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STUDY OF POLYSTYRENE-BLOCK-
POLY(METHYL METHACRYLATE) MICELLES BY
SIZE EXCLUSION CHROMATOGRAPHY/LOW
ANGLE LASER LIGHT SCATTERING. INFLUENCE
OF COPOLYMER COMPOSITION
AND MOLECULAR WEIGHT

ZLATKA GRUBISIC-GALLOT!, YVES GALLOT, AND JAN SEDLACEK?
!nstitut Charles Sadron, (CRM-EAHP)(CNRS-ULP)
6, rue Boussingault
67083 Strasbourg, Cedex, France
2Dept. of Physical and Macromolecular Chemistry
Faculty of Science, Charles University
Albertov 2030, Prague, Czech Republic

ABSTRACT

Results of size exclusion chromatography study of the micellar
systems polystyrene-block-poly(methyl methacrylate) in the mixed
solvent 1,4-dioxane/cyclohexane are reported and the behaviour of
copolymers with different overall molecular weight and chemical
composition is compared. At higher content of cyclohexane, the
effect of the solute trapping in the column due to the adsorption
of the unimer on the packing was observed. This effect was more
pronounced for the lower molecular-weight copolymers as compared
with the higher molecular-weight ones and was found to depend
significantly on the thermodynamic quality of solvent (eluent).
Experiments in 1,4-dioxane/70 vol.% cyclohexane showed strong
influence of unimer - micelles re-equilibration in the column on
the resulting chromatograms, especially for the micellar systems
of the lower molecular-weight copolymers. For the copolymers of
higher molecular-weight, the micelles dissociation in the column
was reduced probably due to the more entangled and compact cores
of micelles.
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INTRODUCTION

The formation of copolymer associates - micelles in dilute
solutions of ©block copolymers in selective solvents (i.e.
thermodynamically good solvent for one block and at the same time
poor solvent for the other block) is well-known. The formation of
these micelles is described by the "closed association" model.
This model is characterized by an equilibrium between the micelles
(M), with a narrow molecular-weight and size distribution, and the
molecularly dissolved copolymer - unimer (U).

nU —M (1)
where n is the association number. The equilibrium, (i.e. the
association number and concentrations of unimer and micelles) and
the dynamics of its achievement depend upon several parameters
such as the nature of the copolymer and the selectivity of solvent
(usually controlled by the composition of a solvent mixture or/and
by the temperature) [1,2].

Various techniques are currently used for the study of
micellar systems e.g. light scattering [2,3], sedimentation [4],
size exclusion chromatography (SEC) [5]. The application of SEC to
the separation and characterization of individual components for a
micellar system is usually complicated by the wunimer P
micelles association and dissociation which takes place in the SEC
column. Chromatograms obtained with micellar systems reflect two
competing processes: (i) the separation of the solute in the
column; and (ii) the disturbing and subsequent re-establishment of
the unimer P— micelles equilibrium (Eq. 1). The shape of the
corresponding chromatograms depends on the relative rates of these
two processes as proposed theoretically [6] and confirmed by SEC
studies on various block copolymer micellar systems [5,7,8].
Additional complications in the use of SEC to study of micellar
systems often arise due to the loss of the solute in the column
during the SEC separation. The adsorption of the unimer form of
the copolymer is most frequently given as the reason for this

phenomenon [7-9].
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These effects, the strong influence of the unimer (_——_:—)
micelles re-equilibration on the shape of chromatograms and the
significant loss of the solute in the course of the SEC separation
were observed in previous work [10]. This latter study used SEC
coupled with a low-angle laser light scattering (LALLS) detector
applied to a polystyrene-block-poly(methyl methacrylate) (PS-PMMA)
in a mixed 1,4-dioxane/cyclohexane solvent. In this solvent,
micelles with PMMA core and PS shell are formed at higher contents
of cyclohexane. Use of the LALLS detector was found to be very
advantageous for the subsequent interpretation of the elution
curves and for the determination of the molecular weight
characteristics of the micelles; molecular weights of micelles
determined by this detector were found to be in agreement with
those determined independently by static light scattering.

This article focuses on the influence of the composition and
overall molecular weight of PS-PMMA on the behaviour of the
micellar system in 1,4-dioxane/cyclohexane. The same techniques,

i.e. SEC/LALLS and the static light scattering, were applied.

EXPERIMENTAL

Copolymers

Samples of polystyrene-block-poly(methyl methacrylate) (PS-
PMMA) having different overall molecular-weight and composition
were synthesized by anionic polymerization using phenylisopropyl-
potassium as initiator. The details of syntheses are described
elsewhere [10]. The chemical composition of copolymers was
determined by elemental analysis. For the determination of weight-
average molecular weight (ﬁw) and number-average molecular weight
(Mn), size exclusion chromatography/low angle laser light

scattering was used.
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Size exclusion chromatography

Waters 150 C apparatus with two detectors coupled on line:
a low-angle laser light scattering (LALLS) photometer (Chromatix
CMX-100) and a standard Waters differential refractometer (DR) was
applied [11]. For the characterization of the copolymer samples
five column in series (PL gel) having upper permeability limits of
106, 105, 104, 103 and 5x102, respectively, and tetrahydrofuran
(THF) as eluent with a flow rate of 1 mL/min were used. The SEC
study of the micellar systems was carried out with one column
packed with p-styragel (105). Different 1,4 dioxane/cyclohexane
mixtures were employed as the mobile phase at a temperature of
25°C. The copolymers were always dissolved in a given solvent
mixture for 24 h at a temperature of 25°% prior to analysis. All
the SEC experiments were carried out at a flow rate of 1 mL/min,

using the concentration of the injected sample (100uL) of 10 mg/mL.

Static light scattering

SEM-633 apparatus from SEMATECH (wavelength A = 632.8 nm) was

used. The weight-average molecular weights of micelles, ﬁéM) were
obtained at 25°C using the relation:
Ke/R = 1P + 24 c (2)
[ W 2

where K is the optical constant, Ro is the Rayleigh ratio

extrapolated to zero angle, ¢ is the copolymer concentration and
A, is the second virial coefficient. ﬁép) is the weight-average

mglecular weight of all scattering particles in solution, which
can be considered as the value of ﬁéM) provided that the
equilibrium concentration of unimer is small in comparison with
the concentration of micelles [2]. The estimates of the critical
micelle concentration (CMC) were obtained from the shape of the
dependencies Kc/Ro vs c¢. The details on ﬁéM)and CMC determination
from the static light scattering data are available elsewhere

[2,10].
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RESULTS AND DISSCUSION

Four samples of polystyrene-block-poly(methyl methacrylate)
(PS-PMMA) with different molecular-weights and contents of PS and
PMMA were synthesized. Their characteristics are given in Tab. 1.
Applying solvent mixture 1,4-dioxane/cyclohexane at various
compositions as the eluent, SEC analyses of these copolymers were
carried out. The region of solvent composition where PS-PMMA
micelles were detected by SEC/LALLS was determined for each
copolymer (Tab. 1). For all solvent mixtures where micelles were
detected, good unimer-micelle resolution was achieved in the
chromatograms of all copolymer samples. The peaks of micelles
(detected by DR) were found to increase in intensity with the
decrease in thermodynamic quality of solvent, i.e. with the
increasing cyclohexane content. Just the opposite trend was
observed for the peaks of unimer. The loss of some of the solute
in the SEC column was observed for all copolymers at higher
contents of cyclohexane. This trapped solute was always completely
eluted by a zone of good solvent (an injection of 100 ul of 1,4-
dioxane). In the previous article [10] an explanation of this
phenomenon was proposed based on the adsorption of the unimer form
of the PS-PMMA copolymer on the column packing. The amount of
solute lost on the column was found to depend significantly on the
thermodynamic quality of the solvent (eluent) and on the molecular
weight and composition of the copolymer as shown in Fig. 1. This
figure shows the mass fraction of copolymer, w, which passed
through the column as a function of the solvent composition.
Values of w represent the mass of the copolymer detected by DR
(both forms: unimer and micelles) divided by the mass of copolymer
injected into the column. All dependencies in Fig. 1 pass through
a minimum and the following explanation can be proposed. There are
at least two important aspects of the solute loss in the column
affected by the solvent composition: (i) the affinity of the
unimer to the adsorption on the column packing, which would be

expected to increase with the decrease in the thermodynamic
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T R [ T T T l 1
50 60 70 80
Content of cyclohexane in vol. %

FIGURE 1. Weight fraction, w, of PS-PMMA samples which passed
through SEC column as function of the content of cyclohexane in
the 1,4-dioxane/cyclohexane mixed solvent used as the eluent.
Concentration of the injected solution ¢ = 10 mg/mL; injection
volume: 100 plL; flow rate: 1 mL/min. Overall weight-average
molecular weight of copolymers and content of PS block in the co-
polymers, respectively: 96 000; 64.0 wt.% (sample I) (/\), 162 000
66.5 wt.% (sample II) (@), 91 000; 52.6 wt.% (sample III) (M),
172 000; 51.2 wt.% (sample IV) (). Dashed line: solvent
compositions where micelles were detected by SEC.

quality of the solvent for a given copolymer, i.e. with the
increase in content of cyclohexane; and (ii) the equilibrium
concentration of the unimer in the column and the rate of the re-
establishment of this equilibrium concentration (i.e. the rate of
the dissociation of micelles) in the course of unimer-micelles
separation. The equilibrium concentration of unimer is generally
reported as decreasing with the decrease in the thermodynamic
quality of solvent. A similar decrease might be assumed for the
rate of dissociation of micelles in the column because more
compact micelle cores may be expected in the thermodynamically
worse solvent, which hinders a release of the unimer from the
micelles. Considering (i) and (ii) the position of minima in

Fig. 1 may represent a solvent composition (the quality of
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solvent) for which the combined effect of both the adsorption
affinity of the unimer and its equilibrium concentration are the
highest. Although a further drop in the thermodynamic quality of
the solvent should cause an increase in the affinity of the unimer
to the adsorption, it is simultaneously accompanied by a drop in
the concentration of unimer and the latter effect seems to
predominate leading, in fact, to the rise in w as shown in Fig. 1.
A similar observation was reported by Price et. al. in the SEC
study of the micellar solutions of polystyrene-block-
poly(ethylene—co-propylene). The authors observed negligible
adsorption for the thermodynamically bad solvents but the complete
loss of the solute on the column in the thermodynamically better
solvents where less stable micelles were present [8].

If we compare the behaviour of copolymers having similar
molecular weight but differing in chemical composition (sample I
vs. III, sample II vs. IV) we observe that the position of the
minimum is shifted towards the thermodynamically worse solvent
(i.e. higher cyclohexane content) for copolymers with a shorter
insoluble (PMMA) block. A similar phenomenon is observed if the
solvent composition corresponding to the 1last point in the
dependencies in Fig. 1 is considered. This composition represents
the highest content of cyclohexane in 1,4-dioxane/cyclohexane
mixed solvent in which a given copolymer was found to be still
soluble (solvent composition was changed in steps of five vol.%).

Fig. 1 also offers a comparison between copolymers having
similar composition but differing in molecular weight (sample I
vs. II and sample III vs. IV). Both the position of the minima and
the position of the last points in the dependencies in Fig. 1 are
shifted towards thermodynamically better solvent for the
copolymers with the higher molecular weight. This seems to be
ascribable to the longer insoluble blocks (PMMA) in the copolymers
having the higher molecular weight (sample II and IV).

It is also seen from Fig. 1 that the highest losses of the

solute in the column were detected for the lower molecular-weight



POLYSTYRENE-BLOCK-POLY(METHYL METHACRYLATE) 2299

copolymers (compare the depth of the minima in Fig. 1). This
finding can be easily explained if we take into account the
conformation of the unimer form of copolymer chains in a selective
solvent mixture. It may be assumed that this conformation is
similar to that known as unimolecular micelles [12] i.e. the
insoluble PMMA block slightly collapsed and partially protected by
a better soluble PS block which is forming a shell. From this
point of view the longer soluble PS block of the higher molecular-
weight samples should provide a better protection of the collapsed
insoluble PMMA block and thus the unimer adsortion affinity could
be reduced to some extent. The effect of the equilibrium
concentration of unimer and the rate of its re-establishment must
also be considered. The re-equilibration process might be expected
to be slowed down for the higher molecular weight copolymers in
comparison with the lower molecular-weight ones because of the
more difficult disentanglement processes in cores of micelles of
the former. All of the above effects probably contribute to the
observed dependence of w on the molecular-weight of copolymers
(Fig. 1).

For the detailed study of the PS-PMMA micellar systems the
selective solvent mixture 1,4-dioxane/70 vol.% cyclohexane was
chosen. Solutions of the copolymers in this solvent mixture were
studied by means of static light scattering; the results are shown
in Fig. 2 where the dependencies of Kc/R° (extrapolated to zero
angle) on the overall concentration of copolymer in solution, c,
are given. The dependencies exhibit a shape typical of associating
systems and suggest that all the copolymers form micelles from low
copolymer concentrations. The estimates of wvalues of critical
micelle concentration (CMC) (the copolymer concentration at which
micelles are just detected by a given method) are given in Tab. 1.
In this table the values of weight-average molecular weight of
ﬁéM) obtained from the static 1light scattering
E(M)

w

micelles
measurements are also given. Values of were obtained

extrapolating the Kc/Ro values from the horizontal parts of
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FIGURE 2. Concentration dependence of Kc/R _ from static light
scattering measurements for solutions of samp es of PS-PMMA in the
mixture 1,4-dioxane/70vol.% cyclohexane at 25 C. Overall weight-
average molecular weight of copolymers and content of PS block in
the copolymers, respectively: 96 000; 64.0 wt.% (sample I),
162 000; 66.5 wt.% (sample II), 91 000; 52.6 wt.% (sample III),
172 000; 51.2 wt.% (sample IV)

dependencies in Fig. 2 to c=0 (Eg. 2). Although this process leads

to the weight-average molecular weight of all scattering particles
(i.e. so-called particles molecular weight ﬁép)

considered as ﬁéM)

)} this value can be

in the case of all copolymers because the
ﬂ(p)
w

is a result of the very low values of CMC (Tab. 1) (CMC is close

unimer contribution to the measured value is negligible. This
to the equilibrium concentration of unimer in a micellar system)
as already discussed in the previous article [10].

In Fig. 3 the chromatograms resulting from SEC experiments
carried out with the copolymers in 1,4-dioxane/70 vol% cyclohexane
are shown. In the concentration profiles (DR response) the peaks
with a lower elution volume (Ve= 9.1 mL Fig. 3b, Ve= 8.9 mL Fig.
3c, Ve= 8.6 mL Fig. 3d) for which high LALLS detector responses
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FIGURE 3. SEC curves of PS-PMMA samples in mixture 1,4-dioxane/
70 vol.% cyclohexane at 25°C. Overall weight average molecular-
weight of copolymers and content of PS block in the copolymers,
respectively: 96 000; 64.0 wt.% (sample I)(a), 91 000; 52.6 wt.%
(sample III)(b), 162 000; 66.5 wt.% (sample II)(c), 172 000; 51.2
wt.% (sample IV)(d). Concentration c= 10 mg/mL; injection volume:
100 pL; flow rate: 1 mL/min. Full line: DR response; dashed line:
LALLS response. (Ve: elution volume)

were obtained were ascribed to micelles. The peaks at higher
elution volume (Ve= 11.6-12.0 mL ) correspond to the unimer in the
case of all copolymers studied. The small peaks at Ve=13.8—14.2 mL
(at the permeation 1limit of the column) correspond to the SEC
system peaks and probably reflect the selective solvation of the

solute [10,13].
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As mentioned previously, the values of CMC (see above ana
Tab. 1) are, according to the closed association model (Eq. 1),
very close to the equilibrium concentration of the unimer in the
micellar system. It can therefore be deduced that for all
copolymer samples in the 1,4-dioxane/70 vol.% cyclohexane the
unimer Pra— micelles equilibrium was significantly shifted in
favour of the micelles in the solutions injected on the SEC column
(c = 10 mg/mL). For example, in the injected solution of sample
No. I, ca 99 wt.% of copolymer was in the form of micelles. This
fraction was even higher for the samples II, III and IV.
Considering the values of (1.0 - w) for the 1,4-dioxane/70 vol.%
cyclohexane solvent mixture from Fig. 1 (which represent the
fraction of unimer trapped in the column) and the intensities of
unimer peaks in Fig. 3 as well, it is clear that the amount of
micelles detected after the passage through the column does not
reflect the micellar equilibrium concentration in the injected
sample for any copolymer investigated. This is due to the
dissociation of micelles in the course of the SEC experiment, as
already described in ref [10]. As soon as the micelles are
separated from the unimer in the column (as a result of different
hydrodynamic volumes) the equilibrium (Eq. 1) is disturbed in the
zone of micelles and a certain amount of the micelles tends to
dissociate to re-establish the unimer : micelles equilibrium.
As seen in Fig. 3 this process is in 1,4-dioxane/70 vol.% cyclo-
hexane more pronounced for the micellar systems of the lower
molecular-weight copolymers and in case of sample No. I it even
leads to the total disappearance of the micelles from the system
(Fig. 3a). The fact that the fraction of the micelles which
dissociate in the column is reduced in the case of the higher
molecular-weight copolymers (Fig. 3c, d) might be explained by a
lower rate of dissociation of these micelles due to the more
entangled and compact micelles cores as already proposed above.
Also the values of CMC (Tab. 1) seem to suggest that the

equilibrium concentration of wunimer is lower in the micellar
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systems of higher molecular-weight copolymers. Unfortunately the
exact comparison is not possible since only upper estimates of CMC
were available for the samples II, III and IV due to the shift of
the onset of micellization to very low copolymer concentrations.

It is clear that for the exact interpretation of chromato-
grams in Fig. 3 other effects should also be considered - in
particular the unimer - micelle SEC separation efficiency for each
micellar system and the unimer trapping on the column packing. In
our case the SEC process deals with the separation of particles
(unimer and micelles) for which a significant difference in
hydrodynamic volume is expected. This difference is probably not
the same for all of the micellar systems studied. We suppose
however that this fact has only little influence on the results in
Fig. 3. The trapping of the unimer on the column packing Iis
probably more important. The overall influence of this phenomenon
is however difficult to evaluate. On the one hand, it might
promote the separation of micelles from unimer (a certain amount
of unimer which is being formed by the dissociation of micelles in
the SEC column is continuously drawn off by adsorption, which can
be thus regarded as an additional separation mechanism to SEC
process). On the other hand, the trapping of unimer contributes to
the reduction of the concentration of the unimer in the micellar
zone and thus supports the dissociation of the micelles.

Good separation of peaks of micelles in chromatograms in

Fig. 3 b-d enabled direct determination of ELM) and polydispersity

index ﬁiM)/ﬁ;M) of micelles from LALLS and DR detectors responses;
the results are summarized in Tab. 1. As already stated in the
previous article [10], in the case of copolymer sample No. I
80 vol.% of cyclohexane in 1,4-dioxane/cyclohexane mixed solvent
was necessary for the micelles to be detected by SEC. For the
micelles of this copolymer, the value of ﬁéM) was determined to be
7.9x106 by SEC/LALLS and 8.5x106 by static light scattering in

1,4-dioxane/80 vol.¥% cyclohexane [10].
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There seems to be satisfactory agreement between the values
of E‘SM) determined by SEC/LALLS and by static light scattering for
all copolymers except for the sample No. III (Tab. 1). For this
sample the static light scattering provided a significantly lower
value of ﬁLM) as compared with SEC/LALLS. Both values were
reproducible and the differences between them cannot be explained
by errors associated with the methods used. We suppose that this
discrepancy might be caused by the effect of anomalous
micellization. This phenomenon has been reported in connection
with the study of micellization of various block copolymers in
different selective solvents [14-16]. In these systems two kinds
of micelles differing in size and molecular weight were observed:
(i) the expected spherical regular micelles with a lower size and
molecular weight and (ii) particles with a higher size and
molecular weight: the anomalous micelles. Often only a small
fraction of copolymer was found to be in the form of anomalous
micelles. The formation of anomalous micelles by equilibrium
association of regular ones was proposed for the systems studied
by Price et. al. [15] and by Tuzar et. al. [14]. Provided that
there exist two kinds of micelle in our micellar system of
copolymer No. III in 1,4-dioxane/70 vol.% cyclohexane, the
anomalous ones might be assumed to be more difficult to
disentangle (due to their complexity), 1i.e. their rate of’
dissociation into the unimer may be lower compared with the rate
of the dissociation of the regular ones. In the course of the SEC
separation of this sample the relative fraction of anomalous
micelles in the micellar zone should therefore increase
continuously as a result of a more rapid dissociation of the
regular micelles. The micellar peak in Fig. 3 b should thus be
enriched with the anomalous micelles. Since this peak (DR
response) seems to be symmetrical and since a certain SEC
separation between regular and anomalous micelles should be
expected (leading at least to the deformation of the shape of this

peak) it might be even assumed that this peak is formed



POLYSTYRENE-BLOCK-POLY(METHYL METHACRYLATE) 2305

predominantly or even exclusively by the anomalous micelles. It

might be concluded therefore, that the value of ﬁéM)

resulting
from SEC/LALLS is significantly affected by the presence of
anomalous micelles. It is even possible that this value is very
close to the weight average molecular-weight of anomalous
micelles, provided that a major part of regular micelles had
dissociated during the SEC separation process. The value of ﬁéM)
resulting from the static light scattering represents the weight-
average molecular weight of all scattering particles in solution,
i.e. the weight-average molecular weight of regular and anomalous
micelles, since the contribution of wunimer to this value is
negligible (see above). If the fraction of anomalous micelles in
the solution is small compared to the fraction of regular ones,
ELM) should be close to the weight-average molecular weight of
regular micelles.

Further research is in progress aimed at the SEC separation
of regular and anomalous micelles. It should be noticed that the
SEC results confirmed the anomalous behaviour of the copolymer
No. III in 1,4-dioxane/cyclohexane over a wide range of solvent
composition investigated; however no clear evidence of anomalous
micellization was found by the static light scattering so far (see
also Fig. 2). Results will be published in a forthcoming article
devoted exclusively to this phenomenon.

The anomalous behaviour of copolymer No. III complicates the
correlation between the molecular weight of micelles and the type
of the copolymer tested. If however, the value of ELM) determined
by static light scattering for the micelles of copolymer No. III
is considered as an upper estimate for the weight-average
molecular weight of the regular micelles, and provided that this
estimate is not very far from the real value, the increase in the
weight-average molecular weight of the regular micelles with
increasing length of the insoluble PMMA block in the copolymers

may be deduced for the mixed solvent 1,4~dioxane/70 vol.% cyclo-—

hexane (Tab. 1).
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CONCLUSION

For all PS-PMMA copolymers solute trapping due to the
adsorption of unimer in the column packing was observed in
1,4~-dioxane/cyclohexane solvent mixture for higher contents of
cyclohexane. This effect was more pronounced for copolymers with
lower overall molecular weights. The SEC results obtained in
1,4-dioxane/70 vol.% cyclohexane showed that the rate of the re-
establishment of the unimer é:::? micelles equilibrium in the zone
of micelles (leading to the decrease in the amount of the micelles
detected after the passage though the column) was certainly not
negligible in comparison with the rate of the SEC separation
process. A higher fraction of micelles was detected in the case of
copolymers having higher overall molecular weights. This is
probably due to the higher stability of these micelles and the
lower values of CMC. The molecular weight of micelles formed in
1,4-dioxane/70 vol.% cyclohexane was found to increase with the

increasing length of the insoluble (PMMA) block.
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SEPARATION OF OCTYLPHENOL POLYETHER
ALCOHOLS SURFACTANTS BY CAPILLARY
COLUMN SFC AND HPLC
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Ada, Oklahoma 74820

ABSTRACT

Separation of nonionic octylphenol polyether alcohols (OPA) by supercritical
fluid chromatography (SFC) and HPLC is described. Using a density programming
and a 50-pm i.d. capillary column, a total of 18 group oligomers was separated. The
effects of the operating parameters, such as temperatures of mobile phase, flame
ionization detector (FID) and injector, on SFC analysis were investigated. The results
demonstrated that the separation efficiency is better when mobile phase temperature
is above 100 °C, which must be due to the higher volatility of the oligomers. The
results also demonstrated that the change of FID temperature from 300 °C to 420 °C
has no effect on the total peak response. The study shows that injector cooling is not
necessary when the analyte is in methanol. The total peak response was lower when
the injector temperature was changed from 21 °C to 10 °C. A group of polar
oligomers was found in OPA in HPLC analysis, not found in SFC. The result indicates
that the polar oligomers present in OPA were not soluble in supercritical fluid carbon
dioxide and, therefore, not observed in SFC.

INTRODUCTION
There has been considerable interest in using surfactants to

enhancesubsurface remediation. "% Because surfactants increase the solubility of

hydrocarbon contaminants in ground-water systems, they could potentially greatly

2309
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Figure 1 The molecular structural formula of octylpheno! poiyether alcohols (OPA)

reduce the number of pore volumes to be pumped in a cleanup effort. ©® Nonionic
octylphenol polyether alcohols (OPA) is under consideration for this application. OPA,
as other alkylphenol polyethoxylates such as nonylphenol and linear
alkylbenzenesulphonates, is used as a detergent ingredient,  which may be
discharged into municipal and industrial wastewater, eventually entering natural
waters. *® These surfactants have been studied with respect to their behavior in

wastewater treatment and their environmental impact.

OPA, similar to other commercial surfactants such as T-MAZ, 9 CS-330 %
and Dowfax, 'V is a complex mixture of many isomers, homologues and oligomers.
OPA is an aromatic nonionic surfactant and prepared by the reaction of octyiphenol
with ethylene oxide. The structural formula is shown in Figure 1. The complexity of
this chemical is mainly due to the various lengths of ethylene oxide units (OCHCH),,
According to the manufacturer, the average number of ethylene oxide units is 9 to 10,

which corresponds to an average molecular mass of 584 to 626.

Because of the low volatility and high molecular weight, OPA is difficult to
analyze by gas chromatography (GC). High temperature GC was used to analyze
sucrose fatty acid ester fractions, ' however, a derivatization procedure has to be

performed prior to analysis.
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Capiliary supercritical fluid chromatography has been demonstrated as a very
effective technique for the separation of nonicnic surfactant polymers, © 131419
Capillary supercritical fluid chromatography (SFC) performance is very much
dependent on operating parameters, such as temperatures of mobile phase, injector
and flame ionizaticn detector. It is important to choose the proper operating
parameters to optimize SFC performance. Although capiliary SFC has been used to
analyze nonionic surfactants such as aicohol ethoxylates, T-MAZ and Triton
surfactants previously, @ '* ' 1519 therg are relatively few publications on the detailed
investigations of the effects of the operating parameters on SFC analysis of nonionic
surfactants. This work provides a detailed study of the effects of these operating
parameters on SFC separation of OPA. The results have significance not only to the
analysis of OPA, but also to optimization of SFC conditions for other nonionic

polymers.

Reverse phase chromatography has been used to separate polymers
previously. ® ' There are several advantages using HPLC for the polymer analysis:
aqueous samples can be directly injected into an HPLC system, eliminating the need
for sample extraction procedures; sample injection for HPLC system in our lab is
automated, therefore more samples can be analyzed per 24 hour period. The
separation was performed using reverse phase chromatography to see how the SFC

separation of the oligomers differs from HPLC.

MATERIALS AND METHODS

Supercritical carbon dioxide (Scoft Specialty Gases, Inc., Plumsteadville, PA,

USA) was used as the mobile phase. OPA was purchased from Union Carbide
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Chemicals and Plastics Company Inc. (Danbury, CT, IL, USA). Polyethylene glycol
standards with molecular masses of 440, 600 and 960 were from Polymer
Laboratories Ltd (Foster City, CA, USA). All solutions were made with methanol

(Burdick and Jackson, Baxter Healthcare Corporation, Muskegon, MI, USA).

SFC

SFC analysis was performed on a Dionex (Dionex Corporation, Sunnyvale, CA,
USA) 600-D Supercritical Fluid/Gas Chromatography system which includes a syringe
pump to generate the high-pressure fluid flow, a chromatograph oven for temperature
control, flame ionization detector (FID), and a data acquisition and processing system.
All chromatographic conditions, including density programming, are computer-
controlled. To obtain maximum sensitivity, the hydrogen/air ratio (1/10) was optimized
and the detector operated in the most sensitive range. The flow rates were H,: 30
ml/min, air: 300 ml/min and N,: 25 mi/min. The detector body was heated to 390 °C.
Samples were introduced into the chromatographic system using a Valco injector
(Valco, Houston, TX, USA). The injection mode used was time split with the injection
duration of 0.1 second. 1 pl of the sample was loaded to the injector loop which has
a volume of 0.5 pl. With 0.1 second time split injection, 0.3 pl (60% of 0.5 pl) sample
was loaded to the SFC column. The injector was cooled at 10 °C with a NesLab

constant temperature circulator (NesLab, Portsmouth, NH, USA).

Separations were accomplished using a 10 meter SB-Biphenyl-30 capillary
column from Dionex which has a 50-um i.d. coated with approximately 0.25-um film
thickness. Prior to detection the supercritical fluid was decompressed, and the mobile

phase linear velocity was controlled to approximately 1.5 cm/sec by connecting the
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terminal end of the capillary column to a frit restrictor attached through a fused butt

connector.

HPLC

Instrumentation was from Waters (Waters Associates, Milford, MA, U.S.A.),
which included a 484 tunable absorbance detector, a 600E multisolvent delivery
system and a 717 autosampler. Separations were accomplished using a Waters
NovaPak C18 stainless steel column (3.9 x 150 mm). The mobile phase was 25%
acetonitrile. The injection volume was 100 pl at an eluent flow rate of 1.0 ml/min.
Data acquisition and processing was accomplished with a Waters Maxima 820
chromatography workstation, which included a system interface module and a NEC

PowerMate SX/16 computer.

BESULTS AND DISCUSSION

SFC Separation

The density of the mobile phase is the primary factor involved in the partitioning
of a solute between the stationary and mobile phase in SFC, and density is not
directly proportional to pressure near the critical point. '® Therefore linear density
programming is preferred over pressure programming for resolving components of

mixtures with a wide molecular mass range.

The chromatogram of OPA, Figure 2a, was obtained under the following

conditions: (1) 0.3392 g/mi (150 atm, at 100 °C), held for 6 minutes and ramped to
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Figure 2 SFC chromatograms of OPA and PEG standards

Conditions: CO, mobile phase at 100 °C; FID at 390 °C; injector temperature:

21 °C. Linear isothermal density program: (1) 0.3392 g/ml (150 atm, at 100 °C), held
for 6 minutes and ramped to 0.7100 g/mi (340 atm, at 100 °C) at 0.01 g/ml/min and

held for 20 minutes; (2) from 0.7100 g/mi to 0.7430 g/ml (380 atm, at 100 °C) at 0.01
g/ml/min and then held for 10 minutes. Samples: (a) OPA, 43 ug/ul; (b) PEG 600, 70

Hg/l.
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Figure 2 (continued)

0.7100 g/ml (340 atm, at 100 °C) at the rate of 0.01 g/ml/min and held for 20 minutes;
(2) 0.7100 g/ml to 0.7430 g/ml (380 atm, at 100 °C) at 0.01 g/ml/min and held for 10

minutes.

Polyethylene glycol standards were used to estimate the average molecular
mass of OPA as was done previously for T-MAZ. ® The chromatogram shown in
Figure 2b is a PEG standard with an average molecular mass of 600 using identical
SFC conditions as in Figure 2a. Two chromatograms (Figures 2a and 2b) showed
significant similarity in retention times and peak distribution, which demonstrated that

the average molecular mass of OPA is about 600, confirming that of the range of 584
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to 626 from the manufacturer. In addition, it also demonstrated that the oligomers of
OPA and PEG have very similar solubilities at the same density of the mobile phase
and the SB-Biphenyl-30 capillary column has almost no selectivity in polarity difference

between molecuies of OPA and PEG.

Two other PEG standards with average molecular mass of 440 and 960 were
also analyzed. As expected, oligomers in PEG 440 elutes earlier than OPA and PEG
600, because of their smaller molecular mass than OPA and PEG 600. Oligomers in
PEG 960 elutes later than OPA and PEG 600, which is due to the higher molecular

mass.

Effect of Mobile Phase Temperature

The effect of mobile phase temperature on the separation was examined by
changing column oven temperature. The isothermal separation was performed at 80
°C, 100 °C, 120 °C and 150 °C with density programming started at 150 atm and
ended at 380 atm. Resolution between the oligomers is much higher at 100 °C, 120
°C and 150 °C than that at 80 °C. Integrated from 12 to 60 minutes, the total peak
response of the injection of 52 ug/ul standard is essentially constant at 80 °C, 100 °C,
120 °C and 150 °C (Table 1), however, the heights of the major peaks at 150 °C are
10% to 92% higher than at 80 °C. This indicates that the efficiency is better at higher

temperatures which is due to the change in the volatifity of the oligomers. ©®

There are several additional advantages of operating the column at higher

temperature, when possible. First, it will prevent condensation in FID restrictor of
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TABLE 1 Average Peak Area and Relative Standard Deviation
at Various Mobile Phase Temperatures of 52 pg/ul OPA

Mobile Phase Temperature Peak Area
c (%RSD)
80 8923836 (4.4)
100 8833640 (3.2)
120 9053170 (4.3)
150 8873713 (3.9)

* Averaged from 3 experiments

RSD: Relative Standard Deviation = 100 x (Standard Deviation / Average Peak Area)

compounds with high molecular mass as indicated in the previous studies. & '
Second, when operating at higher column temperature, "® it is expected to result in
an increase in the solute diffusion coefficients and an improvement in the linearity of
the mobile phase density-pressure isotherm. This results in faster optimum velocities,

and more even peak spacing in density-programmed chromatograms of oligomers.

Effect of FID Temperature

Analysis was performed at various FID temperatures: 300 °C, 350 °C, 390 °C
and 420 °C. As shown in Table 2, the total peak response remained basically
unchanged. The indication is that OPA, with an averaged molecular mass of 584 to
626, does not condense in the restrictor at FID temperature as low as 300 °C. The
condensation in the restrictor was significant when polymers with high molecular
masses, such as T-MAZ (MW, 1300) and alkyl ethoxylated alcohols were analyzed at

FID temperature of 350 °C. &9



2318 YE, WALKUP, AND HILL

TABLE 2 Average Peak Area and Relative Standard Deviation
at Various FID Temperatures of 43 ug/ul OPA

FID Temperature Peak Area @
(°C) (%RSD)
300 7610953 (3.8)
350 7349170 (4.1)
390 7448399 (2.9)
420 7782887 (4.7)

# Averaged from 3 experiments.

RSD: Relative Standard Deviation = 100 x (Standard Deviation / Average Peak Area)

TABLE 3 Peak Area and Peak Area Ratio at Injector Temperatures of 10°C

and 21 °C
Concentration Injector Temperature Peak Area ® Area (10°C) /
(Hg/l) {(°C) Area (21°C)®
25 10 4339909 0.91
52 10 7448399 0.84
25 21 4787291
52 21 8833640

* Averaged from 3 experiments.

® Area (10°C) / Area (21°C) : The ratio of peak areas at injector temperature
10 °C vs. that at 25°C.
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Effect of Injector Temperature

Experiments were carried out with the injector at 10 °C (cooled by a water bath)
and at room temperature (21 °C). OPA standards of 25 and 52 ug/pl were loaded into
the sample loop and immediately injected. Integrated as one peak group from 12 to
50 minutes, the responses were 9% and 16% lower for the 25 and 52 ug/pl standards
when the injector temperature was at 10 °C than that at 21 °C (Table 3). This can be
attributed to the precipitation of OPA in the sample loop, which became significant at
high concentration. The result indicates that injector cooling is not needed when the
analyte is in methanol. However, if methylene chioride is used as a solvent, vapor
bubbles can enter into the sample loop when the injector is not cooled, due to the high

volatility of methylene chloride. © '

HPLC Separation

As shown in Figure 1, since molecules in OPA have a benzene ring, a
hydrocarbon chain, oxyethylene groups, and hydroxyl group, a C,; column offers
desirable interactions between the stationary phase, OPA molecules and the mobile
phase. Figures 3 show the HPLC separation of 1000 ppm OPA. Figure 3b shows the
peak group A in Figure 3a. These chromatograms again demonstrate the complicity
of this industrial chemical as it was shown in the SFC analysis. The peak group A
was not found in the SFC separation (Figure 2a). The oligomers in peak group A
must be more polar and smaller than oligomers in peak group B, because poiar and
small molecules elute faster than less polar and larger ones in the reverse phase

chromatography. Polar oligomers may not soluble in supercritical fluid carbon dioxide,
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(a) 1000 ppm OPA standard; (b) group A in Figure 3(a).
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which explains peak group A was not observed in SFC separation. A total of 15
oligomers was found in the peak group A and 16 in the peak group B as found in SFC
separation (Figure 2a). We also used a Waters NovaPak C, column and the
separation of peak group A was not as good as using a C,, column. The study
demonstrate HPLC is a very valuable technique for polymer analysis as we previously

indicated, * especially for polar polymers.
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2-(1-NAPHTHYL)ETHYL 2-[1-(4-BENZYL)-

PIPERAZYL]ETHANESULFONATE
DIHYDROCHLORIDE

H. S. KOU, H. L. WU#%, S. H. CHEN, AND S. M. WU

Graduate Institute of Pharmaceutical Sciences
Kaohsiung Medical College
Kaohsiung 807, Taiwan, Republic of China

ABSTRACT

A sulfonate reagent, 2-(1-naphthyl)ethyl 2-[1-(4-
benzyl)piperazyl]ethanesulfonate dihydrochloride, was synthesized
for analytical derivatization in liquid chromatography. The reagent
has two main functions, one with a chromophore (naphthyl) for
detection and the other with a substituted piperazine moiety for being
removable after derivatization. The reagent was preliminarily applied
to the derivatization of iodide anion. The results indicated that the
reagent can be readily removed by acid after derivatization; this
favorably avoids the interference of the excess reagent with the

resulting iodide derivative for analysis.
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INTRODUCTION

Analytical derivatization coupled with chromatographyl'4 has
found a wide range of application in the fields of chemical and
biochemical sciences. Based on analytical derivatization, a highly
responsive tag such as chromophore, electrophroe or fluorophore can
be incorporated with an analyte for trace analysis. Usually, much
higher concentration of a derivatization reagent as compared to that of
an analyte is required for the derivatization of the analyte at trace
levels. As a consequence, the excess reagent may seriously interfere
in the separation of the target derivative for sensitive detection,
especially in case of a derivatization reagent itself also being very
responsive to a detector. To solve this problem, common approaches
used includes the removal of excess reagent by nitrogen purge5 and
by additional column clean up®; these treatments are usually tedious
and time consuming. Therefore, attempts for devising the
derivatization reagents with removable properties after reaction were
made and resulted in the syntheses of 2-(N-phthalimido)ethyl 2-
(dimethylamino)ethanesulfonate’ and 2-(1-naphthyl)ethyl 2-[1-(4-
benzyl)piperazyl]ethanesulfonate dihydrochloride (NEBPES - 2HCI)
(Fig. 1). Using iodide as a model analyte, NEBPES can derivatize
iodide into a chromopheric derivative, 2-(1-naphthyl)ethyl iodide in a
biphasic system, for chromatographic analysis. The excess reagent,
can be easily removed as water soluble salt after derivatization by
protonation (acid treatment) of the tertiary nitrogens of its piperazine
moiety. This presents a simple approach for the removal of the

unwanted reagent for the analytical derivatization.
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FIGURE 1. Structure of 2-(1-naphthyl)ethyl 2-[1-(4-
benzyl)piperazyl]ethanesulfonate dihydrochloride

METHODS

Materials and Reagent
Benzyldimethylphenylammonium chloride (BDMPAC), 2-(1-
naphthyl)ethanol, 2-chloroethanesulfonyl chloride, N-

benzylpiperazine and 1,2,4,5-tetrachlorobenzene (TCB) (TCI, Tokyo,
Japan), tetra-n-amylammonium chloride (TAAC) (Wako, Osaka,
Japan), tetra-n-butylammonium chloride (TBAC) (Fluka, Buchs,
Switzerland), tetra-n-butylammonium hydrogen sulfate (TBAHS)
(Aldrich, Milwaukee, USA), trimethylamine (45%, w/v), toluene,
dichloromethane, methanol, sodium carbonate, potassium hydroxide,
potassium iodide, hydrochloric acid (37%, w/v), sulfuric acid and
silica gel 60 (70-230 mesh) (E. Merck, Darmstadt, Germany),
acetonitrile (Fisher, Fair Lawn, NJ, USA) were used without further
treatment. All other chemicals were of analytical-reagent grade.
Solution of TCB was prepared by dissolving the appropriate amounts
of the compound in toluene. Solutions of potassium iodide, potassium
hydroxide, sodium carbonate, NEBPES . 2HCI, TAAC, TBAC,
TBAHS and BDMPAC were prepared by dissolving the appropriate
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amounts of the respective compounds in distilled and deionized water.

HPLC Conditions

A Waters-Millipore LC system with a U6K injector, a Model 510
pump and a Model 486 UV-Vis detector was used. A Nova-Pak C;g

column (150 x 3.9 mm L.D., 4 um) and a mobile phase consisting of
65% (v/v) acetonitrile in water at a flow-rate of 0.8 mL/min were used.
The column eluate was monitored at 282 nm. The solvents were

pretreated with a vacuum filter for degassing.

Synthesis of 2-(1-Naphthyl)ethyl 2-[1-(4-Benzyl)piperazyl]-
ethanesulfonate Dihydrochloride (NEBPES - 2HCI)

1. Synthesis of 2-(1-Naphthyl)ethyl Ethenesulfonate (NEES)
2-(1-Naphthyl)ethanol (8.61g, 50.00 mmol), 2-chloroethane-

sulfonyl chloride (15.78 mL, 150.04 mmol) and trimethylamine

(31.00 ml, 200.00 mmol) were added successively to a 100-mL

reaction flask containing 50.00 mL of dichloromethane pre-cooled in
an ice bath. The solution was magnetically stirred at 0°C for 2 h, then
the resulting mixture was washed with cold sodium carbonate
solution (10%, v/v) (50 mL X 2) and water (50 mL). The separated
organic layer was dried with anhydrous sodium sulfate (ca. 2.50 g)
and the filtrate was concentrated by a rotary evaporator. The liquid
residue was purified by column chromatography (40 X 4 cm L.D.) on
silica gel 60 (ca. 200 g) with ethyl acetate - n-hexane (1:3, v/v) as an
eluent to give NEES (8.02 g, 30.61 mmol, 61.22% yield) as colorless
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oily liquid. Element analysis (%) calculated for C;4H14038S: C, 64.12;
H, 5.35; O, 18.32; found: C, 64.07; H, 5.47; O, 18.25. MS (EI): m/z
262 (M1); 141 (naphthylmethyl), a basal peak.

2. Synthesis of NEBPES - 2HCI
NEES (7.86 g, 30.00 mmol) and N-benzylpiperazine (6.34 g,

36.04 mmol) were added to a 150-mL reaction flask containing
dichloromethane (40.00 mL) pre-cooled in an ice bath. The mixed
solution was magnetically stirred at 0°C for 0.5 h, then the resulting
solution was concentrated by a rotary evaporator. The liquid residue
obtained was purified by column chromatography (40 X 4 cm 1.D.)
on silica gel 60 (ca. 200 g) with ethylacetate - n-hexane (1:2, v/v) as
an eluent, to give NEBPES (11.56 g, 26.40 mmol, 88.00% yield) as
colorless oily liquid, lH NMR (CDCl3): 6 2.35 (br, 8H, piperazyl H);
2.67 (t, 2H, N-CH,-CH,-S05); 3.10 (t, 2H, N-CH,-CH,-S0,); 3.45 (s,
2H, N-CHy-phenyl); 3.51 (t, 2H, CHp-naphthyl); 4.53 (t, 2H, CHj-
CH»-0805); 7.29-8.02 (m, 12H, aromatic H). Analysis (%) calculated
for CsH39N7O3S: C, 68.49; H, 6.85; N, 6.39; O, 10.96; found: C,
68.28; H, 6.97; N, 6.27; O, 10.90. MS (FAB): m/z 439 (M*™ + 1);
347 (M" minus benzyl); 283 (M™ minus naphthylethyl); 203 [1-(4-
benzyl)piperazylethyl], a basal peak; 155 (naphthylethyl); 91 (benzyl).

NEBPES - 2HCI was prepared by adding hydrochloric acid (12
ml, 121.64 mmol) gradually to a cold solution of NEBPES (10.95 g,
25.00 mmol) in methanol (100 mL). The resulting mixture was
concentrated and the residue obtained was recrystallized from ethanol

- n-hexane (8:1, v/v) to give a white needle crystal (8.85 g, 17.32
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mmol, 69.28% yield), m.p. 183.8-184.5°C ; analysis (%) calculated
for C»5H3,N,03SCly: C, 58.71; H, 6.26; N, 5.48; O, 9.39; found: C,

58.91; H, 6.38; N, 5.52; O, 9.54.

Derivatization Procedure

A 0.1-mL aliquot of iodide solution (0.25 uM) was added to a 10-
mL glass stoppered test-tube containing 0.10 mL TAAC solution
(PTC) (0.20 M) and 0.50 mL TCB solution (I.S., 0.37 uM), then 0.70
mL NEBPES - 2HCI solution (28.57 uM) and 0.10 mL potassium
hydroxide solution (0.50 M) were added. The reactants were shaken

at 95°C for 2 h. After cooling, the reaction mixture was added with
1.0 mL of H,SO4 aqueous solution (1.00 M) and the test tube was

vortexed for 30 s. An aliquot of the toluene layer (0.10 mL) was five-
fold diluted with acetonitrile for compatibility with reversed-HPLC.
The resulting solution was used for HPLC analysis (25 pL).

RESULTS AND DISCUSSION

The chemical removability and reactivity of the new reagent
(NEBPES - 2HCI ) were studied, using iodide anion as a test model.
For optimization of the derivatization conditions for iodide at an
amount of 25 nmol, several parameters including reaction solvent,
phase-transfer catalyst (PTC), concentrations of KOH, molar ratio of
NEBPES - 2HCI to iodide, reaction temperature and reaction time
were evaluated by measuring the peak-area ratio of the iodide

derivative to the 1.S.
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Removability of Derivatizing Reagent after Derivatization

NEBPES - 2HCI was used in large excess to derivatize iodide
(25 nmol), equivalent to a molar ratio of about 800 as indicated in the
derivatization procedure. After derivatization, the reaction mixture
was either treated with or without HySOy4 solution (1.00 mL, 1.00 M).
The results are shown in Fig. 2. A broad tailing peak overlaped with
the peaks of the iodide derivative and the LS., resulting from the
derivatization without further treatment with the acid solution. On the
other hand, the interfering NEBPES peak can be easily removed after
derivatization with a simple treatment of the reacted solution with the
acid solution, favorably resulted from the protonation of the tertiary
amino functions of NEBPES. This leads to a water soluble quaternary
ammonium species of NEBPES; it was easily removed from the

organic toluene layer after derivatization, also shown in Fig. 2.

Effect of Reaction Solvent

The effects of various organic solvents (0.50 mL) on the
derivatization of iodide anion in aqueous phase (1.00 mL) were
studied according to the derivatization procedure but at different
temperatures in order to prevent the solvents from boiling. The
immiscible solvents tested included toluene at 95°C, benzene at 70°C,
chloroform at 50°C and dichloromethane at 30°C. Toluene was found

to be the best solvent for the derivatization of iodide.

Effect of Phase-Transfer Catalyst

The effects of quaternary ammonium compounds (each with 0.10

mL) at suitable concentration (based on their aqueous solubility) on
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FIGURE 2. Composite liquid chromatogram of iodide (25 nmol)
derivatized with NEBPES . 2HCI with acid treatment

(solid line) and without acid treatment (dotted line) after
derivatization: peaks a, the derivative of iodide; b,
1,2,4,5-tetrachlorobenzene (I.S.) and r, the excess
reagent. See text for conditions.
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FIGURE 3. Effect of concentration of TAAC on the formation of
iodide derivative. See text for conditions.
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FIGURE 4. Effect of concentration of KOH on the formation of
iodide derivative. See text for conditions.

the transfer of iodide from the alkaline aqueous phase to the toluene
organic phase for reaction with NEBPES were cursorily studied,
including TAAC (0.20 M), TBAC (0.20 M), TBAHS (1.00 M) and
BDMPAC (0.10 M). The results revealed that TAAC was the best
choice for the reaction system. Therefore, the effect of TAAC at
various concentrations on the derivatization of iodide was further
examined. The results (Fig. 3) indicated that the plateau formation of
the derivative required TAAC (0.10 mL) at concentration = 0.15 M.

Effect of Base
Suitable amount of base (KOH) is needed to partition

NEBPES . 2HCI in aqueous phase as a free amine to the organic
layer for the derivatization of iodide. The effect of KOH (0.10 mL) at
various concentrations on the derivatization of iodide was studied.
The results (Fig. 4) indicated that the concentration of KOH were
suitable over a range of 0.40-1.00 M tested.
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FIGURE 5. Effect of molar ratio of NEBPES - 2HCI to iodide on the
formation of iodide derivative. See text for conditions.

Effect of the Derivatization Reagent
The molar ratio of NEBPES . 2HCI to iodide required for the

derivatization of iodide (25 nmol) to a steady state of the derivative
was studied. The results (Fig. 5) indicated that the suitable ratio is
above 700.

Effect of Reaction Time
The effects of reaction time at 70 °C and 95 °C on the

derivatization of iodide are shown in Fig. 6. For derivatization at 95°C,
1.5 h was needed to reach an equilibrium; with reaction at 70 °C,

plateau formation of the derivative was not attainable in 4 h and

resulted in lower yields as compared with reaction at 95°C.

Analytical Calibration

Based on the optimum derivatization conditions, the

derivatization procedure for iodide was formulated under the
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FIGURE 6. Effect of reaction time on the formation of iodide
derivative. See text for conditions.

METHOD section. The quantitative application of the method to the
determination of iodide was evaluated at six different amounts of
iodide over the range of 0.5-25 nmol. The calibration graph was
established with the peak-area ratio of the derivative to LS. as
ordinate (y) vs the amount of iodide in nmol as abscissa (x). A linear
regression equation, y = (0.0575 & 0.0012) x + (0.0047 + 0.0017),
was obtained with a correlation coefficient 0.999 (n = 6), indicating
good linearity of the method. The detection limit (as signal to noise

ratio of 5) of iodide was about 5 pmol per injection (25 pL).

Mass Spectral Analysis of Iodide Derivative

The derivative of iodide was synthesized by scaling up the
amount of iodide (1.00 mmol) with similar procedure as indicated in
the derivatization procedure. The resulting derivative (colorless oily

liquid) was examined by FAB-MS. The mass spectrum obtained



2334 KOU ET AL.

exhibited a pseudomolecular ion of m/z 283 (M* + 1), and a basal
peak of m/z 155, corresponding to a naphthylethyl moiety. This
suggests that the resulting derivative is 2-(1-naphthyl)ethyl iodide.
The retention time of peak a in Fig. 2 is identical to that of the

synthesized derivative.

In conclusion, a sulfonate reagent NEBPES - 2HCl was
synthesized and its preliminary application to the derivatization of
iodide in a biphasic system was studied. The results indicated that the
excess reagent can be easily removed after derivatization by a simple
acid treatment, leading to the clear separation of the iodide derivative
from the interferent reagent. This signals a potential approach to
using chemically removable reagent for analytical derivatization. A
series of sulfonate reagents with various detection-oriented tags and

acid protonable functions are being developed.
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THE NOVEL CARBONIC ANHYDRASE
INHIBITOR MK-0507 AND THE
ACETAMIDOSULFONAMIDE INTERMEDIATE

ANGELOS DOVLETOGLOU*, SCOTT M. THOMAS, LORRIE BERWICK,
DEAN K. ELLISON, AND PATRICIA C. TWAY
Analytical Research Department
Merck Research Laboratories
Merck & Co., Inc.
P.O. Bax 2000
Rahway, New Jersey 07065-0914

ABSTRACT

MK-0507 (Dorzolamide HCI, (4S,6S5)-4-Ethylamino-5,6-dihydro-6-methyl-4H-
thieno-[2,3-b] thiopyran-2-sulfonamide 7,7-dioxide hydrochloride) is the first
topically active, water-soluble, carbonic anhydrase inhibitor to be developed for
the treatment of glaucoma and ocular hypertension. Dorzolamide HCI is an
effective and well tolerated agent as monotherapy for patients who cannot tolerate
ophthalmic beta-blockers, and for those who need add-on therapy to beta-
blockers.! The steps taken in the development and validation of a fast and rugged
reverse-phase HPLC method for the analysis and quality assessment of MK-0507
drug substance and acetamidosulfonamide intermediate are described. Four
columns were used during the development: Du Pont Zorbax C-18, Rainin
Microsorb C-8, Perkin Elmer CR-C8 and YMC4. The last two columns showed
excellent resolution, peak shape, and precision. The selected HPLC method for
acetamidosulfonamide, using the Perkin Elmer CR-C8 column, was validated with
respect to linearity, limit of detection (LOD) and limit of quantitation (LOQ). The
selected HPLC method for the MK-0507 drug substance using the Perkin Elmer
CR-C8 column was validated with respect to linearity, LOD, LOQ, precision on
an injection-to-injection basis, and on a day-to-day basis, selectivity and accuracy.

2337
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The method is rugged with respect to solution stability, variations in buffer
concentration, flow rate, column-to-column variability and column temperature.

The relative response factor for the cis-isomer of MK-0507 and the desethyl
impurity were also determined in order to quantitatively measure the levels of
these impurities in MK-0507. There are three possible stereoisomers of MK-0507
(4S,6S): the enantiomer 4R,6R and the cis-diastereoisomers 4S,6R and 4R,6S.
The chiral HPLC method separates the two trans-diastereoisomers, and the two
cis-diastereo-isomers; however, in the same chiral method the 4R,6R and 4R,6S
stereoisomers coelute.

INTRODUCTION

A number of sulfonamides have been separated by using reverse- or normal-
phase HPLC methods.2 To our knowledge, there is no documentation of any
separation of sulfonamide that contains a sulfone and/or an acetamide moiety.
MK-0507 () is a sulfonamide that contains a sulfone and ethylamino group.

Acetamidosulfonamide (II) contains a sulfone and an acetamide group.

Ethylamino Acetca)lmlde
HC N T Hac/U\NH
[
H30 47\ SO,NH, H,C //S\\ SO,NH,
0" o © o Sulfonamide
(I) Sulfone (II)

The goals of analytical development of the HPLC method for the MK-0507
drug substance and acetamidosulfonamide were to provide methodology for
characterization of purity and impurities during process development, stability
studies, pilot plant campaigns and manufacturing. Also, the benefits of applying
a single chromatographic method to monitoring completion of reactions were

evaluated.
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FIGURE 1, HPLC chromatograms of a mixture of 90:10:1 (w/w/w)
MK-0507: cis-isomer of MK-0507:Desethyl Using (a) Microsorb C-8
and (b) Perkin Elmer CR-C8 Column.

The initial HPLC impurity profile involved a reverse-phase column (Du Pont
Zorbax C-18) with gradient elution (aqueous acetate buffer (pH=5.0)/CH,CN
mobile phase). A second HPLC method was implemented using a Microsorb C-
8 column (aqueous acetate buffer (pH=4.5) /CH3CN mobile phase) (Figure la).
The latter system showed improved peak shape and demonstrated better
resolution of MK-0507 and the cis-isomer (R, = 2.2 - 2.4). Both of these

reverse-phase methods resulted in broad peaks (T} >1.5), due to presence of two
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amine groups (sulfonamide and ethylamino group). In a typical reverse-phase
system, it is known that the interactions of amine groups with the surface Si-OH

3 AnewHPLC assay was developed by switching

groups (silanols) cause tailing,
to a better end-capped column (Perkin Elmer CR-C8) and by adding
triethylamine (TEA) to the mobile phase. These changes resulted in better peak
shape (T¢=1.0-1.2) and greatly improved resolution (R, = 5.6 - 6.4) between the
two isomers (Figure 1b). The chromatographic performance of a second column
(YMC4) was fully evaluated and compared to the Perkin Elmer CR-C8 column,

and equivalent results were obtained (R = 6.0 - 7.0, T; = 1.0-1.5).

MK-0507 contains two chiral centers with four possible stereoisomers: MK-
0507 (4S,68), the enantiomer 4R,6R and the diastereoisomers 4S,6R and 4R,6S.4
The normal-phase chiral HPLC method was originally designed to control the
level of the 4R,6R enantiomer.5 Also, to date, no experimental evidence exists
to demonstrate that both cis-isomers (4R,6S and 4S,6R) are controlled by the
reverse-phase HPLC test. In this work it is determined that the stereochemical
configuration is controlled by a combination of the normal-phase chiral HPLC

and reverse-phase HPLC methods.

EXPERIMENTAL SECTION

Materials
MK-0507 was prepared in the Departments of Medicinal Chemistry and

6 The 4R,6R diastereoisomer

Process Research, Merck Research Laboratories.
of MK-0507, was provided by Mr. P. Sohar (Process Research, Merck Research
Laboratories). The two enantiomers of cis-isomer of MK-0507, cis(+), 4S,6R:
L-685,973 and cis(-), 4R,6S: L-685,974, were synthesized by Dr. Ponticello and
his group (Medicinal Chemistry, Merck Research Laboratories). The chiral
derivatizing reagent, (S)-(-)-oi-methylbenzyl isocyanate, was purchased from

Aldrich. All the solvents (Fischer Scientific) used were HPLC grade.
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Preparati hromatographic Conditions

A 60 mg sample of MK-0507 (CAS Number: 130693-82-2) was dissolved
into 100 mL of 20:80 (v/v) MeOH:H,O. Using the Perkin Elmer CR-C8 and
YMC4 columns, the mobile phase composition is: A: 1.0 mL of HPLC grade
(CH3CH,);N (TEA) and 1.0 mL of HPLC grade acetic acid (HOAC¢) into 1 L of
HPLC grade H,0, and B: HPLC grade CH;CN. This method is very sensitive
to changes in pH. The pH of solution A should be between 4.4 and 4.6. MK-
0507 and acetamidosulfonamide were analyzed using the PE CR-C8 column with
a mobile phase of 100% A for 10 min and then changing to 50% A in 20
minutes, and with UV detection at 254 nm. The injection volume was 10 uL,
with a flow rate of 1.5 mL/min at ambient temperature. The data points
collected for three samples indicate that MK-0507 is stable in the recommended
diluent for at least seven days at room temperature. The Du Pont Zorbax C-18
is used with 98:2 (v/v) 0.02 M aqueous acetate buffer (AcONHj)
(pH=5.0):CH;CN mobile phase at 2.0 mL/min. The Microsorb C-8 column is
used with 98:2 (v/v) 0.02 M aqueous acetate buffer (AcONH,) (pH=4.5):CH;CN
mobile phase at 1.8 mL/min.

Prior to an injection on a silica column, the two enantiomers of the cis-isomer
of MK-0507 were derivatized with (S)-(-)-o-methylbenzyl isocyanate to form the
urea derivatives 4S,6R(S) and 4R,6S(S). After the chiral derivatization, the
mixture of 4R,65(S) and 4S,6R(S) were separated under non-chiral
chromatographic conditions (normal-phase Zorbax SIL column) with a terz-butyl
methyl ether/acetonitrile/heptane mobile phase. The chromatographic conditions
for the chiral assay of the cis-isomer of MK-0507 are: Zorbax SIL column (250
x 4.6 mm) and mobile phase of 65:35 (v/v) methyl tert-butyl ether (containing
3.0% CH,CN and 0.3% H,O):heptane. The flow rate is 2 mL/min, A = 254 nm,
injection volume is 10 pL, sample concentration is 2.0 mg/mL at ambient
temperature, and retention times are 4S,6R(S) ~12 min, and 4R,6S(S) ~16 min.
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Chromatographic/system suitability parameters, such as tailing factor (7p) and
resolution (R), etc., were calculated using Nelson Access*Chrom GC/LC Data
System suitability software <USP method>. Digital spectra, from 200 nm to 440
nm, were taken using a diode array UV detector. The spectra for four points
across the main peak were baseline corrected and the first and second derivatives
were taken. The baseline-corrected spectra were normalized and the derivative

plots were overlayed.

Instrumentatio Measurements

The HPLC system consisted of a SP8700 Spectra-Physics gradient pump, a
Spectroflow 757 (Kratos Analytical) UV-Vis detector or a Applied Biosystems
759A UV-Vis detector and a SP8775 Spectra-Physics autosampler using a
Perkin-Elmer CR C-8, particle diam 3 um, pore diam 60 A, length 8 cm, ID 3.0
mm column; YMC4, particle diam 3 um, length 15 cm, ID 4.6 mm column; Du
Pont Zorbax C-18, particle diam 5 pm, pore diam 120 A length 8 cm, ID 4.6
mm column; and Rainin Microsorb C-8, particle diam 5 um, length 15 cm, ID

4.6 mm columns.

Chemical and Physical Stress Conditions

Acetamidosulfonamide: A 500 mg sample was stressed at 40 °C/75% relative
humidity for 1 mo, and three 100 mg samples were thermally stressed at 40, 60
and 100 °C for 24 h. Four solutions of the stressed materials were prepared (1
mg/mL) and analyzed using diode array detection. The spectra for four points
across the main peak were baseline corrected and the first and second derivatives
were taken. The baseline-corrected spectra were normalized and the derivative

plots were overlayed.

MK-0507: Acid Stress: MK-0507 was stored in 2N HCI solution at ambient
temperature for 48 h. Base Stress: A sample of MK-0507 was stored in 2%

(w/w) NaOH solution at ambient temperature for 48 h. Peroxide Stress: MK-
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0507 was stored in a concentrated peroxide solution at ambient temperature for
2 h. Thermal Stress: A sample of MK-0507 was thermally stressed at 150 °C
for 12 h. UV Light Stress and White Light Stress: Using a Rayonet
Photochemical Reactor model RPR-200, equipped with nine ultraviolet bulbs (24
W, 90% in the 3500 angstrom range) or equipped with eight fluorescent bulbs
(8 W, cool white light, Sylvania Fluorescent cat# F85T/CW), MK-0507 was
exposed for 24 h. Final Crystallization Solvent Stress: A 1% aqueous solution
of MK-0507 was prepared and stored at 80 °C for 18 h.

RESULTS AND DISCUSSION

In-process HPLC methods were developed for the synthesis of MK-0507.7
All the in-process tests were designed to determine the impurity profile and the
completion of reaction. The starting material for the synthesis is hydroxy sulfone
((68)-5,6-Dihydro-4-hydroxy-6-methyl-4H-thieno[2,3-b]thiopyran-4-o0l-7,7-

dioxide, HS). The complete synthesis is shown in Scheme I.

Acetamidosulfonamide Validation

The assay for acetamidosulfonamide was validated and the detector response
was found to be linear over the concentration range of 0.0001 to 0.96 mg/mL..
We estimate the detection limit to be 0.0001 mg/mL or 1.45 ng (0.02% relative
to the recommended sample concentration 0.5 mg/ml sample concentration).
This estimate is based on data collected from the linearity study and a typical
chromatogram with 1.45 ng injected on-column. The signal-to-noise level is 4:1
at this concentration. We estimate the limit of quantitation to be 0.0002 mg/mL
(0.06% relative to the 0.5 mg/mL sample concentration). This estimate is based
on data collected from the linearity study. Injection precision was demonstrated
by dissolving a sample of acetamidosulfonamide in the recommended diluent and

injected 11 consecutive times, resulting in a relative standard deviation of 0.2%.
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Day-to-day precision was demonstrated by preparing three weighings of the
reference standard and two weighings of acetamidosulfonamide on each of three
days, resulting in a relative standard deviation of <0.5%. Acetamidosulfonamide
is stable over a four day period in the proposed diluent. The method is selective,
as judged by photo diode array detection and as demonstrated by the resolution

of the cis- and trans-acetamidosulfonamide.

The method is rugged to variations in mobile phase composition and flow
rate. The influence of mobile phase variations in the separation of cis- and
trans-acetamidosulfonamide was examined. By varying the mobile phase
composition, it was found that the optimum ratio is 6% CH;CN and 94% buffer
solution. Excellent k" and T, values were obtained at flow rates of 1.0, 1.5 and
2.0 mL/min. The optimum resolution and number of theoretical plates was

observed at 1.5 mL/min.
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Using the PE CR-C8 and YMC4 column, the typical retention times of the
in-process intermediates shown in Figure 2 are: 3-positional isomer of
acetamidosulfonamide (3-AASA, ~6 min), cis-acetamidosulfonamide (cis-AASA),
trans-acetamidosulfonamide (trans-AASA) and bis-acetamidosulfonimide {(dimer).
The cis-acetamidosulfonamide has a slightly higher response factor (1.07) than

trans-acetamidosulfonamide.

Stress Studies of Acetamidosulfonamide

During the stress studies of acetamidosulfonamide diode array detection
found no indication of impurities with a different UV chromophore coeluting
with the main peak. A sample of acetamidosulfonamide was stressed at 40
°C/75% relative humidity for 1 mo, and three samples of acetamidosulfonamide
were stressed at 40, 60 and 100 °C for 24 h. No new impurities were formed
and levels of existing impurities remained the same. The selectivity of the
method was demonstrated by using diode array detection to analyze (thermally
stressed) samples of acetamidosulfonamide. No change in the physical
appearance of the samples was observed and diode array detection revealed no

evidence of the formation of thermal degradates.

MK-0507 Drug Substance Validation

Using the PE CR-C8 column, the detector response for the MK-0507 peak
is linear over the concentration range of 0.0001 to 1.46 mg/mL. The correlation
coefficient over this range is 0.999997. The sample concentration of 0.5 mg/mlL
is well within the linear range of this method and there is no bias toward low
level impurities. The detection limit is 1.45 ng (0.02% relative to the
recommended 0.5 mg/mL sample concentration). The signal-to-noise level at
1.45 ng on-column injection level is 4:1. Based on the data collected in the
linearity study, the limit of quantitation is 0.0003 mg/mL (0.06% relative to the
0.5 mg/ml. sample concentration). Three consecutive injections of the 0.0003

mg/mL solution averaged 3028 area counts with an RSD of 5.8%. The method
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(a) Perkin Elmer CR-C8 and (b) YMC4 Column.
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has acceptable sensitivity to low-level impurities and has a limit of quantitation
that meets our requirement of 0.10% minimum. The HPLC assay of a typical
lot of the drug substance prepared in the pilot plant (99.8%) is accurate compared
to the silver nitrate titration (99.9%), perchloric acid titration (99.9%), and phase
solubility analysis (100%, Slope = 0.0 +/- 0.1).

The method is precise on an injection-to-injection and on a day-to-day basis.
MK-0507 was injected 11 consecutive times, resulting in a relative standard
deviation of 0.1% for the MK-0507 peak. Three samples were prepared on three
different days, and each solution was injected in triplicate each day. The overall
precision is acceptable, with an RSD of < 0.5% for the MK-0507 peak.

The effect of buffer concentration, pH, flow rate, temperature, and column-to-
column variability on the method was studied. The mobile phase was studied as
a function of the triethylamine (TEA) and acetic acid (AcOH) concentrations.
The concentration of TEA and AcOH varied by 0.05% from 0.05% to 0.20%
(v/v) each. No significant change in any of the chromatographic parameters was
observed (Table I).

The pH of the mobile phase varied over the range of 3.8 to 5.0 (Table I).
We found that the pH significantly influences the capacity factor ('), number of
theoretical plates (N) and peak tailing factor (T, (Table I). Changes were
observed in the resolution between MK-0507 and cis-isomer of MK-0507, and
also between the MK-0507 and the desethyl impurity (a known impurity formed
during the MK-0507 process). In all cases, the resolution was acceptable

(Table I).

The resolution of MK-0507 was studied as function of the flow rate over the
range of 1.0 to 2.0 mL/min. High values of ¥’ were obtained at 1.0 mL/min
(MK-0507, k=17.7) and high back pressure (>3000 psi), and increased peak
tailing was observed at 2.0 mL/min (MK-0507, T; = 2.0). The optimum flow

rate was 1.5 mL/min.
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TABLE I: Chromatographic Parameters of Desethyl (des), MK-0507 and
cis-isomer of MK-0507 (cis) as a Function of Buffer Concentration and pH
Using the PE CR-C8 Column (Flow Rate = 1.5 mL/min).

Conc.! pH) Kk’ kK kK T; N R} R}

Vol% des 0507 cis 0507 0507

0.05 48 11.0 148 10 7344 >10 6.1

0.10 4.5 48 103 141 1.0 7406 >10 6.2

0.15 4.6 9.8 134 09 7400 >10 63

0.20 4.9 100 137 09 7527 >10 64
(3.8) 35 5.1 78 12 5829 59 7.1
(5.0) 74 242 304 09 8266 >10 4.8

1- TEA and AcOH each
2- Resolution between desethyl (des) and MK-0507
3- Resolution between MK-0507 and cis-isomer of MK-0507 (cis)

NH,

H.C S SO,NH,

S
3 N\
0/\0

desethyl

The resolution of MK-0507 was studied as function of column temperature
over the range of 25 to 40 °C. A decrease in k' (10.8 to 8.3) and R, (7.1105.2)
for MK-0507 was observed as the column temperature increased, but the k’and
R remained within the recommended operating parameters. The number of

theoretical plates remained constant (~10,000 +/- 200).
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The relative response factor for desethyl relative to MK-0507 is 1.20 and for
cis-isomer of MK-0507 relative to MK-0507 is 0.98. The level of these

impurities can be reliably measured using this assay.

The pH of the mobile phase has a significant influence in the retention of
MK-0507 and cis-isomer of MK-0507. As the pH increases, the N decreases.
The retention of the desethyl impurity is influenced, but to a lesser degree. The

peak shape and the number of theoretical plates are also pH dependent.

Stress Studies of MK-0507 Drug Substance

Selectivity of the method was demonstrated by resolving impurities formed
under the following stress conditions: 1) acid stress, 2) base stress, 3) peroxide
stress, 4) severe thermal stress, 5) UV light stress, 6) white light stress and 7)
stress of final crystallization solvent. In all of the stress studies listed below, no
impurities were detected, by diode array detection, to have different UV
chromophore coeluting with the main peak. Under acid stress and peroxide
stress, the impurity formed at relative retention time (RRT) 0.06 (in solvent
front) has a significantly different chromophore than that of MK-0507. Under
base stress the impurity formed at RRT 1.35 is the cis-isomer of MK-0507.
During thermal stress, a change in the physical appearance of the sample was
observed: the color of the stressed sample was light tan as opposed to the white
non-stressed material. A 1 mg/mL solution of the stressed material was prepared
and analyzed using the diode array system and no decomposition was observed.
No change in the physical appearance of the sample was observed under UV
light stress, white light stress and final crystallization solvent (H,0) stress. A
1 mg/ml solution of the stressed material was prepared and analyzed using the

diode array system and no decomposition was observed.

MK-0507 Process Intermediates
A sample of MK-0507 was spiked with desethyl and with all the isolated

process intermediates. All the compounds are well resolved from the main peak
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FIGURE 3. Resolution of Process Intermediates and Process Impurities Using
PE CR-C8. 1 -Desethyl (RRT 0.52); 2 -MK-0507 (RRT 1.00);

3 -cis-isomer of MK-0507 (RRT 1.32); 4 -cis & trans-Sulfonic Acid (RRT 2.01)
5 -cis-Hydroxysulfone (RRT 2.08); 6 -trans-Hydroxysulfone (RRT 2.16);

7 -cis-Acetamidosulfone & cis-Acetamidosulfonamide (RRT 2.24);

8 -trans-Acetamidosulfone & trans-Acetamidosulfonamide (RRT 2.30);

9 -trans-Sulfonyl chloride (RRT 3.23)
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(Figure 3). Each of the desethyl solutions was diluted 1000X to simulate a 0.1%
level impurity in a typical MK-0507 sample preparation.

Stereoisomers

The chiral separation of MK-0507 (4S,6S) and its enantiomer (4R,6R) has
been validated (see experimental section). This method also separates the two
derivatized enantiomers (4R,6S(S), 4S,6R(S)) of cis-isomer of MK-0507. The
order of elution and peak assignmentswere established by injecting authentic
samples of the four derivatized stereoisomers. The chromatographic behavior of
the two cis-enantiomers is in good agreement with the system suitability test
currently used in the manufacturing of MK-0507 to demonstrate resolution
between MK-0507 and cis-isomer of MK-0507. Early in the development of the
chiral test, evidence suggested that either the 4R,6S diastereoisomer or the 4S,6R
diastereoisomer co-elutes with the 4R,6R enantiomer. An attempt to separate the
mixture of all four stereoisomers (4S,6S, 4S,6R, 4R,6S and 4R,6R) under the
same conditions resulted in chromatography with three peaks. The first peak is
MK-0507, the second is 4S,6R and the third is both the 4R,6S and 4R,6R
stereoisomers. The cis-isomer level can be determined directly from the reverse-
phase HPLC method and the percent 4S,6R level can be determined directly from
the chiral HPLC method. The percent 4R,6S can be calculated by subtracting the

percent 4S,6R from the cis-isomer level.

CONCLUSION

A simple, accurate and reproducible HPLC method was developed for
separating sulfonamides that contain a sulfone and/or an acetamide and/or
ethylamino moiety. The limit of quantitation is <0.1%, and the limit of detection
is 0.03% of the sample concentration. The method is capable of separating all
nine starting materials, process intermediates and the final product. The same

method can be used to successfully monitor all the steps for the synthesis of
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MK-0507. A combination of methods is required to monitor the stereoisomer

levels.
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ABSTRACT

A method is described for a real identification of any peptides isolated from a
complex peptic Yellowfin tuna red muscle myoglobin hydrolysate. A
combination of size exclusion and reversed phase high performance liquid
chromatography have proved to be a useful strategy for fractionation of such a
mixture. This technique enable a large number of pure peptides from the total
hydrolysate to be obtained. Peptides were identified and located on the known
myoglobin sequence from their amino acid content determined by the Pico-Tag
method and a second order derivative spectroscopic method. Location of the
peptides allowed us to define effective cut sites of the porcine pepsin. The
procedure described in this study will be useful for acquiring a better knowledge
of such an hydrolysate.

2353

Copyright © 1995 by Marcel Dekker, Inc.



2354 LE COEUR ET AL.

INTRODUCTION

Proteins which have nutritional qualities as food additives or health qualities
as cosmetics additives, are of high valorization potential. In addition to the
proteins obtained from conventional sources (terrestrian mammals) which have
been largely used these past few years, a new field of molecules issued from non
conventional sources has emerged. Thus, recent studies carried out on terrestrian
vegetables, seaweeds, and fishes allowed to considere these proteins as good
candidates for the replacement of the first ones. For instance, casein hydrolysates,
which constitute one of the most classical protein source [1, 2], may be replaced
by soybean, wheat or fishes hydrolysates for animal feeding and nutritional
therapy [3-6]. Furthermore, it was demonstrated that many edible proteins could
lead to biologically active peptides when they are digested by gastrointestinal
proteolytic enzymes [7-9]. Thus, it was suggested that food proteins could both
constitute a nitrogen source and exert a biological role.

In this paper, tuna fish myoglobin was investigated. Tuna fish is an important
source of myoglobin considering the high concentration found in tuna red muscle
[10]. In addition, large amounts of tuna red muscle are available. Until now, tuna
red muscle valorization was limited to pet food and other feeding manufacturing
products. In myoglobin, the protein entity is associated to heminic iron. So, it
could constitute not only a potential source of peptides, which have been
demonstrated to be the best nitrogen intestinal absorption way [11-12], but also a
source of hemin which is the most bioavailable iron form [13-14]. Moreover, as
far as biologically active peptides or heminic peptides are concerned, none of
them have ever been characterized from a myoglobin enzymatic hydrolysate. Up
to now, hydrolyses have only been performed to determine the protein sequence

and to understand myoglobin functional properties as oxygen carrier [15-17]. The



TUNA MYOGLOBIN PEPTIC HYDROLYSATE 2355

purpose of our work was to characterize a myoglobin hydrolysate prior to further
studies as to its nutritional or bioactive peptides. A physiological enzyme, pepsin,
was employed to hydrolyse yellowfin-tuna myoglobin. Peptides of this
hydrolysate were purified by a chromatographic method associating size
exclusion HPLC (SE-HPLC) and reversed phase HPLC (RP-HPLC) [18]. The
identification and the location of the different peptides in the known myoglobin
structure were then realized by aminoacid analysis completed with a second order
derivative spectroscopic method to detect aromatic amino acids [19]. Moreover,
we compared the specificity of pepsin towards peptidic bonds with that

previously described in the literature [20].
MATERIJALS AND METHODS

Materials

Red squeletal muscle of yellowfin-tuna was supplied from Paulet Society
(Douarnenez, France). Porcine pepsin (EC.3.4.23, 496 Anson unity) was
purchased from Sigma. Amino acid analysis reagents were obtained from Pierce.
Acetonitrile was of HPLC grade. Other chemicals were of analytical grade. All
aqueous HPLC eluants were filtered prior to use on 0.45 pm filters, and degassed
with helium during analysis.

All HPLC analysis were performed with a Waters 600E gradient controler-
pump module, a Waters Wisp 717 automatic sampling device, and a Waters 996
photodiode array detector. Spectral and chromatographic data were stored on a
NEC image 466 computer. Millenium software was used to plot, acquire and treat

chromatographic data.
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Purification of Yellowfin-tuna Myoglobin

Myoglobin was isolated from the red squeletal muscle of yellowfin-tuna using
a method adapted from Suzuki and Sugawara's procedure [21]. The tissue was
homogeneized in distilled water (1:1, w:v) in an ice-cold waring blendor. The
resulting suspension was centrifuged, (3000 g, 15 min), at 4°C and solid
ammonium sulfate was added to the aqueous extract to give 60% saturation.
After centrifugation (3000 g, 15 min at 4°C) the pellet, almost free from
myoglobin, was discarded. Ammonium sulfate was then added to the supernatant
to reach 80% saturation, and the resulting solution was centrifuged (3000 g, 15
min). The whole pellet including myoglobin was dissolved in water and then
ultrafiltered and diafiltered (PTGC type membrane, Millipore, 10 KD cut-off )
against water. The crude resulting solution, containing myoglobin, but also
hemoglobin and other water soluble proteins, was loaded on a D.E.A.E. Sephacel
column (32x3cm i.d.) previously equilibrated with SOmM TRIS-HCI1 buffer (pH
8.6) according to Brown [22]. The flow rate was 60 ml/h.

Enzymatic Hydrolysis

Myoglobin (1g) was dissolved in water (100ml), and the pH was adjusted at
2.0 by HCl. Enzymatic digestion by porcine pepsin (40mg) was performed in
batch at 40°C for 3h. The pH was maintained at 2.0 by HCI using a Methrom
pHstat. The degree of hydrolysis (DH) was deduced from the volume of HCI
consumed during the reaction [23, 24]. In order to stop the reaction, the pH was
adjusted to 6.5 with ammonium hydroxide. Insoluble core (proteins partly

hydrolysed, large peptides and heme) was removed from the peptic digest by
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centrifugation (10000g, 30min). The soluble peptidic mixture was then resolved

by size exclusion and reversed phase HPLC.

SE-HPI.C

Before hydrolysis, myoglobin purity was checked by SE-HPLC with a TSK
G2000 SWG analytical column (600x 7.5mm i.d.). The column was equilibrated
with 5mM ammonium acetate/acetic acid buffer, pH 6.0. The proteins were
eluted with the same buffer at a flow rate of 0.9 ml/min.

SE-HPLC of peptides generated from the myoglobin peptic digestion was
performed using a semi-preparative TSK G 2000 SWG column (600x21.5 mm
i.d.). The column was equilibrated with 3mM ammonium acetate/acetic acid
buffer, pH 6.0. The peptidic mixture was filtered through 0.22um filters before
being applied to the column and peptides were eluted with the equilibrating
buffer at a 6ml/min flow rate. Absorbance was monitored at 215 nm. Peptidic
fractions, determined on the basis of UV absorbance, were manually collected

and then freeze dried before being applied to the RP-HPLC.

RP-HPL.C

Analysis of the peptidic fractions issued from SE-HPLC was carried out on a
Delta Pak C18 reversed phase column (300x3,9mm i.d.) previously equilibrated
with 10mM ammonium acetate/acetic acid buffer, pH 6.0 (eluant A). Peptidic
fractions were reconstituted in eluant A, and filtered through 0.22um filters
before being injected on the column. The analysis was performed with a linear

gradient of acetonitrile (eluant B) optimized for each fraction. The flow rate was
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1.5ml/min. UV absorbance of the peptides was monitored at 215 nm. The pure

peptides obtained from the RP-HPLC column were then freeze dried.

Amino Acid Analysis

Each peptide purified by RP-HPLC was hydrolysed with 6M hydrochloric
acid containing 1% phenol, for 24 h at 110°C in sealed glass tubes, using a
Waters Pico-Tag station. Amino acids were then analyzed on a Waters RP-Pico-
Tag column (150x3.9mm i.d.). Precolumn derivatization of amino acids with
phenyl isothiocyanate and HPLC separation of derivatized amino acids was
performed according to Bidlingmeyer et al [25]. The detection wavelength was
254 nm and the flow rate 1ml/min.

Tryptophan could not be detected by this method, because it was destroyed
during acid hydrolysis. So, the presence of tryptophan (Trp) and other aromatic
amino acids, tyrosine (Tyr) and phenyl alanine (Phe) in peptides was determined
by a derivative spectroscopic method [19]. In fact, it has been demonstrated that
the second order derivative spectrum allowed to detect aromatic amino acid since
their second order derivative spectra exhibited a minimum at 258.5, 283.5, and

289.5 nm for Phe, Tyr and Trp respectively.

RESULTS AND DISCUSSION

Myoglobin was extracted from tuna squeletal red muscle and purified by
successive ammonium sulfate fractionation, and ion exchange chromatography.
Myoglobin was first eluted with 50mM TRIS-HC1 buffer, pH 8.6 (fig. 1).

Hemoglobin and other contaminants were subsequently eluted with the same
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Figure 1. Preparative chromatography on a D.E.A.E. Sephacel column, (320 x
30 mm i.d) of a Yellowfin tuna red muscle extract. Equilibrating buffer: Tris/
HCI 50mM, pH 8.6. Eluting buffers: Tris/ HCl 50mM, pH 8.6 and Tris/HCl
50mM, pH 8.6, NaCl 0.2M. Flow rate: 1.6ml/min.

buffer containing 0.2M NaCl. After extraction and purification, the yield of
myoglobin was approximately 56% (w,w).

Yellowfin tuna myoglobin was digested by pepsin for three hours, resulting in
a DH of 26% (fig. 2). The generated peptides were resolved by size exclusion
HPLC. Fifty injections were performed on the basis of 20mg of total hydrolysate
per run. The same elution pattern was obtained for each injection. The
chromatogram exhibits seven fractions, numbered I to VII (fig. 3). These

fractions were manually collected, pooled, and freeze dried. They were then
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Figure 2. Peptic hydrolysis of Yellowfin tuna myoglobin.

Myoglobin (1g/100ml) was digested by porcine pepsin (40mg/100ml) in a batch
at pH 2.0 and 40°C. DH (Degree of Hydrolysis) was measured according to the

method of Adler-Nissen [24]

Absorbance 215nm

Figure 3. Elution profile of peptic digest of myoglobin on a TSK G2000 SWG
semi-preparative column (600x21.5 mm i.d.) equilibrated and eluted with 3.0
mM ammonium acetate / acetic acid buffer, pH 6.0. Injection volume: 100ul

10 20 30 40 50
Time (min)

(20mg of total hydrolysate). Flow rate: 6.0ml/min.
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TABLE !
Acetonitrile/Ammonium Acetate Buffer Gradient Applied on 2 RP-HPLC Column,
Optimized for Each Fraction. (Eluant A: 10mM Ammoniumn Acetate/Acetic Acid Buffer,
pH 6.0, Eluant B: Acetonitrile).

Fraction Time Flow rate | Eluant A | Eluant B
(min) (ml/min) %o %
1, 11 0 1.5 100 0
6 1.5 94 6
56 1.5 70 30
60 1.5 100 0
III, IV 0 1.5 100 0
56 1.5 72 28
60 1.5 100 0
v 0 1.5 100 0
5 1.5 92 8
55 1.5 74 26
58 1.5 100 0
VI 0 1.5 100 0
45 1.5 70 30
47 1.5 50 50
50 1.5 100 0
VII 0 1.5 100 0
5 1.5 90 10
50 1.5 65 35
52 1.5 50 50
55 1.5 100 0

dissolved in 10mM ammonium acetate buffer pH 6.0 to a final peptide
concentration of 10mg/ml, and applied to a Deltapak C18 column (1mg per run).
In order to improve optimal separation of peptides having largely different
hydrophobicities, a specific gradient of acetonitrile/ammonium acetate buffer
(10mM, pH6,0) was applied for each fraction (Table 1).

The chromatograms issued from the RP-HPLC separation are presented in
figure 4. Four injections of each fraction (I to VII) were performed and
individual resulting peaks were collected separately. They have been denoted
according to the process of isolation and are represented by Arabic numerals
following the Roman numerals. Each peak was checked for homogeneity by RP-
HPLC. Thus, eighty-three peptides were collected and freeze dried before amino

acid analysis.
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Figure 4. Purification by RP-HPLC on a Deltapak C18 column of the fractions I
to VII issus from SE-HPLC. Injection volume: 100ul (Img peptides). Flow rate:
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Figure 5. Amino acid analysis ot the peptides I-3 and I-4.

Top: elution profiles of PTC-amino acids for the peptides I-3 (A) and I-4 (B).
Peptides amino acids were converted into their PT'C derivatives and separed by
RP-HPLC on a Pico-Tag column.

Bottom: second order derivative spectra of the peptides I-3 (C) and I-4 (D).

Amino acid analysis of each peptide was performed on the Waters Pico-Tag
column after converting amino acids into their PTC (phenylthyocarbamyl)
derivatives. This analysis was completed with the second order derivative
spectroscopic method [19]. As an example, the amino acids analysis profiles and
the second order derivative spectra of the peptides I-3 and I-4 are shown in figure
5. The amino acid analysis allowed us to detect the presence of the amino acids

Ala, Asp, Phe in peptide I-3 (fig. 5a) and Leu, Lys, Cys, Gly, Pro, Val, Glu, Ala,
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Asp in peptide I-4 (fig. 5b). The presence of Phe in the first peptide was
confirmed by the second order derivative spectroscopic method since a minimum
was observed at 259 nm (fig. 5c). For the second peptide, a minimum at 289,5
nm revealed the presence of tryptophan, which could not be detected by classical
amino acid analysis (fig. 5d). Thus, the identification and location of each peptide
purified by RP-HPLC was carried out by the comparison of amino acid

composition with the known myoglobin sequence [16] (Table 2).

Peptides molecular weights were deduced from amino acid compositions. So,
by peptic hydrolysis of myoglobin, fragments ranging from about 200 to 2000
Daltons (2 to 20 amino acids) were generated. As far as peptides size is
considered in SE-HPLC, it can be observed that there was no correlation between
retention time and molecular weight. Thus, after TSK gel filtration, most of the
largest peptides were eluted in fractions V and VII (fig. 6). Many factors such as
hydrophobicity and electric charges can affect the behavior of the peptides during
size exclusion chromatography [26]. Owing to this complexity, size exclusion
chromatography could be performed only to get a rough separation of peptidic
fractions for further RP-HPLC analysis and also to access the reproductibility of
the hydrolysate. Taking the complexity of the hydrolysate into account, this two
steps separation was particularly effective for the purification of most of the
peptides released by myoglobin peptic digestion. In fact, even for the complex
peptidic fractions III, V and VI, the high resolution allowed to identify
unambiguously the major but also the minor peptides.

More than 50% of the peptides identified in the myoglobin hydrolysate were
constituted by less than 7 amino acids residues. This result is in good agreement

with the known characteristics of pepsin [27] which is one of the physiological
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Figure 6. Peptides middle size distribution of each peptidic fraction obtained by
SE-HPLC (in amino acids).

proteases exhibiting the lowest specificity. It could be observed that some
peptides seemed to be broken down into other peptides, e.g. peptide V-11 is
partly converted into III-17 and II-10 and peptide III-6 into IITI-7. The location of
these peptides in the myoglobin structure allowed us to specify the pepsin cut
sites towards this protein in our hydrolysis conditions. Effective pepsin cut sites
on myoglobin and theoretical pepsin cut sites found in the literature were
indicated in fig. 7. If some cleavage sites previously described were confirmed,
new sites appeared in our study. This corroborated the weak specificity of
pepsine and illustrated how it could be difficult to predict peptidic composition of

such an hydrolysate.
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Figure 7. Yellowfin tuna myoglobin sequence determined by Rice et al. [16]

d: pepsin cut sites observed during myoglobin hydrolysis in accordance with
those described in the literature.

: pepsin cut sites observed during myoglobin hydrolysis and not described in the
literature.

V: pepsin cut sites described in the literature and not observed during myoglobin
hydrolysis.

It is well known that the end products of digestion, i.e. short oligopeptides and
amino acids are not absorbed in a similar mode [28]. It was previously
demonstrated that enteral infusions containing small peptides (di or tri peptides)
were more efficiently assimilated than corresponding free amino acid mixture
and displayed better nutritional value [29]. In other respects, nutritional studies
have been carried out to provide a better understanding of the mechanisms

involved in iron absorption. Different pathways could be concerned depending on



TUNA MYOGLOBIN PEPTIC HYDROLYSATE 2369

whether the iron is heme-iron or free-iron. It has been observed in previous
studies that hemoglobin-iron and myoglobin-iron [14] were absorbed more
efficiently than inorganic iron. Furthermore, it was established that the iron could
enter intestinal cells as heme [14]. Moreover, the importance of the protein was
suggested since it has been observed that the degraded globin increased heme
absorption probably by binding the coordinating bonds of heme and preventing
its polymerization [14]. More recently, it was suggested that small peptides could

facilitate iron absorption into the intestinal mucosal cells [30].

In this work, we have demonstrated that peptic hydrolysis of yellowfin tuna
myoglobin generated mostly small peptides. Eighty-three peptides have been
purified and identified in the complex peptidic mixture. Most of them consisted
of less than seven amino acids. It should be interesting to study the nutritional
importance of this hydrolysate both for the nitrogen absorption as small peptides
and iron absorption as iron-heme or peptide-iron-heme. Moreover, it would be a
real chalenge to investigate the potential biological activity of these peptides. In
fact, it has been established that peptic digestion of many proteins, especially of
hemoglobin [31, 32], results in the production of subtances that were found to

have opioid-like activity.
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ABSTRACT

A 23 factorial design has been used in an isocratic HPLC system to study the
effect of methanol and acetonitrile composition of the eluents as well as different
columns on the retention and resolution of steroids. By factorial design and
computer simulation, six steroids of sex hormones and contraceptives were
simultaneously separated within 18 min and 28 min using RP-8 column and RP-18
column, respectively.

INTRODUCTION

Norethindrone and mestranol are synthetic steroids showing progestogenic activity.
They are usually combined in use as oral concentraceptives. According to
therapeutic uses, progesterone, medrogestone, testosterone propionate and
fluoxymesterone are categorized in sexual hormones. Various functional group
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substitutions in the chemical structures of these six steroids make them show
different chromatographic retention characteristics. Many high-performance liquid
chromatographic (HPLC) methods have been described for analysis of similar
steroids [1-3]. Optimization of separations by a trial and error approach is time-
consuming and likely to fail owing to the many variables involved and their
interactions. Therefore, there has been much interest in finding a simplified and
systematic means of optimizing HPLC separations. Many optimization methods
such as sequential simplex method [4], window diagrams [5], overlapping
resolution mapping method [6], Plackett-Burman design [7] and factorial design [
8], have been employed for the selection of optimal mobile phase compositions in
HPLC. In this study, a factorial design and a computer program has been used for
the optimization of the retention and separation of the afore mentioned steroids by
an isocratic RP-HPLC system. The optimization procedure was focused on
selecting the optimum mobile phase composition in the different column.

EXPERIMENTAL

Materials

Norethindrone, progesterone and testosterone propionate were purchased
from Sigma (St. Louis, MO, U.S.A)). Mestranol was purchased from Aldrich
(Milwaukee, WI, U.S.A)). Fluoxymesterone was from MS Chemicals (Milano,
Italy) and Medrogestone was from Diosyth BV (Oss, the Netherlands). Methanol
and Acetonitrile (L.C. grade) were purchased from Mallinckrodt (Paris, KY,
U.S.A)). The compound numbers, names and concentrations of the steroids are
listed in Table 1. Standard solutions were prepared in methanol-water (1:1, v/v).

HPLC

The chromatographic system consisted of a JASCO 880-PO HPLC pump, a
JASCO 875-UV variable wavelength detector (Hachioji, Japan) and a SIC
Chromatocorder 11 recorder (Tokyo, Japan). UV detection at 230 nm was set for
all optimization procedures. Columns used were 250 - 4 mm LichroCART C,, (7
mm) and 250 - 4 mm LichroCART C, (7 mm) (Merck, Darmstadt, Germany). The
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TABLE 1. Compound numbers, names and concentrations of the steroids

No. Compound name Concentration
1 Fluoxymesterone 20 mg/ml
2 Norethindrone 20 mg/ml
3 Progesterone 20 mg/ml
4 Mestranol 120 mg/ml
5 Medrogestone 120 mg/ml
6 Testosterone propionate 30 mg/ml

TABLE 2. A 23 factorial design : experimental presentation

2375

Variable Experiment No.
1 2 3 4 5 6 7 8
X, 1 1 1 1 -1 -1 -1 -1
X, 1 1 -1 -1 1 1 -1 -1
X, 1 -1 1 -1 1 -1 1 -1

X, = Methanol-Water
X, = Acetonitrile-Water
X, = Column

+1 = 46:54 (v/v)
+1 =38:62 (v/v)
+1 =RP-8

—1=40:60 (v/v)
-1 =32:68 (v/v)
-1 =RP-18

flow rate of mobile phase was 1 ml min!, the injection volume was 20 ml. The

dead time was measured with the first peak resulting from the injection of 0.5 %

NaCl solution (w/v).

Factorial design [9]

The mobile phase was a ternary system including methanol, acetonitrile and

water. The fractions of methanol and acetonitrile in the solvert were assigned as
variables X, and X,, and the different column as variable X, respectively in the

factorial design (Table 2). Two values denoted by +1 (the upper level) and —1 (the
lower level) were given for each variable to define the experimental domain. All

netmensvere peomed na rndomoder
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Computer simulation

A computer program was written in QBASIC to predict chromatograms as
systematically changing the three variables X, X, and X, within certain ranges. The

maximum 7, was as a measure of analysis time. The predicted £, was calculated

using the following equation:
ty = o tou Xyt Xt X to X X to X X ta X+, X X0X, - (1)

where 7, is the retention time in minutes of an individual steroid under a given set
of conditions and X|, X, and X; are values of the three variables as indicated above.
The coefficients «,, a,, o, o, o, o, and o, were estimated by Yates algorithm

[12]. The predicted #, were used to predict resolution (Rs) between each pair of

successively eluted steroids, using the equation:
Rs=2tg,, - )Wy + W) (2)

where f;_ and g, were the retention times of i+1 and i peaks, and W, and W; were

the peak widths of i+1 and i peaks.

RESULTS AND DISCUSSION

In the preliminary studies, tetrahydrofuran was chosen as a mobile phase
component for the separation of steroids in the literature [8]. The high column
pressure caused by the heavy proportion of tetrahydrofuran rendered its use
impraticable. Furthermore, commercially available tetrahydrofuran contains an
antioxidant which might cause interference during detection [10]. In the steroid
analysis, acetonitrile was claimed to increase the peak sharpness and column
efficiency [11]. For these reasons, acetonitrile was used instead of tetrahydrofuran.
In the following study, the composition of methanol and acetonitrile in the mobile
phase were used as variables. Many papers reported RP-C ;g column could be used
as the stationery phase of steroid separation [1,8,12). However, it is worthwhile
testing other RP columns of shorter hydrocarbon chains to reduce the analysis time
while maintaining the same resolution on the basis of a similar retention mechanism.
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TABLE 3. Retention times (min) of six steroids while changing the mobile phase
according to TABLE 2

Steroid Experiment No.

No.* 1 2 3 4 S 6 7 8

3.29 3.26 3.62 3.86 3.49 3.64 4.10 4.41
3.29 3.46 3.95 4.27 3.84 4.07 4.71 5.15
4.19 5.51 5.49 8.09 5.27 7.47 734 11.23
4.19 6.24 5.95 10.45 5.56 9.20 840 1555
4.79 7.18 6.91 11.71 6.55 10.58 10.00 17.47
5.13 8.47 7.81 14.99 7.36 13.43 11.91 23.91

A bW =

2 The corresponding steroids are listed in Table 1

In this study, a RP-Cg column was tested and the retention times were compared

with those of the RP-C18 column.

The retention times of each compound and parts of the chromatograms were
shown in Table 3 and Fig. 1 for the eight experiments of the factorial design. In all
eight experiments, the elution order of the steroids remained as fluoxymesterone,
norethindrone, progesterone, mestranol, medrogestone and testosterone
propionate, which is essentially in accordance with the decreasing polarity of these
compounds [13]. The peaks of fluoxymesterone and norethindrone, and the peaks
of progesterone and mestranol, were overlapped respectively in some experimental
conditions (Table 3 and Fig. 1). The nature of organic solvent (the ratio of
methanol-acetonitrile) affected the resolution of steroids both on the selecitvity and
the column efficiency [11]. In acetonitrile-rich eluents, resolution was mainly
dependent on the change in column efficiency better provided by acetonitrile than
mathanol (Fig. 1(B)). In acetonitrile-lean eluents, separation was largely influenced
by the higher selectivity of methanol compared to acetonitrile; however, the
column efficiency decreased with the increase of methanol concentration (Fig.

1(A)).

The main effects and interaction effects of variables X, X, and X; on the #; of
an individual steroid are indicated by o, a,, o, o, o5, o, and a, (Table 4).
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FIGURE 1.

Chromatograms of the steroid mixture in different chromatographic conditions. (A)
column : LichroCART RP-8 (250 - 4 mm, 7 mm), mobile phase : methanol-
acetonitrile-water (46:32:22, v/v/v). (B) column : LichroCART RP-8 (250 - 4 mm , 7
mm); mobile phase : methanol-acetonitrile-water (40:38:22, v/v/v). (C) column:
LichroCART RP-18 (250 - 4 mm, 7 mm); mobile phase : methanol-acetonitrile-water
(46:38:16, v/v/v). (D) column : LichroCART RP-18 (250 - 4 mm, 7 mm); mobile
phase : methanol-acetonitrile-water (40:38:22, v/v/v). For compound numbers, see
Table 1.
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TABLE 4. Calculated mean effects ( o values) on the retention times of the
substances while changing the variables according to TABLE 2

Steroid o, o, o, oy o, oy o oy
No.?

3.71 -0.20 -0.29 -0.08 0.06 0.03 0.05 0.01
409 -035 -0.43 -0.15 0.06 0.02 0.05 -0.01
682 -1.00 -1.21 -1.25 0.24 0.27 0.37 -0.05
8.19 -1.49 -1.90 -2.17 0.40 0.53 0.75 -0.13
9.40 -1.75 -2.12 -2.34 0.46 0.54 0.73 -0.13
11.63 -2.53 -3.03 -3.58 0.73 0.94 1.22 -0.26

2 The corresponding steroids are listed in Table 1

AW AW -

TABLE 5. Comparison between actual and predicted retention times(z, )

Steroid RP - 8 RP - 18°
No.¢ Actual £, (min) Predicted 7, (min) Actual 7, (min) Predicted 7, (min)
1 4.49 435 4.40 4.40
2 535 5.08 5.22 5.19
3 8.98 8.25 11.58 11.33
4 10.68 9.63 15.95 15.64
5 12.83 11.53 18.09 17.66
6 15.82 13.98 24.92 24.22

2 Mobile Phase : methanol-acetonitrile-water(37:32:31,v/v/v)
b Mobile Phase : methanol-acetonitrile-water(37:34:31,v/v/v)
¢ The corresponding steroids are listed in Table 1

Negative o, a,, and o, indicated that there was a negative relationship between
main effects and #;. In the eight experiments, the mean dead time was 2.21 min.
With the computer simulation, satisfactory HPLC conditions were not found
between the +1 and —1 range of the experimental variables, so we extended the
searched intervals to between +2 and -2. When X, X, and X; were (-2, -1, +1)
and (-2, -0.333, 1), optimum theoretical HPLC conditions were found. These
represent the mobile phase composition methanol-acetonitrile-water (37:32:31,

v/viv) with RP-8 column used and the mobile phase composition methanol-
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FIGURE 2.

Chromatograms of optimized isocratic separation of a steroid mixture. (A) column :
LichroCART RP-8 (250 - 4 mm, 7 mm); mobile phase : methanol-acetonitrile-water
(37:32:31, v/v/v). (B) column : LichroCART RP-18 (25 0 - 4 mm., 7 mm); mobile
phase : methanol-acetonitrile-water (37:34:29, v/v/v). For compound number, see
Table 1.
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acetonitrile-water (37:34:29 v/v/v) with RP-18 column used, respectively. On
testing these optimum theoretical conditions with the HPLC system, satisfactory
separations were obtained. The actual % and Rs values were closely corresponding
to the predicted values (Table 5 and Fig. 2). With the same resolution of
chromatograms, analysis time required was shorter in a RP-8 column and longer in
a RP-18 column.

ACKNOWLEDGEMENTS

The authors wish to thank Tradshine Co., Tung Hsin Chemical Co., and Tung
Shin Pharmaceutical Co. for kindly supplying some compounds.

REFERENCES
1. 1.-Q. Wei, X.-T Zhou and J.-L. Wei , Clin. Chem., 33: 1354-1359 (1987)

2. G. M. Sundaresan, T. J. Goehl and V. K. Prasad, J. Pharm. Sci., 70: 702-704
(1981)

3. Y. Suzuki, N. Hayashi and K. Sekiba, J. Chromatogr. Biomed. Appl., 70: 33-40
(1988)

4.J. C. Berridge and E. G. Morrissey, J. Chromatogr., 316: 69-79 (1984)

5.H.J. Issaq, G. M. Muschik and G. M. Janini, J. Liq. Chromatogr., 6: 259-269
(1983)

6.J. L. Glajch, J. J. Kirkland and L. R. Snyder, J. Chromatogr., 238: 269-280
(1982)

7. M. Mulholland and J. Waterhouse, J. Chromatogr., 395: 539-551 (1987)
8. J.-Q. Wei, J.-L. Wei and X. -T. Zhou, J. Chromatogr., 552: 103-111 (1991)
9. G. E. P. Box, W. G. Hunter and J. S. Hunter,"Factorial Designs at Two Levels",

in "Statistics for Experimenters", G. E. P. Box, W. G. Hunter and J. S. Hunter,
eds., Wiley -Interscience, Inc., New York, 1978, pp. 306-351

10.Y.J. Yao, H. K. Lee and S. F. Y. Li, J. Liq. Chromatogr., 16: 2223-2235
(1993)



2382 GAU, SUN, AND CHEN

11. G. Szepesi, "Steroids", in HPLC in Pharmaceutical Analysis Vol. II, G. Szepesi,
ed., CRC Press., Boston, 1991, pp. 298-303

12. P. G. Stoksand and T. J. Bendand, J. Chromatogr., 276: 408-412 (1983)

13. G. Szepesi, "Steroids", in HPLC in Pharmaceutical Analysis Vol. I, G. Szepesi,
ed., CRC Press., Boston, 1991, pp. 296-298

Received: January 27, 1995
Accepted: February 16, 1995



JOURNAL OF LIQUID CHROMATOGRAPHY, 18(12), 2383-2396 (1995)

SIMULTANEOUS DETERMINATION OF
18-OXYGENATED CORTICOSTEROIDS BY
HIGH-PERFORMANCE LIQUID CHROMATOG-
RAPHY WITH FLUORESCENCE DETECTION

SHINJI KUROSAWAL, TERUKI YOSHIMURAZ, TAKAO KUROSAWAZ,
HITOSHI CHIBA3, KUNIHIKO KOBAYASHI, TAKAO KOIKE!,
AND MASAHIKO TOHMA?
IDepartment of Internal Medicine IT
Hokkaido University School of Medicine
Sapporo, Hokkaido 060, Japan
2Faculty of Pharmaceutical Sciences
Health Sciences University of Hokkaido
Ishikari-Tobetsu, Hokkaido 061-02, Japan
3Department of Laboratory Medicine
Hokkaido University School of Medicine
Sapporo, Hokkaido 060, Japan

ABSTRACT

A method for differentially measuring the 18-
oxygenated corticosteroids, 18-hydroxycortisol, 18-
hydroxycortisone and 18-oxocortisol, in human urine
from the patients with primary aldosteronism has been
developed by high-performance liquid chromatography
with fluorescence detection. The method involves the
derivatization of 18-oxygenated corticosteroids into
the fluorescent 2l-anthroyl esters by the action with
l-anthroyl nitrile. Urine was first extracted with a
mixture of ether-dichloromethane, and solid-phase
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extraction of the anthroyl derivatives on a Bond Elut
CN cartridge column was used as a clean up step
before final separation by high-performance liquid
chromatography with fluorescence detection. 11,18-
Epoxypredonisolone was used as an internal standard.
The linearity of the calibration curve for each
steroid was from 0.5 pmol to 25 pmol per injection,
and the detection limit was 0.1 pmol (SN = 5).

INTRODUCTION

18-0Oxygenated corticosteroids, such as 18-
hydroxycortisol, 18-oxocortisol and 18-
hydroxycortisone (Fig. 1) are often called hybrid
steroids since they have the characteristic structure
of glucocorticoids and mineralcorticoids (1). Such
cortisol derivatives were first reported by Chu and
Urick (1) in the urine of patients with primary
aldosteronism, and a number of studies have shown
that these compounds are effective discriminators for
primary aldosteronism (2-5). Although gas chromato-
graphy - mass spectrometry (1), radioimmunoassay (4,
6), enzyme immunoassay (7) and high-performance
liquid chromatography (5) have been reported for the
measurement of 18-hydroxycortisol, a method for the
simultaneous determination of the above three 18-
oxygenated corticosteroids in human biological fluids
has not been established. To clarify the excretion
of these steroids in urine, a highly sensitive
quantitation method is required because of the low
concentration of such steroids in biological fluids.

We wish to report here the method developed for
the quantitation of 18-oxygenated corticosteroids,
and its application to the quantitative determination
of them in human urine.
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FIGURE 1. Molecular structures of steroids.

MATERIALS AND METHODS

Materials

18-Hydroxycortisol, 18-hydroxycortisone and
11,18-epoxyprednisolone (118,18-epoxy-17a,21-4di-
hydroxypregna-1,4-diene-3,20-dione) were chemically
synthesized as reported previously(8). 1-Anthroyl
nitrile was prepared as reported by Goto et al.(9)
Bond Elut CN cartriges were obtained from Analytichem
International (Haber City, CA, U.S.Aa). All other
reagents were of analytical grade. 18-Oxocortisol
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was synthesized as follows: The mixture of 18-
hydroxycortisol-17a, 2la-acetonide (480 mg), lead
tetraacetate (450 mg) and iodine (300 mg) in dry 1,
2~dichloroethane (20 ml) and cyclohexane (20 ml) was
irradiated with a 500 W tungsten lamp for 30 min at
room temperature. The reaction mixture was filtered
and the filtrate was washed with 5 % sodium thio-
sulfate, then water, and then dried over sodium
sulfate. The crude product was subjected to silica-
gel column chromatography eluted with chloroform -
methanol (30 : 1, v/v) to give 1l8-oxocortisol
actonide (25 %) as a hemiacetal form, mp 215 - 218
°C. The acetonide was hydrolyzed in the usual manner
to give 18-oxocortisol. mp 198 - 200 °C. Analysis
Calculated for C,1Hyg0g : C, 67.00; H, 7.50. Found :
C, 67.16; H, 7.35.

Urine samples

Urine samples (24 h) were collected without
preservatives from patients with primary
aldosteronism before or after adrenalectomy, and from
healthy subjects as a control were collected. All
specimens were stored at -25°C until analyzed.

Apparatus and chromatographic conditions

The HPLC apparatus consisted of a LC-6A system
equipped with RF-535 spectrofluorometer (Shimadzu,
Kyoto, Japan). The chromatographic separation was
performed on a pBondasphere phenyl (150 x 3.9 mm
i.d., 5 pm, Waters, Milford, MA, USA) column using
gradient elution mode at a flow rate of 1.0 ml/min.

The column temperature was ambient. The mobile phases
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were 10 mM ammonium acetate - methanol (50 : 50, v/v;
mobile phase A) and acetonitrile (mobile phase B).
The gradient program was as follows; an isocratic
elution with 15 % of mobile phase B for 10 min, then
a linear gradient to 30 % of mobile phase B over a
period of 30 min. The fluorescence intensity of the
eluent was monitored with an emission wavelength at
470 nm and an excitation wavelength at 370 nm.

Sample extraction

To a urine sample (100 - 500 upl), an appropriate
amount of 11,18-epoxyprednisolone was added as an
internal standard, and the whole was extracted twice
by shaking for 3 min with 5 ml of diethyl ether -
dichloromethane (3 : 2, v/v). After being
centrifuged at 800 x g for 10 min, the organic layer
(ca. 8 ml) was evaporated to dryness below 40°C under
reduced pressure. The residue was subjected to
derivatization with l-anthroyl nitrile.

Derivatization procedure

The sample extract was mixed with 100 upul of 0.4
% l-anthroyl nitrile in acetonitrile and 100 pl of
0.4 % quinuclidine in acetonitrile (10). The mixture
was allowed to stand at room temperature for 10 min,
and then the excess reagent was decomposed by the
addition of 25 ul of water. After standing at room
temperature for 5 min, the mixture was neutralized
with 25 pl of 1 % acetic acid, and the solvent was
evaporated to dryness below 40°C under reduced
pressure. The residue was dissolved in a small
amount of benzene and loaded on a Bond Elut CN
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cartridge equilibrated with hexane for elimination of
interfering peaks on the chromatogram. The cartridge
was washed with 6 ml of ethyl acetate - hexane (1 :
15, v/v), and the resultant fluorescent derivatives
were eluted with 6 ml of ethyl acetate - hexane (3 :
2, v/v). After evaporation of the solvent under
reduced pressure, the residue was dissolved in
methanol, and applied to HPLC analysis.

RESULTS AND DISCUSSION

Derivatization of 18-oxygenated corticosteroids with

l1-anthroyl nitrile

A highly sensitive derivatization of
hydroxysteroids with 1- or 9-anthroyl nitrile for
HPLC with fluorescence detection, has been previously
developed by Goto et al.(9). It was noted that, in
the derivatization of cortisol with both reagents,
the primary hydroxyl group at C-21 was quantitatively
converted to the corresponding esters, but the 11p-
secondary and l7a-tertiary hydroxyl groups underwent
no reaction. In order to employ these reagents for
fluorescence labeling for the precolumn
derivatization of 18-hydroxycortiscol, 18-hydroxy-
cortisone and 18-oxocortisol, the reactivities of
both reagents for 1l8-oxygenated corticosteroids were
initially examined according to the method
described by Goto et al. A marked difference in the
reactivity between the two reagents was observed; the
reactivity of 9-anthroyl nitrile for the three 18-
oxygenated steroids was less than 10 % of that of 1-
anthroyl nitrile, despite the modification of
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conditions such as reaction time, reaction
temperature and kinds of base catalysts. These
results may be due to steric interaction between the
hydrogens at the 1- and 8- positions of the 9-anthroyl
nitrile and the intramolecular hemiacetal system of
the 18-oxygenated steroids. Therefore, l-anthroyl
nitrile was selected as the derivatization reagent
for the development of a sensitive HPLC method.

The quantitative formation of the anthroyl
derivatives of all the steroids with l-anthroyl
nitrile was easily achieved at room temperature
within 10 min in the presence of quinuclidine as a
catalyst. Unfavorable side reactions and the
dehydration of the hydroxyl groups through the
derivatization procedure were not observed. All the
fluorescent derivatives, the detector responses of
which were of the same degree, showed a single peak
on the chromatogram, showing that derivatization with
l-anthroyl nitrile occured in the C-21 primary
hydroxyl group.

Separation of l-anthroyl derivatives

Various combinations of column, pH of buffer
solution and organic solvent were examined in order
to obtain a complete separation of the anthroyl
derivatives of the three 18-oxygenated corticostroids
and 11, 18-epoxyprednisolone. 11,18-Epoxyprednisolone,
which is not present in human biological fluids and
gaves the fluorescent derivative in the same yield,
was used as an internal standard (5). When the C18
columns were tested with mixtures of ammonium acetate
and organic solvents such as methanol and
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acetonitrile as mobile phase, the peaks due to 18-
oxocortisol and 18-hydroxycortisol could not to be
resolved successfully. The use of the C8 and phenyl
columns gave a good separation of the anthroyl
derivatives of the four 18-oxygenated steroids,
however, the peak widths obtained on the C8 columns
were broader than those obtained on the phenyl
columns. Therefore, the phenyl columns were selected
for the method. The elution with mixtures containing
both methanol and acetonitrile provided more
sufficient separation, and sharp and symmetrical
peaks, compared with that with methanol or
acetonitrile alone as a organic solvent, when
combinations of ammonium acetate and organic solvents
were tested on phenyl columns. The pH and the
concentration of ammonium acetate of mobile phase had
little effect on the separation and the peak shape of
each steroid. From the results, the best separation
of the anthroyl derivatives was achieved on a
pBondasphere phenyl column by gradient elution with
mixtures of 10 mM ammonium acetate - methanol and
acetonitrile within 35 min. A typical chromatogram
obtained with authentic specimens of 18-oxygenated
corticosteroids and the internal standard is shown in
Fig. 2. These derivatives were completely separated
from each other without noticeable peak asymmetry.
The retention time of the 18-~oxygenated cortico-
steroids increased in the following order : 18-
oxocortisol < 18-hydroxycortisol < 18-hydroxy-
cortisone < 11,18-epoxyprednisolone. Reproducible
retention times were obtained for all the 18-
oxygenated corticosteroids under the present HPLC
conditions.
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FIGURE 2. Chromatogram of standard 18-oxygenated
steroids. 1: 18-oxocortisol 2: 18-hydroxycortisol
3: 18-hydroxycortisone 4: 11,18-epoxyprednisolone
(internal standard).

The calibration curves were constructed by plot
ting the relative peak area of each l1l8-oxygenated
corticosteroid to the internal standard against the
amounts of the corresponding 18-oxygenated
corticosteroid. A good linear relationship to each
18-oxygenated steroid was obtained over the range of
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0.5 - 25 pmol with the 1linear correlation
coefficients of more than 0.999 for all the
18-oxygenated corticosteroids. The coefficients of
variation for the measurement of 10 pmol of each
standard 18-oxygenated steroid was less than 3 %.
The detection limits of all the 1l8-oxygenated
corticosteroids was estimated to be 0.1 pmol (signal-
to-noise ratio = 5). The proposed HPLC method was at
least 100 times more sensitive than the reported
HPLC method using ultraviolet detection (5).

Determination of l18-oxygenated corticosteroids in

human urine

Extraction of 18-oxygenated corticosteroids from
urine samples was performed with a mixture of diethyl
ether - dichloromethane (3 : 2, v/v) in the usual
manner. Maximum and consistent recoveries of all the
18-oxygenated corticosteroids were achieved by
extracting twice with 10 ml of the organic solvent.
Furthermore, to eliminate interfering peaks appearing
on the chromatogram, extraction of the l-anthroyl
derivatives before HPLC analysis was tested by
several cartridge columns such as Bond Elut and Sep-
Pak series with mixtures of organic solvents. The
interferences could be removed by a Bond Elut CN with
mixture of ethyl acetate - hexane as an eluent.

The recovery rates through the extraction and
derivatization as described in "MATERIALS AND
METHODS" were tested by adding known amounts of 18-
oxygenated corticosteroids (20 ng and 100 ng) to
steroid-free urine (0.5 ml). As listed in Table I,
all of the 18B-oxygenated corticosteroids were
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TABLE 1

Recoveries of 18-0Oxygenated Corticosteroids

added amounts* recoveries
(ng) (%)

18-0Oxocortisol 22.3 87.6 + 1.8**
111.6 86.3 £ 1.2
18-Hydroxycortisol 20.5 89.1 + 1.8
102.7 91.1 + 1.5
18-Hydroxycortisone 22.2 89.6 * 1.8
111.2 91.6 £ 1.9

added amounts of each standard sample into 0.5 ml
of steroid free urine, internal standard
(19.5 ng).

*& Mean * S.E.M. (n = 6)

recovered at a rate of more than 86 %, and the
within-day and day-to-day coefficients of variation
were less than 5 § (n=6) and 7 % (n=5), respectively.

Figures 3a and 3b show typical chromatograms
obtained from the urine of a patient with primary
aldosteronism and from the same patient after
adrenalectomy, respectively. The peaks due to 18-
hydroxycortisol, 18-hydroxycortisone and 18-oxo-
cortisol in Fig. 2a were identified, respectively, on
the basis of their retention times. The predominant
18-oxygenated corticosteroid was 18-hydroxycortisol
as reported previously, accounting for more than 70 %
of the total amounts of the three 18-oxygenated
corticosteroids. Of particular interest was the
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FIGURE 3. Chromatograms of urine samples from a

patient with primary aldosteronism, before (a) and
after adrenalectomy (b). 1l:18-oxocortisol 2:18-
hydroxycortisol 3:18-hydroxycortisone 4:internal
standard.

identification of 18-hydroxycortisone in the urine of
patients with primary aldosteronism in addition to
18-hydroxy and 18-oxocortisol. The concentrations of
18-hydroxycortisol, 18-hydroxycortisone and 18-oxo-
cortisol in the urine of the patients with primary
aldosteronism were estimated to be 350-2300, 45-100,
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30-75 nmol / 1, n=5), respectively. On the other
hand, all the 18-oxygenated corticosteroid levels
after adrenalectomy showed significant decreases to
the level of the control in comparison with that
before adrenalectomy, accounting for less than 100
nmol/1 for 18-hydroxycortisol,and 4 nmol/l for 18-
oxocortisol and 18-hydroxycortisone (Fig. 3b).

This study has provided an HPLC method with
fluorescence detection for the simultaneous
determination of 18-hydroxycortisol, 18-hydroxy-
cortisone and 18-oxocortisol in human urine. Further
application of this method is under way to clarify
the physiological and pathophysiological roles of
these 1B8-oxygenated corticosteroids in relation to

primary aldosteronism.
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ABSTRAC

The large k' values obtained in micellar liquid chromatography
of Brij-35 on C-18 and C-8 columns clearly decrease in the
presence of methanol or propanol as organic modifiers, propanol
being superior to methanol although resolution is better with
the latter. A linear relationship between k,!' not log k', and
the number of carbons is obtained. The distribution coefficient
of the solutes between the stationary and aqueous phases
increases, as do the micelle-solute association constants, with
the number of aromatic rings for naphthalene, phenanthrene,
chrysene and dibenzo(ah)anthracene. Sensitivity is increased
with respect to that obtained in the classic isocratic RPLC
methanol/water method. In best conditions nine PAH's are
resolved to the baseline.

INTRODUCTION

Nowdays it is well accepted that micellar 1liquid
chromatography (MLC) on alkyl-bonded stationary phases has some

advantages over reversed phase liquid chromatography (RPLC);
2397
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these include the use of smaller amounts of organic solvents,
which means less environmental pollution and lower cost as well
as higher sensitivity for aromatic compounds by fluorimetric
detection. Selectivity can also be increased by controlling
additional chromatographic parameters such as the nature of the

surfactant as well as its ionic charge and concentration!~”

7. However, there are some drawbacks, including greater
broadening of the chromatographic peaks and larger capacity
factors, which make analysis time impractically 1long. This
effect is more important in RPLC when the polarity of the
analytes decreases; stationary phases based on short
hydrocarbonated chains decrease the capacity factors but they
also decrease the resolution’?.

The behaviour of analytes in MLC arises from more complex
interactions than in RPLC, making it difficult to predict the
results in given chromatographic conditions. Consequently more
data are required to probe further into this field of
chromatography.

In this paper we study the behaviour of 13 polycyclic
aromatic hydrocarbons (PAH's) 1in MLC, based on the use of
Brij-35, a non ionic surfactant, using two alkyl-bonded
stationary phases, C-8 and C-18, and fluorimetric detection.
Some relevant thermodynamic data based on equations described
in the 1literature!™%r10:/11 are applied to explain this
behaviour. From the analytical point of view the results could

also be useful for determining these compounds in environmental

studies.
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EXPERIMENTAL

Apparatus and material

The chromatographic system consisted of the following
components: a high pressure gradient LDC Analytical CM-4000
pump, a Rheodyne 7125 sample injector with a 20 ul loop, a
Waters 420 fluorimetric detector with the excitation and
emission filters of 254 and 375 nm (long-pass), respectively,
and a Milton Roy CI 4100 integrator. The columns were a C-18
Hypersil 5 um particle size (100x4.0 mm) and a C-8 Hypersil 5
um particle size (100x4.6 mm). A P-Selecta Precisterm bath was
used for thermostating the columns. A P-Selecta Ultrasons bath
was used for preparing all the solutions. A Lida nylon membrane
filter with 0.45 um pore size was used to filter the eluents
employed to prepare the mobile phase. Vapor pressure osmometry

measurements were carried out on a Knauer VPO instrument.

Chemicals

Stock standard methanolic solutions of 13 PAH's from Sigma
at concentrations in the range 1073 - 10™¢ M were prepared by
weighing and dissolving the solid products in methanol. More
dilute solutions were prepared by dilution with methanol.

An agqueous micellar solution of Brij-35 [polyoxyethylene
23 lauryl ether, C;, Hys (OCH,-CH,),3 OH; formula weight =

1199.6; 30% (w/v)] from Sigma, was prepared by dissolving 200
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ml in water up to 500 ml to give a final concentration of 0.1
M; critical micellar concentration (c.m.c.) = 10~¢% M2, More
dilute solutions were prepared by dilution with water,
methanol /water or propanol/water, where appropriate.
Methanol, propancl and acetone (Carlo Erba) of
chromatographic grade were used. Water was obtained from a
Milli-Q system (Millipore). Before use, all eluents were

degassed under vacuum and filtered.

Chromatographic procedure

Micellar mobile phases containing Brij-35 concentration in
the range 4.107%-0.1 M were used; depending on the case,
propanol or methanol in the ranges 2-30% and 20-80%,
respectively, were used as organic modifiers at flow-rates of
1 and 0.6 ml/min, for C-18 and C-8 columns, respectively.

Stock solutions of the PAH's were used and their
concentrations were adjusted to allow detection in the range
4.0.1073-120 ug/ml for naphthalene and anthracene,
respectively, by the injection of 20 pl of standard samples.
For fluorimetric detection, excitation and emission filters of
254 and 375 nm (long-pass), respectively, were used.

Temperatures in the range 30-602C and flow-rates in the
range 0.4-1 ml/min were tested.

The columns were conditioned by applying the following
gradient: methanol for 15 minutes and then water for a further

15 minutes, which changed to the micellar Brij-35 solution
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working concentration in 60 minutes at a flow-rate of 1 ml/min;
this micellar solution was then maintained for a further 60

minutes. Acetone/water was used to determine the void times.

RESULTS AND DISCUSSION

Conditioning of the stationary phase

It is known that work in MLC requires prior conditioning
of the column to achieve reproducible results. It is accepted
that the column is modified by adsorption of the surfactant.
When using the Brij-35 surfactant, the C-18 and C-8 columns are
completely regenerated by passing pure methanol; consequently,
the conditioning procedure specified in the experimental
section was applied. Reproducibility of the naphthalene, which
is the earliest-eluting solute, with a retention time in the
range * 0.1 min was taken as a measure of the stability of the
column. Reconditioning of the column was necessary after a
month's work, equivalent to 175 hours; in any case elution of
the column with methanol for 120 minutes allows it to be used

in RPLC without significant changes.

Determination of void volume

Different approaches have been used to determine the void

volume in MLC. The uracil method?:1® was not successful in this

case despite using fluorimetric detection. Other methods based
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on the change of refraction index, such as the use of water,
urea, acetonitrile/water and deuterated water were also

unsuccessfuld/ 7,10,

A new approach based on the use of
acetone/water yielded good results, although acetone can be
retained somewhat on the stationary phase. Injection of 20 ul
of acetone/water 20/80 (v/v) gave a signal similar to the one
obtained by injection of 20 ul of naphthalene 5.107% M; this
signal is also based on a refraction index change. This method
was also successful for SDS in MLc®/®?. Under the typical
working conditions (flow-rate 1 ml/min, Brij-35 concentration
0.05 M and temperature 602C) the void volumes were 0.80 ml and
1.08 ml for the C-18 and C-8 column, respectively. These values
scarcely changed over the Brij-35 concentration range of 1072-
10”1 M. It should be noted that the calculated bonded phase
coverage in u mol/n@ was 2.84 and 3.85 for C-18 and C-8

columns, respectively.

Effect of the surfactant concentration on the mobile phase

A micellar mobile phase containing a Brij-35 concentration
4.107% M, which is close to its c.m.c., gave capacity factors
for naphthalene above 61 and 26 on C-18 and C-8 columns,
respectively. As shown in Figure 1, retention times (and,
consequently, capacity factors) on a C-18 column decrease with
increasing Brij-35 concentration in the mobile phase. However,
at 0.05 M Brij-35, capacity factors are impractical from an

analytical point of view. In these conditions, only five PAHs
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I~ Naphthalene
2-Phenanthrene
3-Anthracene

4-Pyrene
5-Fluoranthene
6-Benzole) pyrena
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Figure 1: Capacity factors versus micellar concentration of
Brij- 35. Flow-rate, 1 ml/min; temperature, 609C; detection,
254 nm excitation and 375 nm emission (long-pass); C-18 column.
Elution order in 0.05 M Brij-35.

are resolved to the baseline. Moreover, at 0.1 M Brij-35 only
four PAH's are resolved. Similar changes were observed on a C-8
column, where capacity factors changed from the range 12-16.2
to 6.5-9.0 with the same Brij~35 concentration change. On the
other hand, the elution order changed with Brij-35
concentration and with the column type (C-18, C-8). These
changes are consistent with some thermodynamic parameters

determined below.
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Effect of the organic modifiers

A common practice to decrease capacity factors is based on
addition of organic modifiers, such as methanol, propanol,
butanol or acetonitrile!™®. An additional beneficial wetting
effect is assumed for these modifiers. Methanol and propanol
were tested, the elution strength of propanol being higher than
that of methanol. Similar analysis times were obtained both for
30% propanol and 50% methanol, resolution being lower with
propanol. As shown in Figure 2, capacity factors also decrease
with methanol percentages. A change in the chromatographic
mechanism for the larger PAH's is apparent in this figure.
Capacity factors lower than 10 are obtained for methanol
percentages above 60%, which makes the analytical separation
practical. Eleven PAH's can be separated with 50% methanol at
a flow-rate of 1 ml/min. Similar results were obtained with a
C-8 column, changing log k' values from the range 0.7 - 1.0
to (-0.5) - (-0.2) for the change of methanol percentage from
30 to 60%. On the other hand, elution orders are independent of

the column type and of the methanol percentages. Thus PAH's can

be separated with 50% methanol and flow-rate of 0.6 ml/min.

Determination of the critical micellar concentration

After selection of the percentages of methanol, the

critical micellar concentrations (c.m.c.) in these conditions

13,14

were determined by vapor presure osmometry The results
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Figure 2: cCapacity factors versus methanol concentration.
Brij-35 concentration, 0.05 M; Flow-rate, 1 ml/min;
temperature, 602C; detection, 254 nm excitation and 375 nm
emission (long-pass); C-18 column. *Elution order in 50%
methanol.

found are shown in Figure 3. Graph number 1 relates to glucose
solutions taken as a reference and the graph number 2 to
Brij-35 solutions. In both cases we started with a 50/50 v/v
methanol/water solution and added glucose or Brij-35.

Graph 1 shows a regular increase of the resistence, AR, with
glucose concentration; in contrast, the inflection point of

graph 2 allows the c.m.c. of Brij-35 to be determined in 50%
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Figure 3: Determination of the critical micellar concentration.
Methanol/water, 50/50 (v/v). 1, glucose solution; 2, Brij-35
solution; "Assuming the absence of micelles.

methanol. This c¢.m.c. value was 0.02 M, which is higher than
that obtained in the absence of methanol, 1074 M12, Obviously,
lower methanol contents and a 0.02 M Brij~-35 concentration will
always give a micellar system. The existence of micelle
structures in the presence of such a high concentration of
organic modifiers could be gquestioned; however, results
obtained seem to confirm that micelles exist in these

experimental conditions.

Solvent strength

According to the literature!’l® the solvent strength of the
mobile phase decreases in the presence of micelles. We

determined the solvent strength of the micellar mobile phases
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with different percentages of methanol, using the equation!®

described elsewere:

log k' = - S 6 + log k. (1)

For a particular solute, plotting the logarithm of the capacity
factor (k') against the volume fraction (8) of methanol allows
the solvent strength (S) to be determined from the slope. The
intercept, log k,', is the logarithm of the capacity factor in
micellar mobile phase without a modifier.

As shown in Table 1, the solvent strength decreases with
the molecular size of the PAH. This agrees with results for
other compounds and for other micellar mobile phases in the

presence of propanol as a modifierl®

. The range of variation is
even lower for the C-8 column. Some PAH solvent strength values
for a traditional methanol mobile phase on a C-18 column are

included in this table for comparison purposes.

Effect of flow-rate

The effect of flow-rate on retention times for a C-18
column is shown in Figure 4. Retention times decrease with the
flow-rate, and eleven PAH's can be separated with analysis
times below 36 minutes for a flow-rate of 1 ml/min. The large
retention times observed for flow-rates below 1 ml/min seem to
indicate the important contribution of kinetic factors. Good

resolution up to nine PAH's was obtained with the C-18 column.
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TABLE 1

Solvent strength of the mobile phase in C-18 and C-8 columns

PAH s, c-18 s, c-8*
* *k
Naphthalene 2.2 3.0 2.2
Fluorene 1.9 2.4
Acenaphthene 2.0 2.3
Phenanthrene 1.9 2.3
Anthracene 1.9 2.3
Fluoranthene 1.7 2.2
Pyrene 1.6 3.3 2.2
Chrysene 1.5 2.1
Benzo(a)anthracene 1.5 2.1
Benzo (e)pyrene 1.2 2.9 1.9
Benzo(a)pyrene 1.2 2.9 1.9
Benzo (ghi)perylene 1.0 2.8 1.7
Dibenzo(ah)anthracene 1.1 1.7

* Mobile phase, 0.05 M Brij-35 in water/methanol solution.
Mobile phase water/methanol.
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Figure 4: Effect of flow-rate on retention time. Brij-3s
concentration, 0.05 M in methanol/water 50%; temperature, 602C;
detection, 254 nm excitation and 375 nm emission (long-pass);
C-18 column. PAH's identified in Figure 2.

The same behaviour was found for the C-8 column; separation of

ten PAH's was achieved with a flow-rate of 0.6 ml/min.

Effect of temperature

The effect of temperature on MLC is greater than in
RPLC3:7"?; the decrease in viscosity of the micellar mobile
phase with increasing temperature reduces retention time

significantly. The results obtained are shown in Figure 5, for
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Figure 5: Effect of temperature on capacity factors. Brij-35
concentration, 0.05 M in methanol/water 50%; Flow-rate,
1 ml/min; detection, 254 nm excitation and 375 nm emission
(long-pass); C-18 column. PAH's identified in Figure 2.

a C-18 column. The change in k' is higher for the PAH's with
smaller molecular size. An increase of 102C produces a log k!
change of 0.2 units. Again, similar changes were observed for

a C-8 column.

Correlation between retention factors and the number of carbons

In RPLC there is a linear relationship between log k' and
the number of carbons, Nc, as shown in the following

equationls' 10,

log k' = (log a) Nc + log B (2)

where the slope, log a, is a measure of hydrophobic selectivity

which characterizes non-specific interactions; the intercept
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indicates the specific interactions between the residue of the
molecule and the mobile and stationary phases.
However in MLC a linear relationship between k' and Nc is

obtained, as follows!9:

k! = B Nc + A (3)

where A and B are the intercept and slope, respectively, of the
straight line.

The results obtained for three Brij-35 micellar mobile
phases are shown in Figure 6; straight line plots of k' versus
Nc were also obtained for different methanol percentages in
mobile phases, Figure 7. This confirms the results obtained for
other homologous seriesl’2:10, 1t should be noted that the slope
of the graph increases significantly with the presence of
methanol, thus increasing resolution. These results are clearly
different from those obtained with a 50% methanol/water mobile
phase; in this case, only naphthalene is resolved, the capacity

factor being 26.5,.

Determination of the micelle-solute association constants and

the distribution coefficients of the solute.

Several parameters have been proposed!™3:10:11 jn order to
explain the above relationship between k' and Nc. The micelle-
solute association constants per surfactant monomer (K,) can be

determined from the Armstrong and Nome equation17:
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Figure 6: Correlation of capacity factors and the number of
carbons. Mobile phase, Brij-35, M, a, 0.10; b, 0.075; ¢, 0.050.
PAH's identified in Figure 2.
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Figure 7: Correlation of capacity factors and the number of
carbons. Mobile phase, Brij-35 0.05 M. Methanol, %, a, 20; b,
30; ¢, 40; d, 50. PAH's identified in Figure 2.
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Va/ (Vg = V) = [V(Py,—1) /Pg,1Ch + 1/Pg, ;7 Ky = V(Pp,~1) (4)

The graph of the ratio of the stationary phase volume (Vg) to
the difference between elution volume of the solute (V,) and
the void volume of the column (V,) versus the micellized
surfactant concentration (C,), which is the surfactant
concentration minus the c.m.c., gives rise to straight-line
plots with slope K,/Pg,; where Pg, is the distribution
coefficient of the solute between the stationary and aqueous
phases, which can be calculated from the intercept. V is the
molar volume of the surfactant. P,, is the distribution
coefficient of the solute between the micellar and agueous
phases.

Similarly, the Arunyanart and Cline Love equation can be

used for the same purposel®:

1/k'" = [Ky/2(Lg)Ky] Cy + 1/8(Lg)K; (5)

where &% is the ratio V,/V,, Lg is the concentration of
stationary-phase ligate and K; the association constant for the
solute between the bulk solvent and the stationary phase. In
this case K, can be determined from the slope of 1/k' versus
Cn; K, is obtained easily as a ratio between the slope and the

intercept.
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Figure 8: Effect of micellized Brij-35 concentration on the
Vg/ (Vo-V,) ratio. PAH's identified in Figure 1.

Figures 8 and 9 respectively show the variations of
Vg/ (Ve — V) and 1/k' as a function of the micellized Brij-35
concentration. The results are shown in Table 2.

Related to K, is the solute-micelle association constant
per micelle (K;), which can be calculated by multiplying K, by
the aggregation number, which is 40 for Brij-3512, Both the
above equations yielded similar results for K,. There is
apparently no correlation between K, and molecular size of the
solute; in fact the PAH's listed have different structures.

However the slopes of the graphs in Figures 8 and 9 are not the
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Figure 9: Variation of 1/k' versus the micellized Brij-35
concentration. PAH's identified in Figure 1.

same for all the PAH's studied, indicating that the effect of
Brij-35 concentration differs with each PAH, as indicated
before. Focusing on PAH's with similar structure, for two,
three, four and five aromatic rings (e.g. naphthalene,
phenanthrene, chrysene and dibenzo(ah)anthracene), increasing
K, values were obtained for increasing numbers of rings in the
linear ring structure; this agrees with results reported
recently for Brij-35 MLC!®., The size of the micelle cavities
must be related to the behaviour of the different PAH's.
Similarly, there is apparently no correlation between the

molecular size of all PAH's and the distribution coefficient of
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TABLE 2

Binding constant calculations.

Equation (4)

Equation (5)

PAH Ky, *10 | Kg,*103 | P, || Ky, *10 | Kg,*103
aly | ool | ox0 | ol | oY
Naphthalene 4.0 1.6 6.9 4.0 1.6
Acenaphthene 10 4.1 19 11 4.2
Phenanthrene 9.3 3.7 15 9.5 3.8
Anthracene 12 4.8 20 12 4.7
Fluoranthene 39 16 59 39 15
Pyrene 32 13 48 31 12
Chrysene 13 5.3 23 13 5.2
Benzo(a)anthracene 33 13 56 31 12
Benzo(e)pyrene 23 9.4 37 26 10
Benzo(a)pyrene 20 7.9 33 20 8.1
Benzo(ghi)perylene 26 10 42 26 10
Dibenzo(ah)anthracene 14 5.7 23 14 5.6

the solute between the stationary and aqueous phases. However,

for linear structures,

as is the case of the four compounds

mentioned above, increasing P, values have been obtained for

increasing ring number. As before, when the straight-line plots
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of Vg/(Ve-V,) or 1/k' versus C, for two PAH's are parallel, the

effect of C, is similar for them.

Free enerqgy of transfer from water to micellar phase

Another parameter used to show interactions between the
solute and the micelle is the free energy of transfer from

water to micelle, defined as:

A 4 (w/m) = -RT Ln(55.5 K;) (6)

where R and T are the gas constant and the temperature,
respectively?®, These energies are usually compared with those
from octanol to water, which involves mainly hydrophobic

interactions described by the following equation:

A p°.(o/w) = ~RT Ln(55.5 P) (7)

where P is the octanol-water distribution coefficient in

molarity units, which can be calculated from

log P = log P, - log (MW), d,/(MW), d, (8)

where (MW),, (MW),, d, and 4, are the molecular weight and
density of octanol and water, respectively, and Py /uws which is

a measure of the hydrophobic nature of a solute, is expressed

11,21

in molar fractions The results are shown in Figure 10. A
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Figure 10: Variation of p° (w/m) versus u® (o/w). PAH's

identified in Figure 2.

straight-line plot of u° (w/m) versus u® (o/w) was obtained. The
variation of the transfer energy for octanol-water is higher

than for water-micelle, whose slope is 0.46.

Correlation between binding constants and number of carbons

According to the 1literature!®, there is a linear
relationship between the logarithm of the binding constant of
the solute to micelle (log K,) or the solute distribution
coefficient between the stationary and aqueous phases (log Pg,)
versus the number of carbons in the normal chain length; these

relationships are defined by the following equations:

log K, = a Ne + b (9)
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log P, = a' Nc + b! (10)

where a is a measure of the free energy of transfer of
additional carbon from the bulk solvent to the micelle, or to
the stationary phase (a'); and b represents the interaction
between the homologous rest with the micelle or stationary
phase (b'). The results are shown in Figures 11 and 12.
Clearly, plots of both log K, and Pg, versus Nc are linear for
the compounds studied. The larger binding constant values for
the homologous PAH's indicate the stronger interactions of the

solutes with the Brij-35 micelles.

Correlation between transfer free enerqgy from water to micelle
and the number of carbons

The transfer free energy per mole of solute from water to
micelle, u° (w/m), is related to the number of carbons, Nc, by

the following equation?2:

A pC(w/m) = Nc A u® + A u%, (11)

where the slope represents the free energy for each additional
carbon and the intercept is the free energy of the rest of the
aromatic structure. As shown in Figure 13, most of the PAH's
studied fit a linear graph. The slope of the graph, i.e. the
increase of the transfer free energy per additional carbon, is

about - 90 cal mol™l.
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TABLE 3

Optimum experimental conditions

Variable studied Range Recommended
Mobile phase 4.107% - 1071 (M) 5.1072 (M)
micellar

concentration

Organic modifiers propanol: 2 - 30% methanol: 50%

methanol: 20 - 80%

Flow-rate 0.4 - 1 (ml/min) 1 (ml/min)

Temperature 30 - 60 (°C) 60 (2C)

Stationary phase c-8 and C-18 c-18
columns

Apalytical considerations

The optimum experimental conditions for separating the
PAHs studied are summarized in Table 3. In these conditions
eleven PAH's can be separated, but only nine PAH's can be

resolved to the base-line: naphthalene, fluorene or
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PAH

I- Naphthalens
2- Fuorens
3-Acenaphthene
4-Phenanthrene
5-Anthracens
6&-Fiuoranthene
7-Pyrene
n 8-Chrysene
o] 12 9-Benzo(a) anthracene
10-Benzo(e) pyrene
1 |- Benzo(a) pyrens
12- Banzo(ghi) perylene
3 {3-Diberzo {ah) anthracene

—

89

1 , e

N n + + +—— t

b + — 4 ) 50
. 36 .
t,min f,min

Figures 14: Chromatograms of standard PAH's solutions. C-18
column; flow-rate, 1 ml/min; temperature, 602C; detection, 254
nm excitation and 375 nm emission (long-pass); mobile phase,
50% methanol/water; a, 0.05 M Brij-35; b, without Brij-35.

acenaphthene, phenanthrene or anthracene, fluoranthene or
pyrene, chrysene or benzo(a)anthracene, benzo(e)pyrene,
benzo(a)pyrene, benzo(ghi)perylene and dibenzo (ah)anthracene.
The chromatogram is shown in Figure 14 a. The chromatogram for
50% methanol/water 1is also included (Figure 14 b) for
comparison; it should be noted that optimum conditions are
methanol/water, 85/15 (v/v); up to an analysis time of 90

minutes only naphthalene, acenaphthene and fluorene are
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Table 4

Analytical characteristics

2423

PAH Sensitizat Dynamic DL**, RSD, ™
ion range, (ng/ml)
factors” (ug/ml)
Naphthalene 1 6.15 - 117 500 2.4
Fluorene 1.1 3.74 - 29.9 250 3.5
Acenaphthene 1.1 3.78 - 432 300 5.5
Phenanthrene 0.050 - 0.668 4.01 3.4
Anthracene 2.7 0.004 - 0.046 | 0.250 2.6
Flucranthene 2.5 0.086 - 1.15 10.0 1.8
Pyrene 3.5 0.035 - 0.400 2.02 4.2
Chrysene 1.3 0.093 - 0.748 3.50 2.4
Benzo(a)anthracene 1.3 0.041 - 0.478 1.52 1.7
Benzo({e)pyrene 2.5 0.121 - 1.39 6.51 5.6
Benzo({a)pyrene 2.1 0.026 - 0.297 1.01 1.9
Benzo(ghi)perylene 1.9 0.092 -~ 1.06 3.50 1.3
Dibenzo(ah)anthracene 1.7 0.272 -~ 3.12 8.50 2.0

» Defined as the MLC/RPLC areas

DL = 3 S/N
n=3

% % %

ratio
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resolved, with retention times of 22, 57 and 76 minutes,
respectively. The sensitivity of PAH's with fluorimetric
detection is significantly higher than that obtained by the
classical separation using a mobile phase of methanol/water
85/15, v/v. The sensitization factors defined as the area ratio
MLC/RPLC are summarized in Table 4.

Other analytical characteristics are included in this
table. The detection limits (DL) have been evaluated as three
times the signal-noise ratio (3 S/N); the noise was defined as
the peak to peak ratio. The precision, expressed as relative
standard deviation (RSD), was determined from three replicates

at a concentration level in the middle of the dynamic range.
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ABSTRACT

Two cellulose-based chiral stationary phases were compared on their feasibility to
resolve a representative number of 2-arylpropionic acids : a new experimental phase
(Tolyicellulose, EXP B101) manufactured by Bio-Rad RSL and the Chiralcel OJ phase
by Daicel. Both columns were tested under normal phase conditions, applying a n-
hexane:isopropanol mobile phase. The Bio-Rad column was also assayed under
reversed phase conditions using a methanol and perchlorate buffer system.
Enantiomeric separation without prior derivatization of most 2-arylpropionic acids was
far better on the Chiralcel OJ column than on the Bio-Rad column, the latter performing
somewhat better under reversed phase conditions. Prior derivatization of the carboxylic
acid group with an amine (naphthylmethylamine, (2-methyl)benzylamine) or an alcohol
(benzylalcohol) permitted to separate the tested drugs to different extents on both
columns.

* Part of this work was presented as a poster communication at the Vth International Symposium
on Chiral Discrimination, Sept. '94, Stockholm
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INTRODUCTION

2-Arylpropionic acids (2-APAs) are a group of non steroidal anti inflammatory (NSAI)
drugs that are characterised by a chiral carbon atom adjacent to the carboxylic acid
moiety. With the exceptions of naproxen and flunoxaprofen, they are marketed as racemic
compounds and widely prescribed in relief of acute and chronic theumatoid arthritis and
osteoarthritis.

Numerous chiral stationary phases (CSPs) for the liquid chromatographic discrimina-
tion of these frequently used pharmaceuticals are described in literature [1-2]. Various
protein columns with excellent selectivity towards underivatised 2-APAs have been devel-
oped and commercialised [3-4]. Efficient separations were afforded by immobilised phases
of Human and Bovine Serum Albumin [5-6], 1~ Acid Glycoprotein [7-11], Ovomucoid
[12-14] and Avidine [15-16].

The first commercially available "brush type" phases for HPLC, designed by the groups
of Pirkle (CSP1, DNB-phenylglycine derivatives) [17-24,53] and 01 [19-20], permitted a
separation of profens only after derivatization of the carboxylic acid moiety, necessary to
meet the requirements for stereoselective interaction. Several other versions have been
created, still asking for a pre-column derivatization of the 2-APAs with an amine or an
alcohol [27-32]. An extensive overview of the numerous phases designed by Pirkle and his
group has recently been published [33] and includes the successfully improved Pirkle
concept that separates the profen family into their enantiomers as such [34-37].

Interesting results have also been obtained using diverse modified and immobilised
cyclodextrins [38-41].

The possibilities offered by different derivatised cellulose columns to discriminate the
enantiomers of 2-arylpropionic acids and many other classes of drugs have extensively
been examined by many researchers. A variety of derivatised cellulose phases have been
synthesised since the successful introduction of the cellulose triacetate phases [38-46].
Pioneering studies in the development of cellulose columns were performed by Okamoto
and his group [47-51]. Many of these chiral stationary phases have been commercialised
by Daicel (Tokyo, Japan) [52].

Carbamate derivatives and tris(3,5-dimethylphenylcarbamate) cellulose in particular
(Chiralcel OD), offer many possibilities for enantioselective interactions and have proved
to be efficient in separating most profen enantiomers [53-55]. For some 2-APAs, chiral

resolution could only be obtained after derivatization of the carboxylic acid moiety. Among
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the ester cellulose derivatives coated on varied silica gel supports, the methylbenzoate
CSPs have also found many applications [56-60]. These polymers have likewise proved
their enantioselective capabilities configured as pure beads offering a much higher
loadability [61-64].

A new experimental cellulose-based CSP, called Tolylcellulose column, manufactured
by Bio-Rad RSL (Nazareth, Belgium) contains a similar tris(4-methylbenzoate) cellulose
polymer as the Chiralcel OJ phase (Daicel, Tokyo, Japan) and has already been examined
on its enantioselectivity towards several NSAI drugs [65-66]. In order to obtain an
acceptable chiral separation for most analytes, a derivatization of the carboxylic group was
necessary. Due to the fact that the cellulose layer is bound onto the modified silica support
rather than being adsorbed as is the case for the Chiralcel OJ column, this CSP was used
under reversed phase conditions.

The mobile phase recommended for analyses with the Chiralcel OJ column consists
mainly of a mixture of n-hexane and an alcoholic modifier, preferably isopropanol. Pure
ethanol however can also be applied and even aqueous acetonitrile has been tested [67]. Its
analogue for reversed phase conditions, similar as the Chiralcel OD-R column, has not
been commercialised yet.

In this paper the chiral discriminative properties towards ten 2-arylpropionic acids (Fig.
1) on a Chiralcel OJ column were compared with the experimental Tolylcellulose phase
using a mobile phase of n-hexane:isopropanol:acetic acid. The same Tolylcellulose column
was also used with a methanol:perchlorate buffer system. As only poor or no resolution of
the free acids was obtained on this CSP [65-66], several derivatives (amides and esters)
were prepared and analysed on both columns.

EXPERIMENTAL

Chemicals

Benzylamine, 1-naphthylmethylamine, 2-methylbenzylamine, 1-ethyl-3-dimethylamino-
propyl-carbodiimide, 1-hydroxybenzotriazole, rac-2-phenylpropionic acid and rac-
ketoprofen were purchased from Sigma-Aldrich (Bomem, Belgium); benzylalcohol from
UCB (Leuven, Belgium). Rac-carprofen was a kind gift of Produits Roche (Brussels,
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FIGURE 1. Chemical structures of the molecules under investigation

Belgium), rac-flurbiprofen of Upjohn Co. (Kalamazoo, MI, USA), rac-pirprofen of Ciba-
Geigy (Groot-Bijgaarden, Belgium), rac-calcium fenoprofen of Eli Lilly Co. (Indianapolis,
IN, USA), rac-protizinic acid of Rhone-Poulenc Rorer (Brussels, Belgium) and rac-
tiaprofenic acid of Erfa (Brussels, Belgium). Rac-benoxaprofen was obtained from Eli
Lilly Co. (Windelsham, UK) before withdrawal from the market and rac-ibuprofen from
Profarma (OQud-Tumbhout, Belgium).

Sodium-perchlorate (Merck, Darmstadt, Germany) perchloric acid 70 % aqueous
solution (UCB, Leuven, Belgium), methanol (Labscan, Dublin, Ireland) and dichloro-
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methane (UCB, Brussels, Belgium) were all of analytical grade. n-Hexane and isopropanol
(HPLC-quality) were from J.T. Baker (The Netherlands). Deionised water was used
throughout.

Apparatus

Chromatography was performed with a Varian 9010 SDS pump (Varian Associates
Inc., Walnut Creek, CA, USA) using a Rheodyne injector with a 20 ul loop. Detection was
achieved at two wavelengths simultaneously (230 and 254 nm) with a Hewlett Packard
1050 DAD (Waldbronn, Germany). Integration of the more intense chromatogram was
made with the Hewlett Packard software package (1990). The following parameters were
measured:

k'l : capacity factor of the first eluted enantiomer : (t1-tg) / tp.

k2 - capacity factor of the second eluted enantiomer : (t-tg) / to.
Tri-t-butylbenzene was used to determine the tg-value under normal phase
conditions on both columns [68]. As it was retained on the Tolylcellulose
column under reversed phase conditions, the elution time of methanol was
used as tg-value.

a : selectivity factor : k'2 / k'l.

Rs : resolution factor : Rs = 1.18 (tp-t1) / (W1+wp); w is the width at half-height
of the peak based on peak area and height.

Rp : Kaiser's peak separation index : the ratio of mean valley height between two
peaks and the mean peak height, which rises to 1 for perfectly separated
peaks. This factor is therefore measured of enantiomeric peaks that were not

baseline separated.

Chromatographic conditions

The columns under investigation (250 mm x 4.6 mm ID) are both characterised by a
tris (4-methylbenzoate) cellulose layer (Fig. 2). In case of the Tolylcellulose column, EXP
B101 (Bio-Rad RSL, Nazareth, Belgium) the polymer is covalently bound onto a 10 um
aminopropylsilinazed silica gel with mean pore size of 300 A; coverage is about 10 %.
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FIGURE 2. Chemical structure of the tris (4-methylbenzoate) cellulose layer

This phase has been compared with a commercially available Chiralcel OJ column (Daicel
Chemical Industries, Tokyo, Japan, purchased from JT. Baker, The Netherlands),
adsorbed onto macroporous (1000 A) 10 um aminopropylsilinazed silica gel. The mobile
phase for normal phase (NP) conditions consisted of n-hexane and isopropanol with 0.5 %
(V/V) acetic acid (HAc), applied on both columns. The Tolylcellulose colunm was also
used with methanol and perchlorate buffer 0.1 M pH 2.0 (Reversed phase, RP). The
eluents were mixed in varying ratios and ultrasonicated and degassed before they were
pumped at a flow rate of 1 mlmin~!. For preparation of the buffer solution, 14.05 g
sodium perchlorate was dissolved in water and after pH adjustment with a concentrated
perchloric acid solution, water was added up to 1 litre. Chromatography was carried out at

ambient temperature.

Derivatization procedure

Ester and amide derivatives were formed using 1-ethyl-3-dimethylaminopropyl-carbo-
diimide (EDC) as coupling agent in combination with 1-hydroxybenzotriazole (HOBT).
The amines used were l-naphthylmethylamine and benzylamine as applied in former
studies [28-29] and 2-methylbenzylamine. Esters were formed with benzylalcohol.

Taking the derivatization of ibuprofen with benzylamine as an example, the given
recipe was followed
To 1 ml of a solution of ibuprofen (1.0 mg.ml-1 dichloromethane) were added HOBT
(300 pl of a 1.0 mg.ml~1 dichloromethane solution containing 1 % pyridine), EDC (300 pl
of a 11 mgml-! dichloromethane solution) and benzylamine (300 pl of a 2.6 mg.ml'l
dichloromethane solution). The mixture was vortexed and left for about 1.5 h. The



NON-STEROIDAL ANTI-INFLAMMATORY DRUGS 2433

dichloromethane layer was evaporated to dryness under a stream of nitrogen and the
residue was taken into 5.0 ml isopropanol (NP) or methanol (RP).

Solutions of other acids and amines or alcohol were prepared relative to their molecular
weight. About 1.5 molar amounts of amine or alcohol are used relative to acid. Calcium

fenoprofen was converted to its acid form prior to derivatization by an acid extraction.

RESULTS AND DISCUSSION

Although a tris(4-methylbenzoate) cellulose derivative forms the chiral layer of both
columns in the present study, the stereoselective properties towards the tested analytes
differ tremendously. A major difference between the two applied CSPs is the way the
polymeric layer is coated onto its silica support, covalently in case of the Tolylcellulose
and via adsorption for the Chiralcel phase. Differences in the solvents used in the
synthesising process, washing steps, packing procedures, etc. may certainly be of influence

as well on the stereoselective characteristics of the resulting CSP.

Enantiomeric separation of free 2-arvipropionic acids

The necessity to derivatise the carboxylic moiety in order to obtain a chiral discrimina-
tion of the 2-APAs on the Tolylcellulose column as observed in former experiments [65-
66], was demonstrated not to be required for some analytes on the Chiralcel OJ column.
An enantiomeric resolution of several (underivatised) 2-APAs using the Chiralcel OJ
column has been described in literature, of ketoprofen and fenoprofen [52], of 2-(10,11-
dihydro-10-oxodibenzo-[b, f]thiepin-2-yl)propionic acid [69], and of a methylester
derivative of flurbiprofen [52]. Of all analytes considered in this paper, only flurbiprofen
and 2-phenylpropionic acid could not be resolved on the Chiralcel OJ column. Table 1
summarises the results using n-hexane:isopropanol:HAc (80:20:0.5) as mobile phase (Fig.
3). Upon decrease of the isopropanol portion, resolution increases at the expense of higher
capacity factors.

As mentioned before, the chiral discriminative capability for underivatised acids on the
Tolylcellulose columm tumed out to be far worse. The mobile phase, as an essential and
dynamic part of the chiral system, modifies the enantioselective properties substantially.

Under normal phase conditions, no enantiomeric separation was obtained. The capacity
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TABLE 1. Resolution of Underivatised Acids on Chiralcel OJ Column

analyte k'l o Rs Rp
ibuprofen 0.27 1.14 0.67 0.27
ketoprofen 1.65 1.35 3.04 >1
flurbiprofen 1.16 1.00 0.00 0.00
tiaprofenic acid 2.69 1.06 0.65 0.23
fenoprofen 1.23 1.23 2.02 0.99
2-phenylpropionic acid 1.42 1.00 0.00 0.00
pirprofen 1.04 1.33 2.62 >1
protizinic acid 4.09 1.25 231 >1
carprofen 5.85 1.38 3.55 >1
benoxaprofen 2.86 1.13 1.17 0.83

Mobile phase : n-hexane:isopropanol:HAc 80:20:0.05

factors were a multiple fold of those obtained on Chiralcel OJ. Under reversed phase
conditions, using methanol:perchlorate buffer 0.1 M, pH 2 mixtures, some of the free acids
were only slightly resolved into their enantiomers on Tolylcellulose.

By increasing the buffer fraction of the mobile phase, the acids were retained longer. If
a mobile phase with e. g. 40 % buffer was applied, ibuprofen (Rp=0.36) and tiaprofenic
acid (Rp=0.38) were enantiomerically resolved as well to a small extent. Piketoprofen, an
amide of ketoprofen with 2-amino, 4-methylpyridine (Almirall, Barcelona, Spain) was
partially resolved on the Tolylcellulose column under normal phase conditions only
(n-hexane:isopropanol 95:5; k'1=6.30, Rp=0.38).

Enantiomeric separation of derivatives of 2-arylpropionic acids

As no acceptable resolution was obtained for the free acids on the Tolylcellulose
column, the carboxylic acid group was derivatised to improve possible stereoselective
interactions with the CSP. Amides were formed with 1-naphthylmethylamine, 2-methyl-
benzylamine and benzylamine; esters were formed with benzylalcohol. These four series of
derivatives were chromatographed on the Chiralcel OJ column and on the Tolylcellulose
column, the latter in NP and RP.

Comments that hold for all ten of the studied acids, cannot easily be provided. It was
obvious that if the free acids eluted at higher retention times, their derivatives showed the

same relative behaviour. This may indicate that the cyclic moiety on the chiral carbon atom
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FIGURE 3. Mixture in isopropanol of 0.5 mg.ml‘1 ibuprofen (1,2), 0.5 mg.ml'1 pirprofen
(3,4), 0.5 mg.ml'1 ketoprofen (5,6), 0.5 mg.ml'1 benoxaprofen (7,8), 0.5 mg.rnl~1
protizinic acid (9,10), 0.3 mg.ml'1 carprofen  (11,12). Mobile phase:
n-hexane:isopropanol:acetic acid 80:20:0.5. Detection wavelength: 230 nm.
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TABLE 2. Resolution of Underivatised Acids on Tolylcellulose Colunm

analyte k'l o Rs Rp
flurbiprofen 1.24 1.10 0.61 0.25
protizinic acid 3.15 1.05 043 0.06
carprofen 1.85 1.07 0.52 0.11
benoxaprofen 2.24 1.10 0.68 0.28

Mobile phase : methanol:perchlorate buffer 0.1 M, pH 2 80:20

interacts, e.g. via inclusion phenomenon, with the stationary phase. On the other hand, a
good resolution of the free acid does always not imply good chiral discrimination of the
derivatives.

As for the I-naphthylmethylamine derivatives, the best results were obtained using the
Tolylcellulose column under reversed phase conditions. All the samples under investigation
with the exception of the ketoprofen derivative were separated yielding a resolution Rs of
at least 0.8.

Under normal phase conditions, better resuits were obtained for Chiralcel OJ. However,
only half of the investigated analytes could be enantiomerically discriminated, the obtained
resolutions on the other hand were mostly better than in RP on Tolylcellulose. The bicyclic
amides had higher capacity factors than the (2-methyl)benzylamine derivatives. Most
NSAI drugs showed stereospecific interaction following derivatization with these smaller
amines. The addition of a methyl group on benzylamine was thought to improve the
stereoselective interactions with the cellulose layer. As a weak electron donating group, the
methyl function may increase the electron density of the aromatic ring (prometing 7 — 7 —
interactions with the methylbenzoate group of the CSP) and favour hydrogen bonding
interaction with the ester group of the CSP, thus contributing to the electron negativity of
the carbonyl group or the proton character on the amine moiety. A consistent improvement
however of the separations induced by the o-substitution on the aromatic amine moiety was
obvious for the Tolylcellulose column only; for the Chiralcel OJ no clear preference could
be assigned to either of the series. More recent studies in our lab on other derivatives using
the Tolylcellulose phase have shown that a methyl group in meta- or para-position leads to
a decrease in resolution versus ortho-substitution.

The ester analogues of the benzylamide derivatives were formed with benzylalcohol,
having no capabilities for hydrogen bonding interactions. In most cases, better separations

were obtained with the amide analogues. The retention times of the ester derivatives were
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TABLE 3.a. Under the applied normal phase conditions, ibuprofen turned out to be a too
small a molecule for its derivatives to be sufficiently retained on either column. Conse-
quently, best chiral separations were noted following derivatization with a naphthyigroup.
(ND because of overlapping with blank peaks)

naphthylMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l o R k't o R k'l o R k'l [ R
COJ (084 136 095* [ND - - ND - - ND - -
TNP (298 122 091* {ND - - ND - - ND - -
TRP 131 153 236 (407 133 195 |107 147 197 [441 114 0.86*

TABLE 3.b. Ketoprofen enantiomers were better resolved as amide than as ester deriva-
tives. The Tolylcellulose column could not separate the 1-naphthylmethylamide nor the
ester derivatives.

naphthylMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l o R k'l o R k'l o R k'l o R
COJ (894 215 395 (231 186 446 1.92 143 097* | 3.52 1.07 0.34*
TNP 275 1 0 497 120 0.98* (449 134 2.03 [218 1 0
TRP [348 1 0 585 141 2.30 1.80 1.80 3.01 [321 1 0

TABLE 3.c. Flurbiprofen enantiomers could not be separated as such on the Chiralcel OJ
column, but were easily resolved after derivatization. In NP, a better resolution was
obtained for ester derivatives; in RP, derivatization into amides was preferred.

naphthylMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l o R k'l o R k'l o R k'l o R
COJ (364 146 167 }230 133 221 ;208 137 099* |434 137 317
TNP [251 1.15 039* [441 117 096* (421 123 098* |142 121 0.98*
TRP (689 1.10 0.32* 1322 123 098* |415 145 252 |9.94 113 0091*

TABLE 3.d. Tiaprofenic acid enantiomers were easily separated after derivatization,
amides performing generally better than esters.

naphthylMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l o R k't o R k'l o R k'l o R
COJ 598 170 272 (406 140 2.71 |369 151 260 [634 146 3.78
TNP (432 141 185 [3.60 120 0.95*%|981 133 232 [431 125 221
TRP [3.73 143 227 |18 119 0.87*[230 143 221 |473 117 0.96*

TABLE 3.e. Fenoprofen enantiomers were easily separated after derivatization. Under NP
conditions ester derivatives were not resolved.

naphthylMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l o R k'l o R k'l o R k'l o R
COJ |3.74 260 462* |1.83 1.58 3.78 1.61 150 251 296 1 0
TNP 12.09 1 0 1.39 1.16 0.77% | 292 133 228 095 1 0
TRP [446 120 091* |1.88 133 188 |242 188 373 |[450 1.12 0.74*

(continued)
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TABLE 3.f 2-Phenylpropionic acid probably is too small an acid to bring about an
efficient interaction with the cellulose polymer. On the Tolylcellulose column, only
derivatives of 1-naphthylmethylamine were partially resolved. On the Chiralcel OJ phase,
all other derivatives were poorly chirally discriminated.

naphthylMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l o R k'l o R k'l o R k'l o R
CoJy 1114 1 0 125 1.09 029* | 105 1.14 047*|232 1.08 0.61*
TNP |868 1.11 0.74* 1216 1 0 1.88 1 0 ND - -
TRP |1.06 178 0.72* |ND - - 074 1 0 1.73 1 0

TABLE 3.g. Pirprofen enantiomers could be separated after derivatization with an amine
or an alcohol. Some analyses however suffered from interferences of impurities or

degradation products present in the acid samples.

naphthylMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l o R k'l o R k'l o R k'l o R
COJ 1244 120 O064* | 181 138 098* (170 135 098+ (275 135 3.15
TNP [2.10 107 0.07* (179 1.11 0.34* {375 1.17 0.93* | 126 112 0.66*
TRP [3.73 122 096* 12.10 127 143 |2.58 132 0.95* {597 116 0.95*

TABLE 3.h. Protizinic acid enantiomers were most efficiently separated as free acid on
the Chiralcel OJ column. Generally, no chiral discrimination was obtained for amide
derivatives, ester derivatives were only partially resolved.

naphthylMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l o R k'l o R k'l o R k'l o R
COJ 1745 1 0 8.11 1 0 781 1 0 109 121 0.97*
TNP 640 1 0 156 110 0.53* [555 1 0 539 113 0.77*
TRP [13.0 1.14 0.56* |9.50 1 0 125 1 0 221 1.07 0.19*

TABLE 3.i. The best separation for carprofen was obtained on the Chiralcel OJ column as
free acid. Chiral discrimination was generally better for ester than for amide derivatives on
the Tolylcellulose phase. (ND: not detected within an analysis time of 2 hours)

naphthylMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l o R k'l o R k'l o R k'l o R
COJ [ND - - 331 131 091* {346 1 0 563 1 0
TNP [3.67 1 0 10.5 1.05 0.09* |9.44 1.08 0.29* |7.75 1.13 0.90*
TRP |[8.17 122 0.89* |6.57 1.18 0.87* [9.00 1 0 10.1 1.21 0.99*

TABLE 3. Benoxaprofen enantiomers could be largely baseline separated after derivati-
zation with an amine. Esters were significantly worse resolved. (ND: not detected within an
analysis time of 2 hours)

naphthyiMeamide benzylamide 2-Mebenzylamide benzylester
MP k'l [ R k'l [ R k'l [ R k'l [ R
COJ [ND - - 572 266 711 (495 264 424 (882 112 0.77*
TNP [4.68 209 3.08 [217 163 3.03 [897 221 506 (321 111 0.63*
TRP |16.1 281 701 9.03 3.01 7.68 10.5 4.04 8.80 183 1 0
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1.5 to 2 times higher on the Chiralcel OJ and the RP-Tolylcellulose columns. In the case of
Tolylcellulose column in NP, amide and ester derivatives interacted to similar extents,
consistently worse than under RP conditions. This may indicate that for the Tolylcellulose
phase, hydrogen bonding interactions are favoured using an aqueous mobile phase. This
assumption may also be confirmed by former findings that the use of acetonitrile instead of
methanol causes a faster elution of the amide derivatives with loss of resolution that could
partly be compensated by increasing the buffer portion of the mobile phase [66]. The
mobile phase modifies the CSP at both achiral and chiral sites. It functions as a dynamic
part of the total chiral system and competes for interaction locations with the analytes.
Table 3 (subdivided for each individual acid) summarises the obtained resolutions for
the four series of derivatives of the ten acids under various conditions on both columns.
For the resolution R, either Rs or Rp* is given. (COJ stands for the Chiralcel OJ column,
TNP for the Tolylcellulose columnn, both used with n-hexane:isopropanol:acetic acid, TRP
for the Tolylcellulose column used with methanol:perchlorate buffer 0.1 M, pH 2). Plate
numbers of the enantiomeric peaks eluting at comparable retention times, were of the same
order for the Chiralcel OJ and the Tolylcellulose column in RP. Plate numbers were often
slightly worse for Tolylcellulose in NP.
This selection of chromatographic results shows that there is a derivative to be formed of
each acid that interacts stereoselectivily with tris(4-methylbenzoate)cellulose stationary

phases.

CONCLUSIONS

In general, the feasibility of chiral separation of the investigated group of NSAI drugs
turmned out in favour of the Chiralcel OJ column as more 2-arylpropionic acids could be
resolved without prior derivatization. The tested Tolylcellulose phase however has the
advantage that it can be used under reversed phase conditions without significant deterio-
ration of the phase over several months of experiments. Derivatization of the carboxylic
acid moiety accounts for an improved resolution or an increased absorbance. Further
experiments on derivatives with mono-, bi- and tricyclic amines and alcohols are currently

under investigation on the Tolylcellulose column with promising results.
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ABSTRACT

A method is presented for the simultaneous determination
of nitrate and nitrite by high performance liquid
chromatography (HPLC) with an anion exchange (Partisil SAX)
column, 30 M potassium dihydrogen
orthophosphate/phosphorlc acid buffer of pH 3.5 mobile phase
and UV detector. Without using a preconcentration system the
detection limits are 0.2 ng for nitrate and 1 ng for nitrite.
A suitable extraction procedure has been established for its
application to the analysis of tap water, lettuce and apple
tree leaves. The reproducibility of the method, calculated
as the relative standard deviations in the optimum range, is
always less than 2% for nitrates and 5% for nitrites.

INTR