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1 | INTRODUCTION

In recent years, capillary electrophoresis (CE) has been
shown to be a powerful and versatile technique for chiral
separation due to its advantages of high efficiency and
resolution, short analysis time, as well as low cost and small
amount of waste solution."” The enantioseparation in CE
requires adding chiral selectors into the background electro-
lyte (BGE). Among the great number of chiral selectors used
in CE, cyclodextrins (CDs) are the most employed because of
their excellent enantiorecognition abilities, good water
solubility, and UV transparency.’

Native $-CD has many applications in chiral separation.
However, the low solubility of B-CD has limited its

Three kinds of sulfated p-cyclodextrin (S-B-CD), including a single isomer,
heptakis-6-sulfato-p-cyclodextrin (HS-B-CD), degree of substitution (DS) of 7,
which was synthesized in our laboratory and another two commercialized randomly
substituted mixtures, a sulfated f-cyclodextrin with DS of 7 to 11, as well as a highly
sulfated-p-cyclodextrin with DS of 12 to 15, were used for the enantioresolution of
12 drugs (the B-blockers, phenethylamines, and anticholinergic agents) in capillary
electrophoresis. The enantioseparation under varying concentrations of S-fB-CD
and background electrolyte pH were systematically investigated and compared.
Based on the experimental results, the effect of the nature of S-f-CD and analyte

structure on the enantioseparation is discussed.

analyte structure, chiral selector, degree of substitution, enantioseparation, sulfated f-cyclodextrin

usefulness.* Chemical modification of native CDs leads to a
significant improvement in their physicochemical properties
and chiral recognition abilities. The first class of derivatized
CDs are neutral CDs, such as 2,3,6-tri-O-methyl-f-CD
(TMCD), 2,6-O-methyl-p-CD (DMCD), and
hydroxypropyl-p-CD (HPCD).” One limitation is that neutral
analytes are not enantioresolvable, simply in the presence of
neutral CDs.® More effective separation strategies in CE has
been achieved with charged CDs as chiral selectors,
especially with the anionic CDs. Sulfated p-cyclodextrin
(S-p-CD) is one of the most widely used anionic CDs, in that
the sulfonic groups provide negative charges over the entire
pH range and can thereby lead to ionic interaction in addition
to the hydrophobic inclusion.* As reported, S-B-CD had the
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ability to separate neutral, zwitterionic, basic, and even
anionic analytes.’

S-B-CD can be obtained as the single isomer of a
randomly sulfated mixture. For the single isomer, the degree
of substitution (DS) and distribution of the substituent groups
are clear. For example, heptakis-6-sulfato-p-cyclodextrin
(HS-B-CD), with all the sulfate esters at the C-6 primary
hydroxyl of B-CD, has been used for the separation of the
enantiomers of numerous analytes.®* However, most of the
commercially available S-B-CD is a mixture of randomly sul-
fated species. For randomly substituted CDs in general, only
the average value or the range of DS is known with certainty.
This randomly sulfated p-CD has been successfully used for
the separation of enantiomers of various kinds of drugs.®'*!!

In this study, we synthesized a single isomer f-CD deriv-
ative, heptakis-6-sulfato-p-cyclodextrin(HS-p-CD). HS-f-
CD, together with two randomly substituted S-B-CDs (DS
7-11 and 12-15),were used for the enantioseparation of 12
drugs (the B-blockers, phenethylamines, and anticholinergic
agents) in CE. The separation with different S-B-CDs as chi-
ral selectors were compared under varying concentrations of
chiral selectors and BGE pH. Further, the effect of DS of S-f-
CD and substituent groups of analytes on the
enantioseparation is discussed.

2 | MATERIALS AND METHODS

2.1 | Chemicals and reagents

Sotalol (SOT), bevantolol (BEV), metoprolol (MET), pro-
pranolol (PRO), terbutaline (TER), salbutamol (SAL),
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FIGURE 1 Chemical structures of 12 analytes

clenbuterol (CLE), clorprenaline (CLO), atropine (ATR),
atropine methyl bromide (AMB), homatropine (HOM), and
homatropine methyl bromide (HMB) were purchased from
Chinese Food and Drug Inspection Institute (Beijing, China)
as racemic mixtures. Their structures are provided in Figure 1
. Randomly substituted S-p-CDs (DS 7-11) and S-B-CD (DS
12-15) were from Sigma-Aldrich (St. Louis, MO). Sodium
hydroxide, sodium dihydrogen phosphate and phosphoric
acid were of analytical grade and obtained from Tianjin Bodi
Chemical Plant (Tianjin, China). Methanol of high-perfor-
mance liquid chromatography (HPLC) grade was from
Tianjin Concord Technology (Tianjin, China). Double-dis-
tilled water was used throughout the study.

2.2 | Apparatus

The enantioseparation experiments were performed with a
Beckman P/ACE MDQ Capillary Electrophoresis System
(Beckman, Fullerton, CA), equipped with a diode-array
detection. 32 Karat 8.0 Software (Beckman) was used for
instrument control, data collection, and data analysis.
BC_NMR spectra were recorded on Bruker (Billerica, MA)
400 MHz spectrometer with the samples diluted in deuterated
water (D,O). An uncoated, fused silica capillary (Ruifeng,
Yongnian, Hebei, China), 50 cm X 50 pm (effective length
40 cm) was used for separation.

2.3 | Methods

The back ground buffer solutions were prepared as follows.
First, sodium phosphate was dissolved in water and chiral
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selectors were added, then adjusted to the desired pH with
1.0 M phosphoric acid or 1.0 M sodium hydroxide solution
to make the BGE. Each sample was dissolved in water or
water—methanol (90:10,v/v) at a concentration of 0.1 mg/
ml. All solutions were passed through the 0.45 pm syringe
filter before injection. When a new capillary was installed,
it was rinsed with 1.0 M sodium hydroxide solution for
30 min and water for 10 min at 20 psi. Each day the capillary
was rinsed with 0.1 M sodium hydroxide solution for 10 min,
then water for 10 min and conditioned with BGE for 10 min.
Between consecutive runs, the capillary was rinsed with BGE
for 2 min. Injections were made hydrodynamically at 0.5 psi
for 5 sec. Separations were performed at voltage of +20 kV
and all samples were detected at 210 nm. The capillary was
thermostated at 25 °C during runs.

2.4 | Calculations

The resolution (Rs) was calculated using the following
equation:

Rs = 2(l2—l‘1)/(W1 + Wz)

where #; and 1, are the migration times and W, and W, are the
baseline peak widths of the two enantiomers, respectively.

2.5 | Synthesis of HS--CD

The synthetic route of HS-B-CD was designed as follows,
which was first reported in the previous literature.® In the first
step, heptakis-[6-(tert-butyldimethyl)silyl] was synthesized to
protect C-6 hydroxy, then C-2, C-3 hydroxy was acetylated
by reaction with acetic anhydride. To remove the protecting
group at C-6, the second intermediate was reacted with boron
trifluoeride diethyl ether. The third intermediate was puri-
fied,'* then sulfated with SO5-pyridine. To deacetylate, the
last intermediate was dissolved in water and the solution pH

(A)

-
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was adjusted to 12.0 with sodium hydroxide solution. After
precipitation in ethanol, the solid was collected by filtration,
then washed with ethanol and dried, yielding the end product.
The characterization of the final product is shown in Figure 2.
13C_NMR spectra were compared between p-CD and HS-p-
CD. It was observed that the chemical shift of C-6 in $-CD
was 60.2 ppm; however, in HS-B-CD the chemical shift was
69.8 ppm due to the hydroxyl groups being converted to
sulfate ethers."?

3 | RESULTS AND DISCUSSION
3.1 | Effect of buffer type and buffer

concentration on the enantioseparation

It is known that the chemical composition and concentration
of the buffer could affect the separation selectivity, baseline
stability, and peak shape. Therefore, the influence of buffer
composition and concentration on the enantioseparation was
first investigated. Three different buffer solutions, namely,
phosphate, Tris—HCI, and acetate solutions, were tested as
BGE for the separation of the tested analytes, using 20 g/L
S-B-CD (DS 7-11) as chiral selector at pH 3.0. Among the
tested buffer compositions, phosphate buffer was found to
give the highest resolution values in most cases, and thus it
was selected as BGE. In order to determine the optimum
concentration, the effect of buffer concentration upon
migration times and resolution was sequentially investigated
in the range of 10-50 mM. It was found that with increasing
the buffer concentration in the range of 10-30 mM, the
enantiomeric improved. At higher
concentration only a small influence on the separation could
be observed. Nevertheless, when the buffer concentration
increased, the migration times slightly increased due to a
decrease in the EOF. Hence, a 30 mM phosphate buffer
was selected for the following optimization.

resolutions were
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3.2 | Effect of the concentration of S-p-CD on
the enantioseparation

CD concentration was an important parameter to be
optimized during the separation, and the effect of S-B-CD
concentration on enantioresolution was investigated in the
range of 5-30 g/L. As two randomly substituted S-p-CDs
were mixtures, the concentration of three S-f-CDs was given
by mass concentration (g/L) instead of molar concentration
(mol/L). The detection of all analytes was at the anodic side,
with other conditions of 30 mM phosphate buffer, at
pH 3.0."

It was found that both the migration times and resolutions
of 12 drug enantiomers tended to decrease with an increase of
three S-p-CD concentrations. In general, a high S-p-CD
concentration may enhance the interaction between analytes
and CDs selectors, which resulted in a prolonged migration
time and higher resolution. On the other hand, with an
increase of S-B-CD concentration, the elevated viscosity
and ionic strength of buffer might cause lower electroosmotic
mobility (peor) and higher apparent mobility (p.pp), leading to
decreased resolution and reduced migration times. And
obviously, the results indicated that the latter reason might
play a more dominant role in the enantioseparation.
Figure 3 shows the variation in resolutions of 12 chiral drugs,

along with the varied S-pf-CD concentrations. For most of the
drugs, resolution values decreased when CD concentration
changed from 5 to 30 mg/L. However, there were some
notable exceptions. Some drugs might not obtain accurate
resolutions at lower CD concentrations due to long migration
times of their enantiomers. For example, no resolution values
were given at the variation curves of MET, CLO, and HMB
at HS-p-CD concentration of 5 g/L. (Figure 3a). Using two
different S-B-CDs with various degrees of substitution (DS
7-11 and 12-15) as chiral selectors, the missing resolution
values for some analytes (Figure 3b,c) could also be ascribed
to their prolonged migration times. Thus, 20 g/L. of HS-f-
CD, S-B-CD (DS 7-11) and S-p-CD (DS 12-15) was applied
to the separation as a compromise between resolution and
migration time.

3.3 | Effect of the BGE pH on the
enantioseparation

The pH of the buffer is another important parameter affect-
ing chiral resolution.'>'® In this study, the enantioseparation
of 12 chiral analytes was investigated over the pH range of
2.5-8.0 at 20 g/L of chiral selector concentration. The
separation results with HS-p-CD, S-p-CD (DS 7-11), and
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FIGURE 3 Resolutions of 12 analyte enantiomers, containing (a) HS-B-CD, (b) S-p-CD (DS 7-11), and (¢) S-p-CD (DS 12-15) from 5 to 30 g/L.

Buffer condition: 30 mM phosphate, pH 3.0; Voltage: —20 kV
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S-p-CD (DS 12-15) as chiral selector at different BGE pH
are shown in Table 1.

When BGE pH varied from 2.5-4.0, the analytes could
only be detected at the anode because electrophoretic mobil-
ity (pep, negative value) was larger than electroosmotic
mobility (Peos, positive value). With a pH increase, both
the migration times and resolution of the enantiomers
tended to increase, mainly due to increasing EOF. However,
SAL was a special case of 12 drugs. Its two enantiomers
had no elution within 40 min using the two randomly
substituted S-p-CDs at pH 4.0. Interestingly, similar phe-
nomena were not scarce at pH 5.0. For example, no peak
was observed for SOT, MET, PRO, SAL, and CLE with
HS-B-CD as a chiral selector. In the case of two randomly
sulfated CDs, most of the drugs (except TER and CLO)
couldn't be eluted within 40 min, indicating that stronger
electrostatic interaction might be formed between analytes
and two randomly substituted S-p-CDs. At higher pH, the
increased EOF might cause a change of apparent mobility
(Mapp) toward the cathode (positive value); therefore, over
the pH range of 6.0-8.0, separation was carried out at
normal polarity mode. It was shown that migration times
of analytes were shortened with increasing buffer pH. Also,

a decreasing tendency of resolution was observed, which
might be due to the decreased opportunity for the interaction
of analytes with chiral selectors. Based on the above results,
we concluded that an increase in pH has a favorable effect on
enantiomeric resolution of the analytes, but only if the
inclusion complex directed toward anode at low pH range
(range of 2.5-4.0). Thus, the best results with respect to
resolution values were all obtained at reversed polarity mode.

Simultaneously, we investigated the effect of buffer pH
on mobility parameters of analytes to provide a better under-
standing of the host—guest interaction. Take CLO, for exam-
ple: Figure 4 shows the variation of peof, Hep, and Happ With
20 g/ S-p-CD (DS 7-11), increasing pH from 2.5-8.0.
CLO, as its pKa ~13.6, it could be completely positively
charged over the pH range of 2.5-8.0, and changes in BGE
pH caused a minor effect on its pp. In cases of three nega-
tively charged S-p-CDs, as salts of strong acid, their charge-
state also showed pH independence. Thus, the electrostatic
interaction between the chiral selector and analyte would
remain constant along with the increase of pH. This was also
applicable for the other 11 analytes, according to their chem-
ical properties of quaternary ammonium salts (AMB and
HMB) or basic analytes (pKa >9.3 for the other drugs).

TABLE 1 Separation results of 12 analytes with three S-B-CD at pH 2.5-8.0

p-blockers Phenethylamines Anticholinergic agents
SOT BEV MET PRO TER SAL CLE CLO ATP AMB HOM HMB
t1/min Hmin ~ Hmin lmin L/min H1/min t1/min t1/min t1/min 41 /min t1/min H/min
Analyte Rs Rs Rs Rs Rs Rs Rs Rs Rs Rs Rs Rs
HS-3-CD 25" 11951 8617 14813 12519 4540 15367 8596 7556 8320 6523 9862 8779
3.0 13.36.6 10.02.0 17214 14323 4853 27485 9610.1 8764 10525 7826 11374 9.79.1
40" 14377 15623 21.61.6 19625 656.3 368105 158120 12386 14637 9927 16485 14311.2
5.0 nd 18.7 2.5 nd nd 9366 nd nd 20.69.8 24842 15230 2239.7 1891138
60 11.359 9719 16714 5219 15228 8431 12486 15387 10.134 16528 15579 12592
70 8546 7814 12113 12418 10923 6225 9865 10665 7.830 12122 11954 8978
80 5639 6812 1021.1 9815 7518 4823 7.653 7443 5627 9818 9833 7157
S--CD pH 2.5* 13.26.1 13518 14513 11320 584.0 1448.1 156198 7.01.4 104102 12.210.8 19.8 142 14.7 12.8

(DS 7-11) 3.0 16.1 7.0 15321 18.61.5 12922
4.0* 25975 18624 25416 14624 8362
5.0° nd nd nd nd 13.15.6
6.0 14952 16523 14514 13523 10834
7.0 10843 12418 12413 10922 8824
80 7940 9817 10109 8819 6.72.0

S-p-CD 25" 1456.6 13.01.8 16714 12820 5.143
(DS 12-15) 3.0 1847.6 16722 21.71.6 14923
4.0" 27379 17823 2561.6 18524 7262

5.0 nd nd nd nd 10.7 5.8

6.0 1546.0 20.12.0 18914 16.72.1 12.63.5

70 127751 14615 15213 13320 9.73.0

80 8536 10813 12012 10218 7923

BGE condition: 20 g/L chiral selectors, 30 mM phosphate; voltage: + 20 kV.
“Detected at reverse polarity.

Nd, not detected in 40 min.

7.05.2 20.8 10.1

10.5 3.4
8.33.0
6.32.4

2549.0 145162
6.54.6 32.1105 179183

6423
5922

96214 8815 15811.8 14.814.6 18.9 16.1 18.4 14.6
nd 35.828.6 10.4 1.6 28.6 12.5 20.8 189 35.6 18.5 26.7 18.2
nd nd 20.6 1.7 nd nd nd nd

98153 12415 15310.6 155140 22.7 123 21.7 13.5
73102 10514 10463 10594 16.69.8 16.59.8
6582 8413 7341 7663 12486 10579

6413 13.612.7 8.78.0 18510.1 142123
8.61.5 15614.1 10993 229133 164158
nd 28.720.5 10.8 1.6 30.6 15.8 15.6 10.2 36.8 159 20.5 18.7
nd nd 164 1.7 nd nd nd nd

8729 11413.6 10215 15893 16398 16498 156133
9297 8614 12172 12364 12274 12.410.8
7870 6813 6948 9945 10055 9982
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FIGURE 4  Variation of Jieof Hep, and iap, of CLO with increasing
pH from 2.5 to 8.0. BGE conditions: 20 g/L S-p-CD (DS 7-11),

30 mM phosphate; voltage: +20 kV (pH 2.5-5.0 detected at reverse
polarity; pH 6.0-8.0 detected at normal polarity)

Figure 5 shows the typical electropherograms of the 12
analytes at BGE pH 3.0, with 20 g/L. S-B-CD (DS 7-11) as
chiral selector.

3.4 | Effect of different S-p-CDs on the
enantioseparation

Conclusively, three S-p-CDs with various degrees of substi-
tution showed enantioselectivity toward the tested analytes.
However, for the enantioseparation of specific analytes, some
difference in the separation efficiency was also observed with
S-B-CD of different DS. Take CLO, for example: a satisfac-
tory resolution value (Rs = 6.4) was obtained with 20 g/L
HS-B-CD as chiral selector. In contrast, two randomly
substituted S-p-CDs seemed to be the least effective chiral
selectors under the same condition, since only baseline
separation was observed for CLO enantiomers (Figure 6a).
However, this was not true for the enantioseparation of
anticholinergic agents, which got higher resolution values
with two randomly substituted S-p-CDs (Figure 6b). These
results seemed to confirm the fact that the enantioselectivity
was affected by the DS of S-p-CD, and the optimum selector
depended on the structures of the tested analytes were
observed.'” Figure 6 gives the electropherograms of (a)
CLO and (b) ATP with three kinds of S-p-CDs at 20 g/L as
chiral selectors.

0.003 1 0.003 2 0.003 3
0.002 f 0.002 0.002
2 | 2 | 2 A
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0.001 i A 0.001 o \ e 0.001 UE
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FIGURE 5 Typical electropherograms of the 12 analytes. BGE conditions: 20 g/L S-B-CD (DS 7-11), 30 mM phosphate, pH 3.0; voltage: —20 kV.
SOT (2) BEV (3) MET (4) PRO (5) TER (6) SAL (7) CLE (8) CLO (9) ATP (10) AMB (11) HOM (12) HMB
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FIGURE 6 Enantioseparation electrophoretograms of (a) CLO and
(b) ATP with three S-B-CDs at 20 g/L as chiral selectors. BGE
conditions: 30 mM phosphate, pH 3.0; Voltage: —20 kV

3.5 | Structural influence of analytes on the
enantioseparation

Under the optimized separation conditions, the 12 analytes
could be completely enantioresolved, and resolution values
higher than 5.0 were obtained for most analytes. These
separation results were closely related to the structures of
analytes. The driving force of S-B-CD responsible for
host—guest interactions were reported to be electrostatic
interaction, hydrophobic inclusion, and hydrogen bond-
ing.18 Besides amine or ammonium, which can provide an
ionic interaction, analytes in our research also had the
aromatic ring that should fit into the hydrophobic cavity
of S-p-CD. Therefore, it was reasonable to expect that
hydrophobic inclusion may play a role in the chiral
recognition. In addition, as all the tested analytes had some
functional groups around chiral carbon such as hydroxyl,
amide, and carbonyl, we could deduce that hydrogen
bonding between these substituents of the analytes and
the hydroxyl groups on the CD-rim was also responsible
for the chiral recognition.

It should be noted that only three analytes, BEV,
MET, and PRO, obtained worse resolution values as
compared to the other nine analytes. These three analytes
presented similar structural characteristics that might be
unfavorable for chiral discrimination, i.e., greater distance
between aromatic rings and chiral carbon. Conversely, the
elegant separations for the nine analytes might be related
to the presence of an aromatic ring in the vicinity of the
chiral center.'®

WILEY——
4 | CONCLUSION

In this work, a single isomer HS-B-CD and two randomly
substituted S-p-CDs (DS 7-11 and 12-15) were used as
chiral selectors to separate the enantiomers of 12 drugs in
capillary electrophoresis. Two important parameters affected
the enantioseparation: the concentration of chiral selectors
and BGE pH were systematically studied. Comparative
results indicated that the single isomer HS-B-CD and two ran-
domly substituted S-p-CDs differed in the separation of CLO
and four anticholinergic agents. This can be explained by the
different degree of substitution of S-B-CD. In addition, the
structural influence of chiral drugs on the enantioseparation
was also speculated. Especially, an aromatic ring as a substit-
uent group directly connected to chiral carbon was consid-
ered to be an important factor in enantiomeric recognition.
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