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Editorial: Letters to the Editor

“Letters” in scientific journals bring up, formally or informally, ideas, comments, opinions, stories,
experiences, advice, disagreements, insights, assessment, elaborations, and so forth. Certainly these
aspects exist in separation science. With this issue of our Journal, we encourage our readers to
communicate more with each other in this format. Contributions should be sent to the Editorial Office
in Amsterdam (see cover for full address). Submissions will be subject to the usual refereeing
procedure. Normally a Letter should be no longer than two printed pages.

This issue contains a Letter contribution from Jack Kirkland relating a recent experience in
troubleshooting. Some HPLC columns underwent a peculiar demise in his laboratory. Jack is not the
easiest person to fool in the area of HPLC, but a solvent manufacturer managed to do it (of course,
only for a short time).

We hope to hear from you, and thereby have the Journal cover more of the broad spectrum of
separation science.

Roger W. Giese

SSDI 0021-9673(95)00674-5
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Review
Optimisation of selectivity in capillary electrophoresis with
emphasis on micellar electrokinetic capillary chromatography
H. Corstjens*, H.A H. Billiet, J. Frank, K.Ch.A.M. Luyben

Department of Biochemical Engineering, Delft University of Technology, Julianalaan 67, 2628 BC Delft, Netherlands

Abstract

Separations in capillary electrophoresis and especially in micellar electrokinetic capillary chromatography are
characterised by a large number of parameters and therefore difficult to optimise. This paper reviews recent
approaches suitable for optimisation of selectivity in capillary electrophoresis.

Typical features of optimisation strategies applicable to capillary electrophoresis and micellar electrokinetic
capillary chromatography in particular are discussed. A distinction is made between statistical approaches, using
fitting procedures of polynomial equations, and practical optimisation schemes, based on physicochemical models
describing the migration behaviour.

Besides speeding up the search in finding satisfactory separation conditions, additional knowledge may be
obtained about the migration and separation mechanism(s) when a systematic approach is applied. However, due
to the complexity and the number of available optimisation schemes, these approaches should not be used as
black-box systems. The analyst has a crucial role in optimising a separation.

Contents
1. INEEPOQUCHION .« v o v e e et e e e e e e e et e e et e e e e e e et 1
2. Statistical approaches in the optimisation of CE . ... ... ... o it 3
3. Optimisation procedures based on physicochemical MOAELS . o ot e 4
3.1. Global approaches in the optimisation Of CE ... ... ... ... i 5
3.2. Practical approaches in the optimisation of CE . . ........ ... it 7
A, CONCIUSIONS .+« v o v e e e e e e e e e e et e e e e et e e e 9
10

ReEfEIENCES . . . ot e e

1. Introduction

Capillary electrophoresis (CE) is a rapidly
expanding analytical technique that can be used
to separate many different compounds. The
separation of biological molecules such as pep-

* Corresponding author.

0021-9673/95/$27.00
SSDI 0021-9673(95)00594-3

tides, proteins [1-6] and nucleic acids [7,8] as
well as inorganic ions [9,10] and pollutants
[11,12] has been reported in the literature. In
spite of the fact that CE is characterised by a
high efficiency, the desired separation is often
only obtained after considerable experimenta-
tion. Although the adjustment of system param-
eters, like sample characteristics to introduce

© 1995 Elsevier Science B.V. All rights reserved
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stacking [13,14], the use of electrokinetic injec-
tion with its discriminating capabilities [15,16] or
the selection of an appropriate detection wave-
length for detection or spectral recognition
[17,18], should not be overlooked, system op-
timisation will not be dealt with. The purpose of
the present review is to give an overview of the
guidelines and strategies that are currently avail-
‘able to achieve an adequate selectivity with the
minimum number of experiments.

Selectivity in capillary zone electrophoresis
(CZE) is strongly influenced by the pH of the
buffer. In addition, the type and concentration
of buffer and the presence of an organic modifier
can affect both selectivity and efficiency. In
micellar electrokinetic capillary chromatography
(MECC), a special mode of CE [19], two addi-
tional parameters have a remarkable influence

-on the separation, i.e. the type and concen-
tration of surfactant. As a result numerous
factors will affect MECC experiments.

The temperature affects different physico-
chemical parameters like viscosity, pK, and pH
values, absolute mobilities and the critical micel-
lar concentration (cmc) of various surfactants
and thus the separation. As a result, an efficient
temperature control is inevitable in method
development and although temperature changes
can be used to improve the selectivity [20,21], we
will focus on methods in which the temperature
is assumed to be constant.

Clearly, an appropriate optimisation strategy
should be used to find good separation con-
ditions in the shortest time and/or after only a
few experiments. Basically, all optimisation stra-
tegies consist of three distinct steps: the choice of
the appropriate parameter(s) and the parameter
space, a model or algorithm to describe the
migration behaviour and a criterion to evaluate
the resulting electropherogram. For an overview
the reader is referred to Ref. [22].

The choice of the parameter(s) to be optimised
is mainly influenced by the analytical technique
itself and therefore, this choice often seems quite
obvious. In contrast, the choice of the limits of
each parameter, which usually defines the pa-
rameter space, is more difficult to rationalise.
Although generally the absolute minimum and

maximum value of a parameter is physically
defined, these limits seldom will be the actual
limits used in the optimisation procedure. For
example, optimisation of the pH as the parame-
ter having much influence on selectivity in CZE
is a rather obvious choice. However, the actual
pH range under investigation is difficult to define
without relevant knowledge about the sample to
separate. In this respect dissociation constants as
well as pH stability data are essential in CZE.
Unfortunately, in many cases relevant data con-
cerning the sample under investigation are not
available so that the experience of the analyst
becomes important.

After the choice of the appropriate parameters
and their limiting values, experiments must be
performed to explore the migration of the sol-
utes as a function of the parameter(s). A descrip-
tion of the behaviour of the analytical system in
the entire parameter space is then generally
obtained by interpolation using an algorithm that
relates the migration of the solutes to the param-
eter(s). Differences can be found among the
various models used and the theoretical basis
underlying the model can be quite different.
Approaches based on physicochemical properties
like dissociation constants, mobility data and
diffusion coefficients of the solutes and buffer
properties like ionic strength and pH as well as
models based on strictly mathematical equations,
treated in a statistical way, are reported. It is
clear that there is a corrclation between the
accuracy of the model and the time and effort it
takes to satisfactorily predict the migration be-
haviour of different solutes and hence to find
good separation conditions.

The final step in the optimisation strategy is
the evaluation of the migration behaviour of the
solutes predicted in the parameter space in terms
of the quality of the separation. The goal of an
optimisation may vary considerably from one
case to another, e.g. the separation of two
enantiomers requires a different criterion than a
peptide map in which many different unknown
solutes must be detected. Therefore, this goal
must be translated into appropriate objective
mathematical functions, defining the criterion.
The criterion relates the quality of an observed
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electropherogram to a desired one and this
choice is critical and affects both the optimi-
sation procedure to follow and the results ob-
tained. Furthermore, it is not necessary to search
for the global optimum in the parameter space
but it satisfies to find experimental conditions
resulting in sufficient separation. Many different
criteria are proposed in the literature and some
of them, which are used in the optimisation of
chromatographic experiments but are -also useful
in CE, can be found in Ref. [22]. .Recently,
Hayashi et al. [23] studied the precision and
throughput in MECC and concluded that these
statistical parameters are suitable as criteria in
MECC. The criterion should always be carefully
evaluated in relation to the ultimate goal of the
analyst.

Although for high-performance liquid chroma-
tography (HPLC) several optimisation schemes
have been published [22], these approaches often
require substantial modification before they can
be used to optimise a CE separation. Recently,
some books on capillary electrophoresis have
paid some attention to method development and
optimisation strategies in CE [24-26]. In the first
part of this review the possibility to apply statisti-
cal approaches is discussed, while in the second
part some feasible optimisation schemes are
commented.

2. Statistical approaches in the optimisation of
CE

The optimisation of CE and especially MECC
experiments is complex due to the number of
parameters affecting the separation. Further
complications can arise from the mutual inter-
action of the parameters. Examples illustrating
this phenomenon have been reported both for
micellar liquid chromatography [27] and MECC
[24]. This explains why the development of
physicochemical models describing the separa-
tion mechanisms is not an easy task. Often the
behaviour of the system is approximated by
simple mathematical equations for which only a
minimum amount of knowledge is required.

An example of such an approach is the use of

v -
MHET LT
a

a simplex algorithm. The principle of a simplex
method is covered extensively by the literature
[22,28]. In general, the simultaneous optimisa-
tion of n parameters results from a fitting pro-
cedure of the response (or criterion) y with a
first-order model to the parameters x as shown in
Eq. 1.
y=by+bx,+byx,+ ---+bx, 1)
The optimum is approached in a sequential way
constructing geometrical figures (called simplex)
in the parameter space using previous ex-
perimental results. These sequences are repeated
until the separation is satisfactory or until no
further improvement is observed.

The advantage of this approach is that it is
applicable to any type and number of parameters
and that knowledge about the separation mecha-
nism is not required to calculate the response or
define the parameter settings for the next mea-
surement. However, an important drawback of
the simplex method is the large number of
experiments that is generally needed to reach the
optimum. This is clearly illustrated by Castag-
nola et al. [29], who optimised pH, concen-
tration of organic modifier and concentration of
surfactant in the separation of derivatised amino
acids. Although the variable-sized weighted sim-
plex optimisation design was used to speed up
the procedure, still 10 to 15 steps were required
to reach separation conditions that are satisfac-
tory in terms of the mean resolution of all the
relevant peak pairs. In addition, the choice of
the starting conditions is very critical since differ-
ent starting conditions can lead to different
solutions. Finally, it should be noted that by
applying simplex methods much information is
lost since only the information of the last n +1
experiments is retained. An adequate description
of the response surface is not obtained in this
way and this is a serious disadvantage when the
response surface is complex.

Another multi-parameter optimisation proce-
dure, called the overlapping resolution mapping
scheme (ORM), was introduced for CE by Li
and co-workers [30-35]. After defining the pa-
rameters and the accompanying parameter
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space,.the initial experiments are performed, and
the response (resolution R,) of each peak pair is
used to determine the coefficients of a polyno-
mial equation that not only accounts for the
effect of each parameter but also includes mathe-
matical interaction effects between the parame-
ters, expressed as x.x;-terms in Eq. 2:

R, =ax; +ayx, + azxy +a;x,x, + a,;3x,x,

T AyXoX5 Tt A153%, XX, @)

Once the coefficients of the polynomial equa-
tions are known, the resolution for each peak
pair over the whole parameter space can be
predicted and visualised as a resolution map.
The optimum separation conditions can then be
deduced from an overlay of all the resolution
maps. Applications of this method include the
separation of solutes such as sulphonamides
[30,31], flavonoids [31,32], derivatised amino
acids [33,34], drug substances [34] and por-
phyrins [35].

It should be realised that in this strategy peaks
are not identified, hence the actual migration
behaviour of the solutes is not followed. Signifi-
cant errors may result from changes in the
relative peak positions. This problem was dis-
cerned by Glajch et al. [36], who initially de-
veloped the ORM approach for HPLC. Due to
such effects the response surface may be com-
plex and discontinuous, and overlapping of the
resolution maps can then be expected to yield
unreliable results. For this reason peak tracking
should be considered as a valuable asset, and this
task is much facilitated by using advanced detec-

tion techniques such as diode-array spectropho-

tometry or mass spectrometry.

A third type of experimental design that has
been shown to be useful for optimisation pur-
poses is the Placket—Burman statistical design,
which is a fractional factorial design that can be
used if the number of parameters is one less than
a multiple of four. Dummies should be added to
meet the required number of parameters. A
dummy can be used to estimate the variability of
the system and the significance of the effects
found for the true physical parameters. Statisti-
cal treatment of the data can often be used for

the screening of many parameters and the
models used to describe the results of the experi-
ments are typically first-order in each parameter.
The most important parameters found with this
screening procedure can then be studied in a full
multi-level factorial design.

Vindevogel and Sandra [37] used this ap-
proach to obtain a satisfactory separation of a
mixture of testosterone esters. Seven parameters
are evaluated by means of eight initial experi-
ments in which the effect of pH and the con-
centrations of buffer, acetonitrile, sodium
dodecy! sulphate (SDS) and sodium heptyl sul-
phate on the analysis time, the noise, the ef-
ficiency and the resolution are studied. Interpre-
tation of the results should, however, be done
very carefully since the observed changes in
migration behaviour may be due to multiple
interactions.

An important advantage of these factorial-
design type of procedures is that they are applic-
able under many different experimental circum-
stances and that there is no restriction con-
cerning the type of solutes and parameters in the
optimisation. However, since in this way no
general rules are obtained concerning migration
mechanisms, the results are restricted to the
separation under investigation. A change in the
separation conditions requires that the whole
procedure has to be followed over again.

3. Optimisation procedures based on
physicochemical models

When relevant knowledge of the mechanism
of a given type of separation is available, optimi-
sation protocols can be developed that make use
of these separation principles, expressed by an
appropriate algorithm.

In Section 3.1, approaches in which fundamen-
tal equations describing the migration behaviour
and the resolution will be treated. These general
equations are based on a theoretical description
of the separation process. The parameters de-
scribing the migration are then evaluated and
adjusted to reach a maximum value of the
resolution. In such a way, global guidelines,
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pointing to the desired migration behaviour, can
be formulated. However, the translation of these
guidelines into practical separation conditions is
often not obvious, and therefore the practical
applicability is limited.

In Section 3.2, specific physicochemical
models are shown describing the migration be-
haviour of particular solutes as a function of one
-or more parameters. The experimental separa-
tion conditions can then be adjusted in such a
way that the criterion reaches satisfying values.
Clearly, these procedures are suitable to solve
practical optimisation problems.

3.1. Global approaches in the optimisation of
CE

In MECC uncharged solutes are separated
according to differences in micellar solubility. In
analogy with HPLC, the equations describing the
capacity factor k' and the resolution R, in
MECC are based on a classical chromatographic
description as shown in Eqs. 3 and 4 [38].

t. —t

k=t =1/t 3)

\/N a—1 k]I 1_teo/tmc 4
Ta TFE 1+ ik, @

R,=—

Here, ¢, is the migration time of the solute, ¢, is
the migration time of a solute totally solubilised
in the micelles (e.g. Sudan III), ¢, is the migra-
tion time of an uncharged solute that has no
interaction at all with the micelles (e.g. metha-
nol), a is the selectivity and defined as the ratio
of two capacity factors, N is the number of
theoretical plates and subscripts i and j denote
two (closely migrating) compounds. The defini-
tion of the capacity factor k' is clearly analogous
to the conventional chromatographic definition
of the capacity factor as expressed in Eq. 5:

t,—t,
k;hram. == tO (5)

where t, is the retention time of a non-retained
solute and the additional term in the de-

nominator in Eq. 3 accounts for the size of the
migration window in MECC.

It is obvious that this limited migration range,
expressed as the ratio f__ over ¢, is important
with respect to the peak capacity and separation
capabilities of a micellar system. This is illus-
trated in Fig. 1, showing three simulated electro-
pherograms of two solutes having identical «-
values but different values of k'. The separation
is superior at intermediate values of k' (electro-
pherogram B in Fig. 1). Low capacity factors
result in relatively small micellar interactions and
a lack of selectivity and high capacity factor
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Fig. 1. Simulated electropherograms illustrating the draw-
backs of a limited elution range, typical for MECC. Both the
migration window (¢,../t., = 2) and the selectivity (a =2) are
held constant. (A) k; =0.1; k; =0.2. (B) k; =1; k; =2. (C)
k;=10; k; =20.
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values result in longer migration times as well as
in bad separations because all the solutes are
migrating close to 7.
Extension of the migration window can be
achieved by altering the electroosmotic and/or
the micellar electrophoretic mobility [39,40].
Recently, Ahuja et al. [41] demonstrated the use
of a mixed pseudo-stationary micellar phase of
SDS and Brij 35. The electroosmotic and micel-
lar electrophoretic mobilities are matched by
adjusting the ratio of the concentration of Brij 35
and SDS so that the micellar mobility equals the
electroosmotic mobility but has the opposite
sign. This results in a real stationary micellar
phase and an infinite migration range is ob-
tained, even at relatively high pH values (ca. 7)
where electroosmotic velocities are significant.
The prediction of conditions for optimal sepa-
ration of neutrals in MECC, formulated by Foley
[42] is based on the assumption that selectivity is
mainly determined by the partitioning of the
neutral solutes between the water and the micel-
lar phase. Accordingly, the concentration of
surfactant is the most important parameter to be
optimised in that case.
The surfactant concentration [M] is related to
the capacity factor k' as shown in Eq. 6:

k'+v-.cmc-(kK'+P,,)
v.(k'+ P,p,)

[M] =

’

TP, -y

wm

+cme, P, >k’ 6)

where P, is the partition coefficient of a given
solute for the water and the micellar phase, v is
the partial molar volume of the surfactant and
cmc is the critical micelle concentration. Assum-
ing that both N and & are independent of k', the
optimum capacity factor kg, is derived from
the classical resolution equation (Eq. 4):

’ th
™)

opt(Ry) ~ to,

Substitution of k., in Eqs. 6 and 4 allows the
calculation of the optimal surfactant concentra-
tion (equation not shown) and the corresponding
best resolution, respectively:

VN a-1  Vitpltey = Vieo/tne
R, = : : ®
4 a 2 + vtmc/teo + \/teo /th

By adjusting the concentration of surfactant it is
possible to optimise a separation, independent of
the hydrophobicity of the solutes. The same can
be done to optimise the resolution per unit time
(equations not shown). It is obvious that both
approaches do not predict the same optimal
parameter settings.

The authors conclude that there is an optimal
region for the capacity factor. In general, inter-
mediate values of k' are preferable. Low values
of k' will lead to a short analysis time but will
suffer from bad resolution, except for samples
that are very easy to separate. High capacity
factors result in excessive retention and a loss in
resolution since all the solutes migrate close to
t,.- This phenomenon is not known in conven-
tional column chromatography.

Ghowsi et al. [43] have rewritten the equations
based on chromatographic principles using an
electrophoretic approach in MECC for neutral
solutes. The resolution is not only expressed as a
function of the capacity factor but also as a
function of w7, which is the average effective
electrophoretic mobility of a neutral solute. N is
dependent on the capacity factor and thus on the
effective migration time of each solute separ-
ately, and in addition, the efficiency is character-
ised by a Van Deemter-like behaviour of plate
number versus voltage. _

Using these equations Ghowsi et al. [43]
performed a theoretical optimisation for three
modes of MECC differing in the net migration
velocity of the micelles. Although the approach
and the accompanying equations are quite differ-
ent compared to the optimisation procedure of
Foley [42], the results are very similar: when the
micelles move to the positive electrode, resolu-
tion is maximal if the neutral solute is carried by
the micelles to the same extent as the solute is
carried by the electroosmotic flow in the oppo-
site direction. Obviously, the analysis time will

" -then be infinite. When the micelles are stationary

or moving to the negative electrode, the op-
timum capacity factor can be calculated by
deriving the appropriate equations, and it can be
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shown that maximum resolution will be reached
for k' values close to 5. In a more qualitative
way Terabe et al. [38] came to a similar conclu-
sion starting with equations derived for conven-
tional chromatography.

Based on these global guidelines, together
with many experimental observations, Terabe
[44] has formulated an introductory guide for
optimisation in MECC, which is summarised by
the flow chart in Fig. 2. Here, theoretical knowl-
edge is translated in experimental CE-condi-
tions. The first experiment is performed with
standard MECC-conditions, and based on this
result, the analyst is advised to change the
experimental settings concerning the type and
concentration of surfactant or other buffer addi-
tives so that optimal capacity factor values are
approached. The applicability is demonstrated
by Bevan et al. [45], who optimised the res-
olution for mixtures of synthetic oligonucleo-

tides. Although small deviations from theory
were observed, high concentrations of urea at
various SDS-concentrations, organic modifiers
and the use of bile salts and cationic micelles
could be used to control the capacity factors and
increase the chances to find good separation
conditions.

3.2. Practical approaches in the optimisation of
CE

It is obvious that for charged solutes the pH
will be the first parameter of choice. Kenndler
and Friedl [46] have derived a relation between
the resolution of monovalent ions in CZE and
the pH of the buffer. Both selectivity and ef-
ficiency depend on the charge number, and thus
for weak electrolytes on the pH as expressed by
Eq. 9 for two solutes i and j:

run-with 50 mM SDS in !
50 mM borate (pH8.5-9.0)

add cyclodextrin,

yes

use ion-pair reagent
or cationic surfactant

surfactant (including
a mixed micelle)

organic solvent or. no _Zationic k'>10 K < 0.5
uréa to SDS-solution analyte? Calculate K> emmmmm———
or use bile-salts

use a different Rg< 0.5

l

is the separatiol
successful?

yes end or optimise
===+ migration times

no

no increase
——— (SDS]

0.5<k' <10
use ion-pair reagent
or cationic surfactant
gstimate R
lHS> 0.5

optimise k' 10 -
and/or use a longer capillary

no

is the separatiol

successful?

lyes
Fig. 2. Introductory guide to the method development of a MECC experiment formulated by Terabe [44].
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(:u“act,i _ 1) + </“’act,iA _ A)
R. = Mact, j Meact,j ! ' eU ©)
" (1-A,)%2+ %(1 — A2 32kT

act, j

where ., is the actual mobility, A, = 10P%=i7PH
A;=107%i7PH ¢ is the electric charge, k is the
Boltzmann constant, T is the absolute tempera-
ture and U is the applied voltage. This equation
was also extended to multivalent ions [47]. The
resolution as a function of pH of the buffer and
applied voltage was calculated for different sol-
utes and optimal settings can easily be deduced.
As expected, the predicted resolution is a com-
plex function of the pH in the case of multivalent
ions.

Use of these relations requires accurate knowl-
edge about the acid-base properties of the
solutes and in the study cited above, the relevant
pK, values were taken from the literature. In
addition, the mobilities of the solutes have to be
known very precisely, and since not much litera-
ture data is available, these values should be
determined experimentally by measuring the
migration time of a solute as a function of the
pH. Obviously, this requires a large number of
experiments.

It is recognised by the authors that the model
proposed is limited by the lack of consistent data
on the analyte properties [48]. Nevertheless,
both for mono- and multivalent ions an optimal
pH was predicted, resulting in a baseline sepa-
ration of the entire series of substituted benzoic
acids and phenols investigated. It was found that
a change of the pH as small as 0.04 may have a
dramatic influence on the resolution, and in spite
of uncertainties in both the mobilities and the
dissociation constants, this effect is predicted by
this approach.

Jacquier et al. [49] also optimise the pH for
the separation of monovalent ions. With only
one experiment when the pK, value is known
and two experiments when the dissociation con-
stant is unknown, the migration time of a solute
over the pH range can be predicted. In addition,
an estimate of the molecular diffusion coefficient
and hence the peak width is obtained. The
electroosmotic flow is modelled in a very simple

way using the dissociation constant of the silanol
groups.

Although in this approach the number of
experiments is very limited and also some uncer-
tainty remains concerning the electroosmotic
mobility and the dissociation constants, the pre-
dicted behaviour of the solutes is in reasonable
agreement with the experimental results. Using
this strategy, the separation of three different
solute mixtures: three chlorophenol geometric
isomers, three nitrophenol geometric isomers
and three chloroaniline geometric isomers was
rapidly achieved.

The mobility of several monovalent substi-
tuted phenols is predicted by Smith and Khaledi
[50] modelling the electrophoretic mobility .,
as a function of the pH of the buffer and the acid
dissociation constant K, :

K,/[H"]

1+K,/[H'] (10)

l’l’ep = l"‘A—

where u,- is the electrophoretic mobility of the
anionic form of the acid. The parameters u,-
and K, can be determined by fitting Eq. 10 to
the measured ., as a function of pH.
Although this approach is analogous to that of
Friedl and Kenndler [47], there are also some
important differences. The pK, values obtained
by fitting Eq. 10 to the experimental data are
apparent dissociation constants depending on the
actual CE conditions, and they are not necessari-
ly close to literature data. (Titration data illus-
trate that for amino acids and small peptides
apparent dissociation constants may differ sig-
nificantly [51], illustrating the effect of the sur-
factant on the dissociation behaviour of these
solutes.) As few as four measurements may be
sufficient to obtain a reliable fit. Here, the choice
of the pH range to be scanned is important and
is more easy when physicochemical data of the
solutes are available. Limitations on the actual
prediction of migration times is discerned so that
the migration order prediction for closely mi-
grating peaks may fail, especially for solutes
having almost identical pK, or mobility values.
The well-known observed linear relation be-
tween the capacity factor and the concentration
of surfactant in MECC was used by Pyell and
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Biitehorn [52] to increase resolution. Two ex-
periments at different SDS concentrations enable
the calculation of k' and thus migration times of
all the solutes at different concentrations of SDS.
This one-parameter optimisation procedure re-
sulted in baseline separation of a mixture of
seven methylnitroanilines. Furthermore, the op-
timisation of the concentration’ of modifiers like
urea and glucose was performed in a similar way,
using appropriate logarithmic relations between
the migration and the concentration of the modi-
fier.

The description of the behaviour of ionisable
solutes in a micellar system is complicated due to
the combination of the electrophoretic and chro-
matographic migration mechanisms. Khaledi and
co-workers extended the procedure described
earlier to the separation of both negatively [53-
55] and positively [55,56] charged solutes in a
micellar system. Here, the two important param-
eters are pH and the micellar concentration.
Assuming that the net migration of an ionisable
solute is the weighted average of the migration
parameter of the solute in the associated (a) or
non-associated (b) forms both in the aqueous
and micellar phase, the net mobility of an
ionisable solute can be expressed as:

l‘Lep=Faq,a'/‘Laqa+Fqb M“aqb ( mc,a mc,b)
 Hime an

where u,, is the mobility of the solute in the
aqueous phase in the associated and non-associ-
ated forms, respectively (subscripts a and b), w .
is the mobility of the micelle and the F-values
are the mole fractions of the solute in the
micellar and aqueous phase (subscripts mc and
aq) in the associated and non-associated forms.
Ton-pair formation between the charged solute
and the oppositely charged surfactant constitutes
an additional mechanism affecting migration,
which is also considered. Note that this ion-pair
complex and the uncharged solute molecules in
the aqueous phase are assumed to migrate with
the electroosmotic velocity and that u,, is not
included in Eq. 11 since it is not important in the
estimation of the electrophoretic mobility. Re-
writing Eq. 11 results in a general expression
which relates the mobility of a solute to all

detector

© ov @T ]
@9@@ -
2

Fig. 3. Relevant equilibria of a cationic solute (BH" and B)
in a micellar system containing negatively charged micelles.
From Ref. [55].

anode
cathode

-

possible equilibrium constants, acid-base dis-
sociation constants, pH and mobilities of the
micellar phase and the solute under investigation
(equation not shown). Four situations can be
distinguished: an acid or basic solute that mi-
grates in a micellar system containing positively
or negatively charged micelles. For each case,
the general mobility expression is then rewritten
and simplified, e.g. ion-pair formation is only
considered for oppositely charged solute and
surfactant molecules.

As an example, the relevant interactions be-
tween a weak base and a negatively charged
surfactant are schematically illustrated in Fig. 3.
Consequently, the relevant apparent parameters
are estimated using five experiments at different
pH and SDS concentration settings. Subsequent-
ly, the mobility of each solute can be predicted
over the entire pH and SDS range. The equa-
tions were experimentally verified and the results
are briefly summarised in Table 1. Note that
fine-tuning of the separation of the aromatic
amines was achieved by adding SDS and acetoni-
trile and this is done independent of the pro-
posed optimisation strategy, and this means that
insight in the separation mechanisms is required.

4. Conclusions

The use of a systematic optimisation strategy
in the development of CE applications is highly
recommended and should be preferred to trial
and error. In this way satisfactory separation
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Table 1

Predicting capabilities of migration times of charged solutes in MECC using the phenomenological approach developed by the

group of Khaledi

Solute—buffer system Predicting Remark
capabilities
Acidic solutes—anionic micelle ++ -
Basic solutes—anionic micelle + Ion-pair formation is assumed to be very important and free BH" is not

present

The separation is further improved increasing the SDS concentration
(improved peak shape) and adding 10% acetonitrile (extends the migra-

tion window)

conditions are established in the shortest time
and/or with only a few experiments. Further-
more, detailed information on the separation
mechanisms may be obtained. This will be of
great use in the development of different appli-
cations by the analyst and will facilitate the
improvement of existing optimisation schemes
and the introduction of new and better strategies
in method development.

At present there is a wide choice of optimi-
sation procedures. For some of these strategies
only a minimal knowledge of separation princi-
ples is needed, while other approaches, based on
the assumption of a particular separation mecha-
nism, require more specific information about
the solutes to separate. The choice of a par-
ticul?f strategy depends on the goal of the
analyst and the feasibility of such an approach.

An important aspect of optimisation is the
proper choice of the parameter(s) and the pa-

‘rameter space. In some cases the significance of

this aspect seems to be underestimated, but,
unfortunately, general rules do not exist. The
choice of the type of parameter may seem
obvious in most cases but the choice of the
parameter space is more complicated, more
difficult to justify and often influenced by the
analyst’s experience. It should be realised that
badly chosen “‘start conditions” may drastically
reduce the chances to find useful separation
conditions. Due to the high complexity and the
linking of the parameters, a multi-parameter
approach in which several parameters are opti-
mised simultaneously in combination with a peak
identification procedure should be favoured.

More knowledge of CE separations makes
predictions of the migration behaviour more
accurate, but a good balance should be found
between the required knowledge of the ana-
lytical system and the effort required to obtain it.
In some cases this knowledge is already included
in the optimisation approach by the designer, so
it does not need to be provided by the analyst.
However, the lack of physicochemical data often
hampers such optimisation protocols.

-None of the strategies discussed here can be
used as a black-box or a stand-alone system. The
analyst himself is an important factor, and by
choosing the appropriate optimisation strategy
he has a major influence on the outcome of the
optimisation procedure. Adequate interpretation
of the measurements can be of decisive impor-
tance. Therefore it remains crucial that the
strategy or the algorithm as well as the sepa-
ration technique is known in detail by the
analyst.
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Abstract

A method for increasing the signal intensity of liquid chromatography—atmospheric chemical ionization mass
spectrometry (LC—APCI-MS) using a semi-micro column was studied. Prostaglandin E, was used as a model
compound. However, this method was not effective for detection with APCI-MS without an improved APCI
interface, in which the diameter of the micro-pipe on the APCI interface was decreased from 0.1 to 0.05 mm. The
signal intensity of APCI-MS detection using a semi-micro column with an improved APCI interface was five times

that obtained with use of a conventional column.

1. Introduction

Liquid chromatographic techniques are in
common use in analytical, biological and other
types of studies, and LC-MS in particular is
widely used as a powerful analytical tool. How-
ever, LC-MS suffers from certain problems,
including the inability to use non-volatile buffer
solutions as the mobile phase and low sensitivity
compared with GC-MS. Non-volatile buffer
solutions for use as mobile phases have been
reported with column-switching techniques [1,2]
or with the use of suppressor in ion chromatog-
raphy [3]. Derivatization methods have been

* Corresponding author.
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reported for increasing the sensitivity of detec-
tton [4,5]. The use of a semi-micro or micro
column technique for LC-MS to increase sen-
sitivity has already been reported for fast atom
bombardment ionization [6], electrospray ioniza-
tion [7,8] and ionspray ionization [9] interfaces,
but there has been no report of such use for an
atmospheric  pressure  chemical ionization
(APCI) interface. A semi-micro column leads to
less band spreading of solutes and higher num-
bers of theoretical plates than does a convention-
al column, and therefore has been used to
increase the signal intensity with ultraviolet,
fluorescence and other types of detection for
HPLC. In this study, we attempted to increase
the signal intensity for prostaglandin E, as a

© 1995 Elsevier Science B.V. All rights reserved
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model compound using a semi-micro column for
LC-APCI-MS.

2. Experimental

2.1. Materials and reagents

Prostaglandin E, (PGE,) was purchased from -

Funakoshi (Tokyo, Japan). A 100 ug/ml solu-
tion of PGE, was prepared in 10% (w/w) etha-
nol. The deionized water used in all experiments
was obtained from a Milli-Q system (Waters,
Milford, MA, USA). All other solvents and
reagents were of analytical-reagent or HPLC
grade.

2.2. LC-APCI-MS systems and conditions

A Model M-1000 LC-APCI-MS system con-
nected with a Model L-6200 liquid chromato-
graph (Hitachi, Tokyo, Japan) was used. A 10-
ul volume of sample solution was injected with a
microsyringe through a Model 7125 loop injector
with a 20-ul loop (Rheodyne, Cotati, CA,
USA). Separation was performed on a Develosil
ODS-5 column (particle size 5 pm; Nomura
Chemical, Seto, Japan). The semi-micro column
(150 x 2.0 mm I.D.) and the conventional col-
umn (150 X 4.6 mm I.D.) were stainless-steel
tubes and the flow-rates were 0.2 and 1.0 ml/
min, respectively. The tubes connected with the
injector, the column and the mass spectrometer
were polyether—ether—ketone (PEEK) tubes of
0.13 and 0.25 mm I.D. for the semi-micro
column and the conventional column, respective-
ly. The other operating conditions were as re-
ported previously [10].

3. Results and discussion

In this study, PGE,, the characteristics of
which had already been studied with LC-APCI-
MS using a conventional column [10], was used
as a model compound, and had a base ion peak
at m/z 337 ((M+ H—-H,0]") in the APCI mass

spectrum. When a semi-micro column was used
as the separation column, the PGE, peak was
very broad on LC-APCI-MS, and the signal
intensity was about twice that with a convention-
al column (Fig. 1). These findings suggested the
presence of diffusion of PGE, in the APCI
interface. A block diagram of the APCI interface
is shown in Fig. 2. The flow route was closed
between the injector and the micro-pipe of the
APCI interface, but was open between the
micro-pipe and the first aperture. Therefore, it
was thought that diffusion of mobile phase
occurred between the micro-pipe and the first
aperture, and PGE, was assigned the broad peak
on LC-APCI-MS. In fact, the PGE, peak was
sharp and exhibited a high intensity with UV
detection. The pressure in the micro-pipe fell to
about 4-5 kg/cm’ when the semi-micro column
was used from 20-30 kg/cm® when the conven-
tional column was used, because the flow-rate
changed to 0.2 ml/min from 1 ml/min, respec-
tively.

This low pressure was also thought to be
responsible for the broad peak on LC/APCI-MS.
For that reason, suppression of diffusion of
mobile phase and solute and increase in the
pressure in the micro-pipe are required to obtain
a sharp PGE, peak.
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Fig. 1. Total ion current chromatograms (m/z=200-500
with 2 s per scan) of 100 ng of PGE, on (A) conventional
column and (B) semi-micro column.
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Fig. 2. Block diagram of the APCI interface: 1= HPLC unit; 2 = electric source for heating; 3 = micro-pipe; 4 = vaporizer;
5 = desolvation; 6 = vacuum pump; 7 = needle electrode for corona discharge; 8 = APCI ion source housing; 9 = first aperture;
10 = second aperture; 11 =electric source for drift voltage; 12 = electric source for ion acceleration; 13 = quadruple lens;

14 = vacuum pump; 15 = mass MS spectrometer.

3.1. Adjustment of micro-pipe position

Initially, the micro-pipe position was adjusted
to increase signal intensity and sharpen the
PGE, peak. Normally, the micro-pipe was set on
the vaporizer heating block in an appropriate
position and the micro-pipe [Fig. 2 (3)] was
moved toward the first aperture {Fig. 2 (9)],
since it was thought that the PGE, peak shape
was broad owing to the poor arrival of the
mobile phase vapour and the solute at the needle
electrode for corona discharge and the first
aperture due to low pressure in the micro-pipe,
but this method was not effective in increasing
signal intensity or improving the peak shape
even when the micro-pipe was moved 3 cm
towards the first aperture. These findings sug-
gested that increasing the pressure in the micro-
pipe was necessary.

3.2. Postcolumn addition of solvent

Next, postcolumn addition of solvent was
attempted. This method was aimed at increasing
the pressure in the micro-pipe and suppressing
diffusion of solutes in the column. The addition
pump used was a Model 6010 (Hitachi), which

was connected to a T-connector at the post-
column. With addition of 0.8 ml/min of mobile
phase, the peak intensity and the PGE,; peak
shape were the same as those obtained using the
conventional column. These findings indicated
there was diffusion of the solute after column
separation. In order to suppress diffusion, hex-
ane, which is not miscible with water, was used
as an additional solvent. This method increased
the sensitivity of APCI-MS to about 2-3 times
that of the conventional column, but the peak
shape was not markedly improved.

3.3. Improvement of micro-pipe

The inside diameter of the micro-pipe is 0.1
mm, and this diameter is justified with use of a
conventional column. When a semi-micro col-
umn is used, this diameter decreases the pressure
in the micro-pipe, and the correct diameter for
use is about 0.05 mm. Therefore, improvement
of the micro-pipe by using a 0.05 mm I.D. was
attempted. The micro-pipe consisted of a heating
stem block and stainless-steel tube (1/16 in., 0.1
mm [.D.), and the stainless-steel tube was re-
moved from the heating stem block of the micro-
pipe. Next, a stainless-steel tube of 0.5 mm 1.D.
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was inserted into the heating stem block as a
guide-pipe. In addition, a tube of 0.05 mm I.D.
prepared from Polisil Tubing (GL Sciences,
Tokyo, Japan), which features a polymer coated
on fused-silica tubing was inserted into the
guide-pipe, and was fixed with a union and
connectors.

This improved micro-pipe was set on the
vaporizer block and chromatographic analyses
were performed. A fivefold increase in peak
intensity compared with that with a conventional
column was obtained, along with improvement
of the peak shape compared with that with a 0.1
mm 1.D. micro-pipe (see Fig. 4).

Certain factors were considered as reasons for
these findings. One was proper suppression of
band spreading of solutes on the column. The
vaporization area of the mobile phase was also
thought to be such a factor, but the vaporization
areas on the conventional and semi-microcol-
umns did not differ greatly (1.7 and 1.3 cm?,
respectively). These areas were measured from
areas of change in colour of thermal paper that
had been positioned at the first aperture posi-
tion. The state of the mist of the vapour was
thought to be another such factor, since the
states of nebulized mist from 0.1 to 0.05 mm L.D.
micro-pipes differed appropriately, whereas mist
particles from the 0.05 mm I.D. micro-pipe were
smaller than those from the 0.1 mm I1.D. micro-
pipe. Vapour mist composed of smaller particles
yields a good efficiency of vaporization and
collisions with the solvent, which is ionized by a
corona discharge, and solute are increased,
yielding a high signal intensity. However, a
fivefold increase in intensity was obtained with
the semi-micro column and this increase corres-
ponded to the decrease in column cross-sectional
area. Therefore, the factor responsible for sen-
sitivity was suppression of band spreading of
solutes in the semi-micro column, and improve-
ment of the micro-pipe with a small diameter
resulted in optimum mobile phase vapour con-
ditions for analysis using a semi-micro column.

3.4. Mass spectra of PGE,

PGE, mass spectra measured under several
sets of conditions are shown in Fig. 3. The mass

spectrum obtained using a conventional column
had a base peak at m/z 337 [(M+H —H,0]",
Fig. 3A), but that obtained using a semi-micro
column and a 0.1 mm L.D. micro-pipe had a base
peak at m/z 319 (M + H - 2H,0] ", Fig. 3B). A
fragment ion peak at m/z 333 also appeared in
the latter spectrum but not in the spectrum
obtained using the conventional column. This
peak at m/z 333 was thought to represent (M +
H-3H,0 + MeOH)". This difference in the
mass spectra was due to the difference in the
moving times of mobile phase in the vaporizer
region; for the conventional and semi-micro
columns with flow-rates of 1 and 0.2 ml/min, the
moving times were about 20 and 100 ms, respec-
tively. Thus, using the semi-micro column, PGE,
was heated for a longer time than in the conven-
tional column. When the micro-pipe position was
slid 3 cm for the first aperture, the mass spec-
trum obtained was the same as that for the
semi-micro column (Fig. 3C). When hexane was
added to mobile phase postcolumn, the ratio of

‘peaks with m/z 319 and 337 differed from that

for the conventional column. The moving time of
the mobile phase with the post-addition method
was the same as that with the conventional
column, but the heats of vaporization of the
mobile phase and the mixture of mobile phase
and hexane differed [11]. This difference in heats
of vaporization influenced the mass spectra.
When a micro-pipe of 0.05 mm I.D. was used
and the flow-rate was set at 0.2 ml/min, the
moving time in the vaporizer region was 25 ms,
and this time and the heat of vaporization of
mobile phase were the same as those for the
conventional column. The mass spectrum ob-
tained was the same as that for the conventional
column (Fig. 3E). Thus, comparison of mass
spectra indicated that the method using a micro-
pipe of 0.05 mm I.D. was also effective.

3.5. Application

The semi-micro column method was used for
the identification of a degradation product of
PGE,. The degraded sample used was a PGE,
solution (100 wgl/ml, pH 7.0 phosphate buffer)
stored for 1 h at 60°C. The residual PGE, level
in this sample was about 80% (peak area per-
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Fig. 3. PGE, mass spectra: (A) conventional column; (B) semi-micro column with normal micro-pipe; (C) semi-micro column
with micro-pipe positioned forward (5 mm); (D) semi-micro column with postcolumn addition of hexane; (E) semi-micro column
with improvement of micro-pipe.

centage with UV detection: 210 nm). Portions of
10 p! of this solution were subjected to LC-
APCI-MS using a conventional column and a
semi-micro column, and the results are shown in
Fig. 4. The PGE1 peak appeared at a retention
time of 6.8 min of on the conventional column

and at 7.5 min on the semi-micro column,
although both columns had a linear flow-rate of 6
cm/min. This difference in retention time is
thought to be due to differences in the conditions
of column packing and the lot numbers of the
packing materials.

With "use of the semi-micro column a degra-
dation product was detected behind the PGE,

tag %@‘3 00 l‘lE\B cea a0, . Z0Q, 3@

\’(é—)‘g‘_ peak (retention time 12.0 min), but with use of

(A) - .
o the conventional column the degradation prod-
Q uct was not clearly detected in the same intensity
£ range. The spectrum of this peak was the same
% N as that previously reported for PGA, [10], and
g = g this degradation peak was in fact identified as
b= 2 g that of PGA . In addition, a very small unknown
E ( £ < peak was present on the LC-APCI-MS trace just
lo Jk © . - before the PGE, peak (retention time 6.4 min).
. MMNJ..-,..WW.WW__T,c B e This peak could not be identified, but its spec-
'\ 337 N 7 trum was the same as that of PGE,; it may

o T T I e s therefore have been the 8-epimer of PGE,.

Time (min) Time (min) These findings indicated when a small amount

Fig. 4. Total ion current chromatograms (m/z =200-500
with 2 s per scan) of 10 pl of degraded PGE, sample on (A)
conventional column and (B) semi-micro column.

of-a compound is to identified by LC-APCI-MS,
the use of a semi-micro column as the analytical
column is more advantageous than the use of a
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conventional column if the same volume of
sample for analysis is to be injected. We believe
that our semi-micro column method will be
effective for any analyte.
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Abstract

The HPLC separation of Cyy, C,,, and higher fullerenes on a tetraphenylporphyrin-silica stationary phase is
investigated using pure carbon disulfide, chlorobenzene, p-xylene, and toluene as mobile phases. Selectivity factors
(@) for C,,/C,, separations using these solvents are determined to be 1.8, 3.2, 3.8, and 4.3, respectively.

Thermodynamic studies reveal that an exothermic interaction takes place between the fullerene and porphyrin
stationary phase in the presence of such solvents. Higher fullerenes (up to C,,) can be separated quickly at 90°C
using CS,~toluene (45:55, v/v) as the mobile phase. The high solubility of fullerenes in these solvents dramatically
increases the overall potential with regard to preparative fullerene purification. The inability of an alternative
protoporphyrin-silica phase to separate Cy,/C;, using the same mobile phases supports a retention mechanism
based on simultaneous face-to-face and face-to-edge m— interactions between the immobilized tetraphenyl-

porphyrin and the fullerenes.

1. Introduction

The discovery of Buckminster fullerene [1],
Cqo, and related higher fullerene structures has
evoked a flurry of research in the fields of
chemistry, physics, and materials science [2].
This increase in research activities has necessita-
ted the development of improved purification
methods for this new class of molecules [3-5].
Currently, HPLC techniques play an integral
role in the separation and purification of ful-
lerenes and several stationary phases have been

* Corresponding author.
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developed specifically for fullerene (including
higher fullerenes) separations [4,6-21}].

The difficulty in chromatographic purification
of fullerenes lies in their relative insolubility. As
pointed out previously by Sun and co-workers
[23] as well as Pirkle and Welch [24], this low
solubility [22] in organic solvents commonly used
as eluents (e.g., hexane, n-pentane, dichlorome-
thane, and acetonitrile) makes preparative ful-
lerene separations on conventional supports tedi-
ous. Only the use of strong solvents [i.e., toluene
or carbon disulfide (CS,)] as mobile phases
would enable large-scale purification of the high-
er fullerenes [14,15,24-27]. Thus, a faster and
more efficient chromatographic process, not
curbed by solubility limitations, is urgently

© 1995 Elsevier Science BV. All rights reserved



20 ' J. Xiao, M.E. Meyerhoff | J. Chromatogr. A 715 (1995) 19-29

needed to increase the amount of isolated ful-
lerenes obtained from a single crude soot ex-
tract. '

Recently it has been reported [28,29] that
stationary phases based upon tetraphenylporphy-
rin immobilized on silica gel supports can be
useful in anion-exchange separations of aromatic
carboxylates/sulfonates, and in reversed-phase
separations of polycyclic aromatic hydrocarbons
(PAHSs) by HPLC. In addition, preliminary data
demonstrated that the tetraphenylporphyrin—sil-
ica stationary phase can achieve the highest
reported selectivity factor for the separation of
Cy0/Cy in 100% toluene [30]. Further, we have
also shown that single-step HPLC separation of
metallofullerenes (e.g., La@C,, and Y@Cs,)
can be achieved using a 10-cm column packed
with zinc(II) tetraphenylporphyrin-silica [31].

In continuing the investigation of this new
stationary phase, we report herein: (i) the sepa-
ration of C,, and C,, with four strong fullerene
solvents, i.e., toluene, p-xylene, chlorobenzene,
and carbon disulfide, as mobile phases; (ii)
thermodynamic studies for these separations;
and (iii) the separation of higher fullerenes (up
to C,,) in a single injection of crude extract with
a very strong mobile phase of CS,-toluene
(45:55, v/v), within 8 min at 90°C. We further
illustrate that the phenyl group of the immobil-
ized porphyrin is critical for separation of ful-
lerenes by reporting results for similar separa-
tions using a protoporphyrin—silica phase.

2. Experimental
2.1. Apparatus

The HPLC system consisted of a Spectra
Physics (San Jose, CA, USA) SP 8700 solvent

delivery system, a Spectra-Physics SP 4290 com-

puting integrator, a Kratos (Ramsey, NJ, USA)
Spectrofiow 773 variable-wavelength UV-Vis
detector, and a Rhyodyne (Cotati, CA, USA)
Model 7010 sample valve. Columns were ther-
mostated using a Fisher Scientific water jacket
connected to a Fisher Scientific (Pittsburgh, PA,

USA) Model 80 Isotemp constant-temperature
circulator. Dead volume of the column was
determined by the injection of a CS, solution in
toluene while using toluene as the mobile phase.

2.2. Chemicals

Fullerenes were produced via a d.c. carbon arc
method similar to that described by Parker et al.
{32]. The reactor featured water-cooled collec-
tion surfaces, variable arc gap, and forced
helium flow across the gap to decrease slag
formation. The fullerene-containing soot was
soxhlet extracted for 16 h with toluene, followed
by a second extraction with pyridine. The re-
sulting deep-red solutions were filtered through a

- 0.45-pm cellulose nitrate filter (Millipore, Bed-

ford, MA, USA) prior to drying at 130°C under
vacuum. The total yield of crude fullerene ex-
tract was approximately 8.0 wt.%, with the
pyridine extract containing a greater percentage
of higher fullerenes. HPLC-grade toluene, p-
xylene, and carbon disulfide as well as analytical-
reagent grade chlorobenzene were obtained from
Aldrich (Milwaukee, WI, USA).

2.3. Preparation of the stationary phase

The  zinc(II)  tetraphenylporphyrin—silica
[Zn(pCPTPP)-silica] stationary phase was pre-
pared in a manner similar to that described
elsewhere [28]. In brief, the unsymmetrical
phenyl-substituted tetraphenylporphyrin, [5-(p-
carboxyphenyl)-10,15,20-triphenyljporphyrin [H,-
(pCPTPP)], was covalently attached to amino-
propyl silica gel (10 wm) via an amide bond. The
residual amine sites on the stationary phase were
acetylated by refluxing the support in acetic
anhydride. Finally, to prepare the metallated
support, 2 g of H,(pCPTPP)-silica was refluxed
in 50 ml dimethylformamide containing 0.8 g
ZnCl,. Typical porphyrin surface coverages were
in the range 0.2-0.4 pwmol/m”, based on data
from elemental analysis of the final stationary-
phase material [28]. The porphyrin—silicas were
packed into 250X 4.6 mm LD. stainless-steel
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tubes by the downfall slurry method at a pres-
sure of 41.4 MPa.

2.4. Matrix-assisted laser desorption time-of-
flight mass spectrometry (MALDI-TOF-MS)

MALDI-TOF-MS was performed on a
VESTEC-2000 instrument (Houston, TX, USA).
The wavelength of the laser was 337 nm. A
saturated  2,5-dihydrobenzoic acid solution
(about 50 mM) with 50% aqueous acetonitrile
containing 0.1% TFA was used as the matrix.
An amount of 1 ul of fullerene solution in
carbon disulfide was analyzed on the flat surface
of the probe tip (2 mm diameter) with the
matrix. The insulin A chain (FW =2531.6) was
used as the internal standard to calibrate the m/z
output of the system.

3. Results and discussion

In order to fully explore the versatility of
columns packed with tetraphenylporphyrin-silica
and to acquire more information regarding the
nature of the interactions between the immobil-
ized tetraphenylporphyrin and fullerenes, four
different strong solvents, i.e. toluene, p-xylene,
chlorobenzene, and carbon disulfide, were ex-
amined as mobile phases to separate Cq, and
C,,. Typical chromatograms for Cg, and Cj
separations using these solvents are shown in
Fig. 1. Table 1 summarizes the solubility of Cg,,
capacity factors (k’), and selectivity factors
(ec,,ic,,) In these solvents. To keep the chro-
matographic conditions consistent, a detector
wavelength of 430 nm was selected, which is
above the UV cutoff of carbon disulfide (390
nm), although fullerenes do not absorb strongly
in this region. To perform the separation, a
20-u1 solution of C,, and C,, in toluene (1
mg/ml each) was injected into a 250 X 4.6 mm
I.D. column packed with zinc(Il) tetraphenyl-
porphyrin-silica (10 wm). As shown in Table 1,
retention times of C,, and C,, follow a trend
that correlates with the inverse of their solu-
bilities in the given mobile-phase solvent; that IS,
fullerene  retention  time in  CS,<in

< 4) (B) © D)
[
=
=
o
= Cro
a
g Cro
j=5
w3
<
(=1
b C70
< C70
‘E Ceo G50
=1
Ceo C60

Time (min.)

Fig. 1. Separation of C, and C,, on the Zn(pCPTPP)-silica
stationary phase. Column: 250 X 4.6 mm [.D. stainless-steel
column. Flow-rate: 2 ml/min. Detection: UV, 430 nm (0.100
AUFS). Injection: 20 pl of fullerene solution in toluene.
Temperature: 30°C. Mobile phase: (A) toluene, (B) p-
xylene, (C) chlorobenzene, and (D) carbon disulfide.

chlorobenzene < in p-xylene <in toluene. These
results are consistent with other reports on less
selective columns [14,26], where increasing the
percentage of a stronger fullerene solvent, usual-
ly toluene, in the mobile phase decreases the
retention of the fullerenes. Interestingly, it has
been reported that the separation on poly-
(styrene-divinylbenzene) gel switches from an
adsorption (i.e., C,, clutes after C4) to a size-
exclusion (i.e., C,, elutes before Cqy) type of
mechanism when the carbon disulfide content in
a CS,—CH,Cl, mobile phase is increased beyond
60% [27]. The porphyrin-based stationary phase,
however, still behaves as a normal adsorption-
type column, even when using 100% CS, as the
mobile phase, suggesting that the fullerene inter-
action with the immobilized porphyrin is quite
strong. Although only complete solubility data
for C,, has appeared in the literature, retention
of C,, on the porphyrin-based column indicates
that its solubility follows the same pattern as that
of C,,. In comparing the selectivity achieved for
C,, and C,, separation on the tetraphenylpor-
phyrin—silica stationary phase to that obtained



22 J. Xiao, M.E. Meyerhoff / J. Chromatogr. A 715 (1995) 19-29

Table 1
Solubility of Cy,, capacity factors (k') of C,, and C,,, and selectivity factors (a) for C,, and C, using different mobile-phase
solvents®
Mobile phase Solubility of C,, Capacity factor Capacity factor Selectivity factor
(mg/ml)® of C, of C,, for C,,/Cy,
Toluene 2.8 0.56 2.43 4.3
p-Xylene 5.2 0.51 1.92 3.8
Chlorobenzene 7.0 0.27 0.87 3.2
Carbon disulfide 7.9 0.17 0.31 1.8

* HPLC conditions as in Fig. 1.
° From Ref. [22].

on two commercial columns (“Buckyprep” and
“Buckyclutcher””), which have been touted as
the best for fullerene separations, the tetra-
phenylporphyrin column has an ac_,c  of 4.3
using 100% toluene, compared to Qe e, = 1-8
for the “Buckyprep” column [15] (packed with
2-pyrenal-1-ethyl-silica) and o, c,, = 1.45 for
the “Buckyclutcher” column [33] (packed with
3,3,3-tri-dinitrobenzoxyl-propyl-silica) under the
same conditions. Therefore, the tetraphenylpor-
phyrin stationary phase is capable of operating
with fullerene solvents even stronger than
toluene as the mobile phase while still yielding
excellent separation of C,, and C,,,.

Some peak asymmetry (tailing) is observed for
the C,, and C,, bands in the chromatograms
shown in Fig. 1. This was typical for all columns
studied. Peak tailing decreased as the solvent
strength of the mobile phase increased, i.e.,
tailing in CS, <in chlorobenzene < in p-xylene <
in toluene (see Fig. 1). Injection of mixtures
made from pure C,, and C,, eliminated the
possibility that the presence of higher fullerenes,
which elute after C,,, contributed to C,, tailing.
One possible factor that can influence peak
profiles is the kinetics of fullerene interaction
with the immobilized porphyrin on the silica
support. Indeed, slow “off” and/or “on” ad-
sorption rate constants may contribute to the
asymmetric peak profiles observed. In this situa-
tion, a stronger solvent used as the mobile phase
can increase the rate of a slow kinetic step, and
thereby improve the symmetry of peak profiles.
In addition, since kinetics are temperature de-
pendent, increasing the column temperature is

an effective means of improving peak symmetry
(see below). Another possible explanation for
the tailing observed is the self-complexing of
fullerenes in solution, which has been recently
reported by researchers [34]. A small amount of
this complex may be retained longer on por-
phyrin column, resulting in a tailing after the
“parent” peak. Higher solubility and an increase
in operating temperature are also unfavorable
for the formation of such self-complexes [34].

Although carbon disulfide is a very strong
solvent for fullerenes, the Zn(pCPTPP)-silica
column exhibits an ac, ,c . =1.8 using this sol-
vent as a mobile phase (see Table 1). To our
knowledge, no existing HPLC column is capable
of separating C¢, and C,, in 100% CS,. Un-
fortunately, due to the low efficiency of the
porphyrin—silica column used here, Cy, and C,
are not baseline resolved. However, it is likely
that better resolution could be achieved with a
more efficiently packed column (the current
column typically has N = 700). It should also be
noted that the capacity factors of C,, and C,,
(0.16 and 0.31) in this separation are much lower
than the optimum value (5-10). If the surface
coverage (¢) of porphyrin stationary phase could
be increased from the present 0.2 wmol/m’ to 2
pmol/m? (e.g., increasing the ¢ value ten-fold)
via an improved porphyrin immobilization meth-
od, the capacity factors (k' = K - ¢) for C,, and
C,, would be 1.6 and 3.1, respectively. This
would improve the resolution (R,) by a factor of
three in accordance with the classical equation
defining the resolution of solutes on chromato-
graphic columns.
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Fig. 2. Temperature effect on separation of C,, and C,.
Column: 250 x 4.6 mm L.D. Zn(pCPTPP)-silica. Mobile
phase: p-xylene. Flow-rate: 2 ml/min. Detection: UV-Vis,
430 nm (0.100 AUFS). Injection: 20 p1 of fullerene solution
in toluene. Temperatures: 30, 40, 50, 60, 70, and 80°C.
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To evaluate the thermodynamic parameters
governing fullerene adsorption onto the tetra-
phenylporphyrin stationary phase, chromato-
grams were obtained at various temperatures.
Fig. 2 shows chromatograms of Cg, and C;, with
p-xylene as the mobile phase at different tem-
peratures. The profile of the C,, peak improves
as the temperature is elevated. This may be a
further indication (see above) that the tailing of
the C,, peak is due to slow kinetics for fullerene
interaction with the immobilized porphyrin as
well as self-complexation of fullerenes.

Fig. 2 clearly demonstrates that increasing the
column temperature results in a decrease in
retention and asymmetry of both the C, and C,,
peaks when employing p-xylene as the mobile
phase. Moreover, the van ’t Hoff plots of Cg,
and C,,, Figs. 3A and 3B, show the same trend
for the other three solvents examined. Due to
the low boiling point of CS,, it was studied only
over the temperature range 30-70°C, while the
range 30-80°C was examined for the other
solvents. In the temperature range studied, the
van 't Hoff plots are all quite linear. The en-
thalpies of transfer (sece Table 2) are calculated
from the slopes of the van 't Hoff plots according
to the equation

AG AH AS
(k)= —pr+hé=—pr+g +he (1)

T
R

L n ! 1 1

28 29 30 31 32 33
1T (103 K-1)

Fig. 3. Plot of In(k") vs. 1/T for Cg, (A) and C,, (B) on the Zn(pCPTPP)-silica stationary phase. Mobile phase: toluene ),
p-xylene (A), chlorobenzene (O), and carbon disulfide (). Flow-rate: 2 ml/min. Detection: UV-Vis, 430 nm (0.100 AUFS).

Injection: 20 ! of fullerene solution in toluene.
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Table 2

Enthalpy of transfer (AH) for the separation of fullerenes on tetraphenylporphyrin—silica stationary phase using different

mobile-phase solvents (kJ/mol)

Enthalpy Mobile phase

Carbon disulfide Chlorobenzene p-Xylene Toluene
AH of Cg -9.4 -10.1 ~5.7 —6.1
AH of C,, ~7.2 -11.9 -9.8 -10.2

A similar normal temperature dependence of
fullerene separation has been reported previous-
ly for a dimethoxyphenylpropyl-bonded silica
phase [18]. However, an unusual temperature
effect on the retention of C¢, and C,, has been
reported for a CSP 1 support [24], the “Buck-
yclutcher 1” stationary phase [33], the dinit-
robenzoylphenylglycine (DNBPG), as well as
the  (R)-(—)-2-(2,4,5,7-tetranitro-9-fluorenylid-
eneaminooxy propionic acid (TAPA) stationary
phase [14]. Retention times for Cy, and C,, on
these stationary phases increase, rather than
decrease, as the column temperature is raised.
The authors did not prepose a clear explanation
for this unusual behavior. From Table 2, the
negative sign of the AHs means that the ad-
sorption of C,, and C,, on the immobilized
porphyrin column is exothermic. In addition, the
separation of PAHs, the planar analogs of ful-
lerenes, on the tetraphenylporphyrin—silica
stationary phase [29] has the same temperature
dependence as that of fullerenes. This consis-
tency in the temperature dependence of ful-
lerenes and PAHs supports a proposed m—1r
interaction retention mechanism (see below).

An unusual temperature effect with CS, is
shown in Fig. 4, in which selectivity factors for
C,4/Cqy are plotted versus temperature. With
toluene, p-xylene, or chlorobenzene as the mo-
bile phase, elevating the temperature decreases
the selectivity factor. However, the selectivity
factor for C,, over C, increases rather than
decreases, as column temperature is raised when
using CS, as the eluent. The relationship be-
tween the change in selectivity factor o, ; (=k;/
k;) and temperature can be expressed as

er, [(T1 —Ty) A(AH)]
= exp

ar, T.T, R )

where A(AH) is AH,— AH, (solute i is more
retained than solute j). Usually in chromatog-
raphy as observed with toluene, p-xylene, and
chlorobenzene as mobile phases, the AHs for C,
(-6.1, —=5.7, and —10.1 kJ/mol, respectively)
are smaller than those of C,, (—10.2, —9.8, and
—11.9 kJ/mol, respectively); thus, according to
Eq. 2, the higher the column temperature, the
smaller the a value. However, the AH of C, in
carbon disulfide (—9.4 kJ/mol) is larger than
that of C,, (—7.2 kJ/mol), so that increasing the

5

4

(0]

Selectivity Factor (OlC70/Cso)

Temperature (°C)

Fig. 4. Plot of @, icq VEISUS  temperature on  the
Zn(pCPTPP)-silica stationary phase. Mobile phase: toluene
(<), p-xylene (A), chlorobenzene (O), and carbon disulfide
(). Flow-rate: 2 ml/min. Detection: UV-Vis, 430 nm
(0.100 AUFS). Injection: 20 ul of fullerene solution in
toluene.
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temperature results in an increase, rather than a
decrease, in the selectivity factor (a). This un-
usual behavior reveals that the entropy effect
predominates retention in carbon disulfide,
whereas the enthalpy effect predominates re-
tention in the other three solvents. It is specu-
lated that the high electronic density of the =-
orbitals of the sulfur atoms in carbon disulfide
somehow interacts differently with the mr-elec-
trons of fullerenes when compared with m-elec-
trons of toluene, xylene, and chlorobenzene. It is
also possible, however, that CS, more effectively
solvates the porphyrin stationary phase, and this
may further contribute to the unusual tempera-
ture dependence observed. A clearer under-
standing of this abnormal behavior will require a
more detailed investigation.

Using a stronger solvent as the mobile phase
in fullerene separations on the porphyrin—silica
columns dramatically increases the solubility of
the higher fullerenes, enabling both the detec-
tion and purification of higher fullerenes to be
achieved much more rapidly than with conven-
tional columns. Fig. 5 shows a typical rapid
separation obtained for a single injection of a
pyridine extract of crude soot, which contains
higher fullerenes. Matrix-assisted laser desorp-
tion time-of-flight mass spectra (MALDI-TOF-
MS) of each of the six fractions collected are
shown in Fig. 6. Due to the very low laser power
used, fragmentation of fullerene ions is minim-
ized. Thus, the bands in the chromatogram
shown in Fig. 5 can easily be assigned. In some
spectra, a small portion of previous peak com-
ponents are seen because of peak tailing. Fur-
ther, due to the great similarity between higher
fullerenes (i.e., only two carbon atoms differ-
ence (2.5%) between C,, and C,5), C,¢ and Cg
are not baseline resolved and Cg, and C,, co-
elute. It should be noted, however, that a
mixture of very strong fullerene solvents (45%
CS,-55% toluene) was used as the mobile
phase, and better resolution of these components
is possible by using a weaker mobile phase (e.g.,
toluene or toluene—hexane).

In our previous work [29], the tetraphenyl-
porphyrin-based stationary phase was demon-
strated to have a shape (planar versus nonpla-

Detector Response (arb. unit)
[y

Time (min.)

Fig. 5. HPLC chromatogram of higher fullerenes on the
Zn(pCPTPP)-silica stationary phase. Mobile phase: carbon
disulfide—toluene (45:55, v/v). Injection: 50 ul toluene
solution of a pyridine extract of graphite soot. Flow-rate: 2
ml/min. Detection: UV, 430 nm (0.150 AUFS). Tempera-
ture: 90°C. Peak identity: (1) Cg,, (2) Cyq, (3) Cyug, (4) Cog,
(5) Cqy, and C3, (6) Cyq, (7) Cyy, Cgp, and Coy, (8) Cyo
(a)—(f) are fractions for mass spectrometry in Fig. 6 (*
indicates the major components).

nar) selectivity for PAHs, based on face-to-face
7—a interactions between w-electron systems on
the porphyrin ring and the PAH. It is thought
that the meso phenyl groups do not play a
significant role in PAH retention. However, the
unique convex surface of fullerenes may render
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Fig. 6. MALDI-TOF-MS of six fractions (a)-(f) in Fig. 5. Mass spectrometry conditions are described in the Experimental

section.

these analytes better able to undergo three-di-
mensional (3D) interaction with immobilized
tetraphenylporphyrin stationary phase than pla-
nar PAH molecules. Single-crystal X-ray studies
[35] reveal that the four meso phenyl rings in

tetraphenylporphyrin are perpendicular to the
porphyrin ring, rather than co-planar. Therefore,
another interaction is possible, between the
fullerene “face” and the “edge” of the meso
phenyl groups. This type of face-to-edge m-m
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interaction in chromatographic recognition has
been reported previously by Pirkle et al. [36],
and such arrangements are found in the crystal
structures of proteins [37], peptides [38], and
small molecules [39], and also have been the
subject of theoretical calculations [40]. Since
tetraphenylporphyrin may be capable of simulta-
neous face-to-face and face-to-edge w— interac-
tions with the fullerenes, this extra dimension
with respect to the interaction between the
immobilized tetraphenylporphyrin and fullerene
may account for the very high selectivity
achieved. In Fig. 7, the 3D structures of C, and
zinc(II) tetraphenylporphyrin (ZnTPP) are
shown at the same scale to reveal their relative
sizes. Buckminsterfullerene (Cg,) with a diam-
eter of 7.1 A looks likes a soccer ball [41], while
C,, with a central diameter of 6.9 A and a
longitudinal axis of 7.8 A looks likes a football
[42]. Theoretical simulations predict that even
C,o0 has a longitudinal length of only 15 A.
ZnTPP with its 6.8 X 6.8 A porphyrin ring and
four meso phenyl groups, that are diagonally
approximately 11 A apart, appears to form a
m-electron cavity and behaves as a half of “bas-
ket to host fullerenes. As shown in Fig. 7a, the
larger the fullerene cage (C,, versus Cg,), the
more contact area the solute has to interact with
the ZnTPP cavity, resulting in a stronger 7—7
interaction and, therefore, a longer retention

a) b)

Fig. 7. Three-dimensional molecular modeling for the inter-
action of zinc tetraphenylporphyrin (ZnTPP) (a) and
protoporphyrin IX (b) with Buckminsterfullerene (Cg,) (top)
and C,, (bottom).

time. Indeed, the molecular-shape selectivity
observed on the tetraphenylporphyrin—silica
phase is so sensitive that even the small differ-
ence in shape between C,, and C, yields a very
large difference in retention.

To further support this retention mechanism,
we have prepared a protoporphyrin—silica
stationary phase {43]. Compared with the tetra-
phenylporphyrin structure, protoporphyrin does
not possess four phenyl rings at the meso posi-
tions. As shown in Fig. 8, under similar con-
ditions, C4, and C,, can still be separated but
with much poorer selectivity. Because the higher
surface coverage of protoporphyrin [2.8 versus
0.2 pmol/m’ for Zn(pCPTPP)] rules out the
possibility that these results are due to less
coverage of stationary phase (k'=K-¢), the
shorter retention time and poorer C,,/Cg, selec-
tivity appears due to a much smaller partition
coefficient (K) for each solute. As illustrated in
Fig. 7b, the absence of the w-electron cavity in
the protoporphyrin stationary phase results in
less w—r interaction sites, further suggesting the
critical contribution of the meso phenyl groups
(see Fig. 7a) to the fullerene separations on
tetraphenylporphyrin—silica columns.

4. Conclusion

In summary, immobilized tetraphenylporphy-
rins offer unprecedented selectivity for the sepa-
ration of fullerenes over previously reported
columns. With this newly developed stationary
phase, the strong fullerene solvents carbon disul-
fide, chlorobenzene, and p-xylene, in addition to
toluene, can be used for the first time as mobile
phases to efficiently separate Cg, and C,, and
higher fullerenes. Higher fullerenes (up to C,,)
can be quickly separated within 8 min using a
45% CS,-55% toluene mixture as the mobile
phase while operating the column at 90°C. This
work demonstrates the great potential of tetra-
phenylporphyrin—silica stationary phase for the
large-scale purification of higher fullerenes. In
contrast to other fullerene selectors, the sepa-
ration of fullerenes on tetraphenylporphyrin—sil-
ica behaves normally as the temperature in-
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Fig. 8. Separation of C,, and C,, on the column packed with immobilized protoporphyrin—silica. Mobile phase: toluene.
Flow-rate: 1 ml/min. Detection: UV-Vis, 430 nm (0.100 AUFS). Injection: 20 ul of fullerene solution in toluene. Temperature:

ambient.

creases, indicating that the adsorption interac-
tion is exothermic. An unusual temperature
effect on the selectivity factor of C,, and C,, in
carbon disulfide is observed. At present, the
reason for this atypical behavior is not clear. A
possible retention mechanism that relies upon
simultaneous face-to-face and face-to-edge 7—r
interactions between fullerenes and tetraphenyl-
porphyrin is further supported by new results
obtained with columns packed with a protopor-
phyrin-silica phase.
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Abstract

Two aminoalkyl bonded phases, aminopropylsilica and dimenthylaminopropylsilica, operated in the normal-
phase mode were investigated regarding the retention mechanisms of polycyclic aromatic nitrogen heterocyclics
(PANHs). By blocking active interaction sites with methyl substituents, the retention mechanisms could be
ascertained. The bonded functional groups of the aminoalkyl stationary phases were found to be the primary
adsorption sites. Hydrogen bonding was found to be the dominant retention mechanism for carbazole-type PANHs
on both stationary phases and for acridine-type PANHs on the aminopropyl phase. For acridine-type PANHs on
dimethylaminopropylsilica, retention was found to be mainly due to electron donor—acceptor interaction. Residual
silanols on the stationary phase support material on these non-end-capped bonded phases were found to contribute
only slightly to the retention of both acridine- and carbazole-type PANHs. A strong dependence of retention on
steric hindrance of the n-electrons on the nitrogen of acridine-type solutes was shown. Further, the necessity to
consider not only the polarity and solvent strength but also the selectivity of the mobile phase is demonstrated.

1. Introduction type PANHs the unshared electron pair is in-
corporated into the aromatic = orbitals and the
Polycyclic aromatic nitrogen heterocyclics imino hydrogen of these compounds gives these
(PANHs) with a single endocyclic nitrogen PANHs weak acidic properties.
heteroatom, can be divided into two classes: The Snyder—Scozewinski adsorption—displace-
acridines, which contain a pyridine ring with a ment model [1,2] has been successfully used in
lone pair electrons on the nitrogen, and car- order to explain the retention of polar mole-
bazoles, containing a pyrrole ring with a hydro- cules, including PANHs, on the amino-
gen bonded to the nitrogen atom. Acridine-type propylsilica stationary phase (3-5]. In this
PANHSs are slightly basic owing to the unshared model, the solute and solvent molecules are
electron pair of the nitrogen atom not participat- expected to compete for positions in a mono-
ing in the aromatic delocalization. In carbazole- molecular layer formed on the surface of the
- adsorbent. Primarily a monolayer of the solvent
* Corresponding author. is formed on the adsorbent surface. As the solute
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migrates through the column, it competes for the
active adsorption sites and retention occurs via
solvent displacement—solute adsorption.

However, the specific mechanism of interac-
tion is not considered in the displacement model.
Normal bonded phases based on silica are
heterogenic materials that contain three forms of
surface adsorption sites [6]. They are supposed
to consist of the functional groups of the bonded
phase, residual silica support silanols and mixed
sites as a result of interaction between the
functional groups and the residual silanols.

In the aminopropylsilica stationary phase, the
adsorbent surface silanol groups are substituted
with aminopropyl groups. The surface coverage
is about 2 wmol/m*, compared with 8 wmol/m’
for the silanol groups of unmodified silica [3]. On
the Nucleosil-NH, bonded stationary phase, the
mean distance between the aminopropyl anchor-
ing sites has been found to be 9.5 A [7]. The
amino group is a strong Lewis base, i.e., an
electron donor, and thus shows specific interac-
tions with electron acceptor solutes.

The retention behaviour of PANHs in normal-
phase HPLC using bonded stationary phases is
dependent on a number of solute-stationary
phase interactions. Possible mechanisms are in-
teractions between the stationary phase and (1)
the solute aromatic m-electron system [8,9], (2)
the lone pair of electrons of the acridine nitrogen
heteroatom [8] and (3) the hydrogen atom at-
tached to the carbazole nitrogen heteroatom
[10]. In normal-phase chromatography the acid—
base properties of the PANHs [8] and steric
effects, i.e., the accessibility of the nitrogen
atom [8,11], have an impact on retention. Fur-
ther, if the bonded phase is not end-capped, the
unreacted acidic silanol groups on the silica
support material may also play a part in the
solute—stationary phase interaction [12].

Some different views have been put forward
regarding the retention mechanism of PANHs on
the aminopropylsilica phase. Some workers have
stated that this phase behaves like a deactivated
silica [4] and that the residual silanols are of
major importance for the retention of PANH [7].
Others have proposed that the primary inter-

action site of the aminopropylsilica stationary
phase is the amino group [3,13]. Solutes con-
taining fused aromatic ring systems, such as
polycyclic aromatic hydrocarbons (PAHs) and
PANHs, are assumed to interact by a charge-
transfer mechanism involving the lone pair of
electrons of the aminopropylsilica and the -
electron cloud of the solutes [9]. This is an
electron donor—acceptor (EDA) interaction
where the amino group of the stationary phase
acts as an electron donor and the fused aromatic
ring system of the adsorbed solute acts as an
electron acceptor [7]. The solute—stationary
phase EDA interaction is assumed to be planar.
This has been demonstrated by slightly twisted
polyphenyls having a weaker retention than flat
fused arenes [9].

Few descriptions of the dimethylaminopro-
pylsilica stationary phase have been published.
This phase can be regarded as a methyl-substi-
tuted aminopropylsilica where the two amino
hydrogens of the bonded functional group have
been replaced by methyl substituents. Owing to
the free electron pair of the amino nitrogen, this
stationary phase may also act like an electron
donor. It can thus be assumed that the di-
methylaminopropylsilica will interact with fused
aromatic ring systems with an EDA mechanism
similar to that of the aminopropylsilica phase.
However, the replacement of the hydrogens of
the amino group by methyl groups will exciude
some of the possible mechanisms involved in the
retention of PANH.

2. Experimental
2.1. Chemicals

Reference substances of acridine-type PANHs
(Fig. 1) were purchased from Promochem
(Wesel, Germany). The carbazole-type reference
substances were kindly provided by Professor M.
Zander. Each component was dissolved in pen-
tane—hexane (10:90) (Rathburn, Walkerburn,
UK) at a concentration of approximately 10 ng/

ul.
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Fig. 1. Structures of the solutes: 1 = pyridine; 2 = quinoline;
3 = benzo[h]quinoline; 4 = phenanthridine; 5= acridine; 6 =
benz[c]acridine; 7 = benz[a]acridine; 8 = 10-azabenzo[a]py-
rene; 9 = dibenz[c,k]acridine; 10 = dibenz{a,h]acridine; 11 =
dibenz|a, jlacridine; 12 = dibenz{a,i]acridine; 13 = carbazole;
14 = 9-methylcarbazole; 15 =benzene; 16 = naphthalene;
17 = anthracene; 18 = benz[a]anthracene; 19 = dibenz[a,i]-
anthracene.

2.2. HPLC columns

Two amino bonded phase columns from
Macherey—Nagel (Diiren, Germany) were used:

aminopropylsilica (Nucleosil-NH,, 200 X 4 mm
I.D.) and dimethylaminopropylsilica [Nucleosil-
N(CH,),, 200 X 4 mm I.D.). Data on the surface
coverage of these two phases were not supplied
by the manufacturer. Berendsen et al. [14]
calculated the surface coverage for synthesized
amino and dimethylamino phases as 2.35 and
3.11 pmol/m?, respectively. Both of the modi-
fied stationary phases were manufactured using
Nucleosil 100-5 as the silica base material. This
consists of spherical particles with a pore size of
100 A and a diameter of 5 um. The pore volume
is 1.0 ml/g and the surface area 350 m’/g. A
Nucleosil 100-5 column (200 X 4 mm 1.D.) con-
taining the silica base material was also used
during the investigation.

2.3. Mobile phases

Hexane, methyl tert.-butyl ether (MTBE) and
dichloromethane (DCM) were used as mobile
phase components. All solvents were of HPLC
grade (Rathburn) and were used as received.
Regarding the aminopropylsilica and the di-
methylaminopropylsilica stationary phases, hex-
ane at a flow-rate of 2.0 ml/min was used during
the retention measurements to investigate inter-
action mechanisms. The retention of carbazole
and acridine on the unmodified Nucleosil silica
base material was measured using a mobile
phase composition of DCM-hexane (40:60).
When investigating the influence of steric hin-
drance of adjacent benzene rings, a mobile phase
consisting of MTBE—-hexane (10:90) was used in
order to obtain reasonable retention times for
the unshielded acridine-type PANHs (k' > 100
when using pure hexane). When investigating
solvent effects, mobile phase compositions con-
sisting of 0, 10, 20, 33 and 50% of polar modi-
fier, either MTBE or DCM, in hexane were
used.

2.4. HPLC instrumentation

The HPLC system consisted of an injector
(Model 7125; Rheodyne, Cotati, CA, USA)
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equipped with a 20-ul injection loop, an HPLC
pump (Model 590 programmable solvent deliv-
ery module; Waters, Milford, MA, USA) and a
UV detector (Model 655A; Hitachi, Tokyo,
Japan) monitoring the effluent at 254 nm. Re-
tention time measurements were performed at
20 £2°C. A PC-based laboratory data system
(ELDS Pro; Chromatography Data Systems,
Svartsjo, Sweden) was used for registering, stor-
ing and processing the detector signals. Prior to
investigation, each column was allowed to equili-
brate overnight using a flow of 0.2 ml/min of the
mobile phase. The system dead time (¢,) was
determined as the first baseline disturbance due
to the elution of pentane. Retention time (¢,)
was measured as the peak maximum calculated
by applying a polynomial function to the ob-
tained data points collected at a sampling rate of
5 Hz. The reported capacity factors (k'), calcu-
lated as k' = (¢, —t,)/t,, where ¢, is the dead
time, are the means of five replicate determi-
nations. For all &’ values the relative standard
deviation was <4% and mostly <3%, except for
acridine on-the aminopropylsilica using hexane
as mobile phase.

Table 1

3. Results and discussion

The two aminoalky! stationary phases were
manufactured using the same silica base material
and had similar surface coverages of the bonded
phase. By studying the retention properties on
these two related phases it was possible to
determine some of the retention mechanisms of
PANHs in more detail. It should be noted that
the investigation was made using Nuclecsil silica-
based packings and the results may differ when
using other packings based on other silicas.

3.1. Interaction mechanisms

PAHs are assumed to interact with the amino
stationary phase by an EDA type of interaction
mechanism [7]. Owing to the delocalized aro-
matic w-electrons, the PAH solute acts as an
electron acceptor and the amino group as a
strong n-electron donor {9]. When plotting log &’
(Table 1) versus the number of w-electrons for
the five PAHs on the amino and the di-
methylamino columns, two straight (r >0.999),
parallel (slope 0.193 +0.005 and 0.204 = 0.015,

Capacity factors (k') and relative retentions versus anthracene (a) for some selected polycyclic aromatic hydrocarbons and
polycyclic aromatic nitrogen heterocyclics on the aminoporpylsilica and the dimethylaminopropylsilica stationary phases with

hexane as mobile phase at a flow-rate of 2.0 ml/min

Compound Stationary phase

Aminopropylsilica Dimethylaminopropylsilica

k' a k' @
Benzene 0.39 0.22 0.14 0.18
Naphthalene 0.83 0.46 0.35 0.44
Anthracene 1.80 1 0.80 1
Benz[alanthracene 3.84 2.13 1.63 2.04
Dibenz[a,i]anthracene 8.69 4.83 3.82 4.77
Pyridine 58.6 325 6.20 7.75
Quinoline 77.5 43.1 6.96 8.70
Acridine 161 89.7 7.55 9.44
Benz[alacridine >200 >111 11.4 14.2
Dibenz[a.i]acridine >200 >111 21.4 26.8
Carbazole 116 64.6 162 203
9-Methylcarbazole 5.63 3.13 1.97 2.46
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respectively, at a confidence level of 95%) lines
over a range of log k' of approximately 0.9 were
obtained. Thus, both columns demonstrated
similar selectivity towards PAHs, but the di-
mehtylamino phase exhibited weaker retention.
It is therefore plausible to assume that the same
major retention mechanism, a charge-transfer
interaction [7,9], is acting in both cases.

The introduction of the two methyl sub-
stituents on the amino group introduces two
competing mechanisms, a steric and an inductive
effect, that will change the retention when com-
paring the two stationary phases. Steric effects
by the more bulky methyl groups yield a larger
distance for the charge-transfer interaction and
thus a decrease in retention. On the other hand,
an increase in retention would be the result of
the inductive effect on addition of methyl groups
due to stronger electron donor properties of the
nitrogen lone pair of electrons. The observed
decrease in retention on the dimethylamino
phase, a factor of ca. 2.5, demonstrate that the
steric effect of the methyl groups is of greater
importance than the increased electron density
on the amino nitrogen for this EDA interaction.

Carbazole has three linear fused rings, two
six-membered and one five-membered ring, and
fourteen electrons participating in the electron
delocalization, including the unshared electron
pair of the nitrogen heterocyclic atom. The
compound possess weak acidic properties due to
the hydrogen atom on the pyrrolic ring. Thus, in
the case of carbazole-type compounds, three
retention mechanisms are possible: (1) charge-
transfer interaction as described above; (2) hy-
drogen bonding interaction between the acidic
imino hydrogen attached to the mnitrogen
heteroatom of the solute and the nitrogen lone
pair of electrons of the stationary phase amino
group {4]; and (3) hydrogen bonding between
the solute imino hydrogen and residual silanols
on the adsorbent surface. These interactions are
possible on both the aminopropyl- and the di-
methylaminopropylsilica stationary phases.

That hydrogen bonding is the major retention
mechanism for carbazole-type compounds is
obvious from the strong decrease in retention on

replacing the imino hydrogen of carbazole with a
methyl group (9-methylcarbazole). No hydrogen
bonding is then possible and the retention on the
aminopropyl phase decreases from k'=116 to
5.63, a factor of >20 (Table 1). A stronger effect
was found for the dimethylaminopropylsilica
phase, where this factor was >80. That this is
due to hydrogen bonding to the bonded amino
group of the stationary phase and not residual
silanols is obvious from the following: in the next
paragraph it is clearly demonstrated that the
basic solute acridine has only a minor interaction
with the residual silanols of the acidic silica
surface. The retention of carbazole on the un-
substituted silica base material using DCM-hex-
ane (40:60) was found to be >100 times weaker
than for acridine. It is therefore obvious that
carbazole has to exhibit an even weaker inter-
action with residual silanols on these two bonded
amino stationary phases. Further, the intro-
duction of methyl substituents on the amino
group of the stationary phase increased the
retention of carbazole from k'’ =116 to 162, a
factor of 1.4. This is attributed to the inductive
effect of the methyl groups on the stationary
phase that increase the electron density of the
amino nitrogen, resulting in a stronger hydrogen
bonding interaction. 9-Methylcarbazole exhibits
a stronger retention than anthracene (5.63 and
1.80, respectively) on the aminopropyl column.
As the polar interaction site of carbazole is
blocked by the methyl substituent, the increased
retention is attributed to the inductive effect of
the heterocyclic nitrogen of the solute increasing
the electron acceptor ability of the w-clectron
system, thus yielding stronger EDA complex
formation than for anthracene.

Acridine has a similar structure to anthracene.
Both compounds consist of three linear fused-six
membered rings, with fourteen sr-electrons in-
volved in the electron delocalization. On the
aminopropylsilica the k' value for acridine was
found to be 161 compared with 1.80 for anthra-
cene (Table 1). This increased retention can be
attributed to (1) an increased charge-transfer
interaction with stronger EDA complex forma-
tion involving the delocalized #-electrons (7], (2)
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a hydrogen bonding interaction between the
weakly basic solute nitrogen lone pair of elec-
trons and the amino hydrogens of the stationary
phase [4] and/or (3) hydrogen bonding to re-
sidual silanols of the adsorbent surface. On the
dimethylaminopropylsilica phase the possibility
of hydrogen bonding with the amino group was
eliminated by replacing the amino hydrogens
with methyl groups. From the strong decrease in
the retention of acridine, from k' = 161 to 7.55,
it is clear that the major retention mechanism
does not involve hydrogen bonding to the re-
sidual silanols as stated by Hammers et al. [7].
That the EDA interaction is a minor retention
mechanism for PANHSs is evident from the re-
tentions of anthracene, carbazole and 9-
methylcarbazole, k' = 1.80, 116 and 5.63, respec-
tively, on the aminopropylsilica phase. In the last
two compounds the n-electrons of the
heterocyclic nitrogen participate in the electron
delocalization. Further, the hydrogen bonding
site, the carbazole imino hydrogen, is blocked by
a methyl substituent in 9-methylcarbazole. No
hydrogen bonding is therefore possible between
the solute nitrogen lone pair of electrons and the
amino hydrogens of the aminopropylsilica
stationary phase. Hence, the only remaining
retention mechanism is EDA complex forma-
tion. 9-Methylcarbazole has a retention approxi-
mately three times stronger than that of anthra-
cene owing to the inductive effect of the nitrogen
atom on the electron-accepting properties of the
delocalized electrons. The retention of carbazole
is, however, >20 times stronger than that of
9-methylcarbazole, clearly demonstrating a
stronger interaction due to hydrogen bonding.
The steric effect on the retention of anthra-
cene and 9-methylcarbazole by the methyl
groups of the dimethylaminosilica is a decrease
by a factor of about 2-3 while the decrease in
the retention of acridine is a factor of about 21.
The obvious reason for this 7-10 times stronger
decrease is the blocking of the hydrogen bonding
to the bonded functional amino group of the
adsorbent. The stronger retention of acridine
compared with anthracene on the di-
methylaminopropylsilica is attributed, in analogy
with 9-methylcarbazole, to increased EDA com-

plex formation due to the inductive effect of the
heterocyclic nitrogen atom.

With an increasing number of aromatic rings
attached to the pyridine or pyrrole rings, the
relative contribution of hydrogen bonding will
decrease. This is demonstrated in Fig. 2 by the
non-linear plot of log k' obtained from the
dimethylaminopropylsilica phase vs. number of
m-electrons for five aromatic compounds with
1-5 aromatic rings containing one pyridine ring
in the structure, i.e., pyridine, quinoline, ac-
ridine, benz[a]acridine and dibenz[a,i]acridine.
The five corresponding unsubstituted PAHs dem-
onstrate a linear dependence (r >0.999) on the
number of mr-electrons. Regarding the pyridine-
type compounds, the slope of the line ap-
proaches closer to the slope for the PAHs as the
number of aromatic rings increases. This be-
haviour demonstrates that the retention mecha-
nism of pyridine-type compounds consists of
more than one interaction. One is the EDA
complexation, which is a linear function of the
number of aromatic rings, as for the PAHs, and
another interaction has a decreasing influence on
retention as the number of rings increases. The

12 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2223

Fig. 2. Chromatograms of a mixture of the acridine-type
PANHs listed in Table 2. The peak numbering correspond
to the numbers in Fig. 1. Amino= aminopropylsilica
stationary phase; DMA = dimethylaminopropylsilica station-
ary phase. Mobile phase: methyl tert.-butyl ether—hexane
(10:90) at a flow-rate of 2.0 ml/min. UV detection at 254
nm.
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remaining, possible interaction on this phase is
hydrogen bonding to residual silanols of the
adsorbent surface. It can therefore be concluded
that this interaction gives a small contribution to
the retention of acridine-type compounds on the
dimethylaminopropylsilica and thus also on the
aminopropylsilica phase. Hence the residual
silanols on the stationary phase support material
on these non-end-capped bonded phases can
play only a minor role in the retention mecha-
nism for both acridine- and carbazole-type com-
pounds.

3.2. Steric hindrance

There is a shielding effect of the nitrogen atom
lone pair of electrons by benzo and methyl
groups adjacent to the nitrogen heteroatom of
acridine-type PANHs that decreases the strength
of the hydrogen bonding interaction with the
stationary phase due to steric interaction [8].
This effect was investigated using a mobile phase
composition of MTBE-hexane (10:90) in order
to obtain reasonable retention times for un-
shielded acridine compounds with four and five
aromatic rings (Table 2). Acridine had k&’ =6.0
on the aminopropylsilica phase. For the un-

Table 2

shielded five-ring compound dibenz[a,i]acridine,
k' =13.7. By shielding the nitrogen lone pair of
electrons with one and two adjacent benzo
substituents, as in dibenz[a,h]acridine and di-
benz[c,h]acridine, k' was reduced to 3.2 and 2.4,
respectively. For the aminopropylsilica phase, all
five investigated PANHs with three to five aro-
matic rings (benzo[h]quinoline, benz[c]acridine,
10-azabenzo[a]pyrene, dibenz[a,h]acridine and
dibenz[c,h]acridine) having the nitrogen lone
pair of electrons shielded by one or two adjacent
benzo substituent groups eluted prior to ac-
ridine. Their relative retentions with respect to
acridine were in the range 0.3-0.5. This effect is
much more pronounced on the aminopropyisilica
than the dimethylaminopropylsilica phase. The
latter has a corresponding selectivity factor range
of 0.7-1.6 for the shielded compounds. This is
due to the strong contribution of hydrogen
bonding to the retention of acridine type com-
pounds on the former stationary phase. As a
decrease in capacity factor due to shielding is
observed also for the dimethylaminopropylsilica
phase, this implies that the nitrogen lone pair of
electrons contribute to the charge-transfer inter-
action with the stationary phase. Chromatograms
obtained on the two stationary phases of a

Capacity factors (k') and relative retentions versus acridine (@) for some selected acridine-type PANHs on aminopropylsilica

and diamethylaminopropylsilica stationary phases

Compound Stationary phase

Aminopropylsilica Dimethylaminopropylsilica

& a k’ a
Benz[c]acridine® 1.89 0.31 1.67 0.67
Dibenz|c,h]acridine® 2.37 0.39 2.51 1.00
Benzo[h]quinoline® 2.61 0.43 1.67 0.67
Dibenz[a,h]acridine® 3.19 0.53 3.30 1.31
10-Azabenzo[a]pyrene® 5.45 0.53 4.03 1.61
Acridine 6.04 1 2.51 1
Benz{alacridine 8.69 1.44 4.55 1.81
Phenanthridine 8.93 1.48 3.64 1.45
Dibenz[a, jlacridine 11.2 1.86 6.85 2.72
Dibenz[a,i]acridine 13.7 2.27 7.87 3.14

Mobile phase: methyl rert.-butyl ether—hexane (10:90) at a flow-rate of 2.0 ml/min.

® Nitrogen atom shielded by one adjacent benzene ring.
" Nitrogen atom shielded by two adjacent benzene rings.
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Fig. 3. Log k' as a function of the number of m-electrons for PAHs and acridine-type PANHs with 1-5 aromatic rings.
Dimethylaminopropyisilica stationary phase with hexane as mobile phase at a flow-rate of 2.0 ml/min. Mean of five replicate

measurements.

mixture of the ten acridine-type PANHs listed in
Table 2 are shown in Fig. 3.

3.3. Solvent effects

MTBE and DCM mixed with hexane were
used as mobile phases. The concentrations of the
polar modifiers in hexane were 0, 10, 20, 33 and
50%. In Fig. 4, log k' for acridine is plotted vs.
mobile phase composition for the amino- and
dimethylaminopropylsilica phases. On the amino
phase the retention of acridine is stronger when
using DCM as a polar modifier than when using
MTBE, in spite of the higher solvent strength of
DCM compared with MTBE, £° = 0.42 and 0.38,
respectively. On the dimethylamino phase, on
the other hand, the retention of acridine is
stronger when using MTBE, which is in accord-
ance with the solvent strength of these two polar
modifiers. The addition of a polar mobile phase
modifier will increase the solubility of acridine in
the mobile phase. If this was the only mecha-
nism, acridine would have a stronger retention
on both stationary phases when using MTBE as
modifier. However, MTBE is an aprotic, dipolar

solvent and a proton acceptor with a slightly
basic character. Hydrogen bonding can therefore
occur between the MTBE ether oxygen and the
amino hydrogens of the aminopropylsilica phase.
This is not possible on the dimethylaminopro-
pylsilica phase owing to the methyl groups at-
tached to the amino nitrogen. Hence there is a
possibility of adsorption site competition with
the solvent when using MTBE as mobile phase
modifier on the aminopropylsilica [7]. The con-
clusion is that the hydrogen bonding interaction
of acridine with the amino hydrogens of the
aminopropylsilica phase is reduced in strength by
adsorption site competition with MTBE. As
DCM is unable to interact with the amino
hydrogens by hydrogen bonding, retention is
influenced only by an increased solubility of
acridine in the mobile phase.

Regarding carbazole, the addition of a polar
modifier decreases the retention on both col-
umns, which is in accordance to the solvent

strength of the two polar solvents, i.e., the

addition of DCM gives the shortest retention. As
carbazole interacts by hydrogen bonding to the
lone pair of electrons on the amino nitrogen, no
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log k
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Fig. 4. Log k' for acridine as a function of the percentage of the polar modifiers dichloromethane (DCM) and methyl

tert.-butyl ether (MTBE) in the hexane mobile phase.

Squares = aminopropylsilica stationary phase; circles =

dimethylaminopropylsilica stationary phase; closed symbols = DCM; open symbols = MTBE. Mean of five replicate measure-

ments.

adsorption site competition involving the mobile
phase can occur regarding the retention of car-
bazole on either of the two stationary phases.

These results emphasize the importance of
hydrogen bonding of the mobile phase to the
stationary phase as a contributor to the retention
mechanism. It is therefore necessary to consider
not only the polarity and solvent strength, but
also the selectivity of the mobile phase.
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Abstract

Conditions were established for the determination of hydroxy-substituted polynuclear aromatic hydrocarbons
(hydroxy-PAHs) using high-performance liquid chromatography with electrochemical detection. Reversed-phase
chromatography with methanol-aqueous phosphate buffer (pH 3.0) (50:50) was adopted for the separation of the
hydroxy-PAHs. The figures of merit were calculated; the detection limits (signal-to-noise ratio = 2:1) ranged from
20 to 200 pg. The method was applied to the determination of these compounds in an aerosol sample and
5-hydroxyindane, 2-hydroxy-9-fluorenone and 2-nitro-1-naphthol were tentatively identified at the pg/m’ level. The
presence of 2-nitro-1-naphthol (0.2 ng/ m’) was confirmed by gas chromatography—mass spectrometry.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) con-
stitute a class of organic compounds which are
generated in a variety of combustion processes
and released to atmosphere preferentially associ-
ated with submicron-size particles [1,2]. It has
been known for more than three decades that
organic extracts of the fine particulate organic
matter (POM) collected in ambient urban air are
carcinogenic [3,4].

When released into a polluted atmosphere,
particle-adsorbed PAHs are exposed to a variety
of gaseous co-pollutants. These include stable
molecules and highly reactive intermediates,
both free radicals and electronically excited
molecular species resulting from absorption of
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radiation. Polar functional groups are introduced
by chemical reactions with these species, giving
several PAH derivatives including compounds
with hydroxy, ketone, quinone and nitro sub-
stituents on the parent PAH. The transformation
reactions may show seasonal variations [5]; a
major pathway for PAH degradation in winter is
probably the reaction with nitrogen oxides and
with the resulting acids. Photochemical reactions
with oxygen and reactions with secondary air
pollutants such as ozone, peroxyacetyl nitrate
and hydroxyl and hydroperoxyl radicals are
expected to be high in summer.

It has been shown by the Ames test that the
moderately polar derivatives have significant
mutagenity compared with PAHs [6-8]. Never-
theless, the polar fractions of the aerosol extracts
have been characterized to a limited extent.
Moderately polar compounds such as nitro- and

© 1995 Elsevier Science B.V. All rights reserved
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oxy-PAHs have been found in aerosol samples
[9-12] and the mutagenicity of the extracts has
been attributed to the presence of these com-
pounds. In addition, compounds of higher po-
larity, such as hydroxy-PAHs [13], nitrated lac-
tone derivatives [14] and aliphatic and aromatic
carboxylic acids and their hydroxy derivatives
[15,16], have also been identified.

Although gas chromatography with selective
detectors has been used in the determination of
the hydroxy-PAHs [16], HPLC with electro-
chemical detection is an option to be considered
for these relatively highly polar compounds,
since high selectivity and sensitivity are achieved.
To our knowledge, this technique has not been
used for the determination of hydroxy-PAHs.

Electrochemical detection is only possible for
compounds that have oxidizable or reducible
functional groups within the potential window of
the measuring electrode. For instance, reduction
of oxy- and nitro-PAHs has been used for the
determination of these compounds [9-12].
Furthermore, hydroxy-PAHs can be detected by
oxidation with conventional solid electrodes at
positive potentials. The reactions on the elec-
trode surface (Fig. 1) are very similar to those of
phenols [17].

This paper describes the application of HPLC
with electrochemical detection (ED) for the
determination of some hydroxy-PAHs in urban
aerosols. The optimum separation conditions
and working potential were established and the
quality parameters were calculated. Atmospheric
aerosol samples were analysed and some of the

o 0
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“ 2o, O = O
D e D !
QO =
" H OCH,
[o]
OH o R R
OCOCH.
R 5]
A e~ R R e []
— — + R R
CH,COOH R
R R

R OCOCH,

Fig. 1. Hydroxy-PAH electrochemical reactions.

hydroxy-PAH derivatives were found at pg/m’
levels.

2. Experimental
2.1. Chemicals

Analytical-reagent grade dichloromethane
(Panreac, Barcelona, Spain), acetone (Carlo
Erba, Milan, Italy) and methanol (Merck,
Darmstadt, Germany) were used for the ex-
traction of organic compounds from atmospheric
aerosols. For the mobile phase, HPLC-grade
methanol (Merck) and water purified with a
Culligan (Barcelona, Spain) system were used.
The buffer solutions were prepared with ana-
lytical-reagent grade phosphoric acid (Merck)
and potassium dihydrogenphosphate (Merck).
The compounds listed in Table 1 were provided
by Carlo Erba, EGA Chemie (Steinhein, Ger-
many), Fluka (Buchs, Switzerland), Janssen-
Chimica (Geel, Belgium) and Merck. Bond-Elut
C,s (500 mg) cartridges and coupling pieces were
obtained from Analytichem International (ICT,
Basle, Switzerland).

A stock standard solution was prepared con-
taining 0.2 mg/ml of each in methanol, and
2,4-dibromophenol  from EGA  Chemie
(Steinhein, Germany) was used as an internal
standard.

2.2. Chromatographic conditions

HPLC was carried out with a Knauer (Bad
Homburg, Germany) Model 64 pump and an
ESA (Bedford, MA, USA) Coulochem 5100A
detector with a dual-electrode analytical cell
(ESA Model 5011) equipped with two working
electrodes, a large-surface-area coulometric elec-
trode and a high-efficiency amperometric elec-
trode, a counter electrode and a Pd reference
electrode. A 0.2-um ESA graphite filter was
placed before the analytical cell. A Merck—
Hitachi D-2500 Chromato-Integrator integrator
(Merck), was used. The sample was introduced
by a Rheodyne (Cotati, CA, USA) Model 7125
injector with a loop of 20 nl. An RP-Select-B
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Table 1
Hydroxy-PAHs studied

No. Compound Abbreviation Structure
Ry
1 5-Hydroxyindole 5-HI i)
o
2 2-Hydroxy-1,4-naphthoquinone 2-H-1,4-NQ OH
o
3 5-Hydroxyindane 5-10H /©i>
HO
OH ©
4 5,8-Dihydroxy-1,4-naphthoquinone 5,8-DH-1,4-NQ O‘
oH O
OH
5 2-Hydroxy-9-fluorenone 2-H-9-FLO O.‘
o
6 9-Hydroxyphenanthrene 9-HF O‘O
OH
7 2-Nitro-1-naphthol 2-N-1-N

(5 wm, 150 x 4 mm L.D.) reversed phase column
with a Nucelosil C,; precolumn (5 pum, 30 x4
mm [.D.) was used.

GC-MS was carried out with a Varian
SATURN III GC/MS ion-trap detector)
equipped with both a waveform generator and a
Varian Model 8200 autosampler. SATURN Re-
vision C software was used for data acquisition in
the full-scan electron impact (EI) ionization
mode. For the gas chromatographic separation, a
DB-17 fused-silica capillary column (30 m X 0.25
mm [.D.) (J&W Scientific, Folsom, CA, USA)
with a 0.25-um film thickness was used with
helium as carrier gas at a linear velocity of 30
cm/s. The temperature was held at 60°C for 1

min, programmed to 180°C at 30°C/min and
then to 270°C at 10°C/min, and maintained at
270°C for 10 min. The injector, the interface and
the ion-trap temperatures were 260, 250 and
270°C, respectively. An ionization energy of 70
¢V and a mass range of 50-250 u at 1 scan/s were
used.

A Supelco (Gland, Switzerland) Visiprep SPE
vacuum manifold was used for the clean-up
procedure.

2.3. Sample collection

Atmospheric aerosols were collected in one of
the main avenues of Barcelona, 10 m above
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street level. This area has a high volume of
traffic. The samples were collected on thermally
treated filters (300°C for 2 h) using a Sierra
Misco Model 650 high-volume sampler and a
Whatman EPM-2000 20.3 X 25.4 cm glass-fibre
filter-paper (Whatman International, Maidstone,
UK). After collection, the filters were stored in
at —30°C in the dark until analysis.

2.4. Preparation of samples

The filters were cut into four pieces and each
piece was subjected to ultrasonic extraction, first
with dichloromethane and then with methanol.
The extracts were mixed and after filtration they
were concentrated to dryness by rotary evapora-
tion. The residue was redissolved in dichlorome-
thane (50 ml) and subjected to liquid-liquid
partitioning with 0.1 M NaOH (3x10 ml).
Dichloromethane in the aqueous phase was
removed using rotary evaporation. Finally, the
aqueous extract was acidified to pH 4 and used
for the solid-phase extraction as follows.

First, the C,; cartridge was cleaned with 10 ml
of acetonitrile, 10 ml of acetone, 10 ml of
methanol and 10 ml of water (pH 4) consecutive-
ly. The aqueous extract was introduced at a
flow-rate of 4-5 ml/min and the column was
washed with 10 ml of water (pH 4). After
drying, the hydroxy-PAHs were eluted with 2 ml
of methanol. The solvent was evaporated under
nitrogen and the residue was dissolved in 500 pl
of dichloromethane for GC-MS analysis or 1 ml
of mobile phase and 10 ul of 2,4-dibromophenol
(40 pg/ml) as internal standard for HPLC analy-
sis.

3. Results and discussion

A standard solution (1 mg/ml) of seven hy-
droxy-PAHs (5-HI, 2-H-1,4-NQ, 5-IOH, 5,8-
DH-1,4-NQ, 2-H-9-FLO, 9-HF and 2-N-1-N)
was used and 2,4-dibromophenol was added as
an internal standard. These compounds may be
formed in the atmosphere due to reactions

between PAHs and OH radicals and some have
been detected in atmospheric aerosols [18].

Different binary phases of methanol and 40
mM phosphoric acid—potassium dihydrogenphos-
phate buffer (pH 3) from 70:30 to 45:55 were
tested. The buffer solution provides the pH, the
conductivity and the ionic strength needed for
the electrochemical reactions. 5,8-DH-1,4-NQ
gave tailing peaks, probably owing to the inter-
actions with the silica support. The tailing effect
was reduced by the addition of 3.5% acetic acid
to the mobile phase. In addition, a decrease in
methanol content produced an increase in the
analysis time, and resolutions were improved
except for 9-HF and 2-N-1-N. Further, the
elution order of 2-H-9-FLO and 5,8-DH-1,4-NQ
changed when the percentage of methanol in the
mobile phase decreased. The optimum separa-
tion for all substances was obtained with the
mobile phase methanol-phosphoric acid—sodium
dihydrogenphosphate buffer (40 mM, pH 3)
(50:50) plus 7% acetic acid (Fig. 2).

The optimum working potential was obtained
from the hydrodynamic voltammograms of the
compounds under the separation conditions pre-
viously established. Fig. 3 shows the hydro-
dynamic voltammograms. The working potential
chosen was the potential that gave the best
response for all the compounds. Good values
were obtained at +550 mV for 5-HI, 5-I0H,
5,8-DH-1,4-NQ, 2-H-9-FLO and 9-HF, but at
this potential 2-H-1,4-NQ, 2-N-1-N and the
internal standard (2,4-dibromophenol) gave no
response. High responses were obtained at po-
tentials near +800 mV for all the compounds. At
more positive potentials, increases in both the
background noise and the residual current
occurred owing to the oxidation of the mobile
phase. Therefore, +800 mV was chosen as the
optimum potential, although a slight decrease in
the responses of 5,8-DH-1,4-NQ, 9-HF and 2-H-
9-FLO was observed. Adsorption of the sub-
products from the electrochemical reactions or
polymerization on the electrode surface may be
the cause of the decrease in the relative inten-
sities.

Calibration for hydroxy-PAHs using peak
areas in the range 0.2-20 pg/ml was carried out
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Fig. 2. Chromatogram of hydroxy-PAHs (20 ul, 0.4 pg/ml).
Mobile phase: methanol-phosphoric acid—sodium dihydro-
genphosphate buffer (40 mM, pH 3) (50:50) plus 3.5% acetic
acid in buffer solution. Peaks: 1=35-HI; 2=2-H-1,4-NQ;
3=5-I0H; 4=5,8-DH-1,4-NQ; 5=2-H-9-FLO; 6=9-HF;
7=2-N-1-N.

under the optimum separation conditions for
each compound. The correlation coefficients of
the calibration functions for eight concentration
levels from 0.01 to 1 pg/ml (two replicates) were
better than 0.9994 for all the hydroxy-PAHs.
Five replicate determinations of 8 ng (0.4 pg/ml
solution) of each hydroxy-PAH in the mobile
phase were carried out under the optimum
conditions to determine the precision of the
analysis. The relative standard deviations
(R.S.D.) were in the range 0.9-4.5%.

The detection limits of the HPLC-ED system
were determined as three times the signal-to-

Relative area

o.4 - . A

Potential (mV)

Fig. 3. Hydrodynamic voltammograms: A =5-HI; @ =2-H-
1,4-NQ; V =5-10H; ¢ =5,8-DH-1,4-NQ; V =2-H-9-FLO;
@ =internal standard; O = 9-HF; @ =2-N-1-N.

noise ratio for peak areas using standard solu-
tions. For the early peaks, 5-HI, 5-IOH and
2-H-1,4-NQ, the detection limits were low, 30,
105 and 90 pg, respectively. The higher value
obtained for 5,8-DH-1,4-NQ, 220 pg, may be
related to its low response at the working po-
tential (+800 mV) (Fig. 3). The compounds that
eluted with relatively long retention times gave
high detection limits of 200 pg for 2-H-9-FLO,
240 pg for 2-N-1-N and 300 pg for 9-HF.

The method presented was mainly developed
to determine PAH derivatives in samples of
environmental concern, and hydroxy-PAHs were
determined in various atmospheric aerosols. Fig.
4A shows a typical chromatogram of a winter
atmospheric aerosol and Fig. 4B shows the
chromatogram obtained when the sample was
spiked with 6 pg of hydroxy-PAHs per gram of
particulate matter. These chromatograms indi-
cate that 2-nitro-1-naphthol can be present in the
extract. Minor peaks at the retention times of
2-hydroxy-9-fluorenone and 5-hydroxyindane ap-
peared, suggesting that these compounds could
be present in the extract. The concentration of
2-N-1-N in the sample was calculated by HPLC-



46 M.T. Galceran, E. Moyano | J. Chromatogr. A 715 (1995) 41-48

A
PRS0 0000000 a0ttt eenn
n L] n L n L
- - (3] ~ L2
t (min)

1

s

(R RN RN RN NN Y]
L 24 ® [ 2} = " <

- - ~ ] "

t (min)

Fig. 4. HPLC of (A) atmospheric aerosol sample and (B) spiked atmospheric aerosol sample. Chromatographic conditions as in
Fig. 2. Peaks: 1= 5-HI; 2=2-H-1,4-NQ; 3 = 5-I0H; 4 =5,8-DH-1,4-NQ; 5=2-H-9-FLO; 6 =9-HF; 7 =2-N-1-N.

ED using 2,4-dibromophenol as internal stan-
dard, and was found to be 0.21 ng/m?> in air and
19 wg/g in particulate matter. The concentra-
tions of the 5-IOH and 2-H-9-FLO, tentatively
identified by HPLC-ED, would be of the order
of the detection limits for real samples, which
are always higher than those obtained for stan-
dard solutions. For hydroxy-PAHs in aerosol
samples, the detection limits calculated from the
spiked sample were 0.8-2.5 ng injected into the
chromatograph, 5-30 times higher than those
obtained from standard solutions. The highest
differences were observed for the early-eluted
peaks owing to the baseline tail. Taking into
account the recovery of the preconcentration

step, these values mean that the detection limits
of these compounds in real samples would be of
the order of 0.03-0.2 ng/m’, depending on the
compound.

In order to confirm the presence of hydroxy-
PAHs in the aerosol samples, the extracts dis-
solved in dichloromenthane were injected into a
GC-MS system. Only 2-N-1-N was identified in
the winter sample; its spectrum and the total ion
chromatogram are given in Fig. 5. The con-
centrations of 2-H-9-FLO and 5-IOH, of the
order of 0.05 ng/m’ according to their detection
limits by HPLC-ED, were not high enough for
their identification by GC-MS.

Although there are few data in the literature
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Fig. 5. Total ion gas chromatogram of an atmospheric aerosol sample and mass spectrum of the compound indentified (2-N-1-N).

about hydroxy-PAHs in atmospheric aerosols,
our results agree with the values found by
Nishioka et al. [13], who reported concentrations
for hydroxylated nitro polycyclic aromatic com-
pounds in urban air particulate extracts between
0.01 and 0.6 ng/m’.

4. Conclusions

The use of liquid chromatography with elec-
trochemical detection for the determination of
hydroxy-PAHs has been assessed. Separation
and determination conditions to provide detec-
tion at the subnanogram level were established.
The selectivity, linearity and sensitivity of the
method were studied. The method was applied

to the determination of hydroxy-PAHs in atmos-
pheric aerosol samples.
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Abstract

Activated membranes for covalent immobilization of hydroxyethyl cellulose (HEC) were obtained by reaction of
microfiltration nylon membranes (N66) with bisoxirane or formaldehyde. Covalent linkage of HEC was essential
for the reduction of non-specific interactions with proteins and yielded a HEC coating as a layer of extended coils at
the porous network of the membrane after both activation methods, thus reducing the water permeability of the
modified membranes. Immobilization of iminodiacetic acid (IDA) onto HEC-coated membranes via standard
oxirane chemistry provided IDA affinity membranes with almost identical properties to IDA chromatographic
sorbents. The extended coil structure of the coating accounts for protein capacities higher than a theoretical
monolayer coverage would yield. The thermodynamics of the interaction of metal chelate affinity (MCA)
membranes with the proteins lysozyme, ovalbumin (OVA) and concanavalin A (Con A) demonstrated that
dissociation constants K, > 10"° M are unsuitable for the retention of target proteins on a single membrane disc.
This was demonstrated by the separation of a protein mixture of lysozyme (K, = 107> M) and Con A (K, =107’
M) on an MCA membrane.

by convection. The low diffusional resistance
leads to faster adsorption kinetics [6,7]. These
benefits were investigated in membrane chro-
matographic systems employing stacked mem-

1. Introduction

Over the last few years affinity membranes
have been introduced in downstream processing

of proteins as protein adsorbers [1-4]. In order
to overcome the main drawbacks of classical soft
gels, such as compressibility and slow process
rates, microporous membranes with various co-
valently bound affinity ligands were employed
[5]. In such membranes the transport of the
biomolecules to the affinity ligands occurs mainly

* Corresponding author.
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branes [8,9] or hollow fibres [10]. The high
volumetric throughput combined with a mem-
brane-based immunoaffinity purification process
allowed the purification of recombinant proteins
from dilute solutions [10]. In principle, these
membranes are capable to handle crude cell or
microbial suspensions. An integration of sepa-
ration by microfiltration and adsorption of target
products or contaminants by affinity membranes

© 1995 Elsevier Science B.V. All rights reserved
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has been demonstrated by means of cross-flow
filtration [11]. Typical ligands used are ion-ex-
change groups [2,3,9], pseudobiospecific ligands
such as reactive dyes [1,8,12] or metal chelators
[13,14] and biospecific ligands such as protein A,
protein G or receptor molecules [10,15,16].

Most of the polymers used in manufacturing of
microfiltration membranes, such as nylon, poly-
sulfone or polyethylene, display undesirable sur-
face characteristics leading to difficulties in pro-
cessing protein solutions. Proteins tend to adsorb
strongly on these membrane surfaces. Different
approaches were undertaken to remedy this
problem, such as preparation of copolymers for
membrane formation, use of hydrophillic alloy-
ing polymers, preparation of adsorptive coatings,
introduction of hydrophillic groups into polymer
backbones and covalent surface coatings by
hydrophillic coating polymers, as reviewed by
Klein et al. [17]. This review and a patent of
Azad and Goffe [18] demonstrated that end
groups of polysulfone membranes can be acti-
vated by oxirane chemistry to bind hydroxyethyl
cellulose (HEC) covalently. A reduction of non-
specific protein adsorption was observed and a
higher density of reactive sites for immobiliza-
tion of protein A was produced. End group
modification of nylon-6 membranes ensuing
polysaccharide immobilization was reported by
Klein and Feldhoff [19]. The resulting composite
membrane was applicable for covalent attach-
ment of BSA or Cibacron Blue. Also polymer-
grafted membranes with ion exchange, metal
chelate, reactive dye and histidine ligands were
used as affinity membranes [20-22].

The objective of this study was the develop-
ment of a hydrophillic membrane combining the
functional properties of microporous polyamide
membranes, such as high consistency of the pore
size distribution and mechanical rigidity, and the
combination of chemical reactivity and low pro-
tein adsorption of HEC. Nylon membranes have
only a low concentration of terminal amino
groups [19,23], the direct activation of the nylon
matrix leading to low ligand densities using metal
chelators or triazine dyes [24-26]. Another prob-
lem of nylon membranes is the non-specific
adsorption of proteins [27-29]. Immobilization

:
spacer sy
p: re=s
membrane coating affinity
matrix polymer ligand

Fig. 1. Scheme of an affinity membrane as obtained by
covalent immobilization of a polymer on a membrane matrix
and additional linkage of affinity ligands.

of HEC onto nylon membranes was expected to
exhibit low non-specific binding of proteins and
proper binding capacities for affinity ligands. The
initial activation of the nylon matrix by bisox-
irane or formaldehyde was directed at the co-
valent immobilization of HEC to the membrane
surface via amino end-groups or amide groups in
the nylon chain. The HEC coatings were com-
pared for their non-specific protein adsorption.
After the subsequent activation of the HEC
hydroxyl groups by epibromohydrin or bisox-
irane, iminodiacetic acid (IDA), a metal
chelator, was immobilized on the HEC-coated
membrane surface. In Fig. 1 a schematic illustra-
tion of such an affinity membrane is shown. The
adsorption of different model proteins on the
metal chelate affinity (MCA) membrane was
investigated.

2. Experimental
2.1. Materials

Microfiltration membranes (Ultipor N 66,
NXG 29325, 0.45 pm) were a gift from Pall
(Dreieich, Germany). Epibromohydrin, 1,4-
butanediol diglycidyl ether (bisoxirane), sodium
dodecyl sulphate (SDS), CaCl,, Cibacron Blue
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F3G-A, and hydroxyethyl cellulose (Cellosize
WP 40) (HEC) were obtained from Fluka (Neu-
Ulm, Germany). Acetic acid, disodium EDTA,
iminodiacetic acid (IDA), MnCl,, Na,CO,,
ethanol and Triton X-100 were purchased from
E. Merck (Darmstadt, Germany). HCI, NaOH,
NaCl, CuCl, and formaldehyde were obtained
from Riedel-de Haen (Seelze, Germany). Oval-
bumin (Grade V) (OVA), concanavalin A (Con
A), sodium borohydride and imidazole were
obtained from Sigma (Munich, Germany).
Bovine hemoglobin (2 X cryst., lyophil., research
grade) and hen egg white lysozyme were pur-
chased from Serva (Heidelberg, Germany).
Porofil was purchased from Coulter Electronics
(Krefeld, Germany).

2.2. Methods
Activation of nylon membranes with bisoxirane

Five membrane discs (47 mm diameter) were
shaken for 15 h at 353 K in a solution of 9 ml

. o
matix—NH,  +

OH

mam‘x—NH—-cH2~—<';H—cHz—o~(c|~l,)4-—o—CHz—c’H-\c:H2

OH

HyC—CH—CHy—0—(CHy);—0—CH,—CHCH,

bisoxirane—1 ml ethanol-1 ml 25 mM Na,CO;,
pH 11. After activation the membranes were
washed three times with water at room tempera-
ture (Fig. 2a).

Activation of nylon membranes with
formaldehyde

Nylon membranes were activated with form-
aldehyde according to a procedure described by
Cairns et al. [30] using nylon fibres, which was
modified to account for membrane discs. Ten
membrane discs (47 mm diameter) were incu-
bated for 7 h at 333 K in a solution of 20 ml
formaldehyde (>36.5% w/w) and 0.2 ml phos-
phoric acid (85% w/w). The membranes were
washed several times with water at 313 K (Fig.
2b).

Coupling of HEC

Each membrane disc was shaken in 5 ml of a
2% HEC solution (w/w) for 30 min at room
temperature. Then the disc was placed onto a

OH
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—
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Fig. 2. Reaction scheme for covalent immobilization on nylon membranes. (a) Modification of nylon amino end groups by
bisoxirane ensuing immobilization of polysaccharides (ROH), such as hydroxyethyl cellulose (HEC). (b) Activation of nylon

amide groups, followed by immobilization of HEC.



52 T.C. Beeskow et al. /| J. Chromatogr. A 715 (1995) 49-65

sintered glass filter holder and the remaining
HEC solution was sucked slowly through the
membrane disc by reduced pressure until no
further drop was formed at the filtrate side.
Subsequently the wetted membrane disc was
dried in an oven. Formaldehyde-activated mem-
branes were coated at pH 2 and dried for 45 min
at 363 K. Bisoxirane-activated membranes were
dried at 393 K for 14 h after coating at pH 11. To
compare the HEC coating of activated and non-
activated membranes, membranes without prior
activation were treated with HEC under the
same conditions. The amount of bound HEC
was determined after washing.

Washing procedures

In order to check the stability of the coating
the membranes were treated with different wash-
ing solutions. A membrane disc was shaken
three times for 1 h at room temperature in 0.1 M
NaOH, 1% Triton X-100 or 0.1% SDS. After-
wards the membrane was shaken for 2 days with
several water changes to displace the liquid
applied for washing.

Determination of HEC density

Using a bicinchoninic acid (BCA) assay
(Pierce, Rockford, IL, USA) the amount of
bound HEC was determined. The HEC-coated
membrane was incubated in 10 ml of 2 M HCI at
363 K for 4 h in order to decompose HEC in
glucose monomers by acid hydrolysis. An
amount of 2.1 ml of 1 M NaOH was added to 1
ml of the supernatant. Then 2 ml of BCA
reagent was mixed with 0.5 ml of the glucose
containing solution and incubated for 30 min at
333 K. The absorbance was monitored at 562
nm. The amount of bound HEC was calculated
using a calibration plot of distinct glucose con-
centrations, yielded from known HEC concen-
trations after acid hydrolysis, versus absorbance
as described above.

Activation of HEC-coated membranes

An amount of 80 mg of sodium borohydride
was dissolved in 12 ml 2 M NaOH. Then 20 ml
of water and 4 ml of epibromohydrin or 4 ml of
bisoxirane were added. Three membranes were

shaken in the reaction medium for 3 h either at
323 K for reaction with epibromohydrin or at
room temperature for bisoxirane. Finally, the
membranes were washed at least three times
with water.

Immobilization of IDA and Cu(ll)

A 1-g portion of IDA was dissolved in 10 ml
25 mM Na,CO,. The reaction medium was
adjusted to pH 12 with 6 M NaOH. The im-
mobilization occurred overnight at 323 K while
the activated membrane was shaken in the solu-
tion described above. The membrane was
washed several times with water and then
charged with Cu(II) by shaking it for 1 h in 20 ml
of 10 mM CuCl, dissolved in 50 mM acetate pH
5. Afterwards it was washed three times with
water and then equilibrated with buffer as re-
quired.

Determination of non-specific binding-sites by
hemoglobin adsorption

A membrane disc of 47 mm diameter was
equilibrated by shaking it three times in 25 mM
phosphate buffer—0.5 M NaCl, pH 7. Then the
membrane was shaken for exactly 1 h at room
temperature in 5 ml of 100 mg/l hemoglobin
dissolved in the equilibration buffer. Control
experiments without membranes were run under
identical conditions. The absorbance of the
supernatant was measured at 405 nm using an
Ultrospec Plus 4054 UV-Vis spectrophotometer
(Pharmacia, Freiburg, Germany). The protein
concentration was calculated from a calibration
plot. Finally, the amount of adsorbed hemoglo-
bin was calculated from the concentration differ-
ence of the supernatants with and without mem-
brane.

Determination of hydraulic permeability and
K, -value

K; is defined as the pressure required to
displace the wetting water from the largest pore
of the membrane [31]. It was determined at the
transition from diffusive air flow to capillary air
flow, as the water is expelled from the largest
pores of the membrane. Hydraulic permeability
and K| -value were determined to check whether



T.C. Beeskow et al. | J. Chromatogr. A 715 (1995) 49—-65 53

the pores of the membrane were blocked by the
coating method. Therefore, pressure was applied
on a water container via a Palltronic FFE 02
(Pall, Dreieich, Germany), utilizing it as a pres-
sure controlling unit. The membrane was placed
in an SM 16254 filter holder (Sartorius, Gotting-
en, Germany) connected to the water container.
After 50 ml of pre-filtered deionized water (0.2-
wm microfiltration membrane) were flushed
through the membrane at 500 mbar, the time to
process 100 ml water was measured and con-
verted into the hydraulic permeability. For de-
termination of K; the water container was re-
moved to reduce the dead volume.

Pore size distribution of membranes

The pore size distribution of active pores in
the membranes was evaluated by means of a
Coulter Porometer II (Coulter Electronics, Kre-
feld, Germany). The Porometer records the gas
flow as a function of the applied pressure during
displacement of a wetting fluid from an initially
saturated membrane. This extension of the bub-
ble-point method (ASTM F316) to the wet—dry
method (ASTM 2499) is described by Klein [32].
A fluorohydrocarbon with low surface tension
(Porofil) was used as wetting fluid. The dry
membrane (25 mm diameter) was dipped in
Porofil for 5 min at room temperature. After
wetting, the pore size distribution was evaluated
automatically by taking the ratios of wet to dry
gas flow for a given pressure range.

Specific surface area of membranes

Specific surface areas of membranes were
determined by N,-sorption using the ASAP 2000
system (Micromeritics, Neuss, Germany) and
employing the BET II Model [33]. Since N, is a
small molecule, the specific surface area of both
the large flow-through pores and the smaller
pores inside the porous network of the nylon
membranes are accessible by this method.

Determination of Cu(ll) capacity

Cu(II)-loaded membranes were suspended for
30 min in 20 ml 20 mM disodium EDTA. The
supernatant was fed to the furnace of an atomic
absorption spectrophotometer (Perkin-Elmer,

Type 2100) and the absorbance monitored at
324.7 nm. The Cu(II) concentration was calcu-
lated using a calibration plot.

Determination of protein adsorption isotherms

Single membrane discs were placed in an
ultrafiltration cell (Amicon 8050, membrane area
13.4 cm?). Constant flow-rates of 2 ml/min were
maintained by means of a peristaltic pump
(Pharmacia LKB P1) connected to the filtrate
line. Mixing of the protein solution in the ul-
trafiltration cell was secured with a magnetic
stirrer at approximately 300 rpm. The absor-
bance of the protein solution at 280 nm was
monitored using a Pharmacia Uvicord S II UV-
monitor with flow-through cell connected to a
Pharmacia REC 101 recorder (Pharmacia,
Freiburg, Germany). The solution was recircu-
lated from the ultrafiltration cell through the
UV-monitor back to the cell. A sample of
protein solution of known volume (0.2-1 ml)
and concentration (1-2 mg/1) was injected into 4
mi binding buffer in the ultrafiltration cell. After
apparent equilibrium was achieved, i.e. no
change of protein concentration in solution dur-
ing circulation, another injection followed. A
calibration plot was obtained in the same way
without a membrane in the ultrafiltration cell.
The protein concentration at each apparent
equilibrium was calculated from the calibration
plot. The stationary-phase protein concentration
was calculated by difference and plotted against
the protein concentration. Binding buffer for
adsorption of lysozyme and OVA was 25 mM
phosphate~0.5 M NaCl, pH 7. Con A adsorption
was carried out in 25 mM phosphate-0.5 M
NaCl-traces of CaCl,, MnCl,, pH 6, in order to
bind the dimer. All experiments were carried out
at room temperature.

Fractionation of a two-component model protein
solution

The metal chelate membranes were charged
with Cu(II) as described above. After equilibra-
tion with 25 mM phosphate buffer-0.5 M NaCl-
traces of CaCl,, MnCl,, pH 6, a volume of 4 ml
equilibration buffer was mixed in the ultrafiltra-
tion cell with 0.5 ml of 1 g/1 lysozyme and 0.5 ml
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of 1 g/1 Con A dissolved in equilibration buffer.
This solution was filtered through the membrane
at a flow-rate of 2 ml/min. After washing the
proteins were eluted either with 200 mM imida-
zole dissolved in buffer or 20 mM disodium
EDTA.

Sandwich affinity membranes

The metal chelate membrane was loaded with
Cu(II) as described above. Con A was adsorbed
onto the membrane at a ligand density of 400
mgem ™ as described above. This sandwich
affinity membrane, which utilizes the lectin as
affinity ligand, was employed for OVA adsorp-
tion. The isotherm was determined as described
for the MCA membranes.

SDS-PAGE

Protein fractions were analyzed with a Phar-
macia Phast System according to the manufactur-
er’s instructions on SDS 8-25% PAGE under
reducing conditions similar to the procedure of
Laemmli [34] and made visible by silver staining
[35].

3. Results and discussion
According to the technical information of the
manufacturer the isotropic membranes are made

of nylon 66 with accessible amino and carboxy-
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late groups in a 1:1 molar ratio. Polyester fibres
are utilized as support layers. Characteristic data
of Ultipor N66 (NXG 29325) are nominal pore
size 0.45 pm, mass/plane surface 6.7-107°
g cm 2, specific surface area (BET II) 7.1 m’/g
and 150 wm thickness.

3.1. Immobilization of HEC

Activation of the nylon 66 polymer with bisox-
irane or formaldehyde resulted in densities of
active sites of at least 80 nmol cm > of epoxide
groups or 2 pmol cm™” of N-methylol groups
(Fig. 2), respectively [36]. The higher density of
N-methylol groups is attributed to the modi-
fication of the amide groups of the nylon poly-
mer by formaldehyde. The following immobiliza-
tion of HEC provided a HEC coating which was
covalently linked by reactions yielding either
alkoxy- or N-alkoxymethyl derivatives (Fig. 2).
As control, non-activated membranes were
reacted with HEC under otherwise identical
reaction conditions. The stability of these coat-
ings was checked by different washing proce-
dures. Afterwards the amount of immobilized
HEC was determined for activated and com-
pared with non-activated membranes. Both acti-
vation procedures resulted in a HEC density of
at least 0.5 mgcm™? (Figs. 3a and b); thus no
remarkable difference of the coating efficiency
was found with both activation procedures.

8

HEC density (104 glem?)

T T T T T T
F/NaOH N/NaOH  FIT NIT F/SDS N/SDS

Membranes

Fig. 3. Amount of immobilized HEC and influence of different washing procedures after HEC immobilization [0.1 M NaOH
(NaOH), 1% Triton X-100 (T), 0.1% SDS (SDS)]. (a) After bisoxiran activation of the nylon matrix (B) or without nylon
activation (N). (b) Amount of bound HEC after formaldehyde activation of the nylon matrix (F) or without nylon activation (N).

Data were obtained as duplicates using two membranes.
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It is important to note that HEC is also
adsorbed to non-activated membranes. Although
a reduction of HEC density was measured,
especially after treatment with 0.1% SDS or
Triton X-100, the adhesive forces were sufficient
to hold fractions of HEC polymers in place
during the different washing procedures, as dis-
played with non-activated membranes (Figs. 3a
and b). This implies that HEC was attached in
partially covalent and adsorptive manner at the
inner porous surface of the membrane. How-
ever, HEC density was significantly higher for
activated than for non-activated membranes.

It is well known that macromolecule chains do
not adsorb on polymer surfaces in a film- or
rod-like form. Instead, they build up coils on the
membrane surface [37]. The coil dimension de-
pends on the strength of interaction between
matrix and the adsorbed polymer, the distance of
covalent linkages and the diameter of the macro-
molecule in a given liquid. Therefore, it is
plausible that the coated membrane surfaces
consist of loops and tails of HEC chains freely
moving inside the pores.

3.2. Non-specific interactions

The influence of HEC coating on the reduc-
tion of non-specific interactions was investigated
as outlined in the Experimental section. Hemo-
globin was chosen as surface active protein [38]
which has been found to adsorb onto nylon
membranes (Fig. 4). Significant reduction of
hemoglobin adsorption on all covalently linked
HEC-coated membranes was observed as com-
pared to non-treated nylon membranes (Figs. 4a
and b). Hemoglobin adsorption was also reduced
on non-activated membranes which were treated
with HEC under identical conditions employed
for activation, however, without the activating
reagent as control. The ionic detergent SDS
(0.1%) and the non-ionic detergent Triton X-100
(0.1%) [39] were more efficient in the removal
of physically adsorbed HEC than washing with
0.1 M NaOH. These results demonstrate that
interactions between HEC polymers and nylon
are quite strong, demanding for strong de-

tergents if physically adsorbed HEC ought to be
washed out thoroughly.

Washing exposes non-specific binding sites
from both activated and non-activated mem-
branes. Usually, HEC density and hemoglobin
adsorption were inversely related with both
physically adsorbed and covalently bound HEC.
Hence, the presence of HEC in the pore struc-
ture of the membranes is responsible for a
reduction of non-specific hemoglobin adsorption.
Nylon activation prior to HEC coating was
essential to yield lowest hemoglobin adsorption.
If formaldehyde was chosen for activation, less
non-specific interactions remained compared to
bisoxirane even after washing with detergents.
This could be due to a more homogeneous
distribution of HEC at the membrane surface,
caused by multiple covalent binding of the HEC
polymer as a result of the higher density of
N-methylol groups at the nylon chains.

Considerable differences in hemoglobin ad-
sorption were also noticed after HEC coating of
non-activated membranes (control experiments)
employing either reaction conditions for bisox-
irane or formaldehyde activation. At 393 K
partial dehydration may have taken place during
the 14-h reaction time, leading to some covalent
linkages between nylon and HEC of undeter-
mined origin. At the lower temperature and
shorter reaction time employed with formalde-
hyde-activated membranes, HEC was only phys-
ically adsorbed and apparently completely dis-
placed by the detergents. A plausible explana-
tion of the higher hemoglobin adsorption on
those membranes which demonstrated higher
HEC coating after adsorption (Fig. 3a, N/
NaOH, etc.) and washing with detergent com-
pared to washing with NaOH cannot be given.
One might assume that 0.1 M NaOH was not
able to displace those polymer chains which were
held closest to nylon, but the detergent did at
least partially. If that is true, a more homoge-
neous coating would be left after washing with
NaOH, despite a lower HEC density, providing
less non-specific interaction with hemoglobin.

Since a slight increase of hemoglobin adsorp-
tion was noticed after washing original nylon
membranes with SDS, maybe originating from
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Fig. 4. Non-specific adsorption of hemoglobin on HEC-coated membranes. Influence of washing procedures. Original membrane
(N66); (a) reaction conditions for HEC coating: 2% HEC at pH 11; (N) HEC coating without prior activation; (B) HEC coating
on bisoxirane-activated membranes. (b) Reaction conditions for HEC coating: 2% HEC at pH 2; (N) HEC coating without prior
activation; (F) HEC coating on formaldehyde-activated membranes. Washing conditions: 0.1 M NaOH (NaOH); 1% Triton
X-100 (T), 0.1% SDS (SDS). Data were obtained as duplicates using two membranes.

adsorbed SDS, only Triton X-100 was employed
in the following as washing reagent after HEC
coating. No evidence was found that Triton X-
100 would stick on HEC-coated nylon mem-
branes, thus it was completely removed by
washing with water.

Remaining non-specific interactions with
HEC-coated nylon membranes were compared
with those of non-modified nylon membranes in
the filtration mode by using lysozyme as model
protein (Fig. 5). Equilibrium isotherms obtained
with coated membranes displayed a shallow
shape, indicating very weak non-specific interac-
tions. By contrast, approximately a three-fold
amount of lysozyme was adsorbed on the origi-

nal nylon membranes. No discrimination be-
tween the two activation methods was apparent
which is in contrast to the hemoglobin adsorp-
tion (Fig. 4). Possibly a different mechanism
accounts for the interactions of hemoglobin and
lysozyme with nylon, leading to a better recogni-
tion of insufficiently coated membrane surfaces
by hemoglobin.

3.3. Hydrodynamic properties

The pore sizes of the HEC-coated membranes
are 40 nm smaller on average than those of the
original membranes (Table 1), which represents
a reduction of approximately 10%. The K| -value
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Fig. 5. Lysozyme adsorption isotherms for nylon membranes
with and without HEC coating in 25 mM phosphate, pH 7,
0.5 M NaCl. (0) N66; (O) B/HEC; (A) F/HEC. Reduction
of non-specific binding is observed with HEC-coated mem-
branes independent of the activation method.

did not change significantly after modification;
thus the maximum pore size of the membrane is
almost not affected. By contrast, the hydraulic
permeability is reduced to approximately 57%
after HEC coating (Table 1). Both activation
methods demonstrated comparable data as
judged from these analysis.

The specific surface area of the original nylon
membranes (7.1 m?/g), as determined by N,
sorption, is reduced after the modification pro-
cess, yielding 5.9 m*/g and 6.0 m”/g for B/HEC
and F/HEC, respectively. Taking into considera-
tion the 8% increase in weight of the membranes
after coating, the porous network of the nylon
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membrane, as accessible by N,, is not affected
significantly by the HEC coating. The remaining
surface area still indicates the existence of a
porous network after the coating process. Total
blockage of the pores, as would result from a
compact HEC precipitate, should have been
indicated by a much lower specific surface area,
accounting for the geometrical surface of the
membranes only.

The decrease in hydraulic permeability indi-
cates that the HEC polymers stay inside the
pores, thus reducing the pore size. Assuming a
reduction of the mean flow pore size from 0.66
to 0.63 um, as evaluated from the porometer
data, the hydraulic permeability of a capillary
pore would be reduced to 91% only, employing
the Hagen-Poiseuille law. One reason for the
difference between the theoretical permeability
and the observed value could be blockage of
parts of the flow-through pores of the mem-
brane. This would have only minor effects on the
evaluation of data determined by the wet and
dry method or the K -value, since both methods
include flow-through pores only. On the other
hand, the same degree of reduction of the gas
flow should have been observed as for the water
flow. However, this was not the case; approxi-
mately a 20% reduction of the gas flow was
measured compared to approximately 40% for
the water flow. Consequently, pore blockage
cannot fully explain these resuits.

Another interpretation of the observed reduc-

Table 1
Characteristic data of nylon membranes with and without HEC coating
Membrane Wet and dry porosity K, -value Hydraulic
(mbar) permeability
Minimum flow Mean flow Maximum flow (ml min~’ cm  bar™!)
pore diameter pore diameter pore diameter
(em) (nm) (wm)
N 66 0.46 0.66 0.80 2550 22.4
2550 23.0
B/HEC 0.42 0.63 0.76 2700 131
0.42 0.63 0.77 2700 13.0
F/HEC 0.40 0.63 0.75 2400 12.8
0.38 0.63 0.75 2400 12.9

Data were achieved as duplicates using two membranes, except for N66.
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tion in permeability meets better with the
specific properties of polymers. HEC polymers
are open coils on the membrane surface in an
aqueous environment. The existence of hydro-
gels is discussed by Klein et al. [17], although no
estimation was provided regarding the space a
HEC coating might require. The major problem
is that the crosslinking of HEC during the
coating reaction is unknown. However, a rough
estimate of its structure should be possible. HEC
is a flexible polymer with high extension in water
as derived from polymer—solvent interactions
[40]. Since data accounting for the thickness of
adsorbed HEC layers in water are not available,
experimental data from the adsorption of poly-
saccharides on silica particles may be used in-
stead, such as described by Baudin et al. [41].
For example, pullulan, which is a neutral linear
polysaccharide of 3-1,6-linked maltotriose units,
adsorbs in a poor affinity-type. The hydro-
dynamic layer thickness is 19 and 24 nm using
pullulan of molecular masses 200000 and
400 000, respectively. The radius of gyration
(Rg) of these polymers in water is 19 and 28 nm;
hence, it is very close to the hydrodynamic layer
thickness. The environment for adsorbed poly-
mer chains on a surface corresponds most to that
of semi-dilute solutions where polymer coils
overlap strongly but the volume fraction remains
small [37]. If one end of the polymer chain is
attached covalently to a surface, the density of
chemical linkages defines the polymer’s shape.
Consequently, the chains are disposed like adja-
cent mushrooms if the distance (D) between two
linkages is larger than the coil size (D >2R,). If
the density of linkages is higher (D <2R,), a
brush results from enlarged chains.

For HEC of molecular mass 350 000 (manufac-
turer information), as employed in this study, a
radius of gyration of 20 nm is a conservative
estimation. On the other hand, a HEC mass of
5.5-107* gem™?, as determined by the BCA
assay, corresponds to a HEC density of 1.6
nmol cm . Taking into account a closed packed
monolayer of HEC coils, the specific surface
area of 7.1 m’/g and the mass per plane surface
of 6.7-107> gcm ™, a diameter of 7.6 nm for
one HEC sphere is calculated. An R of 20 nm,
as is estimated in water, would demand for

strong overlapping of polymer chains at the
membrane surface, which is entropically un-
favourable. Therefore, HEC polymer chains
should stay in an enhanced cylindrical shape
inside the pores of the membrane, thereby
reducing overlapping. Taking the radius of gyra-
tion as the radius of a hemisphere of adsorbed
HEC at the nylon surface, a layer thickness of 20
nm would result, which is in accordance with
experimental data determined for pullulan [41].
Assuming a constant volume of the HEC sphere
and a radius of 10 nm at the nylon surface, which
again is a conservative estimation, the sphere
will deform to a cylinder with a height of 50 nm,
corresponding to the layer thickness. Hence the
mean flow pore size would be reduced at least
from 0.66 to 0.56 pm, ensuing a reduction of the
hydraulic permeability to 72%. This corresponds
much better to the experimental value (57%).

Taking into consideration an enhanced cylin-
drical shape of the HEC coating, K, -values and
pore sizes determined by the wet and dry meth-
od should not change dramatically. Flexible
polymer chains have only a minor influence on
the pressure required to empty the wetted pore
system, since mainly capillary forces and the
surface tension need to be overcome. The gel-
like structure of the polymer chains will increase
mainly the viscosity of the solvent close to the
membrane surface but not its general physical
properties. Consequently, the pore size of the
nylon network is still determining for the evalua-
tion of these data.

3.4. Chemical properties

After having demonstrated that only minor
non-specific interactions of HEC-coated mem-
branes and proteins remain, these membranes
need to be activated before immobilization of
affinity ligands. In order to employ the same
immobilization procedures as with hydrophillic
chromatographic matrices, e.g. agarose, HEC-
coated membranes were activated with epi-
bromohydrin and bisoxirane. After that, IDA
was immobilized onto the activated membranes
and charged with Cu(Il) ions to obtain MCA
membranes. By measuring the amount of
charged Cu(II) a precise method is available for



T.C. Beeskow et al. | J. Chromatogr. A 715 (1995) 49-65

determination of the IDA density on these
membranes.

In order to get high Cu(II) capacities, covalent
binding of HEC is essential, such as found after
bisoxirane (=100 nmol cm > for B/HEC/B and
F/HEC/B) and epibromohydrin activation (150
nmol cm > for B/HEC/E, F/HEC/E), respec-
tively (Fig. 6). By contrast, Cu(Il) capacities on
non-covalently coated HEC membranes (N/
HEC/E and N/HEC/B) are similar to those on
membranes without HEC coating (N66/E and
N66/B), which all were significantly lower than
those on covalently coated membranes. Thus,
the activation of hydroxyl groups of HEC is
mainly responsible for these high Cu(Il)
capacities and not the remaining functional
groups at the nylon matrix, as could be specu-
lated.

Only minor differences among covalently
coated membranes were found. Epibromohydrin
activation leads to approximately 60% higher
Cu(Il) capacities than bisoxirane activation. On
chromatographic matrices the same order is
found, which is commonly attributed to a higher
crosslinking of bisoxirane with the matrix due to
its spacer length. Probably the same is true for
HEC-coated membranes.

3.5. Adsorption isotherms of MCA membranes

Equilibrium isotherms obtained from the ad-
sorption of lysozyme onto the different MCA
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Fig. 7. Lysozyme adsorption isotherms for MCA membranes

in 25 mM phosphate, pH 7, 0.5 M NaCl. (O) B/HEC/B/

IDA:Cu(Il); (V) B/HEC/E/IDA:Cu(ll); (A) F/HEC/B/
IDA:Cu(Il); (0) F/HEC/E/IDA:Cu(II).

membranes are displayed in Fig. 7. The data
points reflect experimental results which were
fitted employing the Langmuirean model for
adsorption, ¢* =c*q,/(Kp +¢*). From the fit-
ting, the apparent dissociation constant, K, and
the maximum capacity, g, , were evaluated. The
maximum capacity for all membranes was found
to be in the same range of 300 + 30 g cm ~*, but
the shape of the isotherms differed. K, of B/
HEC/B/IDA:Cu(Il) (4-107° M) was less than
half the K, of the other membranes [(9x1)-
107> M], indicating a stronger interaction be-
tween lysozyme and bisoxirane-linked IDA for
B/HEC membranes despite a 60% lower Cu(II)
capacity compared to epibromohydrin-linked
IDA. Apparent K,’s of about 10™* M corre-
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Fig. 6. Cu(II) capacity of MCA membranes obtained by IDA immobilization after different activation procedures. Covalent
immobilization of HEC yields significantly higher capacities. Data were obtained as duplicates using two membranes.
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spond to unusually weak interaction of
IDA:Cu(Il) with lysozyme, commonly being
found one order of magnitude lower. Probably
the accessibility of the IDA:Cu(Il) chelate im-
mobilized in the HEC coils on the membrane
surface is restricted. It is known that lysozyme
possesses one surface-exposed histidine respon-
sible for binding onto metal chelate sorbents
[42). However, this histidine residue needs to
come close to the coordination sphere of the
membrane-bound metal chelate to be adsorbed.
The longer spacer obtained after bisoxirane
activation may improve this. In MCA chroma-
tography the apparent dissociation constant is
inversely related to the ligand density over a
certain range [43]. Thus, for lysozyme the metal
chelate density seems to be higher after bisox-
irane activation than after epibromohydrin acti-
vation. Since the opposite is true, a considerable
fraction of metal chelate ligands is not accessible
to the protein.

The shape of the isotherms and the maximum
capacity on F/HEC membranes displayed only
minor differences between both activation pro-
cedures. As indicated after immobilization of
IDA, less Cu(Il) was bound on these membranes
than on bisoxirane-activated membranes despite
a slightly higher HEC density. This might reflect
the more compact structure of HEC on form-
aldehyde-activated membranes. Consequently,
spacers and chelate ligands will be less accessible
on these membranes as well. Since lysozyme
contains only one histidine for interaction with
the metal chelate, it is more sensitive to changes
in the accessibility of chelate ligands. This is
found in the differences of the adsorption iso-
therms of lysozyme on F/HEC and B/HEC
membranes, which are less marked on F/HEC
membranes.

Another model protein for characterization of
MCA matrices is Con A. Con A exposes several
histidines at its surface; thus the discrimination
of more or less accessible metal chelate ligands is
not as distinct as with lysozyme. The lectin dimer
binds strongly onto IDA:Cu(II) chelates at pH 6
by the interaction of several surface-located
histidine residues [44,45]. The equilibrium ad-
sorption isotherms in Fig. 8 confirm these strong

600
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Concanavalin A adsorbed, q' (uglcm?)

100f
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Fig. 8. Concanavalin A adsorption isotherms for different

‘membranes, 25 mM phosphate, pH 6, 0.5 M NaCl, including

trace amounts of Ca(Il) and Mn(II). (A) B/HEC/E/
IDA:Cu(Il); (O) B/HEC/B/IDA:Cu(1l); (O) N66; (V) B/
HEC. Dotted lines are obtained by iteration assuming
Langmuir isotherms.

interactions also for MCA membranes. They are
very steep at low protein concentrations. Fitting
of the data by the Langmuirean model is not
successful, as indicated by non-linearity of the
double reciprocal plot (data not shown). Never-
theless, the apparent dissociation constants were
estimated by iteration based on a non-linear
least-squares curve-fitting algorithm from Mar-
quardt [46], showing some deviation from the
real K. Dissociation constants of 2-10”" and
3-1077 M, as obtained by iteration, confirm the
strong interactions of Con A onto the metal
chelates. In comparison, Con A adsorption onto
the B/HEC membrane without metal chelate
ligands was very low (Fig. 8). Proteins are well-
known to interact weakly with many surfaces in a
non-specific manner [47]. In the case of Con A
this might by the reason for the non-Lang-
muirean adsorption of Con A on the metal
chelate membranes. Another important fact to
consider is the behaviour of Con A to build
multimers of different extent depending on the
pH and the concentration of Con A [48]. This
could result in multimer or multilayer adsorp-
tion, particularly at higher equilibrium concen-
trations. A further explanation could be polari-
zation on the membrane which builds up during
the filtration process, leading to additional Con
A adsorption at higher protein concentration.
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In the case of Con A no influence of the
spacer on the shape of the isotherms was ob-
served; thus the type of interaction did not
change and the metal chelates are accessible
regardless whether short or long spacers were
used. Therefore, the slightly higher Con A
capacity obtained after epibromohydrin activa-
tion can be explained by the higher Cu(II)
capacity of the membrane. This was also found
by El-Rassi et al. [44].

The metal chelate membranes with formalde-
hyde-bound HEC coating exhibit similar Con A
adsorption isotherms, with slightly lower
capacities of approximately 380 xg cm >, Con A
capacities were reproducible with all types of
membranes after elution of Cu(II) and Con A by
EDTA. Elution of the lectin was not observed at
200 mM imidazole, which again points to a very
tight binding.

3.6. Separation of model proteins on MCA
membranes

The distinct affinities of lysozyme and Con A
for the IDA:Cu(II) chelate, as indicated by the
adsorption isotherms, were utilized to fractionate
a mixture of both proteins. The protein mixture
was flushed once through B/HEC membranes
with the chelate immobilized either by a bisox-
irane or a epibromohydrin spacer. Both mem-
branes adsorbed Con A completely; hence it was
not found in a corresponding SDS-PAGE gel
(Fig. 9). However, lysozyme was found in the
filtrates. Rinsing with buffer caused complete
elution of lysozyme from the membranes. Obvi-
ously, the relatively weak interactions between
the immobilized metal chelates and lysozyme
cannot retain the protein during extensive wash-
ing. Elution of large amounts of lysozyme from
IDA:Cu(II) membranes was also found by
Serafica et al. [13] with buffer containing 0.1 M
NaCl. By contrast, with chromatographic sor-
bents elution of lysozyme is not described during
washing; however, this is due to a better ef-
ficiency (larger number of theoretical plates) of
the column setup.

With a 200 mM imidazole step gradient only
small fractions of Con A elute from the

1 2 3 45

6 7 8 9

Fig. 9. SDS-PAGE gels of the fractionation of a Con A—
lysozyme mixture; lane 2-5, fractionation by B/HEC/B/
IDA:Cu(Il); lane 6-9, fractionation by B/HEC/E/
IDA:Cu(II). Lane 1: protein mixture; lane 2, 6: break-
through fraction; lane 3, 7: washing filtrate; lane 4, 8: 200
mM imidazole elution; lane 5, 9: 20 mM EDTA elution; lane
2 and 6: lysozyme only; lane 5 and 9: Con A only.

IDA:Cu(Il) membrane activated with bisox-
irane. No Con A was found in the filtrate using
membranes activated with epibromohydrin. Con
A elution was achieved from both membranes by
elution of Cu(II) by 20 mM EDTA. This is
another proof that interactions between Con A
and the metal chelate membrane are indeed
metal chelate interactions; the proteins were not
retained by non-specific interactions.

3.7. Accessibility of large ligands

In order to investigate the accessibility of large
ligands, a sandwich affinity membrane of metal
chelate-immobilized Con A was chosen. Con A
was immobilized onto a B/HEC/E/IDA:Cu(1I)
MCA membrane. Such sandwich affinity chro-
matographic sorbents are described by Horvath
and co-workers [44,49]. The carbohydrate bind-
ing site of Con A retains completely its affinity
towards carbohydrates and glycoproteins since
the immobilization by metal chelate adsorption
leads to orientation of the affinity ligand [45].
Affinity interactions of OVA with either the
IDA:Cu(II) chelate or Con A takes place at
different sites on the surface of the protein. One
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Fig. 10. Adsorption isotherms of OVA on a MCA membrane
and a sandwich affinity membrane, 25 mM phosphate, pH 7,
0.5 M NaCl. (O) B/HEC/E/IDA:Cu(Il):Con A; (A) B/
HEC/E/IDA:Cu(Il). The linearity of the Scatchard plot
indicates specific interactions of the sandwich affinity mem-
brane (inset).

histidine residue is available for interaction with
the metal chelate [50], whereas the carbohydrate
site is responsible for interaction with Con A.
The adsorption isotherms of OVA on the metal
chelate and the sandwich affinity membrane are
displayed in Fig. 10. The maximum capacity of
the sandwich system (453 mgcm ) is slightly
higher than that of the metal chelate membrane
(419 wgem™?) assuming Langmuirean adsorp-
tion. There is strong evidence that OVA binds
specifically to Con A, as indicated by the lineari-
ty of the Scatchard plot. Con A capacity of the
sandwich membrane was approximately 400
pugcem °, as estimated from the Con A isotherm
on the metal chelate membrane (Fig. 8) obtained

Table 2

experimentally. This corresponds to 7.5
nmol cm ~* of the Con A dimer. The maximum
capacity of OVA on the sandwich membrane
corresponds to 10.1 nmol cm >. This indicates
clearly the good accessibility of the large ligand
Con A. The slightly higher OVA capacity of the
sandwich membrane compared to the metal
chelate membrane and the binding ratio OVA/
Con A of 1.3 indicates that one Con A dimer can
adsorb more than one OVA molecule. Possibly,
both binding sites of the Con A dimer are partly
accessible for OVA.

3.8. Theoretical considerations of protein
adsorption on MCA membranes

Table 2 displays the thermodynamic data ob-
tained for the adsorption of different proteins on
metal chelate membranes by fitting to the Lang-
muirean model. The apparent dissociation con-
stants are in a similar range as described for
particulate sorbents, as used in immobilized
metal chelate interaction chromatography
[51,52]. This confirms the mainly specific interac-
tions of the affinity membranes with the model
proteins. The influence of the membrane matrix
is only minor, almost similar to hydrophillic
chromatographic matrices.

The dimensions of lysozyme, Con A dimer
and OVA are 4.5x3 X3 nm [53], 8.4%X4X3.9
nm [54] and 7 X 4.5X5 nm [55], respectively.
Because the orientations of the adsorbed pro-
teins are not known, the surface area covered by
one protein molecule is calculated utilizing small-
est and largest values of protein dimensions
building a rectangle at the membrane surface.

Thermodynamic constants of MCA membranes and proteins, as determined from Langmuir adsorption isotherms

MCA membrane Protein Maximum Apparent dissociation
capacity, g, constant, K,
(ngem™) (M)
B/HEC/B/IDA:Cu(II) Lysozyme 321 4-107°
B/HEC/E/IDA:Cu(1I) OVA 419 6-107°
B/HEC/B/IDA:Cu(II) Con A 451 3-1077
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Consequently, a range of monolayer adsorption
of the proteins is calculated. Theoretically, a
membrane of 1 cm” comprising 435 cm’ internal
surface area would adsorb 77-116 ug lysozyme
(M, 14 400), 114-245 png Con A (M, 53 000 for
the dimer) or 93-144 pg OVA (M, 45000) in a
monolayer. However, maximum capacities are
two- to five-fold higher than theoretical mono-
layer capacities (Table 2). This can be attributed
to the HEC coils on the membrane surface.
Since nitrogen sorption is performed on a dehy-
drated membrane surface, the extended HEC
polymer chains on the nylon membrane are
collapsed and compact like a film. Thus, the
specific surface area from N, sorption must be
different from the surface “perceived” by pro-
teins in an aqueous environment. Considering
the size of the proteins employed (3 to 10 nm),
adsorption is not only possible on the out-rang-
ing positions of the HEC layer, it will take place
on inner locations of the expanded HEC coils as
well (=50 nm thickness). Therefore, more pro-
teins can be adsorbed than calculated for a
monolayer. By contrast, monolayer adsorption
was experienced by lysozyme adsorption onto
nylon membranes (Fig. 5) [24,26]. Protein ad-
sorption in expanded HEC coils does imply that
at least partial transport by diffusion is taking
place. Thus, in polymer-coated membranes pro-
tein transport does not occur by convection only.

4. Conclusions

Covalent coating of nylon microfiltration
membranes by HEC is a basic requirement to
minimize non-specific adsorption of proteins and
to allow an effective immobilization of affinity
ligands. Both activation of amino end groups by
bisoxirane and amide groups by formaldehyde
results in stable HEC coatings which display very
little remaining non-specific interactions with
proteins.

The hydroxyl groups of HEC are a suitable
matrix for activation procedures known from
hydrophillic chromatographic supports, such as
agarose. Thus, very similar chemical reactions
could be utilized to immobilize affinity ligands.
Small ligands, such as metal chelates, as well as

large ligands, like Con A, are accessible after
immobilization onto these HEC-coated mem-
branes.

The structure of the HEC polymer represents
expanded coils on the membrane surface. These
coils are responsible for the reduction of the
hydraulic permeability of up to 43% but also for
two- to five-fold higher protein capacities of the
affinity membranes than monolayer adsorption
would yield.

Formaldehyde-activated membranes produce a
more compact structure of the HEC coating at
close proximity to the nylon matrix compared to
bisoxirane-activated membranes. This results in
slightly lower protein capacities and reduced
accessibilities of the immobilized ligands. How-
ever, these minor differences would not justify
the preference of one of these methods.

Thermodynamic data of protein adsorption
demonstrates that affinity interactions can be
utilized without alteration of their specificity,
which might have occurred through the modi-
fication and immobilization processes. From the
current results it can be derived that dissociation
constants K >10"> M are unsuitable for the
retention of target proteins on a single mem-
brane disc. With affinity systems demonstrating
stronger interactions, the potential of these af-
finity membranes as a tool for protein purifica-
tion is indicated.
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List of abbreviations

Chemicals

1,4-butanediol diglycidyl

ether,

Bisoxirane
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Con A concanavalin A,

Disodium EDTA disodium salt of ethylenedia-
minetetraacetic acid,

HEC hydroxyethyl cellulose,

Hemoglobin bovine hemoglobin,

IDA iminodiacetic acid,

Lysozyme hen egg white lysozyme,

OVA ovalbumin,

SDS sodium dodecyl sulphate.

Washing procedures

Indicated is: membrane/washing solution.

B/NaOH washing of HEC-coated mem-
branes after bisoxirane activation
of the nylon matrix with 0.1 M
NaOH,

N/T washing of HEC-coated mem-
branes without prior activation of
the nylon matrix with 1% Triton
X-100,

F/SDS washing of HEC-coated mem-
branes after formaldehyde activa-
tion of the nylon matrix with 0.1%
SDS.

Membranes

N66 original, non-treated nylon

membrane,

MCA membrane metal chelate affinity mem-

brane,

B/HEC HEC-coated membrane

after bisoxirane activation
. of the nylon matrix,
F/HEC HEC-coated membrane
after formaldehyde activa-
tion of the nylon matrix,
N/HEC HEC coating without prior
activation of the nylon ma-
trix,
F/HEC/B bisoxirane-activated F/
HEC,

B/HEC/B bisoxirane-activated B/
HEC,

F/HEC/E epibromohydrin-activated
F/HEC,

B/HEC/E epibromohydrin-activated
B/HEC,
IDA:Cu(II) chelate formed after charg-

ing IDA with Cu(II),
sandwich affinity sorbent
formed by adsorption of
Con A on IDA:Cu(II).

IDA:Cu(Il):Con A
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Abstract

An efficient, sensitive and reliable method for the simultaneous determination of dabsyl derivatives of numerous
proteinogenic and physiological amino acids and biogenic amines in complex matrices by reversed-phase high-
performance liquid chromatography (RP-HPLC) is described. A linear relation between peak area and con-
centration was observed from 1.25 to 1250 pmol and the detection limit was between 0.12 and 0.52 pmol. The
average repeatability ranged between 1.3 and 3.1%, and the recovery values between 98 and 104%. An automated
derivatization/injection unit clearly improved the performance of the method. Triethylamine was found to be a
very effective additive to optimize separation efficiency. The method was successfully applied to the analysis of
amino acids from protein hydrolyzates and of amino acid and biogenic amines of biological samples and food. More

than 40 compounds could be separated simultaneously.

1. Introduction

After the introduction of dabsyl chloride as a
pre-column derivatization reagent for amino
acids [1] as well as primary and secondary
amines [2], numerous applications have been
published, most of them related to the analysis
of amino acids in biological fluids or protein
hydrolyzates by high-performance liquid chro-
matography (HPLC) [3-12,17]. Several advan-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00578-1

tages of the dabsyl method over pre- or post-
column derivatization with OPA, FMOC, PITC
or fluorescamine were reported {6,13,14], e.g.
dabsyl derivatives of primary and secondary
amino acids are stable at room temperature and
detection can be carried out in the visible region
(A = 436-460 nm) with high specificity and sen-
sitivity at the picomole level [3-4,6].

Several modifications of the basic method of
Chang et al. [3] were directed to optimize
dabsylation and chromatographic separation
[4-8,10,12]. The stability of the dabsyl deriva-
tives, which is commonly described as being
“perfect” up to 4 weeks at room temperature

© 1995 Elsevier Science B.V. All rights reserved
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[5,8,14,16] or over one year at —20°C [16-18],
has been questioned by Vendrell and Avilés
[12]. Observations of these authors clearly
indicated that peak-area values of certain
amino acids (bis-dabsylated lysine, tyrosine
and histidine) are not reproducible from one
experiment to another if the standard condi-
tions of Chang et al. [3] for derivatization are
applied. Furthermore, a non-quantitative de-
rivatization yield of several proteinogenic
amino acids (aspartic acid, glutamic acid,
serine, threonine, arginine) was found ([5].
Vendrell and Avilés [12] proposed to increase
the final concentration of dabsyl chloride and
to adjust properly the concentration of organic
solvent in the reaction mixture to overcome
these problems.

Chromatographic separations of the dabsyl
derivatives of selected physiological amino acids,
decarboxylated amino acids (taurine, S-alanine,
y-amino butyric acid) and selected polyamines
(putrescine, spermine, spermidine) as well as of
phosphorylated amino acids were published by
several authors [2,4,10,11,15].

In addition, the influence of chromatographic
parameters such as pH, buffer composition, ionic
strength, organic modifier, temperature, column
length and type on the separation efficiency of
certain amino acids has been described [5-
7,9,12,17], but most of these parameters were
only tested on the separation of the 18 hydrol-
yzate amino acids or selected additional com-
pounds. Although several methods for the de-
termination of biogenic amines in food or bio-
logical material have been reported—for a review
see Refs. [19-21]-a simultaneous determination
of biogenic amines and amino acids, including
the precursors of biogenic amines, has not yet
been published.

Our attempt was to develop a method for the
simultaneous determination of proteinogenic and
physiological amino acids as well as biogenic
amines with special focus on derivatization yield
and derivative stability, even in complex ma-
trices as food or biological material, thus pro-
viding a flexible method for several fields of
applications.

2. Experimental
2.1. Materials

Doubly recrystallized dabsyl chloride, triethyl-
amine (sequencing grade) and 6 M HCl were
from Pierce (Rockford, IL, USA), dimethyl-
formamide and ANOTOP filter were obtained
from Merck (Darmstadt, Germany). Ultrafiltra-
tion inserts (UFC, M, cut-off: 5000) were from
Millipore (Eschborn, Germany). Acetone and
bis-2-carboxyethyl-sulfide  (3,3'-thiodipropionic
acid, TDPA) were from Fluka (Neu-Ulm, Ger-
many) and acetonitrile was from Riedel-de-Haen
(Seelze, Germany). Amino acid standard kits
were obtained from Pierce or Sigma (Deisen-
hofen, Germany). Additional amino acid and
amine standards of highest purity available were
obtained from Aldrich (Steinheim, Germany),
Fluka, Merck, Sigma and Serva (Heidelberg,
Germany). All glassware and polypropylene
reaction vials were rinsed thoroughly with 70%
ethanol and water and dried before use. Glass
vials for protein/peptide hydrolysis were heated
at 500°C for 3 h to remove any organic con-
taminants [5]. Highly purified water (Milli-Q,
Millipore) was used throughout for preparation
of all buffers and reagents.

Amino acid and amine standards

Composite amino acid and amine standards
were prepared from stock solutions (2.5 pwmol/
ml 0.1 M HCI) to yield an overall concentration
of 250 nmol/ml per component (except for
physiological standards with varying concentra-
tions). Norleucine or norvaline were used as
internal standards at final concentration of 250
nmol/ml. TDPA (0.2%, w/v) was generally
added to all standards as an antioxidant.

2.2. Protein/peptide hydrolysis [22]

An aliquot of protein or peptide solution in
0.1 mol/1 HC1-0.2% TDPA containing 100 ng to
5 wg was transferred into micro glass-vials and
dried in vacuo. Hydrolysis was carried out in the
gas phase over 6 M HCI-0.2% TDPA at 110°C
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for 24 h. Amino acids were redissolved in 50 to
200 ml of 0.1% HCI-0.2% TDPA and a 10-ul
aliquot was submitted to derivatization.

2.3. Extraction of free amino acids and biogenic
amines

Between 0.1 and 1.0 g of thoroughly
homogenized solid samples, as food (cheese,
meat, sausages, fish), tissue or plant material, or
lyophilized samples (plasma, tissue) was dis-
persed with 10 ml of 0.1 mol/] hydrochloric acid
solution containing 0.2% TDPA and the internal
standard (250 nmol/ml) in a 25-ml centrifuge
vial using an Ultra-Turrax homogenizer for 2
min at 20 000 rpm. The tube was covered with
Parafilm and kept in an ultrasonic bath for
maximal 30 min, centrifuged at 5000 g for 20
min, and any topping fat layer was removed. The
supernatant was filtered through a 0.45-um
membrane and 3 ml of the filtrate was deprotein-
ized by passing through ultrafiltration inserts
(prewashed with 200 unl of the extraction
medium prior to use) via centrifugation at maxi-
mal 3500 g for about 1 h. Membrane-filtrated
liquid food samples were diluted with 0.1 mol/l
HCI1-0.2% TDPA-250 mmol/l internal standard
and ultrafiltrated as described above.

Alternatively, 1 ml of supernatant or diluted
liquid sample was deproteinized by mixing with 1
ml of 40% (w/v) trichloroacetic acid, and the
mixture was kept for 10 min in an ice bath. After
centrifugation (15000 g, 15 min), a 100-ul
aliquot of the supernatant was dried in a vacuum
concentrator (Speed-Vac) and redissolved in 100
ul of reaction buffer immediately before de-
rivatization.

2.4. Dabsylation procedure

Reagents

Reaction buffer (0.15 mol/l NaHCO,, pH 8.6)
consisted of 630 mg sodium hydrogen carbonate,
dissolved in 40 ml Milli-Q water, adjusted to pH
8.6 with diluted NaOH and made up to 50 ml
with water.

Dilution buffer was a mixture of 50 ml acetoni-

trile, 25 ml ethanol and 25 ml elution buffer A
(see HPLC section).

Dabsyl chloride reagent (12.4 mM in acetone)
was prepared by dissolving 40 mg dabsyl chloride
in 10 ml of acetone by ultrasonic treatment (10
min) and filtering through an ANOTOP filter
into brown-glass vials, and was stored at —20°C.

Manual derivatization

Aliquots of 20 ul of amino acid and amine
standards, containing 0.2-50 nmol per compo-
nent, or deproteinized sample extracts—if neces-
sary diluted with 0.1 mol/l1 HCI-0.2% TDPA
according to the expected total free amino acid
and amine content—were transferred into 1.8-ml
screw-cap vials and diluted with 180 ul reaction
buffer. After thorough mixing on a vortex-mixer,
200 ul of dabsyl chloride reagent was added and
the vials were stoppered tightly and shortly
mixed again. Samples were incubated at 70°C for
15 min with intermediate mixing at 1 min and 12
min. The reaction was stopped by placing the
vidls in an ice bath for 5 min. Subsequent to a
short centrifugation step (10 s, 10 000 g), 400 wl
of the dilution buffer was added, followed by
thorough mixing and centrifugation (5 min,
15000 g). The clear supernatants were directly
set for injection or stored at —20°C until chroma-
tography.

Automated derivatization

Using an automated pre-column dabsylation
device for dabsylation (AS 3500, Thermo Sepa-
ration Products, Darmstadt, Germany), 100 ul
of dabsyl chloride reagent, 10 ul of amino acid—
biogenic amine standards or appropriate diluted
sample extracts and 90 u! of reaction buffer were
subsequently loaded into a teflon loop. The
content of the loop was then transferred to an
empty vial, mixed and incubated at 70°C for 15
min. While heating, the vial was mixed during
the first five minutes and during the last minute
of the incubation period. After cooling to 12°C
during 5 min, 200 wl of dilution buffer was
added. The solution was mixed again for 0.5 min
and kept at least 20 min at 12°C before submit-
ting to injection.
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2.5. High-performance liquid chromatography

HPLC equipment

The HPLC equipment (Waters, Eschborn,
Germany) consisted of a WISP 712 autosampler,
two Model 510 high-pressure pumps and an UV
486 variable-wavelength detector interfaced to a
NEC APC computer via a SIM box. Maxima 820
software was used for system controlling and
peak integration. For automatic derivatization,
the WISP 712 autosampler was replaced by the
AS 3500 pre-column derivatization unit/auto-
sampler.

HPLC conditions

Dabsyl derivatives of amino acids and amines
were separated either on a 150 X 4.6 mm I.D.
stainless-steel column filled with 3 um
Spherisorb ODS-2 (Knauer, Berlin, Germany),
including a 10 X4 mm I.D. guard cartridge
containing the same stationary phase, or on a
150 X 3.9 mm I.D. Novapak C,; column, 4 um
(Waters, Eschborn, Germany), including a guard
cartridge. The column was thermostated at 50°C.
Usually 10 ul of the derivatized samples was
injected.

Mobile phase A, consisting of 9 mM sodium
dihydrogenphosphate, 4% dimethylformamide
and 0.1-0.2% triethylamine (TEA), was titrated
to pH 6.55 with phosphoric acid. Mobile phase B
was 80% (v/v) aqueous acetonitrile.

Dabsylated amino acids and amines were
eluted at a flow-rate of 1 ml/min using the
gradient system listed in Table 1; detection was
at 436 nm and the data acquisition rate was 5 Hz.

Table 1
Scheme of elution gradient

3. Results and discussion
3.1. Deproteination

Deproteination by ultrafiltration was found to
be preferable compared to trichloroacetic acid
(TCA) precipitation, as with a relative high
concentration of residual TCA after drying in
vacuo, the derivatization yield was sometimes
observed to be decreased remarkably. In addi-
tion, the ultrafiltration procedure increased the
shelf-life of the chromatography column (100—
200 analyses). Recovery of amino acids from
ultrafiltrated amino acid standards (each 250
nmol/ml) was between 98 and 102% from batch
to batch when prewashed filters were used.
Similar results were reported by Cohen and
Strydom [23].

3.2. Dabsylation

Preliminary experiments were performed with
combined standards or extracts of free amino
acids and biogenic amines at greately varying
concentration. Initial results indicated that the
concentration of dabsyl chloride in the reaction
mixture had to be increased to 6.2 mM in order
to achieve optimal derivatization and stability of
the bis-dabsyl derivatives of lysine, tyrosine,
histidine and carnosine and of the biogenic
amines histamine, tyramine, putrescine and cad-
averine. Similar observations were reported by
Vendrell and Avilés [12]. Although the deri-
vatization yield (judged by corresponding peak
response factors) of glutamic and aspartic acid
decreased with increasing concentration of

Time (min)

0.0 2.0 7.0 35.0 45.0 66.0 71.0 77.0 71.5 90.0
Solvent B (%) 8.0 8.0 20.0 35.0 50.0 100.0 100.0 100.0 8.0 8.0
Curve type® 6 5 7 6 6 6 6 6 6

* 5 =convex, 6 = linear, 7 = concave according to Maxima 820 (Waters) gradient-controlling software.
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dabsyl chioride in the reaction mixture, deri-
vatization was found to be linear over a wide
concentration range (see section 3.3., linearity).
It was also observed that methionine was readily
oxidized to methionine sulfone and methionine
sulfoxide under these conditions, but oxidation
could be completely inhibited by adding 0.2% of
the antioxidant TDPA to sample and standard
solutions. For the reaction buffer, a molarity of
0.15 mol/1 and pH 8.6 was encountered to be
most suitable with respect to the derivatization
yield of the bis-dabsyl derivatives and the re-
peatability of derivatization for all amino acids
and biogenic amines tested. However, Jansen et
al. [17] did not report a significant difference of
peak heights when varying the pH of the reac-
tion mixture within pH 7.5 to 9.0, but their data
were testricted to a limited number of amino
acids (glutamic acid, alanine, valine, leucine,
lysine). Furthermore, their contrary findings may
result from the low buffering capacity of the
reaction buffer (0.05 mol/l) not guaranteeing to
maintain the pH of the reaction mixture at the
desired level. The volume ratio of sample, dabsyl
reagent and dilution buffer, as well as the
composition of the dilution buffer, significantly
influenced the yield of the derivatives and the
linearity range of the derivatization procedure.
These findings were in congruence with the
results of Vendrell and Avilés [12]. In derivatized
samples, which were diluted according to Knecht
and Chang [8], crystallization of amino acid
derivatives or dabsonate (see Table 2) occasion-
ally occurred upon prolonged standing, resulting
in a concomitant clearance of the peak area of
hydrophobic and basic amino acids and some
biogenic amines (histamine, tyramine). After
replacing Chang’s dilution buffer by a modified
solvent mixture (see Experimental section), all
derivatives were observed to be stable within 24
h (decrease of peak area below 4%). With
extended storage of derivatized samples at room
temperature, a decrease of the peak area of
asparagine and tyramine was observed in de-
proteinated samples of free amino acids in bio-
logical fluids or food extracts. Nevertheless, 24 h
stability is a reasonable period for manual day-
to-day preparation of the samples and consecu-

tive chromatographic analysis. A general im-
provement of the repeatability of the peak area
was achieved by using an automated derivatiza-
tion unit (AS 3500), serving to maintain a
constant standby period of the derivatized sam-
ples prior to injection and a more precise fully
automated liquid handling.

3.3. Chromatographic separation

Qualitative results

Using the chromatographic parameters de-
scribed in the Experimental section, the sepa-
ration of the dabsyl derivatives of numerous
amino acids including phosphorylated or car-
boxymethylated compounds as well as biogenic
amines was investigated, most of them being
separated simultaneously in one chromatograph-
ic run. The elution order and separation ef-
ficiency of 68 dabsyl derivatives tested on a 4-um
NovaPak C,, column at a TEA concentration of
0.16% are summarized in Table 2; the separation
of a combined amino acid and biogenic amine
standard is shown in Fig. 1.

We observed that elution order and separation
efficiency were strongly depending on the TEA
concentration in the elution buffer A, not con-
firming the findings of Jansen et al. [17], who
reported that additives like TEA or dimethyl-
formamide (DMF) had no substantial effect
upon chromatographic separation. From re-
peated experiments with increasing concentra-
tion of TEA in elution buffer A titrated to pH
6.55, an obvious non-linear relationship between
TEA concentration and retention time was ob-
served for several amino acid derivatives cluting
between 13 and 55 min, as shown in Figs. 2A-
2E. Whereas in the last part of the gradient, little
influence on retention time for the hydrophobic
biogenic amines was observed (Fig. 2F). Re-
tention of dabsyl derivatives of almost any amino
acid and amine reached a maximum at 0.18%
TEA. Critical pairs of closely eluting amino acid
and amine derivatives (phosphothreonine/aspar-
tic acid, glycine/arginine, alanine/B-alanine, a-
/v-aminobutyric acid, lanthionine/agmatine and
histidine/carnosine) were sufficiently separated
at 0.16% TEA. Except for glycine/arginine, the
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Table 2

Elution order and retention time of dabsyl derivatives (0.16% TEA)

Compound Abbreviation®  Incomplete  Co- Retention  Compound Abbreviation®  Incomplete  Co-
separation elution  time separation elution  time
(min) (min)
O-Phosphoserine PS 13.95 Norleucine NLE 40.90
Aspartic acid D PT 14.94 Phenylalanine F 41.57
O-Phosphothreonine PT D 15.15 Ammonia NH,4 42.05
Glutamic acid E 15.91 Lanthionine LAN 43.62
Carboxymethylcysteine CMC 16.39 Agmatine RN 44.00
S-Sulfocysteine SC 16.89 2-Aminoethanol SN CYT 44.76
B-Aminoadipic acid AAA 17.10 Cystathionine CYT SN 44.76
Hydroxyproline OHP 251 Cysteine C 45.65
Asparagine N 23.13 Homocystine HCT 46.83
Glutamine Q 24.72 1-Amino-2-propanol N 48.02
Citrulline CIT 25.35 Hydroxylysine OHK 50.04
Serine S 26.17 Ornithine ORN 51.02
Phosphoethanolamine PSN MESO  27.43 Lysine K 51.58
Methionine sulfoxide MESO PSN 27.69 Histidine H 52.10
(two diastereomers) MESO PSN 28.15 Carnosine CAR AN 52.38
Threonine T 28.45 Ethylamine AN CAR 52.59
Glycine G MH 28.94 Tyrosine Y 54.30
1- and 3-Methyl-histidine =~ MH G 28.94 Pyrrolidine PN WN 5122
Arginine R 29.38 Tryptamine WN PN 57122
Alanine A BA 30.65 Isobutylamine VN 57.19
B-Alanine BA A 30.92 3,4-Dihydroxyphenylalanin ~ DOPA 58.34
Anserine AS 31.52 Phenylethylamine FN 59.20
Taurine TAU 3231 Methylbutylamine IN 59.94
Sarcosine SAR AABA 3258 Putrescine PUT 62.16
a-Aminobutyric acid AABA GABA SAR 3275 Cadaverine CAD 63.29
y-Aminobutyric acid GABA AABA 3327 Histamine HN 63.87
Proline P 33.9 Cystamine CN 63.87
B-Aminoisobutyric acid BAIBA 34.40 Serotonine OHWN 65.00
Norvaline NVA 35.06 Tyramine YN 67.31
Valine A% 35.55 Spermidine MN 67.98
Methionine M 37.60 Noradrenaline NADN 68.49
Isoleucine 1 39.35 Dopamine DOPN 69.05
Leucine L 40.03 Adrenaline ADN 70.61
Tryptophan w 40.51 Spermine SPN 71.94

* One-letter code was used for the nomenclature of proteinogenic amino acid; for most of their decarboxylated products (biogenic amines) a “N” (“amine”) was added as a
second letter except for those indicated in the table. Hydrolyzed dabsyl chloride (dabsonate) elutes as a broad peak at ¢z =20 min.

elution order of most of the “critical” pairs of
dabsylated amino acid and amines was inverted
when increasing the TEA concentration from
0.15 to 0.22%. Separation of the derivatives of
the remaining amino acids and amines of Table
2, not illustrated in Fig. 2, was not deteriorated
with varying TEA concentration, although they
showed the same tendency of retention behav-
iour.

Lowering the initial concentration of solvent B

led to an improved separation of O-phos-
phoserine, O-phosphothreonine, aspartic acid,
glutamic acid and «-aminoadipic acid, but also
resulted in an increased total gradient time. A
convex flattening of the gradient with an average
slope of 0.5% B/min positively affected the
separation of the dabsonate to proline group.
Dimethylformamide, added to mobile phase A,
was found to improve the separation efficiency
remarkably [17].

Retentior
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Fig. 1. RP-HPLC analysis of dabsyl derivatives from proteinogenic and physiological amino acids and selected biogenic amines,
using elution buffer A containing 0.16% TEA, on a Novapak C,, column. For abbreviations of amino acids and biogenic amines

see Table 2.

The elution system indicated in the Ex-
perimental section using an optimized TEA
concentration for a 150-mm column with 3-um
Spherisorb ODS-2 or 4-um NovaPAK C,; was
most suitable for the simultaneous separation of
a large number of components within a reason-
able analysis time. Depending on the number
and kind of amino acids and amines to be
separated for an individual application, the gra-
dient profile and, moreover, the appropriate
TEA concentration, which may have to be
adjusted according to type, batch and age of the
chromatography column, has to be chosen care-
fully. Norleucine—eluting between leucine and
phenylalanine—or norvaline—eluting between val-
ine and methionine—proved to be suitable inter-
nal standards, which were included during the
extraction of amino acids and biogenic amines or
added to a protein/peptide prior to hydrolysis.
By using a low molarity of phosphate and TEA
as buffering additive in solvent A and aqueous

acetonitrile as solvent B the risk of salt precipi-
tation during gradient formation was abandoned.
The lifetime of the chromatography column
usually was at least 200 runs.

Quantitative aspects

Linearity

A general, linear relationship between peak
area and concentration, evaluated on a large
number of samples (n = 34) of a combined stan-
dard of amino acids and biogenic amines, was
observed over a range of 1.25 to 1250 pmol,
provided that the samples were analyzed on the
same day they had been derivatized. The corre-
lation coefficients were greater than 0.999; data
of regression analysis are compiled in Table 3.

Detection limit and determination limit [25]
According to Table 3, the detection limit of
most of the dabsyl derivatives ranged between



74

1. Krause et al. /| J. Chromatogr. A 715 (1995) 67-79

19 A
=18
E
o 17 :
E
cC
0
IS
[o3
®
0,15 0,17 0,19 0,21 0,16 0,17 0,19 0,21 015 017 0,19 0,21
TEA-concentration [%] TEA-concentration [%] TEA-concentration [%)
aPS «PT 4D gE aPSNeT 4G aTAU «AABA LGABA
BR oA aBlA aP oV
51 55 66
TESOZE‘D""&/&__’_A\“ - — F
E.4g | -E 54 -E 64&-——“ 7= ‘:A
o 48 | ® °
£ £ 53 62p—8—8——8——q
=47 = £
S5} ! © 52 ,E: 60k—t—A—A— |
= £ 5 1 [
s 45c/i,,;/'/8,;ﬁ§‘ 5 —
8 ] | 3 51 g s8]
43i"":950"" . SBE"J“'I
0,45 0,17 0,19 0,21 0,15 0,17 0,19 0,21 0,15 0417 0,19 0,21

TEA-concentration [%]

aLAN «AGM aSN
g8C  aOHK

TEA-concentration [%]

pORN «K
gCAR ¢AN rY

TEA-concentration [%)]

aH aWN «FN  4IN

ePUT «CAD aHN

Fig. 2. Influence of the TEA concentration of elution buffer A on the elution behaviour of dabsylated amino acids and biogenic
amines on a Sperisorb ODS-2 column. For abbreviations of amino acids and biogenic amines see Table 2.

0.12 and 0.52 pmol, with an average of approxi-
mately 0.3 pmol, a value being slightly lower
than those reported by Chang and co-workers
[6-8], Watanabe et al. [16] and Jansen et al. [17].
The determination limit ranged between 0.4 and
1.5 pmol. Nevertheless, when analyzing amino
acids in the low picomole range, special attention
has to be paid to avoid contamination of hydro-
chloric acid and glassware used for protein
hydrolysis as well as of the derivatization buffer.
Chang et al. [3,5,6] and Vendrell and Avilés [12]
recommended that the starting amount of pro-
tein to be hydrolyzed and analyzed necessarily
has to exceed 100 pmol in order to avoid extra-
neous contaminations of the sample and losses of

amino acids and derivatives. Consequently, the
main clue for the amino acid analysis at the
femtomole level is not the sensitivity of the
method, but the sample handling.

Recovery

Recovery was evaluated for selected biogenic
amines, which were spiked at two concentration
levels onto a Parmesan cheese extract, in which
these amines were either absent or present at a
low level. Spiking was done prior to deproteina-
tion by ultrafiltration. Table 4 summarizes the
recovery values for biogenic amines in Parmesan
cheese, which were found to range between 98
and 104%. Recovery values usually exceeded
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Table 3
Regression data, determination and detection limit of amino acid standards
Amino acid  Slope m Intercept y S.D. slope S.D. intercept Correlation Detection Determination
coefficient limit limit
(pmol) (pmol)
D 1.12 0.43 0.0023 1.47 0.999962 0.46 1.58
E 0.92 —2.01 0.0033 1.99 0.999875 0.51 1.76
N 0.80 1.21 0.021 1.52 0.999341 0.27 0.93
Q 1.04 -2.91 0.014 1.01 0.999828 0.28 0.97
CIT 1.12 —2.54 0.0076 0.56 0.999954 0.21 0.73
S 1.07 4.10 0.0075 5.56 0.999482 0.12 0.42
T 0.68 0.12 0.0020 1.30 0.999922 0.21 1.01
G 1.37 —0.055 0.000035 0.012 1.00, 0.26 0.89
R 1.04 —0.43 0.0039 2.42 0.999858 0.33 1.15
A 1.38 0.62 0.0016 0.84 0.999992 0.17 0.61
GABA 1.12 2.92 0.0180 1.35 0.999735 0.26 0.93
P 1.41 0.011 0.000030 0.014 1.00 0.29 1.03
v 1.20 —9.29 0.0087 6.16 0.999274 0.52 1.80
M 1.17 -10.10 0.0090 6.63 0.999141 0.10 0.35
1 1.14 —13.59 0.0089 6.00 0.999275 0.41 1.40
L 1.25 -10.97 0.0086 6.02 0.999356 0.23 0.79
NLE 1.11 -1.91 0.029 2.12 0.99956 0.13 0.46
F 1.32 -9.21 0.0071 5.05 0.999592 0.31 1.09
C 0.99 -2.67 0.0041 2.56 0.999854 0.29 0.99
ORN 2.62 - 8.04 0.027 1.97 0.999897 0.40 1.38
K 2.37 -13.17 0.020 14.69 0.998938 0.28 0.98
H 2.28 -2.38 0.0065 3.65 0.999919 0.30 1.05
Y 2.18 0.017 0.0021 1.27 0.999993 0.26 0.89
FN 1.75 1.07 0.027 1.99 0.999765 0.17 0.59
HN 2.26 -2.08 0.063 4.69 0.999219 0.31 1.07
YN 2.64 -4.33 0.025 1.88 0.999907 0.17 0.61

Relationship between peak area (Vs) and the amount of amino acids (pmol). Each 7 amino acid standards of 1250 and 1.25 pmol
and each 5 samples of 1000, 50, 500 and 250 pmol, respectively, were analyzed. Claims of linearity are supported by regression
data, which include slope, intercept, standard deviations of slope and intercept and correlation coefficients. The determination
and detection limit was calculated in the range between 0 and 25 pmol according to DIN 32 645 [34].

Table 4

Recovery (%) of selected biogenic amines spiked onto an extract of a Parmesan cheese

Amino acid Parmesan + 500 ppm amine Parmesan + 1000 ppm amine
(n=35) (n=35)

Tryptamine 103.15 £ 0.05 97.90 +0.48

Phenylethylamine 103.78 £ 0.18 97.57x0.78

Putrescine 102.27 £ 0.57 100.37 = 1.63

Cadaverine 102.32+1.13 99.73+1.43

Histamine 103.26 £ 0.30 99.39+0.27

Tyramine 102.39 £ 0.85 102.31+0.94
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100% for spiking with 500 ppm biogenic amines
as a consequence of single-point calibration.

Repeatability

The influence of the several steps of the
method—extraction, automated derivatization
and chromatographic separation—on its overall
repeatability was investigated using Parmesan
cheese sample (see Fig. 4), containing between
68 and 17 633 ppm of free amino acids and
biogenic amines. When analyzing five subsamples
of a single extract of free amino acids and
biogenic amines after automated derivatization
following a fixed time schedule, the repeatability
was found to range between 0.2 and 3.3%, the
average repeatability (1.3%) was merely influ-
enced by chromatographic determination, in-
cluding sample injection and automated peak
integration. In a second series, five subsamples
of the free amino acid extract were derivatized
and analyzed separately. The average value of

repeatability was found be slightly increased to
2.0%, due to an increased number of liquid-
transferring steps during derivatization. As could
be expected, a more pronounced increase of the
average repeatability (3.1%) was observed when
analyzing five separate samples of the Parmesan
cheese submitted to extraction, deproteination
and derivatization.

Furthermore, performance studies were ex-
tended using protein hydrolyzates, food samples
as wine, meat, poultry meat conserves, ham,
salami, Asian fish sauce, seasonings, and bio-
logical materials as plant and cortex extracts and
lyophilized human plasma samples, giving similar
results for repeatability and recovery values
(data’ not shown). The repeatability values re-
ported by several authors [12,14,16]-in some
cases called “reproducibility” values-lie within
the same range as described here, although some
of the investigations were only performed on a
limited number of amino acids, sometimes mere-
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Fig. 3. RP-HPLC separation of dabsyl derivatives from human plasma, using elution buffer A containing 0.16% TEA, on a
Sperisorb ODS-2 column. For abbreviations of amino acids and biogenic amines see Table 2.



I. Krause et al. | J. Chromatogr. A 715 (1995) 67-79 77

ly using a single hydrolyzate standard sample or
a protein hydrolyzate for controlling. In a col-
laborative study on the determination of free
amino acids in cheese samples, the results of the
dabsyl method were compared with those ob-
tained by ion-exchange chromatography and RP-
HPLC of FMOC/OPA derivatives and found to
be in good accordance [26].

4. Applications

We have applied our method to the analysis of
free amino acids and biogenic amines in human
plasma (Fig. 3), cortex, Parmesan cheese (Fig.
4), ham (Fig. 5), seasonings and rice wine. As
could be expected, amino acid and biogenic
amine profiles are greatly varying within differ-
ent types of individual samples, but no interfer-
ence of the different matrices on the separation
of the dabsyl derivatives was observed. With the
possibility of obtaining data sets of usually more

than 30 components for a food sample like
cheese, the method is valuable for quality
(“identity”’) control [24]. Furthermore, the com-
plex information that can be obtained for numer-
ous amino acids and amines in various biological
materials may be helpful in clinical diagnosis or
protein analysis.

5. Conclusion

The sample preparation and derivatization
procedure was optimized to achieve an efficient
sensitive and reliable simultaneous determina-
tion of free amino acids and biogenic amines
over a wide range of concentration. For the
chromatographic separation of the dabsyl deriva-
tives of amino acids and amines, TEA has
proved to be a very effective additive to the
aqueous mobile phase. The use of an automated
derivatization device clearly improves the per-
formance of the method, additionally avoiding
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Fig. 4. RP-HPLC separation of amino acids extracted from Parmesan cheese. For chromatographic conditions and abbreviations
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Fig. 5. Amino acid and biogenic amine profiles of ham. For chromatographic conditions and abbreviations see Fig. 3 and Table 2.

laboratory hazard from dabsyl chloride. Accept-
able linearity, repeatability and recovery values
in combination with feasible analysis time makes
the method a serious alternative to conventional
amino acid and amine analysis by the ion-ex-
change/ninhydrin or to RP-HPLC separation
methods in combination with pre- or post-col-
umn derivatization procedures.
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Abstract

The adsorption of recombinant soluble tryptic fragment of rat cytochrome b, on the strong anion exchanger
Mono Q was studied using isothermal titration calorimetry and differential scanning calorimetry (DSC). Titration
calorimetry results obtained at low levels of adsorbed protein show increasingly endothermic (unfavorable)
enthalpies of binding with increasing surface coverage, confirming the heterogeneous nature of binding. The
enthalpy of adsorption declines toward zero at higher loadings. At low surface coverage, enthalpies increase
linearly with temperature, giving rise to a positive value of AC,. Enthalpies of adsorption depend strongly on the
history of the adsorbent. DSC is used to show that cytochrome by is stable in both free and adsorbed states at all
temperatures used in the titration calorimetric experiments. Site-directed mutants of recombinant cytochrome b
carrying single charge-neutralizing substitutions are used to test the contributions of particular residues to the
thermodynamics of adsorption. Like those derived from van ’t Hoff analysis of equilibrium adsorption isotherms
and HPLC retention data, calorimetric enthalpies of adsorption are positive, confirming the dominant role of
entropic effects in ion-exchange adsorption in this system.

1. Introduction

The adsorption of proteins at solid-liquid
interfaces has been the subject of active interest
because of its biomedical and technological im-
portance [1,2]. Much attention has been focused
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on protein adsorption on hydrophobic surfaces
[3-13], particularly those used in biomedical
applications [1,2]. It is well established that
protein molecules often undergo irreversible
adsorption on hydrophobic surfaces, generally
associated with conformational changes in the
protein upon binding. The degree of conforma-
tional change increases with increasing hydro-
phobicity of the adsorbent and the protein [13—
17].

The interactions of proteins with charged
hydrophilic surfaces (e.g., ion-exchange adsor-
bents) have been less well characterized on a
fundamental level. There is an extensive body of

© 1995 Elsevier Science B.V. All rights reserved
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literature concerning the use of hydrophilic poly-
electrolyte surfaces in the chromatographic sepa-
ration of proteins, but equilibrium studies of the
thermodynamics of protein adsorption on chro-
matographic adsorbents are uncommon. The
resolution with which variations in thermody-
namic behavior as a function of protein loading
and temperature can be detected by batch
equilibrium experiments is limited, and the in-
direct method of van 't Hoff analysis may be
confounded by the presence of multiple sub-
processes associated with adsorption. The recent
advent of highly sensitive titration micro-
calorimeters has opened new opportunities for
detailed investigation of the thermodynamics of
adsorption.

Microcalorimetry has been previously used to
examine the interfacial behavior of two human
serum proteins—y-globulin and fibrinogen-on

silica surfaces [18,19], of human serum albumin

and bovine pancreatic ribonuclease on negatively
charged hydrophobic polystyrene lattices [5-7],
and of human serum albumin on hematite [20].
Reported enthalpies of adsorption were negative
for y-globulin and fibrinogen (indicative of en-
thalpically promoted adsorption) and positive for
adsorption of human serum albumin and bovine
pancreatic ribonuclease on polystyrene and
hematite (entropically driven adsorption). To our
knowledge, only one report other than the
present contains calorimetric data for protein
adsorption on ion-exchange surfaces [21]. This
work reported enthalpies of adsorption of bovine
serum albumin on two kinds of strong anion
exchangers—a cellulose-based fibrous material
and a polyethyleneimine-based macroporous
resin. Values of adsorption enthalpies were most-
ly positive (entropically driven adsorption) for
the former and mostly negative (enthalpically
driven adsorption) for the latter. In addition, the
authors reported a characteristic, surface cover-
age dependent change in adsorption enthalpies
which was also observed in the present work.
Our ongoing interest has been in characteriz-
ing the structural and thermodynamic contribu-
tions to adsorption of the well-characterized
recombinant soluble tryptic fragment of rat cyto-
chrome b, on the monodisperse, hydrophilic

quaternary amine-based strong anion exchanger,
Mono Q. To this end, we have used site-directed
surface-charge mutants and titration calorimetry
as mutually complementary strategies. Our pre-
vious work on the cytochrome bs—Mono Q
system [22-24] has established that adsorption
on Mono Q is reversible (through exchange) and
that batch and HPLC van ’t Hoff enthalpies of
adsorption are positive. Scatchard analyses of
adsorption isotherms established that adsorption
was heterogeneous, with the apparent adsorption
affinity declining with protein loading. This re-
sult implied that enthalpies derived from van °’t
Hoff analysis of adsorption data might represent
averages over a range of enthalpies associated
with adsorption at different binding sites or
different binding orientations. In the present
work, we describe the use of isothermal titration
microcalorimetry for direct quantitation of the
enthalpy of adsorption at specific temperatures,
as a function of loading. We complement these
measurements with studies involving site-di-
rected charge mutants of cytochrome bs.

2. Experimental
2.1. Sample preparation

A synthetic gene directing the expression of
the soluble tryptic fragment of rat cytochrome b,
in Escherichia coli was synthesized by von Bod-
man et al. [25]. Bacteria were grown in batches
of 51, as described previously [26]. Cytochrome
b and its mutants were purified from E. coli
lysates by ion-exchange and size exclusion chro-
matography, and were characterized as homoge-
neous preparations using SDS-PAGE, spectro-
photometry, and HPLC as described previously
[22-24]. Protein samples were concentrated to
5-10 mg/ml using Centriprep YM 10 cartridges
(Amicon) in a Beckman J2-21 centrifuge (Beck-
man Instruments) at 3800 g at 4°C, in two steps
of one hour each, using the same cartridge.

Mono Q (Pharmacia, average particle size
10+ 0.1 pm, pore diameter approximately 1000
A) is based on a hydrophobic, crosslinked,
styrene divinyl benzene base derivatized with a
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hydrophilic layer bearing quaternary amine
groups. Mono Q used in this work was the
generous gift of Prof. J.-C. Janson of Pharmacia
LKB, and was supplied as a suspension in a 20%
ethanol-water solution with sulfate as the coun-
terion. The adsorbent was first equilibrated with
1 M NaCl to allow exchange of chloride for
sulfate counterions, and then washed five times
(15 min each at room temperature) with 10 mM
Tris, pH 8.0+ 0.1 mM EDTA. The complete-
ness of equilibration by this procedure was
confirmed by a control experiment in which the
conductivity of the supernatant liquid was found
to be equal to that of 10 mM Tris buffer.
Equilibrium adsorption isotherms for wild-type
cytochrome b, on fresh Mono Q were measured
as described previously [23] at 25°C, 10 mM
Tris + 0.1 mM EDTA, pH 8.0. Mass balances
calculated for each experiment routinely closed
with recoveries of 90% or more, except where
noted.

For calorimetric experiments the Mono Q
bead density was adjusted to 5-10° ml™' using a
hemacytometer [23]. This adsorbent concentra-
tion was found to maintain a high signal-to-noise
ratio ( > 100) in the experiments. Careful sample
preparation was required to eliminate any mis-
match in pH or buffer concentration between the
protein and Mono Q samples, both of which
were adjusted to pH 8.0 at the experimental
temperature. Small pH mismatches could poten-
tially produce dilution or buffer titration en-
thalpy artifacts. The concentrated protein sample
and the Mono Q suspension used in each experi-
ment were codialyzed at 4°C against the same 10
1 reservoir of 10 mM Tris + 0.1 mM EDTA, pH
8.0 buffer in separate dialysis tubes (molecular
mass cutoff of 7000; Spectrum Industries) with
constant stirring for at least 16 h.

2.2. Adsorption isotherm measurement

Equilibrium adsorption isotherms were mea-
sured as described previously [22]. Experiments
were performed at a density of 10" ml™' to
match the Mono Q concentration used in the
titration calorimetry experiments described

below. Isotherms were measured using fresh
Mono Q.

2.3. Isothermal titration calorimetry

Calorimetric measurements were made on an
Omega titration microcalorimeter (Microcal) in-
terfaced with a 386/25 personal computer (IST, -
OH, USA) and equipped with a Keithley Model
181 nanovolt pre-amplifier. The instrument was
protected from electrical noise by an on-line
voltage conditioner (Tripp Lite) and a fer-
roresonant transformer (General Signal). Iso-
thermal titration calorimetry has been reviewed
by Friere et al. [27]. The design and operation of
the Omega instrument have been described by
Wiseman et al. [28]. The calorimeter was con-
nected to a Haake A81 external water bath for
temperature stabilization. For the measurements
at 25°C, the external bath was set at 21.0°C and
the sample cell warmed to 25°C before equilibra-
tion was initiated. Temperature was routinely
controlled within = 0.3°C over the course of an
experiment. The reaction cell and the loading
and injection syringes were rinsed with dialysis
buffer prior to filling them with the dialyzed
protein or adsorbent. Samples were degassed by
warming to room temperature prior to loading,
and care was taken not_to introduce air bubbles
into the cell or the injeétion syringe. An amount
of 2 ml (ca. 107) dialyzed Mono Q beads was
placed in the reaction cell, which was agitated at
600 rpm to ensure efficient mixing. Protein
samples (0.36-0.72 mM) were loaded into the
250 ui stirrer—syringe assembly, which was then
installed into the calorimeter. A partial vacuum
(residual pressure about 100 Torr) was applied to
the compartment around the sample and refer-
ence cells to eliminate any condensation on the
exterior walls of the cells, and the vacuum line
was kept sealed until the end of the experiment.
The instrument was regularly calibrated by filling
the sample cell with buffer alone and measuring
the response to standard heat pulses generated
by electrical dissipation, as suggested by the
manufacturer. Injection of pure buffer into the
cell according to the injection schedule used in
the experiments resulted in a flat baseline.
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Equilibration typically required 30-60 min to
reach a baseline rms noise of less than 15 ncal/s
(often <10 ncal/s). A 2- or 5-ul pre-injection
was made to account for any syringe leakage that
might have occurred during equilibration, as
recommended by the manufacturer. Power asso-
ciated with such pre-injections was negligibly
small compared to that observed for the ex-
perimental injections. For this reason, enthalpies
of adsorption were calculated based on the
experimental injections alone. Protein samples
were titrated onto the adsorbent typically in
twelve 10-ul injections, each lasting 15 s. Mono
Q was titrated with protein and not vice versa
because the high affinity of adsorption in this
system would cause the injected beads to be
immediately loaded with a significant amount of
protein. Incremental addition of limiting
amounts of protein allowed study of the surface-
coverage dependence of the enthalpy of adsorp-
tion. A 5-min interval was allowed between
injections for equilibration of the adsorbed pro-
tein; this period was more than sufficient for
complete return of the peaks to baseline. Data
were collected and analyzed using Microcal’s
OMEGA and ORIGIN algorithms, respectively.

At the end of each experiment, the protein-
loaded adsorbent particles were withdrawn from
the calorimeter cell and centrifuged at 2700 g for
15 min in a centrifuge with a swinging-bucket-
type rotor (PR-6000, IEC) to allow the superna-
tant to be accurately separated from the ion-
exchange beads. The adsorbed protein was
eluted from the recovered beads by incubation
with 2 ml of a 0.5 M NaCl solution in 10 mM
Tris, pH 8.0, followed by centrifugation. This
procedure had been shown to give essentially
complete recovery of the adsorbed protein, and
not to alter its optical properties [23]. The
absorbances of the original supernatant and of
the liquid containing protein eluted from the
beads were measured at 412 nm using a DU-64
spectrophotometer (Beckman). Cytochrome b
concentration was calculated using an extinction
coefficient of 130 mM ' cm™' for the strong
Soret band of the oxidized protein at this wave-
length [25]. The spectra of protein samples were
also measured from 240 to 700 nm. This allowed

for detection of any major change in the tertiary
structure of the free or the desorbed protein,
since the spectral properties of cytochrome b,
are altered upon unfolding. Mass balances were
calculated to control for any loss of protein by
proteolysis, denaturation, or adsorption on the
calorimeter cell surfaces, and these normally
closed within 10%. Eluted protein was discarded
at the end of each experiment; the cell was
cleaned with 500 ml of an 0.2% solution of the
surfactant Tween 20, followed by 2 1 of deionized
water. When required, the cell was also rinsed
with 500 ml 1 M NaOH solution to hydrolyze
any proteinaceous material deposited in the cell,
followed by rinsing with deionized water until
the pH returned to neutral.

2.4. Titration calorimetry data analysis

Experimental data were collected as power, P
(ncals™') vs. time, and were integrated and
scaled by the amount of protein adsorbed to give
the apparent enthalpy of adsorption, AH,,,
(kcal/mol) associated with each injection. Typi-
cally, several hundred micrograms of the protein
were injected in 12 equal volumes. Since a
negligible amount of protein (<25 ug) was
found to remain unbound at the end of each
experiment, it was assumed that all protein in
each injection was adsorbed. Thus, the total
amount of adsorbed protein divided by the
number of injections made gave the amount
adsorbed per injection. A correction for heat of
dilution (AH,) of the protein was calculated
from the results of control experiments, identical
to the adsorption experiments but with the
adsorbent omitted. Corrected heats of adsorp-
tion were calculated according to the relation
AH,, = AH_ — AH,,. The variation in adsorp-
tion enthalpies with surface loading necessitated
adoption of a standard protocol to obtain aver-
age values of AH, ,, so that data between differ-
ent experiments could be directly compared. For
this reason, it was decided to plot the cumulative
heat of adsorption (E[AHads]i, where i is the
injection number, i = 1,2, . . . ,n) against increas-
ing adsorbed-protein concentration. A linear
least squares regression of these data was used to
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interpolate an average AH,, for 500 ng (0.037
wmol) of protein adsorbed per 10" beads. The
value of 500 wg per 10" beads represents rela-
tively low surface loading, allowing the resulting
data to be free from effects of lateral interac-
tions. Also, this level of surface coverage ap-
proximates the loadings at which the adsorption
isotherm measurements were made, allowing
direct comparison with calorimetric results. A
value of 13 603 was used as the relative molecu-
lar mass of recombinant soluble cytochrome by
[25].

2.5. Differential scanning calorimetry

Protein samples were prepared and concen-
trated as described above. Samples were exten-
sively dialyzed against 10 1 of 10 mM sodium
phosphate, pH 8.0. DSC was performed on an
MC-2 (MicroCal) instrument located in the Bio-
chemical Laboratory, Baylor College of Medi-
cine, Houston, TX, USA. The instrument was
interfaced with an IBM AT computer running
the Microcal DA-2 software package for data
acquisition and analysis (for reviews of DSC,
refer to Refs. [29,30]). The calorimeter was
connected to a recirculating, refrigerated bath
for optimal temperature control. Experiments
were conducted at scan rates of 0.5°C/min under
a nitrogen atmosphere of about 138 kPa to
prevent sample outgassing at elevated tempera-
tures. Only heating scans were recorded because
irreversible denaturation was expected. As the
purpose of these experiments was to establish
the thermal stability of cytochrome by under the
conditions of the titration calorimetric experi-
ments, no attempt was made to calculate the
enthalpies of unfolding.

For DSC of the unbound protein, a baseline
scan was first recorded by filling both the refer-
ence and the sample cells with dialysis buffer and
scanning from 8 to 90°C. No transitions were
observed on the baseline. The solution from the
sample cell was then replaced with a 10 mg/ml
solution of cytochrome b, and the scan repeated.
For DSC of the bound protein, about 10’ fresh
Mono Q beads were loaded with a large excess
(0.75 pmol) of cytochrome b in 10 mM sodium

phosphate, pH 8.0. After equilibration with
gentle agitation for one hour (a period found
previously to be sufficient for adsorption
equilibration) the supernatant containing unad-
sorbed protein was removed. Thereafter, the
beads were washed once with 10 mM phosphate
buffer and resuspended in 20% w/v dextran
(Sigma, average molecular mass 168 000) to
maintain them in suspension over the period of
the experiment. For protection of the DSC cell,
it was verified in advance that such a solution did
not congeal when heated to 100°C. The stability
of soluble cytochrome bg which had never con-
tacted Mono Q was also measured separately in
the presence and absence of 20% dextran. Con-
trol scans on Mono Q and dextran alone were
also performed.

3. Results
3.1. Adsorption isotherms and Scatchard plots

Equilibrium isotherms for adsorption of wild-
type cytochrome bg on fresh Mono Q at the low
ionic strength used in the calorimeter experi-
ments (10 mM Tris + 0.1 mM EDTA, pH 8.0) at
25°C are shown in Fig. 1. The different symbols
represent the results of independent experi-
ments. The inset emphasizes the high affinity of
adsorption, as shown by the close proximity of
the initial slope of the isotherm to the y-axis

MMOLE/10' BEADS

ADSORBED PROTEIN

0 20 40 60 80 100 120
FREE PROTEIN, uM

Fig. 1. Isotherms for adsorption of cytochrome b, on Mono
Q, 25°C in 10mM Tris+0.1 mM EDTA, pH 8.0 (three
independent measurements). Inset shows data for lower
surface coverage. Initial slopes virtually coincide with the
y-axis depicting the high affinity of adsorption.
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even at low free protein concentration. Because
of such high affinity, nearly all protein injected
into the calorimeter cell is adsorbed. A repre-
sentative set of isotherm data from Fig. 1 is
plotted in Scatchard form in Fig. 2 to illustrate
the heterogeneous nature of adsorption. This
result is in agreement with our previous observa-
tions of heterogeneity of adsorption at higher
ionic strengths in this system [23,24].

3.2. Titration calorimetry

Fig. 3 shows isothermal titration calorimetric
data for the adsorption of wild-type cytochrome
by on fresh Mono Q measured at 25°C in 10 mM
Tris buffer + 0.1 mM EDTA, pH 8.0. The re-
sults shown are representative of multiple repli-
cate experiments. Twelve 10-ul injections of
cytochrome b, (6 mg/ml) were made into a
suspension of Mono Q. The top panel in Fig. 3
shows the raw power corresponding to the ap-
parent heats of adsorption (upward peaks) as
well as heats of dilution (smaller, downward
peaks) derived from separate experiments, de-
picted as ucal s~' versus time (in minutes).
Manual peak-by-peak determination of the rest-
ing baseline resulted in a better fit than the
automatic estimation provided by the calorime-
ter software; the two procedures gave similar
average results. Integrated heats of adsorption

0.03

0.02 |~

0.01 |-

0.00

BOUND/FREE, tMOLE/10’ BEADS/ pM

0.07 0.08 0.09 0.10
BOUND, tMOLE/10’ BEADS

Fig. 2. Scatchard plot of a representative data set from Fig.
1. Concave upward plot suggests negative cooperativity or
the presence of heterogeneous binding sites. Inset shows
curvature for low surface coverage.

Time (min)
0.00 16.67 3333 50.00

T M T v Ll v T

microcal/sec

Q (microcal)
8
I
1

R E X

LI L T

0.00 0.03 0.06
Protein Injected (umole/107 beads)

Fig. 3. Titration microcalorimetric data collected on a Mi-
croCal Omega instrument for the adsorption of wild-type
cytochrome b, on Mono Q at 25°C in 10 mM Tris + 0.1 mM
EDTA, pH 8.0. Twelve 10-ul injections were made into the
cell containing a suspension of about 10’ Mono Q beads in
the same buffer. Panel A shows raw data; upward peaks
correspond to apparent heats of adsorption, smailer, down-
ward peaks are the heats of dilution measured in a separate
experiment in which the adsorbent was omitted. Panel B
shows the integrated heats of adsorption (O) and heats of
dilution (®) in microcalories as a function of injection
number.

and dilution for each peak are shown in the
lower panel of Fig. 3. The kinetics of heat
evolution observed in the raw data suggest that
adsorption is complete well within the time
between injections (5 min). The effect of surface
coverage on heat of adsorption was further
studied by making a larger number of injections
(25); the results obtained are shown in Fig. 4.
The amount of protein adsorbed per injection
was used to calculate the incremental heat of
adsorption as a function of protein adsorbed, by
dividing the integrated heats of adsorption by the
moles of protein adsorbed in each injection (Fig.
4, lower panel). Because of the heterogeneous
nature of the adsorbent surface no attempt was
made to extract an equilibrium binding constant
(or Gibbs free energy of binding, AG,,,) from
the calorimetric data. In the past, attempts have
been made to calculate the AG,,, from adsorp-
tion isotherm measurements [31-33]. Because of
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Fig. 4. Titration microcalorimetric data for the adsorption of
wild-type cytochrome by on Mono Q at 25°C in 10 mM
Tris + 0.1 mM EDTA, pH 8.0. Twenty-five 10-ul injections
of the protein were made into a suspension of about 10’
Mono Q beads in the same buffer. The top panel shows
corrected data for adsorption and the bottom panel shows the
integrated heats of adsorption in kcal/mol.

the uncertain validity of such calculations (pri-
marily, lack of assured reversibility of adsorp-
tion), numbers derived for AG,,, through such
analyses must be viewed with caution [34].

The majority of the fresh Mono Q used in this
study was received as a liquid suspension. The
average AH,, (to a loading of 500 ug protein/
107 beads) for this material was 11.4 kcal/mol.
We wished to compare the behavior of this
material with that of Mono Q recovered from
packed FPLC columns, which was used in our
previous work [23,24]. The AH,,, value obtained
with Mono Q extracted from a fresh FPLC
column and prepared as described above was
10.4 kcal/mol, in reasonable agreement with the
material received unpacked. Practical use of ion-
exchange adsorbents involves many cycles of
adsorption and regeneration, which could affect
binding characteristics. We therefore examined
the enthalpy of adsorption of cytochrome b,
onto Mono Q that had been regenerated after
isotherm measurements in which the adsorbent
was loaded to 20-25% of its capacity [23] with
cytochrome b,. Mono Q was regenerated by
extensive elution with 1 M NaCl until the super-

natant A, fell to values approximately equal to
that of the buffer alone (<0.05 AU), and then
used in calorimetric experiments under condi-
tions identical to those of Fig. 4. Adsorption of
wild-type cytochrome b, on regenerated Mono
Q gave an enthalpy of adsorption of only 0.3
kecal/mol (up to 500 pg/10” beads) at 25°C in 10
mM Tris, pH 8.0, well below the values obtained
with the two types of fresh Mono Q. In the
presence of high ionic strength (>200 mM
NaCl), no detectable adsorption or enthalpic
signal was observed for fresh or regenerated
Mono Q. These results suggest that micro-
calorimetry may offer a particularly sensitive
method of characterizing the surface properties
of chromatographic media, as regenerated col-
umns give similar chromatographic separation
[35]. Tt is likely that traces of uneluted protein
remain after regeneration, and/or that cycles of
loading and elution change the character of the
ion-exchange surface on Mono Q. This question
is the subject of further investigation. For the
present work, fresh Mono Q was used in all
experiments reported hereafter.

As a check for potential contributions of
buffer titration enthalpy to the observed heats of
adsorption, a control experiment was performed
with the use of sodium phosphate buffer instead
of Tris. The heat of ionization (AH,,,) of sodium
phosphate buffer at 25°C (AH,,, =1.22 kcal/
mol) is one-tenth that of Tris (AH,,, =11.51
kcal/mol; Ref. [36]). The average value obtained
for AH,,, in phosphate buffer was 0.5 kcal/mol,
in agreement with results using Tris, allaying any
concern of a buffer contribution to the observed
enthalpies of adsorption. This result also estab-
lishes that the adsorption of cytochrome b is not
accompanied by significant proton uptake or
liberation.

Experiments were also performed at 12 and
37°C to examine the temperature dependence of
the adsorption enthalpy (Fig. 5). These experi-
ments were conducted in 10 mM Tris adjusted to
pH 8.0 at the experimental temperature. All
samples were pre-equilibrated to the experimen-
tal temperature to allow for rapid equilibration
of the calorimeter, and to avoid degassing of
samples as temperature increased. Experiments



88 D.S. Gill et al. /| J. Chromatogr. A 715 (1995) 81-93

30.00

20.00 |-

- KCAL/MOLE

10.00 |~

ads

AH

0.00
0 0.02 0.04 0.06

PROTEIN ADSORBED - uMOLE/lO" BEADS

Fig. 5. Enthalpies of adsorption of cytochrome b, on Mono
Q as a function of extent of surface coverage, at three
different temperatures.

at subambient conditions required cooling of the
reaction cell by an external water bath to well
below the desired temperature combined with
calorimeter-controlled warming. For this reason,
the external bath circulator was set at 2.0°C for
the 12°C experiment and 37.0°C for the 37°C
experiment. For accurate quantitation of the
extent of adsorption, the contents of the sample
cell were recovered at the end of each experi-
ment and promptly centrifuged to allow assess-
ment of the extent of adsorption under the
experimental conditions. These experiments
were conducted under conditions of low surface
coverage to allow for comparison with van ’t
Hoff enthalpies derived from measurements at
similar loadings. Average AH,, up to 500 pg of
protein adsorbed per 10’ Mono Q beads (0.037
pmol/10” beads) are plotted in Fig. 6. These
values increase linearly with temperature from
12 to 37°C, giving a correlation coefficient of
0.99 and a positive AC, at this loading of 286 +
27 cal mol ™' °C™" (Fig. 6). It is clear from the
results presented above, however, that the mag-
nitude (and even sign) of AC, depends of the
extent of loading. At higher loadings the depen-
dence of AH,, on temperature is no longer
linear, suggesting a more complex relationship
between the two.

Finally, enthalpies of adsorption were mea-
sured for three site-directed mutants of cyto-
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Fig. 6. AH,,, calculated for a loading of 500 wg protein

adsorbed per 107 beads (see text for details) as a function of
temperature, derived from averages of duplicate experi-
ments. Line represents linear least squares fit with slope
corresponding to AC, =286 + 27 cal °C™" mol ™.

chrome b, with single amino-acid substitutions
on different regions of the protein surface. We
have previously identified [24] a preferred chro-
matographic contact region for the anion-ex-
change adsorption of cytochrome by based on
the pronounced effect of mutations in the domi-
nant cluster of negatively charged groups on the
protein surface (Glu 41, 47, 48, and 52) on the
stoichiometry and affinity of binding. Mutant
E48Q belongs to the preferred cluster of nega-
tive groups, D64N lies in the negatively charged
domain opposite the E48Q cluster, and E15Q
lies away from the dominant negative regions
around the heme-binding cleft. Data for the
enthalpies of adsorption as a function of surface
coverage for the wild-type protein along with
these three mutant forms are shown in Fig. 7.

3.3. Differential scanning calorimetry

The DSC thermograms of phosphate buffer or
phosphate-buffered 20% dextran solution con-
taining Mono Q alone were featureless. DSC of
soluble wild-type cytochrome b, in phosphate
buffer produced a single, rather broad transition
around 75°C, while adsorption of cytochrome b
to Mono Q in the presence of 20% dextran
reduced the protein’s transition temperature to
about 50°C (Fig. 8). In the presence of a phos-
phate-buffered 20% dextran solution, DSC of
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Fig. 7. AH_,, for adsorption of mutant forms of cytochrome

b, listed in Table 1 onto Mono Q at 25°C in 10 mM Tris + 0.1
mM EDTA, pH 8.0. WT represents wild-type cytochrome
b,, E15Q represents the mutation Glul5— Gln, E48Q the
mutation Glu48— Gln, and D64N represents Asp64— Asn.

soluble cytochrome b produced a major transi-
tion at 78°C. The need to include dextran in the
DSC samples and its apparent effect on cyto-
chrome by stability prevents the DSC measure-
ments from being conducted under conditions
completely representative of those of the titra-
tion calorimetric experiments, but in all cases
cytochrome by is stable to temperatures signifi-
cantly above the highest temperature used in our

60
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Fig. 8. Differential scanning calorimetric data for (a) free
cytochrome b, in 10 mM phosphate buffer, (b) free cyto-
chrome b, in 10 mM phosphate buffer + 20% dextran, and
(c) cytochrome b, bound to Mono Q in the presence of 10
mM phosphate buffer +20% dextran. Measurements were
made on a MicroCal MC-2 scanning calorimeter using scan
rates of 30°C/h. Inset shows the thermal transition for the
bound protein (T, ca. 50°C) in greater detail.

adsorption studies (37°C). It should also be
noted that mass balances on the free and ad-
sorbed protein after titration calorimetry closed
within 2% for experiments at 12 and 25°C, and
within 18% for experiments at 37°C, implying
that significant irreversible denaturation may
have occurred only at 37°C or above. Denatura-
tion under such conditions could make some
contribution to the observed enthalpy of ad-
sorption. Reduced recoveries of cytochrome b,
bound to Mono Q under conditions of low ionic
strengths and high retention times have also
been observed in our independent HPLC studies
[22]. Further investigation of these issues is in
progress.

4. Discussion

The high affinity of the adsorption isotherm
even at significant loadings implies that AG , is
negative under the conditions used. The
heterogeneous nature of the adsorbent surface
and the ill-characterized surface-charge density
and distribution, however, preclude calculation
of a meaningful value of AG,,, [34]. Further-
more, the van 't Hoff analysis often used for
calculation of AH_,, is based on the assumption
that a reversible equilibrium exists between the
bound and the free protein. It lumps together all
subprocesses accompanying protein adsorption
and is therefore only a qualitative indicator of
adsorption thermodynamics. Direct micro-
calorimetry does not resolve the difficulties in
estimating AG,,,, but does allow for a more
robust quantitation of the enthalpy of adsorption
than is achievable by van 't Hoff analysis. It also
allows for examination of the potential variation
of AH,,, with loading and with temperature in a
more direct manner than is possible by any other
means.

Microcalorimetric characterization of the ad-
sorption of cytochrome by on fresh Mono Q
shows endothermic heats of adsorption which, at
low loadings, increase with the amount of pro-
tein adsorbed (Fig. 3). Heats of dilution, in
contrast, are constant, exothermic, and much
smaller (about —1 kcal/mol). Calorimetric mea-
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surements made at higher surface coverages
(Fig. 4) show rapidly declining enthalpies of
adsorption after the initial linear increase. A
transition in adsorption enthalpies occurs at a
loading of about 0.09 wmol/10’ beads, closely
corresponding to the higher-slope region of the
adsorption isotherms (Fig. 1). However, mass
balances performed after the last injection show
that of the total protein recovered from the
calorimeter cell, >95% is in the bound state. It
is noteworthy that the adsorption enthalpy has a
uniformly positive sign, implying an entropic
driving force under these conditions. Positive
values of AH, , have also been calculated for this
system from the results of HPLC and equilib-
rium adsorption experiments, as discussed
below. The large increase in entropy may arise
from liberation of bound ions from the adsorbent
and protein surfaces, as well as waters of hydra-
tion from both surfaces.

Between 12 and 37°C, the average AH,,, (to
500 pg/10” beads) increases from about 8 kcal/
mol to 15 kcal/mol, giving AC, (=d(AH,,/
dT),) equal to 286 = 27 cal mol ™' °C™', relative-
ly independent of temperature (r=0.99). A
classical enthalpy—entropy compensation effect
{37,38] does not seem to be active as both AG 4
[22-24] and AH,, increase with temperature
over the range of interest. Positive AC, values
are usually attributed to the transfer of nonpolar
moieties from a hydrophobic to a more polar
environment {39]. Also, the expected sign of AC,
for an increase in exposure of electrostatic
charges is negative, implying that for the reverse
case (creation of electrostatic links, as in ion-
exchange adsorption) AC, might be expected to
be positive [40]. This is in agreement with
arguments made by Norde [34] that in aqueous
media changes in AC, are largely due to changes
in water structure around the interacting surfaces
and transfer of ions from the binding interface to
the bulk solvent.

The sign of AC,, however, depends on the
conditions under which it is measured. Van ’t
Hoff analyses of the equilibrium adsorption of
cytochrome b gave enthalpies of + 3.8 kcal/mol
at 4-25°C and —0.7 kcal/mol at 25-37°C [23].
The overall change in AH,,, from 4 to 37°C

corresponds to a negative average AC,. In con-
trast, for HPLC, a small positive value of AC, is
implied by the linear van 't Hoff plots observed
over temperatures ranging from 4 to 37°C [22].
A similar observation was made by Sigursjold
and Bundle [41], who reported opposing signs of

AC, measured by van ’t Hoff methods and by

titration calorimetry. This difference was as-
cribed to factors such as release or uptake of
ions, conformational change, or change in solva-
tion upon association. As discussed above, the
possibility of such subprocesses in the adsorption
of cytochrome b; on Mono Q exists. It should
also be noted that the characteristic times of the
experimental methods differ significantly. Titra-
tion calorimetry reports the enthalpy of pro-
cesses occurring on a time scale of 1-5 min,
equilibrium adsorption experiments occupy 30-
60 min, and isocratic HPLC retention times can
range up to 900 min. The different protein
loadings involved can also impair comparison of
results obtained by different methods. The in-
fluence of loading on thermodynamic parameters
is clearly illustrated in Figs. 4 and 5.

Both the bound and the free protein appear to
be stable over the entire temperature range used
in the titration calorimetry experiments, as
shown by the absence of DSC transitions at these
temperatures, the closure of mass balances for
each experiment, and the results of previous
work [42]. Although the observed destabilization
upon adsorption requires further investigation,
the present results suggest that the observed
positive AC, is not primarily due to a confor-
mational-change dependent entropy increase. It
may arise both from liberation of waters of
hydration at elevated temperature and from
partial exposure of buried hydrophobic side
chains.

The enthalpy of adsorption varies quite strong-
ly with the history of the adsorbent, although
fresh and regenerated Mono Q produced the
same chromatographic behavior. Adsorption
measurements described in Ref. [23] show that
the Z number (apparent number of contacts
made by the protein with the adsorbent [48]) is
virtually identical for fresh and regenerated
Mono Q, and the apparent affinity constant (K)
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is 5- to 10-fold higher for the fresh Mono Q.
Titration calorimetry in 10 mM Tris buffer at
25°C gave AH,,, values of 11.4 and 0.3 kcal/mol
for fresh and regenerated Mono Q, respectively.
Van ’t Hoff analysis of batch adsorption data (in
100 mM NaCl at 4-25°C) gave 9.0 kcal/mol for
adsorption on the fresh material and 2.9 +0.3
kcal/mol for the regenerated material. An
HPLC van 't Hoff AH,,, of 10.6 = 0.4 kcal/mol
was derived from data collected at 4-37°C at 150
mM NaCl on relatively fresh Mono Q; the van ’t
Hoff AH,,, fell with increasing ionic strength to
5.2+0.4 kcal/mol at 400 mM NaCl [22]. Al-
though the reproducibility of the HPLC experi-
ments is excellent, the repeated injection of
small amounts of protein relative to the total
column capacity makes it uncertain at which
point HPLC adsorbents should no longer be
regarded as “fresh””. Another unique characteris-
tic of the HPLC experiments is that their dura-
tion varies significantly with ionic strength, po-
tentially allowing for greater energetic contribu-
tions from slower processes such as conforma-
tional rearrangement. Despite the differences
among the experimental methods, all give a
larger value of AH,,, for fresh than for regener-
ated Mono Q. The difference between the
calorimetric and the van 't Hoff enthalpies is
appreciable, nonetheless it is noteworthy that
both methods confirm the entropic driving force
under these conditions.

The calorimetric behavior of surface-charge
mutants of cytochrome b, does not correlate in a
direct way with their ion-exchange chromato-
graphic properties. As described elsewhere,
equilibrium adsorption and HPLC retention of
the protein are dominated by a cluster of nega-
tively charged residues lying around the heme-
binding cleft, shown in Fig. 9 [24,53]. Structural-
ly conservative mutations neutralizing charged
amino acids in these clusters exert far greater
influence on the affinity and apparent number of
protein/adsorbent contacts than do mutations on
the opposite end of the protein. There is in-
dependent 2D NMR evidence that the mutation
does not induce large conformational changes in
several of the proteins of interest [49]. The
calorimetric behavior of the mutant proteins,

Fig. 9. Three-dimensional representation of tertiary structure
of rat cytochrome by [52] is shown; the C, backbone atoms
are connected by pseudo-bonds. Acidic groups which form
clusters of negative charge are shown on either side of the
heme-binding cleft (open pocket in the top-center of the
diagram). The positions of the mutations calorimetrically
characterized in this study are shown along with values of
AH,, and AZ, the change in the apparent number of
contacts relative to the wild-type cytochrome b;.

however, does not reflect their retention be-
havior. As shown in Table 1 and Fig. 9, proteins
altered in residues belonging to the dominant
charge cluster (e.g., E48Q) show enthalpies of
adsorption quite similar to that of the wild-type
protein. Mutant E15Q, which is very little al-
tered in its adsorption and HPLC retention
behavior, shows a very different pattern of
enthalpy of adsorption as a function of loading.
This observation is particularly striking in view
of the fact that calorimetric experiments were
conducted at low ionic strength at which batch
adsorption and HPLC retention differences
among the mutants are greatest. This result
suggests that the large enthalpies of adsorption
on fresh adsorbent arise from different sources
than do the lower (near-zero) enthalpies associ-
ated with adsorption on regenerated adsorbent.

One source of enthalpy which may be unique
to fresh adsorbent is denaturation on high-affini-
ty sites produced by local clusters of adsorbent
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Table 1

Values of AH,,, at 25°C in 10 mM Tris, pH 8.0, for mutant forms of cytochrome b, calculated for low surface coverage (500 ng

protein/10’ beads)

Protein o ZBatch ZHPLC K Batch J'HPLC AH,,, (kcal/mol)
Wild type -9.5 2.92+0.32 3.42+£0.01 0.081 £ 0.002 155.6 £21.2 11.4+0.2
E48Q -85 2.33x0.34 2.76 £0.07 0.020 = 0.000 40.1x1.7 12.1+0.3
D64N -8.5 2.75+0.33 ND 0.051 £ 0.000 ND 10.6 0.2
E15Q -8.5 2.95+0.25 3.37£0.04 0.100 £ 0.002 132.8+5.5 6.9x+09

Q" is the net charge of the proteins [51}. Z and K values are from Refs. {24,53]. Reported values of K**" were measured at 100
mM NaCl and those of k""" were measured at 150 mM NaCl. The superscripts “Batch” and “HPLC” refer to equilibrium
batch adsorption and isocratic, isothermal HPLC methods. ND represents not determined. Three-dimensional representation of
the positions at which mutations were characterized using microcalorimetry are shown in Fig. 9.

charge, or by hydrophobic patches on the ad-
sorbent surface. The possible role of hydropho-
bic interactions is supported by the fact that
residue 15 lies near the two largest patches of
hydrophobic surface on the cytochrome b, sur-
face, in a region which we have shown to have a
net positive charge [51] otherwise unfavorable
for interaction with the cationic adsorbent sur-
face. One hydrophobic patch (337 A% 14 A
probe radius using CHARMm v. 20.1, see also
Ref. [50]) comprises atoms from roezsidues Ile91,
Pro94, and Leu98. Another (323 A") consists of
residues Val8, Tyrl0, Tyrll, His84, and Pro85.
Together these patches comprise 11% of the
total solvent-accessible surface area of the mole-
cule and 50% of the hydrophobic surface area.
The insensitivity of the enthalpy of adsorption to
mutations which strongly affect adsorption and
retention, together with insensitive van ’t Hoff
enthalpies of adsorption previously determined
for a larger set of mutants [24], further support
our conclusion that enthalpy does not play an
important role in the selectivity of anion-ex-
change adsorption in this system. While the
origins of the large enthalpies of adsorption on
fresh Mono Q or of their surface-coverage de-
pendence are not yet entirely clear, the
calorimetric results support our previous conclu-
sion that anion-exchange adsorption in this sys-
tem is entropically driven, presumably by libera-
tion of counterions or waters of hydration.

In conclusion, we have shown that titration
calorimetry can be used as a sensitive probe to

test the energetics of ion-exchange adsorption.
We have confirmed in a direct manner our
previous conclusion that adsorption in this sys-
tem is entropically driven. The character of
adsorption on fresh and regenerated adsorbent is
quite different, in ways which are demonstrated
more directly by ITC than by any other available
technique.
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Abstract

Phenolic compounds in bark extracts of seven different clones of poplar trees were analysed by RP-HPLC with
diode-array UV detection. The chromatographic results obtained were treated by means of chemometric methods
to highlight any pattern in the data allowing one to discriminate poplars in terms of resistance to the fungus
Discosporium populeum. The phenolic compounds turned out to be more related to the genetic origin of the clones

than to their resistance.

1. Introduction

There is an increasing awareness that the
phenolic constituents of plants are a key to
understanding many plant—environment and,
particularly, plant—parasite relationships. Poplar
trees, like all plants, respond to various types of
injuries with rather generalized metabolic re-
sponses. These frequently include the synthesis,
oxidation and polymerization of phenolic com-
pounds [1]. However, these substances probably
represent only one of the many lines of defence
that may be enforced by the plant. For this
reason, it may be difficult to separate the defen-
sive role of phenolics from that of alkaloids,
terpenoids, coumarins or flavonoids. Anyway,

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00585-4

considering phenolics as indicators of disease
resistance may be justified on the grounds that
the two principal routes for the formation of
aromatic compounds from aliphatic precursors,
the shikimate and the polyketide pathways, each
contribute to the formation of phenolic com-
pounds. The shikimate pathway gives the
phenylpropanoid nucleus while the polyketide
pathway yields the A-ring of flavonoids [2]. In
practice, phenolics may be considered as a cross-
roads of different biosynthetic pathways, many
of which are activated by a range of stress factors
such as wounding, infection and low-temperature
stress. The central role of phenolic compounds in
the resistance of poplar trees to infection by the
fungus Discosporium populeum, the main topic
of this paper, has been suggested by many
workers [3-5]. Even in the case where the

© 1995 Elsevier Science B.V. All rights reserved
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studies involved non-phenolic bark components
such as the phenylalanine ammonia-lyase en-
zyme (PAL) [6], cytokinine [7] and B-glucosidase
[8], these were related to phenolic substances
and confirmed their importance.

In two previous papers [9,10], we tried to
relate the qualitative and quantitative distribu-
tions of phenolics contained in bark extracts of
poplar trees to their resistance to the fungus.
Two clones of different genetic origin, one
known, as a result of a biological test, to be
resistant and the other susceptible to the fungal
attack, were studied. The experimental data
obtained were treated chemometrically so as to
obtain the maximum information. As a final
result it was possible to link the two clones to
different classes of phenolics.

This paper constitutes an extension of the
study to seven poplar clones belonging either to
different species or to different genotypes of the
same hybrid species. RP-HPLC with diode-array
UV detection was used to analyse the bark
extracts. Principal component analysis was ap-
plied to the chromatographic data in order to
explore their structure. Subsequently KNN, a
multivariate classification method, was used to
investigate the kind and amount of information
discriminating among the clones obtainable from
the variation of the phenolic content of bark
extracts.

2. Experimental
2.1. Instrumentation

The bark extracts were analysed using a Varian

equipped with a Varian Star 9065 diode-array
spectrophotometric detector. System control and
data acquisition and processing were performed
utilising the multi-task program Varian Star 9000
on an Epson 386 (33 MHz) PC.

The chromatographic column was Lichro-
sphere RP-18 (250 X 4.6 mm I.D.), 5 um particle
size (Merck, Darmstadt, Germany). The injec-
tion volume was 10 wl and the flow-rate was 1.0
ml/min.

2.2. Reagents

HPLC-grade methanol and acetonitrile and a
0.57% solution of acetic acid in water purified in
a Milli-Q system (Millipore) were used as mobile
phase constituents.

2.3. Chromatographic conditions

A ternary gradient programme was used in-
volving (A) acetonitrile, (B) 0.57% acetic acid
and (C) methanol. The starting conditions were
6% A-88% B-6%C and after 40 min the mobile
phase composition was 6% A-48% B-46% C.

2.4. Sampling

The bark of seven clones known to differ in
resistance to D. populeum was sampled. The
sampling programme was scheduled in De-
cember, January, February and March. Several
samples of each clone, for each period, were
collected to give a total of 216 samples. The
detailed structure of the data is given in Table 1.

Star 9010 ternary gradient HPLC pump
Table 1

Description of data set

Total number of objects 216

Number of different clones

Number of samples collected for each clone
Number of sample periods

Number of samples collected for each period
Number of resistance groups

7(A, B,C,D,E, F and G)
A=29,B=32,C=30,D=32, E=31, F=30, G=32
4 (1 =December, 2 = January, 3 = February, 4 = March)
1=55,2=56,3=53,4=52
4 (A, B, C, resistant, class 1; D, moderately resistant,

class 2; E, F, moderately susceptible, class 3; G, very
susceptible, class 4)
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2.5. Sample preparation

About 30 mg of previously lyophilized bark
were added to 2.0 ml of 1.0 M sodium hydroxide
solution in a filter tube. The air was removed
from the tube by flushing with nitrogen and the
stopper secured. The suspension was shaken at
20°C for 20 h and subsequently filtered. The
residue was washed with water (total volume of
filtrate ca. 2.0 ml). The filtrate was acidified to
pH 2.5 with 6.0 M hydrochloric acid and diluted
with water to a final volume of 5.0 ml [9,10].

2.6. Standards

The standard substances 1,2,3-trihydroxyben-
zene, 3,4-dihydroxybenzoic acid, 1,2-dihydrox-
ybenzene, 4-hydroxybenzoic acid, 4-hydroxy-3-
methoxybenzoic acid, 4-hydroxybenzaldehyde,
3,5-dimethoxy-4-hydroxybenzoic  acid,  4-hy-
droxy-3-methoxybenzaldehyde, — 4-hydroxy-3,5-
dimethoxybenzaldehyde, 4-hydroxycinnamic
acid, 4-hydroxy-3-methoxycinnamic acid, 2-hy-
droxybenzoic acid, benzoic acid and 4-methox-
ybenzoic acid were purchased from Aldrich
Chimica (Milan, Italy).

2.7. Chemometrics

Principal component analysis (PCA) is a well
known technique which provides a significant
insight into the structure of any numerical data
matrix [11,12]. It generates a set of new ortho-
gonal variables, the principal components (PCs),
a linear combination of the original ones, so that
the maximum possible amount of variance con-
tained in the starting data matrix is concentrated
in as few PCs as possible. These new variables
can be used in place of the original ones for
successive treatment.

The coefficients of the original variables defin-
ing each PC are called “loadings” and the
projections of the experimental points on the
new variables are called “scores”. Since PCA
effectively concentrates the variance of the data
matrix in a smaller number of new variables, it is
suitable to reduce the dimensionality of large
data matrices by eliminating the non-significant

PCs and facilitating successive treatments on the
reduced data. PCA was computed through the
diagonalization of the variance-covariance ma-
trix by means of the Jacobi algorithm. The data
were autoscaled before PC computation in order
to assign the same numerical weight to each
variable.

3. Results and discussion

Various bark samples of seven different poplar
clones sampled in four different periods (De-
cember, January, February and March) were
analysed. A detailed description of the samples
(216 in total) is given in Table 1. The seven
poplar clones were assigned to four different
classes of resistance, determined by a biological
test: LUX, DVINA (P. deltoides) and GHOY
(P. X euroamericana) class 1, very resistant; B.L.
COSTANZO (P. x euroamericana) class 2, resis-
tant; BOCCALARI and FARSI (P. X
euroamericana) class 3, moderately susceptible;
and J. POURTET (P. nigra) class 4, very suscep-
tible. In the following discussion these clones will
be identified by the letters A, B, C, D, E, F and
G, respectively.

Chromatographic results for the seven clones
sampled in winter are reported in Fig. 1. The
peaks were identified by comparing the retention
times and UV spectra monitored between 220
and 330 nm with those for a standard mixture of
sixteen phenolic substances (listed in Table 2).
There are differences in the chromatographic
profiles, but considering they account, in a
complex way, for differences among clones,
resistance and sample collection periods, it is
evident that there is the need for a data treat-
ment allowing one to separate the different
sources of information and to organize them in a
convincing pattern. For this purpose suitable
statistical treatments were applied to a set of
experimental data made up of 16 variables (peak
areas) and 216 objects (all collected samples),
giving a total number of 3456 data.

First a PCA was performed for a synthetic and
informative visualization of the data. Table 3
shows the values of the variance explained by the
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Fig. 1. Chromatographic results for the bark extracts of the seven different clones sampled in winter.
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Table 2
Variables taken into consideration in the chromatographic
and chemometric analysis

Variable Compound
1 1,2,3-Trihydroxybenzene
2 3,4-Dihydroxybenzoic acid
3 1,2-Dihydroxybenzene
4 4-Hydroxybenzoic acid
5 4-Hydroxy-3-methoxybenzoic acid
6 4-Hydroxybenzaldehyde
7 3,5-Dimethoxy-4-hydroxybenzoic acid
8 4-Hydroxy-3-methoxybenzaldehyde
9 4-Hydroxy-3,5-dimethoxybenzaldehyde
10 4-Hydroxycinnamic acid
11 Degradation product of 10
12 4-Hydroxy-3-methoxycinnamic acid
13 Degradation product of 12
14 2-Hydroxybenzoic acid
15 Benzoic acid
16 4-Methoxybenzoic acid

more significant principal components and Table
4 lists the loadings of the sixteen variables on the
first three PCs. Fig. 2 shows a plot of the scores
of PC1 vs. PC2 for all the objects. In spite of the
complexity due to the large number of classes
present, it is evident that the clusters of clones
A, B and G are separated, whereas all the others
are more or less in a cluster lying between the
previous ones. In fact the distinction of the
clones belonging to pure species. (P. deltoides,
clones A and B, P. Nigra, clone G) is very sharp.
The discrimination among the hybrids (P. %
euroamaricana, clones C, D, E and F) which are
sensitive to a more or less genetic proximity to
their parents is instead more difficult. PC1 main-
ly discriminates clones A and B with respect to

Table 3
Variance explained by the PCs with eigenvalue greater than
1.0

PC Variance explained Cumulative variance
1 28.7 28.7
2 15.2 43.9
3 13.9 57.8
4 8.6 66.4
5 6.7 73.1

the others. As the list of loadings reported in
Table 4 shows, the variables contributing sub-
stantially to the PC1 definition are variables 2
(3,4-dihydroxybenzoic acid) 4 (4-hydroxybenzoic
acid) and 12 (4-hydroxy-3-methoxycinnamic
acid). Variables S (4-hydroxy-3-methoxybenzoic
acid) and 8 (4-hydroxy-3-methoxybenzaldehyde),
the main constituents of PC2, seem instead
effective in the separation of clones G and D
from the group of clones B, E and F. Given that,
from the resistance point of view, the expected
classification ought to be A, B, C-D-E, F-G,
there is evidence of a clear decrease in the
contribution of this kind of information to the
discrimination of the objects in favour of one
related to the genetic diversity of the clones. PC3
does not provide any further contribution in this
direction, but seems rather to contain some
information about the possible influence of
seasonal factors.

Fig. 3 shows the plot of the scores of PC2 and
PC3, defining a trend to discriminate winter
samples (1 and 2) from early spring samples (3
and 4). The variables which seem to exert the
most discriminating effect are 1 (1,2,3-trihydrox-
ybenzene), 3 (1,2-dihydroxybenzene), 6 (4-hy-
droxybenzaldehyde), 8 (4-hydroxy-3-methox-
ybenzaldehyde) and 11 (degradation product of
4-hydroxycinnamic acid). These variables are
different from those discriminating the clones, so
there is no apparent mixing between the in-
formation related to clone classification and to
the sample collection period classification.

From the variance—covariance matrix (not
reported) used to perform PCA calculations, it is
also possible to visualize the complete pattern of
correlations among the variables important for
this study. A positive correlation among the
variables may be interpreted in terms of a strict
link characterizing the presence of the substances
that they represent in the poplar bark. For
instance, they may be final products of corre-
lated biosynthetic pathways, or even of an in-
dividual pathway, and may contribute to define
the same sample features. This is the case with
the variables 2 (3,4-dihydroxybenzoic acid) and
12 (4-hydroxy-3-methoxycinnamic acid), impor-
tant constituents of PC1. A negative correlation
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Table 4
Loadings of the original variables on the first three PCs
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Variable PC1 pPC2 PC3
1. 1,2,3-Trihydroxybenzene -0.18 -0.11 -0.11
2. 3,4-Dihydroxybenzoic acid —0.38 0.34 —0.21
3. 1,2-Dihydroxybenzene —0.15 —0.31 ~0.38
4. 4-Hydroxybenzoic acid 0.50 -0.07 0.06
5. 4-Hydroxy-3-methoxybenzoic acid -0.24 0.40 —-0.32
6. 4-Hydroxybenzaldehyde —0.31 ~0.22 -0.10
7. 3,5-Dimethoxy-4-hydroxybenzoic acid 0.08 0.22 0.11
8. 4-Hydroxy-3-methoxybenzaldehyde 0.12 —0.44 -0.31
9. 4-Hydroxy-3,5-dimethoxybenzaldehyde 0.05 —-0.34 -0.17
10. 4-Hydroxycinnamic acid —0.32 -0.03 0.32

11. Degradation product of 10 —0.03 0.05 0.29
12. 4-Hydroxy-3-methoxycinnamic acid —0.43 -0.12 0.05
13. Degradation product of 12 —0.05 -0.09 -0.11

14. 2-Hydroxybenzoic acid -0.19 -0.13 0.34
15. Benzoic acid -0.13 -0.26 0.48

16. 4-Methoxybenzoic acid =0.15 -0.30 0.03

may instead be interpreted in terms of a

re-

At this stage, a classification study was per-

ciprocal transformation of the substances in-
volved, as if one or more of them were key
compounds in the biosynthesis of the others (this
may be the case with variables 5 and 8, relevant
in the PC2 definition). A variable negatively
correlated with the majority of the others is
variable 4 (4-hydroxybenzoic acid). In previous
papers [9,10], the role of this substance in
defining the data structure was found to be
extremely important.
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Fig. 2. Scatter plot of samples vs. PC1 and PC2.

formed in order to check thoroughly the possi-
bility of discriminating the clones as species or
even as genotypes.

A Kth nearest neighbours (KNN) classifica-
tion study was performed. This method deter-
mines for each object the kth nearest ones, and
assigns it to the most represented class among
the K nearest samples. In the case of an equal
population of two or more classes, the sample is
assigned to the nearest among them. It would be
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desirable to eliminate from the data the infor-
mation related to the sample collection period
and to non-discriminant variables, but any pro-
cedure we can use for this purpose may have
some side-effect on the KNN method, which is
based on the calculation of distances. However,
since the presence of non-discriminant informa-
tion may introduce confusion in the results, we
introduced two correction mechanisms. A step-
wise algorithm of selection of the discriminant
variables, after autoscaling, searching iteratively
for the best set of variables by adding or deleting
one variable at a time, repeated until no further
improvement of the percentage non-error rate
(%NER), defined as the percentage of the
correctly classified objects, was achieved. A
further variable scaling operation, centred on
sample collection time, was performed in order
to “clean up” the data from this kind of in-
formation. Hence the following four different
data sets were defined: set 1 (all original vari-
ables, autoscaled), set 2 (all original variables,
centred on sample collection period), set 3
(selected variables 2, 4, 5, 7, 8, 10, 12 and 15,
autoscaled) and set 4 (selected variables 2, 5, 6,
10, 12, 13 and 15, autoscaled and centred on
sample collection period). Calculations were
then performed and the results were compared.

The results obtained using K = 5, summarized
in Table 5, show that the best set of variables

Table 5

KNN results for: set 1, all autoscaled variables; set 2, all
variables centred on the sample collection time after auto-
scaling; set 3, variables 2, 4, 5, 7, 8, 10, 12 and 15,
autoscaled; set 4, variables 2, 5, 6, 10, 12, 13 and 15, centred
on the sample collection time after autoscaling

Clone %NER

Set1 Set2 Set3 Set4
A 82.7 86.2 96.5 89.7
B 84.4 87.5 84.4 93.7
C 73.3 73.3 90.0 93.3
D 65.6 68.7 93.7 90.6
E 80.6 90.3 87.1 96.7
F 86.7 76.7 93.3 93.3
G 100.0 100.0 100.0 100.0
Overall 81.9 83.3 92.1 94.0

corresponds to set 4. In particular, the results
obtained using all the variables (untreated or
class centred) are markedly worse than those
obtained with the stepwise refinement algorithm.
This confirms that the variables which do not
contain information on the clone discrimination
introduce a lot of confusion (noise) in the pattern
of distances, which makes the KNN classification
much less effective.

The differences between the class-centred and
the untreated variables are smaller. It is interest-
ing that the variables which emerged from the
PCA treatment are present among the selected
variables of sets 3 and 4, with the noteworthy
exception of variable 4 in the case of the data set
centred on the sample collection period. This
variable was eliminated during the last step of
the stepwise procedure because its elimination
does not change the %NER. This can be easily
justified if we remember the mentioned high and
negative correlation of this variable with all
other variables and particularly with variables 2
(a possible hydroxylation product) and 10 (a
possible precursor). Variable 4 may be consid-
ered no longer necessary since its information is
already present.

The remaining variables, i.e., 6 and 13, or 7
and 8, increase the %NER in both cases by
about 2% and are added only during the last
refinement steps. Their statistical significance is
dubious.

The %NER values for the clones show that
the best results are achieved by performing the
calculation with the reduced dataset, after
eliminating the information about the sample
collection time. The consideration of the confu-
sion matrix for this calculation (Table 6) better
describes the pattern of the classification results.
This is a matrix containing categorical classifica-
tion results. The rows of the matrix correspond
to true classes and the columns to predicted
classes. The number of correctly classified ob-
jects in each class appears on the main diagonal,
while the number of misclassified objects are the
off-diagonal elements. From Table 6, it can be
concluded that the classification can be effective-
ly performed and that the highest number of
errors is due to exchanges between clones 1 and
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Table 6
Confusion matrix for the KNN classification of clones, using
set 3

Class A B C D E F G
A 26 3 0 0 0 0 0
B 2 30 0 0 0 0 0
C 0 0 28 0 0 2 0
D 0 0 0 29 1 0 2
E 0 0 1 0 30 0 0
F 1 0 1 0 0 28 0
G 0 0 0 0 0 0 32

2 (belonging to the same species and not mixed
with the others). This means that the selected
variables are effectively responsible for the dis-
crimination between the clones.

An analogous study by means of the KNN
method was performed on the classification of
the samples on the basis of their different collec-
tion times. Only the best results are reported
(Table 7) obtained with autoscaled variables,
selected using the stepwise procedure.

The overall and partial %NER are not as large
as in the previous case. Anyway, it should be
noted that most of the wrong assignments are
due to exchanges between sampling periods 1
and 2 on one side and 3 and 4 on the other. This
means that the four sampling periods can be
grouped into two main behaviours: winter and
early spring, as already suggested by the PCA
results. Also, the fact that the selected variables
are partially different from those found by PCA
is due to the fact that KNN tries a priori to
discriminate period 1 from period 2 samples and
period 3 from period 4 samples, while during the

Table 7

Confusion matrix for the KNN classification on the basis of
the sample collection periods, variables selected 2, 3, 6,9 and
12

Class 1 2 3 4 %NER*
1 49 9 3 0 78.2
2 9 37 4 6 66.1
3 2 1 35 15 66.0
4 1 0 10 41 78.8

principal component analysis the similarity be-
tween the two couples has been accepted a
posteriori after the analysis of the results. If the
four sample collection periods are grouped to-
gether into two couples, winter (W) and spring
(S) samples, the best results obtained by the
stepwise KNN will consist of an overall %NER
of 93.5. The corresponding confusion matrix is
reported in Table 8. The classification is highly
satisfactory. Several variables among those se-
lected contribute very poorly to the improve-
ment of the classification; their statistical signifi-
cance is small. The most important variables
seem to be 3 (1,2-dihydroxybenzene), 6 (4-hy-
droxybenzaldehyde) and 9 (4-hydroxy-3,5-di-
methoxybenzaldehyde), which alone leads to an
overall %NER of about 90.

Reporting all the information obtained to a
phytochemical basis, we can draw important and
maybe definitive considerations about the possi-
bility of using phenolics as indicators of poplar
tree resistance towards D. populeum infection.
The statistical methods adopted constituted dif-
ferent approaches to the analysis of data, so all
possible, if any, underlying structures were high-
lighted. It is then clear that the analysis of
phenolics provides information not about the
plant resistance, but about the genetic origin of
clones. In our previous work [9,10] we attributed
resistance discrimination ability to phenolic com-
pounds only because there occurred a fortuitous
coincidence of the two features. In fact, these
substances seem to account also for seasonal
effects and the variables responsible are different
from those discriminating among the clones. This
confirms that phenolics are involved in many
ways in the biochemical production of poplars,

Table 8 )
Confusion matrix for the KNN classification on the basis of
the sample collection periods, variables selected 2, 3, 4, 6,9,
12, 13 and 15

Class w S %NER?®
1 99 12 89.2
2 2 103 98.1

* Overall %NER: 72.2.

*Overall %NER: 93.5.
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maybe also as pre-infection factors, but that they
can be better defined as multi-purpose com-
pounds and are not easily related to the defence
mechanism against D. populeum.

Further developments in this direction must
take into account new data and new substances
in the attempt to characterize the mechanism of
defence. Work of this kind is in progress.
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Abstract

Ion-exchange chromatography was used for the simultaneous elution of transition metals. The mobile phase
consisted of an acetate buffer with pyridine-2,6-dicarboxylic acid (PDCA) as a chelating agent; the stationary phase
was a mixed-bed resin that displays both anion- and cation-exchange properties. Under the selected conditions, the
only species of the analyte that occur in solution are the anionic chelates M(PDCA), while both the free cations
and the chelates may be present in the resin. The mechanisms involved in this complex chromatographic pattern
are described, considering either cation or anion exchange. It was found that the chromatographic behaviour of the
transition metals can be explained by electrostatic interactions, the prevailing mechanism being pure anion
exchange. Selectivity coefficients between the eluted species and either PDCA or acetate were derived from the
experiments. The results were compared with those obtained after replacement of the mixed-bed resin by a low
capacity anion-exchange resin. In this case, additional mechanisms such as adsorption had to be taken into account

in the explanation of the retention behaviour of the transition metals.

1. Introduction

The chromatography of transition metals is a
challenge concerning both their separation and
detection. Their similar affinities for most com-
mon cation exchangers make it difficult to sepa-
rate them by standard cation-exchange chroma-
tography. In addition, chemically suppressed
conductivity cannot be used for the detection of
transition metals since the pH increase inherent
in the method precipitates them as their hy-
droxides [1].

The latter problem can be overcome by post-
column addition of a chelating agent that con-
verts the metals into coloured complexes to be

* Corresponding author.
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detected by visible spectrometry [1,2]. An alter-
native to the former problem consists in adding
an anionic chelating agent such as tartrate,
oxalate or citrate to the mobile phase and to
carry out the separation of the resulting com-
plexes on cation [3] or anion exchangers [4], or
using reversed-phase chromatography [3,5,6].
The principles and applications of the different
methods have been described [7]. The chromato-
graphic performances of various sulfonated sub-
strates, viz., silica gel, poly(styrene—divinylben-
zene) [8] and methacrylate [9], have been com-
pared. They showed a strong influence of non-
specific interactions and poor efficiencies were
reported for polymer-based stationary phases.
However, even silica-based exchangers lack
selectivity and show relatively low efficiencies.

© 1995 Elsevier Science B.V. All rights reserved



106 P. Janvion et al. | J. Chromatogr. A 715 (1995) 105-115

Some workers have suggested the use of a
mixed-bed resin that features both anion- and
cation-exchange sites to achieve a better sepa-
ration [10,11]. The mobile phase contains a
complexing agent for transition metals [pyridine-
2,6-dicarboxylic acid (PDCA)] that accounts for
chromatographic selectivity while another chelat-
ant [pyridyl-2-azo-4-resorcinol (PAR)] is used as
a postcolumn reagent. The metal-PDCA com-
plexes successively eluted from the column are
readily dissociated and recomplexation occurs to
yield metal-PAR complexes, which are detected
spectrophotometrically. This method was applied
to the determination of transition metals in the
primary coolants of light water nuclear reactors
[12] and is compatible with on-line preconcen-
tration to achieve limits of detection lower than 1
ppdb [13]. It was assumed that anion exchange is
the dominant retention mechanism [14], al-
though no evidence was given.

The purpose of this work was to determine the
chromatographic behaviour of some transition
metals, Fe(III), Ni(Il), Co(II), Cu(II) and
Zn(11), when determined by this complex meth-
od. Mathematical models were developed to
evaluate the relative contributions of the cation-
and anion-exchange mechanisms to their reten-
tion.

2. Experimental

PDCA was purchased from Fluka and PAR
from Merck. All other chemicals were of Sup-
rapur grade from Merck. Standard solutions of
metals were prepared by dilution of Specpure
standard solutions from Johnson Matthey (1 g
17!). They were acidified to pH 2 with HNO;.
The water used throughout these experiments
was purified with a Milli-Q system (Millipore).

The chromatographic set-up consisted of an
Actlon Analyser (Waters) including an inert
Model 625 pump driven by a Model 600E con-
troller unit. The built-in injector (Waters Model
125) was equipped with a 100-u1 loop. A reagent
delivery module (RDM) (Waters) was connected
to the flow stream at the column outlet via a
T-shaped connector; the postcolumn reagent was

delivered by argon pressure. Detection was per-
formed with a diode-array detector (Waters
Model 990) set at 520 nm unless stated other-
wise.

The experiments were carried out on a CGS
(guard) + CS5 (analytical) set of columns
(Dionex). In this type of resin, quaternary am-
monium and sulfonate functional groups co-exist
in the pellicular layer located on the core of the
bead [15,16]. The cation- and anion-exchange
capacities are 0.071 and 0.033 mequiv./ml resin,
respectively. A MFC-1 column (Dionex) was
inserted upstream from the injector for eluent
purification. The purely anion-exchange set of
columns was an AG4A (guard) + AS4A (ana-
lytical), of quaternary ammonium type (Dionex).

The determination of the transition metals was
carried out with the following optimized mobile
phase (denoted E,): 6-10> M PDCA —5-1072
M CH,COOH-5-10"> M CH,COONa pumped
at a flow-rate of 1 ml min~'. Various eluent
compositions were used to test for the models
and will be stated when needed. The postcolumn
reagent was delivered at a flow-rate of 0.4 ml
min . It consisted of 4-10™* M PAR-3 M
NH,;-1 M CH,COOH (pH 9.7). The transition
metal cations were injected in a single run at a
concentration of 100 wg 17" each.

3. Results and discussion

In the following AcO~ denotes acetate and
HA™ and A’" the two ionic forms of PDCA.
Charges will be omitted in formulae for ease of
reading.

3.1. Mobile and stationary phase compositions

PDCA is a diacid, pK, =2.10 and pK, =4.68
at 20°C, for an ionic strength 7 =0.1 M [17]. The
pK, of acetic acid under the same conditions
[18], 4.65, was checked experimentally. From
these data, the equilibrium composition of the
eluent E, can be deduced (Table 1). In this
medium, all the investigated transition metals
are predominantly in the form of the anionic
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Table 1

Composition of the mobile and stationary phases in the determination of transition metals by ion chromatography on the CS5
column

Species Eluent E, Resin

[Na] 5.00-1072 M =5.00 10"% mequiv. ml ™' 0.0710 mequiv. ml~" (100%)

[HA] 3.96-107° M = 3.96 107> mequiv. ml ™’

[A] 2.04-107> M = 4.08 10”° mequiv. ml ™' 0.0245 mequiv. ml ™" (74%)

[AcOH] 5.86-10 > M

[AcO] 4.15-107> M = 4.15 10* mequiv. ml ™" 0.0085 mequiv. ml™" (26%)

complexes MAZ™ (divalent cations) and FeA;
[Fe(IID)].

The only cationic species in the eluent E, are
Na* and H'. According to their respective
concentrations in solution ([Na],=5-10"> M
and [H],=3.2-10"° M) and orders of affinity
versus most sulfonated resins (Na* >H"), sodi-
um is likely to be the only cation involved in a
cation-exchange mechanism with metals. This
will be true for every eluent where [Na], is at
least ten times [H),. As a consequence,

[Na], = Ce, = 0.071 mequiv. ml '

where the subscript r represents the resin and
Ce_ is the cation-exchange capacity of the mixed-
bed stationary phase.

There are three competing exchangeable an-
ions in the eluent: AcO~, HA  and A* . In
order to determine the selectivity coefficients
between these species, a 107> M solution of
PDCA was injected on to the column and eluted
with acetate buffer at different pH values. In this
mobile phase, the concentration of AcO~ was
maintained constant at 0.1 M and the pH was
adjusted by adding increasing concentrations of
AcOH. Spectrophotometric detection at 270 nm
was applied. The distribution coefficient of the
eluted species was measured.

If both HA™ and A’ are involved in an
exchange mechanism, the conditional distribu-
tion coefficient D, of PDCA must take into
account its two ionic species:

[HA], +[A],
[H,A], + [HA], +[A]

D, =

Fig. 1 shows the evolution of the logarithm of
the distribution coéfficient of PDCA as a func-
tion of the eluent pH. When A’ is largely
predominant in the aqueous phase, i.e., for pH
values higher than 6, a plateau is observed; this
is evidence for the predominance of the
dianionic form of PDCA in the resin. In this pH
range, D, may be simplified to

[Al,
Pr=1al,
From the mean value of D, for pH>6 and
knowing that [AcO],=0.1 M, and [AcO], =
Ce, =0.033 mequiv. ml~', where Ce, is the
anion-exchange capacity of the resin, the selec-
tivity coefficient between A’~ and AcO ™, K o
can be deduced:

» _lAL[AOR
Ko = a1 facop ~ 1272

When the pH value is decreased to below 4.7,
A’ is transformed into HA™ in the mobile
phase. Owing to the higher affinity of the resin
for A~ than for HA™, protonation in the
stationary phase does not occur: a plateau that
would similarly correspond to the predominance
of HA™ in both phases is not observed in Fig. 1.
Between pH 3.3 and 4.3, A’" remains the
unique PDCA species in the resin.

The composition of the stationary phase in
contact with the eluent E; used for transition
metal determination can then be deduced (Table

1).
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Fig. 1. Influence of the pH on the distribution coefficient of
PDCA. Chromatographic conditions: column, CGS5 + CSS5;
mobile phase, 0.1 M AcONa (pH adjusted with AcOH or
NaOH); flow-rate, 1.0 ml min~"; detection, UV at 270 mm;
injection loop, 100 ul; PDCA, 107° M.

3.2. Retention models for transition metals

Under the conditions chosen for their ana-
lytical separation, the transition metals occur
exclusively as their MA2~ complexes [FeA, for
Fe(IIT)] in the mobile phase. Since both anion-
and cation-exchange sites co-exist on the resin,
the metals may be retained as M>*, Fe’* or
FeA", or as their anionic complexed form,
considering that, for a pellicular resin, the dis-
tribution of the neutral form MA may be neg-
lected. For both hypotheses, a model was de-
veloped and tested. The validation experiments
consisted in selected alterations of the mobile
phase and quantification of the subsequent ef-
fects on the retention of the transition metals.
Models will be exposed first, followed by a
description of the experiments and a discussion
of the fitting results.

Hypothesis of cation exchange

The model developed here compares with that
proposed by Haddad and Foley [19] for divalent
cations eluted from a cation-exchange column
with an eluent containing a single competing
cation and a complexing ligand. This model was
recently adapted to a more complex elution
pattern, taking into account multiple ionic
cluents [20].

Here, Na* is the exchangeable competing ion

in the resin. Given a divalent metal, M*", the
equilibria involved are

MA,]
M2 +2A7 =MAZL gY _ [MA,], i
s s 2s BZ [M]S[A]E ( )
M],[Na]?
2Na] + M =M?!" +2Na] Kj\, = ——{MHN }2
S a T
(2)

Following the hypothesis of a cation-exchange
mechanism, M** is the only metal sg)ecies al-
lowed to enter the resin while MAS is the
predominant species in solution, by at least three
orders of magnitude under the conditions of our
experiments. The distribution coefficient of the
metal is

[M],
= MA,, )

D M
Substitution of Eqgs. 1 and 2 in Eq. 3 yields

[Na} ? 1
Dy, =K, ———
YU Nl BTAL

4

Since [Na], is equal to the cation-exchange
capacity Ce_., we obtain from Eq. 4

log D,, = log K, + 2 log Ce_ — 2 log[Na],
—log B3 — 2 log[A], €]

The distribution coefficient of the metal is a
function of the concentration of the competing
cation and that of the complexing agent in the
mobile phase.

In the case of Fe(Ill), two cationic species
may be retained on the resin:

Fel* +3Na] =Fe]" + 3Na,
_ [Fe],[Na];

Fe — 5
3% = |Fe],[Na]’ ®)
FeA +Na =FeA] +Na]
rea _ [FeA][Na],
Ko = [FeA],[Nal, ©)

Combining the expression of the corresponding
distribution coefficient, D, = ([Fe], + [FeA],)/
[FeA,], with Eqs. 5 and 6 and the complexation
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constants in the solution (K} = [FeAl,/[Fe],[Al,
and B5° = [FeA,],/[Fe],[A]), and still assuming
that [Na], is equal to the cation-exchange capaci-
ty Ce_, the following equation is obtained:
Do = KF° . Ce’ 1

Fe 3Na [Na]B B;‘e[A]S2

S

Fe
+KErCe, II
e O TTA N, o

Hypothesis of anion exchange .

As determined previously, both AcO~ and
A’ potentially participate in an anion-exchange
mechanism. In this case, the elution of a divalent
metal is governed by the following two equilib-
ria:

MAZL + A =MAZ + Al
_Ma,) (AL -

[MAZ]S[A]r
MAZ +2AcO; =MAZ +2AcO,
[MA,].[AcO]?
[MAZ]S[ACO]r

K42
Kb = (8)

The distribution coefficient of a metal, in its
complexed form, is given by

_ [MAZ]r
DM - [MA2]S (9)
Since

=[A], + [MA,], + [AcO], (10)

where [MA,], is negligible, substitution of Egs.
7, 8 and 9 in Eq. 10 gives

(AL, _[AcOl
M (Kb

Ce, =

a MA,
KA

1/2 \/D (III)

The distribution coefficient depends on the con-
centrations of both competing anions.

In the case of Fe(IIl), the only difference is in
the charge of the complex:

2FeA;, + A’” =2FeA,, + Al”
2FeA, _ [FeAz]f[A]s
* [FeA,[A],

FeA,, + AcO; =FeAj, + AcO_

(11)

FeA, _ [FeA,],[AcOJ,
Ko’ = [Fen,],[AcO], (12)

Hence an equivalent expression to Eq. 10 may
be written:

(AL, [AOL

a = K2FeA2 “(Dg.) KEeA2
A AcO

Ce

: DFe (IV)

Supposing either cation or anion exchange, the
concentration of the PDCA and that of the
acetate buffer in the mobile phase are indepen-
dent parameters that determine the value of the
distribution coefficient of each metal ion. The
form of the dependence will be the discriminat-
ing factor that allows one to decide which mech-
anism is actually governing the retention.

3.3. Variation of the distribution coefficient of
the metal ions with the eluent composition

The experimental verification of these models
was performed by measurements of the retention
time of the investigated metals with different
eluting phases. The corresponding distribution
coefficients were deduced in the usual way. In
the first series of experiments, the concentration
of the acetate buffer was varied, all other param-
eters remaining constant, while in the second
series the concentration of the PDCA was the
investigated parameter. Initially, interpretations
will concern divalent metals only; the behaviour
of Fe(III) will be analysed separately.

Influence of concentration of acetate buffer

Each eluent contained a constant concentra-
tion of PDCA, 6-10~° M. The concentration of
acetate was varied from 4-107> to 0.25 M and
the pH was adjusted to 4.5 by addition of acetic
acid. Under these conditions the speciation of
PDCA was constant all over the experiments.

Considering a purely cation-exchange mecha-
nism, only [Na], varies in Eq. I. Log D versus
log[Na], is expected to be linear with a slope of
—2. Fig. 2 shows that such is not the case, and,
particularly, the existence of a plateau cannot be
explained by the cation-exchange model.

A similar profile is observed (Fig. 3) when log
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Fig. 2. Variation of the distribution coefficient of the transi-
tion metals with [Na],. Chromatographic conditions: column,
CGS5 + CS85; mobile phase, 6- 107 M PDCA with AcOH and
AcONa at various concentrations (pH 4.5); flow-rate, 1.0 ml
min~'; postcolumn reagent, 4-10™* M PAR-3 M NH,-1 M
CH,COOH (pH 9.7); flow-rate, 0.4 ml min~'; detection,
visible at 520 nm; injection loop, 100 wl.

Dy, is plotted versus log[AcO],, but this may be
explained quantitatively in the frame of an
anion-exchange model by the modification of the
resin phase. The concentrations of AcO™ and

c, (meq.ml_l)
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Fig. 3. Variation of the distribution coefficient of the transi-
tion metals with log[AcO],. Dotted lines: concentrations in
the resin of the anionic species of the eluent. Chromato-
graphic conditions as in Fig. 2.

A”” in the resin phase are also displayed (dotted
lines).

First, the existence of a plateau is evidence for
the steady elution behaviour of the analytes as
fong as [A], is the prevailing species ([A],>
3 Ce,). In this domain, the retention is governed
by the exchange between MA%‘ and A*", and
Eq. 1II may be simplified to

(Al

MA,
Ky

Ce, = D,
where [A], has a known constant value of 4.51-
107> mequiv. ml~'. D,, is constant, and the
selectivity coefficients between A*" and each
divalent metal cation can be deduced (Table 2).
Second, when [AcO], increases, the composi-
tion of the stationary phase is modified and
[AcO], is no longer negligible; a ternary ex-
change takes place, [A], decreases and so does
Dy,. Eq. III can be rewritten as

KMA:
- A
P T ATy AV P
Ma,
A
+ [Al -Ce,

If D,, is plotted versus [AcO]s\/l—);, straight
lines are expected with an intercept K *2Ce,/
[A], and a slope —[KX*2/(K}82)) *[A),). Fig. 4
shows that linearity is achieved for the highest
concentrations of acetate ions in solution, above
3-107% M, when the acetate ions occupy over
20% of the anion-exchange sites of the resin.

Table 2
Selectivity coefficients between A>” and the PDCA complex-
es of the divalent metals

Experiment Cu Ni Zn Co

I 0.34 0.40 0.44 0.52

II 0.36 0.42 0.46 0.55

I 0.34 0.40 0.44 0.52

Mean 0.35+0.03 0.41+0.04 0.45+0.05 0.53+0.05

Values deduced from different experiments: I = variation of
[AcO],, exchange with A’" only; II = variation of [AcO],,
exchange with A*" and AcO~; HI = variation of [PDCA],.
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Fig. 4. Variation of the distribution coefficient of the transi-
tion metals with [AcO}.(Dy,)""?. Validation of the anion-
exchange model for the divalent cations. Chromatographic
conditions as in Fig. 2.

The linear part of the curves was fitted to obtain
estimates of both K’¥*2 and K .2 (Tables 2 and
3); Table 4 gives the values of the selectivity
coefficient K5,.o, as calculated by the ratio of
the two former coefficients. KX values are in
good agreement with those determined from the
plateau but the K7}, ., values are larger by ca.
25% than the values determined in the first part
of this work.

Influence of concentration of PDCA

In this series of experiments, [AcOH]=5"
1072 M, [AcONa]=5-10"> M and the concen-
tration of PDCA in the eluent was varied from
1.6-107° to 1.6-107° M; the final pH was

Table 3
Selectivity coefficients between AcO~ and the PDCA com-
plexes of the divalent metals

Experiment Cu Ni Zn Co
II 65 75 84 97
111 59 71 84 96
Mean 62+6 737 848 9% £ 9

Values deduced from different experiments: II = variation of
[AcO],; III = variation of [PDCA];. See text for details.

Table 4
Selectivity coefficients between AcO™ and A’

Experiment Cu Ni Zn Co
11 181 179 183 176
m 174 178 191 185
Mean 181+ 15

Values deduced from the retention behaviour of the divalent
metals in different experiments: II = variation of [AcO];
111 = variation of [PDCA],. See text for details.

adjusted to 4.5 with NaOH. Under such con-
ditions, [AcO], was constant and equal to 4.15-
10~* M, but [Na], varied and its variations were
taken into account in the calculations to come.
If the exchange mechanism were of the cation-
exchange type for the divalent metals, straight
lines with a slope of —2 would be expected on
plotting log D,, + 2 log[Na], versus log[A]; (Eq.
I). In Fig. 5, straight lines are observed but with
a slape of —0.6. This result confirms that cation
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Fig. 5. Variation of log D\, +2 log[Na], versus log[A], for
the divalent cations. Chromatographic conditions: column,
CGS5 + CS5; mobile phase, 5-1072 M-AcOH, 5-107° M
AcONa with PDCA at various concentrations (pH 4.5,
adjusted with NaOH); flow-rate, 1.0 ml min~'; postcolumn
reagent, 4-10* M PAR-3 M NH,-1 M CH,COOH (pH
9.7); flow-rate, 0.4 ml min_'; detection, visible at 520 nm;
injection loop, 100 ul.
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exchange cannot account for the retention be-
haviour of divalent metals.

On plotting log Dy, as a function of log[A],
(Fig. 6), a steady decrease can be observed with
a slope reaching —1 in the region where A’~
prevails in the resin ([A],>3Ce,). In this re-
gion, the exchange with acetate can be omitted
and Eq. III can be simplified to

AL
a K:\AAZ

log D\, = log K2 + log Ce, — log[A],

Ce Dy,

The observed linear relationship between log D,,
and log[A], confirms the theoretical model.

The rest of the plot can be represented accord-
ing to the following expression of Eq. III:

K42[AcO],
[Al.Dy = - (?(MAZ 7z VD + CeaKrAz
2AcO

Fig. 7 shows that [A],D,, does not vary with
VD, over the first three points (no exchange
with AcO). The remaining points for each cation
lie on a straight line that corresponds to anion
exchange of MAZ™ with both AcO™ and A>".
Estimates of K»*? and K352 can be deduced
from regression analysis (Tables 2, 3 and 4) and
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Fig. 6. Variation of the distribution coefficient of the transi-
tion metals with log[A],. Dotted lines: concentrations in the
resin of the anionic species of the eluent. Chromatographic
conditions as in Fig. 5.

0.015 T T T v T T

N

0.005 L 1 L t 1 1
0.5 1.0 1.5 2.0 25 3.0 35 40

(DM)1/2

Fig. 7. Variation of [A],D,, with (D,,)"". Validation of the
anion-exchange model for the divalent cations. Chromatic
conditions as in Fig. 5.

the calculated values are in good agreement with
those obtained from the previous series of ex-

-periments. Proposed mean values for the selec-

tivity coefficients are also given in the corre-
sponding tables.

From both series of experiments, it appears
that the divalent cation complexes undergo an
anion-exchange process in the column, the com-
peting anions being AcO™ and A*".

Retention of Fe(Ill)

The behaviour of Fe(IlI) was studied separ-
ately, according to the models developed previ-
ously. Fig. 2 shows that, in the first series of
experiments, Dg, is almost constant when [Na],
varies over nearly one decade. This is not com-
patible with the cation-exchange model, which
shows a strong dependence of the distribution
coefficient on the concentration of the competing
cation (Eq. II). Therefore, cation exchange can
be excluded as the unique retention mechanism.

As far as the anion-exchange model is
concerned, the variation of the distribution co-
efficient D, with the concentration of the ace-
tate in the eluent may be interpreted in the same
way as for divalent metals: at low concentrations
of acetate, D, is constant because of single
exchange with A’”; at higher AcO~ concen-
trations, D, decreases owing to the possible
additional exchange with acetate ions (Fig. 3). In
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Fig. 8. Variation of [AcO] Dy, with (Dy.)*. Validation of the
anion-exchange model for iron(III). Chromatographic con-
ditions as in Fig. 2.

this region, as suggested by Eq. IV, [AcO], D, is
a linear function of (Dg.)> (Fig. 8). From the
slope and intercept, the two selectivity constants
were deduced: K% *2=0.19 and K o2 =7.9.
In the second series of experiments, a linear
dependence of log Dy, on log[A], with a slope of
—1/2 (Fig. 6) is observed over the investigated
concentration range of PDCA in the eluent.
Considering Eq. IV, it can be concluded that the
term describing the exchange with AcO™ must
be omitted to allow proper fitting of the data. In
this instance, only A’” is involved in an anion-
exchange mechanism with the Fe(III)-PDCA
complexes and Eq. (IV) is reduced to

Ce, =l (Dn)

KiFeAz
This allows one to calculate the value of the
selectivity coefficient between FeA, and A" :

A
K2FeAz = —[Ce]s (Dg.)*=0.21

which is close to the value determined from the
first series of experiments.

It can be observed that the selectivity coeffi-
cient between acetate and PDCA calculated
from these constants (K., =318) is higher
than the value deduced from the retention data
for divalent cations. Although this may be attrib-

uted to imprecision of the determination, it is
more likely the existence of additional interac-
tions that contribute to the retention of Fe(III)
together with the probably prevailing anion-ex-
change mechanism.

3.4. Comparison with a purely anion-exchange
stationary phase

Anion exchange seems to be the prevailing
retention mechanism for all the metals investi-
gated. To confirm this result, a mixture of 100
wg 17" of each investigated cation was injected
on to the mixed-bed column and on to a purely
anion-exchange column (Dionex AS4A, an ami-
nated styrene—divilbybenzene resin), using the
same eluent E, in both cases (Fig. 9). For the
four divalent species, the elution order is the
same and the ratio of the distribution coefficient
on the AS4A versus that on the CSS for each
metal is constant: D,,(AS4A)/D,,(CS5)=1.06 =
0.05. As the anion-exchange sites on both phases
are of the same chemical nature, this result is a
good indication of a similar behaviour of the
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Fig. 9. Comparison of the retention of some transition
metals (100 ug 17') on (a) the CS5 and (b) the AS4A
column. Chromatographic conditions: mobile phase, 5-107°
M AcOH-5-10"> M AcONa-6-10"> M PDCA (pH 4.5);
flow-rate, 1.0 ml min™'; postcolumn reagent, 4-107* M
PAR-3 M NH,-1 M CH,COOH (pH 9.7); flow-rate, 0.4 ml
min~'; detection, visible at 520 nm; injection loop, 100 ul.
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divalent cations in both chromatographic sys-
tems.

Fe(III) is much more retained on the purely
anion-exchange resin than on the mixed-bed
resin [Dg (AS4A)/Dg (CS5) = 2.14], and co-elu-
tion with Ni is observed. Complete separation of
all the metals is not achieved with this type of
resin.

The CS5 column, with a total anion-exchange
capacity of 70 pequiv., should retain the anionic
chelates more strongly than the AS4A column
(20 pequiv.). The calculated distribution coeffi-
cient ratios show that such is not the case. Two
other interactions can superimpose on ion ex-
change: (1) electrostatic repulsion between the
anionic chelates and the sulfonate groups of the
CS5 column (cation-exchange capacity 150
mequiv.) and (2) hydrophobic interactions which
are stronger on the low capacity AS4A, and
would specially affect the iron chelate, which is
less polar than the divalent metal chelates
because of its lower charge. Table 5 summarizes
the separate contributions of these two interac-
tions to the retention of the Fe(IIl) and of the
divalent metals chelates. It can be inferred from
this qualitative analysis that the resulting effect is
a severe repulsion for divalent cation chelates on
the CS5 column (electrostatic repulsion) that
forces their early elution while they tend to
undergo a slight additional retention on the
AS4A column. Such additional contributions can
explain-the similar distribution coefficients on
both columns, despite the different anion-ex-
change capacities. For this series of divalent
metals, the CS5 column displays what could be

Table 5
Contribution of possible additional interactions to the re-
tention of the transition metals

Electrostatic Hydrophobic Global effect

repulsion interaction

CSS AS4A CS5 AS4A CS5 AS4A
MAT  ——  ~0  ~0 4 I
FeA; - ~0 + ++ ~0 ++

— = Decreased retention; + = increased retention; ~0 = little
influence on the retention.

termed a “reduced apparent affinity” towards
the anion-exchange sites.

Similarly, the odd behavior of the iron chelate
may be the result of an increased affinity for the
AS4A stationary phase (hydrophobic interac-
tions), while both effects tend to neutralize each
other on the CS5 column. Given the similar
distribution coefficients of iron and the divalent
metals on the AS4A column, hydrophobic inter-
actions certainly play an important part in the
retention.

Such a complex behaviour induced by hydro-
phobic affinity has been observed by other work-
ers [7].

4. Conclusion

It can reasonably be concluded that on the
CS5 mixed-bed column, the retention of transi-
tion metal cations is governed by electrostatic
forces. Under the conditions of the recom-
mended procedure (eluent E;), the divalent
metals and iron(III) follow an anion-exchange
process involving their anionic PDCA chelates
and the free divalent ligand. However, electro-
static repulsion between the cation-exchange
sites and the chelates tends to decrease their
“apparent affinity” for the resin, particularly for
the divalent metal chelates. On a purely anion-
exchange low-capacity phase, the contribution of
hydrophobic adsorption is significant: the iron
chelate is strongly retained and interferes with
the divalent metal chelates, leading to an incom-
plete separation.
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Abstract

In this paper we report a wide range of cases in which the retention of colloidal particles in thermal field-flow

fractionation (FFF) shows a strong dependence on the ch

emical composition of the particles or of the particle

surfaces. These results are observed among similar particles (such as different latexes) or between dissimilar
particles (including latexes as well as inorganic and metallic colloids). These compositional effects are observed for

particles suspended in both agueous and nonaqueous carri

er liquids. The dependence of retention on composition

is complementary to its dependence on particle size, which has been amply demonstrated in previous studies. The
compositional effect is attributed to the dependence of the thermal diffusion coefficient on compositional factors.

A number of cases are presented here where compositional effects are significant. Examples include the baseline
resolution of 0.30-um silica particles and 0.300-um polystyrene (PS) particles and a large difference in retention
times between 0.232-pm PS and 0.229-um polymethylmethacrylate (PMMA) latexes in aqueous suspensions. Also,
metallic particles (e.g., palladium) were less retained than silica particles, with latex particles most retained. The
resolution of equal-size particles in the nonaqueous carrier liquid acetonitrile is also demonstrated.

Surface compositional effects have also been found in this study. These effects suggest the possibility of colloidal
surface analysis by thermal FFF. The potential for performing both bulk and surface compositional analysis of
particles by thermal FFF makes this FFF technique complementary to both sedimentation FFF and flow FFF
techniques for the analysis of complex particulate materials.

1. Introduction

The capabilities of the field-flow fractionation
(FFF) family of techniques to separate and
characterize a broad range of macromolecular,
colloidal, and particulate materials has now been
well established [1]. For over two decades one of
the FFF techniques, thermal field-flow fractiona-

* Corresponding author.
! Present address: Department of Chemistry, University of
Nairobi, PO Box 30197, Nairobi, Kenya.

0021-9673/95/$09.50
SSDI 0021-9673(95)00572-2

tion (ThFFF), was used exclusively for the
separation and characterization of synthetic poly-
mers [2-16]. The molecular mass range studied
has been wide, extending to ultra-high molecular
mass polymers of mass ca. 20 10° [17]. Recent-
ly, however, the applications of ThFFF have
expanded to include the retention and fractiona-
tion of particulate materials suspended in both
aqueous and nonaqueous carrier liquids [18-20].
The technique has been applied both to colloidal
particles (those under 1 wm diameter) and mi-
crometer-size particles up to 20 um diameter.

© 1995 Elsevier Science B.V. All rights reserved
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Particles are separated selectively according to
size in both diameter ranges. However, these
initial studies have demonstrated that retention
also depends on the composition of the particles.

The compositional dependence of retention is .

the focus of this study. If compositional effects
are found to be sufficiently selective, ThFFF
could become a valuable tool for the composi-
tional analysis of particulate materials.

By examining the theory of ThFFF, it can be
shown that compositional effects derived from
the compositional dependence of the thermal
diffusion coefficient D, a basic transport coeffi-
cient describing the movement of matter under
an applied temperature gradient. In order to
understand compositional effects in ThFFF, the
compositional dependence of D; must be
known. Unfortunately, the fundamental basis of
D is not well understood. However, ThFFF can
be used to rapidly accumulate data on the
compositional dependence of D;. Accordingly,
D measurements of several types of latex par-
ticles as well as silica particles have been made
using ThFFF [18,19].

The compositional dependence of the reten-
tion of particles in ThFFF appears to be analo-
gous to compositional effects for polymers.
Many studies have shown that polymer retention
depends on the chemical nature of the polymer
as well as on its molecular mass [21-24]. The
possibility for using ThFFF for the analysis of
polymer composition as well as molecular mass
has been under consideration for some time [21].

According to theory, the retention of sample
materials (either polymeric or particulate) in
ThFFF is controlled by two transport processes:
ordinary concentration diffusion, coefficient D,
and thermal diffusion, coefficient D.. [21]. Of the
two parameters, only D is well understood.
According to the Stokes—Einstein expression
(D = kT/3mnd, where k = Boltzmann’s constant,
T = absolute temperature, 7 = solvent viscosity,
and d =hydrodynamic diameter), D can be
readily calculated if the hydrodynamic diameter
d of the polymeric molecule or particle is known.
Because the use of sample materials with well-
characterized D values simplifies the examina-
tion of D, standard spherical particles of known

sizes were used in our experiments in order to
improve the measurement process and eventual-
ly arrive at a better understanding of the thermal
diffusion phenomenon in ThFFF.

Specific factors that influence D; (and thus
control retention) are not yet fully understood.
However, some interesting characteristics of D,
have been determined that are applicable to both
polymeric and particulate sample materials. For
instance, D, has been found to be sensitive not
only to the chemical nature of the retained
components but also to the solvent used [19,22].
However, it has been established that D, for
specific polymer classes is essentially constant,
independent of both the molecular mass and the
form of branching of the polymer molecule [23].
This is in sharp contrast with the behavior of
particles in which D shows a significant depen-
dence on diameter d [18]. In a recent publi-
cation, we reported opposite trends in the de-
pendence of D, on d for aqueous and nonaque-
ous carrier liquids (i.e., positive and negative
slopes in the plots of D versus d, respectively),
with the latter media showing a relatively smaller
dependence [19].

The dual size—composition dependence of
retention in ThFFF has the potential to provide
particle compositional analysis, thereby making
ThEFF a technique that could complement both
sedimentation FFF and flow FFF for the charac-
terization of complex sample materials. The
possibility of doing a composition-based sepa-
ration and analysis of particles was first sug-
gested in an earlier publication [18]. However, in
order to realize this goal, a better understanding
of the influence of particle composition on Dy is
required. For instance, we need to know
whether the observed compositional effects are
surface- or bulk-driven phenomena.

In this paper, we demonstrate that ThFFF can
separate various particles of the same or similar
size (or size distribution) that have different
chemical compositions. We also report that
modifying the surface of submicron particles has
an effect on retention behavior, hence showing
the influence of surface properties on observed
compositional effects. Thus, based on the appar-
ent sensitivity of the retention of colloidal par-
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ticles on the particle surface, we demonstrate the
potential of ThFFF to determine the chemical
composition of particle surfaces.

2. Theory

According to the standard retention theory for
normal-mode FFF, retention time f is related to
the dimensionless retention parameter A of a
retained component by the expression [25,26]

R 1

-

o = GA[coth(1/2A) — 2A] O
where ° is the void time (the time needed to
elute a nonretained component) and A=1llw,
where w is the channel thickness or distance
between the hot and cold walls and [ is the
distance from the cold wall to the center of
gravity of the component zone. The parameter A
is a measure of the extent of interaction between
the external field or gradient and the sample
component. From Eq. 1, it is clear that each
experimental measurement of ¢, yields a unique
value of A. Eq. 1 is, however, an approximation
for ThFFF since it is based on a parabolic flow
profile model which assumes uniform viscosity
across the channel. Therefore, this expression
needs to be corrected to account for distortions
due to viscosity changes caused by the tempera-
ture gradient applied across the channel [27].
Such corrections have been made for all the
calculated results provided in this paper.

For purposes of better understanding the rela-
tionships among g, A, and the underlying trans-
port coefficient D, we use several approxima-
tions that result in simple, but still reasonably
accurate, mathematical forms. First of all, we
begin with Eq. 1 despite perturbations caused by
viscosity gradients. Second, for highly retained
species (i.e., A—0), we use the limiting form of

° = 6A 2)

We next need the relationship between the
retention parameter A and the coefficients D and
D... This dependence is expressed by

1 wD.dT

A~ D dx @)
where dT/dx is the temperature gradient applied
across the component band in the channel. By
assuming a linear temperature gradient across
the channel thickness, the product w dT/dx can
be approximated as the temperature drop AT
applied between the cold and hot walls. Thus,
Eq. 3 is approximated by

1 D.AT 4
A - D ( )
Combining Eqgs. 2 and 4, we get

tg _ D.AT

to - 6D (5)

From Eq. 5 it is evident that at constant AT,
variations in t, for different particles suspended
in the same carrier solution can be attributed to
differences in both D and D,. Using the Stokes—
Einstein expression (D = kT/3mnd), we can ob-
tain the value of D for particles of known d. By
substituting the Stokes—Einstein expression for
D into Eq. 5, we get

1% _ ndD AT ©)
t 2kT

Because particles having the same size distribu-
tion are expected to have equivalent values of d
and D, this equation shows that significant differ-
ences in their retention times can only be attribu-
ted to variations in Dr.

3. Experimental

The ThFFF system used for this work is
similar in design to the Model T100 polymer
fractionator from FFFractionation (Salt Lake
City, UT, USA). Details are provided elsewhere
[18]. The channel spacer was confined between
two chrome-plated copper bars, with the top bar
heated using rods controlled by relay switches
with cycle times activated by a microprocessor.
The cold wall was cooled using continuously
flowing tap water. The temperatures of the hot
and cold walls were monitored through three
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thermal sensors that were inserted (two in the
hot and one in the cold wall) into wells drilled
into both the top and bottom bars.

The thickness of the mylar channel spacer
used here was 76 pm, unless stated otherwise.
The channel had a breadth of 2.0 cm and a
tip-to-tip length of 46 cm. The AT used was 45 K
unless indicated otherwise. Both acetonitrile
(ACN) and aqueous carrier liquids were used in
this study. They were delivered using a Model
M-6000A pump from Waters Associates (Mil-
ford, MA, USA). The spectrograde ACN was
obtained from EM Science (Cherry Hill, NJ,
USA); its ionic strength was modified by 0.10
mM tetrabutylammonium perchlorate (TBAP).
The aqueous carriers were either a phosphate
buffer of ionic strength 0.01 M and pH 4.52 (or
9.68) or consisted of doubly distilled water
containing 0.1% FL-70 surfactant plus 0.02%
sodium azide. The flow-rate used was 0.20 ml/
min unless noted otherwise. A Model UV-106
detector from Cole Scientific (Calasabas, CA,
USA) operating at 254 nm wavelength was used
to detect particles eluting from the ThFFF chan-
nel. Data acquisition of the detector signal was
accomplished using a PC-AT compatible com-
puter. The detector signal was also recorded
using an OmniScribe chart recorder from Hous-
ton Instruments (Austin, TX, USA). Samples
were injected via a 20-ul loop injection valve.

Several types of particles from different
sources were used in this work. Silica particles of
nominal diameters 0.15 and 0.25 um were ob-
tained from E. Merck (Darmstadt, Germany)
while particles of 0.30 um were obtained from
Bangs Laboratories (Carmel, IN, USA). Poly-
butadiene (PB) and polystyrene (PS) latex par-
ticles were obtained from Dow Chemical (Mid-
land, NJ, USA) and Duke Scientific (Palo Alto,
CA, USA), respectively. Polymethylmeth-
acrylate (PMMA) and 0.230-um polystyrene—
polymethylmethacrylate (PS/PMMA) core—shell
latex particles were obtained from Seradyn (In-
dianapolis, IN, USA) and Bangs Laboratories.
The core—shell latex particles consist of a PS
core and a PMMA shell. Also obtained from
Bangs Laboratories were 0.210-um PS/acrylam-
ide + hydrazine particles (containing 10 ueq/g of

particles with-NHNH, surface functional
groups), 0.091-um styrene—14% vinylbenzyl-
chloride (VBC) having—CH,Cl surface groups,
and 0.098-um styrene-34% vinylbenzylchloride
(VBC) copolymer latex particles.

The surface of the 0.30-um silica particles was
modified by derivatization of the silanol groups
using the process reported by Little et al: [28].
The silanization reagent used was octadecyl
trichlorosilane and some of the unreacted silanol
groups were “‘capped” using trimethylchlorosil-
ane.

4. Results and discussion

Fig. 1a shows plots of #;/t° (retention time
relative to void time) versus d for PS, PB,
PMMA, and silica particles suspended in ACN
carrier liquid. The concentration of tetra-
butylammonium perchlorate (TBAP) used was
0.10 mM. (The importance of using a salt in
nonaqueous carrier liquids was established in a
previous publication [3].) Other experimental
conditions entailed a channel flow-rate of 0.30
ml/min, a AT of 30 K, and a corresponding cold
wall temperature of 287 K. It is evident from the
figure that retention in ThFFF is not only depen-
dent on particle size but also on the particle
chemical composition. The dependence of par-
ticle retention on composition is reflected in the
different retention levels for the various particle
types. The figure shows that silica particles are
the least retained compared to the three types of
latex particles and that the retention levels
varied between the different latexes. This vari-
ation among latexes is also found in aqueous
carrier suspensions, as shown in Fig. 1b. The
carrier liquid in this case was doubly distilled
water containing 0.10 mM concentration of
TBAP, with the other experimental conditions
the same as in Fig. 1a. These results show that
latex particles are retained somewhat longer in
an aqueous carrier suspension than in the
nonaqueous carrier liquid. It is also significant to
note that the order of retention of the PMMA
particles has been reversed in the two carrier
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Fig. 1. Plots of retention time ¢, (relative to void time ¢°) versus particle diameter for (a) PS, PB, PMMA, and silica particles
suspended in ACN, and (b) PS, PB, and PMMA particles suspended in an aqueous medium. Experimental conditions:
flow-rate = 0.30 ml/min, [TBAP]=0.10 mM, AT =30 K, T, =287 K.

liquids relative to both PS and PB (i.e., PMMA
is the most retained latex in ACN and least
retained in the aqueous carrier liquid). These
observations further illustrate the dependence of
particle retention in ThFFF on the composition
of both the particle and the carrier solution.
Additional results showing compositional ef-
fects on latex particle retention in an aqueous
carrier suspension are shown in Fig. 2. The
figure shows elution profiles of different types of
latexes of similar size distributions suspended in
a phosphate buffer of pH 9.68 and ionic strength
of 0.01 M. It is clear that the 0.232-um PS
particles are retained the most, followed by
0.230-pum PB latex beads. The 0.229-um PMMA
shows comparable retention with the 0.230-um
PS/PMMA core—shell latex particles. Two inter-
esting observations can be made from this figure:
(1) It is possible to separate equal sizes of PS
from PB or PS from PS/PMMA, and (2) modi-
fication of the surface of latex particles can have
a dramatic effect on retention behavior. For
instance, despite the similar size distribution of
the core—shell PS/PMMA and the PS latexes,

0.229 PMMA

\

{ <— 0.232umPB

< 0232 PS

RESPONSE

0 20 40 60
TIME (min)

Fig. 2. Superimposed elution profiles of 0.229-um PMMA,
0.230-um PS/PMMA (core-shell), 0.232-um PB, and 0.232-
pm PS latex beads in a 0.01 M ionic strength phosphate
buffer at pH 9.68. Experimental conditions: flow-rate = 0.20
ml/min, AT =45 K, and 7, =288 K.
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different retention times were observed for these
samples. This illustrates the potential influence
of surface properties on particle retention be-
havior in ThFFF. Of additional significance is the
order and magnitude of the elution times for the
PS and PB particles in the phosphate buffer
carrier liquid. The elution order is similar to that
reported for ACN in Fig. 1; however, the degree
of separation is much higher in an aqueous
carrier medium than was previously reported
with ACN as a carrier liquid [19].

As mentioned earlier, the contribution of D to
retention time in ThFFF should be the same for
particles having the same or comparable size
distributions. Thus, the observed differences in
the retention times shown in Fig. 2 are attribut-
able to the differences in their thermal diffusion
coefficients, reflecting the dependence of D, on
particle chemical composition. This explanation
is consistent with Eqs. 5 and 6.

The dual dependence of retention on both size
and chemical composition promises to make
ThFFF complementary to both sedimentation
FFF, which separates samples according to den-

0.250 pum Silica  (3)
v
tO
0.232 um PS
m
w2
Z.
)
a9
w
m
[~
0 20 40 60 80
TIME (min)

sity and size, and flow FFF, which separates
sample materials only according to their hydro-
dynamic size (and hence would not distinguish
between chemically unlike samples having simi-
lar size distributions).

Retention dependence on chemical composi-
tion between dissimilar types of particles (e.g.,
latexes versus inorganic or metallic particles) is
widely observed. Such compositional effects are
shown clearly in Fig. 3. Fig. 3a shows the
separation of 0.25-pm silica particles from 0.232-
pm PS latex particles in an aqueous carrier
solution containing 0.1% FL-70 surfactant plus
0.02% sodium azide (as electrolyte and bac-
tericide). In spite of the somewhat larger mean
size of silica particles compared to PS particles,
the silica particles are much less retained. This
observation is consistent with the results shown
in Fig. la. Fig. 3b similarly shows the near-
baseline resolution between 0.30-um silica par-
ticles and 0.300-um PS latex beads. The ex-
perimental conditions were similar to those re-
ported for Fig. 3a, except that the flow-rate was
0.30 instead of 0.20 ml/min.

t° )

2

% 0.30 um Silica 0.300 um PS

o ,

@

4

"
0 20 40 60
TIME (min)

Fig. 3. Separation of submicrometer populations of silica and PS particles suspended in an aqueous carrier medium: (a) 0.25-pm
silica and 0.232-um PS particles and (b) 0.30-um silica and 0.300-pm PS particles. Experimental conditions: flow-rate = 0.20
ml/min for (a) and 0.30 ml/min for (b), and AT =45 K, and T, =288 K.
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Fig. 4. Superimposed elution profiles of 0.232-um PB and

0.250-pm silica particles suspended in ACN. Experimental

conditions: flow-rate =0.30 ml/min, [TBAP]=0.10 mM,
AT =45 K, and T, =288.5 K.

Similar compositional effects are observed in
nonaqueous carrier suspensions. Fig. 4 shows
superimposed elution profiles of 0.232-um PB
and 0.25-pm silica particles obtained with ACN
as the carrier liquid in a channel with a flow-rate
of 0.30 mi/min, a AT of 20 K, and a cold wall
temperature T, of 288.5 K. The 0.25-um silica
particles were retained less than the PB latex
beads, demonstrating the weaker thermal dif-
fusivity of silica particles.

Fig. 5 shows superimposed elution profiles of
0.197-um PS particles and 0.2*+0.1-um pal-
ladium (Pd) metal particles obtained using ACN
as carrier liquid in a channel with a flow-rate of
0.50 ml/min, a AT of 40 K, a cold wall tempera-
ture of 286 K, and a concentration of TBAP of
0.10 mM. (The channel thickness in this case was
127 uwm.) Here again the retention time (mea-
sured at peak maxima) of the smaller PS latex
particles is over twice as long as that of the Pd
particles, showing the much weaker thermal
diffusivity of metal particles relative to latexes.
This is the first report on the use of ThFFF to
retain metal particles.

0.197 um PS

02%0.1 um Pd

RESPONSE

TIME (min)

Fig. 5. Superimposed elution profiles of 0.198-um PS and
0.2+0.1-um Pd metal particles suspended in ACN. Ex-
perimental conditions: flow-rate =0.70 ml/min, [TBAP]=
0.10 mM, AT=40 K, and 7.=286 K.

Despite the accumulation of evidence that D,
has a dependence on the chemical composition
of particulate materials, most data do not indi-
cate whether surface or bulk properties dominate
these compositional effects. However, one of the
retention experiments reported above suggests
that surface composition effects are dominant in
determining retention. This suggestion arises
from Fig. 2, which shows that the retention of
the PS/PMMA core—shell latex (in which the
shell is composed of PMMA) is very close to that
of equal-sized PMMA particles but substantially
less than the observed retention of PS latex
particles. This provocative result requires further
substantiation.

In an attempt to further determine the relative
contributions of bulk and surface composition,
experiments were conducted using particles
whose surfaces were either modified chemically
or that had different compositions. First, we
examine 0.30-um silica particles, some untreated
and some of whose surfaces were chemically
derivatized by silanization using octadecyl tri-
chlorosilane reagent. Fig. 6 shows the elution
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Fig. 6. Superimposed elution profiles of equal-size (0.30-xm)
silanized and unsilanized silica particles in an aqueous carrier
liquid. Experimental conditions: flow-rate =0.30 ml/ min,
AT=45K, and T, =289 K.

profiles of the two forms of silica particles
obtained under identical experimental condi-
tions. The aqueous carrier contained 0.1% FL-70
and 0.02% sodium azide, the flow-rate was 0.30
mi/min, and AT was 45 K. From the two
profiles, it is evident that the surface-derivatized
silica particles were retained much longer than
their underivatized counterparts, despite their
equal size distributions. (It should be possible to
baseline resolve any two monodisperse compo-
nents.)

The above results further illustrate the sen-
sitivity of particle retention in ThFFF to the
chemical composition of the particle surface.
While our understanding of the nature of this
dependence is still limited, it may be related in
part to the hydrophobicity or hydrophilicity of
the particle surface. This hypothesis is substan-
tiated by Fig. 7, which shows superimposed
elution profiles of 0.300-um PS latex particles
and the 0.30-um silanized silica particles. The
two profiles almost coelute, in contrast with the
earlier results shown in Fig. 3b where the un-
silanized 0.30-um silica was nearly baseline re-

<—0.300 pm PS

0.30 um
silanized Silica

RESPONSE

TIME (min)

Fig. 7. Superimposed elution profiles of 0.300-uwm PS latex
beads and 0.30-pm silanized silica particles in an aqueous
carrier liquid. Experimental conditions: flow-rate = 0.30 ml/
min, AT=45K, and T, =289 K.

solved from the 0.300-um PS particles. The
transformation of the silica surface from a hydro-
philic surface (containing predominantly silanol
groups) to a more hydrophobic surface com-
prised of long-chain hydrocarbons may account
for the similarity in retention behavior of the
silanized silica and the PS latex particles. (We
assume that the relatively low-density coverage
of the PS surface by sulfonate groups and the
presence of some nonderivatized silanol groups
on the silica surface only weakly affect reten-
tion.)

Additional experiments performed using PS
latexes having comparable or equal size distribu-
tions and having different surface functional
groups (generally at low density) such as car-
boxylates, sulfonates, hydroxylates, and so on,
showed no significant differences in retention
times. These results are omitted here for reasons
of brevity. However, a significant difference in
retention times was observed between the 0.198-
um PS and 0.210-um PS/acrylamide +
hydrazine particles. These results are shown in
Fig. 8a. An aqueous carrier solution made up of
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(a)

0.210 um PS/acrylamide
(-NHNH , Surface groups)

<—).198 um PS
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T T T T

-O 10 20 30 40 50
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Fig. 8. (a) Elution profiles of 0.198-um PS particles and 0.210-um PS/acrylamide + hydrazine (-NHNH, surface groups)
suspended in an aqueous carrier liquid containing 0.1% FL-70 surfactant and 0.02% sodium azide. Experimental conditions:
flow-rate = 0.30 ml/min, AT =40 K, and T,=286 K. (b) Elution profiles of 0.098-um PS particles, 0.098-um S/34%VBC
(-CH,Cl surface groups), and 0.091-um S/14% VBC (-CH,Cl surface groups). The carrier solution and experimental conditions

are the same as in (a).

0.1% FL-70 surfactant and 0.02% sodium azide
(as a bactericide) was used. The channel flow-
rate was 0.30 ml/min and AT was 40 K with a
corresponding cold wall temperature of 311 K.
These results further illustrate a tendency toward
a weaker retention for the more hydrophilic
surface.

In Fig. 8b, the retention profile of 0.098-um
PS is compared with the profiles of both 0.091-
pm S/14% VBC and 0.098-um S/34% VBC,
both having—CH,CIl surface groups. The reten-
tion times of the two S/VBC copolymer particles
appear to be independent of the ratio of styrene
(S) to vinylbenzylchloride (VBC), but neither is
retained as long as the 0.098-um PS particles.
Unfortunately, it is not clear whether the differ-
ence in retention time between the PS and the
S/VBC particles is due to their different surface
groups or to the fact that S/VBC is a copolymer
whereas PS is not. Additional latex samples with
well-defined bulk and surface properties would
have to be studied to resolve this question.

5. Conclusions

In this paper we demonstrate that the effects
of chemical composition on retention are suffi-
ciently strong that the separation of equal-size
particles in a variety of compositional classes
(latex, inorganic, metallic) can be readily
achieved. We thereby open up possibilities for
compositional separations and analysis by
ThFFF. This prospect is intriguing because field-
flow fractionation techniques are generally con-
sidered to be physical separation methods that
have only a secondary dependence on chemical
composition. The results of this study show that
the effects of composition might be quite subtle.
Furthermore, the prospect that colloidal materi-
als can be differentiated according to their sur-
face composition not only has significant implica-
tions in utilizing ThFFF as a new surface analysis
tool but is also suggestive of the enormous
complexity of the chemical composition effects
that underlie ThFFF retention.
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Although this study has primarily focused on
the intricate effects of changes in particle compo-
sition, the potential role of the carrier liquid
composition is similarly promising. Once the
thermal diffusion process is better understood, it
may be possible to alter the composition of the
carrier liquid in order to generate differential
retention shifts. These shifts might be engineered
to enhance resolution based on particle composi-
tional factors of interest while suppressing res-
olution based on unimportant compositional
differences. A great deal more work is needed to
define and exploit these intricate compositional
effects.
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Abstract

Inverse gas chromatography was used for determination of thermodynamic functions of solution of C,-C,,
n-alkanes, n-butanol, di-n-butyl ether and 1,4-dioxane in amorphous polystyrene and its copolymers [styrene—
nonyl methacrylate (4:1), styrene-maleic anhydride—methacrylic acid (1:1:1) and styrene—nonyl methacrylate (4:1)
with addition of 2% (w/w) p-phthalimidinoxymethacrylic acid] at infinite dilution and also the glass transition
temperatures of these polymers. The influence of modification of the polymer structure on the glass transition
temperature and on ability of the polymer functional groups to interact with non-polar, donor or acceptor sorbates

was established.

1. Introduction

Inverse gas chromatography (GC) is exten-
sively used in investigations of the thermody-
namics of polymer solutions at infinite dilution
[1-26]. A knowledge of the thermodynamic
functions of solution of test organic compounds
in polymers [12-25], glass transition tempera-
tures of amorphous polymers [1-11] and their
dependence on the molecular structure of sor-
bates gives an insight into the physico-chemical
properties of new polymers.

In this work, inverse GC was used for the
determination of thermodynamic functions of
solution at infinite dilution and the glass transi-
tion temperatures for the following amorphous
polymers: polystyrene (PS), styrene—nonyl

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00580-3

methacrylate (4:1) (SNM), styrene-maleic
anhydride-methacrylic acid (1:1:1) (SMAM)
and styrene-nonyl methacrylate (4:1) with 2%
(w/w) p-phthalimidinoxymethacrylic acid
(SNMP). These copolymers are widely used in,
e.g., the manufacture of photoresists.

The aim of this work was to determine the
influence of modification of the polymer struc-
ture on the glass transition temperature and on
the ability of copolymer functional groups to
interact with non-polar, donor or acceptor mole-
cules.

2. Experimental
2.1. Materials

Polystyrene was synthesized by radical poly-

© 1995 Elsevier Science B.V. All rights reserved
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merization of styrene with benzoyl peroxide as
initiator in the ethyl acetate solution at 84°C for
10 h. This polymer was purified by precipitation
from acetone solution into methanol. The molec-
ular mass is 14 500.

The copolymer of styrene with nonyl meth-
acrylate was synthesized by the radical poly-
merization of mixture of styrene and nonyl
methacrylate in a 4:1 ratio in the presence of
benzoyl peroxide in ethyl acetate solution at
84°C for 10 h. Purification was performed by
precipitating the copolymer obtained into 2-pro-
panol with addition of 10% (w/w) water. The
molecular mass is 29 000.

The terpolymer styrene—nonyl methacrylate
(4:1) plus 2% (w/w) p-phthalimidinox-
ymethacrylic acid was synthesized by radical
polymerization of a mixture of these reagents at
80°C for 10 h. Purification was performed by
precipitating the copolymer into 2-propanol fol-
lowed by drying under vacuum at 50°C. The
molecular mass is 8100.

The terpolymer styrene—maleic anhydride-
methacrylic acid (1:1:1) was synthesized by addi-
tion of 0.15 M styrene to 400 ml of a toluene
solution of 0.15 M maleic anhydride, 0.15 M
metacrylic acid and dinitroazobutyrate as poly-
merization initiator [2% (w/w) of monomers
mixture], followed by heating and stirring at
80°C for 10 h. The molecular mass is 28 000.

The composition of the co- and terpolymers
was confirmed from their "H NMR spectra in
perdeuterated  dimethyl sulfoxide solvent
(Bruker WP-100 SU high-resolution NMR spec-
trometer). The molecular masses of the polymers
were determined by viscosimetry and calculated
from the Mark-Houwink equation. We used
benzene as the solvent for PS at 283 K and
acetone for SNM and SNMP and ethyl acetate
for SMAM at 303 K. The molecular volumes of
the polymers were calculated on the basis of
their density from dilatometric data above their
glass transition temperature.

2.2. IGC experiments

The test compounds used were non-polar n-
heptane, n-octane, n-nonane and n-decane, ac-

ceptor n-butanol (BuOH) and donor di-n-butyl
ether (DBE) and 1,4-dioxane (DO). All the
compounds were of chromatographic or analyti-
cal-reagent grade and were used as received.

Polymers were deposited on Chromosorb W
AW DMCS (80-100 mesh) from a chloroform or
acetone solution by continuous stirring and slow
evaporation of the solvent. The coated support
was dried under vacuum at 293 K to remove
traces of solvent. The fillings were packed into a
stainless-steel column (1 m x4 mm I.D.). The
column loading was 10% (w/w) for SMAM and
20% (w/w) for the other polymers.

GC measurements were carried out with the
use of an LHM-80 modification 6 gas chromato-
graph equipped with a katharometer as detector.
The column temperature was controlled to =0.2
K over the measured temperature range. Helium
was used as the carrier gas. Air, as a non-
interacting marker, was used to measure the
dead volume of the column. Injection of the test
sorbates was repeated at least three times. The
pressures at the inlet and outlet of the column
were used to compute corrected retention vol-
umes by the usual procedures. The flow-rate was
measured at the end of the column with a bubble
flow meter and its value was maintained at 15
ml/min. The molecular probes were injected
manually with a 1-u1 Hamilton syringe. The
volume of liquid probe injected was 0.1-0.3 ul.
The columns were conditioned at 150-200°C for
12 h under helium before the measurements.

The net retention volume was calculated with
the following equation [2]:

Vi = Foor J(tr — 1o) (1)
where
;.3 [(Pi/Po)Z—l]
2Lp/pP) -1
and
Feore = Froeas T(1 = Py,o/ Po) Troom (2)

Py o is the water-saturated vapour pressure at
the temperature of the chromatographic column
T (K), T, is room temperature (K), P, is the

inlet pressure of the carrier gas (atm), P, is the
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outlet pressure of the carrier gas (atm), {, is the
retention time of non-sorbed gas (air) (s), fy is
the retention time of the probe at temperature T
(s), F,... is the flow-rate of the carrier gas
measured at room temperature (cm’/s) and J is
the James—Martin correction factor for gas com-
pressibility.

The specific retention volume, i.e., the net
retention volume of a probe at column tempera-
ture T, per gram of polymer, adjusted to a
standard state of 273.13 K, was calculated from

the well known equation [2]
Ve =V, x273.15/wT (3)

The first step in our experiments was to
determine the glass transition temperature of the
polymers (T,) using retention diagrams. Further
measurements and calculations of bulk proper-
ties of polymers and their solutions were carried
out above these T, values.

3. Results and discussion

The relationships InV§ vs. 1/T (retention
diagrams) for the test compounds are presented
in Fig. 1. Similar relationships were obtained for
all polymers studied.

The T, value is located at the maximum point
of the plot InV§ vs. 1/T. It is well established
that sigmoidal-type retention diagrams are re-
lated to a transition from surface to bulk re-
tention mechanism in the vicinity of 7, in poly-
mers [1-11]. The values of the apparent glass
transition temperatures determined by using
different test molecules are presented in Table 1.
Thus, inverse GC allows the determination of
apparent glass transition temperatures for the
copolymers studied. The observed dependence
of T, on the structure of the test molecules in the
case of SNM and SMAM copolymers is due to
the fact that their diffusion coefficient is a strong
function of the chemical potentials of the diffus-
ant and polymer. Hence it is obvious that the
introduction of maleic anhydride into poly-
styrene copolymer, in the case of SMAM, causes
a significant increase in its glass transition tem-

In\/g

Il 1 1 1
0 I 1 ]

10T

Fig. 1. Relationships InV§ vs. 1/T (retention diagrams) for
test compounds on styrene—nonyl methacrylate (4:1) co-
polymer.

perature in comparison with the other polymers
studied.

Flory—Huggins parameters characterizing the
interaction of a solute with the polymer at
infinite dilution were determined from the fol-
lowing expression [2]:

Table 1
Glass transition temperatures (K) for the polymers studied,
determined with the use of different test compounds

Test solute Polymer
PS SNM SNMP SMAM

n-Heptane 392 333 331 504
n-Octane 392 337 332 506
n-Nonane 391 341 332 508
n-Decane 391 341 - - 516
n-Butanol 391 340 332 508
Di-n-butyl ether 391 343 332 513
1,4-Dioxane 391 337 331 509
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- 273.15R P R
K =In p«;Vng _ﬁ(Bu_Vl)
Py Vi
wl2) -2 4
f P> |8 )

where M,, P{, B,,, Vi, p, and V3§ are the
molecular mass, saturated vapour pressure, sec-
ond virial coefficient, molar volume and specific
retention volume of the solute, respectively, p,
and V3 are the density and molar volume of the
stationary phase, T is the column temperature
and R is the gas constant. The P, value was
calculated from Antoine’s equation [27]. The B,
values for polar test molecules were calculated
from the following equations [27]:

By, = (RT./P.)(g, + wg; + wng) (5)
where

8,0.1145 - 0.330/T, — 0.1385/T> — 0.0121/T?

g, =0.073+0.46/T. — 0.50/T> — 0.097/T>
—0.0073/T¢

g =0.1042-0.2717/T, + 0.2388/T"

—0.0716/T? + 0.0001502/T*
T,=TIT,

and the acentric factor (w) was calculated from
[27]

w=Ty"IM,—263 (6)

where T, and T, are the critical and boiling
temperatures of the test solute, respectively, and
P, is the critical pressure. If w_, was lower than
0, then » was rounded up to zero.

The solubility parameter of a test molecule
was determined from the following equation

[1,2]:

(Hv —RT)“2

7 ™

1

The solubility parameter 8, for the polymers
examined was calculated from the slope of the
linear relationship for a series of test solutes
having different 8, values:

o wp 2 (51 )
RT -V, “RT %~ \Rr ", (8)

where «7, is the Flory—Huggins interaction pa-
rameter [1].

The solubility parameter of a polymer may be
also calculated from the partial molar free
energy of mixing at infinite dilution (above the
glass transition temperature of the polymer). The
partial molar free energy of a probe (GF) was
determined from the mass fraction activity coeffi-
cient (a,/w,) at infinite dilution [2]:

: (11_>_1 (273.15R> P
o\w,) ="\ pv ) ~RT Bum VD~

%)

where M, is the molecular mass of the solute.
The relationships between the G, a,/w, and
& values at infinite dilution are [1]

Gt =RT In(a,/w,) (10)
Gllazvl(al—az)z (11) .

Plotting 62— GY/V, value versus 8, gives a
straight line with a slope equal to 26, and
intercept —67.

A high value of the Flory—Huggins interaction
parameter denotes a poor solvent used for the
polymer examined, whereas a low value reflects
a good solubility capacity. The «}, values for
polymer—solute systems studies are presented in
Table 2. The solubility parameters of polymers
calculated from Eqgs. 8 and 11 are compared in
Table 3. A polymer and solute having equal
solubility parameters should be mutually soluble
owing to the negative entropy factor. As the
difference between 8., and 8,qyme, iNCreases,
the tendency towards dissolution decreases. This
is in accordance with the general rule that
chemical and structural similarity favours solu-
bility. The high values of «7, for the solutes in
Table 2 indicate that the compounds studied are
poor solvents for polystyrene. The negative k7,
values found for the SMAM-n-alkane and
SNMP-dioxane systems indicate good mutual
solubility of the component. The results pre-
sented also indicate that these solute—polymer
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Table 2

Specific retention volumes (V°) excess free energies of
solution at infinite dilution (G¥) and Flory-Huggins residual
free energy of interaction between solute and polymer (k7,)
at 526.6 K for test compounds in the polymer solutions

Polymer  Test solute Ve G? K
(ml/g)  (kJ/mol)

PS n-Heptane 0.9 9.3 1.6
n-Octane 1.1 9.8 1.7
n-Nonane 1.6 9.6 1.7
n-Decane 2.7 8.6 1.5
n-Butanol 0.8 11.0 2.1
Di-n-butyl ether 1.6 8.6 1.5
1,4-Dioxane 1.7 6.1 1.2

SMAM n-Heptane 4.1 2.6 0.0
n-Octane 7.5 1.5 -0.2
n-Nonane 12.4 0.6 -0.4
n-Decane 18.4 0.3 -0.4
n-Butanol 4.2 3.8 0.0
Di-n-butyl ether 7.4 2.0 0.0
1,4-Dioxane 4.9 1.3 0.2

SNM n-Heptane 32 3.7 0.3
n-Octane 4.5 3.8 0.3
n-Butanol 1.5 8.4 1.5
Di-n-butyl ether 1.6 8.5 1.5
1,4-Dioxane 1.9 5.4 1.1

SNMP n-Heptane 1.8 6.3 0.9
n-Octane 2.9 5.7 0.8
n-Nonane 4.9 4.8 0.6
n-Butanol 1.8 7.6 1.4
Di-n-butyl ether 1.8 8.4 1.5
1,4-Dioxane 7.4 -0.5 -0.2

interaction parameters decrease with increase in
temperature (Fig. 2a—d). The values of the
Flory-Huggins interaction parameter vary from

Table 3
Hildebrand—Scatchard solubility parameters (at 526.6 K) for
the polymers studied

Polymer Solubility parameter [10° (J/m)'?]
82 a 62 b

SNM 13.1 13.2

PS 13.5 13.4

SMAM 15.2 15.1

SNMP 16.3 16.3

* Calculated from Eq. 8.
® Calculated from Eq. 11.

2.2 to —0.4. In order to attain good polymer—
solute miscibility, «, must be lower than the
critical value of 0.5. It is apparent from com-
parison of the 7, values that n-butanol, and in
some cases di-n-butyl ether, are slightly less
soluble in the polymers studied than 1,4-dioxane
and n-alkanes.

We also calculated thermodynamic functions
of solution of the test compounds in the poly-
mers at infinite dilution and the excess thermo-
dynamic functions of the solutions on the basis of
the dependences of logarithms of specific re-
tention volumes and activity coefficients on the
inverse temperature [2}. The enthalpy (H3) and
entropy (S >) values of test compounds solutions
in the polymers at infinite dilution are presented
in Table 4.

Linear relationships were obtained between
HS and the number of carbon atoms in the
homologous alkane series used as solutes. The
contribution of the methylene group to the H
values was attributed to Van der Waals dlsperswe
forces between the alkane molecule and the
polymer.

The enthalpy and entropy of mixing of test
solutes with polymers at infinite dilution are
presented in Table 5. There is no significant
variation of H: for the n-alkane series in PS
solution. In the case of other polymer solutions
the H: values decrease with increase in carbon
number in the n-alkane molecule.

The molar solution enthalpy at infinite dilution
(H3) is the most representative parameter for
the interaction energies of test molecules with
polymer groups in the solutions. It represents the
combination of contributions of non-specific and
specific interactions [6]:
~HS=H3 +Hypy — A (12)

1(nsp) 1(sp)

where A is the work of hole formation in the
volume of polymer. This value varies proportion-
ally with the molar volume of the test solute
(V,). The contribution of non-specific interac-
tions (mainly dispersive interactions) is propor-
tional to the solute molar deformation polariza-
tion (RN), and the contribution of specific inter-
actions is proportional to the electron-donor and
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Fig. 2. Dependence of Flory—Huggins interaction parameter on temperature for the test solutes and polymers examined: (a)
SNM; (b) SNAM; (c) SNMP; (d) PS.

electron-acceptor abilities of the molecule, i.e., where (RN),,, (AN),, and (DN), are the pa-
its donor (DN) and acceptor (AN) numbers. rameters reflecting the ability of the polymer to
Rewriting Eq. 12 in these terms, we obtain interact with non-polar, electron-donor and elec-
_ Hf — (RN)_,RN + (AN),,DN tron-acceptor solutes, respectively, V,; accounts

for the cohesive ability of the polymer and S is a
+ (DN), AN +V V, + S (13) constant for the solutes studied. The coefficients
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Table 4

Enthalpy (H;, kJ/mol) and entropy $%, J mol - K) of test compounds in polymer solution at infinite dilution

Test solute Polymer

PS SNMP SMAM SNM

~H? 53 ~H; 53 —H; 53 —H; 53
n-Heptane 5 9 19 31 15 15 16 20
n-Octane 11 21 27 44 17 14 25 37
n-Nonane 13 19 46 91 15 7 40 69
n-Decane 16 21 - - 18 9 41 67
n-Butanol 29 59 35 66 11 8 38 71
Di-n-butyl ether 19 33 44 87 15 11 46 94
1,4-Dioxane 23 41 30 51 15 14 34 59

Table 5

Enthalpy (HE, kJ/mol) and entropy (S E_J mol-K) of test compounds and polymer mixing at infinite dilution
py (1, Py O, Y]

Test solute Polymer

PS SNMP SMAM SNM

Hy s H, st -, s “Hy s
n-Heptane 22 24 12 14 16 25 14 22
n-Octane 19 17 1 9 13 22 9 12
n-Nonane 22 25 -4 —29 15 28 0 -13
n-Decane 23 29 - - 13 24 4 -2
n-Butanol 6 -10 12 13 23 36 5 -1
Di-n-butyl ether 15 11 =5 =27 16 26 -8 -29
1,4-Dioxane 8 1 5 3 13 21 0 -9

of Eq. 13 calculated for the polymers studied are
presented in Table 6. The polarization contribu-
tion (RN),, decrease in the order SNMP>
SNM > PS > SMAM.

Table 6

Parameters reflecting the ability of polymers to interact with
non-polar (RN,,), electron-donor (AN,,) and electron-accep-
tor (DN,,) solutes, parameter accounting for cohesive ability
of polymer (V,,) and constant for solutes studied (S,,),
calculated from Eq. 13

Polymer RN, AN, DN, Sos Vs

PS 0.08 0.78 0.69 —20.0 -0.005
SNM 0.19 1.45 0.60 —48.3 -0.005
SMAM 0.03 0.06 0.07 6.3 —0.001
SNMP 0.30 1.31 1.33 —88.0 —0.011

SNMP exhibits the highest donor ability
(DN),,, whereas the highest acceptor ability
(AN),, was found for SNM. Thus, the intro-
duction of p-phthalimidinoxymethacrylic acid
into the polystyrene matrix causes a dramatic
increase in the polarization and electron-donor
ability of the terpolymer functional groups.

4. Conclusions

Inverse GC was used for the determination of
the thermodynamic functions of C,-C,, n-al-
kanes, n-butanol, di-n-butyl ether and 1,4-diox-
ane in solutions of polystyrene and its co- and
terpolymers: styrene—nonyl methacrylate (4:1),
styrene—maleic  anhydride-methacrylic  acid
(1:1:1) and styrene—nonyl methacrylate (4:1)
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with 2% (w/w) of p-phthalimidinoxymethacrylic
acid at infinite dilution and also the glass transi-
tion temperatures of these amorphous polymers.
The dependence of the apparent glass transition
temperature on the structure of the test mole-
cules is due to the fact that their diffusion
coefficients are a function of the chemical po-
tentials of the diffusant and polymer. The intro-
duction of maleic anhydride into polystyrene
copolymer, in the case of SMAM, causes a large
increase in its glass transition temperature in
comparison with other polymers. Values of the
Flory-Huggins interaction parameter for the
polymer—solute systems studied range from 2.2
to —0.4. The influence of modification of the
polymer structure on the glass transition tem-
perature and on the ability of the polymer
functional groups to interact with non-polar,
donor or acceptor molecules of solutes was
established. The introduction of 2% of p-
phthalimidinoxymethacrylic acid into the poly-
styrene matrix causes a dramatic increase in the
polarization and electron-donor ability of the
terpolymer functional groups.
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Abstract

Three surfactants having two sulfonate groups and two lipophilic chains, disodium 5,12-bis(dodecyloxymethyl)-
4,7,10,13-tetraoxa-1-16-hexadecanedisulfonate (DBTHX), 5,13-bis(dodecyloxymethyl)-4,7,11,14-tetraoxa-1-17-
heptadecanedisulfonate (DBTHP) and 5,13-bis(dodecyloxymethyl)-4,7,11,14-tetraoxa-9,9-dimethyl-1-17-heptade-
canedisulfonate (DBTDMHP), were used in micellar electrokinetic chromatography (MEKC) to separate eight
naphthalene derivatives as model analytes. Their capacity factors linearly increased as the concentration of each
surfactant increased from 1 to 10 mM at pH 7.0. These double-chain surfactants exhibited different selectivity and
wider migration time windows when compared with sodium dodecyl sulfate (SDS), which is used widely in MEKC.
The eight naphthalene derivatives were baseline separated at 5 mM DBTHX and 2.5 mM DBTHP, respectively,
and nearly baseline separated at 2.5 mM DBTDMHP. However, SDS at 60 mM could not completely resolve three
of the analytes.

1. Introduction

Micellar electrokinetic chromatography
(MEKC) [1] has been developed for the sepa-
ration of electrically neutral analytes by electro-
phoresis with an ionic micellar solution as the
separation solution, and has attracted much
attention in various fields. Since the MEKC

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00606-0

separation principle is based on differential parti-
tioning of the analyte between the micelle and
the surrounding aqueous phase, the choice of
surfactant significantly affects MEKC selectivity.
Therefore, the introduction of new types of
surfactants for MEKC is of great interest and is
expected to be useful in modulating its selectivi-
ty.

Recently, one of the authors has shown that
amphipathic compounds with two sulfate or
sulfonate groups and two long alkyl chains,
which are derived from glycol diglycidyl ethers,

© 1995 Elsevier Science B.V. All rights. reserved
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have good water solubility and excellent surface
active properties in water [2,3]. In particular,
disodium 5,12-bis(dodecyloxymethyl)-4,7,10,13-
tetraoxa-1-16-hexadecanedisulfonate (DBTHX)
had a very low critical micelle concentration
(CMC) (0.014 mM) and a low Krafft point
(below 0°C). In a previous paper [4], we applied
this double-chain surfactant in MEKC for the
first time and compared it with sodium dodecyl
sulfate (SDS), a widely used surfactant with one
ionic group and one lipophilic chain. For several
benzene and naphthalene derivatives, DBTHX
exhibited promising results (i.e., different selec-
tivity and a wider migration time window).

In the present paper, we describe the synthesis
of new double-chain surfactants such as disodium
5,13-bis(dodecyloxymethyl)-4,7,11,14-tetraoxa-
1,17 - heptadecanedisulfonate (DBTHP) and 5, 13
-bis(dodecyloxymethyl)-4,7,11,14-tetraoxa-9,9-
dimethyl - 1,17 - heptadecanedisulfonate (DBTD-
MHP), which differ from DBTHX in the struc-
ture of the linkage between the two lipophilic
chains. These three double-chain surfactants are
compared with SDS, a typical single-chain sur-
factant, as micelle-forming reagents in the
MEKC of naphthalene derivatives.

2. Experimental
2.1. Apparatus

MEKC was carried out using an Applied
Biosystems Model 270A capillary electrophoresis
system (CA, USA) with a fused-silica capillary
tube (72 cm X 50 um I.D.; 50 cm from inlet to
detector). The temperature and applied voltage
for separation were held constant at 30°C and 15
kV, respectively. UV detection was at 210 nm. A
Hitachi D-2500 Chromato-Integrator (Hitachi,
Japan) was used for data processing.

Sample solutions (1.0-107%% in 10% metha-
nol) were injected using a vacuum technique
(12.7 cmHg pressure difference for 0.5 s). All
experiments were performed in duplicate to
ensure reproducibility.

O(CH 9) 3503Na

—CHaCHa— DBTHX
C12H250 \
X X = | —CHaCHaCHp— DBTHP
C12Hzs o
~—CHpCCHz—  DBTOMHP
O(CH 2) 3S03Na HaC™ "CHg

Fig. 1. Structures of double-chain surfactants.

2.2. Reagents

The structures of the double-chain surfactants
are shown in Fig. 1. DBTHP and DBTDMHP
were  synthesized using  1,3-propanediol
diglycidyl ether and 2,2-dimethyl-1,3-pro-
panediol diglycidyl ether, respectively, instead of
ethylene glycol diglycidy!l ether for DBTHX as
previously reported [2].  1,3-Propanediol
diglycidyl ether and 2,2-dimethyl-1,3-pro-
panediol diglycidyl ether were obtained by the
reaction of epichlorohydrin with 1,3-propanediol
and 2,2-dimethyl-1,3-propanediol, respectively.
The isolated double-chain surfactants were iden-
tified by MS and NMR spectra and elemental
analysis. The purity of the surfactants was more
than 99%. Several physico-chemical properties
of the surfactants are given in Table 1, together
with their yields based on the corresponding
diols treated with propanesulfone. All other
reagents were of analytical-reagent grade and
used as received.

Separation solutions were prepared by dissolv-
ing the double-chain surfactants in a buffer
solution of 0.1 M sodium dihydrogenphosphate—

Table 1
Several physico-chemical properties of double-chain surfac-
tants

Surfactant

DBTHX DBTHP DBTDMHP
Molecular mass 823.111 837.146 865.200
CMC (mM) 0.014 0.017 0.0043
Krafft point (°C) <0 <0 <0
Yield® (%) 68 83 48

* Based on diols.
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0.05 M sodium borate at pH 7.0. Methanol was
used as a marker of the electroosmotic flow and
Sudan III was used as the micelle tracer.

3. Results and discussion
3.1. Separation of model analytes

The structures of the eight monosubstituted
naphthalene derivatives used as analytes in this
study are shown in Fig. 2. Their migration times
were measured at five double-chain surfactant
concentrations between 1.0 and 10.0 mM in 0.1
M phosphate-0.05 M borate buffer at pH 7.0.
All the analytes were baseline separated with
DBTHX and DBTHP at concentrations above
5.0 and 2.5 mM, respectively, and almost
baseline separated with DBTDMHP above 2.5
mM. In the DBTDMHP system, the complete
baseline separation of 1-naphthalenemethanol
and 1-naphthylamine could not be attained even
at 10.0 mM DBTDMHP. Typical chromatograms
for the separation of the analytes using these
double-chain surfactants are shown in Fig. 3.

MEKC with SDS was also performed in a
concentration range of 10-60 mM. In this case,
1-naphthalenemethanol, 1-naphthol and 2-

““

1-(Hydroxymethyl)naphthalene 1-Naphthylamine

(1-Naphthatenemethanol)

““

1-Naphthol 1-Nitronaphthalene

naphthol could not be baseline separated even at
60 mM SDS (chromatogram not shown).

3.2. Comparison of surfactants

The capacity factor of a neutral analyte in
MEKC can be calculated using the following
equation [1].

tR — to
to(l - tR/tmc)

where tg, t, and f,. are the migration times of
the analyte, the solute which does not interact
with the micelle (methanol peak) and the micelle
(Sudan III peak), respectively. When the micel-
lar concentrations are low, k' is approximately
related to the surfactant concentration using Eq.

2 [5].
= Kv(Cy—

k' = 6

CMC) 2

where K is the distribution coefficient of the
analyte, and v and C, are the partial specific
volume of the micelle and the surfactant con-
centration, respectively.

The plots of calculated k' for the eight naph-
thalene derivatives vs. concentration of each
surfactant are shown in Fig. 4. The capacity

C HZCH >OH
1-(2-Hydroxyethyl)naphthalene 2-Naphthol
(1-Naphthaleneethanol)
OCHg

“ o “

2-Methoxynaphthalene 1-Methoxynaphthalene

Fig. 2. Structures of naphthalene derivatives used as model analytes.
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Fig. 3. Separations of naphthalene derivatives with (a) 5.0 mM DBTHX, (b) 2.5 mM DBTHP and (c) 2.5 mM DBTDMHP. Peak
numbers same as in Fig. 2.
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Fig. 4. Dependence of calculated capacity factor (k') of naphthalene derivatives on concentration of (a) DBTHX, (b) DBTHP, (c)
DBTDMHP and (d) SDS. Analyte numbers same as in Fig. 2.
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factors of the analytes increased linearly with an
increase in the concentration of each surfactant
(1.0-10 mM for DBTHX, DBTHP or
DBTDMHP and 10-60 mM for SDS). For
DBTHX, DBTHP and DBTDMHP, the current
only increased from 26 to 28 nA with an increase
of the surfactant concentration from 1.0 to 10
mM. For SDS, on the other hand, a current
increase from 25 (10 mM) to 33 pA (60 mM)
was observed. Table 2 gives the results of the
regression analyses for the double-chain surfac-
tants. Good linear relationships (correlation co-
efficient range: more than 0.993) were obtained
for each analyte, which suggests that the dis-
tribution coefficients remain constant at least in

Table 2

the measured concentration range. Similar linear
plots were also obtained for SDS.

From Eq. 2, the intercepts of the plots in Fig.
4 extrapolated to k' =0 can be interpreted to be
the CMC of the surfactant under the MEKC
conditions used. The averaged CMC values
estimated for DBTHX, DBTHP and
DBTDMHP are 0.283, 0.325 and 0.058 mM,
respectively. Their CMC values in pure water
were also determined from the break points of
the surface tension (measured with a Wilhelmy
tensiometer at 20°C) vs. concentration plots. The
resulting CMC values are 0.014, 0.017 and
0.0043 mM for DBTHX, DBTHP and
DBTDMHP, respectively (Table 1). The CMC

Correlation between concentration of surfactant and capacity factor

Analyte Surfactant Regression equation Correlation
coefficient
1-Naphthalenemethanol DBTHX y =0.182x — 0.037 0.999
DBTHP y = 0.240x — 0.093 0.993
DBTDMHP y =0.177x + 0.003 0.998
1-Naphthylamine DBTHX y =0.223x — 0.063 0.998
DBTHP y=0.281x - 0.116 0.994
DBTDMHP y =0.194x — 0.015 0.998
1-Naphthaleneethanol DBTHX y =0.337x — 0.007 0.999
DBTHP y =0.436x —0.129 0.994
DBTDMHP y=0.328x + 0.011 0.999
2-Naphthol DBTHX y =0.520x ~ 0.169 0.999
DBTHP y =0.627x — 0.202 0.995
DBTDMHP y =0.426x — 0.017 0.998
1-Naphthol DBTHX y=10.657x — 0.234 0.998
DBTHP y =0.778x — 0.254 0.995
DBTDMHP y =0.520x - 0.035 0.998
1-Nitronaphthalene DBTHX y=0.773x — 0.283 0.998
DBTHP y =0.920x — 0.265 0.995
DBTDMHP y =0.685x — 0.053 0.998
2-Methoxynaphthalene DBTHX y=1.01x — 0.358 0.999
DBTHP y=1.17x - 0.333 0.995
DBTDMHP y =0.938x — 0.105 0.998
1-Methoxynaphthalene DBTHX y =1.51x - 0.533 0.999
DBTHP y =1.75x — 0.490 0.994
DBTDMHP y=1.44x—0.201 0.998
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value decreases in the order DBTHP >
DBTHX > DBTDMHP in both cases. However,
the CMC values obtained from the surface-ten-
ston plots are about one order of magnitude
smaller compared to those estimated from the
MEKC plots. The reason for this discrepancy is
not clear at present but is speculated as follows.
In general, it is unlikely that the discrepancy
comes from temperature differences in the ten-
sion and MEKC measurements. The presence of
salts usually reduces CMC, but the results ob-
tained are not consistent. Since the surfactant
molecules in water are partitioned between the
bulk phase and the interface, the CMC values
are affected by the property of the interface. The
surface tension and the MEKC methods are
related with the gas—liquid and the solid-liquid
-interfaces, respectively. In the latter case, ad-
sorption should result in an increased total
amount of molecules required to aggregate in the
bulk phase as compared with the case of the
surface-tension method. Thus, the above-men-
tioned discrepancy in the CMC values may be
ascribed to differences in measurement environ-
ment.

The elution order of the analytes in MEKC
with the double-chain surfactants is identical,
i.e., 1-naphthalenemethanol <1 -naphthylamine
<1 -naphthaleneethanol < 2-naphthol < 1-naph-
thol < 1-nitronaphthalene < 2-methoxynaphth-
alene < 1-methoxynaphthalene. This elution
order is clearly different from that found with
SDS, i.e., l-naphthylamine < 1-naphthalene-
methanol < 1-naphthol < 2-naphthol < 1-naph-
thaleneethanol < 1-nitronaphthalene < 2-
methoxynaphthalene < 1-methoxynaphthalene.
Namely, the elution order of 1-naphthalene-
methanol and 1-naphthylamine as well as that of
1-naphthaleneethanol, 2-naphthol and 1-
naphthol was reversed in the SDS system. As
already mentioned, 1l-naphthalenemethanol, 2-
naphthol and 1-naphthol could not be baseline
separated in the SDS system, though this was
readily done in the double-chain surfactant sys-
tems. In HPLC analysis, the elution order of the
analytes on an ODS column eluted with water—
acetonitrile (45:55) is 1-naphthalenemethanol <
1-naphthaleneethanol < 2-naphthol < 1-naph-

thylamine < 1-naphthol < 1-nitronaphthalene <
2-methoxynaphthalene < 1-methoxynaphtha-
lene. This order is identical with that found in
the double-chain surfactant systems, except that
1-naphthylamine eluted between 2- and 1-
naphthol.

A wide migration-time window between ¢, and
t,.. is favorable for high resolution, although a
long analysis time may be required. The ¢, /¢,
value is directly related to the width of the
migration-time window. The larger the value of
tn./t,, the wider the migration-time window. The
t,./t, values of DBTHX, DBTHP and
DBTDMHP at 10 mM were 6.0, 5.8 and 4.5,
respectively. On the other hand, the value was
4.1 for SDS at 10 mM. The double-chain surfac-
tants produced larger ¢, /t, values than SDS at
the same concentration. The ¢ /t, value is
smaller than 5 for most ionic micelles at pHs
greater than 6.0. This is in favor of the use of
double-chain surfactants, DBTHX and DBTHP
in particular, as micelle-forming reagents in
MEKC.

Compared with SDS, the three double-chain
surfactants, DBTHX, DBTHP and
DBTDMHP, exhibited a remarkably different
selectivity of the substituted naphthalene de-
rivatives in MEKC; their MEKC separation
could be performed with the double-chain
surfactants at concentrations at least one order
of magnitude lower. The performance of
MEKC separations at low surfactant concen-
tration enables the use of the separation solu-
tions at low ionic strength (low current). This
results in a decrease in Joule heating and in a
high column efficiency. Moreover, the double-
chain surfactants, DBTHX and DBTHP, gave
significantly wider migration-time windows.
These results suggest that the introduction of
double-chain surfactants is promising for
MEKC performance. Quite recently, capillary
electrophoresis including MEKC has become
competitive in trace analysis and the door has
been opened to environmental applications in
real matrices. The application of double-chain
surfactants to the determination of pollutants
such as aromatic hydrocarbons in waste gases
is of great interest.
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Abstract

5,6-Dihydroxy-2-aminotetralin was resolved into its enantiomers by high-performance capillary electrophoresis.
The separation was performed with a background electrolyte containing 18-crown-6 tetracarboxylic acid as chiral
selector. The chiral recognition is based on a primary interaction between the hydrogens of the amino group and
the oxygens of the crown ether and a secondary interaction between the catechol and the carboxylates of the crown
ether. The resolution factor was 1.42 and the detection limit of the enantiomer present as impurity was 0.3%. Data
on the optimization and the validation of the assay are also reported.

1. Introduction

Dihydroxy-2-aminotetralins (ADTNs) (Fig. 1)
are racemic dopamine receptor agonists of high
potency. Their pharmacological dopaminergic

NH, RO : : NH,
RO ; : RO
OR

R=H 5,6-ADTN R=H 6,7-ADTN

R =0OCH, 5,6-ADMTN R = OCH, 6,7-ADMTN

Fig. 1. Structures of 5,6- and 6,7-dihydroxy-2-aminotetralin
(ADTN) and of 5,6- and 6,7-dimethoxy-2-aminotetralin
(ADMTN).
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activity resides on the R-enantiomer for 5,6-
ADTN and on the S-enantiomer for 6,7-ADTN.
The fact that the active enantiomers have oppo-
site configuration has raised some speculation on
the structural features required for the interac-
tions of these agonist with the dopamine re-
ceptor [1-3]. Thus an analytical assay which can
determine their enantiomeric purity is highly
desirable for both the ADTN isomers and the
corresponding 5,6- and 6,7-dimethoxy precur-
SOTS.

We have recently developed a direct chiral
HPLC assay for the enantiomers of 5,6- and
6,7-ADTN [4]. The high resolution allowed
small amounts ( <0.1%) of the distomer present
as impurity in the eutomer to be determined, the
only drawback being the high cost of the HPLC
column.

High-performance capillary electrophoresis
(HPCE) is an attractive alternative for chiral

© 1995 Elsevier Science B.V. All rights reserved
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separations compared to the direct chiral HPLC
assay, which is the most effective of the HPLC
approaches. In fact many different types of
expensive chiral phases are needed for the sepa-
ration of a relatively narrow range of racemic
compounds, while one single inexpensive silica
capillary can be subsequently filled with back-
ground electrolytes containing different chiral
selectors. In addition the small volume of a

capillary electrophoresis system, which requires

only few milliliters of electrolyte for multiple
runs, allows the use of expensive or commercial-
ly unavailable chiral selectors.

Many examples of chiral separations by HPCE
have been published over the last few years,
most of them employing cyclodextrins and their
derivatives. Fanali and co-workers reported the
optical isomer resolution of epinephrine and
related compounds [5], tryptophan and deriva-
tives [6,7] and propranolol and terbutaline [8].
Novotny and coworkers showed the enantiosepa-
ration of basic drugs such as verapamil, fluox-
etine, bupivacaine and some B-blockers [9] and
other pharmaceuticals [10]. Another set of
racemic basic drugs, most of them belonging to
the cardiovascular or CNS-active compounds,
was separated by Nielsen [11], while Peterson
[12,13], Francotte et al. [14] and Rawjee et al.
[15] reported the enantioseparation of ophthal-
mic drugs, non-steroidal aromatase inhibitors
and barbiturates, and non-steroidal antiinflam-
matory drugs, respectively. Other examples of
chiral selectors used in HPCE are bile acids
[16,17], chiral surfactants [18], cyclodextrins in-
corporated into a gel matrix [19,20], cyclodex-
trins coated on a capillary wall [21], chiral
functionalized micelles [22] and maltodextrins
[23]. A

A more recent approach is the use of crown
ethers, first reported by Kuhn and co-workers
[24,25]. Since the chiral HPLC assay for the
ADTNs was based on a column filled with a
chiral crown ether stationary phase coated on
silica gel, we investigated the addition of 18-
crown-6 tetracarboxylic acid (18C6H,) as a chi-
ral selector to the background electrolyte for the
separation of the enantiomers of 5,6- and 6,7-
ADTN and of their dimethoxy precursors 5,6-

and 6,7-ADMTN. This approach was recently
reported also by Walbroehl and Wagner [26] for
the enantioseparation of unsubstituted and
monosubstituted aminotetralins. The present
paper describes the results of the investigation
and optimization of the parameters influencing
the resolution between the enantiomers of 5,6-
ADTN as well as the validation of the quantita-
tive analysis.

2. Experimental
2.1. Chemicals

18-Crown-6 tetracarboxylic acid and tri-
s(hydroxymethyl)-aminomethane (Tris) were of
analytical grade and obtained from Merck
(Darmstadt, Germany). Citric acid (RPE-ACS
grade) was from Carlo Erba (Milan, Italy). All
solutions were prepared in Milli-Q water (Milli-
pore, Bedford, MA, USA), filtered through a
0.22-um cellulose filter from Hewlett-Packard
(Cernusco S/N, Italy) and degassed by sonica-
tion.

2.2. Instrumentation

A Beckman P/ACE 2100 capillary electropho-
resis system equipped with a filter UV detector
set at 280 nm was used. Separations were per-
formed in unmodified silica capillary (57 cm X 75
pm I.D., 50 cm to detector) mounted on a
liquid-cooled cartridge (Beckman). Data acquisi-
tion and processing was performed using the
Beckman System Gold software installed on a
Hewlett-Packard Vectra QS/20 personal com-
puter.

2.3. Running conditions

Injections were made at the anodic site using
the electrokinetic technique applying a 5 kV
potential for 15 s. Separations were carried out
at 25°C using the constant voltage mode in the
range 5-15 kV; the observed current at 10 kV
was 40 A.

Running buffer was prepared by dissolving 10
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mM Tris-base in water, adjusting the pH to 2.2
with citric acid and adding the desired amount
(10-50 mM) of 18C6H,. The sample solutions
were prepared by dissolving each solute 'in run-
ning buffer without the addition of 18C6H, at a
concentration of approx. 0.5 mg/ml.

Conditioning for each experiment was done by
rinsing the capillary with running buffer for 2
min while the daily conditioning before the
beginning of a set of experiments was with 0.1 M
sodium hydroxide, water and hydrochloric acid
(2 min each).

2.4. Calculation of the resolution parameters

The resolution parameters were calculated as
follows:

separationfactor(a) = MT,/MT, €}
resolutionfactor(R) = (MT, — MT,)/0.88(W, + W)
@

where MT,, MT,, W, and W, are the migration
times and the bandwidths at half-height of the
chromatographic peaks. The suffixes 1 and 2
refer to the first and the last eluting enantiomer,
respectively.

3. Results and discussion

18-Crown-6 tetracarboxylic acid is a mac-
rocyclic polyether ring consisting of six oxygen
atoms joined by methylene bridges. According
to Kuhn and co-workers {24,25,27], the primary
interaction between 18C6H, and 5,6-ADTN is

Table 1

by hydrogen bonding between the hydrogens of
the primary amine group attached to the chiral
centre and the oxygens of the ring system. This
interaction occurs also for 6,7-ADTN and for
their dimethoxy precursors 5,6- and 6,7
ADMTN. In fact, the addition of 18C6H, as
chiral selector to the carrier electrolyte increased
the migration time of both the ADTNs and the
ADMTNs (Table 1) because the electrophoretic
mobility of the analyte—chiral selector complex is
lower than that of the plain analyte. This is due
to the higher mass and the less positive charge of
the complex, since at the pH of the buffer
electrolyte 18C6H, is slightly negatively charged
and hence migrates to the anodic site. The
measured pK, is 3.6 which corresponds to a 4%
ionization at pH 2.2.

In addition a secondary lateral interaction,
which is responsible for the chiral discrimination,

* takes place. This enantiorecognition was pos-

tulated to occur by either a steric hindrance
mechanism or by electrostatic interaction be-
tween the carboxylate groups of 18C6H, and the
guest molecule [25,27] and is very sensitive to
the type and the position of the substituents on
the tetralin ring [26]. In fact 5,6-ADTN, but not
its positional isomer 6,7-ADTN or the di-
methoxy analogues, could be resolved into its
enantiomers: only for 5,6-ADTN did the spatial
arrangement lead to a difference in the stability
constant of the analyte-ligand complex of the
individual enantiomers large enough to obtain
enantiorecognition.

A kinetic model for chiral recognition in
HPCE was described by Wren and Rowe [28-
31]. According to this model, an optimum chiral

Effect of the addition of 18-crown-6 tetracaboxylic acid on the migration time of 2-aminotetralins

18C6H, Migration time*
Concentration (mM)
5,6-ADTN 6,7-ADTN 5,6-ADMTN 6,7ADMTN
0 9.27 9.56 9.50 10.18
30 32.50 34.68 45.39 48.57

Applied potential = 10 kV. See Experimental for the other running conditions.

* Migration times are in min.
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selector concentration exists that depends on the
affinity of the analyte for the chiral selector and
hence varies from case to case. The influence of
the amount of 18C6H, on the resolution at fixed
applied potentials was therefore investigated.
The results are shown in Table 2 and, as pre-
dicted by the model, we found an initial increase
in resolution from 10 to 30 mM followed by a
decrease when the chiral selector concentration
was further increased to 50 mM. We also found
an increase” in resolution raising the applied
voltage up to 10 kV. At higher values, the
increase in peak efficiency of the enantiomers
that is obtained by increasing the electric field
across the capillary is overwhelmed by the de-
creased separation.

All experiments were carried out at pH 2.2, as
recommended in the fundamental work by Kuhn
et al. [25]. Since a more recent work showed the
influence of pH on the resolution of p,L-histidine
[27], we also investigated this parameter. At pH
2.0, a dramatic loss of resolution (R, <0.4) was
observed, while slightly increasing the pH to 2.5
the migration time of both enantiomers shifted
to more than 40 min with an increase in the
separation factor and resolution. This favourable
result was unfortunately associated with a severe
distortion in peak shape which prevented its use
for trace analysis. The reason of this distortion is
unclear.

Temperature is another parameter which
greatly influences resolution in capillary electro-
phoresis using a crown ether as chiral selector
[24]. The result of the dependence of migration
times and resolution on capillary temperature is

Table 2

354 « MT 1.5
304 4 Resolution
= 254 -
€ 1.0 &
: 204 E’;
= o
15 S
10- 0.5

r T T T T 1

20 25 30 35 40 45
Temp (°C)
Fig. 2. Dependence of the migration time (MT) and res-
olution of the enantiomers of 5,6-ADTN on capillary tem-

perature (voltage =10 kV, [18C6H,]=30 mM). See Ex-
perimental for other electrophoretic conditions.

shown in Fig. 2. As expected retention times and
resolution decreased when temperature was in-
creased, the former due to the lower viscosity of
the electrolyte, and the latter to the enhanced
band broadening resulting from higher diffusion.
Therefore a strict control of the temperature is
essential in order to obtain high resolution.

An electropherogram of a racemic mixture
under optimized conditions is shown in Fig. 3.
The enantiomeric migration order was deter-
mined by HPCE runs of the individual enantio-
mers under similar conditions. Thus, the peak
with lower migration time was identified as the
R-enantiomer.

Most papers about chiral separations by
HPCE include chromatograms of a racemic
mixture showing the resolution between the two

Resolution parameters for the separation of 5,6-ADTN as a function of the amount of the chiral selector

Applied 10 mM 30 mM 50 mM
voltage
kV) R, MT? o R MT a R MT a
5.0 0.966 49.3 1.025 1.382 76.1 1.025 1.059 80.7 1.024
7.5 0.967 29.8 1.022 1.382 45.0 1.024 1.136 55.5 1.021
10 1.136 23.8 1.023 1.420 325 1.025 1.263 39.9 1.020
15 1.003 14.7 1.022 1.308 19.1 1.021 0.941 21.4 1.019

Applied potential = 10 kV. See Experimental for the other running conditions.

* Migration time in min. of the first eluting enantiomer.
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Fig. 3. Separation of the enantiomers of 5,6-ADTN under optimized conditions (voltage = 10 kV, [18C6H,] = 30 mM, T =25°C).
See Experimental for other electrophoretic conditions. Time scale in min.

enantiomers, but only few show quantitative
data on the determination of the enantiomer
present as impurity [32-34].

Since we were interested not only in good
resolution but also in the accurate determination
of a small amount of distomer in the eutomer,
we validated the method for both enantiomers
by spiking one enantiomer with increasing
amounts (range 0.5-5.0%) of the other present
as impurity. The results are reported in Table 3
showing the good accuracy (expressed as bias,
%) and precision (from the C.V. value) of the

assay that allows quantitation down to 0.5% of
the enantiomer present as impurity.
Quantitation was determined from peak areas
(normalized to their respective migration times)
of the enantiomers since there was no difference
in their response factor. This assumption was
experimentally verified from the fact that the
normalized peak-area ratio of an authentic
racemic mixture was 1.002 (R/S ratio, CV.=
2%, n=12). In addition the linearity of the
response for both enantiomers was checked in
the same range (0.5-5.0%) in the presence of
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Table 3
Validation data for the determination of the enantiomeric purity of 5,6-ADTN

Concentration R(+)in S(—) S(=)in R(+)

added

(%) Found® (%) Bias (%) CV. (%) Found® (%) Bias (%) CV. (%)
0.5 0.39+£0.03 -22.0 6.7 0.58+0.02 +16.0 3.8

1.0 1.00 +0.08 0.0 7.8 1.01 +£0.07 +1.0 6.8

2.0 2.05+0.14 +2.5 6.7 2.12+0.07 +5.8 3.1

5.0 4.70+0.13 -6.0 2.7 5.10 = 0.06 +1.9 1.2

* Mean = standard deviation (n = 4).
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Fig. 4. Separation and trace amount analysis of ($)-5,6-ADTN (0.5%) in (R)-5,6-ADTN (left electropherogram) and of
(R)-5,6-ADTN (0.6%) in (S)-5,6-ADTN (right electropherogram) under optimized conditions (voltage = 10 kV, [18C6H,] = 30
mM, T =25°C). See Experimental for other electrophoretic conditions. Time scale in min.
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the corresponding amount (99.5-95.0%) of the
other enantiomer. The regression analysis gave
straight lines with slope 0.0506 (r =0.9991) for
the R-enantiomer and slope 0.0503 (r = 0.9996)
for the S-enantiomer thus confirming their equal
detector response.

This assay has been successfully employed for
the determination of the enantiomeric purity of
synthetic batches of both (R)- and (§)-5,6-
ADTN. The electropherograms of a batch of a
R-enantiomer containing 0.5% of the S-enantio-
mer and of a batch of S-enantiomer containing
0.6% of the R-enantiomer are shown in Fig. 4
showing a detection limit of about 0.3% (at a
signal-to-noise ratio of 2).

Since we were involved in a research project
where both ADTNs and ADMTNs are used as
chiral building blocks for the synthesis of N,N-
disubstituted aminotetralins acting on the
dopaminergic system, we evaluated the use of
other chiral selectors that could be able to
perform the enantioseparation of 6,7-ADTN and
of 5,6- and 6,7-ADMTN, which was unsuccessful
using the system described here. The result of
that study will be published elsewhere [35].
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Abstract

A method for the determination of the enantiomeric purity of the chiral reagent 1-(9-fluorenyl)ethyl chloro-
formate (FLEC) has been developed. The reagent is reacted with glycine, an achiral compound, and separated by
capillary electrophoresis using B- or y-cyclodextrin as chiral selectors. A general equation for the recalculation of
the measured values with respect to the chiral reagent purity is presented. The suitability of this approach is
practised on the peptide p-Arginine—Glycine to determine trace amounts of the enantiomeric contaminant, the

L-form.

1. Introduction

The determination of enantiomeric purity is of
increasing importance in the pharmaceutical in-
dustry where the concentration of an enantio-
meric impurity often may not exceed 0.1%.
Chiral impurity quantitation below 0.1% will
most probably be enforced by regulatory agen-
cies in most countries [1]. Regulations in this
area are enforced because of the different bio-
logical activities of the enantiomers.

Enantiomeric vasopressin peptides sometimes
show quite different biological activities. Essen-
tial differences in this respect have been ob-
served in blood pressure activity of the natural
hormone 8-Arg-vasopressin. The change of the
amino acid residue in position 8 from the L- to
the p-form resulted in a decrease in the blood
pressure activity from 450 IU/mg to 4 IU/mg

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00588-9

[2]. In liquid phase synthesis, the peptides are
generated from the C-terminal (amide function)
by fragment condensation. In order to control
the biological activity during production of the
active substance, it is important to determine any
contamination of the corresponding enantiomer

in the p-Arginine-Glycine (p-Arg-Gly) frag-

ment at an early stage in the synthesis.
Enantiomeric determination of dipeptides in
capillary electrophoresis (CE) has only been
described by Tran et al. [3}. Their work concerns
the separation of diastereomers after derivatisa-
tion with Marfey’s reagent. The impurity of
commercial Marfey’s reagent has been reported
to be approximately 0.25% of the opposite
enantiomer [4]. When using chiral derivatising
agents the enantiomeric purity of the reagent has
to be exactly known, or the reagent has to be
sufficiently pure in order to obtain an accurate
determination of the enantiomeric ratio [5}].
However, no published work on chromatograph-

© 1995 Elsevier Science B.V. All rights reserved
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ic determination of chiral reagent impurity is
known to the authors.

The drawback of reagent purity is eliminated
in direct chiral separation. In a recently pub-
lished paper, a comparison was made between
direct and indirect chiral separation of amino
acids by CE [6]. A large number of amino acids
could be separated in both modes. The indirect
method generally provided higher separation
efficiencies than the direct method. The slow
kinetics, generally connected with the direct
chiral separation mechanisms, resulted in de-
creased chromatographic efficiency. Moreover,
the screening procedure, which is necessary in
order to find selectivity, was simplified by using
the indirect approach.

The 1-(9-fluorenyl)ethyl chloroformate
(FLEC) reagent has been briefly discussed as a
versatile reagent in connection with micellar
electrokinetic chromatography (MEKC) [7]. The
advantages of the reagent have been discussed
previous [6,8,9]. The commercially available
FLEC reagent has a specified enantiomeric ratio
of >99.5:0.5. High demands are made on a
method for the exact determination of enantio-
meric trace impurity. There are only a few
papers dealing with the application of CE for the
determination of enantiomeric trace impurity.
Houben et al. [10] showed that such determi-
nations are dependent on the detection sensitivi-
ty while the amount of sample to be introduced
is limited. In addition, some different ap-
proaches in connection with pharmaceutical
products have been investigated by Altria and
co-workers [11-13]. Enantiomeric trace impurity
determination of amino acids was reported by
Ruyters and Van der Wal [14]. They developed a
method for direct chiral separation of amino
acids, derivatised with 4-fluoro-7-nitrobenz-
2,1,3-oxadiazole, using B-cyclodextrin (B-CD)
as chiral selector.

The aim of this work was to determine the
enantiomeric purity of the chiral reagent FLEC
in order to assure the enantiomeric quality of the
hormone 8-D-Arg-vasopressin at trace levels. In
this study emphasis is directed to find optimal
CE separation conditions by statistical tech-
niques. Then it is practicable to locate a specific

position of a local optimum condition with full
factorial design in combination with response
surface modelling [15,16]. Experimental designs
have previously been used for MEKC method
developments [17,18].

2. Experimental
2.1. Chemicals

The (+)- and (—)-FLEC reagent was a gift
from EKA Nobel AB (Bohus, Sweden). The
Arg-Gly dipeptide was from Ferring Pharma-
ceuticals (Malmo6, Sweden). Boric acid, phos-
phoric acid and 2-propanol were from E. Merck
(Darmstadt, Germany). Sodium dodecyl sul-
phate (SDS) from Fluka Chemie AG (Buchs,
Switzerland). Glycine, B-, and vy-cyclodextrin
(B-, and y-CD) were from Sigma (St. Louis,
MO, USA). All buffer solutions were made with
water from an Elgastat UHQII (Elga, High
Wycombe, UK).

2.2. Apparatus

The separations were carried out using a
Prince autosampler (Lauerlabs, Emmen, Nether-
lands). An ISCO CV* UV detector (ISCO,
Lincoln, NE, USA) was used at 256 nm for the
detection. The separation capillaries (25 and 50
pum I.D.)) were from Polymicro Technologies
(Phoenix, AZ, USA). Data collection was made
with ELDS 900 (Chromatography Data System,
Kungshog, Sweden).

2.3. Derivatisation procedure

A solution of 10 mM Arg-Gly in 200 mM
borate buffer (pH 9.2) was prepared. From this
solution 400 w1 was mixed with 400 ul of 30 mM
FLEC reagent solution in acetone. After 10 min
the reaction mixture was extracted with 0.5 ml
pentane to terminate the reaction by removing
excess reagent. The aqueous phase was diluted
10x with water and thereby ready for injection.
The derivatisation of glycine was performed in
the same way.
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2.4. Separation conditions

The capillary was rinsed with five column
volumes of 0.1 M NaOH and water, then equili-
brated with ten column volumes of buffer prior
to each run. For other separation conditions see
figure legends. Buffer concentration, SDS con-
centration, CD concentration and pH are given
as they were before the addition of organic
modifiers. All injections were made by pressure.

2.5. Optimisation

Calculations and figures concerning optimisa-
tion were performed using the CODEX program
(AP Scientific Service, Sollentuna, Sweden). The
starting point for the optimisation of dipeptide
MEKC separation was identical to separation
conditions found for FLEC derivatised p- and
L-arginine [6]. The test experiments were made
by varying pH, buffer composition, SDS con-
centration, type of organic modifier and organic
modifier concentration. When selectivity was
found, a central composite design with three
variables in two levels was used in order to
optimise the separation system.

For the direct chiral separations, type of CD,
CD concentration, pH, buffer composition, type
and amount of organic modifier were varied in
the scouting experiments. Optimisation was per-
formed in the same way as for MEKC, except
that only two variables were used.

The fit of the models to experimental data was
evaluated by making five runs in the centre point
of the models. The experimental noise was
thereby determined. In addition to the response
surfaces, the 95% confidence interval is repre-
sented as the interval over the regression coeffi-
cient. If the interval exceeds the regression
coefficient, the variable is not significant to the
model.

The functional relation between the ex-
perimental variables and the obtained results is
approximated to fit a Taylor expansion

y=8,+ 2 Bix; + 2 2 Bxx; + Biixiz te

where the coefficients 8 are the parameters of

the model and e is the overall error term [16].
The estimation of the parameters is done using
multiple linear regression and a polynomial
model is fitted to the experimental results. The
linear coefficient for the experimental variables,
B;, describes their quantitative influence of the
model. The cross-product, 8, will measure the
interaction effect between the variables, and the
square term B,x, will describe the non-linear
effect of the response.

3. Results and discussion

3.1. Determination of enantiomeric purity of
(+)- and (—)-FLEC by reaction with glycine

When diastereomers are formed, reagent en-
antiomeric impurity will contribute to errors in
the analytical results. This is due to the fact that
the impurity will react and form enantiomeric
pairs with the main products. The enantiomers
will coelute and affect the impurity peak more
than they do the main peak [5]. However, if the
purity of the chiral reagent is known, the en-
antiomeric purity of the compound of interest
can be calculated by:

1 M, -1,
yzi[(zx—lxMAHA) “] 1

where y is defined as the molar fraction of one
enantiomer [y = R/(R + S)] of the compound to
be investigated, and x is defined in the same way
as the molar fraction of one form of the reagent
[x=R/(R+S)]. M, and I, are the peak areas
(i.e. corrected peak areas) of the main and
impurity peak, respectively.

In the case where x =1 (100% enantiomeric
purity of the reagent) Eq. 1 is reduced to:

1M, -1, ] M,
=5l —F+1l=7"77 2
Y Z[MA+IA M, +1, @)
In order to develop an accurate method for
the enantiomeric trace-impurity determination
utilising the benefits of the diastereomeric ap-

proach, the (+)- and (—)-FLEC reagent was
reacted with glycine, an amino acid without a
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chiral centre, thus producing (+)- and (-)-
FLEC-glycine (FLEC-Gly) enantiomers. No dif-
ferences in reaction speed can occur sirice the
products possess the same physicochemical prop-
erties.

In the separation of the reagent it was found
that the selectivity changed with 8- and y-CD.
However, the presence of 2-propanol in the
buffers was necessary for selectivity. The elution
order of the FLEC-Gly enantiomers changed
completely with the different cyclodextrins.

The separations were optimised with a factori-
al design including the 2-propanol and B- or
v-CD concentration, respectively. The pH was
not included since the test runs did not show a
significant effect of the pH in the range 5.5-7.0.
Fig. 1 shows the response surfaces for 8-CD (A)
and y-CD (B) as a function of the 2-propanol
concentration with the resolution as the re-
sponse. The optimisation for the 8-CD concen-
tration in Fig. 1A showed that the resolution
increased with increasing B-CD concentration
and that an optimum 2-propanol percentage
existed. Since a concentration of 8-CD above 15
mM resulted in increased noise, 14 mM B-CD
and 18% 2-propanol were chosen for running
conditions. A separation under these conditions
is presented in Fig. 2A.

The elution order of (+)- and (—)-FLEC-Gly
was altered when B-CD was changed to y-CD.
The best resolution was found with 12% 2-pro-
panol and 10 mM y-CD (Fig. 2B). The change in
the elution order of (+)- and (—)-FLEC is
important in order to determine the purity of
both (+)- and (—)-forms, since it allows for the
small impurity peak to be eluted before the main
peak. With y-CD as the chiral selector, the
enantiomeric purity of 1.0 mM (+)-FLEC-Gly
was investigated. Under these conditions no
impurity peak was observed. However, after
standard addition of 0.01% (—)-FLEC-Gly, a
peak was observed, (Fig. 3). Since the purpose
was to show the presence of (—)-FLEC-Gly a
signal-to-noise ratio of 2/1 was used.

With B-CD as chiral selector, the (+)-FLEC-
Gly was eluted first. The purity of 1.0 mM
(—)-FLEC-Gly was investigated. Under these
conditions no impurity peak was observed. How-

Resolution

T
N
Resolution

Y
—
o

2-propanol (%]

Fig. 1. Optimisation of separation of (*)-FLEC-Gly. Sepa-
ration column: 50 um L.D.X65 cm (45 cm to detector);
Voltage: 25 kV; Buffer: 50 mM phosphate, pH 6.0; 2-pro-
panol and CD concentrations are varied. (A) B-Cyclodextrin
used as chiral selector, (B) vy-cyclodextrin used as chiral
selector.

ever, after standard addition of 0.1% (+)-
FLEC-Gly, a peak was observed (Fig. 4). De-
termination below 0.1% was not successful. This
is mainly caused by the lower resolution ob-
tained with B-CD than with y-CD. The lower
resolution led to a partial overlap of the peaks.

The relative standard deviations of the re-
peatability of the determination of two (—)-
FLEC-Gly spiked samples, were 14.6 and 5.8 for
0.1% and 0.5%, respectively (n = 6).
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#)-FLECGy ———

157 238 309 min

Absorbance

(+)-FLEC-Gly
(-)-FLEC-Gly —

BN

6.7 10.2 13.7 min

Fig. 2. Separation of (+)-FLEC-Gly. Column: 50 um L.D. X
65 cm (45 cm to detector). (A) Buffer: 100 mM acetate, pH
6.0, 14 mM B-CD, 18% 2-propanol; 20 kV, 18 nA. (B)
Buffer: 50 mM phosphate, pH 6.0, 10 mM y-CD, 12%
2-propanol; 20 kV, 16 pA.

Absorbance

3.2. Diastereomeric separation of dipeptide

In order to obtain the optimum separation
conditions, an experiment was performed by

——

0.01% (-
FLEC-Gly

Absorbance

b

15 130 145 min

Fig. 3. Determination of 0.01% (—)-FLEC-Gly added to a
(+)-FLEC-Gly sample. Buffer: 50 mM phosphate, pH 6.0,
10 mM y-CD, 12% 2-propanol;. 20 kV, 16 uA. Column: 50
um LD. X 65 cm (45 cm to detector).

0.1% (+)-
FLEC-Gly

Absorbance

265 290 315 min

Fig. 4. Determination of 0.1% (+)-FLEC-Gly added to a
(=)-FLEC-Gly sample. Buffer: 50 mM phosphate, pH 6.0,
14 mM B-CD, 18% 2-propanol; Separation column: 25 pum
I.D. X 65 cm (45 cm to detector); 30 kV; 6 pA.

factorial design. According to the test runs the
most important factors were the SDS, buffer and
2-propanol concentrations. These three factors
were therefore chosen as the variables in the
optimisation experiment.

Three different response surfaces from this
experimental design are presented in Fig. 5. The
calculated responses were: selectivity (A, calcu-
lated without micellar elution time, see Ref. [6]),
efficiency (B, theoretical plate number), and
resolution (C, calculated according to conven-
tional methods). From the response surfaces the
effects of the different buffer parameters are
determined. The main effect of 2-propanol was
found for the selectivity response (Fig. SA).
Although a high SDS concentration gave an
increased selectivity, the main effect was that
low SDS concentrations resulted in higher selec-
tivity, (Fig. 5A). High efficiency was obtained
with high concentration of SDS (Fig. 5B). The
2-propanol square term showed that an optimum
existed for efficiency and a minimum for selec-
tivity. The resolution response surface shown in
Fig. 5C was mainly dependent on the 2-propanol
and buffer concentrations. The separation of D-
and L-Arg—Gly-FLEC under optimum conditions
is shown in Fig. 6.

Determination of the chiral dipeptide impurity
was performed from the chromatogram in Fig. 7.
The amount of L-form in the p-Arg—Gly sample
was found to be 0.013%, with a standard devia-
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Fig. 5. Optimisation of FLEC-D,L-Arg—Gly separation. Separation column: 25 um I.D. X 56 cm (40 cm to detector); pH 9.2;
SDS, 2-propanol and buffer concentrations are varied.
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L-Arg-Gly

D-Arg-Gly -

Absorbance

B

74 1.2 15.0 min

Fig. 6. MEKC separation of (-)-FLEC-D,L-Arg-Gly. Buf-
fer: 20 mM borate—~15 mM phosphate, pH 9.20, 10 mM SDS,
18% 2-propanol; Column: 25 um L.D.x 56 cm (40 cm to
detector); Voltage: 30 kV, 7.8 upA.

tion of 0.002%. The determination was carried
out by the standard addition method using 4
points. The percentages added were: 0.024,
0.047 and 0.094, the regression coefficient was
r* =0.9966.

If the (+)-FLEC would contain an impurity of
0.01% (—)-FLEC, the impurity of L-Arg-Gly in
the p-Arg—Gly would be 0.003% according to
Eq. 1. However, the amount of (—)-FLEC could
only be determined to be less than 0.01%:; thus,
in this case it is better to use Eq. 2 since the
value for the dipeptide impurity will otherwise
be too low.

The detection limit for FLEC-Gly and FLEC-
Arg—-Gly was 0.1 uM. This is ten times lower
than the results reported earlier for the ana-
logues non-chiral derivatisation reagent FMOC

0.094% —__
i

1
I3

0.024% ‘\ i
iy

Sample

ban

Al

Time

Fig. 7. Determination of L-Arg—-Gly in a D-Arg-Gly sample
by standard addition. Buffer: 20 mM borate-15 mM phos-
phate, pH 9.20, 10 mM SDS, 18% 2-propanol. Separation
column: 50 zm L.D. x 65 cm (45 to detector); Voltage: 30 kV.

[19]. The sample plug injected was calculated to
be 2.3 cm, which is one order of magnitude
longer than what is generally recommended [20].
Stacking conditions were obtained without any
desalting or pH adjustment of the sample prior
to the injection. The buffer concentration in the
sample was higher than in previously reported
work [19]. In this work the higher buffer con-
centration remained from the derivatisation pro-
cess.

4. Conclusions

The enantiomeric purity of chiral reagents at
trace levels can be established by efficient sepa-
ration systems. Capillary electrophoresis with
chiral selectors such as cyclodextrins has been
shown useful to separate (+)- and (—)-FLEC
after reaction with achiral glycine.

By using the stacking principle a large amount
of sample can be applied in the capillary; thus
the (*)-enantiomers can be determined in a
ratio of 1:10000. Enantiomeric trace analyses
are facilitated by a combination of efficient
separation of the diastercomers and high detec-
tion sensitivity, which can be accomplished by
incorporating a strong chromophore in the de-
rivatising reagents. The FLEC reagent is avail-
able in both enantiomeric forms and thus the
elution order of the derivatisation products can
be arranged in a way that the small peak elutes
in front of the large peak.

The indirect chiral separation with (+)- or
(-)-FLEC reagents is demonstrated to be
favourable to verify the enantiomeric purity of
peptides at trace levels when the reagent en-
antiomeric purity is assured.
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Abstract

A sensitive and rapid high-performance capillary electrophoresis (HPCE) method combined with laser-induced
fluorescence (LIF) detection is described, which is suitable for the analysis of racemic formoterol and formotero}
enantiomers after derivatization with fluorescein isothiocyanate (FITC). The limit of detection is 1 pg/ml in the
case of FITC-derivatized racemic formoterol in the absence of chiral selector. Upon injection of 5 nl, it corresponds
to an amount of not more than 120 molecules. The chiral recognition occurs in the presence of heptakis(2,3,6-tri-O-
methyl-B-cyclodextrin) as a chiral selector in the buffer electrolyte and yields a detection limit of 10-10™'? g/ml for

each enantiomer.

1. Introduction

Most of the chiral drugs available on the
market are administered as racemates [1]. How-
ever, the great difference in pharmacological
effects and pharmacokinetics between the two
enantiomeric forms of many drugs is also well
known [2,3]. Therefore, the pharmaceutical in-
dustry increasingly needs new analytical and
preparative procedures capable of resolving and
quantitating drug enantiomers, and the resolu-
tion of racemic mixtures is becoming a highly
challenging area of separation technology.

High-performance capillary electrophoresis
(HPCE) is a relatively new mode of analytical
separation with great potential and is already
applied to a wide variety of molecules, ranging

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00589-7

from simple ions to larger particles, and for
ionized as well as neutral compounds [4]. This
technique has already attracted a considerable
amount of attention in different areas such as
analytical biochemistry, molecular biology, ana-
lytical chemistry, and medical biology. One
particularly important application of HPCE is
the chiral separation, where the technique offers
new alternatives to the already existing methods.
This application has already been the subject of
different reviews [5-9]. Cyclodextrins and their
derivatives are the most commonly used chiral
selectors in HPCE due to their capacity to
include a wide range of compounds and the
generally high degree of chiral recognition they
afford. We have already shown that HPCE is a
very suitable enantioselective analytical tool for
resolving chiral pharmaceuticals in terms of high
speed, high resolving power, short optimization

© 1995 Elsevier Science B.V. All rights reserved



160 S. Cherkaoui et al. | J. Chromatogr. A 715 (1995) 159-165

OY OH H
HN@)\/N
CH CH,
HO : 0

RR/SS

Fig. 1. Chemical structure of racemic formoterol (RR/SS).

time, and low cost [10]. Formoterol (Fig. 1), a
relatively new and extremely potent oral B2-
adrenoreceptor agonist with a long-lasting .bron-
chodilator action, is administrated as a racemate.
The very low dosage required (usually 15 ug per
inhalation) results in low plasma concentrations
(generally <50 pg/ml). Consequently, the de-
velopment of an enantioselective analytical
method allowing the separation and the detec-
tion of the enantiomer at very low concentra-
tions constituted a real challenge.

In this work, we describe two rapid and
sensitive analytical methods using HPCE in
combination with laser-induced fluorescence de-
tection (1) for the determination of racemic
formoterol that has been derivatized with FITC
and (2) for the enantiomeric separation of FITC-
derivatized formoterol.

2. Experimental
2.1. Chemicals

All the cyclodextrins used, «-CD, B-CD, vy-
CD,  heptakis(2,6-di-O-methyl-3-CD)  and
heptakis(2,3,6-tri-O-methyl-3-CD) were pur-
chased from Sigma Chemical (Buchs, Switzer-
land). Fluorescein isothiocyanate isomer I
(FITC) and 1-octane sulfonic acid sodium salt
monohydrate were from Fluka Chemicals
(Buchs, Switzerland). The racemic formoterol
was from Ciba Pharma (Basel, Switzerland). All
other reagents and solvents were of analytical
grade. It should be pointed out that special
demands must be placed on the purity of the
solvents used in fluorescence measurements since

considerable quenching can be caused by im-
purities.

2.2. Formoterol derivatization

A solution of 0.1285 g (0.33 mM) of fluores-
cein isothiocyanate dissolved in 15 ml of absolute
ethanol is added dropwise and at room tempera-
ture to a mixture of 0.103 g (0.3 mM) of racemic
formoterol and 0.5 ml of triethylamine dissolved
in 15 ml of absolute ethanol. After addition, the
mixture is stirred for 4 h at 40°C. The solvent is
evaporated and the residue is purified by chro-
matography on silica gel (eluent: chloroform—
ethylacetate—methanol, 4:6:6). The fractions
containing the desired compound are collected
and yield, after evaporation, 188 mg of the pure
formoterol derivative (yield 85.5%). The NMR,
elemental analysis, and mass spectroscopy data
are in accordance with the expected structure.

2.3. Instrumentation

The experiments were carried out on a Beck-
man PACE 2100 capillary electrophoresis system
equipped with a LIF detector and a power
supply capable of delivering up to 30 kV. The
excitation light from a 4-mW argon-ion laser was
focused on the capillary window by means of a
fiber-optic connection. Excitation was performed
at 488 nm and a 520-nm band-pass filter was used
for emission. A fused-silica capillary (Supelco,
Gland, Switzerland), with 75 um I.D., 57 cm
total length, and 50 cm from the point of sample
introduction to the detector window, was used in
all the experiments. Data acquisition was per-
formed using the Gold chromatography software
package system.

Injections were made using the pressure mode
(ca. 0.3 psi) for 5 s each. In all the experiments a
constant voltage was applied and the tempera-
ture of the separation system was kept at 25°C
during the run. In all cases the migration direc-
tion was toward the cathode.

The fluorescence measurements for determi-
nation of excitation and emission maxima of the
FITC-derivatized formoterol were performed
with a Perkin-Elmer MPF 66 spectrofluorimeter.
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2.4. Running conditions

For the analysis of FITC-derivatized for-
moterol, the following mixed buffer was used: 10
mM borate buffer (pH 9) with 10% methanol.
For the enantiomeric resolution of the FITC-
derivatized formoterol, a buffer mixture of 10%
methanol, 67 mM phosphate buffer (pH 8) was
prepared and the appropriate amount of
cyclodextrin was added. Prior to analysis, the
capillary was rinsed with 0.1 M NaOH for 2 min
and then filled with the electrophoretic buffer.
All the buffer solutions were filtered through a
membrane filter (Skan, Basel, Switzerland) of
0.2-wm pore size prior to use. Stock solution of
FITC-derivatized formoterol for LIF detection
was prepared in methanol and diluted 10° times
by steps of 10.

3. Results and discussion

Formoterol is administrated as a racemic mix-
ture of both RR- and SS-enantiomers. Various
methods were previously developed to detect the
racemic drug, and the lowest limit of detection
(20 pg/ml) has recently been obtained using
HPLC and electrochemical detection with a
signal-to-noise ratio of 3:1 [11]. However, in a
recent report it has been shown that the thera-
peutic activity of formoterol probably resides
only in the RR-enantiomer [12]. The enan-
tioselective analysis of the samples was per-
formed on a Chiral-AGP column using UV
detection [13]. But, owing to the low plasma
concentration, a more sensitive and reproducible
analytical method is required to determine the
enantiomeric composition of samples to evaluate
the pharmacokinetic profile of both enantiomers.

HPCE with y-cyclodextrin as a chiral selector
has already been used as a means to analyze the
enantiomeric composition of formoterol samples
[14]. This chiral separation was achieved using a
phosphate buffer (pH 3) containing 40 mM vy-
cyclodextrin and 40 mM of the sodium salt of
1-octane sulfonic acid monohydrate. However,
the on-line UV detection is not capable of
attaining the sensitivity needed to perform

studies in the desired concentration range (ca. 10
pg/ml). This limitation is essentially due to the
short path-length provided by the capillary tub-
ing.

To date, the most sensitive detector for capil-
lary electrophoresis is based on laser-induced
fluorescence (LIF) [15] and it has already been
used for various applications [16,17], including
enantiomeric separations [18,19]. For example,
with suitable tags, mass sensitivities on the
zeptomolar level (10_21 moles or hundreds of
molecules) have been obtained for amino acids
by using capillary laser-induced fluorescence
[20,21]. Unfortunately, the fundamental limita-
tion of fluorescence detection is that relatively
few molecules fluoresce. Then, most of the
analytes have to be derivatized (pre- or post-
column derivatization) with a fluorescence re-
agent.

3.1. Formoterol derivatization

To ensure the detection of fluorescence, for-
moterol has to be derivatized. This derivatization
has been accomplished using fluorescein iso-
thiocyanate isomer I. Isothiocyanates are known
to react selectively with the amino group of
amino alcohols and of amino phenols [22]. It
consists of pre-column off-line derivatization; the
reaction is carried out prior to injection of the
sample into the capillary. This procedure does
not impose any restrictions on the CE system.
Reaction of racemic formoterol with 1.1 equiva-
lent of fluorescein isothiocyanate in the presence
of triethylamine in ethanol affords the desired
derivative (Fig. 2), which has been subsequently
purified by chromatography on silica gel. The
reaction occurs regioselectively on the secondary
amine, as indicated by the strong displacement
observed in NMR spectroscopy for the protons
of the —~CH,NCH group, which are shifted
respectively of about 2.7 ppm (CH) and 1 ppm
(CH,) to lower field. The derivative is very
stable and can be stored as a stock solution for
several weeks in methanol without observing any
decomposition.

As can be seen from Fig. 3, the emission
spectrum shows a maximum at wavelength 519
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Fig. 2. Chemical structure of FITC-derivatized formoterol
(RR/SS).

nm following excitation at 488 nm. The excita-
tion spectrum gives a maximum at 499 nm with
emission at 520 nm. This observed excitation
maximum conveniently matches the argon-ion
laser 488 nm line, and the emitted light can be
measured near 520 nm.

3.2. FITC-derivatized formoterol analysis
(achiral conditions)

As already mentioned above, chiral separation
of formoterol using CE has been carried out
under acidic conditions (pH 3) [14]. But, as
formoterol has to be derivatized to enhance
detection, we had to develop a new separation
scheme for FITC-derivatized formoterol. It must
- be noted that each molecule of FITC coupled to
formoterol incorporates a negative charge into
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Fig. 3. Fluorescence spectra of FITC-derivatized formoterol.

the adduct, due to the presence of the carboxylic
group on the label.

After optimization of the buffer conditions, a
10 mM borate buffer (pH 9) containing 10%
methanol as organic modifier was selected for
the analysis of the FITC-derivatized formoterol.
Under those alkaline conditions, the electro-
osmotic flow is high enough to permit the elution
of the compound within 7 min. The presence of
10% methanol in the running buffer contributes
to band sharpness. The theoretical plate value is
about 200 000 per m, which demonstrates the
high resolving power of the method. The electro-
pherogram (Fig. 4) shows that a concentration of
1 pg/ml of racemic FITC-derivatized formoterol
is still detectable with a signal-to-noise ratio of
about 10.

3.3. Chiral separation

To obtain chiral separation of the enantiomers
of racemic FITC-derivatized formoterol, we
evaluated different cyclodextrins and cyclodex-
trin (CD) derivatives as possible chiral selectors.
Among the different cyclodextrins used for this
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Fig. 4. Analysis of racemic FITC-derivatized formoterol.
Sample: 1 pg/ml injected by the pressure mode for 5 s (ca. 5
nl). The electrophoresis was performed in pH 9 borate buffer
containing 10% methanol. Applied voltage: 20 kV; LIF
detection (argon-ion laser, excitation: 488 nm; emission: 520
nm).
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study, a-CD, B-CD, y-CD, heptakis(2,6-di-O-
methyl-3-CD) and heptakis(2,3,6-tri-O-methyl-
B-CD), only the latter compound was effective
in achieving optical resolution of the FITC-de-
rivatized formoterol. The type of CD as well as
the structural features of the molecule play an
important role in resolution. The B-CD deriva-
tive consists of seven glucopyranose units in
which the three OH groups in positions 2, 3, and
6 of every unit are converted into methoxyl
groups.

The effects of buffer pH, methanol percent-
age, and CD concentration on the enantiomeric
resolution of FITC-derivatized formoterol were
investigated to determine the optimum separa-
tion conditions. According to the results ob-
tained above, our investigations were made at
alkaline pH 7-9. In this pH range, the resolution
improves as the pH of the running buffer de-
creases. Therefore, we select pH 8, which af-
fords a good compromise for good resolution,
short migration time, and high sensitivity.

We also studied the influence of the percent-
age of methanol used as an organic modifier.
The methanol content in the electrophoretic
buffer was first increased by adding 10% metha-
nol. At higher percentages of methanol, no
further improvement in resolution was observed,
and the analysis time was dramatically
lengthened due to the decrease in electroosmotic
velocity (Table 1).

The influence of concentration of the added
heptakis(2,3,6-tri-O-methyl-8-CD) (TM-8-CD)
in the running buffer on the resolution (R,) was

Table 1
Influence of methano! percentage on the enantiomeric res-
olution

Methanol Migration time Resolution
(vol%) (min) R,
0 14.32 1.16
10 19.70 1.26
20 26.55 1.22

Buffer electrolyte: phosphate buffer, pH 8, containing 20
mM TM-B-CD and different amounts of methanol. Applied
voltage: 10 kV.

also investigated. The resolution increases rapid-
ly from 5 mM TM-B-CD (R, =1.02) to 20 mM
TM-B-CD (R, =1.12). Higher CD concentra-
tions do not markedly further improve the res-
olution and have the disadvantage of increasing
the retention time of the enantiomers.

A phosphate buffer (pH 8) containing 10%
methanol and 20 mM TM-B-CD was the most
appropriate to achieve both high enantiomeric
resolution and high sensitivity. At a concen-
tration of 10 pg/ml, the enantionters are still well
detectable (Fig. 5a). The very low detection
limits obtained in this study are essentially due to
the use of a suitable fluorogenic label, FITC
isomer I, that is compatible with the spectral
characteristics of the argon-ion laser.

We also investigated the possibility of enantio-
meric resolution in the micellar electrokinetic
capillary chromatography (MECC) mode. As
already mentioned, separation of formoterol
enantiomers with on-line UV detection has been
achieved under acidic conditions and in the
presence of the sodium salt of 1-octane sulfonic
acid monohydrate. By adding 40 mM octane
sulfonic acid Na salt to the buffer, FITC-derivat-
ized formoterol was optically resolved as shown
in Fig. 5b. The result is almost similar to that
obtained in the capillary zone electrophoresis
(CZE) mode. The migration time is stightly
longer, which is certainly due to the presence of
the micelles.

The MECC mode has some advantages over
the CZE mode, because it is possible to modu-
late the migration time and the capacity factor by
modifying both the CD and the micellar con-
centration, resulting in easier optimization of the
separation. In addition, we have already demon-
strated the possibility of directly determining
hexobarbital enantiomers in rat plasma using
CD-MECC [10]. In this case, the plasma pro-
teins were solubilized by the micelle [sodium
dodecyl sulfate (SDS)], and the migration times
were selectively manipulated to avoid any inter-
ference with drug enantiomers. CD-MECC has
the merit of allowing direct and rapid analysis of
drug enantiomers in biological samples without
any pretreatment such as deproteinization or
extraction.
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Fig. 5. Enantiomeric resolution of FITC-derivatized for-
moterol. LIF detection (argon-ion laser, excitation: 488 nm;
emission: 520 nm). Injection by the pressure mode for 5 s
(ca. 5 nl). (@) CZE resolution: sample, 10 pg/ml; buffer
electrolyte, phosphate buffer (pH 8) containing 20 mM TM-
B-CD and 10% methanol. Applied voltage: 12 kV. (b)
MECC resolution: sample, 0.1 ng/ml; buffer electrolyte,
phosphate buffer (pH 8) containing 20 mM TM-B-CD, 40
mM octane sulfonic acid, and 10% methanol. Applied
voltage: 11 kV.

4. Conclusion

The combination of capillary electrophoresis
with laser-induced fluorescence detection permits
the analysis of samples containing very low
concentrations of analytes. This technique is
particularly suitable for highly potent drugs ac-

tive at extremely low doses, such as formoterol,
a relatively new oral B2-adrenoreceptor agonist.
The high sensitivity of the method has been
clearly demonstrated by the reported application
to formoterol, which, after derivatization with
fluorescein isothiocyanate, could be detected at a
concentration of 1-107"2 g/ml. Using an appro-
priate chiral selector in the buffer electrolyte, it
is possible to simultaneously separate the en-
antiomers of formoterol detected in the 10- 10~
g/ml concentration range. This application to the
separation and detection of the enantiomers of a
chiral drug at such a low concentration dem-
onstrates the promising potential of the tech-
nique.
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Abstract

Pre-column derivatization of proteins with fluorescamine, naphthalene-2,3-dicarboxyaldehyde, and o-phthaldial-
dehyde was used to enhance absorption and fluorescence detection after separation by SDS non-gel sieving
capillary electrophoresis. When compared with underivatized proteins, absorption sensitivity increased by as much
as a factor of 22 at 280 nm, and 1.74 and 4.71 at 200 and 220 nm, respectively. Under favorable conditions,
absorption detection limits with the labeled proteins at 280 nm were approximately equivalent to the detection
limits of underivatized proteins at 200 nm. Fluorescence detection provided attomole detection limits with the best
results being obtained with high-molecular-mass proteins. Pre-column labeling decreased the efficiency of the
separation, but did not give rise to multiple peaks from heterogeneous labeling. The migration velocity of labeled
proteins was slightly different from the unlabeled molecules, but did not significantly degrade molecular mass
determinations. Pre-column derivatization with fluorescence detection allowed the proteins in a fertilization
membrane isolated from a single amphibian embryo to be easily characterized.

tages, capillary gel electrophoresis suffers from
several significant problems. These include de-
fect formation during gel polymerization, the
break down of the gels in high electric fields, and
fouling of the matrix with “dirty” samples
[3,6,7]. However, replacing the gel with a solu-
tion containing a sieving linear polymer [6,8-20]

1. Introduction

Sodium dodecyl suifate polyacrylamide gel
electrophoresis (SDS-PAGE) is a popular meth-
od for the separation of biopolymer mixtures.
When SDS—-protein complexes electromigrate in
a sieving medium (e.g., gel), the mobility of the

complex is proportional to the log of the effec-
tive molecular radius and thus to the molecular
mass [1,2]. Performing these analyses in acryl-
amide gel-filled capillaries decreases the analysis
time and enhances quantitation capabilities with
on-column detection [3-5]. Despite these advan-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00591-9

provides a size-based separation media that
easily adapts to high potential field environments
and can be easily replaced between analyses
[6,14,18].

One problem associated with SDS non-gel
sieving capillary electrophoresis (NGSCE) is
detecting analyte zones isolated in the capillary.
Absorption detection is most commonly used

© 1995 Elsevier Science B.V. All rights reserved
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with capillary electrophoresis, but demonstrates
relatively poor sensitivity due to the short optical
pathlengths in the capillary. When used with
SDS-NGSCE, absorption detection demon-
strates comparable if not superior mass detection
limits, but inferior concentration detection limits
relative to SDS-PAGE utilizing silver or coomas-
sie blue stains. One means of enhancing detec-
tion sensitivity is to react the analyte with a
reagent to form a product which is more easily
detected. Previous attempts to increase absorp-
tion sensitivity for free zone -capillary electro-
phoresis by pre-column derivatization have met
with some success {21], but can also have detri-
mental effects on the separation. Specifically, the
availability of multiple reaction sites on the
analyte can give rise to a multiplicity of labeled
states that diminishes separation efficiency, or in
extreme cases produces multiple peaks in the
electropherogram [5,22]. For these reasons, pre-
column derivatization reactions are not common-
ly utilized to enhance absorption detection in
capillary zone electrophoresis, and are only used
for detection for techniques in which the detec-
tor sensitivity would normally be very low (i.e.,
fluorescence) [5,23-26].

Pre-column derivatization of proteins may
ultimately prove more useful when used in
conjunction with SDS-NGSCE. These gel-based
separations isolate molecules based on their
physical dimensions, and so the addition of a
low-molecular-mass label to the large protein
molecule should not dramatically alter its migra-
tion velocity. Furthermore, low-molecular-mass
impurities and excess labeling reagent should be
easily separated from the analyte because of the
large difference in size, as has been previously
noted for labeled proteins separation by SDS-
PAGE [27,28].

This paper investigates the use of pre-column
labels to enhance absorption and fluorescence
detection sensitivity for SDS non-gel sieving
capillary electrophoresis of proteins. Three de-
rivatizing agents will be examined with respect to
their ability to enhance this detection and for
their influence on separation efficiency and the
mass determinations. Finally, the utility of these
pre-column labeling techniques will be demon-

strated by analyzing the proteins in a single
fertilization membrane isolated from the embryo
of the frog Lepidobatrachus laevis.

2. Experimental
2.1. Instrumentation

Capillary electrophoresis separations utilizing
UV absorbance detection were performed with a
BioFocus 3000 capillary electrophoresis system
(Bio-Rad Laboratories, Hercules, CA, USA)
controlled with a MS-DOS computer running
BioFocus 3000 control software (version 3.10,
Bio-Rad Laboratories). Separations were per-
formed in 24-cm long capillaries (19.4 cm inlet to
detector) with an inner diameter of 50 um and
an outer diameter of 360 um (Polymicro Tech-
nologies, Phoenix, AZ, USA). The electric field
was maintained at —774 Vcm ™' for all experi-
ments. Forced liquid cooling was used to main-
tain the capillary at 20°C, while the sample
carousel and the buffer reservoirs were main-
tained at 10°C.

Capillary electrophoresis with laser-induced
fluorescence detection was performed on an
instrument constructed in our laboratory. A
regulated high-voltage DC power supply (Model
EHS50R02, Glassman High Voltage, White House
Station, NJ, USA) generated an electric field of
—486 Vem™ in the separation capillary.
Platinum wire electrodes were used to establish
electrical contact between the high-voltage sup-
ply and the 0.4-ml inlet buffer reservoir, and the
outlet reservoir and ground. The inlet reservoir
and high-voltage end of the capillary were en-
closed in a Plexiglass box to protect the operator
from accidental shock. The outlet buffer reser-
voir was placed in a stainless-steel bomb so that
the polymer solution could be forced through the
capillary with nitrogen gas under a pressure of
700 kPa. Current passing through the separation
capillary was measured by grounding the outlet
buffer reservoir through a 1 k{ resistor and
monitoring the voltage developed across this
resistor. Separations were performed in fused-
silica capillaries (50 pm I.D., 360 um O.D.,
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Polymicro Technologies) which had a total
length of 37 cm and an inlet to detector distance
of 25 cm. The capillary and buffer reservoirs
were maintained at ambient temperature (ap-
proximately 20°C) by natural radiative processes.

A schematic of the fluorescence detector used
in these studies is shown in Fig. 1. The excitation
beam for the flnérophore was provided by an
argon-ion laser (Innova 90-5, Coherent, Palo
Alto, CA, USA) operating at 457.9 nm for
naphthalene-2,3-dicarboxyaldehyde (NDA),
363.8 nm for fluorescamine, and 351.1 nm for
o-phthaldialdehyde (OPA). When ultraviolet
excitation was used to excite fluorescence, a
bandpass filter centered at 330 nm and a spectral
bandpass of 80 nm (330WB80, Omega Optical,
Brattleboro, VT, USA) was used to remove the
broadband emission signal from the plasma tube
in the spectral regions corresponding to fluores-
cence emission. A fused-silica lens (100-mm
focal length, Newport Research Corporation,
Irvine, CA, USA) was used to focus the 20-mW
excitation laser beam into the separation capil-
lary through a window formed by removal of the
polyimide coating. The fluorescence emission
from the capillary was collimated with an
aluminum parabolic reflector (24 mm diameter, 5
mm focal length) and imaged onto a bandpass
filter positioned approximately 30 cm away.
Specular reflection of the excitation beam from
the walls of the capillary was blocked by a thin
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Fig. 1. Schematic of the laser-induced fluorescence detector
used with non-gel sieving experiments.

strip of metal mounted across the front face of
the parabolic reflector. For OPA and fluores-
camine fluorescence measurements, a filter with
a central pass wavelength of 450 nm and spectral
bandpass of 100 nm (400EFLP with cutoff at 500
nm, Omega Optical) isolated the analytical sig-
nal. For NDA labeled proteins, a band pass filter
centered at 500 nm and a bandpass of 40 nm
(500DF40, Omega Optical) was used in conjunc-
tion with a 490-nm long-pass filter (490EFLP,
Omega Optical) to select for the fluorescence
signal. This signal was converted to a photo-
current with a photomultiplier tube (R1527-03,
Hamamatsu Corp., Bridgewater, NJ, USA)
biased at values between 650 and 1000 V, am-
plified with a current-to-voltage amplifier (Model
428, Keithley Instruments, Cleveland, OH,
USA), and digitized with a 16-bit analog-to-digi-
tal converter (Model XL-1900 mainframe with
XL-ADC2 ADC, Elexor Associates, Morris
Plains, NJ, USA). An Objective C program
developed in our laboratory and running on a
NeXTstation computer (NeXT computer, Red-
wood City, CA, USA) recorded the data from
the analog-to-digital converter and displayed the
resulting electropherogram.

2.2. Data processing

Peak areas and peak heights for data collected
on the BioFocus 3000 instrument were deter-
mined with commercial integration software
{BioFocus 3000 Integrator, Version 3.01, Bio-
Rad Laboratories). Data collected with the NeX-
Tstation computer were digitally low-pass fil-
tered (Fourier filter, cutoff frequency of 0.55 Hz)
with the program SciPlot (version 3.9; M.
Wesemann; Berlin, Germany) to enhance the
signal-to-noise characteristics of the electro-
pherogram. The separation efficiency (N, ex-
pressed as theoretical plates) was estimated with
the following formula:

N =5.54(t,/w,,,)

where ¢, is migration time and w,,, is the peak
width at half height.
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2.3. Reagents

Horse heart myoglobin, a-chymotrypsinogen
A type II (from bovine pancreas), conalbumin
type I (from chicken egg white), fluorescamine,
tris(hydroxymethyl)aminomethane (Tris) and di-
thiothreitol (DTT) were purchased from Sigma
(St. Louis, MO, USA). Sodium dodecyl sulfate
(SDS), 2-mercaptoethanol, and o-phthaldial-
dehyde in the form of phthalic dicarboxaldehyde
were obtained from the Aldrich (Milwaukee,
WI, USA). Certified A.C.S. grade sodium hy-
droxide, boric acid, and HPLC grade acetone
and methanol were purchased from Fisher Sci-
entific (Fair Lawn, NJ, USA). Protein molecular
mass standards, SDS sieving buffer and SDS
sample buffer were obtained from Bio-Rad Lab-
oratories (Hercules, CA, USA), while
naphthalene-2,3-dicarboxyaldehyde (NDA) was
purchased from Molecular Probes (Eugene, OR,
USA).

Stock solutions containing 2 mgml~' of pro-
tein were prepared in doubly deionized filtered
water and 100 mM sodium borate buffer (pH
9.0) as appropriate. Dithiothreitol solutions were
prepared by mixing 5.7 mg DTT, 6.2 ul of 3 M
NaOH, and 118 ul of water. Solutions of the
derivatizing reagents were prepared just prior to
use by dissolving the reagent in an appropriate
solvent to achieve the desired concentration.
Specifically, fluorescamine (5.0 mgml™') was
dissolved in acetone, NDA (4.0 mgml™') was
dissolved in methanol, and OPA (5.0 mgmi™")
was prepared in a solution composed of 75 ul of
methanol, 924 ul of water and 5 nl of 2-mercap-
toethanol.

2.4. Procedures

Capillary preparation

Prior to each analysis on the BioFocus 3000,
and at the beginning of each day for the fluores-
cence detection experiments, the capillary was
sequentially purged with 0.1 M NaOH for 90 s,
0.1 M HCI for 60 s, and Bio-Rad CE SDS run
buffer for a minimum of 120 s. To insure that all
the run buffer had been washed from the outside

surface of the capillary prior to injection, the
capillary inlet was dipped into two reservoirs
containing a solution of 0.4 M boric acid, 0.4 M
Tris, and 0.1% SDS.

Protein derivatization

Prior to analysis, protein samples were sus-
pended in a 1:1 (v:v) solution containing Bio-
Rad CE SDS sample buffer and 15 mM DTT,
and boiled for 10 min to denature the protein.
To react the sample with OPA, 40-ul aliquots of
the denatured protein mixture were mixed with 4
pl of 5 mgml™' OPA solution and allowed to
react for at least S min. For NDA derivatization,
35 ul of protein stock solutions (pH 9) were
mixed with 2 ul of 0.1 M sodium cyanide and 5
pl of 4 mgml™' NDA solution. After approxi-
mately 3 min, the solution was mixed with 5 ul
of DTT solution (15 mM) and 50 1 of Bio-Rad
CE SDS sample buffer. Fluorescamine-labeled
samples were prepared by mixing 85 ul of
protein stock solutions (pH 9) with 5 ul of 5
mg ml~' fluorescamine reagent. After 5 min, 10
ul of DTT stock solution and 100 ul of Bio-Rad
CE SDS sample buffer were added to the mix-
ture. These procedures utilized a large molar
excess of the derivatizing reagent to simulate
realistic analysis conditions and exhaustively
label the analyte. Just prior to analysis, the
solutions containing the labeled proteins were
centrifuged for 2 min at 16 000 g to remove any
particulates.

Preparation of molecular mass standards

Molecular mass standards were prepared by
combining 10 ul of concentrated Bio-Rad SDS-
PAGE standards, 40 ul of water, and 50 ul of
Bio-Rad CE SDS sample buffer. After denatur-
ing the mixture in a boiling water bath for 10
min, the sample was diluted to the desired
concentration with a solution of 55% Bio-Rad
CE SDS sample buffer and 45% water. Aliquots
of this mixture were derivatized as previously
described. The aprotinin standard was ignored
for these experiments and was not used for
molecular mass calibration.
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Preparation of fertilization envelopes

Large quantities of fertilization envelopes
from the frog Lepidobatrachus laevis were iso-
lated by a previously described procedure [29],
then individual membranes manually selected
under a microscope with watchmakers forceps.
This structure was suspended in 20 ul of a 1:1
(v:v) mixture of Bio-Rad CE SDS sample buffer
and a 15 mM DTT solution and boiled in a water
bath for 10 min. After allowing the sample to
cool to room temperature, aliquots from this
mixture were derivatized as previously de-
scribed.

3. Results and discussion
3.1. Absorption sensitivity enhancement

OPA, NDA and fluorescamine were evaluated
for their utility as pre-column derivatization
reagents to enhance absorption detection by
measuring the enhancement factor, the ratio of
the peak area (or height) of the derivatized
molecule to the unlabeled molecule, for proteins
separated by capillary electrophoresis. Table 1
summarizes this enhancement as a function of
detection wavelength for two representative pro-
teins, myoglobin and conalbumin. Although all

Table 1
Enhancement of UV absorption by pre-column derivatization®

171

0.02 B
0.018
0.016
0.014 +
0.012 4

0.01 4

0.008

Absorbance {280 nm)

0.006

0.004

-l L

T T T T ! —r
[ 2 4 L1 8 10 ] 2 4
Migration Time (minutes) Migration Time (minutes)

Fig. 2. Separation of (A) unlabeled and (B) NDA-labeled
proteins. The peaks have been identified as follows: 1=
myoglobin (90 femtomoles), and 2= conalbumin (48 fem-
tomoles). Electrophoresis conditions: capillary length, 24 cm
(19.4 cm from the inlet to the detector); electrokinetic
injection, —10 kV for 10 s; detection, 280 nm; capillary
temperature, 20°C; carousel temperature, 10°C; running
buffer, Bio-Rad CE SDS sample buffer.

labels provided strong signal enhancement at 280
nm, the greatest signal enhancement and migra-
tion time reproducibility were observed for NDA
labeled proteins. Typical %R.S.D. values ob-
served for peak areas and heights for these
measurements ranged between 5 and 10% for
the three derivatizing agents. Fig. 2 shows the

Labeling Absorption
reagent

200 nm 220 nm 280 nm

Area Height Area Height Area Height
Myoglobin .
NDA 1.57 1.36 2.69 2.36 22.5 19.5
OPA 1.71 0.79 4.71 2.16 4.14 2.03
Fluorescamine 1.74 0.93 2.16 1.14 14.6 7.88
Conalbumin
NDA 1.21 0.82 2.09 1.23 12.0 7.24
OPA 1.52 0.70 3.48 1.56 3.03 1.41
Fluorescamine 1.48 0.77 1.64 0.84 7.51 3.80

*These data represent the average of six or more independent measurements. Peak areas and peak heights are expressed in

arbitrary units.
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electrophoretic separation of labeled and un-
labeled myoglobin and conalbumin. Although a
dramatic enhancement of signal intensity is evi-
dent from these data, it is also important to note
that the retention time and peak efficiency are
not greatly altered by the presence of the de-
rivatizing reagent. This suggests that significant
gains in detection sensitivity are possible without
significantly altering analysis time. It is also
interesting to note that the signal enhancement
for myoglobin is nearly twice that observed for
conalbumin. This difference may result from the
greater preponderance of accessible derivatiza-
tion sites on myoglobin relative to conalbumin
[30].

The data in Table 1 also suggests a trend
toward smaller signal enhancements as the detec-
tion wavelength is decreased. For the underiva-
tized proteins, only the aromatic amino acids
exhibit a significant absorbance at 280 nm,,
whereas the entire peptide backbone contributes
to the signal at shorter wavelengths. Since the
initial signal is much stronger at the shorter
wavelengths, the enhancements are smaller.
Even greater enhancements were recorded in
spectral regions in which no significant protein
adsorption was observed. For example, NDA-
labeled myoglobin and conalbumin demonstra-
ted excellent sensitivity at 320 nm. By choosing
protein labels with specific spectral characteris-
tics, the absorption signal can be tailored to
wavelength regions where few sample concomi-
tants absorb, and thus obtain greater signal
discrimination.

Although peak area and peak heights were
both observed to increase with the derivatized

Table 2
Separation efficiency of labeled and unlabeled proteins®

molecules, this enhancement is not necessarily
consistent for both myoglobin and conalbumin.
In general, when measurements were made at
lower wavelengths, large increases in peak area
were observed in good agreement with observa-
tions made for fluorescamine labeling of proteins
in free-zone capillary electrophoresis [21]. How-
ever, peak heights were sometimes greater for
the unlabeled molecules. At 200 nm, proteins
derivatized with all three reagents showed a
decrease in the peak heights of both proteins,
while at 220 nm only fluorescamine-labeled pro-
teins demonstrated this reduction. The signal
improvement is small at the lower wavelengths

‘because the increase in signal intensity is not

able to compensate for the reduction in peak
height caused by the reduced separation ef-
ficiency. At 280 nm, large enhancements of the
absorbance signal resulted in peak heights great-
er than observed for the unlabeled species.

The separation efficiency for labeled and un-
labeled conalbumin and myoglobin are summa-
rized in Table 2. These data clearly indicate that
pre-column derivatization of the proteins intro-
duces additional zone broadening, but that the
extent of this broadening is dependent on the
reagent. NDA labeled proteins consistently dem-
onstrated the highest efficiency of the reagents
investigated. Fluorescamine and OPA produced
nearly equivalent reductions in efficiency.

Electrophoretic analysis of proteins treated
with SDS is typically used to estimate the mass
of the molecule. To determine what impact pre-
column labeling might have on molecular mass
estimates, NDA-labeled and unlabeled solutions
containing myoglobin, a-chymotrypsinogen A,

Labeling Myoglobin Conalbumin
reagent

Labeled Unlabeled Labeled Unlabeled
NDA 20.6 25.6 11.0 30.7
OPA 6.9 31.0 6.0 36.4
Fluorescamine 9.3 28.0 7.3 35.7

® Efficiencies are expressed as thousands of theoretical plates.
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ovalbumin, and conalbumin were analyzed by
SDS-NGSCE. Unlabeled protein molecular mass
standards were analyzed immediately preceding
and following these samples. The logarithm of
the molecular mass of each standard was plotted
against its averaged migration time to construct a
mass calibration plot to estimate the mass of
both labeled and unlabeled proteins. These data
are summarized in Table 3 along with the ac-
cepted mass of these molecules. Errors in molec-
ular mass estimates were approximately equiva-
lent for both samples, with the unlabeled pro-
teins having a maximum error of 5.6% whereas
the NDA-labeled species had a maximum error
of 6.8%. While slightly poorer mass accuracy was
observed for the labeled proteins, these errors
are still within the 10% accuracy usually quoted
for SDS sieving analysis [2,31].

With the data from Table 3, it is interesting to
note that all of the molecular mass estimates for
the derivatized proteins were lower than the
actual molecular mass. This is surprising since
the addition of the derivatizing reagent should
increase the molecular mass of the protein SDS
complex. There may be several explanations for
these observations. The addition of hydrophobic
label groups to the protein may have caused
increased SDS binding to the protein, and there-
fore increased the negative charge on the com-
plex. This would result in faster migration
through the capillary and an apparent decrease
in molecular mass. Similarly, the reaction of
positively charged amine groups on the protein
with the labeling reagent could reduce the posi-
tive charge intrinsic to the protein. Again, the

Table 3

Molecular mass determinations for labeled and unlabeled proteins

more negative charge on the complex would give
rise to lower molecular mass estimates. Whether
one or both effects are responsible for this
change in migration velocity has not been de-
termined.

Our observations indicate that detection limits
for derivatized molecules detected at 280 nm are
similar to those for underivatized molecules at
200 nm. For the reagents studied, derivatization
is unlikely to provide significant improvement in
detection limits. The most useful application of
these reagents is to shift the region of detection
to avoid spectral interferences from buffer com-
ponents and sample concomitants. In favorable
cases, very dramatic shifts in detection wave-
lengths can be observed with a minimum penalty
in absorption sensitivity or separation efficiency.
Even though enhanced absorptivities are ob-
served for derivatized proteins at the 200 to 220
nm range, these improvements are usually not
sufficient to justify the loss of separation ef-
ficiency and the additional complexity associated
with the sample preparation. New reagents that
demonstrate enhanced extinction coefficients in
this spectral region, or which simplify sample
preparation may overcome these limitations.

3.2. Fluorescence detection

Analyte derivatization can be used to improve
the absorption signal for the detection of pro-
teins, but even greater sensitivity enhancements
can be obtained using fluorescence detection.
While this mode of detection has been used for
both SDS-PAGE and capillary zone electropho-

Protein Actual M} Unlabeled proteins NDA-labeled proteins

Estimated M, ( X 107%) Percent error Estimated M, ( X 107%) Percent error
Myoglobin 16 950 17.9 5.6 15.9 6.2
a-Chymotrypsinogen A 25 656 24.8 33 23.9 6.8
Ovalbumin 43 300 44.0 1.6 42.9 0.9
Conalbumin 77 500 77.2 0.4 72.3 6.7

* Molecular masses obtained from Ref. [36].
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Fig. 3. Separation of fluorescamine-labeled: 1= myoglobin
(3.2 femtomole), 2= a-chymotrypsinogen A (2.9 fem-
tomole), and 3 = conalbumin (2.1 femtomole). Detection was
by monitoring the laser-induced fluorescence signal. Electro-
phoresis conditions: capillary length, 37 cm (25 cm from the
inlet to the detector); electrokinetic injection, —5 kV for 27
s; temperature, 20°C; running buffer, Bio-Rad CE SDS
sample buffer.

resis, fluorescence detection may prove better
suited to NGSCE. On-column detection provides
improved quantitation and detection limits when
compared with SDS-PAGE. In addition, SDS
sieving separations minimize multiple peak for-
mation from heterogeneous labeling of single
protein species. Furthermore, low-molecular-
mass impurities and excess labeling reagents are
easily separated from the proteins of interest.
Fig. 3 shows the separation of a 500 nM
mixture of fluorescamine-labeled myoglobin (3.2
femtomole), a-chymotrypsinogen A (2.9 fem-
tomole), and conalbumin (2.1 femtomole) moni-
tored by laser-induced fluorescence detection.
The large broad peak from 8 to 8.5 min results
from excess labeling reagent and unidentified

Table 4
Fluorescence detection limits of pre-column labeled proteins®

low-molecular-mass species present in the sam-
ple and analysis buffer. The peak at 9 min is also
an impurity and was present in blank samples.
Impurity peaks in this region were common for
all of the fluorophores. The numbers of these
peaks and their position in the electropherogram
are dependent on the derivatization reagent.
Also noticeable are noise spikes throughout the
electropherogram. These spikes were identified
as small particulates generated by aggregation of
material in the analysis buffer. The high viscosity
of this buffer prevented these particles from
being removed by filtration or centrifugation, but
their presence could be minimized by heating the
mixture in a boiling water bath for several
minutes at the start of each day. The signal
contribution of any particles remaining in the
sieving buffer was suppressed with a digital low-
pass filter. NDA-labeled protein solutions gener-
ated fewer artifacts in the electropherogram, but
also caused a noticeable shift in the baseline
approximately 10 to 12 min after the analysis was
initiated.

Table 4 summarizes the limits of detection for
myoglobin, conalbumin and a-chymotrypsinogen
A labeled with the three fluorophores. OPA
provided the lowest limit of detection for conal-
bumin (3.0-107"® moles) but NDA provided
nearly equivalent results. NDA provided better
sensitivity than OPA for both myoglobin and
a-chymotrypsinogen A, and both reagents pro-
vided consistently superior detection limits when
compared with fluorescamine. As with absorp-
tion detection, there was a very significant reduc-
tion in detection limits with increasing mass of
the analyte.

Labeling conditions for proteins were chosen
to provide good detection limits and for their

Protein NDA OPA Fluorescamine
Myoglobin 27 57 190
a-chymotrypsinogen A 59 100 160
Conalbumin 9.5 3.0 96

® Defined as a signal-to-noise of 3. Detection limits are expressed in attomoles.
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ease of derivatization. While an attempt was
made to use consistent conditions, the reaction
characteristics of individual labels often dictated
procedural changes. NDA and fluorescamine
were used to derivatize protein samples prior to
complexation of proteins with SDS. The NDA
derivatization reaction is favored above pH 9,
whereas the SDS sample buffer used in these
studies was pH 8.3. Protein solutions were ad-
justed to pH 9.0 to insure good derivatization
conditions, with the subsequent addition of the
SDS buffer only after labeling had occurred.
This was particularly important for fluorescamine
as derivatization of proteins after SDS complex-
ation was very difficult and resulted in low signal
intensity. Fluorescamine hydrolyzes with a reac-
tion half-time of only a few seconds [32], so we
hypothesize that a large fraction of the fluores-
camine is destroyed before it can interact with
the SDS—protein complexes. Similarly, the slow
change in color associated with the formation of
the NDA-amine reaction product suggests that
the NDA reaction is also slowed by the presence
of SDS on the target molecule. It is possible that
the SDS sterically hinders access to the deri-
vatization sites on the protein or can interact
with the labeling reagent to limit the accessibility
of its reactive site. The OPA reagent was only
reacted with the analyte after SDS complexation
because the reaction product is relatively labile
and would not tolerate the extreme conditions
used for SDS complexation.

One advantage of SDS non-gel sieving CE is
the ability to obtain molecular mass estimates of
separated components. Fig. 4 shows the sepa-
ration of commercial molecular mass standards
derivatized with OPA. Detection limits for the
protein molecular mass standards were deter-
mined to be 270 attomoles for lysozyme, 320
attomoles for trypsin inhibitor, 41 attomoles for
carbonic anhydrase, 130 attomoles for oval-
bumin, 240 attomoles for serum albumin, 51
attomoles for phosphorylase b, 39 attomoles for
B-galactosidase, and 8.3 attomoles for myosin.
Molecular mass calibration plots generated for
labeled standards with fluorescence detection
were nearly identical to similar plots generated
with unlabeled standards and absorption detec-

Fluorescence (Arbitrary Units)

E

8 10 12 14 16 18 20
Migration Time (minutes)

Fig. 4. Separation of molecular mass standards by non-gel
sieving capillary electrophoresis. The peaks have been iden-
tified as follows: 1= aprotinin, 2= lysozyme, 3 = trypsin
inhibitor, 4 = carbonic anhydrase, 5 = ovalbumin, 6 = bovine
serum albumin, 7 =phosphorylase b, 8= @-galactosidase,
9 = myosin. The amount of each protein injected on column
was 25, 8.6, 5.8, 2.8, 2.9, 0.83, 0.57, 1.6, and 0.38 fem-
tomoles, respectively. Electrophoresis conditions: capillary
length, 37 cm (25 cm from the inlet to the detector);
electrokinetic injection, —5 kV for 27 s; temperature, 20°C;
running buffer, Bio-Rad CE SDS sample buffer.

tion. Even for separations of molecular mass
standards near the detection limit (signal-to-
noise ratio~5), linear regression provided a
correlation coefficient (r) of 0.994, suggesting
that effective mass calibration can be carried out
at very low concentrations.

3.3. Analysis of membrane proteins

To demonstrate the utility of pre-column de-
rivatization techniques for the analysis of com-
plex samples, the fertilization envelope from a
single Lepidobatrachus laevis embryo was sub-
jected to analysis by SDS-NGSCE with fluores-
cence detection. The resulting electropherogram
of the OPA modified proteins is shown in Fig. 5.
Previous investigations of this structure by SDS-
PAGE required isolation of multiple envelopes
for each analysis [29]. The detection sensitivity
afforded by the pre-column derivatization reac-
tion allowed a single fertilization envelope to be
diluted in 21 ul of solution and still provides data
with excellent signal-to-noise characteristics.
This larger volume also simplifies sample hand-
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Fig. 5. Non-gel sieving capillary electrophoresis separation of
a fertilization envelope from a single Lepidobatrachus laevis
embryo. Electrophoresis conditions: capillary length, 37 cm
(25 cm from the inlet to the detector); electrokinetic injec-
tion, —5 kV for 27 s; temperature, 20°C; running buffer,
Bio-Rad CE SDS sample buffer.

ling and is sufficient for more than two thousand
analyses by SDS non-gel sieving capillary elec-
trophoresis.

The molecular masses of the protein and
glycoproteins separated by SDS non-gel sieving
CE are comparable to data obtained from the
previous SDS-PAGE study. The peak at 11.7
min in Fig. 5 was estimated to have a mass of
44 600, as compared with 39 900 by SDS-PAGE
[29]. Similarly, SDS non-gel sieving molecular
masses were larger than those observed by SDS-
PAGE for other membrane components. This
discrepancy in molecular mass may have resulted
because glycosylated proteins tend to bind lower
quantities of SDS, which causes them to migrate
anomalously. Higher sieving gel concentrations
minimize these errors [33]. Since polyacrylamide
gels have a greater effective gel concentration
than sieving polymer solutions, it is logical to
assume that these two mass estimates might be
different. Fortunately, these errors in mass as-
signment can be partly compensated with Fer-
guson analysis [34]. Ferguson analysis by SDS-
NGSCE can be automated and completed in
approximately the same amount of time required
for one SDS-PAGE analysis, and so provide
even more accurate mass estimates [19,35].

4. Conclusions

Pre-column labeling of proteins prior to sepa-
ration by SDS non-gel sieving capillary electro-
phoresis provides an effective means of enhanc-
ing sensitivity for absorption and fluorescence
detection. The greatest absorption sensitivity
enhancements were observed at 280 nm with
NDA as the derivatizing reagent although en-
hancements were also observed at 200 and 220
nm. Derivatized molecules monitored at 280 nm
provided similar limits of detection as those
measured for unlabeled proteins at 200 nm and
220 nm. This would allow detection to be shifted
to longer wavelengths, thus avoiding spectral
interferences from buffer components and sam-
ple concomitants without significant loss of sen-
sitivity. Derivatization of the analyte produces a
small but measurable reduction in separation
efficiency, but this had a minimal impact on the
accuracy of the molecular mass determinations.
Formation of multiple peaks from single analytes
due to derivatization was not observed with
either UV absorbance or fluorescence detection,
which suggests that pre-column derivatization of
macromolecules may be more routinely applic-
able to this separation technique. When pre-
column derivatization was utilized with fluores-
cence detection, the resulting detection limits
were comparable to those observed for free zone
capillary electrophoresis and allowed the analysis
of microscopic samples. '

It may be possible to further enhance detec-
tion sensitivity by developing labeling reagents
which more readily react with target analytes,
and which have enhanced absorptivity in specific
spectral regions. Continued improvements in
sieving polymer matrices which generate smaller
background signals should also decrease detec-
tion limits. The high sensitivities provided by
fluorescence detection coupled with the effec-
tiveness of SDS electrophoresis techniques for
separation of complex mixtures promises to be
extremely useful for many applications of bio-
logical analysis. As previously demonstrated, the
ability to characterize sub-cellular structures
from individual cells may be advantageous when
these structures cannot be isolated in larger
quantities.
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Abstract

The determination of seven food additive dyestuffs was investigated by capillary electrophoresis. When
B-cyclodextrin was introduced into the carrier electrolyte, the apparent mobility was increased, leading to 9.5-39%
lower migration times due to the increase in the solute’s mass after inclusion complex formation. The
reproducibility and peak shape were improved because interaction between the solute and the capillary wall was
alleviated. The effects of B-cyclodextrin on the migration time, elution order, peak shape and reproducibility of
food additive dyestuffs are discussed in terms of providing a considerable advantage for determining organic anions
by capillary electrophoresis. Sequential injection of dyestuffs and B-cyclodextrin into a capillary electrophoresis
column was found to be a simple and rapid method for a qualitative comparative study of inclusion complexation

phenomena.

1. Introduction

Cyclodextrins (CDs) are well known carrier
electrolyte additives in high-performance capil-
lary electrophoretic (HPCE) techniques for im-
proving separation efficiency [1-3] and have
been recognized as successful chiral selectors
during the last few years [4]. Since research has
been concentrated on the above aspects, other
applications of CDs based on their inclusion
complexation ability with a large number of
aromatic ring-containing compounds have yet to
receive adequate attention. The role of 8-CD in
decreasing analysis times and improving the
reproducibility during the determination of or-

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00586-2

ganic anions, specifically dyestuff food additives,
was investigated in this work.

High-performance = liquid chromatography
(HPLC) [5,6] and thin-layer chromatography
(TLC) [7] are the most popular methods for the
determination of dyestuffs. Although HPLC
methods can be performed with acceptable sen-
sitivity, most of them are time consuming and
suffer from a poor separation ability for the
simultaneous determination of a broad range of
dyestuffs, and they are not amenable to further
methodological development. The appearance of
capillary electrophoresis (CE) in the field of
separation science [8] with its intrinsic capabili-
ties, i.e., high resolution efficiency and short
analysis times, ease of setting up, the small
volumes required, the numerous modes for vary-
ing the selectivity and the wide range of applica-

© 1995 Elsevier Science B.V. All rights reserved
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tion [9,10], have stimulated many researchers to
examine this technique [11].

Some papers on the determination of dyestuffs
by CE have been published {12-17]. In this
report, we present a study on the simultaneous
determination by CE of seven food additive
dyestuffs using a method that takes advantage of
inclusion complexation with B-CD. The effects
of B-CD on analysis time, elution order, peak
shape, and reproducibility were investigated.
With sequential injection of dyes and 8-CD into
a CE column, an unusual band broadening was
observed, which can be considered in terms of
the formation of a mobility gradient along the
sample zone due to inclusion complexation. By
observing the extent of band broadening, com-
parison of complex formation ability with 8-CD
among the various dyes is feasible.

2. Experimental
2.1. Instrumentation

A high-voltage power supply (Model HCZE—-
30 PNO.25-LDS; Matsusada Precision Devices)
was used to generate an electric field up to 30
kV. Separations were performed at 25 kV. For
sequential injection studies, a 20 kV electric field
was applied. On-column detection of the sepa-
rated peaks was performed at 245 nm with a
Model 875-CE UV-Vis detector (Jasco). Elec-
tropherograms were processed and recorded on
a Chromatopac model CR3A instrument
(Shimadzu). Separations were performed using a
fused-silica capillary tube (77 cm long, 60 cm to
the detector x50 um I.D. and 375 um O.D.).
For sequential injection, a 60 cm long capillary,
40 cm to the detector, was used. Capillaries were
obtained from GL Sciences (Tokyo, Japan).
Each new capillary was conditioned by flushing
for 30 min with 1 M NaOH and for another 30
min with a carrier electrolyte containing 20 mM
sodium tetraborate adjusted to pH 7.5 prior to
use. For sequential injections studies, 10 mM
sodium tetraborate of the same pH was used.
Between two runs, when 8-CD was absent from
the carrier electrolyte, the capillary was flushed

with NaOH and conditioned for 5 min with
electrolyte buffer. Hydrodynamic injection was
performed by raising the anodic end of the
capillary 10 cm higher than the level of the
cathodic vial for 5 s.

2.2. Chemicals and reagents

All reagents were of analytical-reagent grade if
not stated otherwise. All solutions including
carrier electrolytes and standards were prepared
using 18-M() water generated by a Milli-Q lab-
oratory water purification system (Millipore,
Bedford, MA, USA). Dyestuff food additives
were received as a gift from the National Insti-
tute of Health Sciences, Japan. Stock standard
solutions were prepared by dissolving the dye-
stuffs at 1-10™* M in distilled water and were
diluted to the appropriate concentration with the
same solvent prior to use.

3. Results and discussion

In CE, the relative electrophoretic mobility
(M,;), depends on charge (Z) and molecular
mass (M,) and is estimated with the following
equation [18]:

Moo = ZM; (1)

Owing to the dependence of mobility on charge
density, any manipulation of M, can affect the
mobility and consequently the migration time.
Potential approaches are derivatization and com-
plexation. In this regard, to improve the de-
termination of dyestuffs, we checked the effect
of B-CD, which has a relatively high molecular
mass and a well known ability to form inclusion
complexes with organic compounds containing
aromatic rings. Although B-CD is neutral, it
could alter the electrophoretic mobility of ana-
lytes based on differing molecular masses of the
complexed and free solutes..-New patterns of
elution order and resolution were observed,
which are dictated by how and to what extent
one solute can be included in the B-CD cavity.
We investigated the behaviour of the seven food
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Fig. 1. Structures of the dyestuff food additives studied.

additive dyestuffs shown in Fig. 1 in the presence
and absence of B-CD in carrier electrolyte. For
this purpose, several analyses were performed at
different concentrations of B-CD and the re-
sulting electropherograms are shown in Fig. 2.
The migration time, elution order, peak shape
and reproducibility were altered as a result of
differing extents of complexation of the solutes
with B-CD. These parameters are discussed
separately.

3.1. Migration time

Owing to formation of inclusion complexes
between the dyes and B-CD, which have higher
molecular masses than free dyes, the migration
time decreased in all cases (see Fig. 2). Since the
complex formation constants varied from solute
to solute, the retention time was reduced to
different extents. With a 20 mM concentration of
B-CD in the carrier electrolyte, the greatest
decreases were 39% in amaranth and 38% in
Sunset Yellow FCF. The migration times of New
Coccine, Fast Green FCF, Light Green SF
Yellow and tartrazine decreased by 34.6, 34.0,
34.0 and 30.0%, respectively. The migration
time of erythrosine decreased by only 9.5%. This
small decrease in migration time is evidence of
poor complexation with B-CD. The presence of

bulky iodine atoms in the erythrosine molecule
may explain this behaviour. Another observation
is that although the elution window of dyestuffs
decreased from 10 to 5.5 min, complete res-
olution between peaks could still be established.
Narrowing of the elution window not only failed
to disturb the resolution between peaks, but
even improved it in the case of isomeric pairs:
amaranth and New Coccine. Amaranth, which is
different from New Coccine only in the position
of the sulfonate group (Fig. 1), showed a
stronger tendency for inclusion in the B-CD
cavity and eluted earlier (39 and 34.6% decrease
in migration times for amaranth and New Coc-
cine, respectively). Taking the above results into
consideration, a short and qualitative discussion
is given below.

The relative stabilities of B-CD and the dyes
studied are governed by factors such as hydro-
phobic interaction and space-filling ability of
molecules. Depending on the size and geometry
of dyes, in relation to the dimensions of the
B-CD cavity, substantial differences in the
migration behaviour of dyes were observed. For
example, amaranth and Sunset Yellow, bearing
a similar naphthonoid moiety, showed the
strongest binding, which could be explained as
being due to the ready inclusion of this part of
molecule in the 8-CD cavity via Van der Waals
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identification. :
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interactions and cavity size considerations. The
isomeric pair of amaranth, i.e., New Coccine,
however, showed a weaker interaction owing to
the different position of the sulfonate group in
the naphthonoid part of the molecule. Again,
Fast Green FCF and Light Green SF Yellow
showed similar behaviours towards the B-CD
cavity owing to the similarity of the included part
of these molecules inside the 8-CD cavity. In the
case of tartrazine, a decrease in the hydropho-
bicity of molecule tends to weaken the inter-
action with B-CD. Finally, erythrosine as men-
tioned previously, showed the weakest interac-
tion with B-CD owing to the size effect.

3.2. Elution order

A change in the elution order of the dyestuffs
was observed after the addition of 8-CD to the
carrier electrolyte (Fig. 2). The tendency for
inclusion in the B-CD cavity appears to influence
the elution order of dyestuffs. The apparent
mobility (u,,,) of dyestuffs were calculated using
the equation {11]

"Lapp = Lst/tappV (2)

where L, is the distance from the injector to the
detector (cm), L, is total capillary length (cm),
l.pp 18 the apparent or observed migration time
of dyestuffs (s) and V is the applied voltage
(volts). In Fig. 3, the change in the apparent
mobility of the dyestuffs is plotted as a function
of B-CD concentration. When the concentration
of B-CD in the carrier electrolyte increased, the
apparent mobility values changed with varying
patterns. This phenomenon can change the elu-
tion order of the dyestuffs, e.g., in the presence
of 20 mM B-CD the elution order of erythrosine
shifted from the first to the fourth peak. Fast
Green FCF and Light Green SF Yellow were
also eluted before erythrosine, owing to a great-
er tendency for inclusion complex formation. On
the other hand, the elution order of erythrosine
and Sunset Yellow SCF was reversed when the
concentration of B-CD was increased from 5 to
10 mM (see Fig. 2). At this concentration, the
interaction of Sunset Yellow SCF with 8-CD was
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Fig. 3. Change in apparent electrophoretic mobility of dye-
stuffs as a function of 8-CD concentration.

strong enough to change the elution order. In
addition, higher concentrations of 8-CD up to 20
mM were necessary for a better resolution be-
tween the peaks of erythrosine and Sunset Yel-
low SCF, which was decreased in 5 mM B-CD in
the carrier electrolyte. It should be noted that
the apparent mobility of erythrosine, Fast Green
FCF, Light Green SF and tartrazine showed
slight decreases when the concentration of 8-CD
was increased from 10 to 20 mM. These de-
creases in mobilities came from the decrease in
electroosmotic flow due to the increase of the
carrier electrolyte viscosity.

3.3. Peak shape and reproducibility

One of the drawbacks in HPCE is adsorption
of analytes by silanol groups on the capillary
wall. These groups can be positively charged as
SiOH, , neutral as SiOH or negatively charged
as SiO", depending on the pH of the carrier
electrolyte. The surface exhibits strong adsorp-
tion of many compounds, resulting in peak
tailing and poor reproducibility of migration
times. Besides static or dynamic coating of the
interior capillary to diminish the capillary wall
effect [19,20], as a general procedure it is rec-
ommended to wash out the capillary prior to the
next analysis as a capillary wall conditioning step
to maintain reproducible results. In this study,
owing to inclusion complexation, some part of
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the dyestuffs (yet to be identified) was included
in the B-CD cavity and the solute—capillary
interaction seems to have been diminished. This
effect can be seen in Fig. 4, where in electro-
pherogram B sharper peaks and better resolution
are obtained. The peak width at half-height for

each solute were calculated from the data taken
from electropherograms A and B in Fig. 4 and
provided in Table 1. Decreased peak widths and
improved peak symmetry in the presence of 8-
CD could be evidence for lessening of the
interaction with the capillary wall.

Table 1

Effects of inclusion complexation with 8-CD on peak area, peak height and peak width at half-height (all in arbitrary units) of

dyestuffs shown in Fig. 1

Compound Without 8-CD With 15 mM B-CD
Peak area Peak height Peak width Peak area Peak height Peak width

Erythrosine 29450 3171 2.32 46003 5203 2.21
Fast Green FCF 8357 855 2.44 1880 1875 1.08
Light Green SF Yellow 1767 424 1.04 3500 978 0.89
Sunset Yellow FCF 26141 1990 3.28 34985 5001 1.75
Amaranth 41387 2679 3.86 37569 6070 1.55
New Coccine 29187 1987 3.67 46069 9278 1.24
Tartrazine 34183 2049 4.17 51203 4599 2.78
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In order to explain the effect of complexation
on reproducibility, two sets of experiments with
five consecutive analyses were carried out. In the
first set, B-CD was present in the carrier elec-
trolyte without the washing step between runs.
In the second set, B-CD was absent and the
washing step was also. omitted. The ordinary
procedure without B-CD in the carrier elec-
trolyte but with the washing step between runs
was also performed for comparison and the
results are given in Table 2. The standard devia-
tion for the migration times of the first set was
comparable to that for the ordinary procedure.
This comparative study indicates the merit of
B-CD as an additive to the carrier electrolyte in
CE to counteract the adverse capillary wall
effect.

3.4. Sequential injection study

CE can be used for electrophoretically mixing
spatially distinct zones of chemical reagents in
which ethanol was determined by enzymatic
reaction [21]. In our study, selected dyestuffs
and B-CD were sequentially injected into a
capillary column through the following steps to
obtain information about the extent of inter-
action between the dyes and B-CD. First a
mixture of dyes including erythrosine, Sunset
Yellow FCF and amaranth was injected. The
power supply was turned on to move the sample

Table 2

zone electrophoretically towards the cathodic
end. Then the power supply was turned off and
B-CD was injected. Again the power supply was
turned on and the main electrophoresis was
started. These steps were repeated with different
concentrations of B-CD and the electrophero-
grams were recorded. As shown in Fig. 5, the
electropherograms obtained had broader than
normal CE peaks. The extent of band broaden-
ing was different for each solute. One explana-
tion for this observation is that, since B-CD is
neutral and the dyestuffs are anionic, after few
seconds the 8-CD zone can overtake the dyestuff
zone and interact with solutes for inclusion
complex formation. Any solute that can enter
the B-CD cavity due to an increase in molecular
mass will move faster than free solutes. By
means of this process a velocity difference gener-
ated along the sample zone tends to form a
broader band. This phenomenon is shown
schematically in Fig. 6. Owing to the probability
factor, higher B-CD concentrations are more
favoured for inclusion complexation, so a wider
sample zone and broader bands can be expected
when the concentration of B-CD is increased
(see Fig. 5). When water was injected instead of
B-CD, band broadening was not observed, show-
ing that the major source of band broadening
comes from inclusion complex formation. This
study also showed that, since in one mixture
solutes with different complexation abilities have

Reproducibility of migration times (min) for successive analyses with and without a washing step between runs in comparison with

the condition of the presence of 3-CD in the carrier electrolyte

Compound No additive 15 mM B-CD

Mean S.D? S.D" Mean S.D?
Erythrosine 7.45 0.38 0.03 6.59 0.05
Fast Green FCF 8.13 0.26 0.04 5.47 0.05
Light Green SF Yellow 8.28 0.28 0.03 5.36 0.03
Sunset Yellow FCF 9.87 0.61 0.04 6.16 0.07
Amaranth 13.73 0.61 0.05 8.79 0.10
New Coccine 14.04 0.33 0.03 9.32 0.05
Tartrazine 17.50 0.33 0.03 11.83 0.06

* No washing step between runs.
® With washing step between two runs.
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Fig. 5. Electropherograms obtained from sequential injection of dyes and B-CD into a CE column. Peaks: 1= erythrosine;
2 =Sunset Yellow FCF; 3 = amaranth. Electropherograms: (A) injection of dye mixture only; (B-F) injection of dye mixture
followed by injection of (B) 5, (C) 10, (D) 15, (E) 20 and (F) 25 mM B-CD. See Experimental for other conditions.

weaker or stronger interactions with B-CD,
various extents of band broadening for each
peak could be expected. Amaranth, for example,
with its relatively high ability for complex forma-
tion, showed the broadest band (see Fig. 5). In
fact, the extent of band broadening observed is

directly related to the ability of dyestuffs to form
inclusion complexes with 8-CD. The sequential
injection method can thus provide an easy and
rapid method for qualitative comparison of the
inclusion complex formation ability of dyestuffs
with B-CD. Generally this method can be ap-
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Fig. 6. Schematic representation of different steps in the
sequential injection of B-CD and dyestuffs. (A-C) spatial
injection of solute and reagent; (D) overtaking of the
dyestuff zone by B-CD during the electrophoretic run; (E)
equilibriation for inclusion complex formation; (F) sepa-
ration of B-CD zone from dyestuff zone, which becomes
broad owing to the formation of a velocity gradient along the
solute zone.

plied in any comparative study when the inter-
action between reagent and solutes can affect the
solute’s electrophoretic mobility.

4. Conclusion

We have described the advantages of host-
guest complexation of food additive dyestuffs
with B-CD for the simultaneous determination of
these compounds in CE. The complexation with
B-CD decreases the charge density and the
electrophoretic mobility of the dyestuffs. Conse-
quently, the dyestuffs eluted faster and migration
times were decreased by 9.5-39% according to
ability of the solutes for complex formation.
Although the elution window decreased from 10
to 5.5 min, no loss in separation efficiency was
observed. The resolution between the isomeric
pairs amaranth and New Coccine was even
improved by selective complexation with B-CD.
Owing to the diminished interaction of solutes
with the capillary wall and faster elution, sharper
peaks and improved reproducibility in migration
times were observed, which are. key points for
quantitative studies. Introduction of the sequen-
tial injection method described here showed the
feasibility of qualitative comparative studies of
inclusion complexation phenomena. The extent
of band broadening for each solute is directly
related to the extent of complexation ability of
the solute with B-CD.
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Abstract

An analytical method for the determination of denatonium benzoate in ethanol with 5% polyvinylpyrrolidone
has been developed using reversed-phase ion-pair high-performance liquid chromatography with ultraviolet (210
nm) detection. The procedure is linear and accurate over the range 1.0-20.0 ppm with a limit of detection of 0.25

ppm (at a signal-to-noise ratio of 3).

1. Introduction

A bitter tasting substance can be added to a
product to avoid unwanted ingestion or as a de-
naturant. Denatonium benzoate (Fig. 1), mar-
keted as Bitrex, is commonly used for this pur-
pose. Bitrex is used in ethanol as a denaturant
with typical concentrations in the range 2-10
ppm. The determination of denatonium benzoate
has been the subject of several publications.
Techniques utilized include colorimetric assay
[1,2], thin-layer chromatography (TLC) [3], high-
performance liquid chromatography (HPLC)
[4,5], and ion-selective potentiometry [6].

+
CHy

IC2H5
mg— v ) (oo
(e}

CaHg
CH,

Fig. 1. Structure of denatonium benzoate (Bitrex).

* Corresponding author.
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HPLC procedures are especially useful
because they provide the required separation to
achieve good sensitivity and selectivity for the
determination of low-level analytes. This was
found to be the case for Bitrex in ethanol with
5% polyvinylpyrrolidone (PVP). Both previously
reported HPLC methods were found to be
inapplicable due to the lack of resolution be-
tween PVP and Bitrex. Therefore, a new HPLC
method was required to determine Bitrex at low
ppm levels. This paper describes the use of
reversed-phase ion-pair chromatography to
achieve this goal along with the required valida-
tion data to demonstrate the accuracy, precision,
and linearity of the method.

2. Experimental

2.1. Instrumentation

The liquid chromatograph consisted of a
Shimadzu (Kyoto, Japan) LC-600 pump, a

© 1995 Elsevier Science BV. All rights reserved
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Shimadzu SIL-6B injector, a SYS-TEC (Min-
neapolis, MN, USA) column heater, a Shimadzu
SPD-6AV Detector, and a Shimadzu CR501
Integrator. The photodiode-array detector was a
Hewlett-Packard (Waldbronn, Germany) Model
HP 1040M. The chromatographic column was a
Waters (Milford, MA, USA) Symmetry C,q, 100
A, 5 pm, 150 X 3.9 mm I.D.

2.2. Reagents and drugs

HPLC-grade acetonitrile and water were ob-
tained from Fisher Scientific (Fair Lawn, NJ,
USA). Electrophoresis-grade sodium dodecyl
sulfate, reagent-grade sodium phosphate mono-

_basic, and 2 M hydrochloric acid were also
obtained from Fisher Scientific. Ethyl alcohol
U.S.P., 190 proof, was obtained from Quantum
Chemical (Tuscola, IL, USA). The denatonium
benzoate was obtained from Macfarlan Smith
(Edinburgh, UK). Reagent-grade benzoic acid
was obtained from Aldrich (Milwaukee, WI,
USA). Denatonium saccharide (min. 95%) was
obtained from Sigma (St. Louis, MO, USA).
Polyvinylpyrrolidone (Kollidon 30) was obtained
from BASF (Mount Olive, NJ, USA).

2.3. Procedure for HPLC

A stock solution of 0.1 M phosphate buffer
was prepared by dissolving 13.8 g sodium phos-
phate monobasic (NaH,PO,-H,0O) in 900 ml
HPLC-grade water. The pH was adjusted to 3.0
using 2 M HCI and the solution was diluted to
1000 ml with HPLC-grade water. The 0.01 M
phosphate buffer solution was prepared by dilut-
ing 100 ml of the 0.1 M stock solution to 1000 ml
with HPLC-grade water. The mobile phase con-

sisted of acetonitrile—0.01 M phosphate buffer

pH 3 (50:50, v/v) containing 25 mM sodium
dodecyl sulfate pumped at 1.2 ml/min. The
column was thermostated at 35°C and UV detec-
tion at 210 nm was used (0.08 AUFS). The
injection volume was 20 wl.

2.4. Standard preparation

Accurately weigh 100 mg of denatonium ben-

zoate into a 100-ml volumetric flask. Add about
50 ml ethanol and sonicate until dissolved. Di-
lute to volume with ethanol and shake well.
Pipet 10.0 ml of this solution into a 100-ml
volumetric flask and dilute to volume with etha-
nol. Pipet 10.0 ml of this solution into a 100-ml
volumetric flask and dilute to volume with etha-
nol. Pipet 10.0 ml of this solution into a 100-ml
volumetric flask and dilute to volume with
acetonitrile-0.01 M phosphate buffer pH 3
(50:50). This is the working standard solution
(concentration, 1 wpg/ml). Filter this solution
through a 0.45-um acrodisc filter and inject.

2.5. Preparation of samples

The sample solutions should be diluted with
acetonitrile—0.01 M phosphate buffer pH 3
(50:50) to give a desired final concentration of
about 1 ug/ml denatonium benzoate. For a 10-
ppm Bitrex sample, pipet 1.0 ml of the ethanol
solution containing 5% PVP into a 10-ml volu-
metric flask. Dilute to volume with acetonitrile—
0.01 M phosphate buffer pH 3 (50:50) and shake
well (concentration, 1 wg/ml). Filter this solu-
tion through a 0.45-pm acrodisc filter and inject.

3. Results and discussion

During pre-formulation studies, Bitrex (de-
natonium benzoate) was being evaluated as a
deterrent for ingestion of a formulation consist-
ing mainly of ethanol and polyvinylpyrrolidone
(5%). Low ppm levels were being tested. There-
fore, a sensitive analytical method was needed to
determine Bitrex in this solution. Attempts to
determine Bitrex were first made using a pub-
lished HPLC method [4,5]. Results were found
to be unsatisfactory due mainly to the presence
of PVP, which elutes as a very broad peak
overlapping with the Bitrex peak. Using these
two methods, the capacity factor for Bitrex was
2.5 and 2.3, respectively, and resolution from
PVP was not possible. Thus, further method
development was required to obtain the needed
separation.
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3.1. Physico-chemical characteristics of Bitrex

To optimize the separation and sensitivity for
Bitrex, the physico-chemical characteristics of
this compound were examined. Because Bitrex is
a quaternary ammonium (denatonjum) salt of
benzoic acid, its hydrophilic nature will not
change as a function of pH. However, silano-
philic interactions with the bonded stationary
phase of the reversed-phase column would be a
problem at elevated pH. Neutral-pH mobile
phases were found to be inadequate, with a long
retention time of denatonium, unless the organic
content was increased significantly. However,
high organic content was found to give a very
broad peak shape for PVP, preventing adequate
selectivity to be achieved for the determination
of Bitrex. The effect of increasing the ionic
strength by using a higher concentration of
phosphate buffer was also found to be unsatisfac-
tory. At low pH, denatonium was unretained
(k' =0.77) by the reversed-phase column when
using a mobile phase of acetonitrile-0.01 M
phosphate buffer pH 3 (50:50). This would be
expected since residual silanols are protonated at
low pH, significantly reducing ionic interactions.
Although the denatonium molecule contains
hydrophobic groups, the positively charged
quaternary amine causes low retention under
reversed-phase conditions. Consequently, ion-
pair chromatography was evaluated with a low-
pH mobile phase to increase the retention of
denatonium while achieving separation from
PVP.

3.2. Selection of an ion-pair reagent

The mechanism of retention in ion-pair chro-
matography can be described by two models {7].
In the ion-pair model, a complex is formed
between the analyte and the ion-pair reagent,
and this complex interacts with the stationary
phase in the column. In the dynamic ion-ex-
change model, the ion-pair reagent coats the
stationary phase in the column, resulting in a
charged layer that the analyte will interact with.
The mechanism of separation can be a combina-
tion of these models. These models predict that

the capacity factor of the analyte will increase
with higher ion-pair reagent concentration to a
limiting value.

Short hydrocarbon chain ion-pairing reagents
were first evaluated for use in the mobile phase.
With octane sulfonic acid sodium salt for exam-
ple, denatonium retention was found to be too
short and resolution from PVP was not
adequate. The relatively high organic content of
the mobile phase was needed to prevent the PVP
peak from becoming excessively broad. As the
organic content of the mobile phase increases, an
jon-pair reagent with a longer hydrocarbon chain
is needed to achieve an optimal separation. With
this mobile phase, sodium dodecyl sulfate (SDS)
would be expected to provide the most selectivi-
ty based on a compilation of adsorption isotherm
and retention data [8]. SDS consists of a very
long hydrocarbon chain that provides improved
hydrophobic character, thereby increasing con-
centration of the ion-pair reagent at the surface
of the stationary phase.

Experiments were performed to determine the
most desirable concentration of the ion-pair
reagent. The mobile phase of acetonitrile-0.01
M phosphate buffer pH 3 (50:50) was prepared
with various concentrations of sodium dodecyl
sulfate. The results are presented in Fig. 2. With
the Symmetry column, the capacity factor was
found to increase with ion-pair reagent concen-
tration, reaching a plateau at about 25 mM.
Theoretical treatment of ion-pair HPLC predicts
that selectivity will approach a maximum as the
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Fig. 2. Capacity factor of Bitrex versus concentration of
sodium dodecyl sulfate in the mobile phase.
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surface concentration of the ion-pair reagent
increases. The curve in Fig. 2 is in good agree-
ment with this prediction [7,8]. The mobile
phase was buffered at low pH (3) to protonate
residual silanol groups in the stationary phase
and to ensure dissociation of denatonium ben-
zoate (benzoic acid pK, =4.19). The molarity of
the phosphate buffer was found to have no effect
on the retention of Bitrex when changed from
0.01 to 0.05 M.

3.3. Optimization of the separation

Following the selection of a low-pH mobile
phase and ion-pair chromatography to achieve
the required separation for the determination of
Bitrex, separation of the two ionic species of
denatonium benzoate had to be demonstrated.
Because a low-pH mobile phase would protonate
the benzoate anion to give benzoic acid with
increased retention by reversed-phase, two sepa-
rate solutions were prepared. One solution con-
sisted of benzoic acid and the other was a
solution of denatonium saccharide, which is a
salt of saccharin in lieu of benzoic acid. HPLC
photodiode-array spectra along with the chro-
matogram of denatonium benzoate are shown in
Fig. 3. Clearly, both ionic species were found to
be well separated using a mobile phase consisting
of acetonitrile-0.01 M phosphate buffer, pH 3
(50:50) containing 25 mM sodium dodecyl sul-
fate. Benzoic acid was found to elute at 1.4 min
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Fig. 3. Diode-array spectra (top) and chromatogram (bot-
tom) of denatonium benzoate (1.0 mg/ml).

and denatonium eluted at 15.2 min. Since de-
natonium is responsible for bitter taste, there
was no need to quantitate benzoic acid; how-
ever, the lack of interference was clearly demon-
strated. Detection at 210 nm was preferred to
other wavelengths to achieve adequate sensitivity
for the determination of denatonium at low ppm
levels.

The solution of denatonium saccharide was
analyzed and compared with a solution of de-
natonium benzoate. When corrected for the
difference in molecular mass, the denatonium
peak had an equivalent response in both cases,
thus demonstrating complete dissociation of the
analyte under the HPLC conditions. Typical
chromatograms of a Bitrex standard and an
ethanol with 5% PVP sample containing 10.0
ppm Bitrex are shown in Fig. 4. Baseline sepa-
ration of PVP and denatonium is illustrated.

3.4. Analytical method validation

Validation of the method was conducted by
spiking known amounts of Bitrex into ethanol
with 5% PVP. Solutions were prepared con-
taining 1, 5, 10, and 20 ppm Bitrex. Results of
replicate analyses and recovery are presented in
Table 1. Recovery of Bitrex ranged from 95 to

@ ®) {] pvp

. Denatonium
Denatonium

8 16 8 16
Time (min) Time {min)

Fig. 4. Chromatogram of (a) Bitrex standard (1 ug/mi) and
(b) 10.0 ppm Bitrex in ethanol with 5% PVP.
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Table 1

Linearity and recovery results for Bitrex in PVP—ethanol solution

Bitrex added Bitrex found Recovery Mean R.S.D.

(ppm) (ppm) (%) recovery (%) recovery (%)
1.03 1.03 99.9 96.7 2.85
1.03 0.980 94.8 (n=3)
1.03 0.987 95.5
5.17 5.06 97.8 98.6 0.72
5.17 5.11 98.9 (n=3)
5.17 513 99.2

10.3 10.3 99.7 99.1 0.88
10.3 10.3 99.5 (n=75)
10.3 10.2 98.9

10.3 10.3 99.8

10.3 10.1 91.7

20.7 20.5 99.1 99.3 0.19

20.7 20.6 99.4 (n=3)

20.7 20.6 99.4

Mean R.S.D. recovery 1.16

Slope (standard error) 4201 ( =9)

Intercept (standard error) —164 (£103)

Correlation coefficient 0.9999

Number of data points 14
Linear range studied (ppm) 1-20

100%, thus demonstrating that the method is
quantitative. The standard deviation of the re-
sults is larger at the lower concentration, as
expected. However, the R.S.D. of less than 3%
for 1.0 ppm is acceptable at that level. At the
target concentration of 10 ppm, the recovery
(99.1%) and the precision (0.88%) demonstrate
the reliability of the method. Linearity of the
method is demonstrated by the correlation co-
efficient of 0.9999 (n = 14), based on the linear
regression of response versus concentration of
Bitrex from the accuracy data. The intercept is
only 0.4% of the response of 10 ppm Bitrex,
further supporting the linearity of the method.
Lack of interference was demonstrated by
assaying ethanol with 5% PVP. There were no
peaks present that would interfere with the
quantitation of Bitrex. Based on a signal-to-noise
ratio (S/N) of 3, the limit of detection for this
method is 0.25 ppm. In ethanol solution without

PVP present, where injection without dilution is
possible, the limit of detection is 0.025 ppm
(§/N=3). The limit of quantitation for this
method is 1.0 ppm (S/N = 12).

4. Conclusions

A rapid and sensitive analytical procedure for
Bitrex in ethanol with 5% PVP was developed.
The separation offers improved resolution com-
pared to previously reported methods [4,5]. Also
with this method, the retention of Bitrex can be
readily optimized to achieve resolution from
various components of a formulation by adjust-
ing the concentration of the ion-pair reagent in
the mobile phase. The sensitivity is appropriate
for most applications in which Bitrex is used as a
denaturant.
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Abstract

An HPLC method with diode-array detection at 210 nm is described for the routine determination of amphoteric
surfactants with a betaine structure in cosmetic cleansing products. In a strongly acidic pH range cocamido-
propylbetaine and alkylbetaine are successfully separated from non-ionic and anionic matrix components on a
cation-exchange column (Nucleosil 100-5 SA, 5 um, 250 X 4 mm 1.D.). Chromatographic separation was carried
out under isocratic conditions at a flow-rate of 1.0 ml/min. The mobile phase consisted of 70% acetonitrile and
30% 0.05 M lithium hydroxide in water, adjusted to pH 1.6 with phosphoric acid (v/v). As sample preparation the
products and standards were simply diluted and subsequently filtered before injection. The method is precise,
robust, independent of the shampoo matrix and thus suitable for routine use, such as product quality control.

1. Introduction

Today the use of cosmetic cleansing products,
such as shampoos or shower foams and foam
baths, has become an important part of our
regular habits and, as consumers, it is difficult to
imagine life without them. Besides the auxiliary
agents, such as thickeners, opacifiers, perfume
oils, colourants and preservatives, the detergents
are the most important ingredients of such prod-
ucts. From the analytical point of view the
present formulations represent extremely com-
plex mixtures on account of their numerous
components, of which the surfactants can also
exhibit variation in the length of the carbon
chain and the degree of ethoxylation.

* Corresponding author.

0021-9673/95/$09.50
SSDI 0021-9673(95)00582-X

A typical present-day formula could contain
an anionic (e.g. alkyl ether sulfate), a non-ionic
(e.g. alkyl polyglucoside) as well as an am-
photeric surfactant (e.g. cocamidopropylbetaine)
as cleansing agents. As amphoteric surfactants
are gentle to the skin and mucous membranes,
they particularly influence the quality of a sham-
poo. For this reason it is absolutely essential to
have an efficient but uncomplicated method to
quantify them in the appropriate products.

In the past, several papers were published
dealing with the solution of this problem using
HPLC on different types of columns and with
different detection techniques [1-5]. When we
repeated these methods in our laboratory we
discovered, however, that the determination was
highly dependent on the product matrix and was
in many cases impossible. Therefore, we de-

© 1995 Elsevier Science B.V. All rights reserved
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veloped a method on a cation-exchange column
in the strongly acidic pH range to enhance the
selectivity so that neutral or anionic matrix
components show no retention, but the am-
photeric surfactants are retarded, as they carry a
positive charge under these conditions. Thus, the
detection and quantitative determination of the
two most important members of this class of
compounds in our shampoos, i.e. cocamido-
propylbetaine and alkylbetaine, are described in
the following.

2. Experimental
2.1. Chemicals

Acetonitrile and HPLC grade water were
supplied by Zinsser Analytik (Frankfurt, Ger-
many), orthophosphoric acid (85%, p.a.) and
lithium hydroxide (approx. 98%) were supplied
by Merck (Darmstadt, Germany). Cocamido-
propylbetaine (Fig. 1) was obtained from
Goldschmidt (Essen, Germany) as the raw ma-
terial Tego Betain L7 (approx. 30% active sub-
stance in water). Alkylbetaine (Fig. 2) was
obtained from Kaprolactam (Dzerzhinsk, Rus-
sia) as a 30% aqueous solution.

The alkyl chain-lengths of cocamido-
propylbetaine are given by the supplier and
correspond to the well-known coconut fatty acid
distribution. The chain-length distribution of the
alkylbetaine raw material was determined by a
GC-MS method, where the betaines are
pyrolyzed in the injection port of the GC to the

/\C—HN 0
o/ CH,—CH, CH, ICI
/ \o—

Fig. 1. Structure of cocamidopropylbetaine, R = alkyl chains
of coconut fatty acids.

o]
x|
R c
\ |+ \O_
VI
O/ CH,

Fig. 2. Structure of alkylbetaine, R = alkyl chains of C,, and
C,, fatty acids.

corresponding N,N-dimethylalkylamines which
afterwards can be separated and quantified [6].

2.2. Instrumentation

The analyses were carried out on a liquid
chromatograph HP 1090 Series M (Hewlett-Pack-
ard, Palo Alto, CA, USA) with autosampler,
HPLC®® ChemStation (DOS series) and a diode-
array detector operated at a wavelength of 210
nm.

2.3. Chromatographic conditions

A cation-exchange column Nucleosil 100-5
SA, 5 pm, 250 X4 mm I.D. (Macherey-Nagel,
Diiren, Germany) was used. The mobile phase
consisted of 70% acetonitrile and 30% 0.05 M
lithium hydroxide in water, adjusted to pH 1.6
with phosphoric acid (v/v). Separation was car-
ried out under isocratic conditions at a flow-rate
of 1.0 ml/min and a constant temperature of
40°C. The injected sample volumes were 10 ul in
each case.

2.4. Sample preparation

Before injection the shampoos were diluted
approximately 1:10 to 1:20 with water and sus-
pended matter was removed by filtration with a
membrane syringe filter (0.45 pwm, Hewlett-Pack-
ard). The calibration solutions were prepared in
the same way. The dilution depends on the
expected concentration in the formulations.
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3. Results and discussion

Fig. 3 shows a typical chromatogram of com-
mercially  available  shampoos  containing
alkylbetaine (left) or cocamidopropylbetaine
(right). The distribution of the fatty acid homo-
logues corresponds to the surfactant raw materi-
als used. It is evident that the selectivity of the
column achieves excellent separation of the
shampoo matrix. Thus all the non-ionic or
anionic components are eluted long before the
betaines.

Although the cocamidopropylbetaines are
separated better than the alkylbetaines under the
conditions described, the separation efficiency
was satisfactory in both cases.

For the quantitative determination the cali-

mAU |
54

C12-homologue

C14-homologue

0+

0 - I ™

bration curves were plotted according to the
external standard method based on the areas of
the C,, homologues in each case. In the con-
centration range for shampoos (0.1-2% by
weight), when dilution is taken into account, the
linearity according to the equation y =mx + b is
very good. The regression data for alkylbetaine
(m=7.21, b= —0.608, correlation coefficient =
0.99991) and cocamidopropylbetaine (m = 78.92,
b = 8.84, correlation coefficient = 0.99984) were
obtained with 5 data points each.

The results of the quantitation of the betaines
in two commercially available shampoos are
summarized in Table 1. Both alkylbetaine in
shampoo 1 and cocamidopropylbetaine in sham-
poo 2 can be determined with a high degree of
precision and accuracy.

mAU |
30

Cc12

25
20 4

16

C14

Cc18

Cc16
(03]

c10

o

T
5 10 min

Fig. 3. Chromatograms of shampoos with alkylbetaine (left) and cocamidopropylbetaine (right) under the analytical conditions

described above.
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Table 1
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Values obtained in the determination of alkylbetaine and cocamidopropylbetaine in commercially available shampoos with mean,

standard deviation and expected value

Measurement Percentage (w/w) of Percentage (w/w) of cocamido-
No. alkylbetaine in shampoo 1 propylbetaine in shampoo 2
1 5.01 5.04

2 4.88 5.06

3 4.94 5.04

4 4.89 5.03

5 4.96 4.97

6 5.09 5.05

7 4.76 4.99

8 5.08 5.06

Mean 4.95 5.03

S.D. 0.11 0.033

Expected 5.0 5.0

4. Conclusions References

The method described here for the determi-
nation of the amphoteric surfactants with betaine
structure is rapid and uncomplicated on the one
hand, and also precise and robust on the other,
as we ascertained in the analysis of numerous
shampoos and shower foams. For us, this meth-
od represented a considerable improvement over
the methods previously presented in papers on
this subject. It is also eminently suitable for use
as a routine method in production quality con-
trol.
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Letter to the Editor

Experiences with HPLC-grade solvents

Chromatographers usually assume that the spe-
cial HPL.C-grade solvents available from several
manufactures provide the level of quality and
reproducibility that is needed for high-quality
separations. After all, the label specifications
spell out the level of merit, and the significant
price of the solvent should justify the assumed
excellence. Unfortunately, however, in some
cases, the quality assumed for these solvents is
not provided. I cite recent incidents that suggest
that we should always be wary of solvents,
particularly when unexplained problems arise.

Acetonitrile

After several months of success, studies with a
new prototype column used for the reversed-
phase separation of synthetic peptides suddenly
went sour. After a brief period with the usual
acetonitrile—aqueous trifluoroacetic acid gra-
dients, efficient, well-packed columns quickly
developed high back pressure, much lowered
plate numbers and poor peak shapes. After two
weeks of frustrating work, we concluded that the
prototype column packing was not the problem
source. During this time the operator attempted
to replace the column inlet frit of a column that
went “bad”. Much to his surprise, the porous
stainless-steel frit was removed only with great
difficulty, and when it finally released, about a
millimeter of packing was stuck to it. This ridge
of packing on the frit was very hard, and par-
ticles were essentially glued together. The re-
maining inlet of the column packed bed was in
the same shape. We suspected that a polymeric
material was building up in the column inlet.

SSDI 0021-9673(95)00673-7

Having no further ideas as to the cause of this
problem, we changed sources for water, tri-
fluoracetic acid and acetonitrile. When acetoni-
trile from another manufacturer was used, the
problem immediately disappeared.

In discussing the problem with the manufac-
turer of the original acetonitrile, we learned that
this solvent now is purified by an adsorption
process, rather than the previous (and tradition-
al) distillation over permanganate. We speculate
that the adsorption process, as exercised, failed
to remove material (an unsaturate?) that poly-
merized upon contacting the inlet frit or the
packed bed. This undesirable material apparent-
ly is removed by permanganate/distillation, and
may be removed by adsorption performed prop-
erly. Shifting to a solvent made by another
manufacturer solved this vexing problem.

Dichloromethane

When using this solvent for normal-phase
separations with unmodified silica, we suddenly
observed problems with irregular peak shapes
and varying retention times. The HPLC instru-
ment was functioning properly, and other checks
showed that the columns were appropriately
packed. After much frustration, we were suspi-
cious that the solvent may be problem (obtained
from the same manufacturer that supplied the
tainted acetonitrile above!). Some of this di-
chloromethane was shaken with an equal volume
of water; the aqueous phase became strongly
acidic. Based on this result, we speculated that
this dichloromethane (tested from several fresh
bottles) contained hydrochloric acid, likely
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formed by the hydrolysis of phosgene created by
the oxidation/degradation of dichloromethane.
Again, HPLC-grade solvent from another manu-
facturer immediately cleared up the problem. We
also were able to suitably purify the contami-
nated solvent by treatment with Florisil.

The lesson learned by these experiences is that
solvent purity should never be taken for granted.

If problems occur for no definable reason, a
change to solvents from another manufacturer
may be the answer.

Rockland Technologies,

Inc, Newport, DE, USA J.J. Kirkland
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