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A: Techniques and Part B:
Applications. In Part Athe most
important principles of sample
preparation, extraction, clean-up,
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chromatographic techniques are
discussed in relation to mycotoxins.
In Part Bthe most important data,
scattered in the literature, on thin
layer, liquid, and gas chromatog
raphy of mycotoxins have been
compiled. Mycotoxins are mostly
arranged according to families, such
as aflatoxins; trichothecenes,
lactones etc. Chromatography of
individual important mycotoxins and
multi-mycotoxin chromatographic
analyses are also included. Appli
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chapters devoted to thin-layer,liquid,
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mycotoxins.
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various aspects and limitations of on-line light
scattering detectors. Hagel (page 19) comments
on SEC peak capacity and calibration stratagems
and compares the reliability of column calibra
tion with that of size-sensitive detectors; De
Groot and Hamre (page 33) document polymer
shear degradation and microgel formation; and
Wyatt (page 27) demonstrates that a multi-angle
light scattering detector may measure polymer
size (radius of gyration in this case) even below
the concentration detection limit of a differential
refractive index detector (a single-angle detector
yields molecular mass only in combination with a
differential refractive index detector). As much
as column calibration tells about a sample's
polymer structure it reveals about the structural
topology of the porous material itself; this is a
central aspect of the paper by Vilenchick et al.
(page 9), who introduce a novel porous alumina
matrix. The preeminent problem of universal
calibration, albeit understood enough to be of
practical use, is the unresolved contradi~tions

between theory(ies) and experiment; in the first
part of a treatise on the mechanism of size
exclusion chromatography, Potschka (page 41)
investigates the properties of transport processes
in porous materials. Unfortunately, several other
participants of the symposium where unable to
submit their contribution for publication.

As symposium chairman, I wish to thank Paul
Dubin, who organized the symposium, John
Dorsey, FACSS section chair for chromatog
raphy, Barry Lavine, FACSS program chair, and
the Federation of Analytical Chemistry and
Spectroscopy Societies and its sponsoring af
filiates. It was a pleasure to be in the Delaware
Valley, which has made substantial contributions
to chromatography, and in Philadelphia in par
ticular.

Journal of Chromatography, 648 (1993) 1
Elsevier Science Publishers B.Y., Amsterdam
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Foreword

Liquid chromatography has established itself
as an indispensable analytical tool and its tech
nological development has entered a phase of
consolidation. Excellent equipment is available
and the rate at which improvements are intro
duced is bound to decline. Application develop
ment continues to be largely a matter of trial
and-error, while the field of fundamental studies
is all but exhausted.

The present symposium, entitled Advances 'in
Size-Exclusion Chromatography (SEC), took
place at the 19th Annual Meeting of the Federa
tion of Analytical Chemistry and Spectroscopy
Societies in Philadelphia on September 22nd
1992. In SEC, which accounts for some 15% of
chromatographic applications at a rising trend, a
notable number of issues are poorly understood.
Some of them are of direct relevance to other
types of chromatography, in particular to the
field of ion-exchange chromatography. Besides
purification, a prime goal of SEC is the de
termination of polymer sizes, which relies on
accurate understanding of the physical mecha
nisms involved. The renewed debate of various
aspects of this "universal calibration problem"
has apparently resolved less than it has rendered
uncertain, and many researchers have responded
to this by shifting away from column calibration
to on-line specialty detectors, which are capable
of absolute determinations of intrinsic viscosity,
radius of gyration, molecular mass, etc. Even so,
the problem of errors due to shear degradation
of high-molecular-mass polymers remains, and
the direct detector approach is not without
technical problems either.

A prominent problem in both SEC and ion
exchange chromatography is the mechanism of
charge interactions between polyelectrolyte sol
utes and the matrix walls, which inevitably are
charged; Edwards and Dubin (page 3) present
new data on this problem. Three papers address Vienna (Austria) Martin Potschka
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that the charge distribution of packing and
protein are likely to be asymmetric, and thus
inimical to the stoichiometry central to the
Regnier model. Given this disparity of view
points, it would seem prudent to understand the
phrase "ion-exchange chromatography", as ap
plied to proteins, as meaning "chromatography
of proteins on a column packed with a support
that can operate as an ion-exchange resin", thus
recognizing that the mechanism for protein re
tardation on such a column mayor may not
partake of the same stoichiometric features as
controls the separation of small ions.

Since the preceding treatments predict differ
ent dependences of k' on I, one would expect
that experiment sl!ould cast a decisive vote.
However, the practical range of I in ion-ex
change chromatography is quite limited because
the strength of the interactions under typical
conditions precludes the use of low ionic strength
mobile phase. Data obtained in a narrow range
of I cannot reveal departures from proposed
expressions for k'(I), especially for semi-loga
rithmic or double-logarithmic relations. (It
should be noted that in one study where the
ionic strength was varied over several orders of
magnitude [10] the log-log dependence of k' on
I predicted by Regnier was observed only within
limited ranges of I.) Weak ion-exchange resins
which can easily be operated over a wide range
of I are not in common use. However, virtually
all aqueous size-exclusion chromatography
(SEC) packings, based on silica or on cross
linked hydrophilic polymers, carry some negative
charge at neutral or basic pH [11], and are in this
sense weak ion-exchange resins. The dependence
of retention time on I can thus be examined over
several decades of I.

One difficulty that arises in the use of SEC
data to test theories of IEC is the choice of the
proper reference compound for the determina
tion of relative peak retention. All theories will
lead to the fraction of protein in the bound state,
and hence its migration velocity v relative to an
unretained solute, i.e. k' = (VO/V)-l = tlto' But in
SEC one conventionally measures the elution
volume relative to a solute too big to enter the
pores, i.e.

S.L. Edwards and P.L. Dubin / J. Chromatogr. 648 (1993) 3-7

(1)

where Ve is the observed elution volume, Vo that
of the aforementioned large solute, and ~ the
elution volume of a compound similar in size to
the solvent. However, Vo does not correspond to
the unretained solute embodied in k', and the
dependence of K SEC on I would mix together
size and interaction effects. The unretained sol
ute with retention time to must be a non-interact
ing solute of the same size as the analyte in
question. Recently, we have established [12] that
the dependence of K SEC on solute radius R is
coincident for pullulans (non-ionic flexible chain
polymers) [13], ficolls (non-ionic, densely bran
ched, quasi-spheres) [14] and carboxylated star
burst dendrimers [15] (compact dendritic species
with negative surface charge), on Superose 6 in
neutral pH, I> 0.2 mobile phase. That the
combined K SEC vs. R plot for these solutes
represents the behavior of non-interacting
spheres is supported by the observation that data
for several proteins obtained at I> 0.2 also fall
on this curve, particularly when the mobile phase
pH is close to the protein pl. Thus, comparisons
of protein retention to the value predicted from
this "ideal" curve facilitates the analysis of
coulombic interaction effects on protein chroma
tography.

In the current work we present limited results
for a number of globular proteins under condi
tions of rather low ionic strength (0.02 < I <
0.04) and over a range of pH (4.3-10). Under
these conditions, the protein pI values may be
above or below the pH, and the charge on the
packing, due to sulfate and/or carboxylic acid
groups [16], also may vary with pH. In contradis
tinction to the IEC studies mentioned above, the
results are obtained both in the repulsive (pH>
pI) as well as the attractive (pH < pI) regimes.
The deviation in K SEC from that for the "ideal"
sphere of identical R is observed as a function of
I and pH. The results constitute a "range-find
ing" study in that the number of ionic strengths
examined are too small to provide a test of the
theories mentioned above. However, the insights
obtained set the stage for more detailed exami
nations.
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TABLE I

CHARACTERISTICS OF PROTEINS USED IN THIS STUDY

Protein" Source MW pI R s (nm)b

Ribonuclease (R-5503) Bovine pancreas 13700 9.0 1.75
Lysozyme (L-6876) Egg white 14000 11.0 1.85
f3-Lactoglobulin (L-2506) Bovine milk 35000 5.2 2.7
Albumin (A-7906) Bovine serum 66000 4.9 3.5
y-Globulin (G-5009) Bovine 150000 7.0 5.6

1.90
2.0
2.65
3.4

" All from Sigma, except y-globulin also supplied by CalBiochem.
b Literature sources for R s and R. as cited in ref. 12.

RESULTS AND DISCUSSION

1.4r----.....----~~==="'9

Radius (om)

Fig. 1. Dependence of K~~2C on protein radius, on Superose
6, in various buffers. A: (L::.) pH 7.0, 1= 0.04 M; (0) pH 7.0,
1= 0.02 M. B: (A) pH 4.3, 1= 0.02 M; (e) pH 10.0, 1=0.03
M. Insert shows the "ideal curve" generated from data for
pullulan (0), ficolls (D) and dendrimers (L::.) (see ref. 12)
corresponding to the solid lines in A and B.

••

1.2

In order to examine effects of both ionic
strength and pH, we obtained protein retention
data at four sets of conditions: pH 7.0, 1=0.02
M; pH 7.0, 1= 0.04 M; pH 4.3, 1= 0.03 M, and
pH 10.0, 1= 0.02 M. The results are presented in
Fig. 1A for pH 7.0, and Fig. 1B for pH 4.3 and

1.0 •

0.8
1/2

K
sec

0.6

1.0

0.8

'"0.6 0

'"A 0

Gelman filters before injection. K SEC was de
termined according to eqn. 1 with Vo determined
from the retention of either 2· 106 MW dextran
or 4.106 MW poly(ethyleneoxide) as 6.50 ml,
and ~ determined from the retention of dextrose
as 19.98 ml.

Materials
Table I lists the proteins employed in this

study, along with their MW, isoelectric point,
and Stokes radius and viscosity radius, where
available. In the subsequent analyses we use the
average of the Stokes radius R s and the viscosity
radius R", although it should be noted that the
differences between these are too small to sig
nificantly affect our interpretation of the results.
All buffers and salts were reagent grade, from
Sigma, Mallinckrodt, Fisher or Aldrich.

EXPERIMENTAL

Methods
Size-exclusion chromatography. SEC was car

ried out on a prepacked Superose 6 HR 10/30
column, which had a column efficiency of 3800
4600 plates/m throughout most of these studies.
The HPLC instrument was a Beckmann System
Gold, equipped with a Beckman Model 156
refractive index detector or a Waters R401 dif
ferential refractive index detector, along with the
UV detector supplied with the instrument. Sol
vent was delivered with a Beckmann 110 Bpump
and an Altex 210A valve with either a 20-, 50- or
100-JLI loop. A Rheodyne 0.2-JLm precolumn
filter was placed in-line to protect the column.
Flow-rates were measured and found to be
constant within ±0.5% by weighing of collected
eluent. Sample preparation was accomplished by
shaking or tumbling for 1-2 h. The concen
trations of all polymers and proteins were in the
range 2-5 mg/ml, except for concentration effect
studies. Samples were filtered through 0.45-JLm
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z
Fig. 2. Data from Fig. 1 plotted as b.R vs. Z, where b.R is the
horizontal separation between the "ideal curve" and the
datum (such that positive b.R corresponds to late elution, or
attraction, and negative b.R to early elution or repulsion) and
Z is the net protein charge. In pH 4.3, 1=0.03 M eluent:
D = lysozyme; \l = RNAse; f:::,. = BSA; <> = {3-lactoglobulin;
0= y-globulin. In pH 7.0, 1= 0.02 M eluent; (] = lysozyme;
V = RNAse; J:, = BSA; ~ = {3-lactoglobulin; () = y-globulin.
In pH 7.0, 1= 0.04 M eluent: "f = RNAse; A = BSA; ~ = {3
lactoglobulin; () = y.globulin. In pH 10, 1=0.03 M eluent:
• = lysozyme; T = RNAse; A = BSA; • = {3-lactoglobulin.

strengths lead to more nearly ideal behavior, but
the effect is more pronounced in the repulsion
regime; this finding is supported by results ob
tained for catalase, apoferritin and thyroglobulin
at pH 7.0 [24] (not included in the present paper
because titration curves needed for net charge
values are not available). (ii) With the exception
of a single result for BSA at pH 7.0, data
obtained for the five different proteins do not
deviate excessively from a common curve
(broken line). (iii) The common curve is strongly
asymmetric with respect to 2: small positive
increments in 2 at pH < pI produce large
changes in dR; comparable changes in dR in the
repulsive regime require much larger absolute
increments in 1-21. It could be argued, correct
ly, that Fig. 2 fails to represent the packing
charge, which is changing along with 2, as pH
falls. However, the effect of diminishing pH as
one progresses in the positive direction from
2 = 0 should be a decrease in packing charge;
nevertheless, dR rises rapidly in the range 0 <
2<12.

The observation of a common curve, even
with some strong individual departures, suggests
that both repulsive and attractive forces are

4020o-20

-40 '-- .J..-~~~...J_ -'-~~~.....J

-40

6R

10.0. The data are presented as K~;ic vs. R, since
this linearizes the "ideal curve" obtained for the
non-interacting spherical solutes, which is shown
as the solid line in Fig. lA and B, and as the
insert. In this treatment, we consider R as a
static parameter, unaffected by pH, for the
following reasons: (a) limited quasi-elastic light
scattering studies for bovine serum albumin
(BSA), RNAse and lysozyme, reported else
where [17] show no measurable dimensional
change for these proteins over the pH range
4-10; (b) the magnitude of the changes in
retention are large compared with the expected
dimensional change from partial unfolding. It is
evident that all the proteins of this study exhibit
adsorption (positive deviations from the "ideal"
line) for pH 4.3, and nearly all show repulsion at
pH 10.0. (We will comment on the pH 7.0 results
later). The variation in the extent of deviation
from the "ideal" line clearly depends on the
individual pI values. Potschka has described
these deviations in terms of the horizontal dis
placements, i.e. dR, and for SEC in the repul
sive range attributes the negative values of dR to
the electrical double layer around the protein
[18]. We follow the same procedure, although we
note that (a) there is no compelling reason to
assign all of the measured "dR" to the protein,
as opposed to the electrical double layer near the
substrate (ionic strength effects on the repulsive
term may be viewed as a diminution in effective
pore volume [18,19] with as much justification as
an increase in effective solute size [20]); and (b)
dR has no physical meaning in the case of
attraction. Nevertheless, the horizontal displace
ments of the protein data from the "ideal" curve
in Fig. lA and B provide a good quantitative
measure of the magnitude of the non-ideal
interaction.

It is not a priori evident that the non-ideal
contribution is purely coulombic. In this case we
should expect considerable variation among· the
different proteins when dR is analyzed on the
basis of net charge. Fig. 2 shows the dependence
of dR on the net protein charge, obtained from
published titration data [21-23]. Note that dR <
o refers to repulsion, and dR > 0 to attraction.
The following conclusions may be reached. (i)
As can be seen from pH 7.0 data, higher ionic
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where the first term accounts for the required
resolution, the second term is a function of the
pore volume of the support, the third term
expresses the maximal plate count of the column
and the last term reflects the pore size distribu
tion of the media.

The maximal size selectivity of a support is
obtained at the inflexion point of the selectivity
curve, which is given by the distribution coeffi
cient as a function of the logarithm of solute
radius, R. The inflexion point is obtained at
R = r12, where r is the pore radius of the support
[1]. Using a cylindrical pore model it can be

is the distribution coefficient, d(Ko)/d(logM) is
the molecular mass selectivity of the medium, Vo
is the void volume of the column, Vp is the pore
volume of the gel bed and N is the average plate
number of the two solutes. The plate number of
the solutes may be calculated by using the
assumption that the separation is carried out at
optimum eluent velocity where peak widths are
fairly constant [6]. Inserting U = U t and VR =
1Ir[1 + Vp/llr(Ko -1)] in the formula N = (VRlu)z
and realizing that the maximal plate count is
obtained for small solutes, i.e. Nmax = (lIrlut)z,
eqn. 1 can be rearranged to:

log (M I IMz) = 4Rs (VolVp+ 1)(NmaJ- I/Z

·1/[-d(Ko )/d(logM)] (2)

3o

multimeric forms of important biomacro
molecules, as illustrated by Fig. 2.

The theoretical limit of resolution, R s ' in size
exclusion chromatography may be inferred from
the resolution equation [5]:

Rs = 1/4 . log (MIl Mz)' N lIZ

. [-d(Ko)/d(log M)]/(Vo/Vp+ Ko ) (1)

where M I is the molecular mass of species 1, K o

Distribution coefficient
1

.6

.8

.4

2
l.o9(lOIute radius)

. Fig. 1. Selectivity of Superdex 200 for dextrans. Narrow
fractions of dextran were run through a column of Superdex
200 prep grade, 62 x 2.6 cm J.D. using a fast protein liquid
chromatography system. The molecular mass corresponding
to peak elution volume was converted to solute radius
through Rh = 0.271Mo.498 (ref. 1). (Raw data used by cour
tesy of ref. 4.)

Monomet

Fig. 2. Analytical size-exclusion chromatography for deter
mination of aggregates in preparations of recombinant
human growth hormone (rhGH). The sample, 0.05 ml of
rhGH, was applied to Superdex 75 HR 10/30, 30 x 1 cm
J.D., and eluted at 1 ml/min with 0.05 M sodium dihydro
genphosphate in 0.1 M sodium sulphate, pH 7.3. An en
larged section of the original chromatogram is shown. (Cour
tesy of B. Pavlu, Kabi-Pharmacia Peptide Hormones, and H.
Lundstrom, Pharmacia.)
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TABLE II

DILUTION FACTORS FOR THREE MASS FRACTIONS

"dead volumes" involved. It is important to
stress further than the secondary IB effects
measured here are extremely small; probably
much smaller than might even be noticed since
the polydispersities shown in Table I were calcu
lated from the uncorrected data and these are in
themselves far less than the values quoted by the
manufacturer as "less than 1.06". The manufac
turer's values are based on HPSEC calibrations
and refer to the entire peaks, not just the small
central regions selected in this paper. The ex
tremely small secondary IB effects measured
here augur well for the future, since much
greater secondary IE effects are easily intro
duced by adding more dead volume introducing
tubing of sharply varying crosssections, or per
mitting kinks or burrs within the tubing. The
sensitivity of the technique is very great, though
only applicable to molecules sufficiently large so
that their mean square radii may be determined
accurately.

The thesis proposed in this paper, that uni
formity of the derived mean square radius allows
one to conclude that the selected sample has a
similarly monodisperse mass distribution should
prove to be extremely important for examining
explicitly the form of secondary instrumental
broadening (without the introduction of any
major assumptions) as a function of molecular

-15
-12
-9
-6
-3
o
3
6
9

12
15
18

P606000

0.9661
0.9796
0.9911
1.0015
1.0095
1.0167
1.0211
1.0212
1.0154
1.0032
0.9883
0.9681

P217 000

0.9584
0.9619
0.9727
0.9870
1.0016
1.0121
1.0189
1.0216
1.0215
1.0184
1.0115
0.9961

P31300

0.9382
0.9636
0.9842
0.9945
1.0100
1.0137
1.0230
1.0247
1.0253
1.0204
1.0083
0.9905

mass, flow-rate, column structure, the volume
delay between columns and detectors, and the
dead volume of the detectors themselves. Alba
and Meira are certainly correct when they state
that truly monodisperse synthetic polymers are
impossible to obtain. However, the ability to
examine nearly monodisperse fractions of
HPSEC-separated "narrow" standards has been
shown to permit the detection and quantification
of secondary IE effects that are in themselves
extremely small. As mentioned earlier, the appli
cations of the technique to proteins will be the
most important. The secondary broadening that
occurs after the LS detection may be probed by
proteins of known narrow distributions even if
they are too small to confirm such mondispersity
by means of measurements of the corresponding
mean square radius.
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tor responses, spiking in the LALLS detector
response, partial plugging represented by in
creases in the pressure transducer response, and
lack of correlation with rheological data. All of
these results seem to suggest that the polymer is
having difficulty passing through the GPC
column due to resistance in the frits, in the gel
itself, or perhaps in the post-column filter.
Another example of the difficulty in characteriz
ing high-molecular-mass polyethylene can be
found in the literature on National Bureau of
Standards (NBS) 1476 polyethylene standard.
The value obtained typically for the mass-aver
age molecular mass using static light scattering
has been around 215 000 g/mol [4,12,13], but the
value obtained with GPC-LALLS is generally
reported to be around 100000 g/mol [12,13].
There are currently three theories in the litera
ture which attempt to explain this phenomenon.
One states that there is a small amount of high
molecular-mass polymer in NBS 1476 which is
filtered out [4,12]. A second theory states that
the small amount of high-molecular-mass poly
mer in NBS 1476 is diluted to such an extent that
it is undetectable by the LALLS detector [13].
The third theory states that there is shear degra
dation during the GPC experiment [13]. Indeed,
there are several references in the literature
concerning shear degradation during the GPC
experiment [18-21], one of which involves shear
degradation of polyolefins [22].

In an effort to determine the exact cause of
these difficulties in characterizing high-molecu
lar-mass polyethylenes a detailed program was
begun to evaluate GPC columns with different
frit sizes and particle sizes. This report was
written to discuss the initial findings of this
study.

MATERIALS AND METHODS

The LALLS measurements were made using a
Chromatix Model KMX-6 low-angle laser-light
scattering instrument. This instrument incorpo
rates a He-Ne laser source with a wavelength of
632.8 nm. The GPC system used was the Waters
Model 150-C GPC/ALC. Molecular masses were
calculated using laboratory-written software. The
mass average molecular masses reported were

TABLE I

DESCRIPTION OF THE RESINS USED IN THIS STUDY

Resin MIa Density Description

NBS 1475 2.07 0.9784 High-density polyethylene
NBS 1476 1.19 0.9312 Low-density polyethylene
LDPE-A 8.0 0.916 Low-density polyethylene
LDPE-B 4.2 0.924 Low-density polyethylene
LLDPE-A 1.0 0.92 Linear low-density

polyethylene
HMW-HDPE 0.2 0.965 High-molecular-mass

high-density polyethylene

a Melt indices were determined using the standard ASTM
melt index test [24].

determined using the method proposed first by
Martin [23].

The solutions for study by GPC-LALLS were
prepared by dissolving the samples in 1,2,4-tri
chlorobenzene (TCB) for at least 3 h at 160°C.
All samples were prepared on a mass-to-mass
basis using 1.304 g/ml for the density of TCB at
145°C. Butylated hydroxytoluene was used as a
free radical scavenger and its concentration was
250 ppm (w/w).

The samples used are listed in Table I. Three
sets of GPC columns were donated by Polymer
Labs., one set was donated by Waters, and one
set was purchased from Phenomenex. All col
umn sets consisted of three columns. The exclu
sion limit of all the columns tested was approxi
mately molecular mass 10 . 106 using polystyrene.
These columns are described in more detail in
Table II.

DISCUSSION

One of the first big challenges in characterizing
polyethylenes by GPC-LALLS is to get from the
point where the LALLS detector response has
very few spikes. There are several keys to getting
to this point. First, the column set being used
must not be shedding particles. It helps tremen
dously to have a 0.5-JLm filter in place after the
column set to aid in this. However, often this is
not enough and a new column set must be
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ABSTRACT

Fullerenes were separated using three chemically bonded phases, dimethoxyphenylpropyl (DMP), monomeric octadecyl and
polymeric octadecyl modified silicas (ODS), with n-hexane as the mobile phase. DMP and the monomeric ODS are the best
choices for the separation of C60 and C70 compounds, while DMP is the only phase that has high temperature stability while
maintaining the resolution. For the separation of higher fullerenes, DMP offers faster analysis at higher temperatures while
maintaining its high resolution, whereas ODS phases cannot provide similar run time~ while offering the same resolution. In
conclusion, DMP is the most suitable and promising stationary phase for fullerenes analysis because of the short run time and its
superior separation efficiency.

INTRODUCTION

Since the existence of all-carbon molecules
such as C60 and C70 was confirmed in 1985, there
have been many publications dealing with the
separation and analysis of these compounds,
called fullerenes, using various analytical tech
niques [1-18]. The unique properties and struc
tures of these molecules have been widely

• Corresponding author.
"" Present address: Sandoz Argo, Inc., Palo Alto, CA 94304,

USA.

studied, and now studies on their usefulness in
materials science fields are the driving force that
attract many scientists to this field of chemistry.
In order to further scientific investigations of
fullerenes, chromatographic separation tech
niques are required to separate and purify these
molecules. High-performance liquid chromatog
raphy (HPLC) is probably the best method one
can choose for this application.

Although novel stationary phases based on
nitrophenyl groups have proved to be useful for
C60 and C70 separation and a few are now
commercially available [19-21]' a basic approach
to optimize separation systems for higher ful-

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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was determined that the order was similar to that
with the toluene-acetonitrile mobile phase. Peak
1 in Fig. 4 is C7S-C2v ' + C76 , peak 2 is C78-C2v

and peak 3 includes CS4 ' C78-D3 and CS2 ' With
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Fig. 5. UV-Vis spectra of the peaks in the chromatograms
shown in Fig. 2. (A) Peak 1; (B) peak 2; (C) peak 3; (0)
peak 4; and (E) peak 5. By careful examination the spectra
can be assigned as follows: (A) C76 ; (B) C7S-C2u + C7S-03 ;
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C78-C2V " C76 , C78-C2v ' C78-D3 and CS4 + CS2 '

With n-hexane as the mobile phase, the order
with the polymeric phase is not clearly seen
because of low resolution for these fullerenes.
By measuring spectra at several points from 6 to
8 min of the chromatogram obtained at 20cC, it
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ABSTRACT

The design of existing beaded adsorbent materials for column-mode protein purification has emphasized the impact of
diffusional transport phenomena upon adsorbent capacity. A design model is presented here that optimizes molecular accessibility
of proteins relative to the mechanical stability at low operating pressures by manipulation of size and solids content for
uncross-linked cellulose beads. Cellulose beads of several different sizes ranging from about 250 to 1000 JLm diameter and having
different solids contents were evaluated. Solids content of greater than about 9% cellulose greatly reduced the permeability of
large proteins such as thyroglobulin and ~-amylase into the beaded matrix at bead contacting times of about 5 and 50 s.
Furthermore, the amount of permeation at 3% solids content by thyroglobulin at bead contacting times of about 5 s was about
tenfold larger than predicted by diffusion models using the binary diffusivity in a purely aqueous continuum. The utility of a low
solids content, large bead cellulose support was shown with immobilized IgG (M, 155 kDa) capturing recombinant human Protein
C (M, 62 kDa). A 1000 JLm diameter beaded cellulose immunosorbent having 3% solids content gave equivalent capacity to a 140
JLm diameter beaded, cross-linked agarose support containing 4% solids. In contrast to the smaller diameter, cross-linked beaded
agarose, the low solids content beaded cellulose benefitted from greater physical stability due to more optimal pressure-flow
characteristics imparted by large bead size.

INTRODUCTION

The chromatographic behavior of packed
columns of rigid particles has been well detailed.

• Corresponding author.

However, these studies have tended to empha
size the high-pressure liquid chromatography
(HPLC) family of very small particles (to to 50
JLm diameter) and have not been well extended
to softer hydrogel supports composed of cellu
lose or agarose derivatives. Soft hydrogel sup-
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TABLE III

EXTENT OF DIFFUSION IN GEL PERMEATION EXPERIMENTS BY THE ANALYTICAL SOLUTION

89

Species

Tryptophan
I3-Amylase
Thyroglobulin
Blue dextran
Nanospheres
0.269 JLm

Molecular
mass

204
200000
669000
2000000
N.A.

D pw Extent of diffusion (c.)c~ x 100)
X 106

cm 2 Is t = 4 s, 1=5s, 1= 40 s, 1= 50 s,
db = 0.8 mm db = 1 mm db = 0.8 mm db = 1 mm

5.0 34.1 30.9 82.2 77.0
0.4 10.4 9.3 30.9 27.9
0.26 8.4 7.6 25.3 22.9
0.0583 4.0 3.6 12.5 11.2
0.0126 1.9 1.7 5.9 5.3

in water is approximately twenty times larger
than that of thyroglobulin [10]. Table III pro
vides an estimate of the percentage of the
equilibrium volume average concentration (ca)

Cb , eqn. 2) that could be achieved in the bead at
the various bead contacting times (tb , eqn. 1)
estimated for the permeation data presented
here. Permeation of tryptophan should have
occurred to about 80% of equilibrium (cav/cb =
0.8) at tb = 50 s and only about 30% of the
equilibrium value (ca)cb = 0.3) should have
been reached at t b = 5 s. Thus, permeation could
have occurred if the diffusion coefficient in the
bead were the same as that of a purely aqueous
continuum. The experimental HETPs for trypto
phan at v = 0.13 and 1.3 cm/min were similar to
that predicted by the diffusion based HETPs
calculated by the methods of Mikes [20] and
Johnson and Stevenson [21]. In summary, the gel
permeation behavior of tryptophan in particles
having 3-9% solids content is well described by
diffusional transport in a homogeneous aqueous
media.

The degree of permeation by large proteins
such as thyroglobulin into 3% beads having 1000
/-Lm average diameter at about 50 or 5 s bead
contacting times was significantly more than
would have been predicted by a purely diffusive
transport. We have estimated that thyroglobulin
should have permeated these beads to less than
25% of equilibrium (ca)cb = 0.25) at tb = 50 s or
to less than 8% of equilibrium (ca)cb = 0.08) at
t b = 5 s (Table III). The experimental HETP
from the thyroglobulin permeation in 3% cellu-

lose beads at tb = 50 s was about 1.0 cm while the
predicted HETP was about 5-6 cm. Further
more, the experimental HETP at tb = 5 s was
about 0.9 cm as compared to the predicted
HETP of 49-58 cm (Table II). Some of the
bimodal aspects of the elution profile of thyro
globulin may be due to aggregation or non
specific adsorption to the cellulose. Beads having
9% solids content appeared to exclude both blue
dextran and thyroglobulin at t b = 40 and 4 s. The
elution behavior of l3-amylase at tb = 40 s was
similar for both 3% and 9% cellulose beads.
However, l3-amylase did not appear to signifi
cantly permeate at tb = 4 s in 9% cellulose beads.
Thus, the l3-amylase permeation behavior in 9%
cellulose beads may be indicative of a gel struc
ture that imparts significant hindrance to diffu
sion of large proteins. The lack of permeation by
blue dextran in 9% cellulose beads of this work
is similar to those reported by Kuga [23] and
Peska et at. [24] which used cellulose beads
having bead diameters less than about 200 /-Lm.
The rapid intraparticle transport of large pro
teins in the 3% cellulose beads observed in these
studies may be evidence of an intraparticle
transport regime having both convection and
diffusion.

CONCLUSIONS

Using the above design rationale, we have
developed large bead cellulose immunoaffinity
sorbents which have equivalent capacity and
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Fig. 2. Stepwise elution of subtilisin DY and thermitase from
the affinity gel Divicell-Aea-Ala2-PheCH3. Conditions: 0.1
M Tris-HCl buffer, pH 7.8, 0.5 mM Ca2

+, 1 M NaCl, (1)
10% (v/v) and (2) 35% (v/v) isopropanol. Substrate: Sue
Ala2-PhepNA. Column: 4.5 x 0.6 em. Flow-rate: 3 mllh.

well as proteinase K, possessing inhibition con
stants between both these Kj values, are eluted
sharply with isopropanol concentrations of 15
25% (v/v). Therefore, a 1:1 molar model mix
ture of pure subtilisin DY and pure thermitase
could be separated by stepwise elution from the
affinity gel Divicell-Aca-Alaz-PheCH3 using
buffers containing 15% and 35% (v Iv) iso
propanol, respectively (see Fig. 2). However,
since 15% isopropanol in the elution buffer
causes a desorption of small amounts of thermit
ase, the eluted subtilisin DY is contaminated
with it.

Using the Sepharose gel, in general lower
isopropanol concentrations in the elution buffer
are sufficient to elute the different enzymes,
indicating weaker enzyme-ligand interactions
[6]. The recovery of the enzymatic activity after
affinity chromatography amounted in all cases to
more than 85%.

The use of isopropanol as eluent has the
advantage of enzyme stabilization. The en
zymatic activity decreases rapidly with increasing
isopropanol concentration. Autolysis is sup
pressed [15]. However, this inactivation is com
pletely reversible as it could be shown after
dilution of the alcohol to be less than 1% (v Iv).
Treating thermitase with a higher concentration
of isopropanol even induces an increase in activi-
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enzyme were combined and desalted by ultrafil
tration in an Amicon cell (USA) with a YM 10
membrane. After this procedure thermitase was
lyophilized.

All investigations using pure enzymes were
performed at room temperature. The prepara
tion of thermitase from crude material was
performed at 4°C.

RESULTS AND DISCUSSION

Kinetic parameters
The K; values of the soluble inhibitors were

determined as described by Fittkau et ai. [2].
The K j for the reaction of the tripeptidyl

methyl ketone -Alaz-PheCH3 immobilized on
Divicell via Aca with thermitase was estimated
by modified frontal analysis [13]. A concentrated
thermitase solution (3.0 mg/ml) with a defined
activity was continuously applied to a column
containing 60 JLI of affinity gel until the en
zymatic activity in the eluate was the same as the
activity of the applied solution and remained
constant.

For the subtilisins Carlsberg and DY, thermit
ase and proteinase K a strong adsorption on both
affinity gels, Sepharose 4B-Aca-Alaz-PheCH3

and Divicell-Aca-Alaz-PheCH3 , was obtained.
Subtilisin BPN' and a-chymotrypsin were re
tained by the Divicell gel much more than by the
Sepharose affinity gel, but in the case of a

chymotrypsin not enough to use Divicell-Alaz
PheCH3 for purification procedures.

Desorption of the bound enzymes could be
achieved as described by Stepanov et ai. [14] and
Van den Burg et ai. [15] by addition of iso
propanol to the mobile phase. The amounts of
isopropanol needed for a complete and sharp
elution of the different proteinases correlate with
the inhibition constants of the soluble inhibitor
of these enzymes, Z-Alaz-PheCH3 [3]. The
lower the K; value, the more isopropanol is
necessary. For instance, to elute subtilisin BPN'
(Ki = 1.3.10-4 M) from the gel Divicell-Aca
Alaz-PheCH3 10% (v Iv) isopropanol in the
elution buffer is sufficient, but for the elution of
thermitase (Ki = 3.0 .10-7 M) at least 35% (v/v)
isopropanol is needed. The other subtilisins as
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MATERIALS AND METHODS

Fig. 3. 'IT-Acidic CSPs used in the study.
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Methods
All chromatographic experiments were con

ducted at a flow-rate of 2 ml/min at ambient

Apparatus
Chromatographic analysis was performed

using a Rainin Rabbit HP solvent delivery sys
tem, a Rainin pressure monitor, a Rheodyne
Model 7125 injector with a 20-JLI sample loop, a
Milton Roy UV monitor (254 nm) and an Altex
C-RIA integrating recorder. Signs of optical
rotation were determined using an Autopol III
Automatic Polarimeter as an inline chromatog
raphy detector. lH NMR spectra were recorded
on a Varian XL 200 FT NMR spectrometer.

(Fig. 3) developed in our laboratory. The com
mercial versions of CSPs 1-3 were used. The
data reported for CSP 4 were collected using the
prototype which, general~y speaking, shows less
enantioselectivity and efficiency than the newly
developed "Whelk-O 1" commercial version
(Regis).

Materials
All chemicals used were of reagent grade

quality and were used without further purifica
tion. Chromatography solvents were EM Science
HPLC grade. CSPs 1, 2, and 3 were obtained
from Regis Chemical Company, Morton Grove,
IL (USA). CSPs 4 and 5 were described previ
ously [17,18]. CSP 6 will be described in a
forthcoming publication.

compound y compound y

la
~e 0N'Me 1£

Et 0Ib I 1.£N....
Et
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Ih 0N....

a1Iy1

Id
rhexy'

li 0N
....n-hexyl

r°etyl 11
rethy,

Ie N....
N....

rKlCtYl
n-butyl

dioxane, which corresponds to an interconver
sion half-life of about 6 h. The two enantiomeric
forms of la are chiral owing to restricted rotation
about the C(carbOnyl)-C(aryl) bond. These mole
cules adopt a conformation in which the plane of
the carboxamide system is approximately per
pendicular to the plane of the aromatic system,
the f3-methyl group serving as a steric impedi
ment to enantiomer interconversion.

Our interest in these amides initially stemmed
from considerations of their chromatographic
behavior on a type of chiral stationary phase
(CSPs 4-6, Fig. 3) developed recently in our
laboratory. We have advanced a model to ac
count for the separation of the enantiomers of
naproxen and related 2-aryl-propionic acids on
these CSPs [17,18]. This model suggests that the
enantiomers of la and similar analytes might also
be separated using this type of CSP. As with
naproxen, compound la also possesses an elec
tron-rich conjugated 7T system with a proximate
hydrogen bond acceptor situated out of the plane
of the 7f system.

To test this hypothesis, compounds la-j (Fig.
2) were prepared and their chromatographic
properties were studied using a series of CSPs

Fig. 2. N ,N-2-methyl-l-naphthylenecarboxamide analytes.
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TABLE III

IDENTIFICATION OF HOMOLOGOUS SOPHOROLIPIDS BY COMPARISON OF THE DISTRIBUTION OF INDI
VIDUAL SOPHOROLIPIDS AND OF THEIR CONSTITUTIVE HYDROXY FATTY ACID MOIETIES

Constitutive Relative amount Relative amount
hydroxy before hydrogenation (%) after hydrogenation (% )
fatty acid

ByGC" By HPLC ByGCb By HPLCd

15-0HCI6 :O 1.7 <1 1.8 1.3
16-0HC,6 :O 2.2 <1 2.4 2.2
17-0HC,s :2 6.3 6.3
17-0H CIs:1 60.6 55.7
17-0HCIs:0 3.2 4.1 69.2 66.7
18-0HC,s :2 13.2 18.3
18-0HCIs :1 12.8 15.5
18-0HC,s :0 <0.1 <1 26.6 29.8

a Distribution of hydroxy fatty acid methyl esters obtained by methanolysis of deacetylated sophorolipid methyl esters (sample
A7).

b Similar data for hydrogenated sample (A6).
C Distribution of deacetylated sophorolipid methyl esters (sample A4) ordered by matching to the correspondingGC data.
d Similar data for hydrogenated sample (AS).

amounts of saturated sophorolipids produced by
hydrogenation were globally equal to the sum of
the corresponding unsaturated compounds, a
similar situation holding also for hydroxy fatty
acids. In this way, assignment of a definite
hydroxy fatty acid could be done for each in
dividual sophorolipid, thus allowing identifica
tion of individual sophorolipid methyl esters.

Influence of the nature of hydroxy fatty acid
moieties in HPLC of esters and lactones

Interpretation of Fig. 4 also allows several
observations to be made with respect to the
influence of the nature of the hydroxy fatty acid
moieties on the elution of sophorolipid methyl
esters in HPLC. A first point is that
sophorolipids were discriminated according to
the degree of unsaturtion of their hydroxy fatty
acid moieties and that the more saturated the
hydroxy acid, the later it was eluted. Moreover,
for an identical fatty acid chain, hydroxy acids
bearing the hydroxy group on the terminal (w)
carbon were eluted after their homologs bearing
the hydroxy group on the subterminal (w - 1)
position. With more concentrated samples a third
rule for elution which had priority over the two
first ones was observed: it concerned the number

of carbons of the fatty acid chain, the lighter
compounds being eluted first (data not shown).

The HPLC elution pattern of individual
sophorolipids was then investigated for lactones.
The main sample used was obtained by crys
tallization of the lactonic forms (monoacetylated
and diacetylated lactones) according to Tulloch
et ai. [4] from a fermentation mixture. The
identity of individual sophorolipids was assigned
by matching the sophorolipid and corresponding
hydroxy fatty acid distributions as in the case of
esters. Elution rules related to hydroxy fatty acid
moieties established for esters were usually
found to apply also to lactonic forms, with a few
exceptions that will be discussed later.

Assessment by HPLC of the separation in TLC
of iactonic sophorolipids

Identification of individual sophorolipids al
lowed the separation by TLC of sophorolipids in
structural classes to be assessed. The technique
of matching the distributions in HPLC and GC
of corresponding compounds was again used.
The case of acidic structural classes that are not
resolved in TLC (see Table II) will not be
discussed. Concerning lactonic forms, more
peaks were detected in HPLC than in GC
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tides undergo duplex-coil transitions at 31-35°C.
[d(GGAAAITfCC)]2 has also a broad "pre
melting" interval with a midpoint at about 15°C.
Additional evidence of correlation between the
B' - B transition and the yield of the T 6T7 photo
dimer is provided by the other factor known to
destabilize the B'-form but not the B-form,
dimethyl sulphoxide (DMSO) [20,21]. DMSO
30% increases the yield of the T 6T7 photodimer
but affects the yields of other photodimers to a
lesser extent (data not shown).

DISCUSSION

Several methods were used to study the B'
conformation in poly(dA)-poly(dT) and various
oligonucleotides containing (dA)AdT)n stret
ches. Among them were the UV absorbance,
circular dichroism and NMR spectroscopies
[17,20,22,33], calorimetry [33], structurally
caused changes in electrophoretic rpobility [32]
and several methods of chemical [25,26] and
photochemical [21] probing of nucleic acid
duplexes. We used this relatively well-studied
problem to ascertain the applicability of chro
matographic methods to structural studies of
oligonucleotides since we feel that to make the
models of molecular structure most reliable, it is
desirable to get as much independent evidence
from various techniques as possible.

The suitability of liquid chromatography for
the structural studies of biological oligomers has
been illustrated by the investigations of peptides.
Extensive work has been done to calculate the
contribution of every constituent amino acid
residue to the retention of peptides on a reversed
phase [38-40]. Racemization of peptides at
practically every peptide bond can be detected
using RP mode [41]. Moreover, HPLC is able to
reveal kinetic details of cis-trans isomerism in
proline- and N-methylamino acid-containing
peptides [42,43]. Recently, amphipathic a-helix
content has been shown to influence peptide
retention on RP supports [44].

Yet, application of HPLC to structural studies
of nucleic acids is rarer. As far as the spatial
structure is concerned, only separation of single
from double-stranded DNA [7], separation of
supercoiled, open circular and linear plasmid
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DNA [45] and on-column hybridization of com
plementary oligonucleotides [8] can be men
tioned. Our results show that it is possible to get
more details of double-stranded nucleic acid
structure using a combination of HPLC with
some other suitable structurally dependent tech
nique of nucleic acid modification (in our case,
UV modification at characteristic sites). We have
used this approach to study the influence of some
cations, including alkali, earth alkali and transi
tion metal ions, on the existence of the B'-form
[37]. Since DNA conformations are not re
stricted to B- and B'-forms and a variety of
different site modifications as well as modifying
agents can be used, the presented method can be
useful for other structural 'studies' of nucleic acid
fragments and their complexes with various
ligands.
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are as follows: dApTpCpG, 4.09 ,104
; and

dAp(iPr)Tp(iPr)Cp(iPr)G, 4.09 '104
•

Single-stranded samples for CD melting
studies were prepared at 2.5.10-5 M concen
tration in a buffer containing 10 mM sodium
phosphate, adjusted to pH 7.0. Hybrid samples
for CD melting studies were prepared at 2.5·
10- 4 M concentration in total oligonucleotide
strands and annealed in a buffer containing 10
mM sodium phosphate, 3.0 M NaCl, adjusted to
pH 7.0, and incubated at -8°C for 1 h.

Circular dichroism (CD) spectroscopy
CD spectra were recorded using a Jasco Model

J-720 spectropolarimeter interfaced with an NEC
PC-9801 RX microcomputer. The sample tem
perature was maintained by placing the sample
in a 1 mm or 10 mm path length jacketed
cylindrical cell equipped with a Neslab RTE-100
bath circulator. Each spectrum was scanned from
320 to 220 nm, and corresponds to an average of
eight scans minus the averaged spectra of the
buffer alone. CD melting profiles were recorded
by measuring the change in molar ellipticity ([0])
at 254 nm while the temperature was scanned.

RESULTS AND DISCUSSION

Synthesis of oligodeoxyribonucleoside
phosphoramidates

Preparation of OPAs was carried out accord
ing to previously reported procedures [4,6] and
the averaged coupling yields were estimated to
be more than 98% by reversed-phase HPLC.

HPLC separation
In order to characterize the diastereoisomer

ism of OPAs, dinucleoside phosphoramidates
[dAp(iPr)T, dTp(iPr)C and dCp(iPr)G] with a
5'-DMT group were first separated with re
versed-phase HPLC [9,10]. The results repre
sented in Fig. 2 show the appearance of two
distinct peaks (I and II) and baseline separation
in all cases. The two separated peaks correspond
to the diastereoisomers due to the phosphor
amidate linkage. It was found that the ratios of
the yielded diastereoisomers were not equal, as
suggested in a previous paper [11]. On the other
hand, when the 5'-DMT group was removed by

Fig. 2. HPLC analysis of diastereoisomers of (a) 5'-DMT
dAp(iPr)T, (b) 5'-DMT-dTp(iPr)C and (c) 5'-DMT
dCp(iPr)G. Column: Superspher RP-18(e) (4 J.Lm, 4 x 125
mm). Eluents: (A) 0.1 M TEAA (pH 7.0) and (B) 0.1 M
TEAA-acetonitrile (50:50), linear gradient from 75 to 95%
Bin 40 min. Flow-rate: 0.5 ml/min. Temperature: 30°C. For
peak identification, see text.

acid treatment, the diastereoisomers of
dAp(iPr)T could not be completely separated. It
should be noted that, when peak II of
dTp(iPr)C, for example, was treated with 80%
acetic acid, peaks other than dTp(iPr)C ap
peared (data not shown). Therefore, it is sug
gested that the purification of OPAs by reversed
phase HPLC is required to perform the two-step
purification, i.e. as a first step separation of
5' -DMT-on-OPA and as a second step the sepa
ration of 5'-DMT-off-OPA.

Under the same conditions, trinucleoside
phosphoramidates [dAp(iPr)Tp(iPr)C and
dTp(iPr)Cp(iPr)G] with a 5'-DMT group, which
consist of four diastereoisomers, were separated.
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TABLE I

IH AND l3C NMR ASSIGNMENTS OF CEFACLOR AND IMPURITIES FROM SOURCE C (IN [2H6]DIMETHYL
SULFOXIDE)

13C first line; IH second line; values in ppm vs. tetramethylsilane. n.a. = Not assigned; n.m. = not measured; - = not applicable.
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TABLE I (continued)

Site· Cefaclor 1

30

31,35

32,34

35

36

2 3

133.99

127.86
7.43

n.a.
n.a.
n.a.
n.a.

8.60

• See Fig. 10 for numbering.
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match (Fig. 12) as benzoate, a common pre
servative, even though this ingredient was not
listed on the package or package insert. Identifi
cation of these peaks as excipients justified not
including them as impurities and allowed an

ellg 0.4
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.c
5 0.3

'"~ 0.2

0.1

without knowing what excipients were used,
their distinctive absorption spectra can often
indicate their presence.

Chromatograms for two cefaclor oral suspen
sions are shown in Fig. 11. An unknown com
ponent designated as peak 1 was observed in the
source A sample. FD&C Red 40 was listed as a
coloring agent on the package insert for this
sample and the retention time for this compound
matched that of the unknown peak. The UV
spectrum of FD&C Red 40 also clearly matched
that of the unknown peak (Fig. 12). The large
late-eluting component (peak 2) in sample B was
identified by retention time and UV spectral
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Fig. 12. Comparison of excipient and sample component UV
soectra.
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Fig. 11. Impurity profiles of cefaclor oral suspension formula
tions from two sources. Wavelength 220 nm. UV spectra for
unknown peaks 1 and 2 are given in Fie. 12.
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accurate assessment of total impurities in the
samples.

Another example of formulation analysis is the
impurity profile of a cefaclor granule formulation
shown in Fig. 13. Some peaks were identified,
while others were characterized as process-re
lated impurities or degradation products as indi
cated. This example shows the utility of the
approach for a sample containing a large number
of impurities.

For HPLC analysis of impurities in cephalexin
and cefaclor, PDA detection can be used to
confirm impurity identity, provide an indication
of whether an impurity is process-related or a
degradation product, and distinguish eXcipients
from impurities. LC-MS can also be used to
obtain structural information useful in identifica
tion of unknowns. While the experimental condi
tions would change for different products, the
general approach used here for cephalexin and
cefaclor can be applied to the analysis of many
drugs.

Fig. 13. Impurity profile for cefaclor granule formulation.
Wavelength 220 nm. P = Process-related impurity; D =
degradation product.

We wish to thank D. Dorman and L. Spangle
for providing the NMR spectra and interpreta
tion, J. Occolowitz for assistance with the MS
identification and F. Perry for helpful discussions
during the course of this work.
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ABSTRACT

Minor impurities in the anti-hypertensive agent terazosin monohydrochloride dihydrate were determined using high-per
formance liquid chromatography. Manufacturing impurities and degradation products were separated using a reversed-phase
system. Detector response was linear for the individual impurities to approximately 0.5 JLg/ml which represents 0.05% of the
drug concentration. The procedure provides quantitation of impurities to approximately the 0.05% level with precision (relative
standard deviations) of ±0.1% to ±1.2% at a level of approximately 0.5%. A variety of reversed-phase columns were evaluated
for the assay method with the optimum resolution achieved using a Zorbax Rx-C8 5-JLm packing.

INTRODUCTION

Terazosin monohydrochloride dihydrate is an
active antihypertensive agent commercially
known as Hytrin (1).

Chemically the drug substance is 2-(4-[2
tetrahydrofuranylcarbonyl]-I-piperazinyl)-6,7-di
methoxy-4-quinazolinamine monohydrochloride
dihydrate. The compound is prepared via a
multistep synthesis and therefore the possibility
of by-product formation exists. Several of these
potential by-products have been identified in
bulk terazosin and represent a range of size and
polarity (Fig. 1).

CH'0'1("rCO,H

CH,O~ C

Inlemal standard

F

1

The effectiveness of terazosin as an antihyper
tensive agent is reported elsewhere in the litera-

• Corresponding author. Fig. 1. Potential by-products of terazosin synthesis.

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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Fig. 2. Hydrolysis degradation pathway of terazosin.

impurity A when terazosin is hydrolyzed. These
impurities were either isolated and identified by
MS and NMR or identified by LC-MS tech
niques.

The presence of an amine moiety in both
terazosin and its impurities required the use of
ion-pairing to produce the most symmetrical
peak shapes for each of the components. Al
though gradient elution may be used to resolve
these components, a simple isocratic system with
ion-pairing was developed that adequately re
solves the drug from the early eluting impurities

177

while still eluting the strongly retained impurities
within a reasonable time. No single modifier
provided optimum resolution of both early and
late eluting impurities. Acceptable results were
obtained using the ternary system described in
the text where a small amount of acetonitrile
aids in the resolution of the early eluting com
ponents and isopropanol helps to resolve the
more strongly retained impurities while main
taining peak symmetry. Although the addition of
isopropanol provided better peak shape, the
majority of the packings investigated still showed
poor resolution for the late eluting peaks (im
purities I and J) which often co-eluted. The
Rx-Cs column, however, differs from the other
reversed-phase columns used in that the silanes
used are diisopropyl rather than dimethyl. These
bulky groups provide steric protection of the
siloxane bond and prevent substrate interaction
with unprotected silanol groups resulting in a
more uniform reversed-phase separation by
minimizing interaction with the polar groups on
the support. The Rx-Cs column gave good res
olution for all the known impurities including the
late eluting components which are separated by
six minutes. A detection wavelength of 254 nm
provides a very similar response for the im
purities and drug substance, providing the best
estimate of unknowns quantitated versus the
drug substance.

TABLE I

PRECISION DATA FOR IMPURITIES ANALYSIS IN BULK TERAZOSIN

Impurity

Analyst I
mgAdded
Equivalent impurity level (%)
Mean
S.D.
R.S.D. (%)

Analyst II
mg Added
Equivalent impurity level (%)
Mean
Std. Dev.
ReI. St'd. Dev. %

mgFound

Compound A CompoundF Compound I CompoundJ

6.45 9.97 9.25 11.23
0.32 0.50 0.46 0.56
6.306 10.168 9.282 11.124
0.053 0.051 0.011 0.138
0.84 0.50 0.12 1.24

9.5 12.9 11.3 10.3
0.48 0.64 0.56 0.52
9.462 13.064 11.308 10.276
0.073 0.116 0.122 0.049
0.77 0.89 1.08 0.47
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Shown in Fig. 3 are typical chromatograms for
a mixed standard preparation having individual
concentrations for impurities of approximately
100 J-Lg/ml and a typical lot of terazosin spiked
with 0.05% of each impurity.

Detector response for terazosin and impurities
was linear to approximately 0.5 J-Lg/ml which
represents 0.05% of the drug concentration
(correlation coefficient > 0.9999). Linearity
curves of concentration versus detector response
essentially intersected the origin, allowing the
use of one-point calibration for quantitation of
known and unknown impurities. Since no lots of

c
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terazosin were found which contained all the
possible impurities, precision was performed on
two artificial mixtures containing the four most
frequently occurring impurities at approximately
0.5% each. The study was performed by two
analysts on separate days. These data are pre
sented in Table I. As shown the assay precision
(R.S.D.) ranged from ±0.12% to ±1.24% for
impurities having mean values of 0.32% to
0.64%.

Several alternative reversed-phase packings
were evaluated for the determination of
terazosin impurities. For this evaluation the

Synthetic Mixture
o 10 20

D

30

TU8Z0sln

E J

70

A

Actual Drug Lot o 10 20 30 40 '0 60 70

Fig. 3. Chromatograms of synthetic mixture and actual drug lot on Zorbax Rx Cg column. Numbers indicate time (min).
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same eluent was used as described in the ex
perimental. The same synthetic standard mixture
shown in Fig. 3 was used for this evaluation. The
most discriminating difference in performance
between the packings tested [Nucleosil CIS (All
tech and Macherey Nagel), Bakerbond C4 , Ver
sapak CIS' p,-Bondapak CIS' Servo Techsphere
Cs and Zorbax Rx-Cs] was in the resolution of
the late eluting peaks (impurities I and J).
Several of the packings showed poor resolution
for many of the impurities however, even when
acceptable resolution was obtained for the ma
jority of the compounds difficulty was encoun-
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tered with impurities I and J. Depending on the
column used, this pair of impurities could either
co-elute or be resolved completely. Table II
presents the corresponding resolution factor for
this'impurity pair for each packing tested. Fig. 3
and 4 show the HPLC traces.

To determine the reproducibility of the Rx-Cs
packing, a second lot of packing was obtained
and evaluated. The separation obtained for
terazosin and impurities was identical to the
original lot.

The reproducibility of the separation and
columns combined with their longevity and good

TcrazoofD

C

D

AC

AC

2

D

B

20 30
.--

4/) ~o 60

3

Fig. 4.

+ Tcruo.h.

o 10 20 30

4

.~.

cnzoolD

'0 SO 60 70 80

(Continued on p. 180)





J.F. Bauer et al. / J. Chromatogr. 648 (1993) 175-181

solution stability of the drug make this a rugged
determination which is well suited for automa
tion.
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ABSTRACT

A simple and rapid method for the simultaneous extraction and determination of sulfadiazine and trimethoprim in medicated
fish feed by HPLC using sulfadimidine as internal standard is presented. The calibration curves were linear in the investigated
areas, 1.25-10 mg/g of sulfadiazine and 0.25-2 mg/g trimethoprim. The recovery of sulfadiazine was 96-99%, and the recovery
of trimethoprim 100-105%.

INTRODUCTION

Sulfadiazine and trimethoprim are often used
in combination in the treatment of fish diseases,
being administered by incorporation into the
feed at a ratio of 5:1. This drug combination,
together with the quinolones oxolinic acid and
flumequine, and oxytetracycline, are the most
commonly used drugs for this purpose in Nor
wegian fish farming [1]. In 1991, a total amount
of 5679 kg of sulfadiazine-trimethoprim was
used.

A number of procedures for the determination
of sulfonamides in combination with trimetho
prim in biological fluids and pharmaceutical
preparations have been described [2-7].

HPLC methods for the determination of sul
fadimidine (sulfamethazine) and sulfathiazole in
feeds have also been published by Blanchflower
and Rice [8], Conway [9], Houglum et al. [10],
and Smallidge et al. [11]. Torel et al. [12] have
analysed feed premixes containing sodium sul-

• Corresponding author.

famethazine, sodium sulfamethoxypyridazine
and trimethoprim, but did not give any account
of the procedure except for the HPLC condi
tions. McNally et al. [13] have published a
method for determination of trimethoprim and
sulfadiazine in medicated fish feed. The method
is simple but time consuming.

The purpose of the present study was to
develop a simple and rapid method for simulta
neous determination of sulfadiazine and tri
methoprim in fish feed.

MATERIALS AND METHODS

Materials and reagents
The starting point for samples was "clean" fish

feed, i.e. feed containing no drugs. Sulfadiazine,
trimethoprim, and the internal standard sul
fadimidine were added to this unmedicated fish
feed to prepare standard curves, and for re
covery studies. The "real" samples to be ana
lysed were taken from commercial medicated
fish feed produced by Skretting (Stavanger,
Norway).

All chemicals and solvents were of analytical
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or HPLC grade. Sulfadiazine and trimethoprim
were supplied by Sigma. Sulfadimidine (sul
famethazine) (Serva) was used as internal stan
dard.

A standard solution of sulfadiazine was made
by dissolving 150 mg sulfadiazine in 50 ml 0.03 M
sodium hydroxide-ethanol (1:1), and diluting to
150 ml with water. The trimethoprim standard
solution was made by dissolving 50 mg trimetho
prim in 10 ml 0.02 M H 3POc CH3CN (1:1), and
diluting to 50 ml with water, and the standard
solution of the internal standard sulfadimidine by
dissolving 100 mg sulfadimidine in 5 ml acetone,
and diluting to 100 ml with water. All standard
solutions were put in an ultrasonic bath for 2 min
before they were diluted with water.

Chromatographic conditions
The analyses were performed on a Perkin

Elmer HPLC system, consisting of a Series 400
solvent delivery system, an ISS 100 sampling
system equipped with a Lauda RMT6 cooler
(14°C) from Messgeriite Werk Lauda (Lauda
Konigshafen, Germany), and an LC 235C UV
detector (Perkin Elmer, Norwalk, CT, USA).
The detector was operated at 270 nm. The
integration was carried out using the software
programme Omega-2 (Perkin-Elmer) in an
Olivetti M 300 PC connected to a Star LC24-10
printer. The analytical column (stainless steel, 25
cm x 4.6 mm I.D.) and guard column (stainless
steel, 2.0 cm x 4.6 mm I.D.) were packed
with 5-JLm particles of Supelcosil-LC-18-DB
(Supelco, Bellafonte, PA, USA).

The mobile phase was 0.01 M aqueous
Na2HP04 pH 2.8-0.1 % triethylamine in CH3CN
(79:21) at a flow-rate of 0.9 ml/min. Aliquots of
10 JLI were' injected onto the column for the
determination of sulfadiazine and trimethoprim.

Sample preparation and clean-up
The feed sample, 1 g ground feed, was

weighed into a 50-ml centrifuge tube with screw
cap (NUNC). Internal standard sulfadimidine (1
ml of 1 mg/ml) and 3 ml 0.7% trichloroacetic
acid (TCA) in acetone were added to the sam
ple, which was then mixed well and left in an
ultrasonic bath for 10 min at 40°C. The TCA
solution was made by mixing 87 g TCA with 13 g
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water, to 0.7 ml of this solution was added 99.3
ml acetone.

The sample was transferred to a 500-ml volu
metric flask. The centrifuge tube was washed
and the volumetric flask filled to the mark with
0.01 M Na2HP0 4 , pH 3-CH3CN (80:20). The
pH in the Na2HP04 solution was adjusted with 5
M H 3P0 4 • The sample was well mixed, and an
aliquot of 500 JLI was filtered through a Costar
spin-X centrifuge filter unit (low type) with 0.22
JLm cellulose acetate binding by centrifugation
for 1 min. Aliquots of 10 JLI of the filtrate were
injected onto the HPLC.

Calibration curves and recovery studies
The calibration curves for sulfadiazine and

trimethoprim were made by spiking feed samples
with standard solutions of sulfadiazine and tri
methoprim to yield 1.25, 2.5, 5, 7.5 and 10 mg
sulfadiazine per gram in feed, and 0.25, 0.5, 1,
1.5, and 2 mg trimethoprim per gram, respec
tively, in the samples. Duplicate samples were
used. The recovery rates were determined by
comparing peak height measurements of spiked
feed to those of standard solutions. The linearity
of the standard curves for sulfadiazine and tri
methoprim in feed was tested using peak height
ratios.

RESULTS AND DISCUSSION

Chromatograms of clean and spiked samples
of fish feed are shown in Fig. 1 for sulfadiazine
and trimethoprim. Fig. 2 shows a real (commer
cial) sample of medicated fish feed containing
sulfadiazine and trimethoprim.

The linearity of the standard curves for sul
fadiazine and trimethoprim in feed were tested
using peak height ratios. The standard curves
were linear in the investigated areas, 1.25-10
mg/g for sulfadiazine and 0.25-2 mg/g for
trimethoprim. The correlation coefficients were
r = 0.9996 for sulfadiazine in feed, and r =
0.9994 for trimethoprim.

Table I shows the recoveries and re
peatabilities for sulfadiazine and trimethoprim
from feed. The recovery of sulfadiazine from
feed based on peak height varied from 96 to
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ing of the adsorbing material, artifacts may build
up on the unexposed matrix during storage.
They may also build up during exposure of the
sampler by reaction of ozone with the adsorbent
[7], and this may raise detection limits to un
acceptable levels. If the resultant blank signal is
large relative to the analyte signal or is very
variable, passive samplers will not be able to be
used directly in rural air sampling. Therefore,
sampling time should be as short as possible.
This can be achieved by either designing a
passive sampler with higher sampling rate or
developing much more sensitive detection meth
ods.

Reduction gas detection (RGD) was originally
developed for detecting the reducing gases CO
and Hz [8]. It has also been used for the
detection of acetaldehyde and acetone [9] and of
isoprene (2-methyl-1 ,3-butadiene) [10]. The re
sponse of RGD to a variety of reactive hydro
carbons has been investigated using gas chroma
tography with packed columns [11]. It was shown
that it is considerably more sensitive to alkenes
than is flame ionization detection (FID), and has
much greater sensitivity to alkenes than alkanes.
RGD has also been developed successfully for
the capillary gas chromatographic analysis of
hydrocarbons up to C6 with high resolution, but
the peak shapes for compounds above C6 (e.g.,
benzene, toluene etc.) are extremely broad and
severely tailing [12].

Here, the use of RGD for the thermal desorp
tion and capillary gas chromatographic determi
nation of CZ-C4 alkenes (qualitative) and CS-C6

alkenes (quantitative), including isoprene, in
ambient air, using a passive sampling technique,
is described, together with an assessment of the
formation of artifacts on four different common
ly used adsorbents.

EXPERIMENTAL

Principles of the reduction gas detector
The principle of operation of the reduction gas

detector has been described elsewhere [11-13].
Briefly, it depends upon the reduction of solid
mercuric oxide by a reducing gas X on a heated
bed:

X + HgO (solid)~ XO + Hg (vapour) (1)

The resultant mercury vapour concentration is
directly proportional to the inlet gas concen
tration and is quantitatively detected by means
of an ultraviolet photometer located immediately
downstream of the reaction bed.

Analytical system
Gas chromatographic measurements were

made using a Hewlett-Packard 5890 Series II gas
chromatograph fitted with a reduction gas detec
tor (RGD-2, Trace Analytical, Menlo Park, CA,
USA). The carrier gas used was helium. The
capillary column used was a porous-layer open
tubular (PLOT) (Al z0 3 /KCI) 50 m x 0.32 mm
(Chrompack). A make-up gas line (stainless-steel
tube, 1/8 in. I.D.; 1 in. = 2.54 cm) was used to
supply helium to the detector to render it com
patible with the capillary analytical column. A
catalytic combustion filter was used in conjunc
tion with an organic-water vapour trap (molecu
lar sieve) for carrier gas purification. The flow
rate of make-up gas was 25 ml/min. An un
coated fused-silica capillary (15 cm x 0.53 mm)
was used as the transfer line between the ana
lytical column and the detector and was con
nected to the capillary GC column by a low
dead-volume glass press-fit connector (Hewlett
Packard).

The exposed passive sampling tubes were
thermally desorbed by a Chrompack Thermal
Desorption Cold Trap (TCT) Injector, inter
faced with the gas chromatograph, using helium
carrier gas at a flow-rate through the tube of 35
ml/min. The desorbed analytes were retrapped
by a deactivated fused-silica capillary trap (40
cm x 0.53 mm) [14] cooled by liquid nitrogen.
After sample concentration, the trap was flash
heated to 220°C at 15°C/s for 1 min, and the
trapped vapours injected onto the capillary
column in splitless mode. A schematic diagram
of the whole TCT-GC-RGD system is shown in
Fig. 1.

The GC system was calibrated using a Scotty
(Chrompack) 15 ppm (v/v) mixed alkene cali
bration standard. This was injected into the
carrier gas stream by means of a 1 ml gas-tight
syringe via the TCT injector, and then carried by
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Fig. 1. Schematic diagram for TCT-capillary GC-RGD system. MS = Molecular sieve; CAT = catalytic combustion filter;
MF = mass flow regulator; PR = pressure regulator.

helium gas through a heated empty Perkin
Elmer stainless-steel sampling tube to the capil
lary trap. Peak identification was by means of
retention times with quantitation achieved using
a VG Minichrom data handling system.

Adsorbents
Four commonly used adsorbents were investi

gated. Tenax-TA [size 60-80 mesh (284-328
/Lm), specific surface area 20 m2

/ g, Chrompack]
is a porous polymer based on 2,6-diphenyl-p
phenylene oxide which has been widely used for
air sampling. Carbotrap [20-40 mesh (402-568
/Lm), specific surface area 100 m2

/ g, Supelco] is
a graphitized carbon black. Tenax-GR (60-80
mesh, specific surface area 20-100 m2

/ g, Chrom
pack) is a new adsorbent which consists of a
Tenax matrix filled with 23% graphitized carbon.
Its passive sampling performance has been in
vestigated recently [6,15]. Chromosorb 106 (60
80 mesh, specific surface area 800 m2

/ g, Chrom
pack) is a polyaromatic cross-linked resin which
can be used for the sampling of more volatile
compounds due to its high adsorption capacity.

The diffusion tubes were packed with 0.2 g

adsorbent (0.16 g for Tenax-TA), and con
ditioned for at least 16 h with helium flow at 35
mllmin at the following temperatures: 300°C
(Tenax-TA), 320°C (Tenax-GR), 350°C (Carbo
trap) and 250°C (Chromosorb 106). It should be
mentioned that the low maximum operating
temperature (250°C) of Chromosorb 106 necessi
tates the use of a conditioning time of at least 48
h. The optimum desorption conditions for these
adsorbents have been investigated recently [16],
and are 250°C for 5 min (Tenax-TA), 260°C for 6
min (Tenax-GR), 280°C for 8 min (Carbotrap),
and 220°C for 10 min (Chromosorb 106).

Sampling procedures
Perkin-Elmer stainless-steel diffusion tubes

(diameter 4.8 mm, diffusion length 15 mm for
tubes with no diffusion cap) packed with differ
ent adsorbents were used for the sampling of
volatile organic compounds in a rural area in the
vicinity of Lancaster, north-west England, during
February-March 1993. The relative humidity
during sampling varied from 40 to 80%, and the
temperature from 2 to 12°C. Swagelok caps were
used to seal the conditioned sampling tubes prior
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ABSTRACT

Solid-phase microextraction (SPME), with the poly(dimethylsiloxane)-coated silica fiber suspended and equilibrated in the
headspace, has been applied to the capillary gas chromatographic (GC) analysis of 33 halogenated volatile contaminants in model
aqueous solutions and in foods. With electrolytic conductivity detection, the limits of detection in water ranged from 1.5 ILg/kg
for vinyl chloride to "" 0.005 ILg/kg for the tri- to hexachlorobenzenes. Headspace SPME-GC shows a much greater response for
the less volatile analytes than those of greater volatility, a procedure complementing headspace GC with gas sampling. In model
systems or foods, increasing lipid material decreased the headspace extraction. With 50 mg of lipid, the headspace extraction
decreased about 50% for analytes with LODs about 0.1 ILg/kg and by "" 99.5% for the above chlorobenzenes. Standard addition
was used to analyze a variety of beverages and dry foods and to determine the analyte partitions.

INTRODUCTION

Solid-phase microextraction (SPME) is a rela
tively new sampling technique first described by
Belardi and Pawliszyn [1]. Their procedure em
ploys a stationary phase, usually poly(di
methylsiloxane), coated on a fused-silica fiber to
extract aqueous samples in completely filled
sealed vials. After equilibration between the
liquid and the coated fiber, the analytes are
thermally desorbed in the injection port of a gas
chromatograph, cryofocussed on-column, and
separated and detected by established GC proce
dures. For protection and ease of handling the
fiber is attached to a tube which replaces the
plunger of a 5-J,LI positive displacement syringe.
The fiber is extended only during sampling or
desorption of the analyte.

* Corresponding author.

Pawliszyn and co-workers have conducted
extensive studies on SPME including its automa
tion and optimization [2], the dynamics of ad
sorption [3], the analysis of benzene in water at
trace levels [4], aromatic compounds in ground
water [5], and the analysis of caffeine in bever
ages using an uncoated silica fiber [6]. SPME has
been applied to many of the volatile analytes
included in the US Environmental Protection
Agency Method 624. Some of these studies have
recently been summarized and it is reported that
a commercial SPME device is forthcoming [7].

In classical headspace gas chromatography
(GC), the analyte equilibrates between a liquid
and the gas phase in a closed system. At equilib
rium, an aliquot of the headspace is taken and
analyzed by Gc. Apart from the chromatograph
ic detection and separation, the sensitivity at
tained by headspace GC is dependant on several
factors including the vapor pressure of the
analyte, the activity coefficient of the analyte in

0021-9673/93/ $06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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the matrix in which it is present [8], as well as
the volume of headspace sampled.

In our studies we have extended the classical
two-phase headspace GC technique described
above to include the SPME fiber coating as a
third phase, suspended and equilibrated in the
headspace. With the SPME sampling of the
headspace, aqueous systems containing dissolved
or suspended solids or non-volatile oil can be
analyzed. Furthermore, salts may be added to
the aqueous phase to increase the partition of
volatiles into the headspace.

Using model aqueous systems, our studies
compare the classical headspace GC procedure
to the proposed headspace SPME-GC combina
tion. The effect of non-polar non-volatile materi
al on the headspace SPME-GC sensitivity in
model systems is also studied. Practical applica
tion of SPME-headspace GC to a variety of
foods, and the matrix effects of the food con
stituents on the partition into the coated fiber of
the SPME device are studied and discussed.

EXPERIMENTAL

Solid-phase microextraction device
The SPME device was constructed as de

scribed by Potter and Pawliszyn [4] with minor
dimensional modifications using either a Hamil
ton Model 7105 microliter syringe (Hamilton,
Reno, NV, USA) or an SGE Model 5BR-7
microvolume syringe (SGE, Austin, TX, USA)
and a 1 or 2 cm length of 100 JLm thick poly(di
methylsiloxane)-coated fused-silica optical fiber
(FLS100110300, Polymicro Technologies, Tus
con, AZ, USA). The stripped silica end of the
coated fiber was cemented into 30 gauge (0.30
mm) stainless-steel tubing for the Hamilton
syringe or 28 gauge (0.36 mm) tubing for the
SGE syringe using a high-temperature epoxy
resin (Epoxy-Patch No. 9340, Dexter, Seabrook,
NH, USA). The fiber assembly is held in place in
the SGE syringe using a 2 x 8 mm metric ma
chine screw. After curing overnight the fiber
assembly was heated at 250°C in the injector of
the GC for 30 min before use.- The needle tube
with the attached fiber was adjusted so the end
of the tube protruded 33 mm beyond the end of
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the needle when extended and the end of the
fiber was 1 cm inside the needle when retracted.

A needle spacer for the Hamilton SPME
syringe was fashioned from a 16 or 17 gauge luer
tip hypodermic needle cut so the syringe needle
protruded about 6 mm when the needle spacer
was fitted to the external luer fitting of the
syringe. The SGE syringe needle, however, does
not have an external luer fitting so a similar
spacer was used but did not attach firmly to the
syringe. Needle spacers allow reproducible inser
tion of the needle without over-insertion.

Desorption and chromatography
The desorption of the analytes from fiber and

the capillary separation was performed using a
Varian Model Vista 6000 GC with cryogenic
oven cooling. The GC was equipped with a Hall
electrolytic conductivity detector operating in the
reductive halogen mode for detection of the
halogenated analytes. A disposable electrolyte
system (N-Phase, Austin, TX, USA) was used
with the detector. An attenuation of 8 x was
used for most samples; 2 x was used when es
timating sensitivity. The on-column injector of
the Varian 6000 GC was replaced by that from a
Varian 3400 GC to accommodate 0.53 mm J.D.
tubing and further modified (Fig. 1) to permit
proper positioning of the fiber for desorption.
The glass alignment tube of the injector was

Glass allgnmenl lube

Slalnleu·aleel

inserl

0.53 mm 1.0.
daacllvaled
fused-silica lube

Fig. 1. On-column stainless-steel injector insert and align
ment tube for smooth insertion of SPME fiber into 0.53 mm
I.D. deactivated fused-silica tubing.
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TABLE II

STUDIES IN MODEL SYSTEMS: HEADSPACE SYRINGE VS. HEADSPACE SPME, THE EFFECT OF ADDED
SODIUM CHLORIDE, PRECISION (R.S.D.) BY SPME (n = 6), LIMIT OF DETECTION (LOD, IN WATER), AND
MATRIX EFFECTS OF ADDED NON-POLAR MATERIAL (VS. WATER)

No. % ofanalyte % increase R.S.D. LOD Matrix effect
sampled with salt at (~g/kg) (% rec. from veg. oil vs. water)

bySPME 2 ~g/kg

Syringe SMPE 1.5mg 12mg 58mg 240mg

1 1.5 0.02 100 6.1 1.5 100 93.4 100 68.1
2 3.0 0.03 n.d: 8.7 0.75 85.7 92.5 100 56.5
3 4.3 0.36 261 4.2 0.10 105 86.6 67.3 32.0
4 1.8 0.16 300 35 0.10 95.4 96.9 81.2 36.5
5 3.4 0.41 412 4.4 0.10 106 77.1 53.7 23.0
6 2.6 0.40 511 3.6 0.10 107 79.8 54.1 23.3
7 2.2 0.59 638 2.8 0.10 108 74.1 48.0 15.3
8 2.4 0.56 662 4.3 0.05 106 63.9 40.3 17.6
9 3.3 1.2 264 4.4 0.Q3 87.5 72.8 28.6 10.3

10 3.7 1.5 141 4.7 0.Q3 98.4 72.2 27.7 9.5
11 2.7 0.35 1160 5.1 0.15 114 75.8 56.0 23.3
12 2.9 1.9 353 4.1 0.Q2 99.3 59.1 19.4 5.8
13 2.2 1.2 710 3.6 0.05 107 64.1 27.2 7.2
14 0.28 0.24 300 6.1 0.02 114 59.5 40.2 15.0
15 1.5 0.84 843 3.4 0.20 106 57.5 23.4 6.8
16 0.69 1.0 958 4.1 0.07 107 60.2 22.0 5.2
17 2.6 5.7 127 5.8 0.04 85.2 37.8 7.2 2.0
18 0.47 0.97 865 4.8 0.08 99.5 46.8 14.2 3.7
19 0.32 0.80 1050 4.5 0.15 104 51.4 18.3 5.3
20 1.8 6.9 642 3.9 0.Q2 82.3 25.4 5.0 1.0
21 0.18 1.5 2173 4.9 0.08 94.8 38.0 10.0 2.5
22 0.84 12 1897 3.7 0.Q2 64.9 13.0 1.9 0.4
23 1.3 16 347 4.8 0.01 56.4 11.3 1.4 0.4
24 1.1 22 395 3.9 om 50.8 10.5 1.1 0.4
25 0.49 22 460 4.1 0.005 43.5 7.9 1.1 0.4
26 0.39 26 576 3.7 0.005 43 7.8 1.1 0.4
27 tr.b 4.3 1318 3.8 0.03 76.7 19.6 3.8 0.9
28 tr. 46 258 5.3 0.002 22.2 3.8 0.5 0.1
29 57 297 4.7 0.002 22.2 3.6 0.5 0.1
30 56 121 7.6 0.002 17.2 3.1 0.5 0.2
31 72 144 7.7 0.002 17.0 3.7 0.5 0.2
32 57 69.7 9.9 0.005 8.1 3.3 0.3 0.2
33 n.d. n.d. 15.2 0.002 2.8 3.0 0.2 0.2

• n.d. = Not determined: No.2, peak detected only when salt added; No. 33 not included in standard.
b tr. = Trace level found, < 3 x baseline noise.
C Not detected.

These results relate to the practical sensitivity of atility decrease, and increasingly more of any
each procedure and show the I-ml headspace gas analyte that partitions into the headspace from
sampling technique to be progressively more the liquid will be extracted by the non-polar fiber
sensitive as the volatility of the analyte, evi- and determined. SPME is progressively more
denced by earlier GC elution, increases. With sensitive as the analyte volatility, evidenced by
SPME, however, as the analyte mass increases, later GC elution, decreases. Thus, headspace gas
the water solubility (polarity) and analyte vol- sampling and headspace SPME can be consid-
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Determination of polychlorinated dibenzo-p-dioxins and
dibenzofurans in tire fire runoff oil

T.S. Thompson*, T.M. Kolic, l.A. Townsend and R.S. Mercer
Ontario Ministry of the Environment, Dioxin Laboratory, 125 Resources Road, P.O. Box 213, Rexdale, Ontario,
M9W 5£1 (Canada)

(First received February 5th, 1993; revised manuscript received May 18th, 1993)

ABSTRACT

Samples of oily runoff resulting from the accidental combustion of automobile tires were analyzed for polychlorinated
dibenzo-p-dioxins (PCDDs)and polychlorinated dibenzofurans (PCDFs). PCDDs and PCDFs were identified in each of the oil
samples studied. The total levels of PCDDs and PCDFs were in the low parts per billion (ppb; 10-9 g of PCDDs or PCDFs per g
of oil) range. In all of the samples analyzed, the total PCDD concentration was approximately 10 times greater than the total
concentration of PCDFs. The most toxic PCDD, 2,3,7,8-T4CDD, contributed only a small percentage to the overall level of the
PCDDs in the oil samples.

INTRODUCTION

The formation of polychlorinated dibenzo-p~

dioxins (PCDDs) and polychlorinated diben
zofurans (PCDFs) in combustion processes is
well documented [1]. Chlorinated PCDDs and
PCDFs were first identified as a byproduct of the
incineration process when they were discovered
in the stack gas and fly ash of three municipal
waste incinerators in the Netherlands in the late
1970's [2]. Following this initial report which
linked the incineration of refuse as one source of
PCDDs and PCDFs, these compounds have
since been found in incinerators in North
America, Europe, and Japan [3]. In fact,
PCDDs and PCDFs have been detected in every
municipal waste incinerator tested [4]. Emissions
of PCDDs and PCDFs have also been produced
from the incineration of hazardous waste [5,6]

• Corresponding author. Present address: Saskatchewan
Health, Environmental Sciences Division, H.E. Robertson
Laboratory, 3211 Albert Street, Regina, Saskatchewan, S4S
5W6, Canada.

and sewage sludge [4,7]. The formation of
PCDDs and PCDFs from the combustion of
chemically treated [8-12] and untreated wood
[13,14] has been reported, as well as from the
combustion of fossil fuels [10,13,15]. The impact,
however, of these sources are not recognized.
Marklund et ai. [16] have reported emissions of
PCDDs and PCDFs in automobile exhaust.

In addition to incineration processes, PCDDs
and PCDFs have been produced during acciden
tal fires involving PCBs, chlorobenzenes, and
other chlorinated transformer and capacitor
fluids. Erickson et ai. studied the formation of
PCDDs and PCDFs from the combustion of
PCBs, tri- and tetrachlorobenzenes [17,18] and
tetrachloroethylene [18]. Addis [19] demonstra
ted that the combustion of PCB-contaminated
dielectric fluids resulted in the formation of a
series of PCDFs. There is no evidence to suggest
that normal use of electrical equipment will
produce either PCDDs or PCDFs. Thermal
stress in the presence of oxygen is required for
PCDD/PCDF formation.

The first recognized accidental formation of
PCDDs and PCDFs from the combustion of

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.Y. All rights reserved
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chlorinated aromatic compounds in transformer
fluid occurred in early 1981 [20]. The office
building fire involved approximately 200 gallons
(ca. 7571) of transformer fluid which consisted of
65% Aroclor 1254 and 35% tri- and tetrachloro
benzenes. The soot was found to contain levels
as high as 2000 ppm of PCDFs and 20 ppm of
PCDDs. Other transformer and capacitor fires
leading to the formation of PCDDs and PCDFs
have been reported in the USA [21].

On February 12, 1990, a large fire broke out at
a tire recycling dumpsite located in west central
Ontario. Some thirteen million tires were in
volved in the blaze. The heat of the fire created a
black, oily runoff. To minimize contamination of
groundwater in the area, this runoff oil was
collected for subsequent disposal.

The manufacturing of automobile tires in
volves the preparation of special polymers. Vari
ous different polymers may be used depending
upon specific requirements. Chloroprene (2-chlo
ro-1 ,3-butadiene) rubber is frequently used in
tire manufa.cturing, specifically in the cover-strip,
sidewall, and inner-liner portions of passenger
automobile tires [22]. During combustion of the
chlorine-containing material within the tires, it is
possible that chlorinated aromatics would be
produced. Samples of the runoff oil were sub
mitted to the Ministry of the Environment's
Dioxin Laboratory for analysis of PCDDs and
PCDFs. The results of the analyses are presented
in this paper.

Our laboratory is set up to routinely analyze
for PCDDs and PCDFs in a variety of matrices,
of which oil unfortunately is not one. Upon
reviewing the literature, there were very few
references citing analytical methodologies for the
determination of PCDDs and PCDFs in oil or
waste oil materials. Two different cleanup meth
ods, which were initially designed for general
environmental analysis of PCDDs and PCDFs,
were applied to PCB-contaminated waste oil
[23]. In one method, the oil sample was fraction
ated initially using a 50-g alumina column and
the resulting fraction containing the PCDDs and
PCDFs was subfractionated using a 6-g alumina
column. The method yielded poor detection
limits (only 100 JLg of oil was loaded onto the
initial column) and poor recoveries of surrogates
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and spikes. A more complex procedure employ
ing five liquid-solid partitioning chromatograph
ic columns and a variety of media (sodium
sulphate, potassium silicate, silica gel, carbon
impregnated glass fibres, sulphuric acid-modified
silica gel and alumina) produced much better
results. Up to 1 g of oil could be used, thereby
lowering detection limits below 10 ppb. Good
surrogate and spike recoveries were reported
along with relatively little background interfer
ence.

Hagenmaier and Brunner [24] developed a
procedure for the determination of PCDDs and
PCDFs in motor oil samples, including used and
recycled oils. Oil samples of 5 g were fraction
ated using alumina, a mixture of activated, acid
and base-modified silica gels, and finally on Bio
Beads S-X3. Single isomer detection limits were
reported to be on the order of 0.05 JLg/kg of oil.
In a subsequent study involving motor oils and
waste oils, a multi-column cleanup procedure
was devised for the determination of PCDDs and
PCDFs [25]. The method, which involved frac
tionation on columns containing silica gel, acid
and base-modified silica gels, florisil and
alumina, was applicable to 10 g oil samples.
Good analyte recoveries and reproducibility
were reported. The same group also compared
their method to that utilized by Hagenmaier and
Brunner. They reported that the two methods
produced agreeable results on duplicate samples.

Based upon the results published by the vari
ous groups cited, it appears that while there is no
simple single-step cleanup procedure available,
the use of a variety of chromatographic media
will produce extracts amenable to analysis by gas
chromatography-mass spectrometry (GC-MS).

EXPERIMENTAL

Chemicals
Silica gel (70-230 mesh) for the open column

chromatographic cleanup procedure' was ob
tained from EM Science (Darmstadt, Germany).
Basic alumina was purchased 'from Fisher Sci
entific (Fair Lawn, NJ; USA). Sulphuric acid
(J.T. Baker, Phillipsburg, NJ, USA) and sodium
hydroxide pellets (Oxford Labs. of Canada,
London, Canada) were used to prepare the acid-
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Fig. 1. Schematic illustration of the model system at the
initial state (at time t = 0) and at the steady state (at time t).
The Greek letters denote boundaries and the dashed lines
distinguish the stationary boundaries (E, () from the migrat
ing boundaries (ex, (3, 'Y, 8). The counter ion R, which is
considered identical in all zones, is not marked.

capillary where the leading electrolyte was InI

tially and zone TS is created in the sampling
compartment.

This model system enables one to study the
instances where the admixture is separated from
the leading and /or terminating electrolyte and
creates not only the pure zone itself (zone X) but
also the mixed zones with the samples (zones A
and B).

In the theoretical model no complex equilibria
are taken into account. The temperature changes
resulting from the Joule heat and osmotic and
convection flows are also omitted. The composi
tion of the TE is maintained constant.

Separation dynamics of the model system
The separation dynamics of the model system

were solved by means of the simulation program
of electromigration [12]. The graphical depiction
of the concentration distribution and of the
specific resistance along the capillary are ob
tained as the result. The algorithm presents the
solution in a so-called "observational window",
that shifts owing to the migration velocity of the
leading ion and shows only the interesting part of
the capillary.

The demonstration of the separation dynamics
of the anionic model system consisting of uni
univalent strong electrolytes is shown in Fig. 2. It
can be clearly seen from Fig. 2b that during the
separation the admixture from the LE remains
behind the leading ion and the admixture in the
TE outruns the terminating ion. Simultaneously,
samples A and B separate from each other and
their concentrations are changed when they
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THEORY

Fundamental characterization of the model
system

Let us consider a model system in which both
the LE and the TE contain another common
ionic component, an admixture. The admixture
migrates in the same direction as separated ionic
species and its effective mobility is lower than
that of the leading ion and higher than that of
the terminating ion. Two ionic components, A
and B, fulfilling the following relationship of the
effective mobilities, mer, were chosen as sam
ples:

acid and its salt with a weak or strong base
serves as the TE [7], also belongs to the group
with mixed background electrolytes. It was
shown that the parameters of all zones are
affected not only by the composition of the LE
but also by that of the TE.

The main effects, e.g., a decrease in the
specific resistance and an increase in the zone
length of separated components due to the
presence of an admixture in their zones origina
ting from the leading or the terminating elec
trolyte, are well known [5,7-11].

The purpose of this paper is to contribute to
the theory of ITP with admixtures in background
electrolytes and to the evaluation of the ex
perimental data affected by the admixture.

The first subscript indicates the substances: A
and B are the samples, L isthe leading ion, Tis
the terminating ion and X is the admixture. The
second subscript specifies the zone (see Fig. 1).
The arrangement of the model system at the
initial state (at time t = 0) and at the steady state
(at time t) is illustrated schematically in Fig. 1.
Not only the classical zones in the separation
column (zones L, A, X, Band T) but also the
electrolyte in the sampling compartment (zone
TS) and the original terminating electrolyte in
the electrode compartment (zone TE) are de
noted as zones. Zones T and TS differ from each
other in the concentration which is determined
by the initial state. Zone T is created in the
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The use of racemic mixtures of amino acids in
peptide synthesis or epimerization at anyone of
the many amino acid a carbons during synthesis
could lead to the undesired incorporation of
D-isomer impurities. Such impurities represent
one of the greatest challenges to chromatograph
ic detection systems, since they differ by only a
single inversion of a peptide backbone a carbon.
Analogues for our studies were assembled by
standard solid-phase peptide synthesis (SPPS)
methodology, which virtually eliminates the oc
currence of epimerization, and were subsequent
ly purified by preparative reversed-phase high
performance liquid chromatography (RP
HPLC). Standard characterization of synthetic
peptides includes assessment of purity by RP
HPLC, amino acid analysis and determination of
molecular mass by mass spectroscopy. Although
these three methods allow (in one way or
another) the detection of the most common side
products in peptide chemistry (adducts and
truncations), the latter two techniques will not
distinguish diastereomers and thus could not
detect racemic contamination that could lead to
ambiguous biological results. In this study of a
series of NPY analogues we have confirmed both
the uniqueness of each derivative differing only
by the inversion of a single chiral center and the
resolution power of RP-HPLC and that of capil
lary zone electrophoresis (CZE), especially
when combined with the use of the trietylam
monium phosphate (TEAP) separation buffer
[4].

EXPERIMENTAL

All reagents and solvents were of analytical
grade (Aldrich, Milwaukee, WI, USA; Fisher
Scientific, Springfield, NJ, USA) and were used
without further purification except triofluoro
acetic acid (TFA) (Halocarbon, Hackensack,
NJ, USA) and triethylamine (TEA) (Aldrich),
which were reagent grade and used without
further purification for syntheses but were dis
tilled to constant boiling point for use in the
chromatographic buffers.
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Peptide synthesis
All peptides were assembled using standard

SPPS techniques on p-methylbenzhydrylamine
(MBHA) resin, as previously described, [5,6].
Briefly, tert.-butyloxycarbonyl (BOC) was used
for N-terminal protection and deblocked with
TFA in the presence of ethanedithiol (EDT).
Most couplings employed 1,3-diisopropyl
carbodiimide (DIC) as primary coupling reagent;
more difficult cycles required the use of benzotri
azol-l-yl-oxytris (dimethylamino)phosphonium
hexafluorophosphate (BOP) in N-methylpyrroli
done (NMP) or dimethylformamide (DMF) in
the presence of an excess of diisopropylethyl
amine (DIPEA). Couplings were generally car
ried out for 1 h, completion of the couplings was
monitored by qualitative Kaiser test [7]. Cou
pling steps were repeated as J.lecessary. After
TFA deprotection, resin washes included 2-pro
panol (containing 1% EDT), triethylamine [10%
in dichloromethane (DCM)] for neutralization,
MeOH and DCM. The protected peptide was
cleaved from the resin with anhydrous HF in the
presence of 10% anisole at O°C for 90 min.
Volatiles were removed in vacuo. The crude
peptides were precipitated with anhydrous ethyl
ether, filtered to remove ether soluble non-pep
tide materials and extracted in water. After
lyophilization, crude peptides were purified by
preparative RP-HPLC [8,9] on a Waters Del
taPrep LC 3000 system equipped with a Waters
1000 Prep Pak Module and a Shimadzu SPD-6A
variable-wavelength UV detector. The cartridges
used were hand packed, in Waters polyethylene
sleeves and frits with Vydac CI8 packing material
(15-20 /-Lm particle size, 30 nm pore size). The
material was eluted first using a linear TEAP
acetonitrile (40:60) (pH 2.25 or 5.20) buffer
system gradient; acceptable fractions were
pooled, reloaded onto the preparative cartridge
and desalted in 0.1 % TFA. Final products were
>95% pure by RP-HPLC analysis.

Peptide characterization
Purified peptides were subjected to hydrolysis

in 4 M methanesulfonic acid at 110°C for 24 h,
and analyzed by ion-exchange chromatography
with post column derivatization with o-phthalal-
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Chiral separation of basic drugs using cyclodextrins as
chiral pseudo-stationary phases in capillary
electrophoresis
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(First received April 19th, 1993; revised manuscript received May 24th, 1993)

ABSTRACT

Capillary electrophoresis was used for the chiral resolution of basic racemic drugs in general and in particular for dimethindene
and four possible metabolites. Conditions for optimum enantioselectivity and resolution were deterrilined by changing the
cyclodextrin type, cyclodextrin concentration, pH of the run buffer, applied current and capillary temperature.

INTRODUCTION

Enantiomer resolution is an important field in
analytical chemistry, especially in pharmaceutical
analysis. About 88% of synthetic chiral drugs are
sold as racemates [1], and often one of the
enantiomers is more active than the other or is
responsible for inadvertent side-effects. For the
investigation of the metabolism of racemic thera
peutic agents, GC 12] and HPLC [3] are widely
used. During the last few years, capillary electro
phoresis (CE) [4] has developed into a powerful
tool, including applications in chiral analysis [5].
Enantiomeric separations can be achieved using
chiral buffer additives such as cyclodextrins
(CD) [6,7].

The metabolism of dimethindene maleate,
N,N - dimethyl - 3 - [1-(2-pyridinyl)ethyl] -1H-in
dene-2-ethanamine maleate, has been studied by
Radler and Blaschke [8] and Prien and Blaschke
[9] using protein- and cellulose-based chiral
stationary phases for enantiomeric separations
by HPLC.

• Corresponding author.

In this work we used CE with run buffers
containing different cyclodextrins to resolve di
methindene and four possible metabolites into
their enantiomers in one run. A number of
parameters influencing the selectivity and res
olution of the compounds were investigated.
Further, a number of structurally different
racemic basic drugs were resolved by CD-con
taining run buffers.

EXPERIMENTAL

Chemicals and reagents
Dimethindene maleate was obtained from

Zyma (Nyon, Switzerland). N-Demethyldi
methindene, N-demethyl-6-methoxydimethin
dene, 6-methoxydimethindene and the enantio
mers of dimethindene [(S)- (+)- and (R)- (-)-]
were prepared by Radler and Blaschke [8] and
dimethindene-N-oxide was synthesized by Prien
and Blaschke [9]. a-, f3- and y-cyclodextrin (a-,
f3- and y-CD), methyl-f3-cyclodextrin [ME-f3
CD, molar substitution (MS) = 1.8], hydroxy
ethyl-f3-cyclodextrin (HE-f3-CD, MS = 1.0),
hydroxypropyl-f3-cyclodextrin (HP-f3-CD, MS =
0.9) and hydroxypropyl-f3-cyclodextrin (HP-f3-
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x =H: 4Ur4

X = eH3 : Th4

o
l[ =H. aF4Ur4
l[ =CB3 : aFTh4

test mixture was approximately 10-5 M in Milli
Q water.

Capillary electrophoresis
CE was performed on a Spectraphoresis 500

(Spectra Physics, San Jose, CA, USA) coupled
to a Model 3396 seriesII integrator (Hewlett
Packard, Avondale, PA, USA). Fused-silica
capillaries (70 cm x 75 /Lm I.D.) were obtained
from Spectra Physics. pH adjustments of sodium
tetraborate buffer were performed with a 0.1 M
boric acid solution or a 0.5 M sodium hydroxide
solution.

EXPERIMENTAL

Fig. L Structures of dUrd and Thd, and their anomers and
isomers.

capillary electrophoresis (CE) was investigated,
to speed up the assay. Previous work on CE of
nucleosides includes polyacrylamide gel electro
phoresis [3], micellar electrokinetic chromatog
raphy (MECC) [4-9] and capillary zone electro
phoresis (CZE) at pH values ~ 7 [10-14].

Chemicals
dUrd and Thd were purchased from Janssen

Chimica (Beerse, Belgium). aFdUrd and aFThd
were synthesized according to a previously pub
lished procedure [15]. The synthesis of the other
compounds is described elsewhere [16]. Re
agents were of analytical grade (Merck, Darm
stadt, Germany) and Milli-Q water (Millipore,
Milford, MA, U.S.A.) was used throughout. The
concentration of each of the compounds in the

RESULTS AND DISCUSSION

To develop a suitable CE method for the
resolution of dUrd and its anomer and isomers,
the influence of the pH and concentration of the
buffer, applied voltage and temperature was
successively investigated. Preliminary studies
using sodium glycinate buffer of pH 10.8, sodium
phosphate buffer of pH 9.3 and sodium tetrabo
rate buffer of pH 9.5 and 20 mM each had shown
that the latter gave the best separation of the
four compounds. The influence of the pH was
thus studied using sodium tetraborate buffers
and the results of the pH study are summarized
in Table I. The separation parameters were
calculated following instructions for liquid chro
matography in the European Pharmacopoeia
[17], for example: resolution = 1.18 x (difference
in migration times of the peaks)/(sum of peak
widths at hillf of the peak height). It can be seen
that the resolution of aFdUrd and dUrd changes
drastically in the neighbourhood of the pKa of
dUrd (pKa = 9.3). Mobility diminishes with a pH
increase, because the ionization of the com
pounds and thus the electrophoretic repulsion
from the cathode, increases. The increase in
electroosmotic flow velocity is apparently less
than the increase in electrophoretic velocity. For
SUbsequent studies a pH of 9.5 was chosen
because it yielded a fairly good separation com
bined with symmetrical peaks. This pH is
furthermore obtained when making a 20 mM
solution of sodium tetraborate in Milli-Q water
without any further pH adjustment.

Table II shows the results of experiments in

l[ =H: ap4Ur4
l[ =CH 3 , aPTh4
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