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a b s t r a c t

Recently, 1-butanol modified MEKC was proven to be similar to MEEKC in separation performance. In the
present work, typical microemulsion containing 0.8% n-octane/3.3% SDS/6.6% 1-butanol/20 mM borax
buffer and corresponding swollen micelle without n-octane were used to compare their microdroplet
structures including hydrodynamic radius, electrokinetic potential � and charge density at the hydrody-
namic shear surface, as well as microenvironment polarity in the interior of the microdroplets. Three kinds
of corticosteroids were separated with MEEKC and 1-butanol modified MEKC to assess their separation
performances. The experiment results showed that both microstructure and separation performance
in microemulsion and in swollen micelle systems were alike, no matter whether oil phase n-octane
was present. The environment polarity in the core of swollen micelle was slightly higher than in the
ydrodynamin radius

lectrokinetic chromatography
orticosteroids

microemulsions, and both of them were higher than in n-octane medium. Furthermore, the influences
of SDS and 1-butanol concentration on microstructures were measured in details. Increasing the amount
of SDS, hydrodynamic radius decreased in microemulsion but increased in swollen micelle. On the con-
trary, � and shear surface charge density changed in the reverse trends. With increment of 1-butanol
concentration, the hydrodynamic radius increased dramatically in microemulsions, whereas decreased
slightly in swollen micelle. Even though using n-octane as oil core was not a key factor, microemulsions
and swollen micelle as pseudostationary phase in EKC should not be exactly the same.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Microemulsions are defined as macroscopically homogenous
nd optically transparent fluids that have more than one liq-
id phase. They are formed automatically by mixing lipophilic
rganic solvents, surfactants and/or cosurfactants in aqueous
uffers whenever these components are in an appropriate ratio
1–3]. Microemulsions used in microemulsion electrokinetic chro-

atography (MEEKC) are usually oil dispersed in aqueous buffer by
dding surfactants and cosurfactants to lower interfacial tension
etween oil and water phases. The inner oil cores of micro-
roplets are used as pseudostationary phase in MEEKC, therefore
he neutral analytes would be separated by partitioning between
seudostationary phase and aqueous buffer [4–6]. For charged

nalytes, they would be isolated depending on their own elec-
rophoresis, electrostatic interaction with charged microemulsion
roplets, and partitioning between pseudostationary phase and
urrounding phase. Compared with micelle in micellar electroki-

∗ Corresponding author. Tel.: +86 510 8591 7090; fax: +86 510 5807 976.
E-mail address: yuhuacao@yahoo.com.cn (Y. Cao).

021-9673/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2011.02.015
netic chromatography (MEKC) [7], microemulsions have bigger oil
cores, more adjustable parameters such as type and concentra-
tion of oil and cosurfactant, larger solubilization capacity for highly
hydrophobic analytes, therefore MEEKC would provide better
selectivity, higher separation efficiency, and could be more suitable
to separate water-soluble and fat-soluble compounds simultane-
ously [8–13]. However, lack of stability may be the biggest problem,
since microemulsions would demulsify easily due to dilution with
water or addition of excessive amounts of organic solvent. In fact, it
is restricted to vary composition of microemulsion to improve the
selectivity in MEEKC.

Organic solvents such as 1-butanol, isopropanol, acetonitrile
and methanol had been added to sodium dodecyl sulfate (SDS)
micelle to improve MEKC separation selectivity by optimizing mass
distribution ratio of analytes [14]. It was referred to as solvent
modified micelle, or swollen micelle. Recently, 1-butanol modi-
fied MEKC was proven to be similar to MEEKC in performance

with respect to both separation selectivity and separation efficiency
[15–21]. Wen [22] had compared MEEKC with solvent modi-
fied MEKC on rapid separation of heroin, amphetamine and their
basic impurities. Microemulsions composed of 0.9% n-octane/3.3%
SDS/6.0% 1-butanol/89.8% 5 mM borax pH9.5 and swollen micelle

dx.doi.org/10.1016/j.chroma.2011.02.015
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:yuhuacao@yahoo.com.cn
dx.doi.org/10.1016/j.chroma.2011.02.015
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ontaining 3.3% SDS/5.7% 1-butanol/91.0% 5 mM borax pH9.5 used
s separation carriers were compared, the results showed that 17
nalytes were separated within 10 min in two systems, and elu-
ion orders were also the same. They demonstrated that the inner
-octane organic phase in MEEKC greatly improved the separation
esolutions at relative low concentrations of 1-butanol. However,
he differences of MEEKC and 1-butanol modified MEKC on sep-
ration efficiency became insignificant at high concentrations of
-butanol. Hansen [23] published a paper entitled “Microemulsion
lectrokinetic chromatography or solvent-modified micellar elec-
rokinetic chromatography?” He pointed out that solvent-modified

EKC might provide most of the same advantages in selectivity
uning and high separation efficiency without the problem of the
ossible lack of stability of the microemulsions. In our previous
ork [24], it was found that variation of type and content of inner oil
hase at low concentration had minor influences either on dimen-
ion and � of microemulsion droplets, or on separation selectivity
nd efficiency. It appeared whether the lipophilic organic solvents
ere present in separation carrier was indifferent for separation
erformance. Did it imply that the microdroplets microstructures
ere similar whether the lipophilic organic solvent in microemul-

ion or not in solvent modified micelle?
Most researchers paid attention to compare MEEKC with solvent

odified MEKC on separation selectivity, but few of them empha-
ized on relationship between microdroplet microstructure and
eparation performance. Fundamentally, microstructures includ-
ng dimension, surface charge density and environment polarity of
he inner core would determine the separation behaviors of the
seudostationary phase. In our previous work, the data about the
ydrodynamic radius and � of droplets in typical microemulsion
ere obtained. The target of the present work was to make clear
hether the microstructure of the swollen micelle (the composi-

ion same as typical microemulsion but lack of n-octane) were the
ame as that of microemulsions, and whether the tendencies of
he hydrodynamic radius and the charge density of microdroplets
n the two systems were identical when SDS or 1-butanol con-
entration varied. The hydrodynamic radius of the microdroplets
as measured with dynamic laser light scattering (DLS), which
rovided hydrodynamic radius, polydispersity index (PDI) and dif-
usion coefficient [25]. Though it was impossible to determine the
urface charge density directly, charge density at the surface of
hear could be calculated based on � and hydrodynamic radius
f the microdroplet [26]. The vibronic band intensities in pyrene
onomer fluorescence could be as a probe to indicate the envi-

onment polarity [27], thus the polarity in the inner phase of
icrodroplet could be valuated by relative fluorescent intensity

f the first vibronic band to the third one (I1/I3). The larger ratio
f I1/I3 means the higher environment polarity in the inner core
f droplets. By comparison the environment polarity in various
edia, the composition of the inner phase might be estimated.
epending on that, whether solubilized 1-butanol molecules pen-
trated to the inner core or inserted in the Stern layer could be
peculated.

Prednisone, prednisolone and hydrocortisone are molecular
tructurally similar corticosteroids, shown in Fig. 1. They could
ot be separated by conventional MEKC. Kuo and Wu [28] had
eveloped a MEKC method using sodium cholate and sodium
eoxycholate for the simultaneous determination of six corti-
osteroids. Wiedmer [29–31] had separated some corticosteroids
y MEKC using a mixed micellar solution of SDS and sodium
holate, buffered with 3-(N-morpholino) propanesulfonic acid or 3-

(l,l-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropane sulfonic
cid. Cyclodextrin-modified MEKC had also been used to determine
ight corticosteroids [32]. To testify and compare the separation
fficiency, the three structurally similar analytes were also sep-
rated with typical microemulsions and corresponding swollen
218 (2011) 2598–2603 2599

micelle as separation carriers in electrokinetic chromatography
(EKC), respectively.

2. Experimental

2.1. Chemicals

Prednisone, prednisolone and hydrocortisone were purchased
from Anpel Scientific Instrument Co., Ltd. (Shanghai, China).
Sodium borate, 1-butanol, n-octane, SDS were obtained from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). All above
reagents and chemicals were of analytical grade and used as
received.

2.2. Instruments and measurements

The CE-system was a TH-3000 (Baoding, China) equipped with
an UV detector and a temperature control device. A 75 cm × 50 �m
i.d. un-coated fused silica capillary (Yongnian Photoconductive
Fiber Factory, China) was utilized with an effective length of
66 cm. All separation was carried out with a voltage of 20 kV at
20 ◦C. Between two runs, the capillary was flushed with water,
0.1 M NaOH, and the running buffer for 5 min, each. Samples were
injected electrokinetically with a voltage of 20 kV for 3 s. The UV
detection wavelength was set at 250 nm.

The hydrodynamic radius of microdroplet was measured on
ALV-/DLS/SLS-5022F laser light scattering system (ALV Company,
German), equipped with a Ne–He laser at 632.8 nm and a optical
detector using a near single mode fiber optical detection system.
Light scattering strength was determined at the angle of 90◦, and
the temperature was maintained at 25 ◦C during measurement.
Viscosity of these solutions was determined with ubbelohde vis-
cometer. Refractive index was measured with Abbemat. Then the
data was processed by ALV-WinAlign software to obtain the aver-
age hydrodynamic radius.

Microdroplet � was determined by ZETASIZER 2000 (Malvern
Instruments Ltd., UK). 5 ml of solution was injected into sample
cell, then the experiment was performed at 25 ◦C in repli-
cates of five for every sample. � was obtained according to
Helmholtz-Smoluckowski equation, and the data were corrected
by determining viscosity and dielectric constant of these solution.

Pyrene fluorescence spectrum was measured on RF-5301PC
(Shimazu, Japan). Saturated pyrene solution (about 10−7 mol l−1)
was prepared with triple-distilled water. Microemulsions and
swollen micelle were prepared by adding appropriate content of
SDS, 1-butanol, and/or n-octane, sodium borate, and diluting with
saturated solution of pyrene. Then the mixture solution was son-
icated for 15 min and kept overnight. Pyrene fluorescence was
obtained at excitation wavelength of 335 nm, and both excitation
and emission slit width set at 3.0 nm. The ratio of the first emission
peak height to the third one (I1/I3) was tested to value the envi-
ronment polarity of the inner core in microemulsions and swollen
micelle.

2.3. Preparation of microemulsions and swollen micelle

The typical microemulsions as MEEKC running buffer were pre-
pared by weighing 1.65 g SDS, 3.3 g 1-butanol and 0.4 g n-octane to a
50 ml volumetric flask, then 20 mM borax buffer (pH 9.2) was added
until to 50 ml in volume. The mixture was sonicated for 30 min to

obtain optically transparent and highly stable microemulsions. The
swollen micelle was prepared in the same procedures as above, but
no n-octane added. During the one-factor effect experiment, only
one kind of component altered in a narrow range to ensure their
stability, the other components were constant. All solutions were
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Fig. 1. Molecular structures of pred

ltered through a 0.45 �m filter and degassed in an ultrasonic bath
rior to use.

.4. Preparation of standard solutions

Standard stock solutions of prednisone, prednisolone and
ydrocortisone were prepared in methanol and all of them were
.5 mg ml−1. The standard solutions of various concentrations were
repared by appropriately diluting the stock solutions with the
unning buffer and stirred ultrasonically for 5 min before injection.

. Results and discussion

.1. Effect of surfactant concentration

In this experiment, the SDS concentration changed in the range
f 2.4–4.6%, but the other composition remained. As SDS concen-
ration reduced below than 2.0%, microemulsion became turbid. On
he other hand, SDS higher than 4.6% did not make sense in MEEKC,
ecause larger electrophoresis current generated too much joule
eat resulting in poor separation efficiency, and the migration time
as too long resulting from too large mass distribution ratio. As

hown in Fig. 2A, the hydrodynamic radius of swollen micelle were
etween 90 nm and 110 nm, whereas that of typical micelle is less
han 10 nm. It was demonstrated that a large amount of 1-butanol

ight be solubilized into the micelle. Notably, they were even
arger than corresponding microemulsion. With the increase of sur-
actant concentration, the hydrodynamic radius of microdroplets in
wollen micelle became larger; in contrast, microemulsions system
ad a decreasing trend. In microemulsions, though the content of
il was unchanged in the experiment, added surfactant molecules
till should be arranged at the surface of the oil cores. The smaller
ize and the more number of droplets could enhance specific sur-

ace area. Therefore, the droplet size became smaller as increase of
DS concentration. Unlike microemulsions, there was no oil phase
n the inner core of micelle. When a large amount of 1-butanol

olecules were solubilized into the micelle, they might enter in
alisade layer, even permeate into the inner core to swell micelle.
, prednisolone and hydrocortisone.

In general, 1-butanol content was always excessive, a part of 1-
butanol molecules were still outside of the swollen micelle. The
remaining portion of 1-butanol had opportunity to swell micelle
further as increasing SDS concentration. PDI were also obtained by
DLS measurement, shown in Fig. 2B. In microemulsion, PDI were
lower than 0.2 except as SDS of 2.4%, indicating that the particle
size distribution fell within a narrow range of sizes. With increasing
SDS, PDI became smaller, microemulsion system was more stable.
Unexpected, in swollen micelle, PDI were larger than 0.3 in the
experimental range. From this viewpoint, swollen micelle would
not be more stable than microemulsion.

Calculation of � from measurement of electrophoretic mobil-
ity chooses Helmholtz-Smoluckowski equation, which is valid
only when �a > 100 (� = Debye–Hückle parameter and a = particle
radius) [33,34]. As experimental results show, hydrodynamic
radius of microdroplets both in microemulsion and swollen micelle
are approximate 100 nm. In EKC, electrolyte concentration is also
high, compressed electric double layer results in very small value
of �−1. So, both two systems used in EKC would accord with the
requirement of Helmholtz-Smoluckowski equation. From hydro-
dynamic radius and �, electric charge density at the surface of shear
could be calculated with empirical formula [26].

�s = −εrε0
d 
dx

= εrε0�kT

e
I

� =
(

2ne2

εrε0kT

)1/2

I = 2 sin h
(
ys

2

)
+ 4
A

tan h
(
ys

4

)

A = �a ys = e�

kT

Where �s is the charge density at the surface of shear, εr is the rel-

ative permittivity of the solution, ε0 is the relative permittivity of
a vacuum, e is the elementary electric charge, k is the Boltzmann
constant, T is the absolute temperature, n is the electrolyte con-
centration, and � is the electrokinetic potential at the surface of
shear.
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Fig. 2. Effect of SDS concentration on the microdroplet hydrodynamic radius (A),
polydispersity index (B), � (C) and charge density at the surface of shear (D). The
microemulsions comprised 6.6% 1-butanol, 0.8% n-octane and appropriate amount
o
t

i
d
I
o
a

and 6% in both systems. As 1-butanol concentration larger than 6%,�
f SDS in 20 mM borax buffer pH 9.2, the swollen micelles were the same composi-
ion as the microemulsion but lack of n-octane.

On the contrary, � enlarged in micreoemulsion but lessened
n swollen micelle with increasing SDS, shown in Fig. 2C. Charge

ensity at the surface of shear had the same trends in Fig. 2D.

n microemulsions, with increase of SDS, hydrodynamic radius
f microdroplet reduced, the aggregation number of surfactant
t the surface would correspondingly lessen due to electrostatic
218 (2011) 2598–2603 2601

repulsion between SDS molecules. However, charge density at
the surface of shear increased. Since negative charge was con-
tributed from SDS, it indicated that density of surfactant molecules
arranged at the microdroplets surface increased. The structure
of droplets in microemulsion became more firm. On the other
hand, in swollen micelle, the size of droplet enlarged with
increase of SDS, more 1-butanol molecules enter the micelle, which
inserted between SDS molecules, reduced shear surface charge
density.

As we could see, swollen micelle had much larger hydrody-
namic radius and lower � than typical micelle. Compared with
conventional micelle, swollen micelle had much looser structures.
As pseudostationary phase in MEKC, the looser structures were
beneficial to faster mass transfer of analytes between pseudo-
stationary phase and surrounding phase, which was helpful to
improve separation efficiency. The larger hydrodynamic radius of
microdroplets would increase the phase ratio of pseudostationary
phase volume to elution phase volume, therefore the mass distri-
bution ratio accordingly was larger. Notably, 1-butanol remaining
in aqueous buffer altered the polarity of elution phase, partition
coefficients were also changed. Therefore, it was concluded that
solvent modified MEKC would be of better selectivity and higher
separation efficiency than conventional MEKC. In view of the simi-
lar microstructures between swollen micelle and microemulsions,
solvent modified MEKC and MEEKC should have equivalent sepa-
ration performances.

Remarkably, as SDS concentration was 3.3%, hydrodynamic
radius and � in both swollen micelle and microemulsions were
extremely alike. The facts interpreted why the separation perfor-
mances in 1-butanol modified MEKC and in MEEKC were extremely
similar in Hansen [23] and Luo [22] reports.

3.2. Effect of 1-butanol concentration

In this experiment, the SDS concentration fixed at 3.3%, the
1-butanol concentration varied from 2% to 10%. Beyond this
range, the microemulsions and micelle might be unstable. Fig. 3A
shows that with increase of 1-butanol concentration, hydrody-
namic radius of the droplets increased in microemulsions, while
decreased slightly in swollen micelle. In microemulsions, 1-butanol
as cosurfactant mainly existed in the palisade layer to adjust
the spontaneous curvature of the film to a negative value. But
with an increase of co-surfactant, part of them might pene-
trate into the oil core to swell the droplet. Whereas in swollen
micelle, only part of 1-butanol could penetrate to micelle, most
of them remained in the surrounding aqueous phase. Since the
content of 1-butanol was already saturated, added 1-butanol
would not enlarge the micelle since SDS concentration fixed.
PDI varied with increasing 1-butanol content in both systems
were shown in 3B. PDI in microemulsion were also smaller
than their corresponding swollen micelle. It was noticed that
PDI became lessen with increase of butanol content. Enhanced
butanol content seemed to be helpful to micelle stability. How-
ever as the content of 1-butanol was larger than 10%, the droplet
was too small to be detectable. It was assumed the swollen
micelle would be broken because too much 1-butanol entered into
micelle.

As shown in Fig. 3C and D, � and charge density at the surface of
shear were almost the same as 1-butanol concentration between 4%
and charge density increased in swollen micelle. In microemulsion,
� also increased and were the same as 1-butanol amount of 8%
and 10% In brief, � and shear surface charge density was higher in
microemulsion than in swollen micelle.
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work, they were analyzed with MEEKC with typical microemul-
sions and corresponding 1-butanol modified MEKC to testify
separation performances. The two electropherograms of three ana-
lytes were shown in Fig. 5. The elution order, migration time and the
resolution between prednisolone and hydrocortisone were simi-

Table 1
The results of fluorescence determination for pyrene in the different media.

Medium I I I /I
ig. 3. Effect of 1-butanol concentration on the microdroplet hydrodynamic radius
A) polydispersity index (B), � (C) and charge density at the surface of shear (D).
he microemulsion comprised 3.3% SDS, 0.8% n-octane and appropriate amount of
-butanol in 20 mM borax buffer pH 9.2.

.3. Comparison environment polarity between microemulsions
nd swollen micelle

A key difference between MEEKC and MEKC is that there is an oil
ore in a microemulsion droplet. As 1-butanol molecules are solu-
ilized into the micelle, whether could they enter to the inner core
r insert between SDS molecules in palisade layer? To make clear
here 1-butanol is located in micelle, the environment polarity of
wollen micelle, as well as typical microemulsions was investigated
y determining pyrene fluorescence spectrum shown in Fig. 4. Fur-
her, fluorescence spectrums of pyrene in various media were also

easured and the values of I1/I3 were calculated. As shown in
able 1, I1/I3 was the lowest in lipophilic solvent of n-octane, and it
Fig. 4. Fluorescence spectrums of pyrene in microemulsion and swollen micelle. The
composition of microemulsion and swollen micelle were the same as in Fig. 3, but
1-butanol was 6.6%. Fluorescence determination conditions: excitation wavelength
of 335 nm; both excitation and emission slit width of 3.0 nm.

was the highest in water. In microemulsions, I1/I3 was 0.840, larger
than in n-octane, which indicated that the environment polarity in
the inner core was higher than in n-octane medium. Whether did it
imply that part of 1-butanol molecules could pass through the bar-
rier, formed by SDS and 1-butanol molecules to lower interfacial
tension between the inner oil phase and outside aqueous phase,
and penetrate into the inner core? If it was true, the inner phase
consisted of n-octane and 1-butanol in microemulsions. Since I1/I3
was 0.897 in swollen micelle, larger than in microemulsion, it was
assumed that in swollen micelle, 1-butanol not only located in
the palisade layer, but also permeated the inner section. In other
words, there was an inner core formed by 1-butanol molecules in
swollen micelle, where polar head (hydroxyl group) was inward
and hydrophobic alkyl chain was outward.

At relative high concentration of 1-butanol, a part of 1-butanol
molecules might penetrate into the inner core. Compared with a
small quantity of n-octane in microemulsions, 1-butanol might
be the dominating component in the inner core. It was easily
understood why the lipophilic solvent has insignificant effect on
separation performance in MEEKC and microemulsion microstruc-
ture, and why MEEKC and 1-butanol modified MEKC had similar
separation efficiency whether lipophilic solvent was present in the
running buffer. However, slight differences of environment polarity
between microemulsion and swollen micelle might result in subtle
distinction in selectivity.

3.4. Comparison of separation performances between MEEKC and
1-butanol modified MEKC

Prednisone, prednisolone and hydrocortisone are molecular
structurally similar corticosteroids. They could not separated by
conventional MEKC with pure aqueous mobile phase. In the present
1 3 1 3

Water 425.2 252.2 1.686
n-Octane 15.02 25.20 0.596
Microemulsion 161.8 192.4 0.840
Swollen micelle 201.2 224.1 0.897
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ar. From above experiment, it was known that pseudostationary
hase had bigger hydrodynamic radius and lower charge density
t the surface of shear in swollen micelle than in microemulsion,
he carrier in swollen micelle should migrate more rapidly than in

icroemulsion. Thus, the migration time of the analytes was some-
hat shorter in MEKC than MEEKC. The results were in agreement
ith the previous reported work, and also confirmed our exper-

mental results that whether n-octane was present, the droplet
icrostructures were almost alike at 3.3% SDS and 6.6% 1-butanol.

. Conclusions
Based on experimental results, four important viewpoints were
ointed out in the present work. Firstly, the microemulsion and cor-
esponding swollen micelle have extremely similar hydrodynamic
adius, � and surface charge density of microdroplets at 3.3% SDS

[
[
[
[
[
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and 6.6% 1-butanol, the most commonly used microemulsions used
in MEEKC. The same microstructures of pseudostationary phase
would clearly account for the extremely similar separation per-
formances between MEEKC and solvent modified MEKC, reported
in previous work and confirmed in the present work. Secondly,
though the influences of SDS and 1-butanol concentration on�were
similar in two systems, the effects on the hydrodynamic radius
had dramatically different trends. It revealed that even though n-
octane as oil core was not a key factor, microemulsion and swollen
micelle as pseudostationary phase in EKC should not be the exactly
same. Thirdly, from the experimental results of PDI, swollen micelle
would not be more stable than microemulsion. Lastly, the envi-
ronment polarity in the inner of droplets in both systems was
higher than in n-octane, it was speculated that 1-butanol molecules
might penetrate into the inner core either in microemulsions or
in swollen micelle. In conclusion, solvent-modified MEKC might
have the same advantages in selectivity tuning and high separation
efficiency as MEEKC.

Acknowledgement

The authors are grateful for the financial support by the National
Science Foundation of China (grant No. 20775028).

References

[1] C.W. Huie, Electrophoresis 27 (2006) 60.
[2] H. Nishi, J. Chromatogr. A 780 (1997) 243.
[3] R. Pomponio, R. Gotti, J. Fiori, V. Cavrini, J. Chromatogr. A 1081 (2005) 24.
[4] R.L. Boso, M.S. Bellini, I. Miksik, Z. Deyl, J. Chromatogr. A 709 (1995) 11.
[5] K.D. Altria, J. Chromatogr. A 844 (1999) 371.
[6] J.M. Sanchez, V. Salvado, J. Chromatogr. A 950 (2002) 241.
[7] F.M. Miola, J.M. Snowden, K.D. Altria, J. Pharm. Biomed. Anal. 18 (1998) 785.
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