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Abstract

The migration behavior and separation of six tetracyclines (TCs) were investigated by micellar electrokinetic chromatog-
raphy (MEKC) in the pH range 5.0–9.0 using ammonium acetate buffer with the addition of sodium dodecyl sulfate (SDS).
Mixed SDS–Brij 35, sodium cholate (SC) and tetradecyltrimethylammonium bromide (TTAB) were also 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-silica capillary (42
cm375 mm I.D.) at 15 kV. In general, good linear correlations of the logarithm of migration factor (log k9) versus the
logarithm of octanol–water partition coefficient (log P ) in these micellar systems, except for the TTAB–MEKC system,ow

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 micellarmw

system, are reported.  1998 Elsevier Science B.V.
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1. Introduction

Tetracycline antibiotics are extensively used to
control bacterial 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 con-
stant of tetracyclines, with a pK value of approxi-a

mately 3.3, is attributed to the hydroxyl group of the
tricarbonyl system in ring A; the second acid dis-
sociation constant, with a pK value of approximate-a

*Corresponding author. Fig. 1. Structures of the tetracyclines studied.
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ly 7.6, is associated with the hydroxyl group of the v/v) to a 50 mM phosphate running buffer con-
dicarbonyl system between rings B and C; the third, taining 1 mM EDTA at pH 11.50 [4]. The electro-
with a pK value of approximately 9.7, is assigned to phoretic behavior of seven tetracycline antibiotics,a

the amino group of the dimethylamino moiety in ring including TC, OTC, chlortetracycline (CTC), doxy-
A; the fourth, with a pK value in the range 10.7– cyclines (DOC), DMC, methacycline (MC) anda

12.0, is associated with the phenolic hydroxyl group minocycline (MNC) has been characterized by CE
in ring D [1,2]. Accordingly, most TCs exhibit using a phosphate buffer solution in the pH range
amphoteric character with an isoelectric point be- 4–11 [20]. The optimum conditions for separating a
tween 4 and 6. Thus, TCs exist in cationic form at mixture of TCs determined were: buffer pH, 7.5;
more acidic pH values, in anionic form at more buffer concentration, 4.3 mM and ionic strength,
alkaline pH values, and in zwitterionic form at a pH 18.2 mM. However, complete separation of these
near the isoelectric point, and depending on the pH TCs was not achievable under these conditions [20].
of the buffer, can be separated as cations at low pH Effective separation of various TCs, with the excep-
point as zwitterions near neutral pH, or as anions at tion of DOC and MC, was readily achieved by CZE
an alkaline pH. using a background electrolyte composed of 30 mM

Tetracycline degrades to anhydrotetracycline citric acid, 24.5 mM b-analine and methanol (40%,
(ATC) in acidic media at pH,2 [1]. TC and ATC v/v) at pH 3.0 [21]. Moreover, the separations of
epimerize to form 4-epitetracycline (ETC) and 4- impurities and degradation products of various TCs
epianhydrotetracycline (EATC), respectively, at pH by CE and capillary electrochromatography (CEC)
2–6 [1,3]. Likewise, other tetracyclines, such as were compared [21]. The complete separation of four
oxytetracycline (OTC) and demeclocycline (DMC), commercially available TCs (TC, OTC, DOC and
also form degradation products [4]. Since commer- CTC) by nonaqueous CE using methanol–acetoni-
cially available TCs may contain some significant trile (50:50, v /v) electrophoresis medium with the
amounts of degradation products and EATC is addition of different electrolytes was also demon-
shown to be renal toxic, the separation and moni- strated [22].
toring of TCs and their impurities have drawn much On the other hand, reports on the separation of
attention. tetracyclines by micellar electrokinetic capillary

High-performance liquid chromatography (HPLC) chromatography (MEKC) were few. Croubels et al.
has been employed for separating and analyzing [23] analyzed TC, OTC, CTC and the degradation
various TC mixtures over the past decades [5–11], products of TC by adding nonionic surfactants such
despite the difficulties associated with peak tailing as Triton X-100 (0.05%) and Brij 35 (0.017%) to a
and low efficiency due to interaction with the phosphate buffer solution at pH 2.2 to improve the
residual silanol groups on silica-base packing materi- separation. However, complete separation of these
al. In recent years, capillary electrophoresis (CE) has tetracyclines was not achieved with the use of
gained increased importance as a powerful analytical phosphate buffer as a background electrolyte. A
tool [12–17]. This is due to its many advantageous method was developed for the determination of four
features such as extremely high efficiency, high tetracyclines, including TC, OTC, CTC and DOC, in
resolution, short analysis time and small consump- bovine milk, serum and urine using a borate–phos-
tion of sample and solvent volume in comparison phate buffer solution containing 10 mM sodium
with HPLC. dodecyl sulfate (SDS) at pH 8.5 [24] with limits of

TC and its degradation products were efficiently detection down to a few ppb.
separated by capillary zone electrophoresis (CZE) In this paper, we report the results of the sepa-
using either a 20 mM phosphate buffer (pH 3.9) [18] ration of six tetracyclines by MEKC using an
or a basic 80 mM carbonate buffer (pH 9.0) [19], ammonium acetate buffer containing three different
with the addition of 1–5 mM disodium ethyl- structural types of anionic surfactant and a cationic
enediamine tetraacetate (EDTA), as a complexing surfactant as micelles. The influences of buffer pH in
agent. The analysis of DMC and its major impurities the pH range 5.0–9.0 (for SDS only) and surfactant
was investigated by adding Triton X-100 (0.35%, concentration, as well as the choice of background
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electrolyte, on the separation of TCs are examined. 2.3. Electrophoretic procedure
The partition coefficients of tetracyclines to SDS
micelles are evaluated and the migration order of When a new capillary was used, the capillary was
tetracyclines was discussed based on quantitative washed using a standard sequence described previ-
structure-retention relationships (QSRRs). ously [25]. To ensure reproducibility, all experiments

were performed at 258C and measurements were run
at least in triplicate. The capillary was prewashed
with running buffer for 2 min before each injection

2. Experimental and postwashed with deionized water at 258C for 5
min, followed with 0.1 M sodium hydroxide solution
at 608C for 5 min, and then with deionized water at2.1. Chemicals and reagents
258C for 5 min to maintain proper reproducibility for
run-to-run injections. The detection wavelength wasSix tetracyclines, including TC, OTC, CTC, DOC,
set at 265 nm.MNC and DMC, SDS and sodium cholate and Sudan

III were obtained from Sigma (St. Louis, MO, USA).
2.4. CalculationsPolyoxyethylene (23) dodecyl ether (Brij 35), tetra-

decyltrimethylammonium bromide (TTAB), ammo-
2.4.1. Electrophoretic mobilitynium acetate, and quinine hydrochloride were ob-

The electrophoretic mobility of analytes wastained from Aldrich (Milwaukee, WI, USA), TCI
calculated from the observed migration times with(Tokyo, Japan), Showa (Kyoto, Japan) and Kanto
the equation:(Tokyo, Japan), respectively. All other chemicals

were of analytical-reagent grade. Deionized water L L 1 1d t
]] ] ]m 5 m 2 m 5 2 (1)was prepared with a Milli-Q system (Millipore, S Dep eo V t tm eoBedford, MA, USA).

where m is the electrophoretic mobility of theStandard stock solutions of six tetracyclines in ep

analyte tested, m is the apparent mobility, m is theaqueous solution at a concentration of 1000 mg/ml eo

electroosmotic mobility, t is the migration timewere prepared. When needed, various concentrations m

measured directly from the electropherogram, t isof sample solution ranging from 10–50 mg/ml were eo

the migration time for an uncharged solute (dimethyldiluted from stock solution. Various proportions of 1
sulfoxide as neutral marker), L is the total length ofM acetic acid or 1 M trisodium phosphate were t

capillary, L is the length of capillary betweenadded to the ammonium acetate solution to reach a d

injection and detection, and V is the applied voltage.desired value in the pH range 5.0–9.0. All solutions
were filtered through a membrane filter (0.22 mm)
before use. 2.4.2. Migration factor

The migration factor of analytes (k9) was calcu-
lated from the observed migration times with the

2.2. Apparatus equation:

t 2 tm 0Separations were made with a CE system de- ]]]]k9 5 (2)tmscribed previously [25]. The capillary dimensions
]t 1 2S D0 twere 43 cm375 mm, I.D. The UV detection position mc

was 7.0 cm from the cathodic end. Sample injection
where t is the migration time in the absence ofowas done in a hydrodynamic mode for 1 s. The CE
micelles, and t is the migration time of micelles,mcsystem was interfaced with a microcomputer and

printer with software CE 1000 1.05 A. For pH (m 2 m )ep 0
]]]]k9 5 (3)measurements, a pH meter (Suntex Model SP-701, (m 2 m )mc epTaipei, Taiwan) was employed with a precision of

0.01 pH unit. where m , m , and m are the electrophoreticep o mc
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mobility of a solute, the electrophoretic mobility of a centration. The resolution of tetracyclines increases
solute in the absence of micelles, and the electro- with increasing concentration of SDS, and the migra-
phoretic mobility of micelle, respectively, calculated tion time also increases. So the optimum SDS
from the corresponding migration times. concentration was determined to be about 15–20

In this work, quinine hydrochloride was used as a mM.
micelle marker for SDS and SDS–Brij 35, whereas
Sudan III was used for SC and TTAB. 3.3. Influence of buffer pH

Fig. 3 shows the variation of the electrophoretic2.4.3. Partition coefficient
mobility as a function of buffer pH in the rangeThe migration factor (k9) in MEKC is directly
5.0–9.0. The electrophoretic mobility of each in-proportional to the micelle concentration through the
dividual tetracycline (migrating toward anode) de-following equation [26,27]:
creased, but the electroosmotic flow increased, as the

k9 5 P n([S] 2 CMC) (4) pH of the buffer increased. The variation in themw

electrophoretic mobility as a function of pH forwhere P is the partition coefficient of solutesmw tetracyclines having the hydroxyl group as the R2between the aqueous and micellar phases, n is the
substituent, such as OTC, TC, DMC and CTC ismolar volume of the surfactant, [S] is the total
considerably smaller than those of tetracyclines withsurfactant concentration and CMC is the critical
a hydrogen atom as the R substituent, such as DOC2micellar concentration. With SDS as an anionic
and MNC, thus leading the electrophoretic mobility21surfactant, n is equal to 0.2483 l mol [28].
curves of DOC and CTC to cross over at a pH of
about 5.3. Fig. 4 shows the electropherograms of
tetracyclines obtained in the SDS micellar system at

3. Results and discussion pH 5.0 and 6.5. The reversal of the migration order
of DOC and CTC was observed at these two pH

3.1. Choice of background electrolyte values and a complete separation of six tetracyclines
was achieved within 8 min at pH 6.5 with the

As reported previously [23], complete separation migration following the order OTC,TC,DMC,
of tetracyclines is difficult to achieve using a phos- DOC,CTC,MNC.
phate buffer containing different types of surfactants, The marked decrease in the electrophoretic mobili-
such as SDS, cetyltrimethylammonium bromide ty of TCs with increasing buffer pH is believed
(CTAB) and bile salt. In this work, for separating partly due to the decrease in the mole fractions of
tetracyclines at a pH near their isoelectric points, positively charged species and neutral species and
ammonium acetate was selected as a running buffer. the increase in the mole fraction of negatively
The optimum concentration of ammonium acetate charged species, and partly due to the drastic de-
buffer was determined to be 15 mM. crease in the binding constants of TCs to micelles

which will be described in Section 3.5.
3.2. Influence of SDS concentration

3.4. Influence of concentration of other surfactants
Fig. 2 shows the variation of the electrophoretic

mobility of tetracyclines as a function of SDS Fig. 5 shows the variation of the electrophoretic
concentration at pH 6.0. The electrophoretic mobility mobility of TCs in a mixed micellar system con-
of TCs (migrating toward anode) increases with SDS taining 20 mM SDS and Brij 35 (up to 0.135%, w/v)
concentration. The electroosmotic flow decreases at pH 6.5. The electrophoretic mobility of TCs
with increasing concentration of SDS, but the (migrating toward anode) decreased with increasing
mobility of micelle is almost constant at varied concentration of Brij 35. This is expected owing to
concentration of SDS. Consequently, the migration the decrease in the anionic charges of the SDS
windows become broader with increasing SDS con- micelles on addition of Brij 35 [29,30].
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Fig. 2. Variation of the electrophoretic mobility of tetracyclines as a function of SDS concentration using 15 mM ammonium acetate buffer
(pH 6.0). Capillary: 43 cm350 mm, I.D., Other operating conditions: 15 kV, 258C. Curve identification: (j) OTC, (m) TC, (h) DMC, (n)
DOC, (d) CTC, (s) MNC; the numbers of the analytes are shown in Fig. 1.

It is interesting that the variation in the electro- mobility of TCs (migrating toward anode) increased
phoretic mobility of TCs with the hydroxyl group as and the migration window became broader with
the R substituent, such as OTC, TC, DMC and increasing concentration of SC from 30 mM to 802

CTC, which are relatively less hydrophobic than mM.
DOC and MNC, is greater than those of TCs with a Complete separation of OTC and TC was achiev-
hydrogen atom as the R substituent, such as the able when the concentration of SC was raised above2

aforementioned DOC and MNC. Evidently, the 70 mM. However, peaks of DMC and CTC are not
addition of Brij 35 to the SDS system would resolved even with the concentration of SC at 80
decrease the electrostatic interactions between TCs mM. To avoid any complication caused by Joule
and micelles, and the migration behavior of TCs in heating, separation with a concentration of SC
mixed micelles, as shown in Fig. 6, is understand- greater than 80 mM was not attempted. Fig. 8 shows
able. The migration of TCs follows the order OTC, the electropherogram of TCs obtained in the SC
TC,DMC,CTC,DOC,MNC in the mixed micellar system at pH 6.5.
SDS–Brij 35 micellar system. Complete separation of TCs with ammonium

Fig. 7 shows the variation of the electrophoretic acetate buffer in the TTAB micellar system is
mobility of TCs in the SC micellar system at pH 6.5. difficult. Peaks of CTC, DOC and MNC migrate
As in the case of the SDS system, the electrophoretic together in the buffer system containing 10–30 mM
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Fig. 3. Variation of the electrophoretic mobility of tetracyclines as a function of pH in the range 5.0–9.0 using 15 mM ammonium acetate
buffer containing 20 mM SDS. Other operating conditions and peak identification are the same as for Fig. 2.

TTAB. Peaks of CTC and DOC are not separable the partition coefficients (P ), capacity factors (k9)mw

even with the addition of acetonitrile (10%, v/v) or and CMC values obtained for individual tetracycline
methanol (30%, v/v). Fig. 9 shows the elec- in the SDS micellar system at pH 6.0. The average
tropherogram of TCs obtained in the TTAB micellar CMC value is 4.560.2 mM. As expected, this is
system at pH 6.5. smaller than the literature value of 8.2 mM owing to

the presence of buffer electrolyte.
Table 2 gives the partition coefficients (P )mw

3.5. Partition coefficient evaluated at five different pH values. The partition
coefficient (P ) of individual tetracycline, which ismw

Fig. 10 shows the plots of capacity factor (k9) pH-dependent, decreases quite drastically with in-
calculated from Eq. (2) for various TCs versus SDS creasing pH of the buffer. This is expected because
concentration. The partition coefficients of tetra- the charge density of tetracyclines becomes more
cyclines between aqueous and micellar phases (P ) negative as the pH of the buffer increases from 6.0 tomw

were determined according to Eq. (4). Table 1 lists 8.0.
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Fig. 6. Electropherogram of tetracyclines obtained with 15 mM
ammonium acetate buffer containing 20 mM SDS and Brij 35
(0.135%, w/v) at pH 6.5. Other operating conditions and peak
identification as in Fig. 2.

Fig. 4. Electropherograms of tetracyclines obtained with 15 mM
ammonium acetate buffer containing 20 mM SDS at varied pH:
(A) 5.0, (B) 6.5. Other operating conditions and peak identifica-
tion as in Fig. 2.

Fig. 7. Variation of the electrophoretic mobility of tetracyclines as
a function of SC concentration using 15 mM ammonium acetate
buffer (pH 6.5). Applied voltage: 12 kV. Other operating con-
ditions and peak identification as in Fig. 2.

3.6. Migration order and the correlation of
migration factor versus octanol–water partition
coefficient

It has been generally accepted that separation of
Fig. 5. Variation of the electrophoretic mobility of tetracyclines in

neutral and charged solutes in MEKC is based on thea mixed micellar system containing 20 mM SDS and Brij 35 (up
differential partitioning of solutes between aqueousto 0.135%, w/v) with 15 mM ammonium acetate buffer (pH 6.5).

Other operating conditions and peak identification as in Fig. 2. phase and micellar phase in which hydrophobic



102 Y. Chen, C. Lin / J. Chromatogr. A 802 (1998) 95 –105

Fig. 10. Plots of migration factor (k9) of tetracyclines as a function
of SDS concentration at pH 6.0.

Table 1
Partition coefficients, capacity factor and CMC values of tetra-
cyclines in SDS micellar system at pH 6.0Fig. 8. Electropherogram of tetracyclines obtained with 15 mM

ammonium acetate buffer containing 80 mM SC (pH 6.5). Other Tetracyclines P k9 CMC (mM) Pmw ow
operating conditions and peak identification as in Fig. 7.

aOTC 240 0.96 4.32 0.08
bTC 330 1.31 4.58 0.09
bDMC 429 1.61 4.56 0.25
aDOC 587 2.11 4.55 0.95
aCTC 766 2.76 4.94 0.41
aMNC 3110 8.06 3.07 1.12

a [37].
b [38].

interaction is the sole underlying force that influ-
ences the migration behavior of hydrophobic solutes.
However, large differences in the migration behavior
of solutes in MEKC with different types of surfac-
tants suggest that this general belief is not accurate
for all MEKC systems [31,32]. Depending on the
chemical nature of both solutes and micelles, various
chemical interactions other than hydrophobic interac-
tions, such as dipolar or hydrogen bonding interac-
tions, 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.

Fig. 9. Electropherogram of tetracyclines obtained with 30 mM
In order to shed light on the migration order ofammonium acetate buffer containing 30 mM TTAB (pH 6.5).

tetracyclines, quantitative structure–retention rela-Applied voltage: 210 kV. Other operating conditions and peak
identification as in Fig. 2. tionship (QSRR) that describe the correlations be-
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Table 2
Partition coefficients of tetracyclines measured with ammonium acetate–SDS buffer system at varied pH values

Tetracyclines Pm w

pH 6.0 pH 6.5 pH 7.0 pH 7.5 pH 8.0

OTC 240 244 201 117 62
TC 330 335 282 181 78
DMC 429 394 292 242 66
DOC 587 541 423 270 89
CTC 766 729 540 276 133
MNC 3110 1258 889 367 300

tween migration factor and octanol–water partition characteristics. The reasons for the abnormally large
coefficient, a hydrophobic parameter, were examined electrophoretic mobility of DMC in the TTAB-
in various micellar systems to better understand the MEKC system are not clear. As indicated in Table 3,
underlying chemical interactions that influence the the correlation is greatly improved when DMC is
migration and selectivity of tetracyclines. In this eliminated from sample solutes.
study, we selected the SDS, SDS–Brij 35, SC and The hydrogen bond acceptor characteristics of SC
TTAB micellar systems. are weaker than those of TTAB, but stronger than for

For a micellar system in MEKC in which hydro- 1-octanol. The existence of higher correlation for the
phobic interactions play a major role in influencing SC system is attributed to a similar hydrogen bond-
the migration and selectivity of solutes, one may ing pattern between SC micelles and 1-octanol. This
expect a linear relationship between the logarithm of result is consistent with the findings obtained by
capacity factor (log k9) and the logarithm of octanol– Yang et al. [32,39].
water partition coefficient (log P ) as found in The correlation of log k9 vs. log P in theow ow

[34–36]: SDS–MEKC system is not as good as for the SC
system. This is attributed to the lower similarity in

log k9 5 alog P 1 b (5)ow the hydrogen bonding pattern between SDS micelles
and 1-octanol compared with that between SC
micelles and 1-octanol. Moreover, the existence ofIt has been generally accepted that the migration
congenerity problems in the SDS–MEKC systemof solutes in MEKC correlates best with P if theow

may cause the situation to be even worse [31,32].micellar system used has a similar hydrogen bonding
However, as SDS micelles are stronger hydrogenaffinity to 1-octanol [31,32]. Based on the values of
bond donors than 1-octanol, they exhibit moreP of tetracyclines reported in the literature [37,38]ow

selective interactions towards tetracyclines whichand the capacity factor (k9) of TCs calculated in this
have hydrogen bond acceptor characteristics.work, the plots of log k9 vs. log P in four differentow

The addition of Brij 35 to the SDS micellar systemmicellar system at pH 6.5, as shown in Fig. 11, were
2 resulted in higher correlation. This is expectedobtained. The correlation coefficient (r ) for the

because the anionic charges located at the surface ofSDS, SDS–Brij 35 and SC micellar systems are
the SDS micelles are shielded on addition of Brij 35,high. However, a poor correlation was observed for
which has a long polyoxyethylene chain [40]. There-the TTAB system. Table 3 lists the results of a log k9

fore, excellent correlation of log k9 vs. log P in thevs. log P linear regression. owow
2mixed SDS–Brij 35 micellar system (with r .As the TTAB micelles have the most hydrogen

0.942) can be obtained.bond acceptor characteristics among the four micel-
As large differences in the migration behavior andlar systems used in this study [31,32], it is not

selectivity for TCs in MEKC with different types ofsurprising that the overall trend of the migration
surfactants were observed and good linear correla-behavior of TCs in MEKC with TTAB micelles does
tions of log k9 vs. log P were obtained, the resultsnot correlate well with the values of log P , because owow

reveal that the migration of TCs depends primarilytetracyclines also possess hydrogen bond acceptor
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Fig. 11. Correlations of log k9 versus log P for tetracyclines in four different micellar systems at pH 6.5: (A), 20 mM SDS; (B), 20 mMow

SDS–Brij (0.135%, w/v); (C), 80 mM SC; (D), 30 mM TTAB.

on the extent of micellar solubilization based on addition of SDS or mixed SDS–Brij35 at pH 6.5
hydrophobic interactions; however, hydrogen bond- with an applied voltage of 15 kV. The results of
ing interactions may play an important role in these present studies indicate that the migration of TCs in
micellar system. MEKC is primarily based on hydrophobic inter-

action. However, electrostatic interaction, which is
primarily due to hydrogen bonding interaction, may

4. Conclusion play a significant role in influencing the selectivity of
TCs, thus leading to the alteration of the migration

Complete separation of six tetracyclines was order of TCs in MEKC with different structural types
achieved using ammonium acetate buffer with the of surfactants.
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