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Abstract

The influence of buffer pH and electrolyte modifier on the migration behavior and separation of thirteen sulfonamides was
investigated by capillary zone electrophoresis. The results indicate that precise optimization of buffer pH is crucial in
improving the separation of some closely migrating sulfonamides. On the addition of either an appropriate amount of an
organic modifier (methanol or acetonitrile) or a low concentration of B8-cyclodextrin ( 8-CD, 0.5 mM) to a phosphate—borate
buffer at pH 6.85 and an applied voltage of 20 kV, the resolution of peaks between sulfathiazole and sulfamethoxypyridarine
is markedly enhanced and effective separations of thirteen sulfonamides are achieved within a relatively short time.
Methanol gives better resolution than acetonitrile as an organic modifier. Weak inclusion complexation occurs between -CD
and sulfonamides, with the exception of sulfathiazole. The formation constants of thirteen sulfonamides with 8-CD are

reported.
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1. Introduction

Sulfonamides are extensively applied in medicine
and veterinary practice as antibacterial drugs. These
compounds are commonly used to treat bacterial
infections related to the respiratory, intestinal and
urinary tracts. They also serve to prevent and to treat
certain microbial diseases in animals. However,
recent evidence has implicated sulfamerazine as a
possible thyroid carcinogenic agent [1]. As sulfon-
amide residues in food and animal tissues may be
present in minute concentrations and may pose a
health threat to consumers through allergic or toxic

*Correspondin g author.

reactions, or through induction of antibiotic resist-
ance in pathogenic organisms [2,3], interest in the
development of rapid and sensitive analytical meth-
ods to identify and to separate these compounds in
trace proportions continues unabated.

Various approaches, including microbiological and
immunoassay [4], UV-Vis spectrophotometry {5,6],
flow injection analysis [7.8], thin-layer chromatog-
raphy [9,10], gas chromatography (GC) [11,12],
GC-MS [13], high-performance liquid chromatog-
raphy (HPLC) [14-24], HPLC-MS [25], supercriti-
cal fluid chromatography (SFC) [26-29], capillary
electrophoresis (CE) [30-35) and CE-MS [36] are
applied to determine sulfonamides. Among them,
HPLC has attracted much attention because this
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technique tends to be efficient in separating closely
related compounds [14-23]. In recent years, CE has
become a popular and powerful separation technique
which is widely applied to diverse samples because
of its high resolution, extremcly high efficiency,
rapid analysis and small consumption of both sample
and solvent in comparison with HPLC [37-42].
Thus, CE is expected to be an excellent alternative
method for the identification and separation of
sulfonamides.

The separation of sulfonamides by CE has been
performed by capillary zone electrophoresis (CZE)
[30-34] and micellar electrokinetic capillary chro-
matography (MECC) [35]. A mixture of some
selected sulfonamides was separated by capillary
zone electrophoresis at pH 7.0 using either a phos-
phate (20 mM)-borate (20 mM) buffer [30] or a
phosphate (50 mM )-borate (50 mM) buffer con-
taining B-cyclodextrin (3-CD, 10 mM) [33]. Li and
co-workers [31,32], utilizing the overlapping res-
olution mapping procedure to predict optimum se¢pa-
ration conditions, reported that seven selected sul-
fonamides were best separated with a buffer com-
posed of phosphate (50 mM)-borate (50 mM) on
addition of either 8-CD (3 mM) at pH 6.0 or 8-CD
(2 mM) at pH 6.4. Ricci and Cross [34] stated that,
among twenty-two sulfonamides tested, eighteen of
them were resolved using 50 mM phosphate buffer at
pH 7.5. However, peaks between sulfathiazole and
sulfamethoxypyridazine and those between sul-
fadiazine and sulfadimethoxine were not resolved
[34]. In addition, the optimal pH range suggested by
Ricci and Cross [34] was higher than the value
reported by other investigators [30,33]. As the
optimum conditions reported previously are ineffi-
cient in separating the thirteen sulfonamides selected
in this study and the migration selectivity of sul-
fonamides is very sensitive to the pH of the buffer, a
closer examination in the pH range around 6.8-7.3 is
apparently needed, especially for the separation of a
wide range of sulfonamides. Moreover, to further
improve the separation of sulfonamides selected, we
systematically investigated the influence of an or-
ganic modifier, such as methanol or acetonitrile, or
B-cyclodextrin ( 8-CD) as an electrolyte modifier on
the migration behavior and separation of sulfon-
amides. Lastly, in order to gain an insight into the
interaction between sulfonamides and SB-CD, the

formation constants of inclusion complexes formed
between sulfonamides and B-CD were also evalu-
ated.

2. Experimental
2.1. Chemicals and reagents

Thirteen sulfonamides investigated in the study are
shown in Fig. 1. These sulfonamides, originally
purchased from Sigma (USA), were supplied as a
gift from Taiwan Meat Development Foundation.
B-Cyclodextrin and anhydrous disodium tetraborate
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Fig. 1. Structures of sulfonamides.
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were obtained from Merck (Germany). Sodium
dihydrogenphosphate dihydrate was purchased from
Showa Chemicals (Japan). Methanol (MeOH) was of
HPLC grade (Mallinckrodt, USA) and was used
without further purification. All other chemicals were
of analytical-reagent grade. Deionized water was
prepared with a Milli-Q system (Millipore, Bedford,
MA, USA).

Standard solutions of sulfonamides were prepared
at a concentration about 0.25 mM in methanolic
solution. Phosphate—borate buffer solution was pre-
pared by mixing disodium tetraborate with sodium
dihydrogenphosphate solution in a appropriate ratio.
The pH of the buffer solution was adjusted with
sodium hydroxide (0.1 M) or hydrochloric acid (0.1
M) to a desired value. All solutions were filtered
through a membrane filter (0.22 um) before use.

2.2. Apparatus

Separations were made with a capillary electro-
phoresis system (Spectra-Physics Model 1000, Fre-
mont, CA, USA), equipped with a programmable and
high-speed scanning multiple-wavelength UV-Vis
detector, a fused-silica capillary cartridge thermo-
stated with a Peltier thermoelectric device and an
automatic injection system. The capillary dimensions
were 44 ¢cmX50 pum, ID. A 0.3-cm segment of
polyimide coating was burned off from the tubing
7.0 cm from the cathodic end before installation in a
capillary cartridge for on-column detection. Sample
injection was done in a hydrodynamic mode during 1
s. The CE system was interfaced with a micro-
computer and printer with software CE 1000 1.05A.
For pH measurements, a pH meter (Suntex SP-701,
Taipei, Taiwan) was employed with a precision of
*0.01 pH unit.

2.3. Electrophoretic procedure

When a new capillary was used, the capillary was
washed using a standard sequence described previ-
ously [42]. To ensure reproducibility, all experiments
were performed at 25°C and measurements were run
at least in triplicate. The capillary was prewashed for
3 min with running buffer before each injection to
maintain proper reproducibility of run-to-run injec-
tions.

For peak identification, each individual sulfon-
amide was injected into the capillary, when neces-
sary. On-column UV spectra (200-300 nm with a
2-nm wavelength increment) of sulfonamides were
very helpful and were recorded simultaneously dur-
ing the electrophoretic separation when necessary. A
three dimensional spectral scan of CE separation of a
mixture of sulfonamides, as shown in Fig. 2, is
presented to show the characteristics of UV absorp-
tion spectra of these analytes. The detection wave-
length was set at 214 nm so that the peaks between
sulfathiazole and sulfamethoxypyridazine could be
better resolved. However, the detection sensitivity
could be enhanced 1-3 fold by setting the detection
wavelength at about 254 nm.

2.4. Mobility calculation

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

bt 1
#S“/“l‘_ll’eo_ V t -T ()

eQ

where u is the electrophoretic mobility of the solute
tested, u is the apparent mobility, wu., is the
electroosmotic mobility, ¢, is the migration time
measured directly from the electropherogram, ¢, is
the migration time for an uncharged solute (methanol
as neutral marker), L, is the total length of capillary,
L, is the length of capillary between injection and
detection, and V is the applied voltage.

Formation constants of inclusion complexes
formed between sulfonamides and B-CD are evalu-
ated by curve-fitting the experimental mobility data
as a function of the 8-CD concentration at pH 6.85
through the utilization of SigmaPlot software accord-
ing to the equation [61]

_ #; + ps_ K {CD] 2)
s = 1+ K,CD]

where pg is the electrophoretic mobility of a solute
in the absence of B-CD, pg ., is the mobility of the
inclusion complex formed between a solute and B-
CD, K, is the formation constant of the inclusion
complex, and [CD] is the concentration of 8-CD.
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the buffer electrolyte, the electroosmotic flow de-
creases as a result of a decrease in zeta potential and
a decreased magnitude of the ratio of dielectric
constant to viscosity of the buffer [55]. The electro-
osmotic mobility decreased from 5.9-107* to 3.3-
107" ecm® V' s when methanol (23%, v/v) was
added to the borate—phosphate buffer at pH 6.85.
Fig. 5 shows the effect of the addition of
methanol to the phosphate—borate buffer on the
separation of thirteen sulfonamides. As illustrated,
sulfisomidine (4) behaves very differently from the
rest of sulfonamides because the electrophoretic
mobility of this component increases with an in-
crease in the proportion of methanol contained in the
buffer solution; the resolution of the pairs of com-
ponents (3,1) and (2,4) enhanced considerably at the
expense of that of the pairs of components (9,8) and
(11,12). Indeed, an effective separation of these
sulfonamides was achieved when an appropriate
proportion of methanol (16.6%, v/v) was added to
the buffer electrolyte. Fig. 6A shows such an elec-
tropherogram of sulfonamides obtained.

The effect of the addition of acetonitrile to the
buffer electrolyte on the separation of sulfonamides
was also examined. The pair of components (3,1)
was almost completely resolved upon the addition of
acetonitrile (9%. v/v) to the buffer electrolyte at 20
kV. It should be noted that, although the resolution of
the pair of components (3,1) improves continuously
upon further increasing the proportion of acetonitrile,
the resolution of the pairs of components (9.8) and
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Fig. 5. Electrophoretic mobility of sulfonamides obtained on
addition of varied proportion of methanol to the buffer solution.
Buffer: phosphate (50 mM)-borate (50 mM) at pH 6.85. Oper-
ating conditions as for Fig. 2 and curve identification as for Fig. 3.
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Fig. 6. Electropherograms of sulfonamides obtained with the
addition of (A) methanol (16.6%, v/v) and (B) acetonitrile (9%,
v/v) to the buffer solution. Buffer: phosphate (50 mM)-borate
(50 mM) at pH 6.85. Operating conditions and peak identification
as for Fig. 2.

(11,12) deteriorates. Fig. 6B shows such an elec-
tropherogram of sulfonamides obtained when ace-
tonitrile (9%, v/v) was added to the buffer solution.

3.3. Influence of B-cyclodextrin

Cyclodextrins (CDs) have been applied successful-
ly in the separation of many positional, structural and
enantiomer isomers in MECC and CZE [56-60]. The
addition of B-cyclodextrin to the buffer electrolyte
may greatly alter the migration selectivity of analytes
when inclusion complexation of the analyte with
B-CD takes place.

Fig. 7 shows the electrophoretic mobility of
sulfonamides at varied concentrations of 8-CD in the
range 0—10 mM at pH 6.85. In general, the electro-
phoretic mobility of sulfonamides, with the excep-
tion of sulfathiazole (1), decreases rather gradually
with an increase in 3-CD concentration. This phe-
nomenon is attributed to the formation of weak
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Fig. 3. Electrophoretic mobility of sulfonamides obtained at varied
pH in the range 5.6-7.3. Buffer: phosphate (50 mM )-borate (50
mM ). Operating conditions as for Fig. 2.

pH 5.6 10 5.8-10 *em” V™' 57" at pH 6.8, and then
levels off in the range 6.8-7.3.

Fig. 3 shows the effect of buffer pH on the
electrophoretic mobility of sulfonamides obtained in
the pH range 5.6-7.3 with an applied voltage of 20
kV. With the exception of sulfisoxazole (13), the
electrophoretic mobility of sulfonamides, being in
the opposite direction to the electroosmotic flow,
increases with an increase in the pH of the buffer.
Depending on the pK, of sulfonamides, the extent of
the variation in mobility in the pH range 7.0-7.3 for
sulfonamides with pK,<<6.1 becomes relatively
small; thus, the peaks between two closely migrating
sulfonamides cannot be separated at higher pH. For
instance, sulfadimethoxine (9) and sulfaquinoxaline
(8) are well separated at pH below 6.9, but co-
migrate at pH above 7.1; sulfamethoxazole (12) and
sulfisoxazole (13) are well resolved at pH below 7.0,
but almost merge at pH 7.2. On the other hand,
peaks between two consecutively migrating sulfon-
amides with pK,>7.0 become unresolvable at pH
below 6.8. For instance, peaks between sulfamethoxy-
pyridazine (3) and sulfathiazole (1) become poorly
resolved or even unresolvable at pH below 6.9;
peaks between sulfamethazine (2) and sulfisomidine
(4) merge at pH below 6.1. Moreover, electropho-
retic mobilities of components 1, 7 and 13 are
affected more than those of consecutively migrating
components 3, 10 and 12, respectively, by the pH of
the buffer. Thus, the resolution of the corresponding
pairs of two closely migrating components, such as
(3,1), (7,10) and (12,13), is greatly affected by
varying buffer pH. As demonstrated, the results

indicate that these sulfonamides are best separated at
pH about 6.85. Fig. 4 illustrates the electropherog-
rams of sulfonamides obtained at pH 6.8, 6.9, 7.0
and 7.3 which demonstrate the influence of buffer
pH on the separation of the thirteen sulfonamides
selected.

3.2, Influence of organic modifier

It has been shown that the addition of organic
modifiers to the buffer electrolyte in capillary elec-
trophoresis serves to enhance separation and res-
olution {49-54]. Thus, the addition of an organic
modifier, such as methanol and acetonitrile, to the
buffer solution was attempted in order to further
improve the separation of sulfathiazole (1) and
sulfamethoxypyridazine (3).

As expected, on addition of organic modifier to

(D) 10t

MMUJ? ﬁu’

v 10°

(€) g 1!

AL
”‘(’;)’\1 9

1051y

[
N

24 ;56

12
3

L7 13

.
5
10
(A)
3,1 8

11
6 12

Absorbance at 214 nm (arb. unit)

4
2 5

7 13
y

2100 3.00 4.00
Migration time/min

Fig. 4. Electropherograms of sulfonamides obtained at varied pH:
(A) 6.8, (B) 6.9. (C) 7.0, and (D) 7.3. Buffer: phosphate (50
mM )-borate (50 mM). Operating conditions and peak identifica-
tion as for Fig. 2.
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Fig. 2. Three-dimensional spectral scan of CE separation of a mixture of thirteen suifonamides. Buffer: phosphate (50 mM )-borate (50 mM)
containing methanol (16.6%, v/v) at pH 6.85. Operating conditions: 20 kV, 25°C. Capillary: 44 cmX50 um [D. Peak identification: (1)
sulfathiazole; (2) sulfamethazine:; (3) sulfamethoxypyridazine; (4) sulfisomidine; (3) sulfamerazine; (6) sulfameter; (7) sulfadiazine; (8)
sulfaquinoxaline; (9) sulfamonomethoxine: (10) sulfadimethoxine; (11) sulfachoropyridazine; (12) sulfamethoxazole and (13) sulfisoxazole.

2.5. Pretreatment of milk samples

Homogenized milk sample was obtained from a
local market. In order to eliminate or minimize
matrix interference, milk samples were deprotenized
first. A 5-ml milk sample fortified with thirteen
standard sulfonamides (62.5-77.5 mg/ml) was
placed into a small test tube containing 5 ml of 3 M
HCI solution. The mixture was then centrifuged for
20 min. The upper liquid layer was pipeted to
another test tube to which 1 ml diluted HCl solution
(3 M) was added. The mixed solution was then
centrifuged for another 20 min. The resultant clear
supernatant was filtered through a 0.45-um filter and
an aliquot (1 ml) was used as sulfonamide fortified
milk sample for analysis. Milk samples treated by
the same procedures, but without the addition of
sulfonamides, were used as blank milk sample.

3. Results and discussion

To achieve satisfactory separations using the CZE
technique, the optimization of buffer pH and the
modification of background electrolytes are of pri-
mary importance. In this work, the combined effects
of buffer pH and electrolyte modifier on the migra-

tion behavior and selectivity of sulfonamides are
taken into consideration for obtaining optimized
separations.

3.1. Influence of buffer pH

In CZE, the pH of the buffer plays an important
role in the separation of ionizable analytes because it
determines the extent of ionization of each individual
analyte [42,43). Therefore, manipulation of buffer
pH usually becomes a key strategy to optimize a
separation. For the separation of sulfonamides, the
optimum pH of the buffer was often chosen at 7.0
[30,33]. As buffer pH is a very sensitive parameter
for the separation of sulfonamides, precise optimi-
zation of buffer pH is crucial in further improving
the separation of suifonamides by adding electrolyte
modifier to a buffer solution. Therefore, measure-
ments of the electrophoretic mobility were performed
with an increment of 0.05 or 0.1 pH unit when
optimizing buffer pH in the range 6.8-7.3.

The charge of the capillary wall surface and the
zeta potential are influenced by buffer pH [44-46].
As excepted, the negative charge is built up at the
surface with increasing pH [44-48]. The magnitude
of electroosmotic mobility changes from 5.1-107* at
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Fig. 7. Electrophoretic mobility of sulfonamides at varied con-
centration of 3-CD in the range 0—10 mM. Buffer: phosphate (50
mM )-borate (50 mM) at pH 6.85. Operating conditions as for Fig.
2 and curve identification as for Fig. 3.

inclusion complexes between sulfonamides and S-
CD. With higher concentrations of B8-CD, sulfon-
amides have a higher probability to form inclusion
complexes. Table 1 lists the formation constants
evaluated for these inclusion complexes. Sulfon-
amides with relatively high pK, (pK,=7.2), such as
sulfamethazine (2) and sulfisomidine (4), are only
slightly incorporated into 8-CD on addition of 8-CD
because very weak inclusion complexation occurs
between these two sulfonamides and B-CD. These
two sulfonamides, migrating at a speed very close to

Table 1
Formation constants of inclusion complexes formed between
sulfonamides and B-CD at pH 6.85

Peak number Sulfonamides K, M cn
2 Sulfamethazine 50=3 -0.03
4 Sulfisomidine 602 -0.05
1 Sulfathiazole 11004 -0.13
3 Sulfamethoxypyridazine 5604 -0.29
5 Sulfamerazine 270+3 -0.47
6 Sulfameter 2602 —-0.56
7 Sulfadiazine 200+2 —-0.70

10 Sulfadimethoxine 180£3 —1.00
9 Sulfamonomethoxine 240+2 —0.96
8 Sulfaquinoxaline 310x3 -0.94

11 Sulfachoropyridazine 190=3 -1.20

12 Sulfamethoxazole 2003 —1.30

13 Sulfisoxazole 1903 -1.23

K, in units of M. pg_,, in units of 107" cm® V7' 57"

the electroosmotic flow, are ionized only slightly at
pH 6.85.

On addition of B-CD (< 1.5 mM), the variation of
the electrophoretic mobility of sulfathiazole (1) is
much greater than that of sulfamethoxypyridazine
(3). Thus, the peak resolution between sulfathiazole
(1) and sulfamethoxypyridazine (3) is markedly
enhanced when the concentration of B-CD varies
from O to 1.5 mM. In contrast, peaks among sulfa-
dimethoxine (10), sulfamonomethoxine (9) and sul-
faquinoxaline (8), and those between sulfathiazole
(1) and sulfisomidine (4) become poorly resolved or
even unresolvable when the concentration of 8-CD
varies from O to 1.5 mM. As a consequence, the
thirteen sulfonamides are best separated when 0.5
mM is 5-CD added to the buffer electrolyte.

The migration order between sulfathiazole (1) and
sulfisomidine (4) and that between sulfadimethoxine
(10), sulfamonomethoxine (9) and sulfaquinoxaline
(8) was reversed on addition of higher concen-
trations of B-CD (1.5-10 mM). No advantages were
observed for improving the separation of sulfon-
amides by increasing 8-CD concentration from 4 to
10 mM because peaks between sulfathiazole (1) and
sulfamethazine (2) become unresolvable with higher
concentrations of 3-CD; peaks between sulfaquinox-
aline (8) and sulfamonomethoxine (9), and those
between sulfamethoxazole (12) and sulfisoxazole
(13) are also only partially or barely resolved. As a
result, the effectiveness of the separation of thirteen
sulfonamides can not be significantly improved by
using higher concentrations of 8-CD. Fig. 8 illus-
trates the influence of B-CD on the separation of
sulfonamides.

3.4. Analysis of milk samples

Fig. 9 shows the CE analysis of sulfonamide-
fortified milk sample, and blank milk sample. As
illustrated, a clean background was obtained for
blank milk sample, whereas the resolution and
migration times of sulfonamide signals were little
affected for sulfonamide-fortified milk sample. The
results clearly indicate that sulfonamide analysis in
milk samples is not much interfered by the matrix of
deproteinized milk. Thus the method developed in
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Fig. 8. Electropherograms of sulfonamides obtained with the
addition of concentration of 8-CD: (A) 0 mM, (B) 0.5 mM and
(C) 1.0 mM. Buffer: phosphate (50 mM)~borate (50 mM) at pH
6.85. Operating conditions and peak identification as for Fig. 2.
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Fig. 9. CE analysis of milk samples; (A) blank milk sample; (B)
sulfonamide fortified milk sample. Operation conditions as Fig. 4.

this work is applicable to the analysis of milk
samples.

4. Conclusion

The precise optimization of buffer pH is crucial
for further improving the separation of thirteen
sulfonamides selected. With the addition of an appro-
priate amount of an organic modifier or a low
concentration of SB-cyclodextrin (0.5 mM) to the
phosphate—borate buffer electrolyte at pH 6.85,
effective separations of a mixture of thirteen sul-
fonamides are successfully achieved within a short
time. The present approach is particularly useful in
enhancing the separation of sulfamethoxypyridazine
and sulfathiazole. Weak inclusion complexations
occur between B-CD and sulfonamides, with the
exception of sulfathiazole. The separation of sul-
fonamides was not significantly improved when S-
CD with concentration in the range 4—-10 mM was
added to the buffer solution at pH 6.85.
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