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Abstract

The migration behavior and separation of six tetracyclines (TCs)
were investigated by micellar electrokinetic chromatography (MEKC) in
the pH range 5.0-9.0 using ammonium acetate buffer with the addition of
sodium dodecyl sulfate (SDS). Mixed SDS-Brij35, sodium cholate (SC)
and tetradecyltrimethyl-ammonium bromide (TTAB) were aso used as
surfactants. The influences of surfactant concentration and buffer pH on
the separation of TCs were examined and the separations of TCs were
optimized. Complete separation of six TCs was achieved within 8 min
with 15 mM ammonium acetate buffer containing 20 mM SDS, with or
without the addition of Brij 35 (0.135 %, w/v), at pH 6.5 using a fused
silicacapillary (42cmx 75 m 1. D.) at 15 kV. In genera, good linear

correlations of the logarithm of migration factor (log k') versus the
logarithm of octanol-water partition coefficient (log P,y ) in these micellar
systems, except for the TTAB-MEKC system, were obtained. The results
indicate that the migration of TCs in MEKC is mainly based on
hydrophobic interactions. However, hydrogen bonding interactions also
play a significant role in influencing the chemical selectivity of TCs. In
addition, the micelle-water partition coefficients (P, ) of TCs, which are
pH-dependent in the SDS-MEKC micellar system, were reported.



| ntroduction

Tetracycline antibiotics are extensively used to control bacterical
infections in both humans and animals. In addition to therapeutical use,
these drugs are widely used as a feed supplement in animal husbandry.
The structures of tetracyclines (TCs) studied are schematically shown in
Fig. 1. These compounds possess multiple functional groups with
acid-base properties: the first acid dissociation constant of tetracylines,
with a pKavalue of approximately 3.3, is attributed to the hydroxyl group
of the tricarbonyl system in ring A; the second acid dissociation constant,
with a pKa value of approximately 7.6, is associated with the hydroxyl
group of the dicarbonyl system between rings B and C; the third, with a
pKa value of approximately 9.7, is assigned to the amino group of the
dimethylamino moiety in ring A; the fourth, with a pKavalue in the range
10.7-12.0, is associated with the phenolic hydroxyl group inring D [1,2].
Accordingly, most TCs exhibit amphoteric character with an isoelectric
point between 4 and 6. Thus, TCs exist in cationic form at more acidic pH
values, in anionic form at more alkaline pH values, and in zwitterionic
form at a pH near the isoelectric point, and depending on the pH of the
buffer, can be separated as cations at low pH point as zwitterions near
neutral pH, or as anions at an akaline pH.

Tetracycline degrades to anhydrotetracycline (ATC) in acidic media
at pH< 2[1]. TC and ATC epimerize to form 4-epitetracycline (ETC) and
4-epianhydrotetracycline (EATC),  respectively, a pH 2-6 [1,3].
Likewise, other tetracyclines, such as oxytetracycline (OTC) and
demeclocycline (DMC), adso form degradation products [4]. Since
commercially available TCs may contain some significant amounts of
degradation products and EATC is shown to be renal toxic, the separation
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and monitoring of TCsand their impurities have drawn much attention.

High-performance liquid chromatography (HPLC) has been
employed for separating and analyzing various TC mixtures over the past
decades [5-11], despite the difficulties associated with the peak tailing
and low efficiency due to interaction with the residua silanol groups on
silica-base packing material. In recent years, capillary electrophoresis has
gained increased importance as a powerful analytical tool [12-17]. Thisis
due to its many advantageous features such as extremely high efficiency,
high resolution, short analysis time and small consumption of sample and
solvent volume in comparison with HPLC.

Tetracyline and its degradation products were efficiently separated
by capillary zone electrophoresis (CZE) using either a phosphate buffer
(20 mM) at pH 3.9 [18] or a basic carbonate buffer (80 mM) at pH 9.0
[19], with the addition of disodium ethylenediamine-tetraacetate (EDTA,
1-5 mM) as a complexing agent. The anaysis of DMC and its major
impurities was investigated by adding Triton X-100 (0.35 %, v/v) to a
phosphate running buffer (50 mM) containing EDTA (1 mM) at pH 11.50
[4]. The electrophoretic behavior of seven tetracycline antibiotics,
including TC, OTC, chlortetracycline (CTC), doxycylines (DOC), DMC,
methacycline (MC) and minocycline (MNC) has been characterized by
capillary electrophoresis (CE) using a phosphate buffer solution in the pH
range 4-11 [20 ]. The optimum conditions for separating a mixture of TCs
determined were buffer pH, 7.5; buffer concentration, 4.3 mM; and ionic
strength, 18.2 mM. However, complete separation of these TCs was not
achievable under these conditions [20]. Effective separation of various
TCs, with the exception of DOC and MC, was readily achieved by CZE
using a background electrolyte composed of citric acid (30 mM), A

-andine (24.5 mM) and methanol (40 %, v/v) a pH 3.0 [21]. Moreover,
the separations of impurities and degradation products of various TCs by

3



CE and capillary electrochromatography (CEC) were compared [21]. The
compl ete separation of four commercialy available TCs (TC, OTC, DOC
and CTC ) by non-agueous capillary electrophoresis using
methanol-acetonitrile (50:50, v/v) electrophoresis medium with the
addition of different electrolyte was also demonstrated [22].

On the other hand, reports on the separation of tetracyclines by
micellar electrokinetic capillary chromatography (MEKC) were few.
Croubels et al. [23] analyzed TC, OTC, CTC and the degradation
products of TC by adding non-ionic surfactants such as Triton X-100
(0.05 %) and Brij 35 (0.017 %) to a phosphate buffer solution at pH 2.2 to
improve the separation. However complete separation of these
tetracyclines is not achievable with the use of phosphate buffer as a
background electrolyte. A method was developed for the determination of
four tetracyclines, including TC, OTC, CTC and DOC, in bovine milk,
serum and urine using a borate -phosphate buffer solution containing
sodium dodecyl sulfate, 10 mM at pH 8.5 [24] with limits of detection
down to afew ppb.

In this paper, we report the results of the separation of six
tetracyclines by MEKC using an ammonium acetate buffer containing
three different structural types of anionic surfactant and a cationic
surfactant as micelles. The influences of buffer pH in the pH range
5.0-9.0 (for SDS only) and surfactant concentration, as well as the
choice of background electrolyte, on the separation of TCs are examined.
The partition coefficients of tetracyclines to SDS micelles are evaluated
and the migration order of tetracyclines was discussed based on
guantitative structure-retention relationships (QSRR).



Experimental

Chemicals and reagents
Six  tetracyclines, including tetracycline,  oxytetracycline,
chlortetracycline, doxycycline , minocycline and demeclocycline,

sodium dodecyl sulfate and sodium cholate and SudanIl were obtained

from Sigma (St. Louis, MO, USA). Polyoxyethylene (23) dodecyl ether
(Brij 35), tetradecyl-trimethylammonium bromide (TTAB), ammonium
acetate, and quinine hydrochloride were obtained from Aldrich
(Milwaukee, WI, USA), TCI (Tokyo, Japan), Showa (Kyoto, Japan) and
Kanto (Tokyo, Japan), respectively. All other chemicals were of
analytical-reagent grade. Deionized water was prepared with a Milli-Q
system (Millipore, Bedford, MA, USA) .

Standard stock solutions of six tetracyclines in agueous solution at a
concentration of 1000 ppm were prepared. When needed, various
concentrations of sample solution ranging from 10 -50 ppm were diluted
from stock solution. Various proportions of acetic acid (1 M) or trisodium
phosphate (1 M) were added to the ammonium acetate solution to reach a

desired value in the range 5.0-9.0. All solutions were filtered through a
membrane filter (0.22-  m) before use.

Apparatus

Separations were made with a capillary electrophoresis
system described previously [25]. The capillary dimensions
were 43 cmx75 4 m, I.D. The UV detection position is 7.0 cm
from the cathodic end. Sample injection was done in a
hydrodynamic mode during 1 second. The CE system was
interfaced with a microcomputer and printer with software CE
1000 1.05A. For pH measurements, a pH meter (Suntex Model



SP-701, Taipei, Taiwan) was employed with a precision of +
0.01 pH unit.

Electrophoretic procedure

When a new capillary was used, the capillary was washed
using a standard sequence described previously [25]. To
ensure reproducibility, all experiments were performed at 25C
and measurements were run at least in triplicate. The capillary
was prewashed with running buffer for 2 min before each
injection and postwashed with deionized water at 25C for 5
min, followed with sodium hydroxide solution (0.1 M) at 60°C
for 5 min, and then with deionized water at 25°C for 5 min to
maintain proper reproducibility for run-to-run injections. The
detection wavelength was set at 265 nm.

Calculations

Electrophoretic mobility
The electrophoretic mobility of analytes was calculated
from the observed migration times with the equation:

I I B
mEm =SS0,

e

where ( ¢, isthe electrophoretic mobility of the analyte tested,
r is the apparent mobility, « _ is the electroosmotic
mobility, t_is the migration time measured directly from the
electropherogram, teg is the migration time for an uncharged
solute (DMSO as neutral marker), L, is the total length of

capillary, L is the length of capillary between injection and

d
detection, and V is the applied voltage.



Migration factor
The migration factor of analytes (k') was calculated from
the observed migration times with the equation:
K = _tm 'tto
to(- -
tmc
where t, is the migration time in the absence of micelles, and

(2)

tme 1S the migration time of micelles,

_ (Mep'ﬂo)
(£ mec- # ep)

or k’

(3)

where (e, (L o, and 1 mc are the electrophoretic mobility of a
solute, the electrophoretic mobility of a solute in the absence
of micelles, and the electrophoretic mobility of micelle,
respectively, calculated from the corresponding migration
times.

In this work, quinine hydrochloride was used as a micelle
marker for SDS and SDS-Brij 35, whereas SudanIll was used

for SC and TTAB.

Partition coefficient The migration factor (K') in MEKC
is directly proportional to the micelle concentration through
the following equation [26, 27]:

K" =Pmw v {[S]-cmc} (4)

where P is the partition coefficient of solutes between the
aqueous and micellar phases, v is the molar volume of the

surfactant, and [S] is the total surfactant concentration. With
SDS as an anionic surfactant, v is equal to 0.2483 Lmol™*[28].



Result and Discussion

Choice of background electrolyte

As reported previoudy [23], complete separation of tetracyclines is
difficult to achieve using a phosphate buffer containing different types of
surfactants, such as SDS, cetyltrimethylammonium bromide (CTAB) and
bile salt. In this work, for separating tetracyclines at a pH near their
Isoelectric points, ammonium acetate was selected as a running buffer.
The optimum concentration of ammonium acetate buffer was determined
to be 15 mM.

I nfluence of SDS concentration

Fig. 2 shows the variation of the electrophoretic mobility of
tetracyclines as a function of SDS concentration a pH 6.0. The
electrophoretic mobility of TCs (migrating toward anode) increases with
SDS concentration. The electroosmotic flow decreases with increasing
concentration of SDS, but the mobility of micelle is amost constant at
varied concentration of SDS. Consequently, the migration windows
become broader with increasing SDS concentration. The resolution of
tetracyclines increases with increasing concentration of SDS, and the
migration time also increases. So the optimum SDS concentration was
determined to be about 15-20 mM.

I nfluence of buffer pH

Fig. 3 shows the variation of the electrophoretic mobility as a
function of buffer pH in the range 5.0-9.0. The electrophoretic mobility of
each individual tetracycline (migrating toward anode) decreased, but the
electroosmoatic flow increased, as the pH of the buffer increased. The



variation in the electrophoretic mobility as a function of pH for
tetracyclines having the hydroxyl group as the R, substituent, such as
OTC, TC, DMC and CTC is considerably smaller than those of
tetracyclines with a hydrogen atom as the R, substituent, such as DOC
and MNC, thus leading the electrophoretic mobility curves of DOC and
CTC to cross over at a pH of about 53. Fig. 4 shows the
electropherograms of tetracyclines obtained in the SDS micellar system at
pH 5.0 and 6.5. The reversal of the migration order of DOC and CTC was
observed at these two pH values and a complete separation of six
tetracyclines was achieved within 8 min at pH 6.5 with the migration
following the order OTC< TC < DMC< DOC< CTC< MNC.

The marked decrease in the electrophoretic mobility of TCs with
increasing buffer pH is believed partly due to the decrease in the mole
fractions of positively charged species and neutral species and the
increase in the mole fraction of negatively charged species, and partly due
to the drastic decrease in the binding constants of TCs to micelles. This

will be described in the later section on the partition coefficient.

I nfluence of concentration of other surfactants
Fig 5 shows the variation of the e ectrophoretic mobility of TCsin a
mixed micellar system containing SDS (20 mM) and Brij 35 (up to 0.135
%, w/v) at pH 6.5. The electrophoretic mobility of TCs (migrating toward
anode) decreased with increasing concentration of Brij 35. This is
expected owing to the decrease in the anionic charges of the SDS
micelles on addition of Brij 35 [29,30].
It is interesting that the variation in the electrophoretic mobility of
TCs with the hydroxyl group as the R, substituent, such as OTC, TC,
DMC and CTC, which are relatively less hydrophobic than DOC and
MNC, is greater than those of TCs with a hydrogen atom as the R,
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substituent, such as the aforementioned DOC and MNC. Evidently, the
addition of Brij 35 to the SDS system would decrease the eectrostatic
interactions between TCs and micelles, and the migration behavior of
TCs in mixed micelles, as shown in Fig. 6, is understandable. The
migration of TCs follows the order OTC<TC<DMC<CTC<DOC<MNC
in the mixed SDS -Brij 35 micellar system.

Fig. 7 shows the variation of the electrophoretic mobility of TCs in
the SC micellar system at pH 6.5. As in the case of the SDS system, the
electrophoretic mobility of TCs (migrating toward anode) increased and
the migration window became broader with increasing concentration of
SC from 30 mM to 80 mM.

Complete separation of OTC and TC was achievable when the
concentration of SC was raised above 70 mM. However, peaks of DMC
and CTC are unresolvable even with the concentration of SC at 80 mM.
To avoid any complication caused by Joule heating, separation with the
concentration of SC greater than 80 mM was not attempted. Fig. 8 shows
the electropherogram of TCs obtained in the SC micellar system at pH
6.5.

Complete separation of TCs with ammonium acetate buffer in the
TTAB micellar system is difficult. Peaks of CTC, DOC and MNC are
migrating together in the buffer system containing 10-30 mM TTAB.
Peaks of CTC and DOC are not separable even with the addition of
acetonitrile (10 %, v/v) or methanol (30 %, v/v). Fig. 9 shows the
electropherogram of TCs obtained in the TTAB micellar system at pH
6.5.

Partition coefficient
Fig. 10 shows the plots of capacity factor (k') calculated from eq. (2)
for various TCs versus SDS concentration. The partition coefficients of
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tetracyclines between agueous and micellar phases ( P,.) were
determined according to eg. (4). Table 1 lists the partition coefficients
( Pww), capacity factors (k') and critical micellar concentrations (cmc)
obtained for individual tetracycline in the SDS micellar system at pH 6.0.

The average cmc value is 4.5+ 0.2 mM. As expected, thisis smaller than

the literature value of 8.2 mM owing to the presence of buffer electrolyte.

Table 2 gives the partition coefficients (P.,) evaluated a five
different pH value. The partition coefficient (P,,) of individual
tetracycline, which is pH-dependent, decreases quite drastically with
increasing pH of the buffer. This is expected because the charge density
of tetracyclines becomes more negative as the pH of the buffer increases
from 6.0 to 8.0.

Migration order and the correlation of migration factor versus
octanol-water partition coefficient

It has been generally accepted that separation of neutral and charged
solutes in MEKC is based on the differentia partitioning of solutes
between agueous phase and micellar phase in which hydrophobic
interaction is the sole underlying force that influences the migration
behavior of hydrophobic solutes. However, large differences in the
migration behavior of solutesin MEKC with different types of surfactants
suggest that this general belief is not accurate for al MEKC systems
[31,32]. Depending on the chemical nature of both solutes and micelles,
various chemical interactions other than hydrophobic interactions, such as
dipolar or hydrogen bonding interactions, may occur between them in the
partitioning process [31-33]. These interactions influence the migration
behavior of solutes with various functional groups to a different extent,
thus resulting in the differentiation of the selectivity and the alteration of

the migration order of solutes.
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In order to shed light on the migration order of tetracyclines,
quantitative structure-retention relationship (QSRR) that describe the
correlations between migration factor and octanol-water partition
coefficient, a hydrophobic parameter, were examined in various micellar
systems to better understand the underlying chemical interactions that
influence the migration and selectivity of tetracyclines. In this study, we
selected the SDS, SDS-Brij 35, SC and TTAB micellar systems.

For a micellar system in MEKC in which hydrophobic interactions
play a mgjor role in influencing the migration and selectivity of solutes,
one may expect a linear relationship between the logarithm of capacity
factor (log k') and the logarithm of octanol-water partition coefficient
(log Poy) as [34-36]:

logk’'=alog P, + b )

It has been generally accepted that the migration of solutesin MEKC
would correlate best with P, if the micellar system used has a similar
hydrogen bonding affinity as 1-octanol [31,32]. Based on the values of
Pow Of  tetracyclines reported in the literature [37, 38] and the capacity
factor (k') of TCscalculated in thiswork, the plots of log k’ vs. log Pg,, in
four different micellar system at pH 6.5, as shown in Fig. 11, were
obtained. The correlation coefficient (r?) for the SDS, SDS-Brij 35 and
SC micellar systems are high. However, a poor correlation was observed
for the TTAB system. Table 3 lists the results of alog k' vs. log Py, linear
regression.

As the TTAB micelles have the most hydrogen bond acceptor
characteristics among the four micellar systems used in this study [31,32],
it is not surprising that the overall trend of the migration behavior of TCs
in MEKC with TTAB micelles does not correlate well with the values of
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log P., because tetracyclines also possess hydrogen bond acceptor
characteristics. The reasons for the abnormally large electrophoretic
mobility of DMC in the TTAB-MEKC system are not clearly known. As
indicated in Table 3, the correlation is greatly improved when DMC is
eliminated from sample solutes.

The hydrogen bond acceptor characteristics of SC are weaker than
those of TTAB, but stronger than for 1-octanol. The existence of higher
correlation for the SC system is attributed to a similar hydrogen bonding
pattern between SC micelles and 1-octanol. This result is consistent with
the findings obtained by Yang et al.[32, 39].

The correlation of log k' vs. log Py, in the SDS-MEKC system is not
as good as for the SC system. This is attributed to the lower similarity in
the hydrogen bonding pattern between SDS micelles and 1-octanol than
that between SC micelles and 1-octanol. Moreover, the existence of
congenerity problems in the SDSMEKC system may cause the situation
to be even worse [31, 32]. However, as SDS micelles are stronger
hydrogen bond donors than 1-octanol, they exhibit more selective
interactions towards tetracyclines which have hydrogen bond acceptor
characteristics.

The addition of Brij 35 to the SDS micellar system resulted in higher
correlation. This is expected because the anionic charges located at the
surface of the SDS micelles are shielded on addition of Brij 35, which has
along polyoxyethylene chain, thus resulting in the decrease in the anionic
charges of SDS micelles[40]. Therefore, excellent correlation of log k’ vs.
log Py, in the mixed SDS-Brij 35 micellar system (with r*> 0.942) can be
obtained.

As large differences in the migration behavior and selectivity for
TCsin MEKC with different types of surfactants were observed and good

linear correlations of log k' vs. log P,, were obtained, the results reveal
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that the migration of TCs depends primarily on the extent of micellar
solubilization based on hydrophobic interactions; however, hydrogen

bonding interactions may play an important role in these micellar system.
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Conclusion

Complete separation of six tetracyclines was achieved using
ammonium acetate buffer with the addition of SDS or mixed
SDS-Brij35 at pH 6.5 with an applied voltage of 15 kV. The results
of present studies indicate that the migration of TCs in MEKC is
primarily based on hydrophobic interaction. However, electrostatic
interaction, which is primarily due to hydrogen bonding interaction,
may play a significant role in influencing the selectivity of TCs, thus
leading to the ateration of the migration order of TCs in MEKC

with different structural types of surfactants.
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Fig. 1.

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Captions of Figures

Structures of the tetracyclines studied.

Variation of the electrophoretic mobility of tetracyclines as a
function of SDS concentration using ammonium acetate buffer
(15 mM ) a pH 6.0. Capillary: 43 cm x 50 mm, |.D., Other
operating conditions: 15 kV, 25C . Curve identification: ( O)
OTC, (A) TC, (60) DMC, (D) DOC, (-) CTC, (0) MNC; the
numbers denote the analytes shown in Fig. 1.

Variatrion of the electrophoretic mobility of tetracyclines as a
function of pH in the range 5.0-9.0 using ammonium acetate
buffer (15 mM ) containing SDS (20 mM). Other operating
conditions and peak identification are the same asfor Fig. 2.

Electropherograms of tetracyclines obtained with ammonium
acetate buffer (15 mM ) containing SDS (20 mM) at varied pH:
(A) 5.0, (B) 6.5. Other operating conditions and peak
identification are the same as for Fig. 2.

Variation of the eectrophoretic mobility of tetracyclines in a
mixed micellar system containing SDS (20 mM) and Brij 35 (up
to 0.135 %, w/v) with ammonium acetate buffer (15 mM ) at pH
6.5. Other operating conditions and peak identification are the
same asfor Fig. 2.

Electropherogram of tetracyclines obtained with ammonium
acetate buffer (15 mM ) containing SDS (20 mM) and Brij 35
(0.135 %, w/v) at pH 6.5. Other operating conditions and peak
identification are the same as for Fig. 2.
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Fig. 7

Fig. 8

Fig. 9

Variation of the electrophoretic mobility of tetracyclines as a
function of SC concentration using ammonium acetate buffer (15
mM ) a pH 6.5. Applied voltage: 12 kV. Other operating
conditions and peak identification are the same as for Fig. 2.

Electropherogram of tetracyclines obtained with ammonium
acetate buffer (15 mM ) containing SC (80 mM) at pH 6.5. Other
operating conditions and peak identification are the same as for
Fig. 7.

Electropherogram of tetracyclines obtained with ammonium
acetate buffer (30 mM ) containing TTAB (30 mM) at pH 6.5.
Applied voltage: -10 kV. Other operating conditions and peak
identification are the same asfor Fig. 2.

Fig. 10 Plots of migration factor (k') of tetracyclines as a function of SDS

concentration at pH 6.0.

Fig. 11 Correlations of log k' versus log P, for tetracylines in four

different micellar systems a pH 6.5: (A), SDS (20 mM); (B),
SDS (20 mM)-Brij (0.135 %, wiv); (C), SC (80 mM); (D), TTAB
(30 mM).
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ABSTRACT

On-line concentration of neutral species of striazine herbicides in
micellar electrokinetic chromatography using tetradecylammonium
bromide (TTAB) as a cationic surfactant was investigated. Factors
affecting the stacking of analytes were examined. The results indicate that
the stacking efficiency is markedly improved with addition of phosphate
buffer in the sample matrix. It was found that, depending on the nature of
the analytes, the most effective stacking of these analytes occurs when the
ratio of the conductivity of buffer electrolyte to that of sample matrix isin
the range 1.4-1.2, with sample matrix containing phosphate buffer.
Micelle concentration in the separation buffer is aso a crucial factor to
enhance the stacking efficiency and detection sensitivity of analytes.
Moreover, the stacking efficiency of each individual analyte depends on
its binding constant to TTAB micelles. The concentration effect is
primarily based on sweeping mechanism which is operated in a normal
stacking mode with reversed electrode polarity in the presence of
reversed electroosmotic flow. As a result of concentration enhancement,
the detection limits of these herbicides can reach about 9-15 ng/mL with
UV detection.
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1. INTRODUCTION

Capillary electrophoresis (CE) has been proven to be a powerful
analytical tool for separating charged species of diverse samples, due to
many of its advantageous features such as extremely high column
efficiency, rapid analysis and small volumes of sample consumption in
comparison with HPLC. For separating neutral analytes, micellar
electrokinetic chromatography (MEKC) is the method of choice.
However, the very limited optical path length, due to small inner diameter

of the capillary (100-25 1 m) and low sample volume injected (L), make

the detection of low-concentration samples with a UV detector difficult or

even impossible without sample preconcentration.

To achieve more sensitive detection, fluorescence detection,
particularly laser-induced fluorescence detection [1, 2] may be used.
Unfortunately, this type of detection is not generally applicable to
environmental analysis because only a few compounds have native
fluorescence and most analytes need to be derivatized with an appropriate
fluorescent tag. In addition, only a limited number of laser sources are

available.

Alternatively, on-line sample concentration by ether
field-amplified sample stacking [3-16] or isotachophoretic sample
stacking [17-19] can be employed for enhancing detectability in capillary
electrophoresis. For field-amplified sample stacking, upon the
introduction of a long plug of low-conductivity sample solution into the
capillary previously filled with a high-conductivity buffer electrolyte,
sample stacking occurs at the concentration boundary between the low
conductivity of sample zone and the high conductivity of separation zone
when a high voltage is applied across the capillary. For neutral anaytes,
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effective mobility necessary for stacking is provided by charged micelles
in MEKC. Stacking with reversed migration micelles by large-volume
sample injection may give enrichment factors of more than 500 [16-18].
Recently, head-column field-amplified sample stacking in binary system
capillary electrophoresis has been demongrated to provide over
1000-fold sensitivity enhancement [20, 21]. Moreover, Terabe and his
coworkers [22-29] have reported that the stacking of neutra or ionic
anaytes in MEKC could be achieved based on sweeping technique.
Depending on the nature of sample analytes, this technique can provide
up to a 5000-fold concentration enhancement [22] or even approaching a
million-fold sensitivity increase by applying cation-selective exhaustive
injection and sweeping technique [28]. All these efforts make the
detection of environmental anaytical samples by UV absorption at trace

concentration levels becoming possible.

s-Triazines are important selective pre- and post-emergence
herbicides used widely for the control of broadleaf and grassy weeds [30].
These herbicides may contaminate drinking water sources. Six triazine
herbicides, including prometryn and terbutryn are on the priority list in
European Union drinking water guideline [31]. Simetryn and the two
triazine herbicides aforementioned are on the priority list of pesticidesin
the USA national pesticide survey for a monitoring program on pesticides
[31, 32]. Because of their extensive use, relatively high persistence and
toxicity in environmental matrices [31-33], striazines are of great
environmental concern. Thus, the development of new analytical methods

isdesirable.

Several papers on the separation of s-triazines by MEKC have been
reported [34-39]. The analysis of simazine and atrazine in samples of

river water [35] and the determination of four chloro- and three
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methylthio-s-triazines in water [36] were conducted using sodium
dodecyl sulfate (SDS) as an anionic surfactant. The separation of three
chloro- and two methylthio-s-triazines was performed by partia filling
micellar electrokinetic chromatography using SDS micelles [37]. The
separation of prometon, prometryn and propazine was investigated using
anionic octylglucoside-borate micelles at alkaline pH [34, 38]. Recently,
we reported the separation of thirteen s-triazines, including five chloro-,
three methoxy- and five alkylthio-s-triazines, in MEKC using a cationic

surfactant [39].

In this study, four methylthio-s-triazines are selected as test
compounds. We demonstrate the influences of the concentration of both
sample matrix and separation buffer on the stacking efficiency and
detection sengtivity of these analytes by sweeping technique using a
cationic surfactant. The concentration enhancement of neutral species of
these striazines at pH 6.0 is studied and the limits of detection are
determined.
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2. EXPERIMENTAL

2.1. Chemicals and reagents

Four methylthio-s-triazines, including simetryn, ametryn,
prometryn and terbutryn, were purchased from Supelco (Bellefonte, PA,
USA). Tetradecyltrimethylammonium bromide (TTAB) was acquired
from Tokyo Kasel Kogyo (TCI, Tokyo, Japan). All other chemicals were
of analytical-reagent grade. Deionized water was prepared with a Milli-Q
system (Millipore, Bedford, MA, USA)

Standard solutions of s-triazines were prepared at a concentration
of 10 ng/mL in a solution containing 4 % (v/v) acetonitrile. Further
dilution of sample solution with deionized water down to 0.05 ng/mL was
carried out in the determination of the limits of detection. The pH of the
buffer and sample solutions was adjusted by mixing various proportions
of a certan concentration of trisodium phosphate with the same
concentration of phosphoric acid solutions to attain pH 6.0. All solutions

were filtered through a membrane filter (0.22 ¢ m) before use.

2.2. Apparatus

Electrophoretic experiments were performed using a Beckman
Coulter (Fullerton, CA, USA) Model P/ACE MDQ capillary
electrophoresis system, equipped with a diode array UV-visible detector
and an automatic injection system. The CE system with MDQ softwares
was interfaced with a microcomputer and a Hewlett Packard desklet 670C
printer. The fused silica capillaries of 50« m, I.D. were purchased from
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Polymicro Technologies (phoenix, AZ, USA). The total length of
capillary is 60 cm and the position of UV detector is 10 cm from the
anodic end. For pH measurements, a pH meter (Suntex Model SP-701,
Taipel, Taiwan) was employed with a precision of 0.01 pH unit. For
conductivity measurements, a conductivity meter (Suntex SC-170, Taipei,
Taiwan) calibrated with a0.01 N KCI solution to avalue of 1.413 mS/cm
(at 25 °C) was used.

2.3. Electrophoretic procedure

When a new capillary was used, the capillary was washed 20 min
with sodium hydroxide solution (1.0 M) at 25 °C, followed by sodium
hydroxide solution (0.1 M) for 20 min and then deionized and purified
water for another 20 min at 25 °C.

To ensure reproducibility, all experiments were performed at 25
°C, and measurements were run at least in triplicate. The capillary was
prewashed with running buffer for 5 min before each injection and
postwashed for 3 min with deionized water to maintain proper
reproducibility for run-to-run injections. Sample injections were made in
pressure injection mode at a pressure of 68.9 mbar (1psi) or indicated
elsewhere. An applied voltage of -20 kV was selected in the
electrophoretic separation. Detection was performed at 222 nm.

The stacking was performed by injecting sample solutions for a
much longer time compared to the usual hydrodynamic injection. Sample
solutions were introduced at the cathodic end of the capillary. Varied plug
lengths of sample solution up to 18.1 % occupancy of the capillary were

assessed by introducing sample solution for a varied injection time up to
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105 s.
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3. RESULTSand DISCUSSION

The addition of a cationic surfactant to the electrophoretic buffer
may induce the reversal of the eectroosmotic flow (EOF) in the
electrophoretic separation. In fact, the EOF was reversed when the
concentration of TTAB added in the phosphate buffer (70 mM) at pH 6.0
exceeded 0.2 mM [40]. In this study, on-line concentration of s-triazines
was performed under the conditions of reversed EOF, as the
concentrations of TTAB employed were much greater than the critica
micelle concentration of TTAB which was determined to be 1.6 + 0.2
mM at pH 6.0 [41].

3.1 Effect of sample matrix on stacking efficiency

In a previous report [39], thirteen s-triazines, including the four
chloro-s-triazines and four methylthio-s-triazines selected in this work,
were completely separated by MEKC in a phosphate buffer (70 mM)
containing TTAB (15 mM) as a cationic surfactant at pH 6.0. For alarge
volume of sample injection, however, reoptimization of separation
parameters, such as phosphate concentration in the sample matrix and
micelle concentration in the separation buffer, in particular, is necessary

in order to achieve an effective and efficient stacking.

To examine the influences of sample matrix on the stacking
efficiency and detection sensitivity of sample anaytes, sample anaytes
were dissolved in an agueous solution containing varied concentrations of
either phosphate buffer in the range 10~70 mM and 4% acetonitrile as
well. Fig. 1 shows some typical electropherograms of four
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methylthio-s-triazines obtained with sample solutions containing varied
concentrations of phosphate buffer (0, 30, 50, 70 mM), while a separation
buffer is composed of 40 mM phosphate buffer and 40 mM TTAB at pH
6.0. Sample analytes at a concentration of 10 ng/mL were injected for 30
s. Asshown in Fig. 1A, the peaks of the four s-triazines obtained without
addition of phosphate buffer in the sample matrix are rather broad and are
poorly resolved. Apparently, the analytes are not in the efficient stacking
conditions. The resolutions of peaks become even worse with a longer
injection time. In contrast, as shown in Fig. 1B-D, with addition of
phosphate buffer in the sample matrix, the peaks become sharpened and
the peak height of these sample analytes increases with increasing
phosphate concentration up to 50 mM. However, the peak height of these
striazines decreases with further increasing the concentration of
phosphate buffer in the sample matrix.

The conductivity values of sample matrices and those of buffer
electrolytes at varied concentration were measured. The values of
enhancement factor () defined as the ratio of the conductivity of buffer
electrolyte to that of sample matrix are indicated in Fig. 1. It should be
noted that they value of the most effective stacking of anaytesisin the
range 1.4-1.2, instead of 1.0. Similar phenomena were observed for
chloro-s-triazines as for methylthio-s-triazines and the g value for most
efficient stacking of these analytes was found to be 1.19 [42]. Evidently,
the afore-mentioned results revea that the stacking of analytes is
primarily due to sweeping mechanism proposed by Quirino and Terabe
[22], athough, in this study, it is operated in a normal stacking mode with
reversed electrode polarity in the presence of reversed electroosmotic
flow. As the gvalues of the most effective stacking are not closed to 1.0,

the contribution of field-amplified sample stacking to the enhancement of
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detection sensitivity may not be completely ignored.
3.2 Stacking of analytes by sweeping

Fig. 2 depicts the schematic stacking mechanism of a neutral
anayte dissolved in a sample matrix containing phosphate buffer with a
separation buffer containing a cationic surfactant. As illustrated in Fig.
2A, the capillary column is initialy filled with a micellar background
electrolyte (BGE). A sample zone containing nonmicellar sample matrix
or simply water is injected hydrodynamically with pressure for a period
much longer than usual. By application of voltage at negative polarity
(Fig. 2B), the electroosmotic flow is directed toward the anode (as
cationic micelles is adsorbed on the capillary wall) and the micelles
migrate toward the cathode. During sweeping, the analytes stacked at the
concentration boundary between the region of [mc]s and that of [mc] =0
in the sample zone, where [mc]s denotes the concentration of micelles in
the sample zone after sweeping and [mc] =0 indicates that no micelles are
present in the original sample zone. The separation is then achieved via
MEKC (Fig. 2C).

3.3 Effect of micelle concentration

The stacking efficiency and detection sensitivity of these test
analytes are greatly affected by TTAB concentration. The peak height of
each individua analyte increases with increasing micelle concentration
until reaching the maximum, then it decreases with further increasing
micelle concentration. Fig. 3 shows the variations of the peak height of
methylthio-s-triazines as a function of TTAB concentration. As can be

seen, the optimal TTAB concentrations determined for terbutryn,
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prometryn, ametryn and simetryn are about 30, 45, 50 and 70 mM,
respectively, at the sample concentration of 10 ng/mL for a 30-sinjection.
In the present study, the optimal TTAB concentration for a simultaneous
detection of methylthio-s-triazines is 40 mM for a 30-s injection and 60
mM for a 60-s or longer injection time. It should be noted that, with
TTAB micelles at a concentration less than 20 mM, a satisfactory
stacking of terbutryn for a 30-sinjection is difficult.

3.4 Stacking efficiency versus sample plug length

The stacking efficiencies in terms of peak height (SEnegn) for a
neutral analyte is defined as the peak of the analyte for varied lengths of
sample plug (Hgax) divided by the peak height of the corresponding
analyte obtained for 1-s injection (Hys). As a certain minimum injection
time is required with Beckman A/PCE MDQ system for a particular
injection pressure, Hys is defined as the stacking efficient of a minimal
injection time (Hmin) divided by the minimal injection time. For example,
with an injection pressure of 1 psi, the minimum injection time is 3.5 s.
Then Hysisequivaent to Hzss divided by 3.5.

For pressure injections, the length of sample plug in acapillary is
directly proportional to the product of the injection pressure and injection
time. Thus a 30-s injection of sample solution with a pressure of 1 psi
corresponds to a sample plug length of 4.23 cm, which is 6.04 %

occupancy of the capillary.

Fig. 4 shows the effect of sample plug length on the SEpgg: Using
a mixture of four methylthio-s-triazines at a concentration of 1.0 ng/mL.

As illustrated, the stacking efficiency of these test anaytes increases
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linearly with increasing injection time up to about 70, 60, 35, and 20 s for
terbutryn, prometryn, ametryn and simetryn, respectively, then increase
gradually with further increasing injection time. Consequently, the
maximum detection sensitivity of terbutryn, prometryn, ametryn, and
simetryn are obtained with a duration of injection time of 70, 60, 35, and

20 s, respectively.

To demonstrate the stacking efficiency and the enhancement of
detection sensitivity, Fig. 5 shows atypical electrophoreogram of the four
methylthio-s-triazines obtained for a 30-s sample injection together with
an electrophoreogram obtained for a 2.5-s injection under the optimal
condition of usua injection time for comparison. Evidently, by the
application of sweeping technique, the detection sensitivity of analytes
can be greatly enhanced.

3.5 Peak width versus binding constant

It is of interest to note that, under the effective stacking
conditions, the peak widths of these striazines increase in the order:
simetryn > ametryn > prometryn > terbutryn. As the magnitudes of
binding constants of methylthio-striazines to TTAB micelles aso
increase in the same order as for the peak width of the analytes [39], the
dependence of the stacking of these analytes on their binding constants is
evident. As a matter of fact, it is observed that the stronger the interaction
between the analytes and the micelles, the narrower the peak width. As
the binding constant of a sample analyte is linearly related to its retention
factor, the result is qualitatively consistent with the finding obtained by
Quirino and Terabe [22].
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3.6 Detection limits and reproducibility

The limits of detection (LOD) at a signal to noise ratio (S/N) is
equally to 3, as well as the reproducibility of migration times and peak
heights, for these s-triazines were determined. The migration times of
these analytes were quite reproducible, with relative standard deviations
(RSD) varying in the range 0.8-1.0 % (n=8). The variations of the peak
height with RSD less than 10.5 % were obtained. The values of LOD
determined for these methylthio-s-triazines with sample concentration in
the range of 1000-50 ng/mL for a 30-s injection time are ranging from 9
ng/mL for simetryn to 15 ng/mL for terbutryn. Table 1 gives the data of

analysis for these four analytes.



4. CONCLUSION

On-line concentration of neutral species of s-triazine herbicides
in MEKC using a cationic surfactant is demonstrated. The stacking
efficiency of analytes can be greatly enhanced by sweeping with addition
of buffer electrolyte in the sample matrix and with an appropriate micelle
concentration in the separation buffer. Reoptimization of separation
parameters is necessary for a large-volume sample injection. For analytes
with considerably different binding constants to the micelles, the optimal
micelle concentration for an efficient stacking may be different from one
analyte to the other.
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S/N=3) and reproducibility of methylthio-s-triazines for 60-s injection ti me.”

Simetryn Ametryn Prometryn Terbytryn
y=2.2324x y=2.3910x y=2.0220x y=1.9795x
—0.0159 —-0.0232 —0.0294 +0.0488
0.9998 0.9999 0.9991 0.9987
13 9 14 15
1.01 1.00 0.80 0.83
8.7 91 94 10.5

ate buffer containing less than 5% CH3CN.
sphate buffer containing 40 mM TTAB at pH 6.0



Figure Captions

Fig.1  Effect of sample matrix on the stacking efficiency and detection sensitivity
of methylthio-s-triazines. Sample matrix : (A), water; (B), 30 mM phosphate
buffer; (C), 50 mM phosphate buffer; (D), 70 mM phosphate buffer.
Separation buffer, 40 mM TTAB in 40 mM phosphate buffer at pH 6.0;
injection pressure, 1 psi; injection time, 30 s; capillary, 70 cm ™ 50 mm I.D;
applied voltage, -20 kV, detection wavelength, 222 nm; temperature, 25C;
sample concentration, 10 ng/ml, sample dissolved in a sample matrix
containing 4 % acetonitrile solution. Peak identification, 1 = simetryn, 2 =
ametryn, 3 = prometryn, 4 = terbutryn.

Fig.2  Schematic diagram of a stacking mechanism by sweeping using a cationic
surfactant (with sample matrix containing phosphate buffer).

Fig.3  Thevariation of peak heights of sample analytes as afunction of TTAB
concentration. The electrophoretic conditions are the same as for Fig. 1C.

Fig.4  Plotsof SEnegn Versusinjection time with a mixture of four
methylthio-s-triazines at sample concentration of 1.0 ng/mL.
Electrophoretic conditions are the same asfor Fig. 1C, except sample
concentration.

Fig.5  Detection sensitivity of analytes measured under two different separation
conditions: (A) without sample stacking (2.5-sinjection with an injection
pressure of 0.4 psi; sample concentration, 1.0 ng/mL); (B) with
sweeping-stacking (30-s injection with an injection pressure of 1 psi;
sample concentration, 1.0 ng/mL) Other operating conditions are the same
asfor Fig. 1C.
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ABSTRACT

In this study, enantioseparations of five phenothiazines, including
promethazine, ethopropazine, trimeprazine, methotrimeprazine, and
thioridazine, in cyclodextrin (CD) -modified capillary zone
electrophoresis were investigated using a phosphate buffer (40 mM) at
pH 3.0. We focussed on the separation of phenothiazines with the use of
CDs a low concentrations. Three different CDs, including b-CD,
hydroxypropyl-b-CD (HP-b-CD) and gCD, were chosen as chira
selectors. The results indicate that effective enantioseparation of
phenothiazines, except for methotrimeprazine, is simultaneously
achievable with addition of g-CD at a concentration of 2.5-6.0 mM. The
enantiomers of ethopropazine and trimeprazine are effectively separated
with addition of HP-b-CD at low concentrations, in the range 0.4-6.0 mM,
whereas those of promethazine and trimeprazine are baseline resolved
with b-CD a much lower concentrations (0.02-3.0 mM) than with
HP-b-CD. The results also confirm that the separation window is greatly
enlarged at low CD concentrations. Moreover, drastic variations of the
electrophoretic mobility of phenothiazines as a function of CD
concentration reveal that phenothiazines interact very strongly with CDs

in the order g-CD < HP-b-CD < b-CD.
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1. Introduction

Phenothiazines are generaly used as antipsychotic and neuroleptic
agents. Potentially useful phenothiazine derivatives have different
substituents attached at the 2-postion (R;) and 10-position of the
phenothiazine ring (Ryo) with an alkyl piperazine group or an aliphatic
side chain containing an amino group [1]. Among them, promethazine,
ethopropazine, trimeprazine, methotrimeprazine, and thioridazine possess

achiral center. Fig. 1 depicts the structures of phenothiazines studied.

During the past two decades, separation of enantiomers of
phenothiazines has usualy been performed by high performance liquid
chromatography (HPLC) [2-7]. In recent years, the applications of
capillary electrophoresis (CE) to the chiral separation and/or
determination of pharmaceutical compounds have become popular and
have attracted the attention of many researchers [8-14]. Thisis due to the
many advantageous features of CE, such as its extremely high efficiency,
high resolution, rapid analysis and small consumption of sample, in

comparison with HPLC [15-17].

The applications of the CE technique to the separation of
phenothiazines have previously been demonstrated using either micellar
electrokinetic chromatography [19, 20] or capillary zone electrophoresis
(CZE) [20-24]. However, only three articles were reported in the
literature regarding the applications of the CE technique to the
enantioseparation and/or determination of phenothiazines [22-24]. The

enantiomers of promethazine were separated by CZE with abumin as
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chiral selector using a phosphate buffer a pH 7.6 [22, 23].
Enantioseparation of trimeprazine has been demonstrated with addition of
HP-b-CD (8-22 mM) to a phosphate buffer (100 mM) at pH 2.5 and at
155°C [24]. Thus, the understanding of the enantioseparation of
phenothiazines in CZE is rather incomplete or even lacking. Obviously, a
systematic and more thorough investigation on the chiral separation of
phenothiazines is desirable. In this report, three different CDs, including
b-CD, HP-b-CD and g-CD, were selected as chiral selectors with an
emphasis on the separation of five phenothiazines using CDs at low
concentrations. The variations of the electrophoretic mobility of
phenothiazines as a function of CD concentration at pH 3.0 were

examined. Here we present the results of the investigation.
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2. Experimental

2.1. Apparatus

All CE separation was performed on a Beckman P/ACE System
MDQ with a photodiode array detector for absorbance measurements at
240 nm (Beckman Coulter, Fullerton, CA, USA). Uncoated fused-silica
capillaries purchased from Polymicro Technologies (Phoenix, AZ, USA)
were used. The dimensions of the capillary were 60.2 cm ™ 50 nm I.D.
The effective length of the capillary was 50 cm from the injection end of
the capillary. The CE system was interfaced with a microcomputer and a
laser printer. System Gold software of Beckman was used for data
acquisition. For pH measurements, a pH meter (Suntex Model SP-701,

Taipel, Taiwan) was employed with a precision of = 0.01 pH unit.

2.2 Chemicals and reagents

Five phenothiazines were obtained from Sigma (St. Louis, MO,
USA). All other chemicals were of analytical grade. Deionized water was
prepared with a Milli-Q system (Millipore, Bedford, MA. USA).

Standard solutions of phenothiazines a a concentration of 10
ng/mL were prepared by dissolving analytes in an agqueous solution. The
pH of a phosphate buffer was adjusted to the desired pH value by mixing
various proportions of a certain concentration of trisodiumphosphate
solution with the same concentration of phosphoric acid. All buffer

solutions, freshly prepared weekly and stored in a refrigerator before use,
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were filtered through a membrane filter (0.22 nm).

2.3. Electrophoretic procedure

When a new capillary was used, the capillary was washed 30 min
with 1.0 M NaOH solution, followed by 30 min with deionized water at
257C. Before each injection, the capillary was prewashed for 3 min with
running buffer and postwashed for 3 min with deionized water, 3 min
with 0.1 M NaOH, and 5 min with deionized water to maintain proper
reproducibility of run-to-run injections. Sample injections were donein a
hydrodynamic mode over 5 s under a pressure of 1.0 psi at 25C. The
measurements were run at least in triplicate to ensure reproducibility. An
applied voltage of 20 kV for phosphate buffer was selected to keep the
total current less than 100 mA in order to avoid experimental
complications resulting from Joule heating. The detection wavelength
was set at 240 nm. Peak identification was conducted by spiking with the
analyte to be identified. Mesityl oxide was used as neutral marker. The

relative standard deviation of migration time is less than 0.6 % (n=5).

2.4. Mobility calculations

The electrophoretic mobility of analytes was calculated from the
observed migration times with the equation:

LL, 1 1

Mp =M= My === (- )

tm teo

where m, is the electrophoretic mobility of the analyte tested, mis the
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apparent mobility, my, is the electroosmotic mobility, t,, is the migration
time measured directly from the electropherogram, t,, is the migration
time for an unchanged solute, L, is the total length of capillary, Lq is the
length of capillary between injection and detection, and V is the applied
voltage.
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3. Results and discussion

It has been demonstrated that the addition of HP-b-CD to the
electrophoretic system can enlarge the separation window so that better
separability and greater selectivity of phenothiazines can be obtained [24].
Accordingly, the extent of the separation window, which is governed by
the concentration of CD, depends on the extent of the complexation

between phenothiazines and CDs.

3.1 Enantiosepar ation of phenothiazines with addition of HP-b-CD

The variation of the electrophoretic mobility of phencthiazine
enantiomers as a function of HP-b-CD concentration in the range 0-8 mM
using a phosphate buffer (40 mM) at pH 3.0 was investigated. The
electrophoretic mobility of each individual phenothiazine was found to
decrease drastically with increasing HP-b-CD concentration, especially in
the region 0-3 mM. This phenomenon reveals that phenothiazines interact
strongly with HP-b-CD. The greater the extent of the variation of
electrophoretic mobility, the stronger the interaction between
phenothiazines and HP-b-CD. Thus, the interaction between the five
phenothiazines and HP-b-CD increases in the order promethazine <
ethopropazine < trimeprazine < methotrimeprazine < thioridazine. Since
trimeprazine migrates faster than ethopropazine toward the cathode in
CZE separation in the absence of HP-b-CD at pH 3.0, the reversd of the
migration order of trimeprazine and ethopropazine occurs upon the

addition of HP-b-CD to the background electrolyte at pH 3.0.
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Effective enantioseparation of ethopropazine and trimeprazine was
achieved with addition of HP-b-CD at a concentration in the range
0.4-8.0 mM and 0.1-6.0 mM, respectively, in a phosphate buffer at pH
3.0. However, the enantiomers of thioridazine could only be resolved
with HP-b-CD at a concentration less than 0.2 mM. For illustration, Figs.
2A-F show some typical electropherograms of these phenothiazines with
HP-b-CD at 0.1, 04, 1.2, 25, 6.0 and 8.0 mM, respectively. The
enantiomers of trimeprazine and thioridazine were baseline separated
with addition of 0.1 mM HP-b-CD (Fig. 2A); complete enantioseparation
of ethopropazine was achieved with HP-b-CD a 0.4 mM (Fig. 2B).
Under the circumstances of baseline separation of the two enantiomers,
the enantiosel ectivity of trimeprazine increased with increasing HP-b-CD
concentration from 0.1 to 1.2 mM (Fig. 2C), but decreased with further
increasing HP-b-CD concentration from 1.2 to 6.0 mM (Fig. 2E). The
peaks between the two enantiomers of trimeprazine were not resolvable at
al when HP-b-CD concentration exceeded 15 mM [25]. Similarly, the
enantioselectivity of ethopropazine aso increased with increasing
HP-b-CD concentration from 0.1 to 1.2 mM, but to a lesser extent than
that of trimeprazine; it then decreased with further increasing HP-b-CD
concentration from 1.2 to 8.0 mM, while keeping the two enantiomers of
ethopropazine baseline separated (Fig. 2F). On the other hand, the two
enantiomers of promethazine were barely resolved with addition of
HP-b-CD at a concentration in the range 1.6-4.0 mM, athough the
separability was glightly improved at about 2.5 mM (Fig. 2D). However,
as observed previously by Boer et a. with HP-b-CD at concentrations
greater than 8 mM [24], no enantioseparation of methotrimeprazine could
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be achieved with HP-b-CD at any concentration in the range 0-8.0 mM.

The separation window is greatly enlarged with addition of
HP-b-CD, especially at low HP-b-CD concentrations (0-3 mM). Thus, for
better enantioseparability and greater enantioselectivity of phenothiazines,
the use of HP-b-CD at low concentrations (< 8 mM) is more
advantageous than at the relatively higher concentrations employed by
Boer et a. [24]. The optima concentration ranges of HP-b-CD for
enantioseparation of ethopropazine and trimeprazine were found to be

0.4-8.0 MM and 0.1-6.0 mM, respectively.

With HP-b-CD as a chiral selector, chiral recognition of the
enantiomers of ethopropazine and trimeprazine is apparently related to an
appropriate arrangement of the chain lengths between the aliphatic side
chain of phenothiazines (chiral selectrands) and the hydroxypropyl group
of HP-b-CD (chiral selector). This arrangement may involve hydrogen
bonding interaction between the tertiary amino group of phenothiazines
and the hydroxypropyl group of HP-b-CD located at the rim of the CD
cavity. Similar arguments are aso applicable to chiral recognition of
promethazine and trimeprazine with the use of b-CD, which will be

discussed shortly in Section 3.2.

By comparing the structure of methotrimeprazine with that of
trimeprazine, we believe that enantioseparation of methotrimeprazine
with HP-b-CD is hindered when the 2-position of the phenothiazine ring
contains a methoxy group. Apparently, hydrogen bonding interaction

between the aliphatic side chain (Ryg) of methotrimeprazine and the
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hydroxylpropyl group of HP-b-CD located at the rim of the CD cavity is
greatly reduced.

3.2 Enantioseparation of phenothiazines with addition of b-CD

The variation of the electrophoretic mobility of phenothiazine
enantiomers as a function of b-CD concentration in the range 0-6 mM
under the same electrophoretic conditions as in the case of HP-b-CD was
examined. The variation of the electrophoretic mobility of phenothiazines
was sSimilar to that when HP-b-CD was used. More effective
enantioseparation of promethazine and trimeprazine, but with no
enantioseparation of ethopropazine, was noted. The enantiomers of
thioridazine could be resolved with b-CD only in a very limited
concentration range (< 0.3 mM). Obvioudly, stronger interaction of each
individual phenothiazine with b-CD than with HP-b-CD is occurring. In
fact, the binding constants of phenothiazines to b-CD are about 2.5- to
3-fold greater than those of phenothiazines to HP-b-CD [25].

Effective enantioseparation of promethazine and trimeprazine was
achieved with addition of b-CD at a concentration in the range 0.3-2.0
mM and 0.02-2.0 mM, respectively. However, no enantioseparation of
ethopropazine and methotrimeprazine could be achieved. The optimal
concentration of b-CD for enantioseparation of trimeprazine was
surprisingly small. In comparison with the results obtained with HP-b-CD,
this result could not be rationalized simply based on the binding strength
of trimeprazine with b-CD alone. Further investigation is needed.
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For illustration, Figs. 3 A-F show some typical electropherograms
of these phencthiazines with b-CD at 0.02, 0.05, 0.1, 0.3, 2.0, and 6.0
mM, respectively. The enantiomers of trimeprazine were baseline
separated with addition of b-CD at a concentration as low as 0.02 mM
(Fig. 3A). With b-CD a this concentration, ethopropazine and
trimeprazine were not completely separated. However, as shown in the
attachment of Fig. 3A, effective enantioseparation of trimeprazine was
achieved when trimeprazine alone was injected into the capillary column.
The enantioselectivity of trimeprazine, while keeping the two
enantiomers baseline separated, increased with increasing b-CD
concentration, similar to the case with HP-b-CD, reaching its maximum
vaue at 0.3 mM (Fig. 3D), and then decreased with increasing b-CD
concentration from 0.3 to 2.0 mM (Fig. 3E). Beyond 2.0 mM, the
resolution of the peaks between the two enantiomers of trimeprazine
decreased. The enantiomers of trimeprazine became unresolvable when
the b-CD concentration exceeded 6.0 mM (Fig. 3F). On the other hand,
the enantioseparation of thioridazine could be achieved with b-CD only
In the concentration range 0.05-0.3 mM (Fig. 3B-D). The enantiomers of
promethazine were partialy resolved with b-CD at 0.1 mM (Fig. 3C);
complete enantioseparation of promethazine was achieved with b-CD at
0.3 mM (Fig. 3D). Similarly, the enantioselectivity of promethazine
increased with increasing b-CD concentration, but to a dlightly lesser
extent than that of trimeprazine. The enantioselectivity of promethazine
reached its maximum value at about 1.0 mM, then decreased with
increasing b-CD concentration from 1.0 to 2.0 mM, while keeping the
two enantiomers of promethazine baseline separated (Fig. 3E).
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The structures of inclusion complexes of b-CD with phenothiazine
derivatives were theoretically examined using computer graphic
modeling [3] and molecular dynamics calculation [26]. It was suggested
that approximately one half of the phenothiazine ring was embedded in
the cavity of b-CD and that the other half of the phenothiazine ring,
together with the R, and Ry substituents, was located outside the cavity
of b-CD [26]. Accordingly, a hydrogen bond might be formed between
the nitrogen atom of the aliphatic side chain (Ry0) and the hydroxyl group
of b-CD located at the rim of b-CD cavity [3, 26]. Thus the results
obtained in thiswork reveal that the hydrogen bonding interaction should
play an important role in chiral discrimination of the enantiomers of
phenothiazines. By comparing the structure of ethopropazine with those
of promethazine and trimeprazine, it is thought that, owing to the bulky
nature of tertiary diethylamino group in ethopropazine, the formation of a
hydrogen bond between the aliphatic side chain containing an amino
group in ethopropazine and the hydroxy group of b-CD located at the rim
of the b-CD cavity is considerably reduced or even prevented, thus

leading to the failure of chiral recognition of ethopropazine.

3.3 Enantioseparation of phenothiazines with addition of mixed CDs

As described in Section 3.2, effective enantioseparation of
promethazine and trimeprazine was simultaneously achieved with
addition of 0.3-6.0 mM b-CD to a phosphate buffer (40 mM) at pH 3.0.
On the other hand, as described in Section 3.1, the enantiomers of

ethopropazine and trimeprazine were effectively and simultaneously
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separated with addition of 0.4-2.0 mM HP-b-CD to the same background
electrolyte. Thus, we thought that complete enantioseparation of
promethazine, ethopropazine and trimeprazine might be simultaneously
achievable with addition of mixed CDs composed of b-CD and HP-b-CD.
In fact, by fixing the b-CD concentration at 0.3 mM and varying the
HP-b-CD concentration from 0.4 to 2.0 mM, the resolution of the two
enantiomer peaks of ethopropazine can progressively be improved as the
concentration of HP-b-CD increases. Complete enantioseparation of
those three phenothiazines was successfully achieved with addition of
mixed CDs composed of 0.3 mM b-CD and 1.4 mM HP-b-CD. Fig. 4

shows such an electropherogram of phenothiazines obtai ned.

3.4 Enantioseparation of phenothiazines with addition of goCD

The variation of the electrophoretic mobility of phencthiazine
enantiomers as a function of g-CD concentration in the range 0-10 mM
using the same phosphate buffer at pH 3.0 as in the case of HP-b-CD was
studied. The variation of electrophoretic mobility of phenothiazines was
smilar to that with HP-b-CD, but not as drastic. Effective
enantioseparation of promethazine, ethopropazine, trimeprazine, and
thioridazine, but not of methotrimeprazine, was achieved. In comparison
with the results obtained in Fig. 2, the less drastic change in the
electrophoretic mobility as a function of gCD concentration reveals that
the interaction of phenothiazine is comparatively weaker with g-CD than
with HP-b-CD. This is probably due to the loose fit of the size of
phenothiazines to the cavity of gCD. The binding constants of
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phenothiazines to b-CD are about 4.5- to 9-fold smaller than those of

phenothiazines to HP-b-CD [25].

Effective enantioseparation of promethazine, ethopropazine,
trimeprazine, and thioridazine was achieved with addition of gCD at a
concentration in the range 2.5-10.0, 1.6-10.0, 2.5-6.0 and 0.1-10.0 mM,
respectively. For illustration, Fig. 5A-E show some typicd
electropherograms of these five phenothiazines with addition of g-CD at
0.5, 1.2, 1.6, 3.5, and 8.0 mM, respectively. With addition of 0.5 mM
gCD, trimeprazine was separated from ethopropazine and the
enantiomers of trimeprazine were barely resolved (Fig. 5A). The
enantiomers of trimeprazine were baseline separated with addition of 1.6
mM ¢g-CD, whereas the enantiomers of promethazine and ethopropazine
were not completely separated (Fig. 5C). It seemed that, unlike the cases
of HP-b-CD and b-CD, the enantioselectivity of trimeprazine did not
significantly increase with increasing g-CD concentration from 1.6 to 8.0
mM while keeping the two enantiomers baseline separated (Fig. SE).
Beyond 8.0 mM of gCD, the resolution of the peaks of the two
enantiomers of trimeprazine decreased. On the other hand, the peaks of
the two enantiomers of promethazine and ethopropazine were barely
resolved with 1.2 mM gCD (Fig. 5B); complete enantioseparation of
promethazine and ethopropazine was achieved with 3.5 mM g-CD (Fig.
5D). Similarly, the enantioselectivity of promethazine and ethopropazine
increased dlightly with increasing g-CD concentration, reaching its
maximum value at about 15.0 mM, and then decreased dightly with

further increasing gCD concentration from 15.0 to 21.0 mM, while
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keeping the two enantiomers of promethazine and ethopropazine baseline

Separated [25].

3.5 Effective enantioseparation

The concentration ranges of CDs for effective enantioseparation of
those five phenothiazines, together with the observed optimal CD
concentration ranges, are summarized in Table 1. As indicated, effective
enantioseparation of promethazine, ethopropazine, trimeprazine, and
thioridazine can be simultaneously achieved with gCD at a concentration
in the range 2.5-6.0 mM. On the other hand, simultaneous and effective
enantioseparation of promethazine, trimeprazine and thioridazine can be
accomplished with b-CD only in a limited concentration range (0.1-0.3
mM).

For better understanding of the enantioseparation of each
individual phenothiazine with various CDs, it is of interest to compare the
observed and calculated optimal CD concentrations. The optimal CD
concentrations (Copima) Were calculated based on the equation Coptima =
(Kle)'l’z, where K; and K, are the binding constants of the two
enantiomers of each individual phenothiazine. The optimal CD
concentrations calculated for ethopropazine, trimeprazine and
thioridazine with HP-b-CD were 1.4, 0.3 and 0.1 mM, respectively; those
for promethazine, trimeprazine and thioridazine with b-CD were 0.8, 0.2
and 0.03 mM, respectively, and those for promethazine, ethopropazine,
trimeprazine and thioridazine were 9.5, 5.8, 2.7 and 0.6 mM, respectively.

The calculated optimal CD concentrations are in good agreement with the
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observed values for these phenothiazines, except trimeprazine. The
results clearly indicate that effective enantioseparation of phenothiazines
occurs more readily with the use of CDs at concentrations less than 6
mM. This is particularly true for enantioseparation of trimeprazine and
thioridazine with HP-b-CD and enantioseparation of promethazine,

trimeprazine and thioridazine with b-CD.
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4. Conclusion

Effective enantioseparation of promethazine, ethopropazine,
trimeprazine and thioridazine in capillary zone electrophoresis was
simultaneously achieved with cyclodextrins (CDs) as a chira selector
using a phosphate buffer at pH 3.0. Because phenothiazines interact
strongly with CDs, the use of CDs at relatively low concentrations is
sufficient to achieve effective enantioseparation. The results of the
present investigation may also suggest that the separation of
phenothiazine derivatives is advantageous using CDs as electrolyte

modifiers.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

6. Figure Captions

Structures of the phenothiazines studied.

Electropherograms of the phenothiazines obtained with 40 mM
phosphate buffer containing varied concentration of HP-b-CD at
pH 3.0: (A) 0.1 mM, (B) 0.4 mM, (C) 1.2 mM, (D) 2.5 mM, (E)
6.0 mM, (F) 8.0 mM. Peak identification: 1=promethazine,
2=ethopropazine, 3=trimeprazine, 4=methotrimeprazine,

5=thioridazine.

Electropherograms of the phenothiazines obtained with 40 mM
phosphate buffer containing varied concentration of b-CD at pH
3.0: (A) 0.02 mM, (B) 0.05 mM, (C) 0.1 mM, (D) 0.3 mM, (E)
2.0 mM, (F) 6.0 mM. Peak identification is the same as for Fig.
2.

Electropherograms of phenothiazines obtained with 40 mM
phosphate buffer containing a mixed CD composed of 0.3 mM
b-CD and 1.4 mM HP-b-CD at pH 3.0. Peak identification is the

same asfor Fig. 2.

Electropherograms of phenothiazines obtained with 40 mM
phosphate buffer containing varied concentrations of g-CD at pH
3.0:(A)0.5mM, (B) 1.2mM, (C) 1.6 mM, (D) 3.5 mM, and (E)
8.0 mM. Peak identification is the same as for Fig. 2.

33



	page1
	page2
	page3
	page4
	page5
	page6
	page7
	page8
	page9
	page10
	page11
	page12
	page13
	page14
	page15
	page16
	page17
	page18
	page19
	page20
	page21
	page22
	page23
	page24
	page25
	page26
	page27
	page28
	page29
	page30
	page31
	page32
	page33
	page34
	page35
	page36
	page37
	page38
	page39
	page40
	page41
	page42
	page43
	page44
	page45
	page46
	page47
	page48
	page49
	page50
	page51
	page52
	page53
	page54
	page55
	page56
	page57
	page58
	page59
	page60
	page61
	page62
	page63
	page64
	page65
	page66
	page67
	page68
	page69
	page70
	page71
	page72
	page73
	page74

