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CHIRAL RECOGNITION OF N-ACYL-1-
(2-FLUORENYL)-1-AMINOALKANES BY
n-ACIDIC CHIRAL STATIONARY PHASES:
A MECHANISTIC VIEW

WILLIAM H. PIRKLE#*, PATRICK G. MURRAY, AND QING YANG
University of Illinois
School of Chemical Sciences
600 South Mathews, Box 44
Urbana, Illinois 61801

ABSTRACT

The enantiomers of N-acyl-1-(2-fluorenyl)-1-aminoalkanes are separable on
a number of chiral stationary phases derived from N-(3,5-dinitrobenzoyl)amino
acid esters and amides. Previously, these separations and some structure-
dependent inversions in the elution order of the enantiomers of these analytes were
rationalized on the basis of two competing chiral recognition mechanisms, one
involving stacking of amide dipoles, the other hydrogen bonding. To rationalize
data obtained using several new chiral stationary phases not available at the time of
the original study, the original mechanistic proposal accounting for the origins of
chiral recognition for these analytes is now modified. Two competing hydrogen
bonding mechanisms, each modified by attendant intercalation effects, are thought
to better account for the experimental observations.

INTROD N

"The matter is a perfectly trivial one but there are points in connection with it
which are not entirely devoid of interest and even of instruction.” [1]

The liquid chromatographic separation of enantiomers using chiral
stationary phases (CSPs) is perhaps one of the most promising yet most
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underappreciated tools currently available for the study of molecular recognition
processes. In this laboratory, chromatography of homologous series of racemates
on CSPs has afforded data from which structure-enantioselectivity relationships
may be extracted. These relationships aid in both the understanding of chiral
recognition processes and in the design of new chiral stationary phases. In several
instances, an inversion in the elution order of enantiomers has been noted when one
chromatographs a series of analytes in which the length of a given alkyl substituent
is progressively increased [2, 3]. For example, such inversions occur when
homologous series of racemic N-acyl-1-(2-fluorenyl)-1-aminoalkanes, shown in
Figure 1, are chromatographed on a several different N-(3,5-dinitrobenzoyl)amino
acid amide-linked CSPs. The point in the series at which the inversion occurs
depends upon the length and size of the alkyl substituent on the stereogenic center
(R1) and the length of the N-acyl group (R2).

Data from the original study were rationalized by suggesting that two
competing opposite sense mechanisms might be operative, the contributions of each
process to the overall retention of each enantiomer being influenced by the analyte's
alkyl and N-acyl substituents. Both processes were thought to involve face-to-face
7-% interaction between the selector's 3,5-dinitrobenzoyl group and the analyte's 2-
fluorenyl system. Additionally, hydrogen bonding and "dipole stacking" of
carboxamide groups were proposed to augment the -7 interactions [3]. Dipole-
dipole interaction is well documented, and the antiparallel "stacking" of amide
dipoles was suggested as possibly aiding the face-to-face approach of analyte and
selector. No evidence contrary to the stacking of amide dipoles in this system has
ever been presented, and the concept has been taken up (in other systems) by others
[4-7]. However, additional observations and experience suggest that refined
versions of the original rationale better account for the experimental data. These
data, acquired using CSPs not available at the time of the original publication, along
with an increased awareness of the importance of intercalative effects, lead us to
modify the original rationale. The principle modification is to forego the suggestion
that dipole stacking plays an essential role in the chiral recognition of these analytes
and to incorporate the view that both faces of the selector's 3,5-dinitrobenzoyl
system may be approached by the analyte enantiomers, although not necessarily
with equal ease. Differential ease of approach to the two faces of a dinitrobenzoyl
group has always been an essential feature of our chiral recognition models.
However, the consequences of analyte approach to the more hindered face of the
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Figure 1. Structure of the analytes used in the investigation

selector have been considered explicitly only in a few instances, and then only to
maintain that such approach is less likely and not apt to be the dominant contributor
to chiral recognition [7, 8]. In the modified rationale, both analyte enantiomers are
presumed capable of face-to-face m-m interactions with either face of the
dinitrobenzoyl system. Moreover, both analyte enantiomers are thought to
participate in hydrogen bonding interactions as well, although different modes of
hydrogen bonding may be employed by each enantiomer. Intercalative interactions
between the analyte's N-acyl or alkyl substituent are thought, as in the earlier
rationale, to influence the relative extents to which each enantiomer binds to either
face of the selector.

Chromatography

Chromatography was performed with an Aspec-Bischoff model 2200
isocratic HPLC pump, a Rheodyne Model 7125 injector equipped with a 20 ul
sample loop, a Milton-Roy LDC UV Monitor D™ fixed wavelength detector
operating at 254 nm, and a Hewlett-Packard 3394A recording integrator. Signs of
rotation were measured using an Aspec-Bischoff model 2200 isocratic HPLC
pump, a Rheodyne Model 7125 injector equipped with a 20 pl sample loop, a
Milton-Roy LDC UV Monitor D™ fixed wavelength detector operating at 254 nm
in series with a Rudolph Autopol III digital polarimeter equipped with a 20 cm flow
cell, and a Kipp and Zonen BD 41 dual channel recorder. Void volumes were
determined using dodecane.
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The Chiral Stati Pi

A commercially available column (Regis Chemical Co., Morton Grove, IL)
containing CSP 1 was employed. CSP 3 was prepared using a modification of the
procedure used to prepare CSP 1 [9]. The preparation of CSPs 2 and 4 is reported
elsewhere {10, 11].

The Analytes

All N-acyl-1-(2-fluorenyl)- 1-aminoalkanes were available from prior studies
[31.

RESULTS AND DISCUSSION

The structures of the CSPs used in the present investigation are shown in

Figure 2.
CSP 2 differs from CSP 1 in that the length of the tether which anchors the phase to
the silica support contains eleven methylene groups instead of three. CSP 3 differs
from CSP 1 only in that the C-terminal carboxamide bears a methyl group instead
of a hydrogen on nitrogen. This amide N-H is thought to be unnecessary for chiral
recognition of a number of analytes. Since non-essential interactions sites are
detrimental to the enantioselectivity of a CSP, this amide N-H was replaced by a
less interactive methyl group. Indeed, CSP 3 typically provides decreased retention
and increased enantioselectivity relative to CSP 1. CSP 4 was designed to mimic
CSP 3, except that it is oriented differently with respect to the underlying silica
support.

Data obtained when several series of (R,S)-N-acyl-1-(2-fluorenyl)-1-
aminoisobutanes are chromatographed on CSPs 1, 2, 3 and 4 are shown in Table 1.
As indicated by the signs of rotation, an inversion in the elution order of the
enantiomers occurs on CSP 1 when the acyl group reaches three carbons in length.
The (R)-(+)-enantiomers are more retained when the acyl group is short, and the
(S)-(-)-enantiomers are more retained throughout the remainder of the homologous
series. On CSP 2, no such inversion takes place, the (S)-enantiomers being the
more retained throughout the series. Similar trends are observed when these
analytes are chromatographed on CSPs 3 and 4, although a few early members of
the series are not resolved on CSPs 3 and 4.
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Figure 2. Structures of the chiral stationary phases (CSPs) used in the investigation

Data obtained when the enantiomers of various N-butanoyl-1-(2-
fluorenyl)aminoalkanes are chromatographed on CSPs 1-4 are presented in Table 2.
To a great extent, mechanistic studies have focused on the primary modes of
retention of the more retained enantiomer, since the less retained enantiomer forms
less stable and, in all likelihood, a greater variety of adsorbates. Situations in
which some anomalous event (such as an inversion in the elution order of
enantiomers) manifests itself are unusually rich in information and any mechanistic
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TABLE 1

Separation of the Enantiomers of N-Acyl-1-(2-fluorenyl)-1-aminoisobutane on CSPs 1, 2,
3and 4

CSP CSP CSP CSP

1 2 3 4
[alp [alp [adp [alp
" k1 o Q) k1 a ) K1 o () k1 o )

0 425 134 ( 235 117 < 361 1.00 249 1.00

@® (&)

1 882 130 ) 35 112 (O 570 100 253 118 @
® S) (6]
2 891 1.00 304 134 O 379 118 (© 167 145
(&) (6)) &)
3 700 103 (O 271 135 () 295 120 141 147 O
&) ) ) (0))
4 605 115 ( 263 137 (O 248 127 (¢ 121 147
®) (&)) (6} (&)
6 436 127 (0 219 141 (O 18 133 () 097 151 @
) (&) (6] )
7 386 137 ( 219 140 (¢ 171 136 (< 073 152 @
(0)) (69} ) (&)
9 318 147 () 184 143 O 151 138 () 057 156 )
s) (6Y) (&)] 5)
13 241 158 (O 154 148 @ 121 144 () 043 153 ©
(6)] 6y} (&) )
17 195 168 (O 135 151 (@ 103 147 (O 032 153 ¢
(6] 6] (6] )

On CSPs 1, 2 and 3, the mobile phase consists of 20% 2-propanol in hexane; on CSP 4 the mobile phase
consists of 10% 2-propanol in hexane; "n" = number of methylene units in analyte's acyl substituent; k'] =
capacity factor for the first eluted enantiomer; o. = chromatographic separation factor; [a]p = sign of
rotation for the more retained enantiomer, () = absolute configuration of the more retained enantiomer
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TABLE 2

gegarafiion of the Enantiomers of N-Butanoyl-1-(2-fluorenyl)-1-aminoalkanes on CSPs 1,
,3and 4

Ccsp CSP CSP CSP

1 2 3 4
[olp [alp [alp [elp
Ry Ry K1 o & kK1 ao & ¥ o & K1 o @
CH3- Cati; 9.17 142 () 344 146 () 432 133 (O 201 143 0
(s) ) ) )
(CH3)CH2- C3H7 7.00 103 ( 271 135 G 295 120 (O 141 147 O]
) ) &) )
CgH13. C3H7 5.18 111 () 243 135 () 232 117 O 095 154 ()
R) [0)) ) (&)

On CSPs 1, 2 and 3, the mobile phase consists of 20% 2-propanol in hexane; on CSP 4 the mobile phase
consists of 10% 2-propanol in hexane; k' = capacity factor for the first eluted enantiomer; o =
chromatographic separation factor; [a]p = sign of rotation for the more retained enantiomer, (+) = absolute
configuration of the more retained enantiomer

hypothesis must account for the anomaly to be viable. Moreover, a rationale
consistent with a large body of data is more compelling than one which accounts for
but a few observations. In the present study, the length of the analyte's acyl
substituent differentiaily influences the stabilities of the diastereomeric adsorbates
formed with CSP 1. When the length of the acyl group is held constant and the size
of the alkyl group on the stereogenic center is varied, enantioselectivity and elution
order can be altered. However, on CSPs 2, 3 and 4, all of which are but slight
structural variations of CSP 1, this behavior is not observed. The retention of each
enantiomer is affected by contributions from the numerous processes by which the
enantiomers interact with the CSP. Not all such processes are equally probable,
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and it is instructive to limit discussion to the one or two modes of interaction
between each enantiomer and the CSP which are thought to be the primary
contributors to retention. Upon these basic models are then superimposed those
subtle factors which influence the contribution of each of the competing processes.

How might the (S)-enantiomers of the present class of analytes interact with
CSP 1? Examination of space-filling models augmented by conformational analysis
suggests that these enantiomers may appoach the less hindered faces of CSPs 1, 2
and 3 (i.e. that face not presenting the isobutyl group) and in so doing participate in
1) a face-to-face w-r interaction between the 3,5-dinitrobenzoyl group and the &-
basic fluorenyl moiety, and 2) a hydrogen bond between the 3,5-dinitrobenzamide
N-H and the amide carbonyl oxygen of the analyte. This orients the methine
hydrogen of the analyte toward the chiral selector and the bulky isopropyl
substituent away from the selector, more or less toward the underlying silica
support. The (S)-enantiomer's acyl group (R2) is directed away from the tether and
silica support and into the bulk mobile phase. A cartoon-like representation of the
CSPs and the analytes is introduced in Figure 3, and the situation described above
is represented using this convention in Figure 4.

The (R)-enantiomer, if it approaches the CSP from its less sterically
congested face, cannot enjoy the same bonding interactions as does its antipode
unless it adopts a higher energy conformation where the bulky isopropyl group on
the stereogenic center must eclipse (approximately) the amide carbonyl oxygen.
However, by approaching the CSPs dinitrobenzoyl group from its more hindered
face (the one syn to the isobutyl group), this enantiomer can be oriented so as to
place its (small) methine hydrogen toward the CSP's isobutyl group, undergo a
face-to-face n-m interaction between the 3,5-dinitrobenzoyl group and the n-basic
fluorenyl moiety, and maintain a hydrogen bond between the 3,5-dinitrobenzamide
N-H and the analyte's amide carbonyl oxygen. In so doing, the (R)-enantiomer
now enjoys the same interactions with the CSP as does the (S)-enantiomer, while
placing the isopropyl group on the analyte's stereogenic center in a position where it
undergoes little steric encumbrance. However, this also requires that the (R)-
enantiomer direct its acyl group alongside the tether and toward the silica support.
In normal phase solvents, this "intercalation" process is energetically costly and
reduces the stability of that diastereomeric complex. Moreover, the extent of this
reduction in stability increases with the length of the acyl group. Approach of the
analyte from this face of the CSP is illustrated in Figure 5.
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Figure 3. Legend to accompany Figures 4 and 5.

If one accepts the foregoing, it follows that Hydrogen Bonding Scheme B
(Figure 5) is more exergonic than Hydrogen Bonding Scheme A (Figure 4) when
both the alkyl group and the acyl group of the analyte are short, since the (R)-
enantiomer is the more retained on CSP 1. As the acyl group (R2) of the (R)-
enantiomer becomes longer, the complex is rendered less stable by intercalative
effects, the retention of the (R)-enantiomers is reduced relative to their antipodes,
and, eventually, an inversion of the elution order occurs.

The data in Table 2 are consistent with intercalation of the alkyl group (R1)
on the stereogenic center of the (S)-enantiomers of these analytes. Progressive
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Figure 4. Hydrogen Bonding Scheme "A": The (S)-enantiomers of the analytes may
approach the CSP from the less hindered face. The essential bonding

interactions are described in the text.

Figure 5.  Hydrogen Bonding Scheme "B": The (R)-enantiomers of the analytes may
approach the CSP from the more hindered face, causing intercalation of R».

The essential bonding interactions are described in the text.
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lengthening of this group likewise produces an inversion in the elution order of the
enantiomers of (R,S)-N-butanoyl-1-(2-fluorenyl)-1-aminoalkanes. This, in effect,
restores the original elution order as the effects of intercalation of the longer alkyl
substituents of the (S)-enantiomers more than compensate for the intercalation of
the butanoyl group of the (R)-enantiomers. The (S)-enantiomers, however, are the
more retained throughout the series on CSPs 2, 3 and 4.

Thus, the data in Tables 1 and 2, when taken collectively, imply that CSPs
2, 3 and 4, by virtue of their structural dissimilarities to CSP 1, relieve the energetic
consequences of intercalation of R1 during Hydrogen Bonding Scheme A and the
energetic consequences of intercalation of Rz during Hydrogen Bonding Scheme B.
How might this occur?

Owing to the long tether utilized to anchor CSP 2 to the silica support, the
effect of intercalation of either Ry or Ry is never severe enough to produce an
inversion in elution order. The complexes formed between the (S)-enantiomers of
the analytes and CSP 2 are more stable than those involving the (R)-enantiomers,
regardless of the length of Ry or R2. On CSPs 1 and 3, the short three-carbon tether
causes the energetic consequences of intercalation to be greater, thereby more
profoundly influencing retentions. However, the effects of intercalation are not so
evident on CSP 3 as they are on CSP 1. This difference is suspected to stem from
the fact that the C-terminal amide of CSP 1 has a very strong preference for the "Z"-
amide rotamer whereas CSP 3 presumably has no great preference for either
rotamer. Examination of the 1H NMR spectrum of the silane precursor to CSP 3 in
CDCl3 indicates that the Z : E ratio for this amide is approximately 1:1.
Furthermore, this ratio depends upon solvent and temperature and may be altered
by complexation with an analyte. It appears likely, based on the inspection of
space-filling models, that the intercalation problem introduced by Hydrogen
Bonding Scheme A is less severe in the E-rotamer than in the Z-rotamer. For this
reason, separation of the analyte enantiomers on CSP 3 occurs only when the Ra
groups on the (R)-enantiomers are long enough so that their intercalation has
significant energetic consequences. As a consequence of this, no elution order
inversions are noted on CSP 3 and enantioselectivity increases steadily throughout
the homologous series. On CSP 4, contributions to retention from Hydrogen
Bonding Scheme B should be minor, since access to the more hindered face of the
CSP should be effectively blocked by the surface of the silica itself. Again, no
inversion in the elution order of the enantiomers is detected as the lengths of the R
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substituents are increased. Note that the retention of both enantiomers drops rather
rapidly as the lengths of the acyl groups (R2) are increased. No dependence of
elution order of the enantiomers on the length of R; is noted with CSP 4, since the
orientation of this CSP relative to the silica support precludes any intercalative
effects by this group.

CONCLUSION

It is important to understand those factors which are capable of altering the
elution order of enantiomers from chiral stationary phases if absolute configurations
are to be assigned from observed elution orders. Moreover, such understanding is
crucial to the rational design of new chiral stationary phases. It is herein
demonstrated that relatively small structural changes in a CSP can sometimes
influence elution order of enantiomers from that CSP and that the elution orders of
analytes in a homologous series may depend upon the influence of subtle factors
possibly in delicate balance. In such instances, enantioselectivities are apt to be
modest. While one would perhaps wish to avoid such circumstances, this can only
be done if one recognizes that the CSP being used is a poor choice for the analytes
of interest. A clear understanding of the origins of chiral recognition is a great aid
in selecting an appropriate CSP. As our studies progress, ideas on the origins of
chiral recognition evolve and become more sophisticated. The present modification
of the early rationale is felt to be a closer approximation of reality and to better
accommodate a body of data.
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SEPARATION OF MONOACYLGLYCEROL
ENANTIOMERS AS URETHANE DERIVATIVES
BY CHIRAL-PHASE HIGH PERFORMANCE
LIQUID CHROMATOGRAPHY

B. G. SEMPORE AND J. A. BEZARD

Unité de Nutrition Cellulaire et Métabolique
Université de Bourgogne
BP 138, 21004 Dijon Cedex, France

ABSTRACT
High Performance Liquid Chromatographic (HPLC) separation of monoacylglycerol
enantiomers, as [di-]3,5-dinitrophenyl isocyanate (urethane) derivatives, was carried out
on a chiral column containing N-(R)-1-(cc—naphthyl)ethylaminocarbonyl-(S)-valine
chemically bound to y-aminopropy! silanized silica as stationary phase.In addition to the
separation of commercial rac-, sn-2- and sn-3-monoacylglycerols with saturated and
unsaturated acyl groups, the analysis of natural source mixtures of sn-1(3)-
monoacylglycerols obtained by partial chemical and enzymatic deacylation, was reported.
These natural source monoacylglycerols, originated from peanut and cottonseed oil
triacylglycerols isolated by combination of argentation-TLC and reversed-phaseHPLC.
They were first fractionated by HPLC according to chain length, unsaturation and
partially according to positional isomerism (sn-2- separated from sn-1(3)-
monoacylglycerol) and then derivatized. An isocratic elution at ambient temperature with
mixtures of hexane- ethylene dichloride- ethanol was used for the separation of the
monoacylglycerol-isomers, which were detected by their refractive indices or their UV
absorption. The sn-1- and sn-3-isomers of a racemic mixture were very well separated,
so as the sn-2- and sn-3-isomers. On the other hand, the separation between the sn-2-
and sn-3-isomers was generally incomplete. The observed elution order of the three
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isomers was sn-1- followed by sn-2- and finally sn-3-monoacylglycerol. In complex
mixtures, the separation of the isomers differing by two acyl carbon number or one
double bond was very poor. The elution order indicates that for each isomer the retention
time increases with decreasing chain length and increasing unsaturation of the constituent
fatty acid. The relationships between the logarithmic retention volumes against the
partition number in each homologous series of isomers were practically linear. The
enantiomer composition of racemic mixtures, calculated from peak areas was very close
to the composition expected, indicating that chiral-phase HPLC analysis of
monoacylglycerol enantiomers could be used to study the stereospecific distribution of
fatty acids in natural oil triacylglycerols.

INTRODUCTION

Theoretically the best method for studying the stereospecific distribution of fatty
acids in the triacylglycerol molecules would be to determine the fatty acid profiles of the
three sn-1, sn-2 and sn-3 monoacylglycerol stereoisomers unspecifically formed by an
appropriate deacylation procedure.

Natural triacylglycerols generally generate mixtures of monoacylglycerol isomers too
complex to be analyzed in one step. Analysis by reversed-phase HPLC allows
separations according to chain length, unsaturation and partially to position isomerism
since sn-2-isomers can be separated from the sn-1 and sn-3 groups together eluting [1-3].
The different monoacylglycerol isomers are sufficiently well separated to be collected
with minor contamination.

The group of sn-1(3)-isomers need further analysis for the two enantiomers to be
separated. Oi et al. [4-6] have developed different chiral stationary phases for high-
performance liquid chromatography (HPLC) which show characteristic
enantioselectivities for enantiomer derivatives of amino-acids, carboxylic acids and
alcohols. Two of these phases present as chiral selectors, N-(S)-2-(4-
chlorophenyDisovaleroyl D-phenyl glycine and N-(R)-1-(o—
naphthyl)ethylaminocarbonyl-(S)-Valine respectively. Both have been used by Takagi
and coworkers [7-10] to separate monoalkyl- and monoacylglycerol enantiomers
previously derivatized with 3,5-dinitrophenyl isocyanate (urethane derivatives)

Regarding results obtained by these authors, we have worked out separations of
monoacylglycerol optical isomers as urethane derivatives by chiral phase HPLC. The
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method was more particularly applied to mixtures obtained after partial chemical
deacylation of natural triacylglycerols. Results show that urethane derivatives of
monoacylglycerol enantiomers can be accurately analyzed by this method, both
qualitatively and quantitatively.

EXPERIMENTAL

Samples

Monoacylglycerols were from commercial and natural sources :

1) Optically active sn-3-monopalmitoylglycerol (sn-3-16:0) was from Fluka AG
(Buchs, Switzerland). Rac-1-monopalmitoylglycerol (rac-1-16:0), rac-1-
monostearoylglycerol (rac-1-18:0), rac-1-monooleoylglycerol (rac-1-18:1), rac-1-
monolinoleoylglycerol (rac-1-18:2) were purchased from Serdary (London, Ontario,
Canada), as were optically inactive sn-2-isomers, namely sn-2-monopalmitoylglycerol
(sn-2-16:0) and sn-2-monooleoylglycerol (sn-2-18:1). These monoacylglycerols were
used without prior purification.

ii) Natural source monoacylglycerol samples were prepared by partial chemical
deacylation [11, 12] and enzymatic deacylation [13] of oil triacylglycerols. Those were
isolated from peanut oil and cottonseed oil by a combination of argentation-TLC and
reversed-phase HPLC [14-16]. They comprised palmitoyldioleoylglycerol (16:0 18:1
18:1), trioleoylglycerol (18:1 18:1 18:1), palmitoyloleoyllinoleoylglycerol (16:0 18:1
18:2), dioleoyllinoleoylglycerol (18:1 18:1 18:2), oleoyldilinoleoylglycerol (18:1 18:2
18:2) isolated from peanut oil. Palmitoyloleoyllinoleoylglycerol was also isolated from
cottonseed oil for comparison with peanut oil and with results previously obtained [17].
Monoacylglycerols were separated from the other hydrolysis products by TLC on
silicagel G (Merck, Darmstadt, Germany) impregnated with 5 % (w/w) boric acid [11,
18]. The plates were developed with petroleum ether / diethyl ether (50 / 50 ,v/v). The
monoacylglycerol mixtures were fractionated by reversed-phase HPLC according to
chain length, to unsaturation and partially according to positional isomerism, i.e. the sn-2
isomers were separated from the group of sn-1(3)-isomers, as previously described [3].
The sn-1(3)-monoacylglycerols were collected at the outlet of the detector and
derivatized.
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Preparation of urethane derivatives

Monoacylglycerol 3,5-dinitrophenyl urethane derivatives were prepared according to
the procedure described by Oi and Kitahara for derivatization of chiral alcohols [19] and
adapted to monoacylglycerols by Takagi and Itabashi [7, 9, 10].

Twenty pmol (ca 7 mg) of monoacylglycerols were dissolved in 450 ul of dry
toluene in a 0.5 ml glass vial with teflon linked screw cap. To this solution were added
45 ul (ca 10 mg) of 3,5-dinitrophenyl isocyanate powder (Sumitomo, Osaka, Japan) and
45 ul of dry pyridine. The mixture was heated at 70 °C for 1 h in an oven (or left for 3 h
without heating) with occasional shaking. At the end of the reaction, the solution was
cooled and the solvent was removed under nitrogen. The resulting urethane derivatives
were dissolved in 0.2 ml of chloroform and purified by TLC on silicagel 60 F 254
precoated plates (20 cm x 20 cm, 0.25 mm thick) from Merck. The plates containing a
fluorescence indicator were previously activated for 1 h at 110 - 120 °C in an oven. They
were developed using a mixture of hexane / ethylene dichloride (or dichloromethane) /
ethanol (40/10/3, v/v/v). The plates were dried under nitrogen. The monoacylglycerol
derivatives were revealed under UV light (254 nm), delineated and the corresponding
silicagel was scraped off the plate. The urethane derivatives were extracted from the
adsorbent with diethyl ether.

Alternatively the crude urethane derivatives of monoacylglycerols were purified by
reversed-phase HPLC instead of TLC. In this case, at the end of the derivatization
reaction, the mixture of urethane derivatives, remaining reagent, toluene and pyridine was
left to decant. The limpid upper phase was filtered through hyperfine glasswool. The
solvent was evaporated under nitrogen and the monoacylglycerol derivatives were
dissolved in chloroform for storage or in acetonitrile (or the mixture corresponding to the
HPL.C mobile phase) for fractionation.

Liquid chromatography

The sn-1- and sn-3-isomers were separated on a chiral column, 250 mm L x 4 mm
1LD., packed with 5 Lum particles of N-(R)-1-(c-naphthyl)ethylaminocarbonyl-(S)-valine
chemically bound to y-aminopropyl silanized silica, OA-4100 (Sumitomo, Osaka, Japan).
It was installed on a liquid chromatograph Waters (Milford, MA, USA) comprising a
model 6000 A solvent delivery system and a Model 450 variable wavelength UV
detector. A Lichrocart 4-4 guard column filled with Lichrosorb Si 60 (Merck) was
attached at the columnn inlet.
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The analyses were carried out isocratically using hexane/ ethylene dichloride (or
dichloromethane) / ethanol (40/12/3 ,v/v/v) at a constant flow rate of 1.0 ml min-1 and at
ambient temperature. Peak areas were measured by means of an Enica 21 calculator-
integrator (Delsi, Suresnes, France).

Definitions

Separation of monoacylglycerol derivatives were characterized by several
parameters :
i) The retention time (min) and the retention volume (ml) cormrected from the column
void volume.
ii) The separation factor [20] between two peaks expressed as the ratio of their
retention times (or volumes).
iii) The resolution factor [20] calculated from the formula :
Ry =2 (tg2 - tr1) / (W2 + W)
in which tg is the retention time of two peaks 1 and 2 (eluting in that order) and w the
peak width at baseline.
Monoacylglycerol molecules were characterized by their equivalent carbon number
(ECN) calculated from the formula :
ECN=CN-2DB [21]
where CN is the acyl carbon number and DB the acyl double-bond number.

RESULTS AND DISCUSSION

Derivatives

As previously stated [7, 9, 10], the monoacylglycerols react very rapidly to
completion with the derivatization 3,5-dinitrophenyl isocyanate reagent provided they
were completely dissolved in the solvent (dry toluene) in the presence of pyridine.
Moreover this reaction does not induce isomerization. However the urethane derivatives
of unsaturated monoacylglycerol are more liable to be degraded than the underivatized
molecules, so that they should be analyzed shortly after they have been synthetized.
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Separation

Figure 1 shows the chromatograms registered in the analysis of rac-
monopalmitoylglycerol (rac-16:0 or sn-1(3)-16:0) (panel A), of the single enantiomer sn-
3-monopalmitoylglycerol (sn-3-16:0) (panel B) and of the sn-2-monopalmitoylglycerol
(sn-2-16:0) (panel C). The chromatograms show separation of sharp and symmetrical
peaks within moderate retention times (less than 20 min). The chromatogram in panel A
shows that the rac-16:0, which was eluted as a single peak by reversed-phase HPLC [3]
was now separated into two well-separated peaks in the presence of the chiral phase OA-
4100. The retention time of sn-3-16:0 (panel B) corresponded to that of the second peak,
indjcating that the elution order of the two enantiomers was sn-1 and sn-3. The separation
of the two antipodes brought about by this chiral phase was very high since the observed
separation and resolution factors were 1.35 and 4.31 respectively. It was much better
than the separation obtained by Itabashi and Takagi [7-9] in the presence of another chiral
phase OA-2100, since the separation and resolution factors were only 1.19 and 2.58
respectively. However these authors recently achieved the same good separation of sn-1
and sn-3 monoacylglycerols [10] as we did on the same chiral phase. This proves that the
chiral selector enantioselectivity of N-(R)-1-(a-naphthyl)ethylaminocarbonyl-(S)-valine
(OA-4100 from Sumitomo) towards monoacylglycerols is higher than of N-(8)-2-(4-
chlorophenyl)isovaleroyl-D-phenylglycine (OA-2100 from Sumitomo).

Analysis of the sn-2-monopalmitoylglycerol (Panel C) showed that this isomer was
eluted just after the sn-1-isomer on the chiral phase. The presence of traces of the sn-1-
and sn-3-isomers in this sample confirms that the elution sequence of sn-1, sn-2, sn-3
was in that order. It also shows that separation of the sn-1- and sn-2-
monopalmitoylglycerols was incomplete. This is more evident in Fig. 2 illustrating the
separation of a mixture of the 3 monopalmitoylglycerol isomers. In comparison the
chiral-phase OA-2100 allowed a more clearcut separation of the 3 isomers [9].

The more or less pronounced retention of the two antipodes sn-1- and sn-3-
monopalmitoylglycerols is governed by their diastereoisomeric interactions with the chiral
phase. The interaction was higher with the sn-3-isomer on both phases but the difference
was more pronounced with the OA-4100 chiral column. Retention of the sn-2-isomer
seems more related to the lesser polarity of the molecule versus the polarity of the chiral
phase silica support, as can be observed in TLC on silicagel [22]. This could suggest that
between the two chiral phases, OA-4100 is less polar than QA-2100.

Resolution between the sn-1- and the sn-2-isomers could be improved by decreasing
the analysis temperature or decreasing the mobile phase polarity ( lesser proportion of
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Figure 2. Chiral-phase HPLC separation at ambient temperature ot a synthetic mixture of
the 3 monopalmitoylglycerol isomers as [di-]3,5-DNPU derivatives on Sumipax OA-
4100. Mobile phase was hexane- ethylene dichloride- ethanol (40:12:3, v/v/v) at a flow
rate of 1 ml mn-1,

ethanol or / and higher proportion of hexane), but it would be to the detriment of the
retention times which would be increased.

In our work, the problem of the separation of the sn-1- and sn-2-isomers does not
raise since the sn-2-isomers are well separated by reversed-phase HPLC from the sn-
1(3)-isomers [3]. Only the latter group, collected at the HPLC column outlet, will be
further analyzed by chiral-phase HPLC for compositional determination of the two
enantiomers in the mixture. This is probably also the reason why Takagi and Ando [10]
only reported enantiomer separation in their last publication, excluding the sn-2-isomers.

Table I reports the separation factors calculated from the chromatograms obtained in
the separation of different mixtures of saturated (16:0 and 18:0) and unsaturated (18:1
and 18:2) rac-1- and sn-2-monoacylglycerols.. For each type of monoacylglycerol, the
racemic mixture and the sn-2-isomer were first analyzed separately and then mixed. If
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TABLE L

SEPARATION OF MONOACYLGLYCEROL STEREQISOMERS AS URETHANE
DERIVATIVES BY CHIRAL-PHASE HPLC

STEREO- Retention Separation Constituent STEREQ- Separadon STEREQO- Separation
ISOMERS?2 time (min)® factor¢  famyacidd ISOMERS  faciore ISOMERS  factorf

sn-1-18:0 9.25 sn-1 sn-1

sn-1-16:0 9.75 1.05 18:0 sn-2 1.10 sn-3 1.35
sn-1-18:1 9.79 1.00 sn-3 1.22

sn-2-18:0 10.20 1.04 sn-1 sn-1

sn-1-18:2 10.36 1.02 16:0 sn-2 1.09 sn-3 1.35
sn-2-16:0 10.64 1.03 sn-3 1.24

sn-2-18:1 10.71 1.00 sn-1 sn-1

sn-2-18:2 11.37 1.06 18:1 sn-2 1.09 sn-3 1.36
sn-3-18:0 12.48 1.10 sn-3 1.24

sn-3-16:0 13.18 1.06 sn-1 sn-1

sn-3-18:1 13.30 1.01 18:2 sn-2 1.10 sn-3 1.35
sn-3-18:2 13.98 1.05 sn-3 1.23

a) Listed according to elution order.

b) Retention times corrected from column void volurne.

9] Ratio of the retention time of a peak to the retention time of the preceding one.

d) Constituent fatty acid of the monoacylglycerol isomers.

e) Separation factor between the two isomer couples (sn-2, sn-1) and (sn-3, sn-2).

f) Separation factor between the two sn-1 and s»-3 enantiomers.

separation of two peaks is considered to be achieved when the separation factor (3 rd
column) is at least equal to 1.10 (retention times differing from 10 %) data in theTable
show that only one pair of isomers would be completely separated, namely sn-2-18:2 and
sn-3-18:0. The other isomers would be only partially separated except sn-1-18:2 and sn-
2- 18:0 which eluted practically together, as did the monopalmitoyl- and
monooleoylglycerol isomers. Figure 3 illustrates the partial separations observed between
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Figure 3. Carbon number separation of a mixture of monopalmitoyl (sn-1-16:0, sn-3-
16:0) and monolinoleoylglycerol (sn-1-18:2, sn-3-18:2) enantiomers, as [di-]3,5-DNPU
derivatives on Sumipax OA-4100. The minor satellite peak emerging after sn-1-18:2
represents sn-2-18:2. Mobile phase was hexane- ethylene dichloride- ethanol (40:12:3,

v/v/v) at a flow rate of 1 ml min-1.

the two sn-1 and sn-3 isomers series of monopalmitoyl-, and monolinoleoylglycerols.
The chromatogram shows that monoacylglycerols were eluted into two distinct groups
corresponding to the two isomers. In each group the elution order was the same and was
according to increasing degree of unsaturation.

With simpler mixtures comprising the 3 isomers of only one monoacylglycerol,
separation of the 3 isomers was generally complete, except for monopalmitoyl- and
monooleoylglycerols as was also illustrated in Figure 2 for monopalmitoylglycerols.
Between the two sn-1 and sn-3 antipodes of a same monoacylglycerol the separation was
always observed very good (Jast column of Table I) and did not vary with the constituent

fatty acid in the four studied monoacylglycerols.
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In our work on stereospecific analysis of triacylglycerols, samples to be analyzed by
chiral-phase HPLC only comprise the two sn-1- and sn-3-isomers of the same
monoacylglycerol after fractionation by reversed-phase HPLC [3]. Their very complete
resolution allow peak areas to be accurately determined, without any cross-contamination
between peaks.

Separation between the sn-1 and sn-2-isomers neither varied with chain length nor
unsaturation, remaining partially incomplete (separation factors of 1.09 to 1.10).Because
of the high resolution of the two sn-1 and sn-3 enantiomers, the separation between the
sn-2 and sn-3 isomers was very good (separation factors of 1.22 to 1.24).

The elution order of the 12 isomers reported in the 15t column of Table I indicates
that for each isomer type the retention time (2nd column) increased with decreasing chain
length and increasing unsaturation of the constituent fatty acid, that is with increasing
polarity of the fatty acid chain. For the two studied saturated monoacylglycerols (16:0
and 18:0), the effect of chain length increase was higher for the sn-3-isomer (5,6 %) and
lower for the sn-2-isomer (4,6 %). For the 3 fatty acids of the same chain length and of
increasing number of double-bonds (18:0, 18:1, 18:2), retention time increased from 5.0
to 6.6 % by adding a double-bond to the saturated fatty acid and from 5.1 10 6.2 % by
adding another double-bond.

From 18:0 to 18:1, the retention time increase was maximum for the sn-3-isomers
(6.6 %) and minimum for the sn-2-isomers (5.0 %) but the reverse was true from 18:1 to
18:2 (5.1 and 6.2 % increase for the sn-3 and sn-2-isomers respectively). The change in
the molecule polarity between a saturated and a monounsaturated fatty acid and between a
monounsaturated and a diunsaturated fatty acid did not identically affect each type of
isomer.

Figure 4 shows the relationship between log retention volume (Vg) and the
equivalent carbon number (ECN) in each homologous series of isomers. For the four
studied fatty acids the relationship was practically linear and the 3 straight lines traced
from the 2 saturated fatty acids (16:0, 18:0) were practically parallel. However the
retention volumes of the unsaturated monoacylglycerols were a little higher than predicted
by the relationship, especially for the monolinoleoyglycerols (18:2) and the retention
volume of the sn-3-isomers seemed to increase a little more rapidly with increasing ECN
than those of the sn-1- and sn-2-isomers.

Between the sn-1, sn-2 and sn-3 isomers of a given monoacylglycerol the
relationships can be approximately expressed by the following equations in the analytical
conditions used :

log Vg (sn-3) =log Vg (sn-1) +0.131
logVRg (sn-2) = logVg (sn-1) + 0.040
log Vg (sn-3) = logVg (sn-2) + 0.091.
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Figure 4. Plot of logarithm of retention volume versus partition number of
monoacylglycerol enantiomers analyzed by chiral-phase HPLC as urethane derivatives.
Retention volume (ml) = retention time (min) corrected from the column void volume x
solvent flow-rate (ml min-1). Equivalent Carbon Number (ECN) was calculated from the
formula : ECN = CN - 2 DB, where CN is the total number of acyl carbon atoms and DB
the total number of double bonds of the constituent fatty acid.

These 3 equations determine 3 parallel straight lines.

Such relationships are interesting to be established in an attempt to identify
monoacylglycerol isomers by their retention volumes or conversely to predict the
retention volumes of known isomers.

Data in Figure 4 and in Table I show that the retention volume of a sn-2-
monoacylglycerol is practically identical to that of a sn-1 monoacylglycerol of the same
chain length but with 2 double-bonds (for example sn-2-18:0 and sn-1-18:2) or of the
same unsaturation but with 4 additional carbon atoms (for example sn-2-18:0 and sn-1-
14:0). These two couples of isomers constitute two critical pairs whose constituents are
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uneasily separable from each other. This would also be the case with the couples sn-2-
16:0 or sn-2-18:1 and sn-1-12:0 or sn-1-18:3 or with the couple sn-2-20:0 and sn-1-16:0
(or sn-1-18:1).

Data in Figure 4 and Table I also indicate that the difference of retention volume
between the sn-1 and sn-3-isomers of a given monoacylglycerol is so high (ca 3.5 ml)
that for a wide range of monoacylglycerols, all the sn-1-isomers would always elute
earlier than the sn-3-isomers. Table I shows that for 4 monoacylglycerols (16:0, 18:0,
18:1, 18:2) the retention times ranged from 9.25 to 10.36 min for the sn-1 isomers and
from 12.48 to 13.98 min for the sn-3 isomers. This is also illustrated in Figure 3 for the
16:0 and 18:2 sn-1 and sn-3 isomers. Figure 4 shows that the sn-1-monoacylglycerol of
ECN=10 (such as 10:0 or 18:4) would still elute earlier than the sn-3-18:0. Takagi and
Ando [10] also observed this pecularity for the 18:0, 18:1 18:2 and 18:3 series.

Data reported in this work show that only sn-1 and sn-3-isomers differing from 10
units in ECN (10 carbon atoms or 5 double-bonds or any combination of the the two)
would practically elute together. Except in very complex oils with a wide range of fatty
acids of very different chain lengths (bovine milk fat) or of very different degrees of
unsaturation (fish oils), the range of fatty acids encountered in most natural oils will be
generally narrow enough to allow complete separation of the sn-1 and sn-3-isomers.
However in each series of enantiomers the critical pairs, such as monopalmitoyl- and
monooleoylglycerols (16:0 and 18:1) will be very incompletely separated so that prior
fractionation by reversed-phase HPLC [3] is still needed.

From the overall results reported here, it follows that on the chiral phase, the
separation of monoacylglycerols differing from 2 carbon atoms or 1 double-bond is low
when compared to separation of enantiomers, but the retention times (or volumes) are
very moderate. It is possible to highly improve separation as demonstrated by Takagi and
Ando [10] by increasing the column length and decreasing the solvent flow rate, but the
retention was considerably increased, since for the sn-3-18:0 the retention volume was
ca 150 ml for a retention time of 5 hours.

The alternative we choose was to proceed to a prior fractionation of the
monoacylglycerols by HPLC [3] in very moderate retention times, before enantiomer
analysis on a chiral phase in conditions still allowing low retention times. The combined
method additionally solves the problem of critical pairs resolution.

Detection

Since no commercial urethane derivatives of monoacylglycerol enantiomer were
available, the quantitative aspect of chiral-phase HPLC analysis of the monoacylglycerol
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stereoisomers was studied using commercial racemic monoacylglycerols known to
contain an equal proportion of sn-1 and sn-3 isomers. After derivatization they were
analyzed on the chiral column and detected by their absorption in UV light. Proportion
(Percentile) of the two enantiomers in the mixtures, calculated from the registered peak
areas, is reported in Table II. Data show that the values obtained were very close to those
expected i.e. 50:50, since the maximum difference was lower than 1 %. They
demonstrate that UV absorption was of the same magnitude for each enantiomer. They
also show that no isomerization occured during the derivatization procedure. These two
conditions were a prerequisite for accurate analysis of monoacylglycerol enantiomers.

These results confirm others [9] also obtained with rac. monoacylglycerols separated
on another type of chiral column and detected in UV light.

CONCLUSION

We have shown in this work that monoacylglycerol enantiomers could be accurately
analyzed by high performance liquid chromatography on a chiral phase both qualitatively
and quantitatively, provided the mixture of monoacylglycerol isomers were previously
fractionated into simple mixtures of sn-1(3)-isomers [3]. The HPLC methods of
fractionation and analysis of the monoacylglycerol isomers will now be used to study the
stereospecific distribution of fatty acids in natural triacylglycerols by means of the
monoacylglycerols generated by enzymatical and chemical deacylation.

Resuits obtained will be compared to those determined by studying the
diacylglycerols formed by partial chemical deacylation [15, 16] in order to check the
reliability of the monoacylglycerol method which is simpler to use than the diacylglycerol
method.
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ABSTRACT

The macrocyclic antibiotic, vancomycin, was used as a chiral
mobile phase additive for the thin layer chromatographic (TLC)
resolution of 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate
(AQC) derivatized amino acids, racemic drugs and dansyl-amino
acids. Excellent separations were achieved for most of these
compounds in the reversed phase mode. Both the nature of the
stationary phase and the composition of the mobile phase strongly
influenced enantiomeric resolution. The best results were obtained
using diphenyl stationary phases. Acetonitrile was the organic
modifier that produced the most effective separations with the
shortest development times. It is highly likely that macrocyclic

antibiotics will play a major role in future enantiomeric separations.

*To whom correspondence should be sent.
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INTRODUCTION

Enantiomeric separations in thin layer chromatography (TLC) are
accomplished using either chiral stationary phases (1-8) or chiral mobile
phase additives, CMAs (9-15). In contrast to HPLC, in which many chiral
stationary phases are available, most TL.C enantiomeric separations utilize
CMAs. This is because only ligand-exchange-type stationary phases are
available commercially for TLC. The most widely utilized CMAs are
cyclodextrins and their derivatives (10-13,15). However, a few other
classes of additives have been used successfully as well such as chiral ion
interaction agents (14) and ligand exchange types (9). In this work we
report on a member of a new class of chiral selectors (i.e., macrocyclic
antibiotics). Vancomycin is an antibacterial compound that inhibits
mucopeptide biosynthesis. Previously we found that it was useful in the
HPLC separation of enantiomers when immobilized on 5 [ silica gel (16).
Recently we have used other macrocycles in HPLC and capillary
electrophoresis (16,17). To our knowledge this is the first report on their

use as chiral mobile phase additives in chromatography.

EXPERIMENTAL SECTION
Materials. All racemic analytes were obtained from Aldrich (Milwaukee,
WI) or Sigma (St. Louis, MO). Chiral macrocyclic antibiotics such as
vancomycin were obtained from Advanced Separation Technologies, Inc.
(Whippany, NJ). All dansyl amino acids were purchased from Sigma. 6-
aminoquinolyl-N-hydroxysuccinimidyl carbamate (AQC) derivatizing kit
was from Waters (Bedford, MA). Chemically bonded Diphenyl-F reversed
phase plates (5 x 20 cm, 250 p layer thickness) were from Whatman

Chemical Separation Division, Inc. (Clifton, NJ).
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Methods. 0.6 M sodium chloride was added to all mobile phases. Sodium
chloride was used to stabilize the plate binder. Acetonitrile was used as the
organic modifier. Occasionally 1% triethylammonium acetate buffer (pH
= 4.1) was also used as indicated in the Tables and Figures. Chiral
selectors were first dissolved in the sodium chloride solution and placed in
an ultrasonic bath for about 15 minutes, then the organic modifier was
added to complete the mobile phase mixture.

The plates were developed at room temperature (22°C) in 6 (i.d.) x
23 cm cylindrical glass chambers. It took approximately 1-3 hrs to
completely develop a 5 x 20 cm TLC plate. All compounds were
fluorescent. Spot visualization was done by using a fixed-dual wavelength
(254 nm and 365 nm) ultraviolet hand lamp.

The AQC derivatives were obtained according to reference 18.
Approximately 100 pmol of each compound was dissolved in 60 UL of
sodium borate buffer (0.2 M. pH 8.8) in a vial; vortexed for several
seconds and then 20 pL of AQC solution was added (3 mg per 1 1L of
acetonitrile). The vial was heated in an oven for 10 minutes at 50°C. The

resulting solutions were used in TLC without further purification.

RESULTS AND DISCUSSION
Recently we proposed the use of macrocyclic antibiotics as a new
class of chiral selectors for enantiomeric separations (16,17). In this work
it is shown that vancomycin is an effective chiral mobile phase additive for
the TLC resolution of several enantiomeric compounds.
Vancomycin consists of three fused macrocycles (Figure 1). This
amphoteric molecule contains five aromatic rings as well as peptide and

carbohydrate moieties. It has a molecular weight of 1,449 and an
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Figure 1. Molecular structure of vancomycin.

isoelectric point of ~ 5 (16). Vancomycin is produced by the bacteria
(Streptomyces orientalis). It is soluble in water, partially soluble in
methanol and hydro-organic solvent mixtures, and insoluble in higher
alcohols and nonpolar organic solvents (16).

A variety of different reversed phase TLC stationary phases were
used in an attempt to achieve good enantiomeric separation and resolution.
Diphenyl-type stationary phases gave the best results in terms of low
streaking and good spot integrity during development (see Experimental).
The separation results are collected in Table I. The racemates resolved are
of three types: underivatized pharmaceuticals, AQC-amino acids and dansyl
amino acids. When enantiomerically pure standards were available, the
retention order was determined (Table I). The mobile phase generally
consisted of between 17 and 40 volume percent acetonitrile plus 0.6 M

NaCl(aq) (Table I, footnote a). The salt in the water helped to stabilize the
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Table I Reversed-Phase TLC Enantiomeric Separation Data Using a
Vancomycin Chiral Selector on Diphenyl-F Plate

Compound R Re o Ry Conc.(M) Mobile Phasea
1. Coumachlor 0.14 0.20 14 2.5 0.05 4/6/0
: 0.0
OH Q
>
2. Indoprofen 0.58 0.63 1.1 1.6 0.05 4/6/0
o
3. Warfarin 0.04 0.06 1.5 1.2 0.04 2/10/0
o_0
OH o]
4. Bendroflume- 0.02 0.06 3.0 1.8 0.05 0.5/8.5/1
thiazide
0\’0
HNSO,. ~i
BS SN
5. AQCb-¢g-amino 0.13(L) 0.16(D) 1.2 1.9 0.025 2/10/0
phenylacetic acid
H
SeRR=C
6. AQCb-3-amino-3- 0.12 0.18 1.5 2.5 0.04 2/10/0
phenylpropinic acid  0.11 0.19 1.7 2.2 0.025 2/10/0
g
7. AQCb-3-aminopi- 0.24 0.28 1.2 1.7 0.025 2/10/0

peridine dihydrochloride

Segpe

(continued)
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Table I (continued)

8. AQCb-ax-amino-2-  0.16 0.18
thiopheneacetic acid  0.16 0.19

oy

9. AQCb-gi-amino-3- 0.17 0.22 1.3 2.6 0.025 2/10/0
thiopheneacetic acid

COY G

10. AQCb-ethionine 0.14 0.17 1.2 14 0.025 2/10/0

0.025 2/10/0
0.04 2/10/0

——
DO —
—
AN

H jr&(\m{};,—m,—s—qus
a COoH

11. AQCb-alloisoleucine 0.14(L) 0.21(D) 1.5 3.1 0.025 2/10/0

12. AQCb-methionine 0.19(L) 0.23(D) 1.2 1.5 0.025 2/10/0

H
4 SCH-CH,—S—CH,

DR
o COOH

13. AQCb-norleucine  0.13(L) 0.16(D) 1.2 1.6 0.025 2/10/0
HT&‘\?H/(CH,),—G{,
14. AQCb-norvaline 0.21(L) 0.25(D) 1.2 2.3 0.025 2/10/0
SCAR o
o IQ)OH
15. AQCb-valine 0.23(L) 0.27(D) 1.2 2.0 0.025 2/10/0
oM
16. Dansyl-oi-amino-  0.09(L) 0.15(D) 1.7 2.7  0.04 2/10/0
n-butyric acid 0.09(Ly 0.21(D) 2.3 4.1 0.08 2/10/0

Y
{CH,),l %
Q SN —CH—cm,
o]
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Table I (continued)

17. Dansyl-glutamic acid0.21(L) 0.23(D) 1.1 1.4 0.04 2/10/0
(CH RN o CooH
%—NH—&:-CH,—G{,—ODOH
18. Dansyl-leucine 0.03(L) 0.09(D) 3.0 3.0 0.04 2/10/0
RS SI N
i 2 Ly,
19. Dansyl-methionine 0.05(L) 0.12(D) 2.4 3.4 0.04 2/10/0
g
9  CHr—CH,—S—CH,
5 oon
20. Dansyl-norleucine 0.03(L) 0.07(D) 2.3 1.6 0.04 2/10/0
. 0.04(L) 0.16(D) 4.0 49 0.08 2/10/0
; 8—@—»{!{—0(«:“’)’_(:“’
i Foon
21. Dansyl-norvaline  0.05(L) 0.12(D) 2.4 3.3 0.04 2/10/0
(CH:MNO
Y nn CHs)y—CH;
U pusis
22. Dansyl-phenylalanine0.03(L) 0.05(D) 1.7 1.5 0.04 2/10/0
- E—NH—CHFHF_@
23. Dansyl-serine 0.15(L) 0.20(D) 1.3 1.8 0.04 2/10/0
0.16(L) 0.24(D) 1.5 2.8 0.08 2/10/0
(CHy)pN: Snon
8‘5_“45?
5 o
24. Dansyl-threonine  0.13(L) 0.17(D) 1.3 2.5 0.05 2/10/0
(CH,;,N (c?:—m
] Z d
Q g—NH—CHh)OH
25. Dansyl-tryptophan  0.01(L)) 0.03(D) 3.0 1.3 0.04 2/10/0

S Ji\@
C)-d e,
[1} \
o COOH

(continued)
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Table I (continued)

26. Dansyl-valine 0.06(L) 0.10(D) 1.7 1.5 0.04 2/10/0
(m,wo -
g
27. AQCb-leu-leu _ Rsi(D-L)  Rg(L-D) ai(DLLD) Rs1(DLLD)
(0.04M, 2/10/0)°,  0.03 0.10 3.3 5.0
W w9 suouRp(L-L) Rsa(D-D) 02(LDLD) Rs2(LDLD)
Qcﬁr"wiw‘m 0.04 0.24 6.0 11.6
fuln,
(0.02M, 1.5/4.5/0)* Rg(D-L)  Rp(L-D) aj(DLLD) Rgi(DLLD)
0.17 0.22 1.3 45
Rey(L-L) Rsa(D-D) 02(LDLD) Rsz(LDLD)
0.18 0.42 2.3 18.5

a mobile phase compositions listed indicate the volume ratios of
acetonitrile/0.6 M NaCl/1% triethylammonium acetate buffer (pH = 4.1).
b AQC stands for 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate, a
fluorescent-tagging-agent (see Experimental section).

binder on the TLC plate. Most of the racemates were better than baseline
resolved. Interestingly, the retention order of all AQC-amino acids and
dansyl amino acids (for which standards were available) was the same. The
D-enantiomer always had a greater Ry value than the L-enantiomer (Table
D).

Figure 2 shows the TLC separation of indoprofen and coumachlor
using vancomycin as the chiral mobile phase additive. Figure 3 shows
analogous separations of five racemic AQC-amino acids. Figure 4 shows
the complete resolution of all four stereoisomers (two pairs of
enantiomers) of the dipeptide leucyl-leucine. In this case the relative
retention of each isomer is known.

It appears that two factors contribute to the effectiveness of this

technique in resolving enantiomeric compounds. One is the obvious
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Figure 2. TLC chromatogram showing the separation of (A) indoprofen,

and (B) coumachlor. The mobile phase consisted of 0.05 M vancomycin in
4:6 (by volume) acetonitrile: 0.6 M NaCl(aq). Diphenyl-F TLC plates (5 x

20 cm) were used. Spots were detected using a 365 nm UV hand lamp (see

Experimental).



1704 ARMSTRONG AND ZHOU

Figure 3. TLC chromatogram showing the separation of racemic: (1)
AQC-ethionine, (2) AQC-o-amino-2-thiopheneacetic acid, (3) AQC-o-
amino-3-thiopheneacetic acid, (4) AQC-a-amino phenylacetic acid, and (5)
AQC-3-aminopiperidine dihydrochloride. The mobile phase consisted of
0.025 M vancomycin in 1:5 (by volume) acetonitrile: 0.6 M NaCl(aq).

Other experimental conditions were the same as indicated in Figure 2.
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X
or —

I

AQC-Teu-leu

Figure 4. TLC chromatogram showing the separation of all four isomers
(2 pairs of enantiomers) of AQC-leucyl-leucine. The stereochemistry of
the compound represented by each spot is indicated. This was determined
by developing pure standards in a separate experiment. The mobile phase
consisted of 0.02 M vancomycin in 1:3 (by volume) acetonitrile: 0.6 M
NaCl(aq). Other experimental conditions were the same as indicated in

Figure 2.
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enantioselectivity of the vancomycin CMA. However, the ability to
maintain a relatively small spot size during development also is an
important factor. In some cases TLC separations are inhibited by poor
efficiency. That does not seem to be a limiting factor in these particular
experiments, however.

Currently several other macrocyclic compounds are being evaluated
as chiral selectors. Given the great structural variety of this class of
compounds, it is likely not only that other analogous and effective chiral
selectors will be found, but that they will have different enantioselectivities

as well.
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ABSTRACT

The enantiomers of B-dimethylaminobutyrophencne have been
separated by HPLC on a native B-cyclodextrin bonded column using a
polar organic eluent consisting of acetonitrile/methancol/acetic
acid/triethylamine. To achieve this separation, the mobile phase
composition has been optimized with respect to peak resclution and
analysis time wusing a two-levels full factorial design. The
important factors controlling the separation have been identified
: the resolution is mainly affected by the composition and the
quantity of buffer and the retention by the amount of methanol.
The polynomial equations provided by the factorial design have
been modified in order to enhance their reliability 1in an
experimental domain larger than the factorial design domain.

Among various phenylpropylamides exhibiting analgesic
activity, one of the most important is the dextropropoxyphene (a-

1709
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d-4-dimethylaminoc-3-methyl-1,2-diphenyi-2-butanol propionate) and
its derivatives. The a-d1- and a-d-diastereoisomers possess marked
analgesic activity, 1in contrast to the #-diasterecisomers which
are substantially inactive.

The preparation of dextropropoxyphene involves 3 steps (1) :
preparation of f-dimethylaminobutyrophenone by a Mannich reaction,
formation of the aminocarbinol (4-dimethylamino—1,2-diphenyl1-3-
methyl-2-butanol) by a Grignard reaction, followed by an
esterification with propionic anhydride. The a-form was obtained
by fractional crystailization of the pair of diasterecisomeric
salts formed by reaction of the aminocarbinol with d-
camphorsulfonic acid. In 1963, Pohland et al. (2) have shown that
the (-) enantiomer of the phenone is optically stable and can be
used as a raw material for the stereoselective synthesis of
dextropropoxyphene. The phenone racemate was resolved by
fractional crystallization of its dibenzoyltartrate salt.

In this work, we have investigated an alternative method of
separation of the enantiomers of the B-dimethylaminobutyrophenone
by HPLC on a chiral stationnary phase (CSP) in view of a future
preparative application. The ai1-acid glycoprotein (AGP) CSP
appears to have a wide applicabitlity to molecules of
pharmacological interest and is able to resolve the propoxyphene
enantiomers (3). However, the AGP column has a limited stability
and a low capacity. This makes preparative separations difficult
or impossible. An efficient alternative method was found by
Armstrong et al. (4) by using an unusual mobile phase consisting
of a mixture of polar organic solvents in conjunction with the
original native cyclodextrin bonded phase, to resolve racemic 8-
adrenergic blocking agents such as propranoiol and analogous
compounds. These CSP’s have exceptional stability when used with
these mobile phases. In addition, the separations are easily
scaled to preparative proportions.

In this work, a cyclodextrin CSP with a polar organic mobile
phase was used. The objectives were (i) to achieve a complete
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separation of enantiomers, (ii) to understand the importance of
the chromatographic conditions and (iii) to get a statistical
model of the effect of the experimental variables on the
separation.

First attempt of resolution using the best chromatographic
conditions of Armstrong et al. (4) produced only a partial
separation. An optimization procedure, varying several factors at
a time was investigated. Among these, the Simplex method, that is
mathematically simple and easy to implement has been widely used
in analytical chemistry and sometimes 1in the optimization of
chiral separations (see for example Ley et al., (5)). However,
this method does not give informations concerning the relative
importance of the experimental factors. Therefore, a two-levels
full factorial design was applied to determine the magnitude of
the effect of the chromatographic variables and their interactions
(6). In addition, the factorial design provides a model that was
modified to enhance its reliability and checked on a new set of
experimental data. The advantage of the factorial design is to
bring a simplified representation of a phenomenon from very few
experiments. The idea was that, with some modifications of the
form of the model, it could be possible to approximate more
closely the behavior of the chromatography. Some of these
modifications could be suggested by models existing in the
chromatographic 1iterature.

FXPERIMENTAIL

Chromatographic experiments were carried out at room
temperature using an HPLC pump equipped with a 20-uL injection
loop and an U.V. detector. A Cyclobond-I column (250x4.6 mm i.d.,
Advanced Separation Technologies) packed with native B-
cyclodextrin bonded to a 5 pm silica gel was used. In all cases
the flow rate of the eluent was 1 ml/mn.
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FACTORIAL. PESIGN. RESULTS

According to Armstrong et al. (4), the separation of @-
blockers can be obtained with acetonitrile as main solvent and
requires small amounts of methanol (1-10% by volume) and very
small amounts of glacial acetic acid and triethylamine (0.2-1.2%
by volume).

After some vain attempts with other additives (water,
isopropanol), three experimental variables were selected : the
amount of acetic acid/triethylamine buffer, X1, the acetic
acid/triethylamine ratio, Xz and the amount of methanol, Xs. For
each natural variable, the two levels associated to the +1 and -1
levels of the corresponding coded variables are indicated in Table
1. The quality of the separation was estimated through the
resolution Rs, measured on the chromatogram as:

Rs = 2 (tz — t1)/ (twt1 + tw2),
and the capacity factor of the first eluted peak,
k’1 = t1/to - 1.

ti being the retention time and tws the peak width at half-
height.

The chromatographic conditions of the eight (23) experiments
are reported in Table 2, together with the separation results. In
the formalism of full fractional design, the results of the
separation can be approximated by a 1linear combination of the
coded variables :

Y = ao + at X1 + az Xz + as Xa + at2 X1 X2 + a1s Xi Xs

+ a23 Xz X3 + atz2z X1 Xz Xs (1)

It should be noted that the capacity factor was correlated 1in
a logarithm form, for reasons discussed in the "Modelization..."
section. The magnitude of the coefficients corresponding to main
factors and two-factors interactions, tabulated in Table 2,
indicates the relative importance of each variable. It can be seen
that the resolution mainly increases with the acid/amine ratio, Xa
and slighly with the buffer percentage, Xi1. The interaction term
b2z = -0.029 means that the influence of the percentage of



p-DIMETHYLAMINOBUTYROPHENONE 1713

TABLE 1
Values of the Experimental Factors in the Factorial Design.

Factors level -1 Tevel +1
X1 percentage of buffer 0.02 0.2
X2 acid/amine ratio 6 30
X3 percentage of methanol 1 10
TABLE 2

Chromatographic Conditions and Responses (Resolution Rs and
Capacity Factor k’1 of the First Eluted Enantiomer) in the
Factorial Design.

Run X1 X2 X3 Rs k4
1 +1 +1 +1 0.93 3.19
2 -1 +1 +1 0.80 3.95
3 +1 -1 +1 0.74 1.95
4 -1 -1 +1 0.74 2.60
5 +1 +1 -1 1.04 9.25
6 -1 +1 -1 0.90 10.38
7 +1 -1 -1 0.78 4.50
8 -1 -1 -1 0.68 3.71

methanol depends on the level of Xz. This is clearly shown on the
interaction diagram (sgheme 1) obtained in the following way : the
right top number (0.865) corresponds to the mean value of Rs for
the two experiments performed with both high acid/amine ratio (Xz
= +1) and high percentage of methanol (Xs = +1).

The amount of methanol has a negative effect on the
resolution only at high acid/amine ratio. The same result is
observed for the interaction X1~ Xs.

On the contrary, the capacity factor mainly depends on the
amount of methanol, and whatever the level of the others factors,
an increase of methanol will reduce the capacity factor.
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Scheme 1

SUPPLEMENTARY. EXPERIMENTS

In the factorial design, the best resolution (1.04) has been
obtained at Tow methanol amount, and high acetic acid amount in
the eluent (high acid/amine ratio and high percentage of buffer).
But the separation is not complete and further experiments have
been performed in the direction indicated by the factorial design,
first to improve this result and second to investigate the effect
of the 1individual parameters 1in order to test the models. These
experiments are referred in the following as the “"new set of
experiments”. It consists of 43 experiments, 1in which the
percentage of buffer was varied between 0.02 and 0.4 %, the acetic
acid/triethylamine ratio r between 5 and 100 and the percentage of
methanol between 0 and 20 %.

A maximum resolution of 1.17, corresponding to a baseline
separation was obtained with 2 %X methanol, 0.15 % buffer, and r =
50. In these conditions, the capacity factor is quite high (12.0).

Figures 1 and 2 show that when only the percentage of
methanol, or of buffer, is varied the resolution reaches a maximum
value, around 3 % of methanol, or 0.15 % of buffer. In both cases,
the retention factor decreases with an increasing percentage of
additives. When the acid/amine ratio r is increased, both k’ and
Rs increase and reach a plateau at r = 50 (Fig. 3).

It can be noted that Armstrong et al. (4) observed the same
behavior in the resolution of propranoiol. They interpret the
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FIGURE 1. Influence of the amount of methanol in the mobile
phase on the capacity factor k't (+) and the resolution Rs (o).
Conditions: Column, Cyclobond-I (250x4.6 mm, 5 um); mobile phase :
0.2 % (by volume) of the acetic acid/triethylamine buffer at an
acid/amine ratio, 50 1in acetonitrile; flowrate, 1 mL/mn; U.V.
detection at 254 nm.

retention results by a better affinity for the stationary phase of
the protonated amine relatively to the free enantiomer, Teading to
a slower elution. Actually, because of the high acid/amine ratio,
there is an excess 1in acid that will be able to protonate the
amine group of the enantiomer. But, as on the one hand, the acid
excess is produced by an increase in either the buffer amount or
the r ratio, and on the other hand, the buffer amount decreases
the retention while the r ratio increases 1it, an additional
mechanism, involving direct competition between buffer and
enantiomers for the inclusion in the B-cyclodextrin cavity, can be



1716 VALIENTE BARDERAS AND DUPRAT

T T T T
15+ =41.5
k4 — Rs

+
10+ ® 41.0
5 - 0.5
O 1 L ] 1 0
(6] 0.1 0.2 0.3 0.4
% buffer
FIGURE 2. Influence of the amount of acetic

acid/triethylamine buffer 1in the mobile phase on the capacity
factor k’+ (+) and the resolution Rs (o). Conditions : Column,
Cyclobond-I (250x4.6 mm, 5 um); mobile phase : 2 % (by volume) of
methanol in acetonitrile, acid/amine ratio, 50; flowrate, 1 miL/mn;
U.V. detection at 254 nm.

invoked. Inclusion of methanol in the cavity is also probably the
cause of the observed reduction in retention time.

MODELTZATION. OF RETENTION ANR. RESOLUTION

The polynomial model provided by the factorial design (Eq. 1)
is expressed in terms of coded variables (level +1 or -1). To
check the reliability of the model over the new set of
experimental data, a transformation of natural variables to coded
variables is needed. The simplest one is a linear transformation :

Xcoded = -1 + 2 (Xnatura1—Xx-1)/(X+1-X-1)
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FIGURE 3. Influence of the acetic acid/triethylamine ratio in
the buffer on the capacity factor k’1 (+) and the resolution Rs
(o). Conditions : Column, Cyclobond-I (250x4.6 mm, 5 um); mobile
phase : 2 ¥ (by volume) of methanol and 0.2 % (by volume) of the
buffer in acetonitrile; flowrate, 1 mL/mn; U.V. detection at 254
nm.

x+1 and x-1 being the values of the natural variables taken
in the factorial design (Table 1).

Such models, with coefficients given in Table 3, represent
the experimental data with a mean error of 16 % on Rs and 23 % on
Log k’1. This is a bad representation since the dispersion of the
experimental points, expressed in standard deviation, is 16 % on
Rs and 27% on Log k’1. It must be noted that the capacity factor
was correlated in a 1logarithm form, after the physicochemical
model of Snyder et al. (7) giving the mobile phase effect on
retention in non-chiral chromatography, in form of Log k’1 in
function of the additives molar fractions. 1In this work, it has
been verified that the Log k’1 model gives more accurate results
than the k’1 model.
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TABLE 3
Coefficients of the Effects and Interactions of the variables
Considered in the Factorial Design, Calculated for the Resolution
and for the Capacity Factor of the First Eluted Peak.

Factors Rs Log k1
average bo 0.826 1.442
X1, % buffer b1 0.046 -0.053
Xz, acid/amine ratio bz 0.091 0.332
X3, % methanol ba -0.024 -0.403
interaction Xi1-Xz b1z 0.021 -0.029
interaction X1-Xs b1s -0.014 -0.072
interaction Xz—Xs bza -0.029 -0.105

The main discrepancy between model and experiments comes from
the l1inear representation of the response when one parameter at-a-—
time 1is varied, whereas figures 2-4 show a very different
behavior. Since the model is established using only two values of
each variable, a certain curvature can be introduced by a non-
linear transformation of natural variables to coded variables, and
that without changing the coefficients of the models. In this way,
the mean errors have been reduced by a factor 2-3, by modifying
the acid/amine ratio r 1in Log(r-1) : a mean error of 5 % on the
resolution, and of 12 % on the capacity factor are obtained. It is
noteworthy that this transformation has a physical meaning
Log(r-1) is closely connected to the pH of the buffer solution,
i.e. to the concentration of proton.

It may be added that other models have been built using a
more theoretical approach, particularly by decomposing the
resolution in selectivity, column efficiency and retention terms,
but the final mean error has the same magnitude as in the
statistical models presented here.
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ABSTRACT

A co-polymer of polymethylhydrosiloxane and pentenyl-f3-cyclodextrin
(PMSP-[3-CD) is synthesized and used to_extract various aromatic materials
from water by adsorption onto the co-polymer matrix. The method of
synthesis, separation scheme and parameters associated with adsorption are
discussed. Salt and pH effects are also examined. The problems associated
with other methods of removal are compared with those encountered by
extraction using PMSP-3-CD. Most compounds studied can be quantitatively
extracted from water if the extraction conditions are oprimized. Removal is
not greatly influenced by the addition of salt or change in pH. PMSP-3-CD is
easily recycled at 80-100°C and both the organic analytes and PMSP-B-CD are
recovered with a high efficiency. The results also indicate that extractions

using PMSP-B—CD are not only possible but also advantageous in some cases.
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INTRODUCTION

Removal or preconcentration of organic compounds from water has been
accomplished using various chemical techniques, such as polymeric membranes
(1, 2), cloud point phenomena of surfactants (3, 4), cloud point phenomena of
certain derivatized cyclodextrins (5) and, to a greater extent, liquid-liquid
extractions (6, 7) and activated carbon (8, 9). Every method has certain strengths
and limitations. A few of the more common problems associated with the
aforementioned techniques include difficulties and expense in the regeneration of
activated carbon, thermal degradation of analytes at the high temperatures
required for surfactant cloud point extraction, as well as narrow surfactant
concentration ranges in which separation by cloud point is feasible, small ranges
of salt concentration or pH in which the extraction can be performed, cost of
producing the temperatures needed for separation or regeneration and difficulties
in monitoring various processes in the uv-vis spectral region.

Two of the more successful methods for the extraction of organic materials
from water that have been used for many years are liquid-liquid extraction and
adsorption onto activated carbon. The major disadvantage of liquid-liquid
extraction is that large quantities of potentially hazardous organic solvents must
be used to extract the required percentage of organic compounds from water.
The purchasing, recycling and disposal of these solvents can also become
expensive over time. Another widely successful extraction technique involves
running wastewater containing organic compounds over a bed of activated
carbon, where the compounds adsorb onto the surface of the carbon. The
greatest drawback of this process is the limited capacity and the relatively high
cost of producing temperatures required to reactivate the carbon after use.
Producing these high temperatures usually represent up to 75% of the cost of the
total recycling process (10). Consequently, any novel method that can perform

nearly as well as activated carbon or liquid-liquid extraction, but does not require
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the use of large amounts of hazardous and expensive solvents and can circumvent
the high cost of regeneration would be of general interest.

In this paper polymethylhydrosiloxane pentenyl-B-cyclodextrin (PMSP-B-
CD) is synthesized and used to remove and recover aromatic organic compounds
from water. The method of removal is adsorption onto the co-polymer and
separation by sedimentation. Regeneration of PMSP-B-CD is accomplished by
heating the polymer which has organic material adsorbed onto it, at 80-100° C in
water. The solution is simply decanted or the the co-polymer is filtered while the
solution is hot. The organics are released from the water insoluble PMSP-B-CD,
forming a concentrated aqueous solution of organic compounds. This process
operates with a high recovery of the organic materials in aqueous solution, as
well as for the adsorbing media (PMSP-B-CD). This technique can be used for
concentration of organic compounds as well. The results of this study indicate
that removal of aromatic organic material from water using PMSP-B-CD is a
viable alternative to other methods of extraction. This technique is particularly
attractive because of the ease of recovery of organics, nonhazardous media, low
temperatures required for regeneration of PMSP-B-CD, ease of recovery for
PMSP-B-CD and the ability to successfully remove numerous compounds under a

variety of conditions.

EXPERIMENTAL

Materials

Chemicals were obtained from various companies as follows: Aldrich
Chemical Company: acetanilide, aniline, o,p-chloroaniline, dimethyl sulfoxide -
99% anhydrous, o-nitroacetanilide, o,m,p-nitroaniline, nitrobenzene, o,m,p-
nitrophenol, p-nitrotoluene, 4-phenylazophenol, 2-phenylbenzimidazole, 3-
phenylphenol and phosphorous pentoxide; Fisher Chemical Company:

bromopentene, sodium hydride, sodium propionate, chlorisplatinic acid,
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tetrahydrofuran, methanol, polymethylhydrosiloxane (PS 122), glacial acetic acid
and anhydrous sodium sulfate; Sigma Chemical Company: 2,2
dihydroxybiphenyl, sodium chloride and 2-naphthol; Matheson, Coleman and
Bell: 1-naphthol ; Mallinkrodt Chemical Company: benzoic acid; ASTEC: B-

cyclodextrin.

Synthesis of Cross Linked Polymethylhydrosiloxane Pentenyl-fB-
Cyclodextrin

In a nitrogen atmosphere, 6.79 g of B-cyclodextrin which had been
previously dried in a heated vacuum drying chamber overnight with phosphorous
pentoxide as the drying agent, was added to 150 ml of dimethyl sulfoxide in a
three neck round bottom flask. With continuous stirring, 0.72 g of sodium
hydride was added and allowed to react for 90 minutes at 50° C. Bromopentene
(3.55 ml) was added to 25 ml DMSO. The solution was dropped into the flask
over a one hour period and stirred for 25 hours at 50° C. The flask was then
removed from the nitrogen atmosphere, the DMSO layer removed by vacuum
distillation at 60° C and 100 ml of methanol was added. The methanol was
removed by rotorevaporation until only 5 ml remained. This product (pentenyl-
B-CD in methanol) was added to 100 ml of ice water, filtered and rinsed with 3 x
50 ml of ice water. The pentenyl-B-CD was dried overnight in a drying
chamber. In a nitrogen atmosphere, 5.0 g of previously prepared pentenyl-B-CD
was dissolved in 100 ml tetrahydrofuran at 53° C. To this, 3.5 g of
polymethylhydrosiloxane (PS 122) and 10 mg of sodium propionate were added
with stirring. Chlorocisplatinic acid (8.8 mg) was dissolved in 1 ml THF and
added to the system. The solution was stirred for 4 hours at 53° C and then
removed from the nitrogen atmosphere. The product, PMSP-B-CD, was filtered

and dried overnight in a drying chamber.

Apparatus and Procedure
A Shimadzu LC-6A liquid chromatographic system with a SPD-2AM
variable wavelength spectrophotometric detector and Linear 1200 strip chart

recorder was used to quantitate each sample. The detector was operated at a
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different wavelength for each compound analyzed. The flow rate and sample
loop were 1.0 ml/min and 20 pum respectively. A Cg or C18 column (Spm x
25cm) from Advanced Separation Technologies Incorporated was used to
separate each compound.

All samples were prepared using the following method. Distilled water was
added to each compound to make the desired concentration. Two ml of the
aqueous solution, to which the specified amount of cross linked PMSP-3-CD had
been added, was mechanically shaken for twenty hours. The cyclodextrin was
allowed to settle to the bottom and the sample was decanted. This sample was
then injected into the HPLC system without further preparation. The pure
compound was also analyzed to obtain percent removal data. Sodium hydroxide
and acetic acid were used for pH adjustment in the pH study. Sodium chloride
was used in varying concentrations for the jonic strength study. The mobile
phases were mixtures of methanol and water which were filtered through a
membrane filter of 0.45 um pore size and degassed by vacuum-ultrasonication
method prior to use. Peak areas of both the sample containing the PMSP-B-CD
and the pure compound were calculated by triangulation and used to determine

percent of compound removed.

Regeneration of Polymethylhydrosiloxane Pentenyl-B-Cyclodextrin

PMSP-B-CD that had been used to remove organic material from water was
added to 500 ml of water. After one hour of heating above 80° C, the mixture
was vacuum filtered using Whatman filter paper. The polymer was allowed to
air dry for one day. The extracting power of this recycled polymer was
measured using a test compound and compared with that of freshly synthesized
PMSP-3-CD.

RESULTS AND DISCUSSION

PMSP-B-CD appears to be a hard, brittle solid with negligible solubility in

most solvents, including methanol, acetonitrile, ether, water, methylene chloride,
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hexane, isopropanol, chloroform, DMSO and DMF. Since this material has both
a siloxane and cyclodextrin portion, it may be possible to have both nonspecific,
hydrophobic adsorption as well as complexation into the cyclodextrin cavity as
means for removing organic compounds from water. Using an optical
microscope with 22x and 57x magnification, a photograph of PMSP-B-CD was
taken (Figure 1). This image suggests that PMSP-B-CD has a nonporous, glass-
like structure. The average partial size was 0.9 mm and the range was from
about 0.5 - 1.6 mm.

In the course of studying data from different removal trials, it became
obvious that the time allowed for adsorption was important. Consequently, a
time study was performed. This data for the unstirred, "stagnant" system is
shown in Table I. Three compounds were studied at two different PMSP-B-CD
concentrations. After 48 hours, equilibrium is reached in all cases. In a
stationary system, the dissolved components must diffuse through the solution
until an available adsorption site is found. Shaking or stirring produces rapid
mixing, which brings analytes into contact with the surface more efficiently. As
expected, equilibrium times were greatly reduced. Consequently all further
experiments were done with mechanically shaken mixtures. Table II is a typical
comparison of equilibration times in mixed versus unmixed extractions. The
time in which maximum removal is achieved is reduced to three hours with
mechanical shaking.

Table III shows the relative removal of various aromatic compounds from
water using PMSP-B-CD. At the high PMSP-B-CD concentration of 500 g/mmol,
all but three compounds were removed at levels greater than 90%. The three
that are removed at less than 90% are acetanilide, o-nitroacetanilide and p-
nitroacetanilide. This suggests that acetanilide and substituted acetanilides are
more poorly adsorbed onto PMSP-B-CD than other compounds. The addition of
slightly more PMSP-B-CD will raise removal of the acetanilides to nearly 100%.
Clearly the capacity of the PMSP-B-CD in its present state (i.e., relatively large

average particle size) is not high. Further grinding of the adsorbent to increase
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Figure 1: Optical Microscope Photograph of PMSP-B-CD at 22X and 57X
magnification.



TABLE I. EFFECT OF TIME ON PERCENT REMOVAL2

TIME % REMOVED % REMOVED

COMPOUND (hours) (0.100 mmol/g)b (0.025 mmol/g)b
m-nitrophenol 1 2 13
6 8 30
23 27 47
48 24 62
68 20 63
140 27 62
o-nitroaniline 1 8 23
6 19 37
23 18 56
48 32 62
68 34 68
140 31 69
p-nitrophenol 1 5 17
6 12 28
23 20 44
48 22 53
68 24 50
140 28 58

2Two ml of aqueous sample is used. All compound concentrations are 1x10-3 M.
bmtnol/g refers to mmol of analyte per gram of PMSP-B-CD.

TABLE II. PERCENT REMOVAL OF M-NITROPHENOL: TIME SHAKEN
VERSUS TIME STATIONARY2

TIME STATIONARY SHAKEN
(hours) % REMOVED % REMOVED
0.5 - 40
1.0 13 -
1.5 - 60
2.0 - 78
3.0 - 77
4.0 - 80
6.0 30 -
23.0 47 -
48.0 62 -
68.0 63 -

2Two ml of aqueous sample is used. Concentration of m-nitrophenol is 1 x 10-3 M.

Analyte per PMSP-B-CD concentration is 0.025 mmol/g for stationary sample and 0.020
mmol/g for shaken sample.
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TABLE III. PERCENTAGE OF AROMATIC MATERIAL REMOVED FROM
WATER USING PMS PENTENE-3-CYCLODEXTRIN2

% REMOVED % REMOVED ANALYTE CONC
ANALYTE (0.002 mmol/g)8 (0.025 mmol/g)g Mx 10°5)
acetanilide 81 34 1.0
aniline 98b - 2.5
benzoic acid 90¢ - 5.0
2,2' dihydroxybiphenyl 93 - 1.0
o-chloroaniline 99d -- 1.5
p-chloroaniline 99 -~ 1.0
N-methylaniline 99¢ -- 1.9
1-naphthol 99 - 1.0
2-naphthol 98 57f 1.0
o-nitroacetanilide 70 20 1.0
p-nitroacetanilide 89 - 1.0
o-nitroaniline 95 59 1.0
m-nitroaniline 90 - 1.0
p-nitroaniline 96 - 1.0
nitrobenzene 99 91f 1.0
o-nitrophenol 99 - 1.0
m-nitrophenol 96 63 1.0
p-nitrophenol 91 58 1.0
p-nitrotoluene 97 -- 1.0
4-phenazophenol 99 - 1.0
3-phenylphenol 90 - 1.0
2-phenylbenzimidazole 98 - 1.0

2A two ml aqueous sample is used in all cases. All samples were shaken mechanically for
20 hours.

bPMSP-B-CD concentration is 0.005 mmol/g.

CPMSP-B-CD concentration is 0.01 mmol/g.

dPMSP-B-CD concentration is 0.003 mmol/g.
€PMSP-B-CD concentration is 0.004 mmol/g.

fPMSP-B-CD concentration is 0.025 mmol/g.

8mmol/g refers to mmol of analyte per gram of PMSP-B-CD.
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the surface to volume ratio can increase the capacity by nearly two orders of
magnitude. However, in this initial study the coarse material was preferred due
to the ease of isolation via decantation or fast filtering. Also shown in Table III,
PMSP-B-CD is able to extract a significant portion of extremely dilute organic
compounds (1 x 10-5 M). With EPA guidelines on allowable organic levels in
wastewater becoming more stringent, novel techniques may be needed to remove
such trace organics from water. Also, it should be noted that o-chloroaniline and
p-chloroaniline are effectively removed with PMSP-B-CD. This is significant
because many halogenated organics cannot be removed by derivatized
cyclodextrins in cloud point extractions (5). This is because these particular
compounds interfere with the phase separation process.

Figure 2 illustrates the effect of PMSP-B-CD concentration on percent
removal of m-nitrophenol and 2-naphthol. As expected, until maximum removal
is reached, a higher percentage of both compounds is removed as more PMSP-f3-
CD is introduced into the system. For m-nitrophenol, the maximum point of
removal occurs after the addition of 0.005 mmol/g. For 2-naphthol, maximum
removal occurs after only 0.016 mmol/g. This suggests that each compound has a
different adsorption affinity for PMSP-B-CD. Any given compound's affinity
for PMSP-B-CD is probably dependent on many properties such as size of the
molecule and functional groups present in the compound. Adsorption isotherms
are easily measured for most compounds. Figure 3 shows the isotherm for m-
nitrophenol. Adsorption on PMSP-B-CD seems to be a classic Langmurian
process. It seems that there are primary adsorption sites but little, if any,
secondary adsorption under the conditions of this experiment. Hence,
characterization of this adsorbent may be more straight forward than would be
indicated from its relatively complex chemical make-up.

Table IV compares extraction values of four compounds at three pHs. 2-
Naphthol and m-nitrophenol are weak acids which become ionized under basic
conditions. o-Nitroaniline is a weak base which is ionized in acidic solutions.

Nitrobenzene does not ionize to an appreciable extent under basic or acidic
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Figure 2: Effect of PMSP-B-CD conceniration on percent removal of 2-
naphthol (Jl]) and m-nitrophenol (4 ). Two ml aqueous samples of varying
concentrations were analyzed in all cases. All samples were mechanically shaken
for 20 hours.

conditions. While removal is constant for 2-naphthol and nitrobenzene, a slight
change is recorded for o-nitroaniline and m-nitrophenol. The small difference in
removal for o-nitroaniline and m-nitrophenol is likely due to the ionized species
(pH 10.0 for m-nitrophenol and pH 1.5 for o-nitroaniline) having a different
affinity of the adsorbent than the corresponding neutral species. Apparently 2-
naphthol is sufficiently hydrophobic that it is strongly absorbed whether or not it
is ionized. As expected, the percent removal remains constant for nitrobenzene,
which was chosen as the reference compound since it should not ionize within the
pH range studied. It should be noted that the pH dependence is only a factor
when small amounts of PMSP-B-CD are used. If large amounts of PMSP-3-CD
are added to the aqueous system, the more weakly absorbing species still can be

quantitatively removed.
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Figure 3: Adsorption isotherm of m-nitrophenol on PMSP-B-CD. Two ml
aqueous samples of varying concentrations were analyzed in all cases. All
samples were mechanically shaken for 20 hours. All analyzes were performed at

room temperature (see Experimental). PMSP-B-CD concentration was 50 mg/ml
for each sample.

The effect of salt on percent removal is presented in Table V. Surprisingly
extraction of many organic compounds from aqueous solution are not effected by
a salt concentrations as high as 0.5 M NaCl. There seems to be no evidence for
the 'salting out' effect of organic compounds that is seen in many other
circumstances. Another important aspect of removal in salt water is that the
separation mechanism (sedimentation) is not effected by the addition of salt.
Most cloud point extractions are influenced by even a small salt concentrations
(3). This could be an important consideration in applications that require a
constant separation mechanism in conditions of varying ionic strength.

Perhaps the most interesting aspect of this method for the separation and
removal of organic compounds from water is that it is possible to easily recover

both the PMSP-B-CD and organic compounds at high efficiencies. To recycle the



ORGANIC COMPOUNDS FROM WATER 1733

TABLE IV. pH EFFECT ON PERCENT REMOVAL?2

%REMOVED % REMOVED

COMPOUND pH (0.017 mmoV/g)b (0.002 mmol/g)b
o-nitroaniline 1.5 45 99
7.0 59 99
10.0 55 99
2-naphthol 3.0 58 92
7.0 - 98
10.0 56 94
nitrobenzene 3.0 91 99
7.0 91 99
10.0 89 99
m-nitrophenol 3.0 63 92
7.0 58 90
10.0 48 95

aTwoml of 5 x 10-5 M aqueous sample is analyzed in all cases. All samples are
mechanically shaken for 20 hours.

bmmol/g refers to mmol of analyte per gram of PMSP-3-CD.

PMSP-B-CD, all that is needed is a small amount of water and a source of energy
sufficient to heat the water to between 60 and 80° C. Different compounds are
released from the adsorbent at different temperatures. However all compounds
investigated were completely removed at temperatures between 80-100° C. The
PMSP-B-CD is simply added to the water and heated at 80-100° C for a few
minutes or until all adsorbed organic material is released. The PMSP-B-CD used
in this study was recycled approximately thirty times over a six month period.
There was no significant difference found between new and recycled adsorbent.
The fact it is relatively easy to induce the release of organic compounds by
PMSP-B-CD means that this method can be used in analytical procedures as a
preconcentration technique. The low temperature recycling combined with the
hardiness of this material makes PMSP-B-CD an interesting alternative for either

the concentration or removal of organic materials from water.
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TABLE V. SALT EFFECT ON PERCENT REMOVAL2

SALT % REMOVED % REMOVED

COMPOUND CONC (M) (0.017 mmol/g)b (0.002 mmol/g)b
o-nitroaniline 0.00 59 98

0.01 69 98

0.05 59 98

0.10 62 96

0.50 60 99
2-naphthol 0.00 57 99

0.01 52 97

0.05 68 98

0.10 64 97

0.50 57 97
nitrobenzene 0.00 91 99

0.01 94 99

0.05 96 99

0.10 95 99

0.50 97 99

aTwomlof 5x 105 M aqueous sample is analyzed in all cases. All samples are
mechanically shaken for 20 hours.

brmnol/g refers to mmol of analyte per gram of PMSP-B-CD.

CONCLUSIONS

PMSP-B-CD is a very hardy material that can be used to remove a variety of
organic compounds from water. The cost of recycling or reusing this material is
inexpensive because low temperatures are used (<100°C). Recovery of PMSP-§3-
CD is accomplished with simple decantation or filtration. The organic compound
that is removed from water, also can be concentrated and quantitatively
recovered making it a potentially useful analytical methodology. Both recovery

of the PMSP-B-CD and the organic material are quantitatively performed.

ACKNOWLEDGEMENT

Support of this work by the Department of Energy, Office of Basic Sciences
(DE FGO02 88ER13819) is gratefully acknowledged.



ORGANIC COMPOUNDS FROM WATER 1735

1.
2.

10.

11.

REFERENCES
1. Cabasso, E. Klein and J.K. Smith, Am. Chem. Soc., 35, 498-502 (1975).

J.M. Dickson, M. Babai-Pirouz and D.R. Lloyd, Ind. Eng. Chem. Proc. Des.
Dev.,22, 625-632 (1983).

T. Saitoh and W.L. Hinze, Anal. Chem., 63, 2520-2525 (1991).

H. Sekikawa, R. Hori, T. Arita, K. Ito and M. Nakano, Chem. Pharm. Bull.,
26, 2489-2496 (1978).

. D. Warner-Schmid, S. Hoshi and D.W. Armstrong, Sep. Science and Tech.,

28, 1009-1018 (1993).
C. Bordier, J. Biol. Chem., 256, 1604 (1981).

. B.R. Ganong and J.P. Delmore, Anal. Biochem., 193, 35 (1991).

R.J. McKinnon and J.E. Dyksen, J. Amer. Wat. Works Assoc., 76, 42-47
(1984).

S.J. Randtke and V.L. Snoeyink, J. Amer. Wat. Works Assoc., 75, 406-409
(1983).

H.M. Neukrieg, M.G. Smith, S.W. Maloney and H.S. Irwin, J. Amer. Wat.
Works Assoc., 76, 158-167 (1984).

M.J. Semmens and A.B. Staples, J. Amer. Wat. Works Assoc., 78, 76-81
(1986).

Received: September 12, 1993
Accepted: December 9, 1993






JOURNAL OF LIQUID CHROMATOGRAPHY, 17(8), 1737-1742 (1994)

SELECTION OF COLUMNS FOR
ANALYSIS OF BLOOD UREA

H. SHINTANI
National Institute of Health Sciences
1-18-1, Kamiyoga, Setagaya
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ABSTRACT

For the analysis of blood urea, the author used several kinds of columns such as
conventional ion exchange chromatographic column, ion chromatographic column and
reverse phase columns. The result of comparison for separation efficiency will be
discussed and conventional ion exchange chromatographic column indicated a best
separation efficiency. Prior to application to the columns, blood urea was treated with
solid phase extraction (SPE) with a strong cation exchange column with SO3H functional
group.

INTRODUCTION

In order to avoid overlapping of blood admixtures to determine the compound of
interest in blood, pretreatment using solid phase extraction (SPE), liquid-liquid extraction
and chromatographic separation will be required. In advance before the determination of
the compound, the reader must clarify whether the eluted peak was not overlapped and
confirm totally pure using several kind of detection method such as photo diode array or
mass spectrometry and so on. These detectors are expensive. The simple way to avoid
overlapping in HPLC is to purify the compound of interest prior to HPLC application.
Using solid phase extraction (SPE) prior to HPLC application, sufficient separation of

compound of interest from blood admixtures will be attainable. Concerning SPE of blood
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urea, the paper is now under evaluationl). In this paper the author will present the
comparison of separation efficiency of conventional ion exchange chromatographic
column, ion chromatographic column and reverse phase columns for the separation and

determination of blood urea.

MATERIALS AND METHOD

Blood was supplied from Wako and other reagents were special grade commercially
available.

For the analysis of blood urea, ion exchange chromatographic column of Mitsubushi
Kasei MCIR CK 08S strong cation exchange column (SO3H type, 4.6X 150 mm), ion
chromatographic column of Wescan strong cation exchange column 269-004 (SO3H
type, 4.6X 250 mm). reverse phase column of Capcell Pak C-18 SG120 (4.6X 250 mm,
5 pm) from Shiseido and reverse phase column column of Capcell Pak C-18 AG120
(4.6X 250 mm, 5 ym) were compared with separation efficiency. The column capacity
and particle size of MCIR CK 08S and Wescan strong cation exchange column 269-004
was as follows: more than 1.9 meq/ml and 11-14 gm and 0.03 meg/ml and 10 ym,
respectively. The material of the former is SDB polymer base (degree of crosslinking of
DVB is 8%) and that of the latter is silica base, therefore residual silanol effect must be
considered for the latter. The eluent of ion exchange columns is 1.5 mM HCI aqueous
solution and urea is detected by ultraviolet (UV) at the wavelength of 210 nm. Flow rate
is 2 ml/min.

The material of the reverse phase columns was silica with a trace amount of heavy
metals and silicone was coated to prevent the residual heavy metal effect as well as
residual silanol effect which may cause tailing phenomena. The eluent of reverse phase
columns is a mixture of an aqueous solution of water and acetonitrile at a ratio of 90/10
adjusted to pH 9 with phosphate buffer and detection is by UV at the wavelength of 210
nm. Flow rate is 1 ml/min. HPLC apparatus of ion exchange chromatography and reverse
phase chromatography was SP-8750 from Spectra-Physics.

SPE of blood urea using strong cation exchange column is as follows: blood is
acidified at pH 3 with HCI or used as is. These were applied for ultrafiltration by
centrifugation at 4,000 rpm using a CentriconR (cut-off molecular weight 10,000 daltons)
supplied by Amicon and the centrifugated solution was acidified to pH3 with HCI. These
were applied to the strong cation exchange column (SO3H type) of Bond ElutR SCX
(500 mg of resin weight and 0.6 ml of void volume) supplied by Analytichem (Harbor
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City, CA, USA). The column was conditioned with 2 mi of methanol followed by 2ml of
0.1M HCI aqueous solution1). One ml of biood was applied to the conditioned SCX
column at an application flow rate of 0.3 ml/min and washed with 2 ml of water. The
retained urea on SCX column was eluted with 2 ml of 1M HCl aqueous solution at the
flow rate of 0.3 ml/min. Conditioning and elution in SPE were carried out using a Model
AP-115 AN vacuum pump supplied by Iwaki (Tokyo, Japan)”. Thus the treated blood
urea was applied to HPLC with a column of MCIR CK 08S.

When using ion chromatographic column and reverse phase columns for blood urea
analysis, the recommended SPE procedure is as follows: the series of C-18 column and
the strong cation exchange column were connected in this order. C-18 column is for
removing hydrophobic compounds in blood. The treatment procedure of the strong cation
exchange column used for SPE is the same as mentioned above. The conditioning method
of C-18 column used for SPE is as follows: C-18 column has 500 mg resin weight and
0.6 ml void volume, thus the conditioning procedure is 2 ml acetonitrile followed by 2 ml
water and the conditioned column was set prior to the strong cation exchange column.
The conditioning procedure was identical to that presented in the paper2). The above

treated blood was applied to ion chromatographic column and reverse phase columns.

RESULTS AND DISCUSSION

1 Comparison of separation efficiency between ion exchange chromatographic

column and ion chromatographic column

The major difference between them is a column capacity. Chromatograms obtained by
ion exchange chromatography and ion chromatography, respectively, was presented in
Figures I and 1. As shown in Figure I, after SPE treatment blood urea was completely
separated from blood admixtures. On the contrary, in Figure II by ion chromatography
after SPE treatment the chromatogram was found to be successfully separated from blood
admixtures, however many admixtures was still present. If the column deteriorates in the
process of time and theoretical plate number is decreased, the separation will become
worse, thus the former is more superior to the latter.

However there are several ways to overcome these weak points. One is the use of
lower flow rate. The other is the use of C-18 column in SPE prior to the strong cation
exchange column to remove hydrophobic components by C-18. By the latter procedure,

the peaks after elution of urea was diminished. In Figure II, the chromatogram treated
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FIGUREI  HPLC chromatogram of blood urea after SPE treatment by conventional
ion exchange chromatographic column of MCIR CK 08S

The peak eluted at around 24 min is blood urea.
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FIGUREII = HPLC chromatogram of blood urea after SPE treatment by ion
chromatographic column of Wescan 269-004

The peak eluted at around 4 min is blood urea.
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without the use of C-18 column for SPE was presented. When using C-18 in addition to
the strong cation exchange column for SPE, the peaks eluted after urea in Figure II was
diminished.Therefore, both ion exchange columns are found to be appropriate to the
analysis of blood urea combined with SPE if the series of C-18 and the strong cation
exchange columns were used when using ion chromatographic column of Wescan 269-
004. The conventional strong cation exchange column of MCIR CK 08S is superior to
ion chromatographic column due to needlessness of C-18 column for SPE.

These results indicated that several factors must be simultaneously considered for the
selection of columns.

LI Blood urea analysis using SPE combined with reverse phase col umns>-6)

Urea is a weak alkalinized compound, thus the author suspect when the alkalinized
eluent was used, ionization of urea was suppressed and neutralized urea will retain in the
reverse phase columns. Therefore, eluent was alkalinized at pH 9 in order to suppress
ionization of urea.

Blood urea was treated with SPE procedure as mentioned in the experimental section
and applied to HPLC with reverse phase columns. The blood urea was not successfully
retained in C-18 column even if ionization of urea was successfully suppressed. This is
due to degree of hydrophobicity of suppressed urea. The hydrophobicity of suppressed
urea is insufficient as to retain in C-18 column. The k' from void volume to urea elution
is around one and around there many blood admixtures eluted, which were mostly
hydrophilic compounds unsuccessfully removed by C-18 column for SPE treatment, thus
lead to unsuccessful separation. This phenomena is same in AG120 as well as in SG120.

After SPE treatment, urea was acidified and existed as ureonium, however this acidity
will be neglected compared with the amount of alkalinized eluent, therefore urea in eluent
was sufficiently alkalinized and suppressed ionization.

The alternative method is the use of C-8, phenyl or cyclhexyl in place of C-18 column.
However, the author speculates significant improvement of separation will not be attained
by those columns. Therefore, ion exchange chromatography will be more appropriate to
the analysis of blood urea combined with SPE.

CONCLUSION

Urea was analyzed by conventional ion exchange chromatographic column, ion

chromatographic column, reverse phase column after SPE treatment of blood.
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Conventional ion exchange chromatographic column was found to be superior to the ion
chromatographic column and reverse phase columns. This was found to be due to

significant retention in the column with a greater capacity.
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ABSTRACT

A new packing material for direct injection analysis of drug
in serum by high-performance liguid chromatography is described.
It was found out that proteins are not adsorbed but low-
molecular-weight compounds are analyzed by reversed-phase high-
performance liquid chromatography using glycerylalkylsilylated
silica gels with alkyl moiety ranging from C3 to C6. on
chromatography using glycerylundecylsilylated silica gel, on the
other hand, retention of low-molecular-weight compounds increased
but recovery of proteins decreased from it. Reversed-phase
separation of drugs on the new packing materials by direct
injection of serum samples is demonstrated.

TRODUCTION

Drugs in serum are analyzed commonly by reversed-phase high-
performance liquid chromatography, in advance of which the

samples need time-consuming pretreatment for removing protein
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ingredients. Direct injection of serum samples has long been
unfavorable because of resulting in quick deterioration of HPLC
columns caused by the denaturation and accumulation of proteins
in serum.

Recently developed were new packing materials, in which
serum samples can be injected directly without any pretreatmentl-
7. They are called restricted access packing materials® 2. The
stationary phases consist of two parts. One part, to which
proteins can access, are hydrophilic against adsorption of
proteins. The other part, shielded from access of proteins, is
hydrophobic for partition of low-molecular-weight compounds.
Owing to this structure, these packing materials selectively
retain low-molecular-weight compounds, while proteins are eluted
in the void volume with high recovery. In general, preparation
of these packing materials is not so simple and consists of at
least two reaction steps; all surface of silica gel is covalently
covered with hydrophobic compounds, then hydrophilic feature is
introduced only the external surface.

It is known, on the other hand, that glycerylpropylsilylated
silica gel can be used for size exclusion chromatography of
proteins without denaturation nor adsorptionl®. We have found
out that glycerylalkylsilylated silica gels have the function of
restricted access packing materialsll, Because the
glycerylalkylsilyl group consists of hydrophilic and hydrophobic
moieties, it is expected to possess both functions as a surface
barrier against access of proteins and as a partition phase for
low-molecular-weight compounds. The present results suggest
that the glycerylalkylsilyl stationary phases form bilayer
structure ( Fig. 1 ). Further, these packing materials have an
advantage over ISRP from the preparative point of view, because
they are prepared with one-step silylation. Here we report the

details of their preparation and characteristics in HPLC.
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EXPERIMENTAL

Reagents and Materials

3-Buten-1-0l1, 3-methyl-3-buten-l-ol, 5-hexen-1-ol, 10-
undecene-1-0l, epichlorohydrin and dicyclchexyl-18-crow-6 were
obtained from Tokyo Kasei Kogyo Co. (Tokyo, Japan). HaPtClge6H20,
KoPtClys, Bovine serum albumin, phenobarbital, phenytoin and
carbamazepine were obtained from Wako Pure Chemical Industries
(Osaka, Japan). Trimethylsilane and 3-glycidoxypropylsilane
were form Shinetsu Chemical (Tokyo, Japan). Silica gel was
Develosile (particle size 5 pm, pour size 60 A and surface area

500 m2/g) from Norura Chemicals (Seto, Japan).

4-(2-Hydroxy-3-chlorobutoxy)-1-butene: To a mixture of 72.1
g (1 mol) of 3-buten-1-ol and 9.3 g (0.1 mol) of epichlorchydrin
were added 12 drops of conc.HpSO4 at room temperature. The
mixture was refluxed for 4 h and cocled to room temperature, and
1.2 g of BaCO3 was added to it. The mixture was stirred for 30
min and 1 mol of chloroform was added to it. The mixture was
filtered, evaporated and distilled under vacuum to give 17.2 g
(0.1 mol, 100 %) of 4-(2-hydroxy-3-chlorobutoxy)-1-butenel?.
4-Glycidoxy-1-butene: To 500 ml of diethyl ether containing 22
g (0.55 mol) of powder NaOH was added gradually 55 g (0.33 mol)
of 4-(2-hydroxy-3-chlorobutoxy)-1-buten and the suspenson was
stirred for 15 h at room temperature. To the stirred suspension
was added gradually 150 ml of water. The organic layer was
washed by 300 ml of water, dried on MgSO4 and evaporated. Vacuum
distillation gave 28.6 g (0.22 mol, 67 %) of 4-glycidoxy-l-buten-
eld,

4-Glycidoxybutyltrimethoxysilane: To a solution of 15 g (0.12

mol) of 4-glycidoxy-l-butene in 10 ml of toluene was added 0.6 ml
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of 1 % H2PtClg+6H20 in t-butanol at room temperature. A
solution of 14.4 g (0.12 mol) of trimethoxysilane in 10 ml of
toluene was added to the suspension. The suspension was reflu-
xed for 1 h, evaporated and distilled under vacuum to give 11.9 g
(0.05 mol, 42 %) of 4-glycidoxybutyltrimethoxysilanel4. lu NMR (60
MHz) 8 0.67 (m, SiCHp, 2H), 1.52 (m, CHy, 4H), 2.65 (m, OCHy,

2H), 3.05 (m, OCH, 1H), 3.47 (m, OCHp, OCH3, 13H).

4-Glycidoxy-2-methylbutyltrimethoxysilane (13 %) was pre-
pared form 3-methyl-3-buten-1-ol by the method similar to the

preparation of 4-glycidoxybutyltrimethoxysilane. 1y NMR (60
MHz) 8 0.66 (m, SiCHy, 2H), 0.95 (4, CH3, 3H), 1.58 (m, CH, CHy,
3H), 2.53 (m, OCHp, 2H), 2.965 (m, OCH, 1H), 3.35 (m, OCHp, OCHj

13H).

Erepararion of 6-Glycidoxvhexvitrimethoxvsilane
6-glycidoxy-1-hexene: 6-Glycidoxy-1-hexene (37 %) was pre-
pared from 5-hexen-1-ol by the method similar to the preparation
of 4-glycidoxy-1l-butene

6-Glycidoxy-1-hexyltrimethoxysilane: To a mixture of 40 mg of
KoPtCly and 200 mg of dicyclohexyl-18-crown-6 was added 20 ml of
benzene. The mixture was refluxed for 2 h and allowed to stand
for 16 h to give the catalyst. The catalyst was added to a
mixture of 5 g (32 mmol) of 6-glycidoxy-1l-hexene and 3.9 g (32
mmol) of trimethoxysilane at room temperature. The mixture was
stirred at 100°C for 2 h, evaporated and distilled under vacuum
to give 3.6 g (13 mmol, 41%) of 6-glycidoxyhexyltrime-
thoxysilane!5. 1 NMR (60 MHz) § 0.65 (m, SiCHy, 2H), 1.50 (m,
CHy, 8H), 2.67 (m, OCHy, 2H), 3.08 (m, OCH, 1H), 3.50 (m, OCHg3,
OCH3, 13H).
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. £ 11-Glycid 3 lexi } i1

11-Glycidoxy-1l-undecyltrimethoxysilane (9.5 %) was prepared
form 1l0-undecen-1-ol by the method similar to the preparation of
6-glycidoxyhexyltrimethoxysilane. 1y NMR (60 MHZ) & 0.67 (m,
SiCH3, 2H), 1.40 (m, CHp, 18H), 2.65 (m, OCHp, 2H), 3.05 (m, OCH,
1H), 5.48 (m, OCHp, OCH3, 13H).

Preparation of Glvcervlalkvisilylated Silica Gels

Silica gel (10 g) in a vial was dried under vacuum at 120°C
for 2 h. To the silica gel was added 0.6 ml of water, the vial
was sealed and allowed to stand for 24 h. To the silica gel was
added 34 ml of toluene. To the stirred suspension was added 0.1
ml of 10 % p-toluenesulfonic acid in acetonitrile and 22 mmol of
glycidoxyalkyltrimethoxysilane. The suspension was stirred at
120°C for 16 h, cooled, filtered and washed sequentially with 200
ml of toluene and 200 ml of acetone. To the silica gel was
added 50 ml of 0.01 N H2S0O4 in water. The suspension was
refluxed for 1 h, cooled and washed with water. To the silica
gel was added 50 ml of 10 mM phosphate buffer (pH 8.0). The
suspension was refluxed for 1 h, cooled and washed sequentially
with water, methanol and diethyl ether. The suspension was
filtered and dried under vacuum at 60°C for 4 h to give gly-
cerylalkylsilylated silica gel. In the case of glyceryhexcyl-
slylation and glycerylundecylsilylation, the suspensions were

refluxed for 3 h in each operatiom.

Apparatus

The prepared glycerylalkylsilylated silica gels were packed
into stainless steel tubes (150 mm x 4.6 mm I.D.) by conventional
high-pressure slurry-packing procedures.

The HPLC system consisted of a pump (LC-6A, Shimadzu, Kyoto,
Japan), a UV detector (SPD-6A, Shimadzu), a data processor (CR-
42, Shimadzu) and a injector (model 7125, Rheodyne, U.S.A).
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RESULTS AND DISCUSSION
rf ver £ G1 lalkylsilyl 113

Table 1 shows the surface coverage of the packing materials
estimated from the value of carbon contents. The values of
surface coverage fall between 2.03 and 3.00 umol/mz. These
values suggest that the stationary phases on these silica gels
are not polymericl!® but are monomeric layers of glycerylalkylsilyl

groups composed of hydrophilic and hydrophobic moieties.

Chromatography of Low-molecular-weight Compounds

Tables 2 and 3 show the capacity factors of aromatics
(benzene and naphthalene) and drugs (phenobarbital and
carbamazepine), respectively, on the glycerylalkylsilylated
silica gels. The packing materials with a longer alkyl moiety
gave larger capacity factor, and more hydrophobic compounds gave
larger capacity factor. This result indicates that the low-
molecular-weight compounds can be analyzed by reversed-phase

chromatography .

Recovery of BSA

Kimatas’ method® was referred to for testing recovery of
proteins from the packing materials. A dilute solution of BSA
was used to detect slight differences among the packing
materials. As the recovery of BSA from the celumns increased
with repeat number of injection, a newly prepared column was used
in each run. Table 4 shows the results. The recovery was high
from glycerylalkylsilylated silica gels with an alkyl moiety of
C3 to Cé6. On the other hand, the recovery was very low from the
packing material with an alkyl moiety of Cl1l1, indicating that
there was a strong interaction between the hydrophobic undecyl
moiety and BSA. When in contact with a highly aqueous mobile

phase, the stationary phase with an alkyl moiety of €3 to Cé6 is
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TABLE 1

surface Coverage of Glycerylalkylsilylated Silica Gels

Stationary phase Carbon contents Surface coverage

(%) (pmol/m?2)
Glycerylpropyl 8.35 3.00
Glycerylbutyl 8.82 2.69
Glyceryl-2-methylbutyl 8.86 2.32
Glycerylhexyl 11.1 2.72
Glycerylundecyl 13.0 2.03

TABLE 2

Capacity Factor of Benzene and Naphthalene on
Glycerylalkylsilylated Silica Gels

Stationary phase Capacity factor k'
Benzene Naphthalene

Glycerylpropyl?® 0.702 3.96
Glycerylbutyl? 0.994 6.51
Glyceryl-2-methylbutyl? 1.03 6.57
Glycerylhexyl?2 4.40 -
GlycerylhexylP 1.82 6.21
GlycerylundecylP 4.83 -

apMobile phase: acetonitrile-water (1:9)
bMobile phase: acetonitrile-water (3:7)
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TABLE 3

Capacity Factor of Drugs on Glycerylalkylsilylated Silica Gels

Stationary phase Capacity factor k'

Phenobalbital Carbamazepine
Glycerylpropyl 0.162 0.675
Glycerylbutyl 0.310 1.22
Glyceryl-2-methylbutyl 0.418 1.43
Glycerylhexyl 1.55 4.53

Mobile phase: acetonitrile-100mM phosphate buffer (pH 6.9) (2:8)

TABLE 4

Recovery of BSA from the Glycerylalkylsilylated Silica Gels

Stationary phase Recovery of BSA (%)
Glycerylpropyl 102

Glycerylbutyl 98.0
Glyceryl-2-methylbutyl 97.0
Glycerylhexyl 94.9
Glycerylundecyl 5.7

HPLC conditions: mobile phase, acetonitrile-100mM phosphate
buffer (pH 6.9) (2:8); Flow rate, lml/min; UV detection, 295 nm;
sample, 10mg/ml; injection volum, 20 ul

in a “bristle” state, whereas with a Cl1 moiety it is in a
“folded” statel7-19, Hence, it is suggested that the stationary
phases with an alkyl moiety of C3 to C6 form bilayer structure (
Fig. 1 ) but that with an alkyl moiety of Cll does not in the

present condition.
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FIGURE 1. Structure of glycerylalkylsilylated silica gel.

lvsi £ : by Di . .

Fig. 2 shows separation of drugs in serum by direct
injection on the glycerylalkylsilylated silica gels. The serum
proteins are eluted in the void volume, and the drugs can be
analyzed quantitatively.

In the case of direct injection analysis of serum, in
general, concentration of organic solvent in mobile phase is
limited to low in order to avoid denaturation of proteins?0,

This is a strong restriction when only one kind of packing
materials can be available, because it is quite probable that
hydrophobic drugs hardly elute whereas hydrophilic ones elute too
easily. This difficulty is to be solved by changing the nature

of the stationary phase. The present packing material is one of
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FIGURE 2. Chromatograms of human serum spiked with drugs by
direct injection on (a) glycerylpropylsilylated silica gel, (b)
glycerylhexylsilylated silica gel and (c) glyceryl-2-
methylbutylsilylated silica gel. Solutes: 1, phencbarbital (40
ug/ml); 2, phenytoin (20 ug/ml); 3, carbamazepine (10 pg/ml).
HPLC conditions: mobile phase, (a) acetonitrile-100mM phosphate
buffer (pH 6.9) (1:9), (b) acetonitrile-100 mM phosphate buffer
(pH 6.9) (2:8), (c) THF-100mM phosphate buffer (pH 6.9) (8:92);
flow rate, 1 ml/min; UV detection, 220nm; injection volume, 20
ul.
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such examples; if the glycerylalkylsilylated silica gel with an
alkyl moiety of suitable length to the drugs of consideration is
selected, the drugs in serum with various hydrophobicity or

hydrophilicity can be analyzed quantitatively.
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THE ELECTROCHEMICAL DETECTION
OF PENICILLINS IN MILK

ERIC KIRCHMANN, ROSA L. EARLEY,
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ABSTRACT

Penicillins can be detected in milk samples using pulsed amperometric
detection following reversed-phase high performance liquid chromatography. A

detection limit of 2*10-6 M was achieved for penicillin G, with similar values
obtained for the other penicillins tested. To improve these detection limit values,
an on-column dual-solvent concentration scheme was adapted. A concentrating
solvent forced the deposition of penicillins onto the C-18 column. Afterward, the
normal chromatographic eluent carried the penicillins off the stationary phase and
allowed a separation. Work with standard solutions proved the viability of the
scheme and also demonstrated the linearity of detector response at low

concentrations. Using the concentration procedure, a detection limit of 2*10-7 M
was found for penicillin G in milk solution, and in general the concentration
scheme allowed detection limits for all of the penicillins to be improved by
approximately a factor of 10.
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INTRODUCTION

The penicillins are a group of antibiotics commonly prescribed for a variety
of bacterial infections. The natural products penicillin G and 6-aminopenicillanic
acid are produced by fermentation of Penicillium chrysogenum; further members
of this class are produced by synthetic modification of these natural products (1).
The impact penicillins have made on human medicine is well understood; not as
well known is the degree to which penicillins have been adapted for use in
veterinary medicine for treatment of infections and as a prophylactic during
surgical procedures (2-6).

One group of animals that may be treated with penicillins are dairy cattle
(7.8). These drugs are commonly applied by dairy farmers to fight lung and udder
infections in their herd. It is legal to use penicillins to treat these infections as long
as the bovine system is clear of the antibiotic during milking. Nevertheless, there is
the potential for the transfer of penicillins into milk. This may have serious
consequences to the milk consumer, as the incidence of allergic response to
penicillins may be as high as 10% (9). While this response may be just the
appearance of a mild skin rash, in acute cases the response may be an anaphylactic
reaction, which can be fatal. The Food and Drug Administration has recently
announced plans for a nationwide milk screening program for peniciliins, as well as
other drugs, in response to criticism from consumer groups (10).

Analytical methodology for penicillin screening in milk must meet stringent
standards. Milk is a fairly complex substance, providing a challenging sample
matrix. As well, the screening tests must feature detectability to trace
concentration levels. Several different analytical approaches have been used for
these screening tests. Microbiological assays have shown the requisite sensitivity,

but they are time-consuming, lack specificity, and do not lend themselves well to



PENICILLINS IN MILK 1757

quantitative work (11). Colorimetric assays lack both sensitivity and specificity.
Recent work has focused on high performance liquid chromatography (HPLC)
usage to provide selectivity in conjunction with a sensitive detector. Several
groups have detected penicillins by direct UV absorbance following HPLC (12-15)
with detection limits reported as low as 0.1 ppm. The low wavelengths chosen
(typically 200-230 nm) led to poor detector selectivity, which was problematic
when applied to milk samples. Despite selectivity problems, detection limits to .03
ppm for milk samples were reported (11) for a method incorporating a chemical
concentration step into the sample preparation procedure before injection into the
HPLC. Moats (16, 17) was able to detect less than 10 ppb of penicillin, but only
after extensive sample preparation that involved a concentration step and "heart
cutting" (18), where a fraction from a preparative HPLC trial is collected and
rechromatographed on the analytical HPLC system.

Other detector options are available for coupling with HPLC. Several
indirect methods and derivatization schemes have allowed more selective
photometric detection at higher wavelengths (19-22) but have lacked sufficient
sensitivity. Fluorescent penicillin adducts can be produced using o-
phthaldialdehyde (23,24), but this is limited to species having a primary amine
group on their side chain. Electrochemical detection has been reported using
amperometric oxidation after photolytic derivatization with a UV flashlamp (25).
Recent work in this group (26,27) has shown that pulsed amperometric detection
(PAD) at a gold electrode can provide a simple approach to detecting all penicillins
without the necessity of derivatization. PAD allows sensitive response to the
penicillins either by direct oxidation of the compound or indirectly by the
suppression of residual current from background processes, depending on the

waveform chosen. Detector sensitivity is comparable to direct UV detection, but
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the selectivity of PAD is superior considering the UV wavelengths necessary. This
work sought to apply this detection methodology following reversed-phase HPLC

to milk samples containing penicillins.

EXPERIMENTAL

Materials and Reagents
Penicillins were obtained from Sigma Chemical Co. (St. Louis, MO, USA).

A listing of the penicillins used and their abbreviations are given in Table 1.
Reagent grade acetic acid from Fisher (Pittsburgh, PA, USA) and sodium acetate
from Baker (Philipsburg, NJ, USA) were used to produce acetate buffer solutions.
For milk extractions, GC/pesticide grade hexane and HPLC grade methylene
chloride from Alltech (Deerfield, IL, USA) were used. HPLC grade acetonitrile
and methanol from Fisher were used as mobile phase organic modifiers. Water
for aqueous solutions was distilled and deionized before use. Chromatographic

mobile phases were vacuum filtered through an Alltech 0.2-micrometer nylon

TABLE 1
A Listing of the Penicillins Used

PENICILLIN ABBREVIATION
Amoxicillin Amox
Ampicillin Amp
Cloxacillin Cloxa
Dicloxacillin Dicloxa
Methicillin Meth
Nafcillin Naf
Oxacillin Oxa
Penicillin G Pen G
Penicillin V Pen V
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filter and sonicated before use. A nylon 0.45-micrometer syringe-tip filter was

used to screen samples before their injection into the HPLC.

Chromatographic Apparatus

A Waters (Milford, MA, USA) 625 Gradient LC System was used as the
primary pump for all HPLC work. A flow rate of 2.0 ml/minute was standard for
most applications. The pump was run in "silk mode", a Waters feature designed to
reduce pump noise. The injection loop had a volume of 50 microliters. When the
dual pump concentration scheme was adapted, a Spectra Physics (San Jose, CA,
USA) Isochrom LC pump was used as the concentrating pump. To apply the
concentrating system, the main valve in the Waters 625 was replumbed as can be
seen in Figure 1. In the concentrating mode, the Spectra Physics pump
concentrated milk samples onto the column and then pumped to waste. Normally,
the flow rate for the Spectra Physics pump was 3 ml/minute and the concentrating
solvent was .02 M acetate buffer. In this mode, the Waters 625 LC system
pumped the normal mobile phase, the eluting solvent, through the detector and
then out to waste. When the valve was switched to the analytical mode, the
concentrating pump was diverted directly to waste. The analytical pump now
delivered the mobile phase to the column eluting the concentrated milk sample.
Finally, the concentrated sample entered the detector for analysis. The standard
gradient program used for penicillin separation, adapted from reference 27, is
given in Table 2.

A Waters 8 x 10 Radial-Pak Compression Module housed a 10-micrometer
uBondaPak C-18 Radial-Pak cartridge stationary phase. The cartridge had an
internal diameter of 8 mm and a length of 100 mm. All separations were done at
ambient laboratory temperature (ca. 20 +/- 2 degrees C.) Sample preconcentration

was always done on the analytical column.



Out to column

In from
analytical pump

In from
concentrating pump

QOut to
detector

Waste I

INJECTION PORT CONNECTIONS

— Connected in concentration mode

= Connected in analytical mode

Figure 1. Valve setup in concentration mode.

TABLE 2
Gradient Program For Penicillin Separations
(Flow Rate 2 ml{/min)
TIME (MIN) COMPOSITION
15% Acetonitrile
Initial 10% Methanol

0-15 Linear Ramp

30% Acetonitrile
15 0% Methanol

15+ Isocratic Hold

75% .02 M Acetate Buffer

70% .02 M Acetate Buffer




PENICILLINS IN MILK 1761

Electrochemical detection used the Waters 464 Pulsed Electrochemical
Detector. A thin-layer cell was utilized that had an electrode block containing dual
gold electrodes in the series configuration. The upstream element was used as the
working electrode, while the downstream electrode served as the counter electrode
for this work. To minimize detector noise, the detector was configured in the
floating ground mode throughout this project, which served to ground the detector
at a virtual point rather than to the chassis of the instrument. A Ag/AgCl reference
electrode was used in the thin-layer cell. An indirect PAD waveform, given below,
was used for all milk applications.

E1 = 1300 mV for .166 seconds

E2 = 1500 mV for .166 seconds

E3 = -200 mV for .333 seconds
Chromatographic data was collected with a Gateway (N. Sioux City, SD, USA)
386SX computer using a Keithley MetraByte (Taunton, MA, USA) Chrom-1AT
interface board. Recorded PAD data for quantitative studies was treated with a

fourier transform smoothing algorithm to minimize high frequency noise.

Milk Sample Preparation

Skim milk of various brands was purchased at local grocery stores. Milk
samples were prepared by spiking measured volumes of the skim milk with known
amounts of penicillins. Proteins were then precipitated with two volumes of
acetonitrile. The solution was left standing for five minutes during which time the
precipitated proteins settled to the bottom. The aqueous portion was decanted and
filtered by suction. Fats were then extracted with an equal volume of 1:1
methylene chloride:hexane. The aqueous phase was centrifuged at 3000 rpm for
10 minutes. Finally, the remaining solution was diluted 3:1 with 0.02 M acetate

buffer and passed through a 0.2 micrometer nylon filter. For detection without on-
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column preconcentration of the milk samples, there was no dilution with acetate

buffer.

RESULTS AND DISCUSSION

Direct injection of milk samples was not advisable to insure a reasonable
HPLC column lifetime, yet an important concern was to make the sample
preparation as simple and quick as possible. The complexity of the milk sample
matrix forced past workers to introduce various lengthy sample preparation
schemes, as noted in the Introduction. It was hoped that the selectivity of PAD
would permit the investment of less sample preparation time. A detailed
description of the basic sample preparation procedures can be found in the
Experimental section. This procedure removed largely the proteins and fats,
leaving behind lower molecular weight water-soluble species. However, it was
known that this portion was still relatively complex in composition (28).

Injections of the milk extract spiked with penicillins illustrated that most of
the response to the milk sample matrix was confined to a large void response
eluting within 4 minutes of injection. The major effect on the penicillin separation
was that any species eluting before ampicillin would coelute with this void
response. Although ampicillin suffers from a slight overlap with this region, it can
be clearly discerned as well as all following peaks. (see Figure 2). A set of
experiments were devised to find the percentage of penicillins recovered from the
milk samples, and to examine the reproducibility of response. Five injections of a
standard solution (typically 1*10-4 M) in a water matrix were made into the C-18
column. Three separate milk extractions were run, and a series of 5 injections
made from each of the extracts. The resulting statistics from these experiments,

based on peak height measurements, are summarized in Table 3. The recovery
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Current
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Time (min)
Figure 2. Direct detection of 8 pencillins within a milk sample. 50 pl injections on

a pBondapak C-18 column. All penicillins are at 1*10-4 M. Waveform and
gradient given in the Experimental section.

TABLE 3
Statistics from HPLC separations in Milk.

Amp | Meth |Pen G|Pen V| Oxa [Cloxa| Naf [Dicloxa

Gradient k' value | 0.82 | 3.57 | 461 | 6.42 ] 7.55 | 9.59 [10.83| 12.74
Recovery % from 564 | 913

87.7 | 849 | 781 | 663 | 63.1 | 71.0
milk samples

Standard solution 4.19

RSD (%) '
Intra-extract

variability (RSD, %)

224 1238|213 332284857 | 274

4931512 | 455496 | 8571973 |851; 673

Inter-extract | 350 | 268 | 890 | 3.35 | 655 | 9.50 | 10.4 | 4.14
variability (RSD, %)
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percentages are good considering the difficulty of recovering the penicillins
quantitatively during the extraction step. It is interesting to note the inverse
correlation between k' and recovery percentage. This is likely due to the more
non-polar penicillins not being extracted efficiently into the aqueous phase during
sample preparation. Ampicillin is an exception to this trend, which may be due in
part to its overlap with the void response. For the most part, the variabilities are
below 10% relative standard deviation. The later eluting peaks tended to have
larger variabilities, but this was largely due to the fact that these are expressed in

terms of relative standard deviations (RSD). The later peaks are also the smallest

ones, inflating the RSD's relative to the earlier, larger peaks. If the variabilities are
expressed in terms of absolute standard deviation, these later eluting compounds
are only slightly less reproducible than their earlier counterparts.

Detection limits for direct injection of the milk extracts containing penicillin
spikes are given in the first row of Table 4. These values are from 2-5 times higher
than what can be obtained with a cleaner sample matrix. As the recovery

percentages in Table 3 attest, this is mainly due to an increased noise level when

TABLE 4
Milk Detection Limits

Amp { Meth |Pen G|Pen V| Oxa |Cloxa| Naf [Dicloxa

Detection limit for

direct 50 pl injections] 2 2 2 2 3 4 4 7
of milk samples (UM
Detection limit for
on-column 03103 0.2 02 02103102 0.3

concentration of milk|

samples (UM)
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using the milk samples rather than a loss in sensitivity. The detectability of the
later-eluting peaks suffered somewhat due to the expected chromatographic peak
broadening, and some slight degree of improvement could be seen by employing
alternative HPLC allowing them to elute earlier (but causing coelution of the initial
peaks). Otherwise the PAD response was close to the maximum that could be
obtained with our detector.

Other routes to improve detectability by employing a concentration step
were examined. The first attempt at concentration was directed toward simply
evaporating the sample under reduced pressure to lower the volume and
concentrate the penicillins. The problem with this approach, though, was that the
concentrated solutions were simply too viscous for HPLC analysis. Those samples
that were injected caused clogging problems. Further steps to thin the sample
were examined, but there appeared to be no way to avoid a time-consuming and
labor-intensive process. Thus, an alternative method for concentration was
sought.

Another method tested to improve detectability was an on-column
concentration scheme. The basic plumbing for the system is shown in Figure 1 and
described in the Experimental section. Early chromatographic work during this
project tested aqueous mobile phases containing only buffer and/or electrolyte but
no organic modifier. Under these conditions injected penicillins were infinitely
retained on the C-18 stationary phase and not recovered from the column. Upon
decreasing the polarity of the mobile phase by the addition of ca. 30% by volume
methanol and/or acetonitrile, reasonable retention times were achieved. Therefore,
an aqueous solvent was used to concentrate the penicillins on the C-18 column,
followed by a switch to the regular gradient program containing organic modifier

to elute the concentrated sample. By doing this, penicillin solutions that would be
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undetectable using the direct method could be concentrated to the point of
detectability. One drawback to this type of procedure was that a much larger
sample volume would be required. This was much less a concern for bovine milk
samples than for samples from human body fluids. One major advantage to this
type of concentration was that it could easily be automated to run as an on-line
process. A similar method could probably be developed using an off~column
concentration step with a solid phase extraction cartridge.

Before any milk samples were analyzed, extensive testing of the method on
standard penicillin solutions was undertaken. Figure 3 shows the detection of 10
ppb peﬁicillin V dissolved in .02 M acetate buffer. The sample solution was
concentrated for 20 minutes using a flow rate of 3 ml/minute before switching to
an elution solvent of 30% acetonitrile/70% .02 M acetate buffer. This solvent was
used for samples containing only a single penicillin instead of the standard gradient
program in order to save time during repetitive trials. The large baseline shift at
around 2.5 minutes is due to the transition from the concentrating solvent to the
eluting solvent at the detector. The concentration scheme kept the elution solvent
flowing through the thin-layer detector cell even during the concentration period to
minimize detector noise. However, upon switching from concentration to elution
a fairly large volume of the aqueous concentrating solution would be trapped in the
system and had to pass through the detector cell, causing the perturbation at short
times following valve switching.

As long as the final eluted concentration of the penicillin was less than
3.5%10~4 M, linear detector response could be expected for the concentration
method (27). At greater concentrations the current was less than predicted by
extrapolation of the linear region, as current was proportional to adsorbed analyte

surface coverage rather than concentration, giving isotherm-like response (26). A
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Figure 3. 10 ppb penicillin V detected after concentration. 20 minutes of
concentration at 3 ml/min. Analytical solvent was 30% acetonitrile/ 70% .02 M
acetate buffer, 2 ml/min. Waveform given in the Experimental section.

plot of peak area vs. concentration was made for a series of penicillin V solutions,
each concentrated for 6 minutes at 3 ml/min. The linearity was good; the statistics
below describe the plot for solutions ranging from 15 to 35 ppb in concentration.
y=-28.360 + 5.9880x R2=1.000
Alternatively, response was also linear with concentration time. A 20 ppb
penicillin V solution was concentrated for various times ranging from 4 to 10
minutes at a fixed flow rate. A plot of peak area vs. concentration time gave a
linear plot as described by the following statistics.
y=-17.450+ 15.450x RZ=0.998
One major limitation of other methods designed to achieve trace penicillin

detection is that they are limited to measuring a single penicillin specie. This
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w\/w
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Figure 4. Separation of 8 penicillins at 2.6*10-8 M after concentration. 30
minutes of concentration at 3 ml/min. puBondapak C-18 column. Waveform and
gradient given in the Experimental section.

concentration method can be used for samples containing multiple penicillins.
Figure 4 shows a sample containing 2.6%10-8 M each of 8 different penicillins after
on-line concentration.

When applied to milk samples, usage of the on-line concentration method
allowed detection limits to be lowered versus determination by direct injection. As
noted in the Experimental section, the milk extract had to be diluted before use
with the concentration system. Without this thinning step, the viscous solution
could not be pumped through the system without column clogging and HPLC
pump pressure overloads. Figure 5 shows a separation of 8 penicillins in milk, all
at 1¥*10-> M. The milk was concentrated on-column for 8 minutes at a flow rate

of 3 ml/min before the separation took place. Although longer times were useful
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Figure 5. The separation of 8 penicillins in a milk sample following concentration.

8 minutes of concentration at 3 ml/min. All penicillins were present at 1* 10-5M
in the milk. pBondapak C-18 column. Waveform and gradient given in the
Experimental section.

when concentrating standard solutions, better output was obtained for the milk
samples with concentration times of less than 10 minutes (at 3 ml/min), as the
concentration step for the penicillins served to accentuate a few species from the
milk sample matrix that were not previously found to be probiematic during direct
injections of the milk extract. The interference from these species ultimately
limited detectability; a detection limit of 2* 10-7 M was achieved for penicillin G,
and in general detection limits were improved by ca. a factor of 10 for all the
penicillins, as shown in Table 4. All of these values were obtained with 8 minutes

of concentration time, requiring 24 ml of milk sample.
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CONCLUSION

Detection of penicillins within milk samples can be done directly to low
micromolar concentrations using PAD following HPLC. Application of the on-
column concentration scheme allowed 8 penicillins to be separated and quantitated
to less than micromolar concentrations. Although this scheme requires the use of
2 HPLC pumps, the concentration scheme is relatively quick, can be completely
automated if necessary, and would not need any further labor than that already
required for preparation of milk samples. In contrast to some current procedures,
this method is adaptable for sensitive detection of any one of 8 penicillins, either as

solitary analytes or mixed together.
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ABSTRACT

The separation of toremifene and its metabolites 4-hydroxytoremifene, N-
desmethyltoremifene, N-desdimethyltoremifene and deaminohydroxytoremifene by
reversed-phase high performance liquid chromatography is described. The effects of
pH, buffer concentration and type and proportion of organic modifier on the retention
and resolution of the compounds have been studied. This allows optimum conditions
for a particular biological application to be developed by simple modification of these
paramaters. For the separation of toremifene and metabolites in microsomal
metabolism and in plasma, the optimum conditions were 65% ( v/v ) acetonitrile in
0.25M ammonium acetate-acetic acid buffer, pH 5.0-5.2.

INTRODUCTION

Toremifene ( Figure 1 ), the chloroethyl analogue of tamoxifen, is a non-steroidal

antiestrogen drug currently under clinical trial for the treatment of breast cancer (1 ).
1773
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It has similar estrogenic / antiestrogenic properties to tamoxifen but, in contrast to
tamoxifen , has been shown not to cause hepatocellular carcinoma in rats in long term
high dose feeding experiments ( 1, 2 ). We are interested in studying the metabolism
and pharmacokinetics of toremifene in order to find out whether the difference in
carcinogenesis between the two compounds can be explained in terms of metabolism
and pharmacokinetics. This requires a simple and efficient analytical method. There
are only two high performance liquid chromatographic ( HPLC ) methods reported for
the separation of toremifene and metabolites ( 3, 4 ). We describe here a novel
reversed-phase system for the separation of toremifene and metabolites on a Hypersil-
ODS column. The retention behaviours of these compounds in the acetonitrile-
ammonium acetate buffer system have been studied in detail to allow simple
optimization of the system for a particular biological application. The applications of
the method were demonstrated by the separation of toremifene and metabolites in rat
liver microsomes following incubation in the presence of NADPH and in spiked

human plasma.

EXPERIMENTAL

aterial d n

Toremifene and metabolites were gifts from Farmos Gronp Ltd. ( Ouly, Finland ).
Ammonium acetate, glaical acetic acid, MgCl:, NaOH, Hepes and dimethyl
sulphoxide ( DMSO ) were AnalaR grade from BDH ( Poole, Dorset, U.K.). NADPH
was from Sigma Chem. Co. ( poole, Dorset, U.K. ). Acetonitrile and methanol were

HPLC grade from Rathburn Chemicals ( Walkerburn, Peeblesshire, Scotland ).

Toremifene Metabolism in Rat Liver Mic

Rat liver microsomes ( 1mg protein ) were incubated with toremifene ( 50uM )in

0.05M Hepes-NaOH buffer (pH 7.4 ) in the presence of NADPH ( 0.5mM ) and
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MgCl: ( 5SmM ) at 37° for 15min. The reaction was stopped by vortex-mixed with 2
volumes of methanol / DMSO ( 4:1 v/v ). The supernatant after centrifugation was
analysed by HPLC.

Extraction of Toremifene Metabolites in Plasm:

Plasma ( 200ul ) was vortex-mixed with 400ul of methanol / DMSO ( 4:1 v/v) for
30 sec. The mixture was centrifuged at 5000xg for 10min and the supernatant was

analysed by HPLC.

High Performance Liguid Chromatography

A Varian Ltd. ( Walton-on-Thames, Surrey, U.K.) model 9010 liquid
chromatograph was used with a Varian 9050 UV-Vis detector set at 280nm. A
Rheodyne 7125 injector ( Cotati, CA, U.S.A.) fitted with a 200ul loop was used for
sample injection. The column was Hypersil-ODS ( 5puM particle size, 250x4.6mm
I.D.) and the mobile phase was acetonitrile in ammonium acetate buffer at various pH

and molarity. The flow-rate was 1ml / min.

RESULTS AND DISCUSSION

The Effect of Buffer Concentration on the Retention and Resolution of Toremifene
and Metabolites

The retention and resolution of toremifene and its metabolites are significantly
affected by the molar concentration of ammonium acetate buffer used in the mobile
phase. The variation of the capacity factor (k') with the buffer concentration is shown
in Figure 2. The optimum buffer concentration for the rapid and complete separation
of toremifene, 4-hydroxytoremifene, N-desmethyltoremifene and

deaminohydroxytoremifene was between 0.25 and 0.38M. At concentrations below
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Figure 2 The effect of ammonium acetate buffer molar concentration on the capacity
factors (k') of toremifene and metabolites. The mobile phasd was
maintained at pH 5.16 and contained 65% acetonitrile. @ = Toremifene,

A = N-desmethyltoremifene, O = deaminohydroxytoremifene and
4 = 4-hydroxytoremifene.

0.2M excessive retention of N-desmethyltoremifene and particularly of toremifene
was observed with the consequence of peak broadening. Ammonium acetate is an
excellent general purpose mobile phase additive for improving the efficiency of
reversed-phase columns ( 5 ). The observed trend of decreasing k' values with the

increased in ammonium acetate concentrations is in common with other compounds

studied ( 5-8).

The pH of the mobile phase can greatly influence the retention of compounds,

especially those which tend to ionize in solution, in reversed-phase HPLC. The k'
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Capacity factor ( k')
i
J
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Figure 3 The effect of mobile phase pH on the capacity factors of toremifene and
metabolites. The eluent was 65% acetonitrile in 0.25M ammonium acetate
buffer at the various pH studied. @ = Toremifene,

A = N-desmethyltoremifene, O = deaminohydroxytoremifene and
® = 4-hydroxytoremifene.

values of toremifene and N-desmethyltoremifene increased significantly with
increasing mobile phase pH ( Figure 3 ). This is because increasing the pH suppressed
the protonation of the amino nitrogen of these compounds. This increased their
hydrophobicity and therefore their retention. The effect of pH on the retention of
deaminchydroxytoremifene was negligible. This is to be expected since with the lose
of the amino group this compound is essentially neutral. For 4-hydroxytoremifene,
there was an initial increased of retention with increasing pH up to a value of about 6.
This was followed by a decreased in k' as the pH increased. These results are
consistent with the fact that 4-hydroxytoremifene has two ionizable groups, i.e.

dimethylamino and phenol groups. The former ionizes at low while the latter at high
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Figure 4 The effect of mobile phase acetonitrile content on the capacity factors (k')
of toremifene and metabolites. The eluent was 0.25M ammonium acetate
buffer, pH 5.16 containing the various concentration of acetonitrile.

@ = Toremifene, A = N-desmethyltoremifene,
QO = deaminohydroxytoremifene and 4 = 4-hydroxytoremifene.

pH. The compound is therefore less hydropholic at either low or high pH and is most
hydropholic at pH around 6 when it was retained the longest.
Figure 3 clearly shows that the optimum pH for the rapid separation of toremifene

and its major metabolites is between 5.0 and 5.2.

The Effect of organic Modifier Concentration on the Retention and Resolution of
Toremifen Metaboli

Two organic modifiers, acetonitrile and methanol, were investigated for the
separation of toremifene and metabolites. Acetonitrile was found to be better than

methanol in terms of speed of separation and column efficiency. The effect of
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acetonitrile concentration on the k' values of toremifene and metabolites ( Figure 4 ) is
that expected for reversed-phase chromatography. The k' values decreased with
increasing acetonitrile content in the mobile phase. The optimum concentration of

acetonitrile was between 64-65%.

The Optimum Solvent System for the Separation of Toremifene and Metabolites

From the results obtained above it becomes obvious that for the fast and efficient
separation of toremifene and its major metabolites on the Hypersil-ODS column a
mobile phase of 65% ( v/v ) in 0.25M ammonium a cetate, pH 5.1-5.2 is required. The
separation of a standard mixture consisted of 4-hydroxytoremifene,
deaminohydroxytoremifene, N-desdimethyltoremifene, N-desmethyltoremifene and
toremifene is shown in Figure 5, with the elution order as in the order of the

compounds listed. The elution order is that expected for reversed-phase HPLC.

Applications of the Separation

Two examples of application of the method are given here. The separation of
toremifene and metabolites in rat liver microsomes following incubation at 37°C in
the presence of NADPH is shown in Figure 6. The metabolites detected were 4-
hydroxytoremifene, deaminohydroxytroemifene, N-desdimethyltoremifene and N-
desmethyltoremifene, cllearly indicated that the major pathway of toremifene
metabolism in this species is the demethylation reactions.

Figure 7 shows the separation of deaminohydroxytoremifene ( 0.25ug /mL ), N-
desdimethyltoremifene ( 0.5 ug / mL ), N-desmethyltoremifene ( 1 pg/ mL ) and
toremifene ( 2.5 pg / mL ) in a human plasma sample spiked with these compounds.

No interfering peaks were detected when control plasma samples were analysed.
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Figure 5 Separation of a standard mixture of toremifene and metabolites. Column,
Hypersil-ODS; mobile phase, 65% ( v/v ) acetonitrile, pH 5.16; flow-rate,
1mL / min; detector, UV 280nm. Peaks: 1 = 4-hydroxytoremifene,

2 = deaminohydroxytoremifene, 3 = N-desdimethyltoremifene,
4 = N-desmethyltoremifene, and 5 = toremifene.
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Figure 6 Separation of toremifene and metabolites in rat liver microsome
metabolism. HPLC conditions and peak identification as in Figure 5.
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Figure 7 Separation of toremifene and metabolites in plasma spiked with
deaminohydroxytoremifene ( 0.25pg / mL ), N-desdimethyltoremifene
(0.5 pg / mL ), N-desmethyltoremifene ( 1 pg / mL )and toremifene
(2.5 ug/mL . HPLC and peak identification as in Figure 5.

Since toremifene is given to patients at relatively high dose ( 200mg / m? daily ) the
present method is sensitive enough for the detection of toremifene and metabolites in
plasma.

We expect the flexibility of the method will allow other toremifene metabolites in
tissues, urine or faecal samples to be analysed by simple modification of the mobile
phase system, e.g. by adjusting the buffer concentration, pH and / or organic modifier
content in the eluent.

The method is currently being used in our laboratory for the study of toremifene

metabolism and pharmacokinetics in rat liver. The results will than be compared to
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those obtained with tamoxifen. It is hoped that such a study will lead to a better
understanding of the mechanism of carcinogenesis caused by tamoxifen and the lack

of it by toremifene.
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OXOLINIC ACID AND FLUMEQUINE IN
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ABSTRACT

This paper describes a simple method for residue analysis of oxolinic
acid and flumequine in fish tissues by HPLC and fluorometric detection. The
quinolones were extracted with ethyl acetate, purified with hexane and then
analyzed using a RP-8 Lichrosorb reversed phase column. The method
was validated with satisfying results. The high sensitivity of the fluorometric
detection allowed to reach a quantification limit of 2 pg oxolinic acid and 5
ug flumequine/kg fish tissue and an absolute detection limit of 20 pg and
50 pg respectively. Medicated fish as well as commercial cuitured fish
samples were analyzed with the described method. Oxolinic acid and
flumequine were detected in both of them.
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INTRODUCTION

During the last decades commercial aquaculture has been developed
and widely extended. For the prevention and the treatment of infectious
diseases of cultured fish chemotherapeutic agents are used. Oxclinic acid
and flumequine are synthetic antibacterial drugs, structurally related to each
other and belonging to the group of quinolones. They are very active
against gram-negative microorganisms even at iow concentrations and
frequently used by fish farmers. The antimicrobial activity of quinclones,
their efficacy and toxicity (1) as well as pharmacokinetics and bioavailability
of flumequine and oxolinic acid in Atlantic Salmon were studied (2).
Recently [. Steffenak and al.(3) showed that "oxolinic acid and flumequine
seem to be especially entrapped in bone...... This reservoir seems to act as
a depot from which the drug is slowly released into other tissues." Both
drugs are extensively used in Europe. Neither EEC reglementation nor
legislation do exist. The proposed waiting time between the end of a
treatment and the moment when the fishes are kilied may not be less than
6 days if oxolinic acid is used and 3 days if flumequine is used as drug (4).
To protect the consumers health, we were interested to know, whether or
not, residues of oxolinic acid and flumequine may be found in commercial
fish tissues. Several methods using HPLC were published concerning the
determination of oxolinic acid and flumequine aione or simultaneously with
other antibacterials (5-10). Simple analytical methods with high sensitivity
are necessary to detect residues. Lyse Larocque and al. (11) determined
oxolinic acid in salmon muscle tissue using a very simpie and rapid
extraction procedure. We extended this method for the extraction of
flumequine as weil and worked out new chromatographic conditions suitable

for both quinolones.
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EXPERIMENTAL

Apparatus

A Stomacher Lab-Biender 80 from L.E.D. Techno (Belgium) was used
for the extraction procedure. Centrifugations were achieved with a centrifuge
GLC-2B from Sorvall (Dupont, USA). Ethyl acetate was evaporated using
a Reacti-Therm heating module from Pierce (lilinois, USA) and nitrogen. A
Vortex super mixer from Lab-Line Instruments (lilinois, USA) was used for
the purification procedure. HPLC analyses were performed with a 5000
liquid chromatograph from Varian (USA). Oxolinic acid and flumequine were
detected with an LS-4 fluorescence spectrometer from Perkin-Eimer (USA).
The chromatograms were registered with a recorder A 41 from Ankersmit
(The Netherlands) (paper speed: 2 mm/min).

Soivents and reagents

Ethyl acetate, acetonitriie and hexane were delivered by Labscan
(ireland), sodium sulphate anhydrous by UCB (Beigium) and oxaiic acid
G.R. by Merck (Germany). For the extraction of oxolinic acid and flumequine
an oxalic acid solution 0.01 M, pH 3 was prepared. The eluent for the HPLC
analyses consisted of acetonitrile and a solution of oxalic acid 0.025 M, pH

3.2 (32 + 88; v/v), both were filtered and degassed by helium before use.

Standards and standard solutions

Oxolinic acid (5-ethyi-5,8-dihydro-8-oxo-1,3-dioxolo[4,5-g]lquinoline-7-
carboxylic acid) (figure 1) and flumegquine (9-fluoro-6,7-dihydro-5-methyl-1-
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FIGURE 1. Oxolinic acid

FIGURE 2. Flumequine

oxo-1H,5H-benzo[ijjquinolizine-2-carboxylic acid) (figure 2) were supptied by
Sigma (USA). The standard stock soiutions contained 1 mg/m! NaOH 0.1
M. The working standard solution contained both quinolones, each at a
concentration of 1 pyg/ml water.

Sample preparation

Oxolinic acid and flumequine were extracted from 2 g minced fish
tissue, dried by 2 g sodium sulphate anhydrous, with 24 mi ethyl acetate in
a plastic bag by means of a Stomacher Lab-Blender 80 during 1 minute.
The mixture was poured into a 100 ml glass tube and centrifuged at 2000
rem during 5 minutes. The solvent was transferred into a small glass tube
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and evaporated under a stream of nitrogen at 45 °C. The residue was
rinced with 5 ml ethy! acetate, centrifuged and the solvent was added to the
first portion of solvent to be evaporated. An oily residue of approximately 0.5
mi was left to which were added successively: 2 ml 0.01 M oxalic acid, pH
3 and 2 ml hexane. After each addition the tube was shaken vigourously on
a Vortex during 1 minute. The mixture was then centrifuged at 2000 rpm
during 5 minutes and the upper organic layer discarded. The lower agueous
layer was the final extract from which a 100 pi portion was injected into the

liquid chromatograph.

Chromatography

The liquid chromatograph was fitted with a 5 ym RP-8 Lichrosorb
reversed phase column (125 mm x 4 mm, cat. Nr. 50432) from Merck
(Germany). The flow rate was 1 mi/minute, the analyses were performed at
room temperature. Oxolinic acid and flumequine were detected with a
fluorescence detector (excitation wavelength: 327 nm; emission wavelength:
369 nm; slits: 15 and 20; fixed scale: 2 or 5).

RESULTS AND DISCUSSION

Validation of the HPLC - method

The described method was validated using cultured rainbow trout
tissues. For the extraction procedure we used a Stomacher Lab-Blender 80
which homogenizes very well sample, solvent and sodium sulphate, a
required condition to extract efficaciously residues. For the HPLC analyses
we have chosen a 5 ym RP-8 Lichrosorb reversed phase column and a
mixture of acetonitrile and oxalic acid 0.025 M, pH 3.2 (32 + 68; v/v) as



1790 DEGROODT, WYHOWSKI DE BUKANSKI, AND SREBRNIK

eluent. A very good elution and separation of both quinolones could be
achieved. The analyses of oxolinic acid and flumequine standards resuited
in a linear response within a range of 1 to 100 ng. The correlation
coefficients were 0.999 for both quinolones. Table 1 summarizes the
recoveries, standard deviations and coefficients of variation of oxolinic acid
and flumequine. The recoveries were checked on spiked rainbow-trout
tissues (50, 25, 12.5 and 6.25 ug of each quinolone/kg tissue). Each resuit
is the mean of 5 extractions. Even 6.25 ug/kg gave satisfying results with
maximum recoveries of 89 % for oxofinic acid and 67 % for flumequine. This
allowed us to fix the quantification limit at 2 pg oxolinic acid and 5 pg
flumequine/kg fish tissue. The absolute detection limit was 20 pg for oxolinic
acid and 50 pg for flumequine (fixed scale: 20), which is shown in figure 3

A. A typical chromatogram of a standard solution is shown in figure 3 B, a

TABLE 1

Recovery Data of Oxolinic Acid and Flumequine in Fish
by HPLC and Fluorometric Detection

Added drug | Added | Mean recovery | Standard | Coefficient of | Recovery

quantity (n=5) deviation variation

(Hg/kg) (Hg/kg) (%) (%)
Oxol. acid 50.00 41.33 2.21 5.35 82.67
Flumequine 50.00 34.88 2.43 6.97 69.77
Oxol. acid 25.00 19.04 1.08 5.70 76.17
Flumequine 25.00 13.32 0.93 7.02 53.27
Oxol. acid 12.50 8.74 0.83 9.50 69.95
Flumequine 12.50 6.36 0.83 13.11 50.85
Oxol. acid 6.25 5.81 0.17 2.84 89.43
Flumequine 6.25 4.41 0.07 1.51 67.86
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FIGURE 3. Chromatograms of Oxolinic Acid (O) and Flumequine (F). -A. Absolute Detection Limit
(20 pg Oxolinic Acid. 50 pg Flumequine); -B. Standard Sclution (12.5 ng Oxolinic Acid and 12.5 ng
Flumequine), -C. Blank Fish Tissue Sample; -D. Spiked Fish Tissue Sample (12.5 ug Oxolinic Acid

and 12.5 ug Flumequine/kg Fish Tissue); Injection Volume: 100 pi; Fixed Scale of the Fluorescence
Spectrometer: 20 (A), 5 (B,C,D).

blank fish tissue sample in figure 3 C and a spiked fish tissue sample in
figure 3 D. The retention time for oxolinic acid was 4.5 minutes and for
flumequine 7.5 minutes under the described LC conditions.

Other quinciones are used as weil for the prevention and the treatment of
infectious diseases of cuitured fish, such as enrofloxacin, sarafloxacin and
difloxacin. We did not inciude their analysis in this method, since their
detection wavelengths are different. Their extraction procedures have to be
adapted as well, except for difioxacin, for which we obtained very good
resuits, but at an excitation wavelength of 278 nm and an emission

wavelength of 440 nm.

Analysis of medicated fish and commercial fish_ samples

13 rainbow trouts were treated with flumequine (12 mg/kg weight/day)

(4), 3 other-ones were fed without any additive and were used as blank
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samples. The trouts ( > 50 g) were hold in a pool with constant temperature
(10 - 11 °C) and a flow of 6 litres water/minute approximately. Flumequine
was mixed to the feed and distributed automatically during 12 hours a day.
The quantity of feed was 1 % of fish weight. The trouts were treated during
6 days and then killed successively, 4 trouts 1 day after the end of the
treatment, 2 trouts 4 days after it, 4 trouts 6 days after it and 3 trouts 7 days
after it. The trout tissues were analyzed using the experimentai conditions
described. The results are given in table 2. Each resuit is the mean of (n)
analyzed trouts. These results are similar to those obtained by I. Steffenak
and ai.(3). Flumequine is very slowly eliminated and it seems to be clear
that the proposed waiting time of 3 days after the end of the treatment with
flumeguine is far to short to get commercial fish free of residues.

The method has been applied to the analysis of commercial samples of
different fish tissues coming from different fish farms. 84 samples have
been analyzed untii now. 2 samples contained flumequine at a
concentration of 46 and 75 ug/kg fish tissue. 4 samples contained oxolinic

acid ranging from 17 pg/kg to 1.1 mg/kg fish tissue.

TABLE 2

Recovery Data of Flumegquine in medicated Rainbow Trouts

Days after end of medication Concentration of flumequine
(uarkg fish tissue)

20 (n=4)
8.75 (n=2)
2.81 (n=4)
1.41 (n=3)

~N o A=
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CONCLUSION

The developed method has proved to be suitable as a routine analysis
method for the detection of residues of oxolinic acid and flumequine in fish
tissues. More than 20 samples can be analyzed a day. Fishes were
medicated with flumequine. Considering the fact that these fishes contained
stiil flumequine 7 days after the end of the medication as well as
commercial cultured fishes contained residues of flumequine and oxolinic
acid, it seems to be necessary to study more precisely the waiting time after
the end of a medication and the moment when the fishes are free of
residues. This study has to cover flumequine and oxolinic acid. Modern
analytical methods, such as HPLC and fluorometric detection, are very
sensitive and able to detect low residue tevels of drugs. Maximum residue
leveis (MRL) may be adapted to it.
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ABSTRACT

A gradient high performance liquid chromatographic method has been
developed for the determination of 4-methylumbelliferone (4MU), 4-
methylumbelliferyl sulfate (4MUS), and 4-methylumbelliferyl p-D-
glucuronide (4MUG) in dog plasma and William's E media. Samples
containing the internal standard, umbelliferone were prepared for analysis
by precipitation with acetonitrile prior to injection onto a 150 x2.1mm C18
Hypersil reversed-phase column. The compounds were eluted in less
than 7 minutes with a fast linear gradient from 9.5% acetonitrile to 32%
acetonitrile in pH 4.5 acetate buffer with a flow rate of 0.35 mL/min. All
compounds were detected at 314 nm. Total sample cycle time was 10
minutes. Intra-run (n=5) and inter-run (n=18) precision was less than 15%
relative standard deviation across the entire calibration range. The lower
limit of quantitiation with a 50 pL sample size was 2.5 yM.
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INTRODUCTION

4-Methylumbelliferone (7-hydroxy-, 4-methyl-coumarin, Hymecromone,
4MU)} is a cholerectic agent that is available in Europe [1]. The
compound has also been used to treat spasms of the sphincter of Oddi
and the biliary ducts [2]. 4MU is almost entirely excreted in the urine or
bile of animals as a glucuronide or sulfate conjugate at the 7-hydroxy
position [3). As the compound is highly fluorescent and has a simple
pattern of metabolism, it has been used as an attractive model compound
to study phase Il (conjugative) metabolic pathways for both in vitro an in
vivo drug metabolism experiments.

The glucuronidation of 4MU is catalyzed by UDP-
glucuronosyltransferases (UGTs) located in the endoplasmic reticulum of
the liver, lung, intestine, and kidney. 4MU is a high activity substrate in
microsomal preparations, but is not a specific substrate for any single
isozyme. For example, 4MU glucuronidation is catalyzed by at least three
isozymes of the human UGT7 gene family [4]. The UGT2 gene family
specifically catalyzes the glucuronidation of steroids or bile acids, and
these isozymes appear to either have low or no activity for 4MU [5,6].
The only isozymes in the UG T2 family that are capable of catalyzing 4MU
glucuronidation are those encoded by UGT2B8 and UGT2811, however
the specific activity appears to be much lower than with UGT?
isoenzymes [6]). Sulfotransferases are located in the cytosol of various
tissues. 4MU is a substrate for the phenol sulfotransferases [3]. 4MU
may not be a substrate for isozymes that catalyze sulfation of steroids
such as dehydroepiandrostenedione, since other simple phenols such as

p-nitrophenol or naphthol are not substrates for steroidal sulfotranserases
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[7]. In vivo, sulfation appears to be saturable as the excretion of the
sulfate conjugate is proportionally lower at higher doses [8].

Quantitative analyses of 4MU, 4MU glucuronide, and 4MU-sulfate
have been accomplished by both direct and indirect methods. Indirect
methods to quantitatively determine 4MU and its conjugates involve
extraction of the unconjugated substrate, 4MU, which can then be
measured fluorimetrically (excitation 360-330 nm, emission 450 nm). The
conjugates in the aqueous fraction can then be hydrolyzed by treatment
with b-glucuronidase/sulfatase, followed by fluorometric determination of
the released 4MU. This method has been applied to samples from in vitro
incubations [9], liver perfusate [10], and whole rat blood [11]. Another
approach is to separate 4MU from its sulfate and glucuronide conjugates
by ion exchange chromatography on Dowex AG50 resin, followed by
hydrolysis of the sulfate conjugate at 80°C for 30 min [12] or by treatment
with B-glucuronidase/sulfatase to release 4MU [13]. With the above
methods, the sulfate and the glucuronide cannot be independently
determined, unless one uses a preparation of B-glucuronidase that is free
of sulfatase activity. For example, Anaundi et al. incubated liver perfusate
samples with an E. coli B-glucuronidase preparation (suifatase free) to
determine the free 4 MU from hydrolyzed 4MUG [10]. To determine the
amount of 4MUS, B-glucuronidase activity was inhibited with 10 mM
saccharo-1,4-lactone in enzyme preparations from Helix pomatia
containing both B-glucuronidase and sulfatase, followed by fluorometric
determination of the released 4MU [10].

Direct separations of 4MU, 4MUG, and 4MUS have been achieved by
thin-layer chromatography and by HPLC. Morita et al. separated the
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three compounds on silica gel plates and visualized the spots under UV
light at 365 nm [14]. The spots were then scraped, extracted with pH 10.5
Sorensen buffer and 4MUS and 4MUG were hydrolyzed by addition of an
equal volume of 2N HCI followed by boiling for 30 min and 2 hr,
respectively; 4MU was then measured fluorometrically. Determination of
4MU and it conjugates has also been achieved by HPLC [15-18].
Sandman developed a method for the determination of lysosomal enzyme
activity in urine, by determination of the enzymatically produced 4MU
from a series of 4MU conjugates including the glucuronide and sulfate
[15]. The conjugates were separated from the 4MU on a styrene-divinyl
benzene polymer column with a mobile phase consisting of methanol/pH
10.3 glycine buffer. The 4MU was measured on a fluorescence detector.
This procedure did not directly measure the conjugates but could be
modified for this purpose. Femfert et al. developed a method for the
simultaneous determination of 4MU and its conjugates in serum or plasma
from humans [16]. This chromatographic method employed
tetrabutylammonium bromide as an ion-pairing reagent. Samples (100
ML) were treated with an equal volume of perchloric acid/perchlorate to
precipitate proteins and a 10 pl aliquot of the supernatant was injected
directly. Compounds were detected at 254 or 280 nm. This method was
rapid (less than 9 min), showed good reproducibility, and had a limit of
sensitivity of 0.2 pg/mL with a coefficient of variation of 7.5%. More
recently, Zimmerman et al. developed a direct method for the
determination of 4MU and its conjugates in rat liver perfusate plasma [17].
Sample preparation consisted of addition of umbelliferone as an internal

standard to 100 uL plasma samples followed by precipation of perfusate
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plasma protein with 4 volumes of methanol. After centrifugation, an
aliquot of the supernatant was removed, reconsituted in 200 pyL 25%
methanol/H20 and injected onto the HPLC column. 4MU and its
conjugates were separated on C18 reversed-phase column by gradient
elution from 25% to 40% methanol in a phosphate buffer and detected at
313 nm with a total cycle time of 40 min per injection. The sensitivity of
this method was 0.5 ug/mL. A separate, more sensitive assay for 4MU in
perfusate containing red blood cells that utilized an ethyl acetate
extraction procedure was also reported by these authors (limit of
quantitation = 0.05 yg/mL). To determine the pharmacokinetics of 4MU
and its conjugates in human volunteers, Garrett et al. developed an HPLC
method for plasma and urine samples [18]. The compounds were
separated on a ODS Hypersil column with an ion-pairing mobile phase
similar to that used by Femfert et al. [16]. 4MU was detected by
fluorescence (excitation 330 nm, emission 450 nm), 4MUS by UV
absorbance at 315 nm, and 4MUG by fluorescence (excitation 330 nm,
emission 380 nm). Sample preparation consisted of addition of the
internal standard, umbelliferone, followed by an acetonitrile precipitation
step. The limit of quantiation for this assay with 20 pL of plasma was
5ng/mL for 4MU, 63 ng/mL for 4AMUG, and 409 ng/mL for 4MUS.
Sensitivity for 4MU could be increased via an extraction step with larger
volumes of sample.

Due to the well documented metabolic profile associated with 4MU,
this compound was selected as an in vivo and in vitro model for phase Il
drug metabolism in a series of experiments associated with the

development of a bioartificial liver at the University of Minnesota [19].
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The large number of samples associated with these experiments required
the development of an assay with a short analysis cycle time while
maintaining accuracy and precision. A sensitive assay was required for
the quantitation of 4MU and its conjugates in dog and rabbit plasma and
from a modified tisssue culture media that is used to sustain the
hepatocytes in the bioartificial liver. Experiments designed to optimize
hepatocyte function were conducted with 4MU conjugation as one of the
indicators of the performance of the bioartificial liver. As several
thousand samples were anticipated, the assay was developed on a small
bore column (2.1 mm i.d.) in order to save on solvent costs. A short
gradient elution method was selected in order to eliminate late eluting

peaks that were encountered with an isocratic, ion-pairing mobile phase.

EXPERIMENTAL

Chemicals

All chemicals were of analytical grade. 4MU, 4MUS, 4MUG,
umbelliferone, lidocaine, glacial acetic acid, sodium acetate, and sodium
hydroxide were purchased from Sigma (St. Louis, MO). Umbelliferone
was recrystallized two times from ethyl acetate to remove a minor
impurity. Acetonitrile (Fisher, Fairlawn, N.J.) was HPLC grade. William's
E media (Gibco, Grand Island, NY) was supplemented with 200 U/L
insulin, 40,000 U/L penicillin G, 400 mg/L streptomycin sulfate, and 0.292
g of L-glutamine per liter. The media also contained 5 or 12 ug/mL of

lidocaine and 60 uM 4MU as biotransformation markers.
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Instrumentation and Chromatography

Chromatography was performed on a Hewlett-Packard 1090L liquid
chromatograph (Palo Alto, CA) ouffitted with a column oven, autoinjector,
and a diode array detector set at 314 nm with a 10 nm bandwidth for
analyte monitoring and 510 nm for reference. Mobile phase was
delivered at 0.35 mL/min through a Keystone Scientific (Bellefonte, PA)
Sp C18 Hypersil column, 150 x 2.1 mm i.d., maintained at 40°C in a
column oven. The A mobile phase consisted of 0.5% Na acetate buffer,
pH 4.5 (prepared by mixing solutions of 0.5% Na acetate and 0.5% acetic
acid to pH 4.5) and acetonitrile (19:1 v/v). Mobile phase B consited of
0.5% acetate buffer, pH 4.5 and acetonitrile (1:1 v/v). The initial
conditions consisted of 10% B and increased to 60% B in a linear
gradient over 6 min which was then maintained at 60% B for an additional
1 min. This was followed by a three min equilibration period at the initial
conditions. A personal computer with Chromperfect Direct software

(Justice Innovations, Palo Alto, CA) was used to acquire data.

Sample and Standard Curve Preparation

A 50uL aliquot of blank plasma or media or samples of plasma or
media containing 4MU and its metabolites was pipetted into a 12 x 75 mm
disposable test tube to which 20 pL of a 100 uM solution of umbelliferone
(internal standard) in methanol was added. Protein precipitation was
accomplished by addition of 2.0 mL of acetonitrile, mixing on a vortex
mixer for 10 sec, and centrifugation at 1500 g for 10 min. The acetonitrile
was transferred to a clean 10 x 75 mm disposable test tube and

evaporated to dryness under N2 in a 50°C water bath. The residue was
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reconstituted in 75 pL of Mobile phase A, transferred to autoinjector vials,

and 5 ulL. was injected onto the column.

RESULTS

4MU, 4MUG, and 4MUS were detected at 314 nm with a diode-array
detector. This high wavelength is the UV maximum for the three
compounds and is relatively free of interference from potential
contaminants in plasma or tissue culture media. Chromatograms of a
blank dog plasma extract and a plasma sample from a dog administered
4MU are shown in Figure 1. Figure 2 shows the results obtained from
extracts of 50uL samples of a modified William's E media. No interfering
peaks were observed under the peaks of interest. The total cycle time for
the assay was 10 minutes and the retention times for the peaks of interest
were as follows: 4MUG = 2.2 min, 4MUS = 4.0 min, umbelliferone

(internal standard, 1.S.) = 5.0 min, and 4MU = 6.3 min.

Recovery, Precision. and Accuracy.

Peak heights were used for quantitation. Linear regression of the
peak height ratios versus the drug concentration were performed to
determine the slope, intercept, and correlation coefficient of the standard
curves. Within-run calibration curves consisted of 5 replicates at each
level. Between-run calibration standards and quality control standards
were assayed in triplicate on 6 different working days.

Recovery was determined by comparing the peak heights of treated
plasma and WEM samples with the peak heights of standard injections of

the same concentration. Recoveries (mean = S.D., n = 5) at 10 nMol/mL
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FIGURE 1.

Blank dog plasma and dog plasma sample. Separation occurred on a
Keystone ODS (150 x 2.1mm i.d., 5 um Hypersil) reversed-phase column.
The compounds were eluted at a flow rate of 0.35 mL/min with a linear
gradient from 9.5% acetonitrile to 32% acetonitrile in pH 4.5 acetate
buffer over 6 minutes then maintained at 32% acetonitrile for 1 minute.
This was followed by a three min equilibration period at the initial
conditions. All compounds were detected at 314 nm.
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FIGURE 2.

Blank WEM and WEM sample. Conditions as in Figure 1.

in plasma and WEM were respectively 89.4 + 1.2% and 91.4 + 1.6% for
4MU, 92.1 + 7.3% and 91.1 + 1.1% for 4MUG, 89.4 + 1.2% and 92.4 +
2.2% for 4MUS, 88.3 + 2.3% and 91.6 + 2.1% for U. Accuracy and
precision for the assay in dog plasma and modified William's E media are
shown in Tables 1 and 2. Table 1 contains the data for within-run

precision (n=5) and Table 2 shows the between-run accuracy and
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TABLE 1.
WITHIN RUN PRECISION FOR 4-METHYLUMBELLIFERONE AND
METABOLITES IN DOG PLASMA AND WILLIAMS E MEDIA (n=5).
plasma 4mu rsd 4mug rsd 4mus rsd
pMol avg+sd (%) avg=xsd (%) avg+sd (%)
25 2.50 £ 0.32 12.63 245+ 013 535 2.53 +0.26 10.25
10.0 9.94 £+ 027 273 10.53 + 0.28 2.68 965+ 059 6.16
20.0 20.58 + 0.61 2.98 21.22 + 0.68 3.22 19.10 + 1.14 595
50.0 4996 + 1.29 2.59 51.10 £ 2.33 4.56 5157 245 475
125.0 12317 +4.36 354 117.72+336 286 130.86+6.10 466
250.0 24853+ 771 310 23563 +848 360 24739+956 3.86
media 4mu rsd 4mug rsd 4mus rsd
uMol avg=+sd (%) avg=+sd (%) avg+sd (%)
2.5 2.46 = 0.31 12.62 2.49 + 0.34 13.80 2.46 + 0.35 14.34
10.0 10.65 + 0.58 5.49 10.18 = 0.82 8.06 10.52 + 0.88 8.38
20.0 20.29 + 0.78 3.84 19.99 + 1.68 8.39 20.52 + 1.75 8.54
50.0 46.59 + 0.97 2.08 48.73 = 0.63 1.29 50.22 + 0.68 1.36
125.0 12244 =549 4.48 123.31+429 348 120.04+491 409
250.0 25593 +944 369 25622 +810 3.16 243.22+497 204
TABLE 2.
BETWEEN RUN PRECISION FOR 4-METHYLUMBELLIFERONE AND
METABOLITES IN DOG PLASMA AND WILLIAMS E MEDIA (n=18).
plasma 4mu rsd 4mug rsd 4mus rsd
pMol avg=+sd (%) avg=sd (%) avg+sd (%)
25 247 + 0.21 8.44 248 + 0.25 9.90 250 +0.18 7.27
10.0 10.19 + 0.39 3.84 9.76 £ 1.17 11.94 1043 + 093 8.93
20.0 20.97 + 0.86 4.1 20.45 + 160 7.83 21.14 =191 9.05
50.0 5153 £+ 1.86 3.62 53.00 + 591 11.14 5220 + 231 4.42
125.0 12320+ 767 6.22 127.34 =+ 3.99 10.99 124.10 = 13.09 10.55
250.0 24429 + 10.33 4.23 243.20 + 2599 1069 230.65 =+ 5.16 10.91
media 4mu rsd 4mug rsd 4mus rsd
uMol avg+sd (%) avg+sd (%) avg+sd (%)
25 248 +0.18 7.31 2.50 + 0.38 15.42 2.44 +0.23 934
10.0 10.21 + 0.58 5.68 10.05 + 063 6.25 10.64 + 0.63 593
20.0 20.35 +0.74 3.65 20.14 = 1.23 6.1 21.54 = 1.38 6.39
50.0 49.13 = 2.14 4.36 49.84 = 1.47 2.96 51.95 £ 1.45 2.79
1250 12424 +541 436 12568591 471 12041503 4.18
250.0 247.85 + 10.26 4.14 246.87 + 15,67 6.35 22060 +8.49 8.38
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precision data for the three compounds of interest. The lower limit of
quantitation for the three compounds was 2.5 yM. The within-run
precision in media at the lower limit of quantitation (2.5 yM) ranged from
10-15% relative standard deviation. At all other concentrations, the
precision of the assay was less than 10%.

No degradation of QC samples was noticed over a two week period
with samples stored at -709C. All samples were processed within two

weeks of collection and working stocks were made fresh each day.

DISCUSSION

This new assay procedure for 4MU and its metabolites has several
advantages over the three previously reported HPLC methods [16-18].
The analysis time is much shorter than the gradient method reported by
Zimmerman et al. [17]. For our purposes, detection at 314 nm had
adequate sensitivity. The lowest limit of quantitation (2.5 pM = 0.44
ug/mL of 4MU) was comparable to the previously reported methods
[15,16] that also used UV detection despite the use of a smaller sample
size. Sensitivity for 4AMU and 4MUG can be improved with fluorescence
detection, as described by Garrett et al. [18], but the emission maxima are
different for the two compounds requiring either separate analyses or the
availability of a time programmable fluorescence detector. 4MUG and
4MUS display significalntly less native fluorescence than 4MU [15], and
consequently, the sensitivity for these compounds with fluorescence
detection is not dramatically improved compared to UV detection. Pre

4MU, 4MUG, and 4MUS were detected at 314 nm with a diode-array

detector. This high wavelength is the UV maximum for the three
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compounds and is relatively free of interference for potential
contaminants in plasma or tissue culture media. Chromatograms of a
blank dog plasma extract, and extract of dog plasma with the addition of
standards, and a plasma sample from a dog administered 4MU are shown
in Figure 1. Figure 2 shows the results obtained from extracts of 50pL
samples of a modified William's E media. No interfering peaks were
observed under the peaks of interest. The total cycle time for the assay
was 10 minutes and the retention times for the peaks of interest were as
follows: 4MUG = 2.2 min, 4MUS = 4.0 min, umbelliferone (internal
standard, 1.S.) = 5.0 min, and 4MU = 6.3 min. Accuracy and precision for
the assay in dog plasma and modified William's E media are shown in
Tables | and Il. Table | contains the data for within-day precision (n=5)
and Table Il shows the between-day accuracy and precision data for the
three compounds of interest. The lower limit of quantitation for the three
compounds was 2.5 pM. The within-run precision in media at the lower
limit of quantitation (2.5 pM) ranged from 10-15% relative standard
deviation. At all other concentrations, the precision of the assay was

generally less than 10% .
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ABSTRACT

Jon-exclusion, reverse phase, anion exchange and partition chromatography were used to scparate
acrolein and related compounds including 3-hydroxypropanal, 3-hydroxypropionic acid, 1,3-propanediol, allyl
alcohol, acrylic acid, HCOj, glycerol, glycidol, oxalic acid, malonic acid, propionic acid, ethanol, and
propanol. The ion-exclusion chromatography employed an Interaction ORH-801 organic acid analysis column
and was capable of separating these small and polar molecules. The reverse phase chromatography was used
to resolve co-eluting compounds on the ion-exclusion column. The anion exchange and partition
chromatography were used to separate organic acids and carbohydrates, respectively.

INTRODUCTION

Acrolein is the active ingredient in an aquatic herbicide and biocide that has been widely used t clear
weeds and aquatic plants from irrigation ditches and canals and microorganisms from oil field equipments.
Acrolein is also widely used as an important precursor in industrial synthesis. Acrolein was known to
hydrolyze rapidly in water with first order kinetic half-lives ranging from 14 10 92 hours (1), and 3-
Hydroxypropanal was identified as the major hydrolytic degradation product. Acrolein was also known to

1811
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undergo rapid biotransformation under both aerobic and anaerobic conditions to form a group of structurally
related compounds. Major hydrolytic and biotransformation products included 3-hydroxypropanal, 3-
hydroxypropionic acid, allyl alcohol, acrylic acid, propionic acid, HCO,', glyceric acid, 1,3-propanediol,
oxalic acid, propanol, and butyric acid. The metabolism of acrolein in fish (studies conducted at Springborn
Laboratories, Inc., 1993) and rat (2,3) suggested the formation of various metabolic products including acrylic
acid, glycerol, glycidol, and sugar conjugates. The chemistry of acrolein posed an unique challenge to
analytical chemists because of its high reactivity and volatility. To understand the degradation mechanism of
acrolein in the environment, an adequate analytical separation technique is essential to identify and quantify
metabolites of acrolein (especially those of transient nature). The separation techniques described in this paper
provided a fast and relatively simple method to monitor acrolein and its metabolites.

MATERIALS AND METHODS

Chemicals

All reference standards were purchased from commercial sources and were analytical grade. All
solvents were HPLC grade. *“C-Acrolein was obtained from Sigma Chemical Company, St. Louis, MO. “C-
NaHCO; was obtained from New England Nuclear, Boston, MA. 3-Hydroxypropanal (*C-) was synthesized
by adding “C-acrolein to water and allowing the mixture to react at room temperature for approximately seven
days. The 3-hydroxypropanal was the major product (approximately 95%) of this reaction. The identification
of this major product was achieved by derivatization with pentafluorophenylhydrazine (Aldrich Chemical
Company) and subsequent analysis of the derivative by particle beam LC/MS using electron impact ionization.

HPLC standards of each compound were prepared in reagent grade water.

High Performance Liquid Chromatography (HPLC)

HPLC chromatograms were collected using following instrumentations: a Waters model 510 solvent
pump, a Hewlett Packard model 1050 autosampler, a Radiomatic model A-280 radiometric detector with data
acquisition systems, a FlAtron CH-30 column heater, a Hewlett Packard model 1047A refractive index
detector, a Hewlett Packard model 1040A photo diode-array detector and a Hewlett Packard model 3396A
integrator. The Radiomatic A-280 radiometric detector equipped with a S00-«L liquid scintillation cell was
used to monitor radiolabeled compounds (**C-acrolein, *C-3-hydroxypropanal, and “C-HCO;), while
refractive index and photo diode-array detectors were used to monitor all non-radiolabeled compounds.

Five HPLC chromatographic systems were developed to separate acrolein and related compounds.
They were one ion-exclusion system, two reverse phase systems, one anion exchange system, and one partition
system. The ion-exclusion chromatographic system used an Interaction ORH-801 organic acid column (300
X 6.5 mm) at 35°C and 1 mM H,SO, mobile phase at 0.8 mL/minute. The first reverse phase
chromatographic system used 2 MetaChem Inertsil ODS-2 column (5 «m, 250 X 4.6 mm) maintained at 35°C,
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and using a 0.05% H,PO, mobile phase at 1 mL/minute. The second reverse phase chromatographic system
used a Phenomenex Ultremex C18 (3 um, 250 X 4.6 mm) at ambient temperature and using a 0.1 M KH,PO,
(pH 2.5) mobile phase at 0.8 mL/minute. The anion-exchange chromatographic system used a Phenomenex
Spherex 10 SAX column (150 X 4.6 mm) at ambient temperature and using a 5/95 acetonitrile/potassium
hydrogen phthalate (2 mM, pH 6.5) mobile phase at 1.5 mL/minute. The partition chromatographic system
employed a Waters Carbohydrate Analysis column (10 »m, 300 X 3.9 mm) at ambient temperature and using

a 80/20 acetonitrile/water mobile phase at 2 mL/minute.

RESULTS AND DISCUSSION

Acrolein is a small (molecular weight of 56), very polar, and highly water soluble compound. Most
of its degradation products also bear these physical properties. The structural similarities of these small
molecules made it very difficult, if not impossible, for signal-run separations using a single mode of
chromatography. Integrations of various modes of chromatography were used in this work to separate these
polar molecules.

The ORH-801 column is a polymer based ion-exclusion column designed specifically for separating
weak organic acids, carbohydrates, alcohols, and inorganic anions. The separation using this column was
satisfactory for most of the compounds tested. A list of the compounds investigated and their retention times
are presented in Table I. An HPLC chromatogram showing the separation of a standard mixture is shown in
Figure 1. There were three retention zones that were critical to acrolein studies. The first one (zone #1) was
the early eluting region (retention time ~ 4.3 - 5.3 minutes) contained mostly strong organic acids and
carbohydrates. Zone #2 (retention time ~ 8.3 minutes) contained lactic acid, glycerol, 3-hydroxypropionic
acid, and glycidol. Zone #3 (retention time ~ 11 minutes) contained propionic acid, acrylic acid, and HCO;'.

The two reverse phase systems were developed primarily to resolve co-eluting compounds in zones
#2 and #3. A list of retention times of selected compounds using these two reverse phase systems was also
presented in Table 1. An HPLC chromatogram showing the separation of selected compounds using the
Inertsil ODS-2 system is shown in Figure 2. The Inertsil ODS-2 system separated glycerol and glycidol, while
glycidol and 3-hydroxypropionic acid still co-eluted. This system could also separate acrylic acid, propionic
acid, and HCO,. The Ultremex C18 system was used to separate glycidol and 3-hydroxypropionic acid.
Acrolein chromatographed poorly (excessive retention and severe peak tailing) on both reverse phase columns
due to the 100% aqueous mobile phases. These two systems were therefore, only used to monitor acrolein
metabolites.

To retain strong organic acids (zone #1), a strong anion exchange chromatographic system (4) was

used.
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TABLE 1

Retention Times of Selected Compounds Using Ion-Exclusion and Reverse Phase Chromatographic
Systems.

Ion-Exclusion System Inertsil ODS-2 System  Ultremex C18 System

Compounds retention time retention time retention time
(minutes) (minutes) (minutes)

Oxalic acid 4.32 3.52 4.12

Maltose 4.99 4.00

Lactose 5.11 3.83

Lactulose 5.12 4.22

Citric acid 5.24 10.23

Glucuronic acid 5.30 4.04 4.11

Propiolic acid 5.30 6.60

Malonic acid 6.11 6.90 6.20

Glyceric acid 6.83 3.66 4.81

Glyceraldehyde 7.10 4.19

Lactic acid 7.95 6.22 7.02

Glycerol 8.32 3.95 4.35

3-Hydroxypropionic acid 8.40 5.80 6.87

Glycidol 8.41 5.83 7.71

Formic acid 8.70

3-Hydroxypropanal 9.00 4.90

Acetic Acid 9.30 6.67

Ethylene glycol 9.68

1,2-Propanediol 10.10 5.80 6.98

1,3-Propanediol 10.35 5.00 6.19

Propionic acid 10.98 16.31 19.2

NaHCO, 11.36 9.90

Acrylic acid 11.41 13.32 16.2

Adipic acid 11.81

Ethanol 12,11 7.07 8.55

Allyl alcohol 12.63 10.07 12.7

Butyric acid 13.40

Propanol 15.13 15.80 21.6

Acrolein 15.62

Organic acids could be easily distinguished from aicohols, since alcohols (neutral) had no retention on the
anion exchange column. This anion exchange system was used primarily to confirm the formation of
oxalic acid in acrolein metabolism studies.

The other class of early eluting compounds on the ORH-801 column was carbohydrate. A partition
chromatography utilizing a Carbohydrate Analysis column was used to selectively retain carbohydrates.
Alcohols and carboxylic acids either had no retention or excess retention on this column. A list of selected
compounds and their retention times using the anion exchange and carbohydrate systems are presented in Table
2.
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Figure 1. Separation of a standard mixture using ion-exclusion chromatography. HPLC

conditions: ORH-801 column at 35°C, 1 mM H,SO, at 0.8 mL/minute, RI detection.
The retention times of acrolein and 3-hydroxypropanal were determined on separate
runs. 3-Hydroxypropanal was detected using a radiometric detector. (Note: Retention
times in this chromatogram were different from those listed in Table I due to the
differences in HPLC dead volumes.)
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Figure 2. Separation of a standard mixture using reverse phase chromatography. HPLC

conditions: Inertsil ODS-2 column at 35°C, 0.05% H,PO, at 1 mL/minute, RI detection.
(Note: Retention times in this chromatogram were different from these listed in Table
I due to the differences in HPLC dead volumes.)
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Figure 3. HPLC radiochromatogram of a water sample collected during an aquatic metabolism

study with acrolein. The separation of acrolein metabolites was achieved using the ion
exclusion chromatographic system.

TABLE 2
Retention Times of Selected Compounds Using Anion Exchange and Partition Chromatographic
Systems.
Spherex SAX System Carbohydrate Analysis System
Compounds retention time retention time
(minutes) (minutes)

Oxalic acid 6.40

Malonic acid 6.63

Propiolic acid 3.27

3-Hydroxypropionic acid 2.80

Glyceric acid 2.72

Acetic acid 3.43

Glucose 6.17

Lactulose 12.45

Maltose 12.36

Lactose 14.47
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Figure 4. HPLC radiochromatogram of the same sample as in Figure 3 using the Inertsil ODS-2
chromatographic system.

The separation techniques developed in this work could serve as a good method reference for
separating small and polar organic compounds. These techniques were applied to aquatic (aerobic and
anaerobic) and fish (freshwater fish and shellfish) metabolism studies with acrolein. These chromatographic
systems were proved to be adequate to separate a large number of acrolein metabolites. Aqueous samples and
tissue extracts could be chromatographed directly without further manipulations (eg. derivatization, extraction).
The relatively simple sample preparation and rapid analysis time permitted the identification and quantification
of transitory metabolites. Two representative chromatograms collected during an aquatic metabolism study
with acrolein are presented in Figures 3 and 4 showing the formation of several microbial biotransformation
products. Three major metabolites, acrylic acid, propionic acid, and HCO," , co-eluted on the ion-exclusion
column (Figure 3), while they were separated on the reverse phase column (Figure 4).
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ABSTRACT

Separation of light lanthanoids with centrifugal partition chromatography
(CPC) was investigated in extraction system of 30% HDEHP/CCl,/n—paraffin and
HNO;. Since separation factors between lanthanoids, Ce, Nd, Pr, Sm, Eu and Gd,
were independent of volume ratio of CCl, and n-paraffin diluents, difference in
the density between the mobile phase and the stationary phase was controlled by
varying the volume ratio of two diluents in order to operate at rcasonable pump-—
pressure. The effects of volume of the stationary phase and rotational speed on the
separation characteristics of CPC were examined to find the optimum operation
conditions. The effect of chain length of n—paraffin (number of carbon atoms: 6
- 15) as diluents was also examined. The best separation efficiency was obtained
with the longest, n—pentadecane. On the basis of the above results, mutual separa—
tion of lanthanoids was successfully performed in 30% HDEHP/15% CCl,/55%
n—pentadecane and 0.5 mol/dm3 HNO; extraction system at a low pump pressure
of 4.5 kgf/cm?.

INTRODUCTION

Centrifugal partition chromatography (CPC) is a new liquid-liquid separa-
tion method, in which the centrifugal force enables retention of a stationary phase

1821
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in the partition cells, dispersion of a mobile phase in the stationary phase and
rapid phase separation (1). The method was first developed for separation of
organic substances. Recently it has been also applied to separation of inorganic
substances (2)(3)(4). The authors reported separation of light lanthanoids with
CPC in 30% TBP extraction system using lithium nitrate as a salting—out reagent
(5)(6). Difference in density between the aqueous and organic phases could be
controlled by using carbon tetrachloride (CCl,: 1.6 g/cm3 density) as a heavy
diluent and n—dodecane (0.75 g/cm?) as a light diluent, and then the CPC appara—
tus was operated at low pump pressure.

In order to achieve effective separation with CPC apparatus, it is important
to get both large separation factor and high theoretical plate number. The separa—
tion factor depends on the extraction conditions such as acidity of aqueous phase
and concentration of extractant. The theoretical plate number is affected by the
operation conditions of CPC apparatus such as rotational speed and volume of the
stationary phase, and by the physical properties of the two phases such as interfa—
cial tension and viscosity.

Di-2-ethylhexyl phosphoric acid (HDEHP) has been widely used for
mutual separation of lanthanoids and actinoids. Separation of lanthanoids in
extraction system of HDEHP and hydrochloric acid by using CPC apparatus was
also reported (7)(8). This paper deals with the separation characteristics of light
lanthanoids with CPC apparatus in extraction system of HDEHP/CCl,/n—paraffin
and nitric acid (HNO,). To obtain the optimum extraction conditions, distribution
coefficients were determined by batch experiments. Then, to find the operation
conditions of CPC apparatus giving high theoretical plate number, the effects of
volume of the stationary phase, rotational speed and the physical properties were
examined. For the effect of the physical properties of the two phases, n—paraffin
with different number of carbon atoms (C: 6 — 15) was used as a diluent because
their chemical properties seem similar to each other. After that, the separation of
lanthanoids with CPC apparatus was demonstrated.

EXPERIMENTAL

Reagents
An extractant of HDEHP (98.2%) and diluents of CCl, (97.8%), n—hexane

(95 - 97%) and other n—paraffin (99.0%) were used without further purification.
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As solutes, Li and Ce nitrates and Pr, Nd, Sm, Eu and Gd oxides of reagent grade
were used by dissolving them in HNO; solution. Lithium was an unextractable
spike to evaluate a dead volume of CPC chromatogram.

Apparatus

Two types of CPC apparatus, Model-LLN and Model-LLB, were sup—
plied by Sanki Engineering Co. Ltd. The former apparatus was used in order to
study the effect of the stationary phase volume on the separation efficiency of
CPC. The apparatus was equipped with different number of partition—cell car—
tridges, Model 250W, which consisted of 400 microcells. The volume of each
cartridge was 20.8 cm3. The latter apparatus, Model-LLB, was used for the other
experiments because the latter is superior to the former in the pressure—stability.
The apparatus was equipped with 6 rotors, in which 720 micro—cells per rotor
were molded. The total volume was 135 cm?.

An inductively coupled plasma (ICP) spectrometer was used for determin-—
ing the concentration of lanthanoids.

Procedures

In batch experiments, the initial concentration of each solute in the aque—
ous phase was 500 mg/dm?. Both aqueous and organic phases of 10 cm3 were
shaken at 25 oC for 5 h. Since the solutes could not be back—extracted quantita—
tively, the concentration of the solutes in the organic phase was determined by
subtracting concentration of the remained solutes in the aqueous phase from that
in the initial aqueous phase.

In CPC experiments, at first, the stationary and mobile phases were bal-
anced in the partition cells with the same method previously described (6). Then,
sample solution of 1.1 cm® was injected through a sample loop to the partition
cells by a pump. Each solute was eluted at the flow rate of 1.5 cm3/min and 25
oC.

Analysis of the chromatogram

Distribution coefficient (K,), separation factor (ct) and resolution between
two peaks (R,) were calculated from chromatograms with the same equations (6).
For estimation of the separation efficiency of CPC, relative peak width (W) was
used instead of the theoretical plate number because of too large dead volume;
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Wp = th/V Rv

where V; in cm? is peak width at half height and V' in cm3 is corrected reten—

tion volume which was obtained by subtracting retention volume of Li.

RESULTS AND DISCUSSION

Determination of the K, and o values by batch method
Effect of HNO; and CCl,;: TABLE 1 shows the K, values of lanthanoids ob—
tained by the batch experiments. It was confirmed that Li was not extracted in all

experimental conditions. The effect of the concentration of HNO; on the K,
values in 30% HDEHP/ 70% n—dodecane is shown in FIGURE 1. The K, values
decreased with increasing concentration of HNO,. This decrease with the slope
of -3 indicates that extraction of lanthanoids with HDEHP is due to cation ex—
change reaction as follows (9);
M3+aq + 3(HY)2 org — M(HY2)3 org + 3H+aq

where M3+ is a lanthanoid ion (III) and HY is a HDEHP. On the other hand, the
values between lanthanoids were almost independent of the concentration of
HNO;.

FIGURE 2 shows the effect of concentration of CCl, on the K, values in
30% HDEHP/n—-dodecane and 0.5 mol/dm3 (M) HNO,. The values decreased
with increasing concentration of CCl, in analogy with the TBP extraction system.
This seems a result of the decrease of the activity of HDEHP in the organic phase
with increasing concentration of CCl, because CCl, has a larger acceptor number
than n—dodecane (10). On the other hand, the a values were almost independent
of the concentration of CCl,.

From these results, it was found that the K, value for adequate retention

volume and the difference in density for reasonable pump pressure in CPC opera-
tion could be set without decrease of the o value.
Effect of number of carbon atoms of n—paraffin: FIGURE 3 shows effect of
number of carbon atoms of n—paraffin on the K, values in 30% HDEHP/70% n—
paraffin and 0.7M HNO;. The K values increased with increasing the number
and the o values were almost independent of the number.

Since HDEHP is polar, the association among themselves takes place
through the dissolving water in the organic phase. Solubility of water in n—paraf-
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TABLE 1
The K, Values of Lanthanoids Obtained by
Batch Experiments (30% HDEHP)

CCla: 0%, n-dodecane: 70%

1825

[HNOs] M Ce Pr Nd Sm Eu Gd
0.25 2.8 3.9 4.9 28 67 123
0.50 0.56 0.72 0.77 4.2 9.1 16
0.75 0.22 0.21 0.24 1.2 2.4 4.3
1.00 0.15 0.11 0.13 0.56 1.0 1.7

CCla: 10%, n-dodecane: 60%

[HNO=] M Ce Pr Nd Sm Eu Gd
0.25 1.9 2.6 3.4 20 45 82
0.50 0.38 0.46 0.53 3.0 6.2 11
0.75 0.15 0.16 0.17 0.88 1.7 3.0
1.00 0.12 0.093 0.12 0.38 0.74 1.2

CCla: 20%, n-dodecane: 50%

[HNOs] M Ce Pr Nd Sm Eu Gd
0.25 1.3 1.8 2.4 15 34 61
0.50 0.26 0.34 0.31 2.1 4.2 7.7
0.75 0.10 0.10 0.12 0.61 i.2 2.2
1.00 0.085 0.056 0.083 0.25 0.50 0.82

CCly: 30%, n-dodecane: 40%

[HNOs] M Ce Pr Nd Sm Eu Gd
0.25 0.87 1.2 1.7 10 25 45
0.50 0.18 0.23 0.22 1.5 3.0 5.5
0.75 0.084 0.066 0.062 0.40 0.84 1.4
1.00 0.077 0.033 0.054 0.17 0.36 0.58
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FIGURE 1. Effect of HNO, on the K, values of lanthanoids. Organic phase: 30%
HDEHP/70% n—dodecane.
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FIGURE 2. Effect of CCl, on the K, values of lanthanoids. Aqueous phase: 0.5 M
HNO,, Organic phase: 30% HDEHP/CCl,/n—dodecane
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FIGURE 3. Effect of number of carbon atoms of n—paraffin as diluents on the K4
values of lanthanoids. Aqueous phase: 0.7 M HNO;, Organic phase: 30%
HDEHP/ 70%n—paraffin.

fin decreases with increasing the number (11). Therefore, the authors interpret the
increase of the K, values as the increase of the HDEHP activity in the organic
phase.

Measurement of the separation efficiency of CPC
Effect of the stationary phase volume: FIGURE 4 shows the effect of volume

of the stationary phase on the separation efficiency of CPC, which was examined
by changing number of the partition cell cartridges. The relative peak width of Pr
and Eu decreased and the resolution between them increased with increasing
volume of the stationary phase.

It was observed that the maximum volume of the stationary phase being
retained in the partition cells varied with the experimental conditions of CPC.
Therefore, the effects of rotational speed and difference in the density on the
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FIGURE 4. Effect of volume of the stationary phase on the separation efficiency
of CPC. Mobile phase: 0.5 M HNO,, Stationary phase: 30% HDEHP/15% CCl,/
55% n~dodecane, Rotational speed: 800 rpm.

maximum volume were examined. The results are shown in FIGURE 5. The
maximum volume increased with increasing the rotational speed and the differ—
ence in density. Since the volume of the stationary phase affects the separation
efficiency of CPC as described above, the volume of the stationary phase was
attempted to keep constant in the CPC experiments below.

Effect of the rotational speed: FIGURE 6 shows the effect of the rotational
speed of the partition cells in the region of 800 — 1400 rpm on the separation
efficiency of CPC. The operation conditions and the analytical results of chro-
matograms are shown in TABLE 2 (Serial No.1). The pump pressure increased
with increasing the rotational speed. The best separation efficiency was observed
at 800 rpm. It was reported that the separation efficiency was improved with
increasing the rotational speed because the dropsize of the mobile phase decreased
with increasing gravity resulting from rotation (2). In this experimental condi—
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FIGURE 5. Effects of rotational speed and difference in density (Ap) on the
maximum volume of the stationary phase in the partition cells. Mobile phase:
H,O, Stationary phase: CCl,/n—dodecane.

tions, however, this tendency was not observed. It might be necessary to examine
the effect of the rotational speed under other experimental conditions such as
another flow rate.
Effect of number of carbon atoms of n—paraffin: FIGURE 7 shows the effect
of chain length of n-—paraffin (number of carbon atoms: 6 — 15) as diluents on the
separation efficiency of CPC. The operation conditions and the analytical results
of chromatograms are shown in TABLE 2 (Serial No.2). The relative peak width
of Sm and Eu decreased and the resolution increased with increasing the number.
Since the o values were not affected by the difference of the number, the net
improvement of the resolution between them is ascribed to the decrease in the
peak width.

In CPC, the dropsize of the dispersed mobile phase is presumed one of the
important parameters affecting the separation efficiency. It is predicted that the
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FIGURE 6. Effect of the rotational speed on the separation efficiency of CPC.
Mobile phase: 0.5 M HNO,, Stationary phase: 30% HDEHP/15% CCl,/55% n—
dodecane.

dropsize is reduced with decreasing interfacial tension and viscosity of the sta—
tionary phase (12).

The measured values of some physical properties of 30% HDEHP/70% n—
paraffin and 0.7 M HNO; are shown in TABLE 3. The interfacial tension and the
difference in density decreased and the viscosity increased with increasing the
number. Since the peak width decreased with increasing the number, the interfa—
cial tension seems to affect strongly the dropsize. However, it is difficult to
discuss the effect of the difference in density on the dropsize. The quantitative
evaluation of the effect of other physical properties on the dropsize must be
necessary for investigation of the separation efficiency of CPC.

Mutual separation of lanthanoids with CPC apparatus

On the basis of the results of determination of the K, values and measure—
ment of the separation efficiency of CPC, mutual separation of light lanthanoids
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FIGURE 7. Effect of number of carbon atoms of n—paraffin as diluents on the
separation efficiency of CPC. Mobile phase: 0.7 M HNO,, Stationary phase: 30%
HDEHP/ 70% n-paraffin, Rotational speed: 900 rpm.

TABLE 3
Some Physical Properties of 30% HDEHP/70% n—Paraffin at 25 °C
(Aqueous phase: 0.7 M HNO;)

n-Paraffin Interface tension Viscosity Difference in the

(10-2N/m) (mPa-s) density (g/cm®)
n-hexane 5.31 0.564 0.410
n-nonane 4.94 1.39 0.23.
n-dodecane 4.70 2.60 0.19s

n-pentadecane 4.52 4.32 0.18~+
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FIGURE 8. Chromatogram of Li, Pr, Sm, Eu and Gd. Mobile phase: 0.5 M
HNO,, Stationary phase: 30% HDEHP/15% CCl,/55% n—-pentadecane, Rotational
speed: 800 rpm.

was demonstrated. Mobile phase of 0.5 M HNO, was selected for the adequate
retention volume. In order to operate the CPC apparatus under a stable condition,
the difference in density between the two phases was adjusted to be 0.054 by use
of 15% CCl, as a heavy diluent. Since the separation efficiency was improved
with increasing number of carbon atoms, n—pentadecane was used as a light dilu—
ent. The rotational speed was fixed at 800 rpm.

FIGURE 8 shows a chromatogram of Li, Pr, Sm, Eu and Gd. The analyti-
cal results of the chromatogram are also summarized in TABLE 2 (Serial No.3).
Since the relative peak width of Pr and Eu was reduced as compared with the n—
dodecane diluent system (Serial No.1), the resolution between Pr and Eu in-
creased from 1.9s to 2.5s. The resolution between Eu and Gd (Rs=0.68) was not
so good because of small o value (a=1.5), but the others were good (R;=1). Fur-
thermore, the CPC apparatus could be stably operated under very low pressure
(4.5 kgf/cm?).
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CONCLUSIONS

The characteristics of CPC for lanthanoid separation were investigated in
the extraction system of 30% HDEHP/CCl,/n—paraffin and HNO,. The K, values
showed a dependency on concentration of HNO; and the diluents but the o values
did not. Therefore, the adequate K, values and difference in the density were ob—
tained without decrease of o values for the reasonable retention volume and pump
pressure, respectively.

The separation efficiency of CPC was improved with increasing the
number of carbon atoms of the n—paraffin used as a light diluent. It is of interest
that the separation efficiency of CPC could be improved not only by the optimiza—
tion of the operation conditions but also by the selection of diluent. In future, the
authors intend to examine the effect of the physical properties of the diluent on
the separation efficiency more quantitatively.
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CHROMATOGRAPHY ASSAY FOR THE
DETERMINATION OF DIPYRIDAMOLE IN
PLASMA WITH ELECTROCHEMICAL DETECTION
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ABSTRACT

For many years, dipyridamole (DP) has been used in the treatment of hypertension
as a vasodilatator, but recently it has been recognized as an anti-platelet aggregation
agent and to potentiate cytotoxic. A rapid and very sensitive (1 nM) procedure for
the determination of free and protein-bound DP in plasma, using reversed-phase
high-performance liquid chromatography on a pBondapark C18 (10pum) column
(300 x 3.9 mm 1.D.) with coulometric detection (+ 0.65 V), is reported. Free and
bound DP were separated using ultrafiltration. The liquid-liquid extraction from
plasma included solvent extraction using diethyl-ether and a preparative column to
separate DP from constituents normally found in plasma. The particular columns
used contained a specially modified form of diatomaceous earth which requires no-
preconditioning washes. The overall recovery from plasma was 52 = 12 % at the
concentration of 0.5 ng/ml (1 nM). Concentrations of DP between 1 nM and 1 uM
were measured in plasma with relative standard deviations under 7.6 % (n = 6).
The subsequent determination of DP levels in patients orally administered from 107
to 500 mg/m2/day showed that DP binding to plasma protein was higher than 90 %
with a mean at 97.2 % (95.5 % to 92.3 %).
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INTRODUCTION

Despite intensive efforts to discover new and effective anticancer drugs, the number
of clinically useful cytotoxic agents has remained relatively stable. However, great
progress has been made in understanding the mechanisms of cytotoxicity of
currently available agents and in associating them with drugs which allow a
biochemical modulation of cytotoxic agents like the anti-metabolite compounds.
Dipyridamole (DP) is a structural analogue of the purine and pyrimidine
nucleosides and is used clinically as a vasodilatator and recently, it was shown to
potentiate anti-metabolite activity in a dose-dependent manner (1 - 3).

It therefore appears important to control the plasma level of this compound, which
is mainly bound to plasma-protein. Several methods, e.g., spectrofluorimetry and
high-performance liquid chromatography (HPLC) with spectrophotometric,
fluorescence or amperometric detection were previously reported for the
determination of DP in biological samples (4 - 6). In addition to being time
consuming, spectrofluorimetric methods suffers from the low specificity inherent in
non-chromatographic methods. The three reported HPLC methods suffered from a
relative lack in sensitivity. Moreover, the HPLC assay using electrochemical
detection was only applicable for the determination of DP in pharmaceuticals
without developing any procedure for plasma preparation (6).

Yet, no method is available for the rapid determination of free and protein bound
DP with a sensitivity lower than 5 ng/ml (10 nM).

The specificity of this method allowed the quantitation of free and total DP in
plasma. It describes also a rapid, sensitive (1 nM) and selective HPLC method
using a reversed-phase column and coulometric detection involving only a simple
liquid-liquid extraction with a preparative column which requires no-
preconditionning washes.

The assay was employed during a recent clinical pharmacology study to
characterize the high protein binding rate of DP (> 90 %) after per os administration
.

MATERIALS AND METHODS

Apparatus
The HPLC system was a computer-monitored GOLD PC apparatus (Model 126
pumps, Model 406 Interface), (Beckman, Gagny, France), an ESA Coulochem
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5100A dual-electrode coulometric detector with an ESA guard cell (Cunow, Cergy
Saint-Christophe, France), a uBondapak C18, 10 um column (300 x 3.9 mm LD.)
and a WISP 512 autosamples (Waters, Millipore, Molsheim, France).

Reagents, Standard Solutions and Internal Standard

DP was purchased from Boehringer-Ingelheim (Reims, France) and
indometacin (INDO) from Merck (Darmstadt, Germany). All other reagents were
obtained from Prolabo (Paris, France) and were of the highest purity available.
A stock solution containing 5 mg/ml of dipyridamole (DP) was prepared in
methanol. The internal standard stock solution indometacin (INDO) 5 mg/ml was
also prepared in methanol. Plasma standard solutions of DP for the calibration
curves were prepared by appropriate detection of the stock DP solutions with drug-
free plasma so that concentrations from 1 to 200 nM were obtained. The plasma
standards and the internal standard solution were freshly prepared each day of
analysis.

HPLC Conditions

Isocratic elution conditions were adopted. The eluting solvent was methanol -
0.1 M sodium acetate buffer (pH 4.0) (55 : 45, V/y). Chem-Elut® columns
(Analytichem International, Ann Harbor, Mi, USA) were used for plasma samples
preparation. Throughout the study, deionized water (Milli Q water purification
system, Millipore) was used.
Room temperature and a flow-rate of 1.0 ml/min were maintained throughout the
analyses. A pressure of 100 bars (1 500 p.s.i.) was used. A volume of 20 ul of the
samples in methanol was injected into the column.

Electrochemical Detection

The potentials corresponding to the limiting current wave of the DP and INDO
were determined by generation of hydrodynamic voltammogram and the potential
of the upstream electrode was set to + 0.05 V being lower than the rising portion of
the voltammogram of the analyte.
This stabilized the baseline and allowed a better reproducibility of the
chromatographic results. The second electrod was used to detect the analyte at its
appropriate potential corresponding to the limiting current wave. Amounts of DP
were quantified by comparison of peak height with that of a standard sample.



1840 BARBERI-HEYOB ET AL.

Sample Pretreatment

Blood samples were collected in EDTA tubes and immediately centrifuged at
3 000 g for 10 minutes. The separated plasma was rapidly frozen in polypropylene
tubes at - 20°C until analysis. 500 pl of plasma was mixed for 10 s using a rotating
mixing and then supplemented with 100 pl of INDO as internal standard.
Free and bound DP were separated using SM 13243 ultrafiltration units (Sartorius,
Palaiseau, France) by centrifugation (4 000 g for 30 min).
The aqueous samples were added to the dry Chem Elut® column and left 3 to 5
minutes to absorbe and distribute as a thin film over the hydrophilic packing
material. Two milliliters of diethyl-ether were used to eluate the first aliquot.
As the solvent was trickled through the column, it extracted DP from the aqueous
layer. Four additioned milliliters of diethyl-ether were used to end the extraction.
The extract was concentrated by evaporating the 6 ml of eluant under a gentle steam
of nitrogen at ambiant temperature (10 min). The residue was reconstituted in
100 pl of methanol by placing the tube in an ultrasonic water bath for 10 min. The
reconstituted residue was then vortexed and transferred to an autosampler
microvial.

Plasma samples

A pharmacological clinical study was performed in patients who received oral
administration of DP. Blood samples were collected at 8 a.m. and 5 p.m. every day
from patients receiving three times daily (morning, midday and evening) DP doses
ranging from 107 to 500 mg/m?/day. Two daily blood samples were analysed by
our HPLC method, one at 8§ a.m. and the other one at 5 p.m. The blood samples
collected at 8 a.m. were analysed before the morning administration of DP,
therefore the results shown in table 4 took into account the total dose of the day
before whereas the blood sample collected at S p.m. took into account only the
morning and midday doses (Table 5). As the stability of freshly prepared standard
solutions exposed to daylight could show considerable variations (5), all samples
and standards were protected from light.

RESULTS

Electrochemical detection
The optimal potential between the two electrodes for the detection of DP and
INDO was determined by making voltammograms. Figure 1 shows the
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FIGURE 1
Voltammograms of dipyridamole (DP) and indometacin (INDO) .

voltammograms for DP, INDO both at 200 ng/ml and the background current from
mobile phase constituents. The optimal potential for the detection of DP and INDO
was found to be + 0.65 V (Fig. 1).

The chromatogram from a blank plasma spiked with 100 ng of INDO (internal
standard), is shown in Figure 2. At a signal-to-noise ratio of 3, the minimal
detectable concentrations after the extraction procedure were 0.5 ng/ml (1nM) by
injecting 20 pl of 100 pl of reconstituted plasma extract (Fig. 3).

Linearity and precision

In order to investigate the linearity of the extraction and ultrafiltration procedure,
blank plasma samples were spiked with DP (1 to 200 nM). The calibration curve
showed good linearity as expressed by the following equation :
y =0.026 (£ 0.010) x - 0.053 ( + 0.008)
r = 0.996 + 0.003

The linearity of the extraction procedure without ultrafiltration. Blank total plasma
samples were spiked with DP (0.2 to 10.0 uM). The calibration curve showed
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FIGURE 2

Representative chromatogram from 1 mi of plasma control extract, supplemented with 100 ng INDO
as internal standard. The mobile phase was methanol - 0.1 M sodium acetate buffer (pH 4.0) (55 :
45, V/y). For chromatographic conditions, see text.
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FIGURE 3

Representative chromatogram of a patient plasma sample supplemented with 100 ng INDO and
containing DP at 14.6 nM. The mobile phase was as in Fig. 2. For chromatographic conditions, see
text.
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good linearity as can be seen from the following equation :
y =0.074 (& 0.006) x - 0.378 (+ 0.005)
r =0.998 + 0.001

These calibrations curves were obtained from 3 different samples x and y are
respectively the concentration of DP (M) and the peak area, r is the correlation
coefficient.

The within-day relative standard deviation (R.S.D.), based on six determinations,
was less than 12.0 % for DP at concentrations ranging from 1 to 1 600 nM (Table
1).

The between-day R.S.D. was calculated by performing six analyses of plasma

samples containing DP at five concentrations on different days that did not follow.
A summary of these analyses is presented in table 2. The between-day R.S.D. were
all under 16.0 % (4.3 to 15.3 %). The results indicate a relatively good precision of
the assay.

DP stored at -20°C for up to 1 month showed no sign of decomposition and almost
the same concentration values were measured (n = 6, table 2). These results suggest
that in these storage conditions DP is stable for at least 1 month. As nearly the same
concentration values were obtained after a storage at - 20°C for up to 6 months, we

could consider that under these conditions DP 1is also stable for at least 6 months
(data not shown).

TABLE 1

Within-day Variability of Total DP Plasma Assay (n = 6)

DP Concentration  Coefficient R.S.D.

(M) measured of (%)
(nM) variation (%)

1 1.2 7.6 6.3
20 224 6.5 12.0
100 97.2 5.0 4.7
200 202.0 2.0 2.2
1 000 1010.8 2.2 2.3
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TABLE 2

Between-day Variability of Total DP Plasma Assay (n = 6)

DP Concentration Coefficient R.S.D.
(M) measured of (%)
(M) variation (%)
1 0.9 9.6 12.0
20 23.0 8.5 15.3
100 96.8 7.0 6.1
200 204.4 4.3 47
1000 1 008.0 4.8 4.3
TABLE 3

Mean Recovery Rates of Total DP at Five Different Concentrations

(n =3)
DP Recoveries +
mM) C.V. (%)
1 5212
20 74+ 9
100 75+ 8
200 86+ 5
1000 8z 5

Under this plasmatic extraction procedure, no major endogenous sources of
interference was observed (Fig. 2 and 3) and the specificity between DP and the
internal standard (INDO) was satisfactory. The retention times for DP and INDO
were 9.6 £ 0.9 and 11.7 + 1.2 minutes, respectively.

The mean recovery rates of DP from plasma over a concentration range from 1 to
1 000 nM (Table 3) were higher than 74 %, except at 1 nM (52 12 %).
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Absolute recovery of DP from plasma was assessed by comparing the peaks of
the drug in plasma samples with those obtained by direct injection of DP standard.

Determination of DP in plasma

As DP is a base with a pKa of 6.4, accurate pH control is needed and should be
ionised in the acidic sodium acetate buffer (pH : 4.0). Therefore, the mixture
methanol - buffer (55 : 45, V/y) was chosen as it provides a good resolution
between DP and the internal standard.

In order to evaluate the extraction procedure for the analysis of free and total DP,
plasma samples of patients were investigated. Free and total DP levels in plasma
were measured and the results (Tables 4 and 5) showed that DP is extensively
bound to the plasma protein with a mean of free DP at 2.8 % (0.5 to 7.7 %).
Statistically significant correlation coefficients were found between DP doses and
plasmatic concentrations of free and total DP and also between free and total DP

.

TABLE 4

Mean Plasma Free and Total DP Concentrations
for Plasma Samples at 8 a.m.

DP dose Number of  Total DP Free DP  Percentage of
(mg/m?/day)  patients oM (nM) free DP

107 1 0.146 -

132 1 0.078 34 44
150 3 0.112 1.8 0.8
161 2 0.158 2.8 1.8
176 1 0.376 9.6 2.6
200 3 0.568 13.2 23
214 1 0.252 6.8 2.7
265 1 0.422 11.4 27
300 3 0.592 19.0 32
321 1 0.258 7.0 27
400 2 1.622 8.0 0.5
450 1 1.386 36.0 2.6
500 1 3.262 -

- not enough plasma sample
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TABLE 5

Mean Plasma Free and Total DP Concentrations
for Plasma Samples at 5§ p.m.

DP dose Number of  Total DP Free DP  Percentage of
(moming + midday)  patients M) (M) free DP
(mg/m?)
88 1 0.590 12.8 2.2
100 3 0.728 554 7.7
107 2 0.794 12.0 1.5
176 1 3.990 544 14
200 3 2.858 584 2.0
214 1 1.298 352 2.7
250 2 2.332 432 1.8
300 2 6.222 2154 35
DISCUSSION

Electrochemical detection was found to be 20 fold more sensitive than ultraviolet
detection at 280 nm (4). No endogenous sources of interference from plasma was
observed and the detection limit of the assay can be assigned at 1nM. Compared to
other chromatographic procedures, this HPLC method has the advantage to be a
very simple and rapid diethyl-ether extraction procedure. The sample preparation
used is less complex than those mentioned in the literature (5) while being more
sensitive. Overloading the column should be strictly avoided, since if more aqueous
sample was added than the column was designed for, the sample could break
through the bottom of the column into the collection tubes. The large surface area
interfaced between the aqueous and organic layers which gave correct recoveries
(Table 3) and eliminated emulsion problem.

These extraction columns contained a specially modified form of diatomaceous
earth which requires no pre-conditioning washes however they are not reusable.

In conclusion, a very rapid and accurate method for the analysis of total and free
DP has been described that can be employed for therapeutic monitoring or
pharmacokinetic studies. Owing to the rapid extraction procedure by a highly
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efficient liquid-liquid method and because of the sensitivity (0.5 ng/ml or 1 nM),
the selectivity of the procedure and the rapidity, this HPLC assay is quite suitable
for routine analysis in bioavailability studies.

As indometacin is also a drug prescribed, the ideal internal standard would be the
methoxydipyridamole but this compound is not commercialized (8).

During the last decade, only few anticancer agents actually improved the therapeutic
index. However, a better knowledge of the cytotoxicity mechanisms of
commercialized drugs allowed to envisage the use of modulators. Such examples of
modulation are found in trials associating various antineoplastic agents and DP.
This vasodilating agent has recently been shown to potentiate antimetabolite
activity in a dose-dependent manner (2, 3). It therefore appears very important to
control the free plasma levels of this compound which is mainly bound to plasma
protein (Table 4 and 5).
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ERRATUM

1. N. Acworth, et al., "Simultaneous Measurement of Monoamine, Amino Acid, and
Drug Levels, using High Performance Liquid Chromatography and Coulometric Array
Technology: Application to in vivo Microdialysis Perfusate Analysis," J. Liquid Chrom.,
17(3): 685-705 (1994).

In Table Il (page 695), the level of dopamine (DA) found in the hippocampus
should be 6.3 pg/Collection, not 63 as shown in the published paper. The correct
Table Il is given below:

TABLE Il
Basal Striatal and Hippocampal ECF Analyte Levels
Basal Striatal Basal Hippocampal
Levels Levels
pg/Collection Typical pg/Collection Typical

Monoamines Mean % SEM "Ratio Mean + SEM "Ratio
and Metabolites {n=23-6) Accuracy” (h=3) Accuracy”
3IMT 54+8.6 0.98 ND -
SHIAA 2880 = 585 0.99 1530 £ 63 0.99
SHT ND - 19.4 + 11 4]
SHTOL ND - ND -
DA 51.8+6.8 a.99 8.3+0.5 0.96
DOPAC 12645 + 1485 0.70 259 47 0.95
HVA 13905 + 225 0.79 117 £ 14 0.95
NE ND - ND -
Amino Acids
ALA 13005 * 450 0.95 7695 + 1215 0.98
ARG 14355 1305 0.94 10170 £ 875 0.93
ASN 3420 £ 225 Q 351090 s}
ASP 2835 + 585 Q 3730 + 90 0.23
GABA 383 +32 1] 293 45 0
GLN 318195 = 22880 0.91 21105 £ 4680 0.62
GLU 12870 + 540 0.93 4860 £ 270 0.94
GLY 16425 + 4590 0.93 5850 = 765 0.75
HIS 11115 £ 485 0.91 ND 0.60
SER 21105 £ 1980 0.99 10395 £ 225 0.88
TAU 12501 £ 945 0.94 8973 £ 270 0.77
THR 21780 + 3555 0.96 16470 + 405 0.99
TYR 1800 £ 45 0.98 5625 + 270 .98

ND = Not detectable
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of Calif-Davis, 258 Cruss Hall, Davis, CA 95616-8598, USA.

OCTOBER 23 - 27: Annual Meeting of the American Association of Cereal
Chemists, Nashville, Tennessee. Contact: }. M. Schimml, AACC, 3340 Pilot
Knob Road, St. Paul, MN 55121-2097, USA.

OCTOBER 24 - 26: 2nd Internat’l Conference on Chemistry in Industry,
Bahrain, Saudi Arabia. Contact: SAICSC-ACS, P. O. Box 1723, Dhahrain
31311, saudi Arabia.

NOVEMBER 2 - 5: 29th Midwestern Regional Meeting, ACS, Kansas City,
Kansas. Contact: M. Wickham-St. Germain, Midwest Res. Inst, 425 Volker Blvd,
Kansas City, MO 64110, USA.

NOVEMBER 7 - 10: 13th Int'l Conference on the Application opf
Accelerators in Research & Industry, Denton, Texas. Contact: ]. L. Duggan,
Univ. of N. Texas, Dept. of Physics, P. O. Box 5368, Denton, TX 76203, USA.

NOVEMBER 10 - 11: 17th Int'l Conference on Chemistry, Biosciences,
Pharmacy & Environmental Pollution, New Delhi, India. Contact: V. M.
Bhatnagar, Alena Chem of Canada, P. O. Box 1779, Cornwall, Ont., Canada
KeH 5V7.

NOVEMBER 11 - 12: 3rd Conference on Current Trends in Computational
Chemistry, Jackson, Mississippi. Contact: J. Leszczynski, Jackson State
University, Dept. of Chem., 1400 }J. R. Lynch St., Jackson, MS 39217, USA.

NOVEMBER 13 - 16: 50th Southwest Regional Meeting, ACS, Fort Worth,
Texas. Contact: H. C. Kelly, Texas Christian Univ, Chem Dept, Ft. Worth, TX
76129, USA.
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NOVEMBER 13 - 18: Annual Meeting of the A.L.Ch.E., San Francisco,
California. Contact: AIChE Express Service Center, 345 East 47th St., New York,
NY 10017, USA.

NOVEMBER 14 - 17: 33rd Eastern Analytical Symposium, Somerset, New
Jersey. Contact: Sheri Gold, EAS, P. O. Box 633, Montchanin, DE 19710, USA.

NOVEMBER 16 - 18: Envirosoft'94, 5th Int’'l Conference on Development
and Application of Computer Techniques to Environmental Studies, San
Francisco, California. Contact: Computational Mechanics, Inc., 25 Bridge St.,
Billerica, MA 01821, USA.

DECEMBER 4 - 6: IBEX’94, International Biotechnology Expo & Scientific
Conference, Moscone Center, San Francisco, California. Contact: Cartlidge &
Associates, Inc., 1070 Sixth Avenue, Suite 307, Belmont, CA 94002, USA.

1995

MARCH 6 - 10: PittCon’95: Pittsburgh Conference on Analytical Chemistry
& Applied Spectroscopy, New Orleans, Louisiana. Contact: Pittsburgh
Conference, Suite 332, 300 Penn Center Bivd., Pittsburgh, PA 15235-9962,
USA.

APRIL 2 - 7: 209th ACS National Meeting, Anaheim, Calif. Contact: ACS
Meetings, ACS, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

APRIL 25 - 28: Biochemische Analytik '95, Leipzig. Contact: Prof. Dr. H.
feldmann, Inst. fur Physiologische Chemie der Universitat, Goethestrasse 33, D-
80336 Munchen, Germany.

MAY 31 - JUNE 2: 27th Central regional Meeting, ACS, Akron Section.
Contact: ). Visintainer, Goodyear Research, D415A, 142 Goodyear Blvd, Akron,
OH 44236, USA.

JUNE 6 - 8: 28th Great Lakes Regional ACS Meeting, LaCrosse-Winona
Section. Contact: M. Collins, Chem. Dept., Viterbo College, La Crosse, WI
54601, USA.

JUNE 14 - 16: 50th Northwest/12th Rocky Mountain Regional Meeting, ACS,
Park City, Utah. Contact: ). Boerio-Goates, Chem Dept, 139C-ESC, Brigham
Young Univ, Provo, UT 84602, USA.
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JULY 9 - 15: SAC’95, The University of Hull, UK, sponsored by the Analytical
Division, The Royal Society of Chemistry. Contact: The Royal Society of
Chemistry, Burlington House, Picadilly, London W1V 0BN, UK.

AUGUST 20 - 25: 210th ACS National Meeting, Chicago, Illinois. Contact:
ACS Meetings, ACS, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

SEPTEMBER 12 - 15: 5th International Symposium on Drug Analysis, Leuven,
Belgium. Contact: Prof. J. Hoogmartens, Inst. of Pharmaceutical Sciences, Van
Evenstraat 4, B-3000 Leuven, Belgium.

OCTOBER 18 - 21: 31st Western Regional Meeting, ACS, San Diego, Calif.
Contact: S Blackburn, General Dynamics, P. O. Box 179094, San Diego, CA
92177-2094, USA.

OCTOBER 22 - 25: 25th Northeastern Regional Meeting, ACS, Rochester,
New York. Contact: T. Smith, Xerox Corp, Webster Res Center, M/S 0128-28E,
800 Phillips Rd, Webster, NY 14580, USA.

NOVEMBER 1 - 3: 30th Midwestern Regional ACS Meeting, Joplin, Missouri.
Contact: ). H. Adams, 1519 Washington Dr., Miami, OK 74354-3854, USA.

NOVEMBER 1 - 4: 31st Western Regional ACS Meeting, San Diego,
California. Contact: T. Lobl, Tanabe Research Labs, 4450 Town Center Ct., San
Diego, CA 92121, USA.

NOVEMBER 5 - 7: 30th Midwestern Regional Meeting, ACS, Joplin, Missouri.
Contact: J. H. Adams, 1519 Washington Dr, Miami, OK 74354, USA.

NOVEMBER 29 - DECEMBER 1: Joint 51st Southwestern/47th Southeastern
Regional Meeting, ACS, Peabody Hotel, Memphis, Tenn. Contact: P.K.
Bridson, Chem Dept, Memphis State Univ, Memphis, TN 38152, USA.

DECEMBER 17 - 22: 1995 International Chemical Congress of Pacific Basin
Societies, Honolulu, Hawaii. Contact: ACS Meetings, 1155 16th Street, NW,
Washington, DC 20036-4899, USA.

1996

FEBRUARY 26 - MARCH 1: PittCon’96: Pittsburgh Conference on Analytical
Chemistry & Applied Spectroscopy, Chicago, lllinois. Contact: Pittsburgh
Conference, Suite 332, 300 Penn Center Blvd., Pittsburgh, PA 15235-9962,
USA.
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MARCH 24 - 29: 211th ACS National Meeting, New Orleans, LA. Contact:
ACS Meetings, ACS, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

JUNE 16 - 21: "HPLC ’96: Twentieth International Symposium on High
Performance Liquid Chromatography," San Francisco Marriott Hotel, San
Francisco, California. Contact: Mrs. Janet Cunningham, Barr Enterprises, P. O.
Box 279, Walkersville, MD 21793, USA.

AUGUST 18 - 23: 212th ACS National Meeting, Boston, Mass. Contact: ACS
Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

OCTOBER 16 - 19: 52nd Southwest Regional ACS Meeting, Houston, Texas.
Contact: J. W. Hightower, Dept. Chem. Eng., Rice University, Houston, TX
77251, USA.

OCTOBER 24 - 26: 52nd Southwestern Regional Meeting, ACS, Houston,
Texas. Contact: . W. Hightower, Chem Eng Dept, Rice Univ, Houston, TX
77251, USA.

NOVEMBER 6 - 8: 31st Midwestern Regional Meeting, ACS, Sioux Falls,
South Dakota. Contact: . Rice, Chem Dept, S. Dakota State Univ, Shepard Hall
Box 2202, Brookings, SD 57007-2202, USA.

NOVEMBER 9 - 12: 48th Southeast Regional ACS Meeting, Creenville, South
Carolina. Contact: H. C. Ramsey, BASF Corp., P. O. Drawer 3025, Anderson,
SC 29624-3025, USA.

1997

APRIL 6 - 11: 213th ACS National Meeting, San Antonio, Texas. Contact:
ACS Meetings, ACS, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

SEPTEMBER 7 - 12: 214th ACS National Meeting, Las Vegas, Nevada.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA.

1998

MARCH 29 - APRIL 3: 215th ACS National Meeting, St. Louis, Missouri.
Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA.
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AUGUST 23 - 28: 216th ACS National Meeting, Orlando, Florida. Contact:
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

1999

MARCH 21 - 26: 217th ACS National Meeting, Anaheim, Calif. Contact: ACS
Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

AUGUST 22 - 27: 218th ACS National Meeting, New Orleans, Louisiana.

Contact: ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899,
USA.

2000

MARCH 26 - 31: 219th ACS National Meeting, Las Vegas, Nevada. Contact:
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

AUGUST 20 - 25: 220th ACS National Meeting, Washington, DC. Contact:
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

2001

APRIL 1 - 6: 221st ACS National Meeting, San Francisco, Calif. Contact: ACS
Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

AUGUST 19 - 24: 222nd ACS National Meeting, Chicago, illinois. Contact:
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

2002

APRIL 7 - 12: 223rd ACS National Meeting, Orlando, Florida. Contact: ACS
Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.

SEPTEMBER 8 - 13: 224th ACS National Meeting, Boston, Mass. Contact:
ACS Meetings, 1155 16th Street, NW, Washington, DC 20036-4899, USA.
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The Journal of Liquid Chromatography will publish, at no charge,
announcements of interest to liquid chromatographers in every issue of
the Journal. To be listed in Meetings & Symposia, we will need to
know: Name of the meeting or symposium, sponsoring organization,
when and where it will be held, and whom to contact for additional
details. Incomplete information will not be published. You are invited
to send announcements to Dr. Jack Cazes, Editor, Journal of Liquid
Chromatography, P.O. Box 2180, Cherry Hill, N] 08034-0162, USA.






ELECTRONIC MANUSCRIPT SUBMISSION

Effective immediately, manuscripts will be accepted on computer diskettes. A
printed manuscript must accompany the diskette. For approximately one year,
the diskettes will be used, on an experimental basis, to produce typeset-quality
papers for publication in the Journal of Liquid Chromatography. Diskettes must
be in an IBM-compatible format with MS-DOS Version 3.0 or greater. The
following word processing formats can be accommodated:

ASCII DisplayWrite Native
EBCDIC Enable 1.0, 2.0, 2.15
Framework I1l 1.0, 1.1 IBM Writing Assistant
Microsoft Word 3.0, 3.1, 4.0, 5.0 Multimate 3.3
Multimate Advantage 3.6 Multimate Advantage Il 3.7
Navy DIF Office Writer 4.0, 5.0, 6.0, 6.1
PeachText 5000 2.12 PFS:First Choice 1.0, 2.0
PFS:Write Ver C Professional Write 1.0, 2.0, 2.1
Q&A Write 3.0 RapidFile (Memo Writer) 1.2
Samna Word IV & IV+ 1.0, 2.0  Total Word 1.2, 1.3
Volkswriter 3, 4 Volkswriter Deluxe 2.2
Wang PC Ver 3 WordPerfect 4.1, 4.2, 5.0, 5.1*
WordStar 3.3, 3.31, 3.45, 4.0, XyWrite 111

5.0, 5.5, 6.0 XyWrite 111+

* The preferred word processor is WordPerfect 5.1.

Manuscripts and diskettes should be prepared in accordance with the
Instructions for Authors given at the back of this issue of the Journal. They
should be sent to the Editor:

Dr. Jack Cazes
Journal of Liquid Chromatography
P. O. Box 2180
Cherry Hill, N} 08034



INSTRUCTIONS TO AUTHORS

Journal of Liquid Chromatography is published in the
English language for the rapid communication of research
in liquid chromatography and its related sciences and
technologies.

Directions for Submission

One typewritten manuscript, suitable for direct
reproduction, and two (2) clear copies with figures must
be submitted. Since the Journal is produced by direct
photography of the manuscripts, typing and format
instructions must be strictly followed. Non-compliance
will result in return of the manuscript to the author and
will delay its publication. To avoid creasing, manuscripts
should be placed between heavy cardboards before
mailing.

Manuscripts may also be submitted on computer
diskettes. A printed manuscript must also be submitted
with diskettes because, at the present time, we are
experimenting with manuscripts on diskettes. Diskettes
must be readable with an IBM-compatible computer
(Macintosh or other type not acceptable) and must be
formatted with MS-DC'S 3.1 or greater. Be sure to
indicate the worci processing software that was used to
prepare the manuscript diskette.

Manuscripts and computer diskettes should be mailed
to the Editor:

Dr. jack Cazes

Journal of Liquid Chromatography
P. O. Box 2180

Cherry Hill, N] 08034

Reprints

Due to the short production time for papers in this
journal, it is essential to order reprints immediately upon
receiving notification of acceptance of the manuscript. A
reprint order form will be sent to the author with the letter
of acceptance for the manuscript. Reprints are available
in quantities of 100 and multiples thereof. Twenty (20)
free reprints will be included with orders of 100 or more
reprints.

Format of the Manuscript

1. The general format of the manuscript should be:
Title
Author(s)’ names and full addresses
Abstract
Text Discussion
References

2. Tithe & Authors: The entire title should be in capital
letters and centered within the width of the typing area,
located at least 2 inches (5.1 cm) from the top of the
page. This should be followed by 3 lines of space, then
by the names and addresses of the authors, also centered,
in the following manner:

A SEMI-AUTOMATIC TECHNIQUE FOR THE
SEPARATION AND DETERMINATION OF
BARIUM AND STRONTIUM IN WATER
BY ION EXCHANGE CHROMATOGRAPHY AND

ATOMIC EMISSION SPECTROMETRY

F. D. Pierce and H. R. Brown
Utah Biomedical Test Laboratory
520 Wakara Way
Salt Lake City, Utah 84108

3. Abstract: The title ABSTRACT should be typed,
capitalized and centered, 3 lines below the addresses.
This should be followed by a single-spaced, concise
abstract. Allow 3 lines of space below the abstract before
beginning the text of the manuscript.

4. Text Discussion: Whenever possible, the text
discussion should be divided into major sections such as

INTRODUCTION
MATERIALS

METHODS

RESULTS

DISCUSSION
ACKNOWLEDGEMENTS
REFERENCES

These major headings should be separated from the text
by two lines of space above and one line of space below.
Each major heading should be typed in capital letters,
centered and underlined.

Secondary headings, if any, should be placed flush
with the left margin, underlined and have the first letter of
main words capitalized. Leave two lines of space above
and one line of space below secondary headings.

5. The first word of each paragraph within the body of
the text should be indented five spaces.

6. Acknowledgements, sources of research funds and
address changes for authors should be listed in a separate
section at the end of the manuscript, immediately
preceding the references.

7. References should be numbered consecutively and
placed in a separate section at the end of the manuscript.
They should be typed single-spaced, with one line space
between each reference. Each reference should contain
names of all authors (with initials of their first and middle
names); do not use et al. for a list of authors.
Abbreviations of journal titles will follow the American
Chemical Society’s Chemical Abstracts List of Periodicals.
The word REFERENCES should be capitalized and
centered above the reference list.

Following are acceptable reference formats:

Journal:
1. D. K. Morgan, N. D. Danielson, ). E. Katon,
Anal. Lett., 18: 1979-1998 (1985)

Book:
1. L. R. Snyder, J. J. Kirkland, introduction to

Modern Liguid Chromatography, john Wiley &
Sons, inc., New York, 1979.

2. C. T. Mant, R. S. Hodges, "HPLC of Peptides,”
in HPLC of Biological Macromolecules, K. M.



Gooding, F. E. Regnier, eds., Marcel Dekker,
Inc., New York, 1990, pp. 301-332.

8. Each page of manuscript should be numbered lightly,
with a light blue pencil, at the bottom of the page.

9. Only standard symbols and nomenclature, approved by
the International Union of Pure and Applied Chemistry
(IUPAC) should be used.

10. Material that cannot be typed, such as Greek symbols,
script letters and structural formulae, should be drawn
carefully with dark black India ink. Do not use any other
color ink.

Additional Typing Instructions

1. The manuscript must be prepared on good quality
white bond paper, measuring approximately 8% x 11
inches (21.6 cm x 27.9 cm). The typing area of the first
page, including the titie and authors, should be 5V: inches
wide by 7 inches high (14 ¢cm x 18 cm). The typing area
of all other pages should be no more than 5%; inches
wide by 8% inches high (14 cm x 21.6 cm).

2. The title, abstract, tables and references are typed
single-spaced. All other text should be typed 1Y:-line
spaced or double line spaced.

3. It is essential to use dark black typewriter or printer
ribbon so that clean, clear, solid characters are produced.
Characters produced with a dot/matrix printer are not
acceptable, even if they are *near letter quality” or *letter
quality.” Erasure marks, smudges, hand-drawn corrections
and creases are not acceptable.

4. Tables should be typed on separate pages, one table
to a page. A table may not be longer than one page. If
a table is larger than one page, it should be divided into
more than one table. The word TABLE (capitalized and
followed by an Arabic number) shouid precede the table
and should be centered above the table. The title of the
table should have the first letters of all main words in
capitals. Table titles should be typed single line spaced,
across the full width of the table.

5. Figures (drawings, graphs, etc) should be
professionally drawn in black India ink on separate sheets
of white paper, and should be placed at the end of the
text. They should not be inserted in the body of the text.
They should not be reduced to a small size. Preferred
size for figures is from 5 inches x 7 inches (12.7 cm x 17.8
cm) to 8% inches by 11 inches (21.6 cm x 27.9 cm).
Photographs should be professionally prepared glossy
prints. A typewriter or lettering set should be used for all
labels on the figures or photographs; they may not be
hand drawn.

Captions for figures should be typed single-spaced on
a separate sheet of white paper, along the full width of
the type page, and should be preceded with the word
FIGURE and an Arabic numeral. All figures and lettering
must be of a size that will remain legible after a 20%
reduction from the original size. Figure numbers, name of
senior author and an arrow indicating “top* should be
written in light blue pencil on the back of the figure.
Indicate the approximate placement for each figure in the
text with a note written with a light blue pencil in the
margin of the manuscript page.

6. The reference list should be typed single-spaced. A
single line space should be inserted after each reference.
The format for references should be as given above.






Obtain the best possible results by undersianding the essentials
involved in the chromatographic process with...

RAYMOND P. W. SCOTT
Georgetown University, Washingion, D.C.,

and Birbeck College, University of London, United Kingdom

January, 1994
344 pages, illustrated
$75.00

a his practical guide provides a clear presentation of the chro-
matographic process—demonstrating the functions of all
associated instrumentation and the procedures necessary to
cbtain accurate qualitative and quantitative results.

Supplies a host of applications from a variety of
sources to help identify the best equipment, the most
appropriate columns, and the most suitable phase
systems for specific samples!

‘Written by an international expert with over 45 years of industrial and
academic experience, Liguid Chromatography for the Analyst
E covers essential fundamental theory
El explains the chromatographic process using established physical
chemical terminology
EA illustrates chromatographic behavior with current practices
@ gives useful examples to aid in applying principles to actual
problems
B furnishes supporting experimental evidence for theoretical
explanations
B and much more!

‘With its direct, jargon-free style that permits easy access to informa-
tion, Liguid Chromatography for the Analyst is an invaluable
resource for analytical chemists, laboratory technicians, and upper-
level undergraduate, graduate, and continuing-education courses in
analytical chemistry or separation science.

CONTENTS
An Introduction to
Chromatography

Resolution, Retention, and
Selectivity

Liquid Chromatography
Phase Systems

The Liguid
Chromatography Column

The Liquid Chromatograph

Liquid Chromatography
Detectors

Sample Preparation

Qualitative and Quantitative
Analysis

LC Applications

ISBN: 0—8247—9184-3
This book is printed on ucid-free paper.

MARCEL
DEXKER,

INC.

270 Madison Avenue

New York, NY 10016

(212) 696-9000

Hutgasse 4, Postfach 812
CH-4001 Basel, Switzerland
Tel. 061-261-8482



Also of interest. ..

Handbook of Thin-Layer
Chromatography

{Chromatographic Science Series/55

edited by

JOSEPH SHERMA and
BERNARD FRIED

2nd Printing!
1080 pages, illustrated
$199.00

“...The wealth of practical detail can
potentially save many hours of labora-
tory experimentation. The purchase
price is easily covered by just one hour
of saved labour.” —Chromatographia

“...overall this book should serve for
many years as the source of informa-
tionon TLC.” 4, o1 tica Chimica Acta
"...one of the best practical books in
this field.” —International Journal of
Environmental and
Analytical Chemisiry

Contents

Principles and Practice of Thin-

Layer Chromatography

Basic Techniques, Materials, and
Apparatus, Joseph Sherma

Theory and Mechanism of Thin-Layer
Chromatography, Teresa Kowalshka

Optimization, Bart M. ]. De Spiegeleer

Sorbents and Precoated Layers in Thin-
Layer Chromatography, Heinz E. Hauck,
Margot Mack, and Willi Jost

Instrumental Thin-Layer Chromatography,
Dieter E. Jaenchen

Gradient Development in Thin-Layer
Chromatography, Wladyslaw Golkiewicz

Overpressured Layer Chromatography,
Katalin Ferenczi-Fodor, Emil Mincsovics,
and Ernd Tyihdk

Thin-Layer Chromatography Coupled with
Mass Spectrometry, Kenneth L. Busch
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_____ copylies) of Thin-Layer Chromatography, Third Edition by
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Photographic Documentation of Thin-
Layer Chromatograms, Richard K. Vitek

Theoretical Foundations of Optical
Quantitation, Viktor A. Pollak

Preparative Layer Chromatography,
Szabolcs Nyiredy

Thin-Layer Radiochromatography,
Seth D. Shulman and Larry E? Weaner

Applications of Flame lonization Detectors
in Thin-Layer Chromatography,
Kumar D. Mukherjee

Applications of Thin-Layer
Cﬂromatography
Amino Acids and Their Derivatives,

R. Bhushan
Peptides and Proteins,

R. Bhushan and . Martens
Antibiotics, Franz Kreuzig
Carbohydrates, Mirko Proiek, Marko Pulil.

and Katarina Jamnik
Inorganics and Organometallics,

Ali Mohammad and Krishna G. Varshney
Enantiomer Separations, Kurt Giinther
Lipids, Bernard Fried
Natural Pigments, Morten Isaksen
Pesticides, Katalin Fodor-Csorba
Pharmaceuticals and Drugs, Linda L. Ng
Phenols, Aromatic Carboxylic Acids, and

Indoles, John H. P. Tyman
Polymers and Oligomers,

E.S. Gankina and B. G. Belenkii
Application of TLC and HPTLC for the

Detection of Aberrant Purine and

Pyrimidine Metabolism in Man, Albert

H. van Gennip, Nico G. G. M. Abeling,

and Dirk de Korte
Steroids, Gdbor Szepesi and Maria Gazdug
Synthetic Dyes, Vinod K. Gupta
Toxins, Michael E. Stack
Hydrophilic Vitamins, Bernard Fried
Lipophilic Vitamins, André P. De Leenheer.

Wiﬁ)' E. Lambert, and Hans ]. Nelis

Glossary

Selective Directory of
Manufacturers and Suppliers of
Instruments and Products for

' Thin-Layer Chromatography

I1SBN: 0—8247—8335—2



Get an in-depth view of the principles, practices, and applications of thin-layer
and high-performance thin-layer chromatography with the new edition of...

Thin-Layer

cilatio
table

Furnishes over 880 hiterature
s and more than 100 helptud
drawings, and photographs!

Chromatography

Techniques and Applications

*d and randed

(Chromatographic Science Series/66)

Praise for the Previous Editions...

“...The treatment of the subject is compact and caters well for the needs of those
who wish to carry forward their analytical skills from an elementary level....
“...There is a good deal of experience distilled into these pages.”

—Chemistry and Industry

“...a worthwhile purchase both for beginners and for experienced chromatog-
raphers with an interest in thin-layer chromatographic separations.” —Analyst

“...an excellent, well-illustrated, practically oriented text, with a detailed
overview of current TLC equipment world-wide, and up-to-date literature

coverage.” —Amnalytica Chimica Acta

Maintaining and enhancing the features that made the previous editions so
successful, this valuable, completely updated Third Edition discusses all
phases of thin-layer chromatography (TLC), including the preparation of bio-
logical samples prior to TLC, general practices of TLC, and applications based
on compound types.

Details various qualitative and q titative densi tric TLC
peri is on org dyes, lipids, amino acids, carbohydrates,
natural pigments, i leic acid derivatives, steroids,

pharmaceuticals, organic acids, antibiotics, and insecticides!

Reflecting the many recent developments in TLC, Thin-Layer
Chromatography, Third Edition
M stresses practical rather than theoretical aspects of TLC
B compares modern TLC with other separation methods, especially gas
and column-liquid chromatography
B contains extensive coverage of sample preparation methods
M surveys the latest instrumentation for high-performance and overpressured
TLC
|

covers currentlj)rinciples and techniques such as the optimization of
separations and densitometry

M and more!

Providing a handy source of information for any scientist currently using or plan-
ning to use TLC, Thin-Layer Chromatography, Third Edition is an essen-
tial resource for analytical chemists, biochemists, clinical chemists, laboratory
and medical biotechnologists, pharmaceutical scientists, chemical and civil engi-
neers, zoologists, botanists, parasitologists, microbiologists, and upper-level
undergraduate and graduate students in these disciplines.

BERNARD FRIED and
JOSEPH SHERMA

Lafayette College, Easton, Pennsylvania
January, 1994

464 pages, illustrated

$165.00

Contents

General Practices of TLC

Introduction and History

Mechanism and Theory

Sorbents, Layers, and Precoated Plates

Obtaining Material for TLC and Sample
Preparation

Application of Samples

Solvent Systems

Development Techniques

Detection and Visualization

Qualitative Evaluation and
Documentation

Quantification

Reproducibility of Results

Preparative Layer Chromatography

Radiochemical Techniques

Applications of TLC to Different
Compound Types

Basic TLC Design and TLC of Organic Dyes

Lipids

Amino Acids

Carbohydrates

Natural Pigments

Vitamins

Nucleic Acid Derivatives

Steroids and Terpinoids

Pharmaceuticals

Miscellaneous Applications
Directory of Manufacturers and
Sources of Standards, Sample
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