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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

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 contradictions
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.

Vienna (Austria) Martin Potschka
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pH effects on non-ideal protein size-exclusion
chromatography on Superose 6

Shun L. Edwards®™ and Paul L. Dubin*

Department of Chemistry, Indiana University—Purdue University at Indianapolis, 1125 East 38th Street,

Indianapolis, IN 46205-2810 (USA)

ABSTRACT

The retention behavior of five globular proteins (ribonuclease, lysozyme, B-lactoglobulin, serum albumin, y-globulin) was
determined on Superose 6 in low ionic strength (0.02-0.04 M) mobile phases of high, intermediate and low pH (10.0, 7.0, 4.3).
Quantitative assessments of attractive or repulsive solute-packing interactions were made by comparing the chromatographic
partition coefficient to the value obtained for non-interacting spherical solutes on the same column. The dependence of this
“non-ideal” adsorption or exclusion on net protein charge is complex, but not very sensitive to protein type. The results suggests
that on size-exclusion chromatography packings that behave as weak cation-exchange resins the electrostatic solute-packing
interaction is not governed by a highly localized set of a few charged sites.

INTRODUCTION

Ion-exchange chromatography (IEC) is a key
tool in the analysis and preparative separation of
peptides and proteins (see, for example, ref. 1).
There is a considerable divergence of viewpoints
about the fundamental nature of protein-sub-
strate interactions in IEC. At one extreme, it has
been proposed that a well-defined, localized set
of charged amino acid groups on a protein react
in a stoichiometric manner with a complemen-
tary set of fixed charges on the packing, releasing
an identical number Z (e.g. three or four) of
small ions [2]. This classical ion-exchange model
attributes the effect of ionic strength (which
always diminishes the capacity factor k') to a
mass-action equilibrium in which the small ions
with charge opposite to the fixed charges on the
packing play the role of ‘“displacer ions” [3].
Applying to this concept the treatment of Board-

* Corresponding author.
* Present address: Eli Lilly and Company, Indianapolis, IN
46285, USA.

0021-9673/93/$06.00

man and Partridge [4], Drager and Regnier [5]
obtained a linear dependence of In k£’ on In M
(where M, the molarity of the displacer ion, is
the ionic strength for univalent electrolyte
mobile phases) with a slope of Z. Linear plots in
support of this model were reported for
B-lactoglobulin on Mono-Q, a strong anion-ex-
change resin [2].

A completely different point of view results if
the attractive force between protein and packing
is considered to be the result of relatively long-
range, spatially averaged interactions between
two surface of opposite charge [6]. The role of
the small ions is then via Debye—Hiickel screen-
ing, and the dependence of k' on ionic strength
(I) is quite different [7]. In support of this
viewpoint, we note the result of Haggerty and
Lenhoff [8] who found excellent correlation
between k' and the protein mean surface poten-
tial, calculated using the molecular modeling
software program Delphi [9]. From this perspec-
tive, a quasi-global protein charge, not a local
one, controls interaction, and no complementary
ion-pairing is envisioned. The treatment of Stahl-
berg [6] follows similar lines, and explicitly states

© 1993 Elsevier Science Publishers B.V. All rights reserved



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 may or 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 should 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 / can thus be examined over
several decades of 1.

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' = (v,/v)”" = t/t,. 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

Ksee = (Ve = Vo) /I(V, — Vp) (1)

where V, is the observed elution volume, V,, that
of the aforementioned large solute, and V, the
elution volume of a compound similar in size to
the solvent. However, V,, does not correspond to
the unretained solute embodied in k', and the
dependence of Kiz- on I would mix together
size and interaction effects. The unretained sol-
ute with retention time ¢, 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 . 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, />0.2 mobile phase. That the
combined K¢~ 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 1>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¢ 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

Ribonuclease (R-5503)
Lysozyme (L-6876)
B-Lactoglobulin (L-2506)
Albumin (A-7906)
7v-Globulin (G-5009)

Bovine pancreas
Egg white
Bovine milk
Bovine serum
Bovine

MW pl R, (nm)® R, (nm)®
13700 9.0 1.75 1.90
14 000 11.0 1.85 2.0
35000 52 2.7 2.65
66 000 4.9 3.5 3.4

150 000 7.0 5.6 -

“ All from Sigma, except y-globulin also supplied by CalBiochem.

® Literature sources for Rg and R, as cited in ref. 12.

EXPERIMENTAL

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 Rg 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.

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 B-pump
and an Altex 210A valve with either a 20-, 50- or
100-u1 loop. A Rheodyne 0.2-um 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-um

Gelman filters before injection. Ky was de-
termined according to eqn. 1 with V,, determined
from the retention of either 2-10° MW dextran
or 4-10° MW poly(ethyleneoxide) as 6.50 ml,
and V, determined from the retention of dextrose
as 19.98 ml.

RESULTS AND DISCUSSION

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; pH7.0,1=0.04 M; pH 4.3, I =0.03 M, and
pH 10.0, I =0.02 M. The results are presented in
Fig. 1A for pH 7.0, and Fig. 1B for pH 4.3 and
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Fig. 1. Dependence of K12 on protein radius, on Superose

6, in various buffers. A: (A) pH 7.0, 1=0.04 M; (O) pH 7.0,
I=0.02M.B: (A)pH4.3,7=0.02M; (®)pH 10.0,1=0.03
M. Insert shows the “ideal curve” generated from data for
pullulan (O), ficolls (O) and dendrimers (A) (see ref. 12)
corresponding to the solid lines in A and B.
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10.0. The data are presented as K vs. R, since
this linearizes the ““ideal curve” obtained for the
non-interacting spherical solutes, which is shown
as the solid line in Fig. 1A 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 p/ values. Potschka has described
these deviations in terms of the horizontal dis-
placements, i.e. AR, and for SEC in the repul-
sive range attributes the negative values of AR 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 “AR” 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)
AR has no physical meaning in the case of
attraction. Nevertheless, the horizontal displace-
ments of the protein data from the “ideal” curve
in Fig. 1A 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 AR is analyzed on the
basis of net charge. Fig. 2 shows the dependence
of AR on the net protein charge, obtained from
published titration data [21-23]. Note that AR <
0 refers to repulsion, and AR >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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Fig. 2. Data from Fig. 1 plotted as AR vs. Z, where AR is the
horizontal separation between the “ideal curve” and the
datum (such that positive AR corresponds to late elution, or
attraction, and negative AR to early elution or repulsion) and
Z is the net protein charge. In pH 4.3, 1=0.03 M eluent:
O = lysozyme; V =RNAse; A =BSA; < = B-lactoglobulin;
O = y-globulin. In pH 7.0, I=0.02 M eluent; 0 = lysozyme;
V =RNAse; A =BSA; © = B-lactoglobulin; © = y-globulin.
In pH 7.0, I =0.04 M eluent: ¥ = RNAse; A=BSA; ®=8-
lactoglobulin; @ = y-globulin. In pH 10, I =0.03 M eluent:
B = lysozyme; ¥ = RNAse; A = BSA; ¢ = 8-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 Z: small positive
increments in Z at pH<pl produce large
changes in AR; comparable changes in AR in the
repulsive regime require much larger absolute
increments in |—Z|. It could be argued, correct-
ly, that Fig. 2 fails to represent the packing
charge, which is changing along with Z, as pH
falls. However, the effect of diminishing pH as
one progresses in the positive direction from
Z =0 should be a decrease in packing charge;
nevertheless, AR rises rapidly in the range 0<
Z<12.

The observation of a common curve, even
with some strong individual departures, suggests
that both repulsive and attractive forces are
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primarily coulombic, and —to a first approxi-
mation— more strongly influenced by net pro-
tein charge than local charge. It is indisputable
that retention on strongly charged columns is
often governed by “charge patches”, i.e. pro-
teins may show strong retention on the “wrong
side” of their p[ values [2], but this appears to be
less the case for electrostatic attraction on weak-
ly charged SEC columns. A reasonable hypoth-
esis is that the lower charge density of the SEC
column results in a less steep minimum in the
orientational energy of “bound” protein, and
that the greater orientational mobility of the
“bound” protein means that more charged
groups may make some contribution to inter-
action with the packing.

Last, we discuss the asymmetry of Fig. 2, i.e.
the apparently stronger effect of change in Z on
AR in the attractive regime. Two possibilities
may be considered. The first involves fundamen-
tal differences between attractive and repulsive
forces, the latter being inherently more long-
range. Repulsive interactions may sample the
total population of charges on a protein to a
greater extent that attractive ones. The effect of
a single positive charge on attractive interaction
with the anionic packing may thus be greater
than the effect of one additional negative charge
on the repulsion, because the orientation of the
protein at the packing surface is more likely to
favor the proximity of the former, and diminish
the proximity of the latter. The second consid-
eration is packing charge, which changes along
with pH to the extent that the Superose iono-
phores are carboxylic acid. For acidic proteins,
such as BSA, diminution in the pH below pl
should produce compensating effects, inasmuch
as the protein charge (positive) increases while
the packing charge diminishes. For highly basic
proteins, for which p/ is well above pK, of any
weak acid packing ionophores, such effects are
expected to be negligible in the vicinity of Z = 0.
A prerequisite to further analysis along these
lines is the titration curve of Superose 6, which is
one of the objectives of ongoing work.
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ABSTRACT

A new method for the determination of pore size distribution in porous materials has been developed. The method is based on
measuring the probability of solubilized macromolecules to penetrate the pore space of a solid substrate. In the absence of any
interaction between the macromolecules and the matrix of the porous material, the value of the probability is determined only by
ratio of sizes of the macromolecules and the pores. A special software package was developed for slit, cylindrical, and mixed

pores.

INTRODUCTION

Porous structure is one of the most important
characteristics of numerous materials. Several
analytical methods are available to investigate
pore size characteristics including mercury
porosimetry [1], adsorption of the vapour of
inert solvents [2], and small-angle X-ray scatter-
ing [3].

The first two methods can be used only for
porous materials in the desolvated state. Small-
angle X-ray scattering is used to study the
structure of polymer materials in the swollen
state. This method is complex regarding both the
performance of the experiment and the interpre-
tation of results and is therefore seldom used in
investigations of porous materials. The porosi-
metric patterns obtained by these methods usual-
ly differ.

The method of macromolecular porosimetry
can serve as a universal method for determina-
tion of pore structure. It is particularly effica-
cious for the porosimetry of sorbents used in the
chromatography of polymers, since the pore size
distribution determined by the aid of this method

* Corresponding author.

corresponds to the chromatographic distribution
of the macromolecules.

The first attempts to determine pore sizes of
porous materials by means of the macromolecu-
lar porosimetry were made in the early 1970s
[4-6]. A number of different approaches to
verify this method have been proposed [7-21].
The most advanced from them has been de-
veloped in ref. 20, where the authors could
reduce the problem of solving of the integral
equation to a simple algebraic equation. How-
ever, their approach is valid only for hard
spherical macromolecules. In this paper we re-
port further development of the porosimetry
method using a special approach for the model-
ing of flexible chain macromolecules. We have
also developed a special software package and
two different experimental methods for the de-
termination of pore size distribution in porous
materials.

THEORY

Solubilized macromolecules are used as
specific probes in the method of macromolecular
porosimetry. Unlike solutions of low-molecular-
mass substances, a polymer solution is a kind of
“double” statistical ensemble. On the one hand,

0021-9673/93/$06.00  © 1993 Elsevier Science Publishers B.V. All rights reserved
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it is an ensemble consisting of macromolecules as
structural elements. On the other hand, each
macromolecule can be considered as a statistical
ensemble of elementary segments. Each of these
ensembles obeys the laws of thermodynamics
and statistical physics with all the ensuing con-
sequences. For example, the concepts of thermo-
dynamic potentials, free energy, entropy, etc.
can be used to characterize both the state of the
whole polymer solution and that of the indi-
vidual macromolecules [22]. The interdepen-
dence between the changes in the state of the
macromolecules and the solution as a whole
leads to relationships that have not been ob-
served in the behavior of the solutions of low-
molecular-mass  substances in the porous
medium.

In the absence of any adsorption interaction
between macromolecules and the matrix of the
porous medium, reliable expressions for the
distribution coefficient (K,) value for macromol-
ecules with different shapes are known [23]. The
K, expressions for spherical macromolecules
(proteins, ficols) have recently been validated
experimentally [24]. It is possible to write these
expressions using only one equation with differ-
ent meanings for the pore shape parameter [23]:

K,=(1~-RI/r)" (1)

where g =1, 2 or 3 for spherical, cylindrical and
split pores respectively.

For the slit case we should take into account
the existence of wedge-shaped pores; the model
used to account for the varying angle of pore
walls must be an average of all angles present in
the specific porous material being investigated
(see Fig. 1). For example, if for the wedge-
shaped pores the variation of the angle ranges
from 60 to 90° then we replaced eqn. 1 with

K,=1- (R/r)(ﬁ/n)f *(1/sin x) dx
w3

=1-RI/(r,,/1.05) (2)

where r,, corresponds to the average pore radius
for the usual slit model, and r is the average
effective pore radius taking into account the
slope between pore walls

r=r, /105 3)
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____ solvent environment

B __| pore volume inaccessable to macromolecule

] alumina

Fig. 1. Model of wedge-shaped macropore in Unisphere
alumina.

Flexible-chain macromolecules do not have a
definite form and size. Their conformations are
changing continuously, and we can observe only
some average states. For such kind of macro-
molecules the coefficient of distribution between
free solution and a porous medium is determined
by changing the number of macromolecular
conformation when a macromolecule may enter
into a pore of the medium [25]. However, it was
possible to obtain the expression for K of these
macromolecules only without taking into account
an interaction of macromolecular segments with
the solvent. Perhaps, it is a reason why theoret-
ical and experimental data are in poor agreement
[25].

Meanwhile, it was shown [26] that distribution
of flexible-chain macromolecules between free
solution and porous medium is determined by
ratio of their hydrodynamic radius (R,) and
pore radius r. The (R,) value is an average
characteristic of the macromolecule. It is equal
to the radius of an equivalent hydrodynamic
sphere which behaves itself like the macromole-
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cule during the interphase transition. In princi-
ple, we can assign to each macromolecular
conformation an equivalent sphere [8]. Then, for
all conformations we will have an ensemble of
such equivalent spheres with radii R,. Averaging
according to this ensemble gives us (R, ) value
for the macromolecule. We can suggest, that the
distribution R, values in this ensemble obeys
Gauss’ law

G(R,) = 4m(2m(R})) 7"’ R} exp(—3R;/2(R}))
(4)

where (R}) is the mean square sphere radius of
the ensemble of the equivalent spheres.

Now, we can use eqn. 1 to calculate K, value
for each sphere from the ensemble G(R,,) in eqn.
4. Averaging according to all spheres of the
ensemble has to give the observing value for the
coefficient of distribution. Taking into account
that any porous material has a distribution of
pore sizes P(r), we must average the K, expres-
sion according to the pore size distribution. As a
result, we obtain

KR = [ B6) [ (1= RyTGR) dR, O
©)

Eqn. 5 shows that we can calculate the K, value
for a macromolecule with an average size of
hydrodynamic radius (R, ) if the pore size dis-
tribution P(r) and the shape of the pores are
known.

It is possible also to solve a reverse problem:
to calculate the pore size distribution P(r) from
eqn. 5 using known value for distribution coeffi-
cient K,({R,)). We can use for this goal differ-
‘ent kinds of macromolecules: proteins, ficols, or
flexible-chain coils with known R, values. How-
ever, in each particular case we should apply the
function G(R,) in a different expression. For
flexible-chain macromolecules this is the function
G from eqn. 4; for proteins this is a delta
function, for ficols this is a special distribution.
This is the basis for the new porosimetric meth-
od: macromolecular porosimetry, in which
solubilized macromolecules are used as specific
probes to determine pore size distribution in any
porous medium.

11
EXPERIMENTAL

To measure the distribution coefficient K of
macromolecules between a free solution and a
porous medium being investigated we can use
two different types of experiment: batch (static)
mode and chromatographic (dynamic) mode.

Static experiment

A known amount of the porous medium being
investigated is placed into test tube and is
flooded by a macromolecular solution with
known concentration. The solution penetrates
into the pore space of the medium and dis-
tributes between two phases of the system (free
volume and pores) owing to a tendency towards
thermodynamic equilibrium. As a result, the
concentration of macromolecules in free volume
became to be less than in primary solution. This
decreasing of the concentration is a function of
the ratio pore and macromolecules sizes, pore
size distribution, and shapes of the pores.

If we use C, as the concentration of our
primary solution, then C, and C, are the concen-
trations in the free volume and porous space of
the medium after setting of the thermodynamic
equilibrium. We will call C, the concentration of
a secondary solution. Now we can write

VoCo =V,C, +V,C, (6)

where V, is a primary volume of the solution, V,
is a volume of the free solution, and V, is pore
volume.

It is true that

Vo=V, +V, @)

Now, using the‘ standard definition for the K,
value, we can rewrite eqn. 6 as

K,=C,/C,=X(V,IV,) - V,IV, (8)
where
X=C,/C, )

To determine ratios V;/V, and V,/V, we can
use the following phenomenon: the distribution
coefficient for the largest macromolecules is
equal to zero if pores of the medium being
investigated are not available for the macro-
molecules because of their sizes.
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K,=0=X,(V,/V,) - V,IV, (10)

where X, is the ratio (eqn. 9) for the macro-
molecules with K; =0. We have from eqn. 10

ViIVy=X, (11)
Combining eqns. 7 and 11 we can obtain
WiVy=1-X; (12)
Now we can rewrite eqn. 8
Ki=(X-Xp)/(1-X,) (13)

To determine the values X, and X we should
measure the concentrations C, of the biggest
macromolecules (with K,=0) and different
other macromolecules into the free volume of
our test tube. Knowledge of the primary concen-
trations C, led us to calculate the X, and X
values according to eqn. 9. The easiest way to
measure C,/C, values is the injection of the
primary and secondary solutions into a chro-
matographic column and carrying out a size-
exclusion chromatographic (SEC) experiment.
Since the area under the SEC chromatogram is
proportional to the concentration, the ratio of
these areas for primary and secondary solutions
gives X and X, values.

Dynamic experiment

In this experimental mode a chromatographic
column is packed with porous material to be
investigated. Then solutions of different macro-
molecules have to run through this column in the
SEC mode. Known standard procedure allow us
to determine very easily the distribution coeffi-
cients for these macromolecules:

Ky=(=1,)/(t; — 1) (14)

where ¢ is the retention time for macromolecules
with given size, ¢, is the retention time for largest
macromolecules with K, =0, and ¢, is retention
time for low molecular weight substances with
K;=1.

RESULTS
Silica gel G, Nucleosil 100, and the blend of

60% silica gel G and 40% Nucleosil 100 were
investigated by means of the static experiment.
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TABLE 1

EXPERIMENTAL K, VALUES FOR SILICA GEL G,
NUCLEOSIL 100, AND BLEND FOR DIFFERENT
MOLECULAR MASS POLYSTYRENES

M, K,

Silica Nucleosil Bilend

gel G 100
580 0.677 0.767 0.715
2450 0.497 0.647 0.560
9200 0.150 0.332 0.115
22000 0.074 0.169 0.225
66 000 0.009 0.030 0.018
170 000 0.003 0.009 0.004
333000 0.001 0.002 0.001
3040000 0.000 0.000 0.000

Polystyrene standards were used as macro-
molecular probes. Tetrahydrofuran was chosen
as the solvent. Table I shows the distribution
coefficients for polystyrene standards with differ-
ent molecular masses.

The software which was developed in this
work, allowed us to calculate on the basis of eqn.
5 a pore size distribution P(r) for each of these
porous materials. The distributions for silica gel
G and Nucleosil 100 were sought as triangles (i.e.
the coordinates of their tops). We attempted to
achieve the best coincides between experimental
values of the distribution coefficients of macro-
molecules with different molecular weights and
K, value calculated via eqn. 5 using the cylindri-
cal pore model (the value of g equals 1).

Finally, for silica gel G we have obtained P(r)
function with the following parameters: the left
top on the base line of the triangle has coordi-
nate r=15 A; right top: r=35 A; and top at
maximum: 30 A. The corresponding coordinates
for Nucleosil 100 are 35, 55 and 50 A, respective-
ly. For the pore size distribution of these a blend
of these porous materials we have obtained a
superposition of these two triangles (Fig. 2).

A dynamic mode for pore size determinating
was used for new sorbent for SEC: Unisphere
alumina (Al,O,) (Biotage, Charlottesville, VA,
USA) [27-29]. This is a new modification of the
old known alumina particles. Unisphere alumina
particles look like crystals extending radially
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Fig. 2. Pore size distribution for silica gel G (——) and Nucleosil 100 (- - -).
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Fig. 3. Typical SEC chromatogram for polystyrene mixture on column packed with Unisphere alumina. Polystyrene standard
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outward from a central core i.e. giving wedge-
shaped macropores. Each individual plate also
contains micropores whose shape is largely cylin-
-drical. Thus the Unisphere alumina particles
have a bimodal pore size distribution (PSD). It is
known that sorbents with this type of PSD may
give good separation of macromolecules ranging
from oligomers to high polymers [30].

To check the sensitivity of the macromolecular
porosimetry method to small changes of PSD,
three different modifications of the Unisphere
alumina have been investigated. Two are coated
with different amounts of polysiloxane and one is
not coated. The chromatographic columns have
been packed with these different alumina par-
ticles. Each column has been installed in a liquid
chromatograph employing tetrahydrofuran as
mobile phase. Different mixtures, containing
different polystyrene standards, were evaluated
using these columns. Thus a total of seventeen
polystyrene standards from a molecular mass of
580 to 8.5-10° plus toluene, were used. Fig. 3
shows a typical chromatogram from one of these

L.Z. Vilenchik et al. | J. Chromatogr. 648 (1993) 9-17

experiments with a polystyrene mixture contain-
ing five standards. Molecular mass (M) calibra-
tion curves were determined for the alumina
columns, and appear in Fig. 4. The retention
volume V,, of the polystyrene standard with M =
8500000 was taken to be the exclusion volume
of the column, and the retention volume V, of
toluene was also taken to be the total volume of
the column. The K, for the standards was
determined according to the eqn. 14, where
retention times ¢, and ¢, correspond to the values
V, and V,. Table II shows the experimental and
theoretical values (according to eqns. 14 and 5,
respectively) for the coefficient of distribution K
for all the polystyrene standards used in the
experiment for each of the three chromatograph-
ic columns (coated and uncoated). A plot of K,
versus log polystyrene molecular mass for all
three columns appears in Fig. 5. There is signifi-
cant differentiation in the low-molecular-mass
range only. For polymer molecular mass greater
than 10° the coefficients of distribution are all
similar. The addition of polysiloxane coating

2 aor

3 N

2.0 + + + + }

RETENTION VOLUME

Fig. 4. Calibration of column packed with Unisphere alumina.

6.0 6.5 7.0 7.5 8.0 8.5 9.0

Il
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m]

9.5  10.0 10.5  11.0
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TABLE II

EXPERIMENTAL AND CALCULATED K, VALUES FOR THREE DIFFERENT MODIFICATIONS OF UNISPHERE
ALUMINA FOR POLYSTYRENES OF DIFFERENT MOLECULAR MASS

exp = Experimental; calc = calculated; Al = alumina; +15% and +20% = +15% siloxane and +20% siloxane, respectively.

Log M {R,) K (exp), K (calo), K, (exp), K ;(calc), K, (exp), K 4(calc),
Al Al Al+15% Al+15% Al+20% . Al +20%

2.76 6.2 0.95 0.95 0.89 0.89 0.87 0.85
3.23 10.3 0.92 0.91 0.80 0.83 0.76 0.77
3.39 12.3 0.91 0.89 0.78 0.80 0.73 0.73
3.51 14.1 0.90 0.88 0.76 0.78 0.70 0.71
3.96 231 0.80 0.81 0.70 0.69 0.60 0.60
4.06 26.3 0.77 0.78 0.68 0.67 0.57 0.58
4.34 379 0.69 0.70 0.62 0.61 0.52 0.52
4.46 44 0.66 0.67 0.60 0.59 0.50 0.50
4.56 49 0.62 0.64 0.59 0.58 0.48 0.49
4.82 71 0.53 0.55 0.53 0.53 0.44 0.44
5.19 116 0.45 0.44 0.45 0.46 0.38 0.38
5.23 122 0.44 0.43 0.44 0.45 0.37 0.37
5.52 178 0.37 0.36 0.37 0.38 0.32 0.31
5.57 189 0.36 0.35 0.36 0.37 0.30 0.30
6.01 341 0.23 0.23 0.23 0.23 0.20 0.19
6.47 621 0.1 0.11 0.10 0.10 0.09 0.08
6.93 1137 0.02 0.03 0.02 0.03 0.02 0.02

1.0 + + + t + t t t t
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0.17 @ 4

0.0 + t + = t + t t t

2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0
log M

Fig. 5. Distribution coefficient of polystyrene versus log M for three different modifications of Unisphere alumina. A=
Unisphere; O = Unisphere + 15% siloxane; © = Unisphere + 20% siloxane.
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Fig. 6. Pore size distribution for three different modifications of Unisphere alumina. —— = Unisphere; - - - = Unisphere + 15%

siloxane; — — — = Unisphere + 20% siloxane.

does not significantly affect distribution coeffi-
cient for macromolecules of M = 10°.

The theoretical values for the coefficients of
distribution were obtained by means of the same
computer program which was used to calculate
PSD for the blend of silica gel G and Nucleosil
100. All the data are shown in Table II. The
functions of the distribution of the pore sizes
were chosen to give the best coincidence of the
theoretical and experimental K, for all seventeen
polystyrene standards. It was found that these
functions are bimodal distributions. For the
mode of distribution with small pore size we
used cylindrical model and for the large pore size
mode we used a wedge-shaped model with angle
averaging as described in eqn. 2. The key param-
eters that define these functions are the upper
and lower limits of each mode of distribution,
their maxima, and the relative fraction of the
two modes. We have obtained the distribution
functions for the three materials as shown in Fig.
6. As this figure shows, each mode of the
distribution represents approximately equal frac-
tions of the total pore volume. After coating
with polysiloxane, due to the resulting change in

the net pore size distribution, the K coefficients
for low-molecular-mass polystyrenes significantly
decrease while for high molecular mass only a
minor decrease is observed. Presumably the loss
of pore volume in the small pore size mode is
due to pore filling by the coating.

Comparison of these results with data ob-
tained via BET shows a good coincidence for
small pore size (Fig. 7). Unfortunately the BET
method is unable to determine the distribution of
pore sizes over the total range of large PSD.

CONCLUSIONS

It is possible to use macromolecules as probes,
in either a static or dynamic mode, to determine
pore size distribution of porous solids. The
distribution of these macromolecular probes be-
tween the pore space and the interparticle space
is a function of molecular size relative to the
pore size, shape, and distribution thereof. The
approaches developed in this and earlier work
[4-21] are the basis of a new porosimetric
method.
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perspective
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ABSTRACT

Modern media for size-exclusion chromatography combine maximum selectivity with high plate count to resolve solutes
differing in molecular mass by as little as 20%. Separations of solutes differing in molecular mass by only 10% will be very hard to
accomplish even for rod-shaped molecules. The reduced column lengths and porosity of small-particle-sized media unfortunately
reduces the inherent resolving power to the same order as traditional columns but with a substantial reduction in analysis time.
The use of well-calibrated columns for obtaining estimates of molecular mass yields a precision close to that of absolute methods.
The simplicity and accuracy of the integral calibration method using a sample of broad molecular mass distribution makes this
procedure very suitable for manual calibration of size-exclusion columns.

The objective of analytical size-exclusion chro-
matography is to separate components of differ-
ent size well enough to permit their quantitative
and/or qualitative determination. The purpose
of this communication is to review the present
status of size-exclusion chromatography as a tool
for analytical characterization of macromole-
cules.

SEPARATION OF COMPONENTS

Separation is achieved by passing the sample
through a porous support. The degree of separa-
tion may be quantified by the resolution between
peaks. The resolution is a function of the dis-
tance between peaks and the width of the peaks.
The peak-to-peak distance, or selectivity, is
determined by the number and dimension(s) of
the pores and is thus set by the characteristics of
the gel medium. The width of peaks is influenced
by the particle size of the medium. The res-
olution is also affected by experimental parame-
ters such as column length, eluent velocity and
solvent viscosity.

The maximum selectivity of size-exclusion gel
media is obtained by using single pore size

0021-9673/93/$06.00

supports. For such a support it may be shown
that the separation range covers approximately
one decade in solute radius [1]. Owing to the
different relationships between molecular mass
and size for solutes of different shape the selec-
tivity for one decade in size will correspond to
one, two and three decades in mass for rods,
flexible coils and spheres, respectively [2]. Some
traditional media for aqueous SEC display such
high selectivity (e.g. Sephadex and Bio-Gel).
Porous glass also yields high selectivity owing to
the narrow pore size distribution introduced by
the manufacturing process [1]. One example of a
modern medium constructed to give high selec-
tivity is porous silica microspheres, where the
pore dimension is given by the space between
solid silica sub-microspheres of uniform size [3].
A novel medium for aqueous size-exclusion
chromatography combines the rigidity of a ma-
croreticular gel with the selectivity of the mi-
croreticular gel by the incorporation of dextran
into a cross-linked agarose skeleton. The selec-
tivity, as shown in Fig. 1, is close to maximal.
This type of medium is preferentially used for
separations where differences in solute size are
minute. One such example is the analysis of

© 1993 Elsevier Science Publishers B.V. All rights reserved
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"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 I.D. using a fast protein liquid
chromatography system. The molecular mass corresponding
to peak elution volume was converted to solute radius
through R, =0.271M°**® (ref. 1). (Raw data used by cour-
tesy of ref. 4.)

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

The theoretical limit of resolution, R, in size-
exclusion chromatography may be inferred from

the resolution equation [5]:
R,=1/4-log(M,/M,)-N""*
[-d(Kp)/d(log M)]/(V,/V, + Kp) )]

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

Az0om Monomer
0.0114
0.0104 "
Oligomer
Dimer
0.008
6 8 10 12 14 (min)

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
thGH, was applied to Superdex 75 HR 10/30, 30 x 1 cm
I.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.
Lundstrém, Pharmacia.)
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is the distribution coefficient, d(K,)/d(log M) is
the molecular mass selectivity of the medium, V;
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 o =0, and V; =
V[1+V,/V(Ky —1)] in the formula N = (V; /o)
and realizing that the maximal plate count is
obtained for small solutes, i.e. N, = (V,/a,),
eqn. 1 can be rearranged to:

log (M,/M,) =4R (V,/V, + 1)(N,,

-1/2
ax)

1/[~d(Kp)/ d(log M)] )

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 =r/2, where r is the pore radius of the support
[1]. Using a cylindrical pore model it can be

Molecular mass ratio

10.00 Sphere ()
9.00 \ ------- Col ()
8.3 1 ~ === sphere (o)
7.00 Cot (ho}
o0t 0N Reatr)
5.00 \ = — = — Red{hp)

4.00
3.00
200 4

1.00 + J
1000 2800 4600 6400 8200 10000
Nmax

Fig. 3. Resolvability of size-exclusion chromatography. The
molecular mass ratio needed for complete resolution of
solutes, i.e. R, = 1.5 as a function of column plate number is
given for various solute shapes and column permeabilities.
Curves plotted in order as given by the explanation. Per-
meability, V,/V,, is for low-porous media (Ip)=0.75 and
high-porous media (hp) = 2.0. Calculated from eqn. 2.
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shown that the inflexion point for a single pore
size support is given by [1]:

|d(K,)/d(log R)|,.., = In (10)/2=1.15 3)

In terms of molecular mass the maximal selec-
tivity will equal 1.15 for rods, 1.15/2 for fiexible
coils and 1.15/3 for spheres. The selectivity for
proteins is frequently reported to exceed 0.38.
This is probably because the shape of globular
proteins is ellipsoidal and may not be approxi-
mated by spheres.

The resolvability, i.e. the ability to completely
resolve solutes of different sizes, as a function of
plate number of different solute shapes and
media pore volumes is shown in Figs. 3 and 4.
As illustrated in Fig. 3 most media, including
traditional ones, will separate solutes differing a
decade in molecular mass. Also noticeable is the
large influence of the pore fraction, V,/V,, of the
media on the resolvability. The maximal resolv-
ability that can be expected from size-exclusion
chromatography is shown by Fig. 4. Whereas a
separation of dimer from monomer may be
expected from a 30-cm column packed with a
10-um bead, typically yielding N,,,, = 10000 (see
Fig. 2), separation of proteins differing in molec-
ular mass by less than 20% will be difficult also
with columns of extreme plate numbers. The
limit for rod-shaped molecules, such as DNA,
seems to be in the vicinity of 10%. Thus, if the
molecular mass of solutes of similar shape differs
by less than 10%, separation by some principle
other than size should be explored.

Motecular mass ratio
2.00
1.90
1.80
170 T,
1.60
1.50
1.40
1.30 -,
1.20
1.10
1.00

10000 28000 46000 64000 82000 100000

Nmax

Fig. 4. Resolvability of size-exclusion chromatography using
columns of extreme plate counts. Conditions as given in the
legend to Fig. 3.
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It is important to note that high selectivity
yields a low separation range and this is not
always desired. For instance, when analysing
molecular mass distributions, a separation range
covering the complete size range of solute
species is required to yield accurate information.
It may also be noted that the decrease in column
length and pore fraction of modern microparticu-
late media for size-exclusion chromatography
results in lower peak capacity, i.e. resolvability,
than expected from plate count data. A com-
parison of peak capacities of different media—
column combinations shows a maximum of thir-
teen completely resolved peaks for both modern
and traditional columns [6]. However, the latter
type of columns may be operated very fast
without too much loss in resolvability as com-
pared with traditional media.

DETERMINATION OF SOLUTE SIZE

The size of solutes may be determined either
by using a calibrated system or by employing a
size-specific detector. In the first case the column
is calibrated with the aid of standards of known
size and preferably of the same geometry as the
solute to be characterized. Such systems have
been utilized for many years for the characteriza-
tion of molecular mass distributions of polymers.
The systems have proven to be very reliable and
the major contribution to variability stems from
inaccuracy in the data for the calibration samples
[7]. The accuracy of the calibration is verified by
running reference samples. The reference ma-
terials are characterized by an absolute method,
e.g. light scattering, and the small variability of
this technique over an extended period of time is
illustrated in Fig. 5. Corresponding data for
some different calibrated column systems are
shown in Fig. 6. It can be concluded that the
variability of the two methods is of the same
order of magnitude, i.e. displaying a relative
standard deviation of approximately 2%, illus-
trating that size-exclusion chromatography yields
data of high precision.

The calibration procedure of the column may
be very tedious, involving running a large
number of samples, plotting an estimate of the
molecular mass versus elution volume and then
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74000

0 §2 104 156 208 260 312 364 416 468 520 572 624
Week

Fig. 5. Weight-average molecular mass, M, for a control
dextran as determined by light scattering over a period of 12
years. Filled squares represent data obtained with Sofica 2;
number of data, n =223, mean value, x = 67431, and stan-
dard deviation, s=1337. Open squares represents data
obtained with KMX-6; n =361, x=67253 and s=1621.
(Raw data used by courtesy of ref. 8.)

fitting a high-degree polynomial or another func-
tion to the data points. The procedure requires
the use of a computer for convenient handling of
the calculations. The use of high-degree polyno-
mials for curve fitting may introduce unexpected
variations of the curve, especially at the ex-
tremes of the calibration range.

Recently, Hagel and Andersson [9] illustrated
the use of the integral calibration method for a
rapid, simple and accurate calibration of columns
in solute size. In this method, the entire dis-
tribution is used for calibration, thus providing a
very large number of data points, which obviates

Mw
74000
72000
70000
1] * :

o .
66000 - o e v

. . Q * ] L)
64000 . .

L]
62000
60000
0 2 4 6 8 10 12 14
Testsystem

Fig. 6. Weight-average molecular mass, M,, for a control
dextran as determined by size-exclusion chromatography.
The same sample as used in Fig. 5 was analysed using
different gels and columns yielding x = 65824, s = 1337 with
n=25. (Raw data used by courtesy of ref. 8.)
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the need for any curve-fitting procedure.
Furthermore, by selecting a calibration substance
of sufficiently broad molecular mass distribution,
the separation range of interest may be cali-
brated from a single run. The prerequisite is that
the molecular mass distribution of the calibration
substance must be accurately known. The meth-
od, as applied for determination of solute size of
proteins using dextran as calibration sample, is
illustrated in Fig. 7. The sample was run on the
column to be calibrated (Superose 6), and the
cumulative weight fraction of eluted material was
calculated simply by reading the response from
the recorder chart at successive intervals and
normalizing the data, as shown in Fig. 7a. The
molecular mass corresponding to each slice of
cumulative area was calculated from the known
molecular mass distribution of the sample (Fig.
7b) and plotted as a function of retention volume
(Fig. 7c). Finally, the molecular mass was trans-
ferred to viscosity (hydrodynamic) radius by
using the relationship R, = 0.271M°%*® (ref. 1),
to yield the final calibration curve in solute size
(Fig. 7d). This type of calibration is useful for
estimation of size of globular proteins [10-12],
and the applicability is illustrated by the evalua-
tion of apparent size of some proteins as com-
pared with literature data in Table I. The accura-
cy of this simple procedure is in this case better
than 5%. Furthermore, peak molecular mass for
narrow dextran fractions is in excellent agree-
ment with the nominal data given by the manu-
facturer. Thus, for many investigations the very
simple and time-saving integral calibration meth-
od yields sufficient accuracy and precision for the
determination of molecular mass of dextran and
apparent solute size of globular proteins. As
pointed out by Yau et al. [13], the method yields
less precise calibration in the extremes of the size
distribution of the calibration sample owing to
column band broadening and experimental im-
precision. However, by choosing a sample of
broad size distribution a sufficient size range is
easily covered, i.e. the dextran used in this case
yields a calibration range form 2.7 to 11.5 nm.
In case the column is used for obtaining
molecular mass distributions, the band broaden-
ing of the column will influence the experimen-
tally determined estimates. Models for correc-
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Fig. 7. Illustration of the integral calibration method using dextran of broad molecular mass distribution. (a) The dextran sample
with M, = 70450 and number-average molecular mass, M, = 27 650 was chromatographed on Superose 6 packed in a 315 X 16
mm I.D. column and eluted at 1 ml/min using 0.25 M sodium chloride. The cumulative area was calculated from the peak height
at 36 successive elution volumes and plotted. (b) The molecular mass distribution as obtained using a carefully calibrated gel
filtration column. (c) The resulting calibration curve from data in Fig. 7a and b. (d) The calibration curve in viscosity radius of
dextran using the relationship R, =0.271- M*** (ref. 1). From ref. 9.

tion of band broadening often assume that the
extent of band broadening is constant over the
entire separation range. However, in reality
band broadening may vary quite considerably,
especially at high eluent velocity, where non-
equilibrium effects cause large broadening of
solute bands of higher molecular mass [6]. Appli-
cation of band-broadening corrections have
therefore been questioned, and some authors
have found that correction procedures introduce
errors rather than eliminate them [14,15]. The
band-broadening effect may be minimized by
. operating the column at optimal eluent velocity
where band broadening is minimal [5]. Using the
equations proposed by Yau et al. [16], it may be
calculated that the error in experimental molecu-

lar mass is +1 to +2% for the weight average
and -1 to —2% for the number average when

-analysing samples on 10-, 30- or 100-xm medium

packed in 25-, 50- or 100-cm-long columns,
respectively (the larger errors are obtained for
the larger particle sizes). The interstitial eluent
velocity required may be estimated from u =
65K,D,,/d,, where D,, is the diffusion coeffi-
cient of the solute and d, is the average particle
size of the gel medium [5]. Band broadening will
influence the molecular mass estimates, as out-
lined above, if the column is calibrated using the
molecular mass corresponding to the peak apex
(i.e. since the position of the peak is not affected
by the band broadening). The effect of band
broadening may in some cases be compensated
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TABLE 1
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ESTIMATION OF MOLECULAR MASS AND SOLUTE RADIUS

Note that data in parentheses are for solutes eluted outside the recommended calibration range (see text for explanation).

Solute Measured Nominal
Mdexlran Rh(nm)a Mpeak ’ RSl(nm)c Rh(nm)d

Dextran 195 300 11.7 196 300

Dextran 191 500 11.6 196 300

Dextran 66 880 6.8 66 700

Dextran 19310 3.7 21400

Dextran (7230 2.3) 9980

Thyroglobulin 102 619 8.4 8.1,8.5 8.3
Ferritin 47 890 5.8 5.9 6.1
Bovine serum albumin 19305 37 3.6 3.6
Myoglobin (5914 2.0) 2.0
Cytochrome ¢ (4452 1.8) 1.7 1.6

“ Measured R, =0.271 - (M 4% from ref. 1.

dextran )

* Nominal data from the manufacturer’s literature for dextrans (Pharmacosmos).

¢ Stokes radii from ref. 10.
4 Viscosity radii from ref. 11.

for in the calibration procedure by using an
iterative procedure, such as the one described by
Nilsson and Nilsson [17], where the calibration is
adjusted to yield conventionally true values of
weight-average molar mass. For samples of simi-
lar polydispersity a correct estimate of the weight
average will then be obtained. However, the
experimental number-average molecular mass
will, in theory, always be smaller than the true
value. In both cases it may be expected that the
molecular mass distribution will be somewhat
broader than the true distribution. In most cases
the effect from band broadening will be very
small, especially for samples of large polydis-
persity [15], as also illustrated by the accuracy of
the integral calibration procedure in Table I.
The use of size-sensitive detectors coupled on-
line with size-exclusion columns has gained in-
creased popularity. In this case the column is
solely used for fractionation of the solutes into
sufficiently narrow fraction slices for the oper-
ation of the detectors. Advantages are that
column calibration is not necessary for most
studies and that useful information is obtained
even in the case of non-ideal size-exclusion
chromatography. Detection principles used are

based upon classical principles such as light
scattering and viscosimetry and may be regarded
as a refinement of earlier used batch procedures.
Of these principles, the use of light scattering at
several angles using laser light sources seems to
be very promising for yielding data related to
solute size and conformation. The high sensitivi-
ty for solutes of large size also makes light-
scattering detectors suitable for the detection of
very small amounts of aggregates in samples for
which detectors ordinarily used, e.g. UV or
refractive index, show low response. A third
principle for determination of molecular mass
that is becoming feasible is the interfacing of
microcolumns for size-exclusion chromatography
with mass spectrometers. However, most of
these detectors are rather sophisticated and only
suitable for research purposes, and there is still a
need for inexpensive and user-friendly detectors
suitable for routine laboratory use.

CONCLUSIONS
Resolvability of size-exclusion chromatog-

raphy seems to be close to 20% with respect to
difference in molecular mass of spherical solutes
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and somewhat better, i.e. down to 10% differ-
ence in molecular mass, for rod-shaped mole-
cules.

Use of multiple detection principles on-line
with the column yields valuable information
about solute size, shape and branching. Detec-
tors suitable for routine purposes will be very
useful for detection of aggregates and also for
revealing solute—matrix interactions.

The traditional way of working, through use of
calibrated columns for determination of apparent
size, is still dominant and my be employed also
by laboratories lacking facilities for data acquisi-
tion and computing by using the simple integral
calibration procedure with broad standard(s) of
known molecular mass distribution(s).
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APPENDIX

Derivation of eqn. 2 from eqn. 1 is done in the
following way:

R,=1/4-log(M,/M,)-N""*
[—d(Kp)/d(log M)]/(Vy/V, + Kp) )
Using the following relationships;
N = (Vi /o)? (according to the definition of N)
o = o, (at optimal conditions, see ref. 6)
Ve =Vy + KpV, =V (V, + KpV,)/V,
=V(V, + KpV,) (Vo + V)
=V.(V,/V, + Kp)/(V,/V, +1)
yields
N2 = (Vala) = (V/o)¥,/V, + Kp)/ (V,/V, +1)
=(N

max

)2 Vol V, + Kp) (V! V, +1)

o= (V./a)? is the maximal plate count
for a small solute (i.e. the nominal plate count

where N,
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stated by the manufacturer). Eqn. 1 is thus given
by:

R,=1/4-log (M,/M,)- (N,..)""*
- (V! V, + Kp) (Vo !V, +1)
[~d(Kp)/d(log M)]/(Vy/V, + Kp)
=1/4-log (M,/M,)- (N,,)""*
-1/(V,/V, + 1)[-d(Kp)/d(log M)]
which rearranged yields
log (M,/M,) = 4R,(V,/V,, + D)(Nppa) ™
-1/[-d(Kp)/d(log M)] (2)
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Mean square radius of molecules and secondary
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ABSTRACT

In a chromatographic separation such as size-exclusion chromatography, the concentrations of the injected molecules are
generally so low by the time they reach the light-scattering (LS) detector that terms involving the second virial coefficient may be
neglected in the equations which relate the measured Rayleigh excess ratio to the derived molecular weights and sizes. For
sufficiently large molecules (root mean square radius greater than about 10 nm for 633 nm incident light wavelength), the root
mean square radius may be calculated independently of the molecular concentration from the Rayleigh ratios measured as a
function of scattering angle. Precise measurements of the root mean square radius are presented for some nearly monodisperse
polystyrene standards. These measurements confirm that the eluting molecules have a nearly constant size over a relatively broad
range of elution volumes, yet the corresponding mass values are not constant. This inconsistency is shown to be due to a
secondary instrumental broadening (IB) of the sample which occurs primarily in the refractive index detector which follows the
LS detector. This secondary IB, which may be calculated from the distorted mass versus elution volume curves, is shown to vary

with molecular mass.

Consider the following equation [1] which is
based on the Rayleigh-Gans—Debye (RGD)
approximation [2] in the limit of vanishingly
small molecular concentrations, ¢, and which
forms the basis for the interpretation of light
scattering measurements made from solutions of
macromolecules of weight-average molecular
mass M,,.

K*c _ 1
R(6)  M,P(9)

+2A,c 9]

The left-hand side of eqn. 1 represents the

quantities measured and the right-hand side
includes the unknown quantities to be deter-
mined by means of a least squares fit to the
experimental data. In particular, R(6) is the
excess Rayleigh ratio,

R(0) = fyeoml(6) — 15(0)]/1 )

where I(9) is the intensity of light scattered by
the solution into the solid angle subtended by the
detector at the scattering angle 6, I (@) is the

0021-9673/93/$06.00

corresponding quantity for the pure solvent, I; is
the incident intensity, and f,.,, is an absolute
calibration constant- that is a function of the
scattering geometry, the structure of the (scatter-
ing) cell containing the solution, and the refrac-
tive indices of the solvent and scattering cell.
The physical constant K* for vertically polarized
incident light is given by

K* = 4n*(dn/dcy*ntI(NAL) 3)

where n, is the solvent refractive index, N, is
Avogadro’s number, A, is the vacuum wave-
length of the incident light, and dn/dc is the
refractive index increment. The second virial
coefficient is A,. The scattering function, P(6),
is a function of the half scattering angle /2 and
the mean square radius, (r;):

47rn, sin 6/2\?
P(o)=1—<——"°;—) (ra)/3
0
+azsin40/2—~- 4)

© 1993 Elsevier Science Publishers B.V. All rights reserved
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where

(rz =%Jr2 dm %)

and a, and higher order coefficients [3,4] in this
sin? 9/2 series are constants dependent on the
structure of the molecules. Note that the integral
of eqn. 5 is the definition of the mean square
radius. The integration (or summation) is taken
over all mass elements dm of a molecule of mass
M at a distance r from the molecule’s center of
gravity. The mean square radius is not the same
as the so-called hydrodynamic radius.

At the very low concentrations typical of high-
performance size-exclusion chromatography
(HPSEC), the determination of the mean square
radius [5] from the recorded light scattering data
as a function of angle is easily shown to be
independent of the concentration, c, the refrac-
tive index increment, dn/dc, and the weight-
average molecular mass, M. Note that at such
low concentrations when 2M,A,c <<1, eqn. 1
reduces to the simple form

R(®) _
K* ~

i.e. P(9) is directly proportional to R(f) and the
results of ref. 5 follow. (This is true even for the
case of heterogeneous co-polymers as long as
only one molecular species is present in each
detected eluting fraction. If more than a single
species is present in any fraction, then they must
all have approximately the same refractive index
increment, dn/dc). Indeed, the mean square
radius may always be determined even for elu-
tion regions where there is no differential refrac-
tive index (DRI) detector signal. All that is
required is that the light scattering signals at the
various detectors (angles) be sufficiently strong
so that the coefficient of the term linear in
sin® 6/2 of eqn. 4 may be determined [5]-

Fig. 1 illustrates an excellent example of a
strong light scattering signal without a corre-
sponding DRI signal. In the foreground is the
DRI signal (marked at the right with the smail
symbol ri) as a function of elution volume while
the excess Rayleigh ratios, R(6), at the different
angles collected by the DAWN detector (Wyatt
Technology Corporation, Santa Barbara, CA,

McP(6), (6)
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Fig. 1. Rayleigh excess ratio as a function of scattering angle
(detector) from a set of biopolymers showing the presence of
a large aggregate whose corresponding DRI signal is negli-
gible. This fraction, which yields a very intense and steep
variation of scattered light intensity, is shown at the smallest
elution volume to the left of the figure.

USA), are shown behind, also as a function of
elution volume. The sample was comprised of a
set of biopolymers (in an aqueous buffered
solution) used for calibration purposes in
HPSEC measurements. At the smallest elution is
seen the light scattering signature of a very large
aggregate which produces no DRI signal. The
z-average root mean square radius for this peak
is over 64 nm and easily calculated independent-
ly of the concentration, dn/dc, and M, values.
A great number of papers have been written
[6-10] concerning so-called band broadening or
instrumental -broadening (IB) effects and the
corrections to the measured data required to
recover the correct mass distribution present in
the separated sample. Although by far the great-
est broadening occurs within the columns, a
smaller, secondary broadening may occur in the
mass detector that follows them. With a light-
scattering (LS) detector inserted between the
columns and the mass detector, the broadening
that occurs within the column will not affect the
derived weight-average molecular masses as long
as the concentration at each eluting slice is
known as it reaches the LS detector. Unfor-
tunately, the concentration variation itself may
be distorted by the secondary instrumental
broadening that occurs after the LS detector.
The slight distortions in concentration profiles
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that are due to the large DRI dead volumes,
- tubing mismatches, and other flaws in the sub-
sequent chromatographic are rarely important
when measuring polymers of relatively broad
distribution. Such secondary distortions, how-
ever, become very important for extremely nar-
row standards such as those used frequently for
system calibration for conventional HPSEC.
Perhaps of more immediate importance are
protein applications where even the slightest
instrumental band broadening can yield un-
reasonable molecular distributions for species
known to be monodisperse.

What has been developed here is the ability to
measure the secondary IB effects directly without
disturbing the measurement by introducing an
additional detector. It may be reasoned that the
secondary broadening caused by a DRI detector
may be measured easily by placing two such
detectors in sequence. Such an arrangement
permits only a determination of the difference of
the DRI response profile which, in turn, requires
a somewhat complex deconvolution to extract
the functional form of the net broadening of a
single detector. Most DRI detectors, further-
more, have very large diameter tubing after their
detection cell (to reduce back pressure) which
would affect secondary IB were it not (usually)
the last element of the HPSEC system. Using
very narrow standards whose root mean square
radii are accurately measurable, a light scattering
detector can be used to determine most of the
broadening of the sample that occurs in the
region between the columns and the end of the
DRI detector cell, as will be shown presently.
For the measurements reported here, only about
17% of the volume contributing to the secondary
IB is in the LS detector itself. This will have a
small effect on the derived secondary IB which is
due primarily to the large volume of tubing often
required by the DRI detector to maintain ther-
mal stability.

Fig. 2 presents the excess Rayleigh ratio as a
function of detector (angle) measured with a
DAWN light scattering detector (A = 632.8 nm)
from a sample of three polystyrene standards
(Pressure Chemical Co., Pittsburgh, PA, USA;
lot numbers 30121, 50912 and 80317) separated

using two mixed-bed Shodex (Showa Denko, .
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Fig. 2. Rayleigh excess ratio as a function of scattering angle
(detector) from three polystyrene standards and contrasted
with the corresponding signal from the RI detector, shown in
the foreground.

Tokyo, Japan) KF 80M columns at a tetrahydro-
furan flow-rate of 1.0 ml/min. Shown in the
foreground is the RI signal from a Waters 410
detector, suitably corrected for a volume delay
of 173 ml. (This delay volume is made up of
approximately 30 ul from DAWN instrument, 11
w1 from the tubing connecting the DAWN to the
Waters 410 and a dead volume in the Waters 410
from the inlet to the end of the DRI cell of 133
wl. Although the actual cell volume of the
Waters 410 is given by the manufacturer as 56
unl, a large tubing dead volume is needed to
assure good temperature stability, especially at
high flow-rates.) The signals from some detectors
have been dropped because of noise. Fig. 3

Golts

——— o i n

: T
volume <mi)

Fig. 3. Light scattering signal from the detector at 90° from
Fig. 1 overlaid with the signal from the DRI detector and
corrected for the delay volume between the DRI and DAWN
instruments. The central region of each peak corresponding
approximately to the full width at half maximum is indicated
by each pair of vertical bars.



30

shows the 90° light-scattering signal (DAWN
detector 11) overlaid with the DRI signal which
is corrected for the 173-ul delay volume. The
central regions of each peak, defined approxi-
mately as the peak full width at half maximum,
are clearly indicated by the vertical bars. The
three corresponding weight average molecular
masses for these regions as marked are 606 000,
217000 and 31300, respectively. The corre-
sponding masses mixed and injected in a 100-u1
loop were 9.5-107%,1.7-107" and 2.7-10 ' mg,
respectively.

Table I presents the software (ASTRA, Wyatt)
generated light-scattering characteristics of the
three narrow regions delineated in Fig. 3. These
include the number-, weight- and z-average
molecular masses (M,, M, and M,), the corre-
sponding weighted root mean square radii r,_,,
re—w and r,_. and finally the sample polydispersi-
ty defined as the ratio M_,/M_ . The columns
used for the separation were not optimal as
evident from the overlap seen in Fig. 3 between
the two larger samples. Nevertheless, the small
sample fractions delineated in Fig. 3 may have
considerably smaller polydispersities than the
corresponding fotal samples.

Fig. 4 shows the root mean square radius as a
function of elution volume for the three regions
selected. Note that for the smallest, 30000,
fraction, the size cannot be clearly derived since
it is below the limits of resolution for the 632.8-
nm laser wavelength used. Figs. 5 and 6 present,
respectively, the corresponding mass variations
for the two largest fractions based on calculation
by eqn. 1 with the concentration profile gener-
ated by the inline DRI detector. Since the root
mean square radii for these fractions are con-
stant, the corresponding masses also must be
constant. Thus any deviation from mass con-

TABLE 1
MOLECULAR MOMENTS FROM LIGHT SCATTERING

Root Hean Square Radius
8
T
“
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Fig. 4. Root mean square radius versus elution volume for
the three regions indicated in Fig. 2.

stancy must be due entirely to a distortion of the
concentration profile at the DRI detector due to
secondary broadening effects.

If the weight-average molecular mass at a slice

x 10°
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Fig. 5. Apparent mass variation with elution volume for the
606 000 fraction of Fig. 2.

Peak M, M, M, Ton Toow e, M,/M,
1 605 870 606120 606 360 317 317 31.7 1.0004
2 216450 216 550 216 650 16.9 16.9 16.9 1.0005
3 31271 31297 31321 6.9 6.9 6.9 1.0008
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Fig. 6. Apparent mass variation with elution volume for the
217000 fraction of Fig. 2.

i is given by M, and the corresponding concen-
tration is ¢;, then we have immediately the
relationship between the erroneously calculated
mass M} and the secondary IB distorted concen-
tration, c;, as

M: ¢

M P (7)
However, since M, must be constant (=M, say)
at each slice in the region (since the (rz) values
are constant), the corrected concentration c; for
each region where the eluting mass is constant is
given simply by

¢;=pc;=cMI/M (8)

The weight-average molecular mass of the
monodisperse sample, M,,, may be determined
independently of the HPSEC-derived value (as-
sumed to be slightly in error due to secondary
IB) by performing an off-line Zimm [1] plot
analysis of the unseparated sample. Thus the
secondary instrumental broadening may be mea-
sured directly by means of effectively monodis-
perse standards whose root mean square radii
may be determined accurately to be constant
over a reasonable range of elution volumes. As
pointed out for Gugliotta et al. [10] for the case
of low-angle light scattering (a subset of the
more general form discussed here), the response
for a strictly monodisperse sample is propor-
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tional to the product of the concentration and
molecular mass. Since the molecular mass is
constant, the recorded concentration response is
directly proportional to the standard spreading
function, g(¢), i.e.

gy =c;=¢'(n) 9

Although Alba and Meira [11] state that
truly monodisperse synthetic polymers are
“...impossible to obtain...”, the measure-
ments reported here of size monodispersity,
confirm that for selected eluting regions, such
monodispersity is small enough to permit the
deduction of secondary IB. For example, even
with the mass variations shown in Figs. 4 and 5,
the corresponding polydispersities (M,,/M,) are
calculated to be 1.0004 and 1.0005, respectively.
Introducing a constant mass for each of these
fractions reduces the corresponding polydisper-
sities to 1.0000 and 1.0001, respectively. The
latter deviation from unity is due entirely to the
slight experimental uncertainties. The apparently
small uncorrected values have been discussed
above.

Although no measure of the mean square
radius of the smaller 31300 fraction is possible,
the calculated polydispersity shown in Table I
suggests that it too may be quite monodisperse.
On this basis, it is instructive to examine the
dilution factors p for all three mass fractions as a
function of ¢ —t,, where f, corresponds to the
time at which the peak concentration is detected
(in seconds) at the DRI detector. These are
shown in the abbreviated Table II. (The data
were collected every second and only every third
point is shown. These data have been smoothed
by replacing each value with a three-point aver-
age including the values of its two adjacent
slices.) At a flow-rate of 1 ml/min, each second
corresponds to approximately 16.7 ul. Some
rather interesting observations may be made
from these results. The dilution factors (sec-
ondary IB factors, p) are not symmetric (proba-
bly due to tailing effects in the intervening
volumes); they are a function of molecular mass,
but do not appear to vary monotonically with
molecular mass; and this latter variation most
probably depends on the geometry of the various



32

TABLE 11
DILUTION FACTORS FOR THREE MASS FRACTIONS

=t Pe0s 000 P217 000 P31300
-15 0.9661 0.9584 0.9382
-12 0.9796 0.9619 0.9636
-9 0.9911 0.9727 0.9842
-6 1.0015 0.9870 0.9945
-3 1.0095 1.0016 1.0100
0 1.0167 1.0121 1.0137
3 1.0211 1.0189 1.0230
6 1.0212 1.0216 1.0247
9 1.0154 1.0215 1.0253
12 1.0032 1.0184 1.0204
15 0.9883 1.0115 1.0083
18 0.9681 0.9961 0.9905

“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 IB 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

" P.J. Wyart | J. Chromatogr. 648 (1993) 27-32

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 IB 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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ABSTRACT

Gel permeation chromatography-low-angle laser-light scattering (GPC-LALLS) has been applied to the analysis of high-
molecular-mass polyolefins. It was found that changing the particle size of the column packing from 10 to approximately 50 um
resulted in an increase in the molecular mass of NBS 1476 of from 100000 to 195000. It was also found that changing the
flow-rate from 1.0 to 0.1 ml/min resulted in an increase in the molecular mass of the same sample of from 195 000 to 280 000 for
the large particle size gel columns. Increases were also seen with commercial low-density samples when changing these same
conditions, but the increases were not as large in magnitude. A change in the frit size on the columns did not seem to have an
effect on the measured molecular masses of the NBS 1476 samples. Another finding in this study was that slurry high-density
polyethylene samples which previously had been very difficult to characterize using GPC-LALLS gave much higher molecular
masses which were much more reproducible when characterized using the large particle size columns with low flow-rates.

INTRODUCTION

Since its development as a practical technique
[1-3], classical wide-angle light scattering has
proven to be a very powerful tool for the
polymer chemist studying polyethylene. The
technique can give absolute mass-average molec-
ular masses, second virial coefficients and radii
of gyration of dissolved polyethylene in solution
[4,5]. Its main limitation is its difficulty of use
and the fact that it does not give any information
on the polydispersity of the sample. Conversely,
gel permeation chromatography (GPC) is gener-
ally much easier to use and gives an approxi-
mation of all the molecular mass averages [6,7].
The disadvantages of this technique are that it
requires calibration and it is capable of only
giving an apparent molecular mass for poly-

* Corresponding author.

ethylenes with long chain branching, i.e., low-
density polyethylenes. In theory then, the combi-
nation of these two polymer characterization
tools should result in a very powerful technique
which should give z-average, mass-average, and
number average molecular masses without
calibration. With the advent of a low-angle laser-
light scattering instrument (LALLS) it is now
possible to combine the two techniques [8-11]
and this has been applied to the analysis of
polyolefins [12-14]. It has also been reported
that the combination of these two characteriza-
tion methods can be used to determine the level
of long chain branching in low-density poly-
ethylenes [15-17].

We have observed many difficulties over the
last few years in our attempts to characterize the
molecular mass of higher-molecular-mass poly-
ethylene resins using GPC-LALLS. These in-
clude poor reproducibility of both the LALLS
and the differential refractive index (DRI) detec-
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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 1
DESCRIPTION OF THE RESINS USED IN THIS STUDY

Resin MI° Density Description

NBS 1475 2.07 0.9784  High-density polyethylene
NBS 1476 1.19  0.9312 Low-density polyethylene
LDPE-A 8.0 0916 Low-density polyethylene
LDPE-B 42 0924 Low-density polyethylene

LLDPE-A 1.0 092 Linear low-density
polyethylene
High-molecular-mass

high-density polyethylene

HMW-HDPE 0.2  0.965

“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 - 10° 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-um 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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TABLE II

DESCRIPTION OF GPC COLUMNS USED IN THIS STUDY

Column manufacturer Particle size (pm)

Column type

Frit size (um)

Polymer Labs.” 10 Mixed bed 3

Polymer Labs.” 20 Mixed bed 5

Polymer Labs.” 20 Mixed bed 10

Phenomenex” 20 Individual pore sizes 10
10%, 10°, 10* A

Waters’ Styragel® 30-60 Individual pore sizes- 10
10°, 10° A

“ Three columns 300 X 7.5 mm in size.
® Three columns 300 X 7.8 mm in size.
“ Three columns 300 X 7.8 mm in size.

“bled” of particles for several weeks. (The
length of time seems to be related to particle size
with the larger particle size gel taking less time).
Second, there must not be any cold spots in the
system which can cause polymer to crystallize.
Finally, the sample must be completely dis-
solved. These steps are somewhat different than
those necessary to obtain good static light scat-
tering data. This requires well filtered solutions
and extremely clean glassware. In GPC-LALLS
it appears that the columns themselves act as a
very efficient filtration system and alleviate the
necessity of cleaning glassware and often even
filtering the samples.

Another big challenge in characterizing poly-
ethylene is data interpretation. The LALLS
detector often detects small amounts of polymer,
sometimes referred to as microgel, which is not
detected by the DRI detector. This is because
the LALLS detector response is proportional to
both the mass-average molecular mass and the
concentration, whereas the DRI detector re-
sponse is only proportional to the concentration.
An example of this is shown in Fig. 1. Here one
can see that there is a small amount of poly-
ethylene which is not “seen’” by the DRI detec-
tor, but gives a very strong response from the
LALLS photomultiplier tube. This indicates that
the polymer is very low in concentration, but
very high in molecular mass. If one were to use
the standard calculations to calculate the molecu-
lar mass of this sample, i.e., see eqn. 1 below,
the mass-average molecular mass would be

under predicted because the DRI detector re-
sponse has returned to baseline where there is
still a LALLS detector response.

Kc, 1

R, =M, "4 1)

wi

In equation 1 above, K is the optical constant
defined in eqn. 2 below, c; is the concentration at
each elution volume, R, is Rayleigh’s ratio at
each elution volume, M,; is the mass-average
molecular mass of the sample at each elution
volume, and A,, is the second virial coefficient at
each elution volume.

27’n’ (dn\? )
K= AN, '(dc) (1+cos“9) 2)

In eqn. 2 # has its normal value, n is the
refractive index of the solution, A is the wave-
length of light, N, is Avogadro’s number, (dn/
dc) is the refractive index increment, and 8 is the

LALLS Response

Datector Respona.
8 8 3

18 20 25 30 as L 45
Enstion Vohuma (i)

Fig. 1. DRI and LALLS detector responses for NBS 1476.
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angle of the measurement. In low-angle laser-
light scattering 6 is typically less than 10 and
(1 + cos?9) reduces to a value of two.

The molecular mass calculated from eqn. 1 for
the data in Fig. 1 is 105000 g/mol. This value is
obviously low since at several of the early elution
volumes the concentration is zero. A way to get
a better approximation of the mass-average
molecular mass of this sample is to use the
method first described by Martin [23] (eqn. 3
below). In this method the total area of the
LALLS detector response and the total concen-
tration are used. The value obtained for the data
in Fig. 1 by this method is 122000 g/mol.
Although the value here is higher it is still much
lower than the value found for static light scat-
tering for NBS 1476.

k. total peak area of the LALLS signal
Kk s total peak area of the DRI signal

3

Here k_ is the proportionality constant be-
tween the signal of the DRI detector and the
concentration, k, ¢ is the similar constant for the
LALLS detector signal, and K is defined in eqn.
2 above. A potential disadvantage of this equa-
tion is that the second virial coefficient cannot be
used since the concentration is not calculated at
each elution volume. This is not a problem for
polyethylene, however, since the value of the
second virial coefficient in TCB is so low [12].

Another problem which we have experienced
is specific to high-molecular-mass, high-density
polyethylenes (HMW-HDPEs). This problem is
best described as a lack of reproducibility and a
large amount of spiking as shown in Fig. 2 and
Table III. Fig. 2 shows the LALLS detector
response for a typical HMW-HDPE sample run
using the Polymer Labs.” 10-um columns and a
1.0 ml/min flow-rate. As can be seen, there is a
tremendous amount of spiking present. The data
in Table III were calculated using the area under
the LALLS detector response for 5 samples run
back to back. These data may actually be a little
misleading, since they were smoothed and de-
spiked before being reduced.

To address this problem, we began a study to
evaluate several different column particle sizes

M, =

Detsctor Response
§ 8 8

o
8

10 [t 20 2% 30 as
Erution Votume (e}

Fig. 2. LALLS detector response for HMW-HDPEs. Poly-
mer Labs.” 10-um columns, 1.0 ml/min flow-rate.

and frit sizes to determine if the problems we
were seeing with HMW-HDPEs were a result of
shear degradation in the columns. Table I de-
scribes the samples used, Table II describes the
columns used and Tables IV-VIII show the
results of a flow-rate study using each of the
column sets.

NBS 1475 was used as a standard to show that
the instrument was operating properly. As indi-

" TABLE III

GPC-LALLS REPRODUCIBILITY STUDY OF HMW-
HDPE RESIN USING POLYMER LABS.” 10-um COL-
UMNS AND A 1.0 ml/min FLOW-RATE

Run M,

1 2.36-10°
2 2.84-10°
3 2.56-10°
4 2.70-10°
5 2.50-10°
R.S.D. (%) 7.1
TABLE 1V

GPC-LALLS RESULTS ON THE POLYMER LABS.” 10-
um GPC COLUMNS

Resin M,

1.0 ml/min 0.2 ml/min 0.1 ml/min
NBS 1475 5.4-10* 5.33-10* 5.67-10°
NBS 1476 1.01-10° 1.34-10° 1.4-10°
LDPE-A 4.62-10° - 4.77-10°
LDPE-B 2.7-10° - 2.91-10°
LLDPE-A  1.25-10° - 1.33-10°
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TABLE V

GPC-LALLS RESULTS ON POLYMER LABS.’ 20-um
PARTICLE SIZE COLUMNS WITH 10-um FRITS

Resin M,

1.0 ml/min 0.2 ml/min 0.1 ml/min
NBS 1475 5.18-10* 5.21-10* 5.27-10*
NBS 1476 1.17-10° 1.58-10° 1.99-10°
LDPE-A 5.41-10° 5.51-10° 5.85-10°
LDPE-B 2.95-10° 3.05-10° 3.19-10°
LLDPE-A 1.25-10° 1.27-10° 1.23-10°

TABLE VI

GPC-LALLS RESULTS ON POLYMER LABS.” 20-um
PARTICLE SIZE COLUMNS WITH 5-um FRITS

Sample M,

1.0 ml/min 0.2 ml/min 0.1 ml/min
NBS 1475 5.55-10* 5.43-10* -
NBS 1476 1.20-10° 1.65-10° -
TABLE VII

GPC-LALLS RESULTS ON PHENOMENEX 20-um
PARTICLE SIZE COLUMNS WITH A 10-um FRIT

Sample M,

1.0 ml/min 0.2 ml/min 0.1 ml/min
NBS 1475 5.2-10* - -
NBS 1476 1.09-10° - -
TABLE VIII
GPC-LALLS RESULTS FOR THE WATERS
STYRAGEL COLUMNS
Resin M,

1.0 ml/min 0.2 ml/min 0.1 ml/min
NBS 1475 6.1-10° 5.38-10° 5.7-10*
NBS 1476 1.95-10° 2.07-10° 2.77-10°
LDPE-A 6:32-10° 6.17-10° 6.25-10°
LDPE-B 3.64-10° 3.41-10° 3.55-10°
LLDPE-A 1.44-10° 1.37-10° 1.45-10°
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Fig. 3. LALLS detector response for NBS 1476. Polymer
Labs.” 10-um columns.

cated in Tables IV-VIII, the mass-average mo-
lecular mass of NBS 1475 was consistently
around 55 000 g/mol and was independent of the
flow-rate or column set used. Conversely, the
molecular mass of NBS 1476 varied dramatically
with flow-rate and particle size of the column
packing. This is shown in Figs. 3-5 and Tables
IV, V and VIII. These data strongly suggest that
NBS 1476 is shear degraded as it passes through
the GPC columns, since the molecular mass is
dependent on both particle size and flow-rate.
Interestingly, in Fig. 5 there is an extra peak in
the LALLS detector response around an elution
volume of 11 ml. This is most likely totally
excluded polymer. At the lower flow-rates this
very-high-molecular-mass polymer has more
time to diffuse into and out of void spaces and is
retained a little, thus the peak does not appear at
the lower flow-rates. It probably does not appear
in the other smaller particle size column sets
because it is shear degraded down to a smaller
size.

Another interesting finding of this study was

a
8

LALLS Detector Response
8

35

Butlon Votums (ml)

Fig. 4. LALLS detector response for NBS 1476. Polymer
Labs.” 20-um columns.
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that the mass-average molecular mass of NBS
1476 was up around 280000 g/mol. This is
higher than had been found before. However,
Stejskal et al. [4] found a molecular mass of
254 000 g/mol and suggested that the molecular
mass could be higher because of errors which
occur in extrapolating to zero concentration and
angle in the Zimm plot.

Frit size did not seem to make a difference.
This is demonstrated by comparing the molecu-
lar mass of NBS 1476 determined using the
Polymer Labs.” 20-um columns with 5- and 10-
pm frit sizes. This seems reasonable since the
post-column filter size is much smaller, i.e., 0.5
versus 5 and 10 pm.

We also investigated two commercial low-den-
sity products and a linear-low-density product to
determine if the molecular mass of these resins
was affected by flow-rate. These samples are
described in Table I and the molecular mass data
are shown in Tables IV, V and VIII. The values
- show that varying the flow-rate had very little
effect on the molecular mass of the LLDPE
resin. There was an effect on the two LDPEs,
however, it was much smaller than the effect on
NBS 1476. The most likely explanation for this
phenomenon is that these samples did not con-
tain the small amount of very-high-molecular-
mass polymer which NBS 1476 contains. It is this
very-high-molecular-mass polymer or microgel
which is sensitive to the shear degradation.

Another interesting finding of this flow-rate
and particle size study was that the spiking found
typically for HMW-HDPE resins disappeared
when the flow-rate was at 0.2 ml/min or less.
This finding was very exciting and allowed us to

5 10 15 20 2 30 3s
Ewtion Volume tmi)

Fig. 5. LALLS detector response for NBS 1476. Waters’
Styragel columns.

TABLE IX

GPC-LALLS REPRODUCIBILITY STUDY USING WA-
TERS’ STYRAGEL COLUMNS WITH 0.1 ml/min FLLOW-
RATE

Run M

w

1 1.60-10°
2 1.57-10°
3 1.55-10°
4 1.63-10°
5 1.64-10°
R.S.D. (%) 2.4

greatly improve the reproducibility of our molec-
ular mass characterization of these resins. The
results of a reproducibility study for the same
sample shown in Fig. 2 and Table III are shown
in Table IX. An overlay of the LALLS detector
responses are shown in Fig. 6. As indicated in
Table IX, the data at the lower flow-rates with
the larger particle size columns is much more
reproducible and the molecular masses are much
higher. In the past spiking has been attributed to
incomplete dissolution of HMW-HDPEs even
though dissolution is carried out well above the
melting point of the polymer [25]. The data here
indicates that the spiking may be attributed to a
chromatographic phenomenon, perhaps polariza-
tion as described by Giddings [19]. The polariza-
tion effect could cause high molecular mass
polymer to concentrate and thus come out of
solution.

The results of this study indicate that there is
severe shear degradation occurring during the
passage of NBS 1476 through smaller particle
size GPC columns. This finding successfully
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Fig. 6. LALLS detector response for HMW-HDPE. Waters’
Styragel columns, 0.1 ml/min flow-rate.
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explains the discrepancy which has existed in the
literature for several years between the molecu-
lar mass of NBS 1476 determined using the
GPC-LALLS technique and the molecular mass
determined using static light scattering. This
finding will also allow us to determine more
accurate molecular masses for higher-molecular-
mass polyethylenes. Finally, a method was de-
veloped which allows us to characterize the
molecular mass of HMW-HDPEs.
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Mechanism of size-exclusion chromatography

I. Role of convection and obstructed diffusion in
size-exclusion chromatography

M. Potschka
Porzellangasse 19/2/9, A-1090 Vienna (Austria)

ABSTRACT

Based on experimental evidence, this paper establishes a proper theory of obstructed diffusion which includes the behaviour of
polyelectrolytes at low ionic strength and has relevance far beyond chromatography. In addition, it establishes the role of
convection in the chromatographic transport process within the porous matrix, which consequently is totally porous and filled with
a slowly moving “stagnant” zone. Convection is a crucial factor for the high resolution of modern HPLC columns and
size-exclusion chromatographic analysis of ultra-large polymers would be impossible otherwise. Convection processes in the
mobile and stagnant zones, of course, are related and a proper description of eddy dispersion thus facilitates understanding of the
process within the pores. The processes of dispersion and retention are demonstrated to be governed by different measures of size
which delimits the tole of transport processes in the mechanism of retention and provides information on the asymmetry of
polymer shape by the same experiment. The comprehensive interpretation of chromatographic dispersion facilitates a priori
modelling of resolution, improves size distribution analysis via straightforward correction of physical dispersion and certainly

enriches our physical intuition.

INTRODUCTION

Transport through porous media is of rele-
vance not only to chromatography, but also to
heterogeneous catalysis, photographic processes,
membrane separations, enhanced oil recovery,
organ cultures, cell biophysics and more. Ob-
structed diffusion has been observed in all in-
stances and has been studied by a variety of
methods. Contrary to widespread presumption,
however, a proper quantitative theory remains to
be identified. Transport may also occur by con-
vection, which is certainly more complex and less
well understood, both experimentally and theo-
retically.

This paper analyses the factors that determine
peak width (dispersion) in size-exclusion chroma-
tography (SEC). The simultaneous contribution
of a variety of parameters to dispersion can only

0021-9673/93/$06.00

be disentangled by varying the experimental
conditions. Of the many factors, emphasis will
be placed on the mass transfer term C (in Van
Deemter’s terminology), which describes the
hydrodynamic process in the so-called stagnant
zone within the porous matrix. Traditionally this
process is considered to be entirely due to
diffusion, in part because it had been assumed
that the porous beads contained dead-end pores,
a model still found in many textbooks. The
parameters that define this obstructed diffusion
then can be deduced in order to clarity the
theory of diffusion in restricted spaces. Electron
microscopy, however, demonstrates that chro-
matographic media are totally porous (reviewed
in ref. 1). The existence of interconnected flow-
through capillaries rather than of dead-end pores
provides for the possibility that under certain
conditions convection augments, or even domi-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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nates, the mass transport. Unrecognized, derived
parameters of obstructed diffusion would be in
systematic error. Only very limited experimental
evidence is available on the latter problem.

The purpose of this study was to illuminate the
role of convective mass transfer for standard
SEC operation and properly identify it in order
to test unambiguously the theory of obstructed
diffusion. The present investigation also addres-
ses and revises the mobile zone term A, whose
proper functional form and magnitude are cru-
cial for the analysis of convection and diffusion
in the stagnant zone, both because the C-term
quantitatively depends on proper values for the
other factors, and because it conceptually helps
to model the equivalent situation of convection
in the so-called stagnant zone.

As analysis depends on a proper account of all
factors that contribute to peak dispersion and no
up-to-date review is available, the subject is
introduced in the Theory section. To document
the crucial role of convection, its functional
terms are facultatively omitted from data analy-
sis. For the sake of clarity and because of
uncertainty about their correctness, convective
terms are therefore not even included in the
Theory section but are introduced in the second
part of the Discussion. The Theory section thus
provides a refined but still conventional ap-
paratus that the Results section uses for data
analysis. The observed inconsistent variability of
apparent obstruction is taken as evidence for the
occurrence of convection and clearly documents
the magnitudes that properly extended theory
will have to account for via convection. The first
part of the Discussion then compares the ex-
perimental results with previously published data
on obstructed diffusion and with its relevant
theory. Finally, the second part of the discussion
explicitly summarizes the emerging understand-
ing of convection in porous matrices.

THEORY

Hydraulic properties of porous networks
Normal chromatography takes place under
flow and diffusive and convective properties are
closely related to geometric and hydraulic
characteristics. One decisive criterion is the
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regime of flow that one is dealing with: molecu-
lar or continuum, laminar, inertial or turbulent.
To this end, the ratio of inertial force to viscous
force is crucial. This ratio is called the Reynolds
number, Re [2], but its numerical significance
depends on the geometric topology involved. If
we equate the characteristic length with the bead
diameter we obtain for the interstitial volume

_d(pum)-p (g/mi)
Re=—"T00n@p)

_ L (cm)-d (pm)-p (g/ml) .
= 6000 - Vvoid (m]) '7] (CP) - flux (ml/mm)

(1)

where p is the fluid density, 7 its viscosity and ¢
the actual mean linear fluid velocity in the
interstitial space, which should not be confused
with the superficial velocity defined for the
equivalent empty column. Unfortunately, some
workers even interchange the labels for the
various possible definitions of velocity (see, e.g.,
ref. 3). The column parameters are given in
Table 1. -

The use of the total liquid flux in eqn. 1
assumes that flow through the pores contributes
a negligible volume. This will be justified below.
Under normal operating conditions Re <0.01
and the extremal value that can be reached with
say TSK6000PW is Re = 0.04. This is well within
Re < 0.1, which is considered the laminar regime
dominated by viscous forces [4]. This is also the
region of geometric scaling. Inertial effects are
said to become dominant for Re>1 and turbu-
lence starts at ca. 10Re for packed beds [5] and
much later for open-tubular capillaries. The
Reynolds number for the pores is always smaller
than that of the interstitial volume given above.
With liquids one is dealing with the continuum
regime, as the mean free path length in liquids is
of the order of angstroms, i.e., much smaller
than the dimensions of the pores.

Chromatographic columns contain two sizes of
cavities, the interstitial space and the pores
proper, in parallel across the same pressure
drop. According to the Hagen—Poiseuille equa-
tion [6-8], the ratio of the flow-rates is propor-
tional to the square of the ratio of their radii.
The radius of the cavity created by spherical

¢ (cm/s)
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TABLE 1

COLUMN PARAMETERS
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Property Symbol and units TSK6000PW TSK5000PW Superose-6 Superose-12
pH stability range pH 2-12 2-12 1-14 1-14
Maximum back-pressure Ap,... (bar) 5 10 10 20
Shape of beads Spherical Spherical Spherical Spherical
Bead diameter d (pm) 25 (£5)° 17 (£2)° 13(+2) 10(%2)
Column length L (cm) 60 60 30 30
Total column volume V. orumn (1) 26.5 26.5 23.6 23.6
Total liquid volume V,,. (mi) 23.0 21.85 21.75 19.5
Interstitial volume V,oia (ml) ca. 10 10.2 7.0 7.6
V..
Interstitial porosity =T ca. 0.38° 0.38 0.30 0.32
column
. Vior = Veoia
Bead porosity =y Y 0.87 0.71 0.89 0.74
column void
Tortuosity factor” ¢/p, 1.22 1.71 1.18 1.60
Maximum pore radius’ R,., (nm) ca. 370 55 27 13
Average pore radius’ R,,, (nm) ca. 125 36 25 14
10°-[d () (_p, \?
Convective factor Cf= - ) 190 4000 4700 13 000
' TS Ryer m)P T,

° Note that TSK-PW columns are now sold with modified specifications [145].

® Based on similar values for TSK5000PW.
¢ Using eqn. 17 with p,.

4 Measured from the minimum size Rz of solutes that still elute at V,,,, under conditions where interfacial repulsion Ry is a
minimum but without correcting for it. The true R,,,, and pore size distribution are therefore larger than suggested by the table.

¢ From ref. 72, with revision.

beads may be approximated from the diameter
of the bead as [9,10]

=2 B )

where p, is the interstitial porosity and d is the
z-average bead diameter. Close random packing
is not required. Interstitial porosity is a trivial
measure of the quality in packing the column
and is independent of bead size. In the literature
a value of p, =0.36 is considered an optimum
close random packing of spheres [9,11]. For
comparison, hexagonal close packing yields p; =
0.26 [12]. Pore radii are measured chromato-
graphically and typical values are listed in Table
I. The ratio of the interstitial flow-rate to the
flow-rate inside the pores is thus introduced as
the convective factor:

10°- d* (um)< P )2
9-R%_(nm) \1—p;

max

Cf = 3)

Typical Cf values are listed in Table 1. Clearly,
most of the liquid flow is due to the interstices
between the beads in all instances. This is
supported by the observation that the pressure
drop Ap is the same for equally sized beads
regardless of their pore size [13]. ‘
Judged by the Cf values, the liquid of the
porous network within the beads is effectively
stagnant. This justifies the standard model of
SEC in spite of flow-through capillaries, namely
a parallel process of flow between the beads and
diffusion into a stagnant liquid inside the beads.
However, the finite flow that nonetheless is
present in the quasi-stagnant zone may augment
diffusion via convective transport. The role of
convection within the pores is therefore to be
judged by comparison with diffusion rates and
not with bulk flow. A traditional measure of
diffusion rate is the Peclet number, specified
below, which assumes a standard three-dimen-
sional random walk. Numerical factors aside,
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convection dominates the distribution of solute
inside the porous network of the beads whenever
the Peclet number Pe exceeds the convective
factor Cf. According to this rationale the domi-
nant mode of solute transport in the so-called
stagnant zone is expected to be convection for
TSK6000PW but diffusion for Superose-12
(Table I). Fig. 1 illustrates the situation. The
onset of convection is most easily recognized by
analysing peak dispersion. This analysis, which is
presented in the Results section, suggests that
convective transport already contributes in the
case of Superose-6.

To reduce peak dispersion it is obviously
sufficient that the largest pores distribute solute
within the bead by convection. The intervening
region of smaller pores left by the larger ones
forms microbeads with significantly reduced ef-
fective bead diameter. It is for this reason that
eqn. 3 was based on R_,, and not on R,,,.
Recently novel media have been synthesized that
contain a mixture of small and ultra-large pores
to take advantage of these hydraulic properties.
This ‘““perfusion chromatography” [14,15], as it
was called, resembles the properties of conven-
tional wide-pore SEC media as discussed above.

wide pore narrow pore
Fig. 1. Schematic diagram of a porous bead as used for
packing SEC columns. All types of beads are totally porous
and contained well connected flow-through capillaries. In
principle there is always some liquid flow through the interior
channels of the bead. If these pores are narrow the amount
of this flow is insignificant and all of the observed flow of a
column passes around the bead. Materials then enter the
pores exclusively via diffusion. If the pores are wide some
relevant fraction of liquid flow passes through the pores
themselves. This provides for convective transport of materi-
als into the beads.

M. Potschka | J. Chromatogr. 648 (1993) 41-69

The maximum radius R_,, of these media
(Poros; PerSeptive Biosystems, Cambridge, MA,
USA) is only slightly larger than that of
TSK6000PW, but Cf > 40 for the smallest bead
size available.

Van Deemter equation

In the following, extra-column instrumental
dispersion will not be dealt with and is assumed
to be zero for the experimental data presented.
Further, the number of plates is high in all
instances. In the limit of geometric scaling,
classical dispersion analysis then focuses on the
reduced Van Deemter master equation. It has
been derived in many different ways both from
rate theory and from statistical theory. The
reduced plate height & is given as [16]

L 10 L (cm) [w,,(ml)]2

h=AN=3552 d(um) LV @D

B
=A+5-+CPe+P (4)

where L is the column length, d the diameter of
the packing beads, N the number of plates in the
column, V the retention volume, w, the peak
width at half-height and Pe a reduced velocity
called the Peclet number, which is a measure of
the ratio of diffusion time per bead to the flow
time across the same distance times a numerical
factor [2]. Like the diffusion coefficient, it de-
pends on fluid viscosity and temperature. For
water at room temperature (20°C), one obtains

_de_ . L(em)d(pm)
Pe=—1-=0.777- V. (ml)
- flux (ml/min) - R, (nm) &)

where R, is the diffusional Stokes radius and the
other variables are column parameters defined in
Table T together with representative numerical
examples. A, B, C and P are functions that will
be discussed below. If the baseline peak width w,
defined at the 4o level, is used a different
numerical factor applies [17]. In the Van Deem-
ter equation, the use of the Peclet number allows
data obtained with different-sized solutes, differ-
ent flow-rates and different columns to be com-
bined into a single master curve. Similarly, the
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reduced plate height eliminates trivial column
variabilities. Representative experimental Van
Deemter plots are presented in the Resuits
section. In the following the functional form of
the Van Deemter terms is summarized with due
account of diverging views.

P-term

P is a measure of sample polydispersity and
depends on the selectivity, i.e., the slope of the
calibration graph for retention [18-20]:

in(537°)
L "M, ( 1% )2
“d vy \alM

2 %_1 2
<1+a) L(m) M, [aV (ml)]

d(um) [V (m)]> Lol R,

(6)

where a is the Mark-Houwink exponent. P
dominates in eqn. 4 whenever M,,/M_ > 1.01 and
then obscures the other parameters. Hence es-
sentially monodisperse samples are required for
a meaningful analysis of dispersion.

A-term convection

Giddings [21] lists at least four additive factors
for eddy dispersion (convective mixing) in the
mobile zone, namely, velocity differences at
different radial positions within a capillary, ve-
locity differences amongst different nearby chan-
nels due to geometric factors, velocity differ-
ences in different regions due to variable packing
quality and velocity differences at different radial
positions of the packed bed column due to flow
distortions near the column wall. Originally Van
Deemter assumed that the sum of these, called
the A _-term, is a constant whose value depends
on the quality of the packing. Huber, Horvath
and Giddings then independently established
that each convective subprocess is counteracted
by diffusion. Giddings famous coupling equation
reads [21]

-1

A= (a7 44) )

where A; remains a constant characteristic for
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each subprocess and w;, is a proportionality
constant. The coupling constant for intra-capil-
lary effects is large of the order of w, =100 and
causes an extended Pe dependence, whereas all
other coupling constants are small and the Pe
variation is significant only below 10Pe. A differ-
ent form for A was derived by Huber [22]:

A=(A'"+w'Pe™? (8)

where kK =0.5 and A, was also considered to be
a constant. Horvath and Lin [23] derived the
same with k =0.33. Knox and co-workers used
an empirically determined k ranging from 0.2 to
0.5 [24] or alternatively an unlimitedly growing
function [25,26]:

A=A, = AP )

with A" depending on the quality of the column
packing. Ideally its value was 0.5-1 but could
possibly reach 5 or greater. By just varying the
flow-rate at constant solute size, others some-
times found larger exponents [27], as would be
expected in certain instances from eqn. 14 dis-
cussed below. For infinite diameter columns
exponents as low as 0.2 were found [28,29].
Koch and Brady [16,30] presented a theoretical
computation, which scales with p;, but whose
simplifications are strictly valid only in the limit
p;— 1. They demonstrated that eddy dispersion
will increase unlimitedly with Pe under the
assumption of a viscous regime owing to the
formation of boundary layers that are inaccess-
ible to convection [16,30]:

|%

-V .
column void
v ‘In Pe) (10)

column

Ae=1.5<1+e-

with the computed value £=2.2 for ideally
smooth spheres. A rougher surface should have
a smaller . The factor 1.5 represents the compu-
tational situation; in practice, A, seems to de-
pend on the quality of packing and the complex
functional origins of the prefactor are poorly
understood. The constant term is equivalent to
the sum of the low-coupled convective contribu-
tions. A, also depends on column diameter if the
ratio of column diameter to bead diameter is less
than 100 [31-33]. More importantly, A, is a
sensitive function of the bead size distribution
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and dramatically increases with modestly increas-
ing size heterogeneity [20,34]. Note that the
natural logarithm, the cube root and the cou-
pling equation with suitable constants produce
similar trends. The logarithmic dependence
originates from the boundary conditions and is
related to the thickness Ar of the boundary
layers formed (eqn. 14). Reanalysis of dispersion
data published by Basedow et al’® for non-po-
rous pieces of broken glass (p; =0.48) yields
€ = (.5 for different-sized solutes at normal flow-
rates, albeit the tortuosity was ¢ =2.0. This
margin increases to £=1.0 if small solutes at
varying flow-rates are used instead and dem-
onstrates that the conditions of flow in packed
beds are not laminar, i.e., the In Pe dependence
in eqn. 10 is an oversimplification. This im-
portant result demarcates and identifies the fail-
ure of geometric scaling in liquid chromatog-
raphy. In fact, ¢ in eqn. 10 becomes a function of
flow-rate, namely

emcm—o.33zc0.2 (11)

according to the data of Basedow et al. [35]. In
the inertial regime A, goes through a maximum,
which is well explained by the Taylor—Aries
theory and was observed experimentally in one
case around 30000 Pe, albeit the true deter-
minant is the Reynolds number. At Reynolds
numbers Re>10 the A_-term eventually be-
comes constant [36].

A-term film transfer

Mass transfer of solute into accessible pores is
associated with extra diffusive resistance across a
boundary layer at the interphase between the
mobile and stagnant zones just as in any mem-
brane diffusion experiment. The added diffusive
contribution to the mobile zone mass transfer
was estimated by Wakao and Funazkri, who
correlated empirical data, as follows (reviewed in
ref. 16):

V- Vvoid>2 Vioid pe’™*
v Viotumn — Veoia 1+ 9Pe **
(12)
Over the range of typical experimental values,

the last term roughly corresponds to Pe®. Typi-
cally, a small totally included molecule (V=V,,)

Ap=15<
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has Pe~10 and A,=0.2. A, may increase to
about 1 in the middie of the separation range
and then decreases back to about 0.3 for the
largest molecules. It vanishes at the void. Huber
[22] reported a similar term but with A j« Pe®’.
According to film theory [16,37],

A =13 —wid —_ . cp, (13)

where Ar is the thickness of the boundary layer,
which depends on the effectiveness of convective
mixing and decreases with increasing solute size
as [38-43]
0.33
o D bulk — (1 4)
[c(em/s)]

where ¢ is the stirring speed and m = 0.33 for
laminar flow, m = 0.50 for convective conditions
and m=0.75 for turbulent flow. Eqn. 14 is
related to the Nusselt number. For m = 0.4, one
effectively obtains A = Pe®®, in agreement with
typical experimental values and with eqn. 12. In
eqn. 13, C is the Van Deemter coefficient (see,
e.g., eqn. 21) and explicitly includes obstructed
diffusion which is hidden in the empirical corre-
lation of eqn. 12. As film theory does not
quantitatively predict the magnitude of Ar, eqn.
12 was used in subsequent analysis. A, should be
serially added to the other dispersion terms.
Note that according to eqn. 14 either ¢ in eqn. 10
will become a function of flow rate or Pe be-
comes multiplied by a novel term except for
laminar conditions. The same holds for A, in
eqn. 12 or 13.

A-term final equation
Most frequently a single coupling term of the

- sums of various convective and diffusive contri-

butions is used empirically to which the bound-
ary layer resistance is added serially [16,44]:

(a7 vw-2)”
A—(Ae tw 5 +A, (15)
where B is the Van Deemter B-term and w is a
proportionality constant that depends on the
column diameter. For column diameters in ex-
cess of 100 bead diameters, one theory gives a
constant w = 0.55 due to dominant radial diffu-
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sion [33]. Judged by experimental data [45],
wB = 0.5 and the coupling is only significant for
poorly packed columns at low Pe. Others
claimed a higher experiment derived limiting
value of w =1.2 [31]. Clearly, the experimental
patterns are dominated by the low-coupling
events. This is no problem for the present data
analysis, which explicitly includes the second
coupling region in thé form of a Pe-dependent
A, (eqn. 10). A, is taken from eqn. 12 and
wB =0.5. The appropriateness of eqn. 15 with a
single coupling term in the form chosen could
not be validated with the available data at Pe >
10.

B-term

Excluding adsorption effects, the Van Deemter
coefficient for axial diffusion in SEC may be
explicitly written as [16]

V-V... D
_ -1 -1, void . pore
B_2<§i T V. Dbu]k>

void

(16)
where D, /Dy, measures the increased fric-
tion in confined spaces. The same term appears
in the C-coefficient and will be discussed below.
Earlier treatments ignored the second term in B,
which is due to diffusional spreading inside the
pores (see, e.g., ref. 22). The factor 2 comes
from the proportionality between the diffusion
coefficient and the mean distance travelled by a
random walk. Considering realistic values for the
tortuosity £ (see below), B typically equals 2 and
is certainly less than 4 for all practical circum-
stances. Hence the term may be ignored for
Pe >10.

Tortuosity

The ratio by which the curved path a particle
has to take through a porous network is longer
than the linear end-to-end distance is called
tortuosity. In the absence of actual measure-
ments one may assume & = 1.5 and i and p refer
to the interstitial and pore space, respectively.
This coincides with the value for minimal sur-
faces of cubic symmetry [46]. For an unbounded
solution, £ =1 by definition. Theoretically, the
tortuosity in a network of cylindrical pores is [47]
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-1 2 3/2
7' =1-5(1+p)1-p) (17)

where p is the porosity. The limiting value for a
cylinder with negligible diameter is £ = 3.0 [46].
In addition to an increased path length, the
cross-section of real pores is not constant. Its
variation leads to constrictions of the flow path
and yields an additional geometric factor [21,48]:

&=(a)(5) (1)

where (A) is the average over the local pore
cross-section. ¢, increases as the ratio of maxi-
mum to minimum cross-section increases [49]:

Amax Rmax z 3

G- (=) =166 19)
For closely packed beds of spheres one typically
finds £,=1.3, which corresponds to almost a
fourfold difference between maximum and mini-
mum cross-sections [49]. The interstitial tortuosi-
ty is then simply the product ¢ =&,£,, but the
particular values of £ =2.4-2.6 calculated for
the columns in Table I are surprisingly high.

In those instances where the pore volume
fraction enters the measurement, such as for the
stagnant zone mass transfer, the excluded vol-
ume term is added to the obstruction factor
whilst nominal porosity is added to tortuosity
[50]. The empirical tortuosity coefficient should
then be considered to be the product of tortuosi-
ty in its primary meaning of constriction and of
porosity, i.e.,

&6
§P Dy (20)
Theoretical values of £,/p, are listed in Table I.
In practice, &, is often derived from the intercept
of semi-logarithmic obstructed diffusion relation-
ships, which is sensitive to systematic errors. ¢ '
is called the intrinsic conductivity but some
workers have labelled it tortuosity-instead. Tor-
tuosity is a constant for a given porous structure.

C-term

Finally, for a rate-limiting diffusion within the
pores, C = C, and one may write for the mass
transfer term between mobile and stagnant zone
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[16]
V_Vvoi Vvoi D u
Cy= gp' N o 30d : Db = (21)

pore

where the factor 30 assumes conditions close to
equilibrium [51]. Far from equilibrium (large
C-term), eqn. 21 will underestimate Dy, /D ore
[52]. Here V-V, ,, may but need not be equal to
the real geometric volume that is sterically ac-
cessible to the solute, since energetic differences
may exist between the mobile and stationary
zones. Adsorption, however, is assumed to be
absent. The presence of a stationary zone re-
quires a modified form of eqn. 21. Up to this
point no real assumption about the mechanism
of transport has been made and the apparent
diffusion coefficient in the pores may also in-
clude factors of convection. It is only a formal
choice to express C in terms of two functions
instead of expressing D, in terms of two
functions. Facultative omission of convective
terms therefore exclusively modifies parameters
of obstructed diffusion in whatever term is used
(e.g., eqn. 22) and is uncoupled from the re-
mainder of dispersion analysis.

Obstructed diffusion
Occasionally a simple exponential function
was advocated for obstructed diffusion [16,53]:

RS
Dpore = Dbulk exp(—-a : R1/2> (22)

and the wide variation of empirical data (see
Discussion) hardly justifies more than a single
adjustable parameter. Further, the present re-
sults are well represented in this form. It is
inherent in the derivation that the radius of the
solute should equal the diffusional Stokes radius
R,. We shall investigate below whether this holds
experimentally and will actually modify eqn. 22.
The disadvantage of this semi-logarithmic ap-
proach is that, according to theory, slopes taken
below R/R,;;<0.1 and above R/R,,>0.05
need to be distinguished.

Theory of obstructed diffusion

Initially many chromatographers considered
the ratio {Dy,, /D, to be merely a constant
independent of solute size (see Discussion) [44],

M. Potschka | J. Chromatogr. 648 (1993) 41-69

even though related fields dealt with size-depen-
dent functions. Two factors play a role, frictional
drag (according to Faxen [54]) and steric hin-
drance (according to Ferry [55,56]). The ob-
served increase in friction is truly a problem of
flow line perturbation in the proximity of obsta-
cles, i.e., a hydrodynamic interaction between
object and obstacle which increases drag. It
should not be viewed as if objects were enlarged
in size as this exceeded the pore size in which
they are contained by orders of magnitude.
Steric hindrance is related to the partition coeffi-
cient of SEC but it is usually assumed to be the
sterically excluded volume of cylindrical capil-
laries (1 — R/R,,,) [2] according to the geometric
model employed in theory.

Renkin [57] was first to combine both terms.
All theories so far have assumed ideal cylindrical
geometry of pore radius R,,, or parallel plates,
where R,,, is replaced by half the distance
between the plates, z/2. Rectangular geometry
yields different functions [58,59] and will not be
considered further here. The simplest approach,
further, is limited to calculation of the force
exerted on spherical objects in axial-symmetric
flow. Following Faxen and Renkin, various im-
provements in calculating this centreline approxi-
mation were made [50,57,60-63]. For aspect
ratios R/R,,,<0.5, there is general consensus
(see Fig. 2a). The initial semi-logarithmic slope is
a = 4.6 [64]. The centreline approximation is the
most widely used formula in the field. An ex-
tended solution, that includes integration over all
eccentric positions, but still with simplifying
assumptions, has been presented by Famularo in
ref. 63. It seems to be largely unknown in the
field. It has an initial slope of & = 5.5 that bends
to a = 7.4 for R/R,,, > 0.05 (see Fig. 2c). Conse-
quently, the neglect of non-symmetrical terms
amounts to an unacceptable error. The gradual
transitions towards solution (a) is expected since
centreline terms become more dominant as the
aspect ratio increases. Brenner and co-workers
[65-67] confirmed the initial semi-logarithmic
slope of a =5.5. Their computation claims va-
lidity for R/R,,, <0.1 but starts to deviate from
Famularo above R/R;,,>0.05 in an oscillatory
manner (see Fig. 2b). This discrepancy remains
to be understood on a computational level be-
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Fig. 2. Theoretical functions for obstructed diffusion in
cylindrical tubes with both a drag term and an excluded
volume term. (a) Centreline approximations: Faxen and
Renkin [57] (lower dashed line), Haberman and Sayre
(quoted in ref. 62) (dotted line), Bishop et al., eqn. 12 in ref.
84 (upper dashed line), Paine and Scherr (61] (solid line), all
with identical initial slope of « =4.6. (b) Extended solution:
Brenner and Gaydos [65], with initial slope of a =5.5. (c)
Best solution: Famularo in ref. 63, with initial slope of
a =5.5 below R/R,,, =0.05 and with slope of a = 7.4 above
R/R,,, =0.05.

fore one can be confident that the values of
Famularo are correct in all details. There is,
however, little reason to doubt the calculation of
the initial slope, which thus definitely supersedes
the earlier centreline approximation. This is
particularly noteworthy, as the initial slope a =
4.6 of the pure centreline approximation has
already been claimed to be experimentally ver-
ified (see Table IV and its discussion). The rapid
rise of Brenner and co-workers’ slope (Fig. 2b)
above R/R,,,>0.3 is a computational artifact
[60] and may have misled the formulation of
theory for hydrodynamic chromatography
(HDC), where friction bends the calibration

49

graphs backwards for large solutes [68]. Ex-
perimental HDC data of this kind are better
explained in terms of shear deformation [8).
Mavrovouniotis and Brenner have calculated the
limiting case of R/R,,,>0.9, which asymptoti-
cally approaches infinity [69]. Scaling theory has
been applied to the problem of obstructed diffu-
sion of flexible polymers [70] and tests of its
applicability have attracted some interest, but
the issue is not decided. Some arguments will be
raised in the Discussion section. Note that con-
vective obstruction is much less than diffusional
obstruction, especially above R./R,,, > 0.5 [60].

In comparing data on obstructed diffusion,
one must keep in mind that some types’ of
measurement besides SEC are independent of
the excluded volume term. For them the pure
drag term becomes « = 3.5 instead of 5.5 for low
aspect ratios. The middle range then should
more be of the order of @ = 4.5 and continues to
increase instead of remaining a constant a = 7.4
over the entire region. Eqn. 22 is therefore a
poor representation of frictional drag variation
alone.

Summary

With few exceptions, the C-term of the Van
Deemter equation for SEC has been exclusively
analysed as a diffusion problem. All data on
obstructed diffusion obtained from SEC thus
lack consideration of convective mass transport,
and most were superficial in their treatment of
mobile zone factors. To document the role of
convection in a model-independent manner, ex-
perimental dispersion data are initially analysed
with a combination of eqns. 4, 5, 10, 12, 15, 16,
21 and 22. Eqn. 22 eventually will be replaced by
eqn. 29 in the Results section. Convective trans-
port modifies D, . and application of eqn. 22 or
29 alone consequently leads to superficially low
apparent « values. In this manner the occurrence
of convection is -easily recognized. Subsequent
complete analysis (which is deferred to the
second part of the Discussion) then will add eqn.
31 to the above list and test the validity of
various proposed theories for C, (egns. 30, 33,
36 and 37) with the constraint that the a value
should become universal.
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EXPERIMENTAL

The instrument, materials and procedures
were the same as reported previously [1,71,72].
Peak widths were measured manually off the
charts. All reported measurements and theory
pertain to the regime of infinite dilution with
samples eluting independent of the presence of
other components in the case of mixtures. Ex-
perience shows that injection volumes should be
small and samples to be injected in SEC should
not exceed

Ciny <0.1[n] " (23)
where according to Simha
¢* =)™ (24)

is called the overlap concentration [70]. For rigid
spheres, such as globular proteins, this limit

concentration of the dilute solution regime c*

roughly corresponds to the solubility limit. Fur-
ther, 1=0.002 M is a lower useful limit for SEC
studies since, for the requirement of infinite
dilution, the polymer should not contribute sig-
nificantly to the ionic strength of the eluent:

n(n+1) ¢, (mg/ml)
Ipolymer = 2 : M

where 7 is the net charge of the polymer. Solute
concentrations in excess of eqn. 25 induce con-
centration gradients of the support electrolyte
that increasingly distort the elution profiles. For
measurement of peak dispersion it is particularly
important that the solvent of the sample and the
eluent are identical.

It has been verified that none of the samples
studied here changes its structure over the range
of solvent conditions employed. Hence no aggre-
gation, dissociation or denaturation takes place
and consequently R, and R, , each corresponding
to conditions of infinite dilution, remain the
same. For coiled polyelectrolytes whose intra-
molecular forces induced continuous structure
changes at varying ionic strength, the hydro-
dynamic constants appropriate for the particular
single condition that was studied in their case
were used.

Column parameters are given in Table 1.
Based on these data and the Hagen-Poiseuille

<<I (25)
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TABLE 11

REFERENCE DATA AND ELUTION VOLUMES ON
SUPEROSE-12

Sample® R, Ry’ Superose-12
(nm) (nm) V (ml)’
T™V 49 62 7.60 (void)
TBSV 17.2 7.80
Phage MS2 13.9 7.80
DNA (195 bp) 9.3 12.6 8.22
NF200TP+° 8.9 11.7 8.50
Thyroglobulin 8.6 9.08
B-Galactosidase 6.86 10.48
Apoferritin 6.06 10.72
Immunoglobulin G 5.23 11.77
Alcohol dehydrogenase 4.55 12.30
Alkaline phosphatase 3.30 13.18
Ovalbumin 2.83 13.65
Calmodulin 2.10 14.10
Myoglobin (horse) 1.91 15.28
Vitamin B,, ¢ 0.75 19.50

? Missing values are for spherical particles where Rz = R,.

1=200 mM; pH =8.0; 10 mM Tris-HC!-194 mM NaCl.

¢ Proteolytic fragment of neurofilament NF200, phos-
phorylated form.

4 Used to estimate V, ,; however, H,O elutes about 1 m!
later.

¢ TMV = tobacco mosaic virus; TBSV=tomato bushy stunt
virus.

equation, the manufacturer of TSK-PW (Toso-
Haas, Tonda, Japan) recommends not to exceed
1.2 ml/min and that of Superose (Pharmacia—
LKB, Uppsala, Sweden) specifies 1.5 ml/min.
Experiments were performed at different flow-
rates, not exceeding 0.5 ml/min, at room tem-
perature. Table II shows typical calibration data
that relate molecular size to retention volumes.
Typically retention volumes and solute sizes are
correlated in a semi-logarithmic fashion without
recurrence to any particular model of pore
geometry. This makes the analysis independent
of V..., whose proper assessment is disputable. In
fact, none of the dispersion analysis depends on
V.o €ither.

tot

RESULTS

Operational parameters
All of the data were obtained with essentially
Gaussian peaks. The asymmetry was actually
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1.1-1.2 for all Peclet numbers and substances.
Fig. 3 demonstrates that the peak width w, and
the reduced plate heights depend on the loading
concentration and also vary with the age and
status of a column. It is therefore crucial that the
stability of performance be checked during a
series of axial dispersion measurements. High
values of h, observed after cleaning the column,
may gradually return to normal lower values.
Disturbance of the gel bed on changing the
entrance frits (a standard operational option for
Superose columns), however, may lead to
permanent loss of performance. The latter is
easily checked in glass columns with coloured
substances. Back-flushing usually leads to a re-
coverable loss of performance. Fig. 3 also shows
that plate heights depend on loading concen-
tration. To guarantee comparable experimental
conditions, all subsequent data were taken at
loads between 1 and 100 ung, where concen-
tration has no influence and the signal-to-noise
ratio is still acceptable. Injection volumes were
10-100 wl.

35+
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Fig. 3. Dependence of the reduced plate height 4 on sample
load. Here sample load is defined as injection concentration
times injection volume. Superose-12 in 10 mM Tris—HCI-94
mM NaCl (pH 8.0, I =100 mM); flow-rate, 0.4 ml/min;
room temperature. Sample, ovalbumin. Two series of mea-
surements at different times but with the same column and
conditions resulted in different magnitudes of axial disper-
sion. @ = Earlier series of measurements; O = later series of
measurements. Both series employed an injection volume of
100 wl. The loading capacity is ca. 2 mg. Viscous fingering
was clearly discernible above 10 mg (corrésponding to an
injection concentration of ¢*/3).
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Proteins are normally monodisperse and thus
ideally suited for the analysis of dispersion.
Among the exceptions is immunoglobulin, which
is polyclonal and is known to contain a mixture
of similar sizes of different molecules of variable
isoelectric points. Fig. 4 shows that the peak
width of immunoglobulin is higher than those of
other similar-sized proteins. This is in agreement
with the previous statement that even minor

wy(m!)
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Fig. 4. Axial dispersion for different solutes and conditions
on Superose-12 at a flow-rate of 0.5 ml/min, room tempera-
ture, buffered aqueous solutions with supporting electrolyte.
Shown is the peak width as a function of elution volume.
Upper curve: different proteins at [ =200 mM, pH 8.0. From
left to right: thyroglobulin, B-galactosidase, apoferritin,
alcohol dehydrogenase, alkaline phosphatase, ovalbumin,
calmodulin, myoglobin, vitamin B,, (+), immunoglobulin G
(X). Vertically corresponding marks are repetitive measure-
ments on the same protein. Note that immunoglobulin G,
measured under identical conditions, is off the graph because
it is heterogencous. Lower curve: eluents of different ionic
strength ranging from /=3 to 200 mM (the lowest value
corresponding to the left-most points) at pH 8.0: O=
ovalbumin; A = calmodulin. Even though the retention of
these samples corresponds to large proteins owing to interfa-
cial repulsion, their peak widths are much smaller [cf.,
condition (upper curve)).
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polydispersity obscures the dynamic aspects of
peak dispersion. This behaviour of immuno-
globulin has been found reproducibly under all
conditions studied and immunoglobulin was
therefore excluded from further dispersion anal-
ysis. A similar observation regarding immuno-
globulin heterogeneity was reported previously
{73].

In addition, it was observed that aged samples
of glycoproteins sometimes gave increased peak
widths without notable changes in retention
volume. In this event a new sample was em-
ployed and the old data were rejected. Any extra
pressure drop due to column clogging usually
also increased the peak width. Mismatch of the
eluent between the column and injected solution
also tends to increase the peak width. This may
actually be one of the reasons for the poor data
quality in Fig. 5, which shows one of the earliest
data sets acquired.

Eddy contribution to peak dispersion

Fig. 5 presents data obtained at a single flow-
rate with one particular column (TSK6000PW)
with different-sized solutes. Peclet numbers can
therefore be viewed as a function of diffusional
Stokes radius. Regardless of the details of inter-
pretation it is obvious that the presented data
below Pe <100 are unaffected by the C-term.
On the other hand, data above Pe>10 are
unaffected by the B-term of eqn. 4, albeit the
B-term couples into eqn. 15. This middle region
is thus dominated by the A-term. It is reasonably
fitted by the original eqn. 10 with £ =2.2. How-
ever a detailed numerical non-linear least-
squares fit reduces it to £=1.7. The fitting
function actually shown is of course that of eqn.
15 in all instances. As no measurements were
conducted at low Peclet numbers, one cannot
distinguish between eqns. 15 and 8, nor could
the functional form of B (eqn. 16) be tested.

The same analysis was performed with a
different column, Superose-12, and is shown in
Fig. 6. Again, different-sized solutes at a single
flow-rate are plotted. The C-term extends to
lower Pe and it is more difficult to view the
A-term alone. However, it is clear that eddy
dispersion is decisively less than predicted by
theory. The ad hoc hypothesis of an adjustable &
gives a reasonable fit with £=0.6=0.2. The
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Fig. 5. Van Deemter plot of axial dispersion showing the
reduced plate height # as a function of Peclet number Pe.
TSK6000PW column 1; eluent, sodium borate (pH 8.25, 1 =4
mM) in water; flow-rate, 0.2 ml/min; room temperature.
Different proteins and viruses (from left to right): vitamin
B,,, cytochrome ¢, carbonic anhydrase, bovine serum al-
bumin, catalase, apoferritin, thyroglobulin, phage QB, turnip
yellow mosaic virus (TYMV), tomato bushy stunt virus
(TBSV), tobacco mosaic virus (TMV). Best theoretical
representation was obtained from simultaneous fitting of the
various theoretical contributions to peak dispersion (for the
parameter obtained see Table IIT). Total dispersion (T) is the
sum of an A-term with e =1.7 (A) and a C-term (C). For
comparison a hypothetical A-term with € =2.2 (long dashed
line) and £ = 0.3 (short dashed line) are also shown.

compensatory mutual dependence of the three
variables is indicated in Table III, which also
summarizes the parameters for several other
data sets, whose graphical presentation would be
repetitious.

Because of the high precision of the data, the
parameters for Superose-6 are particularly stable
and well determined (Table III). With £=0.5,
the eddy dispersion is similar to, if not even
lower than, that for Superose-12. Data for
TSKS5000PW, on the other hand, are comparable
to those for TSK6000PW. It should be noted,
however, that a fresh TSK6000PW column yield-
ed a significantly lower ¢ than the column shown
in Fig. 5 (Table III). The deterioration of
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Fig. 6. Van Deemter plot of axial dispersion showing the
reduced plate height 4 as a function of Peclet number Pe.
Superose-12; eluent, Tris—-HCI-NaCl (pH 8.0, I =200 mM)
in water; flow-rate, 0.5 ml/min; room temperature. Same
proteins as in Fig. 4 (upper curve) plus a proteolytic fragment
of neurofilament protein NF200, which is located near
thyroglobulin. Vertically corresponding points are multiple
determinations of the same protein. The best theoretical
representation was obtained from simultaneous fitting the
various theoretical contributions to peak dispersion (for the
parameters obtained, see Table II1). Total dispersion (T) is
the sum of an A-term with £ =0.57 (flat A) and a C-term
(not shown). For comparison, a hypothetical A-term with
€ = 2.2 (long dashed line) and £ = 0.3 (short dashed line) are
also shown.

columns may therefore be far more limiting for
the analysis of dispersion than it is for retention.
In any case, eddy dispersion is worse on TSK-
PW than Superose. Figs. 5 and 6 include a
comparative tracing with ¢ =0.3 as the lower
limit, corresponding to the data of Basedow et
al. {35] if the tortuosity difference is neglected.
Otherwise Basedow’s data actually yield € =0.5
and thus match the present Superose data. As
the difference between the two series of mea-
surements in Fig. 3 is presumably due to the ¢
value in eqn. 10, its repeated empirical valida-
tion is crucial. Variation of ¢ does not seem to be
related to porosity as a criterion of packing
quality as far as eqn. 10 is concerned and a novel
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parameter of “packing quality” may need to be
introduced. Koch and Brady [30] stated that ¢
depends on the nature of the microstructure.
Their value of £=2.2 is for ideally smooth
spheres. A rougher surface should have a smaller
€. Heterogeneity of the bead sizes, on the other
hand, increases A, [20,34]. Whether this explains
the higher values for TSK-PW remains open to
speculation.

Hindered transport in the stagnant zone

Once the A-term is known, the experimental
values for the C-term may be calculated from the
data. However, as they still contain trivial
column parameters, it is better to calculate
directly the term & Dy /Do This has been
done in Fig. 7 for the data for Superose-12. Fig.
7 establishes an exponential size dependence and
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Fig. 7. Obstructed diffusion on Superose-12 in buffered
aqueous solution with supporting electrolyte at a flow-rate of
0.5 ml/min at high ionic strength. The various sized proteins
are the same as shown in Fig. 6 (+). A 195 bp DNA sample
is shown with a diffusional Stokes radius R, (O) and with a
retention radius based on a comparison with proteins, Rz
(®). Data were calculated from experimental values of
reduced plate height minus the best-fit A-term, and further
divided by the various additional factors of the C-term
according to theory. The slope of the semi-logarithmic
dependence of obstruction (&D,,,/D,,.) vs. aspect ratio
(R/R,,,) is a=T74.

pore
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TABLE III
PARAMETER FIT OF PEAK DISPERSION
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Column Flow-rate 1 Type of Parameter”
(ml/min) M) radius in pore
5 ¢, 13
Superose-12 0.500 0.200 Stokes radius R, 0.57 1.75 7.4
Stokes radius R, 0.38 1.90 7.3°
Stokes radius R, 0.92° 1.05 8.3
Superose-12 0.500 0.003-0.2 Calibrated radius Ry 0.92 1.75 7.4
Superose-6 0.250 0.100 Stokes radius R, 0.52 1.45 5.6
Stokes radius R, 0.48 1.55 5.5°
Superose-6 0.500 0.214 Stokes radius R, 0.55 1.50 5.6
TSKS5000PW 0.150 0.214 Stokes radius R, 2.0
TSK6000PW, column 1 0.200 0.0041 Stokes radius R, 1.7 1.75" 3.5
Calibrated radius Ry 1.7 1.75° 2.0
TSK6000PW, column 2 0.167 0.060r0.2 Stokes radius R, 1.26 1.60 1.0
Stokes radius R, 1.26° 1.17 2.0°

“ Parameters of eqn. 10 together with eqn. 15, of eqn. 21 and of eqn. 29.
” Parameters forced to the specified value whereas the others were optimized.

validates the choice made with eqn. 22. In the
case of major convective effects this kind of plot
should lead to a plateau value; a minor contribu-
tion, however, would simply decrease the slope
compared with the universal value proper for
obstructed diffusion. Without involving theory,
one may simply compare the semi-loga-
rithmic slopes of different columns with varying
Cf parameters to survey empirically the occur-
rence of convection. Exponential relationships
were obtained in all instances. Instead of graphi-
cal analysis, a simultaneous numerical fit of the
raw data was subsequently performed for the
various columns and conditions and the resulting
a values are given in Table III. The huge
differences between the columns studied clearly
demonstrates the occurrence of convective but
the phenomenological level cannot immediately
decide whether the largest observed value, a =
7.4, corresponds to pure diffusion or whether
ideal obstructed diffusion in the particular
geometric network is still larger. Pre-empting the
detailed theoretical interpretation of the second
part of the discussion section we may record here
that Superose-12 at the flow-rate studied safely

operates in a purely diffusive regime and & =7.4
is the empirical reference value that is to be
compared against theories of obstructed diffu-
sion. Similarly, one may then test the various
available theories for the process of convection
with the intent of floating all of the apparent «
values to a true value of & =7.4.

The observed apparent a values obviously
depend crucially on the aspect ratio R/R,,, in
eqn. 22. By theory one deals with a diffusion
process and R, would seem to be the obvious
choice for the solute radius. This choice is even
less critical for the spherical proteins chosen in
this investigation as solid spheres ideally have
R, = R,. Concerning the pore radius, the choice
of average exclusion radius R,,, is certainly a
simplification as each solute samples all pore
sizes each with different degree of obstruction
and larger solutes also preferentially sense larger
pores. Alternatively, one could have used in-
dividual retention data directly to determine a
sliding average cylinder aspect ratio

R V-V . 1/2
n void
_1- (—__> 26
R1/2 Vv ( )

tot  Yvoid
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If it is correct that retention is defined by a
different size criterion, as is implied in eqn. 26
and demonstrated in the next section, this proce-
dure of course fails to provide appropriate aspect
ratios R,/R,,, once R, #R,. Reanalysis of the
spherical proteins in Fig. 7 in this manner yields
&,=1.1 and a =7.5 compared with £, = 1.7 and
a =7.4 from Table III and ensures the robust-
ness of analysis. The exact match of the
Superose-12 data with one of the theories of
obstructed diffusion (Famularo) that predicts
a =7.4 for ideal monodisperse cylinders should
none the less be considered coincidental. In this
regard one should note that the pore radii used
in analysis had been determined out of context in
a publication prior to this investigation and
unintentional bias in data handling is hopefully
limited by the fact that empirical analysis was
completed before the author became aware of
the work of Famularo [63] and Rodrigues [141].

Determination of Stokes radii from peak
dispersion

Dispersion theory was put forward to argue
that retention should be described by diffusional
Stokes radii. Peak retention, however, is clearly
not determined by R, but by a term which is R,
or very similar to it most of the time [71,74]. If
dispersion is determined by diffusional Stokes
radii, as it should be, a difference between
retention and dispersion size should be observ-
able with asymmetric molecules and this would
establish directly that different kind of processes
are involved. At non-vanishing concentrations
the situation becomes more complicated as hy-
drodynamic parameters are concentration depen-
dent. Flexible polymers then diffuse faster inside
confinements than solid spheres of equal bulk
Stokes radius (see Discussion). The latter was
suggested to be true for deformable coiled poly-
mers even at infinite dilute conditions if
R/R,,,>0.4. It was then natural to test the SEC
dispersion of asymmetric molecules.

Fig. 7 shows that a DNA sample [195 base
pairs (bp)] almost matches the protein curve if
plotted in terms of its Stokes radius. A more
extensive study of DNA restriction fragments,
however, indicated a minor tendency towards a
smaller peak width w, than proteins of sup-
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posedly same diffusional Stokes radius (unpub-
lished data). While the latter were measured at
loads not exceeding 3 wg and in the verified
absence of concentration effects on retention
volumes, it was not excluded that concentration
still had effects on peak width. Overall correla-
tion in terms of Stokes radii is fairly good. The
same sample plotted with its chromatographic
retention radius Ry is off the calibration (Fig.
7). In quantitative terms the latter is rejected
with a 5o standard deviation. Hence molecules
of different asymmetry but equal retention have
different peak widths, as retention is not de-
termined by diffusional Stokes radii. Fig. 7 also
contains a coiled protein, a neurofilament frag-
ment designated NF200TP+. It fits well with its
Stokes radius determined by quasi-elastic light
scattering [74]. In terms of Rggc (not shown), it
would be off by a 3¢ standard deviation. Both
DNA and NF200TP+ are stiff coils and
asymmetric. Synthetic chain polymers, however,
are usually heterogeneous and thus not well
suited for the present analysis. The observations
clearly indicate that transport processes do not
determine the mechanism of retention.

These examples suggest the means by which R,
may be approximately determined from chro-
matographic experiments simultaneously with
another size measure (the viscosity radius R,)
obtained from retention information. Analysis of
both retention and dispersion can be used to
decide whether an unknown sample is chain-like
with a large ratio of contour length to diameter
or has an asymmetric shape. The largest handi-
cap at present is the precision of the data. With
the present 1o variance of 30%, only highly
asymmetric samples such as DNA are easily
identified.

Ionic strength effects of dispersion

It is well known that the elution of polyelec-
trolyte samples depends on ionic strength [1,72].
In contrast, only two publications have so far
addressed the role of ionic strength on the
magnitude of obstructed diffusion [75,76]. The
following is the first analysis of the ionic strength
dependence of chromatographic peak dispersion.
Fig. 4 shows the primary data used for Fig. 6,
namely the w, values as a function of retention
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volume for proteins at 200 mM ionic strength on
Superose-12 at one given flow rate (0.5 ml/min).
If the ionic strength is decreased all of these
samples elute earlier. This ionic strength vari-
ation is shown in Fig. 4 for two proteins, oval-
bumin and calmodulin. Close to the void vol-
ume, the peak width drastically decreases but the
other peak widths are approximately constant
regardless of ionic strength and thus retention
volume. Beyond doubt there is some significant
difference between a sample at low ionic
strength that elutes at this position mainly for
reasons of interfacial repulsion, and another one
at high ionic strength that elutes at the same
volume position mainly because of its large bulk
hydrodynamic size.

A w, plot is somewhat deceiving, however. In
contrast to w,, k& does increase with decreasing
elution volume since k depends on V% in eqn.
4. Similarly, C (eqn. 21) depends strongly on
retention volume. The A-term, however, almost
remains unaffected. It thus becomes straight-
forward to compute £,D, /D, as a function
of ionic strength for a single protein. Surprising-
ly, this value is not at all a constant, which one
might have expected as bulk diffusion coeffi-
cients of native proteins hardly change with ionic
strength as long as these proteins do not aggre-
gate, dissociate or denature (none of which
applies here). Clearly, then, the diffusion rate
inside the pores depends on ionic strength. One
must therefore somehow define a generalized
radius parameter to quantify the data.

At this point recurrence is made to published
models of retention [1,72,77]. There are two
strategies to use, a reduced pore size or an
increased solute size. The truth is, of course, that
it is a mutual effect. However, the charge effect
on retention depends strongly on solute size,
such that the effective reduced pore size would
be different for each sample [1]. It therefore
makes more sense to tag it to an increased solute
term. Quantitatively one then equates the reten-
tion volume at low ionic strength to a single
effective size Ry that is calibrated via the known
sizes at high ionic strength (where Ry is assumed
to be negligible). For the sake of terminology it
must be added that Ry differs from R, R, and
Rgec in principle. Briefly,
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Rgp =Rggc + Rye (27)

with Rgec = R, . For solid rigid objects, Ry is
independent of ionic strength. The dimension of
flexible polymers, on the other hand, changes
with ionic strength even at infinite dilution under
bulk conditions, which causes a variation of Rgg
besides the interfacial layer term R,z. R, en-
compasses the increase in size due to mutual
interfacial repulsion and was discussed in detail
previously [1,72,77]. It ideally converges to zero
for high ionic strength, even though the influence
from hydration forces remains. The R, term in
chromatography is equivalent to the well known
concentration effects in bulk solution. Even
though solute—solute interactions are eliminated
by the experimental conditions of infinite dilu-
tion there always remains a finite ‘‘concentra-
tion” of walls, without which there would not be
any SEC effect.

One may therefore presume that a similar
effect occurs in transport through confined
spaces. In the previous section it was demon-
strated that the effective molecular size of reten-
tion and dispersion are different except for solid
spherical objects. The latter, however, is the
case with ovalbumin and calmodulin and for
them R, = Ry since R;=R,. In general terms,
the effective size in diffusive dispersion is then

R, =BR,+R¢ (28)

The complicating introduction of a parameter 8
is necessary to handle flexible polymer chains.
For compact spherical objects, non-deformable
rods and stiff coils, 8 =1, as was demonstrated
in the preceding section. For flexible polymers
such as polystyrene or dextran, 8 <1 at finite
concentration and B =1 at infinite dilution as
long as R/R,,,<0.4 (see Discussion). Note that
bulk diffusion coefficients of solid rigid objects,
and hence R, virtually do not depend on ionic
strength once minute amounts of support elec-
trolyte are present [78]. With the parameter Ry,
at hand to describe the diffusional size inside the
pores, where it differs from bulk, one may now
quantify the ionic strength variation in a manner
similar to regular high ionic strength data. This is
done in Fig. 8, which shows ¢ D, /D,,. at
variable ionic strength as a function of Ry
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Fig. 8. Obstructed diffusion on Superose-12 at variable low
ionic strength. Buffered aqueous solution with supporting
electrolyte at a flow-rate of 0.5 ml/min. The aspect ratio is
calculated from reference solute sizes matched by their
elution volume to include contributions from interfacial
repulsion. Lowest ionic strength data are right-most, highest
ionic strength data left-most. Data are based on Fig. 4 plus
some additional data and were analysed according to theory.
O = Ovalbumin; A = calmodulin; + = thyroglobulin.

(= Rp). The data follow the same type of ex-
ponential function according to eqn. 22. Their
slope (a = 6.2) is, however, lower than that at
high ionic strength using the same column (a =
7.4). This leads to the following ad hoc assump-
tion:

R R
DPore = Dbulk : 71: : exp(_a : R11/)2> (29)

which is meant to replace eqn. 22. For R, =R,,
eqn. 29 becomes trivially identical with eqn. 22.
Note that eqn. 29 may fail if eqn. 25 no longer
holds. Via eqn. 29, one obtains for Superose-12
a=7.4 even at low ionic strength. The mag-
nitude of frictional obstruction, expressed in the
term «, thus becomes truly independent of the
extent of interfacial repulsion (R,¢ in eqn. 28).
The concept of an increased sample size R,g, or
of decreased pore size, with decrease in ionic
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strength, thus shows up both in retention and in
dispersion. However, retention and dispersion
measure different rotational averages of the
solute shape, as demonstrated above, at least as
long as convection does not dominate dispersion.
At this point one should reconsider the differ-
ence of peak widths for samples of identical
retention but different ionic strength (Fig. 4).
According to the presented analysis, C-terms
vary little with ionic strength. The observed large
difference in Fig. 4 is therefore due to the Peclet
term with which C becomes multiplied. This
Peclet term refers to mass transport in the
interstitial volume and is therefore calculated
with bulk diffusion coefficients and R,. These
differ for different-sized samples even though
their size Ry inside the pore may be equal.

DISCUSSION

Obstructed diffusion

Obstructed diffusion in SEC is due to four
factors: tortuosity, constriction and porosity in
the geometry of the porous matrix (collectively
just called tortuosity) and frictional drag be-
tween a diffusing object and obstructing walls.
Flexible polymers are deformed by this frictional
drag and their obstructed diffusion becomes an
intricate subject of polymer physics. The present
data represent the first comprehensive study of
obstruction with native globular proteins, ideally
applicable to the basic hydrodynamic theories of
solid spherical objects.

Tortuosity. Tortuosities of the stagnant zone
were calculated from the intercept of plots such
as Fig. 7 or obtained directly from global nu-
merical fit of dispersion data (eqn. 4). A value of
£, =1.5-1.8 was found for all conditions studied
(Table III), but according to Fig. 2c the true
tortuosity is 7% larger. Compared with the
respective tortuosity factors (Table I), this mag-
nitude implies a significant role of channel con-
striction (eqn. 19) with a ratio of maximum to
minimum radius of ca. 2. Tortuosity determined
in this manner is, however, extremely sensitive
to uncertainties of the aspect ratio R,/R,,,,
whereas a values are not, and the accuracy in
deriving the pore size variation is therefore
limited. Whether Superose-12 exhibits a pore



58

size variation of at least 1.5 or rather is monodis-
perse cylindrical must therefore remain unde-
cided. For reticular porous glass of porosity p; =
0.48 a factor of 3 difference was found between
microscopic mean radii and mercury porosim-
etry, which measures minimum radii [79]. A
factor of 2 difference was found between mer-
cury porosimetry and radii determined from the
volume-to-surface ratio [80]. Others have found
smaller ratios for similar glasses [81]. Note that
the size dependence of porosity is explicitly
treated in the outlined theories for the a term
whereas the size dependence of constriction

[48,82] is not.

The observed values of tortuosity agree with

TABLE 1V

OBSTRUCTED DIFFUSION
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most of the values reported in the literature
(Table IV) and excessive deviations rather indi-
cate systematic experimental difficulties. Particu-
larly values of £,<0.93 are theoretically impos-
sible. Many times problems are obvious, e.g.,
large values of tortuosity in conjunction with the
lack of a dependence on the aspect ratio R,/
R,,;, i.e., « =0, amongst the early studies owing
to large scatter of data that obscures any size
dependence .that might have been present. Note
that the notion of size-independent D, /Dy,
values [44] persisted in the field of chromatog-
raphy until about 1983 in spite of theoretical
predictions to the contrary and even evidence in
related fields (Table IV).

Matrix Sample” Range of Tortuosity, Drag, Method® Ref.
Ro/Ry/, & op

Frictional drag
Vycor glass Linear polystyrcne 0.0-1.0 3 0¢ ND 81
CPG glass Linear polystyrene 0.0-0.1 1.3 2 QLS 85
CPG glass Linear polystyrene 0.0-0.2 13 2.7 QLS 84
Porous glass Linear polystyrene 0.0-0.4 1.4 4.1 ND 113
CPG glass Linear polystyrenc 0.1-0.8 1.0 3.4 QLS 67
CPG glass Star polyisoprene 0.0-0.1 1.3 1.75 QLS 67
CPG glass Star polyisoprene 0.0-0.1 13 33 QLS 67
Scphadex Dextran 0.4-0.7 1.0 23 FRAP 110
Sephadex OM ca. 0.0 1.5 n.a. ND 100
Porous glass Water, OM 0.0-0.5 1.7 ca. 4 NMR 102
Silica~alumina catalyst OM 0.1-0.5 2 4.6 ND 50
Vycor glass OM (dye) ca. 0.5 27° ca. 6.2 FRS 93
Parallel plates Latex spheres 0.0-0.1 33 QLs 90
Sepharose 4B Proteins 0.1 1.75 (1.55) 2.1(3.79 ND 101
Amylose gels Protcins 0.1-0.4 12 1.0 QLS 107
Vycor glass Proteins 0.0-0.2 2 7.0 ND 81

Frictional drag plus excluded volume
CPG glass Linear polystyrene 0.0-0.4 6 0° SEC 48
VITX glass Linear polystyrene 0.0-0.4 6 (£2) 0° SEC 82
Silica Linear polystyrene 0.1-0.5 3(6) 2.3(1.8) SEC 95
LiChrospher Linear polystyrenc 0.1-0.8 (0.4) 2(1) 3(8) SEC 19
Hypersil Linear polystyrene 0.0-0.7 (0.3)° 6 1(3.5)° SEC 18
TSK-G6000H6 Linear polystyrene 0.0-0.6 (0.8)° 4 3(2)° SEC 82
Porasil Linear polystyrene 0.2-0.9 1.4 2.6/ SEC 37
Nuclepore membrane Linear polystyrene 0.0-0.7 1.0 8.5 SDB 92
Etched mica membrane Linear polystyrene 0.0-0.5 1.0 7.6 SD 103

(high M)
Etchcd mica membrane Lincar polystyrene 0.0-0.5 1.0 5.5 SD . 105
(low M)

Etch polycarbonate Linear polystyrene 0.1-0.6 (0.9) - 6.3 SD 98,99
membrane
Nuclepore membrane Linear polyisoprene 0.1-0.5 0.7 6.0 SD 87
Nuclepore membrane Star polyisoprene 0.1-0.5° 1.7 6.0 SD 87
Nuclepore membrane Dextran 0.0-0.1 1.0 0° SD 86
Nuclepore membrane Dextran 0.1-1.0 0.7 3.6 SD 86
Nuclepore membrane Dextran 0.3-0.7 0.4 3.4-53 sD 94
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TABLE 1V (continued)

Matrix Sample” Range of Tortuosity, Drag, Method® Ref.

Rp/Ryp §p ap

TSK2000/3000SW Dextran 0.0-0.8 29 4.3 SEC 106
Nuclepore membrane Ficoll 0.0-0.3 1.0 44 SD 86
Nuclepore membrane Ficoll 0.2-0.7 0.6 7.0 SD 86
Nuclepore membrane Ficoll sulphate 0.0-0.2 0.5(1.0) 8.4 (4.0) SD 76
Etched mica membrane Asphaltenes 0.0-0.8 - 39 SD 64
Collodion membrane OM >3.3 SD 109
Collodion membrane OM (sucrose) 0.0-0.2 1 6.2 SD 108
Etched mica membrane OM (porphyrins) 0.0-0.2 1 5.0 SD 105
Etched mica membrane OM 0.0-0.2 1 4.6 SD 38
Etched mica membrane OM 0.2-0.4 1 7.0 SD 38
Etched polycarbonate OM (inulin) 0.0-0.1 1 8.9 SDB 88
membrane
Kidney glomeruli OM 0.0-0.2 (0.5) - 4.6 SDB 58
Capillary circulation of OM, proteins 0.0-0.6 - 6.7 SDB 111
perfused hind legs
Cellulose membrane OM 0.2-0.3 - 4.5 SDB 57
Cellophane membrane oM 0.1-0.2 - 6.3 SDB 57
Cellophane membrane OM, proteins, dextran 0.0-1.0 2.0-2.7 -8 SD 91"
Etched mica membrane Latex spheres 0.0-0.4 1.0 ca. 7.0" SD 75
Nuclepore membrane Latex spheres 0.1-0.8 1.0 2.5 SDB 89
Millipore membrane Latex spheres 0.1-0.4 0.08 3.2 SDB 114,128
PSM-800 silica Silica sol 0.2 ca. 2 ca. 7 SEC 104
Etched mica membrane Proteins 0.0-0.4 1 8.2 SD 115,116
Nuclepore membrane Proteins 0.0 (0.4)-0.8 - ca. 1.0 (2.0) SDB 96
Agarose gels Proteins 0.1-0.2 1.0 4.0 SDB 83
Agarose gels Proteins 0.2-0.5 0.6 ca. 7.0 SDB 83
Zorbax-GF250,450 Proteins 0.2-0.5 - 3.1 SEC 97
LiChrosorb diol Proteins 0.0-0.4 42 3.8 SEC 62
LiChrospher silica Proteins 0.0-1.¢ 1.9 35 SEC 117
TSK-250SW Proetins 0.1-0.4 1.0 35 SEC 73
TSK2000/3000SW Proteins 0.0-0.8 2.9 (2.0) 4.3 (5.3) SEC 106
TSK2000SW Proteins 0.5 ca. 2 ca. 7 SEC 112
TSK3000SW Proteins 0.4 ca. 1.5 ca. 1 SEC 112
TSK-6000PW Proteins 0.1-0.4 (0.2)° 1.6 1.0 (3.0)° SEC This study
TSK-6000PW DNA 0.1-0.4 (0.2)° 1.5 1.0 (3.0)° SEC This study
Superose-6 Proteins 0.0-0.6 1.5 5.6 (6.0)° SEC This study
Superose-12 Proteins 0.0-0.9 1.7 7.4 (1.4)° SEC This study

¢ OM = Non-polymeric organic molecules.

® QLS = quasi-elastic light scattering within the porous material; FRAP = fluorescence recovery after photobleaching within the porous material;
NMR = nuclear magnetic resonance; FRS = forced Rayleigh scattering; ND = non-steady state (transient) diffusion with infinite reservoir;
SD = steady-state diffusion with finite reservoir, boundary layer effects absent or corrected; SDB = steady-state diffusion with finite reservoir,
boundary layer effects non-corrected, which may significantly underestimate «; SEC = dispersion in chromatography (non-steady state diffusion

with finite reservoir), a-term may be decreased by convection.

¢ Large scatter in the data prevented detailed assessment. Numerical fit was forced to listed value in order to obtain the complimentary tortuosity

(respective drag).

4 The molecular size given in the original article disagrees with the diffusion coefficients reported in the same article; still, the dye may be adsorbed.
¢ Values in parentheses are for maximum (R,,,,) instead of average pore size (R;,,)-

f Convection explicitly treated in separate term.

¢ Large effect (order of 7 probable) but pore size unknown. Note that exponential relationship is obtained for all data if Stokes radius is used instead

of the author’s definition of a characteristic radius.

* Electrostatic repulsion not corrected with eqn. 29 but by the original authors using certain quantitative energetic assumptions.

Drag and excluded volumes. The present data
confirm the applicability of an exponential repre-
sentation of obstructed diffusion but the ob-
served magnitudes expressed in terms of a coeffi-
cient a do not coincide for the different columns

studied. These differences are believed to be due
to convective transport and the second part of
the discussion will elaborate how inclusion of
convection theory is able to make all data
converge to a =7.4 as the value proper for
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obstructed diffusion. This value coincides with
the theoretical calculations for cylindrical pores
by Bean.

A comparison of this result with the abundant
literature on obstructed diffusion [18,19,37,38,
48,50,57,58,62,64,67,73,75,76,81-117] shows
that the scatter amongst different studies is
almost unacceptable even for methods such as
quasi-elastic light scattering or diffusion cell
measurements that need not worry about con-
vection (Table IV). Most would probably have
opted for the centreline approximation. Interest-
ingly, there is a trend to larger a values in more
recent studies. In retrospect, various sources of
error must be held responsible for the observed
irreproducibility, namely concentration effects,
the specific nature of flexible polymers, incorrect
or lack of correction for boundary layer resist-
ance, problems of pore size and shape, influence
of ionic strength, adsorption and convection.
Experiments may have also failed in trivial
respects, e.g., proper sampling rate and angle in
quasi-elastic light scattering or residual flow
(ultrafiltration) in diffusion cell measurements.
The remainder of the discussion summarily ad-
dresses these problems without possibly passing
judgement in all individual cases. Future studies
will need to include far more experimental
controls to avoid perpetuating this dismal status
of affairs.

Preface to Table IV. The earliest experimental
study to correlate steady-state diffusion with the
aspect ratio of pores in copper hexacyanofer-
rate(II) precipitation membranes was only quali-
tative [118]. This is also true of some early
chromatographic studies that exemplified the
role of diffusion for the mechanism of SEC
[119,120]. Many subsequent studies only pro-
vided raw data that here are interpreted for the
first time. Of those publications that provide
theoretical interpretations, only four applied an
exponential relationship [50,64,89,91]. For the
present comparison, literature data were uni-
formly reanalysed in terms of eqn. 29 with R, =
R, except for identified cases of low ionic
strength. In some uncertain cases alternative
fitting pairs of ¢ and & have been included. Since
many data are suspected to include concentra-
tion effects, Table IV formally lists the product
of a« times B. Table IV is divided into two
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sections. First come the methods that are in-
dependent of the volume of measurement, such
as quasi-elastic light scattering, and therefore
measure pure frictional drag, ideally 3.5<a =<
4.5 at least up to R,/R,,, <0.5. Current techni-
cal limitations prevent measurement by quasi-
elastic light scattering at low concentration.
Second, there are those methods which for
certain boundary conditions {50] also require an
excluded volume term; here ideally 5.5<a <7.4
for solid spheres up to R,/R;,, <0.6. Chromato-
graphic dispersion measurements represent a
transient diffusion with a finite reservoir and
belong to the latter category. Below R /R,,, <
0.1 the magnitude of obstruction is too small to
be reliably measured by SEC and has insignifi-
cant weight in wider data sets. All SEC data
therefore should yield a = 7.4 for diffusion prop-
er. Diffusion cell measurements could in princi-
ple provide accurate measurements of the initial
slope at low aspect ratios, but none have so far
convincingly established the break point which is
expected at R/R,,, =0.05 by Famularo and at
R/R,,,=0.2 by the centreline approximation
(Renkin and others).

Boundary layer resistance. In conventional
diffusion measurements across a membrane, a
boundary layer of depleted concentration forms
whose magnitude depends on the efficiency of
stirring and on the pore density. Boundary layer
resistance further decreases diffusion rates, more
for small than for larger solutes. Hence un-
corrected data tend to show decreased values of
a and increased tortuosity. While the effect is
dramatic for the data of Conlon and Craven [89],
it is present also with those of Ackers and Steere
[83], which at low aspect ratios superficially fitted
to theories with centreline approximation that
are now known to underestimate obstruction.
Deviations observed in diffusion cell measure-
ments seem to be largely due to insufficient
corrections for boundary layers.

For the SEC data in this study, the contribu-
tion from boundary layer effects has been ex-
plicitly treated with eqn. 12; other studies may,
however, have neglected this term and some
failed to correct for any of the A-term. Conse-
quently low a-values for SEC in Table IV by
themselves do not prove that convective mass
transfer did occur.
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Flexible polymers. Flexible chain polymers
(polystyrene, polyisoprene, dextran) yield lower
values of 8 <1 in most studies (Table IV and ref.
121); some, however, find B ~1 at low enough
concentrations [87,92,98,99]. Highly branched
chain-polymers (Ficoll, star polymers) approach
the behaviour for solid spheres (latex, proteins,
small molecules), where B =1, even at higher
.concentrations. The present study demonstrates
that at least under conditions close to infinite
dilution, DNA and asymmetric proteins also
approach the behaviour of solid spheres in terms
of their equivalent Stokes radii. Values of g <1
may be an artifact of sample polydispersity [103].
In addition, values of B8 <1 are expected when-
ever the polymer is free-draining [94]. Values of
B <1 have also been rationalized as a truncation
of the configurational distribution by sterically
excluding the most expanded polymer conforma-
tions, which will shift average diffusion coeffi-
cients to larger values. Quantitative agreement
between theory [62] and experimental poly-
styrene data [37] was claimed (note that the
legend to Fig. 7 in ref. 62 specifies R; where
clearly R, was used to plot the polystyrene data
of ref. 37); in this regard, see also ref. 122.
Finally, a complicated theory of flexible chains
becoming deformed or even reptating through
the pores was advanced [70], but whether they
actually reptate is disputed [84,123]. The de-
formation to a one-dimensional chain is entropi-
cally so unfavourable that it requires large driv-
ing forces to make the chain enter the pore at
all. At infinite dilution such forces may be found
in electrophoresis or in ultrafiltration at suffi-
ciently high shear rates (cf., refs. 8 and 124), but
not by diffusion. Under infinitely dilute con-
ditions ample evidence is available [1,71] that
universal calibration in terms of R, describes
SEC retention with few exceptions that suggest
earlier elution as opposed to delayed retention
predicted for reptation. However, in semi-dilute
solution chain polymers are already deformed
and then preferentially enter the pore space
where they might reptate [125]. Hence the mag-
nitude of obstruction decreases strongly with
increasing concentration of flexible polymers
[92,98,99,126]. In fact, a recent theory concluded
that B =1 for R/R,,,<0.4 as long as flexible
polymers are at infinite dilution [69,122]. For
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higher aspect ratios drag was suspected to de-
form polymers and enhance transport even at
infinite dilution; according to different sets of
experiments, however, this ought to happen
without increasing retention volumes. One con-
clusion from this analysis is that concentration
effects are significant in the process of kidney
glomerular filtration (see ref. 127). Current esti-
mates of the term af3 for polystyrenes at infinite
dilution correspond well with the results of the
present study with compact spheres as well as to
the theory of Famularo without any need to
invoke special partitioning effects (cf., refs. 103
and 122).

Proper choice of pore size. Obstructed diffu-
sion theory depends on pore shape. Even though
track-etched mica contains extremely well de-
fined pores, their shape is thomboidal and ob-
structed diffusion has not yet been calculated for
this case. The observed pattern of « values,
which have been defined with equivalent cylin-
drical pore radii (which different workers have
even done in different ways), is not much differ-
ent from, say, track-etched polycarbonate mem-
branes (Nuclepore), which contain smooth cylin-
drical pores of fairly monodisperse size.

What values of pore size should be used for
polydisperse porous networks? Table IV is based
on average values R,,, whenever such data were
available, but some workers only reported aspect
ratios and may have used other criteria. Further,
large solutes probe pores above average size and
vice versa such that constant mean R,,, may
underestimate «. The worst case correction re-
places R,,, by R,,,, (Table I). The data from the
present study clearly demonstrate that even after
such a correction a significant difference remains
between the different columns from this study
that needs to be explained via convection (Table
IV). The uncertainty regarding proper aspect
ratios, however, limits quantitative tests of the
theory of convection.

Obstructed diffusion of polyelectrolytes at low
ionic strength. For the reanalysis of literature
data, proper R, values and eqn. 29 were used at
low ionic strength. The only exception is a study
of latex as a function of ionic strength [75],
which did not provide proper R, values and
consequently could not be analysed in terms of
eqn. 29. The non-electrostatic term used by the
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workers, which they indirectly based on theoret-
ical assumptions, was included in Table IV. In
some instances, effects of ionic strength may
have gone unnoticed. In particular, all measure-
ments of latex spheres may have been conducted
at insufficient ionic strength and low a values
may in part be due to neglect of R;z. Once eqn.
25 no longer holds, ion mobilities further couple
in and accelerate diffusion of the macromolecu-
lar polyelectrolyte (see also refs. 114 and 128).
The present study is the first to relate quantita-
tively obstructed diffusion that includes a signifi-
cant contribution from electrostatic interfacial
repulsion with independent experimental evi-
dence about their magnitude. The constant «
values for Superose-12 at low ionic strength up
to Ry/R,,; <0.9 unfortunately cannot be com-
pared with less disputable conditions of high
ionic strength which for Superose-12 only reach
up to R,/R;,,<0.6. Most other data on ob-
structed diffusion do not exceed this margin
either.

The demonstration of charge-related effects on
size, and thus on aspect ratio, points to a
fundamental issue that has already been exem-
plified for the retention problem at SEC [1]. If
hydration forces of significant extent exist, and it
is likely that they do, even high ionic strength
data will be affected by R,z terms and the
concept of size relevant to transport processes in
confined spaces may need general revision.

Adsorption. The rate of equilibration in chro-
matographic beads with solutes was often found
to be biphasic, possibly owing to a slower ad-
sorption process [79,120]. Adsorption of mole-
cules delays their migration and thus superficially
increases the degree of obstruction. Studied
together with non-adsorbing solutes, adsorbing
solutes have often been identified and excluded
(e.g. refs. 50, 102). Other obvious cases were
retrogradly excluded (e.g., ref. 129). The ques-
tionable data in ref. 94, whatever the reason,
seem to have been superseded by ref. 86. Exces-
sively large values of tortuosity may derive from
preferential adsorption of the smaller solutes.
Small opposite tends that result in superficially
increased a values are, however, difficult to
identify. While all other sources of error under-
estimate a, the largest observed values are not
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automatically the correct ones due to the possi-
bility of adsorption.

One-sided obstruction. The restricted diffusion
close to a wall but open to bulk solution on the
other side was studied by photon correlation
spectroscopy from an evanescent wave [130].
Excess frictional drag is lower than in cavities of
parallel plates with same centreline distance, as
expected.

Concentrated solutions. It should be men-
tioned that much earlier an exponential obstruc-
tion factor had been derived for the transport of
compact objects through concentrated solutions
of chain polymers [131,132]. The relationship
between polymer concentration and “‘pore size”
unfortunately remains subject to assumptions
and it is difficult to arrive at conclusions regard-
ing the magnitude of «. The hydrodynamics of
porous matrices undoubtedly provide valuable
insight into the properties of concentrated solu-
tions. These, however, are still more compli-
cated [123].

Convective mass transport

As early as 1969 it was reported that axial
dispersion is less than predicted by the Van
Deemter equation [133], but no reason was given
and data were not well analysed. Judged by the
results of this study, however, their claim is
feasible for their experimental conditions. Later,
another study claimed flow through the pores but
did not present data [134]. As they were oper-
ating at Cf =200 they indeed should have ob-
served convection. Around 1978-82 several
studies involved convective mass transport in gas
chromatography and SEC, which will now be
discussed in more detail with notation adapted to
the present style. Intra-pore convection theory
seems to have been rederived since [14,135].

First study. Rate-limiting convection may be
described by an effective diffusion coefficient
according to Taylor-Aries theory. Its convective
term ¢’R},,/D (c =linear flow-rate, D = three-
dimensional diffusion coefficient, R,,, = pore
radius) is additive to diffusion proper and leads
to the following expression with a numerical
factor based on a cylindrical cross-section
[136]:
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‘fp (V_ Vvoid) . (Vcolumn - Vvoid)2

C

cT 69500  y? Voo
D ore c eluen z C ?
pors (Sptent ) 2 (30)
Dbulk Cp,so]ute Pe

where c, is the mean linear velocity of solute or
eluent inside the pores and the ratio accounts for
effects of hydrodynamic chromatography which
include the role of excess drag on convection. Cf
is the convective factor defined in eqn. 3. Since
diffusion and convection are parallel processes,
the final C-term is

cl'=c;l+c! (31)

Equal contributions of convection and diffusion
are predicted for

1 Dore C cluen
Pe =g - =20 . _RSlent, op3i2 (32)

25 Dbu]k Cp,solute

where p, = 0.34 was assumed. According to this
derivation, convection plays a role at much lower
Peclet numbers than initially guessed upon intro-
ducing the convective factor term. Owing to the
D oo/ Dy term and Pe™? dependence in eqn.
30, convection does not lead to a plateau value
but to a pronounced maximum around equality
of convection and diffusion followed by a rapid
decrease for higher Pe. Such a decrease has been
predicted independently for turbulent open
capillary flow [137], but the derivation does not
apply to low Reynolds numbers. Griineberg and
Klein [138] rejected the Taylor—Aries approach
as an artifact of inappropriate assumptions.

Second study. Gruneberg and Klein [138] cal-
culated a term for rate-limiting convection at low
Reynolds numbers from random walk theory
which is valid as long as the porous zone is still
stagnant (Cf >1):

(V— Vvoid) . . Cp,eluent gf
V2 void c Pe

C.=1t, (33)

p.solute

where [=2. The same equation but with a
numerical factor /=3 was later obtained by
Gibbs and Lightfoot [135]. Eqn. 33 replaces eqn.
30 and is used in conjunction with egn. 31. In
their original theory (I =2), equal contributions
of convection and diffusion are predicted for
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D c
Pe=60-w—-—"- Cf (34)

where the numerical factor has been modified to
account for a tortuosity factor which their origi-
nal derivation omitted from an equation equiva-
lent to eqn. 21. Accordingly, onset of convection
is much later. It eventually leads to a plateau
whereas the earlier treatment had predicted a
maximum.

However, their own data seem to contradict
their theory. On VITX porous glass at Cf = 5600
they claimed to observe unusually small C terms
compared with VITX glass with smaller pores
and thus larger Cf. The reduced plate height &
increases linearly with increasing Peclet number
and does not (yet) reach a plateau. They claimed
to find convection two orders of magnitude
larger than predicted by eqn. 33. However, their
analysis is flawed and ignores frictional drag
which potentially could explain their experimen-
tal observations.

Third study. The major novelty of the ap-
proach of Rodrigues et al. [139] is a complex
non-additive coupling between diffusion and
convection that replaces eqn. 31 and thus di-
verges from the additivity theorem of dispersion.
Carta et al. [140] and Rodrigues et al. [141] have
adapted this treatment to spherical geometry.
Their analysis is equivalent to eqns. 31 and 33 if
is made a variable function of the intra-pore
Peclet number A:

/\_1 - 6 . pore . p.eluent A 35
Dbulk Cp,solute Pe ( )

1 5 1 1\' 5

7=§<tanh/\ _X> Y (36)

According to eqn. 36, one obtains for A=11=3,
for A>>1 [=0.6 and for A<<1 [=+»; for
A>10 the plateau region is reached where /<
0.7 and h remains constant with increasing Pe.
Rodrigues et al.’s equation does not consider the
role of inaccessible boundary layers for convec-
tion and corresponds in this regard to Van
Deemter’s original assumption of a constant
value for the A-term.

Fourth study. Van Kreveld and Van den Hoed
[37] employed an equation similar to eqn. 33 but
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based on an effective diffusion whose convective
term equals ¢ times a coefficient Cf’, which
replaces Cf in eqn. 33 and which they adjusted
numerically. For Porasil with narrow pores
(R,,,=13 nm, Cf=5x%10°, d =125 um), they
observed the onset on convection around Pe >
10* for polystyrene in the size range R, =3-12
nm. They reported a plateau in line with eqn. 33
and contradicting eqn. 30. This plateau depends
on polystyrene size and their data may be inter-
preted as

@ d(,u'm) Cp,solute
I R, (nm) c

Cf' = (37)

p,eluent
Hence onset of convection is a factor 500 earlier
than predicted by Rodrigues et al., i.e., eqn. 33
with [ =0.6 together with eqn. 31, and worse for
larger [ values. This is in the trend of the claims
by Griineberg and Klein. For the sake of com-
pleteness it must be added that the data of Van
Kreveld and van den Hoed were obtained at
elevated Reynolds numbers, Re=0.3-3, i.e.,
above normal laminar conditions of SEC opera-
tion. In fact, one expects Cfoc™' in the inertial
regime (Re>1) [142]. The numerical factor in
eqn. 37 certainly decreases with increasing pore
size but no data are available in this regard.
Fifth study. Kirkland [104] claimed intra-pore
convection in SEC and refers to Van Kreveld and
Van den Hoed but omits quantitative analysis.
His data for the PSM-800 silica matrix (R,,, =24
nm, Cf=5000, d=6 pm) exhibit two regimes
for the C-term but no plateau. At low flow-rates
the C-term crudely corresponds to « =7, if the
convective term is omitted and falls between the
present data for Superose-6 and Superose-12, as
would have been expected from the column
parameters. At flow-rates above 1 ml/min A
continues to increase linearly with increasing Pe
but at a decreased rate corresponding to an
apparent value of a =1, if convective terms are
omitted. The same slope is observed for the
PSM-500 silica matrix (R,,, =8 nm, Cf = 80000,
d=7.7 pm) above 0.2 mi/min. In this instance
the initial regime has not been carefully mea-
sured but the magnitude of 4 suggests that it also
occurs. Both data sets belong to the low
Reynolds number regime (Re <0.1), albeit not
as low as in the present study. The slope of a =1
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implies that the onset of convection is a factor
300 earlier than predicted by Rodrigues et al.
(eqn. 33) with [ = 0.6 and corresponds fairly well
with eqn. 37. Considering what has been said
about eddy dispersion in the mobile zone (A .-
term), these results may not be surprising, except
that they are much larger than the Pe variation
of A,.. A qualitative picture, however, is emerg-
ing: Kirkland’s low flow-rate regime corresponds
to the conditions and results of the present
study; Kirkland’s high flow-rate regime corre-
sponds to the initial part of the data of Van
Kreveld and Van den Hoed before the onset of
their plateau.

Sixth study. Rokushika et al. [112] presented
dispersion data without interpretation and re-
marked on their irregularity. For TSK2000SW
Ry =5nm, d =10 um, Cf=200000) at Re <
0.03, their data show a dependency of a on
flow-rate, from a =7 at 0.1 ml/min to a =6 at 3
ml/min. These conditions correspond to A < (.01
and therefore lack convective contributions com-
pletely according to Rodrigues et al. They are,
however, consistent with the second domain of
Van Kreveld and Van den Hoed and Kirkland
and agree semi-quantitatively with Cf’ from eqn.
37. Interestingly, the onset of this effect is later
for TSK3000SW.

Seventh study. Afeyan et al. [14] recently ana-
lysed POROS material (Cf =90, d =20 pm) ate
Re <0.3 and proposed a theory of convection
that is identical with that of Griineberg and
Klein (I=2) without applying it to their data.
Judgement is difficult because the paper does not
report all the information needed for analysis,
but the plateau observed in the range A =3-8
may agree with Rodrigues et al. (I =0.6) even
though a value as low as /=0.2 cannot be
excluded. Lack of a second regime may simply
be due to the fact that for such wide-pore
material Cf’ > Cf rather than the opposite and
thus never comes to play.

Shell model. A completely different explana-
tion for a decrease of the C-term with increasing
flow rate was put forward by Kubin [143]. He
assumed that penetration of the beads is limited
to an outer shell of variable thickness because
there is insufficient time to establish equilibrium
throughout the bead. Others have used Kubin’s
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model to explain their experimental observation
of a decrease of the C-term with increasing flow
rate [144]. Owing to limitations of space a
thorough discussion of this matter is deferred to
a forthcoming second part of this series (“The
role of transport processes and non-equilibrium
in size-exclusion chromatography’’). The predic-
tions of Kubin’s particular model are, however,
briefly compared with the results of this inves-
tigation.

This study. Kubin’s shell model predicts a
maximum around R/R,,, = 0.5 for the Superose-
12 data shown in Fig. 7. In this regard Kubin’s
model is phenomenologically indistinguishable
from the Taylor—Aries theory (first study). At
the same time the Kubin model underestimates
the effect for TSK6000PW if it alone had to
explain the low value of a that is observed in this
instance. In order to explain fully the observed
dispersion data, convective mass transport must
therefore occur.

According to the presented Taylor—Aries
theory (see First study) (eqn. 30), Superose-12
data should belong to the diffusive regime. For
Superose-6 eqn. 32 predicts a maximum around
100 Pe, which is just above the range of mea-
surement. The reported a value should undoubt-
edly be ©biased by convection. Finally,
TSK6000PW should be entirely in the convective
regime. Clearly, no maximum is observed (see
Fig. 5) and neither is a plateau. The functional
form of eqn. 30 must therefore be doubted.

According to the data of Van Kreveld and Van
den Hoed (see Fourth study), the TSK6000PW
column would operate in the plateau of convec-
tion, which is not borne out by the data. It must
be emphasized that according to eqn. 37 even
Superose-12, with the same pore size and even
smaller beads, should be subject to convective
contributions.

The random walk model (see Second study)
(eqn. 33 with /=2) predicts that Superose-12
operates in the diffusive regime. Since all data
were taken at A < 0.3, Rodrigues et al.’s analysis
(see Third study) claims />10 and safely ex-
cludes convective terms. In analogy with
Rokushika et al.’s data (see Sixth study), the
second convective domain is not yet manifest for
Superose-12 at 0.5 ml/min flux. The Superose-12
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data consequently represent pure effects of ob-
structed diffusion. Superose-6 exhibits a slight
contribution from convection. The data repre-
sent a range A =1-§, which corresponds to /=
0.8-3 according to Rodrigues et al. (see Third
study) and is difficult to distinguish from the
random walk models. The apparent a values for
TSK6000PW are significantly decreased but the
plateau region lies outside the range of measure-
ment. The available data represent a range of
A =3-30 which corresponds to /=0.6-1.2. Ac-
cording to the data of Afeyan et al. (see Seventh
study) one would not expect much of a second
domain for this column. Explicit account of
convection increases a to a value around 7 and
demonstrates that this magnitude is the true
value for diffusive mass transfer of solid spheres
in all porous matrices. A value of / =2 is clearly
insufficient in this regard and gives preference to
Rodrigues et al.’s equation (eqns. 33, 35, 36).
The large scatter of this particular data set and
the wide pore size distribution of TSK6000PW,
however, preclude a decisive validation of the
details of Rodrigues et al.’s equation.

The experimental data in this investigation are
based on different solutes run at the same flow-
rate. Future study of their flow-rate dependence
is expected to resolve the undecided quantitative
issue. It is obvious, however, that Rodrigues et
al.’s analysis does not predict the observation of
a second domain of dramatically increased con-
vection. In part this should be related to the
neglected Peclet number, Reynolds number and
geometric dependence (see A, -term in Theory
section). The observed magnitude and phenom-
enology (Cf’ term), however, is clearly not
understood. The cumulative empirical evidence,
however, is consistent and leaves no doubt about
the crucial influence of convection not only for
novel wide pore materials but even for tradition-
al SEC situations.

CONCLUSIONS

Of all theoretical considerations of obstructed
diffusion, the numerical results of Famularo
come closest to experimental truth and their use
is strongly recommended. His calculations are
well represented by a logarithmic one-parameter
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function for obstructed diffusion in those in-
stances where excluded volume and drag effects
occur together, such as in SEC. The parameter
then is @ = 7.4 except for the very initial slope of
a =5.5. Drag effects alone are not well repre-
sented in this manner. Geometrically simple
membrane pores and complex porous networks
of variable cross-section behave similarly as far
as data quality permits a conclusion. Advanced
theoretical efforts in complex geometry are de-
sirable, however, as much as experimental con-
solidation. The centreline approximation is clear-
ly erroneous and many of its widespread applica-
tions, particularly in the field of biological
porosimetry, will need to be revised. There is
reasonably good evidence that, in the limit of
infinite low sample concentration, obstructed
diffusion correlates with the diffusional Stokes
radius of infinite dilution plus extra interfacial
terms due to the finite “concentration” of the
pore walls. Deviations to smaller sizes are arti-
facts of finite sample concentrations, at least for
aspect ratios of R/R,,, <0.4. The obstructed
diffusion of polyelectrolytes at low ionic strength
is fully explained by the role of interfactial
effects analogous to their role in SEC retention.
As different sizes are derived by retention and
dispersion for asymmetric molecular shapes, the
mechanism of retention is not determined by
transport processes.

Convective mass transport within the stagnant
zone occurs in most SEC studies. SEC of large
polymers is only feasible because convection
substantially improves resolution. Of all theories
of convection, the equation of Rodrigues et al.
comes closest to experimental evidence, but does
not explain the occurrence of the manifold
increased convection at higher than standard
flow-rates that was observed in two other studies
and is currently not understood. Consequently,
ultra-rapid separations are feasible even with
narrow-pore materials without ever exceeding a
reduced plate high of A =100, which may be
sufficient for some process control applications.
For those who so far have remained sceptical
about the existence of flow-through capillaries in
chromatographic matrices, the demonstration of
convection also provides evidence for this totally
porous nature of the materials. Further, the so-
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called “stagnant” zone moves slowly through the
beads, even though the flow is Cf times less than
in the mobile zone.

Analysis of Van Deemter’s A-term suggests
that the assumption of laminar flow in the mobile
zone is invalid. Comparison of different chro-
matographic columns yields a variation of the
A-term by a factor of 3, the origins of which
remain to be established. Such variation was
formerly attributed to the quality of the column
packing and is not explained by the role that
theory gives to the porosity parameter. A proper
physical description of convection and diffusion
in the mobile zone is obviously intimately helpful
in formulating the equivalent problem of stag-
nant zone mass transfer. The theory now seems
fit for accurate predictions of reduced plate
heights and thus enables a priori optimization of
resolution and correction of physical dispersion
in size distribution analysis. A refined under-
standing of the mechanism of chromatographic
dispersion helps in comprehending the geometric
topology of packed beds and porous materials
and of its hydrodynamics.

SYMBOLS

a Mark-Houwink exponent
c interstitial linear velocity

Cp intra-pore linear velocity

c* overlap concentration

Cinj concentration of the injected sample

d bead diameter

flux volumetric flow-rate

h reduced plate height

k adjustable parameter in A-term

l constant or variable factor in C_

m exponent that measures fluid condi-
tions

n net charge of polymer

p porosity [of the interstitial (p;) or
bead (p,) zone]

wy, peak width at half-height
Van Deemter term A

A, term for eddy dispersion

A, term for film resistance of trans-zone
transfer

(A) average cross-sectional area of a pore
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maximum cross-sectional area of a
pore

minimum cross-sectional area of a
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Van Deemter term B

Van Deemter term C

convective contribution to mass trans-
fer term

diffusive contribution to mass transfer
term

convective factor

diffusion coefficient [in bulk solution
(Dyu) or in confined pore space
(Dyore)]

ionic strength

column length

generic molecular mass
number-average molecular mass
mass-average molecular mass

number of plates

Van Deemter-like term of sample
polydispersity

Peclet number (of mobile zone)
generic radius

effective radius of retention in SEC
effective radius of dispersion in SEC
interfacial contribution to the effective
radius

equivalent shape radius of core body
as part of Ry

bulk diffusional Stokes radius at infi-
nite dilution

bulk viscosity radius at infinite dilution
maximum pore radius

minimum pore radius

average pore radius

Reynolds number

retention volume

total volume of the empty column
total liquid volume of the filled
column

interstitial volume

back-pressure

film thickness

Greek letters

[4

B

key factor in obstructed diffusion
concentration dependent size com-
pression factor

QT >TS

€
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solution viscosity

intrinsic viscosity

Peclet number (of stagnant zone)
density

standard deviation

tortuosity [of the interstitial (&) or

pore (&,) zone]
adjustable parameter in A,

w, w', w; proportionality constants in A-term
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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 C,, and C,, 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 times 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 C,, and C,, 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
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* Present address: Sandoz Argo, Inc., Palo Alto, CA 94304,
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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
Cq and C,, separation and a few are now
commercially available [19-21], a basic approach
to optimize separation systems for higher ful-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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lerenes is still urgently required. Studies of the
separation of C,, and C,, using multi-legged
biphenyl bonded phase (BP) [22], commercially
available octadecyl silica (ODS) phases (poly-
meric and monomeric phases) [23-26] and a
novel dimethoxyphenylpropyl silica bonded
phase (DMP) [27] have been previously con-
ducted in our laboratory. The separation of
higher fullerenes such as C,4, C,, and C,, with
ODS phases was also reported in previous
papers [25,26]. These investigations indicated
that there is still potential for further studies to
obtain higher selectivity with the above-men-
tioned stationary phases using their characteristic
chromatographic properties. In this communica-
tion, we describe an approach to enhance the
selectivity of separation with varying column
temperature in order to get better resolution for
Cso> C,o and other higher fullerenes using vari-
ous stationary phases, especially DMP phase.

EXPERIMENTAL

The HPLC system used consisted of a Tosoh
CCPE pump (Tokyo, Japan), a Hewlett-Packard
1040 A photodiode array detector (Yokogawa
Analytical Systems, Musashino, Japan) con-
trolled by an HP 9000 computer, and a
Rheodyne 7520 injector (Cotati, CA, USA) with
20-ul loop volume for injection. The column
temperature was controlled by a Tosoh RE-8000
oven at temperatures between 30 and 80°C and
by a LAB-Thermo Model LH-1000E (Toyo
Seisakusho, Tokyo, Japan) at temperatures
lower than 30°C. Separation columns evaluated
herein were as follows: Develosil ODS-5 (mono-
meric type, 5 uwm, Nomura Chemicals, Seto,
Japan), 250 mm x 4.6 mm I1.D.; Wakosil II
SC18AR (polymeric type, 5 um, Wako Chemi-
cals, Tokyo, Japan), 250 mm X 4.6 mm 1.D.; and
DMP (monomeric type, 5 um, laboratory made),
150 mm X 4.6 mm I.D. In this work, DMP was
used as the primary stationary phase and others
were used as references for the comparison of
the chromatographic performance for fullerenes
separations, since it has been found previously
[27] that DMP is very promising stationary phase
for fullerenes separation (C,, and C,;). The
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mobile phase was n-hexane at a flow-rate of 1
ml/min.

Carbon soot was produced by a common arc
discharge in an inert gas environment. The soot
was extracted with toluene in order to obtain the
Cs and C,, fraction and the residue was ex-
tracted with 1,2,4-trichlorobenzene to get highly
concentrated higher fullerenes [25]. The solution
was then evaporated to dryness and then re-
dissolved in toluene for use as the test sample for
the injection.

RESULTS AND DISCUSSION

Separation of Cg, and C,,

In general, in HPLC, high temperature resuits
in lower retention and high resolution. However,
Pirkle and Welch [19] reported an unusual tem-
perature dependence of their special column (the
so-called Pirkle column) for C,, and C,, separa-
tion, i.e. higher temperature causes higher reten-
tion and high resolution. In this work, therefore,
the first step was to separate C,, and C,, with
various stationary phases and varying column
temperature. In Fig. 1, the separation factors for
Cq and C,, are plotted against temperature.
With the polymeric ODS phase, the separation
factors changed drastically with the column tem-
perature: decreasing the temperature increased
selectivity. Low temperature makes it possible to
separate both fullerenes with low retention and
resolution. At temperatures greater than 40°C,
the same separation cannot be achieved because
of very low retention and co-elution of C, and
C,,- This means that polymeric ODS is not
suitable for separating C,, and C,; even at low
column temperatures, because the retentions of
two fullerenes are very short and the separation
efficiency is very sensitive to small changes in
temperature. With the monomeric ODS phase,
the change in the separation factors with tem-
perature is not as drastic as found when using the
polymeric ODS phase, but the tendency for the
selectivity to increase at lower temperatures is
clearly seen. From the practical point of view,
the monomeric phase is preferable to the poly-
meric, although at low temperatures the poly-
meric ODS phase can offer much higher separa-
tion factors than the monomeric ODS. Actual
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Fig. 1. Relationships between separation factors (a) for C,
and C,, with four different stationary phases and column
temperature. (A) Polymeric ODS; (B) monomeric ODS; (C)
DMP.

retention values with the polymeric phase are
always lower than those with the monomeric,
and this fact demonstrates that the monomeric
material is the better stationary phase for ful-
lerenes separations. As previously reported by
Pirkle and Welch [19] different retention mecha-
nisms are affected to varying degrees by tem-
perature change. With the DMP phase, the
temperature dependency is very minimal, not as
low as the Pirkle column, but the lowest tem-
perature dependency of the three phases studied.

Higher fullerenes separation

In our previous work [26], polymeric and
monomeric ODS phases with toluene-acetoni-
trile as the mobile phase were evaluated for the

separation of higher fullerenes such as C,4, Cyq, .

C,, and Cg,. Interesting results were obtained in
that work: the elution order of C,, and one of
three isomers of C,, i.e., C;—C,,/, with the
monomeric phase was reversed by using the
polymeric phase. Also, the elution order of Cg,
and Cg, with the monomeric ODS was reversed
when compared with the polymeric phase, i.e.,
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the order with the latter is C,, then Cg,. These
differences in the elution characteristics of the
monomeric and the polymeric phases can be
explained by the molecular planarity recognition
capability of the phases, as discussed in our
previous paper [26]. Here we will compare three
stationary phases with n-hexane as the mobile
phase in determining elution orders and tem-
perature dependence as it relates to the retention
of higher fullerenes.

In Fig. 2, the temperature dependency of the
separation of higher fullerenes with the DMP.
phase is demonstrated. The results clearly show
that with this phase the elution characteristics of
fullerene isomers do not change dramatically
even at different column temperatures. Increas-
ing the temperature only allows faster analysis
with similar resolution for those higher ful-
lerenes. The thermal stability of the separation
with the DMP phase is apparently seen in the
results. For comparison, the chromatograms
obtained with the monomeric and the polymeric
ODS phases are summarized in Figs. 3 and 4,
respectively. The elution behaviours with both
ODS phases show higher temperature dependen-
cy than is the case with the DMP phase. The
polymeric phase shows a drastic elution change
with temperature. Even at 20°C, the temperature
which offers the highest resolution with the
polymeric ODS, only partial separation was
realized for higher fullerenes. This means that
the polymeric phase is very poor for separation
of the higher fullerenes with n-hexane as the
mobile phase. With the monomeric phase the
resolution is a little better. At 20°C with the
monomeric ODS, only three major peaks which
range from C,, to C;, in the chromatogram
appear, and these peaks merge into two major
peaks at 80°C. Therefore, the monomeric phase
is better than the polymeric phase but neither is
good for higher fullerenes separations.

Two important and conclusive facts are ob-
tained from the experimental results: (1) the
resolution of higher fullerenes with the DMP
phase is better than with other phases using
n-hexane as the mobile phase and (2) increasing
the temperature with the DMP phase results in
slightly faster analysis without loss of resolution.
It is clear that the DMP phase is the best
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Fig. 2. Separations of higher fullerenes with the DMP phase
at different temperatures. (A) 20°C; (B) 40°C; (C) 60°C; and
(D) 80°C. Peak assignments are described in the caption of
Fig. 5.

stationary phase for the separation of isomers of
higher fullerenes.

UV-Vis spectra obtained by the separation
with the DMP phase reveal that the elution
order of higher fullerenes is C,, (peak 1 in Fig.
2), C35=Cy, + Ci5-Dy (peak 2), Cpe—C,,. (peak
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Fig. 3. Separations of higher fullerenes with the monomeric
ODS phase. (A) 20°C; (B) 40°C; (C) 60°C; and (D) 80°C.
Peak assignments are given in the text.

"3), Cs, (peak 4) and Cg, (peak 5), as seen in

those spectra summarized in Fig. 5. This order is
different from those with ODS phases when
toluene—acetonitrile was used as the mobile
phase [26], i.e., with the monomeric phase the
order is C,, C,;—C,,., C;s-C,, + C.5-D;, Cg,
and C,,, and with the polymeric phase it is
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Fig. 4. Separations of higher fullerenes with the polymeric
ODS phase. (A) 20°C; (B) 40°C; (C) 60°C; and (D) 80°C.
Peak assignments are given in the text.

Cy5-Cpps Crg, Cpg—Cyy, Crg—D; and Cyy + Co,.
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 20°C, it
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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; (D)
peak 4; and (E) peak 5. By careful examination the spectra
can be assigned as follows: (A) C,4; (B) C.-C,, + Cy—Dy;
(C) C3s=Csy; (D) Coys (E) Cye

was determined that the order was similar to that
with the toluene—acetonitrile mobile phase. Peak
1 in Fig. 4 is C,4;—C,,. + C,4, peak 2 is C;-C,,
and peak 3 includes C,,, C,;—D; and Cg,. With
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the monomeric phase the order is also similar to
the case with the toluene—acetonitrile mobile
phase, although with n-hexane even at 20°C
three isomers of C,; elute together and Cg,
makes a little shoulder at the left side of the Cg,
peak. This means that the peak assignments in
Fig. 3 are as follows: peak 1 is C,, peak 2 is
three C,4 isomers in the order C,,—C,, ., C,.—C,,
and C,;—D;, and peak 3 is Cg, + Cq,. In conclu-
sion, it has been found that the elution order of
the higher fullerenes from C,; to C,, is very
different with different stationary phases. This is
a very important finding and indicates that
HPLC separations can be used not only to
isolate and purify fullerenes, but also to identify
their size and shape. The different order seen for
C,s—C,, and C,, isomers is caused by the cavity-
like shape of the DMP phase, which might be
much better suited to catch C,,, isomer than C,,
isomer because the former is a little bulkier than
the latter. The polymeric ODS phase, which has
the largest molecular planarity recognition
capability, retains C,,. less than even C,,, and
these small differences of shape and structure of
the higher fullerenes isomers can be recognized
by different types of stationary phases in HPLC.
This indicates that HPLC separations are per-
formed under molecular level interactions such
as solute—stationary phase interaction. If one can
choose a series of appropriate stationary phases
and determine the elution order of unknown
fullerene isomers, the shape and size of those
molecules can be predicted by systematic HPLC
analyses. For fullerenes higher than Cg, this
approach is very promising if one can combine
LC-MS technique to determine the isomers’
molecular masses [28,29]. This research is under
way in our laboratory using the stationary phases
mentioned in this work in addition to other
different types which can offer different selectivi-
ty, such as liquid-crystal bonded phases [30-32].
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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 xm 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 B-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 wm diameter beaded cellulose immunosorbent having 3% solids content gave equivalent capacity to a 140
pum 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 However, these studies have tended to empha-
size the high-pressure liquid chromatography
The chromatographic behavior of packed (HPLC) family of very small particles (10 to 50

columns of rigid particles has been well detailed. pm diameter) and have not been well extended
—_— to softer hydrogel supports composed of cellu-
* Corresponding author. lose or agarose derivatives. Soft hydrogel sup-

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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ports have been most successfully applied to the
immunopurification of large molecules like
human plasma proteins such as Protein C (M, 62
kDa) [1]. The utility of immunosorbents for large
scale purifications and the effects of the im-
mobilization chemistry upon antigen binding
activity are discussed elsewhere [2]. We discuss
here the material aspects of beaded cellulose
hydrogels that affect the design of immuno-
sorbents so as to maintain dynamic capacity at
high flow rates while generating minimal pres-
sure drop across a column.

The mechanical stability of currently available
beaded hydrogels supports is limited at the
pressure drops created by high fluid velocities
[3]. Immunosorbents commonly consist of cross-
linked agarose, cellulose, or synthetic polymer
hydrogels with a bead diameter of about 60 to
200 wm and solids contents of less than about
9% (w/w) [4]. Many small agarose or cellulose
beaded supports begin to deform at about 4
kPa/cm bed or less followed by an exponential
increase in the pressure drop across the column
[5]. Furthermore, the velocity at which small
bead hydrogel supports crush is inversely propor-
tional to the column diameter [6]. Thus, the
strength of hydrogel supports cannot be simply
scaled for industrial affinity purification of pro-
teins by increasing the column diameter while
holding the bed depth constant [7]. At low fluid
velocities, these hydrogels behave roughly as
predicted by classical chromatographic theory
that has been applied to more rigid HPLC-type
supports [8,9].

The processing rates of most chromatographic
supports are also limited by the fluid contacting
time over which intraparticle diffusional trans-
port can occur. Past hydrogel designs have
prioritized a minimization of the path length
through which the protein of interest must dif-
fuse in order to be adsorbed. Diffusional trans-
port is particularly slow for proteins, as most
have binary diffusion coefficients in water on the
order of 1077 cm?/s or less [10]. The binary
diffusion coefficient for proteins in hydrogel
support materials would necessarily decrease as
the solids content of the hydrogel is increased
and diffusional transport becomes hindered.

While the path length for diffusional transport
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is shortened by decreasing particle size, viscous
form drag increases due to an increase in the
surface area exposed to flow per volume of
support. Therefore, the pressure drop at a given
fluid velocity is increased as particle size is
decreased. This effect has been well correlated
for flow in packed beds of rigid spheres using
“Darcy’s Law” type expressions such as the
Ergun correlation [11]. Thus, the diametrically
opposed phenomena of bead penetration and
viscous form drag require an optimization of
dynamic adsorbent capacity vs. throughput at
pressure drops that can be supported by the
adsorbent and ancillary column equipment. We
present here a design model for hydrogel-based
immunosorbents that seeks to optimize in-
traparticle protein transport, physical strength,
pressure-flow  characteristics, and dynamic
capacity by manipulation of bead size and solids
content in the particle. Immunosorbents made
from cellulose beads are used to evaluate the
model and some comparisons to commercially
available cross-linked agaroses are made.

EXPERIMENTAL

Cellulose chromatographic supports

Cellulose beads (VPI beads) were produced by
regeneration of pure cellulose (Whatman) having
a degree of polymerization of about 180-200
[12]. The cellulose was dissolved in a chaotropic,
saturated solution of LiCl (9%, w/w) in dimethyl
acetamide (DMAC) and the residual insolubles
were removed by filtration [13]. Dissolved cellu-
lose concentrations of 0.5-3.3% (w/w) were
used. Typically, a batch size of about 0.1-1 1 of
beads was made by atomization of the cellulose
solution into twice the volume of an azeotropic
mixture of isopropanol and water or 90% by
volume aqueous methanol. A 20 gauge needle
was used as an atomizing nozzle. An air jet
placed at the tip of the atomizing nozzle was
used to disrupt the bead as it emerged from the
atomizer. Bead size was varied by adjusting the
air jet and cellulose solution flow rate. A single
needle could produce up to one | of beads per
hour. Extraction of the chaotropic LiCI-DMAC
solvent by the aqueous alcohol was achieved by
incubation for several hours at room tempera-
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ture. This resulted in the regeneration or precipi-
tation of the cellulose as a beaded hydrogel. The
beads were then washed in a column mode with
10 bed volumes of water. The solids content of
the water-washed cellulose beads was deter-
mined by weight loss upon freeze drying of beads
that were lightly blotted to remove excess water.
Bead size was measured by photomicroscopy of
random samples of 15-20 beads. Cellulose beads
with diameters less than 250 um and solids
contents ranging from 6 to 13% were kindly
provided by SCHZ Lovosice.

Pressure drop

The pressure drop across a column of beaded
support was measured at various flow rates.
Beads were packed as an aqueous slurry into a
15% 1.0 cm column (C10-20, Pharmacia). De-
gassed deionized water was pumped through the
column at various flow rates using a Rainin HPX
HPLC pump with a 2070 kPa back-pressure
valve in line before the column to maintain
pressure on the pump. A KM 5007 1.S. digital
pressure gauge (Kane-May) was attached by a
three-way valve above the column. The column
was first consolidated for a minimum of 30 min
at a flow rate that gave a pressure drop of at
least 3.4 kPa across the column. The flow rate
was then increased incrementally with a mini-
mum of 5 min allowed for the pressure drop
across the column to come to equilibrium. The
pressure drop was assumed to be asymptotically
stable when the change in pressure was less than
0.34 kPa/min. We have defined pressure ex-
ponentiation as a greater than 250 kPa change in
pressure drop across the column at a set flow
rate after exhibiting a stable pressure profile (less
than 0.34 kPa change per min) at the previous
flow rate.

Permeation studies

Solute permeation in underivatized cellulose
beads was studied by elution behavior of single
component solutions of dextran, several large
proteins and tryptophan (Sigma) relative to that
obtained for 0.269 um latex beads. The elution
profiles as detected at 280 nm were studied at
two bead contacting times. The chroma-
tographies were run using degassed deionized
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water for the latex beads and degassed Tris-
buffered saline solution (pH 7.0) for the pro-
teins. The permeation studies were run using two
flow rates: 0.1 ml/min (0.127 cm/min) and 1.0
ml/min (1.27 cm/min). The void volume of the
column was determined using Nanosphere
0.269 = 0.007 wm polystyrene latex microspheres
(Duke Scientific) diluted 1:10 with deionized
water.

Cellulose bead activation

Cellulose beads were activated with CNBr by
a modification of the method of Porath et al.
[14]. The beads were blotted to remove excess
water, weighed, and 5.0 g were placed in a 40-ml
beaker with 5 ml of cold 5 M potassium phos-
phate buffer. The beads and buffer were stirred
for 10 min while kept at 0-5°C in an ice bath.
CNBr solution (2 ml of 0.1 g/ml CNBr in
deionized water) was then added dropwise over 2
min with continuous gentle stirring. The reaction
was allowed to continue for an additional 8 min
with constant stirring. The reaction was stopped
by decanting the beads into a filter and washing
with 11 of 0.1 M NaHCO,;. Beads were immedi-
ately transferred to a 20-ml sample bottle
(Wheaton polyethylene scintillation vial, Cole-
Parmer) for antibody immobilization.

Immunoglobulin immobilization to CNBr
activated beads

A murine anti-human protein C monoclonal
antibody, 7D7B10-Mab (American Red Cross),
was bound to cellulose or agarose beads by
placing 5 mg of 7D7B10-Mab in 2.5 ml coupling
buffer (0.1 M NaHCO,-0.5 M NaCl, pH 8.3)
with 5.0 g (preactivated weight) of CNBr acti-
vated beads in a 20-ml sample bottle. The
immobilization reaction was run overnight at 0—
4°C using a turntable agitator. The beads were
then washed with two 5-ml deionized water
washes to remove -free immunoglobulin and
unreacted active sites were blocked with 10%
ethanolamine in 1 M NaHCO, pH 8.3 for a
minimum of 4 h at 0-4°C. The immobilization
step was terminated with three alternating
washes in 0.05 M Na acetate-0.5 M NaCl, pH
4.0 and 0.05 M Tris—0.5 M NaCl, pH 8.0. Beads
were stored in TBS pH 7.0 at 0-4°C. The
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amount of antibody immobilized was determined
by ELISA using the method in refs. 2 and 15.

Column configuration

7D7B10-Mab cellulose or agarose immuno-
sorbent beads (5 ml) were packed into a C10-20
jacketed column (Pharmacia) cooled to 2-6°C
with a recirculating cold water bath. Two Rainin
HPX pump modules with 100 ml/min pump
heads were used for buffer delivery. A 2070 kPa
pressure regulator was placed in line upstream of
the column to maintain back pressure on the
pumps. Protein C-rich feeds were pumped
through a Masterflex pump (Cole-Parmer) with a
7013 head for low flow rates (2.5 and 5.0 ml/
min) and a 7016 head for high flow rates (10, 20,
40, and 80 ml/min). The pumps and column
were connected with low pressure fittings includ-
ing a three-way valve for preventing back flow
into the feed line. Protein content of the column
effluent was measured by absorbance at 280 nm
with a Knauer Variable Wavelength Monitor UV
detector and by ELISA of effluent fractions. A
0.4 mm path length preparative flow cell was
used for the 2.5 and 5.0 ml/min runs and a high
flow rate variable path length flow cell (Sonntek)
was used for all other runs. Buffer delivery and
data collection was controlled through Rainin’s
Dynamax system using a Macintosh Plus compu-
ter.

Binding and elution of PC

Recombinant Protein C (thPC) feed stock was
prepared by diluting precentrifuged transgenic
pig milk whey-50 mM EDTA containing 1 g/l
rhPC with degassed 0.1 M NaCl, 0.05 M Tris,
0.025 M EDTA, pH 7.0 (TBS 25 mM EDTA) in
the ratio: one part whey to three parts TBS 25
mM EDTA [16]. The diluted whey was cen-
trifuged for 15 min at 3400 g and then gravity
filtered to remove precipitates. Diluted clarified
whey was stored at 0—-4°C for up to 12 h before
loading onto the column. During each run, the
7D7B10 cellulose or agarose immunosorbent
columns were loaded with 200 ml of the diluted
transgenic pig milk whey. The metal dependence
of Protein C binding to 7D7B10-Mab (binding of
Protein C by 7D7B10-Mab occurs only in the
absence of calcium ions) was used to facilitate
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the elution of the protein from the antibody
column [17]. The immunosorbent columns were
washed with 18 column volumes of TBS 5 mM
EDTA after the loading of the whey. The
Protein C was eluted with TBS 25 mM Ca(l,
and 5-ml samples were collected from the start of
the elution step. The column was regenerated
with successive washes of 4 M NaCl, 2 M
NaSCN, and TBS 5 mM EDTA.

Protein C assay

Protein C was assayed using sandwich ELISA
with 7D7B10 anti PC Mab as the capturing
antibody as described in references 2 and 15.

THEORETICAL

The time that a packet of fluid is in contact
with any one bead is defined as the bead contact-
ing time. This bead contacting time is calculated
from the bead diameter d, and the superficial
velocity v as follows:

dy

Ly = (1)

The bead contacting time is used to estimate
the approximate time available for a species to
penetrate the bead.

The analytical equations for diffusion into a
sphere have been solved [18]. For this work, the
solution for the volume average concentration
throughout the sphere has been used as a bench-
mark to determine the extent of diffusion into
the bead assuming that all transport within the
bead is diffusive. The analytical solution for the
volume average concentration in the bead with
the boundary conditions that the concentration
at t =0 is ¢, = 0 and that the concentration at the
surface is ¢, for all ¢+ > 0 is given as:

6cb2
ca
m nln

The height equivalent to a theoretical plate
(HETP) was calculated from peak width mea-
surements by the standard equation using the
half height width:
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This equation holds for peaks that are rela-
tively Gaussian [19]. The experimental HETPs
were compared to estimated values for HETP
given by the correlations of Mikes [20] and
Johnson and Stevenson [21].

RESULTS

The amount of cellulose in beads made by
regeneration into aqueous alcohol was linearly
dependent upon the dissolved cellulose concen-
tration in LiCI-DMAC as shown in Fig. 1. At
constant dissolved cellulose concentration, the
solids content of the beads was essentially in-
dependent of bead size for diameters in the
ranges of 1.0-1.8 mm and 0.6-0.8 mm. The
standard error ranged from 0.05-0.2% and was
calculated for a minimum of three measurements
of solids content.

Fig. 2a and b presents the pressure drop vs.
linear velocities obtained by column mode ope-
ration in a 15 X 1.0 cm packed bed for VPI beads
of the present work and various commercially
available beaded agaroses. Fig. 2a gives pressure
drop vs. linear velocities obtained by column
mode operation for VPI beads of different solids
content having a size of about 600-700 um
diameter. Pressure exponentiation occurs for

Cellulose in Beads

0 r . '+ tr T 1
0 1 2 3 % 4

Cellulose in Beading Solution
Fig. 1. Mass percent cellulose in beads as a function of

solution concentration. O =Large beads, 1.0-1.8 mm in
diameter; O = small beads, 0.6-0.8 mm in diameter.
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Superficial Velocity {cm/min)

Superticial Velocity {cm/min)

4 s [ 7 8
Pressure drop (kPa/cm)

Fig. 2. (a) The effects of solids content on the pressure drop
curve. VPI cellulose beads in a 15.0 X 1.0 c¢m column. (1)
M =600 xm diameter beads, 0.9% solids (w/w); (2) O =700
pm diameter beads, 1.2% solids; (3) @ =800 wm diameter
beads, 1.9% solids; (4) O =700 pm diameter beads, 3.2%
solids. (b) Pressure drops across columns of nominal 300 wm
beads. Experimental results plotted in comparison to the
theoretical results of the Ergun equation [11]. @ = Sepharose
6MB (250 = 40 um diameter cross-linked agarose beads, 9%
solids), A =VPI cellulose beads (34040 pum diameter
cellulose beads, 9% solids); (1) theoretical 250 wm diameter
beads, (2) theoretical 340 pm diameter beads.

beads containing 1% solids at superficial veloci-
ties greater than about 15 cm/min (Fig. 2a; curve
1). Pressure exponentiation occurs for beads
containing 1.2% solids at superficial velocities of
greater than about 40 cm/min (Fig. 2a; curve 2).
Pressure exponentiation occurs for beads con-
taining 1.9% solids at superficial velocities of
greater than about 70 cm/min (Fig. 2a; curve 3).
Beads containing 3.2% solids did not exhibit a
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pressure exponentiation at flow rates up to 100
cm/min (Fig. 2a; curve 4).

Fig. 2b compares the observed pressure-flow
behavior of uncross-linked 9% cellulose (300—
380 wm diameter) and cross-linked 9% agarose
(250-300 pm diameter) with_the predicted pres-
sure-flow behavior of idealized rigid spheres
having diameters of 340 um (Fig. 2b, curve 1)
and 250 pm (Fig. 2b, curve 2). No pressure
exponentiation at velocities up to about 100 cm/
min was seen for either bead. The Ergun equa-
tion [11], a semi-empirical prediction of pressure
drop as a function of flow rate for rigid spheres,
shows that both cellulose and cross-linked aga-
rose yield more pressure drop than that pre-
dicted for rigid spheres of the same size.

Fig. 3 plots the crushing velocity, percent
solids content and bead size from the above data
for VPI beads and Perloza cellulose beads
(SCHZ Lovosice). We term the crushing velocity
as the superficial velocity (ml flow/min/cm? bed
area or cm/min) at which the pressure drop
across the column exponentiates. Low crushing
velocities (about 5-10 cm/min in a 15 cm col-
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Fig. 3. Relationship between bead size, composition, and
crushing velocity. X = Cellulose beads of less than 200 um,
courtesy of SCHZ Lovosice; A = cellulose beads of present
work. Dark shaded area = projected crushing velocity as a
function of bead size and weight percent solids; hatched
area = approximate projected surface defining the perform-
ance and composition of VPI beads; lightly shaded area=
approximate projected surface defining the performance and
composition of commercially available beads.
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umn) are seen in beads with solids content less
than about 6% (w/w) and with size smaller than
about 200 um in diameter.

Fig. 4A, B, C, and D presents permeation
chromatography done on underivatized cellulose
beads (=~1000 um) at superficial velocities of
0.12 cm/min (¢, =50 s) and 1.2 cm/min (¢, =5
s). Cellulose beads with solids contents of 3%,
4%, 6%, and 9% with average diameters of
about 1000 um were studied. As indicated by a
sharp elution peak of 0.269 um diameter latex
polymer spheres, void volumes ranged from
0.40-0.45 column volumes for all beads analyzed
(Fig. 4A, B, C, and D; panel a). The void
volumes did not vary with linear velocity. For
any of the biochemical species evaluated in these
permeation experiments; after about 1.5 column
volumes, no absorbance was detected in the
subsequent 10 column volumes.

Permeation experiments using blue dextran
(M, 2000 kDa) in 3% cellulose beads gave an
elution profile at 0.12 cm/min having two max-
ima with about 80% of the O.D. 280 nm cen-
tered at about 0.5 column volumes with the
remainder being more broadly centered at about
1.0 column volumes (Fig. 4A; panel b). The
elution profile for blue dextran at 1.2 cm/min
gave a single maximum at about 0.5 column
volumes (Fig. 4B; panel b). Thyroglobulin (M,
669 kDa) also gave a bimodal elution pattern,
but greater than 80% of the protein was centered
about 1.0 column volumes with the remainder
centered at about 0.45 column volumes for the
0.12 cm/min trial (Fig. 4A; panel c). A shift to
about 50% of the absorbance at 280 nm centered
at about 0.5 column volumes occurred at a
superficial velocity of 1.2 cm/min for thyroglob-
ulin. B-amylase (M, 200 kDa) gave a broad
elution peak with a maximum at 1.0 column
volumes at 0.12 cm/min which shifted to about
0.75 column volumes at 1.2 cm/min. Tryptophan
gave an elution peak centered about 1.0 column
volumes at both velocities with a slight peak
broadening occurring at 1.2 cm/min. Permeation
experiments using cellulose beads of 4.8% and
6% solids content showed similar results with full
penetration of small and intermediate species but
excluding the blue dextran (data not shown).

Permeation experiments of blue dextran,



J.A. Kaster et al. | J. Chromatogr. 648 (1993) 79-90 85

a a
b b
c <
d d

e
e

T T T T v
' T T T T 0.0 0.5 1.0
0.0 0.5 1.0 Column Volume

Column Volume

a i) /\
, A
[

¢ K
d d

e
e

\ A T T
T T T T T 2 0.5 1.
0.0 0.5 1.0 0.0 0
Column Volume Column Volume

Fig. 4. Gel permeation chromatography on 3% (1 mm) cellulose beads (A, B) and 9% (0.8 mm) cellulose beads (C,D). Column:
35.4x 1.0 cm. (A) superficial velocity, 0.12 cm/min, bead contacting time, 47 s. (B) Superficial velocity, 1.2 cm/min, bead
contacting time, 5 s. (C) Superficial velocity, 0.12 cm/min, bead contacting time, 40 s. (D) Superficial velocity, 1.2 cm/min, bead
contacting time, 4 s. a=Nanosphere 0.269 um microspheres; b =blue dextran, molecular mass 2 000 000; c = thyroglobulin,
molecular mass 669 000; d = B-amylase, molecular mass 200 000; e = tryptophan, molecular mass 204.

thyroglobulin, and B-amylase in 9% cellulose b, c and d, respectively). The elution profile for
beads gave similar elution profiles at both 0.12 the above large molecular mass species gave a
cm/min and 1.2 cm/min (Fig. 4C and 4D; panels single maximum at about 0.5-0.6 column vol-
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TABLE 1

RESIDENCE TIMES IN IMMUNOAFFINITY EXPERIMENTS

J.A. Kaster et al. | J. Chromatogr. 648 (1993) 79-90

Support material Bound Superficial Column Bead Eluted antigen
antibody velocity residence contacting binding
(cm/min) time (s) time “ (s) efficiency (%)
3% Cellulose beads® 7D7B10 3.2 124 1.9 175
6.4 62 1.0 17+3
12.7 31 0.5 132
25.5 16 0.2 12+1
50.9 8 0.1 8=x1
101.9 4 0.06 3+£3
4% Cross-linked agarose beads® 7D7B10 32 106 0.3 19+1

“ Bead contacting time calculated as column residence time X the ratio of the bead size to the column length.

? =1000 pm diameter beads.
¢ =140 um diameter beads.

umes. In contrast, tryptophan gave an elution
peak centered about 1.0 column volumes at both
velocities with a slight peak broadening occur-
ring at 1.2 cm/min (Fig. 4C and 4D; panel e).

The results of immunoaffinity adsorption ex-
periments using cross-linked agarose and un-
cross-linked cellulose beads in a column loading
and elution mode are listed in Table I. The
column loading of the target protein was done at
the same superficial velocity as the elution of
product in each set of experiments. Both sup-
ports contained approximately 1 mg of immobil-
ized Mab per ml hydrogel. Column residence
and bead contacting times are given in Table I
for each set of experiments. At column residence
times of about 60 s or greater (t,=1 s), the
amount of Protein C captured and eluted by the
immobilized monoclonal antibody on 3% cellu-
lose beads (=1000 um in diameter) was similar
to that measured for the same antibody immobil-
ized on the cross-linked 4% agarose beads
(=140 pm in diameter) column (t, = 0.3 s). The
capacity of the cellulose and agarose immuno-
sorbents decreased significantly at ¢, of about 0.5
s or less.

DISCUSSION

Fig. 5a combines the gross exclusion criteria of
cellulose beads reported in the literature (with
solids content greater than about 6%) with data
obtained here for the VPI beads. We have here

defined exclusion as greater than 80% of peak
area at O.D. 280 nm appearing in the void
volume at a linear velocity of about 1.2 cm/min
or less (the void volume being taken as 0.40-
0.45 column volumes). The data from Fig. 5a
suggests the design criteria shown in Fig. 5b for
the production of useful beaded cellulose sorp-
tion materials for protein purification. We have
applied these criteria to the design of immuno-
sorbents for the efficient capture of human
Protein C (M, 62 kDa) by an IgG class Mab (M,
155 kDa). Larger proteins like thyroglobulin (M,
669 kDa) and B-amylase (M, 200 kDa) were also
shown to permeate beads having 3% solids
content.

The transport phenomena affected by changes
in particle size and solids content are opposing in
their impact upon chromatographic throughput
and adsorbent capacity. Thus, when taken
together, the data presented above suggest an
optimization process illustrated in Fig. 5b. A
“window of acceptable support characteristics”
for a soft hydrogel is defined by the opposing
effects of molecular accessibility, mechanical
strength in a flow field, and the percentage of
solids in the hydrogel. The lower limit for solids
content at any given bead size is determined by
the mechanical strength of the hydrogel as mani-
fested by crushing velocity at a given bed depth.
A minimum solids content of the gel at a given
bead size might be chosen such that the crushing
velocity is several-fold higher than the desired
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maximum operating superficial velocity. Because
intraparticle transport is usually rate limiting, an
estimate of the bead contacting time (¢,) can be
used to determine a suitable operating velocity.

We have included a broad range of bead sizes
as an important dimension of support charac-
teristics. Fig. 3 shows the nonlinear relationship

between crushing velocity, bead size, and solids

content of cellulose hydrogels. It is noted that
the least desirable matrices from the considera-
tion of strength under flow are those that com-
bine small bead size and low solids content.
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The remaining variable not presented in Fig. 3
is dynamic capacity. Therefore, the 1000 pm
diameter beads having 3% solids were evaluated
for immunosorptive capacity since they pos-
sessed both molecular accessibility and sufficient
physical strength under the flows which would
exceed that needed for small or large-scale
immunopurification processing. At a ¢, of about
1 s, large cellulose beads exhibited immuno-
sorptive efficiencies similar to 140 pm diameter
agarose beads, as shown in Table I. Efficiency
calculations are based upon an assumption of
two antigens captured and eluted per immobil-
ized antibody. Relative to the small cross-linked
agarose immunosorbent, the cellulose immuno-
sorbent could operate at shorter column resi-
dence times since faster flow rates could be
sustained without risk of crushing. The fast
throughput of the cellulose media occurred at a
greatly decreased pressure drop due to increased
bead size. Our analysis also included a com-
parison of cellulose beads of similar size to
available agaroses. Because the strength of cellu-
lose beads was similar to that of cross-linked
agarose of a similar size and solids content, some
of the design rationale developed here for larger
cellulose beads may be applicable to the design
of large bead agaroses used for immunosorbents.
At the same low Mab densities used here, the
dynamic capacity of both cellulose and agarose
beads may be due to Mab immobilized near the
surface. However, the cellulose beads gave simi-
lar capacities with eightfold less surface area per
volume than the agarose beads. In addition, the
peak widths seen in the immunoaffinity experi-
ments were significantly smaller than would be
predicted by the diffusion based, semi-empirical
correlations of Mikes [20] and Johnson and
Stevenson [21]. As shown in Table II, the
experimental HETP (eqn. 3) for the cellulose
immunosorbent was predicted to be 130 cm for a
1000 xm bead while the actual HETPs measured
were about 0.4-0.9 cm. The experimental HETP
for agarose beads with equivalent immuno-
sorbent capacity was found to be about that of
the cellulose. In the case of the small agarose
beads, the HETP calculated by the above corre-
lations agreed well with the experimental values.

We have attempted to grossly characterize the



88

TABLE II
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HEIGHT EQUIVALENT TO A THEORETICAL PLATE: EXPERIMENTAL RESULTS VS. THEORY

Beaded material System Particle Superficial ~ Experimental  Calculated HETP Calculated HETP
diameter  velocity HETP* Johnson and Mikes*
(mm) (cm/min) {cm) Stevenson” (cm) (cm)
‘Sepharose CL-4B  Immunoaffinity 0.14 2.5 0.4 0.6 0.7
(Agarose)
VPIL Immunoaffinity 1.2 13 0.4-0.9 132 134
(Cellulose) Gel permeation 1.2 0.13 0.9 0.5 0.5
Tryptophan 1.3 1.8 2.8 3.2
Gel permeation 1.2 0.13 1.0 52 6.1
Thyroglobulin 1.3 0.9 49 58
“ Calculated from eqn. 3.
”Ref. 21.
 Ref. 20.

transport of large and small molecules into the
underivatized cellulose bead containing 91-97%
water. The structure of these low solids content
cellulose beads is likely stabilized by dispersed
regions that have a high degree of hydrogen
bonding. Preliminary studies of bead morpholo-
gy by photomicroscopic evaluation of 10 um
cross-sections infiltrated with polymeric fixative
indicate a homogeneous distribution of solids
content in underivatized and derivatized cellu-
lose beads (data not shown). In addition, no
visible changes in bead appearance such as size
or shape occurred as a result of Mab derivatiza-
tion. We therefore studied the intraparticle trans-
port from permeation experiments on underiva-
tized beads to help understand the transport
phenomena in Mab derivatized beads. The cost
of Mab in making large columns of immuno-
sorbents prevented us from doing permeation
experiments on the immunosorbent columns
proper.

The 3-9% range of solids contents studied
here was chosen in an attempt to identify a
transition of hydrogel structure from a very
sparse density of low diffusional resistance to
sufficient density to sterically encumber diffu-
sional transport of proteins. We hypothesize that
the transition regime for transport of proteins
would consist of three experimentally identifiable
modes of intraparticle transport phenomena.
First, in approaching the limit of an aqueous

continuum at very low solids content, a mixture
of convective and diffusive modes of intraparticle
transport would be expected to occur for even
large molecules such as proteins. This would be a
transport regime that would be faster than that
predicted from diffusion alone. Second, a per-
turbation to slightly higher solids content would
be expected to dampen out intraparticle convec-
tion and result in diffusion being the dominant
mode of intraparticle transport. This inter-
mediate solids content would not be expected to
exert significant steric hindrance to diffusing
proteins. Third, at still higher solids content, a
transition to significant steric exclusion resulting
from a higher density of gel structure would
prevent diffusional transport of large proteins
into the interior of the bead.

For cases where the solids content is low
enough to eliminate the effects of steric exclu-
sion, an estimate of the penetration solely by
diffusion can be made by analytical solution [22].
Additional correlations that incorporate the ef-
fect of diffusion have been developed to describe
chromatographic performance such as elution
peak width [20,21]. The discussion below makes
comparisons of estimates of intraparticle diffu-
sional transport from both the analytical solution
of diffusion into an aqueous sphere and predic-
tions of peak width using chromatographic per-
formance correlations.

The binary diffusion coefficient of tryptophan
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TABLE II1
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EXTENT OF DIFFUSION IN GEL PERMEATION EXPERIMENTS BY THE ANALYTICAL SOLUTION

Species Molecular D

Extent of diffusion (c,,/c., X 100)

PW
mass x 10°
cm?/s t=4s, t=35s, t=40s, t=50s,
d,=0.8mm d,=1mm d,=0.8mm d,=1mm

Tryptophan 204 5.0 34.1 30.9 82.2 77.0
B-Amylase 200 000 0.4 10.4 9.3 30.9 279
Thyroglobulin 669 000 0.26 8.4 7.6 25.3 229
Blue dextran 2 000 000 0.0583 4.0 3.6 12.5 11.2
Nanospheres N.A. 0.0126 1.9 1.7 59 53
0.269 um

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 (c,,/
¢y, eqn. 2) that could be achieved in the bead at
the various bead contacting times (¢,, eqn. 1)
estimated for the permeation data presented
here. Permeation of tryptophan should have
occurred to about 80% of equilibrium (c,,/c, =
0.8) at t,=50 s and only about 30% of the
equilibrium value (c,,/c, =0.3) should have
been reached at £, = 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
pum 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 (c,,/c, = 0.25) at ¢, =50 s or
to less than 8% of equilibrium (c,,/c, = 0.08) at
t,=5 s (Table III). The experimental HETP
from the thyroglobulin permeation in 3% cellu-

lose beads at t, = 50 s was about 1.0 cm while the
predicted HETP was about 5-6 cm. Further-
more, the experimental HETP at t, =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, = 40 and 4 s. The
elution behavior of B-amylase at ¢, =40 s was
similar for both 3% and 9% cellulose beads.
However, B-amylase did not appear to signifi-
cantly permeate at £, = 4 s in 9% cellulose beads.
Thus, the B-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 al. [24] which used cellulose beads
having bead diameters less than about 200 um.
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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immunosorbent efficiency (utilization of coupled
antibody) to that of smaller beaded hydrogel
immunosorbents. It appears that beads of 3%
solids content show some characteristics of en-
hanced intraparticle mass transfer over that
explainable by unhindered diffusion. We are
currently elucidating the dynamic immuno-
sorbent capacity of beaded cellulose hydrogels
derivatized with higher loadings of Mab to de-
termine the extent of penetration of the im-
mobilized IgG into the cellulose beads.
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SYMBOLS

To initial concentration of protein in bead
(mg ml™")

c, bulk fluid protein concentration (mg
ml™)

Cov volume average concentration of pro-

~ tein in bead (mg ml™")

cv dimensionless throughput “column vol-
ume” (=wvt / L)

d, diameter of bead (cm)

Dy, diffusion coefficient of the protein
through water (cm?® s™')
HETP height equivalent to a theoretical plate

(cm)

L length of the column (cm)

M, molecular mass (kDa)

R radius of bead (cm)

t time (s)

t, bead contacting time (=d,/v) (s)

. retention time of a protein in the col-
umn (s)

v superficial velocity of the bulk fluid
through the column (cm s™")

wy peak width measured at half the height

of the peak (s)
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ABSTRACT

Peptidyl methyl ketones are reversible inhibitors of serine and cysteine proteinases and can be employed as ligands in affinity
chromatography. Serine proteinases of the subtilisin family may be purified using the tripeptidyl methyl ketone —Ala,-PheCH as
ligand, whereas for papain, the best-known cysteine proteinase, both the —Ala,~PheCH, and the —Phe-AlaCH, ligands are
efficient. Complete elution of affinity-bound proteinases with isopropanol was demonstrated by investigations with thermitase, a
subtilisin-type serine proteinase, which was '“C labelled. Bound proteinases with different affinity for a defined ligand may be
consecutively eluted using increasing concentrations of isopropanol in the elution buffer, as was shown, for example, with a
mixture of thermitase and subtilisin DY. The quality of the lyophilized affinity-purified thermitase is similar to that of thermitase
preparations purified by isoelectric focusing and adsorption on porous glass bodies. The affinity of thermitase for the immobilized
—Ala,-PheCH, ligand linked to Divicell via an e-aminocaproic acid (Aca) spacer is about two orders of magnitude lower than its
affinity for the soluble inhibitor benzyloxycarbonyl-Ala,~PheCH, and one order of magnitude lower than its affinity for
Ac—Aca-Ala,~PheCH,. In comparison with affinity gels made with commercial CH-Sepharose 4B, the Divicell gels possess
higher concentrations of ligands and have a higher stability.

INTRODUCTION

Peptidyl methyl ketones are potent reversible
inhibitors of serine and cysteine proteases [1-5].
They are easy to synthesize, they have a higher
chemical stability than other reversible peptide
inhibitors (e.g. aldehydes) and their amino acid
sequence may be adapted to the specificity of a
defined enzyme. In an earlier paper [6] we

* Corresponding author.

0021-9673/93/$06.00

introduced peptidyl methyl ketones as a new
type of ligands in affinity chromatography of
serine proteases. However, a number of ques-
tions remained unanswered (for instance the
completeness of the enzyme elution, the long-
term stability of the gels and the inhibition
constant of the immobilized peptidyl methyl
ketone are unknown).

In this work, the properties of the affinity gel
Divicell-Aca—Ala,-PheCH,;  (Aca = g-amino-
caproic acid) are discussed in comparison with

© 1993 Elsevier Science Publishers B.V. All rights reserved
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the Sepharose 4B-Aca-Ala,—-PheCH, gel. Ad-
sorption and desorption studies on both affinity
gels were performed with the enzymes a-chymo-
trypsin, the subtilisins Carlsberg, BPN’ and DY
and thermitase, as well as proteinase K.

Divicell, a macroporous bead cellulose with
excellent flow parameters, was tested as support
of affinity gels since it seems to possess some
advantages in comparison with Sepharose 4B
[7,8]. The inhibition constant (K;) of the im-
mobilized tripeptidyl methyl ketone -Ala,—
PheCH,; in its reaction with thermitase was
estimated and compared with the K, values for
the reaction of thermitase with the soluble in-
hibitors Z-Ala,-PheCH, (Z = benzyloxycar-
bonyl) and Ac-Aca-Ala,-PheCH,. This last
inhibitor should simulate the molecular structure
of the spacer—tripeptidyl methyl ketone part of
the affinity gel.

The completeness of the elution of the bound
enzyme in the presence of isopropanol was
examined by affinity chromatographic studies
with "*C-labelled acetyl-thermitase.

The separation of two related proteinases from
a mixture by stepwise elution with increasing
isopropanol concentration from the affinity gel
Divicell-Aca—Ala,-PheCH, was performed
with a model mixture of pure subtilisin DY and
pure thermitase.

Later, the paper describes the use of Divicell-
Aca-Ala,-PheCH, for the purification of ther-
mitase from a crude extract. Considering the
specificity of the cysteine proteinase papain, the
affinity gels Divicell-Aca-Phe—AlaCH, and
Divicell-B8-Ala—Phe-AlaCH, were synthesized
and adsorption and desorption studies on these
gels were undertaken with papain.

EXPERIMENTAL

Inhibitors

Z—-Ala,-PheCH, was prepared according to
Fittkau and Jahreis [1]. Ac-AcaOH was syn-
thesized from e-aminocaproic acid via H-Aca-
OMe X HCl and Ac—AcaOMe. Direct reaction
of e-aminocaproic acid with anhydrous acetic
acid in pyridine as solvent produced by-products
that could not be eliminated.

H-AcaOMe X HCl was obtained from the
reaction of e-aminocaproic acid with thionyl-

K. Peters et al. | J. Chromatogr. 648 (1993) 91-99

chloride in water-free methanol [9] (yield, 97%;
m.p. of the white needles 120-123°C; TLC,
CHCl,-CH,0H, 9:1).

. H-AcaOMe X HCl was acetylated in the pres-
ence of triethylamine with an excess of acetic
anhydride. A light-brown oil was obtained which
could not be induced to crystallize (yield, 40%;
TLC, CHCl,—CH,0H, 9:1).

Ac—AcaOMe was saponified with 1 M NaOH
within a few minutes to give white crystals of
Ac—AcaOH (yield, 59%; m.p. 101-104°C; TLC,
CHCl1,-CH,0H, 9:1).

Ac-AcaOH was coupled with H-Ala,-
PheCH, X HCI using the mixed anhydride meth-
od to give a white powder of the tetrapeptidyl
methyl ketone Ac-Aca-Ala,~PheCH, [yield,
77%; m.p. 197-200°C; TLC, CHCl,-CH,0H,
5:1; CH,OH-CH,COOH-water, 2:1:2 (1% in
ethyl acetate); [a]> —23.6° (1% in ethyl ace-
tate); HPLC RP-8 LiChrospher (Merck);
elemental analysis for C,,H,,N,O;: C found
62.05 (calculated 62.59), H 7.88 (7.88), N 11.99
(12.16), O 18.08 (17.37)].

The purity of all intermediate compounds was
controlled by TLC, by the melting point and by
the optical activity; all final products were addi-
tionally characterized by elemental analysis,
HPLC (RP-8 column, acetonitrile-water—0.1%
trifluoroacetic acid system) and 'H NMR spec-
troscopy. All compounds were purified to homo-
geneity.

In the case of Z-Ala,-PheCH, and Ac-Aca-
Ala,-PheCH, two-dimensional "H COSY (cor-
related spectroscopy) spectra were also recorded
using a Varian Unity 500 spectrometer (USA).
The spectra were recorded in 256 experiments
and a matrix of 256 X 2000 data points. As an
example, the COSY spectrum of Ac-Aca—-Ala,—
PheCH, is given in Fig. 1.

In order to distinguish between the 'H signals
of both alanine residues in the compounds Z-
Ala,-PheCH, and Ac-Aca-Ala,-PheCH,
NOE (nuclear Overhauser effect) difference
spectra were recorded. The NOE experiments
were performed with samples degassed repeated-
ly (five freeze—pump-through cycles). In all ex-
periments the temperature was 25°C. The follow-
ing proton chemical shifts with respect to inter-
nal tetramethylsilane were found for the three
final products.
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Fig. 1. Two-dimensional correlated 500-MHz proton NMR
spectrum of Ac—Aca-Ala,~PheCH, in [*H,|DMSO (15.8
mg/ml). A contour plot is shown, the one-dimensional
spectrum on the diagonal, and the off-diagonal cross-peaks
occur at the intersection of chemical shifts of two J-coupled
spins. The one-dimensional '"H NMR spectrum is shown at
the top of the contour.

Z~Ala(2)-Ala(1)~PheCH,. PheCOCH, (2.04 ppm); Phe
(CaH 4.34; CBH 2.79 and 3.06; C;H, 7.16-7.25; NH 8.21);
Ala(l) (CaH 4.22; CBH 1.16; NH 7.95); Ala(2) (CaH 4.03;
CBH 1.16; NH 7.45); Z (CH, 5.00; C,H, 7.33).

Ac—Aca-Ala(2)-Ala(1)-PheCH,. PheCOCH, (2.04
ppm); Phe (CaH 4.33; CBH 2.79 and 3.04; CH, 7.16-7.26;
NH 8.16); Ala(1) (CaH 4.14-4.24; CBH 1.12-1.15; NH
7.97); Ala(2) (CaH 4.14-4.24; CBH 1.12-1.15; NH 7.93);
Aca (CaH 2.07; CBH 1.42-1.48; CyH 1.31-1.37; CsH
1.18-1.23; CsH 2.94-2.99; NH 7.75); Ac (CH, 1.76).

Z-Phe-AlaCH,. AlaCOCH, (1.98 ppm); Ala (CaH
4.23; CBH 1.75; NH 8.42); Phe (CaH 4.26; CBH 2.74 and
2.99; C,H, 7.14-7.33; NH 7.54); Z (CH, 4.93; C,H, 7.29).

Affinity gels

Divicell activated with 5-norbornene-2,3-dicar-
boximido carbonochloridate (30-34 wmol of
activated OH groups per ml of gel) was a gift
from Dr. H.-F. Boeden (Central Institute of
Molecular Biology, Berlin, Germany) and Dr.
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R. Miiller (Leipziger Arzneimittelwerke, Leip-
zig, Germany). It was suspended in 0.1 M
sodium tetraborate buffer, pH 8.0, and coupled
with e-aminocaproic acid and B-alanine with
stirring overnight. The amino acids were added
in 30- or 25-fold molar excess, respectively, to
the activated groups of the support [10]. Resid-
ual activated hydroxyl groups were bound with 1
M ethanolamine.

Titration of Divicell-AcaOH and Divicell-
B-AlaOH was performed with 0.9 M NaOH
in a TTT 2 pH-stat autotitrator (Radiometer,
Copenhagen, Denmark). Concentrations be-
tween 17 and 21 pmol of carboxyl groups per mi
of sedimented Divicell-AcaOH (depending on
the charge) and 15 pwmol of carboxyl groups per
mli of Divicell-B-AlaOH were determined. In
contrast, for commercial CH-Sepharose 4B
(Pharmacia, Uppsala, Sweden) 13 umol of car-
boxyl groups per ml of gel were titrated.

The N-terminal free peptidyl methyl ketone
hydrochlorides were coupled to the support—
spacer conjugate with an excess of N-ethyl-N'-
(3-dimethylamino-)propyl carbodiimide x HCI
(Serva, Heidelberg, Germany) at pH 4.5-5.0
with stirring overnight at room temperature. The
peptidyl component was added in a three- to
six-fold molar excess compared with the spacer
carbonyl groups. For instance, 11 ml of Divicell-
AcaOH containing 231 pmol of carboxyl groups
were coupled with 237 mg (=693 pmol) of H—
Ala,—PheCH, x HCl freshly prepared from Z-
Ala,~PheCH, in 20 ml of water, pH 4.7, in the
presence of 228 mg (=1.19 mmol) of car-
bodiimide hydrochloride. Residual carboxyl
groups were blocked with- 1 M ethanolamine in
the presence of carbodiimide.

The affinity gels were characterized by amino
acid analysis with an Analysator 339 (Microtech-
no, Prague, Czech Republic) after total hydrol-
ysis (boiling for 24 h with 6 M HCI under reflux).
The amino acid compositions of the affinity gels
are summarized in the following.

Sepharose 4B—Aca-Ala,~PheCH,. Aca 8.6 umol per ml
of gel (100%); Ala (2) 6.0 (70%); PheCH, 5.4 (63%);
ethanolamine not determined.

Divicell-Aca~Ala,—PheCH,. Aca 14.1 pmol per ml of
gel (100%); Ala (2) 8.4 (60%); PheCH, 8.6 (61%); ethanol-
amine 0.9 (6%).

Divicell- Aca—Phe—AlaCH,. Aca 17.0 pmol per ml of gel
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(100%); Phe 8.0 (47%); AlaCH, 7.4 (44%); ethanolamine
3.4 (20%).

Divicell-B-Ala—Phe-AlaCH,. 8-Ala 10.8 pmol per ml of
gel (100%); Phe 4.0 (37%); AlaCH, 4.0 (37%); ethanol-
amine 2.3 (21%).

All gels were stored at 4°C in 0.1 M phosphate
buffer, pH 6.0, containing 0.5 or 1.0 M NaCl
and 0.02% NaN,

Substrates

Suc—Ala,—PhepNA (Suc = succinyl; pNA =
para-nitroanilide), a chromogenic substrate of
serine proteinases with chymotryptic specificity,
and Z-Phe-ArgNMec (NMec = N-methyl-
coumaryl amide), a cysteine proteinase substrate
with a fluorescent end group after hydrolysis,
were both synthesized in our laboratory accord-
ing to the method of Bromme and co-workers
[4,11].

Enzymes

Thermitase as a crude preparation and purified
by adsorption on porous glass bodies was ob-
tained from Dr. U. Kettmann (Institute of Phys-
iological Chemistry, Martin Luther University
Halle-Wittenberg, Halle, Germany). Thermitase
purified by isoelectric focusing was a gift from
Dr. W.E. Hohne (Institute of Biochemistry,
Humboldt University Berlin, Germany). The
subtilisins Carlsberg, Novo and DY were gifts
from Professor N.C. Genov (Institute of Organic
Chemistry, Bulgarian Academy of Sciences,
Sofia, Bulgaria). «-Chymotrypsin and papain
(crystal suspension) were purchased from Boehr-
inger (Mannheim, Germany). Active site titra-
tions were carried out with trans-cinnamoyl-
imidazol according to Schonbaum et al. [12] on a
Shimadzu UV 300 spectrophotometer (Japan).

The enzymatic activity of the serine protein-
ases against Suc—Ala,-PhepNA in 0.1 M Tris—
HCI buffer, pH 8.2, was recorded with an
Eppendorf photometer (Germany). The activity
of papain against Z-Phe—ArgNMec in 0.1 M
Tris—HCI buffer, pH 7.5, was monitored on a
Perkin-Elmer 1000 M fluorimeter (Germany).

The preparation of '“C-labelled thermitase
was performed as follows. A 2.5-mg aliquot of
thermitase was dissolved in 500 ul of 0.1 M
phosphate buffer (pH 7.5, 0.5 M NaCl) con-
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taining a 1.54-fold excess of Z-Ala,-PheCH,
and 1% (v/v) dimethyl sulphoxide (DMSO). At
intervals of 10 min, three 1-ul aliquots (total: 32
wmol with a radioactivity of about 13.5 MBq) of
C-labelled acetic anhydride were added. The
pH was adjusted to 7.5-7.6 with 0.92 M NaOH.
After addition of the last aliquot of acetic an-
hydride the solution was allowed to react for 1 h
at room temperature. In order to separate the
acetylated enzyme from acetic acid, peptidyl
methyl ketone and DMSO, gel filtration on
Sephadex G-25 column (Pharmacia) was per-
formed (column 43 X 1.2 cm; 0.1 M phosphate
buffer, pH 7.5, 0.5 M NaCl; flow-rate 9 mi/h). A
100-w1 volume of the fraction that contained the
highest concentration of acetylated protein was
directly applied to the affinity gel Divicell-Aca—
Ala,-PheCH, (column 3.5 X 0.7 cm) equili-
brated with 0.1 M Tris—HCl buffer, pH 7.5, 0.5
mM calcium acetate.

Affinity chromatography

Simple binding and retention studies were
carried out with pure enzymes and gel volumes
between 1.1 and 1.4 ml (column length 4.0-16.0
cm, diameter 0.4-0.7 cm).

For the determination of the binding capacities
and the K; value of the immobilized tripeptidyl
methyl ketone —Ala,~PheCH;, a small column
containing 60 w1 of affinity gel (1.30 X 0.25 cm)
was used. The gels were equilibrated with 0.1 M
Tris—HCI buffer, pH 7.8, 0.5 mM Ca’", before
applying the enzymes. After loading 1.0-1.2 mg
of enzyme dissolved in 200 ul of the buffer
described above, the gels were washed with
buffer containing 0.5 M then 1 M NaCl to break
down and to determine non-specific adsorptions
of the protein.

In order to elute the enzymes different
amounts of isopropanol (10-50%, v/v) were
added to the buffer. The flow-rate was adjusted
to 2-3 ml/h.

The adsorption properties of the unmodified
matrix as well as of the affinity gels against
non-specific proteins were tested with haemo-
globin.

The preparation of thermitase from pre-
purified crude material is described in the legend
to Fig. 3. The fractions containing the purified
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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.

Kinetic parameters

The K; values of the soluble inhibitors were
determined as described by Fittkau et al. [2].

The K, for the reaction of the tripeptidyl
methyl ketone —Ala,-PheCH, 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 ul of affinity gel until the en-
zymatic activity in the eluate was the same as the
activity of the applied solution and remained
constant.

RESULTS AND DISCUSSION

For the subtilisins Carlsberg and DY, thermit-
ase and proteinase K a strong adsorption on both
affinity gels, Sepharose 4B—Aca-Ala,—PheCH,
and Divicell-Aca—Ala,-PheCH,, 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-Ala,—
PheCH, for purification procedures.

Desorption of the bound enzymes could be
achieved as described by Stepanov et al. [14] and
Van den Burg er al. [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-Ala,-PheCH, [3]. The
lower the K, value, the more isopropanol is
necessary. For instance, to elute subtilisin BPN’
(K;=1.3-10"* M) from the gel Divicell-Aca-
Ala,-PheCH, 10% (v/v) isopropanol in the
elution buffer is sufficient, but for the elution of
thermitase (K, =3.0-1077 M) at least 35% (v/v)
isopropanol is needed. The other subtilisins as
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well as proteinase K, possessing inhibition con-
stants between both these K; 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—Ala,~PheCH, using
buffers containing 15% and 35% (v/v) 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/v).
Treating thermitase with a higher concentration
of isopropanol even induces an increase in activi-
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Fig. 2. Stepwise elution of subtilisin DY and thermitase from
the affinity gel Divicell-Aca—Ala,~PheCH; Conditions: 0.1
M Tris—HCl buffer, pH 7.8, 0.5 mM Ca’*, 1 M NaCl, (1)

10% (v/v) and (2) 35% (v/v) isopropanol. Substrate: Suc—
Ala,~PhepNA. Column: 4.5 0.6 cm. Flow-rate: 3 ml/h.
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ty after dilution [6]. In order to prove the
completeness of elution, pure thermitase dis-
solved in buffer was acetylated with *C-labelled
acetic anhydride in the presence of an excess of
Z-Ala,-PheCH,. The peptidyl methyl ketone
reversibly inhibits more than 99% of the enzyme
activity and in this way prevents acetylation of
active-site amino acid residues.

The inhibitor and the excess of acetylating
reagent were eliminated by gel filtration on a
Sephadex G-25 gel before applying 100 ul of the
most radioactive protein fraction to an affinity
column filled with Divicell-Aca—Ala,~PheCH,
Only 17% of the applied radioactivity appeared
with the front; however, no enzymatic activity
against Suc—Ala,—PhepNA could be determined
in these fractions. In the fractions containing
40% (v/v) isopropanol, 74% of the radioactivity
and all the enzymatic activity appeared. Al-
together, a recovery of 93% radioactivity and
87% enzymatic activity could be observed.

These investigations indicate that thermitase
and —because of the recovery of enzymatic
activity of between 85% and 95% in experiments
with the other mentioned proteases— related
enzymes could be completely eluted from affinity
gels with peptidyl methyl ketone ligands by
addition of isopropanol to the eluent.

In order to test the behaviour of an inert
protein at the affinity gels Divicell- or Sepharose
4B-Aca—-Ala,-PheCH, haemoglobin was ap-
plied to the affinity columns. In neither case
could any retention be observed. Therefore,
haemoglobin could be used to determine the
dead volume of a column system.

The pure support materials also retain neither
haemoglobin nor the subtilisin proteinases.

The binding capacities of Sepharose 4B- and
Divicell-Aca-Ala,-PheCH, were estimated
with thermitase. Whereas for the Sepharose gel a
capacity of 1.7 pmol of enzyme per ml of
sedimented gel was determined, for the Divicell
gel a maximal adsorption of 1.4 wmol of enzyme
per ml gel was found.

Considering the real concentrations of ligands,
only about 28% and 17%, respectively, of the
present ligands are able to bind active enzyme
molecules. The difference in the binding
capacities between the two gels can only be
explained by steric effects.
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When the Sepharose affinity gel was used
more than 20-25 times (well below the capacity
limit), changes in the adsorption and desorption
properties were observed. The basic enzymatic
activity measured in the eluate during the wash-
ing procedure —which is due to the equilibrium
between bound and free enzyme and, in general,
very low for tight-binding proteases— increases,
and lower isopropanol concentrations in the
elution buffer are sufficient for elution. The
same effects could be observed if Sepharose 4B—
Aca—-Ala,-PheCH, was stored at 4°C for 10
months. In this case, the capacity decreased by
more than 40% [6].

In comparison, the gel Divicell-Aca—Ala,—
PheCH, seems to be much more stable than the
Sepharose gel. Storage for more than 2 years and
use far below the capacity limit does not cause
changes in the gel properties.

One reason for the higher stability of the
Divicell gel is the type of bonding between
support and spacer. The Aca in the Divicell gel
is bound to the support via urethane bonding,
which is much more stable than the isourea
bonding found in commercial CH-Sepharose [8].
Incubation of the affinity gel Sepharose 4B-
Ala,—PheCH, with a more concentrated enzyme
solution for 2 days leads to the hydrolysis of the
bonds between the two alanine residues and
between spacer and ligand found with amino
acid analysis [6].

The experiment that was performed to de-
termine the binding capacity of the affinity gel
Divicell-Aca—Ala,-PheCH, was also used to
estimate the inhibition constant, K;, of the im-
mobilized tripeptidyl methyl ketone according to
the equation:

K; = cgei/eg;

Under conditions of saturation cg is equal to the
enzyme concentration of the applied solution,
Cgo, Cpp 1S given by the binding capacity of the
gel and ¢; corresponds to the concentration of
uncomplexed ligands involved in the equilibrium
between free and bound enzyme.

The concentration of the free ligands could not
be determined from the experiments but should
be much lower than the difference between the
total concentration of ligands and the concen-
tration of the ligands complexed with enzyme,
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because not all ligands are accessible to the
enzyme molecules. Steric hindrance should be
taken into account.

Therefore, K; was calculated for a range of c,
from 1% to 13% of the total ligand concen-
tration assuming that only 18-30% of immobil-
ized ligands are able to interact with the enzyme.
With a total ligand concentration of 8.5 wmol
per ml of gel, an enzyme concentration cg, =
7.8-107° M in the interstitial volume of the gel
and a maximal adsorption of 1.4 umol of ther-
mitase per ml of gel, a K, value between 0.4 and
6-107° M was found. In comparison, the K, of
the soluble thermitase inhibitor Z—Ala,-PheCH,
amounted to 3.0-1077 M [3]. Since this value
takes into account the hydrophobic interactions
of the benzyloxycarbonyl residue with the pro-
tein, the inhibitor Ac-Aca-Ala,~PheCH, was
synthesized to simulate the structure of the
spacer-bound tripeptidyl methyl ketone better
than the Z-Ala,-PheCH, inhibitor.

In the case of thermitase, the K, for Ac-Aca-
Ala,-PheCH, was determined to be 1.7-107°
M, which is about one order of magnitude
greater than for the Z-protected inhibitor and
about one order of magnitude smaller than for
the immobilized peptidyl methyl ketone. It can
be concluded that the kinetic constants of soluble
peptidyl methyl ketones, and especially of in-
hibitors that contain the spacer at the N-ter-
minus, are important in determining optimal
ligands for affinity chromatography, although the
conformational structure of the inhibitor may
change during immobilization.

The affinity gel Divicell-Aca-Ala,-PheCH,
was used to purify thermitase in one step from a
crude preparation. A concentrate of the culture
medium of Thermoactinomyces vulgaris was pre-
purified by gel filtration on Sephadex G-75 and
then directly applied to a column containing the
affinity gel. After washing, the pure enzyme
could be eluted with a sharp peak by adding 40%
(v/v) isopropanol to the buffer. The elution
diagram is shown in Fig. 3. After ultrafiltration
and lyophilization the enzyme was characterized
by sodium dodecyl sulphate—polyacrylamide gel
electrophoresis (SDS-PAGE), protein spectrum,
specific activity against Suc—Ala,—~PhepNA and
active site titration with trans-cinnamoylimid-
azol. Similar results can be obtained if thermit-
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Fig. 3. Chromatography of thermitase on a column filled
with the affinity gel Divicell-Aca-Ala,~PheCH,. Relative
absorbance at 280 nm (O) = absorbance of the eluate/ab-
sorbance of the applied solution; relative activity (@)=
activity of the eluate/activity of the applied solution. Con-
ditions: Sephadex G-75 prepurified thermitase in 65 ml of 0.1
M ammonium acetate, pH 7.5, 0.5 mM Ca’*. Arrows
indicate the change of eluent: 1=0.1 M ammonium acetate,
pH 7.5, 0.5 mM Ca’*; 2=0.1 M Tris-HCI buffer, pH 7.8,
0.5 mM Ca®*; 3=0.1 M Tris-HCl buffer, pH 7.8, 0.5 mM
Ca’*, 1 M NaCl; 4=0.1 M Tris-HCI buffer, pH 7.8, 0.5
mM Ca**, 1 M NaCl, 40% (v/v) isopropanol. Substrate:
Suc-Ala,-PhepNA. Column: 5.0X0.6 cm. Flow-rate: 12
ml/h (1 and 2), 5 ml/h (3).

ase is purified with Sepharose-Aca-Ala,—
PheCH, [6].

Comparisons with thermitase fractions purified
by isoelectric focusing [16] and adsorption on
porous glass bodies [17] indicated that thermitase
purified by affinity chromatography with the
—Ala,-PheCH, ligand as described has the same
quality as the other preparations, for instance
the electropherograms are almost the same for
all enzyme charges (Fig. 4).

Specific activities between 1.40 and 1.98 nkat/
mg and active amounts of total protein between
75% and 93% were determined for all thermit-
ase fractions independently of their method of
purification.

Peptidyl methyl ketones are effective in-
hibitors not only of serine proteinases but also of
cysteine proteinases [4,5]. Inhibition constants in
the micromolar range [4] lead to the assumption
that peptidyl methyl ketones are also available as
ligands in affinity chromatography of cysteine
proteinases.
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Fig. 4. SDS-polyacrylamide gel electrophoresis of thermit-
ase. Collecting gel: 4.5% PAA, pH 6.8. Separation gel:
15.0% PAA, pH 8.8. Current: 40 mA, 2 h. In order to
prevent autolysis during the boiling with SDS, thermitase was
denatured with 20% trichloroacetic acid (1-4) and incubated
at room temperature for 90 min with an eight-fold excess of
the irreversible inhibitor Z-Ala,~-PheCH,Cl (5 and 6),
respectively, before treatment with SDS. Lanes: 1= Crude
extract; 2=after gel filtration on Sephadex G-75; 3 and
5 = after isoelectric focusing; 4 and 6 = after affinity chroma-
tography with Divicell-Aca-Ala,-PheCH,.

Since papain, the best-known cysteine pro-
teinase, possesses a specificity for substrates and
inhibitors with aromatic amino residues in P, and
relatively small amino acid residues in P, [18],
the affinity gels Divicell-Aca—Phe-AlaCH, and
Divicell-gB-Ala-Phe-AlaCH, were synthesized
and tested for papain binding.

Regardless of the spacer length, both gels
adsorb papain strongly. In both cases the pro-
teinase could only be eluted sharply with 50%
(v/v) isopropanol in the elution buffer. How-
ever, papain also binds to Sepharose 4B- and
Divicell-Aca—-Ala,-PheCHj, but for elution an
isopropanol concentration of only 30% and 40%
(v/v), respectively, is sufficient. The lower iso-
propanol concentration in the latter experiments
indicates weaker interactions between papain
and the tripeptidyl methyl ketone ligand than
between papain and the ligand —Phe-AlaCH,.
The recovery of enzymatic activity was 70-80%
in all experiments.

Summarizing all investigations, it can be con-
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cluded that peptidyl methyl ketones are in gener-
al useful as ligands in affinity chromatography of
serine and cysteine proteinases. The separation
may be specified by adapting the amino acid
sequence of the ligand to the specificity of the
enzyme, which should be purified. Elution may
be performed by use of an organic solvent that
reduces autolysis of the proteases but influences
the activity only reversibly. Because of its higher
stability and higher ligand concentrations Di-
vicell should be preferred over Sepharose as a
support of the affinity gel.
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ABSTRACT

Chromatographic separation of the stereoisomers of a series of racemic N,N-disubstituted-2-methyl-1-naphthylenecarboxamide
atropisomers using several recently developed chiral stationary phases is reported. Separation factors in excess of three are
obtained in the best cases, allowing for convenient separation and investigation of the kinetics of stereoisomer interconversion.
Examples of deracemization as well as an apparent cog wheel rotational process are also reported.

INTRODUCTION

The chromatographic separation of intercon-
verting species has been a subject of consider-
able interest to chromatographers for quite some
time. A theoretical treatment of the subject was
given by Keller and Giddings in 1960 [1], with an
expanded treatment provided by Horvéath and

co-workers in 1984 [2]. Just as nuclear magnetic"

resonance spectroscopy has proven useful in
monitoring kinetic processes on the “NMR time
scale”, Mannschreck has illustrated the utility of
HPLC in the study of kinetic processes occurring
on the much slower “HPLC time scale” [3].
Mannschreck as well as others have reported on
the liquid chromatographic separation of inter-
converting enantiomers, [4-9] while Schurig and
co-workers have carried out similar studies using
gas chromatography [10-12]. Recently, the lig-
uid chromatographic separation of interconvert-
ing diastereomers containing proline residues has
received considerable attention, [13-16] some of

* Corresponding author.
* Present address: Regis Chemical Company, 8210 Austin
Avenue, Morton Grove, IL 60053, USA.
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these compounds possessing significant activity
as angiotensin converting enzyme (ACE) in-
hibitors.

The chromatographic separation of the en-
antiomers of compound 1a, (Fig. 1) was de-
scribed by Mannschreck and co-workers [4], who
determined an energy barrier to enantiomer
interconversion of 100.4 kJ/mol at 25.3°C in

($)1a
[

o, (®)1a

Fig. 1. Enantiomeric forms of compound 1a.

© 1993 Elsevier Science Publishers B.V. All rights reserved



102

dioxane, which corresponds to an interconver-
sion half-life of about 6 h. The two enantiomeric
forms of 1a are chiral owing to restricted rotation
about the C .. rhony1y~Caryy 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 B-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 1a and similar analytes might also
be separated using this type of CSP. As with
naproxen, compound la also possesses an elec-
tron-rich conjugated 7 system with a proximate
hydrogen bond acceptor situated out of the plane
of the = system.

To test this hypothesis, compounds 1a—-j (Fig.
2) were prepared and their chromatographic
properties were studied using a series of CSPs

Oy Y
o8
1
compound Y compound Y
la e
Neme I N
) 1 O
1b N
Ne Et
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Ic N. 1h N,
allyt
?-hexyl
_l_d N li N
n-hexyl
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le No | ~n-butyl

Fig. 2. N,N-2-methyl-1-naphthylenecarboxamide analytes.
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Fig. 3. 7-Acidic CSPs used in the study.

(RR)-CSP 5

(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, generally speaking, shows less
enantioselectivity and efficiency than the newly
developed “Whelk-O 1”7 commercial version
(Regis).

MATERIALS AND METHODS

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-ul sample loop, a
Milton Roy UV monitor (254 nm) and an Altex
C-R1A integrating recorder. Signs of optical
rotation were determined using an Autopol III
Automatic Polarimeter as an inline chromatog-
raphy detector. 'H NMR spectra were recorded
on a Varian XL 200 FT NMR spectrometer.

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.

Methods
All chromatographic experiments were con-
ducted at a flow-rate of 2 ml/min at ambient
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temperature. Column void time was determined
by injection of tri-tert.-butyl benzene [19]. 'H
NMR chemical shifts are reported in ppm (8)
relative to tetramethylsilane.

Synthesis of analytes la—j involved initial
preparation of 2-methyl-1-naphthoyl chloride
(method of Adams and Binder [20]), followed by
reaction with the appropriate amine in a two-
phase system consisting of dichloromethane and
1 M NaOH. Following an extractive workup and
purification by flash chromatography on a silica
support, compounds la-j were all satisfactorily
characterized by 'H NMR.

RESULTS AND DISCUSSION

Data pertinent to the chromatographic separa-
tion of the enantiomers of analytes 1a—i on CSPs
1-6 are shown in Table I. All of the sr-acidic
CSPs examined in the study provide some degree
of separation for the enantiomers of at least
some of analytes la—i. The greatest separation
factors (a’s) are provided by CSPs 4 and 6,
which also show the greatest enantioselectivity in
the separation of naproxen enantiomers. The
amino acid-derived CSPs 1 and 2 display but
moderate enantioselectivities for these analytes,
with the B-amino acid-derived CSP 3 [21] per-
forming somewhat better. Retention, indicated

TABLE 1

103

by the capacity factor (k,) for the first-eluted
enantiomer, is greatest on CSPs containing aro-
matic substituents at the stereogenic center. This
suggests that face-to-edge w—r interaction, in-
voked to account for separation of the enantio-
mers of naproxen and related analytes on these
CSPs, [17,18] may be important in the case of
analytes la—i as well.

The molecular interactions responsible for
chiral recognition of analytes la—i on the -
acidic CSPs 1-6 are believed to be similar to
those proposed for the separation of naproxen
enantiomers on these CSPs [17,18]. Fig. 4 de-
picts a schematic representation of what is
believed to be the more stable diastereomeric
adsorbate formed between the more strongly
retained enantiomer of 1a and each of the CSPs
1-4

For the DNB Leu CSP (CSP 1), access of
analytes to the two faces of the planar mr-acidic
dinitrobenzamide ring system is presumed to be
governed by the steric bulk of the isobutyl side
chain. Approaching from the more sterically
accessible side, the (S) enantiomer of compound
la can undergo simultaneous zr— interaction
and hydrogen bonding interactions with the CSP
to a greater extent than can the (R) enantiomer
(Fig. 4a).

A rationale based on steric approach might

CHROMATOGRAPHIC SEPARATION OF THE ENANTIOMERS OF ANALYTES la-i USING CSPs 1-6

Conditions: mobile phase, 20% 2-propanol in hexane; flow-rate, 2.00 ml/min; temperature, ambient; void time determined by
injection of tri-tert.-butylbenzene; k, = capacity factor for initially eluted enantiomer; a = separation factor.

Compound CSP1 CsSp2 CSP3 CSP4 CSP5 CSP6

DNB Leu DNB PG B-GEMI

k; a k; a k; a k; a ky a k; a
1a 2.82 1.17 7.96 1.07 6.93 1.62 4.91 221 3.93 1.74 3.67 2.24
1b 1.80 1.11 4.47 1.08 4.57 1.68 3.29 2.46 2.53 1.91 2.42 2.34
1c 1.46 1.10 3.56 1.08 3.70 1.63 3.23 2.66 - - 2.29 2.53
1d 0.98 1.00 1.90 1.09 2.82 1.93 2.05 3.00 1.40 2.31 1.46 2.86
le 0.80 1.00 1.57 1.09 2.42 1.92 1.71 3.09 1.21 2.41 1.27 2.91
1f 3.35 1.00 7.56 1.10 7.18 1.68 5.11 2.04 3.78 1.61 3.94 2.01
1g 4.51 1.14 10.3 1.10 8.29 1.59 6.24 2.63 4.76 2.02 4.41 2.63
1h 3.46 1.09 6.34 1.00 6.12 1.47 4.46 2.08 3.36 1.65 3.30 2.08

1i 6.37 1.18 13.8 1.05 7.59

1.61 7.95 243 5.50 1.92 5.79 2.45
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(S) DNB Leu

C

(R.R) B-GEM1
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b

(R) DNB PG
(CSP 2)

’ =2 (R.R) CSP 4

Fig. 4. Schematic representation of chiral recognition rationale for separation of the enantiomers of 1a on several 7-acidic CSPs.

lead one to predict preferential retention of the
(R) enantiomer of 1a by the (R)-DNB PG CSP
(CSP 2), however, recent studies suggest that the
phenyl ring at the stereogenic center of this CSP
may be involved in beneficial face-to-edge w—m
interaction with analytes which approach the
dinitrobenzamide system from the side of the
phenyl substituent. To the extent that such face-
to-edge m—m complexation is important, reten-

tion of the (S) enantiomer of 1a on the (R)-DNB
PG CSP is expected (Fig. 4b).

The B-GEM I CSP (CSP 3) is similar to the
DNB PG CSP in that it also bears an aromatic
substituent at the stereogemic center. Further-
more, this B-amino acid-derived CSP 3 contains
a second stereogenic center bearing a fert.-butyl
substituent which may be useful in restricting
access to the face of the dinitrobenzamide system
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opposite the phenyl substituent. The (R)-B-
GEM 1 CSP is therefore expected to selectively
retain the (R) enantiomer of 1a, which can more
readily approach from the side of the phenyl
substituent (Fig 4c). It should be pointed out
that while the ‘“shapes” of CSPs 2 and 3 appear
to be effectively “enantiomeric” in Fig. 4, a
priority inversion in the Cahn, Ingold, Prelog
stereochemistry nomenclature system [22] as-
signs an (R) absolute configuration to CSP 2 and
an (R,R) absolute configuration to CSP 3.

CSP 4 and the closely related CSPs 5 and 6
(Fig. 3) were designed specifically to better
utilize the face-to-edge w—7 interactions which
are believed to be important in the DNB PG and
B GEM I CSPs. These CSPs contain an aromatic
substituent at the stereogenic center which is
held in a conformation favorable for simulta-
neous face-to-face and face-to-edge —ar interac-
tions with the analyte. In addition, the tether
connecting the selector to the silica support may
serve to restrict access to the “undesired” face of
the dinitrobenzamide system. (§,5) CSP 4 is thus
expected to selectively retain the (S) enantiomer
of 1a (Fig. 4d).

The sign of the optical rotation at 589 nm was
determined for each enantiomer using a
polarimetric detector. Table II shows the sign of
rotation for the more retained enantiomer of
analyte 1a on each of the CSPs used in the study
as well as the absolute configuration assigned to
the more retained enantiomer using the model
illustrated in Fig. 4. All of the models proposed

TABLE II
ELUTION ORDERS FOR COMPOUND 1a ON CSPs 1-6

Column Rotation * Assigned ®
($)-Csp1 -) )
(R)-CSP2 =) (8)
(R,R)-CSP 3 (+) (R)
(5,5)-Csp4 ) s)
(R,R)-CSP5 (+) (R)
(R,R)-CSP 6 (+) (R)

“ Sign of rotation of the more retained enantiomer of analyte
la.

* Absolute configuration of the more retained enantiomer of
analyte 1a based upon the model illustrated in Fig. 4.
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to account for enantioselective recognition of 1a
by the various CSPs assign the (S) absolute
configuration to the levorotatory enantiomer and
the (R) absolute configuration to the dextrorotat-
ory enantiomer. Moreover, the circular dichro-
ism spectra of the enantiomers of 1a are similar
to those of the configurationally related enantio-
mers of several alkyl 2-methyl-naphthyl ketones
[23].

Interconverting enantiomers offer some inter-
esting possibilities in chiral recognition and sepa-
ration studies. In one study, the enantiomers of
analyte la were preparatively resolved using an
analytical size (25 cm X 4.6 mm 1.D.) B-GEM 1
column (CSP 3). The reversion of a single
enantiomer of la to the racemate was moni-
tored, and the rate of enantiomerization was
determined to be in 0.023/h (¢,,,, 15.1 h; sol-
vent, 20% 2-propanol in hexane; temperature,
25°C), a finding which is close to the value of
0.058/h determined for this compound by Mann-
schreck at 25.3°C in dioxane [4].

When one enantiomer of a racemic solution is
preferentially adsorbed by a CSP, an excess of
the opposite enantiomer exists in solution. When
a pathway for enantiomer interconversion is
introduced, this solution excess will become
“racemized”’ leading to a net enrichment in the
more retained enantiomer. In a study of the
deracemization of la, a racemic solution was
pumped onto a B-GEM I column using 20%
2-propanol in hexane as a mobile phase. The
column was then removed from the HPLC
system, column end plugs were inserted, and the
column was allowed to stand at room tempera-
ture of a period of one week. The column was
then eluted with 5% methanol in dichlorome-
thane, the effluent showing an enrichment in the
more strongly retained enantiomer. Analogous
solution studies using the soluble B-GEM 1
selector result in enrichment of the more strong-
ly complexed enantiomer. The extent of enrich-
ment increases when larger ratios of chiral selec-
tor to analyte are used, the limiting enantiomeric
ratio (1.68:1) approximating the separation fac-
tor obtained when the racemate is chromato-
graphed on the B8-GEM I CSP (a =1.62). This
kind of experiment finds a close analogy in
earlier studies of the deracemization of a -
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acidic analyte in the presence of a chiral #-basic
selector [24].

When amide 1j is chromatographed on CSP 4,
four stereoisomers are found to be present. This
indicates that rotation about the C ., ponyn—
N amigey bond as well as the C,1—Ccarponyny
bond is slow on the HPLC time scale (Fig. 5).

The E and Z amide rotamers of 1j were
separated by chromatography on silica gel. Fig. 6
shows "H NMR spectra of the mixture of dia-
stereomers (i), and the high (ii) and low (iii) R
bands obtained from separation by preparative

e
CH3\/\/ O
CH3
1
REERRREN RN
0 2 4 6 8 10

time (min)
Fig. 5. Chromatographic separation of the sterecisomers of
1j. Conditions: CSP, (R,R)-CSP 4; mobile phase, 20% 2-
propanol in hexane: flow-rate, 2.0 ml/min; ambient tempera-
ture.
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Fig. 6. 200 MHz "H NMR spectra (C’HCl,) of: (i) mixture
of E and Z diastereomers before chromatographic frac-
tionation; (ii) high R, band from preparative TLC separa-
tion, assigned as Z rotamer; (iii} low R, band from prepara-
tive TLC separation, assigned as E rotamer.
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TLC (2% methanol in dichloromethane). Analy-
sis of molecular models suggests that it is the Z
amide rotamer which should have the signal for
the amide methyl group (protons a’) in the
furthest upfield position, this group being strong-
ly shielded by the naphthyl ring. The corre-
sponding methyl group of the E rotamer
(protons a) is positioned close to the lone pair of
the carbonyl oxygen and would accordingly be
expected to occur at a relatively downfield posi-
tion. Similarly the signal from the «-methylene
protons of the E rotamer (protons b) are found
upfield of the corresponding signals in the Z
rotamer (protons b’').

Based on these arguments, the high R, band
from the preparative TLC separation contains
the Z rotamer, while the low R, band contains
the E rotamer. Interestingly, even the butyl C-
methyls (protons c, c¢') show chemical shift
differences which are consistent with this assign-
ment, the E rotamer methyl resonance (proton
¢) occurring at the more upfield position.

Fig. 7 depicts chromatograms obtained when
the two fractions from the preparative TLC
separation were evaluated on (R,R) CSP 4. The
stereoisomers giving rise to the first and third
peaks are assigned as the enantiomers of the Z
diastereomer, whereas those giving rise to the
second and fourth peaks are assigned as arising
from the E diastereomer. Based upon the model
depicted in Fig. 4d, the four stereoisomers re-
solved upon (R,R) CSP 4 are assigned, in the
order of their elution, as: Z-(R); E-(R); Z-(S);
E-(S).

Preparative separation of a sample of 1j on
(R,R) CSP 4 afforded a sample which was highly
enriched in the Z-(R) isomer. The equilibration
of this enriched sample to the racemic mixture of
diastereomers was monitored to determine inter-
conversion rates for the C-N and C-C bond
rotations. A schematic diagram of the possibi-
lities for interconversion of the four species is
shown in Fig. 8. Conversion of the Z-(R) to the
E-(R) isomer is an amide bond rotation process
which requires a single C,bony1y~N (amigey bONd
rotation. Conversion of the Z-(R) to the Z-(S)
isomer is an enantiomer interconversion process
and requires a single C,,)~C irponyy bond
rotation. Conversion of the Z-(R) to the E-(S)
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Fig. 7. Chromatographic separation of the enantiomers of the
preparatively separated diastereomers of 1j. (a) High R,
fraction; (b) low R, fraction. Conditions: CSP, (R,R)-CSP 4;
mobile phase, 20% 2-propanol in hexane; flow-rate, 2.0
ml/min; ambient temperature.
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isomer requires both a C ., pony1)~N (amiaey bONd
rotation and a C,,,;—Ccarponyy bONd rotation.
We therefore expected to see the formation of
the E-(S) isomer only after significant amounts
of the E-(R) and Z-(S) isomers had been
formed.

Fig. 9 shows the results of this study in which
the equilibration of the Z-(R) isomer to afford a
racemic mixture of diastereomers was monitored
by HPLC. Interestingly, the rate of C ., pony1y—
N amiaey TOtation is seen to be quite slow, on an
order with the C,.,)~Carponyy bond rotation
rate, as evidenced by the rate of appearance of
the E-(R) isomer. Quite unexpectedly, the rate
of formation of the E-(S) isomer is even greater
than the rate of formation of the Z-(S) isomer.
This result can only be explained by the contri-
bution of a concerted C .. bonyy~Namiaey and
Cary1y=Clcarbonyy DONd rotation, represented by
the diagonals in Fig. 8. This situation, remin-
iscent of “dynamic gearing” described by Mislow
and others [25], will be the subject of future
studies.

CONCLUSION

The enantiomers of a number of axially chiral
aromatic carboxamide analytes are conveniently
separated using several 7r-acidic chiral stationary
phases, the recently described CSP IV affording
the better separations. Rationales accounting for
the observed enantiomer separations on all of
the CSPs used in the study have been advanced.
Signs of optical rotation for the retained enantio-
mers on all of these CSPs are consistent with the
proposed models, and absolute configuration of
the enantiomers of these analytes have been
tentatively assigned on this basis. The use of
these CSPs to monitor rates of stereoisomer
interconversion and to afford deracemization
have' been demonstrated. Amide 1j has been
shown to exist as a mixture of four slowly
interconverting stereoisomers, all separable by
HPLC. The rate at which the Z-(R) form equili-
brates with other rotameric forms was followed,
the data suggesting that concerted C, -~
C(carbonyl) and C(carbonyl)_N(amide) bond rotations
may be important in the interconversion of the
rotamers of hindered naphthamides.
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ABSTRACT

A high-performance liquid chromatographic method with fluorescence detection is described for the specific determination of
free malonaldehyde (MDA). Malonaldehyde was labelled with luminarin 3 in acetate buffer (pH 4.0) at room temperature in the
dark. An aliquot of the reaction mixture was injected on to an octadecyl-bonded column using acetonitrile—imidazole buffer
(30:70, v/v) as the mobile phase. The eluate was monitored with a fluorescence detector at 395 nm (excitation) and 500 nm
(emission). A linear calibration graph was established between 7.2 and 90 ng/ml of MDA and the limit of quantification (LOQ)
was lower than 7 ng/ml of MDA. The precision was characterized by R.S.D.s of 11% at 7.2 ng/ml and 2% at 90 ng/ml. The
structure of the derivative was confirmed as the 5-hydroxy-2-pyrazoline form. UV absorbance and corrected fluorescence spectral
data and quantum yields of the luminarin 3 derivative of malonaldehyde are presented.

INTRODUCTION

Several methods have been developed to de-
termine the amount of malonaldehyde (MDA)
formed by lipid peroxidation either in vivo or in
vitro. The most common method MDA is based
on spectrophotometric or spectrofluorimetric
measurement of the condensation product

formed from MDA and 2-thiobarbituric acid.

(4,6-dihydroxy-2-thiopyrimidine) (TBA) {1,2].
This method is not specific for MDA and often
overestimates MDA levels [2-10]. Some workers
have proposed more selective methods based on
the chromatographic separation of MDA: in its
free form [3,4]; derivatized with TBA [5,11,12]
or its derivatives such as 1,3-diethyl- [6,7] or
1,3-dimethyl-, 1-methyl-, 1,3-diphenyl- and 1-

* Corresponding author.

0021-9673/93/$06.00

phenyl-TBA [6]; derivatized with dansylhydra-
zine (DNSH) [8], 2-hydrazinobenzothiazole
(HBT) [9], 2,4-dinitrophenylhydrazine (DNPH)
[13-15], pentafluorophenylhydrazine (PFPH)
[16], p-nitrophenylhydrazine (NPH) [17] or N-
methylhydrazine (NMH) [18]; and based on the
formation of a fluorescent compound derived
from 1,4-dihydropyridine 3,5-dicarbaldehydes,
produced by a condensation reaction of malon-
aldehyde, aliphatic amines and aliphatic alde-
hydes in neutral medium (Hantzsch reaction)
[10].

Reactions of MDA with TBA, DNSH, HBT
or DNPH require hot and or acidic conditions. A
major drawback of these methods from a bio-
chemical point of view is the artifactual genera-
tion of MDA from the biological materials that
can be induced under the strongly acidic condi-
tions and elevated temperatures required for the
formation of the derivatives. It is therefore

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. Structures of luminarin 3 and its derivatives.

uncertain what proportion of the determined
MDA was originally present in the sample in the
free state and what proportion might have been
bound or generated from precursors. Therefore,
mild derivatization conditions are required for
the reliable determination of free MDA.

We used the derivatizing agent luminarin 3
(Fig. 1) for the determination of low concen-
trations of MDA under mild conditions. Owing
to its quinolizinocoumarin nucleus, luminarin 3 is
a useful fluorescent and chemiluminescent label
[19-21], and its hydrazine group reacts easily
with carbonyl compounds, permitting the de-
rivatization of MDA at room temperature in
acetate buffer (pH 4.0).

As chemiluminescence detection requires a
postcolumn reaction system with one or two
additional pumps, fluorescence detection was
preferred. This method is sensitive and specific
for the determination of free MDA.

EXPERIMENTAL

Reagents

All reagents and solvents were of analytical-
reagent grade. Luminarin 3 and 2-methyl-
1,1,3,3-tetraecthoxypropane (MeTEP) were ob-
tained from Eurobio-Seratec (Les Ulis, France)
and 1,1,3,3-tetracthoxypropane (TEP), imida-
zole and 2,4-pentanedione (acetylacetone) from

F. Traoré et al. | J. Chromatogr. 648 (1993) 111-118

Aldrich-Chemie (Steinheim, Germany). Quinine
sulphate and silica gel (0.04-0.063 mm) were
purchased from Merck (Darmstadt, Germany).

Standard malonaldehyde solution

A stock standard solution of MDA was pre-
pared by acidic hydrolysis of TEP, assuming
100% conversion of TEP into MDA [15]. A
0.245-ml volume of TEP was placed into a brown
100-ml graduated flask, diluted to volume with
1% (w/v) sulphuric acid, mixed thoroughly and
kept in the dark at room temperature for 2 h.
This solution contains 10 mM MDA and can be
stored at —20°C for several months. It was used
to prepare a calibration graph in the range 7.2—
90 ng/ml after dilution with 100 mM acetate
buffer (pH 4.0). The calibration graph was
constructed by plotting the peak-height ratio of
the luminarin 3 derivative of MDA to standard
luminarin 3—methylmalonaldehyde against MDA
concentration.

The absorbance of 100 uM MDA solution in
1% sulphuric acid at A,,, (245 nm) was mea-
sured to verify the molar absorption coefficient
and hence the purity of the solution.

Standard luminarin 3 solution

A 10 mM solution of luminarin 3 in dimethyl
sulphoxide (DMSQO) was prepared. This solution
can be stored for several months at —20°C.

Standard luminarin 3—malonaldehyde solution

A standard solution of luminarin 3-malon-
aldehyde (L3-MDA) was obtained from the
reaction of MDA and luminarin 3. When incu-
bated at room temperature and stirred for 30
min, the reaction mixture was composed of 100
ml of a standard solution of MDA (72 mg, 1
mmol) and 10 ml of 100 mM luminarin 3 solution
in DMSO (313 mg, 1 mmol). Sodium hydro-
gencarbonate (2.5 g) was added and the mixture
was stirred gently until the acid had been neu-
tralized (pH 7.0). The mixture was then ex-
tracted with 200 ml of dichloromethane. The
extract was dried with anhydrous magnesium
sulphate, filtered and evaporated to dryness
under vacuum.

The residue was dissolved in 5 ml of dichloro-
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methane and purified chromatographically on
sitica gel 60 (0.04—0.063 mm) using an elution
gradient of 0 to 40% tetrahydrofuran in dichloro-
methane. The eluate was evaporated under vac-
uum and the residue was dried in a desiccator to
give a yellow powder, yield 72.3%. Elemental
analysis: calculated for C,,H,;N,O,, C 65.40, H
5.72, N 11.44; found, C 6541, H 5.81, N
11.40%.

The structure of .3-MDA was also confirmed
by 'H and C NMR spectroscopy (data not
shown). The electron impact mass spectrum was
characterized by ions at m/z (relative abun-
dance, %) 367 (19.09), 349 (5.54), 282 (8.77),
281 (8.72), 256 (9.02), 255 (48.96), 254 (20.53),
227 (10.87), 226 (17.13), 68 (100.00), 67 (13.05)
and 44 (34.98).

L3-MDA was prepared as a 10 mM solution
in DMSO. This solution can be stored for several
months at —20°C.

Standard solution of luminarin 3—methylmalon-
aldehyde (internal standard)

Luminarin  3-methylmalonaldehyde  (L3-
MeMDA) was synthesized as described above
from MeMDA prepared by hydrolysis of 2-
methyl-1,1,3,3-tetraethoxypropane in 1% sul-
phuric acid for 2 h at room temperature.

L3-MeMDA was obtained in the form of
yellowish brown needles, yield 53%. Elemental
analysis: calculated for C,,H,;N,0,, C 66.14, H
6.04, N 11.02; found, C 66.06, H 6.18, N
10.97%.

The structure of this compound was confirmed
by 'H and C NMR spectroscopy (data not
shown) and its electron impact mass spectrum
'was characterized by ions at m/z (relative abun-
dance, %) 381 (29.74), 363 (11.42), 282 (17.49),
281 (20.52), 256 (11.75), 255 (65.34), 254
(28.84), 227 (14.42), 226 (23.09), 82 (85.99), 81

(100.00), 57 (26.76), 56 (5.99), 55 (17.25), 54 .

(36.92), 44 (30.62) and 43 (12.02).

A 17 uM solution of L3-MeMDA was pre-
pared: 38.1 mg of L3-MeMDA were placed in a
test-tube and 4 ml of DMSO were added to
obtain a 25 mM stock solution. This solution was
diluted with the same solvent to obtain the
desired concentration.
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10 mM imidazole buffer solution (pH 7.0)
The pH of the solution was adjusted with
concentrated nitric acid.

Acidified acetylacetone solution
A 1 M solution of acetylacetone in 1% sul-
phuric acid was prepared extemporaneously.

Apparatus

High-performance liquid chromatographic
(HPLC) analysis was performed with a
Chromatem 380 pump (Touzart-Matignon, Vitry
sur Seine, France), equipped with a Rheodyne
(Cotati, CA, USA) Model 7125 injector with a
20-u1 sample loop and a Waters (Milford, MA,
USA) Model 420-C fluorescence HPLC monitor.
The data were processed in a Shimadzu C-RSA
integrator (Touzart et Matignon). For the verifi-
cation of the purity of L3-MDA and L3-
MeMDA standards, a Shimadzu SPD-6A UV
detector was connected to the outlet of fluores-
cence detector. The signal from each detector
was recorded on a double-trace integrator. Cor-
rected fluorescence and absorbance spectra were
measured with a Perkin-Elmer (St. Quentin en
Yvelines, France) Model LS 50 luminescence
spectrometer and a Shimadzu Model UV-2100
UV-Vis recording spectrophotometer (Touzart
et Matignon), respectively, in 1-cm quartz cells.
Spectral band widths of 5 and 10 nm were used
for the excitation and emission monochromators,
respectively. Electron impact and chemical ioni-
zation mass spectra were measured on a Nermag
R-1010-C mass spectrometer (Delsi-Nermag,
Argenteuil, France). "H and C NMR spectra
were recorded on a Bruker (Bruker, Wissous,
France) AC 200-MHz NMR spectrometer using
[*H¢]dimethyl sulphoxide as solvent and tetra-
methylsilane (TMS) as reference.

Chromatographic conditions

Chromatographic separation was performed
using a 5-um Nucleosil C,g column (150 % 4.6
mm 1.D.) (Beckman, Les Ulis, France). The
mobile phase was an isocratic mixture of acetoni-
trile and 10 mM imidazole buffer (pH 7.0)
(30:70, v/v) at a flow-rate of 1.5 ml/min at room
temperature. Filters of 395 and 500 nm were
used for excitation and emission, respectively.
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The absence of coumarinic contaminants in L3-
MDA and L3-MeMDA standards was checked
by means of liquid chromatography with fluores-
cence and UV detection on a 5-um Nucleosil
silica column (250 X 4.6 mm I.D.) (Interchim,
Montlucon, France) using ethyl acetate—diiso-
propyl ether (90:10, v/v) as the mobile phase at
a flow-rate of 1.5 ml/min. The UV detector
wavelength was set at 360 nm; 360- and 440-nm
filters were used for excitation and emission,
respectively, in fluorimetric detection.

Fluorescence and absorbance measurements

Fluorescence quantum yields were determined
with reference to quinine hydrogen sulphate in
0.05 M sulphuric acid, according to Parker and
Rees [22]. Quantum yields were measured at
room temperature without deoxygenation. The
intrinsic fluorescence sensitivity was expressed by
the equation IFS = ¢e/H, where ¢ is the quan-
tum yield, H is the half band width (cm ') and &
is the molar absorptivity (1 mol ™" cm™') [23].

Derivatization procedure

A 200-p]l volume of 100 mM acetate buffer
solution (pH 4.0) containing malonaldehyde was
mixed with 10 wl of 10 mM luminarin 3 solution
and 10 wul of 17 uM L3-MeMDA (internal
standard) in a glass test-tube. The mixture was
protected from light and kept at room tempera-
ture for 30 min for the optimum formation of the
luminarin 3-MDA derivative. Then 10 ul of
acidified 1 M acetylacetone solution were added
to the mixture to react with excess reagent. After
5 min, an aliquot of the reaction mixture was
injected on to the HPLC column.

RESULTS AND DISCUSSION

Condensation of luminarin 3 with
malonaldehyde and methylmalonaldehyde.
Characterization of the derivatives

The condensation reaction of luminarin 3 with
dicarbonyl compounds may involve one or two
luminarin 3 molecules. When one molecule is
involved, a ring formation reaction may take
place, producing a pyrazole or 5-hydroxy-2-
pyrazoline derivative.

MDA and MeMDA react with luminarin 3, a
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nucleophilic reagent, in acidic medium to form
the derivatives shown in Fig. 1. The identity and
purity of the luminarin 3 derivatives of malon-
aldehyde and methylmalonaldehyde were con-
firmed by elemental analysis, mass spectrometry
(MS), 'H and "*C NMR spectroscopy and HPLC
analysis. The results demonstrated that the con-
densation reaction between luminarin 3, MDA
and MeMDA is equimolar and that 5-hydroxy-2-
pyrazoline derivatives are formed.

The purity of the L3-MDA and L3-MeMDA
standards was determined to be >99% by HPLC
on Nucleosil silica (normal-phase) and Nucleosil
ODS (reversed-phase) columns with both UV
and fluorescence detection. The luminarin 3
derivative of MDA showed a single peak in both
chromatographic systems. The luminarin 3 de-
rivative of MeMDA showed two peaks in nor-
mal-phase chromatography. However, when a
reversed-phase system with acetonitrile was
used, only a single peak was obtained. These two
peaks were confirmed to be the threo (70%) and
erythro (30%) isomers by NMR spectroscopy.

The electronic impact mass spectra of L3-
MDA and L3-MeMDA show fragmentation
patterns consistent with the proposed structures.
The evidence for the S5-hydroxy-2-pyrazoline
form was that L3-MDA and L3-MeMDA
showed a parent ion at m/z 367 and 381,
respectively, with additional ions at m/z 349 and
363, respectively, corresponding to [M — 18]*".
These ions result from the loss of hydroxyl and
hydrogen from the 5- and 4-positions of the
pyrazoline ring, respectively. The most abundant
ions were at m/z 68 and 81, respectively. These
ions correspond to the loss of a pyrazole ring,
which appears, with the gain of a hydrogen atom
and itself, respectively, from ions at m/z [M—
18]"". The remainder of the molecule appears in
the form of carboxyl fragments (at m/z 282 or
281) which lose CO to give the fragment at m/z
255. This latter species fragments further, by the
ejection of CO from the lactone ring and a
hydrogen atom, to give the fragment at m/z 226.

Choice of optimum conditions for derivatization

The reaction of MDA (pK=4.46) with
luminarin 3 proceeded at room temperature
under weakly acidic conditions (pH 4.0). In
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order to confirm that the present procedure is
specific for free MDA, 100 uM of TEP, a
precursor of MDA, was treated at pH 1.0, 2.0,
3.0, 4.0, 5.0 and 6.0 and at temperatures of 25
and 50°C. The amount of MDA formed was
determined from the absorbance at 245 nm. This
study showed (Fig. 2) that the best yields for
conversion of TEP to MDA were obtained by
incubation at 50°C. At pH 1.0, whatever the
temperature, we observed 100% transformation
of TEP into MDA. At pH 3.0, 60% of MDA was
formed at 50°C in 60 min, whereas at 25°C and
pH 3.0 or 4.0 no MDA was formed after 120
min. This phenomenon has been observed previ-
ously by Kawai et al. [17]. These results demon-
strate that the present procedure is specific for
free (genuine) MDA.

The procedure reported in a previous paper
[19] required strongly acidic conditions (0.1 M
H,SO,) for the formation of luminarin 3 deriva-
tives. Under these conditions MDA precursors
are hydrolysed to give MDA. Accordingly, the
determination of free MDA and that generated
from its precursors could be obtained from the
difference between MDA levels prior to and
after acid hydrolysis.

Concerning the derivatization of MDA by
luminarin 3, the influence of the reaction time

120 4
100 +
80

60

Yield (%)

40 -

20 A

Fig. 2. Effect of pH on hydrolysis of TEP (0.1 wmol/ml),
(O) at 25°C for 120 min and (M) at 50°C for 60 min.
Formation of MDA was determined by UV spectro-
photometry at 245 nm.
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and luminarin 3 concentration on the peak-
height ratio of L3-MDA to L3-MeMDA was
also studied. The peak-height ratios were almost
constant after about 30 min and over the range
of luminarin 3 concentrations investigated (0.05-
0.5 pmol). The other important factor for ana-
lytical application is the thermal stability of the
luminarin 3-MDA derivative. To prevent degra-
dation of the product, the reaction temperature
should not exceed room temperature (25°C)
[19]. Under these conditions the luminarin 3-
MDA derivative was stable for at least 24 h.
These experiments indicated that the optimum
conditions were those used in the derivatization
procedure described above.

Liquid chromatography

The selected chromatographic conditions were
used to separate luminarin 3 from its derivatives
with MDA, MeMDA and acetylacetone. The
mobile phase components, acetonitrile and im-
idazole buffer, were chosen for their ability to

1

12.658

5.566
26.11

Detector response

L

0 20

40 m E]

Fig. 3. Elution profile of a mixture of standard solutions of
luminarin 3 (at 5.6 min) and luminarin 3 derivatives of MDA
(at 12.7 min) and MeMDA (at 20.1 min) in reaction mixture
(8 mV full-scale). A 15-pmol amount of each derivative was
injected on to the column. For other details, see text.
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promote peroxyoxalate chemiluminescence de-
tection as reported by Tod and co-workers
[20,21] for other luminarin derivatives. Fig. 3
shows typical chromatograms of a mixture of
standard solutions of luminarin 3, luminarin 3—
MDA and MeMDA derivatives. Their retention
times were 5.6, 12.5 and 20.1 min, respectively.
The luminarin 3-MDA derivative was well sepa-
rated from the reagent and internal standard.
For this separation of pure standards, the limit of
detection was evaluated as the concentration that
gave a signal-to-noise ratio of 3. A limit of
detection of 0.45 ng/ml (0.125 pmol per injec-
tion) was found for L3-MDA, which is lower
than values given in the literature for other
HPLC methods [3-6,10,13,14]. It should be
noted that derivatization with DNSH [8] and
NMH [18] can give similar detection limits.
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Beljean-Leymarie and Bruna [9] used a gas
chromatographic (GC) method after derivatiza-
tion of MDA with HBT and reported a detection
limit of 0.04 pmol per injection. Although the
method is highly sensitive for MDA, it requires
hot and acidic conditions for more efficient
formation of the derivative. To our knowledge,
only the GC method developed by Tomita et al.
[16] gives a higher sensitivity than the present
method.

In practice, when the derivatization was per-
formed on smaller amounts of MDA, the un-
reacted reagent seriously interfered with the
detection of the luminarin 3-MDA derivative.
To reduce this interference we added an excess
of acetylacetone which, under these conditions,
reacts with most of the excess of luminarin 3.
This reaction gives two (additional) products,
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Fig. 4. Separation of luminarin 3~-MDA derivative with fluorescence detection. (A) Blank; (B) chromatogram of the reaction
mixture when 36 ng/ml of MDA were derivatized (4 mV full-scale); (C) chromatogram of the reaction mixture when 7.2 ng/ml of
MDA were derivatized (4 mV full-scale). Numbers on peaks indicate retention times in minutes. For other details, see text.
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TABLE 1
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UV ABSORPTION AND FLUORESCENCE DATA FOR LUMINARIN 3-MDA IN ACETONITRILE AND

ACETONITRILE-10 mM IMIDAZOLE BUFFER (pH 7.0)

Acetonitrile A, Aem & ¢° IFS°
concentration (%) (nm) (nm) (I mol™' ecm™)

0 401 502 22952 0.39 3.85
30 402 495 28072 0.39 4.34
50 399 491 28 682 0.51 5.63
70 399 485 28976 0.51 5.60

100 394 464 32139 0.71 8.55
“Molar absorptivity.

* Quantum yield.

¢ Intrinsic fluorescence sensitivity.

with peaks at 28.4 and 40.7 min, which were Spectral properties

proved to be the pyrazole and monohydrazone
forms of the luminarin 3-acetylacetone deriva-
tive, respectively (by liquid chromatography—
mass spectrometry; data not shown). Fig. 4
shows the chromatograms of the reaction mix-
ture obtained with (A) a blank acetate buffer -
solution and (B and C) standard solutions of
MDA [(B) 36 and (C) 7.2 ng/ml]. Although
these chromatograms are complex, experiments
with spiked plasma samples displayed no addi-
tional peaks (different reaction conditions; data
not shown). Therefore, owing to the good selec-
tivity of the reagent, further inferences are not
be expected.

Calibration graphs constructed for MDA with
L3-MeMDA as internal standard (n =6) were
linear in the range 7.2-90 ng/ml, corresponding
to 1.74-21.74 pmol of injected MDA derivative.
The regression line was described by the follow-
ing equation:

ratio of peak heights =0.0129 - concentration
(ng/ml) + 0.0270 (> =0.999)

The intra-run relative standard deviations were
10.6% for 7.2 ng/ml, 7.3% for 18 ng/ml, 5.6%
for 36 ng/ml, 2.4% for 72 ng/ml and 1.8% for 90
ng/ml of MDA (n=6). Hence the limit of
quantification, i.e., the lowest concentration that
can be determined with an R.S.D. of less than
15%, was lower than 7 ng/ml (Fig. 4C).

The influence of mobile phase composition on
the absorbance and fluorescence properties of
the luminarin 3-MDA derivative was studied.

As shown in Table I, whereas the position of
the excitation maxima varied little with the
composition of the solvent, the emission maxima
showed a marked bathochromic effect with in-
creased polarity of the acetonitrile—imidazole
buffer mixture. This is due to the effect of the
increased dipole-dipole interaction between the
slightly polarized state of the molecule and the
solvent characteristic of a 7— 7* fluorescence
emission.

Variations in the intensity of fluorescence of
the luminarin 3-MDA derivative with the ace-
tonitrile content of the mobile phase were
studied by determining the relative quantum
yields and intrinsic fluorescence sensitivity.
These parameters doubled when the acetonitrile
content in the mobile phase increased from 0 to
100%. Hence the whole composition range of
mobile phases is compatible with highly sensitive
detection.

CONCLUSIONS

Owing to its nucleophilic and fluorescence
properties and the stability of its derivatives,
luminarin 3 is a suitable derivatization reagent
for the sensitive and selective HPLC with fluo-
rescence detection of MDA. The method allows
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the determination of small amounts of MDA
with mild conditions of derivatization, without
the formation of interfering by-products. In
addition, the derivatization reagent and chro-
matographic conditions permit chemilumines-
cence detection.

The limiting factor with respect to the sen-
sitivity of the present method was not detection
but derivatization. In future work, acetylacetone
could be replaced with a more efficient scavenger
to remove all remaining luminarin 3. Even so,
the limit of detection was well below that of
other HPLC methods and its limit of quantifica-
tion should allow the precise determination of
free MDA in biological fluids. One example
given in the literature is the concentration of
MDA in normal human urine, which is in the
range 10-60 ng/ml [16]. In several instances, the
MDA concentration in urine has been shown to
be correlated with lipid peroxidation processes
following exposure to certain xenobiotics [14,15].
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ABSTRACT

Accurate and reliable methods are presented for the determination of enantiomeric excess values of glycidol (2,3-epoxy-1-
propanol), glycidyl esters, solketal [2,2-dimethyl-4-(hydroxymethyl)-1,3-dioxolanej, homologous 1,3-dioxolane aicohols and
substituted primary propanols in biological samples. One method consists of derivatization of the samples with 2,3,4,6-tetra-O-
acetyl-B-glucopyranosy! isothiocyanate, followed by separation of the resulting diastereomers on a non-chiral reversed-phase
(C,5) HPLC column. The second method uses direct injection of (aqueous) samples on to capillary GC columns coated with chiral
stationary phases (2,3,6-tri-O-methyl-8- or a 2,3,6-tri-O-trifluoroacetyl-y-cyclodextrin). The advantages and disadvantages of

both methods are discussed.

INTRODUCTION

The enantiomers of glycidol (2,3-epoxy-1-pro-
panol) and solketal [2,2-dimethyl-4-(hydroxy-
methyl)-1,3-dioxolane] have been advocated as
attractive building blocks for the synthesis of
homochiral pharmaceuticals and other specialty
chemicals [1-4]. Since we have embarked on
studies on the application of enzymes in kinetic
resolution of these C,-synthons [5-7], the chang-
ing ratio of the enantiomers had to be followed.
This required methods that were able to de-
termine the ratio from the start (racemic mix-
ture) to the end (enantiomerically pure), that is,
from an enantiomeric excess (e.e.) of 50 to
100%, in a reliable and accurate way. It should
be stressed that in this context the sensitivity of

* Corresponding author.

0021-9673/93/$06.00

the methods for the compound as such is of less
importance.

Bioconversions are frequently carried out with
either crude cellular material or with a small
amount of purified enzyme in aqueous buffers.
Hence, under these conditions, direct measure-
ments of optical rotation in the medium are not
reliable. Moreover, the determination of en-
antiomeric purity by NMR measurements in the
presence of chiral shift reagents failed, because
of instability of the products under these condi-
tions. On the other hand, chromatographic
methods could circumvent these restrictions if
satisfactory accuracy and sensitivity could be
achieved. A strategy frequently used in the
analysis of racemic alcohols is to prepare
diastereomers, e.g., by using Mosher’s acid
[@-methoxy-a-(trifluoromethyl)phenylacetic acid
(MTPA)], and to separate the diastereomeric
products by (non-chiral) GC or HPLC. Commer-
cially available MTPA, however, is only 97.9-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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99.8% pure and kinetic enrichment of one of the
enantiomers has been reported [8]. Further,
racemization can be expected under the acidic
conditions, as observed here (see below) for
trifluoroacetic anhydride. Hence, other derivati-
zation methods seemed necessary to attain the
high accuracy required.

Based on the derivatization procedure with
2,3,4,6-tetra-O-acetyl-B-glucopyranosyl isothio-
cyanate (TAGIT) described by Gal [9], dia-
stereomers were prepared from glycidyl butyrate
and they could be separated by HPLC (as
reported in a preliminary communication by
Philippi et al. [10]). Hence, it seemed worthwhile
to investigate the reliability and accuracy of the
method for glycidyl esters and glycidol, assuming
that the derivatization proceeds as indicated in
Fig. 1. To explore the scope of the method,
other C,-synthons and some homologous 1,3-
dioxolane compounds with varying distance be-
tween the asymmetric carbon atoms were also
investigated. For this derivatization, a modified
route was devised, as indicated in Fig. 2.

Direct methods for the separation of enantio-
mers have been reported. Koénig et al. [11]
investigated trifluoroacetyl derivatives of epoxy
alcohols (including glycidol) using GC with
peralkylated a-cyclodextrins as a.chiral station-
ary phase. Using a-, B- or  y-cyclodextrin
stationary phases, many racemic compounds,
including the trifluoroacetyl esters of glycidol
and solketal, could be resolved [12]. Dougherty
et al. [13] were able to separate glycidol without
derivatization applying aqueous samples to a GC
column with a permethyl-O-hydroxypropyl-a-

A o

CH,0-C—R H\/l\
n-BuN N
" Bu” ¥ CHL0H
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N\
CH0H /TAGIT

H
CH,OH

Fig. 1. Conversion of glycidol and glycidy! esters into their
diastereomers with TAGIT.
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Fig. 2. Conversion of solketal into its diastercomers with
TAGIT.

cyclodextrin stationary phase. As the latter
strategy is very attractive for the analysis of
samples resulting from biological conversions,
GC on derivatized 8- and y-cyclodextrin station-
ary phases was also investigated for the separa-
tion of the enantiomers of glycidol, solketal and
selected homologues.

EXPERIMENTAL

Chemicals

(R,S5)-Glycidol, (R,S)-2-butanol, (R,S)-2-oc-
tanol, (R,S)-2,3-dibromo-1-propanol, (R,S)-2,3-
dichloro-1-propanol, (R,S)-2-methyl-1-butanol
and trifluoroacetic anhydride were purchased
from Merck, (R)-(+)- and (S)-(—)-glycidol, (R)-
(—)- and (5)-(+)-3-bromo-2-methyl-1-propanol,
(R,S)-2-phenyl-1-propanol and (R,S)-glycerol
formal from Aldrich, (R,S)-, (R)-(—)- and (§)-
(+)-solketal, (R)-(—)- and (S)-(+)-2-butanol
from Janssen Chimica, 2,3,4,6-tetra-O-acetyl--
glucopyranosyl isothiocyanate (TAGIT), (R)-
(—)- and (S)-(+)-2-octanol and (R,S)-3-buten-2-
ol from Fluka and methanol (HPLC grade) from
Rathburn; (R,S)- and (R)-(—)-glycidyl butyrate
were gifts from Andeno. All other chemicals
were of analytical-reagent grade (Merck).

Other glycidyl and solketyl esters [14], the
homologous 1,3-dioxolane alcohols [15] and (S)-
(—)- and (R)-(+)-2,3-O-isopropylidene glyceral-

- dehyde (solketylaldehyde) [16,17] were synthe-

sized according to the literature. The compounds
had a chemical purity of 93-99.5%, as estab-
lished by GC and 'H NMR.
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HPLC

Derivatization of glycidol and glycidyl esters.
An aqueous sample, containing at least 5 mg of
glycidol, was saturated with NaCl and extracted
twice with an equal amount of dichloromethane.
Samples containing a glycidyl ester were also
extracted twice with dichloromethane. The ex-
tracts were dried with MgSO, and the solvent
evaporated under reduced pressure. The residue
was dissolved in 1 ml of n-butylamine and the
solution was transferred into a 3-ml sample vial
(Waters). The vial was tightly capped (PTFE
septum) and heated in an oil-bath at 100°C for 1
h. Subsequently, the cap was removed to allow
the residual amine to evaporate. The residue was
stored overnight under reduced pressure in a
desiccator over P,O, to remove the last traces of
the amine. The oily residue was dissolved in 200
wl of acetonitrile and 25 ul of this solution were
mixed with 50 ul of acetonitrile containing 1 mg
of TAGIT. After standing at room temperature
for 5 min, a 5-ul sample of the mixture was
injected into the HPLC system.

Derivatization of solketal and homologous 1,3-
dioxolane alcohols. An aqueous sample, con-
taining at least 1 mg of solketal or related
alcohol, was extracted twice with an equal
amount of dichloromethane. The combined ex-
tracts were dried with MgSO, and the solvent
was evaporated under reduced pressure. The
residue was dissolved in 10 ml of dry diethyl
ether and the solution was transferred into a
50-ml flask. p-Toluenesulphonyl chloride (75
mg) and powdered KOH (500 mg) were added
to the stirred solution at room temperature.
After 15 min the mixture was poured into 20 ml
of diethyl ether—water (3:1, v/v). After shaking,
the organic layer was separated, washed twice
with water and dried with MgSO,. The solvent
was removed by evaporation under reduced
pressure. The residue was dissolved in 2 ml of
n-butylamine and placed in a 3-ml sample vial
(Waters). The vial was tightly capped (PTFE
septum) and the solution was heated in an oil-
bath at 100°C for 1 h and then poured into 20 ml
of a diethyl ether-water (3:1, v/v). After shak-
ing, the organic layer was separated, washed
four times with water and dried with MgSO,.
The solvent was removed by evaporation under
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reduced pressure. The residue was dissolved in
0.5 ml of acetonitrile and 25 ul of this solution
were added to 50 ul of acetonitrile containing 1
mg of TAGIT. After standing at room tempera-
ture for 5 min, 10 ul of this solution were

injected into the HPLC-system.

Chromatography of the derivatives. The HPLC
system consisted of a pump (Waters Model 510),
an injector (Rheodyne Model 7125), a UV
detector (Waters Lambda Max Model 480), an
integrator (Waters data module) and a reversed-
phase column (Waters Nova-Pak C,g, 100x 8
mm I[.D., particle size 4 um). The column was
eluted with aqueous methanol (compositions are
given in Table I) at a constant flow-rate of 1.0
ml/min at room temperature. The eluent was
monitored at 260 nm.

Preparation and identification of the
diastereomers

Diastereomers of glycidol [N'-butyl-N'-(R,S)-
2',3'-dihydroxypropyl(2,3,4,6-tetra-O-acetyl-3--
glucopyranosyl)thiourea]. An 11-mg amount of
racemic glycidol was derivatized as described
above. The residue was dissolved in 250 ul of
acetonitrile and 62 mg of TAGIT were added.
After standing at room temperature for 60 min,
the diastereomers were isolated by HPLC, as
indicated above. The eluent was removed by
evaporation under reduced pressure and the
residues were stored overnight under reduced
pressure in a desiccator over P,Os. '"H NMR
(400 MHz) was performed using a Varian VXR-
400 S spectrometer. Well resolved spectra were
obtained. From a comparison of the spectra of
several 1l-acylglycerol derivatives, the corre-
sponding 2,3-epoxy-1-propanyl esters and the
free alcohol, the presence of the 2,3-dihydroxy-
1-propyl group could be deduced. The results are
in agreement with the structure indicated in Fig.
1 and in line with that what could be predicted
with analogous cases [9].

'H NMR (C*H,O%H): 6 5.90 (s, 1 H, glucose
H-1e, J=9.3 Hz), 5.33 (dd, 1 H, glucose H-3a,
J=9.3 Hz, J=9.5 Hz), 5.12 (dd, 1 H, glucose
H-28, J=9.5 Hz, J=9.5 Hz), 5.03 (dd, 1 H,
glucose H-48, J =9.7 Hz, J = 9.9 Hz), 4.20 (m, 1
H, NH), 4.31 (dd, 1 H, glucose H-6a, J =12.3
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TABLE I
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CHROMATOGRAPHIC PARAMETERS ON A REVERSED-PHASE C,, HPLC COLUMN OF THE DIASTEREOMERS
OBTAINED WITH TAGIT DERIVATIZATION OF GLYCIDOL, GLYCIDYL BUTYRATE, SOLKETAL, HOMOLO-
GOUS 1,3-DIOXOLANE ALCOHOLS AND SOME OTHER ALCOHOLS

a = Separation factor = (¢, — #,)/(¢, ~ t,); R = resolution = 2(t, — t,)/(W, + W,), where W is the peak width. NR = Not resolved.
The identity of the peaks (indicated with R or S, in parentheses) was derived from the results obtained with authentic compounds.

Compound Mobile phase Retention times of the a R
methanol-water diasterecomers
(v/v)
t, (min) t, (min)
Glycidol 50:50 29.3(R) 31.7(S) 1.09 1.40
Glycidyl butyrate 50:50 29.3(8) 31.7(R) 1.09 1.40
Solketal 58:42 38.3(R) 40.4(S) 1.06 1.01
Compound 1 60:40 17.0 NR NR
Compound 3 60:40 10.8 NR NR
Compound 4 80:20 59 NR NR
Compound 5 60:40 58.6 74.2 ‘ i
76.8 83.0
Compound 6 70:30 19.2 21.5 1.13 1.97
Compound 7 80:20 8.4 9.4 1.15 1.75
Compound 8 80:20 32.0 NR NR
2,3-Dibromo-1-propanol 60:40 48.0 NR NR.
2-Butanol 80:20 7.5 NR NR
2-Methyl-1-butanol 60:40 81.7 NR NR

“ Compound 5 consists of four diastereomers. Resolutions of the diastereomers are R =0.58 and separation factors a =1.04

(which were calculated for peaks 2 and 3).

Hz, J=4.4 Hz), 4.10 (dd, 1 H, glucose H-6b,
J=12.3 Hz, J=2.2 Hz), 4.08 (dd, 1 H, glycerol
H-1), 3.88 (ddd, 1 H, glucose H-5a, J =2.2 Hz,
J=4.4 Hz, J=10.1 Hz), 3.8 (m, 1 H, glycerol
H-2), 3.72 (m, 2 H, butyl H-1), 3.66 (m, 1 H,
glycerol H-1, J=5.1 Hz, J=7 Hz), 3.55 (dd, 2
H, glycerol H-3, J=5.1 Hz), 2.03 (s, 3 H,
acetyl), 2.01 (s, 3 H, acetyl), 2.00 (s, 3 H,
acetyl), 1.98 (s, 3 H, acetyl), 1.64 (m, 2 H, butyl
H-2, J=7 Hz), 1.33 (m, 2 H, butyl H-3, J=7.3
Hz, J=7 Hz), 0.96 (t, 3 H, butyl H-4, J=7.3
Hz).

Diastereomers of solketal {N'-butyl-N’-[(R,S)-
2°,2"-dimethyl- 1,3’ - dioxolan- 4’ - ylmethyl(2,3,-
4,6 - tetra-O-acetyl-B-p-glucopyranosyl)thiourea .
A 14-mg amount of racemic solketal was deriva-
tized with 45 mg of TAGIT and the diastereo-
mers produced were isolated as described above.
Well resolved 'H NMR spectra of the diastereo-

mers were obtained. The presence of the (2,2-di-
methyl-1,3-dioxolan-4-yl)methyl moiety could be
deduced from the similarity of the chemical shifts
and the coupling constants observed for the
diastereomers and the free alcohol. The results
are in agreement with the structure indicated in
Fig. 2.

'"H NMR (C*H,O%H): & 5.97 (s, 1 H, glucose
H-1a, J=9.1 Hz), 5.35 (dd, 1 H, glucose H-3«,
J=9.5 Hz, J=9.5 Hz), 5.18 (dd, 1 H, glucose
H-2B), 5.03 (dd, 1 H, glucose H-48, J =9.7 Hz,
J=10.0 Hz), 4.40 (m, 1 H, dioxolane H-4), 4.32
(dd, 1 H, glucose H-6a, J = 12.3 Hz, J = 4.2 Hz),
4.11 (dd, 1 H, glucose H-6b, J =12.3 Hz, J =2.4
Hz), 4.10 (dd, 1 H, dioxolane H-5, J = 8.3 Hz,
J=6.0 Hz), 3.91 (ddd, 1 H, glucose H-5a, J =
2.4 Hz, J=4.2 Hz, J=10.1 Hz), 3.75 (m, 2 H,
butyl H-1), 3.65 (dd, 1 H, dioxolane H-5, J = 8.3
Hz, J=17.3 Hz), 3.63 (dd, 2 H, dioxolane H-4'),
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2.02 (s, 3 H, acetyl), 2.01 (s, 3 H, acetyl), 2.00
(s, 3 H, acetyl), 1.99 (s, 3 H, acetyl), 1.59 (m, 2
H, butyl H-2, J =7 Hz), 1.47 (s, 3 H, dioxolane
H-2"), 1.33 (s, 3 H, dioxolane H-2"), 1.33 (m, 2
H, butyl H-3, J =7.3 Hz, J =7 Hz), 0.95 (t, 3 H,
butyl H-4, J =7.3 Hz).

Gas chromatography

Direct analysis. An aqueous sample (1 ml),
containing ca. 1.0 mg of the compound to be
determined, could be used directly for analysis
(0.2-1.0 ul injected) or via extraction with 3.0
ml of dichloromethane. The dichloromethane
extract was dried with MgSO, and the solvent
was evaporated with a stream of nitrogen until a
residue of ca. 50 ul remained.

Derivatization of the samples. An aqueous
sample was extracted as described above. The
dichloromethane extract was dried with MgSO,
and the solvent was evaporated with a stream of
nitrogen. For derivatization, the residue was
dissolved in 0.5 ml of dry diethyl ether and 100
wl of triffuoroacetic anhydride (TFAA) were
added. After standing at room temperature for
30 min, the excess of TFAA, the trifluoroacetic
acid produced and the solvent were removed
with a stream of nitrogen and the residue was
dissolved in 50 ul of dichloromethane.

Chromatography of the compounds and deriva-
tives. Chromatography was performed with a
Hewlett-Packard Model 5890 Series II gas
chromatograph with a split injector, a flame
ionization detector and an integrator (Hewlett-
Packard 3365 Chemstation). The apparatus was
equipped with a CP-cyclodextrin-2,3,6-M-19
capillary column (25 m X 0.25 mm LD., film
thickness 0.25 um) (Chrompack, Middelburg,
Netherlands) or a Chiraldex G-TA capillary
column (20 m x0.25 mm I.D., film thickness
0.125 pm) (Astec, Whippany, NJ, USA). The
latter was preceded by a retention gap (2.5 m X
0.32 mm I.D.). Nitrogen was used as the carrier
gas and the inlet pressure was 56 kPa for the first
and 25 kPa for the second column. A split flow
of 100:1 was used. The injector and detector
temperatures were kept constant at 200 and
250°C, respectively. The injection volume of the
samples was 0.2-1.0 ul.
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RESULTS AND DISCUSSION

Reversed-phase HPLC of the diastereomers

Derivatization with TAGIT has been applied
to the determination of the enantiomeric purity
of a-amino acids [18-20], amphetamines [21],
catacholamines [22-24], epoxides [9], amino
alcohols [25,26], a-methylamino acids [27] and
some pharmaceuticals [28-31]. As reported in a
preliminary communication [10], derivatization
of glycidyl butyrate with TAGIT, followed by
reversed-phase HPLC on a C,; column, gave
satisfactory resolution for determination of the
enantiomeric excess (e.e.) values in the en-
zymatic hydrolysis of glycidyl butyrate. There-
fore, we first attempted to determine the re-
liability and accuracy of the method for a
number of glycidyl esters and glycidol itself.

As the derivatization procedure has to be
executed in a water-free system, extraction was
required. The extracted glycidol or glycidyl ester
appeared to be converted within 1 hour into the
corresponding amino alcohol (Fig. 1). Treatment
of this with TAGIT gave the diastereomer within
5 min, as judged from analysis by HPLC. Nearly
baseline separation [R=1.40; a =1.09 (Table
I)] was achieved with HPLC (Fig. 3). Several
control experiments in which the presence of
protein and phosphate buffers (0.1 M, pH 6-8)
in the sample was tested were carried out. No
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Fig. 3. Chromatogram of TAGIT-derivatized racemic
glycidol on a reversed-phase C,, HPLC column. The peaks
originate from (1) the diastereomer of (R)-(+ )-glycidol, (2)
the diastereomer of (S)-(—)-glycidol and (3) n-butylamine.
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effect was found in samples containing enantio-
merically pure (R)-(—)-glycidyl butyrate or
racemic glycidol, as only one diastereomer and
two diastereomers in a 1:1 ratio were found,
respectively. This indicates that under the condi-
tions used no racemization or kinetic enrichment
occurs and that TAGIT is enantiomerically pure.
As the esters and glycidol gave the same prod-
ucts with HPLC, apparently ester hydrolysis
occurs and ring opening proceeds in the same
way. n-Butylamine seemed to be the best choice
for the first step in the procedure as iso-
propylamine, tert.-butylamine, pentylamine and
both enantiomers of amphetamine gave dia-
stereomers with less adequate separation. Aque-
ous samples containing glycidol in addition to a
glycidyl ester could be analysed by making use of
the large differences in solubility in organic
solvents. For this purpose the sample was ex-
tracted with dichloromethane (no salt was
added) and small amounts of glycidol in the
organic solvent layer were removed by extraction
with water. The water layer from the first ex-
traction could be used for the determination of
glycidol.

To determine solketal, the procedure had to
be adapted as the compound as such does not
react with the amine. Hence solketal was first
tosylated and the product was subsequently
derivatized with r-butylamine (Fig. 2), analo-
gous to the procedure developed by Sowden and
Fischer [32] for the synthesis of L-1-amino-2,3-
propanediol from (S)-(+)-solketal. The amine
products reacted readily with TAGIT and the
diastereomers formed could be separated (Fig.
4), although the separation parameters [R =
1.01; « =1.06 (Table I)] were less satisfactory
than for glycidol. Therefore, experiments were
performed to check whether the method would
be reliable at high e.e. values. In a typical
experiment, enantiomerically pure (§)-(+)-sol-
ketal was deliberately contaminated with 0.25%
of the R-isomer. It appeared that the experimen-
tally determined e.e. value (99.4+0.2%; six
measurements) was very close to the theoretical
value (99.5%). As with glycidol, control experi-
ments indicated that no racemization or kinetic
enrichment occurs in the procedure developed
for solketal.
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Fig. 4. Chromatogram of TAGIT-derivatized racemic solket-
al on a reversed-phase C,; HPLC column. Peak 1 originates
from the diastereomer of (R)-(—)-solketal and peak 2 from
the diastereomer of (S)-(+)-solketal.

To investigate the scope of the method, a
number of homologous 1,3-dioxolane com-
pounds (Fig. 5) and 2-butanol, 2-methyl-1-
butanol and 2,3-dibromo-1-propanol were sub-
jected to the derivatization procedure developed
for solketal. Only the homologous 1,3-dioxolane
compounds with the hydroxy group next to the
chiral centre at C-4 (n =0; compounds 5, 6 and
7) gave diastereomeric products that could be
separated. Bulky substituents (R; and R,) as
present in compounds 6 and 7 caused an increase
in the retention time and a better resolution of
the diastereomeric products (Table I). Glycerol
formal (compound 1), which lacks the two
methyl groups of solketal at C-2, gave unsatisfac-
tory results. In theory, the introduction of a

Compound n Ry Ry
Ry R, 1 o H H
2 0 CH3 CH3
O 3 1 CH3 CH3
4 3 CHj3 CH3
5 0 CH3 C3H7
(CH),OH . 0 ‘),
7 0 -(CHa)
8 3 -(CHa)s-

Fig. 5. Structures of homologous 1,3-dioxolane alcohols.
1 = 4-(Hydroxymethyl)-1,3-dioxolane (glycerol formal); 2=
2,2-dimethyl-4-(hydroxymethyl)-1,3-dioxolane (solketal);
3 =2,2-dimethyl-4-(2-hydroxyethyl)-1,3-dioxolane; 4=2,2-
dimethyl-4-(4-hydroxybutyl)-1,3-dioxolane; 5§ = 2-methyl-2-
propyl-4-(hydroxymethyl)-1,3-dioxolane; 6 = 2,2-butylene-4-
(hydroxymethyl)-1,3-dioxolane; 7 = 2,2-pentylene-4-(hydrox-
ymethyl)-1,3-dioxolane; 8 = 2,2-pentylene-4-(4-hydroxybu-
tyl)-1,3-dioxolane.
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second chiral centre should lead to four different

diastereomeric products. Four peaks were in--

deed present in the chromatogram of compound
5 (second chiral centre at the C-2 atom) in the
expected region (Fig. 6). Their assignment has
not been carried out. The diastereomers of the
homologous 1,3-dioxolane compounds with n >0
(Fig. 5) and of the other alcohols showed no
separation on the column used.

For the procedures described here, the sam-
ples should contain at least 1 mg of solketal or 5
mg of glycidol and 5-10 ng of the diastereomers
were used for HPLC. Hence, substantial im-
provements could be made with respect to sen-
sitivity, e.g., by improving the yield of extraction
(solketal and glycidol show good solubility in
water). As our objective was to develop a
reliable. and sensitive method to determine the
ratio of the enantiomers, no attempts were made
in this direction.

Gas chromatography on chiral stationary phases

The enantiomeric composition of glycidol- or
solketal-containing samples was determined
using two commercially available capillary GC
columns containing 2,3,6-tri-O-methyl-B-cyclo-
dextrin (B-CD) or 2,3,6-tri-O-trifluoroacetyl-y-
cyclodextrin (y-CD) as chiral stationary phase. It
appeared that aqueous samples of glycidol and
solketal could be injected directly on to the
capillary columns, giving satisfactory separation
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Fig. 6. Chromatogram of TAGIT-derivatized racemic com-
pound 5 [2-methyl-2-propyl-4-(hydroxymethyl)-1,3-dioxo-
lane] on a reversed-phase C,, HPLC column. Peaks 1-4
originate from the four diastereomeric products, but their
assignment has not been carried out.
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Fig. 7. Chromatogram of racemic glycidol and racemic
solketal on a capillary GC column with a 2,3,6-tri-O-triflu-
oroacetyl-y-cyclodextrin stationary phase at a column tem-
perature of 90°C. The peaks originate from (1) (R)-(+)-
glycidol, (2) (5)-(—)-glycidol, (3) (R)-(—)-solketal and (4)
(8)-(+)-solketal.

(Fig. 7; Tables II and III), the y-CD column
giving a better separation than the B-CD
column. However, to avoid contamination of the
system with proteins and buffer compounds
(deterioration of the column was observed after
ca. 50 direct injections), extraction was routinely
applied. Owing to their water solubility, samples
had to contain ca. 1 mg of the compound under
these conditions. To check the reliability and
accuracy of the method, control experiments
were performed. In a typical experiment, to
enantiomerically pure (§)-solketal 0.25% of the
R-isomer was added. Experiments on the y-CD
column (six measurements) gave an e.e. value of
99.52+0.07%, very close to the theoretical
value of 99.50%.

To investigate which compounds could be
determined, racemic mixtures of glycidyl esters,
homologous 1,3-dioxolane compounds (Fig. 5),
substituted primary propanols and some other
alcohols were tested. The enantiomers of most of
these compounds could be baseline separated
(R >1.5) using the y-CD column (Table II). The
resolution of the glycidyl esters, however, de-
creased with an increasing chain length of the
carboxylic acid moiety. For carboxylic acids
longer than C; separation was inadequate. En-
antiomers of the homologous 1,3-dioxolane al-
cohols with the hydroxy group close to the chiral
centre at C-4 (n=0 and 1; compounds 1, 3, 6
and 7) were all baseline separated. The enantio-
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TABLE 11
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CHROMATOGRAPHIC PARAMETERS ON A CAPILLARY GC COLUMN WITH A CHIRAL (2,3,6-TRI-O-TRI-
FLUOROACETYL-y-CYCLODEXTRIN) STATIONARY PHASE OF ENANTIOMERS OF GLYCIDOL, GLYCIDYL
ESTERS, SOLKETAL, HOMOLOGOUS 1,3-DIOXOLANE COMPOUNDS AND SOME OTHER ALCOHOLS

Terminology and abbreviations as in Table 1.

Compound Temperature Retention times a R

O

t, (min) t, (min)

Glycidol 80 8.03 (R) 8.35(S) 1.068 2.25
Glycidyl acetate 100 9.22 10.0 1.137 5.59
Glycidyl propionate © 90 15.8 16.4 1.052 2.33
Glycidyl butyrate 100 14.8 (R) 15.1(S) 1.030 1.63
Glycidyl pentanoate 85 47.1 48.0 1.021 1.26
Glycidyl hexanoate 90 65.0 65.8 1.014 0.85
Glycidyl octanoate 120 41.6 NR NR
Solketal 90 16.2(R) 16.9(S) 1.048 2.34
Compound 1 90 14.5 15.0 1.046 2.12
Compound 3 100 17.9 18.4 1.037 1.85
Compound 4 100 56.0 NR NR
Compound 5 100 23.7° 24.9
Compound 6 100 45.3 46.8 1.036 1.96
Compound 7 110 42.8 43.8 1.025 1.45
Compound 8 150 22.9 NR NR
Solketyl acetate 70 52.2 53.3 1.022 1.20
Solketyl butyrate 120 >60
2,3-Dichloro-1-propanol 90 22.7 23.6 1.042 1.40
2,3-Dibromo-1-propanol 110 24.3 25.0 1.034 1.65
3-Bromo-2-methyl-1-propanol 90 22.2(R) 22.8(S) 1.032 1.32
2-Phenyl-1-propanol 100 38.7 40.3 1.045 2.49
2-Butanol 40 6.65(S) 6.85(R) 1.055 1.56
2-Octanol 60 39.8 40.5 1.019 1.15
3-Buten-2-ol 40 6.59 6.73 1.039 1.17

* Compound § consists of four diastereomers, but only two peaks were observed, with a ratio of 3:1 (peak 1:peak 2).

mers of the homologous 1,3-dioxolane alcohols
with n =3 (compounds 4 and 8) were not re-
solved. Introduction of a second chiral centre at
C-2 (compound 5) leads theoretically to four
diastereomers. However, only two peaks could
be detected in the chromatogram. The ratio of
the areas of peaks 1 and 2 is 3:1. Hence, the first
peak probably represents three diastereomers.
The number of compounds that could be de-
termined using the 8-CD column appeared to be
considerably smaller (Table IIT). Enantiomers of
glycidyl butyrate and of the three primary halo-
propanols tested were not resolved and in most
other instances the chromatographic parameters
were significantly below acceptable values. Only

the enantiomers of the homologous 1,3-diox-
olane compounds could be sufficiently separated,
except those of compound 8. Also, the four
diastereomers of compound 5 were not detected.
In the chromatogram only three peaks were
observed, of which peak 1 may contain two of
the diastereomers. The enantiomers of sol-
ketylaldehyde, products which are formed from
racemic solketal in the conversion with alcohol
dehydrogenases [7], gave a baseline separation
with a very high resolution (R = 3.32).

Alcohols can be derivatized with TFAA prior
to the GC analysis to improve their volatility
[12,13,33]. To investigate whether this improved
the resolution of the alcohols studied here, the
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TABLE 111
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CHROMATOGRAPHIC PARAMETERS ON A CAPILLARY GC COLUMN WITH A CHIRAL (2,3,6-TRI-O-METHYL-B8-
CYCLODEXTRIN) STATIONARY PHASE OF ENANTIOMERS OF GLYCIDOL, GLYCIDYL BUTYRATE, SOLKET-
AL, HOMOLOGOUS 1,3-DIOXOLANE COMPOUNDS AND SOME OTHER ALCOHOLS

Terminology and abbreviations as in Table 1.

Compound Temperature Retention times a R
(°C)
t, (min) t, (min)
Glycidol 45 22.1(R) 22.9(S) 1.037 1.52
Glycidyl butyrate 100 15.4 NR NR
Solketal 95 15.5(R) 15.9(5) 1.028 1.43
Compound 1 70 38.5 39.7 1.033 1.24
Compound 3 110 15.4 15.9 1.034 1.47
Compound 4 120 31.2 31.9 1.023 1.29
Compound 5 120 13.4° 14.0
14.4

Compound 6 125 20.0 20.5 1.030 1.54
Compound 7 125 323 33.1 1.026 1.29
Compound 8 150 52.2 NR NR
Solketylaldehyde 90 7.18(S) 7.67(R) 1.097 3.32
2,3-Dichloro-1-propanol 100 18.1 NR NR
2,3-Dibromo-1-propanol 125 17.2 NR NR
3-Bromo-2-methyl-1-propanol 80 45.1 45.9 1.020 0.43
2-Phenyl-1-propanol 100 46.3 47.4 1.027 1.13
2-Butanol 40 7.16 (R) 7.37(S) 1.041 1.16
2-Octanol 70 40.4 41.1 1.020 0.73
3-Buten-2-ol 45 5.70 591 1.056 1.21

* Compound 5 consists of four diastereomers. Three peaks were observed in a ratio of 2:1:1 (peak 1:peak 2:peak 3).

racemic compounds were derivatized with TFAA
and injected on to the 8-CD column. In general,
the separation of the products could be per-
formed at lower column temperatures and the
peaks obtained showed less tailing when com-
pared with the underivatized alcohols. The chro-
matographic parameters of almost all of the
compounds tested improved (Table 1V). For
instance, the resolution of the enantiomers of
solketal increased from R=1.43 to 4.39. Fur-
ther, the diastereomeric 1,3-dioxolane com-
pound (compound 5) could be separated into its
four diastereomers. Also, the enantiomers of
2,3-dichloro- and 2,3-dibromo-1-propanol could
be separated after derivatization. On the other
hand, glycidol and glycerol formal (compound 1)
gave only one peak, probably caused by de-
composition of the compounds. Further, al-
though the separation seemed feasible for solket-
al, determination of the optical purity of an

(8)-(+)-solketal sample (e.e. =99.1%) resulted
in a lower value (e.e. =98.6%). When a five
times higher TFAA concentration and a two
times longer derivatization time were used, an
even lower e.e. value was found (69.8%). Hence
solketal, and probably all homologous 1,3-diox-
olane alcohols, are liable to acid racemization
during derivatization with TFAA.

Evaluation

Some years ago we managed to determine the
e.e. value of glycidyl butyrate in aqueous sam-
ples by adapting the TAGIT derivatization meth-
od to this compound and separating the dia-
stereomers by HPLC on a reversed-phase
column [10]. As shown here, the method has
been optimized and proved to be suited for other
glycidyl esters and glycidol. As always the same
diastereomers were found by HPLC, derivatiza-
tion proceeds as suggested in Fig. 1, as sup-
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TABLE IV
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CHROMATOGRAPHIC PARAMETERS ON A CAPILLARY GC COLUMN WITH A CHIRAL (2,3,6-TRI-O-METHYL-B-
CYCLODEXTRIN) STATIONARY PHASE OF THE TRIFLUOROACETYL DERIVATIVES OF ENANTIOMERS OF
GLYCIDOL,, SOLKETAL, HOMOLOGOUS 1,3-DIOXOLANE ALCOHOLS AND SOME OTHER ALCOHOLS

Terminology and abbreviations as in Table I.

Compound Temperature Retention times « R
%)
t, (min) t, (min)
Glycidol 45 16.8 NR NR
Solketal 100 7.66 (R) 8.15(S) 1.090 4.39
Compound 1 70 20.5 NR NR
Compound 3 90 20.1 20.7 1.032 1.53
Compound 4 110 26.2 27.0 1.033 1.93
Compound § 100 18.4 19.0 ‘ i
19.8 21.7
Compound 6 125 122 12.7 1.049 1.26
Compound 7 125 19.8 20.8 1.060 1.38
Compound 8 140 46.6 47.1 1.012 0.65
2,3-Dichloro-1-propanol 90 10.5 10.8 1.031 1.40
2,3-Dibromo-1-propanol 110 12.6 13.0 1.039 2.20
3-Bromo-2-methyl-1-propanol 60 31.2 32.1 1.029 1.10
2-Phenyl-1-propanol 90 31.0 31.6 1.022 1.16
2-Octanol 50 49.5 50.5 1.021 1.00

? Compound 5 consists of four diastereomers. Four peaks were obtained with resolutions of R =1.33 and separation factors of

a =1.035.

ported by product identification. Therefore,
glycidol and all glycidyl esters can be determined
with this method. Control experiments showed
that no racemization or kinetic enrichment
occurred. As separation of the diastereomers
was much better than for solketal, it is estimated
that the accuracy at high e.e. values is at least
+0.1%. Modification of the derivatization proce-
dure permitted the determination of solketal and
homologous 1,3-dioxolane compounds. Also for
these cases it was checked that no detectable
racemization or kinetic enrichment occurred.
Owing to the lower resolution, the accuracy at
high e.e. values of solketal appeared to be
+0.2%.

During the course of our investigations, novel
possibilities arose as GC columns with chiral
stationary phases became available. The general-
ly adapted strategy for determining racemic
alcohols, which is to convert them into esters to
obtain good separation characteristics, did not
work here as the compounds either decomposed

(glycidol) or racemized (solketal). Direct analy-
sis without derivatization appeared to be pos-
sible, the y-CD column being better suited for
this than the B-CD column. The high resolution
achieved resulted in high accuracies, as illus-
trated with experiments for solketal at high e.e.
values (99.52 + 0.07%). Despite its convenience,
wide range of application and accuracy, the GC
method has the disadvantages that the columns
are expensive and dedicated to this particular
purpose and glycidyl esters from hexanoate on
could not be determined. Therefore, the HPLC
method is still viable.
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ABSTRACT

A B-cyclodextrin bonded phase HPLC column was used for the separation of neutral oligosaccharides derived from starch,
cellulose, pullulan, xylan, inulin, and mannan. Rapid, high-resolution separations resulted when acetonitrile—water mixtures were
used as mobile phases. Retention times for oligosaccharides were dependent on both monosaccharide composition and linkage
types. Compared to aminoalkyl silica gel phases, commonly used for carbohydrate analysis, the B-cyclodextrin bonded phase
appeared to be similar in selectivity and superior in durability. It is anticipated that B-cyclodextrin bonded phase HPLC columns
may be useful alternatives to commonly used aminoalkyl-modified silica gels for the separation and analysis of neutral

oligosaccharides.

INTRODUCTION

Oligosaccharides, produced from the enzyme
or acid catalyzed hydrolysis of polysaccharides,
are important compounds both biologically and
chemically. Determining the composition and
relative quantity of each oligosaccharide present
in such hydrolysates has traditionally been a
difficult challenge. In recent years, many HPLC
methods have been developed for this purpose.
Separations of oligosaccharides up to about
degree of polymerization (DP) 12 have been
obtained on various ion exchange resins [1-5].
Oligosaccharides can also be separated on re-
versed-phase columns using a simple mobile
phase, but the chromatograms are often difficult
to interpret because anomers of each oligosac-
charide are usually separated [6—8]. Chemically

* Corresponding author.
* Present address: Greenwich Pharmaceuticals, Horsham, PA
19044-5299, USA.

bonded amino-type columns give good resolution
of oligosaccharides up to DP 30 [9-12], but these
stationary phases can be unstable and degrade
rapidly. The development of high-performance
anion-exchange chromatography coupled with
pulsed amperometric detection (HPAEC-PAD)
now allows for the separation of oligosaccharides
up to DP 50 and beyond [13,14], as well as the
separation of branched oligosaccharides [15,16].
However, specialized equipment is required for
these analyses and quantification of oligosaccha-
rides by pulsed amperometric detection is prob-
lematic.

In the present study, we examined the use of a
B-cyclodextrin bonded phase HPLC column to
separate oligosaccharides. Cyclodextrin bonded
phase columns have been used primarily for
separation of isomers [17-19]. Such separations
were accomplished by the formation of transient
inclusion complexes between the analytes and
the cyclodextrin cavity. Recently [20,21] it has
been shown that small molecular mass carbohy-
drates can be separated on a cyclodextrin
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bonded stationary phase column. We now report
on the usefulness of this stationary phase for the
separation of neutral oligosaccharides.

EXPERIMENTAL?

Materials

A malto-oligosaccharide sample (M250) was
obtained from the Grain Processing Corp. (Mus-
catine, IA, USA). Pullulan and xylan were
purchased from  Pfanstiehl  Laboratories
(Waukegan, IL, USA). Mannan hydrolyzates
were a gift of Dr. Allan G.W. Bradbury (Kraft
General Foods, Tarrytown, NY, USA). Dextrans
(mol. mass 70 000) were purchased from Phar-
macia (Uppsala, Sweden). Amberlite TRA-94
resin, free-base form, was purchased from Sigma
(St. Louis, MO, USA). Cello-oligosaccharides
were prepared using a procedure to be published
elsewhere. The Amberlite XAD-4 and MB-3
resins were purchased from Rohm and Haas
(Philadelphia, PA, USA). All HPLC solvents
were purchased from Baxter (Muskegan, MI,
USA) and filtered through a 0.45-um Nylon
filter. Water used for HPLC analyses was
purified through a Milli-Q filtration system from
Millipore (Bedford, MA, USA).

Isolation of inulin oligosaccharides

Inulin oligosaccharides were isolated from
Jerusalem artichokes as follows: Jerusalem ar-
tichokes (wet mass 500 g) were peeled and then
juiced in an Acme Supreme Model 6001
Juicerator lined with Whatman No. 1 filter
paper. The juice was collected in a beaker
containing 500 ml of washed Amberlite MB-3
resin, and then passed through a glass column
packed with an additional 100 ml of the same
resin. The column was washed with water and
the sample plus the wash were then decolorized
by passing them through a glass column con-
taining 200 ml of XAD-4 resin and 50 ml of
MB-3 resin. The eluted sample was then evapo-
rated to dryness under reduced pressure. Inulin
oligosaccharide standards were purified by
HPLC using a preparative-sized (300 X 22 mm

“ Reference to a brand or firm name does not constitute
endorsement by the US Department of Agriculture over
others of a similar nature not mentioned.
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I.D.) HPX-42A Ag" form column. The details
of this purification will be published elsewhere.

Partial acid hydrolyses

Partial acid hydrolyses of dextran, pullulan,
and xylan were performed by dissolving the
polysaccharide (2 g) in sulfuric acid (0.1 M, 25
ml) and refluxing the reaction mixture for one
hour with stirring. The reaction was cooled in an
ice water bath, and afterwards the sample was
passed through a column that contained 30 ml of
Amberlite TRA-94 resin. The effluent was di-
luted with ethanol so that the final concentration
was 50:50. The mixture was then centrifuged
(10 000 g, 20 min) to remove precipitates. The
supernatant was then evaporated to dryness
under reduced pressure. The resulting sample
was used for chromatographic analyses.

Chromatography

B-Cyclodextrin  bonded phase columns
(Cyclobond 1, 250 mm X 4.6 mm I.D.) were
purchased from Rainin Instrument (Woburn,
MA, USA). According to the manufacturer,
Advanced Separation Technologies (Whippany,
NI, USA), the Cyclobond I phase is formed by
coupling B-cyclodextrin molecules through a 10
atom spacer arm to 5-um spherical silica gel
particles. The resulting percentage of carbon is
approximately 6.5%. The separation column was
preceded by a cartridge-type precolumn (All-
tech, Deerfield, IL, USA) packed with reversed-
phase (C,,-bonded) silica gel. The HPLC system
used was a Gilson Model 303 dual pump system
equipped with a 811 dynamic mixer and a
Rheodyne Model 7125 fixed loop (20-ul) injec-
tor. Samples were detected with a Waters 401
differential refractometer, and the data were
recorded with a Dynamax HPLC Method Man-
ager version 1.2. Oligosaccharide standards were
made up at concentrations of approximately 1 to
3 mg/ml by first dissolving pure standards in
water, then adding an equal amount of acetoni-
trile to produce an acetonitrile—water (50:50)
solution. Samples were passed through a 0.45-
pm Nylon filter prior to injection.

RESULTS AND DISCUSSION

B-Cyclodextrin bonded phase columns have
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been reported [20] to separate sugars in the same
way as normal-phase silica gel columns that
contain alkylamino, diol, or polyol groups. We
have now found that this stationary phase is also
useful for separation of larger oligosaccharides.
Fig. 1 shows the HPLC separation of two types
of gluco-oligosaccharides on this phase using
acetonitrile—water eluents. Partial resolution, in
ascending order of amylose-derived 1,4-linked
(malto-) and dextran-derived 1,6-linked (iso-
malto-) oligosaccharides up to DP 25 and 15,

133

respectively, was obtained in under 30 min using
an acetonitrile—water (65:35) mobile phase (Fig.
1A and B). The resolution between adjacent
pairs of oligosaccharides increased slightly up to
about DP 12 (Fig. 2) and then gradually de-
creased (data not shown). Increasing the percen-
tage of acetonitrile to 70% (Fig. 1C and D)
increased the retention times of all oligosac-
charides, allowed complete separation of early-
eluting DP oligomers, and provided increased
resolution for all DP pairs between 3 and 12

s 15
15 I
. Y r 50.0
0.0 Minutes s0.0 0.0 Minutes
c ' s
S D
1
]
10
-—)
- N
} { — q
0.0 50.0 0.0 50.0

Minutes

Minutes

Fig. 1. The HPLC separation of (A) malto- and (B) isomalto-oligosaccharides using an acetonitrile—water (65:35) mobile phase
and (C) malto- and (D) isomalto-oligosaccharides using an acetonitrile—water (70:30) mobile phase on a B-cyclodextrin bonded
phase column (Cyclobond I, 250 mm X 4.6 mm I.D.). The column was operated at room temperature and 1 ml/min flow-rate with
refractive index detection. The numbers above the peaks_represent the DP values; S represents the solvent peak.
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Fig. 2. Resolution values calculated for adjacent peaks of
malto-oligosaccharides using mobile phases containing either
65% or 70% acetonitrile. Resolution values were calculated
by the following equation, R = At/t,,; where At is the distance
between adjacent peaks, and ¢, is the average width of the
peaks at the baseline.

(Fig. 2). At the higher percentage of acetoni-
trile, however, oligosaccharides above approxi-
mately DP 11-14 did not elute within 50 min. At
this acetonitrile concentration, it is expected that
these larger oligosaccharides would be relatively
insoluble and could precipitate onto the station-
ary phase, eventually leading to decreased
column performance.

The difference in retention times between
different linkage-classes of gluco-oligosaccha-
rides is readily apparent in Fig. 3. Malto-oligo-
saccharides generally eluted at shorter retention
times than the corresponding isomalto-oligosac-
charides. It was possible to resolve similar DP
values of isomalto- and malto-oligosaccharides
starting at DP 8 with a 70% acetonitrile mobile
phase (Fig. 3A). Increasing the percentage of
acetonitrile to 75% allowed resolution of oligo-
saccharides above DP 3 (Fig. 3B).

Pullulan, a mixed-linkage homopolysaccharide
composed of a-1,6 linked maltotriose units, was
hydrolyzed and the resulting oligosaccharides
were analyzed on this stationary phase. The
chromatogram (Fig. 4A) was complex and ap-
peared to contain peaks grouped in a unique
triplet pattern. The chromatogram obtained with
a higher concentration of acetonitrile in the
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Fig. 3. Graph of retention time versus DP for two different
classes of gluco-oligosaccharides [(O) malto- and (O) iso-
malto-series)] on a B-cyclodextrin column with (A) acetoni-
trile~water (70:30) and (B) acetonitrile-water (75:25) mo-
bile phase. Other conditions as in Fig. 1.

mobile phase resolved some of the former peaks
into multiplets (Fig. 4B). These additional,
closely eluting peaks are thought to represent
oligosaccharides with the same DP value, but
with varying combinations of «-1,4 and «-1,6
linkages.

B-1,4 Linked manno- and cello-oligosaccha-
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Fig. 4. The separation of pullulan-derived oligosaccharides on the 8-cyclodextrin column with an (A) acetonitrile-water (65:35)
and (B) acetonitrile-water (70:30) mobile phase. Other conditions as in Fig. 1.

rides from DP 2 to 8 were also readily separated
(chromatograms not shown) under similar con-
ditions used for malto-oligosaccharides. Because
of the close structural similarity, it was not
possible to resolve similar DP isomers of all
three classes in the same chromatogram under
DP levels of about 7 (Fig. 5).

Inulin-derived oligosaccharides, up to DP 13
(GlcFru,,), were separated in approximately 20
min using an acetonitrile-water (70:30) mobile
phase (Fig. 6A). These oligosaccharides are

retention time (min)

DP

Fig. 5. Dependence of DP on retention time of (O) manno-,
(O) malto-, and (A) cello-oligosaccharides on a Cyclobond I
column eluted with acetonitrile-water (70:30). Other chro-
matographic conditions as in Fig. 1.

composed of a sucrose molecule with additional
B-1,2 linked fructofuranose units. Better res-
olution of the early-eluting fructo-oligosaccha-
rides could be obtained with an acetonitrile—
water (75:25) mobile phase (Fig. 6B). Under
most conditions, the inulin-derived fructo-oligo-
saccharides eluted earlier than the corresponding
manno- and isomalto-oligosaccharides (Fig. 7).

B-1,4 Linked xylo-oligosaccharides, DP 2-8,
were well separated using an acetonitrile—water
(80:20) mobile phase (chromatogram not
shown). At acetonitrile concentrations lower
than 80%, however, DP 2-5 were weakly re-
tained and poorly resolved. The shorter reten-
tion times for xylo- versus gluco-oligosaccharides
would be expected on normal-phase chromato-
graphic systems because the C-5 methylene car-
bon of the xylopyranose residues results in
oligosaccharides that are less polar than the
corresponding gluco-oligosaccharides.

The retention times of the fructo- and xylo-
oligosaccharides were consistently shorter than
the corresponding gluco- and manno-oligosac-
charides. These trends are similar to that noticed
by Armstrong and Jin [20] for the separation of
monosaccharides on this stationary phase. The
order of retention for monosaccharides was
shown to be pentoses < ketohexoses<aldo-
hexoses. In this report we show that this trend
continues for homo-oligosaccharides composed
of these monosaccharide units. Thus, the relative
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Fig. 6. Separation of inulin-derived oligosaccharide standards using (A) acetonitrile—water (70:30) and (B) acetonitrile-water
(75:25). F = fructose, GF, = 1-kestose (DP 3), GF, =DP 5, etc. Other conditions as in Fig. 1.

retention is: xylose-containing homo-oligosac-
charides < those composed of fructose <those
composed of glucose or mannose. It is notewor-
thy that this same order of elution was found
when these oligosaccharides were separated on
polar alkylamino silica gel stationary phases [21],
indicating that the selectivity of these two phases
is similar. Alkylamino-type silica gel phases

30

20 4

retentlon time (min)

DP
Fig. 7. Retention time versus DP for (O) manno-, (O)
fructo-, and (A) isomalto-oligosaccharides on the B-
cyclodextrin bonded phase column. The analyses were ob-
tained using an acetonitrile—water (70:30) mobile phase.
Other conditions as in Fig. 1.

provide excellent selectivity and capacity for
carbohydrates, but they are known to have a
comparatively short “life” [22]. Diol-modified
silica gels [22] and polyamine-bonded vinyl al-
cohol co-polymer gel columns [15] have been
suggested as more durable alternatives. It is not
presently known if the Cyclobond I column
would be more durable than improved amino-
type organic polymer gel columns [15] since they
have not been directly compared. The
Cyclobond I column is a much more versatile
column, however, since it may be also used with
different mobile phases, to separate isomeric
chiral molecules using an inclusion complexation
mode [17-19]. A <disadvantage of the diol
phases, is that they resolve anomeric forms of
reducing sugars, leading to complex chromato-
graphic peaks that are difficult to integrate and
quantify. The cyclodextrin stationary phases can
be used to resolve anomers, but only under
conditions of low temperature (0°C) and with
special mobile phases [23]. Under the conditions
used in our study, all oligosaccharides eluted
with relatively narrow and symmetrical peaks,
indicating the absence of anomer resolution. It is
not clear why sugar anomers are not separated
under these conditions. Perhaps the interaction
between the cyclodextrin functionality and the
reducing sugar leads to a significant increase in
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the sugar’s mutarotation rate. This action [23]
would prevent the separation of the two
anomeric forms. It was previously reported [20]
that cyclodextrin bonded phases are quite dur-
able for separations of sugars. This was con-
firmed in this study. for larger oligosaccharides;
we noted negligible changes in retention times
during approximately eight months of heavy use.

CONCLUSION

The B-cyclodextrin bonded phase column was
found to be quite useful for the separation of a
variety of different neutral oligosaccharides. Re-
tention of oligosaccharides was dependent on
both sugar composition and linkage. A normal-
phase separation mechanism appeared to be
operating since increasing the percentage of
acetonitrile, in all cases, led to an increase in
oligosaccharide retention times. Because of its
selectivity and durability, it is likely that this
phase could replace alkylamino-type normal
phases for some oligosaccharide applications.
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ABSTRACT

High-performance liquid chromatography (HPLC) was used for the characterization of sophorolipids, one of the most
important types of glycolipid biosurfactants. By using gradient elution with a water—acetonitrile mixture on a reversed-phase
(C,s) column and evaporative light-scattering detection, resolution of all the important individual sophorolipids present in
fermentation products was achieved. In addition to HPLC, a combination of techniques involving selective production by
fermentation of sophorolipids, chemical conversions of the products, separation methods and, for identification of lipidic chains of
sophorolipids, gas chromatography and mass spectrometry was used. This led to the identification of almost all significant
compounds observed in HPLC, including several previously unreported sophorolipids. As a result, a rapid method is now
available for investigations of the influence of fermentation conditions on the nature and quantitative distribution of the

sophorolipid products obtained.

INTRODUCTION

Among glycolipids, one of the main classes of
biosurfactants, sophorose lipids produced from
glucose and a lipidic carbon source by yeasts
such as Candida bombicola have long been the
subject of much interest [1,2]. Although the
structure of sophorolipids has been studied in
detail [1,3-5], much less information is available
concerning their production [2], the main point
investigated being the relationship between the
nature of the lipid carbon source (vegetable oils,
fatty acid esters, n-alkanes) and the structure of
the products formed [6,7]. The production con-
ditions, however, appear to be important both

* Corresponding author.

0021-9673/93/$06.00

for the yield, which can be fairly high [8], and for
composition of the products [6-8].

Analytical difficulties probably account to a
large extent for this relative paucity of informa-
tion, as the sophorolipid mixture produced by
fermentation is complex. The purpose of this
work was to devise an analytical tool allowing
the rapid determination of all quantitatively
significant sophorolipid products, in order to be
able to follow the progress of fermentation under
various conditions. High-performance liquid
chromatography (HPLC) with gradient elution
was selected for this purpose, detection being
achieved with an evaporative light-scattering
detector [9-12]. This detector is compatible with
gradient elution as its principle makes it in-
dependent of the nature of the mobile phase.
Further, as its response does not depend on the
presence of specific chemical groups, it has been

© 1993 Elsevier Science Publishers B.V. All rights reserved
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shown to be appropriate for the determination of
compounds such as lipids [12-18] and surfactants
[19]. In the work reported here, HPLC with
gradient elution was found in the case of
sophorolipids to be a key component in a
strategy involving a combination of techniques
resulting in identification of individual sophoro-
lipids in a complex mixture.

EXPERIMENTAL

Sophorolipid production

Sophorolipids were produced by Candida
bombicola CBS 6009 at 25°C in a 4-1 laboratory
fermenter under conditions of aeration (0.5 v v™"
min~') and of vigorous agitation (800 rpm)
produced by a centrifuge propeller. The initial
culture medium (2.2 1) had the following mineral
composition per litre: 4 g of (NH,),SO,, 1 g of
KH,PO,, 0.5 g of MgSO,-7H,O and 5 g of
dried cornsteep liquor (Roquette, Lille, France).
During the cultures (185 h), the pH of this
medium was maintained constant at 3.5 by
automatic addition of a 4 M NaOH solution.
Ethyl esters of rapeseed oil and glucose were the
carbon sources. Ethyl esters were fed continu-
ously at a constant rate of 1.75 ml h™" per litre of
the initial culture medium. Glucose was added
according to two different procedures. In the
first, it was supplied in excess from the beginning
to the end of the culture by daily additions of 50
g 17! (referred to the initial fermentation vol-
ume). Decantation of sophorolipids was trig-
gered by heating the broth for 10 min at 100°C.
The lyophilized sophorolipid layer is referred to
as sample A. Sample B was prepared according
to the second procedure. Glucose (50 g17') was
added only to the initial medium without any
further addition. The broth was centrifuged and
the supernatant cleared of cells was then lyophil-
ized. Owing to the different fermentation proce-
dures, widely different sophorolipid composi-
tions were observed in samples A and B.

Chemical conversions of sophorolipids

Catalytic hydrogenation. A 40-mg amount of
freeze dried sophorolipids was dissolved in 3 ml
of anhydrous methanol. The solution was placed
in a 20-ml seal-stoppered tube with 40 mg of a
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palladium catalyst (5% on CaCO,). The air
volume was replaced with hydrogen under 1 bar
relative pressure and the sample was incubated
with shaking at 60°C for 4 h. At the end of the
reaction, the remaining hydrogen was flushed off
with nitrogen and the methanol phase was col-
lected and evaporated at room temperature
under a stream of nitrogen.

Methylation. Methyl esters of acidic sophoro-
lipids were obtained by incubating at 60°C with
shaking for 4 h 40-60 mg of dried sophorolipids
and 100 mg of acidic resin (Amberlyst 15; Rohm
and Haas, Philadelphia, PA, USA) in 3 ml of
methanol. Methanol was then evaporated under
a stream of nitrogen. Methanolysis of hydroxy
fatty acid moieties (see below) did not take place
under these conditions, but with lactonic forms
limited ring opening (10-15%) took place. The
procedure was used in order to improve the
chromatographic resolution of acidic sophoro-
lipids in samples containing small amounts of
lactonic forms.

Alkaline hydrolysis. Alkaline hydrolysis of
sophorolipids led to the deacetylated acidic
structures of the glycolipids. Sophorolipids (100
mg) were dissolved in 10 ml of a mixture of 5 ml
of methanol, 5 ml of water and 1.5 g of NaOH
and placed in a tube sealed with a PTFE-lined
screw-cap. The tube was heated for 30 min in a
boiling water-bath. After cooling, the reaction
medium was carefully acidified to pH 3.0 by
dropwise addition of concentrated H,SO,. A
20-ml volume of methanol was added and the
mixture was filtered. The clarified filtrate was
evaporated under a stream of nitrogen.

Methanolysis. For the determination of the
hydroxy fatty acid moieties, sophorolipids (acids
and lactones) were cleaved and transesterified in
the presence of methanol and H,SO, to yield the
methyl esters of hydroxy acids. Amounts of 20—
50 mg of sophorolipids were dissolved in a
mixture of 2 ml of 1% H,SO, in methanol and 1
ml of toluene containing 2 g 17" of arachidic acid
as internal standard. This mixture was poured
into a tube that was tightly sealed with a Viton
cap (DuPont, Wilmington, DE, USA) and
heated for 1 h at 100°C. The resulting hydroxy
fatty acid methyl esters were extracted twice with
5 ml of cyclohexane in the presence of 5 ml of 50
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g 17! NaCl solution. The cyclohexane phase was
cleared by centrifugation and dried under a
stream of nitrogen. These conditions gave satis-
factory recoveries of hydroxy fatty acid esters for
quantitative determination.

Good reproducibility in gas chromatographic
(GC) analysis was achieved by silylation of the
hydroxy group. Dried methyl ester samples were
treated with 0.25 ml of Sylon TP (Supelco,
Bellefonte, PA, USA) and 1.75 ml of pyridine at
60°C for 30 min. The silylated hydroxy fatty acid
methyl esters were extracted with 10 ml of
heptane in the presence of 2 ml of distilled water
and the organic layer was used for GC analysis.

Chromatographic procedures

Thin-layer chromatography. Thin-layer chro-
matography (TLC) was performed on sophoro-
lipids using 20 cm X 20 cm X 1 mm Kiesegel 60
F,., plates (Merck, Darmstadt, Germany). The
developing solvent was chloroform-methanol—
water (65:15:2). Two detection techniques were
used: exposure to iodine vapour and vaporiza-
tion of a solution of a-naphthol in a mixture of
sulphuric acid, ethanol and water.

For recovery of the separated products, the
spots were scraped off after detection with iodine
vapour. The recovered material was placed in a
tube and determination was effected using the
anthrone reagent [20]. Sophorolipids could also
be eluted with the developing solvent for further
chromatographic analysis.

Gas chromatography. Methylated and silylated
hydroxy fatty acids proceeding from sophorolipid
conversion were analysed using a 30 m X 0.32
mm 1.D. DB-5 column (J&W Scientific, Folsom,
CA, USA) with temperature programming (from
150 to 290°C at 4°C min~'). Identification of
these compounds was performed by GC-MS
using a 25 mx0.32 I.D. CP-Sil 8 CB column
(Chrompack, Middelburg, Netherlands) under
the same chromatographic conditions and an MS
80 mass spectrometer (Kratos, Manchester,
UK).

High-performance liquid chromatography. Iso-
cratic HPLC separations of sophorolipids were
performed using a two-column system. The first
column was an Ultrabase C,q, 5 pm (300 mm X
4.6 mm I.D.), from SFCC-Shandon (Eragny,
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France) and the second was a Lichrosorb 10
RP-8, 5 um (250 mm X 4.6 mm L.D.), from
Chrompack. FElution was performed with ace-
tonitrile—water (70:30, v/v) at a rate of 0.7 ml
min~'. HPLC-grade acetonitrile from SDS
(Pepin, France) and triply distilled water were
used. The instrumentation involved an SP 8875
automatic sampler and an SP 8810 isocratic
pump from Spectra-Physics France (Les Ullis,
France), an injection valve with a 20-ul sampling
loop and an SP 8430 differential refractometric
detector from Spectra-Physics.

Gradient elution HPLC separations were. per-
formed with a system supplied by Kratos, con-
sisting of a Spectroflow 450 solvent programmer
which controlled two Spectroflow 400 pumps.
Analytical gradient HPLC was performed using
a Hypersil Cj5, 5 pm (150 mm X 4.6 mm 1.D.)
column from Interchim (Montlucon, France).
The flow-rate was 1 ml min~' and the composi-
tion of the acetonitrile—water eluent was pro-
grammed from 2 to 70% acetonitrile in 48 min.
For sample injection, a Rheodyne Model 7128
valve with a 20-ul sample loop was used. For
detection, a DDL 21 evaporative light-scattering
(ELS) detector (mass detector) from Cunow
(Cergy Saint Christophe, France) was used. For
preparative gradient HPLC, a 600-ul sampling
loop was used. The column was an Ultrabase C,4
(250 mm x 10 mm I.D.) from SFCC-Shandon.
The flow-rate was 2.5 ml min~ ' and the composi-
tion of the acetonitrile—water eluent was pro-
grammed from 50 to 85% acetonitrile in 40 min
followed by a 15-min isocratic elution step.
Separation was monitored by UV detection (UV
490 spectrophotometer from Waters, Milford,
MA, USA) at 210, 233 and 268 nm.

Data acquisition in liquid and gas chromatog-
raphy was done with an HP 1000/A600 system
(Hewlett-Packard, Sunnyvale, CA, USA).

Nuclear magnetic resonance (NMR)
spectroscopy

'"H and C NMR spectroscopy were per-
formed with an MSL 400 spectrometer (Bruker,
Karlsruhe, Germany). Trimethylsilane was used
as an internal standard. The solvent used was
C’H,0°H. In C NMR, the gate inverse se-
quence was used. For 'H NMR, one- and two-
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dimensional NMR (COSY) techniques were
used in chemical group identification.

RESULTS AND DISCUSSION

Production of sophorolipid mixtures with
different compositions by varying the
fermentation conditions

Sophorolipids present in fermentation broths
of Candida bombicola are a mixture, the struc-
tures of which are presented in Fig. 1. The main
structural forms identified are lactones acetylated
or not in positions 6’ and 6" of sophorose and
acids acetylated or not in position 6’ of sophor-
ose [5]. Each of these forms constitutes a struc-
tural class of compounds. Individual homologous
compounds in each class differ in their hydroxy
fatty acid moiety, which varies in chain length
(ranging mostly from C,, to C,,), in the number
of unsaturations (between 0 and 2) and in the
position of the hydroxyl group (v — 1 or w). All
classes of sophorolipids discussed here are listed
in Table I. The shorthand notation adopted to
designate classes and individual sophorolipids is
also presented.

In a previous study, sophorolipid production
from glucose and rapeseed ethyl esters under
optimized conditions was described in detail [8].
Further work was devoted to the investigation of
the influence of the supply mode of these sub-
strates on the composition of the sophorolipids
produced.

The structural classes of the sophorolipid mix-
tures produced using different fermentations

H20R CHs

Fig. 1. Structural classes of sophorolipids. Main classes are
represented for the case of the usually most abundant
individual compound where the constitutive hydroxy fatty
acid is 17-hydroxyoctadecenoic acid (17-hydroxyoleic acid).
R =H or CH,CO. (a) 1',4"-Lactone classes; (b) acid classes.
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TABLE 1
SOPHOROLIPIDS DISCUSSED AND NOTATION USED

Structural class Notation used”
1',4"-Lactone 6'6"-diacetate” S1-4"L6'a6"a
1',4"-Lactone 6’-monoacetate® S1-4"L6’'a
1',4"-Lactone 6"-monoacetate’ SI-4"L6"a
1'4"-Lactone’ SI-4"L
1',6'-Lactone® SI-6'L
1',6"-Lactone” SI-6"L

Acid 6'6"-diacetate® Sl-A6'a6"a
Acid 6’-monoacetate” SI-A6’a
Acid 6"-monoacetate® SI-A6"a
Acid® SI-A

“ Notation: Sl, sophorolipid; L, lactone; A, acid; a, acetyl.
Methyl ester derivatives, discussed in the text, are denoted
mE. Individual sophorolipids are designated by adjunction
of the notation for the constituent hydroxy fatty acid, e.g.,
SI-(17-OH C;:1) 4"L6'a6"a represents (17-hydroxy-
octadecenoic)-1',4"-lactone 6',6"-diacetate sophorolipid.

* Structures already described in the literature.

¢ Structures detected in this study.

conditions were determined after separation by
TLC with reference to the characterization by
Asmer et al. [5]. The relative compositions of the
fermentation mixtures were obtained by scraping
off the spots and determination using the an-
throne method. Two different procedures of
substrate supply allowing strongly preferential
production of either lactonic or acidic forms of
sophorolipids were developed. As shown in
Table II, when glucose was supplied in excess
throughout the fermentation, a sophorolipid
mixture with a high content in lactonic forms
(sample A) was obtained. In contrast, when
glucose was only supplied to the culture in the
growth phase, acidic forms were largely pre-
dominant (sample B). These two samples were
used in this work for identification of the various
sophorolipid components.

Resolution of sophorolipid classes by HPLC
Separation of the sophorolipid mixtures pro-
duced by fermentation was investigated using
HPLC with isocratic elution and refractometric
detection. After preliminary tests to select a
stationary and a mobile phase, the resolution of
the main components was obtained with two



A.M. Davila et al. | J. Chromatogr. 648 (1993) 139-149

TABLE 11
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RESOLUTION OF THE SOPHOROLIPID MIXTURES FROM FERMENTATIONS A AND B AS DETERMINED BY TLC

Sophorolipid classes Composition (%)

TLC spot” R Structure present Sample A Sample B
SL-1 0.55 SI-4"L6'a6"a 51 3

SL-2 0.43 SI-4"L6"a 3 1

SL-3 0.33 SI-4"L 18 10
SL-4a,b 0.19 SI-6'L + SI-6"L <1 <1

SL-5 + SL-6 0.10 SI-A6'a + SI-A 28 86

“ Terminology according to Asmer et al. [5].

columns in series (a C,; and a C;) and an eluent
consisting of acetonitrile~water. Fig. 2 shows the
chromatogram obtained for sample A. The lac-
tonic forms were eluted separately at the end of
the chromatographic run, but the acidic forms
which were eluted ahead were not clearly sepa-
rated.

In order to improve the separation of the
acidic forms, an elution gradient obtained by
varying the acetonitrile-to-water ratio was tested.
The refractometric detector, which could not be
used with gradient elution, was replaced with an
ELS detector, which gave satisfactory results.

With gradient elution HPLC, a general
strategy for identification of the individual
sophorolipids contained in the fermentation mix-
ture was elaborated (Fig. 3). The sophorolipid
mixtures were separated into their structural
classes by TLC and each isolated class (sample
Al) was submitted to gradient HPLC. The
elution orders with gradient mode and isocratic
mode HPLC were similar. The acidic forms were
eluted ahead, followed successively by the non-
acetylated lactones and then the monoacetylated
and diacetylated lactones. Separation of acetyl-
ated and non-acetylated acidic classes in TLC

it

@ o e -
+ W o~ Lo | o
w  E 9 se o®
a2 <6 > o W
4 Eol 8o Jo
@ oz» <z z
Q <O+ 69 o
o = o, =k ohk
3 Z0 4 Q <@
(3] O« o _5
< zi®% =3 a
A re—A 1« A—— 1 A 1

Retention time (min)

Fig. 2. Separation of a mixture of sophorolipids (sample A) by isocratic HPLC with refractometric detection. For conditions, see
Experimental. The locations on the chromatogram of the elution zones for the spots separated in TLC (see Table II) are

indicated.
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Sample A

Sample B

for lactonic

@

and acidic mixtures

I Meth i ’1 4

Fig. 3. General strategy for identification of individual sophorolipids. The type of information obtained from the various samples

regarding elution order of sophorolipids in HPLC is indicated.

was not clear and therefore their identification in
HPLC was ambiguous.

Separation of individual sophorolipids by
HPLC: assignment of hydroxy fatty acid
moieties

With gradient elution HPLC, it was observed
that each class of the mixture isolated by TLC
was resolved into several individual components
putatively corresponding to homologous sopho-
rolipids varying in their hydroxy acid moieties.
The approach adopted to test this hypothesis was
to compare on a qualitative and quantitative
basis the distribution of sophorolipids obtained
in HPLC with that of the corresponding hydroxy
fatty acids obtained by GC. For this purpose, a
single class, deacylated acidic sophorolipids (SI-
A), which could be obtained in good conditions,
was first used (sample A3). It was prepared by
alkaline hydrolysis and submitted to HPLC. A
sample of SI-A was also converted into methyl
ester derivatives, SI-mE (sample A4), because
methyl esters exhibited a better separation than
the corresponding acids in HPLC. Catalytic
hydrogenation of the double bonds of the hy-
droxy fatty acid moieties was then performed on

a portion of SI-mE to yield sample AS. Samples
A4 and A5 were submitted to HPLC. For GC
analysis, hydroxy fatty acid moieties of samples
A4 and A5 were split by methanolysis, yielding
samples A7 and A6, respectively. Identification
of the hydroxy fatty acids was performed after
silylation by coupled GC-MS. The distribution
of sophorolipid methyl esters obtained in HPLC
(samples A4 and AS) could then be compared
with that of the corresponding hydroxy fatty acid
methyl esters obtained in GC (samples A7 and
A6). Thus the comparison also extended to the
effects of catalytic hydrogenation on both types
of compounds. Fig. 4 shows that before catalytic
hydrogenation the number of compounds was
similar according to HPLC or GC. Hydrogena-
tion of the double bonds of hydroxy fatty acids
led to analogous changes in the HPLC and GC
traces. Assuming the specific responses for all
individual sophorolipids to be similar in ELS
detection, the relative amounts of sophorolipids
were calculated from HPLC and compared with
GC data. Table III shows that the distributions
of compounds resulting from HPLC and GC
determinations could be matched correctly both
before and after hydrogenation. Further, the
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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

By GC* By HPLC® By GC’ By HPLC?
15-OHC 4:0 1.7 <1 1.8 1.3
16-OH C ,:0 22 <1 24 2.2
17-OH C,;:2 6.3 6.3 = -
17-OH C ;:1 60.6 55.7 - -
17-OH C,,:0 3.2 4.1 69.2 66.7
18-OH C,,:2 13.2 18.3 - -
18-OH C,,:1 12.8 15.5 - -
18-OH C,,:0 <0.1 <1 26.6 29.8

¢ Distribution of hydroxy fatty acid methyl esters obtained by methanolysis of deacetylated sophorolipid methyl esters (sample

A7).
* Similar data for hydrogenated sample (A6).

¢ Distribution of deacetylated sophorolipid methyl esters (sample A4) ordered by matching to the corresponding -GC data.

4 Similar data for hydrogenated sample (A5).

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 ()
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 al. [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 lactonic 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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analysis for the spots of monoacetylated lactones
(SL-2) and non-acetylated lactones (SL-4a, b)
(data not shown). This suggested that the separa-
tion of classes by TLC was not absolute and that
some spots might be constituted by several
related classes. For spot SL-4a, b it was found,
as already suggested by Asmer et al. [5] and
indicated in Table II, that it was composed of 1/,
6’ and 1’,6"-lactones (SI-6'L and SI-6"L). Fur-
ther, spot SL-2 appeared here to be constituted
of two classes of monoacetylated lactones, two
main peaks were observed in HPLC and only
one main hydroxy fatty acid (17-OH C,4:1) was
detected by GC in sophorolipids of SL-2. There-
fore, SL-2 was likely to contain, in addition to
class SI-4"L6"a as reported by Asmer et al. [5],
the related class SI-4"L6'a. This point was con-
firmed by kinetic experiments on alkaline hy-
drolysis under controlled conditions, which
showed the disappearance of both sophorolipids
at different rates, one of them increasing tempo-
rarily (with concomitant hydrolysis of SI-
4"6'a6"a) before decreasing. Structure 4"L6"a,
already identified in sophorolipid mixtures and
most abundant in our preparation, was tentative-
ly assigned to the most stable class.

Separation of the acidic forms of sophorolipids
in HPLC

Sample A and derivatives allowed the identifi-
cation and characterization of the elution pattern
first of esters and then of lactone forms of
sophorolipids. A similar study was completed for
the acidic forms of sophorolipids using sample B.
The deacylated acidic form was prepared (sam-
ple B3). To improve the resolution in HPLC,
both samples B and B3 were methylated to give
samples B8 and B4, respectively. The HPLC
traces of these four samples were compared.
Table IV shows that acetylated acids were eluted
before non-acetylated acids and that the various
classes of acetylated sophorolipids were not
resolved in HPLC in the case of free acidic
sophorolipids. In the present instance, addition
of small amounts of acetic acid did not improve
the resolution. When acidic forms were
methylated (Table IV), the resolution was satis-
factory and the elution order was reversed, non-
acetylated methyl esters being eluted before
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TABLE 1V

ELUTION ORDER OF ACIDIC SOPHOROLIPIDS IN
HPLC

HPLC separation was performed on a mixture of predomin-
antly acidic sophorolipids (sample B), deacetylated acidic
sophorolipids SI-A (sample B,), methyl esters of predomin-
antly acidic sophorolipids (sample B,) and deacetylated
sophorotipid methyl esters SI-mE (sample B,).

Individual Retention time (min)
sophorolipid

Before After

methylation methylation
SI-(17-OH C ;:1) A 329 373
SI-(18-OHC 1) A 34.0 38.5
SI-(17-OH C4:1) A6'a 31.8 41.1
SI-(18-OH C ;:1) A6'a 323 42.4
SI-(17-OH C ;:1) A6"a 31.8 40.1
SI-(18-OH C ;:1) A6"a 323 42.0
SI-(17-OH C,,:1) A6'a6"a 31.8 45.0
SI-(18-OH C,4:1) A6'a6"a 323 45.7

acetylated compounds. Three series of peaks
corresponding to  non-acetylated, mono-
acetylated and diacetylated forms of acidic
sophorolipids were observed after esterification,
distributed in a very similar way to those of the
corresponding lactones. Two classes of mono-
acetylated forms were present and their iden-
tities (SI-A6"a and Sl-A6’a) were tentatively
assigned by analogy with the elution pattern of
lactones.

Identification of individual sophorolipids was
performed as described previously for sample A4
by combining catalytic hydrogenation and quan-
titative comparison of sophorolipids with the
corresponding hydroxy fatty acid methyl esters
obtained by methanolysis. For non-esterified
acids, the elution order of homologous
sophorolipids in each class was found the same
as for esters.

Identification of individual sophorolipids in
fermentation mixtures

Direct analysis of fermentation mixtures con-
taining both acidic and lactonic forms of
sophorolipids was studied. One such case was
sample A from which samples A,, A;;, A,
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were prepared. The HPLC and GC results for
these samples confirmed the previous results.

UV detection was also used in HPLC analysis
to confirm the location of unsaturated sopho-
rolipids.

The most important compound of sample A,
SI-(17-OH C,4:1) 4"L6’a6"a, was isolated by
preparative HPLC. >C and '"H NMR analysis
confirmed the identity of sophorose as the sugar
moiety and the presence of all chemical groups
constituting the molecule and their respective
positions [4,21]. It allowed the purity of the
sample analysed to be established as 95% (pres-
ence of 5% of the 18-OH C,,:1 homologue).

A quasi-complete identification of the indi-
vidual sophorolipids present in fermentation
products is presented for sample A in Fig. 5. The
most important unknown compound is located in
the S1-4"L6’a6"a class. This compound has not
been identified but several lines of evidence
suggest it to be a derivative of 17-OH octa-
decenoate. As it is different from SI-(17-OH
Cis:1) 4"L6’a6"a, it is likely to belong to a
structural class differing somehow from
4"L6'a6"a. Minor unknown peaks can also be
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observed in Fig. 5. Some of them can probably
be accounted for by the presence of minor
hydroxy fatty acids. Fatty acids such as C,,:0,
C,:1 and C,,:1 are present in rapeseed esters
and hydroxy fatty acids such as 19-OH C,,:0
and 19-OH C,;:1 have been reported in
sophorolipids [2,22,23].

As already indicated, the elution patterns of
homologous sophorolipids according to their
hydroxy fatty acid moieties observed for esters
also held in most instances for lactones and
acids. One of the few exceptions can be seen in
Fig. 5. Such cases occurred when the elution
times for a given class were markedly different
from those of the corresponding esters. Here, for
class 4’L6'a6"a, 17-OH C,;:2 and 18-OH C;:2
sophorolipids were not resolved and were eluted
before their 15-OH C,:0 and 16-OH C,4:0
homologues.

Finally, the data on the characterization of
individual sophorolipids by HPLC obtained from
samples of fermentations with rapeseed ethyl
esters were also confirmed and extended by
similar investigations with samples from fer-
mentations with other lipidic carbon sources such
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Fig. 5. Elution order in gradient elution HPLC of a mixture of sophorolipids obtained by fermentation (sample A). The
identification of structural classes and of individual sophorolipids is presented.
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as hexadecane and sunflower oil, which yielded
sophorolipids with different hydroxy fatty acid
compositions.

CONCLUSIONS

Gradient elution HPLC with ELS detection
proved to be a powerful and rapid tool for
qualitative and quantitative analysis of sophoro-
lipids, as a single chromatographic analysis of a
complex mixture allowed almost all significant
individual compounds (over 20) present in the
mixture to be identified and determined without
prior preparation of the sample.

The ELS detector was found able to detect
with excellent sensitivity all sophorolipids pres-
ent. Within the concentration range utilized,
corresponding to injected amounts of 50-400 ug
of sophorolipid mixture, linearity of response
was observed. The results are in line with the
opinion that this detector can be considered as
universal for non-volatile compounds [18].

Isolation and direct identification were not
done for most of the compounds [only SI-
4"L6’a6"a and SI-A classes were isolated and
structure of the major compound SI-(17-OH
C,5:1) 4"L6’a6"a confirmed by NMR]. However,
for most other sophorolipids, structure assign-
ment resulted from mutually confirmative lines
of evidence and can be conferred a high degree
of confidence.

Several sophorolipids classes not yet reported
were identified at least tentatively in this study,
namely Sl-4"L6’'a, Sl-A6"a and Sl-A6’a6"a, and
the existence of more of them may be suspected.

The strong dependence of sophorolipid
composition on both the nature of the lipidic
substrate and on the fermentation conditions has
already been mentioned or illustrated here. The
technique developed in this study opens up this
area to systematic investigation.
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ABSTRACT

Reversed-phase high-performance liquid chromatography (RP-HPLC) was used to detect differences in the secondary
structures of two self-complementary oligodeoxyribonucleotides. The [d(CCTTT AAAGG)], duplex assumes an ordinary B-
conformation in aqueous solution, while [d(GGAAATTTCC)], is known to contain in its central part a stretch of a more rigid
B’-form conformation with significantly lowered fluctuational mobility of base pairs. The latter factor causes a marked difference
in the amounts of thymine cyclobutane photodimers formed under UV irradiation of corresponding duplexes as revealed by
chromatography of two single-stranded oligonucleotides. Increasing the temperature below the duplex melting temperature
(stimulation of the B'~B structural transition) results in an increase in photodimer formation that was inhibited in the B’-form.
Thus, we demonstrate the usefulness of RP-HPLC for duplex DNA structural studies.

INTRODUCTION

HPLC has been successfully used in prepara-
tive and analytical separations of oligonucleo-
tides for more than a decade [1,2]. While many
efforts were directed at enhancing selectivity and
optimizing separation of nucleic acid con-
stituents, the potential of HPLC for structural
studies has not been fully exploited. Except for
purity control, a limited number of analytical
HPLC applications have been reported. HPLC

* Corresponding author. Present address: Laboratory of
Molecular Genetics, Biology Department, George Mason
University, Fairfax, VA 22030, USA.

* For Parts I and 11, see refs. 9 and 10, respectively.

0021-9673/93/$06.00

has been used for the separation of oligonucleo-
tides from their 5'-phosphorylated derivatives
[3], sequence isomers of oligonucleotides [4],
various tRNAs [5], polynucleotides according to
their base composition [6] and single- and double-
stranded DNA [7]. Solid-phase hybridization of
complementary oligonucleotides on an ion-ex-
change resin made it possible to follow an
equilibrium between single-stranded and duplex
forms of short DNAs [8]. Several groups have
applied RP-HPLC to photochemical studies of
oligonucleotides [9-15]. It has been shown that
the formation of pyrimidine photohydrates [10]
and photodimers [9,11-15] in oligonucleotides
significantly changes their retention on a re-
versed phase. Modified oligonucleotides can be
separated according to the type and sequence

© 1993 Elsevier Science Publishers B.V. All rights reserved
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position of the pyrimidine photoproduct they
contain.

We became interested in whether this last
property can be applied to studies of the sec-
ondary structures of oligonucleotides. If nucleo-
base photoreactivity depends on the local struc-
ture of the nucleic acid fragment, then the high
resolving power of HPLC can be used to locate
specific photoproducts and hence the parts of the
molecule with different conformations. Studies
over the last several years have clearly shown
that the duplex form of DNA can contain dis-
tinctive local structures that depend on the
sequence of the bases. For instance, the
(dA),(dT), stretches can adopt the B’-form,
which is different from the standard B-form [16—
26]. This difference is manifested in the helical
repeat [27,28], the helical pitch [18] and the
width of the major groove [19,29-31]. The
ability of short d(A,T,) regions to adopt the
B’-form depends on the order of bases: 5'-AT-3’
junction (AT step) is well accommodated in the
B’-form geometry, while the TA step has a
disrupting effect on the B’-form, promoting
instead the B-form [17,32,33].

We studied two self-complementary oligo-
nucleotides that contain the same bases but
in different sequences. One of them,
[d(CCTTTAAAGG)], (Fig. 1), is known to
assume the standard solution DNA conformation
(B-form [16]) with the characteristic fluctuational
mobility of constituent bases [17]. The second,
[d(GGAAATTTCC)],, has a mixed structure:
several terminal base pairs (bp) have the B-
form geometry and at least four central AT
bp are included in a stretch of the B’-form
[17]. We UV-irradiated double-stranded oligo-

AWA
C1-C2-T3-T4-T5-R6-A7-Ag~G9-G10
H HHHHUHUHUHHEH

NN
G1-G2-A3-A4-R5-TG-T7-Tg-C9-C10
H HHLLULULHHH

Fig. 1. Sequences of oligodeoxyribonucleotides studied
showing high (H) and low (L) probabilitics of fluctuational
opening of base pairs in the duplexes. The positions of
probable thymine dimers are indicated above the sequences
by the A symbol.
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nucleotides under conditions in  which
[d(CCTTTAAAGG)], is in the B-form and
[d(GGAAATTTCC)], contains the B’-form,
and separated the resulting products as single
strands. The reduced mobility of bases and
hence their reduced probability of adopting a
disposition necessary for photoreaction results in
a decrease in thymine photodimer yield in the
B’-form sequence, as compared with the B-form.
Elevated temperature destabilizes the B’-form
and shifts the structure to the B-form. This
results in an increase in the inner TT photodimer
formation that was inhibited in the B’-form.

Our results demonstrate one more important
HPLC application. RP-HPLC is able to reveal
not only differences in the sequences of nucleic
acid fragments (primary structure) but also,
combined with photomodification, differences in
geometry of spatial arrangement of bases (sec-
ondary structure).

EXPERIMENTAL

Materials

Oligonucleotides d(CCTTTAAAGG) and
d(GGAAATTTCC) were synthesized by a
modified phosphoramidite approach. They were
purified by electrophoresis and RP-HPLC, de-
salted and sequenced. Snake venom phos-
phodiesterase 1 (PDE I) was from Pharmacia
(Piscataway, NJ, USA). All other chemicals of
analytical reagent grade were from various com-
mercial sources.

UV irradiation

Oligonucleotides (25 wM strand concentra-
tion, in 150 mM sodium chloride, 15 mM sodium
citrate, pH 7.0, without or in the presence of 10
mM acetophenone as a photosensitizer) were
irradiated at 302 nm in 1-mm quartz cuvettes in a
thermostated cell holder by a TM-36 UV trans-
illuminator (UVP, San Gabriel, CA, USA) at a
distance of 2 cm for various periods of time. This
irradiation wavelength was chosen to exclude
photoreversal of cyclobutadithymines.

Chromatographic conditions
Chromatography was performed on a Jasco
LC-800 instrument (Jasco, Tokyo, Japan) using
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an 875 UV detector and an 860 CO column
oven. Analysis of photomodified samples was
accomplished on a Merck LiChrosorb RP-18
(250 x 4 mm) column at 60°C with a 0-30% B
gradient, where eluent A was 0.1 M ammonium
acetate (pH 6.8) and eluent B was 50% metha-
nol in water. The detector signal at 254 nm was
fed to a microcomputer to calculate peak areas.

Localization of photodimers

After UV irradiation, oligonucleotides were
separated as described and peaks of interest
were collected in Eppendorf test tubes. Samples
were dried in water and methanol several times
in a Speed Vac evaporator to eliminate residual
ammonium acetate. The dried material was
reconstituted in 40 ul of enzyme reaction buffer
(100 mM Tris-HCl, pH 8.9, 100 mM NaCl, 14
mM MgCl,). A 10-u1 aliquot of PDE I (0.1 units
in the same buffer) was added and the resulting
mixture was vortexed and incubated at 37°C for
30 min, after which time it was placed in boiling
water for 5 min to inactivate the enzyme. Sam-
ples were spun in an Eppendorf microcentrifuge
for 10 min and 10- to 40-ul aliquots were
separated on a DuPont PEP-RP1 (80 X 6 mm)
column at room temperature with a 20 min 0-
20% B linear gradient (A, 50 mM potassium

TABLE 1
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phosphate, pH 4.9, 5 mM tetrabutylammonium
dihydrogen sulphate; B, 50% methanol in
water). The presence of particular nucleoside-5'-
monophosphates cleaved by PDE I from the
3’-end of the oligonucleotides until the enzyme

stopped at a photodimer position [9,34] was used

to locate photodimers in the sequences (Table
I). Cyclobutane types of thymine photodimers
were confirmed by acetophenone photosensitiza-
tion, which promotes the formation of pyrimi-

.dine dimers exclusively [34,35].

RESULTS

Experimental doses of UV irradiation were
such that no more than one photodimer per
duplex was formed (10-20% diminution of the
intact oligonucleotide amount). Otherwise, the
duplex-destabilizing effect of photodimers and
hence the change in oligomer photoreactivity
should be considered. Moreover, we expected to
obtain largely cyclobutane photodimers, because
the yield of non-cyclobutane (6-4) dimers at low
doses is several-fold lower than of the
cyclobutane dimers [36]. In order to avoid arti-
facts in analysis of the photoproducts due to
probable elution off the column of double- and
single-stranded  oligonucleotides,  chromato-

CLEAVAGE OF NUCLEOSIDE-5-MONOPHOSPHATES BY PDE 1 INCUBATED WITH MODIFIED AND UN-

MODIFIED OLIGONUCLEOTIDES

Aliquots of 10 ul of PDE I (0.1 units in the reaction buffer: 100 mM Tris—-HCl, pH 8.9, 100 mM NaCl, 14 mM MgCl,) were
incubated at 37°C for 30 min with chromatographically isolated oligonucleotides in a 40-x1 total reaction volume. Aliquots of the
reaction mixture were separated on a DuPont PEP-RP1 (6 X 80 mm) column at room temperature with a 20 min 0-20% B linear
gradient (A, 50 mM potassium phosphate, pH 4.9, S mM tetrabutylammonium dihydrogensulphate; B, 50% methanol in water).
Nucleoside-5'-monophosphates were cleaved by PDE 1 from the 3'-end of the oligonucleotides until the enzyme stopped at a
photodimer position. The A symbol indicates positions of dimer formation between two adjacent thymines.

Peaks Oligomers Liberated nucleotides
AMP CMP GMP TMP

1 d(CCTTTAAAGG) + - + +
2 d(C AAAGG) + - + -
3 d(CCTTTAAAGG) + + + +
4 d(GGAAA TIT CC) - + - +
5 d(GGAAAI'i:iCC) - + - -
6 d(GGAAATTTCC) + + + +
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graphic separations at temperature above the
melting point were done. Elevated temperature
was additionally justified as it has been found
that using the same eluents and gradients it is
possible to better resolve some peaks of photo-
product-containing oligonucleotides.

UV irradiation of oligonucleotide duplexes at
low temperature resulted in the appearance of
several photoproducts. Comparison of photo-
products (Fig. 2a and b) obtained during sen-
sitized photomodification, which promotes for-
mation of almost exclusively cyclobutane TT
photodimers [35], with those obtained during
direct photomodification (several additional
minor peaks, data not shown) allowed us to
conclude that in both chromatograms peaks 1
and 2 corresponded to oligonucleotides contain-
ing cyclobutane TT photodimers. Further, in all
cases we used unsensitized direct photomodifica-
tion of oligomers to exclude any possible in-
fluence of acetophenone on their conformations.
The sequence positions of thymine dimers in
photomodified oligomers were identified using
an exhaustive snake venom phosphodiesterase
digestion of oligonucleotides from the 3’-end,

F 3
Agsef 3 b} 12

0.02r

0 10 20 30 0 10 20 30
ELUTION TIME, MIN

Fig. 2. Chromatograms of oligonucleotides UV-irradiated at
7°C for 10 min in the presence of 10 mM acetophenone under
conditions in which the double-stranded structures exist.
Column: LiChrosorb RP,, (250 x4 mm). Eluents: A,
0.1 M ammonium acetate (pH 6.8); B, 50% methanol
in water; 0-30% B linear gradient (30 min) at 60°C;
flow-rate, 1 ml/min. (a) [d(GGAAATTTCC)],. Peaks:
1=d(GGAAATITCC); 2=d(GGAAATITCC); 3=
d(GGAAATTTCC). Unidentified peaks are those of
minor photoproducts. (b) [d(CCTTTAAAGG)],. Peaks:
1=d(CCTITAAAGG); 2=d(CCTTTAAAGG); 3=
d(CCTTTAAAGG).

V.N. Potaman et al. | J. Chromatogr. 648 (1993) 151-156

which stopped at the photodimer position [34]
(Table I). Note that the closer the photodimer is
to the 5'-end of oligonucleotide, the greater is
the change in retention.

Structural differences between the B-form
and mixed-form duplexes clearly manifest them-
selves in lower yields of photodimers obtained
for [d(GGAAATTTCC)],, as compared
with [d(CCTTTAAAGG)],. More important
is the temperature dependence for the yield
of the inner T,T, photodimer in
[d(GGAAATTTCC)],. In contrast to other
photodimers (Fig. 3), its yield rises more than
three-fold with temperature. At higher tempera-
tures, when the duplexes are denatured, all TT
photodimers have similar yields. As has been
mentioned above, the corresponding T, T, dinu-
cleotide is included in that part of oligonucleo-
tide that is capable of adopting the rigid B'-
conformation. Therefore, distinct temperature
dependence for the T T, photodimer at least
partly reflects the B’'-B form transition.

This assumption is confirmed by the spec-
trophotometric melting [37]. Both oligonucleo-
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Fig. 3. Temperature dependencies of the photodimer yields
(calculated relative to initial amounts of unmodified oligo-
mers) for oligonucleotides in 150 mM sodium /c\hloride,
15 mM sodium citrate, pH 7.0: O=d(GGAAATTITCC);
A =d(GGAAATTTCC); ©=d(CCTITAAAGG); O=
d(CCTTTAAAGG). Melting points for the duplex form
oligonucleotides are indicated by arrows.
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tides undergo duplex-coil transitions at 31-35°C.
[d(GGAAATTTCC)], 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, T, 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, T, 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),.(dT), stret-
ches. Among them were the UV absorbance,
circular dichroism and NMR spectroscopies
[17,20,22,33], calorimetry [33], structurally
caused changes in electrophoretic mobility [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—frans 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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ABSTRACT

Oligodeoxyribonucleoside phosphoramidates (OPAs) were synthesized via H-phosphonate chemistry. The oxidation of
oligodeoxyribonucleoside H-phosphonates was performed in the presence of isopropylamine—carbon tetrachloride (1:4, v/v).
Reversed-phase high-performance liquid chromatography was used to separate the diastereoisomers of OPAs for the study of
their conformation in solution and their ability to act as antisense molecules. It was found that complete purification of
diastereoisomers of OPAs by reversed-phase HPLC could be achieved by a two-step chromatographic approach adopting
optimized chromatographic conditions: acetonitrile gradient, column temperature and column length. From the circular dichroism
measurements of the tetranucleoside phosphoramidates, it was found that the eight diastereoisomers of the tetranucleotides can
be classified into four groups according to their molar ellipticity changes and that the diastereoisomers show different abilities to

form hybrids with complementary DNA.

INTRODUCTION

Viral diseases are often fatal in humans
because they can rarely be treated by conven-
tional medical care. In particular, infection with
human immunodeficiency virus (HIV), com-
pletely incurable so far, is rapidly increasing all
over the world. One of the most promising
treatment approaches is the antisense DNA/
RNA method [1,2], in which synthetic
oligodeoxyribonucleotides and their analogues
are used to bind to the target sequences of
DNAs or RNAs and consequently to regulate
gene expression in a highly specific manner. To
be suitable for trial, there are several require-
ments in designing the antisense molecules [3]:
(1) specificity for the target DNAs or RNAs; (2)
stability of the duplex formed with the target

* Corresponding author.

0021-9673/93/$06.00

DNAs or RNAs; (3) resistance to nucleases; (4)
cell membrane permeability; (5) metabolism in
body. To satisfy these requirements, modifica-
tion of the internucleotide phosphate linkages of
DNAs or RNAs has been attempted [1,3]. One
such group of oligonucleotide analogue is the
oligodeoxyribonucleoside phosphoramidates
(OPAs) [4]. This type of antisense molecule is
resistant to nuclease digestion and is expected to
easily penetrate into the cellular membrane
because of its high hydrophobicity.

However, when a phosphate linkage of DNA
or RNA is modified, the modification results in
diastereoisomers, as shown in Fig 1. Therefore,
OPAs consist of a number of diastereoisomers.
The question arises: Is there a difference in the
stability of hybrids between the diastereoisomers
and their complementary oligonucleotides [5]?
To help answer this question, in the present
study, optimization of the reversed-phase HPLC
to separate diastereoisomers of di-, tri and tetra-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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Fig. 1. R, and S, configurations of dinucleoside phosphor-
amidates.

nucleoside phosphoramidate was explored and
the diastereoisomers were characterized by circu-
lar dichroism (CD) spectroscopy.

MATERIALS AND METHODS

Reagents

Controlled pore glass was loaded with 35-45
umol/g of the fully protected nucleoside unit.
H-Phosphonate nucleosides were purchased
from Milligen/Biosearch (Burlington, CA,
USA). HPLC-grade acetonitrile was purchased
from J.T. Baker (NJ, USA). Distilled water was
purchased from Wako (Osaka, Japan), and fur-
ther purified with a Millipore Milli-QII system.
Other reagents were purchased from Nakalai
Tesque (Kyoto, Japan).

Oligodeoxyribonucleotide synthesis
Oligodeoxyribonucleoside phosphodiesters
(ODNs) were synthesized at the micromolar
scale on a Milligen Cyclon Plus DNA synthesizer
(Milligen/Biosearch)  via  phosphoramidite
chemistry [4,6]. Oligodeoxyribonucleoside phos-
phoramidates (OPAs) were synthesized at the 10
umol scale in a gas-tight syringe via H-phospho-
nate chemistry, and the oxidation of oligodeoxy-
ribonucleoside H-phosphonates was carried out
in the presence of isopropylamine—carbon tetra-
chloride (1:4, v/v) [4]. Deprotection of oligo-
deoxyribonucleotides except for the 5'-di-
methoxytrityl (DMT) group was carried out with
fresh ammonium hydroxide (28%) at 55°C for 8 h.
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Sample preparation for HPLC

The ammonium hydroxide solution (5 ml)
containing OPAs was evaporated to one-half of
its initial volume, and 0.1 M triethylammonium
acetate (TEAA, pH 7.0, 2.5 ml) was added. The
solution was applied to a C,; Sep-Pak cartridge
(Waters, Milford, MA, USA). After sequential
elution with 0.1 M TEAA (pH 7.0) and 0.1 M
TEAA (pH 7.0)-acetonitrile (85:15), the car-
tridge was eluted with 0.1 M TEAA (pH 7.0)-
acetonitrile (50:50). After evaporation to dry-

‘ness, the residue was dissolved in 0.1 M TEAA

(pH 7.0)-acetonitrile (70:30) and used for
HPLC purification [7].

HPLC separation and purification

Oligonucleotides (ODNs and OPAs) were
analysed by reversed-phase HPLC using a
Shimadzu LC-6A  chromatography system
(Shimadzu, Kyoto, Japan). The column tem-
perature was controlled by a CTO-6A column
oven (Shimadzu). Reversed-phase columns used
were as follows: for the separation of di- and
trinucleoside phosphoramidates, a Superspher
RP-18(e) (4 pm, 4 X125 mm, Merck, Darm-
stadt, Germany); for the separation and the
purification of 5-DMT-dAp(iPr)Tp(iPr)Cp-
(iPr)G (iPr = isopropyl), a Superspher RP-18(e)
(4 wm, 4 x 250 mm, Merck); for the purification
of the diastereoisomers of dAp(iPr)Tp(iPr)Cp-
(iPr)G, an ODS-NC,; (5 pwm, 20x250 mm,
Shinwa, Kyoto, Japan). The chromatographic
conditions are described in the captions to the
figures.

Sample preparation for circular dichroism (CD)
measurement

Solutions of single strands were prepared by
using a buffer consisting of 10 mM sodium
phosphate, adjusted to pH 7.0, and for hybrids
10 mM sodium phosphate and 3 M NaCl, ad-
justed to pH 7.0. Oligonucleotide concentrations
were determined spectroscopically by measuring
the absorbance at 260 nm. The extinction co-
efficients for the single-stranded oligo-
deoxyribonucleotides at 25°C were calculated by
the nearest-neighbour approximation [8]. Extinc-
tion coefficients in units of 10™*/M*/cm at 25°C
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are as follows: dApTpCpG, 4.09-10*; and
dAp(iPr)Tp(iPr)Cp(iPr)G; 4.09 - 10*.

Single-stranded samples for CD melting
studies were prepared at 2.5-107° 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-
107" 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 bascline 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
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Absorbance (254 nm)

Fig. 2. HPLC analysis of diastereoisomers of (a) 5'-DMT-
dAp(iP)T, (b) 5'-DMT-dTp(iPr)C and (c) 5'-DMT-
dCp(iPr)G. Column: Superspher RP-18(e) (4 pm, 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%
B in 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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As depicted in Fig. 3, four distinct, well sepa-
rated peaks (I, II, III and IV) and baseline
separations were achieved in each case. How-
ever, when the same chromatographic conditions
were applied to the separation of eight dia-
stereoisomers of dAp(iPr)Tp(iPr)Cp(iPr)G with
a 5'-DMT group, the eight diastereoisomers
could not be separated. For the optimization of
the separation, the acetonitrile gradient profile
was studied according to the procedure proposed
previously [12,13]. The resulting chromatogram
is shown in Fig. 4a, indicating that the separation
of the diastereoisomers was not complete and
that the baseline separation was not achieved.
When the same sample was detritylated, six
peaks appeared, as shown in Fig. 4b.

To separate all diastereoisomers, improve-
ments in the chromatographic conditions were

Absorbance (254 nm)

] 10 20

Retention Time (min)

Fig. 3. HPLC analysis of diastereoisomers of (a) 5'-DMT-
dAp(iPr)Tp(iPr)C and (b) 5'-DMT-dTp(iPr)Cp(iPr)G. Col-
umn: Superspher RP-18(e) (4 wm, 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% B in 40 min. Flow-
rate: 0.5 ml/min. Temperature: 30°C. For peak identifica-
tion, see text.
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Fig. 4. ' HPLC analysis of diastereoisomers of (a) 5'-DMT-
dAp(iPr)Tp(iPr)Cp(iPr)G, linear gradient from 75 to 95% B
in 40 min at a flow-rate of 0.5 ml/min, and (b)
dAp(iPr)Tp(iPr)Cp(iPr)G, linear gradient from 35 to 65% B
in 30 min at a flow-rate of 1 ml/min. Column: Superspher
RP-18(e) (4 um, 4 X 125 mm). Eluents (A) 0.1 M TEAA
(pH 7.0) and (B) 0.1 M TEAA-acetonitrile (50:50). Tem-
perature: 30°C.

made by changing the column temperature from
30°C to 40°C (Fig. 5a and b) [14] and the column
length from 125 mm to 250 mm (Fig. 5b and c).
The chromatograms in Fig. 5 show that the
separation was largely improved. However, in
spite of such improvement, all eight dia-
stereoisomers could not be separated, and
baseline separation was not completely achieved.
Based on these results, to isolate all eight dia-
stereoisomers, the following protocol was used.
First, the sample with a 5-DMT group was
loaded on a Superspher RP-18(¢e) column (4 um,
4 x 250 mm) and the seven peaks, which were
designated A to G in order of elution, as shown
in Fig. Sc, were fractionated. Subsequently each
fraction was treated with 80% acetic acid for
detritylation, and applied to the second separa-
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a

Absorbance (254 nm)

Retention Time (min)

Fig. 5. HPLC analysis of diastereoisomers of (a) 5'-DMT-
dAp(iPr)Tp(iPr)Cp(iPr)G on a Superspher RP-18(¢) (4 pm,
4 X125 mm) column and temperature 30°C, (b) 5'-DMT-
dAp(iPr)Tp(iPr)Cp(iPr)G on a Superspher RP-18(¢) (4 um,
4 x 125 mm) column and temperature 40°C and (c) 5'-DMT-
dAp(iPr)Tp(iPr)Cp(iPr)G on a Superspher RP-18(¢) (4 uwm,
4 % 250 mm) column and temperature 40°C. Eluents (A) 0.1
M TEAA (pH 7.0) and (B) 0.1 M TEAA-acetonitrile
(50:50), linear gradient from 75 to 95% B in 40 min. Flow-
rate: 0.5 ml/min. For peak identification, see text.

tion under the chromatographic conditions set
for the detritylated samples. It was found that
peak B in Fig. 5 contained two diastereoisomers
(B’-1 and B’-2 in Fig. 6). Using this protocol, all
eight diastereoisomers could be completely sepa-
rated, as shown in Fig. 6, in which the peaks
corresponding to A to G in Fig. 5c are desig-
nated A’ to G’, respectively. The reason why the
diastereoisomers could be effectively separated is
unclear. One possible explanation of the mecha-
nism could be the effects due to the configura-
tion and conformation of OPAs. The isopropyl
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moiety introduced into internucleotide linkages
is hydrophobic and accounts for the hydropho-
bicity of OPAs. Also, the direction in which the
alkyl moiety points might affect the conforma-
tion of OPAs. These effects may together affect
the affinity of OPAs for the column packing.

CD measurement

The conformations of the eight diastereoiso-
mers and their hybrids with their complementary
ODNs were studied by CD spectroscopy [9,15].

We measured the temperature-dependent CD
spectra of ODN (dApTpCpG) and eight dia-
stereoisomers of dAp(iPr)Tp(iPr)Cp(iPr)G. Fig.
7 shows the CD spectra of eight diastereoisomers
of dAp(iPr)Tp(iPr)Cp(iPr)G together with their
parent ODNs (dApTpCpG) at 20°C. The CD
spectra of the diastereoisomers were characteris-
tic of right-handed DNAs and, in comparison
with their parent ODNs, the intensities of molar
ellipticity were small and diffe-=nt in each dia-
stereoisomer. It was also observed wa -<ight
diastereoisomers can be classified into four
groups (A’ and B’-1, B’-2 and C', D' and ', E’
and G').

Fig. 8 shows CD melting curves for the
sense  ODN (dCpGpApT)-antisense ODN
(dApTpCpG) hybrid, the sense ODN-dia-
stereoisomer A’ hybrid and the sense ODN-dia-
stereoisomer G’ hybrid. The melting curve of the
sense ODN-diastereoisomer A’ hybrid is similar
in shape to that of the sense ODN-Antisense
ODN hybrid, but the melting curve of the sense
ODN-diastereoisomer G’ hybrid was broader
than that of the sense ODN-Antisense ODN
hybrid [16]. The shapes of the molar ellipticity
versus temperature profiles allowed us to mea-
sure the transition temperature. The data clearly
show that some diastereoisomers showed distinct
transition temperatures and that some did not.
Though the detailed mechanism is now under
investigation, it is considered that alkyl moieties
might stabilize or disrupt the hybrid of OPAs
with ODNs depending on their configurations.

CONCLUSIONS

It has been found conclusively that dia-
stereoisomers of OPAs up to tetramers can be
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J 81 B-2
A

Retentlon Time (min)

Fig. 6. HPLC analysis of diastereoisomers of d(Ap(iPr)Tp(iPr)Cp(iPr)G). Column: Superspher RP-18(¢) (4 pm, 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 35 to 65% B in 30 min.
Flow-rate: 1.0 ml/min. Temperature: 40°C. For peak identification, see text.
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o isomer shows different conformation in solution
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Fig. 7. CD spectra of eight diastereoisomers of
dAp(iPr)Tp(iPr)Cp(iPr)G (open circles) and their parent
ODN (dApTpCpG) (closed circles) in 10 mM sodium phos-
phate (pH 7.0) at 20°C. The nucleotide concentration is
2.5-107° M. For peak identification, see text.
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ABSTRACT

A multidimensional approach is described for characterizing impurities in samples of generic cefaclor and cephalexin
antibiotics. High-performance liquid chromatography (HPLC) with gradient elution followed by photodiode array or mass
spectrometric detection provides valuable information concerning the nature of impurities observed. Results are presented which
demonstrate the utility of these techniques for identifying impurities and distinguishing among process-related impurities,
degradation products and formulation excipients. Preparative HPLC isolation and spectroscopic identification of some impurities

is also described.

INTRODUCTION

High-performance liquid chromatography
(HPLC) is extremely useful for the determina-
tion of related substances in cephalosporin an-
tibiotics [1,2]. Related substances are defined as
structurally related impurities arising from the
manufacturing process or by degradation [3].
Determination of these impurities in bulk drug
substances and products is important for quality
control and evaluation of samples from different
sources. For evaluation of drug quality, it is
desirable to determine not only the total amount
of related substances, but the nature or identity
of these impurities. This is especially important if
impurity profiles are qualitatively different be-
tween samples. Such differences may be caused
by changes in the manufacturing process or a
switch in supplier of the bulk drug. Different
manufacturing processes may give rise to differ-
ent process-related impurities, and the treatment
of the product during manufacturing and storage

* Corresponding author.

0021-9673/93/$06.00

by different suppliers may produce a variable
profile of degradation products. The “finger-
printing” of drug products using multiple tech-
niques has recently been proposed as a way to
monitor and detect such changes [4]. Another
aspect of profiling impurities in formulated prod-
ucts such as oral suspensions is the need to
distinguish between excipients and impurities.
While HPLC can provide much information
regarding impurity profiles, to better meet the
needs outlined above, information beyond a
single-wavelength absorbance vs. time chromato-
gram is required. Capacity factor data together
with ultraviolet-visible spectra from photodiode
array (PDA) detection have been used for con-
firmation of peak identity in toxicological drug
screening [5-7], analysis of forensic samples [8-
10], drug metabolism studies [11-14] and evalua-
tion of impurities in bulk drugs and formulations
[15-18]. Liquid chromatography—mass spec-
trometry (LC-MS) has also been utilized for
positive peak identification and quantification in
drug disposition studies {11,19-22] and in con-
firmation of drug impurity or degradation prod-
uct identities [23,24]. In this paper, a multi-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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dimensional approach utilizing HPLC with PDA
and/or MS detection as tools for drug impurity
characterization is described. Preparative HPLC
isolation and structural characterization by nu-
clear magnetic resonance (NMR) spectroscopy is
also employed when necessary. The approach is
illustrated by examination of impurity profiles
for cephalexin and cefaclor bulk drug substance
and formulated product from different sources.

EXPERIMENTAL

Reagents

HPLC-grade acetonitrile and methanol were
obtained from EM Science (Gibbstown, NJ,
USA). Mobile phases were prepared using
monobasic sodium phosphate monohydrate, also
from EM Science. Water for mobile phase and
sample solutions was purified with a Milli-Q
system from Millipore (Milford, MA, USA).
Samples of bulk and formulated cefaclor were
obtained from Eli Lilly & Co. and generic
manufacturers.

Apparatus

The chromatographic system consisted of a
Model 600E pump (Waters, Bedford, MA,
USA) and a Model 728 autoinjector (Alcott,
Norcross, GA, USA) with a 20-ul fixed-loop
injection valve (Valco, Houston, TX, USA).
Single-wavelength detection using a Model 787
UV detector (Applied Biosystems, Ramsey, NJ,
USA) set at 220 nm was used for most samples.
Single-wavelength chromatograms were recorded
using an in-house data acquisition system. When
UV spectra of sample components were desired,
a Waters Model 990 PDA detector was used in
place of the single-wavelength detector. All UV
spectra given in the figures were acquired using
PDA detection of components after HPL.C sepa-
ration. The amplitude of some spectra has been
scaled numerically for ease of comparison in the
figures.

The HPLC separation was performed on a 250
mm X 4.6 mm, 5 pm particle size, YMC-ODS
column (YMC, Morris Plains, NJ, USA) using
50 mM sodium phosphate, pH 4.0, with a two-
stage acetonitrile gradient from 2.25 to 45% [1].
The sample concentration for bulk cephalexin
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and cefaclor was 5.0 mg/ml. Formulated samples
were prepared based on the dosage strength to
give concentrations of cephalexin or cefaclor of
approximately 5 mg/ml. This concentration pro-
vided an injection of 100 ng of antibiotic onto
the analytical HPLC column.

The LC-MS experiments were performed with
a Beckman System Gold liquid chromatograph
(Beckman Instruments, Palo Alto, CA, USA)
and a Sciex Model API III mass spectrometer
(Sciex, Thornhill, Canada). A heated nebulizer
atmospheric chemical ionization source was used
for the work described here. The ionspray mode
has also been used for similar samples. The
mobile phase for LC-MS contained 0.1% acetic
acid instead of phosphate buffer. The mobile
phase was held at 15% acetonitrile for 15 min
followed by a linear ramp to 25% acetonitrile
over 10 min. A Beckman Model 168 diode array
UV-Vis detector was used between the column
and mass spectrometer interface to detect any
changes in retention order from the phosphate
eluent system. Flow was diverted away from the
MS source during elution of the cefaclor peak to
reduce cefaclor background in subsequent scans.
The source was held at 450°C with nitrogen used
as the nebulizer gas at a pressure of 80 p.s.i. (1
p.s.i. = 6894.76 Pa). For these experiments, 200
nl of a 5 mg/ml cefaclor sample solution were
injected (1 mg applied to the column).

Preparative isolation

The following conditions were used to isolate
impurities from source C cefaclor (see Results
and Discussion). The mobile phase for prepara-
tive HPLC isolation consisted of a gradient from
25 to 50% solvent B over 18 min after an initial
isocratic period (5 min at 25% solvent B).
Solvent A consisted of an aqueous solution of
0.1% acetic acid, while solvent B consisted
of a mixture of acetonitrile-water—acetic acid
(60:40:0.1, v/v/v). The flow-rate was 20 ml/min.
A YMC-ODS (250 X 20 mm, 5 pwm particle size)
column was used.

The sample was dissolved in 0.025 M HCl at a
concentration of 10 mg/ml. A total of 40 ml of
this solution was injected onto the column for
each preparative run (38 preparative runs were
made altogether). Three fractions were col-



B.A. Olsen et al. | J. Chromatogr. 648 (1993) 165-173

lected. These fractions were cooled to 0°C imme-
diately upon collection until all 38 preparative
runs were completed. The fractions were then
frozen and lyophilized to remove solvents. A
small aliquot of the remaining solids from each
fraction was analyzed by gradient HPLC using
the cefaclor-related substances method [1] prior
to spectroscopic characterization.

NMR analysis

The NMR spectra were collected on a Bruker
500 MHz NMR system (Bruker Instruments,
Billerica, MA, USA) in [°Hy]dimethyl sulfoxide
(with a trace of trifluoroacetic acid added to slow
down proton exchange and sharpen the reso-
nances), and referenced to internal tetra-
methylsilane. Carbon—proton correlation assign-
ments were detected using two-dimensional
heteronuclear experiments designed to detect
correlations due to coupling through one [25] or
more than one [26] chemical bond.

RESULTS AND DISCUSSION

Characterization process

To survey the impurities present in cephalexin
or cefaclor, a gradient HPLC profile at 220 nm
where nearly all related substances will show
some absorbance is obtained. This can provide
quantitative results for individual and total im-
purities [1]. Identities of several components
may be known from retention time match with
known impurities and past experience of which
impurities are likely to be present. Matching UV
spectra from a PDA detector for a known
impurity and a peak of interest with the same
retention time provides a strong, if not absolute
indication of peak identity.

Most process-related impurities in cephalexin
and cefaclor contain an intact 3-cephem nucleus
while degradation products do not [1,27]. There-
fore, if the spectrum of an unknown component
has the characteristic 3-cephem absorbance max-
imum at about 260-265 nm [28] the component
is likely to be a process-related impurity. Other
spectral features indicate a degradation product
or possibly an excipient in a formulation sample.
A sample may be characterized further by ob-
taining structural information from LC-MS or
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Fig. 1. Impurity profiles of bulk cephalexin from multiple
sources. Wavelength 220 nm.

from spectroscopic measurements after prepara-
tive HPLC isolation. This can provide absolute
identification of previously unknown impurities.
This characterization process adjusted for the
spectral properties of the compounds being ex-
amined could be applied to the analysis of
several drugs.

Bulk drug substance analysis

Impurity profiles for bulk cephalexin from
several suppliers are shown in Fig. 1. The total
level of impurities is comparable among these
samples, but there are differences in the in-
dividual components present. The chromatogram
for the source D sample showed a retention time
match with two known impurities, A’-cephalexin
(isomer nomenclature follows the cephem ring
numbering convention [29]) and N-phenylglycyl
cephalexin (Fig. 2). As shown in Fig. 3, the UV

cephalexin

A N
AT
° H

H.
OO,C 3 N-phenylglycyl|
cephalexin

o ]
E A2gephatexin "_’;in \
£ 1 ] \ 74“+,:NH ]_'(il
B || B
< o Nw)‘cn, ’
CoH
2 SN S

4 ! 34 Source D 5 w 8|
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Fig. 2. Retention time comparison of source D cephalexin
impurities with A®-cephalexin and N-phenyiglycyl cephalexin.
Wavelength 220 nm. Approximately 0.4 ug each of A
cephalexin and N-phenylglycyl cephalexin injected.
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Fig. 3. UV spectra comparison of source D cephalexin
impurities with A’-cephalexin and N-phenylglycyl cephalexin.

spectra for the sample impurities also matched
the known impurity spectra, thereby confirming
their identities. The A’-isomer is a primary
degradation product of cephalexin and has a
spectrum much different from that of cephalexin.
In contrast, the N-phenylglycyl cephalexin im-
purity is process-related, resulting from over-
acylation during the final synthetic step. Its
spectrum is nearly identical to that of cephalexin.
Spectra for unknown impurities (Fig. 4) indi-
cated that four are likely to be process-related
because of the 3-cephem absorbance band
(peaks 1, 4, 6, 8) and two are probably degra-
dation products (peaks 2, 3).

' Impurity profiles for bulk cefaclor shown in
Fig. 5 revealed three late-eluting impurities in
one sample that were not present in the others.
These impurities accounted for a large portion of
the higher level of total related substances com-
pared to the other samples. The expanded chro-
matogram in Fig. 6 shows that the retention time
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Fig. 4. UV spectra of unknown impurities in source D
cephalexin.

of peak 1 matched that of N-phenylglycyl cefa-
clor (PG-cefaclor) and peak 2 was very close in
retention to 2-hydroxy-3-phenylpyrazine (2,3-
HPP), a known degradation product. A match of
the UV spectra was obtained for PG-cefaclor,
but the peak 2 spectrum was much different from
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Fig. 5. Impurity profiles of bulk cefaclor from multiple

sources. Wavelength 220 nm.



B.A. Olsen et al. /| J. Chromatogr. 648 (1993) 165-173

N-phenyliglycyl 2-hydroxy-3-pheny!-

/ cetaclor pyrazine

Ne - OH
G,

Absorbance

| SourceC 3

42 43 44 45 46 47
Time (minutes)

Fig. 6. Expanded chromatogram comparing retention of

source C cefaclor impurities with N-phenylglycyl cefaclor and

2-hydroxy-3-phenylpyrazine. Wavelength 220 nm. A 0.6-ug

amount of N-phenylglycyl cefaclor and 4 pg 2-hydroxy-3-

phenylpyrazine injected.

that of 2,3-HPP (Fig. 7). Spectra of peaks 2 and
3 were nearly identical to that of PG-cefaclor,
suggesting that they were also process-related
impurities.

The source C cefaclor sample was analyzed by
LC-MS-MS using atmospheric pressure chemi-
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]
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8 014 ——~~ 2-hydroxy-3-phenylpyrazine
s
£
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<
0

T T L) 1
200 230 260 290 320 350
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Fig. 7. UV spectra comparison of source C cefaclor impurities
with N-phenylglycyl cefaclor and 2-hydroxy-3-phenyl-
pyrazine.
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Fig. 8. Total ion current LC-MS chromatogram for late-
eluting impurities in source C cefaclor.

cal ionization followed by collison-induced dis-
sociation of the molecular ion for fragmentation
information. The protonated molecular ions
from each peak of the total ion current chro-
matogram are indicated in Fig. 8 with an exam-
ple of MS—-MS fragmentation data for the first
impurity peak shown in Fig. 9. The identification
of PG-cefaclor by retention time and UV spectral
match was further confirmed by the MH™ ion at
m/z 501 and appropriate fragment ions. Impuri-
ty peaks 2 and 3 gave MH™ ions corresponding
to cefaclor plus one and two phenylglycine
groups, respectively. Without careful control of
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Fig. 9. MS-MS data for impurity 1 in source C cefaclor.
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the reaction conditions used to prepare cefaclor,
acylation at sites other than the desired 7-amino
group on the 3-chloro nucleus may take place.
Adding another phenylglycine to the phenyl-
glycine side chain of a cefaclor molecule forms
PG-cefaclor. Adding yet another phenylglycine
to the side chain gives a compound with a
molecular mass corresponding to that observed
for impurity 3. During the acylation reaction it
may have also been possible to form an acid
chloride at the carboxylic acid on the 3-chloro
nucleus. This species could then form an amide
with phenylglycine in addition to being acylated
at the 7-amino position. This compound would
have the same molecular mass as PG-cefaclor,
but with the extra phenylglycine at a different
position. The mass spectral data for impurities 2

and 3 supported the structures given in Fig. 10.

23 13

Impurity 2:
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Additional confirmation of the molecular
structure of impurity peaks 1-3 was obtained by
preparative HPLC isolation and off-line charac-
terization by NMR. Conditions for isolation and
NMR analysis are contained in the Experimental
section. Chemical shift assignments of the proton
and carbon NMR spectra for the three isolated
impurites are given in Table I. These data
confirm the structures as those given in Fig. 10.

Formulation analysis

The presence of excipients in formulations
such as oral suspensions adds the complication of
distinguishing peaks due to excipients from those
due to impurities. If the excipients in a formula-
tion are known, their retention and UV response
under the gradient HPLC conditions can be
compared to suspect peaks in the sample. Even

24 26 [+]
25

C-phenylglycyl cefaclor

Impurity 3: N,N'-diphenylglycyl cefaclor

Fig. 10. Structures of impurities 1-3 in source C cefaclor.
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TABLE I

'H AND “C NMR ASSIGNMENTS OF CEFACLOR AND IMPURITIES FROM SOURCE C (IN [’H {DIMETHYL
SULFOXIDE)

PC first line; 'H second line; values in ppm vs. tetramethylsilane. n.a. = Not assigned; n.m. = not measured; — = not applicable.
Site” Cefaclor 1 2 3
2 30.07 n.m. 29.72 29.88
3.87, 3.58 3.85, 3.58 3.78, 3.49 3.86, 3.59
2-COOH 161.61 n.m. 159.57 161.57
3 121.03 n.m. 118.03 120.91
4 125.56 n.m. 127.48 125.30
6 57.29 n.m. 57.32 57.33
5.15 5.07 5.08 5.08
7 58.90 n.m. 58.74 58.58
5.82 5.69 5.70 5.69
8 163.17 n.m. 162.24 163.69
9 - n.m. - -
9.64 9.40 9.64 9.33
10 168.45 n.m. 168.57 170.08
11 55.69 n.m. 55.56 55.83
5.06 5.67 5.04 5.55
12 133.57 n.m. 133.66 137.59
13,17 128.06 n.m. n.a. 127.07
7.54 n.a. n.a. 7.29
14,16 128.91 n.m, n.a. n.a.
7.44 n.a. n.a. n.a.
15 129.54 n.m. n.a. n.a.
7.44 n.a. n.a. n.a.
18 - - - -
8.78 9.32 8.72 9.06
19 - n.m. 171.14 168.74
20 - n.m, 56.45 55.83
- 5.12 5.48 5.82
21 - n.m. 137.05 138.07
22,26 - n.m. n.a. 127.31
- n.a. n.a. 7.29
23,25 - n.m. n.a. n.a.
- n.a. n.a. n.a.
24 - n.m. n.a. n.a.
- n.a. n.a. n.a.
27 - - - -
- 8.63 - 9.20
28 - - - 166.79
29 - - - 55.16
- - - 5.11

(Continued on p. 172)
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TABLE I (continued)
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Site® Cefaclor 1 2 3
30 - - - 133.99
31,35 - - - 127.86
- - - 7.43
32,34 - - - n.a.
- - - n.a.
35 - - - n.a.
- - - n.a.
36 - - - -
- - - 8.60

“ See Fig. 10 for numbering.

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

Total
Impuritles
7.2%

Absorbance
.

0 5 10 15 2 25 30 35 40 45 50
Time (minutes)
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 Fig. 12.

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

0.6
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Fig. 12. Comparison of excipient and sample component UV
spectra.
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Fig. 13. Impurity profile for cefaclor granule formulation.

Wavelength 220 nm. P =Process-related impurity; D=

degradation product.

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.

CONCLUSIONS

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.
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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 ug/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-um packing.

INTRODUCTION i, -

Terazosin monohydrochloride dihydrate is an cH,0 MLN’\ CHy0 N)‘a
active antihypertensive agent commercially NG
known as Hytrin (1).

. . NH,
Chemically the drug substance is 2-(4-[2- o0 O\/\N s ao NH, G
. . . 3 N
tetrahydrofur'c‘lnylca‘rbon).'l]—1-p1perazmyl)-6,7-.dl- o P o cH;oIiI: X~ o
methoxy-4-quinazolinamine monohydrochloride Y v,

. . . CH 0" ¥cH
dihydrate. The compound is prepared via a tnan :
multistep synthesis and therefore the possibility
of by-product formation exists. Several of these CHyO COM o Hy H

. . . . 3 N
potential by-products have been identified in cu,ojij ¢ o )N,\ o
bulk terazosin and represent a range of size and N ’ N NEN Y
polarity (Fig. 1). “" o
NHZ o NH, NH, I
CH, D CH,0,
e n THCL »2Hy0 cnomw\ 0 mN
3 N CH;0 N N’\ °
2N O M
CHy0 N N/\ o -
o~
NH, NH,
o CH;0. ~y E CH;0. N 3]
. ‘ . : P A

The effectiveness of terazosin as an antihyper- CH,0 NZTNTY 9 CHyO N @N\(“)

tensive agent is reported elsewhere in the litera- TCoCHs C@
CH,
* Corresponding author. Fig. 1. Potential by-products of terazosin synthesis.
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ture [1-6]. Various HPLC methods have been
reported for the determination of terazosin and
other quinazolinamines and their metabolites [7-
9]. This paper describes the use of HPLC for the
quantitation of minor impurities which can occur
in terazosin bulk drug. The procedure is used to
detect and quantitate potential manufacturing
impurities and degradation products. The tech-
nique allows the direct determination of these
materials without derivatization. In this work a
reversed-phase chromatographic column and iso-
cratic elution are used to achieve the required
resolution of the drug substance and various
impurities. This approach provides reliable
quantitation of minor impurities which show
marked differences in retention on different
stationary phases.

EXPERIMENTAL

Apparatus

The HPLC system consisted of a Spectra-
Physics isocratic pump (Spectra-Physics, Santa
Clara, CA, USA), an autosampler (Waters,
Milford, MA, USA), a variable wavelength
ultraviolet detector Spectra 100 (Spectra-Physics)
and a Model CR 4A data handling system
(Shimadzu, Kyoto, Japan). Chromatographic
separations described in the method were made
using 5-um Zorbax Rx C; columns measuring 15
cm X 4.6 mm 1.D. (Mac Mod, Chadds Ford, PA,
USA). Additional columns used included u-
Bondapak C,; (10 wm) measuring 30 cm X 3.9
mm 1.D. (Waters), Nucleosil C,; (5 um) measur-
ing 15 cm X 4.6 mm L.D. (Macherey-Nagel,
Diren, Germany). Bakerbond C, wide-pore (5
um) measuring 25 cm X 4.6 mm LD. (J.T.
Baker, Philipsburg, NJ, USA), Versapak C; (5
um) measuring 30 cm X 4.0 mm L.D. (Alltech,
Deerfield, IL, USA) and a Serva Techsphere Cq
(5 wm) measuring 25 cm X 4.6 mm (Serva
Biochemicals, Paramus, NJ, USA).

Prior to use, the components of the eluent
were filtered through 0.45-wm nylon membranes
" (Alltech).

Reagents
Acetonitrile and isopropanol were UV grade,
distilled in glass, from Fisher Scientific (Fair
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Lawn, NJ, USA). 3,4-Dimethoxybenzoic acid,
citric acid and sodium citrate dihydrate were
reagent grade and were from Aldrich (Mil-
waukee, WI, USA). A 0.05 M solution of sodi-
um citrate and citric acid prepared in deionized
water was used in the HPLC eluent (pH = 4.4).
All bulk drugs, reference standards and related
impurity standards were synthesized at Abbott
Laboratories (North Chicago, IL, USA). A 0.2
mg/ml solution of 3,4-dimethoxybenzoic acid in
methanol was used as internal standard.

The eluent consisted of 175 ml of acetonitrile,
50 ml of isopropyl alcohol and 1775 ml of 0.05 M
citrate buffer.

Instrument conditions

Instrument parameters were as follows: flow-
rate, 2.0 ml/min; pressure, approximately 1500
p-s.i. (1 p.s.i. = 6894.76 Pa); detector, 254 nm at
0.10 a.u.f.s., attenuation at 16, ambient tem-
perature (ca. 22°C) and an injection volume of
50 wl.

Analytical procedure

Terazosin bulk drug samples were prepared by
dissolving approximately 100 mg of the drug
substance in 100 ml of 90% citrate buffer and
10% acetonitrile containing 10 ml of internal
standard solution. Impurity standards for im-
purities A, F, I and J were prepared at a
concentration of 0.01 mg/ml (1% level in the
same matrix). The amounts of these impurities
were determined in the sample by comparing the
corresponding peak area ratio (PAR) (i.e., peak
arca/peak area of internal standard) in the
sample and standard preparations. All other
impurities were determined by comparing the
peak area ratio for the impurity in the sample
preparation to that of terazosin at the 1% level.

RESULTS AND DISCUSSION

The HPLC conditions described in the text
were developed to resolve the drug substance,
manufacturing impurities and the predominant
degradation product (impurity A). Shown in Fig.
1 are the possible manufacturing impurities iden-
tified in the course of this work. Fig. 2 shows the
degradation pathway which leads to additional



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

NH,
CH;0 N
)
CH;0 N'J“N’\ I(I)
NC
0
HCl  2H,0
NH,
CH,;0 SN il
A * o)
CH;0 NZ N

_Nu

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

TABLE 1
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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-Cq 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-C; 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.

PRECISION DATA FOR IMPURITIES ANALYSIS IN BULK TERAZOSIN

Impurity mg Found
Compound A Compound F Compound I Compound J
Analyst I
mg Added 6.45 9.97 9.25 11.23
Equivalent impurity level (%) 0.32 0.50 0.46 0.56
Mean 6.306 10.168 9.282 11.124
S.D. 0.053 0.051 0.011 0.138
R.8.D. (%) 0.84 0.50 0.12 1.24
Analyst II
mg Added 9.5 12.9 11.3 10.3
Equivalent impurity level (%) 0.48 0.64 0.56 0.52
Mean 9.462 13.064 11.308 10.276
Std. Dev. 0.073 0.116 0.122 0.049
Rel. Std. Dev. % 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 pg/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 wg/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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E
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cH
Synthetic Mixture
(] 10 20 30 40 50 60
Terazosin
A
C
D
B E
F G H
60

Actual Drug Lot 0 10 20 30 40 30
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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

70

70

Fig. 3. Chromatograms of synthetic mixture and actual drug lot on Zorbax Rx C, 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 C,; (All-
tech and Macherey Nagel), Bakerbond C,, Ver-
sapak C,,, n-Bondapak C,q, Servo Techsphere
C, and Zorbax Rx-C,] 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-

e

AC

=

[Terazosin

G 100 20 30 40 0 60 T 80

AC
P + Terazosin

=

20 3¢

Fig. 4.
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tered with impurities I and J. Depending on the
column used, this pair of impurities could either
co-clute 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-C,
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

M

Terazosin

*—JM -
0 10 20 30 4 50 60 70 80

(Continued on p. 180)
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Fig. 4. Chromatograms of synthetic mixture on various packings. 1 = Alltech Nucleosil C,4; 2= Macherey Nagel Nucleosil C,; -
3=Bakerbond C,; 4=Versapak C,,; 5=Bakerbond C,; 6=Waters u-Bondapak C,; 7=Serva Techsphere C,. Numbers
indicate time (min).

TABLE II

PERFORMANCE OF VARIOUS REVERSED-PHASE PACKINGS FOR TERAZOSIN LATE ELUTING IMPURITY
SEPARATION

Source Packing Column dimension Resolution factor
for impurities I and J

Alltech Nucleosil C,; (5 pm) 15cm X 4.6 mm Co-elute
Macherey Nagel Nucleosil C,q (5 pm) 12.5cm X 4.0 mm Co-clute
Waters p-Bondapak C,; (10 um) 30cm X 3.9mm 1

Baker Bakerbond C, (5§ um) 25cm X 4.6 mm 0.9
Serva Techsphere C, (5 wm) 25cm X 4.6 mm Co-elute

Zorbax Rx Cy (5 um) 1Scm X 4.6 mm 2.4
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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 ez al. [10],
and Smallidge et al. [11]. Torel et al. [12] have
analysed feed premixes containing sodium sul-

* Corresponding author.
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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

© 1993 Elsevier Science Publishers BV. All rights reserved
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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 ml1 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 m! 0.02 M H,PO,—CH,CN (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 Messgerite 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 1.D.) and guard column (stainless
steel, 2.0 cmXx4.6 mm I.D.) were packed
with 5-um particles of Supelcosil-LC-18-DB
(Supelco, Bellafonte, PA, USA).

The mobile phase was 0.01 M aqueous
Na,HPO, pH 2.8-0.1% triethylamine in CH,CN
(79:21) at a flow-rate of 0.9 ml/min. Aliquots of
10 wl 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 Na,HPO,, pH 3-CH,CN (80:20). The
pH in the Na,HPO, solution was adjusted with 5
M H,PO,. The sample was well mixed, and an
aliquot of 500 ul was filtered through a Costar
spin-X centrifuge filter unit (low type) with 0.22-
pm cellulose acetate binding by centrifugation
for 1 min. Aliquots of 10 ul 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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Fig. 1. Chromatograms of extracts from 1 g fish feed for the
determination of sulfadiazine (SD) and trimethoprim (TM)
with sulfadimidine as internal standard (IS). (A) Unspiked
fish feed. (B) Fish feed spiked with 5 mg/g sulfadiazine and 1
mg/g trimethoprim.

99%, the corresponding figures for trimethoprim
being 100 and 105%. The standard deviation
(8.D.) varied from 2.2 to 5.8%.

Table II shows the results of analysis of eight
parallel samples of fish feed prepared so as to
contain 5 mg/g sulfadiazine and 1 mg/g tri-
methoprim. The samples were found to actually
contain 5.12 mg/g sulfadiazine and 1.04 mg/g
trimethoprim on average, with an S.D. of 0.12
and 0.01, respectively.

TABLE 1
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Fig. 2. Chromatogram of extract of 1 g “real” sample of fish
feed containing sulfadiazine (SD) and trimethoprim (TM)
with sulfadimidine as internal standard. The sample contains
5.0 mg/g sulfadiazine and 1.0 mg/g trimethoprim.

McNally et al. [13] have previously published a
method for the determination of trimethoprim
and sulfadiazine in feed, in which the drugs are
extracted with methanol by repeated extractions
by slow rotation for 20 min, the procedure being
repeated four times. The method is simple
though time consuming. The present method is
also simple, as well as being rapid and robust,
and a large number of samples can easily be
dealt with per day.

RECOVERY OF SULFADIAZINE (SDZ) AND TRIMETHOPRIM (TM) FROM FISH FEED

Material No. of Amount Recovery (%)
samples in spiked
samples SDZ ™
(mg/g)
Mean S.D. Mean S.D.
Feed (1g) 8 1.25 96 39
8 5.0 9 33
8 0.25 105 5.8
8 1.0 100 22
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TABLE I

ACTUAL CONTENT OF SULFADIAZINE (SDZ) AND
TRIMETHOPRIM (TM) IN COMMERCIAL SAMPLES
OF MEDICATED FISH FEED

The fish feed was prepared so as to contain 5 mg/g sul-
fadiazine and 1 mg/g trimethoprim.

Sample No. Amount in samples (mg/g)

SDZ ™
1 5.05 1.06
2 5.22 1.05
3 5.20 1.04
4 5.25 1.05
5 5.01 1.03
6 5.21 1.04
7 4.93 1.03
8 5.07 1.04
Average 5.12 1.04
S.D. 0.12 0.01
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ABSTRACT

A preparative HPLC procedure to isolate picrocrocin, the compound responsible for the taste of saffron and precursor of the
aromatic safranal, and the mixture of yellow pigments from a saffron hydroalcoholic extract has been developed. A reversed-
phase C,, column was employed as the stationary phase. The best separation was obtained with 45% methanol, plus a 90%
acetonitrile pulse 3 min after starting the run, as mobile phase. To obtain the highest yield from the system, sample size was
increased up to 2 ml of 200 mg ml~! saffron extract; under such conditions a good resolution was obtained and picrocrocin and
saffron pigments were separated with a high purification yield and purity.

INTRODUCTION

Saffron is a very high-value spice obtained
from dried Crocus sativus stigmas. It is mainly
employed to provide colour and flavour to foods
[1,2]. The most important secondary metabolites
in saffron are picrocrocin and crocetin glycosyl
esters. Picrocrocin is a colourless bitter glyco-
side, responsible for the bitter taste of saffron
and precursor of safranal, the saffron aromatic.
This latter compound can be obtained from
picrocrocin by chemical or enzymatic hydrolysis
[1,3-6]. In fact, picrocrocin has potential value
as a food additive, to provide aroma and flavour.
The yellow-red pigments of saffron are a mix-
ture of glycosides derived from the polyene
dicarboxylic acid crocetin, in which glucose and
gentobiose occur as carbohydrate residues. Of
this group of substances the digentobiosyl ester
of crocetin, namely crocin, is the most abundant;
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other crocetin derivatives are designated crocin
ester 1 [crocetin (B-D-gentobiosyl)-(B-D-gluco-
syl) ester] and crocetin ester 2 [crocetin-mono-
(B-D-gentobiosyl) ester] [1,3,7,8]. The major
components of this mixture of pigments are
freely soluble in water, which is an important
advantage of the mixture for its use as a colour
additive in the food and pharmaceutical indus-
tries.

Analytical separation of saffron secondary
metabolites by TLC [4,9,10] and HPLC [2,8,
11,12] has been described. All these studies were
carried out for analytical purposes, but none of
them developed a preparative system for the
purification of saffron secondary metabolites. In
a previous study in our laboratory, isolation of
picrocrocin and pigments by preparative TLC
was achieved [13]. Purification results obtained
gave a good chromatographic purity and high
isolation yield for picrocrocin. However, the
operation time was long and the pigments were
strongly retained on the support, resulting in a
low purification yield. The aim of this work was

© 1993 Elsevier Science Publishers BV. All rights reserved
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to develop a simple and reproducible method to
isolate picrocrocin and the mixture of yellow
pigments from saffron by preparative HPLC.

EXPERIMENTAL

Materials

Dried saffron type “Mancha Superior” was
purchased from a local supplier and stored in the
dark at 4°C. Acetonitrile and methanol of HPLC
grade were from Romil. Water was double dis-
tilled and filtered through a Millipore system
(Milli-Q). All others reagents were analytical
grade and were used without further purification.

Sample preparation

Crude extract was obtained from saffron as
previously described [13]. Saffron was ground,
resuspended in 50% ethanol and stirred; the
vegetal tissue residue was discarded after cen-
trifugation. The hydroalcoholic extract obtained
was vacuum concentrated, and the aqueous
solution obtainéd was lyophilized and stored at
—20°C until use. Samples of extract (from 10 to
200 mg ml™") were prepared by dissolving the
lyophilized extract in water.

Method development

Preparative HPLC analyses were performed
on a Shimadzu HPLC system equipped with two
LC-8A pumps, injectors for analytical and pre-
parative runs, a UV-Vis spectrophotometric
detector (SPD-6AV) with analytical and prepara-
tive flow cells, an FCV-100B fraction collector
and a C-R4A Chromatopac integrator. Columns
used were 25 cm X 0.46 cm I.D. and 25 cm X
2.12 cm L.D. (Supelco) for the analytical-scale
(referred to below as the small-scale column) and
the preparative-scale assays, respectively, both
packed with Supelcosil PL C-18 (12 um particle
size). The standard mobile phase used for pre-
parative separation of picrocrocin and pigments
was isocratic 45% methanol, plus a 6-s pulse of
90% acetonitrile 3 min after starting the run.
The sample solution was manually injected with
a syringe. Flow-rates were 2 and 42 ml min~'
and sample sizes 20 pl and 2 ml for small-scale
and preparative assays, respectively. Picrocrocin
was detected at 250 nm and pigments at 440 nm
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for small-scale assays. As crocin elution could
also be detected at 250 nm, for preparative runs
all compounds were monitored at 250 nm. All
separations were performed at room tempera-
ture.

The identification of saffron secondary metab-
olites was made by HPLC using commercial
crocin and previously purified picrocrocin [13] as
standards. Picrocrocin and crocin were quan-
tified using their molar absorptivities in water:
€5=10100 M~' cm™' [2] and e, =133750
M~ em™' [14], respectively.

Purity analysis

The purity of purified compounds was de-
termined by analytical HPLC using a Shimadzu
LC-6A chromatograph, equipped with a 150
mm X4 mm LD. Lichrosolv RP C;; (5 um
particle size) column from Merck, an automatic
injector (Shimadzu SIL 9A) and a photodiode-
array UV-Vis detector (Shimadzu SPD-MG6A).
The mobile phase employed was a linear gra-
dient of acetonitrile (20% to 55% within 10 min)
in water, sample size was 20 ul and flow-rate 1
ml min~'. Purification yield of picrocrocin
was determined by the ratio of the amount of
picrocrocin injected into the preparative column
and that recovered after purification. For the
pigments, only identification and quantitation of
crocin was possible, so the purification yield of
pigments was referred to as crocin yield, after
checking that in the purified pigments there were
no qualitative changes, that is the peak-area
ratios of the different compounds of the pigment
mixture were the same before and after the
purification process. The chromatographic purity
was determined as the percentage of peak area
corresponding to each compound with reference
to the total area integrated for all peaks in the
chromatogram.

RESULTS AND DISCUSSION

A C,; stationary phase, previously used for
the separation of saffron secondary metabolites
by different authors [2,8,11,12], was selected.
The most suitable mobile phase was determined
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after an analysis employing the small-scale sec-
tion of the preparative HPLC equipment. Sever-
al binary and ternary isocratic solvent systems
consisting of combinations of methanol, acetoni-
trile and water were assayed as eluents. Of
these, 50% (v/v) methanol was selected as op-
timum mobile phase for picrocrocin and pig-
ments separations, obtaining an analysis time
shorter than 8 min, with capacity factor (k')
values of 1.4, 2.8 and 7.2 for picrocrocin, crocin
and crocetin ester 1, respectively. The selectivity
coefficients (a) and resolution (R;) values be-
tween picrocrocin and crocin were 2.28 and 3.46,
and between crocin and crocetin ester 1, 1.92
and 3.32, respectively.

These separation conditions were applied to
the preparative column, keeping constant the
linear eluent velocity [15], which meant increas-
ing the flow-rate from 2 to 42 ml min~". How-
ever, it was not possible to elute the components
with the same resolution, because the retention
time was longer for all the components. Thus,
slight changes in the organic solvent concen-
tration of the mobile phase had to be made. With
the methanol concentration adjusted to 55%,
retention times were 2.1, 3.3 and 5.0 min for
picrocrocin, crocin and crocetin ester 1, respec-
tively; the remaining, more hydrophobic, pig-
ments were retained in the column, and their
elution with 55% methanol required the oper-
ation time to be eéxtended by up to 25 min.
Under these conditions it was possible to obtain
pure picrocrocin and crocin, which can be used
as standards.

A modification of the elution system consisting
in a reduction in the methanol concentration
from 55% to 45%, which increased the retention
time of pigments, and giving a 90% acetonitrile
pulse for 6 s 3 min after starting run, to facilitate
the elution of all the remaining pigments, was
assayed. Thus, picrocrocin was obtained at a
retention time of 2.8 min, and all the pigments
together, in the same fraction, at 5.2 min. The
run was finished after 7 min and initial conditions
achieved. Separation between these fractions
was about 2 min, which allowed an increase in
the amount of injected sample for every run.
Fig. 1 shows preparative HPLC chromatograms
for this latter system; picrocrocin was peak
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Time (min)
Fig. 1. Chromatograms of preparative separation of 10 mg
ml ™" saffron extract with 45% methanol, plus a 90% acetoni-
trile pulse 3 min after starting the run, as the mobile phase
(see text for peak identification).

number 6, while pigments were peaks numbers 9
and 10.

To obtain the highest yield of picrocrocin and
crocin with the preparative HPLC method de-
veloped, the separation was assayed with 2 ml of
10, 50, 100, 150 and 200 mg ml~! saffron extract.
According to the detector response, monitored
at 250 nm, fractions of picrocrocin and pigments
were collected from 2.6 to 3.2 min and from 4.9
to 6.5 min, respectively. These collected frac-
tions were analysed, after concentration, by an
analytical HPLC system equipped with a photo-
diode array UV-Vis detector to determine chro-
matographic purity. Chromatograms obtained
are shown in Fig. 2. Peak numbers 6, 7 and 9 are
picrocrocin, crocin and crocetin ester 1, respec-
tively; purified picrocrocin fraction (a) showed
only one peak and no other contaminant com-
pounds were detected in significant amounts,
while the pigments fraction showed peaks corre-
sponding to crocin and crocetin ester 1 and other
yellow pigments derived from crocetin.

Purification yields of 80% and 99% were
achieved for picrocrocin and pigments, respec-
tively, and no significant changes in these values
were obtained for the different sample sizes
assayed. Chromatographic purity for picrocrocin
was always over 95%. An increase in picrocrocin
purification yield was difficult due to the appear-
ance of a minor yellow pigment, more hydro-
philic than crocin, which was eluted slightly
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Fig. 2. Analytical HPLC chromatograms before and after the
purification process. (A) Saffron extract at 250 nm and (B)
picrocrocin fraction at 250 nm (a) and pigments mixture
fraction at 440 nm (b) (see text for peak identification).

before picrocrocin. Thus, to maintain a chro-
matographic purity of 95% the purification yield
had to be reduced to 80%. The purified com-
pounds were lyophilized before storage and no
degradation was observed after 6 months’ stor-
age at —20°C.

Finally, the system employed allows the injec-
tion and elution process to be automated. Thus 2
ml of 200 mg ml™' saffron extract could be
injected into the column every 8 min, i.e. 7.5
runs every hour of continuous operation. This
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estimation means that 0.51 g h™' picrocrocin
could be obtained.

In conclusion, a simple, efficient and re-
producible method for the purification picro-
crocin and saffron pigments by preparative
HPLC has been developed. In addition, the
results reported in the present work are a contri-
bution to the possible industrial use of picro-
crocin and saffron pigments separately.
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ABSTRACT

The use of mercuric oxide reduction gas detection (RGD) for the passive sampling and capillary gas chromatographic
determination of low concentrations of volatile organic compounds (<C,) in ambient air is described. Sampling times are
significantly reduced, compared with those required by the use of a flame ionization detector, due to the high sensitivity of RGD.
The RGD signal due to the build-up of artifacts on polymeric sampling matrices during storage has also been investigated for
Tenax-TA, Tenax-GR, Carbotrap and Chromosorb 106. The problem is at a minimum with Tenax-TA and GR, is more acute
with Carbotrap, and is so severe with Chromosorb 106 that it prevents the use of this material for this application.

INTRODUCTION

Few volatile organic compounds (VOCs) are
toxic in their own right at the concentrations
found in the ambient atmosphere. Their main
contribution to air pollution stems from their
atmospheric reactions which lead to the forma-
tion of oxidizing species including peroxyacetyl
nitrate (PAN), hydrogen peroxide and, especial-
ly, ozone [1]. Since the more reactive hydro-
carbons (particularly the alkenes) have much
higher potentials for tropospheric ozone forma-
tion than the non-reactive hydrocarbons (e.g.,
alkanes) [2], the priority in atmospheric moni-
toring programmes which focus on photochemi-
cal ozone production is the speciation and
quantitation of the reactive VOCs. Under some
circumstances it would therefore be advantage-
ous to utilize a detection system that has en-
hanced sensitivity towards alkenes but is rela-
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0021-9673/93/$06.00

tively insensitive to alkanes and other less reac-
tive VOC species. This would result in a less
complex chromatogram from an ambient air
sample than is- obtained with other universal
detectors, for example the flame ionization de-
tector, and so simplify peak identification.
Passive samplers were initially developed for
the measurement of time-weighted average per-
sonal exposures to airborne contaminants in the
workplace. Due to their many advantages over
conventional pump samplers [3], passive sam-
plers have also been employed for the moni-
toring of low concentrations [ppb (v/v) or ppt
(v/v) mixing ratios] of organic vapours in am-
bient air in recent years [4,5]. However a major
limitation of their use for this purpose is the
increase in the blank signal due to the formation
of artifacts on adsorbents during storage and
exposure [6]. The long sampling periods necessi-
tated by the very low sampling rates of passive
samplers accentuates the problems of contamina-
tion and artifact formation. Although blank
levels can be minimized by meticulous condition-

© 1993 Elsevier Science Publishers BV. All rights reserved
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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 H, [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 C, with high resolution, but
the peak shapes for compounds above Cg (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 C,—C, alkenes (qualitative) and C,—C,
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,0,/KCl) 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-
Flmer 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
pm), specific surface area 20 m*/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
pm), specific surface area 100 m*/g, Supelco] is
a graphitized carbon black. Tenax-GR (60-80
mesh, specific surface area 20-100 m”/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 m”/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
ml/min 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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TABLE 1

IDEAL UPTAKE RATES OF DIFFERENT HYDRO-
CARBONS FOR PERKIN-ELMER DIFFUSION TUBE

Compounds Uptake rates [ng/(ppm - min)]
1-Pentene 1.76
Isoprene 1.75
1-Hexene 1.87
Benzene 1.99

to sampling and during storage of exposed tubes
prior to analysis. The passive sampling tubes
were placed vertically with the open end down-
wards in a variety of outdoor locations and
exposed for about 15 h. The concentrations of
organic compounds in air were calculated using
the following expression [3]:

Analyte concentration (ppm) =

mass uptake (ng)
uptake rate [ng/(ppm - min)] X exposure time (min)
)

The uptake rate in eqn. 2 was calculated using
the following equation [3]

DA
Uptake rate [ng/(ppm/min)] = I 3)

where D is the diffusion coefficient in air
(cm2/ s), obtainable from the literature [17,18] or
calculable for each analyte according to the
Hirschfelder method (see ref. 18); A is the cross-
sectional area of the diffusion tube (=0.181 cm?®
for Perkin-Elmer diffusion tubes); and L is the
diffusion length of the tube. The calculated
uptake rates are shown in Table 1.

RESULTS AND DISCUSSION

RGD signals resulting from system
contamination and the formation of adsorbent
artifacts

Passive sampling methods based upon adsorp-
tion onto a polymeric matrix and GC analytical
systems are both susceptible to contamination
problems, giving rise to unwanted detector sig-
nals. This was investigated with high-sensitivity
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RGD by packing sampling tubes with different
adsorbents, rigorously conditioning them as for
field use and sealing with Swagelok caps. After
storage for about 15 h they were thermally
desorbed and analysed by the GC-RGD system
as described above. The blank chromatograms
before and after storage are shown in Figs. 2 and
3, respectively. The RGD response to impurities
in the carrier gas and contamination of the TCT-
GC system was also determined, and a typical
chromatogram is shown in Fig. 2.

It can be seen from Fig. 2 that the high
sensitivity of the RGD leads to large blank
signals. The response due to system contamina-
tion is therefore much larger than that observed
using conventional FID [14]. Tenax-TA, Tenax-
GR and Carbotrap are seen to be very clean
after conditioning, most of the blank signal being
due to system contamination rather than being
due to the adsorbants themselves, with the
exception of the large, broad and tailing benzene
peak at a retention time of 17 min. Although the
latter part of the chromatogram for Chromosorb
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Fig. 2. Chromatograms of blank signals from RGD for
different adsorbents before storage. GC conditions: 160°C (8
min) to 180°C at 3°C/min.
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Fig. 3. Chromatograms of blank build-up signals from RGD
for different adsorbents after storage for about 15 h. GC
conditions: 160°C (8 min) to 180°C at 3°C/min.

106 is relatively clean, there is considerable noise
between retention times of 3 and 7 min, and this
adsorbent may therefore not be suitable for the
sampling and analysis of compounds (C,-C,)
which elute in this range.

Fig. 3 shows the chromatograms resulting from
different adsorbents after storage for 15 h. All
four adsorbents showed increased levels of con-
tamination to different extents, with Tenax-TA
producing the least noisy signal and Chromosorb
106 (especially in the initial part of the chromato-
gram) the most. It is unlikely these peaks repre-
sent contaminants from ambient air, adsorbed
during storage, since the tubes were sealed
tightly with Swagelok caps [6]. Rather it seems
likely they represent compounds generated with-
in the adsorbents themselves during storage,
possibly by degradation of the polymers and
low-molecular-weight polymers (by-products)
and impurities in the technical-grade reagents
used for polymer production, or oxidation of the
polymers and the by-products by the residual
reactive inorganic gases (e.g., ozone) within the

tube. This is less likely since the tubes were
purged with helium at high temperatures for 16
h. Such artifact formation processes may be
unavoidable, and reduction of the sampling and
storage periods to the minimum practicable may
be the only way to minimize the problem.

Passive sampling of VOCs in ambient air

Fig. 4 shows representative chromatograms of
samples collected with different adsorbents by
exposure for about 15 h to ambient air at the
same site. The scale differences of the chromato-
grams should be taken into account when com-
paring Figs. 2 and 3 with Fig. 4. The amounts of
analytes adsorbed onto Tenax-TA are relatively
small, compared with the blank build-up signal
(shown in Fig. 3), due to the weak adsorption
affinity of Tenax-TA for the light hydrocarbons
(=C¢). For Tenax-GR and Carbotrap, the
amounts of compounds adsorbed onto the adsor-
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Fig. 4. Chromatograms of passive sampling of VOCs in
ambient air for about 15 h for different adsorbents from
RGD. GC conditions: 160°C (8 min) to 180°C at 3°C/min.
Peaks: 1=propylene; 2=1-butene; 3=1-pentene; 4=
isoprene; 5= 1-hexene; 6 = benzene.
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bents are significant compared with their corre-
sponding blank build-up values. In the case of
Chromosorb 106, the amounts of most com-
pounds adsorbed are similar to their blank build-
up values. Chromosorb 106 and Tenax-TA may
therefore not be suitable for this purpose. The
other disadvantage of using Chromosorb 106 is
that its thermal desorption gives rise to signifi-
cant amounts of higher-molecular-weight com-
pounds (=C,,) on the GC column to which
RGD is sensitive and which must then be re-
moved by lengthy column conditioning.

Because the passive sampling technique may
not be suitable for the sampling of very light
hydrocarbons (C=<3) due to their extremely
high volatility [19], and the trapping efficiency of
the TCT capillary cold trap for very light hydro-
carbons (C=<4) decreases significantly with in-
creasing carrier gas flow-rate [14], propylene and
1-butene were not quantified although they are
clearly identifiable in the chromatogram. The
concentrations of 1-pentene, isoprene, 1-hexene
and benzene in ambient air samples collected on
Tenax-GR and Carbotrap were calculated by
substracting their corresponding blank signals
using eqn. 2 above. The results are summarized
in Table II.

It can be seen from Table II that the concen-
trations of the four selected hydrocarbons vary
from as low as 0.03 ppb for isoprene to as high as
1.0 ppb for benzene in the 17 samples collected
at this site. The sources of the olefins and
benzene in rural air will include vehicle exhaust

TABLE II

TYPICAL CONCENTRATIONS OF SELECTED POLLU-
TANTS IN AMBIENT AIR IN NORTH-WEST ENG-
LAND

Compounds Concentrations (ppb)

n’ Range Mean
1-Pentene 18 0.06-0.28 0.16
Isoprene 17 0.03-0.19 0.08
1-Hexene 18 0.04-0.19 0.09
Benzene 17 0.15-1.0 0.41

“n =Number of samples.

emissions, fuel leakage and evaporation, solvent
evaporation and industrial emissions, with re-
sultant concentrations lower than those observed
in urban source areas. Isoprene is the predomi-
nant hydrocarbon emitted by a number of de-
ciduous trees and other plant species [20] but its
low concentrations may be attributed to the low
density of trees in north-west England and to the
lack of photosynthetic activity, low temperatures
and light intensities prevailing during the sam-
pling periods.

Comparisons between the chromatograms from
RGD with those from FID

Fig. 5 shows the typical GC-FID chromato-
grams obtained from passive sampling of VOCs
in ambient air for Carbotrap and from its blank
build-up. Compared with the RGD chromato-
grams shown in Fig. 4, it can be seen clearly that
the chromatograms from RGD looks more sim-
ple than those from FID due to the high selec-
tivity of RGD, and many alkanes detected by
FID have no or extremely low responses in
RGD. Because of the high sensitivity of RGD,
the corresponding peaks from the RGD chro-
matograms are much higher than those from the
FID chromatogram, even though the sampling

65
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Fig. 5. (a) Chromatogram of passive sampling of VOCs in
ambient air for about 4 days for Carbotrap from GC-FID;
(b) chromatogram of Carbotrap blank build-up for about 4
days from FID. GC conditions: 160°C (5 min) to 200°C at
5°C/min. Peaks: 1 = propane; 2 = propene; 3 = n-butane; 4 =
1-butene; S =n-pentane; 6= 1-pentene; 7 =isoprene; 8=
n-hexane; 9 = 1-hexene; 10 = benzene.
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time for FID is about 8 times longer than for
RGD. The present version of RGD was original-
ly designed for use with packed GC columns, not
capillary columns, and therefore the peak res-
olution from RGD is not optimum. This may be
improved significantly by designing a micro-
RGD system with minimum dead volume.

CONCLUSIONS

RGD is highly sensitive and selective for the
analysis of reactive hydrocarbons. Here, its use
for the determination of four selected VOCs in
rural ambient air, using passive sampling, ther-
mal desorption and capillary GC separation has
been demonstrated. Sampling times were sig-
nificantly reduced compared with those neces-
sary with FID, due to the high sensitivity of the
detector. Further development of the use of this
detector for capillary GC environmental analysis
is certainly warranted.

The RGD responses to the blank signals
resulting from the use of four adsorbents (Tenax-
TA, Tenax-GR, Carbotrap and Chromosorb
106) have also been investigated. The problem is
at a minimum with Tenax-TA and GR, is more
acute with Carbotrap, and is so severe with
Chromosorb 106 that it prevents the use of this
material for this application.
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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 ug/kg
for vinyl chloride to <0.005 pg/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 ug/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-ul positive displacement syringe.
The fiber is extended only during sampling or
desorption of the analyte.

* Corresponding author.

0021-9673/93/$06.00

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

© 1993 Elsevier Science Publishers B.V. 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 pwm 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 L.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 alignment tube

Stainless-steel
insert

0.53 mm I.D.
deactivated
fused-silica tube

Fig. 1. On-column stainless-steel injector insert and align-
ment tube for smooth insertion of SPME fiber into 0.53 mm
L.D. deactivated fused-silica tubing.
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replaced by a 6.5 cm length of 2.1 mm LD.
stainless-steel tubing machined to 4.43 mm O.D.
The upper end of the tube was drilled to 2.5 mm
I.D. for a depth of 2.3 cm to accommodate a
glass 0.53 mm to 0.53 mm press-fit capillary
column union (Chromfit, Chromatographic
Specialties, Brockville, Ontario, Canada) which
acted as an alignment tube for fiber insertion
into a 0.5 m X 0.53 mm L.D. piece of deactivated
fused-silica tubing for desorption. The constric-
tion in this union is wide enough to permit
passage of the fiber assembly. For this purpose
the union can also be prepared by carefully
drawing out a piece of 2 mm pyrex tubing,
cutting to 2 cm in length and fire-polishing the
ends. The cap seal of the injector was enlarged
to 9.53 mm L.D. to a depth of 6 mm to allow
deeper entry of the SGE syringe. The Varian
injector needle seal accommodated the SGE
syringe but not the Hamilton syringe. For the
latter syringe a 9.53 mm diameter HT-9 septum
(Alltech, Deerfield, IL, USA) was modified to
provide a needle seal using a short piece of 1.5
mm O.D. X 0.3 mm [.D. PTFE tubing flared at
one end, inserted through a hole pierced in the
center of the septum, and cut off flush. With the
fiber assembly adjusted as described above, the

TABLE I
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syringe end of the fiber will be positioned 2.0 to
2.5 cm into the 0.53 mm deactivated tubing.

The halogenated analytes were separated on a
0.32 m X 30 mm DB-624 (J&W Scientific, Fol-
som, CA, USA) fused-silica capillary column
(1.8-um film) which was connected to the 0.5 m
fused-silica tubing described above using a press-
fit capillary column union. The exit of the GC
column was connected to the detector by a 0.3 m
length of 0.25 mm I.D. deactivated fused-silica
tubing which was inserted 3-4 mm into the 0.5
mm 1.D. nickel reactor tube. Helium at 2 ml/
min (41 cm/s) was used as a carrier gas. The
analytes were desorbed from the fiber in the
injector by a temperature program from 0 to
250°C at 60°C/min with a 28-min hold. The oven
was programmed from —40°C (2 min hold) for
SPME desorption [ ~ 60°C (1.6 min hold) for gas
sampling] to 30°C at 50°C/min and then to 250°C
at 8°C/min (2 min hold). The detector base was
at 250°C and the reactor at 850°C.

Standards

The volatiles determined and studied are listed
in Table I. Primary stock solutions of standards
were prepared as described by Environmental

VOLATILES STUDIED IN ORDER OF ELUTION AND THEIR REFERENCE NUMBERS

Volatile No. Volatile No.
Vinyl chloride 1 Chlorodibromomethane 18
Methyl bromide 2 1,2-Dibromoethane 19
1,1-Dichloroethylene 3 Chlorobenzene 20
Dichloromethane 4 Bromoform 21
trans-1,2-Dichloroethylene 5 Bromobenzene 22
1,1-Dichloroethane 6 o-Chlorotoluene 23
cis-1,2-Dichloroethylene 7 p-Chlorotoluene 24
Chloroform 8 p-Dichlorobenzene 25
1,1,1-Trichloroethane 9 o-Dichlorobenzene 26
Carbon tetrachloride 10 1,2-Dibromo-3-chloropropane 27
1,2-Dichloroethane 11 1,2,4-Trichlorobenzene 28
Trichloroethylene 12 1,2,3-Trichlorobenzene 29
1,2-Dichloropropane 13 1,2,4,5-Tetrachlorobenzene 30
Dibromomethane 14 1,2,3,4-Tetrachlorobenzene 31
Bromodichloromethane 15 Pentachlorobenzene 32
1,1,2-Trichloroethane 16 Hexachlorobenzene 33
Tetrachloroethylene 17
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Protection Agency procedures [9] using chemi-
cals purchased separately to give standards of
about 2 mg/ml for each volatile. Hexachloro-
benzene was prepared separately in acetone.
Secondary standards were prepared by dilution
of the primary standard in methanol to give
concentrations of 10, 2, 0.4, 0.08, and 0.016
wng/ml for each analyte. Methanol, suitable for
trace volatile analysis (Burdick and Jackson,
Muskegon, MI, USA) was used to prepare all
standards. Liquid chromatographic grade water
(Milli-Q system, Millipore, Bedford, MA, USA)
was used as required.

Headspace equipment and procedures

For headspace gas analysis and SPME sam-
pling, 30-ml crimp-top headspace vials (actual
capacity about 37 ml), 20 mm X 3 mm laminated
silicone-PTFE (0.25 mm) septa, and aluminum
seals (Supelco, Oakville, Ontario, Canada) were
used. PTFE-coated, 25 X 7.5 mm magnetic stir-
ring bars were used for stirring in the vials. The
stirring rate was set to give a vortex depth of 1
cm.

The 1-ml headspace gas sampling and injection
was conducted using equipment and procedures
described previously [10]. The modified injector
was used with this needle.

For headspace gas sampling by SPME, the vial
septum was prepierced in the center, if required,
with a sharp thin probe just before sampling to
facilitate insertion of the SPME syringe needle.
The needle was inserted so the spacer pushed
firmly on the septum surface and the fiber
assembly extended so the end of the fiber was
about 1 cm above the surface of the liquid. The
syringe was clamped in this position and the
stirring commenced. After 30 min the fiber
assembly was retracted, the syringe needle with-
drawn from the septum, the needle inserted into
the injector, the fiber extended, and the oven
and injector temperature programs started. The
fiber was left in place and desorbed for 15 min to
ensure total desorption of the least volatile
analytes. The procedure for liquid sampling by
SPME was only empioyed with clean water and
is the same as described above for SPME sam-
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pling of the headspace except that the end of the
fiber was positioned about 0.5 cm above the
stirring bar.

Studies in model systems

In these studies, unless noted otherwise, stir-
red vials containing 15 g of water and 6 g of
sodium chloride and optimized equilibration
times of 30 min and desorption times of 15 min
at 250°C were employed. The vials were sealed
and spiked through the septum using a 10-ul
syringe to give 30 ng of each volatile. The
resulting peak areas were either compared to
those of another study, to an aqueous standard
or to a 1-ul injection of the same volatiles at 1
pg/ml in cold (0°C) 2-pentane.

The relative sensitivity between headspace gas
syringe sampling and headspace SPME sampling
was studied. The sampled volatiles were either
injected or desorbed, respectively, as described
previously.

The repeatability of the headspace SPME-GC
procedure was studied using six vials each con-
taining 15 g of water, 6 g of sodium chloride and
a stirring bar.

The limits of detection (LODs) of the head-
spacc SPME-GC procedure were studied by
spiking vials with 3-ul aliquots of standards
containing 10, 2, 0.08, 0.04 and 0.016 pg/mi of
each analyte.

Vials with no added salt and 25 g of water,
required for complete fiber immersion, were
used to evaluate the effect of fiber position on
the analyte equilibration between the aqueous
solution, the headspace gas and the poly(di-
methylsiloxane) fiber coating. The SPME fiber
was inserted into the spiked water or into the
headspace over the water and equilibrated with
stirring for 0.75, 1.5 or 3 h.

The effect of dissolved salt on the liquid—gas—
solid equilibrium was studied with 6 g of either
anhydrous sodium sulfate, sodium chloride or
potassium chloride.

The decreases in sensitivity of the headspace
SPME procedure were studied using 1.5, 12, 58,
and 240 mg of a mixed vegetable oil as repre-
sentative non-polar lipid food components.
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Headspace SPME analysis of beverages and
finely divided dry foods

The procedures for obtaining various types of
beverage and food samples and their addition to
the headspace vials for volatile analysis have
been previously described [10-12] and were used
in this study.

To analyze beverages, other aqueous samples
or finely divided dry foods, three vials, each
containing a magnetic stirring bar, 6.0 g of
sodium chloride and loosely covered with the
laminated silicone—PTFE septum were cooled in
a water—ice bath for at least 15 min. For the dry
foods, 15 g of water was also added to each vial.
The cold liquid (4°C) or dry food (-—20°C)
samples were opened and, in succession, each
vial was tared on a top-loading balance, 15 g
aliquots of the liquid or 1.0 g sample of the dry
food were added and each vial immediately
sealed. After warming to room temperature, the
first vial was sampled by headspace SPME for 30
min and analyzed as described above. Halo-
genated analytes were identified by comparison
of retention times to those of external standards.
To provide quantitation of any detected GC
peaks and to evaluate the matrix effects on the
headspace partition of various analytes from a
particular sample, the second vial was spiked
through the septum using a 10-ul syringe to give
30 ng of each volatile and sampled by headspace
SPME as for the first sample. From the increase
in peak area of a particular analyte, the concen-
tration of that analyte in the sample can be
calculated. When the analyte peak is greater than
half that of the enhanced analyte peak (incurred
plus added analyte) then quantitation should be
conducted by a greater standard addition to the
third vial. If the analyte response is too great,
smaller, but representative samples of equal
weight, can be taken analyzed using appropriate
standard additions. Liquids are diluted in the
headspace vial with water to give 15 g total
liquid. Where the observed matrix effect on the
headspace partition for the sample is the same as
that for clean water, sample analytes can be
quantitated from aqueous external standards.

A limited survey of locally purchased foods
and beverages was conducted using headspace
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SPME-GC to study the analyte partitions and to
determine the levels of any incurred chlorinated
volatile contaminants.

RESULTS AND DISCUSSION

Headspace SPME-GC equipment

The SPME fiber assemblies were prepared
according to Potter and Pawliszyn [4] for use
with both the Hamilton and SGE syringes. The
SGE syringe, with a blunt 0.63 mm O.D. needle
was compatible with the existing Varian injector
needle seal. Needle seals were considered prefer-
able to septum injection which could inadver-
tently introduce pieces of septum into the GC
column. For the Hamilton syringe a needle seal
was fabricated in-house. All seals and syringes
were tested to ensure the absence of leaks as
suggested by Potter and Pawliszyn [4]. For best
repeatability, the same fiber was used for repli-
cate determinations as even two apparently
identical fibers extracted and desorbed slightly
different amounts of analytes from over identical
solutions. Coated fibers of 2 cm were found to
give peaks about twice those of the 1-cm fiber
but for convenience and ease of handling, 1-cm
fibers were used throughout. The constriction of
the press-fit capillary unions used in the injector,
permitted facile passage of the 30 gauge fiber
assembly of the Hamilton syringe in 8 of 10
unions evaluated yet only 3 of the 10 permitted
entry of the 28 gauge tubing required for the
SGE syringe.

With on-column cryofocussing, desorption of
the SPME fiber or headspace gas injection using
the gas-tight syringe in the modified injector
gave acceptable chromatograms for all analytes
as shown in Fig. 2A and B. Oven cryofocussing,
—60°C for the 1-ml headspace injection and
—40°C for the desorption, was required to re-
duce peak broadening of the early eluting peaks.
The peak widths were comparable to those
obtained from a 1-ul liquid injection in the same
injector. No carryover of undesorbed analytes
was observed when the fiber was desorbed for a
second time. The desorption temperature origi-
nally used was 230°C, however, when hexa-
chlorobenzene was later included as one of the
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Fig. 2. Chromatograms of: (A) volatiles (2 ng/ml each, peak
identities as in Table I) by headspace SPME over 15 ml NaCl
saturated water; (B) as in (A) but 1 ml of the headspace
injected; (C) as in (A) but at 0.016 ng/ml.

analytes, the desorption temperature was raised
to 250°C. This increased temperature also gave
complete desorption in 15 min. The equilibration
time of the analytes, including hexachloroben-
zene, between the liquid, gas and solid phases,
when spiked into the liquid and analyzed by
headspace SPME was found to be less than 30
min. Thus, when using the same SPME device,
samples could be equilibrated and desorbed
every 45 min. This turnaround time was only
slightly greater than that for the GC.

Because the vial septum consists of a 0.25 mm
thick PTFE layer on a silicone backing it was
important to evaluate possible analyte adsorp-
tion by the silicone once the PTFE layer was
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pierced. Therefore, five additional punctures
were made in the septum with a 20-gauge needle
but without needles to plug the punctures. Head-
space SPME analysis indicated about a 20% loss
attributed to the exposed silicone. Thus, the loss
to one puncture would be less than 5% and
possibly even less when the SPME needle was in
place in the puncture during the headspace
SPME sampling.

Table I lists the volatiles studied in our labora-
tory using the SPME technique. Other halo-
genated volatiles which may co-elute with or not
cleanly separate from those in Table I on the
30-m DB-624 column used in our studies were
not included. If required, two possible co-eluting
halogenated volatiles may be differentiated using
specific detectors or other capillary columns
capable of the desired separation.

Our interest in volatile halogenated contami-
nants concerns their determination in foods and
beverages. Arthur es al. [7] had demonstrated
the application of SPME to volatiles extracted
with the coated fiber positioned in water. Our
goal was to extend the application of SPME to
beverages or to suspensions of dry foods in
water. Except for clean water, however, sam-
pling foods or beverages with the SPME fiber
positioned in the liquid could possibly transfer
non-volatile food material adsorbed by, or
adhering to the fiber to the injector and the GC
column. Therefore, for food analysis, we chose
to evaluate SPME for sampling volatiles in the
headspace followed by desorption in the injector
and capillary GC separation with electrolytic
conductivity detection.

Studies in model systems

The results of the studies in model systems are
given in Table II with representative chromato-
grams presented in Fig. 2. The chromatograms
of the analytes desorbed from the coated fiber or
injected in 1 ml of headspace gas are shown in
Fig. 2A and B, respectively. The percentage of
each analyte transferred to the GC for analysis
using these two techniques is given in Table II.
Because of the different phase volumes, only 1
ml of the total 21.8 ml headspace gas is sampled
and determined, yet all of the analyte in the
0.6-u1 fiber coating is desorbed and determined.
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TABLE II
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STUDIES IN MODEL SYSTEMS: HEADSPACE SYRINGE VS. HEADSPACE SPME, THE EFFECT OF ADDED
SODIUM CHLORIDE, PRECISION (R.S.D.) BY SPME (r =6), LIMIT OF DETECTION (LOD, IN WATER), AND
MATRIX EFFECTS OF ADDED NON-POLAR MATERIAL (VS. WATER)

No. % of analyte % increase R.S.D. LOD Matrix effect
sampled with salt at (mg/kg) (% rec. from veg. oil vs. water)
by SPME 2uglkg
Syringe SMPE 1.5mg 12 mg 58 mg 240 mg

1 1.5 0.02 100 6.1 15 100 93.4 100 68.1

2 3.0 0.03 n.d’® 8.7 0.75 85.7 92.5 100 56.5

3 43 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 54.1 233

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 33 1.2 264 4.4 0.03 87.5 72.8 28.6 10.3
10 37 1.5 141 4.7 0.03 98.4 72.2 27.7 9.5
1 2.7 0.35 1160 51 0.15 114 75.8 56.0 23.3
12 2.9 1.9 353 4.1 0.02 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 53
20 1.8 6.9 642 39 0.02 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 0.02 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 39 0.01 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? 4.3 1318 3.8 0.03 76.7 19.6 3.8 0.9
28 tr. 46 258 5.3 0.002 222 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 31 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 33 0.3 0.2
33 - n.d. n.d. 152 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.

® tr. = Trace level found, <3 X baseline noise.
“ Not detected.

These results relate to the practical sensitivity of
each procedure and show the 1-ml headspace gas
sampling technique to be progressively more
sensitive as the volatility of the analyte, evi-
denced by earlier GC elution, increases. With
SPME, however, as the analyte mass increases,
the water solubility (polarity) and analyte vol-

atility decrease, and increasingly more of any
analyte that partitions into the headspace from
the liquid will be extracted by the non-polar fiber
and determined. SPME is progressively more
sensitive as the analyte volatility, evidenced by
later GC elution, decreases. Thus, headspace gas
sampling and headspace SPME can be consid-
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ered as complementary headspace sampling
procedures.

The adsorption of the analytes with the fiber
immersed in the water gave >90% of the peak
areas obtained when the fiber was suspended in
the headspace for the first 26 volatiles after 0.75
h. The later-eluting 7 volatiles gave 87-25% of
the headspace response. Increasing the equilibra-
tion time to 1.5 and 3.0 h increased the water
sampling to >90% of the headspace response
for the first 29 analytes, with the tetra-, penta-
and hexachlorobenzenes being found at 75-50%.
There was little difference between the 1.5- and
3.0-h results. This study demonstrates that the
liquid—solid (fiber in water) equilibration time is
slower than the liquid—gas—solid (fiber in head-
space) equilibration, even though the analytes
are added to the water.

Table II also shows the relative standard
deviation for replicate determinations from 15 ml
of water containing 30 ng of each target analyte
with all values below 10% except for cis-1,2-
dichloroethylene (No. 4, 35%) and hexachloro-
benzene (No. 33, 15.2%). The limit of detection
(LOD), defined as 3 X the baseline noise, de-
termined by headspace SPME in a 15-ml solution
of water are given in Table II and parallel the
percentage of each analyte sampled by head-
space SPME as discussed previously. These
LODs were extrapolated from several dilute
standards with the detector at attenuation 2.
Examples of these low detection limits for sever-
al of the less volatile analytes are shown in Fig.
2C. The limit of quantitation, defined as 10 X the
baseline noise, or about 3 X the LOD, can be
calculated from the LOD data.

The effects of aqueous saturation by various
salts on the partition of the analytes into the
coated fiber showed slightly smaller peaks for the
earlier-eluting volatiles with sodium sulfate satu-
ration compared to sodium chloride. The later-
eluting volatile peaks were comparable. Potas-
sium chloride gave smaller peaks for all the
volatiles. Table II shows increases of the head-
space SPME response by factors ranging from
about 70 to 2170% when water is saturated with
sodium chloride.

The matrix effects of increasing non-volatile
non-polar food constituents, represented in
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Table II by a mixed vegetable oil, are given as
the percent recovered compared to water. These
reduced recoveries are to be expected, as vege-
table oil, present in volumes of about 1.6 to 260
pl, competes with the 0.6-ul SPME fiber coating
for the non-polar volatiles. The more volatile
analytes are less affected by added oil as they
partition significantly into the gas phase in addi-
tion to the combined non-polar phases. When
large amounts, e.g., 1 g of lipid material, are
present, and 30 ng of each analyte are added,
then only the first 17 peaks are above the LOD.
The effects of proteinaceous material on the
partition into the headspace was not studied.

Analytical results for selected foods

Table III reports the halogenated volatiles
found in selected waters, fruit juices, fruit
drinks, soft drinks and milks. Products to which
water from public supplies could have been
added, including water itself and the beverages
listing water as an ingredient, were found to
contain by-products of the water chlorination
process, including chloroform (No. 8), bromo-
dichloromethane (No. 15) and chlorodibromo-
methane (No. 18). Chloroform was found at
levels ranging from 0.2 to 14.8 ug/kg. Of these
eight samples four also contained bromodi-
chloromethane. The other beverages in Table
III, not listing water as an ingredient, were the
grapefruit and the apple juice, and the three
milks. In these five products, chloroform found
was found only at low levels.

Standard addition provides for quantitation
but also permits an evaluation of the partition of
the target analytes between the SPME fiber and
the particular sample matrix (5 g sample aliquot,
10 g water and 6 g of sodium chloride). The
effect of non-polar non-volatile sample material
parallels that of the vegetable oil noted above for
Table 1I. Apple juice, the cola and ginger ale
soft drinks and the cranberry-raspberry drink
apparently contain little non-polar material as
the analyte partition of all but the last two
volatiles are generally >80%. The other juices
and drinks, however, contain non-polar volatile
and non-volatile material which reduce the parti-
tion of the volatiles into the fiber.

Of unique interest is d-limonene, a volatile
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TABLE III

HALOGENATED VOLATILES IN pg/kg FOUND IN SELECTED BEVERAGES (5 g+ 10 g WATER) AND THEIR
HEADSPACE SPME PARTITION (%, IN PARENTHESES) COMPARED TO CLEAN WATER (15 ml, 2 pg/kg)

No. Water® Fruit juice Soft drink Fruit drink Milk, % butterfat
Tap Bottled Pear Orange Apple Grape- Orange Cola Ginger Citrus Cranb Lemonade 0.1 2.0 3.4
fruit ale rasp.
1 - - [€3%)) (85.7) (111) (114)  (75.0) (100) (100) (100) (100) (109) (100) (60.0) (83.3)
2 - - (89.3) (96.3) (94.4) (132)  (78.5) (75) (75.0) (71.5) (95.2) (68.7) (88.0) (55.2) (85.7)
3 - - (109) (92.4) (106) (109)  (96.8) (90.4) (94.0) (96.6) (74.4) (100) (82.4) (29.4) (26.7)
4 - - 4.6(47.5) (89.9) (66.5) (96.7) (93.7) (118) (116) (98.5) (90.4) (109) (103) (66.8) (66.6)
5 - - (104) (90.1) (108) (106)  (103) (94.0) (95.8) (105) (86.0) 0.49(93.5) (77.2) (28.0) (21.5)
6 - - (98.3) (83.4) (102) (98.1) (94.5) (86.1) (91.8) (91.7) (82.4) (95.5) (81.3) (28.8) (23.8)
7 - - (95.4) (84.2) (102) (94.3) (88.9) (86.7) (94.4) (90.7) (84.9) (94.8) (73.2) (27.0) (20.1)
8 119 1.09 1.2(102)  2.18(86.5) 0.55(108) (92.3) 2.62(97.7) 10.8(104) 1.56(103) 7.20(128) 14.8(97.0) 0.20(94.2) 0.33(85.5) 1.25(27.9) (19.5)
9 - - (101) (62.6) (106) (86.7) (91.0) (73.6) (86.9) (87.2) (67.1) (95.1) (62.1) (12.3) (8.7)
10 - - 97.5) (68.3) (108) (94.5) (92.6) (81.2) (87.1) (85.5) (71.5) (94.2) (51.7) (8.6) (6.3)
11 - (105) (85.1) (117) (88.3) (86.5) 97.2) (103) (89.6) (90.2) (90.2) (86.5) (30.7) (32.2)
12 - (90.6) (74.7) (103) (88.9) (92.5) (84.5) (90.6) (90.6) (78.1) (94.3) (54.2) (9.6) (6.8)
13 (93.4) (78.7) (103) (87.0) (85.9) (86.3) (94.0) (89.9) (83.6) (91.3) (67.6) (16.3) (10.9)
14 (91.7) (79.9) (112) (85.5) (83.3) (112) (121) (87.6) (88.2) (84.2) (61.9) (25.8) (20.5)

._.
w
[ S B
e
w
=B
w
=1

1.2(97.1)  0.31(77.4) (106) (81.3) 1.72(94.2) (98) 0.82(108) (104) 4.7(96.0)  (90.6) (56.4)  (11.9) (8.9)
16 (89.3) (733)  (107) (772) (8.7  (912)  (103) (93.8) (85.7) (86.4) (59.4)  (12.2) (8.3)
17 (80.0) @7y (106) (74.1) (849)  (87.3)  (92.7)  (64.8) (77.8) (85.0) (332)  (3.5) 23)
18 (80.5) (66.1) (107 (73.0)  0.41(87.3) (96.7)  (113) (94.8) 1.8(91.7) (85.6) (40.8)  (1.7) (4.9)
9 - - (90.1) (748)  (113) (78.9) (87.5)  (98.9)  (111) (101) (90.0) (82.8) (55.6)  (10.4) (6.6)
20 010 - (69.2) (49.5)  (102) (64.8) (80.0)  (80.3)  (89.8)  (67.4)  (80.5)  0.09(86.0) (27.1) @7 (1.5)
2 - - (69.2) (56.9) (107 (63.5) (184)  (96.7)  (105) (92.5)  (87.0)  (83.5) (30.6) (5.3) 3.7
n - - (46.7) (32.1)  (105) 46.1) (67.8)  (83.3)  (93.4)  (51.6)  (812)  (72.0) (15.5) (1.0) (1.4)
23 - - (54.8) (295  (108) 439) (672)  (862)  (942)  (40.7)  (786)  (68.0) (14.9) (1.1) (0.6)
24 - - 47.5)  (243)  (106) @0.0) (€0.0)  (®2)  (02) (96 (189  (615) 2.7 (0.95) (0.5)
25 - - (39.4)  (222)  0.16(103) (34.6) (46.6)  (841)  (9B.7)  (63) (80.6)  (57.8) (10.8) (2.5) 0.5)
26 - - 0.02(38.6) (18.9) (102) (289) (535)  (788) (7)) (L) (79.1)  (56.5) (8.9) (1.4) (0.4)
27 - - (57.2)  (40.1) (102) (51.1) (67.9)  (90.9)  (98.7)  (680)  (85.8)  (70.8) (22.1) (2.4) a.1)
28 - - (23.9) (9.3 (111) (16.1) (32.4)  (948)  (100) (16.8) 85.1)  (322) (4.8) (0.45) (0.2)
29 - - (L) (1.4) (114) (13.4) (30.6)  (88.3)  (982)  (15.4) (82.0)  (31.6) 3.7 (0.40) (0.1)
3 - - (15.3) (4.4) (121) 86) @172)  (101) (106) (7.8) (89.8) (18.8) @n (0.20) (0.1)
31 - - (12.9) (3.5 (123) (1) (163)  (90.7)  (105) (7.8) (82.8) (18.1) (1.8) (0.18) (0.08)
R - - (5.8) 1.2) (110) @n 12 (71.6)  (101) (1.5) (71.2) (6.7) (0.7) (0.13) (-¥
3 - - 1) (0.4) (85) 07 (3.1) (34.1)  (65) (0.8) (34.3) (1.4) (0.2) (0.17) (-)

“ For water 15 g were analyzed. Partition data compared to clean water is 100% and is not reported.
b d-Limonene coelutes with p-dichlorobenzene and interferes its detector response.
¢ Peak not detected, partition not determined.

terpene associated with citrus products, which
co-elutes with p-dichlorobenzene and disrupts its
detection resulting in a small broadened peak for
this analyte. To demonstrate that limonene
causes this interference, an aqueous saline solu-
tion was spiked with 30 ng of each analyte and 1
mg of limonene, an amount chosen to slightly
exceed the amount of limonene in 5 ml of
processed orange juice [13]. The headspace
SPME sampling failed with the Hamilton syr-
inge, however, as the 0.3 mm O.D. fiber coating
swelled so that it could not be retracted into the
0.33 mm L.D. protective needle. The SGE
syringe, however, with the 0.37 mm LD. needle
readily accommodated the swollen fiber. The

fiber swelling was observed with limonene only
in model aqueous systems. Swelling was not
observed in 5-g orange juice samples, even when
spiked with limonene. Apparently non-volatile
lipid material in the orange juice reduced the
partition of limonene to the fiber. The swelling
of the fiber appeared to be limited, as up to 25
mg of limonene in the vial did not restrict the
fiber movement in the SGE syringe needle. The
analyte capacity of the swollen fiber more than
doubles for the more volatile analytes when
compared to the unswollen fiber. The adverse
chromatographic effects of limonene on the p-
dichlorobenzene peak noted above were accen-
tuated when limonene was present without juice.
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Furthermore, the preceding two peaks were also
broadened and not cleanly resolved. These find-
ings with limonene also suggest that competitive
adsorption, in which a benign volatile at high
concentration may block or displace a target
analyte from the fiber, is not an important
consideration in headspace SPME.

Headspace SPME chromatograms of an
orange juice, a cola soft drink and a fruit drink
from Table III containing trihalomethanes are
shown in Fig. 3A-C, respectively. There are no
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Fig. 3. Chromatograms of beverages, 5 g added to 10 ml of
water: (A) orange juice containing chloroform (No. 8) and
bromodichloromethane (No. 15); (B) cola soft drink con-
taining No. 8; (C) cranberry—raspberry drink containing Nos.
8, 15 and chlorodibromomethane (No. 18); (D) water blank
showing absence of interferences except for dichloromethane
(No. 4); (E) 3.4% butter fat milk containing chloroform; and
(F) as in (E) spiked at 4 ug/kg milk, only odd analytes
numbered, peak identities as in Table I. Attenuation for (A),
(B) and (C) 8 x ; others at 2 X .
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interferences evident. With the cola drink (Fig.
3B) there are a number of small peaks eluting
between 18 and 30 min which do not correlate
with any of the analytes studied. The chromato-
gram in Fig. 3D shows 15 ml of the blank water
used for dilution of the juices, drinks and the
milks at an attenuation of 2 X . Except for traces
of dichloromethane (No. 4), there are no inter-
ferences.

The headspace SPME responses for the milk
samples in Table III are reduced as the concen-
tration of the butterfat increases. Fig. 3E shows
the headspace SPME chromatogram at attenua-
tion 2 X from 5 g unspiked 3.4% butterfat (about
170 mg) milk in 10 ml of water. Chloroform (No.
8) at about 9.3 pug/kg is detected in this sample.
Fig. 3F shows this milk sample spiked with about
20 ng of each of the 33 analytes studied. An
approximate 5-fold reduction of the chloroform
response due to the butterfat is noted when Fig.
3F (milk at 2 x ) is compared to Fig. 3B (cola at
8 X ). Only about 10 of the volatiles in Fig. 3F
can be considered as greater than the limit of
quantitation (LOQ), others are between the
LOQ and the LOD, and the volatiles Nos. 32
and 33 are not detected. Although the matrix
effect varies considerably for the beverages
studied, headspace SPME-GC can still detect
and measure volatile contaminants at low ug/kg
levels.

Table IV reports similar data to that of Table
III for dry, finely divided foods. Most of these
foods are reported [14] to contain appreciable
lipid material: all-purpose white flour contains
about 1.0% fat, the biscuit mix about 13%, the
decaffeinated instant coffee 0.2% and the spices
in Table IV, 0.5 to 36.3%. Comparable data for
the decaffeinated teas and roasted and ground
coffees were not available but the fat content of
the non-decaffeinated products are 3% (dry
weight, green leaf) [15], and 11.9% [16], respec-
tively. In comparing these foods, the % partition
from the food—water matrix to the SPME fiber is
reduced with increasing food lipid content. Di-
chloromethane was found in the flour products
and in the coffees and teas decaffeinated using
dichloromethane. The biscuit mix was found to
contain 1,1,1-trichloroethane at about 200 wg/
kg. The origin of this contaminant was found to



B.D. Page and G. Lacroix | J. Chromatogr. 648 (1993) 199-211

TABLE IV
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HALOGENATED VOLATILES IN pg/kg FOUND IN SELECTED DRY FOODS (1 g+15 g WATER) AND THEIR
HEADSPACE SPME PARTITION (%, IN PARENTHESES) COMPARED TO CLEAN WATER (15 ml, 2 ug/kg)

No. Flour or flour-based Decaffeinated teas Decaffeinated coffees Spices (% fat) [13]
All Biscuit Brand A BrandB  BrandC  Instant R&G* R&G R&G Paprika Ground Cinnamon Onion Nutmeg
purpose mix (DCM)b (DCM) (N.G.)b (Natural) Brand A BrandB BrandC (12.9) pepper  (3.2) flakes  (36.3)
(Natural) (DCM) (DCM) 33) (0.5)
1 (124) (77.7) (81.9)° -€ - (100) (69.0)° - - (107) (88.2) (87.3) (100)  (100)
2 (71.6) (107) (69.5) - - (107) (75.3) - - (80.4) (90.0) (100) (75.2) (85.0)
3 (96.2) (50.8) (51.1) - - (83.2) (24.5) - - (74.7) (31.6) (68.0) (90.2) (32.7)
4 82.5(97.9) 70.3(10.1) 3.8(79.6) 58.6 13.5 9.1) (59.5) 308 76.5 (41.4) (75.9) (80.5) (97.7) (68.8)
5 (74.5) (35.9) (46.2) - - (76.0) (22.9) - - (44.1) (30.3) (53.2) (92.3) (29.1)
6 (77.5) (37.6) (46.9) - - (81.6) (25.8) - - (37.4) (32.8) (48.5) (95.7) (19.4)
7 (87.7) (28.2) (35.3) - - (69.8) (20.4) - - (23.9) (26.3) (36.7) (88.5) (15.5)
8 (90.9) (23.7) (35.2) - - (74.9) (18.7) - - (21.2) (24.8) (35.2) (96.9) (15.4)
9 (69.4) 206(15.4) (31.2) - - (66.3) (10.0) - - (41.5) (12.8) (41.5) (70.9) (14.3)
10 (52.1) (17.0) (26.1) - - (56.6) (9.6) - - (40.2) (9.3) (37.1) (62.6) (14.6)
11 (74.7) (30.5) (39.6) - - (65.6) (26.2) - - (23.7) (30.4) (33.0) (86.7) (204)
12 (52.9) 9.1) (23.8) - - (55.3) 9.1) - - (23.9) (8.2) (28.3) (64.7) (8.0)
13 (66.9) (11.9) (21.3) - - (60.0) (13.5) - - (14.2) (18.8) (29.6) (80.5) (8.4)
14 (63.2) (20.6) (26.9) - - (54.1) (17.6) - - (16.3) (38.9) (26.6) (96.6) (17.4)
15 (44.2) 9.1) (20.4) - - (49.8) (10.9) - - (10.5) (18.7) (21.7) (76.8) (7.3)
16 (47.2) (10.4) (18.4) - - (47.8) 9.4) - - (8.6) (12.4) (16.7) (70.6) (5.5)
17 (28.0) 3.9(3.4) (17.2) - - (34.2) (5.6) 128 - (11.6) (5.4) (19.9) 42.5) (3.5
18 (35.2) (6.2) (12.5) - - (33.1) (5.9) - - (6.7) 9.1) (14.7) (79.7) (5.7
19 (45.0) (9.4) (17.1) - - (40.4) (7.6) - - (7.5) (10.0) (17.8) 92.6) (9.1)
20 (22.1) (2.1) 9.2) - - (23.9) (2.6) - - (4.1) (3.8) (82) (36.5) (1.5)
21 (22.3) 3.7 (8.0) - - (23.6) 4.3) - - 3.7 (5.0) (7.3) (50.7) (2.8)
22 (11.3) (1.0) (4.4) - - (11.1) (1.2) - - 2.0) 1.9) (2.8) (23.6) (0.9
23 (11.3) (1.8) (8.6) - - (11.9) 1.2) - - 1.9 2.1) (6.3) (26.3) (0.7)
24 (10.6) 19.6(0.7) (7.1) - - (11.9) (1.1) - - (1.3) (1.3) (3.6) (18.0) (0.3)
25 2.51(8.8) 31.9(1.4) (5.3) - - (8.0) (1.0) - - (1.6) (1.8) (3.2) (15.9) (0.8)
26 (7.4) 0.2) 4.2) - - 6.7) 0.7) - - (1.3) (1.4) (24) (13.7)y (0.4)
27 (17.0) (1.7) (5.0) - - (11.7) 22) - - (7.2) (2.0) (3.8) (28.6) (0.9
28 4.2) 0.2) (4.6) - - (3.0) 0.3) - - 0.9) (0.8) (1.7) 69 (02)
29 (3.6) (0.2) (3.5) - - (2.3) (0.3) - - [¢B)] 0.7) 1.3) 55 M
30 (29) 0.2) 6.1) - - (1.0) 0.1) - - %)) 0.6) (1.8) 4.5  (0.2)
31 (2.4) (0.2) (4.5) - - (0.8) 0.1) - - 2.1 (0.5) (1.4) (32) 2
32 (11) (0.2) (4.8) - - (0.3) -) - - (1.7) (0.4) (1.3) 22) (23)
B (05) ©.) .0) - - -) -) - - e 03 (2 12 (04

“ R&G = roasted and ground coffee.

® Decaffeination agent listed on package: DCM = dichloromethane; N.G. = not given; Natural = naturally decaffeinated (water or carbon dioxide).
¢ Partition data for Brands A averaged from 3 teas or 3 R&G coffees and not reported for other brands.

4 Peak not detected, partition not determined.

be the paperboard adhesive of the retail pack-
age. Using headspace SPME, a small sample of
the adhesive suspended in 15 g of water with
added salt gave a massive off-scale GC peak for
this volatile. Contamination of food by this
source was first reported by Page and Charbon-
neau [17]. Others later reported similar incidents
[18,19]. In the limited sampling of dichlorome-
thane-decaffeinated teas and coffees, the levels
of dichloromethane found are generally lower
than those reported in an earlier survey [20].
Tetrachloroethylene was also found in one of the
decaffeinated coffees at 128 ug/kg. Representa-

tive chromatograms of 1-g samples of the dry
foods are shown in Fig. 4. Chromatograms of the
biscuit mix, showing about 200 wg/kg of 1,1,1-
trichloroethane (No. 9) and lower levels of other
target analytes and a decaffeinated tea, showing
24. ug/kg dichloromethane ‘(No. 4) and a
number of unidentified low level responses are
shown in Fig. 4A and B, respectively. Chromato-
grams of a naturally decaffeinated (water
process) roasted and ground coffee, demonstrat-
ing the absence of halogenated volatiles, and the
same coffee spiked with 30 wpg/kg of the 33
analyte standard are displayed in Fig. 4C and D,
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Fig. 4. Chromatograms of dry foods, 1 g added to 15 ml of
water: (A) biscuit mix containing dichloromethane (No. 4)
and 1,1,1-trichloroethane (No. 9); (B) dichloromethane-
decaffeinated tea containing dichloromethane (No. 4); (C)
roasted and ground naturally decaffeinated coffee; (D) as in
(C) spiked at 30 ug/kg coffee, only odd analytes numbered,
peak identities as in Table I, and (E) dichloromethane-
decaffeinated roasted and ground coffee containing dichioro-
methane (No. 4) and tetrachloroethylene (No. 17).

respectively. The latter chromatogram demon-
strates the expected reduction in method sen-
sitivity due to the lipid material in the coffee.
The last two peaks (Nos. 32 and 33) are not
detected at the 30 pg/kg level and the other
peaks are at or near the LOD or the LOQ. The
final chromatogram (Fig. 4E) shows a dichloro-
methane-decaffeinated roasted and ground cof-
fee with dichloromethane (No. 4) and tetra-

B.D. Page and G. Lacroix | J. Chromatogr. 648 (1993) 199-211

chloroethylene (No. 17) residues of about 300
and 130 ug/kg, respectively.

CONCLUSIONS

The application of a previously described
SPME device to headspace sampling for capillary
GC of a wide range of halogenated volatiles in
model systems, water, beverages and finely di-
vided foods is demonstrated. The headspace
SPME-GC procedure is simple, robust, inexpen-
sive, and uses existing or easily modified GC
injectors. In water, detection of the tri- to
hexachlorobenzenes at <0.005 pg/kg is attained.
In water, the much greater response for the less
volatile analytes than those of greater volatility
complements headspace GC with gas sampling.
When headspace SPME is applied to foods,
increases in the lipid material markedly reduce
the method sensitivity, the decrease being great-
est for analytes of least volatility. Standard
addition is required for quantitation of foods.
Headspace SPME-GC should also be applicable
to volatile non-halogenated analytes in similar
matrices described above providing a suitable
selective GC detector is used.
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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~° 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-T,CDD, 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]
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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 al. [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 al. 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

© 1993 Elsevier Science Publishers B.V. 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. 757 1) 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 manufacturing, 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 pg 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 $-X3. Single isomer detection limits were
reported to be on the order of 0.05 uwg/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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and base-modified silica gel packing materials.
Silver nitrate was obtained from Anachemia
Chemicals (Mississauga, Canada). The prepara-
tion of the packing materials used in the column
cleanup is described elsewhere [26]. HPLC-grade
water (J.T. Baker) was used in the preparation
of the base- and silver nitrate-modified silica gel
stationary phases.

PCDD and PCDF standards were purchased
from Cambridge Isotope Labs. (Woburn, MA,
USA). The calibration standard used for quanti-
tation contained five PCDDs and five PCDFs
(one per tetra-, penta-, hexa-, hepta-, and oc-
tachloro congener groups) in addition to five
BC,,-labelled PCDDs. The surrogate standard
solution used to fortify each sample consisted of
the same five isotopically labelled PCDDs pres-
ent in the calibration standard.

Safety

The work undertaken in this study involves the
handling of toxic compounds including 2,3,7,8-
T,CDD and other 2,3,7,8-substituted PCDDs
and PCDFs. Similar analyses should only be
performed by specially trained personnel ex-
perienced in the handling of hazardous chemi-
cals. The compounds studied are potential health
hazards and therefore exposure to them should
be minimized. Analytical laboratories must es-
tablish procedures for the safe handling and
disposal of all toxic materials. All staff must be
trained in these procedures and all safety mea-
sures strictly complied to.

Sample preparation

Approximately 1.5-2 g of oil per sample was
weighed into a clean glass vial. Each sample was
spiked with 50 ul of the surrogate fortification
standard. The oil was diluted with 2-3 ml of
hexare and thoroughly mixed. The dilute sample
was loaded onto a chromatographic column (30
cm X 1.0 cm I.D.) containing (top to bottom)
44% (w/w) sulphuric acid-silica gel, activated
silica gel, 33% (w/w) sodium sulphate—silica gel,
activated silica gel, and 10% (w/w) silver ni-
trate-silica gel. The sample vial was rinsed with
three 5-ml aliquots of hexane, each of which was
added to the column. The PCDDs and PCDFs
were eluted from the silica gel column using a
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total of 100 ml of hexane. The resulting extract
was concentrated to approximately 2 ml and
quantitatively transferred to the top of a column
(30 cm x 0.6 cm 1.D.) containing 5 g of activated
basic alumina. A 100-ml portion of hexane was
used to initially elute undesired components
from the column and was discarded. A second
fraction was eluted with 20 ml of a 10:90 (v/v)
mixture of carbon tetrachloride—hexane and was
discarded. The PCDDs and PCDFs were finally
eluted with 30 ml of dichloromethane. Each
extract was concentrated and transferred to a
small conical glass vial where it was reduced to
dryness under a gentle stream of high purity
nitrogen gas. The final residue was redissolved
with 50 ul of a solution containing 100 pg/ul of
C,,-labelled H,CDF in toluene, which is used
as an instrumental performance standard.

GC-MS-MS analysis

All PCDD/PCDF analyses were performed
using a Finnigan MAT TSQ 70 triple quadrupole
mass - spectrometer system. A Varian 3400 gas
chromatograph was interfaced to the mass spec-
trometer using a direct capillary inlet. High-
resolution GC separations were achieved using a
60-m DB-5 fused-silica capillary column, with an
internal diameter of 0.25 mm and a stationary
phase film thickness of 0.25 um (J&W Scientific,
Folsom, CA, USA). Ultrahigh purity helium was
used as the carrier gas (Matheson Gas Products
Canada, Whitby, Canada). A splitless injector sys-
tem maintained at 300°C was utilized for all GC-
MS-MS analyses. The GC oven temperature
program was: initial temperature held at 120°C
for 1 min; ramped to 250°C at 7.5°C/min; ramped
to 300°C at 2.5°C/min and held for 13 min.

The triple quadrupole mass spectrometer was
operated in the daughter ion mode using multi-
ple reaction monitoring to achieve the desired
selectivity. The first quadrupole region was set to
selectively transmit only ions with the mass-to-
charge ratio corresponding to the PCDD/PCDF
molecular ions. These parent ions undergo colli-
sionally induced dissociation (CID) in the second
quadrupole region which is pressurized with
approximately 3 mTorr (ca. 0.4 Pa) of argon gas.
The third quadrupole is set to monitor two
daughter ions for each PCDD/PCDF congener
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group corresponding to the loss of a COCI
group. A third ion corresponding to the loss of
two COCI groups is monitored for the confirma-
tion of the tetra- through octachlorinated
PCDDs. Polychlorinated diphenylethers
(PCPDEs) may rearrange in the mass spectrome-
ter ion source to form PCDF molecular ions and
therefore extreme caution must be taken in
interpreting mass spectral data. To verify the
absence of these interfering PCDPEs, the loss of
HCl and Cl, from PCDPE molecular ions is also
monitored. The ions mo