied by estimat-
ing the CMC for both SDS and NaCh under MECC mobile phase conditions. Dye
solubilization was the method used in this study [15]. The wavelength of maximum
absorbance was measured between 520 and 580 nm for Rhodamine 6G at several
different NaCh concentrations, Plots of A,.; vs. log[INaCh] were constructed over a
range of methanol concentrations. Fig. 6 shows a sample plot. The first shift in Ay, 15
taken as an estimate of the CMC. As the concentration of NaCh is increased past the
CMC, A, continues to shift until a plateaus is reached. The shape of the plot is
assumed to be the result of varying degrees of dye association with the micelle. As
more micelles are formed, the dye interacts with increasing strength until a point is
reached where the dye is completely micelle-solubilized, causing the wavelength shift
to reach a maximum. The actual CMC could be taken as this plateau, the first shift, or
the midpoint. We have arbitrarily chosen the first breakpoint after the work of Small
and Carey [15]. It should therefore be emphasized that the CMC values presented
here are arbitrary estimates of the true CMC. The dependence of the CMC for SDS
and NaCh are shown in Fig. 7. The CMC for SDS begins to rise at methanol levels
above approximately 10%, while NaCh stays nearly eonstant until 30% methanol.
Chromatographic efficiency for SDS reflects these trends [7]. As mobile phase metha-
nol content increases, the efficiency with the SDS system shows a steady decrease. The
same peak in the NaCh system shows the same or even increased efficiency. Thus, the
ability of NaCh to tolerate the presence of organic solvent without significant loss of
efficiency enhances the capabilities of MECC with regard to the separation of hydro-
phobic compounds.

35 -3 25 2 15 -1 o 0
Log ENAC n] '}
Fig. 6. Sample plot of wavelength of maximum absorbance vs. log[NaChj. CMC is taken as first change in
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Fig. 7. Critical micelle concentration dependence on mobile phase methanol content for SDS and NaCh.
Mobile phase contains 0.01 M Na,HPO,-0.006 M Na,B,0,. ¢ = NaCh; ¢ = SDS.

One of the more challenging separation problems for MECC is that of PAHs.
To date, there are only two reports of PAH separations with electrophoretic tech-
niques. The earliest approach to hydrophobic neutrals was a CZE separation based
on solvophobic interactions leading to charged complexes. lonic PAH complexes
were separated by the usual CZE mechanism [28]. A more recent approach involving
micellar solutions and cyclodextrins has also been applied to the separation of certain
relatively small molecules [9]. Bile salt MECC to date offers relatively efficient sep-
arations of PAHs as large as pyrene and B[a]P, and more general applicability than
other electrokinetic-based approaches. Fig. 8 shows the separation of anthracene,
pyrene and B[g]P with a NaCh system. PAHs larger than B{a]P can also be addressed
by increasing the amount of organic modifier in the mobile phase. Baseline resolution
is achieved at only 10% methanol, well in the efficient working range for NaCh. At
20% methanol, the resolution is further increased without drastic loss of efficiency,
suggesting that PAHSs larger than B[4]P might be separated.

Substituted PAHs such as hydroxy derivatives may also be separated with these
systems. While more polar than unsubstituted PAHs, these compounds are difficult to
address with SDS pseudostationary phases. Hydroxy-substituted PAHs play a critical
part in determining the carcinogenity of PAHs, and metabolic pathways almost in-
variably terminate in hydroxy derivatives [29]. Fig. 9 shows the separation of B[a]P
from B[a]P tetrol, one of the final forms in the metabolic pathway. This separation
suggests that MECC could find application in monitoring ingestion and metabolic
kinetics of PAHs in biological systems.

Bile salt surfactants clearly exhibit practical advantages over conventional »-
alkyl surfactants. Selectivity and applicability of MECC is expanded by their use.
Unique selectivity is achieved by the highly ordered nature of the micelles; chiral
separations are possible. In addition, the polar interior allows increased resolution for
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Fig. 8. Separation of polyaromatic hydrocarbons. Peaks: 1 = anthracene; 2 = pyrene; 3 benzo[aipyrene.
Mobile phase, 0.05 M NaCh-0.01 M Na,HPO,0.006 M Na,B,0, with (A) 10% methanol and (B} 20%
methanol; applied voltage, 20 kV; column length, 53 cm; detection, HeCd laser fluorescence, A 325 nm,

A, 400 nm.
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Fig. 9. Separation of (1) benzo[a]pyrene tetrol and (2) benzolalpyrene. Mobile phase, 0.05 M NaCh-0.01 M
Na,HPO,_-0.006 M Na,B,0,; applied voltage, 16 kV; other conditions same as in Fig. 8.
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hydrophobic compounds, extending the utility of the technique to previously in-
tractable separation problems. The inverted structure of the aggregates appears to
permit relatively undisturbed micelle formation in the presence of organic modifiers,
thereby allowing greater peak capacity. The data presented herein also offer indirect
support for the helical structure model of the bile salt micelle. It is evident that these
surfactants will find application in many separation problems.
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