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Secobarbital is a hypnotic sedative that is used in the treatment of
preoperative anxiety and to manage elevated intracranial
pressures and cerebral ischemia due to neurosurgical procedures.
Stereoselective resolution is first predicted using hydroxypropyl-y-
cyclodextrin (HPGCD)-(R)- and (S)-secobarbital transient
complex energy calculations using SYBYL 6.01 molecular
modeling software. Separation is accomplished as predicted using
40mM HPGCD in 50mM phosphate buffer (pH 9.0), resulting in a
rapid, sensitive method for the determination of (S)- and (R)-
enantiomers of secobarbital from serum using solid-phase
extraction, capillary electrophoresis (CE), and ultraviolet
detection. The method involves extraction of both enantiomers
and the internal standard, aprobarbital, from serum using C,4
Bond-Elut solid-phase cartridges. The CE system consists of fused-
silica capillary (52 cm x 75-pm i.d.) maintained at a run voltage of
15 kV with detection performed at a wavelength of 254 nm. The
detection and quantitation limits from serum for (S)- and (R)-
secobarbital are 1 pg/mL. Linear calibration curves from 1 to 60
ug of both (5)- and (R)-secobarbital show a coefficient of
determination of more than 0.999. The precision and accuracy of
the method, calculated as relative standard deviation (%) and
percent error, are 0.35-4.48% and 0.71-8.67 %, respectively, for
(R)-secobarbital and 0.39-4.08% and 2.16-3.70%, respectively,
for (S)-secobarbital.

Introduction

Chirality of large biomolecules such as proteins plays a pro-
found role in the regulation of the biological systems of which
they constitute an important part. Enantiomers of smaller chiral
drug molecules that target these proteins (receptors) and pep-
tides may differ substantially in the way they interact with these
biomolecules, thereby leading to different pathways of their
metabolism, disposition, and physiological effects (1). Active
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processes like enzymatic metabolism and protein binding show
a higher degree of stereoselectivity than general passive pro-
cesses such as distribution and excretion (2).

Chiral chromatography was initially the primary technique for
the analytical separation of enantiomers. However, capillary
electrophoresis (CE) has become a powerful alternative due to its
inherent separation efficiency, high speed, low cost, and lack of
pre- or postcolumn derivatization steps (3).

Cyclodextrin (CD) -mediated CE is able to give high enantio-
resolution efficiency (4). Different natural and derivatized CDs also
provide a broad spectrum of selectivities at a relatively low cost.
The selection of an appropriate chiral complexing agent involves
screening of native and derivatized CDs. This process is time-
consuming because it is very difficult to a priori predict chiral
selectivity of a complexing agent based simply on the structure of
the analyte and CD. Calculating the energy of the complex formed
between the CD and the two enantiomers individually using tools
of molecular modeling can give one an idea about the stabilities
of these transient complexes and aid in the search for an appro-
priate complexing agent (5-8). The correlation between the struc-
ture of an analyte and its enantio-resolution and retention
behavior has been studied previously (9-13). Empirical methods
based on available crystal structures of drugs and CDs may not
give a foolproof prediction because there have not been any con-
sistent methodologies developed or modes of comparison with
successful chiral separations. Resolution of enantiomers using
CE have also been performed using other chemically diverse
agents like macrocyclic antibiotics (vancomycin, teicoplanin)
(14), bile salts (taurocholic acid, glycocholic acid) (15), bovine
serum albumin (16), and ergot alkaloids (17).

CDs separate enantiomers using the phenomenon of
host—guest complexation in which a transient diasteriomeric
complex is formed between the CD and the analyte. The affinity
of the CD for the analyte is due to hydrophobic interactions
between the CD cavity and analyte as well as hydrogen bonding
between the functional groups of the analyte with the hydroxyl
groups on the CD ring (18).

Hydroxypropyl-y-cyclodextrin is one of the most soluble CDs;
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its solubility is about 45 g/100 mL. A solution of this CD may be
stored for several weeks at room temperature. Its cavity size is
8.3 A, and as such, it accommodates slightly larger substrates.

Barbiturates enhance the binding of y-aminobutyric acid
(GABA) to the GABA, receptor and cause the channel to open
in prolonged bursts, hence producing a general inhibitory
effect on neurotransmission (19); in this respect, they are usu-
ally sedative depressants. Some barbiturates can cause con-
vulsions; this diversely varying effect has been linked to the
stereochemistry of the drug. Therefore one of the major side
effects of barbiturates is strongly linked to one of its stereoiso-
mers. In addition, the sedative effect of barbiturates is itself
dependent on the chirality of the five-position substituent. In
secobarbital, the (S)-enantiomer is more active in prolonging
sleeping times (sedative effect) than the (R)-enantiomer (20).

Thus it becomes imperative to develop methods that rapidly
and selectively measure the levels of these enantiomers in bio-
logical fluids such as serum in order to identify and treat
addicts, overdose patients, and unwary children of addicts
because secobarbital is also a drug of abuse.

Experimental

Materials and reagents

Racemic secobarbital, (S)- and (R)- enantiomers, and the two
metabolites of secobarbital, (1'RS,3'RS)-5-allyl-5-(3'-hydroxy-
1'-methylbutyl)barbituric acid and (1'RS,3'SR)-5-allyl-5-(3'-
hydroxy-1'-methylbutyl)barbituric acid, were obtained from the
National Institute for Drug Abuse. Phosphoric acid (85%),
sodium dihydrogen phosphate monohydrate, and ammonia solu-
tion were obtained from J. T. Baker (Phillipsburg, NJ). Hydrox-
ypropyl-y-cyclodextrin was obtained from Research Biochemicals
International (Natick, MA). Aprobarbital, B-CD, and dimethyl--
CD were obtained from Sigma (St. Louis, MO). Drug-free human
serum was obtained from Biological Specialty (Colmar, PA). C;4
solid-phase extraction columns of 1 mL capacity (100 mg/mL)
were obtained from Varian Sample Preparation Products (Harbor
City, CA). All solutions were filtered through a 0.2-mm nylon
filter (Acrodisc 13, Gelman Sciences, Ann Arbor, MI).

Molecular modeling software

Sybyl (Tripos, St. Louis, MO) was used for the graphic display
of structures, docking studies, energy minimization, and grid
conformation searches. The Quest Program of Cambridge Crys-
tallographic Structural Database (CCSD) was used to obtain
three-dimensional crystal structures of secobarbital and y-CD.
Software was run on a silicon graphics (SGI, Mountain View,
CA) work station with an IRIX operating system (version 5.3).

Molecular modeling protocol

The chemical structures that were obtained from CCSD were
further refined to meet the requirements of our experiment.
Hydroxypropyl side chains in HPGCD were constructed using
the crystal structure of -CD as a template and using the struc-
ture of hydroxypropyl-p-CD as a reference. The macromolecule
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was then minimized using the MAXIMIN option of Sybyl. Default
parameters of MAXIMIN were used, and 1000 iterations of min-
imization were performed assigning charges using a Gasteiger-
Marsele charge set. The (R)- and (S)- conformations of
secobarbital were obtained by modifying the crystal structure of
the available closely related barbiturates. Further optimization
of the chemical structures built were obtained using a grid
search on all the rotatable bonds using a Kollman forcefield to
find the minimum energy conformer. A grid search is a torsion

-angle driver combined with energy minimization that searches

for energy distribution for various torsional states of a molecule.
An angle increment of 10 degrees was used for each rotatible
bond through 360 degrees. The set of torsional angles giving the
lowest energy for rigid rotations was obtained and was referred
to as the global energy minimum conformation. At every step of
the construction process of HPGCD, it was correlated with data
from previously conducted nuclear magnetic resonance (NMR)
experiments on CDs (20) and other molecular mechanic inves-
tigations such as symmetry-breaking in CDs (21) in order to
build a structure that truly reflected the solution state confor-
mation of this molecule.

The (R)- and (S)-secobarbital were individually docked inside
the HPGCD cavity. The DOCK command provided a real-time
estimate of the intermolecular energy of interaction between a
ligand and the rest of a molecule such as (in this case) the chiral
analyte and CD. In order to simulate a real solution-state docking
phenomenon, reported crystal structures of CD drug complexes in
the Cambridge Crystallographic Structural Database were inves-
tigated. It was found that creating a “dummy atom” at the approx-
imate center of the CD cavity using the CD backbone helped in
identifying a locus where the molecule could be centered. The
enantiomers were rotated and moved slowly inside the cavity to
identify possible low-energy interaction states until the total
energy of hydrogen bonding and steric and electrostatic interac-
tions reached the minimum. This method was identified as giving
the best real-time simulation of solution-state interactions by
analyzing the crystal structures of CD complexes in CCSD.

The guiding parameter in the search for a position of min-
imum energy interaction was the inclusion of enantiomers in
the cavity with maximum interaction between the chiral center
containing the side-chain of secobarbital and the CD. This inter-
action was suspected to be the driving force in enantio-resolution.
After the minimum energy state of interaction was located, the
SYBYL merge command was used to merge an enantiomer into
HPGCD to form a complex in one molecular area. This was then
frozen to form an interactive complex and then minimized as
one entity. The energy calculations were based on steric contri-
butions from the TRIPOS forcefield and electrostatic contributions
from the Gasteiger-Marsele charge set. The total potential energy
of the system (E\,;) was calculated using the following formula:

Eioa1 = LEretch + ZEpend + ZEout of plane
ZEtorsion + 2"Evan der Waals T ZEelectrostatic +

z“Edistance constraints T 2“Eran e constraints T
g

ZEtorsional constraints T 2"E'multif“xt + 2"Efield-fit
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where each energy value was calculated as the difference
between the actual and natural states or as a value arising from
interactions or constraints.

Preparation of stock and standard solutions

Individual stock solutions were prepared in 30% methanol
water to give a concentration of 1 mg/mL of (S)- and (R)-sec-
obarbital and the internal standard, aprobarbital. Appropriate
volumes of the individual (S)- and (R)-secobarbitals and
internal standard were pipetted, and 1 mL serum was added
and mixed well. A stock solution of sodium dihydrogen phos-
phate was prepared in double-distilled, deionized water; the pH
was adjusted to 9.0 using 100mM sodium hydroxide and con-
centrated phosphoric acid.

CE system

All CE experiments were performed using a P/ACE System
5000 (Beckman, Fullerton, CA) equipped with an ultraviolet
(UV) detector. An uncoated fused-silica capillary (total length,
62 cm; effective length, 52 cm; 75-pm i.d.) (Polymicro Tech-
nologies, Phoenix, AZ) was used for analysis. The capillary was
temperature-controlled at 25°C, and the applied voltage was 15
kV. The typical running current was about 100 pA. A 0.5-cm
detection window was created by stripping the polyamide
coating of the capillary. Detection was toward the cathodic
end. The run buffer consisted of an aqueous solution of 50mM
phosphate buffer (adjusted to pH 9.0 with 100mM sodium
hydroxide) containing 40mM hydroxypropyl-y-CD. The ana-
lytes were monitored at a wavelength of 254 nm.

CE conditions
New capillaries were conditioned by rinsing with 1M sodium

ples were reconstituted in 1 mL of 30% methanol in water
mixture and vacuum-injected into the capillary for 10 s. Abso-
lute recoveries were calculated by comparing the drug peak
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Figure 1. Chemical structures of (A) secobarbital (* denotes the chiral
carbon) and (B) the internal standard aprobarbital.

hydroxide for 10 min followed by 10 min each
with water, 0.1M hydrochloric acid, and run-
ning buffer solutions. Sample introduction was
performed using vacuum injection (0.5 psi)

A

|

for 10 s. Before each analysis, the capillary was
rinsed first with 0.1M sodium hydroxide for 2
min and then with the running buffer solution
for 2 min.

Assay procedure from serum

Sample cleanup was performed using Bond
Elut Cyg solid-phase extraction cartridges. The
cartridge was pretreated using 3 mL of
methanol and then 3 mL of pH 9.0 phosphate
buffer. The sample that contained (R)- and
(S)-secobarbital and the internal standard
aprobarbital in 1 mL of serum was added to
the cartridge and allowed to flow down under
low vacuum. The cartridge was not allowed
to dry between the pretreatment and sample
application steps. The column was then
washed with 3 mL of the buffer and allowed to
dry for 5 min. The analytes were then eluted
with 3 mL of methylene chloride. The eluant
was passed through a nylon filter prior to
evaporation using a nitrogen stream. The sam-

Absorbance (254 nm)
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Figure 2. Typical electropherogram of (A) blank serum and (B) serum spiked with (R)-secobarbital
(10.86 min), (S)-secobarbital (11.17 min), and the internal standard aprobarbital (11.86 min) on a
57-cm X 75-mm fused-silica capillary. The run buffer contained 40mM HPGCD in 50mM phos-
phate buffer (pH 9.0); detection was at 254 nm. The capillary was temperature-controlled at 25°C,
and the run voltage was 15 kV.
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height in the spiked serum analyte sample to the unextracted
stock solutions, which had been injected directly into the CE
system. Solid-phase extraction with Bond Elut C;g cartridges
gave absolute recoveries of 98-99% for both analytes and the
internal standard.

Calibration curves were constructed using 1-60 pg/mL.
Linear regression analysis of concentration versus
drug-internal standard peak height ratios gave slope and inter-
cept data for each analyte, which were used to calculate the
concentration of unknown analytes in serum samples.

Results and Discussion

The logic behind the molecular dynamics study was to sim-
ulate the transient complex formed between CD and the two
enantiomers. The energy of these individual transient com-
plexes is crucial in determining how stable these complexes are
and how long the complex will remain intact. Previous reports
have speculated the existence of a correlation between chiral
resolution and the cavity size of the complexing agent, but we
find contradictory evidence to this; enan-
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complexing agent. The theoretical column plate number of
236,000 was achieved in average for all component peaks in the
assay. The separation efficiency was also studied at pH 7.5, 8.0,
and 9.0 and was found to be best at pH 9.0, as suspected. Figure
2A shows the electropherogram of blank serum, and Figure 2B
shows the electropherogram of spiked (R)- and (S)-secobarbital
with the internal standard aprobarbital. Retention times were
not significantly affected by increasing the concentration of the
run buffer. The analyte peak shape symmetries were found to
optimize in 50mM phosphate buffer with a migration time of
approximately 10 min. Migration time reproducibility was high;
RSDs were less than 0.5% (nine replicates) for all peaks.

A lower detection limit and reduced band-broadening was
achieved by using the principle of analyte-stacking. The sample
was prepared in a solvent with lower conductivity
(methanol-water) than the electrolyte solution. When a voltage
was applied across the capillary, a greater field developed across
the sample plug, causing the ions to move faster. When the ions
reached the buffer, they slowed down due to the reduced field to
which they were subjected, thereby resulting in analyte-stacking
within a narrow zone of the capillary (23,24). Significant
improvement in the resolution was achieved by effecting coun-

tiomers of drugs like bupivacaine, isoth-
ipendyl, mefloquine, nicardipine, tetryzoline,
tropicamide, zopiclone, are separated by both
hydroxypropyl-B-CD and hydroxypropyl-y-CD
(22). The interactions are clearly more com-
plicated than a simple drug—CD steric inter-
action and simple fitting into a cavity. The
total energy for the (R)-secobarbital-HPGCD
complex was 166.030 kcals/mol, and the cor-
responding energy for the (S)-secobar-
bital-HPGCD complex was 155.892 kcals/mol.

A

12.16

8.74

10.89
11.19

This suggests a clear difference in the stabili-
ties of the two complexes; based on empirical
molecular mechanics calculations, (R)-seco-
barbital would be expected to elute before (S)-
secobarbital.

The chemical structures of secobarbital and
the internal standard aprobarbital are shown
in Figure 1. A run buffer of pH 9.0 was used
because barbiturates are acidic in nature and it
was suspected that ionoselective interactions
between CD and secobarbital enantiomers
were responsible for enantio-resolution. Base-
line resolution was achieved as expected from
the energy calculations at HPGCD concentra-

Absorbance (254 nm)

12.17

10.87

11.10
12.42
12.51

M\ 1

tions of 25, 30, 35, and 40mM, but depletion of
HPGCD on repeated runs lead to a decrease in
resolution at concentrations less than 40mM.
The order of elution was also verified and cor-
related with the results obtained with molec-
ular modeling calculations. This was utilized
in the stereoselective analysis of secobarbital
from the biological fluid, serum. Baseline sep-
aration (resolution [R], 3.643) of secobarbital

Figure 3. Electropherogram showing separation of (A) clonazepam (8.74 min), (R)-secobarbital
(10.89 min), (S)-secobarbital (11.19 min), and the internal standard aprobarbital (12.16 min) and
(B) (R)-secobarbital (10.87 min), (S)-secobarbital (11.10 min), and the internal standard aprobar-
bital (12.17 min). The two unresolved peaks (12.42 and 12.51 min) are the two metabolites of sec-
obarbital, (1'RS,3'RS)-5-allyl-5-(3'-hydroxy-1'-methylbutyl) barbituric acid and
(1'RS,3'SR)-5-allyl-5-(3'-hydroxy-1'-methylbutyl) barbituric acid. The separation conditions were
the same as in Figure 2.
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was achieved using 40mM HPGCD as a chiral
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tercurrent flow of the analyte and CD by negatively charging the
analyte and moving it against the flow (25).

Secobarbital is sometimes administered in combination with
the anticonvulsant clonazepam. Figure 3A shows the separation
of the secobarbital enantiomers aprobarbital and clonazepam. In
any biological method development, it is imperative to show
that metabolites of the drug that might be present in the assayed
biological fluid do not interfere with the determination of the
drug. The two metabolites of secobarbital, (1'RS,3'RS)-5-allyl-5-
(3'-hydroxy-1'-methylbutyl) barbituric acid and (1'RS,3'SR)-5-
allyl-5-(3'-hydroxy-1'-methylbutyl) barbituric acid, were included
in the runs and eluted after the drug and internal standard,
thus not affecting the assay, as shown in Figure 3B.

The calibration curve showed good linearity over the range
covering therapeutic serum levels of 1-60 pg/mL for both (R)-

and (S)-secobarbital. The coefficient of determination was 0.999
(three replicates). Representative linear regression equations
obtained for (R)- and (S)-secobarbital were y = 58.09x — 8.25 and
y =50.55x - 7.31, where y and x are concentration and drug-to-
internal-standard peak height ratios, respectively. The intraday
precision and accuracy (three replicates) as expressed by the
RSD and percent error were 4.47-4.48% and 6.80-8.67%, respec-
tively, for (R)-secobarbital and 0.39-1.90% and 3.05-3.70%,
respectively, for (S)-secobarbital. The interday precision and
accuracy over three days (nine replicates) expressed by the RSD
and percent error were 0.35-2.59% and 0.71-4.75%, respec-
tively, for (R)-secobarbital and 1.30-4.08% and 2.16-3.13%,
respectively, for (S)-secobarbital. Table I gives the inter- and
intraday precision and accuracy values of this method. Table II
gives the values of the various energies involved in the individual
(R)-secobarbital-HPGCD and (S)-secobar-

Table I. Accuracy and Precision of Secobarbital Enantiomers

bital-HPGCD complexes. The method’s limit of

* Mean = SD.

Table II. Various Energies of Interaction between (R)- and
(5)-Secobarbital and Hydroxypropyl-y-CD Based on Empirical Forcefield

Added to Serum quantitation was found to be 1 pg/mL at a
signal-to-noise ratio of 3:1.
Concentration added  Concentration found  Error RSD
(pg/mL) (pg/mL) %)* (%)
Intraday Conclusion
(three replicates)
(R)-Secobarbital 10 10.95 + 0.49 8.67 4.47 In conclusion, this paper clearly demon-
30 3219+ 1.44 6.80 4.48 strates that theoretical molecular mechanics
(9)-Secobarbital 10 9.69+0.19 3.05 1.90 simulations can aid in the prediction of
30 31.12£0.12 3.70 0.39 enantio-resolution and elution order of
drugs. The biological assay developed in this
Interday . .y .
(nine replicates) paper is sensitive ar}c! independent _of cl_lz}nges
in laboratory conditions; the applicability of
(R-Secobarbital 10 9.53+0.25 4.75 259 this method was tested over a period of 2
30 30.21 +0.11 0.71 0.36 weeks. The solid-phase extraction method
(5)-Secobarbital 10 9.79+0.13 2.16 1.30 used provides excellent sample cleanup, and
30 29.06 £1.18 3.13 4.08 recovery is around 98-99%. The inter- and

intraday precision and accuracy data show
that the method is very dependable and accu-
rately reflects serum levels of the enan-
tiomers. This method provides a fast and
cost-effective alternative to existing chro-

* Energy associated with the stretching of bonds.
* Energy associated with the bonds as they are bent from their natural state.
* Energy associated with torsional strains induced into the molecule.

 Energy associated with the natural electrostatic states in the analyte-CD complex.

§ Energy of bonds between atoms in a plane as they are bent above or below the plane.
**Energy associated with non-bonding van der Waals interactions in the analyte-CD complex.
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