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Theoretical study of the ion-exchange preparative
chromatography of a two-protein mixture

J.C. Bellot and J.S. Condoret*

Département de Génie Biochimique et Alimentaire, UA-CNRS 544, Institut National des Sciences Appliquées,

Avenue de Rangueil, F-31077 Toulouse (France)

(First received October 13th, 1992; revised manuscript received December 23rd, 1992).

ABSTRACT

Preparative ion-exchange chromatography of a two-protein mixture is theoretically considered by the use of numerical
simulations. The mathematical model is a combination of the semi-ideal model for the chromatographic process, with the
stoichiometric displacement model for the basic interactions between proteins and the stationary phase. A study of the selectivity
of the adsorption, which appears to be dependent on the loading of the column, makes possible a better understanding of the
chromatograms obtained with either isocratic or gradient elution. Special stress is been laid on the effect of overloading the
column by pointing out displacement effects between proteins. The influence of important adsorption parameters, such as the
characteristic charge or maximum loading capacity, was investigated by considering criteria of production rate, recovery yield and

enrichment of products.

INTRODUCTION

The preparative purification of biomolecules
from complex mixtures is now emerging as an
important challenge for the pharmaceutical and
biotechnology industries and, among all the
techniques at their disposal, ion-exchange chro-
matography is one of the most effective. This
technique is nowadays widely used for the analy-
sis and purification of peptides, proteins or
polynucleotides [1]. However, despite its numer-
ous applications, this useful technique really
suffers from a lack of the theoretical bases
necessary for a good understanding of the reten-
tion of polymeric ions, such as proteins.

A great amount of work has already been
carried out in order to understand the phenom-
ena encountered with small organic or inorganic
ions [2—4]. Considering amino acids, Saunders et
al. [5] and Dye et al. [6] have contributed to the

* Corresponding author.

understanding of their retention behaviour on
ion-exchange resins. All these models were satis-
factory but their extension to larger molecules
such as proteins, usually characterized by a
complex three-dimensional structure, is not
straightforward. In addition, the number and
spatial distribution of the molecule charges inter-
acting with the support are not easy to evaluate.

Nevertheless, a simple model has been de-
veloped during the last decade to describe the
retention of proteins in ion-exchange chromatog-
raphy. This model, the stoichiometric displace-
ment model (S.D.M.), was sucessfully used to
predict and simulate the chromatographic
behaviour of proteins under analytical condi-
tions. Nevertheless, numerical problems arising
from the non-linearity of adsorption isotherms in
the high concentration range, combined with the
mathematical complexity of their expression,
have limited the use of the S.D.M. to analytical
chromatography.

Recently, the development of a numerical
method using the S.D.M., and simulating the

0021-9673/93/$06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved
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isocratic or gradient elution of a single protein in
ion-exchange chromatography for mass overload
conditions, was reported by Cysewski et al. [7].
This original work, applied to the study of the
chromatographic behaviour of concentrated pro-
teins, is a milestone in the research on the
optimum operating conditions in the preparative
ion-exchange chromatography of proteins. Their
paper also contributes to a better understanding
of the chromatographic peak shapes.

In this work, we extended the study of Cys-
ewski et al. [7] to the theoretical study of the
separation of a two-protein mixture. Our aim
was not to describe accurately-all the physical
phenomena that occur in ion-exchange chroma-
tography, which is not possible when considering
the simplifying hypotheses of the S.D.M. com-
bined with the shortcomings of the numerical
modelling, but to study and compare as a whole
the respective behaviour of isocratic and gradient
preparative elution in order to draw some gener-
al conclusions. This was done first through a
study of the evolution of the selectivity with the
loading factor, and then through the calculation
of parameters specific to preparative separations
such as the recovery yield, the enrichment factor
and the production rate.

MODELLING THE ADSORPTION OF PROTEINS

Introduction

The ion-exchange chromatography of proteins
is often operated with pH or counter-ion concen-
tration variations, especially when gradient elu-
tion is used. These variations may affect the
tertiary structure of the protein and therefore the
charge distribution which notably influences, but
in a little known and unpredictable way, the
affinity of the protein for the support [8]. In
addition, the characteristics of the stationary
phase, such as its charge density and its physical
structure, take on real importance. A model
taking into account all these effects and parame-
ters would be of extreme complexity and would
need too much information about the proteins
and the stationary phase concerned. It has been
found more appropriate to develop a model
requiring less information and which, even
though restricted by its initial hypotheses, could

J.C. Bellot and J.S. Condoret | J. Chromatogr. 635 (1993) 1-17

give correct predictions for a limited range of
operating conditions. This has been the basic
idea for the S.D.M.

Historical background

The basic principles of ion-exchange chroma-
tography, i.e., electrostatic interaction chroma-
tography, were established by Walton [9]. How-
ever, they were restricted to small molecules,
either organic or otherwise. In order to describe
adsorption of polymeric ions with mono-, di- or
trivalent counter ions, a simple model derived
from the work of Boardman and Partridge [10]
was developed by Regnier and co-workers
[1,11]. Its major features were restated precisely
by Velayudhan and Horvath [12] who, 2 years
later, presented a detailed analysis of the formal-
ism of the model [13]. An interesting study was
also reported by Whitley et al. [8].

Basic hypotheses

This is a non-mechanistic model based on the
mass action law, whose main principle is that the
displacement of an adsorbed solute is followed
by the stoichiometric adsorption of the displacing
agent, in such a way as to maintain the elec-
troneutrality of the stationary phase [10,14].
Therefore, the adsorbed salt concentration must
be considered to account for the competition for
the adsorption sites between this salt and the
mobile phase solutes.

In the equations of the model presented
below, the proteins in solution will be assumed
to behave ideally, i.e., their liquid phase concen-
tration will be considered to be a correct mea-
surement of their activity. Their activity coeffi-
cient will be then taken as equal to 1 over the
whole concentration range. This hypothesis, un-
realistic even in the preparative mode character-
ized by mass overload conditions, is nevertheless
commonly accepted by most workers for the
sake of simplicity [13].

For well defined experimental conditions, the
S.D.M. considers two distinct co-ion categories:
co-ions of the first type, which are liberated from
the protein when it binds to the support, and
co-ions of the second type, which remain at-
tached during this adsorption process. From this
point of view, the protein may therefore be
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considered as a neutral salt which is totally
dissociated in solution into a poly-ion , i.e., the
protein is bound to co-ions of the second type,
and first-type co-ions are free in solution [13].
These latter therefore remain thermodynamically
unchanged during the adsorption process, and
simply maintain the solution electroneutrality. In
fact, they are not considered in the final equa-
tions of the model.

The properties of a biopolymer, e.g., its
charge, valency, tertiary structure and size, are
assumed not to vary during the separation
process operated at constant pH.

The stationary phase must be homogeneous
and must have pores of constant shape and size
with a sufficiently large diameter to prevent any
parallel separation by exclusion.

This model does not take into account hydro-
phobic interactions [7,15].

Description of the model

The adsorption—desorption equilibrium of a
protein in ion exchange may be represented by
the following equation:

m,P, + mA’=m,P; + mA €Y

where P, and P} represent the protein in the
flowing mobile phase and adsorbed on the
stationary phase, respectively. A is the counter
ion (or displacing ion) in the mobile phase and
A’ is the counter ion adsorbed; the valency of
the counter ion is m, and the protein is m;-
valent with respect to the chromatographic sup-
port. Let us specify that when a mixture of
proteins is considered, an equilibrium equation
such as that in eqn. 1 is written for each protein.

In a first approach, m;,, called the characteristic
charge [16], may be defined as the number of
monovalent counter ions displaced when the
protein adsorbs or, in other words, the number
of charged residues of the protein in direct
contact with the fixed charges of the support
[13]. Also, m,; has another significance which
seems more complex to handle. In fact, it ac-
counts for several possible associations between
the protein and the support. Indeed, for given
operating conditions, such as pH and salt con-
centration, several preferential orientations may

co-exist, as shown Whitley ez al. [8], who pointed
out at least two kinds of different binding forms
for each protein they studied. These preferential
orientations may depend on the adsorbed pro-
tein concentration [13]. In conclusion, we can
say that m, represents an average for competing
binding forms and therefore its experimental
value may not be an integer. Further, if all the
previous hypotheses oversimplify a specific
system, it will lead to an experimental value of
m; accounting for all the deviations from the
ideal situation, and then m;, initially a simple
value derived from a stoichiometric equation,
will be transformed into an empirical parameter.
However, this does not affect the formalism of
the model, as emphasized by Velayudhan and
Horviath [13].

K;, the equilibrium constant of eqn. 1, is as

follows:

q:"AC'A"i .

K= Cmgy @
where ¢, and g, are the adsorbed protein and
counter-ion concentration, respectively, calcu-
lated per unit volume of particle skeleton. The
other concentrations (C; and C,) refer to the
product in the mobile phase.

The maximum loading capacity of the ex-
changer, Q,, may be defined as the sum of the
sites occupied by all the proteins of the mixture
and the counter ion:

N,

o, = Z] mq; + mayga (3)

where N, is the total number of proteins. We can
see that this last equation represents the station-
ary phase electroneutrality condition.

Substituting eqn. 3 in eqn. 2, we obtain the
following isotherm equation:

9 maC ‘
G = K1ma ANcA (4)
' Qx - .?l mq;

where Z (=m,/m,) is the stoichiometric charge
ratio of the protein and the counter ion.

As already stated in a previous paper [17], in
reversed-phase chromatography it is not straight-
forward to extrapolate from individual adsorp-
tion isotherms to competitive isotherms. It is



surprising that, when considering the ion-ex-
change process, this derivation does not need
any other parameters and requires only a modi-
fication of the mass balance for the stationary
phase, as it already appears in eqn. 3 through the
summation term. We can also emphasize the
ability of the S.D.M. to take into account the
counter-ion concentration, which offers among
other advantages the possibility of accounting for
gradient elution chromatography.

It must be stressed that eqn. 4 has the dis-
advantage of being an implicit form of the
adsorbed product concentration as a function of
the liquid phase product concentration. This
unusual feature is of great importance and may
introduce some complications during the numeri-
cal handling of the equations of the model.
Indeed, when several proteins are considered it
is necessary to use a numerical method (the
Newton—Raphson algorithm) for solving non-
linear systems of eqns. 4 (one equation for each
protein).

For very dilute solutions, the total adsorbed
protein concentration becomes negligible com-
pared with Q,, and then eqn. 4 becomes a very
easy to handle explicit equation:

0= (72 ) ki )

m,Cy
NUMERICAL MODEL

Hypotheses and preliminary remarks

In order to have a good description of the
various physical phenomena encountered in the
separation process of biomolecules in prepara-
tive liquid chromatography, several models have
been proposed. They may be classified into three
main categories: the theory of interferences, the
plate theory and the continuity equations. The
last category offers the greatest number of de-
velopments for both analytical and numerical
descriptions [18]. This kind of modelling was
therefore chosen here and, in particular, we have
used the semi-ideal model, whose numerical

resolution has been undertaken using the R.G.S.

method (from Rouchon and Golshan-Shirazi, its
authors [29]), which is a particular algorithm
based on finite differences. The simulation pro-
gram was performed in FORTRAN.
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The simulations will be based on an isothermal
porous fixed bed, uniformly packed with one-
sized spherical particles, where concentration
profiles are assumed to be one-dimensional.
Diffusion coefficients of solutes in the mobile
and stationary phases are considered to be in-
dependent of concentration. Moreover, adsorp-
tion equilibrium is assumed to be instantaneous.

The semi-ideal model
In the general case, the continuity equation in

the flowing mobile phase for each component is

written as

9°C,

. |
° ' (©)

9 i
5(F4i+ci)+u"§z——D_i,ax' Py

z and ¢ being spatial and time coordinates,
}espectively, F the phase ratio, u the interstitial
fluid velocity and D, ,, the axial dispersion coeffi-
cient for component i. This description of the
phenomena occurring during the separation
should be completed by the continuity equation
for the stationary phase, accounting for internal
mass transfer resistances, and an expression
accounting for the mass transfer rate from the
mobile phase towards the stationary phase (ex-
ternal mass transfer resistance).

The semi-ideal model assumes that all mass

“transfer phenomena are very fast. The axial

dispersion coefficient in eqn. 6, which accounts
for molecular diffusion and dispersion due to the
irregular flow through the porous medium, is
therefore replaced with an apparent dispersion
coefficient D, that accounts also for external
and internal mass transfer kinetics that are
always considered fast but not infinitely fast [19].
Guiochon et al. [20] specified once again that the
molecular diffusion coefficient remains constant
during the separation, which is true for the range
of concentrations used in preparative chromatog-
raphy. Therefore, the apparent dispersion coeffi-
cient, related to this molecular coefficient, is
constant.

It must be noted that, for proteins, mass
transfer kinetics are usually slow [21,22]. How-
ever, as the efficiency of columns is commonly
over several hundred theoretical plates, we shall
assume that these limitations are correctly taken



J.C. Bellot and J.S. Condoret | J. Chromatogr. 635 (1993) 1-17

into account by the lumped coefficient used by
Guiochon et al. [20], i.e., the apparent dispersion
coefficient. Considering this coefficient, Giddings
[23] has established the following expression: -

D, =5—=—>5 | )

where ¢, is the retention time of an unretained
molecule, L the length of the column and H the
height equivalent to a theoretical plate.

The accurate numerical resolution of the semi-
ideal model is not straightforward, owing to
intrinsic errors of the numerical method. One
solution, proposed by Guiochon et al. [20], is to
consider an infinite efficiency of the column, i.e.,
an infinite number of theoretical plates, and
therefore a zero axial dispersion coefficient. This
leads to the consideration of the ideal model,
written as follows:

3 aC,; v
E(Fq,.+C,-)+u--a—z—— » - (®

The finite difference method has proved to be
a suitable way of solving the ideal model equa-
tion, but it results in chromatographic profiles
affected by a so-called “numerical diffusion”,
due to the finite value of the time and space
increments of the discretization. Nevertheless, it
does correlate well with some experimental
curves. This artificial diffusion may be known,
mastered and tuned to stick to the physical
phenomena and the band broadening well ac-
counted for by the semi-ideal model. Therefore,
while trying to solve numerically the ideal
model, a systematic error is made, resulting in
the solution of the semi-ideal model. This meth-
od proved to be very effective in the work of
Guiochon et al. [20].

NUMERICAL METHOD .

Finite difference method

In this method, the movement of products,
from their injection to their exit from the
column, is represented by a discrete distribution
of mass on a grid of spatial and temporal
coordinates. Time and spatial derivatives may be
transformed into finite differences using various
algorithms [24]. In this work, we chose a simple

5

numerical scheme developed by Rouchon et al.
(25] and successfully used in numerous studies
[20,26-28].

Presentation of the numerical scheme
To evaluate spatial and time derivatives we
have used the following expressions:

a(ji Clt:,n - C{,n—l

R (%)
aCi C{,n—l - C:;il—l

T (°b)

and finally for the stationary phase:

aq; q{:,n—lw—q{:,_nl—l '

ot T (%0)
where o and z are the space and time incre-
ments, respectively, n refers to the space loca-
tion and j to time. By defining T, as the ratio of
stationary and mobile phase concentrations
(= q,/C;) and by inserting eqns. 9a—c in eqn. 8§,
the following scheme is obtained [24]:

c =’ '

i,n—1

~—[(1+FT},,)C]

in—-1

-(1+FT )Cil]=0 (10)

in—1 n

Eqn. 10 is easy to solve as it expresses explicitly
the concentration of component i in the mobile
phase for the cell (/) as a function of previously
calculated concentrations.

A numerical analysis of this scheme from
Guiochon and co-workers [24,29,30] has shown
that this algorithm leads to a numerical disper-
sion, and therefore to an artificial H given by

H=a[m%;)7—1]=a(f>—1) o

where k, is the average value of all tl_ie initial
slopes of the components isotherm and P the
Courant number, written as follows [24,30]:

ur .
P=+Fe (12)

As we have already stated, the replacement of
actual derivatives of the ideal model by finite
differences generates a numerical error at each
calculation step. If time and space increments
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are not carefully chosen, it will be very difficult
to control their evolution, and oscillations or
divergence phenomena may appear. A stability
condition is therefore necessary, and the most
commonly used method to check this stability is
the Von Neuman analysis [30]. In our case, the
deduced condition is [24]:

P=1 (13)

Eqn. 13 imposes a Courant number greater than
1. Czok and Guiochon [24] proposed a value of 2
for P. This choice, satisfying the stability condi-
tion, also has the advantage of fixing the space
increment value equal to the H leading to (from
eqn. 11)

o=H (14)
The time increment is then written as

2H(1 + Fk,)
TE——
u

(15)

Using eqns. 14 and 15, this finite difference
method is termed R.G.S., from its authors’
names, Rouchon and Golshan-Shirazi [29].

From these considerations, it is now possible,
from the actual value of the height equivalent to
a theoretical plate of the column, to simulate,
with the ideal model, actual separations affected
by an apparent physical dispersion, by generat-
ing the corresponding numerical diffusion in the
numerical resolution.

DESCRIPTION OF THE PROBLEM

Protein characterization

We chose two proteins, P, and P,, with rela-
tively close molecular masses (M =20000 g
mol ') and with a molecular diffusion coefficient
equal to 107® cm?® s™' [31].

Column characteristics

The ion-exchange column chosen for the
computations is 5 cm X 4.6 mm L.D. It is filled
with 13-pum spherical porous particles. The total
porosity (g) is 0.85. The pore size is assumed to
be large enough (1000 A) to avoid any diffusion-
al limitations. The phase ratio [F=(1—¢)/¢] is
therefore equal to 0.176. The maximum loading
capacity of the exchanger (Q,) is 11 mM, which
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means that 11 mM of a monovalent ion are
necessary to saturate all the adsorption sites
(Q, =11 mequiv. 17'). The column efficiency is
calculated using the Knox equation [32]:

2 13, ¥ '
h= S +v 7+ 10 (16)
where % is the reduced plate height (h = H/d ),
v the reduced mobile phase velocity (v =ud,/
D,), d, the average particle diameter, u the
interstitial fluid velocity and D,, the molecular
diffusion coefficient of the protein; u will be
taken as equal to 0.01 cm/s for the whole study.

The reduced mobile phase velocity is then 13,
and is nearly five times larger than the mathe-
matical value of the optimum reduced velocity
(Vope =2.71, from eqn. 16) that gives the smallest
H value for our operating conditions. For all the
production rate calculations done below, we
specify that no optimization of the mobile phase
velocity has been achieved. Therefore, this ve-
locity remains low, but we must stress that it is
not very important, as our aim is to illustrate the
value of the S.D.M. on a few examples. A
strategy for optimization of the experimental
conditions is not our purpose.

When using these numerical values, we may
calculate an H value of 50 um for both proteins,
which means a number of theoretical plates of
1000 for the whole column and which corre-
sponds to 20000 theoretical plates per metre.
The efficiency of this column is therefore excel-
lent owing to the small particle diameter chosen
and the large porosity of the column that is
operated with an adequate mobile phase ve-
locity. Further, the molecular diffusion coeffi-
cient is relatively high compared with the usual
values encountered for most proteins, as this
coefficient characterizes rather small proteins.

The gradient :

For our study, the gradient profile we used is
always linear. This linear variation of the coun-
ter-ion concentration is started directly after the
feed injection. The counter ion is a small mole-
cule that is assumed not to be affected by the
axial dispersion [33]. Further, we shall assume
that this displacing ion will migrate at the same
velocity as the mobile phase, and therefore that
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the gradient profile does not undergo any de-
formation [7]. No deformation of the gradient
profile assumes that the protein solid-phase con-
centration does not affect the velocity of the
counter-ion concentration to a large extent.

Definitions

Loading factor [34]. This is the ratio of- the
amount of injected component to the saturation
capacity of the column for this considered com-
ponent. It is therefore directly related to the
concentration of the injected component:

Cl ln
i (17)

H=o- SSL

where C;, is the initial concentration of the
injected component, V.. the injection volume
and S the column cross-sectional area of the
column: The other parameters (m;, Q,, ¢ and L)
have been defined previously.

Recovery yield. This is the ratio of the re-
covered amount of the desired component to the
amount of this component injected at the column
entrance:

Ji2C de
Y, = 18
i C ,Otmj ( )
where £;,; is the injection time and ¢, and ¢, the

time limits of the recovery of the considered
component for a given degree of purity that has
been fixed, in the whole study, at a value of 0.98.
Production rate. This is the amount of re-
covered component, at a given purity, per unit
time and per unit column cross-sectional area:

Ceu [2Cdt auclot
it t

[ c

Pr ol (19)
where ¢ is the cycle time. The total cycle time
usually takes into account the time of feed
introduction, the duration of elution and the
duration of a regeneration or washing step if
necessary. To simplify, we shall consider here
that this regeneration duration is small enough to

be neglected. The cycle time will therefore be -

defined as the time between the injection of the
products and the time when traces of the most
retained component have left the column. This

simplified definition will provide us with a very
convenient tool.

Enrichment factor. This is the ratio between
the .average of the recovered concentrations of
the desired component and the initial concen-
tration of this component:

fi2C dt
E ="+ 20
(tZ_tl)Ci,O ( )

Selectivity. The selectivity characterizes, for a
binary mixture of known composition, the ability
of the stationary phase to induce different migra-
tion velocities for each component, and there-
fore its ability to separate this mixture:

a =(qP2/CP2)/(qP1/CP1) _ (21)

RESULTS AND DISCUSSION

Selectivity

We shall concentrate here on a very interesting
feature of the S.D.M. that departs from the well
known competitive Langmuir model generally
used in reversed-phase chromatography and very
occasionally in ion-exchange adsorption of pro-
teins. '

The competitive Langmuir model predicts a
constant selectivity for two components, and
does not account for their concentration influ-
ence or the influence of other components. This
is not the case for the S.D.M., which makes it
possible to obtain a much more realistic value of
the selectivity in the case of ion-exchange chro-
matography. Regnier and Mazsaroff [35] stressed
the opportunity of applying to a certain extent
the S.D.M. in reversed-phase chromatography,
an opportunity less rigorously examined, but
which perhaps in the future will lead to an actual
improvement of the modelllng of 11qu1d chroma-
tography equilibria.

From the basic equation of the model (see
eqn. 4), the selectivity is formulated as follows:

(qPZ/CPz) (ﬁ)”"’f\
* " (ar,/Co) ~ \Ky,

9 <Qx ~Mpdp, T mP2‘IP2>(’"Pz"”'P,)’"’A (22)

myCy



Eqn. 22 shows that selectivity depends on,
among other things, the concentration of the
adsorbed components P, and P, and on the
counter-ion concentration in the mobile phase.
The theoretical study of such a selectivity, which
includes also the influence of the respective
valency of all the components in the system, will
be very useful in the understanding of the
performances of isocratic or gradient ion-ex-
change chromatography. It should be noted that
Golshan-Shirazi and Guiochon [36] emphasized
that the LeVan—Vermeulen model [37] can also
lead to a very effective selectivity, but this work
was restricted to reversed-phase chromatog-
raphy. First, we shall investigate the influence of
the counter-ion concentration through a particu-
lar situation.

We shall consider two proteins, P, and P,,
having m, =6 and m, =4 as characterlstlc
charges, and K, =3200 and K, =640 as equilib-
rium constant values. These values were chosen
with regard to the experimental work presented
by Whitley et al. [8], where parameters charac-
terizing the S.D.M. were determined. Fig. la
shows the competitive adsorption isotherms of
the two proteins, with constant relative concen-
trations chosen as 1:1, and also the evolution of
the selectivity a. These curves are plotted as a
function of the loading factor of the protein P,.
The maximum loading capacity of the stationary
phase (Q,) is 11 mM (11 mequiv. 17'), the
counter ion is monovalent and its concentration
is 20 mM.

It can be seen in Fig. la that protein P,
saturates the adsorption sites of the support
(Q,, =11/6 =1.83 mM) faster than does pro-

tcm P (Q, =2.75 mM), this latter being, in

concentrated solution, more retained than P,.
Nevertheless, in very dilute solution, the initial
slope of the P, isotherm (88.57, from eqn. 5) is
greater than that of P, (58.56). Therefore, in
linear ion-exchange chromatography, protein P,
is more strongly retained than P,, but this latter,
owing to its smaller size, will have a higher
saturation limit. The selectivity, below 1 for
dilute solutions, exceeds this value as it increases
with increasing protein concentration. This evo-
lution therefore gives evidence of a selectivity
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Fig. 1. Selectivity and competitive adsorption isotherms for a
1:1 binary mixture of proteins. Q, =11 mM; mp =6; m, =
4; my =1; Ky =3200; K, = 640. (@ C,=20mM; (b) C, =
30 mM; (c) C =40 mM.

inversion as a function of concentrations, when
the parameters are carefully chosen.

Still considering Fig. 1a, it is seen that the
non-linearity of the isotherms is strongly mark-
ed, especially for protein P, which quickly
reaches its maximum concentration on the
stationary phase. However, this concentration is
not the saturation limit for this protein (Q,,
1.83 mM), which cannot be reached because' of
strong competition for the adsorption sites. The
adsorbed P, concentration reaches its maximum
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value of 0.4 mM for a 10% value of its loading
factor, and then decreases slowly, owing to the
displacement of P, by more strongly linked P,
molecules. The latter will reach their saturation
limit only for very high concentrations, because
they will first have to displace all P; and counter-
ion molecules. Consequently, the selectivity can
only increase, and this fact is of great interest in
revealing that two very close-lying products
under analytical conditions may, under certain
conditions, be separated more easily in the
preparative mode. We shall present further a
specific example of this situation.

Fig. 1b and c show the same curves as in Fig.
1a, but with different counter-ion concentrations
(30 and 40 mM, respectively). These figures
show a similar evolution of the selectivity as in
Fig. la, but the selectivity inversion phenom-
enon previously mentioned is not present here.
In addition, it is worth noting that, at the same
loading factor, selectivity is increased with in-
creasing counter-ion concentration.

Concerning the adsorption isotherms, it is
noticeable that, for a given P, loading factor, the
adsorbed concentration diminishes with increas-
ing counter-ion concentration, which is directly
related to eqn. 1, and gives evidence of the
displacement effects of the counter ion, which is
a basic feature of the S.D.M. In Fig. 1b and ¢,
protein P, will saturate the stationary phase less
and less easily, and therefore will displace P, at
much higher concentrations than in Fig. 1a.

Fig. 2 presents the same parameters as in Fig.
la, but using a divalent counter ion at 20 mM
concentration. We note that the competitive
isotherms have lost their strong non-linear
character previously observed for a monovalent
counter ion. These isotherms are much more
oblique, illustrating the increased displacing ef-
fect of the counter ion and the difficulty, for the
protein, to saturate the stationary phase. Consid-
ering isocratic elution, Cysewski et al. [7] demon-
strated the benefit of using displacing ions with a
high valency in order to limit the tails of peaks in
mass overload conditions.

Fig. 3a and b show the influence of the
equilibrium constants on the selectivity and the
effect, on this parameter, of a large difference
between the saturation capacities of the two
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Fig. 2. Selectivity and competitive adsorption isotherms for a
1:1 binary mixture of proteins. Conditions as in Fig. 1, except
the valency of the counter ion is 2.

proteins. The monovalent counter-ion concen-
tration is 30 mM and the maximum loading
capacity of the stationary phase is still 11 mM (11
mequiv. 17'). Proteins P, and P, considered in
Fig. 3a now have m, =6 and m, =2 as charac-
teristic charge. The maximum adsorption capaci-
ty for P, is therefore 1.83 mM and for P, 5.5
mM. In this instance the isotherms for the two
proteins have similar initial slopes. Here, selec-
tivity is increasing with the loading factor, but
this evolution is markedly faster than that ob-
served in Fig. la. These two proteins, whose
selectivity is around 1 in dilute solution, i.e.,
with a very close affinity for the stationary phase,
exhibit a selectivity of around 7 for a 10% value
of the loading factor of P,. Above 5% for this
loading factor, protein P,, which adsorbs only on
two sites (mp, =2), displaces readily the over-
large protein P,, and this occurs despite the fact
that the adsorption constant of P, (Kp = 8200) is
much greater than that of P, (K;, = 148). In Fig.
3b, for the same previously defined characteris-
tics, except that the P, valency is now taken as 3,
we observe very different results. Indeed, one
can see here the major influence of the equilib-
rium constants. These, in this instance, predomi-
nate over the differences in saturation values of
the stationary phase for each protein, so that
displacement of P, by P,, observed in Fig. 3a, is
not seen here and will appear only for very high
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Fig. 3. Selectivity and competitive adsorption isotherms for a
1:1 binary mixture of proteins. Q, =11 mM; KP1=8200;
K, =148; m, =1; C, =30 mM. (a) my =6; my,=2; (b)
my = 6; mp =3.

loading factors. In other words, the great affinity
of P, for the stationary phase compensates in a
better way for the influence of its high charac-
teristic charge.

In conclusion, we would stress the value of an
accurate study of competitive isotherms in order
to-determine the evolution of the selectivity as a
function of the protein load.- This will make
possible a better understanding of the results of a
binary separation and may possibly provide an
effective framework to the choice of good
operating conditions.

As these few comments about the presented
curves have demonstrated numerous parameters
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are linked to influence the selectivity and this is
one of the main advantages of the S.D.M. in
accounting, even imperfectly, for their interac-
tions. This also emphasizes the difficulty in
establishing general rules about their respective
influence.

Isocratic elution and gradient elution

For ion-exchange chromatography, elution is
termed isocratic when product separation occurs
at a constant counter-ion concentration. When
this counter-ion concentration increases during
the separation, linearly or not, it is termed
gradient elution. Isocratic elution (IE) and gra-
dient elution (GE) are widely used in analytical
chromatography, where numerous theoretical
studies have contributed to a closer understand-
ing of their characteristics. On the other hand,
concerning the preparative mode, very few

{m) wonenyEa)

Time (s)
Loading factor

Time (s)

Fig. 4. Gradient elution of a 1:1 binary mixture of proteins in
ion-exchange chromatography. Influence of the loading fac-
tor and the gradient steepness. (a) 8 =0.025 mM s '; (b)
B=0055mMs ™. Q,=11mM; L=5cm;u=001cms™’;
£=0.85 HETP =50 pm; m, =6; mp, =4, m, =1; C,,=20
mM; K, =3200; K,, = 640. (1) Lfy, =2. 61; Lf,, =1.44; (2)
Lf,, =12. 96; Lfy, —864 (3) Lfy, =21. 6; Lfy, —144 4)
Lf,, =30.24; Lf,, =20.16.
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studies have been devoted to the comparison of
these two techniques. For instance, we may
quote the work of Antia and Horvath [33], but
restricted to reversed-phase chromatography.
Our work, in ion-exchange chromatography, was
inspired by their study, and some conclusions
will prove identical, but specific features of the
S.D.M. will be pointed out.

In preparative chromatography, the last steps
of the purification usually concern a small
number of components. We therefore chose here
to study the separation of a mixture of two
proteins, P, and P,, with constant relative con-
centrations (1:1), with mp, =6 and m, =4 as
characteristic charges, and with equilibrium con-
stants K, = 3200 and Kp = 640. The counter ion
is monovalent and the ion-exchange column has
been described in a previous section. In every
case considered, protein P, will be the most
retained component, and therefore the last
eluted.

Fig. 4 shows, for two different values of the
gradient steepness, the evolution of chroma-
tograms with increasing values of the loading
factor. On a qualitative basis, Fig. 4 is very
interesting, as one can observe the global evolu-
tion of mixing zones, and these curves will serve
as an illustration for our conclusions concerning
the comparison of IE and GE.

Fig. 5 presents for each protein P, and P, the
evolution for 98% purity, in GE, of the recovery
yield, the enrichment factor and the production
rate, as a function of the loading factor of the
protein under consideration. As a first general
remark, we observe, whatever the gradient
steepness, values of the recovery yield, the
enrichment factor and the production rate that
are always greater for protein P, than for P,. The
competition for adsorption sites and the greater
affinity of P, for the stationary phase explain
these results, which are, in fact, the consequence
of the displacement of P, by P,. This will be of
great interest when the product to be purified is
the one that is “pushed”, like P,, and therefore
concentrated.

The study of the yield versus the loading factor
provides very useful information concerning the
mixing zones between products. For a fixed
gradient steepness, we notice in Fig. 5a and b,
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Fig. 5. Gradient elution of a 1:1 binary mixture of proteins in
ion-exchange chromatography. Yield, enrichment and prod-
uction rate as a function of the loading factor, for 98%
purity. L =5 cm; HETP=50 pum; £=0.85; Q, =11 mM;
C.,=20 mM; u=0.01"cm s™'; mp =6; my =4; m, =1,
K, =3200; K, =640. V =g = 0.025 mM s, 0=8=0.035
mMs 0=8=0045mM s *; A=8=0.055 mM s~

for both proteins, a slow decay in the yield when
the loading factor increases, leading to a degra-
dation of the separation that could have been
qualitatively seen in Fig. 4. For a fixed loading
factor, the recovery yield for the P, is inversely
proportional to the gradient steepness, and this
tendency is reversed for P,, except for low
loading factors. As we have seen previously (see
Fig. 1), although the selectivity increases with
increasing counter-ion concentration, the iso-
therms become simultaneously more and more
oblique, leading to a weaker affinity of the
protein for the stationary phase. Therefore, the
more the gradient steepness increases, the less
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the products are retained and have time to
organize themselves in separated bands. This
explains the evolution of the recovery yield for
P, but not for P,. For the latter, we must
consider the tails of P, peaks that degrade the P,
yield. Indeed, these tailings-off shorten as the
gradient steepness increases, showing by the way
higher displacing effects of the counter ion (Fig.
4).

Finally, there is an increase in select1v1ty with
increasing loading factor (Fig. 1), which explains
why the yield of P, shows a maximum for a 10%
loading factor, except for the lowest gradient
steepness (Fig. 5a). Above this value, the selec-
tivity does not increase fast enough to compen-
sate for mixing effects.

The enrichment factor is an important parame-
ter for evaluating the performance of a separa-
tion technique and indicates the evolution of the
average recovered concentration of a component
with respect to the input concentration. The
curves in Fig. 5c and d illustrate the displacing
power of the counter ion, as one can observe, for
both proteins (except for P, at loading factors
greater than 45%), an enrichment factor in
direct proportion to the gradient steepness. In
addition, enrichment of P, increases with the
loading factor, exhibits a maximum at about a
30% loading factor and then drops sharply,
because of the predominance of mixing zones.
We can say, therefore, that the more the column
is loaded, the larger is the added displacing

effect of P, towards P, so much so that the .

mixing zones remain negligible. P, enrichment
decreases continuously with increasing loading
factor because the tails of P,, although displaced
by P, and the counter ion, degrade the P, zone in
proportion to the load, affecting zones where P,
is the most concentrated. Respecting a fixed high
degree of purity for P, leads to the recovery of
more and more dilute fractions of P,, explaining
the small values of the enrichment.

The production rate is a useful parameter for
an economic evaluation of the process. In Fig. Se
and f, the production rate of P, increases to a
maximum for a 25-30% value of the loading
factor. For P,, it increases and then stabilizes.
Hence, to a certain extent, the injection of
concentrated products increases the production
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rate and compensates, for a while, the appear-
ance of growing mixing zones. A weak effect, for
P, production rate, of the gradient steepness is
also seen in Fig. Se, up to the attainment of a
maximum value. In contrast, the P, production
rate is greatly dependent on the gradient steep-
ness and increases with increasing linear rate of
change of counter-ion concentration at the inlet.

Fig. 6 gives a qualitative illustration of the
influence of the loading factor and the counter-
ion concentration on chromatograms in IE, and
is as relevant as Fig. 4. Fig. 7 shows the same
study as Fig. 5, with the same proteins, but
undergoing IE. As a first overall comment, one
can observe that all the parameters’ values in this
instance are, whatever the protein, clearly below
those obtained in GE. This is an effect of the
displacing power of the counter-ion gradient,

(rw) wonenu0TY)

Time (s}

Time (s)

Loading factor

Fig. 6. Isocratic elution of a 1:1 binary mixture of proteins in
ion-exchange chromatography. Influence of the loading fac-
tor and the counter-ion concentration. (a) C, =25 mM; (b)
C,=40mM. Q,=11 mM; L=Scm; u=00l cm s™'; £ =
085 HETP =50 pum; m, =6; my, =4; m, =1; K, =3200;

p, = 640. (1) Lf, =2. 16 Lf,, Z1. 44; (2) Lf,, =12, 96;
pr =8.64; (3) LfP =21.6; pr =14.4; (4) pr =30.24;
LfP =20.16. .
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which ‘“‘squeezes” the peaks, concentrates the
products and favours the competition for adsorp-
tion sites. In addition, we can say that GE
reduces the cycle time by limiting appreciably
the tail of the last peak [33].

The recovery yield of the two proteins as a
function of the loading factor (Fig. 7a and b)
shows the same evolution as in GE, ie., a
decrease with increasing loading factor. For a 25
mM counter-ion concentration, one can notice
(Fig. 7a) that the P, recovery yield shows a
maximum, accounting for the fact that the selec-
tivity increases with the loading factor and that
this augmentation predominates first over the
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Fig. 7. Isocratic elution of a 1:1 binary mixture of proteins in
ion-exchange chromatography. Yield, enrichment and prod-
uction rate as a function of the loading factor, for 98%
purity. L =5 cm; HETP =50 pum; £ =0.85; Q,_=11 mM;
u=001cms™'; m, =6; my =4; m, =1; K, =3200; K, =
640. V=C,=25mM; O=C,=30 mM; O0=C, =35 mM;
A=C, =40 mM.
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mixing zone increase, whereas for higher coun-
ter-ion concentrations substantial mixing occurs
rapidly. For a loading factor of P, larger than
10%, and as already observed in GE, large
counter-ion concentrations lead to too fast an
elution for competition phenomena to organize
the components in separated zones, and there-
fore to improve the yield of the separation (see
Fig. 7a). Lastly, very weak counter-ion concen-
tration variations result in noticeable differences
in yields (they were smaller in the GE case).

Concerning the P, yield (see Fig. 7b), the same
tendencies as for protein P, are observed, except
for a 25 mM counter-ion concentration, where
the yield tends to a zero value, whatever the
loading factor. These very small values mainly
derive from the long tails of the P, peaks that
“contaminate” P, peaks, and because the re-
quired purity is high this phenomenon artificially
decreases the recovery yield of P,. Other calcula-
tions (not shown here) have revealed that, for a
0.97 purity, the P, yield increases sharply, thus
confirming this explanation.

It can also be seen that, for a given loading
factor and a counter-ion concentration different
from 25 mM, the influence of the displacing ion
concentration on the P, yield is not the same as
was observed for P, in GE. To explain this fact,
we must consider that the tails of protein P,, a
direct consequence of a marked non-linearity of
the isotherm, are much more spread in IE than
in GE, and therefore the yield loss, induced by
the tails of protein P, affects the results much
less as the overlapping of the two peaks is
smaller.

The evolution in IE.of the enrichment for
protein P, as a function of the loading factor (see
Fig. 7d) is similar to that observed in GE, except
for the particular case of a 25 mM -counter-ion
concentration. The enrichment factor for the
isocratic case is anyway inferior to the gradient
case, demonstrating once again the reduced
displacing power of a constant counter-ion con-
centration.

Concerning protein P,, we note that enrich-
ment curves (see Fig. 7c) present a maximum.
The lower the counter-ion concentration, the
higher is this maximum value, the latter being
obtained for higher loading factor values. For a
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high counter-ion concentration (40 mM), the
enrichment factor decays slowly without exhib-
iting a maximum. These results may be ex-
plained if we consider again the influence of the
selectivity that depends on protein and counter-
ion concentrations. For a low counter-ion con-
centration and dilute concentrations of injected
products, the retention characteristics of the two
proteins are more or less similar (see Fig. 1a for
a 20 mM counter-ion concentration and analyti-
cal conditions), therefore leading to a poor
separation. As the loading factor increases, the
selectivity increases and protein P, is more and
more displaced by protein P,, which results in
much more concentrated recovered fractions
with respect to P,. The enrichment reaches a
maximum, then drops when mixing zones
become too large. The more the counter-ion
concentration increases, the more rapidly is the
effect of the mixing zones noticed, explaining the
movement of the maxima.

The evolution of the production rate of pro-
tein P, as a function of the loading factor (see
Fig. 7f) is similar to that observed in GE, but
with lower values. However, there is an op-
timum 35 mM counter-ion concentration,
beyond which the production raté drops sharply.
Concerning protein P, (Fig. 7e), we would also
point out that a counter-ion concentration great-
er than 30-35 mM results in a noticeable drop in
the production rate. Therefore, it is not worth-
while in IE to use high counter-ion concen-
trations, either for the production rate or for
enrichment.

In conclusion in this section, we would stress
once again the value of the S.D.M. in investigat-
ing optimum operating conditions for a separa-
tion, but we must add, as did Ghodbane and
Guiochon [38] in their study on reversed-phase
chromatography, that it is very difficult, at a
quantitative level, to extrapolate these results to
other protein mixtures. On the other hand, it
seems that the overall evolution of the parame-
ters under study may be observed in other
situations, provided that the latter remain con-
ventional. However, considering non-standard
configurations, very surprising results may arise,
as will be seen in the next section.
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Particular case of a separation markedly
favoured by a selectivity inversion

In this section, we shall show that a rapidly
varying selectivity (with respect to the loading
factor) and corresponding to the case in Fig. 3a,
may result in increasing yields and production
rates when operating at a preparative level.
Antia and Horvath [33] have also shown, in
reversed-phase chromatography, that the more
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Fig. 8. Gradient elution of a 1:1 binary mixture of proteins in
preparative ion-exchange chromatography. Yield and prod-
uction rate for 98% purity, as a function of load. L = 5 ¢cm;
HETP =50 um; £ =0.85; B =0.005 mM s7' Q, =11 mM;
u=0.0lcms™; my =6;mp =2,my=1; Kp = 8200; Ky, =
148. (a) Protein P,; (b) protein P,. O =Production rate;
V =yield.
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saturated the stationary phase is in the products
they considered, the greater is the tendency for
them to separate.

The two proteins P, and P, considered here
were the same as above (see Fig. 3). Their
characteristic charges are mp =6 and mp =2
and their equilibrium constants K, = 8200 and
Kp, =148. As we already specified in the com-
ments on Fig. 3, these two proteins have very
dissimilar maxima adsorption capacities, which
explains the rapid evolution of the selectivity
with respect to the loading factor. Proteins are
injected in equimolar concentration on to the
column previously equilibrated at a 20 mM
counter-ion concentration, the latter being
monovalent. The separation is performed in GE
with a very low gradient steepness (8 =0.005
mM s ') in order to eluate the products slowly
enough. Fig. 8a and b show the evolution of the
yield and the production rate versus the loading
factor of each protein and Fig. 9 shows, for
different loading factors, the shape of the chro-
matograms for this separation.

It is noted first that the loading factor of
protein P,, whose characteristic charge is the
larger, reaches high values, greater than 80%.
Protein P,, with a lower characteristic charge,
although injected at the same concentration as
P,, saturates the stationary phase very slowly and
does not pass beyond a 30% loading factor

{mw) vogaauso)

Fig. 9. Gradient elution of a 1:1 binary mixture of proteins in
preparative ion-exchange chromatography. Influence of the
load. 8 =0.005 mM s™7; Q,=11mM;L=5cm;u=0.01cm
s™'; £=0.85; HETP =50 um; My =6; mp, =2, m,=1;
Ca, =20 mM; K, =8200; K, =148. (1) Lf, =1.72; Lf, =
0.576; (2) Lf, =8.6; Lf,, =2.88; (3) Lfy =25.8; Lf,, = 8.64;
(4) Lfy =43; Lf,, =14.4.
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value, leading to different scales for the two
graphs in Fig. 8a and b.

In highly dilute solutions, at a 20 mM counter-
ion concentration, proteins P, and P, can easily
be separated in IE (a = ky/k;=0.19, where k;
and k are the respective capacity factors). Let us
specify that, under these conditions, protein P, is
the most retained component (see the definition
of the selectivity, eqn. 21). Indeed, its equilib-
rium constant (K, =8200) is much higher than
that of P,, and at the analytical level its poor
saturation capacity (pr1 =1.83) does not exert

a great influence. Using GE, under the same
analytical conditions as above, the separation is
also good and protein P, is still eluted last.

At low loading factor values, the quality of the
separation diminishes with increasing loading
factor, as the selectivity quickly reaches a value
of 1, indicating a similar affinity for both proteins
(see Fig. 3a, for a 30 mM counter-ion concen-
tration). The observed yield therefore drops and
the production rate remains negligible. Under
these conditions, we may note, on curve 1 in Fig.
9, the poor quality of the separation. As the
selectivity increases continuously with increasing
the loading factor, one can see an improvement
in the separation through a rapid increase in the
yield, up to nearly 100%, and through the linear
increase of the production rate in proportion to
the loading factor. Protein P, is now the most
retained component.

Finally, two proteins, separable at an analyti-
cal level, may surprisingly show, after an inver-
sion of the elution order, high yields and consid-
erable production rates at a preparative level,
provided that their selectivity increases very
sharply with the loading factor. This result is
noteworthy, but we must keep in mind that the
S.D.M., which has made such calculations pos-
sible, has its limitations and its validity decreases
at too high protein concentrations [7]. It is still a
very useful tool that has brought to light such
unconventional situations that appear probable
but still deserve experimental validation.

As a conclusion to this section, it has been
shown that an advantage of the S.D.M. lies in its
multi-parameter character. Indeed, when experi-
menting in the zone where the selectivity was
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near to 1, and considering that the retention time
was the essential parameter, one is tempted to
believe that proteins showing similar chromato-
graphic behaviour also have similar ion-exchange
interactions with the stationary phase. One
might therefore have .directed efforts toward
modifying this interaction. In fact, as has been
demonstrated here, this situation resulted from a
coincidence as regards the retention time gov-
erned by two separate parameters, i.e., the
characteristic charge of the protein and its
equilibrium constant, and this does not invali-
date the ion-exchange process, merely the
operating conditions chosen. Although this situa-
tion has been artificially constructed here, it
serves as a clear example of the new insight
given by this approach.

CONCLUSION

The stoichiometric displacement model is a
first step in the understanding of protein adsorp-
tion mechanisms occurring during an ion-ex-
change process, and it provides a simple tool for
investigating the behaviour of these polymeric
ions. Although it is still restricted by oversim-
plified hypotheses, it remains an interesting
research topic that in the future will undergo,
more or less important modifications of its
theoretical bases.

The work presented here has illustrated the
competitive adsorption of two proteins and has
considered the influence of various relevant
parameters such as the counter-ion concentra-
tion, the loading factor and the saturation value
of the stationary phase concentration for the
protein. The preliminary study of the selectivity
from competitive isotherms has proved to be a
good data source in understanding isocratic or
gradient elution and we have stressed the value
of using gradient elution in the preparative
mode. All these computations were done with a
computer program, written in FORTRAN, and
there is no major problem in extending its use to
mixtures with more than two proteins.

Work is in progress to check experimentally
the validity of the S.D.M., and to provide actual
values of the parameters in our computations.
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SYMBOLS

Initial counter-ion concentration
(kmol m™?)
C.o Concentration of component i at the
column entrance (kmol m™?)
Concentration of component { in the flow-
ing mobile phase (kmol m~>)
Apparent diffusion coefficient of compon-
ent i (m”s™")
Axial dispersion coefficient of component
i(m’s™)
Molecular diffusion coefficient of compon-
en} i in the flowing mobile phase (m’
s7)
d, Particle diameter (m)
E, Enrichment factor of component i
F Phase ratio of the column packing
[= (1~ ¢)/e]

h Reduced plate height (= H/d )

H Height equivalent to a theoretical plate
(HETP) (m)

K Equilibrium constant of component i

kg Average value of all the initial slopes of
the components’ individual isotherms

; Capacity factor for component i

L Column length (m)

Lf, Load factor of component i

m,  Valency of the counter ion

m;  Characteristic charge of the protein i

M Molecular mass (g mol ')

N Number of theoretical plates

HETP)

N.  Number of components

P Courant number

Pr;  Production rate of component i
(kmol m™% s7")

Maximum loading capacity of the ex-
changer (kmol m~?)

Saturation value of stationary phase con-
centration for component i (= Q,/m,)
q; Concentration of component i adsorbed
on the stationary phase (calculated per
unig volume of particle skeleton) (kmol

m

S Column cross-sectional area (m?)

t Time coordinate (s)

t;,t, Integration limits for eqns. 18-20 (s)

Cycle time (s)

(=L/
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t,;  Time of feed introduction (s)

t, Residence time of an unretained com-
pound (s)

T, Mass distribution coefficient; ratio be-

tween the amount of component i in
the stationary and the mobile phases

(=4,/C)
u Interstitial fluid velocity (m s™")
mj  Yolume of feed injection (m?)
V4 Stoichiometric charge ratio of the protein
and the counter ion
z Axial coordinate (m)
Y, Recovery yield of component i

Greek letters
a Selectivity [=(q,/C;)/(q;/C)]

B Linear rate of change of counter-ion con-
centration at the inlet (kmol m > s™")

£ Total porosity of the column packing

v Reduced mobile phase velocity
(=ud,/D,)

Vope  Optimum reduced mobile phase velocity

o Space increment of the grid for the finite
difference method (m)

T Time increment of the grid for the finite

difference method (s)
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ABSTRACT

Column reproducibility and peak shapes are improved for polar and basic solutes in normal-phase chromatography using new
highly purified, low-acidity unmodified porous silica microspheres. The chromatographic characteristics of this new type B silica
are compared with a conventional type A silica to determine the type and level of mobile phase modifiers needed for good results.
The effect of sample type and sample loading on retention, column efficiency and peak shape also was measured. Critical
normal-phase tests compared this new silica with several commerciat silicas. The new silica shows special promise for developing
rugged separation methods to analyze polar and basic compounds that traditionally are handled by reversed-phase chromatog-
raphy. Normal-phase chromatography is well-suited for highly organic-soluble compounds and certain structures such as

positional isomers.

INTRODUCTION

Normal-phase (NP) chromatography is a
powerful complement to the more popular RP-
HPLC method for separating non-ionic com-
pounds. Recent surveys show that about one
fifth of all HPLC separations now are performed
by NP-HPLC [1]. Advantages for this method
include the ability to operate with totally organic
mobile phases of high solute solubility, which is
especially important in preparative applications.
NP-HPLC also shows extensive capability for
selectivity changes by varying mobile phase con-
stituents [2,3]. The ability to make band spacing
changes with NP-HPLC usually exceeds that of

* Corresponding author.

* This material was presented in part at the 16th Internation-
al Symposium on Column Liquid Chromatography, Balti-
more, MD, June 1992. The majority of the papers pre-
sented at this symposium were published in J.
Chromatogr., Vols. 631 + 632 (1993).

the widely used reversed-phase method. NP-
HPLC methods are especially useful for separat-
ing difficult mixtures containing positional iso-
mers [3,4].

Current NP-HPLC applications commonly use
columns containing polar bonded phases (e.g.,
cyano- diol-, etc.) [S]. Columns containing un-
modified silica are less popular, because of prob-
lems in maintaining a constant surface activity
for repeatable separations. Conversely, retention
with bonded-phase NP-HPLC columns generally
is more consistent, because of the insensitivity to
small concentrations of water in the sample or
the mobile phase [6]. Also, there are problems in
obtaining unmodified chromatographic silica
with reproducible separation characteristics, as
seen in the present study. Therefore, the chro-
matographic reproducibility of bonded-phase
columns for NP-HPLC generally is viewed as
superior to columns of unmodified silica [7].
Finally, polar bonded-phase columns are less
retentive in NP-HPLC than those with unmod-
ified silica, often permitting the elution of highly
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polar compounds that are eluted with difficulty
from the more retentive unmodified silica [6,8].

A common problem with unmodified silica
columns with totally organic solvents is that
polar compounds often show broad, tailing
peaks, especially for basic components. This con-
dition can exist even when the mobile phase
contains basic additives designed to minimize
this effect. Such undesirable characteristics com-

plicate the design of rugged and reproducible

quantitative methods. As a result, unmodified
silica columns are not widely accepted for quan-
titative analyses.

On the other hand, basic compounds have
been separated on unmodified silica with good
band shapes using reversed-phase conditions
where water was a major constituent of the
mobile phase [9]. Biddlingmeyer et al. [10] re-
ported that some basic drugs produced satisfac-
tory peak shapes on silica gel using reversed-
phase eluents. These and other studies (e.g., ref.
11) suggest that unmodified silica, when properly
deactivated with water or other strongly sorbing
polar compounds, can be successfully used for
separating basic and other polar solutes with
good peak shape and desirable properties for
quantitation.

Unmodified silica columns present a special
problem that must be solved for reproducible
separations: the activity of the adsorbent surface
must be maintained constant [12]. The most
effective procedure to stabilize this surface ac-
tivity is to control the level of water adsorbed to
the silica surface. This often is accomplished by
fixing the concentration (humidity) of water in
the mobile phase [12], a procedure viewed as
awkward by many users. So, polar, usually pro-
tic, mobile phase modifiers such as methanol or
propanol typically are used instead of water to
control surface activity. Use of protic organic
modifiers generally is successful in NP-HPLC.
But, misshapen or tailing peaks can occur as a
result of highly non-linear and unusual adsorp-
tion isotherms that result from such systems
[11,13]. The fundamental problem remains, how-
ever, that commercial unmodified chromato-
graphic silica often exhibits an inhomogeneous
adsorbing surface. This situation can result in
broad, poorly shaped peaks when used for
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separating many polar solutes, and especially
compounds such as basic drugs.

All silica particles for HPLC are not alike.
Different chromatographic silicas can vary great-
ly in their separation characteristics, primarily
because of variations in the type and structure of
silanol groups on the surface, as illustrated in
Fig. 1. Silicas with a high population of un-
bonded silanol groups generally are more acidic
and “less friendly” in the separation of many
polar and basic solutes. Geminal silanols are less
acidic, and less of a problem for such solutes.
Silicas with a high population of internally bond-
ed or associated silanols also are less acidic, and
“more friendly” for separating polar and basic
compounds [14,15]. Contamination of the silica
with certain metals such as iron and nickel can
cause tailing peaks with compounds that form
complexes with these contaminants. Finally, in-
clusion of other contaminants such as aluminum
in the silica lattice activates and intensifies the
acidity of silanol groups [16].

Previous studies have shown that chromato-
graphic silicas can be arbitrarily classified into
types to define their potential utility as supports
in reversed-phase chromatography [14,15]. So-
called type A silicas generally are more acidic
and less purified. These materials apparently
have less energy-homogeneous surfaces, and are
more likely to exhibit tailing, misshapen peaks
with more polar or basic solutes. Type B silicas
are more highly purified and less acidic, and
often are preferred for many RP-HPLC applica-
tions [17]. Some silicas, however, exhibit inter-
mediate properties, as verified by data presented
below, and by other sources [7,17].

OH HO OH OH -+« OH
| AN I I
—~—8i—— — — i - — —8i Si——
Free silanol Geminal silanols Associated silanols

+ OH

M + |

——M—Si——
Internal metal

(activated silanol)

Surface metal

Fig. 1. The surface of silica supports for HPLC.
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The present study was designed to determine
the characteristics of a new porous silica micro-
sphere, Zorbax Rx-SIL, for use in NP-HPLC
(sometimes called adsorption chromatography).
We postulated that the high purity (>99.995%)
and low surface acidity of this type B silica could
minimize or eliminate some of the problems
normally associated with conventional unmod-
ified silicas for NP-HPLC. To define utility, we
studied the type and level of mobile phase mod-
ifiers required for best operation. The effect of
sample type on column efficiency and peak shape
also was determined. The chromatographic prop-
erties of Zorbax Rx-SIL were compared to con-
ventional chromatographic silicas, to define the
best areas of potential utility for this new silica.

EXPERIMENTAL

Separations were performed with a Model 870
pump (DuPont, Wilmington, DE, USA) with
the columns at ambient temperature. Detection
was with a DuPont Model 860 UV detector at
254 nm. Sample injection was with a Model 7125
sample valve (Rheodyne, Cotati, CA, USA)
with a 10-ul sample loop, unless otherwise
noted. HPLC-grade solvents were obtained from
Baker Chemicals (Phillipsburg, NJ, USA) and
EM Science (Gibbstown, NJ, USA).

Dichloromethane was used as the principal
organic mobile phase constituent in this study.
Various water levels in dichloromethane mobile
phases were established by appropriately blend-
ing dry solvent (v/v) with water-saturated solvent
in the manner previously described [11]. “Dry”
dichloromethane was prepared by treating with
molecular sieve type 4A pellets (EM Science,
Gibbstown, NJ, USA) overnight. “Wet” di-
chloromethane was prepared by equilibrating
overnight with EM Science Grade 12 silica gel
(29-200 mesh) containing 20% (w/w) of deion-
ized water, as described in ref. 12. Mobile phases
modified with protic solvents were prepared on a
mass percent basis.

Highly purified dichloromethane is needed to
obtain reproducible separations with unmodified
silica. Some as-received HPLC-grade dichloro-
methane contains impurities that deleteriously
change the surface of the silica. The same ex-
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perience was found with dichloromethane that
was allowed to stand in previously opened
bottles for several days. Measurements with
deionized water equilibrated with suspect di-

_ chloromethane showed a lower pH compared to

satisfactory solvent. This result suggests the
breakdown of dichloromethane to yield acidic
impurities in the presence of light, air and water
vapor. If contaminated with impurities from off-
grade dichloromethane, columns usually can be
regenerated by extensive purging with HPLC-
grade methanol containing 10% deionized water.

All columns were equilibrated with at least
thirty column volumes of a new mobile phase
before taking data. (Because of the low viscosity
of totally organic solvents, this equilibration can
be performed rapidly at high flow-rates.) Dupli-
cate measurements were made to ensure com-
plete column equilibration.

Benzyl alcohol, benzanilide, acetoacetanilide,
catechol and 4-acetamidophenol were from
Sigma (St. Louis, MO, USA). Caffeine was from
Fisher Scientific (Fairlawn, NJ, USA). Quinox-
aline and 3-pyridyl-acetonitrile were obtained
from Aldrich (Milwaukee, WI, USA). Sul-
fanilamide was from U.S.P.C. (Rockville, MD,

“ USA). PolyScience (Niles, IL, USA) supplied

the herbicide mixture, and the plant growth hor-
mones were from ICN Biochemicals (Cleveland,
OH, USA). All test solutes were used as re-
ceived.

Zorbax-SIL and Zorbax Rx-SIL columns were
prepared internally. Similar columns are avail-
able from Mac-Mod Analytical (Chadds Ford,
PA, USA). Zorbax-SIL columns contain a silica
with a nominal surface area of 330 m*/g. This
silica arbitrarily was used as a model for type A
silica during this study. As documented below,
this silica is similar in characteristics to several of
the type A silicas studied during this work.
Zorbax Rx-SIL is a type B silica with a nominal
surface area of 180 m?®/g. Typical analysis of
impurities for this silica by inductively coupled
plasma atomic-emission spectroscopy is: Na: 10
ppm (w/w); Ca: 4 ppm; K: <3 ppm; Al: <10
ppm; Mg: 4 ppm; Zn: 1 ppm,; total: <35 ppm (no
other impurities detected; 99.995% silica). All
other silica columns were obtained either from
Allitech, or directly from the manufacturer. All
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columns tested were 15X 0.46 cm L.D. unless
otherwise noted. Particle sizes of the packings in
all columns were nominally 5 um. Chromato-
graphic results were monitored with a Chrom-
Perfect data station (Justice Innovations, Palo
Alto, CA, USA).

RESULTS AND DISCUSSION

Water-deactivation of silica

Previous studies have shown that deactivation
of the unmodified silica surface is required for
reproducible separations with good column ef-
ficiency and sample loadability [2,11,12]. Highly
polar modifiers in the organic mobile phase bind
to (“hot”) sites of very high energy on the silica
surface. The purpose of these modifiers is to
compete for these “hot” sites more effectively
than the solute molecules that are to be sepa-
rated. The result is that the surface of the modi-
fied silica then is more energy-homogeneous —a
more linear isotherm results. This condition pro-
vides for improved column efficiency, better
peak asymmetry, and higher sample loadability.

Water previously has been found to be the
best deactivating agent, even though maintaining

the proper water level in immiscible mobile -

phase solvents often is deemed as inconvenient
[2,4,5]. The level of water in the mobile phase
needed to optimize performance depends on the
type of silica used for the packing. Therefore, a
study was made on the influence of water level
modifier in the organic mobile phase on solute
retention, column efficiency, peak asymmetry
and sample loadability.

The effect of water content in dichlorome-
thane mobile phase on the retention of benz-
anilide for a typical type A silica and the new
type B silica is compared in Fig. 2. This plot
shows that as the amount of water increases
(measured as percent of water saturation for the
organic solvent), retention (k') decreases as the
silica surface is deactivated. The k' versus per-
cent mobile phase water-saturation plot for the
type A silica shows a steeper curvature at lower
water concentrations. Conversely, the type B
silica shows a flatter plot as the water concen-
tration is decreased. These effects suggest better
surface homogeneity for the type B silica. Simi-

J.J. Kirkland et al. | J. Chromatogr. 635 (1993) 19-30

Capacity Factor, k'

0 10 20 30 40 50 60 70 80 80 100

% Water Saturation of Mobile Phase

Fig. 2. Effect of mobile phase water content on retention for
different silica types. Columns: 15X 0.46 cm I.D.; mobile
phase: dichloromethane; flow-rate: 1.0 ml/min; solute: 0.5
wpg of benzanilide; temperature: ambient. M = Zorbax-SIL
(type A); @ = Zorbax Rx-SIL (type B).

lar effects were found for phenol and benzyl
alcohol as solutes. Absolute differences in reten-
tion for the two silicas is a function of differences
in surface area. These and previous [11] results
suggest that a 50% water-saturated mobile phase
(1:1 v/v blend of “wet” and “dry” solvents) is a
desirable compromise for water-deactivated sys-
tems with both silicas; retention is maintained
and is less sensitive to small changes in water
content.

The effect of mobile phase water content on
column efficiency is more striking for the two
silica types, as shown in Fig. 3. The new type B
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Fig. 3. Effect of mobile phase water content on column
efficiency for different silica types. Conditions and symbols as
in Fig. 1, except 38 ung of benzyl alcohol as solute.
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silica shows little variation in the plate height of
benzyl alcohol with varying water content in the
mobile phase. On the other hand, the type A
silica shows much poorer column efficiency
(larger plate heights) at low water concentration.
For dry dichloromethane the column plate height
for the type A silica is more than twice that for
the type B silica. Similar effects were found with
benzanilide as the solute. These results suggest a
non-linear adsorption isotherm for the type A
silica at low water concentrations in the mobile
phase. The new type B silica can be used with a
wider range of water modifier concentration with
little effect on separation resolution.

Peak asymmetries for benzanilide were strik-
ingly different with varying amounts of water in
the mobile phase for the two silicas, as illustrated
in Fig. 4. The type A silica shows peak asymmet-
ry values [11] in the 1.5-2.0 range with up to
about 25% water saturation of the dichlorome-
thane. As more water is added to dichlorome-
thane, peak symmetry continuously improved.
At 100% saturation, a nearly symmetrical peak
was found. Conversely, with the type B silica,
benzanilide showed a peak asymmetry value of
ca. 1.4 with “dry” solvent, and an essentially
symmetrical peak with all mobile phases with
>10% water saturation. These data again sug-
gest the superior surface homogeneity of the new
type B silica.

The above conclusions are based on the pre-
mise that a heterogeneous silica surface leads to
isotherm non-linearity and the related phenom-
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Fig. 4. Effect of mobile phase water content on peak asym-
metry for different silica types. Conditions and symbols as in
Fig. 1. -- (Peak asymmetry factor = 1) = symmetrical peak.
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ena of large plate heights and asymmetric, tailing
peaks. These effects are discussed in detail in
ref. 2, and the data of this study appear to
support this concept. Since peak broadening and
peak tailing also are influenced by sample size,
small samples were used in this study to mini-
mize this effect, as described below. It also
should be noted that kinetic effects involving
slow solute adsorption/desorption can affect
plate heights and peak asymmetries. Additional
studies with the two silica types are needed to
measure possible differences in kinetic effects.

Sample loading effects on solute retention are
similar for the two silica types with 50% water-
saturated dichloromethane mobile phase, as
shown in Fig. 5. Depending on the solute, up to
0.01-0.1 mg of sample/g of packing is allowed
before a 10% change in k' occurs. Sample
loadability is surface-area dependent, so the
absolute solute loadability of Zorbax SIL is high-
er than that of Zorbax Rx-SIL. Similar results
were found for phenol as the solute. It should be
noted that 50% water-saturated dichloromethane
mobile phase was arbitrarily selected because of
the practicality of this system. Had mobile phase
with less water been used, the differences be-
tween the two silicas probably would have been
more striking, as suggested by the results in Fig.
2.

The effect of sample loading on column ef-
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Fig. 5. Effect of solute loading on retention for different
water-deactivated silica types. Conditions as in Fig. 1, except
50% (v/v) water-saturated dichloromethane; varying
amounts of () benzyl alcohol and (@) benzanilide solutes.
Solid lines: Zorbax-SIL (type A); dashed lines: Zorbax Rx-
SIL (type B).
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Fig. 6. Effect of solute loading on column efficiency for
different water-deactivated silica types. Conditions as in Fig.
5, except benzyl alcohol as solute. B = Zorbax-SIL (type A);
@ = Zorbax Rx-SIL (type B).

ficiency also is similar for the two silica types
with water-saturated dichloromethane as the
mobile phase, as shown in Fig. 6. Sample
loadability is essentially equivalent for the two
silicas, with small variations dependent on differ-
“ences in packing surface area. In this system,
0.02-0.05 mg of sample was allowed before a
significant change occurred in column efficiency.
Again, differences between the two silicas were
moderated by using 50% water-saturated mobile
phase; lower concentrations of water would have
accentuated differences, as indicated by the re-
sults in Fig. 3.

Deactivation of silica with protic modifiers

As mentioned above, many users consider the
necessity to maintain a constant amount of water
modifier in the organic mobile phase as ex-
perimentally awkward. Because of convenience,
other highly-polar, organic-miscible modifiers
such as methanol and propanol often are used in
normal-phase separations to control and main-
tain the activity of the silica adsorbent. These
polar organic compounds strongly bind to the
silica surface, although they do not hold as tight-
ly as water [2,18]. Because of the convenience of
protic-solvent modifiers, a study was made with
methanol and propanol to determine their effect
on type A and B silicas.

Fig. 7 shows the effect of methanol concen-
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Fig. 7. Effect of methanol as modifier on retention for
different silica types. Conditions and symbols as in Fig. 1,
except methanol modifier; solute, 0.5 ug of benzanilide.

tration in dichloromethane phase on the capacity
factor, k’, of benzanilide. Similar results were
found for the two silica types; both show sharply
increasing k' versus percent methanol charac-
teristics at low methanol concentrations. Small
absolute &’ differences are due to different pack-
ing surface areas. These results suggest that
methanol-modified silica surfaces are less homo-
geneous than the water-modified silica of Fig. 2.
Stated otherwise, water is a more effective deac-
tivating agent than methanol, as previously
noted {11,18]. The smaller change in k' for
>0.1% methanol-modified dichloromethane sug-
gests that at least 0.1% methanol should be
used to ensure retention reproducibility for
normal-phase separations.

But, the type A silica shows large changes in
the plate height of benzanilide with different
methanol-modifier concentrations, as illustrated
in Fig. 8. Optimum plate height for the type A
silica only is reached when 0.4% methanol mod-
ifier is used. In contrast, The new type B silica
showed a constant plate height throughout the
entire 0-0.4% methanol concentration range
studied. These results again suggest the superior

-surface-energy homogeneity of the new type B

silica.

Peak symmetries for benzanilide with 0.05%
methanol modifier paralleled plate height results
for the two silicas, as given in Fig. 9. Tailing
peaks for the type A silica were eliminated only
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Fig. 8. Effect of methanol as modifier on column efficiency
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Fig. 9. Effect of methanol modifier on peak asymmetry for
different silica types. Conditions and symbols as in Fig. 7.

when the methanol modifier content approached
0.4%. Similar results were found for benzyl al-
cohol as the solute. Phenol also showed larger
asymmetry values for the type A silica, but less
dramatic than for the other two solutes tested.

The effect of sample loading on retention
when using methanol as the mobile phase mod-
ifier for the two silicas is shown in Fig. 10. In this
study, 0.05% methanol modifier was used in an
attempt to accentuate possible differences be-
tween the two silica types. The data indicate
similarities for the two silicas. In both systems,
0.01-0.1 mg of solute/g of packing is allowed
before a 10% change in k' occurred. The some-
what higher loading capacity of the type A silica
is attributed to the higher surface area.

Similar effects of sample loading on column
plate heights were found for the two silicas, as
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Capacity Factor, k'

Milligram  solute/gram  Adsorbent

Fig. 10. Effect of solute loading on retention for different
methanol-deactivated silica types. Columns as in Fig. 1;
mobile phase: 0.05% methano! in dichloromethane; flow-
rate: 1.0 ml/min; solutes as shown. B =Benzyl alcohol;
@ = benzanilide; dashed lines: Zorbax-SIL (type A); solid
lines: Zorbax Rx-SIL (type B).

illustrated in Fig. 11. The new type B silica
shows significantly smaller plate  heights, as
would be expected by the data in Fig. 8 with the
0.05% methanol modifier used. The results in
Fig. 11 suggest that new type B silica is some-
what more sensitive to sample load than the type
A silica. However, this difference -could be due
to the variation in the surface areas between the
two silicas. Alternatively, the apparent higher
sensitivity of the new type B silica to sample
mass could be a result of the smaller peak vol-
umes generated with this column, resulting in a
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Fig. 11. Effect of solute loading on column efficiency for
different methanol-deactivated silica types. Conditions as in
Figure 10. M = Benzyl alcohol; @ = benzanilide; solid lines:
Zorbax-SIL (type A); dashed lines: Zorbax Rx-SIL (type B).



26

higher level of overloading at the localized peak
site on the packing.

Propanol also has been used as a mobile phase
modifier in NP-HPLC with unmodified silicas.
The effect of the amount of 2-propanol modifier
in dichloromethane on the k' of solutes for the
two silicas was closely similar to that found for
methanol. Both silicas showed k' versus percent
modifier plots that were essentially the same
shape as for methanol. However, large plate
height differences were exhibited for the two
silica types with 2-propanol modifier, just as in
the case for methanol in Fig. 8. The type A silica
showed much larger plate heights, and more
random variation in plate height as the concen-
tration of 2-propanol was changed.

Note, however, that use of modifying protic
organic solvents with some unmodified silicas can
result in misshapen peaks for certain solutes.
Fig. 12 compares peaks shapes from three silicas,
using 0.05% methanol as the mobile phase mod-
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Fig. 12. Potential for misshapen peaks with protic modifiers
for different silicas. Columns: 15x0.46 cm 1.D.; mobile
phase: 0.05% methanol in dichloromethane; flow-rate: 1.0
ml/min; solutes: 1 =4 ug toluene, 2=0.5 ug benzanilide,
3=5 wug phenol, 4=38 ug benzyl alcohol. 1=impurity.
a = Zorbax-SIL, b = Spherisorb, ¢ = Zorbax Rx-SIL.
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ifier. This low level of modifier concentration
was used to accentuate the effect of unfavorable
modifier composition. Note the unusual peak
shapes for two type A-like silicas. Benzanilide
produced a broad, tailing peak with Zorbax-SIL
under these conditions. With the Spherisorb col-
umn, the elution order was reversed for benz-
anilide and phenol, and the latter peak was
broad and tailing (When chromatographed separ-
ately). Similar results were found with 2-prop-
anol as the modifier at low concentrations. Previ-
ous studies also have shown misshapen peaks for
some solutes with an unmodified silica when
methanol and propanol was used as mobile
phase modifiers [5]. This condition apparently is
the result of complex adsorption isotherms that
occur with such systems at low protic solvent
modifier concentrations [6]. These and other
studies suggest that protic mobile phase mod-
ifiers should be used cautiously in NP-HPLC
systems with unmodified silicas. For dichlorome-
thane the level of protic modifiers probably
should exceed 0.2% (v/v) for most silicas.

Comparison of commercial silicas

Eight commercial unmodified silicas were
compared in terms of retention, selectivity, col-
umn efficiency and peak shape, using a mixture
of polar and basic compounds as model solutes.
Fig. 13 shows chromatograms of this test mixture
for various columns. For this study, a favorable
organic modifier concentration (2% methanol)
was used in the dichloromethane mobile phase,
to minimize potential misshapen-peak problems
such as that discussed for Fig. 12. The chroma-
tograms in Fig. 13 show large differences in the
selectivity of the various silicas. Several peak
inversions are noted for the same operating con-
ditions. Peak shapes for the various test solutes
sometimes were different, and for one column,
sulfanilamide was very strongly retained with a
very broad peak. Fig. 14 compares the retention
(as capacity factor, k') of the various test solutes
for these eight columns under the same operat-
ing conditions. Strong differences in the level of
retention were found, suggesting different sur-
face areas and/or different surface activities. Re-
tention generally seems higher for the silicas that
have type A qualities.
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Fig. 13. Comparison of some commercial silicas: chroma-
tograms. Columns as given in Experimental; mobile phase:
2.0% methanol in dichloromethane; flow-rate: 2.0 ml/min;
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dophenol.
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Plate heights for various commercial unmod-
ified silica columns are compared in Fig. 15.
Efficiency generally appears highest for the
silicas that resemble type B materials. Fig. 16
compares the peak asymmetry factors for each
column. In this case, the difference in peak
asymmetry values (positive or negative) from the
theoretical Gaussian value of 1.0 is given for
each silica column. Again, best peak shape is
favored for type B-like silicas. Note, however,
that column plate height and peak asymmetry
comparisons are dependent on true packing par-
ticle sizes, and on column packing efficiency.
Therefore, the comparisons in Figs. 15 and 16
should be viewed with care. ‘

While the comparisons in Figs. 13-16 are in-
formative, we believe that the test mixture used
is not sufficiently critical to probe some of the
important features of chromatographic silica.
Accordingly, another test mixture was devised
that shows more striking differences in the vari-
ous silicas studied. Again, 2% methanol in di-
chloromethane was used as the mobile phase; no
other modifier were used. In this test mixture,
toluene is a neutral solute used to estimate ¢,
and to define the effectiveness of the column
packing method. Acetoacetanilide and catechol
interact with heavy metals by different mecha-
nisms to form complexes that can result in tailing
or missing peaks. 3-Pyridyl-acetonitrile strongly
sorbs to acidic sites, so this highly basic com-
pound is a useful probe for the acidic nature of
the silica.

Fig. 17 shows chromatograms of this definitive
test mixture that were obtained on eight com-
mercial silica columns. Kromasil and Nucleosil
gave similar results in this test; all four com- -
pounds eluted, with catechol tailing badly for
both silicas and with reduced peak areas.
Kromasil exhibited peak fronting for 3-pyridyl-
acetonitrile; there also is the hint of an unre-
solved impurity in the beginning of the aceto-
acetanilide peak. Acetoacetanilide tailed some-
what with Nucleosil. Catechol was totally missing
from the Hypersil chromatogram, with the other
test solutes eluting normally. Zorbax-SIL failed
to elute 3-pyridyl-acetonitrile, but the other solu-
tes eluted ‘normally, with overlapping of two
compounds. Novapak gave results similar to
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Zorbax-SIL; the basic probe did not elute, but
the other solutes eluted normally. Ultron also
did not elute the basic probe, and catechol was
reduced in size with tailing. Spherisorb com-
pletely captured catechol, with tailing of aceto-
acetanilide. Zorbax Rx-SIL eluted all test solutes
normally, again with evidence of a small impuri-
ty at the beginning of the acetoacetanilide peak.

The results of the studies summarized in Figs.
13-17 generally agree with the listing given in
ref. 11 regarding silica supports best suited for
the reversed-phase chromatography of basic
compounds. Highly polar and basic compounds
are most favorably chromatographed with less-
acidic, highly purified type B silicas. In the pres-
ent study of the characteristics of some unmod-
ified silicas for NP-HPLC, results suggest that
the order of desirable type B qualities are:
Zorbax Rx-SIL > Nucleosil > Kromasil = Hy-
persil > Spherisorb > Zorbax-SIL > Ultron >
Novapak. Differences between successive listings
may not be significant in all applications, since
the chromatographic effects may be compound
dependent.

Chromatographic reproducibility

A prime consideration in the use of unmod-
ified silicas for NP-HPLC is separation repro-
ducibility with various lots of materials over long
time periods. Constant characteristics of the
silica is required for repeatable separations and
rugged analytical methods. Fig. 18 shows the
variation found in manufactured lots of Zorbax

3.5
s 3.0
g 4
- 254 k' 3-pyridyl-acetonitriie Avg. = 216 +/-0.13
S 0] /\—\/\/\’A/\
© 4
E 154 alpha: catechol/acetoacetaniide Avg. = 136 +/-0.04
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© 1.0+
g e k': catechol Avg. = 101 +/-0.07
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Lot Number

Fig. 18. Chromatographic reproducibility of Zorbax Rx-SIL
silica. Conditions as for Fig. 17.
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Rx-SIL over a two-year period. Small standard
deviations were found in k' values for the highly
sensitive compounds used in the test system de-
scribed for Fig. 17. Slight k' variations are due to
small changes in the surface areas of the various
lots. More importantly, the a values for the
sensitive catechol/acetoacetanilide pair show
small variations over this two-year span, suggest-
ing the potential for reproducible separations
and rugged analytical methods with this silica.

CONCLUSIONS

In this study, large differences in retention and
band spacing in normal-phase chromatography
were found for eight different commercial un-
modified silicas. The silicas studied show gross
variations in separation resolution and analytical
reproducibility. Highly purified, less-acidic type
B silicas (e.g., Zorbax Rx-SIL) generally give
superior results and better reproducibility in NP-
HPLC. Still, good performance in some applica-
tions is available from some more acidic, less-
pure silicas.

These studies reaffirm that deactivation with
water usually gives the best chromatographic
results with all silica types. The surfaces of
water-deactivated silicas appear most homoge-
neous, producing more efficient columns and
superior peak shapes. Still, methanol and 2-
propanol are effective and more convenient
deactivating agents when used at appropriate
levels (e.g., >0.2% in dichloromethane). In
some systems, however, these modifiers may
cause misshapen peaks for some solutes, particu-
larly when used at low concentrations.
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ABSTRACT

Network copolymers imprinted with L-phenylalanine anilide (L-PheNHPh) exhibit an’ affinity for the print molecule. The
binding of L-PheNHPh to the polymer can be quantitatively evaluated by employing the material as a stationary phase in a HPLC
experiment. The degree of separation of the D and L enantiomers of PheNHPh (a value) is used to establish the influence of
polymer morphology on polymer performance. Factors that promote stabilization of the template-polymerizable monomer
complex prior to polymerization results in polymers with stronger and more selective binding of the substrate. Interestingly, a
gel-like non-porous polymer performed similarly to a mesoporous polymer. Performance is also improved upon heat treatment of
the polymers and various ways to inhibit the molecular recognition effect are demonstrated.

INTRODUCTION

During the last years, molecular imprinting or
template polymerization has attracted consider-
able attention as a means of producing polymers
exhibiting molecular recognition properties [1-
21]. In this approach, a template is bound
reversibly to functionalized monomers and co-
polymerized in solution with a cross-linking
monomer. The resulting polymer can be freed
from template by hydrolysis or extraction. In a
subsequent rebinding step the polymers bind
with preference for the original template mole-
cule in competition with structurally related
molecules.

An approach based on the ability of the
template and functional monomer to interact by
non-covalent interactions with each other was
employed in the imprinting of enantiomers of

* Corresponding author.
* Present address: Department of Analytical Chemistry,
University of Lund, P.O. Box 124, $-22100 Lund, Sweden.

0021-9673/93/$06.00

amino acid derivatives [7-9]. Highly cross-linked
copolymers of MAA (methacrylic acid) and
EDMA (ethyleneglycoldimethacrylate) proved to
be the most efficient matrix in the molecular
recognition process. In the liquid chromato-
graphic mode the polymers showed a pro-
nounced selectivity for their original template
molecule and in several cases base line separa-
tions of the corresponding enantiomers were
achieved [10-12]. The polymers also were able
to recognize subtle structural differences in the
template. For instance enantiomer as well as
substrate discrimination between phenylalanine
anilide (PheNHPh) and phenylalanine N-
methylanilide [13], carbobenzyloxyaspartic acid
and carbobenzyloxyglutamic acid [12], and re-
cently between phenylalanine ethyl ester
(PheOEt) and diethyl-2-amino-3-phenylethyl-
phosphonate [Phe(P)(OEt),] [14] has been dem-
onstrated.

For a systematic use of the template-imprinted
polymers as chromatographic stationary phases it
is of interest to understand the factors that affect
the rebinding strength and selectivity as well as

© 1993 Elsevier Science Publishers B.V. All rights reserved
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the factors underlying the extensive peak
broadening that has so far been observed. The
nature of the print molecule clearly affected
these observations. For instance, print molecules
containing two or three strong interaction sites
(proton accepting or hydrogen bonding groups)
towards methacrylic acid gave polymers exhib-
iting higher selectivity, stronger binding and
broader peaks compared to polymers prepared
using print molecules with fewer or weaker
interaction sites (c¢f. L-PheNHPh versus L-p-
amino-PheNHPh, L-PheOEt versus L-p-amino-
PheOEt and L-PheOEt versus L-PheNHEt) [11].
It was therefore suggested that these results were
due to the strength and molecularity of the
association between the template and MAA
prior to polymerization. This was supported by a
'"H NMR and chromatographic study of a titra-
tion of the template L-PheNHPh with MAA [10].
The results showed that multimolecular assem-
blies between MAA and the print molecule
existed in solution prior to polymerization. A
complementarity between the functional groups
at the binding sites and the template thus ap-
pears to play a major role in the molecular
recognition process. Moreover the shape and
rigidity of the template assemblies have been
suggested to affect selectivity [10,12]. By careful-
ly designed template imprinting systems based
on reversible covalent interactions, the impor-
tance of the shape [15] and rigidity [16] of the
template as well as the distance between the
functional groups at the sites [17,18] have been
assessed independently. Thus it was concluded
that all factors affected the template rebinding
selectivity.

Assuming the interactions between MAA and
the print molecule to be electrostatic and hydro-
-gen bonding in nature, the properties of the
solvent (porogen) used in the imprinting step in
terms of hydrogen bond capacity and polarity is
likely to influence the strength of the interac-
tions. Since these properties also are important
in the solvation of the growing polymer chains
and thus in the mechanism of pore structure
formation, different porogens may lead to poly-
mers with different morphologies. Likewise,
other ways to promote the formation of template
assemblies such as decreasing the polymerization
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temperature [20] or increasing the concentration
of MAA in the monomer mixture [21] may also
result in polymers with widely different mor-
phologies.

Due to these complications an understanding
of the individual role of the above-mentioned
factors requires a study including a large number
of polymers prepared under different conditions.
Unambiguous relations between chromatograph-
ic performance (selectivity, retention and res-
olution) and polymer morphology on the one
hand, and solubility parameters (hydrogen bond-
ing, polar and dispersive) and polymerization
temperature on the other is expected to give
valuable information about the molecular recog-
nition mechanism. In this study we have made a
complete characterization of a number of im-
printed polymers prepared in presence of
L-PheNHPh as print molecule using various
solvents as porogens. Moreover, thermally
initiated and low-temperature photoinitiated
polymers have been compared. The influence of
functional and structural changes of the polymers
were assessed by introducing variable length
amide-based cross-linking monomers {22]. Final-
ly, methods of inhibiting the specific rebinding
were attempted as a way to gain insight into the
molecular recognition mechanism.

EXPERIMENTAL

General procedures )

p- and L-PheNHPh [10] and the bismeth-
acrylamide monomers [22] were synthesized as
described elsewhere. The methacrylate mono-
mers were obtained from Aldrich. EDMA was
purified by extraction with 10% sodium hydrox-
ide brine and drying over anhydrous magnesium
sulfate followed by distillation. MAA was
purified by drying over anhydrous magnesium
sulfate followed by distillation. The porogens
were all distilled under a positive nitrogen at-
mosphere prior to use and all other reagents
were purified according to standard procedures.
The UV lamp used in the photopolymerizations
was a medium-pressure mercury vapour lamp

'(Conrad-Hanovia) of 550 W with 33 W in the 320~

400 nm interval. Scanning electron micrographs
were obtained at the UCI Electron Microscope
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Facility. The FT-IR spectrum was recorded on
an Analect RFX 40 instrument, the differential
scanning calorimetry (DSC) was performed on a
DuPont 910 DSC instrument and thermogravi-
metric analysis (TGA) on a DuPont 951 TGA
instrument. The cross-polarization magic angle
spinning (CP-MAS) “C NMR spectra were
kindly run by Prof. David Sherrington (Universi-
ty of Strathclyde, UK) on a Bruker 25-147MHz
instrument. All chromatographic evaluations
were done using a Waters 484 UV detector,
Waters 501 pump equipped with a U6K injector
and a Hewlett-Packard integrating recorder.

Polymerizations

The polymers were prepared as shown in
Scheme 1. To 3.8 ml (20 mmol) EDMA, 0.34 ml

H o
oM H—N\/Ik
N
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(4 mmol) MAA and 240 mg (1 mol) L.-PheNHPh
in 5.6 ml porogen (resulting in Fm = volume
porogen/total volume of porogen + monomers =
0.57) were added 40 mg (0.25 mmol) azo-bis-
isobutyronitrile (AIBN) as initiator. The mixture
was transferred to a 50-ml thick-walled glass
tube. This was freeze thaw degassed three times
and sealed under vacuum. The thermally
initiated polymerization was done at 60°C in an
oil bath (T-polymers) and the photochemically
initiated polymerization (P-polymers) at 15°C in
a thermostatted water bath (see also Table I for
definition of polymer abbreviations). The tubes
were symmetrically placed at ca. 10 cm distance
from a UV light source and turned at regular
intervals for a symmetric exposure. After 24 h
the tubes were crushed and the polymers ground

AA ’ H polymers:
[ j 60°C / 24 h
16 mol % e ara
( ) > thermally initiated
AIBN +
L-PheNHPh porogen (Fm=0.57)
(3.8 mol %)

Fooh

(o]

EDMA
(80 mol %)

physical characterization

Y

photo inititated

hv , 15°C / 24h

(1) Crush

(2) Soxhlet extract
in MeOH

(3) Dry, Size

HPLC molecular recognition studies

i

150-250 pm

25-38 pm

Scheme 1.
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in a mortar, followed by soxhlet extraction in
methanol for 12 h. The polymers were then dried
overnight under vacuum at 50°C and sieved to a
150-250 pm and a 25-38 pm particle size
fraction. The preparation of the polymers using
the. bismethacrylamide monomers is described in
Table X. IR (KBr) of P1: 3458 (br), 2991, 2960,
1730, 1639, 1633, 1481, 1462, 1454, 1390, 1369,
1323, 1298, 1261, 1161, 1051, 957, 880, 816, 754
and 528 cm™'. CP-MAS ’C NMR of P2 and T2:
6 177, 168, 137, 127, 63 (br), 57 (br), 46, 24 (br),
19 ppm. The level of unsaturation was estimated
by a comparison of the integrals at 177 and 168
ppm corresponding to non-conjugated and
conjugated carbonylcarbons as described else-
where [23].

Polymer density and solvent swelling studies

Dry polymer (1 ml, 150-250 wm) was placed
in a 5-ml calibrated graduated cylinder and
weighed. This gave the apparent dry density of
the polymer. Excess solvent was then added and
the polymer was stirred in order to remove air
bubbles. The cylinder was then tapped until no
further settling was observed. The swelling given
as volume swollen polymer per volume dry
polymer was read after 12 h. In another experi-
ment swelling as a function of pH was studied.
The polymer (0.5 ml, 150-250 pm) was placed in
a volume-calibrated NMR tube and 2 ml MeCN-
0.1 M NaCl (7:3) was added. Sodium hydroxide
(1 M) was added in 40-u1 increments with 3 h
interval. Before each addition swelling and pH
were measured.

Solvent uptake studies

Dry polymer (1.00 g, 150-250 pwm) was placed
in a scintillation vial and cyclohexane was added
dropwise while the polymer was regularly agi-
tated. Addition was stopped when the particles
lost their ability to flow freely. The solvent was
then allowed to evaporate until the particles just
became free flowing. From the weight of the vial
and the cyclohexane density, the solvent uptake,
given as volume of solvent absorbed per weight
of dry polymer, could be calculated.

Pore analysis
Pore and surface area analysis were performed
by N, adsorption and Hg penetration on Micro-
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meritics ASAP 2000 and PS3200, respectively. In
the N, adsorption a sample of polymer (150-250
wm) corresponding to ca. 20 m> (0.1-0.5 g) was
degassed at 170°C overnight under vacuum. The
adsorption and desorption isotherms were then
recorded using a 200-point pressure table and 15
s equilibration time. This gave a pore size
distribution of pores between 17 and 2000 A In
the Hg-penetration experiments a pore size dis-
tribution of pores between 1000 and 50 000 A
was instead obtained. The surface arca was
determined using the BET model, the t-plot
using Harkins—Jura average thickness equation
and the pore distribution using the BJH model
[24].

Splitting of template

The recovery of template after soxhlet extrac-
tion in methanol was determined by HPLC on
a reversed-phase C;; column using p-amino-
phenylacetate as internal standard and MeOH-
3% HOAc (1:1) as eluent. All polymers except
the one polymerized at 120°C [P1(120°C)]
showed a recovery of 60-70%. Additional re-
covery is believed to occur upon acid wash since
a high recovery (ca. 90%) has been observed by
other techniques [8,10]. The polymer prepared
at 120°C showed extensive breakdown of the
template. The high accessibility of the carboxylic
acid groups as indicated by the potentiometric
titrations also indicates that the splitting yield is
actually higher.

Chromatographic evaluation

The polymers with the 25-38 um grain size
fraction were slurry packed into 100-mm stain-
less steel columns [5 mm I.D. containing ca. 0.5
g (dry weight) of polymer after packing] using
mobile phase A as solvent [MeCN-H,0-HOAc
(92.5:2.5:5, v/v/v)]. After having passed ca. 50
ml at a flow-rate of 10 ml/min the column was
equilibrated at 1 ml/min until a stable base line
was reached. The flow-rate was 1 ml/min, the
volume of injected solute 10 u1 and the detection
wavelength 260 nm, unless otherwise stated. The
capacity factor was calculated as (t—ty)/t,,
where ¢ is the retention time of the solute and £,
the retention time of a non-retained void marker
(NaNOQ,). The separation factor (a) measures
the relative retention between the enantiomers
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(@ = k, /k;,) and h the reduced plate height from
the number of theoretical plates (n) as h =L/
(d,n), where L =column length (10 cm), d, =
average particle diameter (31.5 um) and n=
5.55(t/t,,,)* (ty,, is the peak width at half
height). The resolution factor R, [25] and the
asymmetry factor A, [26] were obtained graphi-
cally as described elsewhere.

Polymer esterification

Dry polymer, 0.52 g of P1 and 0.41 g of PIBL
of the 25-38-um grain size fraction, was agitated
in 10 ml dry tetrahydrofuran (THF) in 50-ml
erlenmeyer flasks. Diazomethane, generated
from 11.5 mmol of diazald (Aldrich), was added
as an etheral solution giving a yellow color of the
polymer slurry. The flasks were agitated gently
and after addition they were closed with septa
and opened to atmosphere with a small needle.
After 12 h the color had faded and the addition
was repeated. The yellow color now persisted
and the excess diazomethane was quenched after

TABLE I

12 h with acetic acid. The polymers were then
washed with excess THF and dried under vac-
uum at 50°C.

RESULTS AND DISCUSSION

Following the procedure shown in Scheme 1, a
number of polymers were prepared by either
photochemical or thermal initiation using
L-PheNHPh as print molecule with solvents of
various polarity and hydrogen bonding capacity
as porogens (Table I). Polymers were also pre-
pared excluding the print molecule (BL) or using
benzylamine (BA) as print molecule. The poly-
mers were then processed as indicated and
subjected to physical characterization or to chro-
matographic evaluation.

Physical appearance, swelling and solvent
uptake

Depending on which porogen was used either
transparent, translucent or opaque polymers

SWELLING AND SOLVENT UPTAKE OF L-PheNHPh IMPRINTED POLYMERS

Polymer* Porogen Density” Swelling* Solvent uptake’ Specific swelling’
(g/ml) (ml/ml) (ml/g) (ml/g)
T1 MeCN 0.35 1.19 1.12 34
T1BL MeCN 0.31 1.19 1.11 3.8
T1BA MeCN 0.38 1.31 1.10 34
T2 THF 0.38 1.27 1.11 33
P1 MeCN 0.38 1.36 1.00 ' 3.6
P1BL MeCN 0.34 1.31 1.07 39
P1BA MeCN 0.36 131 - 1.12 3.6
P1(120°C) - MeCN 0.36 1.35 . 1.03 3.8
p2’ THF 0.52 1.84 0.53 3.5
p3’/ : CHCI, 0.58 2.11 0.10 3.6
p4/ CH, 0.40 1.55 0.91 3.9
ps’ DMF 0.51 1.97 0.38 3.9
P6’ CH,Cl, 0.58 2.01 0.14 3.5
P7 Isopropanol 0.29 1.10 1.14 3.8
P8 HOACc (glacial) 0.40 1.45 0.86 3.6

“ The polymers were prepared as described in the experimental section and in Scheme 1 where T represents thermal initiation and
polymerization at 60°C and P photochemical initiation and polymerization at 15°C. P1(120°C) was prepared by treating a
polymer prepared as P1 at 120°C for 24 h before work up. BL indicates a blank polymer prepared in absence of template and

BA a polymer prepared using benzylamine as template.
* Apparent density of 150-250-wm particles.

¢ Swelling in acetonitrile given as an average of two measurements with a spread of less than 3%.
4 Volume of cyclohexane taken up per gram of polymer given as average of two measurements with a spread of less than 6%.

¢ Swelling divided by apparent density.
/ These polymers appeared transparent.
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were obtained. The transparent polymers crack-
ed upon opening of the polymerization tubes and
slowly turned opaque, probably due to shrinkage
upon porogen evaporation. The shrinkage is
reflected in the apparent dry density of the
polymers (Table I). Indeed the polymers show-
ing transparency had the highest density and thus
shrunk the most upon drying. The gravimetric
yields of polymerization was high (92-108%). It
is interesting to note that the transparent poly-
mers were prepared using porogens with a re-
fractive index (n,) (see Table V) higher than 1.4.
Thus the transparency may be due to a refractive
index match rather than to a certain pore struc-
ture.

In Table I swelling and solvent uptake data is
seen for all the polymers in acetonitrile. Some
general observations can be made. The photo-
initiated polymers showed higher swelling than
the thermally initiated ones. The same was true
for the transparent polymers versus the opaque
materials. If the swelling is expressed as the
volume of swollen polymer per gram of dry
polymer (specific swelling) it is seen that all
polymers take up the same amount of acetoni-
trile indicating a fully reversible swelling—shrink-
ing process as was seen in the polymerization of
trimethylolpropanetrimethacrylate (TRIM) [27].
The uptake of cyclohexane is also given in Table
I. Since little swelling was observed in this
solvent the uptake data should reflect the perma-
nent pore volume of these polymers. The photo-
polymers in general showed lower solvent up-
takes than the corresponding thermally initiated
polymers. The same relationship was observed
for the transparent versus the opaque polymers.
Interestingly a linear inverse relationship was
found between the swelling and solvent uptake
for these polymers, again indicating a reversible
swelling—shrinking process. Polymer P6 was sub-
jected to heat treatment in the dry state under
vacuum. This resulted in a decrease in the
swelling and solvent uptake in agreement with a
recent study of TRIM polymers [27]. The de-
creased swelling was in the TRIM study ex-
plained by a heat-induced packing of the mi-
crospheres which could be reversed by heating
the polymer in presence of solvent. The swelling
was also studied in a series of solvents of differ-

B. Sellergren and K.J. Shea | J. Chromatogr. 635 (1993) 31-49

TABLE II
SWELLING IN VARIOUS SOLVENTS

Swelling in ml/ml was determined in the various solvents as
described in the experimental section. These values are
averages of two measurements with a spread of less than 3%.
The polymers were dried under vacuum at 60°C between
measurements. MP = mobile phase used in the chromato-
graphic evaluation. MeCN-H,O-HOAc (96.25:1.25:2.5,
v/v/v). L-10 represents addition of 10 mM of L-PheNHPh
(template) to the swelling solvent.

Solvent Polymers
T1 TIBL T2 Pl PIBL P2

MeCN 1.19 1.19 131 136 1.31 1.84
MP 1.17 1.14 129 1.36 1.30 1.80
MeOH 1.17 1.19 1.30 137 1.29 1.83
Toluene 1.13 1.12 1.30 1.30 1.25 1.71
THF 119 1.17 130 135 1.31 1.79
H,O 1.19 1.13 1.28 1.30 1.28 1.77
Cyclohexane 0.98 1.06 1.05 1.10 1.09 1.40
MeCN + L-10 1.87
MeCN + L-100 1.88
MeCN + D-10 1.93

ent polarity (Table II). The swelling was highest
in the polar solvents (except for water) and lower
in toluene and cyclohexane. According to the
solubility parameters in Tables V and VI toluene
and cyclohexane are poor solvents for linear
co-polymers of MMA-EA-MAA (EA=
ethylacrylate). No difference in swelling was
observed when the experiment was performed in
the presence of 10 or 100 mM template (L-
PheNHPh) excluding any stabilizing cross-linking
effect from the template. Swelling also tended to
be lower for the blank polymers compared to the
corresponding templated polymers (Table II). It
is possible that the carboxylic acid dimers, which
are more abundant in the blank polymer, serve
as a non-covalent cross-linking agent.

Spectroscopic and thermal analysis

A typical FT-IR spectrum of a templated
polymer is given in Fig. 1la. The resonances of
interest from the vinyl and the carboxyl groups
are indicated. The former may allow an estimate

of the extent of unreacted double bonds and the

latter give information of the hydrogen bonding
state of the carboxyl groups. A well resolved
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Fig. 1. FT-IR spectrum of (a) polymer P1(120°C) and (b) diazomethane-treated P1. The arrows at 3440 and 3300 em™! indicate
the carboxylic acid OH stretch for the monomers and the hydrogen-bonded dimers, respectively and the arrow at 1639 cm™*

indicates the band arising from the vinyl-proton bonding.

band at 1639 cm ™! is attributed to =C-H bending
and the broad band at 3300-3700 cm ™! to the
carboxyl OH stretch. The FT-IR spectra of all
polymers were indistinguishable indicating that
they all contained approximately the same
amount of unreacted double bonds and that no
detectable difference in hydrogen bonding in the
polymers is present. In IR studies on MMA-

MAA copolymers [28] a band at 3300 cm ™" was
attributed to carboxylic acid dimers while one at
3440 cm ™' was attributed to monomers. Interest-
ingly a maximum was observed at 3440 cm ™' and
an inflection at 3300 cm~'. However strong
absorbance was also observed at a higher
wavenumber indicating a population of isolated

carboxylic acid groups.
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Thermal analysis was performed by TGA and
DSC. All of the polymers studied showed a high
thermostability with no mass loss under 200°C.
Between 220 and 480°C all mass was lost and in
this interval the polymers showed variations in
the onset of mass loss, the steepness of the mass
loss curve and in the endotherms of decomposi-
tion (Table III). The thermally initiated poly-
mers appeared slightly less stable than the photo-
chemically initiated materials although they con-
tain a lower amount of unreacted double bonds.
Based on CP-MAS >C-NMR experiments on T2
and P2 a level of unsaturation of ca. 6 and 9%,
respectively, was found. Moreover, polymer P6,
which belongs to the gel-like non-porous materi-
als, showed a higher stability than P1 which is
mesoporous. These variations may be related to
the polymer morphology.

Pore analysis

Nitrogen adsorption—desorption and mercury
porosimetry are techniques for the determination
of polymer pore structures in the dry state [24].
Nitrogen sorption commonly revealed Type IV
isotherms which indicate mesoporosity (Fig. 2a).
Most of the polymers showed a hysteresis loop
where the desorption branch did not close but
leveled off either below or above the adsorption
branch. This was pronounced for the polymers

TABLE I
THERMOSTABILITY OF IMPRINTED POLYMERS
The temperatures for 0 and 100% mass loss were determined

from the point where the trace departed from or reached the
base line.

Polymer Temperature (°C) at x% mass loss

0 25 50 75 100
T1 235 340 375 415 468
TiBL 250 330 360 400 460
TI1BA 250 365 395 425 467
T2 246 315 357 405 458
P1 229 377 404 430 465
P1BL 225 372 409 436 485
P1IBA 240 363 395 421 465
P1(120°C) 227 362 400 425 460
P2 252 365 397 424 463
P6 234 392 419 435 474
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exhibiting the highest swelling and the lowest
solvent uptake (Table I). Such behavior has
been explained by shrinking of the polymer
when subjected to increasing pressure at the
liquid N, temperature and thus entrapment of N,
molecules inside the polymer matrix [29]. During
gas release from the pores of a certain size a
lower relative pressure is thus required than one
that can be calculated from the Kelvin equation
[24]. Possibly the shrinking effect can be reduced
by using a gas with lower saturation pressure P,
(CO,) which would allow measurements at a
higher temperature [29]. It should be noted that
some of the polymers, in particular those which
previously showed the lowest solvent uptake and
the highest swelling (Table I), strongly retained
the helium used in the free volume measure-
ments. As a result, manual degassing had to be
applied at elevated temperatures (170°C) after
the cold free space measurement.

Since the adsorption average pore diameter
was in closer agreement than the desorption
diameter with values obtained from the BET
calculation the former is reported in Table IV. In
general a narrow size distribution in the desorp-
tion plot (Fig. 2b) and a lower average pore
diameter compared to the adsorption plot (Fig.
2¢) indicates the existence of “bottle shape”
pores [24]. The results of the study is summa-
rized in Table IV. The polymers showed a wide
distribution of surface areas and pore volumes.
P3 and P6 were non-porous with essentially no
surface area or internal pore volume. P7 on the
other hand showed a macroporous character
requiring Hg porosimetry (>1000 A) to include
all pores. The remaining polymers were meso-
porous in character.

Particle texture

Scanning electron micrographs reveal the dif-
ference in morphology between the polymers
(Fig. 3). Polymer P6, which belongs to the non-
porous materials, shows a smooth featureless
image with no observable pores. Fractures were
observed probably arising from stress created
during shrinking. P7 on the other hand showed a
rough surface with clearly visible pores. A trend
towards rougher surfaces and larger pores was
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Fig. 2. (a) Nitrogen adsorption—desorption isotherm of polymer P1 after helium outgassing at 150°C. + = adsorption; * =
desorption. (b) Pore size distribution calculated using the BJH model on the desorption isotherm. (c) As in b on the adsorption
isotherm. P, = nitrogen saturation pressure, STP = standard temperature and pressure.

seen in the order: P6 <P1<T1<P7 which is in
agreement with the pore analysis (Table IV).

Aspects of polymer pore structure formation

In the imprinting process low-temperature
polymerization is preferable for several reasons.
When the template interacts by non-covalent
interactions with the monomers a negative AS
for complex formation will favor complexation at
low temperature. Side reactions may be mini-
mized in particular for labile templates. Lower
temperatures will lower the number of stable
conformers which in turn may lead to sites of a
more defined geometry. In spite of these advan-
tages free radical polymerization of network
polymers at low temperature can result in unde-
sired changes in polymer morphology. Often a
large portion of unreacted double bonds remains
in the polymer leading to high swelling, low pore
volume and low surface areas [27]. These
changes may adversely affect the rebinding selec-
tivity. In this study a complete polymer charac-
terization is therefore necessary.

Knowledge about the solubility parameters (8)
for the porogen and the polymer allow an
estimate of the heat of mixing per unit volume
according to:

AH,/V= (8, - 52)2¢1q)2 ' (1)

where §, is related to the energy of vaporization
of species 1 and @, its volume fraction in the
mixture (species 1 and 2 are assumed to be
non-interacting) [30]. A minimum AG is ob-
tained when 8, =, implying a maximum solva-

- tion of the growing polymer chains (good sol-

vent). In Table V the porogens have been
classified according to their solubility parameter
divided into a dispersive, a dipole—dipole and a
hydrogen bond term [30]. Depending on the size
of the hydrogen bond term the porogens have
been further classified as either poorly, moder-
ately or strongly hydrogen bonding. A correct
estimate of & of the polymers is difficult due to
their cross-linked nature which gives rather small
swelling factors. Often however the solubility
parameter is close to the one of the predominat-
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TABLE IV
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SURFACE AREA AND PORE ANALYSIS ON THE IMPRINTED POLYMERS

Polymer N, adsorption Hg porosimetry
Surf. area Pore Pore Micropore Micropore Pore Surf. area® Pore
(BET)” volume” diameter® volume* surf. area’ volume*® (m*/g) diameter’
(m?/g) (ml/g) (A) (ml/g) (m’/g) (ml/g) (A)

L 317 0.89 118 0.036 85 0.04 1 1500

TI1BL 326 0.89 119 0.051 109

TIBA 276 0.82 123 0.030 67

T2 382 0.73 89 0.054 116

Pl 256 0.60 94 0.012 30 0.06 1.5 1500

P1BL 267 0.72 91 0.009 31

P1BA 253 0.66 104 0.011 34

P1(120°C) 266 0.65 96 0.010 33

P2 194 0.24 52 0.006 16

P3 35 0.007 91 0.0004 0.9

P4 216 0.43 78 0.005 15

P5 127 0.17 52 0.002 9.7

P6 3.8 0.007 71 0.0003 0.9 0.02 02 1500

| 272 49 0.20 121 0.003 9.0 0.74 11 1800

P8 267 0.52 77 0.008 29

“Determined using the BET model on a seven-point linear plot.

® BJH cumulative adsorption pore volume of pores between 17 and 3000 A.
BJH adsorption average pore diameter (4 - pore volume/surface area) of pores between 17 and 3000 A.

“Based on a t-plot using Harkins—Jura average thickness.

¢ Cumulative pore volume and surface area of pores between 1000 A and 10 wm.
’ Average pore diameter of pores between 1000 A and 10 wm calculated as 4 - pore volume/surface area.

ing monomer. As seen in Table VI all porogens
have & values in the range of either p-MAA,
p-MMA or p-MMA-MAA-EA.

The mechanism of pore structure formation in
network polymers has been thoroughly reviewed
[31,32]. A detailed analysis of polymer pore
structure formation in the preparation of highly
cross-linked TRIM was recently reported [27]. It
is particularly interesting to note the influence of
the solvating ability of the porogen on the pore
structure formation. Performing the polymeriza-
tion in a good solvent (toluene) favors inter-
molecular cross-links giving a relatively homoge-
neous network. The phase separation is con-
trolled by the formation of solvent swollen gel
particles which coagulate to form grains. These
in turn coagulate to build up the pore system of
the polymer. The links between the grains ap-
pear to be flexible since this type of polymer
shrinks upon drying and swells to the original
volume upon reimmersion in solvent. A poor

solvent (isooctane) will promote agglomeration
leading to the formation of dense highly cross-
linked microspheres. The phase separation under
these conditions is controlled by precipitation of
the microspheres giving a relatively open pore
structure where the strong links between the
microspheres produce less shrinking and swell-
ing. It should be noted that the number of
residual double bonds in the polymers was about
the same. Therefore, the authors did not attri-
bute the different swellings to variable levels of
cross-linking.

As seen in Table IV and from the structural
data (Table I) no obvious correlation exists
between (8, —8,)> (Tables V, VI) and the poly-
mer morphology in the present study. However
in analogy with the TRIM system [27], the
specific swelling (volume of polymer plus aceto-
nitrile per gram of dry polymer) of the polymers
was constant regardless of the dry state morphol-
ogy and volume swelling. In addition, the
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Fig. 3. Scanning electron micrographs of (a) P6, (b) P1, (c) T1 and (d) P7 photographed at 8000x magnification.
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TABLE V
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SOLUBILITY PARAMETERS, HYDROGEN BOND CAPACITY AND REFRACTIVE INDICES OF THE SOLVENTS (30]

The solubility parameter § has been divided into a dispersive term §,, a polar term 8, and a hydrogen bond term §,. H bond is a
measure of the hydrogen bond capacity of the solvent in terms of both donor and acceptor ability, P = poor, M = moderate and

S = strong. n,, = Refractive index.

Solvent 8, 8, 8, 8 (MPa™®) H bond ng
MeCN 15.3 18.0 6.1 24.6 P 1.34
THF 16.8 5.7 8.0 19.4 M 1.41
CHCI, 17.8 3.1 5.7 19.0 P 1.45
CH, 18.4 0 2.0 18.6 P 1.50
DMF 17.4 13.7 11.3 24.8 M 1.43
CH,Cl, 18.2 6.3 6.1 203 P 1.42
Isopropanol 15.8 6.1 16.4 23.5 S 1.38
HOAc 14.5 8.0 13.5 21.3 S 1.37
MeOH 15.1 12.3 29.3 29.7 S

Toluene 18.0 1.4 2.0 18.6 P

H,0 15.5 16.0 42.4 47.9 S

Cyclohexane 16.8 0 0.2 16.8 P

TABLE VI separate D- and L-PheNHPh using the standard

SOLUBILITY PARAMETERS OF POLYMERS IN
SOLVENTS OF DIFFERENT HYDROGEN BOND
CAPACITY [30]

The solubility parameter ranges were obtained for commer-
cial polymers given in the Polymer Handbook [30}.

Polymer & (MPa"?)
Solvent hydrogen bonding capacity
Poor Moderate Strong
MMA 18.2-26 17.4-27.2 0
MAA 0 20.3 26.0-29.7
MMA-EA-MAA 0 18.2-22.1 19.4-29.7

(40:40:20 mol%)

number of residual double bonds appeared to be
about the same for all polymers (see under
spectroscopic analysis). It is therefore possible
that a similar mechanism as proposed for the
TRIM polymerization is operating in the tem-
plate polymerizations in this study. This implies
that the swollen state morphology of the poly-
mers may be quite similar.

Polymer selectivity
All the polymers were initially evaluated in the
liquid chromatographic mode for their ability to

criteria for chromatographic characterization
[26]. These include the polymer selectivity re-
flected in the separation factor (a), the binding
reflected in the retention or the capacity factor
(k"), the column efficiency or dispersion reflected
in the reduced plate height (#), band spreading
due to slow adsorption—desorption kinetics or a
non-linear binding isotherm reflected in the peak
asymmetry (A,) and finally the efficiency of a
separation reflected in the resolution (R,). Due
to peak asymmetry (mainly for the mostly re-
tained enantiomer) the assumptions that the
peak retention time is equal to the peak maxi-
mum retention time and that the peak width is
proportional to the peak standard deviation are
now only approximations. However since the L
peak exhibits tailing the true retention time
should be longer. The given a values are there-
fore low estimates of the true values. The eluting
strength of the mobile phase was chosen in order
to balance the interactions between the solute
and the stationary phase. In this regard the
existence of mobile phase complexes has earlier
been shown and in addition a quantitative anal-
ysis of their stability has been presented [10].
The mobile phases were: A =92.5:2.5:5 and
B =96.25:1.25:2.5 (v/v/v) MeCN-H,O-HOAc.
This gave in all cases a k' of the least retained
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solute between one and two allowing a more
accurate determination of the separation factor
a, i.e. a determination that is less dependent on
an accurate determination of the void elution.
The latter was determined using acetone as void
marker which in the mobile phase coeluted with
acetonitrile and sodium nitrate.

In Table VII the a values obtained at two
sample loads for all polymers are shown. In
addition results from the swelling and pore
analysis as well as the hydrogen bonding capacity
of the porogen has been included. As mentioned
above, the polymer morphology in the dry state
range from gel-like non-porous with a high
swellability (P3, P6) to macroporous with a
lower swellability (P7). Since the mass-specific
swelling is similar for all polymers (Table I) the
polymers may show a more similar morphology
in the swollen state. Nevertheless, no obvious
correlation appears to exist between selectivity and
polymer morphology. Instead, a correlation be-
tween the hydrogen bonding capacity of the
porogen and the polymer selectivity can be seen.

TABLE VII
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Thus a trend towards lower a values upon
increase in the hydrogen bonding capacity of the
porogen is observed. This is in line with the
previously proposed recognition model based on
ion-pairing and hydrogen-bonding interactions
[10]. A similar trend is seen for the thermally
initiated polymers which as expected showed
lower selectivity than the photoinitiated poly-
mers. It should be noted that neither the dipole
nor the dispersion term show any correlation
with the polymer selectivity (cf. Tables V, VII).

Polymer saturation capacity

Using the mobile phase A unusual chromato-
graphic behavior was seen in the low concen-
tration regime (<100 nmole applied), leading to
peak splitting and local minima and maxima in
the plots of k' and a versus sample load. The
origin of these effects are mainly mobile phase
related and probably involve slow mobile phase
equilibria with acetic acid [14]. By using buffered
mobile phases these problems were eliminated.
By increasing the sample load of p,L-PheNHPh

CHROMATOGRAPHIC ENANTIOMER SELECTIVITY AND RESULTS FROM THE SWELLING AND PORE
ANALYSIS IN RELATION TO HYDROGEN BOND CAPACITY OF POROGEN

The chromatographic separations were carried out as described in the experimental section using a mobile phase: MeCN-H,0-
HOAC, 92.5:2.5:5 %, v/v and applying two different sample loads of D,L.-PheNHPh. NR = non-resolved peak maxima.

Polymer Porogen H bond Swelling Pore Surface Separation factor
type (ml/ml) volume area a (=ki kp)
(ml/g) (m®/g) Sample load of D,L.-PheNHPh
12.5 nmol 100 nmol

P1 MeCN P 1.36 0.60 256 5.8 2.6
P3 CHCl, P 2.11 0.007 35 4.5 2.6
P4 CH, P 1.55 0.43 216 6.8 2.4
P6 CH,Cl, P 2.01 0.007 3.8 8.2 2.4
P5° DMF M 1.97 0.17 127 2.0 NR
P2 THF M 1.84 0.24 194 4.1 1.5
pP7° Isopropanol S 1.10 0.86 49 3.5 2.4
pg* HOAc¢ S 1.45 0.52 267 1.9 NR
T1 MeCN P 1.19 0.89 317 3.1 NR
T2 THF M 1.27 0.73 382 1.6 NR
P1(120°C) MeCN P 1.35 0.65 266 3.7 2.4
P6(120°C)” CH,ClL, P 1.90 - - NR 2.3

“ Mobile phase MeCN-H,0-HOAc, 96.3:1.2:2.5 %, v/v.
® Treated under vacuum in the dry state at 120°C for 24 h. Solvent uptake: 0.09 ml/g.
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the separation factor typically decreased rapidly,
leveling off at a sample load of ca. 100 nmol
(Fig. 4a). The steepness of the slope depended
on porogen, polymerization temperature as well
as on eventual heat treatment of the polymer.
This is in qualitative agreement with our earlier
published binding study on thermally initiated
polymers at elevated column temperature al-
though a higher saturation capacity was in that
case observed [11]. By finishing the polymeriza-
tion for 24 h at 120°C [P1(120°C)] a polymer that
showed higher saturation capacity and improved

chromatographic performance was obtained
]
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(Fig. 4), reflected in the higher resolution factors
(R,) observed for this polymer. It is clear from
earlier reported saturation capacities of imprinted
polymers that polymers prepared by thermal
initiation [10] are superior to those prepared by
photoinitiation [20] allowing in the former case
sample loads of ca. 2.4 mgl/g (column tempera-
ture: 80°C) and in the latter case 0.5 mglg
polymer, respectively with resolved peak maxima.
It should be noted that the saturation capacity
(number of available binding sites) of the poly-
mers in this study is low in relation to the
amount of template added to the monomer

14
k' b

12 5

-I—.\.\_ D

T

] 1 (;0 200 300
D,L-PheNHPh (nmol )

Fig. 4. (a) Separation factor (a), (b) capacity factor (k') of P1(120°C) and (c) resolution (R,) versus sample load on various
polymers in the study using MeCN-0.05 M potassium phosphate (KP) buffer pH 7 (7:3) as mobile phase.
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mixture (theoretical maximum number of sites).
This number can be estimated from the loading
factor giving column overloading [34]. Severe
overloading normally occurs at loading factors
well below the saturation capacity of the column
(5-10%). This corresponds to a saturation
capacity of ca. 20 pmol/g for polymer P1(120°C)
which implies that only 10% of the theoretical
maximum number of sites are active. Similar low
saturation capacities were observed in indepen-
dent batch and frontal chromatographic binding
studies [21,35]. In these studies a monosite
Langmuir isotherm was assumed. In view of the
site heterogeneity as indicated by Fig. 4 a Lang-
muir binary site model as proposed by Dickey
[36] several years ago may better describe the
observed binding isotherm. Alternatively a
multisite model as described by Wulff et al. [37]
may be used where an association constant for
each newly covered site is calculated.

In studies employing reversible covalent bind-
ing between the functional monomer and the
print molecule clearly higher saturation capaci-
ties are observed allowing a 2-3 fold excess of
substrate to sites to be applied in the rebinding
studies [15-19]. This typically results in ca. 90%
rebinding based on the splitting yield. In non-
covalent imprinting higher saturation capacities

TABLE VIII
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can be expected by using lower polymerization
temperatures, a larger amount of functional
monomer or by matching functional groups that
are known to interact strongly in solution.

Effect of heat treatment on chromatographic
performance

In view of the previously reported swelling
effects upon heat treatment of TRIM polymers
[27], the effect of such treatment upon the
chromatographic performance was investigated.
Two photoinitiated polymers showing different
dry state morphologies were subjected to heat
treatment in the dry state (Table VIII). For the
gel-like polymer (P6) this resulted in a lower
swelling (see Table VII) and lower « values at
low sample loads (mobile phase A). The de-
crease in selectivity appeared to be reversible
since, after a prolonged run in buffered mobile
phases, a repeated run using mobile phase A
resulted in high a values at low sample loads. In
the buffered mobile phase at pH 7 the polymer
exhibited high efficiency with low 4 and high R,
comparable to P1(120°C) (Fig. 5). At pH 7 the
polymer was then subjected to additional heat
treatment. This had only little effect on the
selectivity and performance.

These results contrasted with results obtained

EFFECT OF HEAT TREATMENT ON CHROMATOGRAPHIC PERFORMANCE OF POLYMER P4 AND P6

The chromatographic experiments were performed using as mobile phase MeCN-0.05 M KP buffer, pH 7 (7:3) at a flow-rate of 1
ml/min and injecting 10 nmol of D,L-PheNHPh as described in the experimental section. NR =no enantiomeric resolution.

VB = very broad.

Treatment Stationary ki, hy hy hy R,
phase

None P4 8.3 4.1 32 138 7 2.2
P6° 6.9 8.2 77 264 26 1.5

Heat 120°C, 17 h dry” P4 4.6 2.1 30 99 & 1.5¢
P6° 0.8 NR 113 6 NR
P6 4.4 2.0 23 35 6 1.9

Heat 130°C, 4 hin P4 1.9 1.6 158 14 <1?

mobile phase’ P6° 16 6.4 106 VB 8 T 1.8
P6 5.7 23 33 91 10 1.7

“The polymer was heated under vacuum followed by column repacking.

* The column was immersed in an oil bath and heated keeping the flow-rate at 1 ml/min.

 Mobile phase: MeCN-HOAc-H,0 (92.5:5:2.5, v/v/v).
4 Column length: 5 cm.
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Fig. 5. Elution profile of 10 nmol D,L-PheNHPh applied on
an L selective heat treated polymer (P6) using as mobile

phase: MeCN—0.05 M KP buffer, pH 7 (7:3) at a flow-rate of
1 ml/min.

using the more porous polymer (P4). After
initial dry heat treatment lower k' and a were
observed as well as a poorer performance (high-
er h). This trend continued upon the subsequent

TABLE IX
INHIBITION OF SUBSTRATE RECOGNITION
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wet heat treatment. The seemingly higher ther-
mostability of the gel-like polymer (P6) was also
indicated by the thermal analysis (see Table III).
Variable temperature runs on this polymer may
therefore allow an estimate of the energetics of
the binding.

Chemical modifications affecting binding and
selectivity

The photoinitiated template and plank poly-
mers prepared using acetonitrile as porogen (P1
and P1BL) were treated with a large excess of
diazomethane for 48 h. This was followed by a
reinvestigation of swelling, solvent uptake, FT-
IR, DSC, TGA and chromatographic perform-
ance (Table IX). A somewhat lower swelling and
solvent uptake was observed. Interestingly a
clear loss of selectivity is seen in the large
decrease in the separation factor showing the
importance of the ion pair and hydrogen bonding
interactions for recognition. In the IR spectrum
(Fig. 1b) only part of the OH band disappeared,
mostly the absorbances at higher wavenumbers.
This is to be expected since the free carboxylic
acid groups should be more reactive than the
hydrogen bonded groups. Also a large decrease
in the vinyl band at 1639 cm ™' was seen probably
due to a 1,3 addition of diazomethane to un-
reacted double bonds. Thus a large proportion of
unreacted double bonds seems to be accessible.
The DSC and TGA traces for both polymers
were almost identical. An endotherm at low
temperature was observed corresponding to a
mass loss which could be attributed to the weight
of a methylester group. This was not observed in

The diazomethane and base treatment was performed on polymer P1 and P4, respectively, as described in the Experimental
section. The mobile phase was MeCN-H,O-HOAc (92.5:2.5:5 %, v/v) and the sample load was 10 nmol of D,L-PheNHPh.

Treatment State Swelling Solvent ki a
(ml/ml) uptake (=kylky)
(ml/g)
CH,N, -COOH 1.36 0.78 7.5 5.8
-COOMe 1.20 0.68 1.7 1.4
MeOH-10% NaOH Unhydrolyzed 1.55 2.0 5.6
(4:1 %, v/v) Hydrolyzed 1.70 1.2 2.3
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the untreated polymer. In another experiment
the polymers were stirred at room temperature
in MeOH-10% NaOH (4:1) overnight. This
gave rise to a substantial release of methacrylic
acid and a higher swelling. The treatment re-
sulted in a partial loss of selectivity and binding
(Table IX). The increase in swelling has been
attributed to hydrolysis of cross-links in the
polymer [33] which may explain the partial loss
of selectivity due to the larger degree of flexibili-
ty in the polymer backbone.

Use of bismethacrylamides in non-covalent
imprinting

The use of bismethacrylamides as functional
monomers in non-covalent imprinting was
evaluated by preparing a series of polymers as
indicated in Table X. The chromatographic

TABLE X

EVALUATION OF BISAMIDE CROSS-LINKERS IN
THE IMPRINTING OF L-PHENYLALANINE ANILIDE

Cross-linker kp a

R= (=kilkp)
~0O-CH,CH,-0-° 8.4 6.4(a)
-NH-CH,~NH-(m)* 11.8 6.3(b)
-NH-CH,CH,-NH- 55 2.4(2)
-NH-(CH,),-NH- 1.1 1.6(c)
~-NH~(CH,),-NH- 1.7 1.6(c)

“ The polymers were prepared using a monomer composition
of EDMA (38 mol%), MAA (38 mol%) and the amide (or
ester) cross-linker (19 mol%) in the presence of
L-PheNHPh as template (4 mol%). The polymerization was
carried out at 75°C under nitrogen for 48 h using AIBN (1
mol%) as initiator and MeCN as porogen (F_,=0.57).
They were then crushed and washed in MeCN-HOAc (3:1)
for two days whereby 30-60% of the template was re-
covered [as determined by HPLC (RP-18)]. The polymers
were then sieved to 25-38 pm and packed into columns. In
the chromatographic evaluation the retention of the D
enantiomer was determined using as mobile phase: MeCN—-
H,0-HOAc (97.5:1.25:1.25 %, v/v). Since the separation
factor does not vary with the mobile phase composition the
separation factors were determined at a mobile phase
composition where the L enantiomer was eluted within a
reasonable time. This corresponded to a composition of
MeCN-H,0-HOACc of (a) 95:2.5:2.5, (b) 92.5:2.5:5 and (c)
97.5:1.25:1.25 %, v/v.

® Prepared using EDMA (34 mol%) and cross-linker (23
mol%).

¢ Prepared using EDMA (57 mol%).
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evaluation was then performed as indicated
(Table X). The amide monomers containing an
aliphatic spacer gave reduced retention and
selectivity compared to the ester monomers
(EDMA). When increasing the length of the
spacer the separation factor and retention de-
creased. However upon introduction of an
aromatic spacer, stronger binding was observed,
while the selectivity was in the same order as
that observed using the standard EDMA-based
polymer. Since selectivity remained unchanged it
is likely that the increase in binding is due to a
stabilizing interaction in the site affecting both
enantiomers equally [38].

CONCLUSIONS

A complete characterization of a series of
photo and thermally initiated polymers im-
printed with L-PheNHPh was performed. The
materials varied widely in dry state morphology
from gel-like non-porous to macroporous. The
swollen state morphology however appears to be
more homogeneous since a certain mass of
polymer swelled to the same volume in acetoni-
trile. The largest influence on the selectivity and
strength of the substrate rebinding was due to
the polymerization temperature and the hydro-
gen bonding capacity of the porogen while the
polymer morphology appeared to be less im-
portant. Photochemically initiated polymeriza-
tion at low temperature and the use of a porogen
with poor hydrogen bonding capacity promoted
high selectivity and strong binding.

The polymers showed a high thermostability
with only small variations between the polymers
as judged from thermal analysis but larger varia-
tions as judged from the effect of heat treatment
upon chromatographic performance (change in
a, R, and h). This appeared to be related to the
polymer dry state morphology where the gel-like
polymers were more stable than the corre-
sponding porous polymers (polymers prepared
using different porogens). Polymers subjected to
heat-treatment after polymerization showed a
higher column efficiency and saturation capacity
compared to the untreated polymers. This re-
sulted in a performance comparable to some of
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today’s commercially available chiral stationary
phases.

The selective rebinding of the substrate to the
polymer could be inhibited by either esterifica-
tion of the carboxylic acid groups of the polymer
or by subjecting the polymers to aqueous base
treatment. Finally, amide-based cross-linkers
were evaluated as a possible way of introducing
additional sites of interaction for the substrate.
Only the aromatic-based cross-linker gave com-
parable selectivity to the EDMA polymers. This
also resulted in a stronger substrate binding
suggesting an additional interaction at the sites.

The data as a whole support the suggested
recognition model that invoke electrostatic and
hydrogen bonding interactions between the poly-
mer and the substrate. Finally and perhaps more
importantly, a porous polymer structure is not a
requirement in order to achieve an efficient
chromatographic matrix in molecular imprinting.
Similar separations were thus seen using a non-
porous swellable material and a porous material
of lower swellability. This result may be informa-
tive about the domains in the polymer structure
in which the recognition sites are located.
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ABSTRACT

The size-exclusion chromatographic partition coefficient (K..) was measured on a Superose 6 column for three sets of
well-characterized spherically symmetrical solutes: the compact, densely branched non-ionic polysaccharide, Ficoll; the flexible
chain non-ionic polysaccharide, pullulan; and compact, anionic synthetic polymers, carboxylated starburst dendrimers. All three
solutes display a congruent dependence of K. on solute radius, R. In accord with a simple geometric model for SEC, all of
these data conform to the same linear plot of Kip. vs. R. This plot reveals the behavior of non-interacting spheres on this
column. Comparison of results for a number of globular proteins at various pH values to this “ideal” curve allows a quantitative
measure of protein attraction or repulsion. It is shown that the usual procedure of obtaining a “best-fit” curve for a set of proteins

is likely to generate an erroneous calibration curve.

INTRODUCTION

Size-exclusion chromatography (SEC) is an
important liquid chromatographic technique for
the separation of biopolymers [1,2]. Unlike other
chromatographic methods, SEC has the potential
of providing information about the molecular
weight — or, to be more precise, the molecular
size of the solute. It is possible to couple an SEC
system to a “molecular weight detector”; then,
the liquid chromatograph simply serves as the
separation step prior to the analysis of the
sample by, for example, light scattering. How-

* Corresponding author.
* Present address: Department of Chemistry, University of
Illinois at Urbana-Champaign, Urbana IL 61801, USA.

0021-9673/93/%06.00

ever, if the column is properly calibrated, the
elution volume itself can be correlated with
solute size, and hence, molar mass. This calibra-
tion is a difficult problem, because (a) the “stan-
dards” used in the calibration process must have
the same relationship between molar mass and
molar volume as the sample being analyzed, and
(b) the separation process must be controlled
solely by steric or entropic effects for both
standards and analytes. The second requirement
is particularly difficult in SEC of proteins,
because each protein has a unique pattern of
surface charge distribution and hydrophobicity.
Despite great technological progress is preparing
SEC packings that have relatively little hydro-
phobic character and relatively low surface
charge [3,4], it is difficult to ensure that the
chromatography of a series of proteins is not
affected by the unique electrostatic or hydropho-

© 1993 Elsevier Science Publishers BV. All rights reserved



52

bic interactions of the individual proteins with
the packing.

The general procedure for calibrating an SEC
column for proteins consists of obtaining the
dependence of either the retention volume (V)
or the chromatographic partition coefficient
(Ksgc) on either molecular weight or the dif-
fusion-related Stokes radius (R,). Kggc is given
by

Keee =V, - V)I(V, = V) (1)

where V,, is the interstitial volume of the column,
obtained as the retention volume of a solute too
large to permeate the pores, and V, is the total
liquid volume of the column, obtained from the
retention volume of a small solute, such as
’H,0, acetone or dextrose. There is some evi-
dence that the diffusional Stokes radius does not
unify the data for a variety of solutes as well as
the viscosity radius [5]:

R, = {3([nIM,)/10wN,}"" @)

(if the units of [n)] are cm®/g, then R has units of
cm) but for most globular proteins, R, and R,
are identical, within experimental error {6]. (The
frequent use of the term ‘‘hydrodynamic radius”,
which is ambiguous in that the relevant hydro-
dynamic property may be undefined, has had the
unfortunate effect of confusing these two param-
eters.) However, when either R, or R, is plotted
against V, or K., the data typically display
some scatter around the best-fit curve. It is
usually not clear whether this scatter results from
adsorptive or repulsive electrostatic interactions
between solutes and stationary phase, arises
from excess asymmetry of some of the standards
(i.e. the set of standards does not represent a
geometrically homologous series), or is a con-
sequence of errors in the determination of V, or
R,, i.e. true experimental error. In the absence
of this information it is common practice to use
the best-fit curve for calibration. This practice
leads to a rather large uncertainty in the determi-
nation of the molecular mass of protein analytes.

A related problem arises when proteins are
used to test SEC theories. In a geometric sense,
R, and R, are much more clearly defined for
proteins than are similar parameters for either
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flexible chain polymers or rod-like macromole-
cules. Therefore, data obtained for globular
proteins have often been used to determine the
validity of relationships between R and K result-
ing from different models of SEC [7-10]. The
effects of adsorptive and repulsive interactions
weaken the utility of such evaluations.

In the current work, we compare the retention
behavior of proteins on a Superose 6 column to
the elution of non-interacting spheres. The so-
lutes that most closely approximate this behavior
are fractions of Ficoll, a densely branched,
highly compact, non-ionic polysaccharide pre-
pared by polymerization of epichlorohydrin and
sucrose [11,12]. Evidence in support of the
compact spherical behavior of Ficoll comes from
the Mark—Houwink exponent of a =0.27 in the
viscosity-MW relationship [n]=KM* [13], and
also from measurements of its hindered diffusion
through pores [14,15]. In addition to Ficoll, we
also report here on the chromatography of
carboxylated starburst dendrimers [16]. These
solutes are even more impermeable than Ficoll,
in view of the value of less than 0.1 [17].
Although these compounds are anionic, an elec-
trolyte content greater than 0.4 M at neutral or
acidic pH appears to fully suppress repulsive
interactions with the weakly anionic Superose
packing. A third solute studied is pullulan, a
non-ionic linear polysaccharide [18]. Although
the flexible chain structure of this polymer makes
its dimensional measurement more ambiguous, a
growing body of literature supports the observa-
tion that flexible chain molecules co-elute with
compact or globular ones that have the same R,
[9,19,20], although there is still some disagree-
ment on this point [21]. The goal of the present
study is to determine whether such simple
macromolecules can be used to define the
“ijdeal” calibration curve for a given column
—i.e. the dependence of Kiz- on R for non-
interacting spheres. If this is the case, then
deviations between this curve and the measured
values for proteins can be interpreted more
clearly than deviations between the best-fit curve
for a series of proteins and the results for any
apparent “outliers”. It is then possible to de-
termine which (if any) proteins exhibit ideal
behavior, and to quantitatively determine the
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magnitude of solute-packing interaction effects
for those that do not.

EXPERIMENTAL

Materials

Table I lists the proteins employed in this
study, along with their MW, isoelectric point, and
Stokes radius and viscosity radius, where avail-
able. Ficoll fractions were a gift of Dr. K.
Granath at Pharmacia Biotechnology, Uppsala,
Sweden. Their characteristics are listed in Table
II. Pullulan fractions were commercial materials
obtained from Shodex Corp. (New York, NY,
USA), with MW values and polydispersities
shown in Table III. Also tabulated are Stokes

TABLE 1
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radii and viscosity radii, measured as discussed
below. Carboxylated starburst dendrimers,
hereinafter referred to as “dendrimers”, were
prepared as described in ref. 16, and were
characterized by dynamic light scattering and
viscometry, as described elsewhere [26]. Values
for their viscosity radii and Stokes radii are given
in Table IV. All buffers and salts were reagent
grade, from Sigma, Mallinckrodt, Fisher or
Aldrich.

Methods

Size-exclusion chromatography. SEC was car-
ried out on a prepacked Superose 6 HR 10/30
column, which had a column efficiency of 3800—
4600 plates/m throughout most of these studies.

CHARACTERISTICS OF PROTEINS USED IN THIS STUDY

Protein” Source MW pl R, (nm) R, (nm)
Ribonuclease (R-5503) Bovine pancreas 13700 9.0 1.75 [22] 1.90 [6]
Lysozyme (L-6876) Egg white 14 000 11.0 1.85 [23] 2.0 [6)
Myoglobin (M-1882) Horse heart 17 800 7.3 1.9 [22] 2.06 [6]
B-Lactoglobulin (L-2506) Bovine milk 35000 52 2.7 [24] 2.65 [6]
Albumin (A-7906) Bovine serum 66 000 4.9 3.5 [22,25]) 3.4[29]
y-Globulin (G-5009) Bovine 150 000 7.0 5.6 [24] -
Catalase (C-40) Bovine liver 223000 5.4 5.2 [22] 5.2(6]
Apoferritin (A-3600) Horse spleen 443 000 5.0 6.1 [5,24] 6.1 [6]
Thyrogiobulin (T-1001) Bovine 669 000 5.1 8.6 [22] 7.9 [25]
¢ All from Sigma, except y-globulin also supplied by CalBiochem.
TABLE II
CHARACTERISTICS OF FICOLL FRACTIONS
Fraction M, LS M,, SEC* M,, SEC’ M, /M, " [7)° R,* R,*
(cm’/g) (nm) (nm)
T1800, Fr. 9 714 000 644 000 337000 1.91 18.5 17 12.4
T1800, Fr. 12 461 000 460 000 257000 1.79 16.9 13 10.7
T1800, Fr. 15 321000 332000 244000 1.36 15.5 11 9.4
T1800, Fr. 20 132000 134 000 113 700 1.18 12.1 7.1 6.4
T2580 IV B, Fr. 3 - 66 500 59 000 1.13 10.0 4.7 4.7
T2580 IV B, Fr. 11 - 21 800 20300 1.07 7.4 3.0 3.0

“From supplier.

b
M_ = Mass-average molecular mass; M, = number-average molecular mass.

¢ Calculated from [n] = 0.005- M%?7 [13].
“ From measured diffusion coefficient.
° From columns 3 and 6, via eqn. (2).
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TABLE 111
CHARACTERISTICS OF PULLULAN STANDARDS
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Sample M,* M, /M. ° R, (nm)” [m] (cm®/g) R, (nm)°
Pullulan P-800 853 000 1.14 25.8 171 28.5
Pullulan P-400 380000 1.12 17.6 105 18.5
Pullulan P-200 186 000 1.13 12.8 55 11.8
Pullulan P-100 100 000 1.10 8.8 39.8 8.6
Pullulan P-50 48 000 1.09 6.1 23.4 5.6
Pullulan P-20 23700 1.07 4.0 15.5 3.9
Pullulan P-10 12200 1.06 3.0 9.70 2.7
Pullulan P-5 5800 1.07 2.1 6.30 1.8

* From manufacturer.

® By QELS.

“1In 0.20 M phosphate buffer (pH 7.0).
4 From columns 2 and 5, via eqn. 2.

The HPLC instrument was a Beckmann System
Gold, equipped with a Beckmann Model 156
refractive index detector or a Waters R401 dif-
ferential refractive index detector, along with the
UV detector supplied with the instrument. Sol-
vent was delivered with a Beckmann 110 B pump
and an Altex 210A valve with either a 20, 50 or
100 ul loop. A Rheodyne 0.2 pum precolumn
filter was placed in-line to protect the column.
Flow-rates were measured and found to be
constant within +0.5% by weighing of collected
eluant. Sample preparation was accomplished by
shaking or tumbling for 1-2 h. The concen-
tration of all polymers and proteins were in the
range 2-5 mg/ml, except for concentration effect
studies. Samples were filtered through 0.45 um

TABLE 1V
CHARACTERISTICS OF DENDRIMERS

Generation MW “ R, (nm)" R, (nm)°
0.5 924 0.95 -

1.5 2173 1.3 -

2.5 4672 1.5 1.5

3.5 9670 2.5 1.9

4.5 19 666 31 2.5

5.5 39657 37 3.1

6.5 79639 4.5 4.0

7.5 159 603 6.0 5.3

¢ Calculated from expected chemical structure.
® From diffusion coefficient, by dynamic light scattering.
° From ref. 17.

Gelman filters before injection. Kgp- was de-
termined according to eqn. 1 with V;; determined
from the retention of either 2 - 10° MW dextran or
4-10° MW PEO as 6.50 ml, and V, determined
from the retention of dextrose as 19.98 ml.
Quasielastic light scattering (QELS). Light
scattering measurements were made using one of
two systems. With a Brookhaven (Hoitsville,
NY, USA) system equipped with a 72 channel
digital correlator (BI-2030 AT) and using a
Jodon 15 mW He-Ne laser (Ann Arbor, MI,
USA) QELS measurements were made at scat-
tering angles from 30° to 150°. Samples at con-
centrations of ca. 2 mg/ml were filtered through
0.20 pum Acrodisc filters (Gelman) prior to
analysis. Counts were typically collected for one
hour. We obtained the homodyne intensity—in-
tensity correlation function G(q,t), with g, the
amplitude of the scattering vector, given by g =
(47n/)) sin(6/2), where n is the refractive index
of the medium, A is the wavelength of the
excitation light in a vacuum, and 6 is the scatter-
ing angle. G(q,t) is related to the electric field
correlation function of concentration fluctuations

g(q,t) by:
G(q,t) = A[1 + bg(q,1)’] (3)

where A is the experimental baseline and b is the
fraction of the scattered intensity arising from
concentration fluctuations.

The diffusion coefficients were calculated
using
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rA®
D= )
167" sin“(6/2)

where I' is the reciprocal of the diffusion time

constant, which is obtained from the slope of In

g°(q,t) vs. t plots. The diffusion coefficient, D, is
directly related to the Stokes radius, R, by
Stokes’ equation

kT
- 6mMR, )

where k is Boltzmann’s constant, T is the abso-
lute temperature and 7 is the viscosity of the
solvent.

QELS was also carried out with an Oros
(Biotage Co. Charlottesville, VA, USA) Model
801 “molecular weight detector” which employs
a 30-mW solid-state 780 nm laser, and an aval-
anche photodiode detector. Samples were intro-
duced into the 7-ul scattering cell (maintained at
26.5 = 0.4°C) through 0.2 pm Anotec filters. 90°
scattering data were analyzed via cumulants.
There were no significant differences between
the results obtained using the two instruments.

Viscometry. Measurements were made with a
Schott AVSN automatic viscometer equipped
with a 10-ml capacity glass Type 531 capillary
viscometer, at 25.0 = 0.02°C. Samples were dis-
solved in the appropriate solvent at concentra-
tions ranging from 6 to 17 mg/ml and filtered
through 0.45 um Gelman filters. Efflux times
were obtained with precisions of +0.05 s. Solute
concentrations were adjusted so that the efflux
time of the most concentrated solutions ex-
ceeded that of the solvent by 10-30%. Intrinsic
viscosities were obtained by the usual extrapola-
tion to zero solute concentration.

RESULTS AND DISCUSSION

Fig. 1 shows the dependence of K¢z on solute
radius for Ficoll, pullulan and dendrimers. The
mobile phase for the first two solutes was 0.20 M
NaH,PO,-Na,HPO,, pH 7.0. In order to ensure
the suppression of electrostatic repulsive interac-
tions between the dendrimer and the packing,
the ionic strength of the mobile phase was
increased to 0.30 M for that solute. For the first
two solutes, we employ the viscosity radius,

4).
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Fig. 1. Dependence of K. on solute radius for (O) Ficoll,
(O) pullulan, and (A) carboxylated starburst dendrimers, on
Superose 6, in pH 7.0 phosphate buffer (0.20 M for Ficoll
and pullulan, 0.30 M for dendrimers). Radii for dendrimers
are Stokes radii from dynamic light scattering, all others are
viscosity radii (see text for explanation).

obtained from eqn. 2 in conjunction with the
intrinsic viscosity measured in the same solvent
as the SEC mobile phase. In the case of Ficoll,
the Stokes radii are substantially larger than the
viscosity radii, particularly for the higher MW
-samples (see Table II). This result arises from
the fact that QELS measures the z-average
diffusion coefficient [27] which corresponds to a
high moment of the distribution, so that R, is
skewed upward for the high M /M, fractions. R,
corresponds better to the peak-eluting compon-
ent and is therefore preferable, on these grounds
at least. For the dendrimers, viscosity radii and
Stokes’ radii were measured in the mobile phase
0.38 M NaNO,-NaH,PO, (9:1) [17]. For dense
spheres such as these dendrimers we should find
R,=R,, as one in fact observes for proteins (viz.
Table I), while for asymmetric solutes, R,
should be larger than R, [21]. However, as
shown in Table IV, we found the viscosity radii
to be smaller than the corresponding Stokes’
radii. We attribute this unreasonable result to the
presence of low MW impurities (detectable by
HPLC) which lead to incorrect estimates of the
solute concentration and hence negative errors in
[n] (this hypothesis is also borne out by the
scatter of the log[n]-log M, plot for the dendri-
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mers [17]). These impurities have little effect,
however, on the light scattering properties and
we therefore employ the measured Stokes radii
for the dendrimers.

As seen in Fig. 1, the congruence of the data
for the three spherically symmetric solutes is
very good. (The only severe deviation is ob-
served for dendrimer G7.5. Since the measured
R, and R, for this sample are consistent with the
lower generation data, we believe these values
are reliable, and are inclined to ascribe the result
to incomplete carboxylation of this sample, lead-
ing to chromatographic adsorption. Such incom-
plete derivatization for these dendrimers has
been noted elsewhere [28].) Furthermore, as
previously found [26], the calibration curve so
obtained for pullulan and Ficoll on Superose can
be very well fitted to a theoretical expression
based on the expected permeation of spherical
solutes into a collection of somewhat polydis-
perse cylindrical cavities. It is of interest that the
statistical coil nature of pullulan does not perturb
its congruence with the more compact spheres.
While flexible chains are anisotropic on very
short time scales, this ‘“breathing” motion is
presumably so fast compared to translation over
the length of a pore diameter, that the appropri-
ate time average segment density is spherical. In
any event, the good agreement between experi-
ment and theory and the congruence of the data
for the three solute sets leads us to identify the
calibration curve of Fig. 1 with the behavior of
non-interacting spheres.

For spherical solutes in a system of uniform
cylindrical pores, K is given by [29,30]

KSEC:(l_R/rp)2 (6)

where R and r, are the dimensions of solute and
pore, respectively. (It must be recognized that
for any real system, r, represents a complex
average of varying pore sizes and geometries.) A
plot of KL% vs. R should be a straight line with
a slope of 1/r, and an intercept of unity. Fig. 2
shows the results plotted according to eqgn. 6.
The data for Ficoll, dendrimers and pullulan
conform remarkably well (correlation coefficient
0.993) to a straight line with an intercept of
unity. The presence of a pore size distribution
should in principle produce curvature in such
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Fig. 2. Data of Fig. 1 plotted according to eqn. 3. Symbols as
in Fig. 1, except (@): proteins in 0.50 M phosphate buffer

(pH 7.0).
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plots because the larger solutes sample a differ-
ent pore size distribution than the smaller ones
[26]. While these effects are significant for the
present solute set on the lower-pore-size Super-
ose 12 [26], the mean pore size of Superose 6 is
much higher [31], i.e. twice the size of the
biggest solutes studied here. The linearity of Fig.
2 suggests that all solutes sample a similar pore
size distribution so that the effective mean pore
radius is not solute size-dependent. It is also
worth noting here that Waldmann-Meyer [30]
did not find an intercept of unity for the elution
of dextrans on porous glass and ascribed this

06

05

04

a A a A

0.
3 0 10 20 30 40 50 60

C (mg/ml)

Fig. 3. Concentration dependence of K. for proteins in
pH 7.0 buffer. ® = Lysozyme; O = RNAse; X = myoglobin;
W = B-lactoglobulin; [ =BSA; A =y-globulin; A=
thyroglobulin.
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effect to permeation of the V, probe, 2H,0, into
fissures in the packing material. The linear plot
of Fig. 2 facilitates a comparison of the results
for proteins to the “ideal” curve.

Fig. 2 also illustrates the deviations from the
“ideal” curve for proteins. The values for Kz
for the proteins, shown by the solid symbols in
Fig. 2, correspond to the retention volumes
measured under conditions of low protein—sub-
strate interaction, i.e. 0.50 M phosphate buffer
(pH 7.0). That the protein results are not in-
fluenced by aggregation effects is evident from
Fig. 3, which shows that the concentration de-
pendence of K . for the proteins studied is
negligible, with the possible exception of
lysozyme. From Fig. 2 we observe that five of
the nine proteins fall on the Ficoll/pullulan/
dendrimer curve. Four others, however, elute
relatively late. Thus, even neutral pH and a
relatively high supporting electrolyte concentra-
tion do not ensure the suppression of adsorptive
interactions. Given the very low hydrophobicity
of Superose [32], it is probable that the adsorp-
tive effects arise from electrostatic interactions
with the carboxylic acid groups in the Superose.
It is worth pointing out that, in the absence of
the data for the synthetic polymers such as was
obtained here, the standard procedure for
calibration would be to draw the best fit line for
the nine proteins. We believe that this would
lead to systematic overestimate of the radius of
non-adsorbing proteins, and that the error would
be large if calibration were in terms of MW as
opposed to radius.

At low pH and low ionic strength, the proteins
all possess a positive net charge and we would
expect the effects of adsorption to be amplified.
This is seen in Fig. 4, where protein retentions at
pH 4.3 and I=0.03 (filled symbols) are com-
pared to the “ideal” curve, which in this plot is
transposed from Fig. 2. This process is justified
by our finding that the calibration curve for
pullulan is independent of pH or ionic strength,
as shown in Fig. 5. It is certainly likely that
electrostatic effects could be observed for car-
boxylated starburst dendrimers; since we con-
clude from Fig. 1 that, in principle, either Ficoll
or pullulan fractions could serve to define the
ideal dependence of K¢z on R,, and since the
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Fig. 4. Comparison of protein chromatography with “ideal”
behavior. Solid line is transposed from Fig. 2. @ = Proteins in
0.03 M phosphate buffer (pH 4.3); O = proteins in 0.03 M
phosphate buffer (pH 10.0).
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Fig. 5. Effect of ionic strength and pH on elution behavior of

pullulan. (O) pH 7.0, I=0.1; (+) pH 10, I=0.1; (O) pH

43,1=0.1; (A) pH 10, I=0.25; (X) pH 7.0, I =0.25.

pullulan chromatography is independent of pH
and I over a wide range, we believe the transpo-
sition of the “ideal curve” from one mobile
phase to another is justifiable. At pH 4.3 and
1=0.03 M, only one of the seven proteins tested
falls on the ideal curve, with the other six
showing significant positive departures from the
expected Kgp. values. Conversely, at pH>
isoelectric point, both proteins and packing bear
a negative charge, and repulsive effects should
be strong. The repulsive effect is dominant at
high pH, as shown by the open symbols in Fig. 4
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measured at / =0.03 M and pH = 10.0. With the
exception of RNase, all of the proteins elute
before the ideal value of Kggc.

Potschka [33] has noted similar effects for
proteins on PW gel. Assuming that the plot of R,
vs. K¢ obtained in pH 7.0, 100 mM phosphate
buffer corresponded to ideal behavior, Potschka
used this calibration curve along with the elution
volume measured at higher pH to define an
“effective R,”, which he interpreted as a sum of
the geometric contribution from the protein and
an electrostatic repulsion ‘“length”. By using
neutral polymers to establish the ideal curve, we
are less dependent on the assumption that all
protein—packing interactions can be suppressed
at some conditions, and the concomitant need to
identify these conditions. The horizontal differ-
ence between the ideal curve and the measured
R, in Fig. 4 for the proteins at high pH is a
similar measure of the contribution of electro-
static repulsion to Kgg, and these values of AR
are reported in Table V along with the net charge
for those proteins where titration data are avail-
able. It is possible to interpret positive values of
AR (in the repulsive regime) as an effective
increase in protein size due to electrostatic
repulsive forces [33] (although it is no more or
less credible to assign the earlier elution to the
electrical double layer on the surface of the
packing [34]). On the other hand, negative
values of AR (in the attractive regime) have no
physical significance, and are included in Table V
only for qualitative consideration.

The data in Table V, listed in order of decreas-
ing protein pl, show the expected qualitative

TABLE V
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trends in the repulsive regime. At high pH, AR
becomes more positive with decreasing isoelec-
tric point. At neutral or low pH, the results
are more complex. For example, RNase,
B-lactoglobulin and BSA, with virtually identical
net charges at pH = 4.3, exhibit differing excess
retention, as represented by the negative values
of AR. The magnitude of this quantity varies
inversely with molecular mass, suggesting that
the mean surface charge density might show
better correlation with AR. In fact, the correla-
tion coefficient between this last variable and
Z/R? is found to be 0.99. On the other hand, the
retention of lysozyme is clearly outside of this
correlation. The data at neutral pH are even less
amenable to this analysis, and it is difficult to
account for the large retention of y-globulin and
the nearly ideal behavior of BSA on the basis of
net charge. These observations are consistent
with the findings of Regnier and co-workers [35]
who emphasized the role of the “charge patches”
in controlling ion-exchange chromatography of
proteins, and are analogous to our results for the
association of proteins with oppositely charged
soluble polyelectrolytes [36], in which the inter-
action appears to be dominated by some local (as
opposed to global) charge density.

The current data base does not allow for a
systematic investigation of the correlation of
excess retention or repulsion effects with the
local and -global charge states of the protein.
Efforts are currently underway to expand the
chromatographic data set, using other proteins
and acquiring the necessary pH-titration in-
formation. Attempts to correlate protein charge

PROTEIN NET CHARGES AND DISPLACEMENTS FROM IDEAL CURVE IN 0.03 M PHOSPHATE BUFFER

AR values are horizontal displacements from “ideal curve” in Fig. 4. Negative values correspond to excess retention, positive

values to repulsion.

pH=43 pH=17.0 pH =10.0
Protein zZ AR z AR z AR
Lysozyme +12 (< -30) +7 =7 +3 0
RNase +9 (-22) +3 -1 -3 (-1)
y-Globulin >+30 (-35) 0 -7 n.a. 8
B-Lactoglobulin +8 (-15) -18 +2 -36 17
BSA +8 (-12) -16 (-1) -39 26
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state with retention [37] will employ the compu-
tational and graphics capability of finite-element
analysis programs, such as UHBD, developed
for protein electrostatic modeling [38].

CONCLUSIONS

The dependence of K - on the viscosity
radius R for three spherically symmetrical syn-
thetic polymers —Ficoll, pullulan and carbox-
ylated dendrimers— conform to a single line
which fits the expression Ki.=1—R/r,. At
moderate ionic strength and neutral pH some
globular proteins fall on this curve, which may
be viewed as representing the chromatographic
behavior of non-interacting spheres. Deviations
from this curve may be identified with either
significant departure from spherical symmetry,
or solute-stationary phase interactions. The
positive deviations seen for proteins at pH =4.3
and /=0.03 M, and the negative deviations for
proteins at this ionic strength and at pH 10.0,
indicate that these departures from the “ideal”
curve arise from repulsive or attractive electro-
static interactions with the packing. By reference
to the “ideal” curve these interactions may be
measured quantitatively. The magnitude of the
repulsive or attractive interactions do not corre-
late in any simple way with the protein net
charge. This finding is consistent with the ob-
servation by Haggerty and Lenhoff {39] that the
net protein charge does not allow any prediction
of the ion-exchange capacity factor, and that the
important variable is instead the mean surface
potential of the protein.
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ABSTRACT

The retention indices of previously reported phenols were calculated by means of the least-squares method on the basis of
n-alkyl 4-hydroxybenzoate scales and applied to retention predictions and selectivities of mobile phases and packing materials. A
simple method was established which predicts the retention times of phenols as candidates for internal standards in reversed-
phase high-performance liquid chromatography. Relationships between log k’ and the numbers of carbon atoms in the alkyl chain
of n-alkyl 4-hydroxybenzoates, which are standard compounds for calculating retention indices, showed excellent linearity under
all the tested conditions. The retention time of each phenol was calculated from the retention data for one marker solution
consisting of uracil, methyl 4-hydroxybenzoate and ethyl 4-hydroxybenzoate and the retention index of each phenol. The
experimentally observed retention times and predicted values agreed to within 10% relative error under several conditions. Using
this technique, approximate retention times of phenols can be predicted easily and promptly. In addition, selectivities of the

mobile phase and packing materials for phenols are discussed.

INTRODUCTION

Previously, we have reported a group of com-
mercially available phenols and their utility as
candidates for internal standards in RP-HPLC
[1]. Their most valuable property is that they are
eluted in a constant order regardless of the
HPLC conditions that are used in pharmaceuti-
cal analysis with hydrocarbon chemically bonded
silica gel columns. In the process of selecting an
internal standard, the retention times of candi-
date compounds are usually determined and one
compound is selected on the basis of the results.
In a previous paper [1], we showed only their
typical elution pattern in acetonitrile (ACN)-
water (20:80 to 60:40) mobile phases with one

0021-9673/93/$06.00

particular prepacked ODS column (Nucleosil
5C;5, 15 cm X 4.6 mm 1.D.). However, the col-
umn size, flow-rate and temperature of the
column oven and/or particle size of the packing
material are not usually identical in each HPLC
analysis even though the mobile phase and the
kind of packing material are common. There-
fore, the retention times of phenols in Fig. 1 in
ref. 1 are not always useful.

We considered that a simple method for pre-
dicting retention times should be developed for
the purpose of selecting a suitable internal stan-
dard among candidate phenols. Their elution
order was estimated on the basis of the linearity
of logarithmic plots of their capacity factors (k')
under different conditions. Expressing each

© 1993 Elsevier Science Publishers B.V. All rights reserved
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phenol in terms of a suitable physico-chemical
parameter ( f), the retention time of each phenol
will be able to be predicted by the following
equation, based on a linear free energy relation-
ship:

log k' =af +b (1)

where k' is the capacity factor of the analyte and
a and b are constants.

There have been many investigations relevant
to retention time predictions in liquid chroma-
tography, and recently Skelly et al. [2] reported
“computer-assisted internal standard selection
(CAISS) in RP-HPLC”. Based on investigations
using eqn. 1, Smith and Burr [3-7] have attempt-
ed to predict retentions of many kinds of organic
compounds by using retention indices based on
alkyl aryl ketones and they have been successful
in predicting retentions under a wide range of
conditions. They used retention indices based on
an alkyl aryl ketone scale as f and demonstrated
their utility in retention predictions. On the
other hand, Hanai and co-workers [8-14] have
reported systems for retention predictions of
many kinds of compounds by using the
logarithms of partition coefficients in 1-octanol—
water (log P) according to Rekker’s fragment
constants [15] as f. In this study, we chose
retention index as f because the group of
phenols that we selected include #n-alkyl
4-hydroxybenzoates, which are suitable as stan-
dard compounds for calculating retention in-
dices. In this paper, we report the method and
some application results for retention prediction
and, in addition, selectivities of the mobile phase
and packing materials for phenols.

EXPERIMENTAL

n-Octyl 4-hydroxybenzoate was obtained from
Lancaster Synthesis. Other chemicals, apparatus
and procedures were as described previously [1].
There is no general standard compound or
overall method for determining the column void
volume, which is necessary for calculating
capacity factors, and reviews of this issue have
been published [16,17]. We chose uracil to de-
termine the column void volume in this study.
All the phenols used are listed in Table I.
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TABLE 1
PHENOLS USED IN THIS STUDY

The structure and name of each phenol are expressed using
abbreviations of substituents: Me = CH,—; Et=C,H,~; iso-
Pr=(CH,),CH-;n-Pr = CH,(CH,) ,~;sec.-Bu=CH,CH,CH-
(CH,)~; n-Bu = CH,(CH,),-; iso-Am = (CH,),CH(CH,),~
n-Am=CH,(CH,),~;  n-Hex=CH,(CH,);-; n-Hep=
CH,(CH,);~; Oc = CH,(CH,),CH(C,H;)CH,~;n-Oc=CH;"
(CH,),—; n-No = CH,(CH,),~; Ph=CH-.

No. Derivative Substituent
1 4-Hydroxyacetanilide 4-NHCOMe
2 3-Hydroxyacetanilide 3-NHCOMe
3 2-Hydroxyacetanilide 2-NHCOMe
4 4-Hydroxyacetophenone 4-COMe
5 3-Hydroxyacetophenone 3-COMe
6 Methyl 4-hydroxybenzoate 4-COOMe
7 4-Hydroxypropiophenoné 4-COEt
8 3-Nitrophenol 3-NO,
9 Ethyl 4-hydroxybenzoate 4-COOEt
10 4-Chlorophenol 4-Cl
11 4-Bromophenol 4-Br
12 4-Hydroxybenzophenone 4-COPh
13 Isopropyl 4-hydroxybenzoate 4-COQiso-Pr
14 n-Propyl 4-hydroxybenzoate 4-COOn-Pr
15 4-Hydroxyvalerophenone 4-COn-Bu
16 2,3-Dichlorophenol 2,3-Cl,
17 2,5-Dichlorophenol 2,5-Cl,
18 4-Isopropylphenol 4-iso-Pr
19 sec.-Butyl 4-hydroxybenzoate 4-COOsec.-Bu
20 4-Hydroxybiphenyl 4-Ph
21 n-Butyl 4-hydroxybenzoate 4-COOn-Bu
22 4-tert.-Butyphenol 4-tert.-Bu
23 Benzyl 4-hydroxybenzoate 4-COOCH,Ph
24 Thymol 3-Me-6-iso-Pr
25 Isoamyl 4-hydroxybenzoate 4-COOiso-Am
26 n-Amy! 4-hydroxybenzoate 4-COOn-Am
27 n-Hexy! 4-hydroxybenzoate 4-COOn-Hex
28 n-Heptyl 4-hydroxybenzoate 4-COOn-Hep
29 2-Ethyl-hexyl 4-hydroxybenzoate 4-CO0O-Oc
30 n-Octyl 4-hydroxybenzoate 4-COOn-Oc
31 n-Nonyl 4-hydroxybenzoate 4-COOn-No

RESULT AND DISCUSSION

Linear relationship between log k' and the

carbon numbers of alkyl chain in alkyl

4-hydroxybenzoates
In RP-HPLC, there is a linear relationship

between log k' and carbon numbers of homo-
logues, e.g., 2-ketoalkanes [18], 1-nitroalkanes
[19], alkyl aryl ketones [20] and 1-phenylalkanes
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[21]. We plotted log k' against the carbon
number of the alkyl chain in alkyl
4-hydroxybenzoates. As can be seen in Figs. 1
and 2, the relationship between log k' and
carbon number seems to be linear. However, the
point for the compound with an alkyl carbon
number of 1, i.e., methyl 4-hydroxybenzoate,
deviates from each line. These results are similar
to what Smith and Burr [5] found with alkylben-
zenes and Bogusz and Aderjan [19] with
1-nitroalkanes. In order to determine the extent
of the deviation of methyl 4-hydroxybenzoate
from the log k' vs. number lines, we determined
the values of «,, which is a relative increment of
log k' per methylene unit in alkyl 4-hydroxyben-
zoates, defined by the following equation:

a,=(log k,—log k,_,)/(log k, ., ~log k,) (2)

where n + 1, n and n— 1 are the carbon numbers
of the alkyl chain in alkyl 4-hydroxybenzoates.
a, was found to be 0.89+0.01 for n=2 and
0.98 = 0.02 for n = 3—-8. We found that the incre-
ment of log k' per methylene unit between
methyl and ethyl is about 90% of the others.
This result indicates that the carbon number of
methyl 4-hydroxybenzoate should be estimated
as 1.1. This is very significant in the determina-
tion of the constants a and b in egn. 1, as
described later. The regression results between
log k' and carbon number are shown in Table II,
where the carbon number of methyl 4-hydroxy-
benzoate is 1.1 in accordance with the above
result. Excellent linearity was shown under all
conditions.

Calculation of retention indices

Based on alkyl 4-hydroxybenzoate scales, the
retention index of each phenol was calculated by
the least-squares method as reported by Smith
and Burr [3,20]. In this process the retention
indices of alkyl 4-hydroxybenzoates are equal to
100 times the carbon number of the alkyl chain
in alkyl 4-hydroxybenzoates except for methyl
4-hydroxybenzoate, whose retention index is
110. The results of the calculations are given in
Tables III-V. None of the values depend on pH
(2.0-7.0), ionic strength or counter ion (alkyl
sulphonates), as reported previously [1].
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Fig. 1. Relationship between log k' and carbon number in
acetonitrile-water mobile phases with Nucleosil 5C,,
column. Percentage values on lines indicate acetonitrile
concentration.
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Fig. 2. Relationship between log k' and carbon number in

methanol-water mobile phases with Nucleosil 5C,; column.
Percentage values on lines indicate methanol concentrations.
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TABLE 11
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LINEAR RELATIONSHIP BETWEEN LOG k' OF n-ALKYL 4-HYDROXYBENZOATES AND CARBON NUMBER IN

RP-HPLC

Log k' =a-100C, + b. C, is carbon number of alkyl chain in n-alkyl 4-hydroxybenzoates, except for methyl 4-hydroxybenzoate,

C, for methyl 4-hydroxybenzoate is 1.1.

Column Mobile phase a b r? n ® (range of alkyl group
(x1000) used in the correlation)
Nucleosil 5C,, ACN-water (10:90) 5.078 0793 - 2 (methyl to ethyl)
ACN-water (20:80) 4.111 0.374  0.99999 3 (methyl to propyl)
ACN-water (30:70) 3.257 0.060  0.9999 4 (methyl to butyl)
ACN-water (40:60) 2.521 —0.093  0.9998 7 (methyl to heptyl)
ACN-water (50:50) 2.030 —0.301  0.9997 9 (methyl to nonyl)
ACN-water (60:40) 1.704 —0.487  0.9997 9 (methyl to nonyl)
MeOH-water (20:80) 5.011 0781 - 2 (methyl to ethyl)
MeOH-water (30:70) 4.373 0.500  0.99998 3 (methyl to propyl)
MeOH-water (40:60) 3.776 0.207  0.99995 4 (methyl to butyl)
MeOH-water (50:50) 3.198 ~0.096  0.9999 5 (methyl to amyl)
MeOH-water (60:40) 2.656 -0.363  0.9998 8 (methyl to octyl)
MeOH-water (70:30) 2.158 -0.599  0.99997 9 (methyl to nonyl)
Chemcosorb 5-ODS-H ACN-water (30:70) 3.466 0.019  0.99994 5 (methyl to amyl)
YMCPack ODS-A, A-302  ACN-water (30:70) 3.521 0.000 0.9999 5 (methyl to amyl)
Nucleosil 5C ACN-water (30:70) 3.257 0.060  0.99993 5 (methyl to amyl)
uBondapak C,, ACN-water (30:70) 2.983 -0.219  0.9998 5 (methyl to amyl)
Zorbax ODS ACN-water (30:70) 3.357 —0.024  0.9999 5 (methy! to amyl)
Cosmosil 5Ph ACN-water (30:70) 2.487 —0.004  0.999995 5 (methyl to amyl)
Nucleosil 5C, ACN-water (30:70) 2.763 0.025  0.999994 6 (methy! to hexyl)
Nucleosil 5C,, ACN-water (30:70) 3.257 0.060  0.99993 5 (methyl to amyl)
MeOH-water (40:60) 3.776 0.207  0.99995 4 (methyl to butyl
ACN-THF-water (25:5:70) 3.353 0.140  0.99996 4 (methyl to butyl)
ACN-MeOH-water (20:20:60) 3.299 -0.005 0.9999 5 (methyl to amyl)
ACN-MeOH-THF-water (1:1:1:7)  3.501 0.271  0.9998 4 (methyl to butyl)

“r = Correlation coefficient.
* n = Number of data points.

Long-term reproducibility and universality
Reproducibility and universality of the calcu-
lated retention indices of phenols are very im-
portant [4]. These were checked over 2 years
under various chromatographic conditions. The
difference between the maximum and minimum
value for each phenol was not more than 10
retention index units. Hence long-term repro-
ducibility and universality were confirmed.

Influence of temperature

All phenols were chromatographed using a
Nucleosil 5C,; prepacked column with ACN-
water (40:60) as eluent at 25, 35, 45 and 55°C.

The calculated retention indices of each phenol
did not change with variation in the temperature
of the column oven.

Selectivities of mobile phases and packing
materials for phenols

As can be seen from Tables III and IV, the
retention indices of phenols having an alkylcar-
bonate group (of course, n-alkyl carbonate
groups are excluded) or an alkylcarbonyl group
are independent of the content of organic sol-
vents [ACN or methanol (MeOH)] and the kind
of organic solvent in the mobile phase. On the
other hand, those of phenols in which the sub-
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TABLE III

65

RETENTION INDICES OF PHENOLS IN ACETONITRILE-WATER AND METHANOL-WATER MOBILE PHASE

WITH NUCLEOSIL 5C,; COLUMN

Values of n-alkyl 4-hydroxybenzoates are 100 times the carbon number in the alkyl chain of ester groups except for methyl

4-hydroxybenzoate.

No. Phenol® Retention index
Acetonitrile (%) Methanol (%)
10 20 30 40 50 60 20 30 40 50 60 70

1 4-NHCOMe -118 —148 —154 - - - —86 —-155 - - - -

2 3-NHCOMe —62 —86 -97 103 - - -74 -95 103 - - -

3 2-NHCOMe -40 —41 -30 —-24  -20 -33 —-55 -59 -54 —-52 54 54

4 4-COMe 29 19 23 20 26 9 34 13 15 6 4 2

5 3-COMe 48 44 49 50 59 53 40 27 30 21 20 17

6 4-COOMe 110 110 110 110 110 110 110 110 110 110 110 110

7 4-COEt 125 119 124 122 131 123 119 110 111 107 110 113

8 3-NO, - 141 166 173 184 176 - - 105 116 134 147
10 4-Cl - 199 222 231 247 243 - 147 177 187 205 219 .
11 4-Br - 230 252 258 272 274 - 179 208 218 238 254
12 4-COPh - 290 281 269 269 257 - 275 274 259 256 255
13 4-COOiso-Pr - 284 286 281 284 281 - 276 276 269 268 272
15 4-COn-Bu - 313 315 309 314 308 - 302 298 302 301 306
16 2,3-Cl, - - 311 319 326 330 - - 264 282 288 305
17 2,5-Cl, - - 332 343 358 356 - - 276 302 312 331
18 4-iso-Pr - - 335 342 354 359 - - 286 297 310 323
19 4-COOsec.-Bu - 373 367 371 365 - - 361 359 352 353
20 4-Ph - = 391 387 383 380 - - 352 360 357 367
22 4-tert.-Bu - - 398 403 412 416 - - 352 362 373 387
23 4-COOCH,Ph - - 431 412 403 382 - - 417 409 396 393
24 3-Me-6-iso-Pr - - 437 456 468 476 - - 375 397 406 424
25 4-COOiso-Am - - 488 479 477 473 - - - 477 476 478
29 4-CO0-Oc¢ - - - - 750 749 - - - - 745 745

“ Each phenol is expressed using abbreviations of substituents (see Table I).

stituent group is nitro, halogen or alkyl do show
a slight dependence. The retention indices in-
crease with increasing the content of organic
solvent, indicating that these phenols are more
retained than alkylcarbonylphenols and alkyl
4-hydroxybenzoates in a more hydrophobic
mobile phase.

The influence of the kind of organic solvent in
the mobile phase on selectivity was evaluated
from Table IV. The eluotropic strengths of
mobile phases I [ACN-water (30:70)] and II
(MeOH-water (40:60)] are almost equal in RP-
HPLC [22,23]. It seems that phenols in which
the substituent group is nitro, halogen or alkyl

are more retained in ACN than MeOH by
comparison with phenols having carbonyl groups
(-NHCOMe, -COR or —-COOR, R = alkyl).
Further, in mixtures of organic solvents, addi-
tive properties of the selectivity were recognized
qualitatively. The selectivity of the packing ma-
terials for phenols can be evaluated from Table
V. As expected, the three phenols having sub-
stituents that include a phenyl group (Nos. 12, 20
and 23) are more retained with a phenyl column
(column F in Table V) owing to 7—7 interac-
tions. The selectivities of packing materials for
other phenols are almost equal with all columns,
C,s, Cg and phenyl. As indicated later under
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TABLE IV
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RETENTION INDICES OF PHENOLS IN VARIOUS MOBILE PHASES WITH NUCLEOSIL 5C,;, COLUMN

Values of n-alkyl 4-hydroxybenzoates are 100 times the carbon number in the alkyl chain of ester groups except for methyl

4-hydroxybenzoate.

No. Phenol” Mobile phase”
I I I v \Y%
1 4-NHCOMe —-154 -169 -179 -164 ~183
2 3-NHCOMe -97 -103 -109 -97 -104
3 2-NHCOMe -30 -54 -50 -32 -54
4 4-COMe 23 15 11 15 1
5 3-COMe 49 30 37 42 26
6 4-COOMe 110 110 110 110 110
7 4-COEt 124 111 114 120 110
8 3-NO, 166 105 174 148 187
10 4-Cl 222 177 237 204 253
11 4-Br 252 208 268 236 285
12 4-COPh 281 274 278 276 277
13 4-COOiso-Pr 286 276 286 277 281
15 4-COn-Bu 315 298 312 311 310
16 2,3-Cl, 311 264 328 294 353
17 2,5-Cl, 332 276 350 309 372
18 4-is0-Pr 335 286 337 313 335
19 4-COOsec.-Bu 373 361 373 364 372
20 4-Ph 391 352 393 369 398
22 4-tert.-Bu 398 352 402 378 402
23 4-COOCH,Ph 431 417 431 418 438
24 3-Me-6-iso-Pr 437 375 441 411 442
25 4-COOiso-Am 488 - 490 484 -
29 4-CO0-Oc - - - - -

“ Each phenol is expressed using abbreviations of substituents (see Table I).
®I= ACN-water (30:70); II = MeOH-water (40:60); III = ACN-THF-water (25:5:70); IV= ACN-MeOH-water (20:20:60);

V= ACN-MeOH-THF-water (10:10:10:70).

Application, with the C, column the selectivity
was also the same as for the others.

A phenolic hydroxy group hardly seems to
interact with residual silanol groups, as in Table
V the retention indices of phenols, except for
n-alkyl 4-hydroxybenzoates, with column E,
which is not end-capped, are almost identical
with those with end-capped ODS columns
(columns A-D), and the dissociation constants
(pK,) of phenols listed in Table I are within the
range 7.5-10.2. If a phenolic hydroxy group
interacts with residual silanol groups under the
conditions of this study, the difference in reten-
tion indices between non-end-capped and end-
capped columns should be recognized in accord-
ance with the pK, values.

Determination of the coefficients a and b
For calculating the retention times of the
phenols from eqn. 1, first the regression co-

" efficients @ and b must be determined. Our

method is different from Smith and Burr’s [7] or
Hanai and Hubert’s [8] methods. In our proce-
dure, a marker solution consisting of uracil,
methyl 4-hydroxybenzoate (MHB) and ethyl
4-hydroxybenzoate (EHB) is chromatographed
under any HPLC conditions. The sample solvent
is methanol in each instance because the peak
shapes and retention times of three components
were independent of the sample solvents [24,25],
which were water, methanol-water (50:50),
methanol and acetonitrile, under the HPLC
conditions used in this study. As MHB and EHB
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TABLE V

67

RETENTION INDICES OF PHENOLS IN ACETONITRILE-WATER (30:70) WITH VARIOUS COMMERCIALLY

AVAILABLE COLUMNS

Values of n-alkyl 4-hydroxybenzoates are 100 times the carbon number in the alkyl chain of ester groups except for methyl

4-hydroxybenzoate.

No. Phenol” Column®
A B C D E F G
1 4-NHCOMe —148 —148 -154 —138 —156 -197 -176
2 3-NHCOMe -92 -92 -97 —87 -102 —-123 —114
3 2-NHCOMe —28 -27 -30 —-26 —24 -51 —45
4 4-COMe 22 23 23 24 19 16 15
5 3-COMe 52 54 49 48 46 45 39
6 4-COOMe 110 110 110 110 110 110 110
7 4-COEt 123 123 124 122 121 120 119
8 3-NO, 167 170 166 161 158 177 165
10 4-Cl 225 229 222 220 227 234 214
11 4-Br 257 259 252 248 254 260 246
12 4-COPh 274 273 281 280 273 307 290
13 4-COOQiso-Pr 284 282 286 281 279 287 287
15 4-COn-Bu 314 314 315 309 312 317 309
16 2,3-Cl, 314 315 311 299 315 328 311
17 2,5-Cl, 333 333 332 319 333 343 328
18 4-iso-Pr 340 340 335 329 339 341 322
19 4-COOQOsec.-Bu 372 372 373 366 369 376 373
20 4-Ph 390 390 391 377 390 429 396
22 4-tert.-Bu 404 403 398 394 402 404 384
23 4-COOCH,Ph 425 423 431 421 423 476 441
24 3-Me-6-is0-Pr 444 445 437 422 443 452 427
25 4-COOiso-Am 486 483 488 485 483 483 483
29 4-COO-Oc¢ - - - - - - -

“ Each phenol is expressed using abbreviations of substituents (see Table I).
* A = Chemcosorb 5-ODS-H; B =YMC Pack ODS-A, A-302; C= Nucleosil 5C,s; D=puBondapak C,;; E=Zorbax ODS;

F = Cosmosil 5Ph; G = Nucleosil 5C,.

are the first two n-alkyl 4-hydroxybenzoate
homologues and they are eluted faster than other
homologues, the time required to chromato-
graph the marker solution can be reduced. The
excellent linear relationships between log k&' and
the carbon number of the alkyl chain in alkyl
4-hydroxybenzoates (Table II) make it possible
to determine accurately coefficients a and b in
eqn. 1 from only the results for one marker
solution. As the f values are 110 and 200 for
MHB and EHB, respectively, in eqn. 1, ¢ and b
can be calculated using the following equations:

1
a =55 (log kg, — log ky,) 3)

1
b= (20log ky,, — 11 log k) (4)

where k,,, and kg, are the capacity factors of
MHB and EHB, respectively. We adopted this
procedure for determining a and b because these
coefficients change with not only the kind -and
percentage of organic solvents in the mobile
phase and the kind of column but also the
manufacturer- of columns with nominally the
same packing material, e.g., octadecylsilica gels.
Hence we think that the best method is determi-
nation from experimental data. In this proce-
dure, from experimental retention data for only
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one marker solution, we can determine the most
important parameters (@ and b) in predicting
retention data simply, exactly and promptly.

Some retention indices were dependent on the
chromatographic conditions. Smith and Burr [3-
7] and West [26] reported a quadratic relation-
ship and a linear relationship between retention
indices and the percentage of miscible organic
solvents in binary mobile phases, respectively,
and were successful in predicting the retentions
of a large number of organic compounds over a
wide range of mobile phases in RP-HPLC.
However, our aim is to predict the retention
times of the 31 phenols using previously reported
HPLC conditions, and the variation of the reten-
tion indices is not so large. Accordingly, we
decided to use the average values in Tables III to
IV to simplify the procedure. The average values
are given in Table VI.

The procedure for predicting the retention
times of phenols is as follows. In the first step,
the marker solution has to be chromatographed.
Over the range of previously reported conditions
[1], the elution order of three compounds in the
marker solutions is always uracil, MHB and
EHB. From this result, a and b are calculated
through eqns. 3 and 4 experimentally. Next, a,
b, the retention indices in Table VI and the
retention time (¢,) of uracil are substituted in the

TABLE VI
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following equation and finally the calculated
retention times (¢) of each phenol can be ob-
tained:

=1t,[1+10“*") (5)

In the chromatography of the marker solution, if
after the first compound (uracil) has been eluted
the second (MHB) is not eluted within a reason-
able time in organic solvent-poor mobile phases,
the probable candidates are limited to five kinds
of phenols (Nos. 1-5 in Table I).

APPLICATION

In order to demonstrate the utility of the
proposed method for predicting the retention
times of phenols, we applied it under several sets
of conditions that we have been using for quan-
titative analysis by RP-HPLC. The predicted and
observed values are shown in Fig. 3, and agree
within a 10% relative error. Fig. 3C is a good
comparison demonstrating the significance of
why the retention index of methyl 4-hydroxyben-
zoate was defined as 110. If 100 had been used,
the relative error between the observed and
predicted retention times of Nos. 25-31 would
be 14-31%, whereas in Fig. 3C it is less than
4%.

RETENTION INDICES () OF PHENOLS USED FOR CALCULATING RETENTION TIMES IN RP-HPLC

No/’ Substituent® 1 No/? Substituent® I
1 4-NHCOMe —148 17 2,5-Cl, 331
2 3-NHCOMe -93 18 4-iso-Pr 326
3 2-NHCOMe —-43 19 4-COOsec.-Bu 365
4 4-COMe 15 20 4-Ph 376
5 3-COMe 38 21 4-COOn-Bu 400
6 4-COOMe 110 22 4-tert.-Bu 390
7 4-COEt 117 23 4-COOCH,Ph 412
8 3-NO, 148 24 3-Me-6-iso-Pr 430
9 4-COOEt 200 25 4-COOiso-Am 480
10 4-Cl 213 26 4-COOn-Am 500
11 4-Br 244 27 4-COOn-Hex 600
12 4-COPh 270 28 4-COOn-Hep 700
13 4-COQiso-Pr 279 29 4-CO0O-0Oc 747
14 4-COOn-Pr 300 30 4-COOn-Oc 800
15 4-COn-Bu 309 31 4-COOn-No 900
16 2,3-Cl, 309

“ See Table 1.
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Fig. 3. Plots of predicted retention times using the proposed method and observed retention times under various conditions.
a = Slope; b =intercept; r = correlation coefficient. Phenols are expressed using the numbers listed in Table I. Columns and
mobile phases: (A) uBondasphere 5 um C,; and ACN-50 mM sodium sulphate-acetic acid (18:82:1); (B) uBondasphere 5 pm
C, and ACN-water (30:70); (C) YMC Pack ODS-A, A-303 and ACN-MeOH-THF-20 mM sodium sulphate (5:5:5:12); (D)

LiChrosorb RP-18 and MeOH-water (45:55).

CONCLUSION

For the purpose of assisting the selection of
suitable internal standards among our candidate
phenols in RP-HPLC, we established a simple
method for predicting the retention times of 31
phenols. Excellent linear relationships between

log k' and the carbon number of the alkyl chain
in n-alkyl 4-hydroxybenzoates were obtained for
a wide range of HPLC conditions and retention
indices were calculated on the basis of an n-alkyl
4-hydroxybenzoate scale by the least-squares
method. In addition, the selectivities of mobile
phases and packing materials were discussed on
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the basis of calculated retention index values.
Constant retention index values, which are aver-
ages, were used in predicting retention times in
order to simplify the procedure. The retention
time of each phenol could be calculated from the
retention data for one marker solution consisting
of uracil, methyl 4-hydroxybenzoate and ethyl
4-hydroxybenzoate and the retention index of
each phenol. The differences between predicted
and observed retention times were not more
than 10%. By using this method, we could
obtain easily and promptly the approximate
predicted retention times of 31 phenols from
retention data for only one marker solution,
without any trial-and-error experiments.
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ABSTRACT

A high-performance liquid chromatographic method using a monophenylated reversed-phase column for the determination of
thiosalicylic acid, thiosalicylic acid disulphide and thiosalicylic acid selenotrisulphide was developed and applied to studies of the
reaction between thiosalicylic acid and selenious acid in methanol. It was confirmed that the molar ratio of selenious acid to
thiosalicylic acid is 1:4 at the equivalence point and that equimolar amounts of thiosalicylic acid selenotrisulphide and thiosalicylic
acid disulphide are formed in this reaction. These results are consisterit with previous information on this kind of reaction in an

acidic aqueous solution.

INTRODUCTION

Compounds with mercapto groups are known
to react with selenious acid. Busev [1] reported
that some compounds reacted with selenious acid
in a 4:1 molar ratio and some other compounds
in a 2:1 ratio. Thiosalicylic acid is one of these
mercapto compounds and has been used as a
reagent for the determination of trace elements
such as selenium and tellurium [2-4]. The pur-
pose of these previous investigations was to
determine selenium by various methods such as
gravimetry or spectrophotometry or to study the
equilibria of the reaction under acidic conditions
by spectrophotometry.

Under highly acidic conditions (4-8 M hydro-
chloric acid), thiosalicylic acid is reported to
react with selenious acid in a 4:1 molar ratio [3].
Al-Dabher et al. [4] also showed that thiosalicylic
acid reacts with selenious acid in a 4:1 molar
ratio using potentiometric titration. However,
Cresser and West [2] reported that the reaction

* Corresponding author.

0021-9673/93/$06.00

molar ratio of thiosalicylic acid to selenious acid
was 3:1 in the pH range 0.5-2.5. These dis-
crepancies in the reaction between thiosalicylic
acid and selenious acid need to be investigated
further and resolved.

We have already shown that a mixed precipi-
tate of thiosalicylic acid selenotrisulphide and
thiosalicylic acid disulphide can be obtained by
the reaction of thiosalicylic acid and selenious
acid in methanol and succeeded in the purifica-
tion of the selenotrisulphide [5]. In this study,
the reaction of selenotrisulphide formation in
methanol was investigated quantitatively by
high-performance liquid chromatography
(HPLC) and the stoichiometry of the reaction
between thiosalicylic acid and selenious acid was
determined.

EXPERIMENTAL

Chemicals

Thiosalicylic acid, thiosalicylic acid disulphide
and selenious acid were purchased from Nacalai
Tesque (Kyoto, Japan). Thiosalicylic acid sele-
notrisulphide standard was prepared in our lab-

© 1993 Elsevier Science Publishers BV. All rights reserved
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oratory [5]. Methanol for sample preparation
was of analytical-reagent grade and methanol of
HPLC grade was used for the preparation of the
mobile phase. All other chemicals were of
analytical-reagent grade.

Sample preparation

Thiosalicylic acid (100 mg) was suspended in 1
m! of methanol and dissolved by heating on a
water-bath (40°C), and various amounts of
selenious acid (4.18-41.8 mg) were dissolved in
0.1 ml of methanol. Thiosalicylic acid solution
was slowly added to the selenious acid solution
while stirring and kept at constant temperature
in a water-bath (40°C). Immediately after the
addition of thiosalicylic acid, a yellowish white
precipitate was formed. A small aliquot of the
suspension was taken and diluted with the
mobile phase for HPLC analysis as described
below. A 5-ul volume of sample was applied to
the HPLC column.

High-performance liquid chromatography

A Develosil-ph5 column (250 mm X 4.6 mm
I.D.) (Nomura Chemical, Aichi, Japan) was
attached to an HPLC system composed of a
PU-980 pump, a UV-970 detector and an 807-IT
integrator (JASCO, Tokyo, Japan). The com-
position of the mobile phase was methanol-0.05
M phosphate buffer -(pH 7.0)—triethylamine
(30:70:0.02, v/v/v). The flow-rate was 0.8 ml/
min and the detection wavelength was 250 nm.
Analysis was performed at room temperature.
For the determination of molar absorption co-
efficients at 250 nm of thiosalicylic acid,
thiosalicylic acid disulphide and thiosalicylic acid
selenotrisulphide, the compounds were dissolved
in the mobile phase at concentrations of 50, 25
and 25 M, respectively, and the absorption was
measured with a spectrophotometer.

RESULTS AND DISCUSSION

Fig. 1 shows representative chromatograms for
the reaction mixture of thiosalicylic acid—seleni-
ous acid in which the molar ratios were (a) 1:8,
(b) 1:4 and (c) 1:2. As shown in Fig. la, three
peaks corresponding to thiosalicylic acid (peak
1), thiosalicylic acid disulphide (peak 2) and
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Fig. 1. Chromatograms of the reaction mixtures of thio-
salicylic acid and selenious acid. The selenious acid:thio-
salicylic acid molar ratios were (a) 1:8, (b) 1:4 and (c) 1:2.
Peaks 1, 2 and 3 correspond to thiosalicylic acid (7.6 min),
thiosalicylic acid disulphide (10.1 min) and thiosalicylic acid
selenotrisulphide (15.8 min), respectively.

thiosalicylic acid selenotrisulphide (peak 3) could
be resolved under the conditions used. The
retention times of these compounds were 7.6,
10.1 and 15.8 min, respectively. These peaks
were identified by comparison with authentic
samples. Furthermore, these compounds were
found to be stable during their passage through
the column, as each standard sample gave a
single, sharp peak.

When an ODS column was used [5], the
retention times of thiosalicylic acid and its
disulphide were too close to evaluate them
separately under the conditions described. As
neutrality was necessary to dissolve these com-
pounds, 0.05 M phosphate buffer (pH 7.0) was
used. Although the selenotrisulphides are usually
unstable in neutral solutions [1,6,7], thiosalicylic
acid selenotrisulphide was stable enough during
the analysis. Triethylamine in the mobile phase
improved the peak shape of thiosalicylic acid,
which otherwise showed tailing.

From the peak area data obtained in HPLC
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analysis of the reaction mixture, the contents of
thiosalicylic acid, thiosalicylic acid disulphide
and thiosalicylic acid selenotrisulphide were
calculated as described below. The peak areas
(%) of these compounds are given in Table I.
The thiosalicylic acid:thiosalicylic acid disul-
phide:thiosalicylic acid selenotrisulphide molar
ratio was calculated by dividing each peak area
(%) by the molar absorption coefficients, which
were 750, 1600 and 1600 m*/mol, respectively.
This molar ratio was corrected using a thio-
salicylic acid disulphide or selenotrisulphide
structure as a unit, so the values for thiosalicylic
acid are represented as half of the usual molar
number. The percentage contents of thiosalicylic
acid and its products were then calculated so that
their sum equalled 100 (Table I). These values
were plotted against the reaction molar ratio of
selenious acid to thiosalicylic acid (Fig. 2).

The thiosalicylic acid content decreased with
increase in the molar ratio and reached zero at a
molar ratio of 1:4. This result means that the
reaction involving the thiol group is completed

TABLE I

PEAK AREA AND CALCULATED CONTENT OF (A)
THIOSALICYLIC ACID, (B) THIOSALICYLIC ACID
DISULPHIDE AND (C) THIOSALICYLIC ACID
SELENOTRISULPHIDE OBSERVED FOR REACTION
MIXTURES IN HPLC ANALYSIS

The content values (%) were calculated as follows: first, the
A:B:C molar ratio was calculated by the division of the peak
area (%) values by the molar absorption coefficients at the
detection wavelength (250 nm), which were 750, 1600 and
1600 m*/mol for A, B and C, respectively; second, the
resulting values were represented as the corrected molar ratio
using thiosalicylic acid disulphide or selenotrisulphide struc-
ture as a unit; finally, this corrected molar ratio was repre-
sented as content (%) after making their sum total 100.

H,Se0,:RSH Peak area (%) Content (%)

A B C A B C
0 88 12 0 89 11 0
1:20 67 22 11 68 21 11
1:8 37 35 28 39 34 27
1:4 0 52 48 0 52 48
1:3 0 51 49 0 51 49
1:2 0 53 47 0 53 47
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Fig. 2. Contents of thiosalicylic acid, thiosalicylic acid disul-
phide and thiosalicylic acid selenotrisulphide in the reaction
mixture with various selenious acid:thiosalicylic acid molar
ratios. The values are given in Table I. O = Thiosalicylic
acid; A = thiosalicylic acid disulphide; O = thiosalicylic acid
selenotrisulphide.

when the molar ratio is 1:4. Both the thiosalicylic
acid disulphide and selenotrisulphide contents
increased almost linearly with increase in the
molar ratio and reached the maximum (ca. 50%)
when the molar ratio was 1:4, and these values
remained constant where the molar ratio ex-
ceeded 1:4. These results indicate that equimolar
amounts of thiosalicylic acid disulphide and
selenotrisulphide were formed at least at molar
ratios >1:4. Analysis of thiosalicylic acid in the
absence of selenious acid showed that ca. 10%
was present as thiosalicylic acid disulphide,
which was probably formed by air oxidation after
dissolution and/or during the analysis. Although
the content of disulphide was slightly higher than
that of selenotrisulphide, this difference de-
creased with increase in the selenious acid:
thiosalicylic acid molar ratio (=0-0.25), which
suggests that the amount of thiosalicylic acid
disulphide formed by air oxidation is propor-
tional to the residual amount of thiosalicylic
acid.

The results described above indicate that the
reaction between thiosalicylic acid and selenious
acid in methanol proceeds via the following
equation:

4RSH + H,SeO, — RSSeSR + RSSR + 3H,0

That is, thiosalicylic acid reacts with selenious
acid at a molar ratio of 4:1 in methanol, and
equimolar thiosalicylic acid disulphide and
thiosalicylic acid selenotrisulphide are formed by
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this reaction. It was further demonstrated that
Se(IV) was reduced to Se(Il) by the reaction
with thiosalicylic acid.

These results differ from those of Al-Daher et
al. [4] except for the reaction molar ratio. They
analysed the composition of the product ob-
tained at the equivalence point in the poten-
tiometric titration and found the molar ratio of
selenium and thiosalicylic acid in the product to
be 1:4. They did not give any information on the
oxidation state of selenium in the reaction.
However, as shown in this study, the product
should have been an equimolar mixture of
thiosalicylic acid disulphide and thiosalicylic acid
selenotrisulphide containing Se(1I), as the reac-
tion conditions they used seem essentially the
same as ours.

Regarding the reaction molar ratio of
thiosalicylic acid to selenious acid, our result
obtained with a methanol solution is consistent
with previous reports in which it was determined
in an acidic solution by spectrophotometry [3] or
in 95% ethanol and acetate-HCl (pH 2.3) by
potentiometric titration [4], although different
molar ratios were described by Cresser and West
[2].

In this study, the reaction between thiosalicylic
acid and selenious acid in methanol was investi-
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gated using HPLC. This is the first direct demon-
stration that thiosalicylic acid reacts with seleni-
ous acid at a molar ratio of 4:1 in methanol, that
equimolar disulphide and selenotrisulphide are
formed and that Se(IV) is reduced to Se(II) in
this reaction. These results were in good agree-
ment with those observed in the acidic aqueous
solution, and it is considered that the same
reaction can occur both in acidic aqueous and in
methanol solutions in the case of thiosalicylic
acid and selenious acid. This HPLC method will
be useful to investigate further the reaction
involving thiosalicylic acid selenotrisulphide.
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ABSTRACT

Benzalkonium chloride (BAK) can be readily concentrated prior to chromatographic analysis by the addition of appropriate
amounts of sodium chloride and acetonitrile to the sample. This affords a two-phase system the upper of which contains the BAK
and which can be directly injected onto the chromatographic column. Using this approach analytical methods with and without an
internal standard, have been developed and validated that reproducibly afford an approximately ten-fold pre-concentration of the

sample to be analysed thereby improving analytical sensitivity.

INTRODUCTION

Benzalkonium chloride (BAK) is an antibac-
terial preservative widely used in pharmaceutical
products. It consists of a variable mixture of the
C3—C,s even-numbered alkyl homologues of
alkylbenzyldimethylammonium chlorides with
the C,, and C,, homologues predominating
[1,2].

A variety of chromatographic procedures have
been reported for BAK [3-7]. Because of the
relatively low absorbance of the benzyl chromo-
phore at longer wavelengths [6], the necessity to
quantitate total BAK by determining the sum of
the areas of up to six peaks and as many of the
homologues are present in small proportions in
the mixture, it is difficult to analyse at concen-
trations employed as antibacterial preservatives
in pharmaceutical products (0.005-0.01%, w/v).

Workers have addressed this problem by
monitoring at short wavelength [5-7], by injec-
tion of larger volumes (up to 200 u1) [4,5] and by

0021-9673/93/$06.00

quantitating only the major peaks C,,/C,,/C,¢
which together make up approximately 95% of
most samples of BAK [3-5].

There have been a number of reports of the
use of salting-out procedures of solvents such as
acetonitrile and acetone with high concentrations
of inert electrolytes [8-13]. These procedures.
have been used to pre-concentrate metal com-
plexes to improve the sensitivity of metal de-
terminations by atomic absorption spectroscopy
[8,9] or high-performance liquid chromatography
(HPLC) [10,13] and explosive residues from
environmental samples by HPLC [11,12].

Studies in these laboratories involving pre-
concentration into acetonitrile using sodium
chloride as electrolyte of phenylmercuric nitrate
in ophthalmic products [13] suggested that this
approach may be appropriate for the pre-concen-
tration of BAK into an acetonitrile—water extract
suitable for direct injection onto the HPLC
column and this paper reports the results of
these studies.

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

Materials

The two samples of BAK which were em-
ployed in this study were 50% (w/v) solutions,
Vantoc CL (ICI, Melbourne, Australia) (sample
A) and from TCI (Tokyo, Japan) (sample B).
Authentic C,,, C,, and C,; homologues were
also employed (Aldrich, Milwaukee, WI, USA).
The dibenzyldimethylammonium chloride
(DBDMAC) used as internal standard was pre-
pared by the reaction of benzylbromide (Ajax
Chemicals, Sydney, Australia) and N,N-
dimethylbenzylamine (Aldrich) [14]. All other
chemicals were analytical reagent grade and
solvents were HPLC grade.

Chromatographic equipment and conditions

The liquid chromatograph consisted of a
Model 501 pump (Waters Assoc., Milford, MA,
USA), Rheodyne Model 7125 loop injector
(Cotati, CA, USA), Model 484 variable-wave-
length absorbance detector (Waters Assoc.) and
Model 3396A integrating recorder (Hewlett-
Packard, Palo Alto, CA, USA) together with a
column of cyanopropyl bonded silica 10 pm
particle size, 10 cm X 8 mm L.D. (Waters Assoc.,
RCM 8 x 10) with a mobile phase of acetoni-
trile—tetrahydrofuran—0.1 M acetic acid/triethyl-
amine buffer (made by adjusting the pH of 0.1 M
acetic acid to pH 3.8 with triethylamine)
(375:20:605) at a flow-rate of 1.5 ml min~'. The
injection volume was 20 ul and the monitoring
wavelength 262 nm.

Spectra of individual peaks were obtained by
use of a Model 991 photodiode array absorbance
detector (Waters Assoc.).

Spectrophotometric equipment
UV spectra were obtained using an HP 8450
UV-Vis spectrophotometer (Hewlett-Packard).

Sample preparation for routine analysis

Without internal standard. To a 20-ml glass
tube with plastic cap and PTFE wad were added
sodium chloride (2.7 g), the sample to be ana-
lysed (10 ml) and acetonitrile (3 ml) and the
solution was shaken to dissolve the sodium
chloride. The layers were allowed to separate
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and the upper phase was immediately submitted
to analysis by HPLC.

With internal standard. To a 20-ml glass tube
with plastic cap and PTFE wad were added
sodium chloride (2 g), sample to be analysed (10
ml), a 2.5-1072% (w/v) solution of DBDMAC
(1 ml) and acetonitrile (4 ml) and the solution
was shaken to dissolve the sodium chloride. The
layers were allowed to separate and the upper
phase was immediately, submitted ot analysis by
HPLC.

Validation of analytical methods

Both HPLC methods were applied to BAK
solutions containing 0.1, 0.2, 0.4, 0.6, 0.8, 1.0,
1.2 and 1.5-1072% (w/v) BAK. The relative
standard deviations (R.S.D.s) were determined
by analysis of 6 replicates at a concentration of
0.5-1072% (w/v) total BAK.

Composition of BAK samples and identity of
homologue peaks

An 0.1% (w/v) solution of both BAK samples
was submitted to HPLC analysis by direct injec-
tion. Accurate retention times were determined
and the void volume determined by injection of
a solution of uracil (0.1%, w/v) and capacity
factors were calculated for the individual
homologues.

Identity of the peaks was confirmed by obtain-
ing UV spectra at peak maxima using the photo-
diode-array detector and by comparison of the
retention times with authentic samples for the
C,,, C,, and C,; homologues.

The homologue composition was determined
from relative peak-areas of the homologues in
the sample.

Effect of quantity of sodium chloride on salting
out

The sample preparation method without inter-
nal standard was performed substituting sodium
chloride 2.25, 2.50, 2.75, 3.00 and 3.25 g and the
amount of BAK extracted determined by HPLC.
Relative phase-volumes were determined by
performing these experiments, scaled up by a
factor of 3, in 50-ml measuring cylinders and
measuring the two phase-volumes.
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Efficiency of extraction by UV
spectrophotometry

To a 50-ml glass vial with screw-cap and PTFE
wad were added an 0.05% (w/v) solution of
BAK (30 ml), water (3 ml), sodium chloride (6
g) and acetonitrile (12 ml). The tube was shaken
to dissolve the sodium chloride and the layers
allowed to separate. The upper layer (1 ml) was
diluted with water (2 ml) and the resulting
solution submitted to analysis by UV spec-
trophotometry at 262 nm using the original
solution as the standard. The concentration of
BAK in the lower layer was also determined by
UV spectrophotometry without dilution.

The efficiency of extraction of the DBDMAC
was determined by an identical experiment using
a solution of DBDMAC (0.025%, w/v) instead
of BAK.

Efficiency of extraction of total BAK and
individual homologues by HPLC

Samples of BAK (0.01%, w/v) were submit-
ted to analysis by the sample preparation meth-
ods without and with internal standard and the
relative peak areas compared with the same

TABLE 1
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BAK samples at a concentration of 0.1% (w/v)
by direct injection.

RESULTS AND DISCUSSION

Previously reported HPLC methods for BAK
[3,4,6,7] have all used a cyanopropyl-bounded
silica column and acetonitrile—buffer systems.
The solvent system chosen for this study incor-
porating a small proportion of tetrahydrofuran
afforded improved peak shapes for the higher
homologues. The method of Ambrus et al. [6],
which uses a perchlorate counter-ion in the
mobile phase, when used with the work-up
procedure outlined here, results in unacceptable
peak-broadening of the BAK homologue peaks
but the other reported solvent systems have been
found to be compatible.

Two samples of BAK solutions were used in
this study: sample A which contains all six
homologues and sample B which contains only
four (C,,—C,¢). Details of the exact composition
of each were determined and are given in Table
I. Total peak areas for 0.1% (w/v) solutions of
both samples of BAK came within 2% of each

STATISTICAL DATA ON PRECISION OF ASSAY WITH AND WITHOUT INTERNAL STANDARD PERFORMED ON

5-107% (w/v) BAK

Homologue  Sample A Sample B

Mol Concentration R.S.D. (%) Mol Concentration  R.S.D. (%)

fraction of of homologue fraction of Concentration

homologue (%, w/v) Without With homologue (%, w/v) Without With

' internal internal internal internal
standard  standard standard  standard

C, 0.0860 4.30-107* +2.00 +1.85 - - - -
Cyo 0.0943 471-107* +1.82 +2.10 0.0053 0.26-107* +11.40 +14.40
C,, 0.5056 25.28-107¢ +1.04 +0.98 0.4619 23.09-107¢ +0.95 +1.00
C, 0.1695 8.47-107* +1.84 +1.40 0.4602 23.01-107* +1.53 +1.99
Ci 0.0835 4.22-107* +2.04 +2.35 0.0762 3.81-107* +3,70 +4.47
Cis 0.0603 3.02-107¢ +3.40 +3.85 - - - -
Total 1.0000 50.00-107* +1.97 +2.10 1.0000 50.00-107* +2.40 +2.37
Calibration With internal standard: With internal standard:
lines peak area ratio = 2.42 - 10 (concn. in %, w/v) peak area ratio = 2.39 - 10* (concn. in %, w/v)

~3.0-10"° (r=0.9996, n=8)

Without internal standard:
peak area =5.22-10° (concn. in %, w/v)
+2.6-10° (r=0.9995, n=8)

+1.5-107* (r=10.9995, n =8)

Without internal standard:
peak area =5.12-10° (concn. in %, w/v)
+3.5-10° (r=0.9998, n =8)
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other and therefore they were considered inter-
changeable in the study. The identity of the
peaks as being due to individual homologues was
confirmed by comparison of retention times for
the C,,, C,, and C,, homologues with authentic
samples, comparison of the UV spectra using
photodiode-array detection of all homologues
with that of an authentic sample of the C,,
homologue and by obtaining a linear plot of the
logarithm of the capacity factor for the
homologues versus carbon number as would be
expected for such a series in the reversed-phase
mode (r = 0.9967).

In previous studies of this salting-out phenom-
ena a variety of salts have been investigated
[8,9]. Sodium chloride was chosen for this study
on the basis of cost and purity.

The phase-volumes produced by salting-out of
acetonitrile by sodium chloride is a complex
function of volume of acetonitrile and sample
and quantity of sodium chloride. By the use of
convenient volumes of sample and acetonitrile,
10 ml and 3 ml, respectively, the quantity of
sodium chloride to achieve a suitable pre-con-
centration could be selected (Table II). As the
quantity of sodium chloride in the system is
reduced the volume of the upper phase becomes
smaller leading to greater sampling difficulties
but also greater pre-concentration of the BAK.

TABLE 11

RELATIONSHIP BETWEEN UPPER-PHASE VOLUME,
CONCENTRATION FACTOR AND AMOUNT OF
SODIUM CHLORIDE

The concentration factor is defined as the ratio of the
concentration of BAK in the original sample to that found in
the upper layer.

Mass of Concentration Phase Theoretical
sodium factor volumes concentration
chloride upper/lower  factor”

(8) (ml)

2.25 18.60 1.5/39.5 20

2.50 14.10 2.0/39.5 15

2.75 11.46 2.5139.2 12

3.00 10.20 2.7/38.3 1

3.25 9.51 3.0/38.2 10

“ Determined from the ratio of upper phase volume to
volume of sample and assuming complete extraction.
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When 2 g of sodium chloride are employed the
system becomes homogeneous with no phase-
separation and at quantities of sodium chloride
greater than 3.25 g the sodium chloride fails to
completely dissolve. Therefore the amount of
sodium chloride chosen was on the basis of
affording an approximately 10-fold concentration
factor this being defined as the ratio of the
concentration in the sample to that found in the
upper-phase. Obviously, quantities of sodium
chloride may be chosen such that greater pre-
concentration can be achieved should that be
considered necessary.

As changes in electrolyte content of the sam-
ple may change the volume of the upper phase it
was considered desirable to incorporate an inter-
nal standard into the analytical method.
DMDBAC was found to have appropriate
characteristics as it elutes prior to the Cg
homologue and has similar chemical and spectral
characteristics to BAK. The addition of the
internal standard in water (1 ml) necessitated
changes in the acetonitrile (4 ml) and sodium
chloride (2.0 g) to maintain relative phase-vol-
umes.

When both samples of BAK were submitted to
analysis by both methods linear relationships

B
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Fig. 1. Chromatogram obtained with BAK sample B
(0.01%, w/v) pre-concentrated by salting-out acetonitrile
without inclusion of an internal standard. Peaks: A =C,;
B=C,,; C=C,,; D=C,, homologue.
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between peak-area and concentration of total
BAK over the concentration range 0-0.015%
(w/v) with satisfactory R.S.D.s at a concentra-
tion of 5-107°% (w/v) (Figs. 1 and 2) (Table I).

An assessment has also been made of the
efficiency of extraction of the BAK homologues
and total BAK into the upper acetonitrile layer
using the quantities prescribed for the assay
incorporating an internal standard (see section
Sample preparation for routine analysis). Mea-
surement of the phase-volumes upper/lower was
found to be 3 ml/43.7 ml, which, based on a
30-ml sample should afford an approximately
10-fold increase in concentration of BAK assum-
ing complete extraction into the upper layer.
This efficiency of extraction was determined by

1S

c 0.005 AU

TIME (MIN ) —>

Fig. 2. Chromatogram obtained with BAK sample A
(0.01%, w/v) pre-concentrated by salting-out acetonitrile
with the inclusion of an internal standard. Peaks: IS=
internal standard (dibenzyldimethylammonium chloride);
A=Cy B=C,; C=C,; D=C,; E=Cy F=C,
homologue.
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UV spectrophotometry following partitioning of
an 0.05% (w/v) solution of both samples of BAK
and an 0.025% (w/v) solution of DMDBAC
used as an internal standard and also by HPLC
by comparison of peak-area response of the
individual homologues against the peak-area
response of an 0.1% (w/v) solution of the BAK
samples and the DMDBAC internal standard
(Table III). Almost- quantitative extraction is
achieved for BAK and for its individual
homologues. The internal standard (DBDMAC)
is less efficiently extracted but is satisfactory for
its purpose.

This procedure is capable of effectively per-
forming an approximately ten-fold preconcentra-
tion in a controlled manner and by adaptation
higher concentration factors should be achiev-
able. It provides a quick and convenient proce-
dure for the analysis of BAK at concentrations
encountered in pharmaceutical products and

TABLE III

PARTITION COEFFICIENTS AND CONCENTRATION
FACTORS FOR BAK, HOMOLOGUES AND INTER-
NAL STANDARD

The concentration factors rnre defined as the ratio of the
concentration of BAK and homologues in the original
samples to that found in the upper layer.

Material Partition Concentration
coefficient factor
BAK sample A C, 9.15
Ci, 9.57
C, 9.55
Cu. 9.43
Cie 8.82
Cis 8.74
Total 9.38
>100° 9.15°
BAK sample B o 9.00
C, 9.33
Cu 9.56
Cie 8.67
Total 9.43
>100° 9.27°
Internal standard,
DBDMAC 14.30° 4.93°

* Determined by ultraviolet spectrophotometry (for the total
sample).



80

should be .readily adaptable to other materials
where pre-concentration prior to analysis is de-
sirable.
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ABSTRACT

A rapid and sensitive assay method for the determination of PZ-peptidase activity is reported. This method is based on the
monitoring of the absorption at 320 nm of 4-phenylazobenzyloxycarbonyl-L-Pro-L-Leu (PZ-Pro-Leu), enzymatically formed from
the substrate 4-phenylazobenzyloxycarbonyl-L-Pro-L-Leu-Gly-L-Pro-D-Arg (PZ-peptide), after separation by high-performance
liquid chromatography using a C,, reversed-phase column by isocratic elution. This method is sensitive enough to measure
PZ-Pro-Leu at levels as low as 10 pmol, yields highly reproducible results and requires less than 5.5 min per sample for separation
and determination. The optimum pH for PZ-peptidase activity was 7.5-8.0. The K and V, __ values were 166.7 uM and 5.35
pmol/min- ug protein, respectively, with the use of enzyme extract obtained from mouse whole brain. The approximate
molecular mass of this enzyme was estimated to be 64 000 by gel filtration. PZ-peptidase activity was strongly inhibited by Zn**,
Cu** and p-chloromercuriphenylsulphonic acid. By using this method, PZ-peptidase activity could be readily detected in a single
mouse pituitary gland. Among the tissues examined in various mouse brain regions, the highest specific activity of the enzyme was
found in cerebral cortex. The sensitivity and selectivity of this method will aid in efforts to examine the physiological role of this
peptidase.

INTRODUCTION

The collagenase of Clostridium histolyticum is
commonly assayed with 4-phenylazobenzyloxy-
carbonyl-L-Pro-L-Leu-Gly-L-Pro-p-Arg (PZ-pep-
tide), a synthetic peptide with an amino acid
sequence based on the -Gly-Pro-Xaa- tripeptide
repeating pattern of the helical region of col-
lagen [1]. It is not hydrolysed by mammalian
collagenase, but is cleaved by another enzyme,

* Corresponding author.
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PZ-peptidase (EC 3.4.99.31), which is widely
distributed in mammalian tissues [2].

The assay method using PZ-peptide as sub-
strate has the advantage that the chromogenic
product, 4-phenylazobenzyloxycarbonyl-L-Pro-L-
Leu (PZ-Pro-Leu), is not water soluble and can
be assayed after extraction with an organic
solvent. However, this method also has a few
disadvantages. This conventional procedure is
obviously non-specific as all PZ-peptides eventu-
ally produced by non-enzymatic hydrolysis may
be extracted into the organic phase; moreover,
the extraction step does not allow the optimum
reproducibility to be obtained. A greater dis-
advantage is the low sensitivity. The direct

© 1993 Elsevier Science Publishers B.V. All rights reserved
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analysis of the reaction mixture by a high res-
olution technique would alleviate the problems
concerning selectivity and reproducibility.

In this paper, we describe an advantageous
assay method for PZ-peptidase using high-per-
formance liquid chromatography (HPLC) on a
reversed-phase column to achieve a rapid and
selective separation of substrate and product.
Using this sensitive assay method, PZ-peptidase
activity was discovered in mouse pituitary gland
for the first time. Moreover, we describe some
physico-chemical properties of PZ-peptidase in
mouse brain in order to investigate the real
physiological roles of this enzyme in the central
nervous system (CNS).

EXPERIMENTAL

Materials

PZ-peptide and PZ-Pro-Leu were purchased
from Fluka (Buchs, Switzerland). N-2,4-Dini-
trophenyl-L-phenylalanine  (DNP-Phe), cyto-
chrome ¢, ribonuclease A, myoglobin, a-
chymotrypsinogen A, ovalbumin, bovine
serum albumin (BSA), BSA dimer, phenyl-
methylsulphonyl fluoride (PMSF), iodoacetic
acid (IAA), N-ethylmaleimide (NEM), p-
chloromercuriphenylsulphonic acid (PCMS) and
pepstatin A were obtained from Sigma (St.
Louis, MO, USA). Soybean trypsin inhibitor,
bacitracin and 1,10-phenanthroline hydrochlor-
ide were obtained from Wako (Osaka, Japan).
Sephacryl S-300 HR was purchased from Phar-
macia (Uppsala, Sweden). Acetonitrile was of
chromatographic grade (Cica—Merck). Other
chemicals and solvents were of analytical-reagent
grade.

Animals

Male ICR mice weighing 20-25 g were pur-
chased from Charles River and housed on a 12-h
light-dark cycle for at least 1 week before the
beginning of all experiments. Food and water
were available ad libitum. All operations were
carried out at 0-4°C unless stated otherwise.
Mice were killed by decapitation. After washing
the whole brain with saline, it was cut into small
pieces and homogenized in nine volumes of 0.32
M sucrose with a glass—PTFE homogenizer. The
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homogenate was centrifuged at 100 000 g for 80
min and the supernatant obtained was used as an
enzyme source.

For the investigation on localization of the
enzyme activity, various brain regions, i.e.,
bulbus olfactorius, pons-medulla, cerebellum,
hypothalamus, hippocampus, cerebral cortex,
striatum, midbrain and pituitary gland, were
dissected on ice. Tissues were homogenized in
nineteen volumes of 0.32 M sucrose with a glass—
PTFE homogenizer. The homogenates were
used as an enzyme source.

Assay for PZ-peptidase activity

The principle of the assay method for PZ-
peptidase activity is based on the spec-
trophotometric measurement at 320 nm of PZ-
Pro-Leu liberated enzymatically from the sub-
strate, PZ-peptide, after separation by HPLC.
The reaction mixture contained 60 mM Tris—
HCI buffer (pH 8.0), 6 mM CaCl,, 240 mM
NaCl, 0.24 mM PZ-peptide and enzyme plus
water in a total reaction volume of 250 ul.
Incubation was carried out at 37°C and the
reaction was terminated by heating at 95°C for 5
min in boiling water. After addition of DNP-Phe
as an internal standard, the reaction mixture was
centrifuged and the clear supernatant obtained
was evaporated in vacuo using an AS160 Speed-
Vac concentrator (Savant, Farmingdale, MA).
The resulting residue was dissolved into aceto-
nitrile—water (55:45, v/v) containing 0.1% of
trifluoroacetic acid, and an aliquot of the mixture
was subjected to HPLC analysis. For micro-
assay, the incubation mixture was reduced to a
total volume of 50 w1 instead of 250 ul and the
volumes of other reagents added were also
reduced to one-fifth. The peak height of PZ-Pro-
Leu was measured and converted into picomoles
from the peak height of DNP-Phe added as an
internal standard. One unit of enzyme activity is
defined as the amount of enzyme required to
convert 1 umol of the substrate into the corre-
sponding product in 1 min at 37°C.

Chromatographic conditions

Analysis of the product was performed using a
Japan Spectroscopic HPLC system consisting of
a Model 880-PU pump, 875-UV UV detector
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(fixed at 320 nm), 860-CO column oven, 880-50
degasser, 880-02 gradient  unit, 802-SC system
controller and 807-IT integrator. The system was
operated at room temperature at a flow-rate of
1.32 ml/min employing a Finepak SIL CI18S
(particle size 5 pm) reversed-phase column
(150x4.6 mm I.D.) (Jasco) fitted with a
LiChrosorb RP-18 guard gel (15%x3.2 mm L.D;
particle size 5 um) (Cica—Merck). The mobile
phase was acetonitrile—water (55:45, v/v) con-
taining 0.1% of trifluoroacetic acid.

Determination of molecular mass

All of the following procedures were carried
out at 0-4°C. Mouse whole brain (3.7 g) was
homogenized in nine volumes of 0.25 M Tris—
HCl buffer (pH 8.0) with a glass-PTFE
homogenizer. The homogenate was centrifuged
at 100 000 g for 80 min and the resulting superna-
tant was concentrated to 5 ml by ultrafiltration
(Amicon YM 10 membrane) and subjected to
size-exclusion chromatography on a Sephacryl
S-300 HR column (96.5x2.6 cm L.D.) equili-
brated with 0.25 M Tris—-HCl buffer (pH 8.0), and
eluted with same buffer at a flow-rate of 0.5
ml/min. The UV absorbance of the eluate was
monitored at 280 nm, and column fractions (2.5
ml per tube) were assayed for enzyme activity.
The following proteins were used as molecular
mass markers: BSA (dimer 130000, monomer
67000), ovalbumin (43000), a-chymotryp-
sinogen A (25000), soybean trypsin inhibitor
(20100), myoglobin (18 800), ribonuclease A
(13700) and cytochrome c (12 500).

Effects of various metal ions and inhibitors on
enzymatic activity

The active fractions eluted from the Sephacryl
S-300 HR column were pooled and used as the
source of enzyme for this experiment. Enzyme
solution was preincubated in the absence or
presence of various chemicals (0.1 and 1 mM) in
60 mM Tris—HCI buffer (pH 8.0) for 5 min at
37°C. Immediately thereafter, 0.24 mM PZ-pep-
tide (final concentration) was added to the re-
action mixture and incubated at 37°C for the
desired periods. After stopping the reaction, the
samples were treated as described above.
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Protein determination

Protein concentration was measured by the
Lowry method as modified by Hartree [3] using
BSA as a standard protein.

RESULTS

This HPLC-spectrophotometric detection sys-
tem for the measurement of PZ-peptide and
PZ-Pro-Leu was found to be very sensitive. The
calibration graph for PZ-Pro-Leu injected
showed good linearity from 10 to 2000 pmol. The
calibration graph for DNP-Phe also showed good
linearity from 50 to 2000 pmol. Fig. 1 shows the
chromatographic patterns of the reaction mixture
after incubation with 24.9 ug of protein prepared
from mouse whole brain supernatant for 30 min.
The blank incubation (Fig. 1A) contained PZ-
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Fig. 1. HPLC elution patterns of PZ-peptidase activity
determined using enzyme in mouse whole brain. Conditions
as described under Experimental. Peaks: 1= impurity con-
tained in PZ-peptide; 2 = PZ-peptide; 3 = DNP-Phe; 4 = PZ-
Pro-Leu. A 5500-pmol amount of DNP-Phe (internal stan-
dard) was added to each sample after incubation. (A) Blank
incubation: PZ-peptide was incubated without enzyme at
37°C for 30 min. (B) Standard incubation: 5500 pmol of
PZ-Pro-Leu were added to a sample tube before incubation
as a standard sample. The two peak heights of DNP-Phe and
PZ-Pro-Leu correspond 500 pmol. (C) Experimental incuba-
tion: PZ-peptide was incubated with 24.9 ug of protein in
mouse whole brain at 37°C for 30 min. (D) Control incuba-
tion: a control tube without the enzyme was incubated, the
same amount of active enzyme was added and the resulting
tube was kept in an ice-bath before heating at 95°C for 5 min.
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peptide and DNP-Phe, and the standard incuba-
tion (Fig. 1B) contained exogenous PZ-Pro-Leu
in addition to PZ-peptide and DNP-Phe. The
retention times for PZ-peptide, DNP-Phe and
PZ-Pro-Leu were 3.0, 3.9 and 5.1 min, respec-
tively (Fig. 1A and B). As shown in the blank
incubation (Fig. 1A), an unknown peak, pre-
sumably originating from an impurity in the
substrate, was found at 1.8 min near the peak of
the solvent. The experimental incubation under
the standard assay conditions (Fig. 1C) showed a
significant amount of PZ-Pro-Leu at 5.1 min,
whereas the control incubation (Fig. 1D) did not
show any peak of PZ-Pro-Leu.

The enzyme reaction was found to be linear
with time at 37°C for at least ca. 60 min (data not
shown).

The pH dependence of enzyme activity was
investigated in both 60 mM sodium phosphate
buffer (pH 6.0-8.0) and 60 mM Tris—HCI buffer
(pH 7.5-9.0). The catalytic activity of the en-
zyme was greatest at a pH of approximately
7.5-8.0, with very little activity below pH 6.0
and above pH 9.0 (Fig. 2).

PZ-peptidase activity was investigated as a
function of the amount of enzyme extract ob-

~ (]
T

PZ-peptidase activity

( pmol/min/ ;g protein )

| \ N
ml
pH
Fig. 2. Effect of pH on PZ-peptidase activity: (O) 60 mM
sodium phosphate buffer (pH 6.0-8.0) and (@®) 60 mM

Tris-HCI buffer (pH 7.5-9.0) were used. Incubation was
carried out at 37°C for 30 min.
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Fig. 3. Velocity of PZ-peptidase reaction determined at
various concentrations of enzyme in mouse whole brain. The
standard assay conditions were used and incubation was
carried out at 37°C for 20 min. Inset: the enzyme activity was
measured by means of a micro-assay system.

tained from mouse whole brain. Perfect linearity
was observed for plots of the amount of PZ-Pro-
Leu, from 7.84-107° to 3.02- 10" units, formed
enzymatically from PZ-peptide against those of
enzyme (100000 g supernatant fraction). By
using the micro-assay system, the enzyme activi-
ty was detectable as levels as low as 4.80-107°
units (Fig. 3).

A Lineweaver-Burk plot was obtained from
the effect of the concentration of PZ-peptide on
the rate of formation of PZ-Pro-Leu by PZ-

TABLE 1

DISTRIBUTION OF PZ-PEPTIDASE ACTIVITY IN
MOUSE BRAIN HOMOGENATE

Values are means +=SEM for four experiments.

Enzyme activity
(pmol/min - mg protein)

Brain region

Bulbus olfactorius 893 + 61
Pons-medulla 477 * 34
Cerebellum 59132
Hypothalamus 524+ 133
Hippocampus 756 £ 16
Cerebral cortex 1276 = 41
Striatum 586 =28
Midbrain 779 £ 35
Pituitary gland 1020 + 46
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peptidase. The Michaelis constant (K,,) and the
maximum velocity (V,,,,) towards the PZ-peptide
were calculated to be 166.7 = 3.0 uM and 5.35 =
0.28 pmol/min - ng protein, respectively.

We applied this standard assay method for the
detection of PZ-peptidase activity in various
mouse brain regions (Table I). It can be seen
that the PZ-peptidase activity was distributed
unevenly in the mouse CNS. Among the tissues
examined, the highest specific activity of the
enzyme was found in the cerebral cortex and the
lowest in the pons-medulla. A high level of
activity was also observed in the pituitary gland.
Moderate levels of activity were seen in the
bulbus olfactorius, hippocampus and midbrain.

Further, some enzymatic and physico-chemical
properties of PZ-peptidase in mouse whole brain
were studied by this standard assay method. An
estimation of the molecular mass of the enzyme
was made by the gel filtration method using a
Sephacryl S-300 HR column. The void volume of
the column was determined with Blue Dextran
2000. From a plot of log M, versus K,, for
protein standards, the molecular mass of the
enzyme was estimated to be approximately
64 000 (Fig. 4).

The effects of various metal ions and inhibitors

0.7}
0.6
0.5

0.4
0.3
0.2

0.1

0 10 10°  3x10°
Molecular weight

Fig. 4. Estimation of the molecular mass of PZ-peptidase on
a Sephacryl S-300 HR column. The protein markers used
were (1) cytochrome ¢, 12500; (2) ribonuclease A, 13 700;
(3) myoglobin, 18 800; (4) a-chymotrypsinogen A, 25000;
(5) soybean trypsin inhibitor, 20 100; (6) ovalbumin, 43 000;
(7) BSA monomer, 67000; (8) BSA dimer, 130000; and
PZ-peptidase (PZP), molecular mass estimated to be 64 000.
Experimental details as described under Experimental.
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on PZ-peptidase activity in mouse whole brain
were examined at a final concentration of 1 and
0.1 mM. As shown in Table II, metals such as
Zn*" and Cu®" completely inhibited the enzyme
activity at 1 mM, whereas Ca’* and Mg’* had
no effect. On the other hand, Mn*" enhanced
the enzyme activity to 1.6-fold compared with
the control level at 1 mM. EDTA, a chelating
agent, had no effect on enzyme activity, but
1,10-phenanthroline was found to be inhibitory
to the enzyme. PCMS, a typical thiol protease
inhibitor, inhibited the enzyme activity com-
pletely at a final concentration of 0.1 mM.
However, there was no inhibition by other thiol
protease inhibitors such as IAA and NEM and
PMSF (serine protease inhibitor). Further, the
PZ-peptidase activity was not affected by pep-

TABLE 11

EFFECTS OF METAL IONS AND INHIBITORS ON PZ-
PEPTIDASE ACTIVITY IN MOUSE WHOLE BRAIN

Reagent Final PZ-peptidase
concentration activity
(mM) (% of control)
None - 100
MnCl, 1 164.3
0.1 121.6
CaCl, 1 100.2
0.1 95.1
MgCl, 1 99.3
0.1 100.7
ZnSO, 1 0
0.1 7.5
CuSO, 1 0
0.1 31.7
EDTA 1 105.1
0.1 106.5
1,10-Phenanthroline 1 47.0
0.1 88.6
p-Chloromercuriphenyl 1 0
sulphonic acid 0.1 0
Iodoacetic acid 1 117.3
0.1 105.5
N-Ethylmaleimide 1 97.4
0.1 94.7
Phenylmethylsulphonyl 1 67.3
fluoride 0.1 95.6
Pepstatin A 32 pg/ml 95.5
Soybean trypsin 32 pg/mol 92.4
inhibitor
Bacitracin 80 pg/ml 89.1
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statin A (acid protease inhibitor), soybean
trypsin inhibitor and bacitracin.

DISCUSSION

As pointed out in other HPLC enzymatic
assays, the direct analysis of the product of
enzyme action, separated from the substrate and
other interfering substances, offers several ad-
vantages over previous spectrophotometric
methods.

The proposed sensitive assay method for PZ-
peptidase activity using an HPLC-spectro-
photometric detection system has a few advan-
tages. First, it is very sensitive. The limit of the
sensitivity was about 10 pmol of PZ-Pro-Leu
formed enzymatically. On the other hand, the
sensitivity of the widely used extraction assay
method is only 5 nmol, because the absorbance
at 320 nm in controls is very high compared with
the present HPLC-spectrophotometric detection
system. We especially emphasize that enzyme
activity was able to be detected in a single mouse
pituitary gland using this sensitive assay method.
Typically, 15-20 assays could be performed with
the extract from a single mouse pituitary. Sec-
ond, the substrate and the product are separated
completely in less than 5.5 min. The modified
assay method for this enzyme activity by HPLC,
which we reported previously [4], still had the
disadvantage that it is time consuming for the
complete separation of several peaks. However,
the present assay method overcame this prob-
lem. Third, more accurate quantification of the
product and better reproducibility were ensured
by the use of an internal standard (DNP-Phe)
and the elimination of an extraction step.

The physiological role of PZ-peptidase in
animals has not been clarified except for the
observation that PZ-peptidase plays a part in the
late stages of the degradation of collagen in
peripheral tissues [5], but there is no direct
evidence for this. On the other hand, only one
observation has been reported about findings of
PZ-peptidase in CNS, in which PZ-peptidase
activity continuously decreased with maturation
in rat brain [6]. However, the physiological role
of this enzyme in CNS is also still unclear. In
order to search for it in CNS, some properties of
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PZ-peptidase in mouse brain were examined and
compared with those in peripheral tissues.

The approximate molecular mass of PZ-pep-
tidase from mouse brain is 64 000 on gel filtra-
tion, and its optimum pH is ca. 7.5-8.0. The
effects of various metal ions and inhibitors on
the PZ-peptidase are also investigated (Table
II). The PZ-peptidase in mouse brain is com-
pletely inhibited by metals such as Zn*" and
Cu®* and by PCMS, but not by other metals
(Ca®>* and Mg”"), serine protease inhibitor, acid
protease inhibitor and trypsin inhibitor, indicat-
ing that this enzyme is a metallo-endopeptidase
with thiol dependence. These properties are very
similar to those of the enzymes that have been
isolated from peripheral tissues and fluids [5-14].
On the other hand, the PZ-peptidase activity in
pituitary gland is higher than that in other brain
regions (Table I). From these observations, we
conclude that some of the enzymes reported as
“PZ-peptidases” may function as peptidases hy-
drolysing collagen-related peptides, but others
may be related to the processing of certain
hormones. The real physiological role of PZ-
peptidase in CNS remains a subject for further
investigation. Recently, PZ-peptidase has been
shown to be identical with soluble metallo-endo-
peptidase (EC 3.4.24.15) [15] and endo-
oligopeptidase (EC 3.4.22.19) [16]. Because of
this, there is considerable interest in the physio-
logical role of PZ-peptidase.

In conclusion, the rapid and accurate assay
method described in this paper may be a useful
means for investigating the roles of PZ-peptidase
in vivo.
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ABSTRACT

The separation of the three hydroxy-terminated polyethers, polyethylene glycol 1000, polypropylene glycol 1200 and
polybutylene glycol 1000, on reversed-phase separation media differing markedly in the length of the alkylsilyl chain is described.
Underivatized polyethers were measured by evaporative light scattering detection, whereas the corresponding 3,5-dinitrobenzoyl
derivatives were monitored by UV detection at 254 nm. The detection limits were ca. 5, 10 and 20 ug for native polyethylene
glycol 1000, polypropylene glycol 1200 and polybutylene glycol 1000, respectively, and 0.5, 1 and 2 ug for the corresponding
3,5-dinitrobenzoyl esters. A clear dependence of r, and R, values on the polarity of the analyte was observed in the sequence
polyethylene glycol 1000 < polypropylene glycol 1200 < polybutylene glycol 1000 for each adsorbent used. Marked attenuation of
analyte retention occurred with increasing polarity of the stationary phase in the sequence C,q>Cy>C,>Cp,,, ~C, and
concomitant loss of peak resolution of high-molecular-mass oligomers became increasingly evident. The solvent strength of
acetonitrile was not sufficient for complete elution of polybutylene glycol and polypropylene glycol oligomers with higher
molecular mass from the strongly hydrophobic C,, stationary phase, which however was markedly improved with methanol as
organic modifier. Different possible alternatives are discussed in order to give a reasonable explanation of the separation
mechanism.

INTRODUCTION

Hydroxy-terminated polyethers find a wide
range of application in different fields of chemis-
try. They are applied as macropolymers for the
synthesis of graft polymers [1] and polyurethanes
[2]. Further, they have been used as non-ionic
detergents [3-11] and as stabilizers and property
modifiers in pharmaceutical and biochemical
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K-401.2.08, CH-4002 Basle, Switzerland.
* Dedicated to Professor Hinrich Cramer on the occasion of
his 60th birthday.
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Basle, Switzerland.
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technology [4,12,13]. A new area of poly-
ethylene glycol chemistry was recently opened
up by the synthesis of so-called poly-rotaxanes
[14,15], consisting of a polyether axis threaded
with a multitude of ring systems. For this reason
the development and improvement of chromato-
graphic methods in order to obtain more insight
into oligomeric distribution and characterization
of polyethers is a further expanding area of
analytical research.

Polyethers have been investigated by high-
performance liquid chromatography (HPLC) in
their native structure [16-29] and after derivati-
zation of their hydroxy end-groups with alkyl
or aryl functions [3-10,16,21,22,30]. Thin-layer
chromatography (TLC) [11,31-33] and super-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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critical fluid chromatography (SFC) have also
been used for characterization [21,22,34-36].

The detection of underivatized polyethers is
associated with severe problems owing to the
poor response at the wavelength range usually
applied for UV detection. Significant responses
can only be measured below 200 nm, where the
high background noise invoked by self-absorp-
tion of the solvent system is a strongly limiting
factor for routine applications. Nevertheless,
detection of oligomeric polyethylene glycol at
wavelengths below 200 nm has been described
using either isocratic [18,21] or gradient elution
[25,37]. Unfortunately, refractometric detection
[4,7,17,23,26-29] cannot be used for the gradient
HPLC of complex mixtures of multifunctional
polyether oligomers. For this reason, evapora-
tive light scattering detection (ELSD)
[8,10,22,38-41] represents a powerful tool for
the detection of native polyethers. Additionally,
UV detection of their 3,5-dinitrobenzoyl esters
opens up an efficient alternative method, yield-
ing high sensitivity, reliability and reproducibility
of results.

The aim of this study was to optimize the
chromatographic conditions for the separation of
a,w-dihydroxy polyethers. For this purpose, a
reversed-phase (RP) HPLC system with the
gradient elution technique was developed. Poly-
ethylene glycol (polyoxyethylene), polypropyl-
ene-1,2-glycol (1,2-polyoxypropylene) and poly-
butylene-1,4-glycol  (1,4-polyoxybutylene  or
polytetrahydrofuran) were chosen as model com-
pounds:

HO(CH,CH,0), H
polyethylene glycol (PEG)
HO[CH(CH,)CH,0] H
polypropylene-1,2-glycol (PPG)
HO(CH,CH,CH,CH,0),H
polybutylene-1,4-glycol  (PBG)

The three types of a,w-hydroxy-terminated poly-
ether differ substantially in their polarities,
which decrease markedly in the sequence PEG >
PPG >PBG. Therefore, different interactions
would be expected between different kinds of
polyethers and different stationary and mobile
phases. In order to obtain an assessment of these
influences, the following parameters were
changed stepwise:
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stationary phase: C,; (octadecylsilyl)-, C,
(octylsilyl)-, C, (butylsilyl)-, Cpp.,, (phenyl-
propylsilyl)- and C, (methylsilyl)-silica gel;

mobile phase: acetonitrile—water or methanol-
water gradients;

temperature of the stationary phase: ambient
temperature (ca. 23°C) and 60°C.

For optimum comparison of results, oligo-
meric mixtures with an approximately identical
average molecular mass (1000 for PEG, 1200 for
PPG, 1000 for PBG) were used. When this study
was made, PPG was not available in the M_ 1000
form.

It is well known that chromatographic be-
haviour depends additionally on the space-filling
properties of analyte molecules and thus can be
regarded as a function of the pore size of the
stationary phase [42]. However, owing to the
choice of polyethers of M, <1500, interpretation
of the results should not be markedly impaired
by influences arising from differences in mol-
ecular size [19].

EXPERIMENTAL

Separation media

Nucleosil 5C;; (125xX4.6 mm LD., 5 pum
particle size), Nucleosil 5C; (125 X 4.6 mm L.D.,
5 um), Nucleosil 5C, (100 X 4.0 mm I.D., 5 um)
and Nucleosil 7Phenyl=Cy,.., (250 X 4.6 mm
I.D., 7 um) adsorbents were purchased from
Macherey—Nagel (Oensingen, Switzerland) and
Spherisorb 5C, (125 X 4.6 mm 1.D., 5 wm) from
Metrohm-Bischoff (Wallisellen, Switzerland).

Reagents and solvents

Polyethylene glycol 1000 and polypropylene-
1,2-glycol (both of “pract.” quality) were ob-
tained from Fluka (Buchs, Switzerland) and
polybutylene-1,4-glycol (technical quality) from
BASF (Ludwigshafen, Germany). Acetonitrile
(HPLC grade) and methanol (HPLC grade)
from either J.T. Baker (Deventer, Netherlands)
or Merck (Darmstadt, Germany) were used.
Water for use in HPLC was purified with a
Milli-Q reagent water system from Millipore—
Waters (Milford, MA, USA). Pyridine (puriss.
p.a.>99%) and 3,5-dinitrobenzoyl chloride
(DNBCI) (purum >98%) were obtained from
Fluka.
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Analytical equipment

The HPLC apparatus consisted of a combined
SP 8100 system of HPLC pump and auto-
sampler, an SP 8450 UV detector and a Spectra
Station data acquisition unit, all obtained from
Spectra-Physics (San Jose, CA, USA). For
ELSD, a Sedex 45 apparatus from Sedere (Vitry,
France) equipped with a 20-W iodine lamp was
applied. Separations at elevated temperature
were performed with a 7 type column oven
purchased from Portmann Instruments (Therwil,
Switzerland).

Derivatization procedure

About 10 mg of polyether and 10 mg of
DNBCI (corresponding to an approximately
100% excess of reagent on a molar basis) were
dissolved in 100 wpl of pyridine and heated at
60°C for about 30 min. After addition of 2 ml of
methanol to the slightly brown liquid, excess of
reagent was reacted to the corresponding methyl
3,5-dinitrobenzoate for about 30 min at 60°C. An
aliquot of 10 ul of the resulting solution was
injected on to the HPLC column without further
purification.

Chromatographic separation

The time programme of the chromatographic
procedure using the solvent gradient technique is
depicted in Table I. For the separation of the
hydrophilic PEG-1000 in either its native form or
as the 3,5-dinitrobenzoyl (DNB) derivative, a
gradient starting with 100% of water was chosen
(gradient programme 1). The significantly more
hydrophobic native samples of PPG-1200 and
PBG-1000 were eluted with a gradient starting
with 80% of water and 20% of organic modifier
(gradient programme II). For chromatography
of DNB derivatives the terminal isocratic column
rinsing with 100% of pure organic solvent was
extended from 55 to 75 min in order to achieve
extensive elution (gradient programme III). A
flow-rate of 1.5 ml/min was chosen. For detec-
tion of native polyethers by means of ELSD the
nebulization chamber was heated to 40°C and
the nitrogen flow-rate was adjusted to 4.5 1/min,
corresponding to an inlet pressure of 200 kPa.
DNB derivatives were measured at a wavelength
of 254 nm.
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TABLE I
GRADIENT PROGRAMMES

Gradient Time Organic solvent Water (%)
programme (min) (acetonitrile or
methanol) (%)

1 0 0 100
40 100 0
50 100 0
51 0 100
65 0 100

11 0 20 80
40 100 0
55 100 0
56 20 80
70 20 80

I 0 20 80
40 100 0
75 100 0
76 20 80
90 20 80

RESULTS

It should be noted that either the length or
diameter of the C, and Cyy,,, columns differ
from those of the C,, C; and C,; materials.
Therefore, substantial deviations from the nor-
mally expected k' and R, values are observed,
which were taken into account in the interpreta-
tion of the results. Nevertheless, the general
chromatographic trend remains unchanged.

The detection limits for native samples of
PEG-1000, PPG-1200 and PBG-1000 are ca. 5,
10 and 20 pg, respectively, whereas the values
for the corresponding DNB derivatives are ca.
0.5,1 and 2 pg.

In the following sections the results obtained
from different separation experiments are de-
scribed.

Gradient of acetonitrile—water

With all the separation media used in the study
a dependence of either capacity factor k' or peak
resolution R, on the polarity of the polyethers
was observed. Both parameters increase in the
sequence  PEG-1000 < PPG-1200 < PBG-1000.
Further, the chromatograms of PPG-1200 (Fig.
la—e) and PBG-1000 (Fig. 2a-e) reveal a signifi-
cant dependence on either the k£ or R, values on
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Fig. 1. Chromatograms with PPG-1200 and acetonitrile as organic solvent. (a) C,g; (b) Cg; (¢) C,; (d) Cppenyis (€) Cie

the polarity of the stationary phase. An increase
was observed in the sequence C,=Cppeny<
C,<Cy<Cy. It is remarkable that substantial
amounts of high-molecular-mass oligomers of
PBG-1000 are not completely eluted from a C,
stationary phase either at room temperature
(RT) or when the column is held at 60°C.
However, an elevated temperature markedly
improves the elution potency of acetonitrile (Fig.
3a) and complete release of oligomers is
achieved at 60°C on a C; column (Fig. 3b). In
contrast, the significantly less hydrophobic PPG-
1200 elutes quantitatively from a C,; matrix at
60°C despite its higher average molecular mass

(Fig. 4).

Complete elution of PBG-1000 is effected at
RT on the more polar C,, Cpy,.,,, and C, materi-
als (Fig. 2c—e). Unlike PPG-1200 and PBG-1000,
the PEG-1000 oligomers exhibit incomplete peak
resolution on all the separation media tested
(Fig. 5a—e). In comparison with PPG-1200 and
PBG-1000, the k' and R, values are substantially
decreased, although elution was started with a
solvent of lower elution potency (gradient pro-
gramme I, see Table I) and complete elution of
PEG-1000 oligomers is achieved at RT on a C
column. The incompletely resolved peak multi-
plet of the oligomeric mixture of PEG-1000
becomes larger and more diffuse in the sequence
Cis<Cy<Cy <Chpeny=~Cy-
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Fig. 2. Chromatograms with PBG-1000 and acetonitrile as organic solvent. (a) C,y; (b) Cq; © Cu; (d) Copenys (© G-

Derivatization of PPG-1200 and PBG-1000
yielded a similar chromatographic pattern (Figs.
6a—e and 7a—¢). As a consequence of the signifi-
cant increase in hydrophobicity over the native
samples, increased k' values are observed. De-
spite an extension of the isocratic run with pure
acetonitrile from 55 to 75 min (gradient pro-
gramme III), complete elution of DNB-PBG-
1000 is only achieved on a Cg column at 60°C
(Fig. 8).

In contrast to these findings, the chromato-
graphic differences between a native polyether
and its corresponding DNB derivative are more
marked with PEG-1000. The signals of individual
oligomers coincide and partial peak resolution,

which is observed with the native sample, van-
ishes completely (results not shown).

Gradient of methanol—-water:

Whereas acetonitrile as an organic modifier
proved to be more efficient in eluting PPG-1200
and PBG-1000 oligomers with low to inter-
mediate molecular masses, methanol is more
suitable for elution of high-molecular mass oligo-
mers. With increasing polarity of the stationary
phase either the retention or resolution of peaks
attributable to high-molecular-mass material de-
creases dramatically and the signals coincide
more and more. These results are shown in Fig.
9a and b for PPG-1200 and Fig. 10a and b for
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Fig. 3. Chromatograms with PBG-1000 and acetonitrile as

organic solvent at a column temperature of 60°C. (a) C,,; (b)
C,.

PBG-1000 on C,; and Cg materials, respectively.
Complete elution of PPG-1200 oligomers is
achieved at RT on a C,; column. Under identical
conditions, approximately twice the number of
PBG-1000 oligomers elute from the column (Fig.
10a) compared with acetonitrile, whereas com-
plete elution of high-molecular-mass material is
observed on a less hydrophobic C; matrix (Fig.
10b). Elution at a column temperature of 60°C
does not influence the elution pattern of either
low to intermediate or high-molecular-mass
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Fig. 4. Chromatogram with PPG-1200 and acetonitrile as

organic solvent at a column temperature of 60°C on a C,,
matrix.
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oligomers of PPG-1200 and PBG-1000 (results
not shown).

In comparison with acetonitrile, methanol
causes a substantially increased retention of
PEG-1000 oligomers (Fig. 11a—d). The signals of
homologues exhibit a significantly larger and
more diffuse peak shape but no improvement in
peak resolution over acetonitrile is observed.

Analogous results were obtained with DNB-
PPG-1200 (Fig. 12) and DNB-PBG-1000 (Fig.
13) on a C,; matrix with respect to the native
samples. DNB-PPG-1200 is completely eluted on
a C,; column at RT, whereas quantitative elu-
tion of the more hydrophobic DNB-PBG-1000 is
achieved on a C; matrix (results not shown).
Separation of DNB-PEG-1000 on C,,, C,,
Cophenyt and C, materials yields an elution pattern
similar to that obtained with acetonitrile as
modifier (results not shown), whereas a marked
improvement in peak resolution is observed on a
C, column. The differences between acetonitrile
and methanol on the C, stationary phase are
depicted in Figs. 14 and 15.

DISCUSSION

For minimization of influences arising from
individual manufacturing processes of stationary
phases on the chromatographic properties, sepa-
ration media from one supplier were used when-
ever possible. However, the C, column required
for completion of the study was only available
from a different producer. Further, it should be
emphasized that the determination of the detec-
tion limits of polyethers (see Results) gives rise
to some problems owing to the contribution to
the total response by a large number of in-
dividual values. They must, in the strictest sense,
be ascertained individually for each oligomer.
Therefore, oligomers only present in low concen-
trations will be considered insufficiently. For this
reason, the given values may be considered as an
approximative set of data relating to minimum
sample amounts, necessary for an unambiguous
identification from the “fingerprint”.

The conditions of gradient elution for the
chromatography of PBG-1000 and PPG-1200 and
their DNB derivatives could not be directly
applied to PEG-1000 and its DNB ester owing to
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Fig. 5. Chromatograms with PEG-1000 and acetonitrile as organic solvent. (a) C,q; (b) Cg; (¢) C,5 (d) Cppenyis (€) C,-

the very low k' values. For comparison of the
results with those from PBG-1000 and PPG-
1200, gradient elution was started with a mobile
phase of lower solvent strength (see Table I,
gradient programme I). The HPLC separation of
both native polyethers and DNB derivatives with
signal monitoring by means of ELSD and UV
detection yielded high sensitivity and no substan-
tial baseline deterioration occurred even at ele-
vated temperature (60°C). The main advantage
of ELSD over UV detection is that the detector
response is independent of the mobile phase
composition and allows the use of solvents that
generally cannot be applied in HPLC owing to
strong UV absorption, such as acetone or methyl

ethyl ketone. Nevertheless, the sensitivity of UV
detection after derivatization with DNBCI is
about ten times higher and the reaction takes
place either rapidly or quantitatively. No signifi-
cant amounts of interfering by-products are
observed and samples can be injected directly
without further purification.

Marked hydrophobic interactions between the
hydrocarbon backbone of both native and de-
rivatized PPG-1200 and PBG-1000 oligomers and
the alkyl chains of the C;; matrix favour efficient
separation with sharp and well resolved peaks
(Figs. 1a, 2a, 6a and 7a), whereas in particular
the k' and R, values of high-molecular-mass
oligomers decrease significantly on separation
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media of intermediate hydrophobicity (e.g., Cg
and C,) or more polar adsorbents (Cgy,,, and
C,) owing to weakened solvophobic interactions
(see Figs. 1b—e, 2b-e, 6b-e and 7b-e).

A mechanism of the separation of these poly-
ethers on the basis of their precipitation at the
column head and elution of the oligomers in the
sequence of their stepwise ‘“redissolution” as a
consequence of the gradual increase in the
amount of organic solvent [43,44] seems improb-
able. The solubility of the investigated poly-
ethers in the chosen solvent systems seems to be

sufficient. However, precipitation of oligomers
with substantially higher molecular mass than
those tested may occur. Significant precipitation
has been postulated in the normal-phase gradient
HPLC of polystyrenes and copolymers of styrene
and acrylonitrile [45-48].

Participation of silanophilic interactions [49~
52] as described in the HPLC of cyclic polyethers
[49] should presumably also be ruled out. This
view is supported by the observation that low to
intermediate molecular mass oligomers are
eluted more rapidly with acetonitrile than with
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Fig. 8. Chromatogram with PBG-1000 after derivatization
with DNBCI and acetonitrile as organic solvent on a C,
matrix at a column temperature of 60°C.

methanol, although the potency of the protic
solvent to cleave hydrogen bonds between ether
oxygens and matrix silanols is much higher [49].

Further, it does not seem reasonable that high-
molecular-mass sample constituents of PBG-1000
are preferentially able to penetrate the layer of
octadecylsilyl chains of the stationary phase in
order to reach free silanols. This interpretation is
additionally corroborated by the complete elu-
tion of high-molecular-mass material from RP
materials such as C,, Cg,,, and C;, because
more facile access to residual silanols should be
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Fig. 14. Chromatogram with PEG-1000 after derivatization
with DNBCI with acetonitrile as organic solvent on a C,
column.

expected in comparison with C,; phases (Figs.
2c—e and 7c—e). Therefore, the decrease in
retention of polyether oligomers on short-chain
alkyl-substituted stationary phases can probably
be attributed to either lower hydrophobic
solute—matrix interactions or increased repulsive
forces between free pairs of electrons on either
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Fig. 15. Chromatogram with PEG-1000 after derivatization

with DNBCI with methanol as organic solvent on a C,
column.

oxygen atoms of the analyte or the polysiloxane
backbone of the matrix. Repulsive interactions
should be markedly attenuated on C,g-modified
silica gel by a “shielding effect” of the large alkyl
chains.

In addition to a hypothesis like this, a solubili-
ty effect seems to be more reasonable, which is
further supported by the marked improvement in
the elution potency of acetonitrile at elevated
temperature. By comparison of the different
effects of the two modifiers on the elution
behaviour, two mechanisms become evident. On
the one hand it can be assumed that the dis-
tribution of PBG-1000 between the non-polar
stationary phase and the polar but aprotic sol-
vent acetonitrile will be shifted towards an in-
creased concentration of high-molecular-mass
oligomers within the layer of C,; substituents.
Thus decreased retention at elevated tempera-
ture can be explained by weakened solvophobic
interactions and a concomitant solubility shift
towards a higher concentration of analyte in the
mobile phase. On the other hand, methanol will
exert a solubility increase on the basis of hydro-
gen bond formation between its hydroxy protons
and polyether oxygens. This hypothesis is in
accordance with a complete lack of influence of
temperature on the k' and R, values. Similar
observations were obtained with PPG-1200 but
the differences are much lower owing to its lower
hydrophobicity.

The poor peak resolution for PEG-1000 on all
the columns tested is indicative of a decrease in
hydrophobic solute-matrix interactions due to a
significant increase in polarity. Therefore, RP
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materials are not suitable stationary phases for
separation of polar polyethers. On the other
hand, satisfactory separation of alkylphenyl-
oligo(ethylene) glycol was reported for “bonded-
phase” materials such as 2,3-propanediol- and
aminopropyl-substituted silica gel or silica gel
alone with normal-phase eluents [22,30]. Furth-
er, a dependence of either k' or R, values on the
carbon load of C,-substituted silica gels was
established, and the lower the concentration of
octadecylsilyl chains the more marked is the
peak resolution [30]. Nevertheless, complete loss
of peak resolution after derivatization is surpris-
ing because, in general, one would expect more
marked hydrophobic interactions between the
different oligomers and reversed-phase adsor-
bents at least with a C,; column. Conformational
changes of analyte molecules may be responsible
for this observation, as described for the cyclic
polyethers dibenzo-18-crown-6 and dibenzo-24-
crown-6, which induced a complete inverse of
the usually observed chromatographic behaviour
[16,49].

It is assumed that effects such as these will
favour a levelling of solute—matrix interactions
for the different oligomers. In contrast, the
marked separation improvement: with methanol
on a C, column may be attributable to marked
interactions between the analyte and methanol
on the one hand and methanol and the stationary
phase on the other. Either a “coating” effect of
silyl ether oxygens by the protic solvent
methanol and/or stereochemical factors induced
by the special properties of the trimethylsilyl
" layer may be operating. Obviously the butyl
chains of the C, column seem to be too large in
order to bring about similar interactions (results
not shown). In order to give a reasonable expla-
nation of the separation mechanism, investiga-
tions on C; and C, matrices would be useful.

With a phenyl-substituted silica gel stationary
phase as used in this study, the possibility of
matrix-analyte w—ar interactions [53-56] should
be taken into account. Nevertheless, the reten-
tion of DNB-polyethers on a Cp,.,,, column was
not markedly affected compared with results
with a C, stationary phase, which is known to
possess a similar matrix polarity. Therefore, an
influence of potential 7—= interactions may be
considered to be negligible.
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CONCLUSIONS

To our knowledge, chromatography of poly-
butylene-1,4-glycol had not previously been per-
formed. For this reason, this study represents
the first report of the RP-HPLC of polybutylene-
1,4-glycol. Owing to the characteristic chromato-
graphic “fingerprint”, it is possible to identify
unambiguously the different types of polyethers.
Methanol proved to be the mobile phase of
choice especially for the separation of more
hydrophobic high-molecular-mass polyether mix-
tures on a C,4 stationary phase. This material is
superior to the more polar short-chain alkyl-
substituted adsorbents owing to its markedly
better peak resolution. Overall, liquid chroma-
tography of polyethers offers many advantages
over competing methods such as SFC and TLC
owing to the multitude of possible experimental
approaches and its capability to separate and
identify individual kinds of polyethers within
complex mixtures with either marked differences
in hydrophobicity or molecular masses far above
5000.
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ABSTRACT

Four calculation methods that can be easily applied by simple BASIC programming on personal computers were compared for
the prediction of the retention times of various substances during linear temperature programming with and without an initial
isothermal period on polar and non-polar capillary columns. The methods are based on curve-fitting techniques or a numeric
iterative integration approach (Simpson and trapezoid methods). The comparison with experimental data obtained in various
programmed-temperature analyses showed that all the tested methods permit the prediction of the retention times. The

computation times and deviations of the results are compared.

INTRODUCTION

The prediction of retention times in program-
med-temperature gas chromatography (PTGC)
starting from isothermal data has been carried
out by different methods [1-12], some of them
requiring a complex computational approach or
a knowledge of thermodynamic quantities. Other
papers were dedicated to the prediction of reten-
tion indices under PTGC conditions [1,4,11].

A direct approach that permits the calculation
of linear temperature data starting from reten-
tion times measured at three isothermal tem-
peratures by means of a curve-fitting technique
to replace the inverse retention time function by
a function that can be integrated was suggested
by Said [13,14] and applied by us previously to
the prediction of PTGC retention times of chlo-
robenzenes [15] with satisfactory approximation.
Other integration methods using iterative proce-

* Corresponding author.

0021-9673/93/$06.00

dures (Simpson and trapezoid methods) were
tested and compared with Said’s methods. In
order to test the performance of the programs
for the prediction of the behaviour of com-
pounds having different polarities and functional
groups, a test mixture containing di- and tri-
chlorobenzenes, nitro- and chloronitrobenzenes,
chloroaniline and naphthalene was prepared and
analysed on polar and non-polar capillary
columns.

EXPERIMENTAL

A Model 3600 gas chromatograph (Varian,
Palo Alto, CA, USA) equipped with a split—
splitless injector and a flame ionization detector,
was used for isothermal and PTGC analyses. A
methylpolysiloxane DB-1 bonded phase non-
polar capillary column, 0.25 um film thickness
(30 m x 0.32 mm I.D.) J&W Scientific, Folsom,
CA, USA), and a polyglycol DB-WAX polar
capillary column (same dimensions) were used.
The carrier gas was helium with a linear velocity

© 1993 Elsevier Science Publishers B.V. All rights reserved
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ranging between 67 cm s~ (at 45°C) and 57 cm
s~' (at 150°C). The isothermal data used for
calculation were measured at 60, 80 and 120°C
on the non-polar column and at 100, 120 and
140°C on the polar column in order to take into
account the longer retention times of polar
compounds on the latter column. Table I shows
the composition of the test mixture, with the
compounds listed in order of increasing retention
time on the non-polar column. Molecular mas-
ses, boiling points, densities and melting points
are also given.

The selected compounds belong to some of the
polarity classes suggested by Ewell et al. [16]:
compounds containing both donor atoms and
active hydrogen (chloroanilines); molecules con-
taining donor but no active hydrogen atom
(nitro- and chloronitrobenzenes); and molecules
with sr-electron availability (naphthalene) more
or less influenced by the inductive effect of
halogens (chlorobenzenes). The mixture used
therefore permits a severe test of the calculation
methods to be carried out because, mainly on
the polar column, co-eluting peaks and inversion
of the elution order of some compounds are
observed at different temperatures and during
various programmed runs.

The retention times were measured with an
accuracy of +0.005 min by using a Varian DS-650
data system. The retention times automatically

TABLE 1
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calculated by the software were verified by using
the interactive graphical data system in order to
verify that the retention times (tz) correspond to
the maximum height of the peak. The same
program also permitted the shape of each peak
to be evaluated, in order to take into account the
effect of the amount injected on the asymmetry
and therefore on the deviation of the actual ¢y
with respect of the theoretical value at concen-
trations near zero.

CALCULATION METHODS

The methods that can be used in order to
predict the retention of a given compound in a
programmed-temperature run have the aim of
calculating the retention temperature 6, i.e., the
column temperature at which the compound
elutes from the column. The following equation,
used by Said [14] and consistent with that de-
rived by Habgood and Harris [17,18], must
therefore be solved:

¢ de J‘"f
8= ), Avacxpio/@B+o)] Jp, Y90 (D)

where g is the temperature programming rate, 6,
is the initial temperature, A is the column dead
time or gas hold-up time under isothermal condi-
tions, in order to obtain the 6; value. This
integral has no analytical solutions and therefore

COMPOUNDS OF THE TEST MIXTURE LISTED IN ORDER OF ELUTION ON THE NON-POLAR DB-1 COLUMN,
THEIR MOLECULAR MASSES M, BOILING POINTS T,, DENSITIES d, AND MELTING POINTS T,

No. Compound M T, (°C) d T, (°C)
1 1,3-Dichlorobenzene 147.01 173 1.2884 —24.7
2 1,4-Dichlorobenzene 147.01 174 1.2475 53.1
3 1,2-Dichlorobenzene 147.01 180.5 1.3048 -17
4 Nitrobenzene 123.11 210.8 1.2037 5.7
5 2-Chloroaniline 127.57 208.84 1.2125 ~14
6 1,3,5-Trichlorobenzene 181.45 208 - 63-64
7 1,2,4-Trichlorobenzene 181.45 213.5 1.4542 16.95
8 Naphthalene 128.19 218 1.0253 80.55
9 3-Chloroaniline 127.57 229.92 1.2161 —10.3
10 4-Chloroaniline 127.57 232 1.429 72.5
11 1,2,3-Trichlorobenzene 181.45 218-219 - 53-54
12 1-Chloro-3-nitrobenzene 157.56 235-236 1.343 46
13 1-Chloro-4-nitrobenzene 157.56 242 1.2979 83.6
14 1-Chloro-2-nitrobenzene 157.56 246 1.368 33.5-35
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some approximate integration method must be
used. Said [13,14] proposed two similar methods
in order to obtain an analytical expression for
the integral of eqn. 1 and, by using curve-fitting
techniques, to replace the y(#) with functions
that can be integrated.

In the first method suggested by Said, hence-
forth denoted “Said A”, a temperature 0, lower
than the temperature 6, of the inflection point of
the function y(#), so that 8 =6, —x, is consid-
ered. In order to obtain an acceptable accuracy,
the value of x should be between 50 and 100°C
[14]. Empirically, a value of 75°C can be chosen
for x and, by comparing the calculated and
experimental results, one can see that in this
instance the difference is negligible for all the
compounds and for all linear programming rates.

In order to ensure that the difference between
the predicted and actual programmed retention
times of a set of compounds have the minimum
value, the best x value should be obtained by the
equation

Ly @)

x=50+ 50( 26,
This procedure was applied previously [15] and it
was found that, whereas for megabore columns
x = 75°C gives satisfactory precision, for narrow-
bore columns the best correspondence between
predicted and true retention times is obtained
with x values near zero.

The second method proposed by Said (“Said
B”’) does not employ the empirical x value, but
iteratively calculates the intermediate constant
values. The other two methods tested in this
works in order to solve eqn. 1 are based on
numerical integration algorithms, i.e., the
trapezoid method and the Simpson method [19-
22]. In both instances the integral eqn. 1 is
transformed into a sum of terms in order to
verify the following:

N
g=2 AG) (32)
i=1
where, for the trapezoid method,
NV
A =7[y(0i—1 +y(6)] (4a)

and, for the Simpson method,
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g=2 AW (3b)
where

. A6
A(D) ZT[y(OZi—Z) +y(6y-1) + y(6,)] (4b)

6 being the increment of temperature values
used for calculation (0.1°C). In practice, by
starting with i=1, the sums of eqns. 3 are
calculated by increasing i by 1 at each iterative
stop, and this procedure is repeated until eqns. 3
are verified for i = N or M, the final value of 6
being

6,=6,+N A0 (5a)
or

6,=6,+2M Ad (5b)
for the trapezoid and the Simpson method,
respectively.

The four methods were applied through
BASIC programming on a IBM personal compu-
ter (PS2-286) and used to predict the retention
times in various programmed runs with and
without an initial isothermal period.

RESULTS AND DISCUSSION

The different elution orders on the two
columns are shown in Table II, where the gross
retention times, fp, obtained in the various
isothermal runs and the retentions relative to
nitrobenzene, r, i.e., the ratio between the
adjusted retention times, tr, are reported, and
are graphically illustrated in Fig. 1. Several
changes in the elution order and coincidence of
the retention times were observed. The Ar-
rhenius plots, i.e., the values of In f; as a
function of the reciprocal of the absolute analysis
temperature, were linear with a standard devia-
tion of better than 0.99 within the temperature
range used on both columns. Only two isother-
mal runs should therefore be sufficient in order
to obtain the input data for the calculation of
PTGC retention times, because the third value
required by the programs should be linearly
interpolated on the Arrhenius plot.

Notwithstanding this, three values of isother-
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mal retention times measured experimentally
were used in order to evaluate the accuracy of
the calculation methods for routine use when the
raw data obtained from isothermal runs are
directly input without any previous elaboration
and control in order to calculate the retention
times under PTGC conditions. If the integrating
data system can be programmed to extract
directly from the analysis reports the retention
values of the identified peaks, and the data so
obtained are used for further elaboration in the
system itself, all the procedure can be made
automatic without the need for an external
computer and manual transfer of the retention
data. The procedures to obtain these results
obviously depend on the logic of the integrator
used and therefore no further details on the
BASIC programming and data transfer of the
data system used are given here.

Table IIT shows some of the PTGC runs
carried out in order to verify the performance of
the four calculation methods, covering a wide
range of possible combinations of initial isother-

TABLE II
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Fig. 1. Retention relative to nitrobenzene, r, at 120°C on
non-polar DB-1 and polar DB-WAX capillary columns,
showing the change in elution order and of retention times
due to polarity. For numbers of compounds, see Table I. r
Values at other temperatures are given in Table II.

mal temperature and time, programming rate
and final temperature, Tables IV and V show the
comparison of the values calculated with the four

EXPERIMENTAL GROSS RETENTION TIMES, ¢, (min}, AND RETENTIONS RELATIVE TO NITROBENZENE, r, IN
THREE ISOTHERMAL RUNS ON DB-1 AND DB-WAX COLUMNS

See also Fig. 1 for r values.

Compound”  DB-1 column (non polar) DB-WAX column (polar)
60°C 80°C 120°C 100°C 120°C 140°C
tx r tx r [ r I r te r e r
1 4254 0.619 2.345 0.653 1.273 0.724 2.687  0.207 1.835 0.236 1.442  0.269
2 4403 0.645 2400 0.676 1.273 0.724 2975 0.239 1.963  0.267 1.522  0.307
3 5.018 0.753 2.655 0.781 1.340 0.829 3.574 0306 2226 0.331 1.644  0.366
4 6424 1 3.188 1 1450 1 9.804 1 4976 1 297 1
5 8.938 1.441  4.063 1360 1.607 1.245 26.636 2.875 10.848 2.429 5380  2.152
6 9.819 1.596 4.464 1.525 1.702 1.393 3916 0.344 2.399 0.373 1.726  0.405
7 12.874 2.133 5557 1975 1911 1.718 6.530  0.635 3.540 0.651 2.276  0.668
8 13.185  2.187 5718 2.041 1.911 1.718 9.804 1 4976 1 2.97 1
9 14288  2.381 5.841 2.091 1953 1.783 87259 9.630 30.188 7:134 12.438  5.525
10 14512 2420 5931 2129 1953 1.783 83.048 9.161 28.907 6.823 12.000 5.316
11 15926 2.668 6.653 2426 2.111  2.030 9.310 0.945 4735 0.941 2.847 0941
12 16.436 2758 6.744 2463 2.111 2.030 20.356 2.176 9.051 1991 4735  1.843
13 17.404 2928 7.063 2.595 2.158 2.103 24.545 2.642 10.598  2.368 5.289  2.108
14 18.014  3.035 7.265 2.678 2.191 2.154 42797 4.676 14.969  3.431 6.610 2.739

“See Table I.
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TABLE III

PTGC RUNS USED TO EVALUATE THE AVERAGE
PERFORMANCE OF THE FOUR CALCULATION
METHODS ON DB-1 AND DB-WAX COLUMNS

Initial temperature, 6,; length of initial isothermal period, ¢;,
and programming rate, g, are shown.

~

Column Programmed 6,

run No. (°C)

g
(°C min™%)

45
45
50
50
60
70
45
50
50
60
70

45
60
45
50
70

DB-1

—
N HhLWNEE = OWOoo O Wn AW =

DB-WAX

NLWAOO LWASNWLARODODODOO O ’B\
=.
=
~

AU b AWV WRWWULEEAEDNNWNWLA

TABLE IV
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methods and of the experimental retention time
on non-polar and polar columns for two pro-
grammed runs, taken as examples. The parame-
ter showing the performance of each method is
the percentage deviation between the ex-
perimental, t3, and calculated, g, values ex-
pressed as E (%) =100|ty — tx|/tz. It is not
possible to report here the E values for all the
compounds of the test mixture obtained with all
the programmed runs used and therefore the
performance of the four calculation methods is
compared by using the E values averaged over
the whole set of programmed runs for each
compound (Table VI) and over all the fourteen
compounds contained in the text mixture for
each programmed run listed in Table III (Table
VII). The average E values for the DB-1 column
are also plotted in Figs. 2 and 3.

The results obtained with the four methods are
comparable. The low values show slight negative
deviations from the experimental values, where-
as high values show smaller but positive devia-
tions. This behaviour, which can be also found in
previously published papers [2,7,9,12] in which

EXAMPLE OF THE VALUES OBTAINED THROUGH DIFFERENT PROGRAMMES COMPARED WITH THE
EXPERIMENTAL DATA OBTAINED ON THE DB-1 COLUMN

PTGC parameters: initial temperature, 6,=60°C; initial isothermal period, t,=6 min; programming rate, g=4°C min" .

Identifying numbers in column 1 refer to Table I.

1

Compound’ Experimental Said A Said B Trapezoid Simpson
ty (min)
tg (min) E (%) tg (min) E (%) tg (min) E (%) ty (min) E (%)
1 4.279 4.230 1.15 4.230 1.15 4.230 1.15 4.230 1.15
2 4.430 4.378 1.18 4.378 1.18 4.378 1.18 4.378 1.18
3 5.048 4.988 1.19 4.988 1.19 4.988 1.19 4.988 1.19
4 6.436 6.364 1.11 6.366 1.09 6.362 1.14 6.375 0.95
5 8.344 8.322 0.27 8.331 0.15 8.337 0.08 8.325 0.23
6 8.897 8.889 0.09 8.899 0.02 8.912 0.17 8.925 0.31
7 10.418 10.446 0.26 10.462 0.42 10.462 0.43 10.475 0.55
8 10.571 10.615 0.41 10.629 0.55 10.612 0.39 10.625 0.51
9 10.915 10.934 0.17 10.961 0.42 10.987 0.66 10.975 0.55
10 11.003 11.029 0.23 11.056 0.48 11.062 0.54 11.075 0.65
11 11.598 11.649 0.44 11.673 0.65 11.687 0.77 11.675 0.66
12 11.732 11.782 0.43 11.811 0.67 11.812 0.69 11.825 0.79
13 12.036 12.089 0.44 12.121 0.71 12.112 0.64 12.125 0.74
12.273 0.43 12.308 0.72 12.312 0.76 12.325 0.86

14 12.220

“See Table I.
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TABLE V
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EXAMPLE OF THE VALUES OBTAINED THROUGH DIFFERENT PROGRAMMES COMPARED WITH THE
EXPERIMENTAL DATA OBTAINED ON THE DB-WAX COLUMN

PTGC parameters: initial temperature, §, = 60°C; no initial isothermal period; programming rate, g =6°C min~".

Compound”® Experimental Said A Said B

Trapezoid Simpson

i (min) tg min)  E (%)  tg (min)

E(%) ty(min) E(%) tg(min) E (%)

1 5.310 5.207 1.94 5.195
2 5.782 5.752 0.52 5.762
3 6.475 6.552 1.18 6.593
4 10.776 10.755 0.19 10.801
5 14.382 14.366 0.11 14.458
6 6.954 6.883 1.03 6.923
7 9.115 9.077 0.42 9.131
8 10.776 10.756 0.19 10.801
9 18.312 18.312 0.00 18.296
10 18.164 18.161 0.02 18.151
11 10.562 10.538 0.23 10.586
12 13.609 13.572 0.27 13.640
13 14.301 14.223 0.54 14.304
14 15.357 15.550 1.28 15.645

2.17 5.242 1.29 5.250 1.13
0.35 5.792 0.17 5.785 0.02
1.82 6.592 1.80 6.585 1.67
0.23 10.792 0.15 10.785 0.07
0.53 14.458 0.53 14.450 0.47
0.44 6.908 0.66 6.920 0.54
0.18 9.108 0.07 9.120 0.02
0.23 10.792 0.15 10.785 0.07
0.09 18.442 0.71 18.450 0.76
0.07 18.292 0.70 18.285 0.66
0.23 10.592 0.28 10.585 0.20
0.23 13.642 0.24 13.650 0.30
0.02 14.308 0.05 14.320 0.11
1.87 15.675 2.07 15.685 2.12

“See Table 1.

TABLE VI

VALUES OF E (%) AVERAGED OVER THE PROGRAMMED RUNS LISTED IN TABLE III FOR ALL OF THE

COMPOUNDS IN TABLE I, OBTAINED WITH THE FOUR
AND POLAR (DB-WAX) COLUMNS

CALCULATION METHODS ON NON-POLAR (DB-1)

Compound* Said A Said B Trapezoid Simpson
DB-1 DB-WAX DB-1 DB-WAX DB-1 DB-WAX DB-1 DB-WAX
1 0.74 2.87 0.77 2.94 1.08 2.35 1.32 2.31
2 0.79 0.32 0.77 0.32 0.91 0.41 1.00 0.40
3 0.57 1.48 0.68 2.45 0.85 2.23 0.90 2.20
4 0.46 0.32 0.68 0.60 0.84 0.47 0.94 0.46
5 0.24 0.34 0.59 0.80 0.84 0.80 0.86 0.80
6 0.24 1.04 0.65 0.32 0.86 0.53 0.93 0.54
7 0.31 0.40 0.83 0.57 1.02 0.32 1.03 0.29
8 0.44 0.32 0.92 0.60 0.94 0.47 0.91 0.46
9 0.20 0.34 0.85 0.31 0.94 0.87 0.91 0.85
10 0.21 0.35 0.92 0.31 1.00 0.85 0.98 0.85
1 0.39 0.33 0.99 0.62 1.00 0.51 0.99 0.47
12 0.34 0.31 0.99 0.59 1.00 0.58 0.96 0.58
13 0.35 0.41 1.02 0.45 1.03 0.41 1.05 0.46
14 0.36 1.40 1.05 2.32 1.05 2.45 1.17 2.43
“ See Table 1.

different calculation programs were used, there-
fore do not depend on the computation method
but on the choice of the coefficients (A, a and b)
of the generally accepted starting eqn. 1. The

literature [13,14] suggests that three isothermal
runs are sufficient to permit a correct evaluation
of these constants. As the same procedure for
the calculation of the constants was used as a
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TABLE VII
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VALUES OF E (%) AVERAGED OVER THE FOURTEEN COMPOUNDS IN TABLE I, OBTAINED WITH THE FOUR
CALCULATION METHODS IN THE PROGRAMMED RUNS LISTED IN TABLE III ON NON-POLAR (DB-1) AND
POLAR (DB-WAX) COLUMNS

Programmed Said A Said B Trapezoid Simpson
run No/*
DB-1 DB-WAX DB-1 DB-WAX DB-1 DB-WAX DB-1 DB-WAX

1 0.11 0.81 1.00 1.08 1.17 1.01 1.11 1.02
2 0.47 0.57 1.47 0.60 1.66 0.63 1.67 0.58
3 0.44 1.49 0.83 1.38 0.93 1.18 0.94 1.16
4 0.21 0.56 0.85 1.19 1.07 1.16 1.08 1.14
5 0.37 0.64 0.61 0.71 0.71 0.84 0.89 0.85
6 0.39 0.61 0.72 0.93
7 0.32 0.79 0.81 0.82
8 0.61 1.09 1.28 1.28
9 0.59 0.76 0.76 0.76

10 0.56 0.67 0.70 0.74

11 0.36 0.52 0.69 0.73

“See Table III.

starting point for the four calculation methods,
in order to avoid introducing a difference in the
evaluation of the performance of the four meth-
ods, the similar deviations obtained confirm that
the problem comes from the basic equation. In
fact, a strong reduction in the temperature
interval used for each iteration step and there-
fore an increase in the precision of the approxi-
mation do not change substantially the accuracy

E

-
T

L s

5 10
Programmed run

Fig. 2. Values of E averaged over the fourteen compounds in
Table I for eleven different programmed runs on the DB-1
column. Methods: OO = Said A; M= Said B; O = trapezoid,
A = Simpson.

of the final results. Also, the choice of the three
temperatures of the basic isothermal runs in-
fluences the values of A and the subsequent
calculations, and it was found that the accuracy
of the final results increases when the range of
the programmed run lies within that of the
isothermal runs.

The E values are lower for the non-polar
column, but the polar column also shows average

E*®hb

I L 1 L 1

1 4 7 10 13
Compounds

Fig. 3. Values of E averaged over eleven programmed runs
on the DB-1 column (see Table III). Methods: 0 = Said A;
B = Said B; O = trapezoid; A = Simpson.
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errors smaller than 3%. The scatter of the data
does not depend on the type of programmed
runs, as no systematic difference connected to
the initial temperature, programming rate, etc.,
is shown by Table VII and Fig. 2. Table VI and
Fig. 3, on the other hand, show that early-eluting
compounds have a greater influence on the
average E values, as affected by a greater uncer-
tainty, probably because the measurement of
short t; comparable to the gas hold-up time is
difficult and therefore both the isothermal data
used to input the program and the PTGC data
measured experimentally are less accurate. This
is confirmed by Fig. 4, showing the r* values
obtained with the equation

o B -R)6G—R)
S (RS (R )’

where 7; and t; are the calculated and exper-
imental retention times averaged over the eleven
temperature-programmed runs. The value of
r* is a measure of the best fit between the
experimental and calculated values and should
be equal to unity for a perfect fit of the values.
The results found for the four calculation meth-
ods are better than 0.9995 for the compounds
eluted after nitrobenzene with gross retention
times t; at the highest isothermal temperature
greater than 1.5 and 3 min on the non-polar and
polar column, respectively (see Table II). The

1 L
0999+
L
0.998¢
0,997 - 2 . A .
1 4 7 10 13
Compounds

Fig. 4. Values of r* as a function of the fourteen compounds
in Table I, calculated with the following methods: O = Said
A; B =Said B; O = trapezoid; A = Simpson.
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results for nitrobenzene and early-eluting peaks
show a lower precision, but r® values greater
than 0.997 indicate a precision high enough for
practical purposes.

The computation time necessary to obtain the
results with the four programming methods,
after the input of the data, was calculated by
taking into account the average time required to
obtain the calculated retention time of one of the
compounds for a given programmed run. This
procedure requires 4.6-107> s with the Said A,
0.22 s with the Said B, 0.20 s with the trapezoid
and 0.13 s with the Simpson method. All these
times are so short with respect of the keyboard
input time that the use of any of the methods is
equivalent from the practical point of view. The
complexity and length of the BASIC programs
for the four methods are similar.

The Said A method, owing to the simplifica-
tion due to the choice of a default x value, is
more rapid if operated on a personal computer
and can also be applied with a simple calculating
machine, as it does not require iterative proce-
dures. The iterative methods, moreover, are
subject to appreciable fluctuations in the predic-
tion of the early-eluting peaks, as they are more
influenced by possible errors in the measurement
of short retention times during isothermal runs at
high temperature.

The application of the Said B method, i.e., the
iterative calculation of the intermediate con-
stants, may fail to give the f; values in a
reasonable computation time if a double preci-
sion calculation (with sixteen decimal places) is
carried out, because the speed of convergence of
the calculation may be too small at this degree of
precision. If, by means of a proper adjustment of
the program, the convergence was required only
to the tenth decimal place, all our experimental
data correctly permitted the PTGC ¢, to be
calculated. This means that, by working with
single precision (seven decimal places), conver-
gence of the calculation to the exact values is
obtained.

CONCLUSIONS

The prediction of programmed-temperature
retention data gives comparable accuracies on
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both non-polar and polar capillary columns and
for compounds belonging to different homolo-
gous series and to many polarity classes.

The comparison of the experimental data with
those predicted with the four calculation meth-
ods showed that, by using only three isothermal
runs as the source of the input data and simple
BASIC computer programming, satisfactory ac-
curacy in the prediction of programmed-tem-
perature analyses with various linear speeds and
with or without an isothermal period can be
obtained. The programming methods are almost
equivalent from the point of view of the accuracy
and precision of the results, are based on known
iterative calculation procedures and can be se-
lected depending on the programming ex-
perience of the gas chromatographer, as they do
not require sophisticated software.
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ABSTRACT

Enantiomers of the B-blockers propranolol, atenolol, metoprolol, and oxprenolol have been separated by the addition of
methyl-B-cyclodextrin (MeBCD) to the operating buffer. There is an optimum concentration of MeBCD for separation for each
of the B-blockers, the magnitude of which could be ranked by the use of a mathematical model and log P data —an indication of

the hydrophobicity of the molecule.

INTRODUCTION

Capillary electrophoresis (CE) is a rapidly
growing area in the field of separation science.
One aspect of current interest is the use of CE to
perform chiral separations by the addition of
chiral selectors to the buffer. Examples in the
literature are: cyclodextrins [1-6], oligosac-
charides [7], cyclic ethers [8,9], bile acids [10,11],
chiral surfactants [12] and copper complexes
using ligand exchange [13]. An alternative ap-
proach is to use a cyclodextrin bound in a gel
matrix [14] or a capillary which is coated with a
cyclodextrin stationary phase [15].

A noteworthy feature of several of the publi-
cations is that the degree of separation of the
enantiomers is a function of the chiral selector
concentration in the buffer. Fanali [2] working
with terbutaline and using B-cyclodextrin and
di-o-methyl-B-cyclodextrin as chiral additives

* Corresponding author.

found that while initially resolution increased
with increasing cyclodextrin concentration, a
point was reached beyond which further in-
creases in concentration actually led to a de-
crease in resolution. Similarly, Kuhn et al. [§]
found that the resolution of p- and L-DOPA was
dependant upon the concentration of [18]-crown-
6 tetracarboxylic acid in the buffer. Initially
resolution increased strongly with concentration
but then levelled off at a maximum value.

A similar pattern of behaviour was noted by
Sepaniak et al. [6] who separated dansylated
enantiomers of phenylalanine using hydroxy
propyl-B-cyclodextrin. In two earlier papers
[16,17], these observations were explained by the
use of a mathematical model describing the
separation process in chiral CE. The model was
supported by new work on the separation of the
enantiomers of the B-blocker propranolol using
B-cyclodextrin  and  “‘methyl”-B-cyclodextrin
(MeBCD). In this work the mathematical model
has been extended further by the application of
MeBCD to the separation of the B-blockers
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atenolol, metoprolol and oxprenolol and the
results compared with those obtained for pro-
pranolol.

MODEL

The proposed mathematical model has been
fully described in an earlier paper [16]. However
it is important, in the context of this study to
reiterate the key features.

The model is intended to cover the more
simple situations where a freely soluble analyte
interacts with a single chiral selector:

AL B—L
+ +
C C
11K, 1| Kz

22 K2
AC—> BC—

where u, is the electrophoretic mobility of the
analyte in free solution, u, is the electrophoretic
mobility of the analyte—chiral selector complex
and K, and K, are equilibrium constants. A and
B are a pair of enantiomers which have the same
electrophoretic mobility in free solution. They
interact with a chiral selector C dissolved in the
buffer to form the complexes AC and BC, which
are assumed to have the same electrophoretic
mobility. If the two enantiomers have different
affinities for the chiral selector, i.e. K; and K,
are different, and the electrophoretic mobilities
of the free and complexed enantiomers are
different, then chiral resolution is possible. If the
exchange of A between the free and bound
forms is very rapid then the apparent electro-
phoretic mobility of A will be a function of the
proportion of the time A is free and the propor-
tion it is complexed, i.e.,

__[A] ,__|AC] a
Ha = ([A] + [ACT) M1 T ([A]+[AC]) #2

Eqn. 1 and a similar expression which describes
the apparent electrophoretic mobility of B can
be manipulated to produce an equation which
describes the difference between the apparent
electrophoretic mobilities of A and B, i.e.,

__ [Cp — m)K, ~ Ky)
Faooren =1+ [CUK, + Ky) + K K[

(2)

Eqn. 2 is important as it is the difference in
apparent electrophoretic mobilities which gov-
erns the separation between the two enantio-
mers.

The optimum concentration (c) of chiral selec-
tor is the one which maximises the apparent
mobility difference and it can be found from
eqn. 2 by the use of differential calculus. It
occurs when

dAp

dc =0 3)
It can be shown that in addition to the non useful
solutions the condition in eqn. 3 is satisfied
when:
1

VKK,
This is an important result because it predicts
that no single chiral selector ccucentration will
be ideal for all separations and that the optimum
chiral selector concentration will vary from case
to case according to the affinity of the analyte for
the chiral selector.

4)

c

BACKGROUND

The model presented predicts that there will
be an optimum concentration of chiral selector
and that the concentration will depend inversely
upon the affinity of the analyte for the chiral
selector. It was decided to check this by using
the same chiral selector with a range of chiral
analytes. The pB-blockers atenolol, oxprenolol
and metoprolol (Fig. 1) were selected on the
basis of the successful results obtained in earlier
work with propranolol which has been included
as a comparison. The chiral selector chosen was
“methyl”-B-cyclodextrin (MeBCD).

Unfortunately for these systems the values of
the equilibrium constants, K; and K, are not
available. Cyclodextrins are believed to act as
chiral selectors via inclusion of enantiomers into
their hydrophobic cavity. For a series of closely
related analytes such as the B-blockers it seems
reasonable to assume that the size of the equilib-
rium constants will be related to the hydropho-
bicities of the analytes. In this case we would
expect the values of the equilibrium constants to
correlate with the values of the widely used
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Fig. 1. The B-blockers propranolol, atenolol, metoprolol,
and oxprenolol.

hydrophobicity measure, log P (octanol-water
partition coefficient).

On the basis of the data in Table I it is to be
expected that of the B-blockers, propranolol will
have the greatest tendency to include into
MeBCD and hence have the largest values of K|
and K,. Conversely atenolol should have the
least tendency to include and so the smallest
values of K, and K,. From this analysis it follows
that the optimum concentration of MeBCD will
be least for propranolol and greatest for atenolol
and will be intermediate for the other two
molecules.

TABLE I

HYDROPHOBICITY OF DIFFERENT B-BLOCKERS
(18]

B-Blocker Log P
Atenolol 0.23
Metoprolol 2.15
Oxprenolol 2.18
Propranolol 3.65

EXPERIMENTAL

Work was carried out on a PACE 2100 system
(Beckman Instruments, High Wycombe, UK).
Using a fused-silica capillary (Beckman) with an
internal diameter of 75 uwm, a total length of 57
cm and a length of 50 cm from inlet to detector.
Samples were loaded by a two-second pressure
injection and separated at 25°C using a voltage
of 20 kV. Data was recorded at 200 nm using a
2-Hz collection rate. Viscosity was measured
using a Bohlin VOR' rheometer (Huntingdon,
UK). Propranolol and atenolol were manufac-
tured at ICI Pharmaceuticals (Macclesfield, UK)
and metoprolol and oxprenolol were obtained
from Sigma (Poole, UK). Samples of the
B-blockers were dissolved in water at 0.01 mg
mi~" except for propranolol which was at 0.05
mg mi~'. MeBCD was a gift from Wacker
Chemicals (Halifax, UK) and had the 2,3- and
6-hydroxy groups substituted by methoxy with an
average degree of substitution of 1.8. Stock
solution of lithium phosphate was prepared by
adjusting a 50 mM solution of lithium hydroxide
(FSA, Loughborough, UK) to pH 3.0 with
orthophosphoric acid (BDH, Poole, UK).

The MeBCD solutions used were all 40 mM in
lithium phosphate and were prepared by mixing
in the appropriate proportions the following
stock solutions: 50 mM lithium phosphate at pH
3.0; 370 mM MeBCD in water; and water. The
ten solutions prepared ranged from 0 mM to 74
mM MeBCD and were degassed ultrasonically
and filtered through a 0.2 pm filter.

Apparent electrophoretic mobilities were de-
termined by using eqn. 5

IL
I“"eph + Meo = W (5)

where [ is the length to the detector, L is the
total capillary length, V is the operating voltage,
t is the migration time and p,,, and p,, are the
electrophoretic and electroosmotic mobilities.
The electroosmotic mobility was found to be less
than 0.04-107* cm?/V-s and was therefore
ignored in the calculations. Duplicate injections
of the B-blockers were made at each of the
MeBCD concentrations and the average mobility
values used. The reproducibility between the
duplicates was typically 3% or less.
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Fig. 2. Separation of atenolol enantiomers at different MeBCD concentrations.

RESULTS AND DISCUSSION

Fig. 2 shows the separation of the enantiomers
of atenolol as the concentration of MeBCD is
varied. The result is that expected from the
theory: separation increases Wwith increasing
MeBCD until a maximum at around 37 mM
MeBCD, with a further increase in MeBCD
concentration resulting in a slight decline in
separation. The efficiency is unaffected by the
concentration of MeBCD with 175000 theoreti-
cal plates being obtained both at 0 mM and 37
mM MeBCD. This supports the view that the
exchange of drug between the free and bound
forms is very rapid and does not lead to addition-
al band broadening. In addition this value is
between 1 and 2 orders of magnitude greater

than that which might be expected from a chiral
HPLC separation, indicating great promise for
chiral CE.

From Fig. 2 it is clear that the apparent
electrophoretic mobility of atenolol decreases
with increasing MeBCD concentration. This has
two causes: (i) atenolol spends more time as the
more slowly moving inclusion complex, and (ii)
the buffer viscosity increases with MeBCD con-
centration. The buffer viscosity affects the elec-
trophoretic mobility of all species and hence the
current. Because of this the viscosity affect
mentioned in (ii) was compensated for by mul-
tiplying the measured apparent electrophoretic
mobility, by the ratio of the current at 0 mM
MeBCD over the current at the MeBCD concen-
tration of interest. The adjustment factor ob-

0.005 omM MeBCD 11mM MeBCD 0.003 22mM MeBCD
0.004 0.002
0.002
0.003
0.002
0.001 0,001
0.001
15 125 135 15 16 17 17 18 19
TIME (MIN) TIME (MIN) TIME (MIN)
0.006
37mM MeBCD 74mM MeBCD
0.004
0.005
0.003
0.004
22 £ 24 285 295 205
TIME (MIN}) TIME (MIN)
Fig. 3. Separation of oxprenolol enantiomers at different MeBCD concentrations.
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tained is in close agreement with the value from
the ratio of the absolute viscosities obtained
using a rheometer. For example, the buffers-
containing 75 mM MeBCD and 0 mM MeBCD
had relative viscosities of 1.32 by the current
method, in comparison to a value of 1.34 ob-
tained by rheology.

Fig. 3 shows the separations of oxprenolol
enantiomers obtained at five of the MeBCD
concentrations. The results follow the same
pattern as that seen for atenolol and are those
expected from the model proposed, with the
separation increasing to a maximum at around 37
mM MeBCD before declining at higher MeBCD
concentrations. The efficiency was again found
to be independent of the MeBCD concentration.

The measured apparent electrophoretic
mobility differences between the enantiomers as
a function of MeBCD concentration are shown
for each of the B-blockers in Fig. 4. The figure
shows a number of interesting features. The
general shape of the curves is the same as that
expected from the theory (see ref. 16) and this
therefore lends great support to the model pro-
posed. The optimum separation occurs at differ-
ent MeBCD concentrations for the different
B-blockers, with the lowest concentration being
required for propranolol and the highest for
atenolol. The correlation between the log P of
the B-blocker and the optimum concentration of

Apparent mobility difference
0.025

0.02

0.015

0.01 .-
AR LTSN

0.005

0 20 40 60 80
Cyclodextrin concentration (mM)

Fig. 4. Experimentally determined apparent mobility differ-

ence (107 em?/V-s) for the different 8-blockers at different

MeBCD concentrations. O = Propranolol; ll = atenolol; @ =

metoprolol; O = oxprenolol.

MeBCD is that expected from the background
discussion with compounds which are most hy-
drophobic (highest log P) requiring the least
cyclodextrin. The exception to this general pat-
tern is that of oxprenolol. The affinity of ox-
prenolol for MeBCD is similar to that of atenolol
and is lower than expected. This may well be due
to a shape factor with the 2-substituted ox-
prenolol fitting less well into the MeBCD cavity
than the 4-substituted atenolol and metoprolol.
Another interesting feature is that the degree of
separation of the enantiomers at the optimum
MeBCD concentration is different for the differ-
ent B-blockers. The order of maximum separa-
tion is: propranolol > atenolol > oxprenolol >
metoprolol with the maximum separation of the
propranolol enantiomers being approximately
three times greater than the maximum separa-
tion of the metoprolol enantiomers. This indi-
cates that the percentage difference between the
equilibrium constants K, and X, is much smaller
for metoprolol than for propranolol. This means
that for metoprolol the R and S forms interact
with MeBCD to very similar extents, whereas for
propranolol the differences are larger. The
reason for this is unknown.

CONCLUSIONS

Chiral separation of the enantiomers of
B-blockers using MeBCD has been successfully
explained by the use of a mathematical model,
which correctly predicts an optimum MeBCD
concentration. The size of the optimum MeBCD
concentration correlates reasonably well with the
log P value of the B-blocker although factors
such as molecular shape are also very important.
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ABSTRACT

The direct separation of enantiomeric drugs by capillary zone electrophoresis using proteins as chiral complexing agents in the
background electrolyte is described. The influence of protein type and organic modifiers added to the background electrolyte on
the resolution of enantiomers was studied. Separations of the enantiomers of tryptophan, benzoin, pindolol, promethazine and

warfarin are shown.

INTRODUCTION

Stereochemical effects can be significant for
the biological activity of a drug. Racemic drugs
exhibit pharmacological activities and/or side-
effects different from those of the optically pure
drugs [1]. It is therefore important to develop
methods for the separation of enantiomers.

A variety of chromatographic approaches,
particularly those using high-performance liquid
chromatography (HPLC), have been developed
[2]. Much work has been reported on the direct
resolution of enantiomers by chiral stationary
sorbents and a wide variety of these sorbents are
now commercially available. These chiral sor-
bents include the Pirkle type [3], those based on
inclusion complex formation with, e.g., cyclodex-
trin [4] and cellulosic materials [5], ligand ex-
change [6] and immobilized protein supports [7].
In liquid chromatography, protein-based station-
ary sorbents have become popular for the direct
separation of drug enantiomers because of their
broad applicability and the use of aqueous buf-
fered mobile phases that are compatible with

* Corresponding author.

0021-9673/93/$06.00

many biological samples. The initial immobilized
protein HPLC columns for chiral recognition are
prepared from bovine serum albumin [8] and
a;-acid glycoprotein (orosomucoid) [9]. Recent-
ly, columns based on immobilized human serum
albumin [10], conalbumin [11] and some glyco-
proteins, fungal cellulase [12] and ovomucoid
[13], have been used to resolve enantiomers.
Capillary zone electrophoresis (CZE) has
been demonstrated to be a highly efficient sepa-
ration technique suitable for the separation of
ionic compounds even with very small differ-
ences in migration. However, for stereomers the
difference in migration is usually too small to
resolve the enantiomers unless specific stereo-
selective agents are introduced in the running
buffer. At present several various chiral com-
plexing agents are available that can be added to
the background electrolyte to induce the separa-
tion of enantiomers. Enantiomers of drugs could
be resolved successfully by the addition of sever-
al kinds of cyclodextrins to the buffer system
[14-16]. An interesting alternative was demon-
strated by Terabe and co-workers [17,18], who
separated racemic amino acids using micellar
electrokinetic chromatography with chiral surfac-
tants for the formation of micelles. Kuhn et al.

© 1993 Elsevier Science Publishers BV. All rights reserved
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[19] demonstrated the successful separation of
racemic compounds using a chiral crown ether as
a buffer constituent. Although the above-men-
tioned enantioselective electromigration methods
are suitable for many compounds, we have
focused our attention on protein-based separa-
tions, primarily because of the general
stereoselectivity of enzymes and cell membrane
receptors observed in vivo. Distinctive features
of the various proteins used in this study are
shown in Table I. Orosomucoid is an acidic
protein with negatively charged groups in the
aspartic acid residues and in the terminal serine
group, whereas positively charged groups are
present in the arginine, lysine and histidine
residues. Uncharged, chiral hydrogen bonding
sites are present in the peptide chain and in the
carbohydrate units that constitute 45% of the
molecular mass [23]. The major difference be-
tween the ovomucoid and the orosomucoid pro-
teins, apart from the molecular mass, is in their
isoelectric points. This is a direct consequence of
the higher sialic acid residue content of oro-
somucoid. Further, the larger number of disul-
phide bridges contributes to a more rigid struc-
ture, which may account for the exceptional
stability of the ovomucoid protein [21]. Fungal
cellulase is stabilized by twelve disulphide
bridges. Fungal cellulase has a low carbohydrate
content (6%) in comparison with the other two
glycoproteins, ovomucoid (30%) and oroso-
mucoid (45%).

In this paper, we report the preliminary results
of an explorative study using the aforementioned
types of proteins in the running buffer as chiral
selectors for the separation of enantiomers of
some test compounds.

TABLE 1

S. Busch et al. | J. Chromatogr. 635 (1993) 119-126
EXPERIMENTAL

Instrumentation

Electrophoresis was performed at 25°C in an
untreated fused-silica capillary (Polymicro Tech-
nologies, Phoenix, AZ, USA) (50.7 cm X 50 um
I.D.). The length from injection to the detection
point was 29.8 cm. The UV absorption at differ-
ent wavelengths was measured with an adapted
UV detector (Model 757, Applied Biosystems,
Foster City, CA, USA). As a regulated high-
voltage power supply, an FUG HCN 35-35000
(FUG Elektronic, Rosenheim, Germany) was
used. The total laboratory-built set-up was
placed in a Plexiglas box; opening the door
automatically shut off the high voltage. The
current in the system was measured over a 1-k{}
resistance in the return circuit of the power
supply. Samples were injected electrokinetically
at constant voltage (10 kV) at the positive side
for a fixed period of time (2-5 s). All experi-
ments were carried out with an applied voltage
of 10 kV. This voltage was selected to avoid too
large a heat production in the capillary with the
applied relatively high buffer concentrations.
Electropherograms were recorded with a Type
BD41 chart recorder (Kipp and Zonen, Delft,
Netherlands) at a chart speed of 0.1 mm/s.

Materials

The proteins bovine serum albumin, ovo-
mucoid, orosomucoid fungal cellulase and
analytical-reagent grade hydrochloric acid, sodi-
um hydroxide, p,L-tryptophan and warfarin were
purchased from Sigma (St. Louis, MO, USA),
analytical-reagent grade disodium hydrogenphos-

CHARACTERISTICS OF THE PROTEINS USED AS CHIRAL COMPLEXING AGENTS

Property Orosomucoid [20] Ovomucoid [21] Fungal Bovine serum
cellulase [12] albumin [22]

Molecular mass 41000 28 800 60 000-70 000 66 000

Isoelectric point 2.7 3.9-4.5 3.9 4.7

Sialic acid residues 14 0.3

Disulphide bridges 2 8 12 17

Carbohydrate (%) 45 30

6
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Fig. 1. Structures of the test solutes.

phate, sodium dihydrogenphosphate, ethanol,
1-propanol and benzoin from Merck (Darmstadt,
Germany) and N,N-dimethyloctylamine from
Aldrich (Milwaukee, WI, USA). The drugs pin-
dolol, promethazine and disopyramide were
kindly provided by a local pharmacist. Solute
structures are shown in Fig. 1. Distilled water
was used to prepare the buffer solutions.

Procedures

The phosphate buffers were 67 mmol/l (pH
7.4), or as given otherwise in the text or figure
captions. The buffer was prepared from the two
67 mmol/l solutions in such proportions that the
desired pH was obtained. The protein solution
was prepared by dissolving ‘the proteins at a
given concentration in the phosphate buffer. The
two solutions in the two electrode reservoirs
were changed after a certain period to avoid
changes in pH due to electrolysis of the water.
Stock solutions of ca. 0.2 mg/ml of all test
compounds in phosphate buffer were prepared.
Before analysis these stock solutions were di-
luted in phosphate buffer to give 50 and 100
nmol/l solutions. Tryptophan was available as
single enantiomers in this study. Chiral separa-

tions were performed using solutions of the
racemic amino acid prepared by mixing equal
volumes of each enantiomer. The capillary was
flushed daily and after a buffer change for 5 min
with 1 M NaOH and subsequently for 5 min with
buffer. .

The capacity factor; %", is defined in a similar
way to that by Terabe et al [24] for MECC, i.e.,
using the symbol k' instead of widely accepted k'
in order to emphasize the difference in the
trelationship of the capacity factor to ¢z from the
well known equation tz =¢,(1 +k'):

~ tn, — I
k'=—-2 t° (1)
R
to(l_tp ,)

For the calculation of the capacity factors the
migration time of the drugs in the same buffer
without the protein was used as ¢#;, that of the
drug in the buffer system with the protein as tg
and that of the protein in the buffer system
without the protein as tp,,. Electroosmotic
mobilities in both background electrolytes, with
and without the protein, were the same to within
5%. The selectivity factor, a, is equal to k,/k;.
The resolution was measured from the electro-
pherograms.
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RESULTS AND DISCUSSION

The migration behaviour of the racemic test
compounds was investigated with four types of
proteins: bovine serum albumin, ovomucoid,
orosomucoid and fungal cellulase protein. These
four proteins were selected because previous
studies, with these proteins immobilized on
HPLC sorbents, suggested a broad range of
applicability. The separations were performed
with electrolyte solutions consisting of only phos-
phate buffers and organic modifier. The effect of
pH, ionic strength and addition of organic
modifier (e.g., 1-propanol or dimethyloctyl-
amine) to the running buffer on the resolution of
the enantiomers was investigated.

BSA

On the basis of the results of HPLC experi-
ments with native BSA by Sebille and Thaud
{25], a 50 pmol/l BSA solution in phosphate
buffer was selected. Tryptophan, benzoin and
warfarin were taken as test solutes. Under these
standard conditions, enantiomeric resolution was
observed for tryptophan and benzoin. By addi-
tion of a small amount of 1-propanol to the
running buffer, resolution of warfarin could also
be achieved. The effect of the addition of
1-propanol on k', a, the resolution R, of the
enantiomers and the peak shapes are given in
Table II and Fig. 2a-d.

The migration behaviour of tryptophan can be
seen in Fig. 2a and Table II. Under standard
conditions (1-propanol absent) the enantiomers
are well resolved but the L-form shows significant
peak tailing. This behaviour might indicate a
slow mass transfer between the L-form and the
protein or the effect is due to an interaction of
the solute with BSA absorbed on the surface of
the capillary. However, the latter reason is
unlikely in our experiments because the elec-
troosmotic flow with the buffer and buffer +
protein is the same. From Fig. 2a it can be seen
that the addition of 1-propanol increases signifi-
cantly the peak shape of the L-enantiomer but
the resolution between the two enantiomers
decreases. The presence of 1-propanol will de-
crease the protein binding of the solutes and/or
induce a conformational change of the protein.
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TABLE II

CAPACITY FACTORS (k'), SEPARATION FACTORS
(@) AND RESOLUTION (R)) FOR TRYPTOPHAN,
BENZOIN AND WARFARIN

Conditions for tryptophan, benzoin and warfarin as in Fig.
2a, b and c, respectively.

tax}
s

R

]

Solute 1-Propanol (%) k. ° ) s

003 054 147 9.1
0.04 025 57 4.0
0.18 0.28 1.6 3.3
029 035 1.2 31
072 0.76 1.1 4.0

Tryptophan

—

Benzoin 024 0.39 1.6 3.8
0.28 0.54 1.9 4.7

0.44 0.59 1.3 44

1 0.65 0.73 1.1 33

Warfarin 7.44 744 1.0 0.0

0
3
6
9
2
0
3
6 0.18 0.35 20 5.6
9
2
0
3 032 021 1.6 07
6 023 0.06 35 08
9 0.05 0.05 1.0 00
2 0.02 0.02 1.0 0.0

1

“The k' values given are approximate.

The favourable effect of 1-propanol on the peak
shapes is also found with protein-modified pack-
ings in HPLC. For tryptophan, 6% 1-propanol
seems to be a good choice for resolving the
enantiomers.

The results for benzoin are reflected in Fig. 2b
and Table II. Under standard conditions the
enantiomers of benzoin are completely resolved.
With increasing addition of 1-propanol the res-
olution first increases and then decreases again.
The behaviour of the capacity factor with the
organic modifier is strange and is not under-
stood. From Fig. 2b it can be seen that 3-6% of
1-propanol is a good composition for resolving
the enantiomers of benzoin.

The enantiomers of warfarin could not be
resolved under standard conditions. Partial res-
olution of the enantiomers could be achieved by
addition of 3-6% of 1-propanol, as can be seen
from Fig. 2c and Table II. At higher modifier
concentrations the resolution was lost again.
Apart from the organic modifier, the pH and
jonic strength of the buffer also might influence
the resolution. Lowering of the ionic strength of
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Fig. 2. Electropherograms showing the influence of
1-propanol (% 1-propanol indicated on bottom line of each
pauel) on chiral separations. (a) D,L-Tryptophan. Conditions:
bovine serum albumin solution, 50 wmol/l in phosphate
buffer; detection wavelength, 280 nm. (b) (R,S)-Benzoin.
Detection wavelength, 260 nm. Other conditions as in (a). (c)
(R,S)-warfarin. Detection wavelength, 315 nm. Other condi-
tions as in (a). (d) (R,S)-warfarin. Conditions: bovine serum
albumin solution, 50 wmol/! in 50 mmol/l phosphate buffer
(pH 6.8); detection wavelength, 315 nm.
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the buffer but keeping the pH the same did not
improve the resolution. However, a significant
improvement in the resolution was gained by
lowering the pH of the buffer, as can be seen
from Fig. 2c and d. The greatest resolution was
again obtained with 6% of 1-propanol.

The separation system with BSA as additive in
the running buffer behaves similarly, as expected
on the basis of HPLC measurements with im-
mobilized BSA packings. From these studies it
became apparent that BSA is suitable for the
separation of acidic racemates [21].

Ovomucoid

An interesting protein to be tested was the
glycoprotein ovomucoid because we expected
from the results obtained with HPLC that the
ovomucoid protein might permit the separation
of both acidic and basic enantiomers [21]. Sever-
al experiments with this protein were carried out
by varying the protein concentration in the
buffer (5, 15, 50 and 174 pmol/l), the pH (6, 7
and 8) the type and concentration of the modifier
(N,N-dimethyloctylamine, methanol, acetoni-
trile, 1-propanol). However, no separation of the
enantiomers of the test components (tryptophan,
benzoin, warfarin, propanolol, pindolol and
atenolol) could be achieved. A few test solutes
showed some interaction with the protein, indi-
cated as a change in migration time and a very
broad peak, but changing the pH and modifier
did not result in any separation of the enantio-
mers. In view of the results obtained, the achieve-
ments obtained with the ovomucoid protein
immobilized on an HPLC sorbent is puzzling.
From the results one might conclude that im-
mobilization brings about a change in the (ter-
tiary) structure of the ovomucoid protein that
results in an excellent chiral stationary phase for
HPLC experiments.

Orosomucoid (AGP)

This glycoprotein is often used for chiral
separations in HPLC. This glycoprotein has been
shown to be applicable to different types of
chiral solutes such as amines, acids and non-
proteolytes, which indicates that many different
binding groups are present on the protein. It
has been demonstrated that the retention and
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stereoselectivity on orosomucoid can be varied
over a wide range in HPLC by changing the pH
of the buffer and the content of charged and
uncharged organic compounds [26]. The effects
of these changes are highly dependent on the
structure of the solute and bear no simple
relationship to general properties such as charge
or hydrophobicity. In a chiral AGP column,
AGP is immobilized on silica particles by a
covalent linkage and cross-linking of adjacent
protein molecules. Some of the binding groups
which are free for interaction in native AGP
have been demonstrated to be utilized in the
immobilization and cross-linking procedures
[23].

The interaction between the solute and the
protein was studied by monitoring the effects
of 1-propanol and N,N-dimethyloctylamine
(DMOA), a cationic additive. The ionic
modifiers will influence the coulombic interac-
tions between the protein and the drug. Also,
the charged modifier might affect the conforma-
tion of the protein and it can compete with the
enantiomers for the binding groups on the pro-
tein. It has been shown that enantioselectivity
can reversibly be induced by organic modifiers
[23]. It was suggested that the enantiomers
compete with the uncharged modifier for binding
to the same site(s) on the protein and that the
hydrophobicity and hydrogen-bonding properties
are of great importance for the effects on the
enantioselectivity. The drugs chosen as test
analytes were benzoin, warfarin, pindolol, pro-
methazine and disopyramide. First a 20 pmol/l
AGP solution in phosphate buffer was used.
Under these standard conditions, resolution was
only achieved for promethazine. The elec-
tropherogram is shown in Fig. 3. The bad peak
shape can be accounted for, at least partly, by
the kinetics of the drug—protein interaction. The
enantiomers of warfarin are not resolved but
elute as a very broad peak. This behaviour
indicates that interaction with the protein occurs.
In order to improve the separation, different
organic modifiers (DMOA and 1-propanol) were
added to the running buffer.

Addition of 4.2 mmol/l of DMOA to the
running buffer improves the peak shape of
promethazine significantly (see Fig. 3) but has no
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Fig. 3. Electropherograms of (R,S)-promethazine showing
the influence of DMOA (concentration indicated on bottom
line) on the chiral separation. Conditions: orosomucoid
solution, 21 umol/l in phosphate buffer; detection wave-
length, 260 nm.

effect on the migration behaviour of the other
test solutes. This again shows that solutes inter-
act differently with specific sites on the protein.

Addition of 3% of 1-propanol has a negligible
effect on the migration behaviour of the test
solutes except for warfarin, which elutes as a
sharp peak. The improvement of the peak shape
of warfarin with 3% of 1-propanol compared
with the shape under the standard conditions
indicates that the enantiomers can probably be
resolved by fine tuning of the organic modifier
content or type of modifier. Although the effect
of 1-propanol on the resolution of enantiomers
with orosomucoid is small, for other types of
proteins the effect of 1-propanol can be signifi-
cant, as is demonstrated for BSA and pro-
methazine in Fig. 4.

Fungal cellulase

Fungal cellulase is a glycoprotein isolated from
a culture filtrate of the fungus Aspergillus niger.
It has been demonstrated that with this (im-
mobilized) protein as a stationary sorbent for
chiral HPLC, the enantiomers of acidic and basic
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drugs could be resolved [12]. With this glycopro-
tein as a chiral complexing agent in the running
buffer, some explorative experiments were car-

—— ) —
8 6 4 8 6 4
-at- time (minutes)
0 3%

Fig. 4. Electropherograms of (R,S)-promethazine showing
the influence of 1-propanol (% 1-propanol indicated on
bottom line). Conditions: bovine serum albumin solution, 50
wpmol/l in phosphate buffer; 3% (v/v) 1-propanol; detection
wavelength, 280 nm.

| I SES—
i0 8 6
- time (minutes)

Fig. 5. Electropherograms of (R,S)-pindolol. Conditions:
fungal cellulase solution, 20 pmol/l in phosphate buffer;
detection wavelength, 260 nm.
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ried out with the same test compounds as used
with orosomucoid. Under these standard condi-
tions only the enantiomers of pindolol could be
resolved and the separation is shown in Fig. 5.

CONCLUSIONS

From the preliminary experiments it can be
concluded that in principle proteins dissolved in
the running buffer can be used as chiral complex-
ing agents in capillary zone electrophoresis to
induce chiral separations. It is also clear from the
above experiments that the enantioselectivity
differs with the type of protein, as is known from
protein-based packings for HPLC systems. The
simplicity of using all types of proteins is a
substantial advantage of the CZE technique
compared with HPLC, where the immobilization
of proteins is laborious. Addition of organic
modifiers to the running buffer is sometimes
essential to obtain chiral separations. In that
respect, addition of compounds that bind specific
sites on the protein, e.g., concanavalin A to
sugar residues, will provide valuable information
about the chiral recognition.

The results also show clearly that CZE is a
very useful one-phase separation technique for
studying interactions between (bio)molecules. It
can also shed light on possible conformational
changes induced in proteins by immobilization
procedures.
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ABSTRACT

Capillary zone electrophoresis (CZE) with on-column UV detection at 214 nm was used to detect and determine gold(I) and
silver(I) cyanide complexes in alkaline cyanide solution. Under an applied voltage of 25 kV, dicyanoaurate(I) and dicyanoargen-
tate(I) were separated in less than 6 min. Carbonate buffer was used and the separation of both anions was achieved using an
anodic injection and cathodic detection scheme. The method was applied to the determination of gold and silver cyanide in ore
samples. Quantitative analysis was possible and good agreement between CZE and atomic absorption spectrometric results was

obtained.

INTRODUCTION

The recovery of gold and silver from ores is
accomplished almost exclusively by cyanidation,
which involves leaching of the crushed ore with
an alkaline solution of sodium or potassium
cyanide. In this process, precious metals and a
number of base metals are converted into their
soluble cyano complexes.

For many years, the determination of precious
metals in ores has been accomplished by a wide
variety of analytical methods, e.g., flame and
electrothermal atomic absorption spectrometry
[1,2], inductively coupled plasma atomic emis-
sion spectrometry [3], X-ray fluorescence [4] and
neutron activation analysis [5]. The main dis-
advantages of these methods are their inability to
differentiate between oxidation states of the
same eclement, the occurrence of spectral inter-
ferences, the complexity of preparation of sam-
ples and the insufficient sensitivity.

Chromatographic techniques, however, do not

* Corresponding author.

0021-9673/93/$06.00

suffer from most of these disadvantages. For this
reason some methods, which involve the conver-
sion of precious metals into their anionic chloro
or cyano complexes, have been developed either
using ion chromatography [6,7] or reversed-
phase ion-interaction chromatography [8-10]
with conductimetric or spectrophotometric de-
tection.

An important factor in assessing the suitability
of a method for monitoring the concentration of
precious metals in the leach solution, which
typically consists of a mixture of cyanide com-
plexes in excess of cyanide, is the separation
between the base metals and the precious met-
als. This separation is achieved for the gold(I)
cyano complex by using the mentioned chro-
matographic techniques, but some problems
arise in the determination of the silver(I) com-
plex [8].

An alternative approach to this problem is to
use capillary zone electrophoresis (CZE), in
which a narrow band of the sample is introduced
into a capillary and subjected to electrokinetic
separation. Previous results indicated that CZE
is a powerful tool for the separation of many

© 1993 Elsevier Science Publishers B.V. All rights reserved
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compounds, from small ions to biomacro-
molecules [11].

In this paper, the separation and determina-
tion of silver(I) and gold(I) cyano complexes by
CZE in solutions containing high concentrations
of free cyanide ion is described. The results were
applied to the determination of individual metal
cyanides in ores.

EXPERIMENTAL
Instrumentation

An ISCO (Lincoln, NE, USA) Model 3850
integrated capillary electrophoresis  system

equipped with an untreated fused-silica capillary
(64 cm x50 um 1.D.) was used for the separa-
tion. Detection was carried out by on-column
measurement of UV absorption at 214 nm at a
position 34 c¢cm from the cathode. Peak areas
were measured by a Spectra-Physics (San Jose,
CA, USA) SP-4270 integrator. The sample was
introduced into the system by a split-flow manual
injector (ISCO) using an HPLC-type syringe.

For the injection conditions adopted in this
work, by using a total volume injected from the
syringe of 5 ul, the volume of sample loaded into
the capillary was 4.6 nl.

A Philips PW 1404 X-ray fluorescence spec-
trometer was used, with a rhodium X-ray tube
operated at 60 kV and 50 mA, an LiF crystal and
scintillation detection.

A Perkin-Elmer Model 2380 absorption spec-
trometer was used to determine the metal con-
tent in the aqueous phase by atomic absorption
spectrometry (AAS).

Reagents

Stock standard solutions of metal cyano com-
plexes were prepared by dissolution of an accu-
rately weighed amount of the complexes in a
0.01 M solution of alkaline sodium cyanide,
followed by dilution as required. Analytical-
reagent grade potassium dicyanoaurate(I) and
potassium dicyanoargentate(I) were obtained
from Johnson Matthey Chemicals (Karlsruhe,
Germany).

Aqueous cyanide solutions containing gold(I)
and silver(I) cyanide complexes were examined
qualitatively by UV spectrophotometry over a
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range of free cyanide concentration between 0
and 0.1 M. The UV spectra obtained revealed
the presence of only a single gold and silver
cyanide complex [Au(CN); and Ag(CN),] in
the aqueous phase, independent of the free
cyanide concentration.

Sodium hydrogencarbonate, disodium tetrabo-
rate, sodium dihydrogenphosphate, sodium hy-
droxide from Merck (Darmstadt, Germany),
ammonium chloride from Panreac (Barcelona,
Spain) and water deionized with a Milli-Q system
(Millipore) were used to prepare different buf-
fers. The electrolyte and sample solutions were
filtered through a 0.45-um membrane filter from
Lida (Kenosha, WI, USA) and were degassed by
ultrasonication.

Procedure for electrophoresis

The capillary tube was filled with a buffer
solution by a syringe purge that flushed the
entire capillary in a few seconds, and both ends
of the tube were dipped into electrode solutions.
The sample was introduced into the system by a
syringe and a high voltage was applied.

The typical CZE configuration was used, in
which the sample is injected at the anode, the
detector is placed near the cathode and the
electroosmotic flow is from the anode to the
cathode [12].

Sample preparation

All experiments were carried out by shaking
mechanically in special stoppered glass tubes at
20°C. Two samples of approximately 5 g of each
crushed ore were leached with 10 ml of an
alkaline solution of 0.01 M NaCN for 100 h,
which was sufficient to achieve complete re-
covery from the ores.

After phase separation with a high-speed cen-
trifuge, leach solution was injected directly into
the CZE system.

RESULTS AND DISCUSSION

Separation

In a CZE system, the main factors affecting
the quality of separation are the buffer composi-
tion, the pH and the applied voltage [13,14].

In this work, four different buffers were tested
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TABLE 1

COMPARISON OF MIGRATION TIMES, NUMBER OF
THEORETICAL PLATES AND RESOLUTION AMONG
FOUR BUFFER SOLUTIONS AT A CONSTANT
CONCENTRATION OF 0.01 M AND pH 9.6 AND
AN APPLIED VOLTAGE OF 25 kV

Buffer ¢, (min) N R,
solution

Ag(CN),  Au(CN);
Ammonium 7.3 8.8 34000 2.2
Phosphate 7.6 8.6 280000 5.1
Borate 7.2 8.4 210 000 5.4
Carbonate 5.3 5.8 430000 5.4

for the separation of the Au(I) and Ag(I) cyano
complexes. The results obtained are given in
Table I, where N was calculated at 16:2w™> as in
liquid chromatography, where ¢, and w are the
migration time and the peak width, respectively.
The resolution (R,) was calculated as 2(¢, —
tm )W, +w,)”", where the subscripts 1 and 2
represent the Ag(CN), and Au(CN), peaks,
respectively. From these results it can be seen
that the best separation, e.g., higher values of
the number of theoretical plates (N) and resolu-
tion (R,), in the shortest analysis time (¢,), was
obtained by the carbonate buffer. The pH was
9.6 to maintain the free cyanide ion.

From this point, the influence of applied
voltage on the separation was studied by using
0.01 M carbonate buffer at pH 9.6. As good
results (Table II) were obtained for the five
voltages tested, an applied voltage of 25 kV,
which gave a complete separation of the two

TABLE II

COMPARISON OF MIGRATION TIMES AT DIFFER-
ENT APPLIED VOLTAGES USING 0.01 M CARBO-
NATE BUFFER AT pH 9.6

Voltage ¢, (min) Electroosmotic flow
(kV) (107 em®*V7'sTY)
Ag(CN);  Au(CN);
10 13.8 15.4 4.8
15 9.1 6.7 5.0
20 6.7 7.5 5.7
25 5.3 5.8 7.4
30 4.2 4.7 7.9
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cyano complexes in less than 6 min, was chosen.
The values of the electroosmotic flow for each
voltage are also shown in Table II.

Using the selected experimental conditions,
the electropherogram in Fig. 1 was obtained,
which seems to indicate that Ag(CN), and
Au(CN), migrate in this order toward the
cathode, well separated from each other.

In order to understand the elution order, it has
to take into account that the electrophoretic
mobility depends on the charge, shape and size
of the analyte.

Au(l) and Ag(I) cyano complexes are linear,
singly charged anions [Au(CN),, Ag(CN),], so
the only difference is in their anionic volume.
The elution order can be rationalized by the fact
that Au(CN), seems to be a poorly hydrated
anion compared with Ag(CN), [15]. This differ-
ence was ascribed by Nyholm [16] to the large
s—p separation energy for gold(I). Hence this
lowest hydration will reduce the size of the
moving ion. This size reduction may result in
greater electrophoretic migration and, according-
ly, retardation.

Quantification

Detection limits were calculated as the amount
of sample equivalent to a signal due to the
analyte equal to three times the standard devia-
tion of a series of ten replicate measurements of

Mtspaihi

¢ 1 2 3 4 5 &
Migration time (min)

Fig. 1. Electropherogram of a mixture of Ag(CN), and
Au(CN), standards in excess of cyanide. Capillary fused-
silica column (64 cm X 50 pm I.D.); carbonate buffer, 0.01 M
(pH 9.6); applied voltage, 25 kV; injection volume, 4.6 nl;
sample amount, 80 pg Ag and 65 pg Au. Peak assignment:
1= Ag(CN),; 2= Au(CN),;.
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a reagent blank signal [17]. The results obtained
were 13 pg for Au and 16 pg for Ag, which
correspond to 2.82 and 3.48 pg/nl, respectively.

The relative standard deviation for ten repli-
cate injections of 164 pg of gold and silver, as the
dicyanoaurate(I) and the dicyanoargentate(I)
complexes, were 6.6% and 4.0% respectively.

The two samples provided good linearity in
the concentration range 20-250 pg. The equa-
tions of the straight lines obtained by linear
regression were A = —297.6+98.1C (r =0.995)
for Au and A=-13.5+61.8C (r=0.995) for
Ag, where A is the peak area and C the sample
amount in pg.

Application to ore samples

On the basis of the results obtained for the
dicyanoaurate(I) and the dicyanoargenatate(I)
standards, the application of the CZE method to
the determination of gold and silver in ore
samples was attempted. Two samples from two
different sources, a gold mine of Bolivia and a
silver mine of Spain, were analysed.

First, these samples were qualitatively ana-
lysed by X-ray fluorescence in order to deter-
mine their majority elements. The elements
found in the Bolivian sample were Al, Si, P, S,
K, Ca, Mn, Fe, Ni, Cu, Zn, As, Sr, Zr, Ba and
Pb, the predominant components being Si and
Fe. The elements found in the Spanish sample
were Al, Si, P, S, K, Ca, Mn, Fe, Ti, Cu, Zn,
As, Sb, Zr, Ba and Pb, the predominant com-
ponents being Si, P, S, K, Fe, As, Ba and Pb.

One interesting observation is that X-ray fluo-
rescence does not have sufficient sensitivity to
detect the presence of Au or Ag in the samples.
On the other hand, it can be observed that there
are some elements capable of forming cyano
complexes, i.e., Ag, Au, Cu, Fe, Mn and Zn (8],
so after the sample treatment the leach solutions
will consist on a mixture of metal cyano com-
plexes in excess of cyanide.

In order to determine gold and silver in the
samples, the leach solutions were injected direct-
ly into the CZE system and the electrophero-
grams in Fig. 2 were obtained. It can be seen
that for the Bolivian sample only one peak,
which corresponds to the gold(I) cyano complex,
was obtained, and that for the Spanish sample
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Fig. 2. Electropherograms of leach solutions of (A) Bolivian
and (B) Spanish ore. Experimental conditions as in Fig. 1.

the peak obtained corresponds to the silver(I)
complex. Further, no other signal corresponding
to the base metal cyano complexes was ob-
served.

In order to understand these results, it has to
be borne in mind that the different complexes
have different negative charges. The Au(I) and
Ag(I) cyano complexes have one negative
charge, whereas the other cyano complexes have
between two and four negative charges. The
jonic mobilities of these highly negatively
charged metal cyanides would be greater than
the electroosmotic flow, so to detect them it
would be necessary to inverse the polarity of the
power supply [18].

From the electropherograms in Fig. 2, the gold
and silver contents in the two samples were
determined. The results are given in Table III
together with those obtained for the same leach
solutions using AAS. Excellent agreement be-
tween the two methods was obtained. As AAS
gives the total metal concentration for each

TABLE III

COMPARISON BETWEEN THE RESULTS OBTAINED
FOR THE SAME LEACH SOLUTIONS USING CZE
AND AAS

The results are given as averages for duplicate samples in mg
metal/kg ore.

Ore CZE AAS
sample

Au Ag Au Ag
Bolivian 29.90 ND* 28.26 ND
Spanish ND 39.80 ND 41.92

“ND = Not determined.
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element, this agreement signifies that all the Au
and Ag present in the sample are in form of
dicyano complexes, and that no other cyano
complex of these metals was formed under the
experimental conditions used.

CONCLUSIONS

The CZE method developed allows the rapid
separation of Au(l) and Ag(I) cyano complexes
in leach solutions from ore samples. The leach
solutions obtained from the leaching can be
introduced directly into the CZE system, without
further treatment.

A major advantage of this method over spec-
trometric methods is its ability to monitor in-
dividual precious metal cyanide species. It has
the advantage over chromatographic procedures
of no interference from the base metals and also
the separation of the silver(I) complex.

Further studies are being directed towards the
determination and separation of metal cyano
complexes, which are commonly present in
cyanide leach solutions together with gold and
silver complexes, such as zinc, iron and copper
complexes, by CZE.
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ABSTRACT

An analytical method for estimating the lag between concentration and molecular-mass-sensitive detectors has been developed.
This method is simple in its approach and does not require any knowledge about the molecular mass distribution of the polymer
sample used in the analysis. The elution behavior results obtained using the lag value from this method correlate well with those
obtained from the traditional gel permeation chromatography peak calibration method.

INTRODUCTION

In recent years, the use of multiple detectors
for gel permeation chromatography (GPC) has
become more common. Probably the two most
common detectors coupled with the traditional
differential refractive index (DRI) detector are
the differential viscometric (DV) detector and
the light scattering (LS) detector. An advantage
of coupling either or both of these detectors to
the DRI (or some other concentration sensitive)
detector is the ability to identify the molecular
mass of a polymer in each elution volume incre-
ment. However, accurate determination of these
absolute molecular masses requires a precise
estimation of the inter-detector lag such that the
concentration and LS or DYV signals corre-
sponding to any elution slice are correlated
correctly. Several methods for estimating this lag

* Corresponding author.

0021-9673/93/$06.00

have been reported in the literature [1-5] that
are based on a variety of experimental tech-
niques or analyses. We present here a different
method for estimating the detector lag between a
concentration detector and a second detector in
which the signal is dependent on the molecular
mass of a polymer sample. This straightforward
method is analytical in its approach and does not
require any knowledge about the molecular mass
distribution (MWD) of the polymer sample used
in the analysis.

THEORY

In GPC, the elution volume of a polymer
molecule depends on its hydrodynamic size, not
its mass. In most cases, the sample injected in
GPC contains molecules of the same class, e.g.,
linear, star, comb, so that the sizes of molecular
species increase as the molecular masses in-
crease. Thus, in general, increasing elution vol-
umes correlate with decreasing molecular masses

© 1993 Elsevier Science Publishers B.V. All rights reserved
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(exceptions being non-homogeneous samples,
such as those containing mixtures of both linear
and branched polymer molecules). In a multi-
detection GPC run, one signal (e.g., DRI) de-
pends only upon the concentration of the solute
molecules, while the molecular-mass-dependent
signal (LS or DV) is a function of both the
concentrations as well as the molecular masses of
these eluting molecules. Therefore with increas-
ing elution volumes, the molecular-mass-depen-
dent signal will generally peak before the con-
centration signal because of the constantly de-
creasing contribution of the molecular masses of
the eluting solute molecules. Consequently, the
peaks corresponding to these two signals would
be offset even if the two detectors were at the
same position in the flow system. In reality,
different detectors are at different positions in
the flow system which leads to a lag between
their signals.

Light scattering detector

If we consider the case of the LS detector, we
have the signal measured from any elution slice
as being proportional to the excess Rayleigh
ratio, R,

R, = Kc[MP(0) — 2A,cM*P*(8)] (1)

where c¢ is the concentration of the polymer of
molecular mass M in that elution slice, and A,
is the corresponding second virial coefficient.
P@O)=1- 2p,2<ré)/3! + ... is commonly termed
as the structure factor (where p = (47/A) sin(9/
2), A being the wavelength of the incident light,
and r, the radius of gyration) and K is an optical
constant.

In a GPC experiment, realistic upper estimates
for the concentration are approximately 107~
107° g/ml at the peak of the concentration
chromatogram, and generally A,=107-107*
mol ml/g®. As a result, the A, term in eqn. 1 can
usually be neglected for GPC-LS calculations.
Therefore, for our purposes, eqn. 1 can be
written as:

R, = KcMP(9) (1a)

(although this simplification does not have an
effect on the final outcome of our analysis).
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For further simplifying the analysis, we would
like to set P(6) = 1. If P() # 1, then the analysis
becomes slightly more complex since P(8) is a
function of r,, and r,, in turn, varies with the
elution volume. For a low-angle laser light scat-
tering (LALLS) detector, since 6 is small,
P(@)=1 in any case. For a multiple-angle laser
light scattering (MALLS) detector, P(9) # 1 for
higher-angle detectors unless r, << A (i.e., the
scattering molecules are small). However, it is
preferable, if possible, to use LS signals from a
higher-angle detector (such as 90°, for example)
since they are less susceptible to noise due to
extraneous scatterers. Therefore, when this anal-
ysis is applied to MALLS detectors, the pre-
ferred strategy is to use higher-angle LS signals
from scatterers small enough such that P(8)=1.

With the assumption of P(6)=~1, the depen-
dence of the LS signal on the elution volume, v,
can be written as:

drR, 9R, dc IR, dM

W o dwIM a )
From eqn. la, we obtain

iR,

e = KM (3a)
and

R

M= (3b)

The elution dependence of polymer molecules
from GPC columns can generally be written as
an equation of the general form:

logM = B—Dv ‘4)
Hence,

dM

5, = —2303D- 10%7%" = —2.303DM (5)

The concentration peak occurs at dc/dv =0,
while the LS peak occurs at dR,/dv =0.
From eqn. 2, we see that for dR,/dv =0,

oR, de_ R, aM
ac dv_ oM dv
dc dM
>K d_vz_KcEJ— (6)

Using eqn. 5, we rewrite the above condition as:
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@]
@ laryavmo 2.303Dc¢ N
Since all quantities on the right-hand side of eqn.
7 are finite (even though small), we can conclude
that under practical GPC conditions, dc/dv #0
when dR,/dv =0 (unless the sample is perfectly
monodisperse). Thus the peaks of the concen-
tration and the LS chromatograms generally
cannot be matched to get the detector lag since
they both do not represent the same elution
slice.

Given all this, in order to find the inter-detec-
tor lag, we need to find the elution slice on the
concentration chromatogram that should corre-
spond to a known slice on the LS chromatogram.
We choose, as our reference slice, the peak of
the LS signal. Referring to eqn. 7, we see that
the elution slice corresponding to dR,/dv =0 is
the slice on the concentration curve (at elution
volume v*) where
1 dc
= o = 2303D (7a)

The quantity on the left-hand side is easily
evaluated by fitting the peak portion of the
concentration chromatogram with a smooth
curve, and then calculating the fractional slope
as a function of elution volume. The offset
between the peaks of the concentration and the
LS signals is given by v ..y concentration — U™+ The
inter-detector lag then is the difference between
the v, s and v* for the data as it is received by
the collection instrument (since v, ;s and v*
would coincide if there was no lag).

Once the concentration and LS chromato-
grams have been obtained for the sample being
utilized in the lag estimation procedure, a value
for D (the slope of the log molecular mass vs.
elution volume curve for this polymer-column
combination) is required. It is possible to de-
termine the true value of D independently from
a traditional GPC calibration procedure, such as
the peak calibration method [6]; this true value
of D should directly yield, in one step, the
correct detector lag using eqn. 7a. However, the
availability of the true value of D is not a
requirement; some reasonable estimate of D can
be used as an initial value in an iterative proce-
dure. The first calculation yields a first estimate
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of the detector lag. At this point, the GPC-LS
calculations should be carried out for the sample
with this value of detector lag. These calculations
will yield an estimated molecular mass vs. elu-
tion volume plot for this sample. The slope of
this plot should be entered as the next estimate
for D in a new iteration of the above procedure
to yield another detector lag value and hence
another apparent molecular mass vs. elution
volume plot. These iterations should be carried
out until the detector lag converges to a constant
value. With this value, the slope of the molecular
mass vs. elution volume plot is the true D for
this polymer—column combination. The final
convergence value does not depend on the initial
estimate of D. It should be noted here that this
iterative procedure is more cumbersome given
the necessity of careful evaluations of D from
the sample data.

Differential viscometry detector

In a viscometric detector, the signal being
measured is the pressure drop of the fluid as it
flows through a capillary tube. This pressure
drop is proportional to the viscosity, i, of the
fluid. For polymer solutions, the intrinsic viscosi-
ty, [n], is evaluated by the equation:

In (&>
Mo

C

=]+ k")’ (8)

where the subscript “o” refers to the solvent,
and “s” refers to solution containing the polymer
at concentration ¢, k" is referred to as the
Kraemer constant. For low concentrations (typi-
cal in GPC experiments), k"[n]’c <<[n]. There-
fore, the pressure drop measurement, p, of any
elution slice allows the evaluation of the intrinsic
viscosity of that slice through the relationship:

1. p
] =2 n- %)
This intrinsic viscosity is dependent upon the
polymer molecular mass as [n] = K'M®, where
K' and «a are the Mark—Houwink constants for a
polymer. Substituting for [n] from the Mark-
Houwink equation and rearranging:

lnp£=cK’M" (10)

o
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Differentiating, we get
P
d(my)
lnpo _K, d(Mu) KIMO!E
v ffTa t dv (11)

Substituting from eqn. 4 and setting d(In p/p_)/
dv =0,

. . de , d(10%¢ 7P
K'M @ ~-K L
=2.303DaK’'c(10*®~P?) (12)

Thus the elution slice on the concentration curve
corresponding to d(ln p/p,)/dv =0 is given by:

1 dc

P =2.303Da (13)
The detector lag can then be evaluated in a
method similar to that mentioned in the Light
scattering detector section. However, in this anal-
ysis, the constant a needs to be pre-determined
in order to carry out the calculations. One could
either use a polymer sample for which a is
available in the literature, or use narrow stan-
dards of the polymer to determine « from
intrinsic viscosity experiments.

EXPERIMENTAL

Experiments were carried out on the DAWN-F
(Wyatt Technologies, Santa Barbara, CA, USA)
MALLS detector (A = 6328 A) coupled to a 150-
C (Waters, Milford, MA, USA) GPC system.
The chromatography was carried out using a
combination of Waters Ultrahydrogel 500 and
2000 columns, with a guard column, at 25°C. The
mobile phase was water (containing 0.02% NaN,
as a bacteriostat) with a flow-rate of 0.92 ml/
min. The analyses were performed using LOTUS
1-2-3 (Lotus, Cambridge, MA, USA) and the
ASTRA program provided with the DAWN-F.
Curve fitting was carried out with MICROSOFT
EXCEL (Microsoft, Redmond, WA, USA).
Polymers utilized in the studies were narrow-
MWD polyethylene oxide (PEO) standards,
molecular masses ranging approximately from
50000 to 900000 (Toyo Soda, Japan), and a
broad-MWD PEO sample, nominal molecular
mass 200000 (Polysciences, Warrington, PA,
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USA). The detector lag estimation analyses were
carried out on the DRI signals from narrow-
MWD PEO samples of molecular mass less than
100000. The wv,,, s for each sample was
evaluated from the 90° LS detector signal. The
resulting mean value of the detector lag was then
used in subsequent molecular mass calculations
with the GPC-LS data.

RESULTS AND DISCUSSION

The analyses on the low-molecular-mass poly-
mer samples yielded an estimated detector lag of
0.124 = 0.009 ml. The elution behavior of a
number of different PEO samples was then
obtained using the mean value of the detector
lag in the molecular mass calculations. The
elution behavior, thus obtained, for the broad-
and narrow-MWD PEO samples overlapped, as
they should. Fig. 1 shows the data for the elution
dependence of the broad-MWD sample.

As pointed out elsewhere [2], the slope of the
elution curve is sensitive to the inter-detector
lag. Too high a value of detector lag leads to an
artificially flat elution curve, while too low a
value leads to too steep a curve. (This is espe-
cially noticeable for narrow-MWD samples,
since changing the value of the detector lag leads
to significant changes in the polymer concen-
tration assigned to any elution slice. Calculations

Log (molecular mass)

3.5 T T 1 T T
12 13.5 15 16.5 18 19.5 21

Elution volume (mtf)

Fig. 1. Data showing elution behavior of broad-MWD PEO
sample calculated from GPC-LS data with the detector lag
value obtained by this method (rough line) and reference
elution curve from traditional peak calibration method using
narrow-MWD PEO samples (smooth line). The reference
elution curve is extrapolated for clarity (dashed line).
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for broad-MWD samples are generally less sus-
ceptible to this problem since their concentration
chromatograms are spread out.) Therefore, we
can use the slope of the elution curve as the
parameter to ascertain the accuracy of our meth-
od. For this purpose, the absolute reference
clution curve was obtained from a traditional
GPC peak calibration method using only the
DRI detector with narrow-MWD standards (of
the same polymer as the samples used for the
analysis). Shown in Fig. 1 is the elution depen-
dence (linear over the evaluation range) corre-
sponding to such a GPC peak calibration method
using the narrow-MWD PEO standards. Exami-
nation of Fig. 1 shows that the elution curve
obtained by using the estimated detector lag
correlates well with the peak calibration data.
Since the detector lag obtained by our analysis
yields (from the GPC-LS data) an elution curve
for a polymer—column combination that agrees
with the reference curve, the value of the lag
must be correct.

The methods described by Balke et al. [4] and
Kuo et al. [5] determine the inter-detector lag
(for GPC-LS and GPC-DV systems, respective-
ly) by comparison with reference data obtained
from calibration with narrow-MWD standards.
In a sense, the philosophical underpinnings of
our one-step method (i.e. utilizing the slope from
a reference curve directly for the calculation of
. the inter-detector lag) are similar to these meth-
ods, the major difference being that they obtain
the inter-detector lag through an empirical ap-
proach, while we use an analytical one. On the
other hand, our iterative method, though not as
simple, obviates the necessity of the reference
data for obtaining the inter-detector lag.

Some points should be noted here: (1) It is
easier to carry out the lag estimation with
reasonably narrow-MWD samples since they
provide high dc/dv values. However, broad-dis-
tribution samples are also utilizable, as long as
the peak slices can be easily identified. If the
iterative procedure is being followed, the inter-
mediate estimates of D (from the sample data)
must be evaluated carefully since the data range
is small. (2) The calculation for the offset of the
two peaks are carried out on the concentration
curve. Generally concentration detectors have a
less noisy signal than molecular-mass-sensitive
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detectors since the former are not affected by
very small concentrations of large contaminants
(mainly dust). Still, the calculations of the frac-
tional slope must be accurate, since the accuracy
of the method directly depends on this quantity.
(3) If we use the D value from a previous
iteration in the next iteration of the analysis, the
effects of column dispersion do not bias our
values. This is consistent with the fact that one
cannot expect the detector lag to be a function of
the column efficiency. (4) Since the method
described here utilizes GPC columns in-line,
both the concentration- and molecular-mass-de-
pendent signals have lower noise by virtue of the
columns eliminating most extraneous scatterers
in the flow field (particularly important for
aqueous systems) as well as suppressing the
pressure fluctuations due to the pump. (5) This
analysis assumes the elution curve to be linear
over the elution volume range under considera-
tion. Generally, this should hold, especially for
narrow-MWD samples, but if this linearity
condition does not hold, the analysis would need
to be modified if it is to be utilized.
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ABSTRACT

A method for the determination of phenolic esters in different varieties of honey was developed. The substances were
separated by RP-HPLC. A coulometric electrode-array system with sixteen electrodes arranged in series and set at increasing
potentials (300-900 mV) was used for electrochemical detection of the compounds. Chromatographic peaks for methyl
4-hydroxybenzoate, methyl vanillate, methyl syringate, frans-p-methyl coumarate and trans-methyl ferulate were identified. The
content of the esters varied between 1.3 and 5044 ug per kg of honey with detection limits of 0.1-1.0 ug per kg of honey
(S/N =3). The method described is a sensitive assay to differentiate between rape honey and other varieties.

INTRODUCTION

Honey is a well-known and popular foodstuff.
Because consumers attach more and more im-
portance to high quality and great variety, reli-
able methods for its analysis are required. Atten-
tion has been focused on investigations to find
ingredients that characterize individual types of
honey. Among them are phenolic acids [1-11],
which occur in trace amounts. Esters of phenolic
acids have also been found [5,7,12,13]. Up to
now mainly GC and GC-MS methods have been
employed for the determination of these com-
pounds in honey.

Since most phenolic compounds are oxidized
at easily accessible potentials, electrochemical

* Corresponding author.
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detection can serve as a highly sensitive tool for
their quantification after separation by HPLC.
As yet it has only been applied to the determina-
tion of the distribution pattern of phenolic acids
in different varieties of honey [10,11]. These
investigations distinguished between blossom
honey, honeydew honey and chestnut honey, but
it was not possible to differentiate between rape
and robinia honey, two types of blossom honey.
The objective of the research described in this
paper was the determination of phenolic esters in
different varieties of honey using reversed-phase
chromatography coupled with a coulometric
electrode-array detection system.

EXPERIMENTAL

Apparatus
For single-cell detection a Gynkotek pump

@© 1993 Elsevier Science Publishers BV. All rights reserved
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(Model 300C) was coupled with a Rheodyne
injection valve (Model 7125, sample loop: 100
wl), a Bio-Rad RoSiL C,; HL (25 cm X 4.6 mm
1.D., particle size 5 um) column and an ESA
analytical cell (Model 5011). An ESA coulochem
5100 was used as the controlling and measuring
unit. The response of the detection cell was
recorded by a Sekonic SS-250-F recorder (Fig.
1). For all the other chromatographic experi-
ments an ESA coulochem electrode-array system
was employed, consisting of two HPLC pumps
(Model 420) and a multichannel detector with
sixteen coulometric electrodes and their elec-
tronic control and measuring unit. Chromato-
graphic separation was performed on a Bio-Rad
RoSiL C,; HL column (25 cm X 4.6 mm 1D,
particle size 5 um). A Rheodyne valve (Model
7125) with a 100-u1 sample loop was used for
sample injection. Each of the sixteen detector
cells consisted of one working electrode made of
porous graphite, two platinum counterelectrodes
and two reference electrodes of modified pal-
ladium. For data processing an Epson Equity
386/25 computer with the appropriate software
from ESA was used. The results and the sixteen-
channel chromatograms were printed on an
Okidata microline 321 printer.

Mobile phase

All chemicals used and not specified were
from Merck and of p.a. quality. The mobile
phase consisted of 300 ml of methanol, 50 mi of
glacial acetic acid and 650 ml of double-distilled

potentid, (V)
3
2
|
! |
00 1 ‘w K/\'Af I
T T T T T T T T
0 10 2 kil L

time (min)
Fig. 1. Chromatogram of a rape honey extract produced by a
single detector cell. Full-scale current amounts to 500 nA.
Peaks: 1= methyl 4-hydroxybenzoate; 2 = methyl vanillate;
3 = methyl syringate.
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water. The pH of the solution was adjusted to
3.0 with an aqueous solution of sodium hydrox-
ide (1 M). The mobile phase was filtered
through a 0.20-um membrane.

Standards

Stock solutions with a concentration of
25 mg/l methyl 4-hydroxybenzoate, methyl
4-hydroxy-3-methoxybenzoate  (methyl vanil-
late), methyl 4-hydroxy-3,5-dimethoxybenzoate
(methyl syringate), trans-methyl 4-hydroxycin-
namate (trans-p-methyl coumarate) and frans-
methyl 4-hydroxy-3-methoxycinnamate (trans-
methyl ferulate) were prepared separately in
methanol-water (10:90). All chemicals were
taken from our own stock. The standard solu-
tions were mixed and further diluted with mobile
phase to concentrations between 0.1 g/l and 1
mg/1. All calibration mixtures were stored in a
refrigerator and kept in the dark to prevent
light-induced cis—trans isomerization.

Chromatographic conditions

The elution of the esters was effected by a
flow-rate of 1 ml/min, which resulted in a back-
pressure of approximately 180 bar. For single-
cell detection a potential of +900 mV was chosen.
The sixteen electrodes were set at incrementally
(40 mV) increasing potentials, covering a poten-
tial range between +300 mV and +900 mV.
Temperature in the thermally insulated cell box
containing the column, pulse damper, injection
loop and coulometric cells was held constant
between 31.6 and 31.7°C.

Samples

The types of honey under investigation were
commercially available products of chestnut,
clover, dandelion, fir, linden blossom, orange
blossom, rape, robinia (false acacia) and sun-
flower honey. All samples were kept in the dark.

Sample preparation

In a beaker 20 g of honey and 18 ml of ethyl
acetate (>99%, Fluka) were mixed with a high-
speed dispersing apparatus (Ultra-Turrax T-25)
and the ethyl acetate phase was decanted. This
procedure was repeated three times and all
extracts were collected. Then the honey sample
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was mixed with diluted hydrochloric acid (4 M)
until a pH between 1 and 2 was reached. Extrac-
tion with 18 ml of ethyl acetate was repeated six
times. During the whole procedure the beaker
was cooled on ice. The ethyl acetate extracts
were combined and concentrated to a volume of
about 10 ml using a rotary evaporator and dried
over anhydrous sodium sulphate. This procedure
was followed by extraction (four times) with 10
ml of sodium hydrogencarbonate solution (5%,
w/w) to remove phenolic acids. After drying the
ethyl acetate phase over sodium sulphate this
solution was evaporated to dryness. The residue
was dissolved in 10 ml (in the case of robinia,
chestnut, sunflower and orange blossom honey)
or in 100 ml of mobile phase (rape, clover,
linden blossom, dandelion and fir honey). The
solutions were filtered through a 0.2-um mem-
brane.

Synthetic honey

A mixture of 400 g of p(+)-glucose (Merck)
and 400 g of fructose (Apoka) with 200 ml of
double-distilled water was prepared. The pH was
adjusted to 4.5 with dilute hydrochloric acid
(0.01 M). Aliquots of 20 g were mixed with 2 ml
of the calibration mixture containing all esters in
a concentration 0.75 mg/I.

Data analysis

Each substance showing a definite electro-
chemical behaviour was detected on several
adjacent electrodes (channels). Plotting the peak
heights (areas) of the substances of interest
against the potentials of the channels, peak-
shaped hydrodynamic voltammograms were ob-
tained. Chromatographic peaks were identified
by retention times as well as the hydrodynamic
voltammograms. Peak purity was tested in the
following way. The current of the dominant peak
(highest response) and the corresponding peaks
with the same retention time shown on adjacent
channels with lower and higher potentials were
measured. The height ritios of the adjacent
peaks to the dominant one were calculated.
These ratios were compared with the ratios of
the standard compounds calculated in the same
way. The esters with shorter retention times
were quantified by measurement of the recorded
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chromatographic peak heights. The results of
later-eluting esters relied on peak areas. Calibra-
tion curves were created each day in a concen-
tration range between 10 and 100 wg/l. The
recovery of the overall procedure was deter-
mined by analysing three samples of synthetic
honey.

RESULTS AND DISCUSSION

Fig. 1 shows a chromatogram of a rape honey
extract, which was obtained by single-cell detec-
tion at a potential of +900 mV. A preliminary
identification of the chromatographic peaks was
done by comparing retention times of standard
compounds and sample components. However,
this detection mode gives only little information
about peak purity and allows no reliable peak
identification.

Coulometric multielectrode detection and
qualitative analysis

The current measured at sixteen electrodes
held at different potentials led to several chro-
matographic peaks for each substance of the
honey extracts (Fig. 2). Peak purity could be

potentid. (V)

tme (min)
Fig. 2. Chromatograms of a rape honey extract produced by
sixteen detector cells. Full-scale current amounts to 500 nA.
Peaks: 1=methyl 4-hydroxybenzoate; 2 = methyl vanillate;
3 = methyl syringate.
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TABLE 1
CHARACTERISTIC VALUES OF METHYL 4-HYDROXYBENZOATE, METHYL VANILLATE AND METHYL
SYRINGATE
Methyl 4-hydroxybenzoate Methyl vanillate Methyl syringate
Standard Honey Standard Honey Standard Honey
Retention time (min) 14.37 14.38 19.38 19.38 22.28 23.23
Channel of the
dominant peak (mV) +820 +820 +580 +580 +420 +420
Peak-height ratio
h,_ /h, 0.305 0.305 0.785 0.772 0.643 0.606
h, .. 'h, 0.803 0.948 0.589 0.602 0.760 0.851

confirmed by calculating the peak-height ratios
of the preceding (4,_,) and the following peaks
to the dominant peaks (k,). Table I shows a list
of these values. Deviation of the peak-height
ratios of sample components from those of
standard compounds is due to co-eluted sub-
stances. In contrast to single-cell detection, vol-
tammetric characterization of the eluted sub-
stances (Fig. 3) could be achieved during one
LC-electrochemical detection experiment by
plotting the peak heights at definite retention
times versus the applied potentials of the elec-
trodes (channels). The electrode (channel)

peck height (counts) pedk helght {counts)

20000
160000+ T

80000
oo 4

400001

' 780 90
potential (V)

Fig. 3. Hydrodynamic voltammograms of methyl 4-
hydroxybenzoate (V), methyl vanillate (X) and methyl
syringate (C1) plotted with different sensitivity (left-hand
axis: [J; right-hand axis: X and V).

potential at which the highest response (domi-
nant peak) is observed corresponds almost exact-
ly to the haif-wave potential of the compound.
The initial identity assignment by retention times
could be confirmed by comparing the channels of
the dominant peaks and the shape of the hydro-
dynamic voltammograms of standard and sample
compounds. In this way methyl 4-hydroxyben-
zoate, methyl vanillate and methyl syringate
were identified in rape honey.

Quantitative analysis

To three samples of synthetic honey methyl
4-hydroxybenzoate, methyl vanillate, methyl
syringate,. trans-p-methyl coumarate and trans-
methyl ferulate were added and analysed. The
recovery obtained ranged between 65.2 and
79.4% with relative standard deviations between
1.5 and 6.7%.

All these compounds were found in different
varieties of honey. In Table II the mean values
of three samples of each variety of honey except
rape and robinia honey are summarized. The
detection limits ranged between 0.1 and 1.0 ug
per kg honey (20-200 pg absolute) depending on
the retention times of the esters.

Comparing the results of the esters, significant
differences between types of honey could be
observed. In robinia honey only methyl syringate
was found, as can be seen in Fig. 4. Methyl
4-hydroxybenzoate and methyl vanillate were
near or below the detection limits. Rape honey
was characterized by its very high concentration
of methyl syringate. The amount of this ester in
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TABLE II

CONTENT (pg/kg) OF PHENOLIC ESTERS IN HONEY
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M4HB = Methyl 4-hydroxybenzoate; MVAN = methyl vanillate; MSYR = methyl syringate; MCOM = trans-p-methyl coumarate;

MFER = trans-methyl ferulate

Variety M4HB MVAN MSYR MCOM MFER
Robinia - - 281.0 - -
- 35 93.4 - -
Rape 177.0 31.3 3865 - -
126.2 36.7 4092 - -
184.8 237.4 4537 - -
167.3 35.2 5044 - -
Chestnut 18.0 10.9 42.2 - -
Clover 38.3 11.8 1592 - -
Linden blossom 7.7 20.2 759.5 - -
Dandelion - 11.8 551.5 - 1.3
Sunflower 31.8 8.0 322.7 1.5 2.9
Orange blossom 194.2 18.8 - - 7.9
Fir - 14.7 539.5 - 1196

various samples of robinia and rape honey varies
naturally, but this did not influence the signifi-
cant differences. In addition, the content of
methyl 4-hydroxybenzoate was higher than in
other types except in orange blossom honey.
Some small differences were observed between
the varieties chestnut, clover, dandelion, linden
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Fig. 4. Chromatograms of a robinia honey extract produced
by sixteen detector cells. Full-scale current amounts to 1.5
pA. Peak 1=methyl syringate.

blossom, and sunflower, but in this case the
results were too few to be significant. The
absence of methyl syringate was characteristic of
orange blossom honey, which also had the high-
est content of methyl 4-hydroxybenzoate of the
varieties analysed. Fir honey, the only honeydew
honey under investigation, contained a similarly
large amount of frans-methyl ferulate, whereas
this ester was not present or occurred in very low
concentration in other types of honey. This made
an identification possible.

The results obtained for methyl esters confirm
and complement information received from pre-
liminary investigations of phenolic acids in honey
[11]. They allowed differentiation between rape
honey and robinia honey, which was not possible
by analysis of the phenolic acids alone.

CONCLUSION

The coulometric multielectrode detection
system provides the trace analyst with another
tool for reliable determination of electroactive
compounds. This technique can be used to
extend the qualitative information without the
time-consuming current—potential measurements
usually necessary when single-electrode detec-
tion is used. A particular advantage is that the
optimal detection potential for a compound of
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interest is lower than for the detection of the
same compound in a single cell. This results in a
lower residual current and makes possible very
sensitive detection of phenolic esters. In sub-
sequent investigations the selectivity of this de-
tection mode will be evaluated by analysing
samples of environmental importance and food.
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Analysis of phenolic and flavonoid compounds in juice
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ABSTRACT.

Analysis of phenolics and flavonoids in juice beverages using reversed-phase HPLC with coulometric array detection is
described. Sixteen serial coulometric detectors were used for on-line resolution of co-eluting compounds and generation of
voltammetric data. Within each class of compounds, oxidation potential corresponded to specific substitution patterns where:
catechol < methoxycatechol < monohydroxyl < methoxyl. Twenty-seven standard compounds were resolved in a 45-min run. The
limits of detection were in the low ng/ml range with a linear response range of at least three orders of magnitude. Intra-run
retention time variation was <1% (R.S.D.) and adjacent sensor response ratios varied by <5% (R.S.D.). The utility of this
technique in generating multivariate data for differentiation of juices and juice mixtures is shown.

INTRODUCTION

Phenolics and flavonoids are common sub-
stituents of plant-derived beverages. There is
great diversity in the natural occurrence and
distribution of these compounds reflecting differ-
ences in metabolism and stability. Interest in
these metabolites is primarily based on their
contribution to such properties as: color (e.g.
anthocyanins), flavor (e.g. flavanone glycosides),
fragrance (e.g. thymol), nutritional value (e.g.
antiscorbutic effects), stability (e.g. flavanols),
therapeutic value (e.g. nobiletin), and toxicity
(e.g. rutin). Changes in these compounds during
processing and storage is also important to the
quality and safety of commercial food products.

* Corresponding author.

0021-9673/93/$06.00

Reversed-phase HPLC with ultraviolet and
visible absorbance detection is a common tech-
nique for the study of these analytes. Analysis of
specific phenolic compounds and profiles of
particular classes have been used to examine
both source and process-related variability, for
example in the detection of fruit juice adultera-
tion [1,2], and in the study of process-related
effects on quality [3]. Quantitation and charac-
terization, however, can often be difficult due to
sample complexity or if studying these sub-
stances at trace levels. HPLC with amperometric
electrochemical detection (ED) provides selec-
tivity and sensitivity well suited to the analysis of
many of these components in complex matrices
[4]. Differences in electroactive substituents on
analogous structures can lead to characteristic
differences in their voltammetric behavior.

© 1993 Elsevier Science Publishers B.V. All rights reserved
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These properties are thus a basis for selectivity
and provide a useful source of qualitative in-
formation [5,6].

In our studies we have used a coulometric type
flow-through carbon graphite working electrode
[7]. This form of highly efficient ED provides
mass conversion (oxidation or reduction) of each
analyte at its maximum potential. The use of
several coulometric sensors in series (coulometric
array), maintained at different potentials,
provides resolution of co-eluting compounds
whose oxidation or reduction potentials differ by
as little as 60 mV [8]. This largely extends the
resolution capabilities of conventional HPLC-
amperometric ED. Also, since the response
profile across several electrodes is representative
of an analyte’s voltammetric properties, useful
qualitative information is obtained for several
analytes from a single injection. This HPLC
coulometric array technique has previously been
used for identification and quantitation of
phenolic compounds in lemon juice, plant ex-
tracts and alcoholic beverages [9] and for the
study of process-related changes in reducing
substances present in beer [10]. The intent of this
paper is to show the applicability of this tech-
nique to the study of electroactive substances in
fruit juice beverages emphasizing the selective
and qualitative characteristics of the array. Anal-
ysis of these multi-component HPLC-ED
profiles for differentiation of various juice bever-
ages is also addressed.

EXPERIMENTAL

Sample treatment

The samples which were analyzed (e.g. apple,
orange and grapefruit juice) included: concen-
trates, fresh squeezed, juice from concentrate,
and retail products. Juice from specific varietals
and authentic juice samples were generously
supplied by the Citrus Research and Education
Center, Florida Department of Citrus. Beverage
samples were stored at —20°C until preparation
on the day of analysis. Concentrates were diluted
with deionized water to 11.8° Brix (percentage
by mass of apparent solids in a sugar solution
determined by the Brix spindle hydrometer). An
aliquot (ca. 0.5 ml) was centrifuged (10000 g,
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4°C, 5 min) and the supernatant was passed
through a 0.22-um filter (Millipore, Bedford,
MA, USA) by centrifugation (conditions as
above). A 20-ul volume of filtrate was used for
analysis by HPLC with coulometric array detec-
tion.

Standards

A standard mixture representative of several
classes of endogenous electroactive compounds
was made using commercially available chemi-
cals. All powders were obtained from Sigma (St.
Louis, MO, USA) with the exception of
narirutin and tangeritin (Atomergic Chemetals,
Farmingdale, NY, USA). Compounds were first
dissolved individually at 0.1-1.0 mg/ml in 50%
(v/v) aqueous ethanol and stored at —20°C.
Aliquots were combined and diluted in 1% (v/v)
aqueous methanol to comprise the working stan-
dard.

HPLC

Samples were analyzed with a Coulochem
Electrode Array System (CEAS, Model 5500,
ESA, Bedford, MA, USA) consisting of a Model
460 autoinjector, two Model 420 dual-piston
pumps, an M800 high-pressure gradient mixer,
and four coulometric array cell modules (each
with four working electrodes). A stainless steel
150 mm X 4.6 mm I.D. column, packed with
5-um M.S. Gel C,; (Niko Bioscience, Tokyo,
Japan) was used. The column and detector array
were housed in a temperature-regulated com-
partment maintained at 35 = 0.1°C. System con-
trol, data acquisition, and analysis were per-
formed with the CEAS software on an Epson
386 computer. LOTUS 123 (Lotus, Cambridge,
MA, USA) and Einsight (Infometrics, Seattle,
WA, USA) software were used for data base
management and statistical analysis, respective-
ly.

For binary gradient elution, mobile phase A
consisted of 0.1 M monobasic sodium phosphate
containing 10 mg/1 sodium dodecyl sulfate (SDS)
and adjusted to pH 3.35 with phosphoric acid.
Mobile phase B consisted of acetonitrile-0.1 M
monobasic sodium phosphate containing 50 mg/1
SDS-methanol (60:30:10, v/v/v). The pH of this
mixture was adjusted to 3.45 with phosphoric
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acid. The total flow-rate was maintained at 1.0
ml/min throughout the run. The gradient cycle
consisted of an initial 10-min isocratic segment
(6% B), a 20-min linear gradient (+1.2%
B/min), a 10-min linear gradient (+7% B/min),
and a 5-min isocratic segment (100% B) before
returning to initial conditions. Samples were
injected precisely at 9.0 min after return to initial
conditions. The 16 detector array was set from 0
to 900 mV in increments of 60 mV versus pal-
ladium reference electrodes.

RESULTS AND DISCUSSION

The chromatographic conditions were adapted
from HPLC absorbance methods described by
Kirksey et al. [11] and Rouseff [2] for analysis of
a variety of flavonoid compounds (e.g. flavanone
glycosides, anthocyanins). SDS was included as
an ion-pairing reagent for retention of amines.
The detectors were configured in an oxidative
array to allow voltammetric resolution of com-
pounds based on ease of oxidation across in-
crementally increasing anodic potentials. Fig. 1
shows a 15-channel chromatogram (channel 16
not shown for clarity) of a 27-component exter-
nal standard with representative compounds
from structural classes including amino acids,
coumarins, hydroxybenzoic and cinnamic acids,

Ooeren i
-114

M

145

simple phenolics, purines, in addition to several
classes of flavonoids. Analytes were resolved in
two dimensions —chromatographic and voltam-
metric. Each analyte had a specific retention
time and a response ‘signature” across the
array. With 60-mV increments between sensors,
the majority of response for a single oxidation
wave typically occurred across three adjacent
sensors. The highest responding sensor was de-
fined as the dominant channel for each analyte
while the leading and following channels refer to
the adjacent upstream and downstream sensors.
Peak comparison by retention time and voltam-
metric response, measured as ratios between
three sensors, was used to increase the confi-
dence in matching sample peaks and external
standard peaks.

Table I shows the retention time and dominant
oxidation potential for each of these standard
compounds. Resolution with the detector array
was based on ease of oxidation and may be
related to differences in structure where availa-
bility of electrons and the capacity for charge
stabilization differ (e.g. charge delocalization,
electron-donating properties). For particular
aromatic substituents, a consistent voltammetric
relationship was evident both between analyte
classes and among analogues. Compounds hav-
ing catechol groups (caffeic acid, catechin, chlo-
rogenic acid) all responded at lower channels (60
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Fig. 1. Fifteen-channel chromatogram of a 27-component standard, 20 ul of a 1 ug/ml solution. Compounds were resolved on
the basis of retention time in combination with voltammetric response behavior across the array. Sensor potentials were 0 mV
(channel 1) to 840 mV (channel 15) with 60-mV increments (Pd reference). All channels are displayed at 2 wA full scale. See
Experimental for further details on analytical conditions and Table I for compound listing, retention times, and dominant

oxidation potential.



146

TABLE 1
SUMMARY OF STANDARD MIXTURE
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Peak Compound Retention Dominant Detection r
No. time (min) oxidation limit (ng/ml)*
potential (mV)
1 Ascorbate 1.86 240 200 0.9983
2 Guanine 2.06 540 2 0.9992
3 Tyrosine 2.50 540 1 0.9999
4 Guanosine 3.31 780 2 0.9992
5 Gallic acid 3.65 60 1 0.9992
6 Protocatechuic acid 7.45 120 1 0.9999
7 4-Aminobenzoic acid 7.70 600 2 0.9987
8 Gentisic acid 8.13 60 1 0.9999
9 Tryptophan 9.14 540 2 0.9998
10 4-Hydroxybenzoic acid 11.32 720 1 0.9999
11 Chlorogenic acid 12.12 120 1 0.9939
12 Catechin 12.96 120 1 0.9997
13 4-Hydroxyphenylacetate 130.8 540 1 0.9998
14 Vanillic acid 13.70 420 1 0.9999
15 Caffeic acid 14.12 60 1 0.9967
16 Syringic acid 14.88 300 1 0.9999
17 4-Hydroxycoumarin 15.79 660 3 0.9989
18 Coumaric acid 18.15 540 2 0.9939
19 Syringaldehyde 18.84 360 1 0.9998
20 Umbelliferone 19.09 660 S 0.9995
21 Eugenol 19.70 420 1 0.9992
22 Ferulic acid 20.14 300 1 0.9997
23 Scopoletin 22.53 600 2 0.9998
24 Narirutin 23.90 660 2 0.9996
25 Naringin 24.98 660 3 0.9994
26 7-Methoxycoumarin 25.27 780 25 0.9477
27 Hesperidin 25.83 360 3 0.9993

“ Signal-to-noise ratio >5, 20 ul injection.

® Correlation coefficient obtained from duplicate injections of 1, 2, 10, 20, 50, 100, 250, 500 and 1000 ng/ml standard mixtures.

mV dominant). Differences of greater than 100
mV in dominant oxidation potential were evident
among simple phenolics, hydroxycinnamic acids,
as well as flavonoids. Within each group, the
oxidation potentials followed the order:
catechol < methoxycatechol < monohydroxyl <
methoxyl. The 60-mV array therefore provided
good resolution of analytes on the basis of these
substituents. Fig. 2 shows a smaller segment of
the standard chromatogram where combined
chromatographic and voltammetric resolution
are evident for coumaric acid (monohydroxyl),
eugenol (methoxycatechol), ferulic acid (me-
thoxycatechol), syringaldehyde (4-hydroxyl, 3,5-
dimethoxyl) and umbelliferone (monohydroxyl).

Resolution of eugenol and ferulic acid is attribut-
able to resonance delocalization promoting a
lower oxidation potential for ferulic acid.

While the flavonoids represent a very diverse
class of endogenous plant metabolites, a major
aspect of this diversity relates to the pattern of
aromatic substituents (e.g. alcohol, alkoxyl, car-
bohydrate) [12]. The flavonoid backbone con-
tains two benzene rings linked by a 3-carbon
chain. With several possible oxidizable moieties
present (e.g. aromatic alcohol and alkoxyl) the
voltammetric behavior can be characteristically
complex. The voltammetric properties of cate-
chin, hesperidin, and naringin are shown in the
hydrodynamic voltammograms (HDV) in Fig. 3.
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Fig. 2. A smaller time-potential segment of Fig. 1 is shown above. An increasing array of coulometric detectors is used to resolve
standard components (20 ul of a 1 ug/ml solution). Detector potentials are 240, 300, 360, 420, 480, 540, 600 and 660 mV (Pd
reference). Full scale amplification is 2 uA. See Experimental for further details on analytical conditions.
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Fig. 3. Summation of peak heights (current) generated
across a coulometric array [detector potentials: 0-900 mV,
60-mV increments (Pd reference)] is plotted as a function of
electrode potential. Data were obtained under binary gra-
dient conditions as described in Experimental. The charac-
teristic voltammetric behavior of these substituted flavonoids
may be used qualitatively (structural identification and peak
purity). O = Catechin; @ = naringin: V = hesperidin.

The data for these HDVs were generated in-
stantaneously by the array and are represented
by plotting the cumulative current across the 16
sensors. The catechol group on the B ring of
catechin oxidized at the low potential sensors (0
to 120 mV) with voltammetric response behavior
analogous to the simple catechol, caffeic acid.
The lower oxidation wave of hesperidin may be
attributed to the methoxycatechol group on the
B ring similar to the simple methoxycatechol
compound, eugenol. The voltammetric response
of naringin (single B ring hydroxyl) likewise,
resembled p-coumaric acid. The second oxida-
tion waves of catechin and hesperidin are likely
related to the A ring substituents. Qualitative
examination of these ‘“signatures” provided a
means of examining peak purity for known
compounds as well as an indication of the pos-
sible substitution pattern for unknowns.

Juice analysis

A 16-channel chromatogram of an orange
juice filtrate is shown in Fig. 4. More than 300
electroactive components were typically resolved
in this sample type. Automatic gain ranging with
the CEAS allowed measurement of components
over a wide range of concentrations (low ng/ml
to high wg/ml). The limits of detection using a
20-u1 injection volume were typically in the low
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Fig. 4. Sixteen-channel chromatogram of a filtered orange juice from concentrate. Detector potentials were: 0-900 mV, 60-mV
increments (Pd reference). Full scale amplification is 10 wA. Single-strength orange juice was passed through a 0.22-um filter and
20 ul were injected. See Experimental for further details on analytical conditions.

ng/ml range with a linear response range of at
least three orders of magnitude (see Table I).
Levels of some of the electroactive components
found in orange juice are presented in Table II.

In addition to quantitation using available
external standards, we have examined the rela-
tive concentrations (calculated by peak height)
of unidentified components among samples. Rel-
ative levels were determined by using a sample

TABLE 11

pool (e.g. authentic orange juice) as an external
standard to generate normalized data for a large
number of analytes in all samples. An estimation
of the intra-assay variability in retention time,
response ratios, and resultant quantitative value
was made by examination of twenty-five un-
identified analytes in ten replicate injections of
an orange juice sample. Analytes were chosen to
be representative of a wide range of meth-

LEVELS (IN wg/ml) OF SOME ELECTROACTIVE COMPONENTS IN ORANGE JUICE

External standard quantitation.

Compound Varieties” Mean S.D’!
Blend Navel Hamlin Valencia

Ascorbate 276 274 271 270 252 (67.6)
Cysteine 10.0 8.84 13.6 12.3 12.7 (2.53)
Hesperidin 165 219 128 145 76.4 (37.4)
Methionine 11.6 34.3 21.9 17.6 25.2 (29.5)
Narirutin 13.4 54.2 26.3 29.2 32.0 (11.7)
Tryptophan 6.30 3.02 4.26 4.00 5.35 (1.86)
Tyrosine 23.5 9.28 20.3 21.3 29.0 (8.74)
Naringin 0.04 0.17 0.39 0.31 0.79 (2.05)

“ Navel, Hamlin and Valencia are cultivars of orange (Citrus sinensis). “Blend” refers to an adulterated orange juice sample of
unspecified composition.
” Mean (standard deviation) of 41 commercial samples.
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odological parameters: chromatographic (reten-
tion time: 3.19-25.4 min), electrochemical
(dominant oxidation potential: 60-900 mV), and
response (peak height: 0.01-20 uA). The rela-
tive standard deviation (R.S.D.) in retention
time for each of these 25 analytes ranged from
0.26 to 0.69% (mean = 0.40%) indicating precise
gradient control. Variability in peak height at the
dominant sensor for each analyte ranged from
0.49 to 4.74% (R.S.D., mean =1.74%). For 23
analytes, the R.S.D. in response ratio between
the dominant and leading sensors ranged from
0.36 to 5.35% (mean = 1.58%). For one analyte,
no response ratio was obtained due to insuffici-
ent signal at the leading sensor. Another analyte
co-eluted with a lower oxidizing compound and
high variability (33.5% R.S.D. for the ratio) was
evident at the leading sensor. In both cases the
variability in response ratios between the domi-
nant and following sensors were low (0.59 and
2.38% R.S.D.). While the response at the follow-
ing sensor was insufficient to allow ratio determi-
nations in 3 of the 25 analytes good precision was
obtained in these cases for the dominant/leading
ratios. Variability in response ratios (dominant/
following) for the remaining 22 analytes ranged
from 0.40 to 7.51% (R.S.D., mean =2.31%).
Based on these performance data, matching
criteria of *2% for retention time and +10% for
response ratios were used. More than 150 com-
ponents in a juice sample were typically within
these criteria. External standard quantitation
was performed using either the sum of the peak
heights across three sensors when the response
ratios were within these criteria, otherwise at the
dominant sensor only. The variability in concen-
tration, normalized to an authentic juice sample,
for these 25 analytes ranged from 0.53 to 3.04%
(R.S.D., mean =1.11%).

In the investigation for orange juice adultera-
tion we have examined these multivariate data
for: endogenous markers of authenticity, peaks
introduced by common adulterants (e.g. grape-
fruit, peel, pulpwash), and general dilution of
multiple components. We have used this in-
formation along with pattern recognition analysis
for differentiation of various juice beverages. An
example of this approach is shown in Fig. 5.
Here the results from principal components
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Fig. 5. Plot of vectors 1 (S1) and 2 (S2) from principal
components analysis of a 50-variable data base. Grapefruit,
orange, and apple juice samples along with various mixtures
are differentiated through pattern recognition analysis. Sam-
ple key: APPLE 1-4 = different retail brands of apple juice;
GRFRUIT = different retail brands of grapefruit juice;
BV8 = pure Valencia (Citrus sinensis cv Valencia) orange juice
from Florida; BV810G—-80G = 10-80% grapefruit juice con-
tent in BV8, respectively. The cluster in the lower right
quadrant is solely comprised of 17 orange juice samples as
follows: BVS, 4 different retail brands of orange juice, 11
orange juice samples from Mexico and a pool of these 16
orange juice samples. Mexican samples included the follow-
ing cultivars: Criolla, Hamlin, and Valencia as well as early-
mid varieties (made from a mixture of early maturing and
mid-season oranges). These varieties were obtained from
Puebla, Tabasco, Tamaulipas, Veracruz and Yucatan regions.

analysis (PCA) [2,13] of data from 4 retail
brands of apple juice, 17 samples of orange
juice, 3 retail brands of grapefruit juice, as well
as mixtures of grapefruit and orange juice are
graphically represented. These results obtained
from a 50 variable database demonstrate the
utility of this technique for the differentiation of
juice beverages. Clear separation between each
fruit juice [orange (lower right quadrant),
grapefruit (top right cluster), and apple (left
cluster)] is evident. The mixtures (BV810G—
BV880G) represent 10-80% grapefruit in orange
respectively, and show a consistent progression
of points between the respective groups of pure
orange and grapefruit. Since several brands,
sources, and varieties were included in this group
of samples, differentiation in this instance ap-
pears to be quite specific to the fruit species.
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Future reports will include studies of varietal and
source differentiation as well as the detection of
adulteration and percent juice analyses.

CONCLUSIONS

Coulometric array detection allows increased
resolution for HPLC analysis of phenolic and
flavonoid compounds based on differences in
their voltammetric properties. Detailed voltam-
metric data across a wide potential range may be
generated on-line from a single injection and
with good precision. The basis for differences in
ease of oxidation within and among compound
classes corresponds to the patterns of aromatic
substituents. Comparison of the electrochemical
‘“signature” across the array may be used quali-
tatively to examine resolution and for some
degree of structural characterization. Multi-
variate data from complex juice matrices can be
obtained without extraction and with good preci-
sion. Differences in the patterns of endogenous
electroactive components can be used to dif-
ferentiate apple, orange, grapefruit, as well as
orange-grapefruit mixtures. This technique may
be a useful tool in such areas as adulteration
detection, varietal and source classification, the
study of process-related variability, and the anal-
ysis of percent juice in mixtures.

P. Gamache et al. | J. Chromatogr. 635 (1993) 143-150
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ABSTRACT

Since a furosine standard became available only recently, arginine was used as the external standard in ion-exchange
chromatography (IEC) and 2-acetylfuran in a recently proposed HPLC method. Using the pure furosine standard it was
subsequently shown that both procedures produced inexact furosine values. With IEC a substantial decrease in the recovery of
furosine of up to 30% was found depending on the elution conditions of pH and temperature that were applied. On the other
hand, the use of 2-acetylfuran with HPLC led to an overestimation of furosine content of about 20%. However, correct furosine
values were obtained using an IEC elution buffer of pH 4.00 at a temperature of 60°C as was shown by comparison with the
HPLC method also based on the furosine standard. These results allow correction of the data obtained in earlier studies and more

accurate determination of furosine values in future.

INTRODUCTION

For more than 25 years e-N-(2-furoylmethyl)-
L-lysine, named furosine for short, has been
used as an indicator of lysine sugar derivatives
such as fructoselysine, lactuloselysine and mal-
tuloselysine formed in heated foods in the first
steps of the Maillard reaction [1,2]. Furosine
analyses are also applied in food science and
nutrition, in clinical research and in medical
biochemistry (see ref. 2). Furosine is determined
by ion-exchange chromatography (IEC) (3,4],
HPLC [5-7] and gas chromatography [8,9]. A

* Corresponding author.

0021-9673/93/$06.00

problem in the determination of furosine was
that until recently there was no pure and stable
standard available. The furosine peaks were
related to peaks of other amino acids such as
lysine or arginine.

Recently a reduction in the recovery rate for
furosine has been experienced, and therefore the
conversion factor used to estimate lysine damage
in heated foods was increased [10]. The main
change during this time was the use of modern
single-column equipment with high-resolving res-
ins running with elution buffer with higher pH
values and at higher temperatures. However, the
pH value of the buffers known to be important
for furosine stability was not increased above pH
6.4. Meanwhile Resmini et al. [7] reported that

© 1993 Elsevier Science Publishers B.V. All rights reserved
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considerable amounts of furosine are destroyed
during ion-exchange chromatography, although
their newly proposed HPLC procedure using low
temperatures and a low pH together with
2-acetylfuran as a helpful substitute for the
standard should give better results.

In order to determine the real losses of
furosine during IEC analysis a set of experiments
were carried out utilizing the recently available
pure furosine standard as well as heated lysine—
glucose models. Subsequently we compared the
results of IEC with those of HPLC, first using,
also on HPLC, the pure furosine standard.

EXPERIMENTAL

The furosine standard with a purity >99% was
obtained from Neosystem, Strasbourg, France.
For initial experiments a sample of furosine was
provided by Dr. Finot, Nestec, Vevey, Switzer-
land. An amino acid calibration standard was
obtained from Sigma (Deisenhofen, Germany),
lysine hydrochloride from Serva (Heidelberg,
Germany),  2-acetylfuran  from  Aldrich
(Steinheim, Germany) and other reagents (all
analytical-reagent grade) from Merck (Darm-
stadt, Germany).

An equimolar mixture of lysine hydrochloride
and glucose in an 88% (w/v) aqueous solution
was used as a model sample, which was heated
for 20 h, and then hydrolysed for 20 h with 7.8 M
hydrochloric acid at 110°C.

Furosine was analysed using a Liquimat III .

amino acid analyser (BHS-Labotron, Peissen-
berg, Germany) as previously described [4],
using either a long glass column (170 X4 mm
I.D.) or a short column (50 X4 mm 1.D.) filled
with the ion-exchange resin MCI Gel CK10F
(Mitsubishi, Japan). The amino acids were de-
tected with ninhydrin with a coil temperature of
115°C. Data acquisition and peak integration
were evaluated with an integrator CI-10 from
LDC (Gelnhausen, Germany). The elution of
furosine was performed in a set of experiments
using three different sodium citrate buffer solu-
tions —(1) pH 6.40 (0.96 M Na™), (2) pH 4.70
(1.60 M Na*) and (3) pH 4.00 (1.60 M Na*)—
while different column temperatures from 45 to
80°C were applied. Furosine was also analysed

with the RP-HPLC method [7] using a C;
column (Spherisorb 5 C; column from Promo-
chem, Wesel, Germany), a detection wavelength
of 280 nm and either 2-acetylfuran or furosine as
external standard. The HPLC system included a
Gradientmaster, constaMetric III/IIIG pumps
and a SpectroMonitor D UV detector from LDC
(Gelnhausen, Germany), an AS-4000A auto-
sampler from Merck-Hitachi (Darmstadt, Ger-
many), and a C-R4A Chromatopac integrator
from Shimadzu (Duisburg, Germany).

RESULTS AND DISCUSSION

To evaluate the influence of conditions during
IEC on furosine determination, a furosine stan-
dard was analysed using elution buffer with
different pH values and different column tem-
peratures. The results of these experiments are
shown in Fig. 1. Each value represents an
average of six determinations. The peak areas of
furosine obtained at pH 6.40 clearly decreased

peak area (x1000)
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3000

2000

1000

buffer pH 4.70

Fig. 1. Comparison of the peak areas of a furosine standard
depending on temperature using elution buffers at pH 6.40
and 4.70. 60/73 and 60/80 mean: 30 min at 60°C and 40 min
at 73°C or 80°C (pH 6.40) or 20 min at 60°C and 20 min at
73°C or 80°C (pH 4.70).

B buifer pH 6.40
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with increasing column temperature, although
the time for elution was shorter at higher tem-
peratures. At 80°C furosine was exposed for 30
min less than at 45°C (elution buffer pH 6.40 in
both cases). This indicates destruction of
furosine under these conditions. No direct
investigation was made for reaction products or
fragments of furosine. However, a degradation
to lysine was not recognizable, because differ-
ences in the lysine peaks could not be detected.

In contrast to the decrease in the furosine
peak areas with an elution buffer pH of 6.40, no
significant differences depending on temperature
were found at pH 4.70 (Fig. 1). Generally, the
peak areas at pH 4.70 were higher than at pH
6.40. Also, the lower standard deviations at pH
4.70 indicated a better stability of furosine at this
pH.

Fig. 2 compares the IEC method using a long
(170 x 4 mm 1.D.) and a short column (50 x 4
mm I.D.) and different pH values and column
temperatures with the HPLC method. The com-
parison did not reveal any major differences, the
analysed amounts of furosine being quite similar.
However, using the long column at 60°C with an
elution buffer pH 4.00 resulted i the highest

. furosine values. Under these conditions clear

and well separated furosine peaks were ob-
tained. The quantification was reproducible and
correct, as was confirmed by adding a standard
to the sample and comparing the furosine levels.
The recovery rate was 99%.

The results obtained by IEC are in contrast to
the findings of Resmini ef al. [7], who found
higher values with their HPLC method. In fact,
our previous investigations using the HPLC
procedure of Resmini also resulted in signifi-
cantly higher values than with IEC using buffer
at pH 4.00 and a column temperature of 60°C.
On the other hand, the method of Resmini uses
2-acetylfuran as standard and not pure furosine.
The results of more recent experiments show a
marked difference between the peak values of
equimolar concentrations of 2-acetylfuran and
furosine. The 2-acetylfuran standard yielded only
80% of the furosine standard, resulting in an
overestimation of furosine when 2-acetylfuran is
used as external standard. Moreover, the
2-acetylfuran standard was found to be unstable

g furosine/kg lysine

60

50

40

30

20

10
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Fig. 2. Comparison of the furosine levels in a heated lysine—
glucose model depending on column length, pH of the
buffers and temperature. (A) 170 x4 mm 1.D. column,
buffer pH 6.40, temperature 45°C. (B) 170x4 mm LD.
column, buffer pH 4.70, temperature 60°C. (C) 170 X 4 mm
L.D. column, buffer pH 4.00, temperature 60°C. (D) 50 x 4
mm 1.D. column, buffer pH 4.70, temperature 50°C. (E)
50 x 4 mm 1.D. column, buffer pH 4.00, temperature 40°C.
(F) HPLC method according to Resmini et al. [7] but using
the pure furosine standard.

during storage. By using the pure furosine stan-
dard instead, the same results as with the im-
proved IEC technique were obtained, as is
shown in Fig. 2.

Since a pure furosine standard is now avail-
able, it was possible to re-examine earlier de-
terminations of furosine, when arginine was used
as external standard. Arginine standards ana-
lysed in the same way as described above showed
no recognizable differences when buffer pH and
column temperature were changed. Since the
arginine—furosine ratio was not constant, one has
to consider that the evaluation of furosine by
using arginine as external standard led to an
underestimation depending on the analytical
conditions applied. But the results of these
investigations allow correction of data obtained
from earlier studies with higher pH and arginine
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as external standard. To determine furosine
values more accurately in future we recommend
using the modified IEC procedure (elution buffer
pH 4.00 column temperature 60°C) or the HPLC
method using the now available pure furosine
standard.
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ABSTRACT

The optimum column liquid chromatographic separation of mexiletine and one of its possible impurities is only achievable using
alkaline mobile phases. Conventional silica-based reversed phases, however, are subject to considerable stability problems under
these alkaline conditions, disqualifying most HPLC columns from routine use. An Asahipak ODP-50 column containing a new
polymeric phase with a separation efficiency similar to that of silica-based reversed phases was used to develop an HPLC method
for mexiletine that is unaffected by stability problems. The stability of the stationary phase was verified in long-term tests and the
suitability of the method for assaying mexiletine in film-coated tablets was demonstrated by determining the selectivity, linearity,

accuracy and precision.

INTRODUCTION

Mexiletine [1-(1,6-dimethylphenoxy)-2-amino-

propane] is an antiarrhythmic drug used in the

treatment of acute and chronic ventricular ar-
rhythmias [1-3]. A variety of gas and column
liquid chromatographic techniques for assaying
mexiletine, especially in plasma, have been de-
scribed [4-8]. HPLC methods employ exclusive-
ly silica-based reversed stationary phases and
mobile phases with added modifiers in order to
improve the peak symmetry of the basic sub-
stance mexiletine (pK, =9.0). The problems of
analysing basic substances by HPLC on silica-
based reversed-phase columns are well docu-
mented [9-12]. Low efficiency, tailing peaks,
irreversible adsorption and stability problems
with the stationary phase are typical symptoms

0021-9673/93/$06.00

that can be mitigated by mobile phase buffering
and/or by the addition of modifiers such as
EDTA or triethylamine or by the addition of
ion-pair forming agents, e.g., heptanesulphonic
acid.

The development and optimization of such
HPLC methods are generally difficult and re-
quire close monitoring of several parameters
such as the influence of additive concentrations
on the mobile phase. Furthermore, optimum
separation by hydrophobic interactions of the
neutral solutes with the stationary phase is only
achieved when the pH of the mobile phase is at
least 2 units above the pK, of the basic substance
to be analysed. In practice, this means that for
basic drug substances with pK, values around 9,
an eluent pH above 11 should be used. This
generally gives rise to severe stability problems

© 1993 Elsevier Science Publishers B.V. All rights reserved
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with silica-based stationary phases, as the al-
kaline mobile phase attacks the silica matrix and
gradually destroys the chemical structure of the
silica gel.

The recently introduced polymeric phases, in
which the polymer is adsorbed on silica gel,
aluminium oxide or an organic support material,
are much more stable in the alkaline range [13].
However, these phases with polymer coating
almost always have the disadvantage of lower
efficiency.

In this paper, the suitability of a new poly-
meric, reversed-phase column developed special-
ly for the chromatography of basic substances is
described with specific reference to the assay of
mexiletine in film-coated tablets. Asahipak
ODP-50 is based on a microparticulate mesopor-
ous poly(vinyl alcohol) which has stearic acid
bonded as an ester to the free alcohol groups of
the matrix. The polymer is cross-linked with a
molecule containing three vinyl groups. The
suitability of this material for the. determination
of mexiletine using a mobile phase adjusted to
pH 11 is demonstrated with reference to the test
parameters selectivity, linearity, accuracy and
precision. The stability of the phase was verified
by a long-term test in which a test solution was
injected continuously over several weeks and the
resolution between mexiletine and the possible
impurity 3,9-dimethyl-2,3-dihydrobenzo] f][1,4]-
oxazepine (I) was evaluated in accordance with
the system suitability test of the US Phar-
macopeia (USP).

EXPERIMENTAL

Chemicals

Mexiletine and I were reference substances
from Boehringer Ingelheim (Ingelheim, Ger-
many). Acetonitrile and diethylamine were
HPLC-grade reagents from Merck (Darmstadt,
Germany). The stationary phase for the
Asahipak ODP-50HPLC column is manufac-
tured by Asahi Chemical Industry (Kawasaki,
Japan) and the columns are filled and marketed
by Hewlett-Packard (Waldbronn, Germany).

Equipment
The analyses were carried out using two differ-
ent chromatographic systems, a Hewlett-Packard

E. Lamparter | J. Chromatogr. 635 (1993) 155-159

Model 1090 liquid chromatograph and a
chromatograph consisting of the following com-
ponents: a Merck—Hitachi L 6000 pump, a
Gilson Model 231 autosampler fitted with a
Rheodyne Model 7125 injection valve and 20-ul
loop and a Merck—Hitachi L 4000 variable-wave-
length UV spectrophotometric detector equipped
with an 8-ul cell.

The test samples were analysed on an
Asahipak ODP-50 (5 pm) column (125 mm X
4.0 mm 1.D.). Peak integration and data evalua-
tion were performed on a Hewlett-Packard
Model 3357 laboratory data system.

Method

The mobile phase was a 280:720 (v/v) mixture
of acetonitrile and purified water adjusted to pH
11.0 with diethylamine with the aid of a pH
meter. The flow-rate was 0.9 ml/min and the
uncorrected retention times were 8.6 min for
mexiletine and 11.8 min for I. Detection was
performed by UV spectrophotometry at a wave-
length of 264 nm.

System suitability test

A solution was prepared containing 80 mg of
mexiletine and 8 mg of I in 100 ml of mobile
phase. The injection volume was 20 wl. The
resolution factor had to be greater than 2.5. The
tailing factor of mexiletine and I was not to be
greater than ca. 2.5 at 5% of the peak height.

RESULTS AND DISCUSSION

The Asahipak ODP-50 column material was
characterized in terms of the most important test
criteria. Chromatograms are presented to dem-
onstrate the selectivity of the method, and re-
sults for linearity, accuracy and precision are
reported. The stability of the column is demon-
strated on the basis of a long-term test.

Selectivity of the method

A stability-indicating assay method must be
specific, i.e., substance-related impurities, poten-
tial decomposition products and interfering ex-
cipients must be separated from the active in-
gredient.

Fig. 1 shows a chromatogram of a sample of
mexiletine film-coated tablets with a dosage of
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Fig. 1. Chromatogram of mexiletine with tablet matrix
spiked with 1% of 1.

150 mg; 1% of the possible impurity I was added
to the test solution (for the structures of mex-
iletine and I, see Fig. 2). It is evident from the
chromatogram that neither the mexiletine nor
the I determination is affected by tablet excipi-
ents. Most tablet excipients are highly polar and
elute with the solvent peak.

Linearity and accuracy

The linearity was determined in the mexiletine
concentration range 0.30-0.70 mg/ml. The in-
fluence of the excipient matrix was also investi-
gated over the entire range by adding a constant

Mexiletine

CHy

3,9-Dimethyl-2,3-dihydro-benzo[f][1,4]oxazepine (1}

CHs

4 .
CH
CHiN / \
CHs
Fig. 2. Structures of mexiletine and 3,9-dimethyl-2,3-
dihydrobenzo[ f][1,4]oxazepine (I).
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amount of excipient to the calibration solutions.
The linearity of the two graphs was characterized
by the following equations:

calibration without placebo:
y=-13.131.1+ 63.057.3x
calibration with placebo:

y = —24.083.3 + 63.873.3x

where y is the absorbance and x is the mexiletine
concentration (mg/ml). The two calibration
graphs were compared statistically by means of
analysis of variance [14] at a significance level of
p=95% using a statistics problem from SAS
(Cary, NC, USA). The calculation showed that
neither the slopes nor the ordinate intercepts of
the regression lines differ significantly.

The accuracy of the mexiletine assay was
calculated with the same data in the more
restricted working range of 80-120%, using five
working concentrations. The test solutions were
measured against a reference solution of mex-
iletine adjusted to 100%. The deviation of the
measured values from the required standard is
stated as the error (Table I). The deviation at
the usual working concentration 0.4975 mg/ml
(100%) is —0.527%.

Precision

The precision of the assay of mexiletine film-
coated tablets were assessed by analysing the
results obtained by two technicians each carrying
out three measurements on each of five prepara-
tions of the sample. Different HPLC systems and
two Asahipak ODP-50 columns were used. The

TABLE 1

ACCURACY OF MEXILETINE DETERMINATION IN
THE CONCENTRATION RANGE 80-120% IN 150-mg
FILM-COATED TABLETS

Theoretical value Measured value Deviation

(mg/ml) (mg/ml) (%)
(mean, n=16)

0.398 0.397 —0.25

0.448 0.447 -0.22

0.498 0.495 -0.50

0.547 0.546 -0.18

0.597 0.604 +1.17
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TABLE 1l
PRECISION OF MEXILETINE DETERMINATION IN
150-mg FILM-COATED TABLETS

Number of technicians, n =2; number of sample prepara-
tions, m = 5; number of multiple measurements, { =3.

Technician  Preparation Measurement (mg) Mean
No. No. value
1 2 3 (mg)

1 1 150.6 151.3 1499 150.6
2 149.9 1483 150.3 1495

3 149.0 149.4 150.0 149.5

4 149.0 149.1 150.6 149.6

5 1482 1493 1487 148.7

2 1 1433 143.0 1441 1435
2 144.8 1442 1454 14438

3 148.0 147.8 1485 148.1

4 1423 1429 1423 1425

5 145.4 1454 1459 145.6

Total: 147.2

S.D. of ruggedness: 3.6437, R.S.D. 2.47%.
S.D. of method reproducibility: 1.6737, R.S.D. =1.14%.
S.D. of system reproducibility: 0.6314, R.S.D. =0.43%.

stationary phases of the columns originated from
different batches, and therefore the result for
precision also includes the reproducibility of the
stationary phase. Table II presents the data for
precision with the appropriate evaluation. The
data were statistically evaluated by means of
hierarchical analysis of variance [14].

The system reproducibility is a measure of the
reproducibility of the injection and chromato-
graphic separation, and the method reproducibil-

TABLE III
SYSTEM SUITABILITY TEST OF USP XXII

No. of injections: n =120.
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ity additionally includes the sample preparation
and ruggedness of the various components of the
apparatus and human error of the individual
technicians.

Stability of chromatography

The Asahipak ODP-50 column was subjected
to a long-term test in which solutions for the
system suitability test and test solutions of mex-
iletine film-coated tablets were injected alter-
nately over several weeks. The chromatographic
system was characterised by means of the system
suitability test of the USP XXII by determining
the resolution factor between mexiletine and 1
and the tailing factor of both substances at 5% of
the peak height. Table III gives the minimum
and maximum values and the relative standard
deviation (R.S.D.) of the system suitability test
for both substances.

To determine the influence of the matrix on
the reproducibility of the method, the test solu-
tion spiked with 10% of I was also injected 120
times. The integrator units and retention times
of mexiletine and I were determined and the
R.S.D. was calculated (Table 1V).

After about 600 injections the peaks of both
substances showed a slight shoulder. This shoul-
der developed because of shrinkage of the
packed column bed in the column which pro-
duced a dead volume, and which was rectified by
replenishing the stationary phase in the column.
A subsequent check on the chromatographic
separation revealed that both the tailing factor
and resolution data were in conformity with the
initial values.

Substance Tailing factor Resolution Retention time (min)
Mexiletine Frin=20 R..=37 tain =87
F...=23 R...=50 oo = 8.8
R.S.D.=3.8% R.S.D.=10.2% R.S.D.=0.3%
1 Fr.=14 1., =116
F,, =15 1, =122
R.S.D.=3.1% R.S.D.=0.4%
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TABLE IV

INFLUENCE OF THE MATRIX ON THE REPRODUCI-
BILITY OF THE METHOD

No. of injections, n = 120.

Substance Integrator units Retention time (min)
Test solution A, = 639456 i = 8.6
(mexiletine) AL = 716231 t..=88
R.S.D.=1.1% S.D.=11%
I A, =891599 to, =117
AL =921527 Lo =123

max max

R.S.D.=0.5% R.S.D.=12%

CONCLUSIONS

The results of long-term testing demonstrate
that the Asahipak ODP-50 columns are free
from stability problems even when using mobile
phases with a pH above 10. Asahipak ODP-50 is
therefore superior to conventional silica-based
reversed-phase columns when using alkaline
mobile phases. Because of its good separation
efficiency, Asahipak ODP-50 is suitable for
further applications, particularly the determina-
tion of substances with basic groups, as the
selectivity range in the alkaline environment can
be considerably extended for such substances.
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ABSTRACT

Data are presented suggesting the presence of the aromatic amine benzidine as a combined impurity in the regulated color
additive FD&C Yellow No. 5. The benzidine exists as an azo-dye constituent that forms from free benzidine impurities introduced
during the manufacture of the color additive. The presence of combined benzidine is ascertained by sodium dithionite reduction
of the azo bonds in the commercial color additive. The resulting reduction products are extracted with chloroform, and the
liberated benzidine is determined by high-performance liquid chromatography (HPLC). The levels of benzidine determined by
HPLC exceed those levels of benzidine accounted for by direct determination of free aromatic amines in the unreduced color.

INTRODUCTION

FD&C Yellow No. 5 is a color additive ap-
proved for use in the United States in foods,
drugs and cosmetics, and is subject to batch
certification by the US Food and Drug Adminis-
tration [1]. Regulations limiting the levels of
chemical impurities allowed in this color additive
were revised. The revised specifications restrict
the allowed levels for several aromatic amines,
including a limit of 1 ppb (w/w) for benzidine as
the free amine [2].

Benzidine that occurs as a contaminant in
FD&C Yellow No. 5 probably originates as an

* Corresponding author.

impurity in the sulfanilic acid intermediate used
to manufacture the color additive [3]. Any ben-
zidine present in the sulfanilic acid starting
material may also be diazotized and coupled
during manufacture, leading to potential con-
tamination of the color additive by combined
benzidine in the form of subsidiary dyes (Fig. 1).
When azo dyes are ingested, reduction occurs in
the intestine, resulting in cleavage of the azo
bond and possible liberation of free aromatic
amines.

A method [4,5] has been reported for de-
termining residue levels of unsulfonated (free)
aromatic amines in color additives, including
FD&C Yellow No. 5. In the method, the amines
are first extracted from an aqueous, alkaline
solution of the color, and then they are diazo-



V.M. Davis and J.E. Bailey, Jr. | J. Chromatogr. 635 (1993) 160-164 161

NH, Ny OF
U e O
O HCI O
NH, N,* Cr
BENZIDINE

Na,COy

PYRAZOLONE-T

éj BZPYT <ﬁ

Fig. 1. Diazotization and coupling of benzidine with pyraz-
olone-T.

tized and coupled. The amines are determined as
azo derivatives by high-performance liquid chro-
matography (HPLC). Although the method de-
termines free amines in the color additive, it
does not determine both free and chemically
bound amine contaminants.

In this study, the presence of benzidine as a
combined impurity in FD&C Yellow No. 5 was
—investigated. The color additive was chemically
reduced at the azo linkage with sodium dithion-
ite. The amines thus liberated were isolated by
solvent extraction and determined as previously
described [4]. The efficiency of the reduction
technique was tested by adding various levels of
the combined benzidine impurity to the color
additive and measuring the total amount of
benzidine released.

EXPERIMENTAL

Materials

Preparation of the diazotization and coupling
solutions was described previously [4]. All
FD&C Yellow No. 5 dye samples used in this
study were from batches of color additive cer-

tified during 1985. Extrelut Q.E. disposable
columns, Part No. 902050-1, 15x4 cm
diatomaceous earth, were obtained from EM
Science Div., EMS, Inc. (Cherry Hill, NJ,
USA). The benzidine—pyrazolone-T coupling
product (BZPYT) used as the reference standard
(Fig. 1) was synthesized and purified by one of
us (J.E.B.) in 1985. The coupling agents,
pyrazolone-T and pyrazolone-T acid, were
purified by recrystallization twice from hot
water; their purity was established by elemental
analysis [6]. Water was purified by using the
Milli-Q system of Millipore (Bedford, MA,
USA). Chloroform and acetonitrile were HPLC
grade. Sodium hydrosulfite was purchased from
Fisher Scientific, Cat. No. S-309 (Pittsburgh, PA,
USA). All other reagents were analytical grade
and purchased from commercial sources.

BZPYT standard solutions for calibration

Aqueous stock solutions containing BZPYT
reference standard at concentrations of 0.125,
0.25, 0.5, 0.75, 1.0 and 1.25 ng/ml were used to
prepare the calibration solutions. For -each
calibration solution, 1 g of FD&C Yellow No. 5
determined to be free of benzidine when chemi-
cally reduced was dissolved in 30 ml of water,
and a 1.0-ml aliquot of stock solution was added.
The concentrations of BZPYT reference stan-
dard in the calibration solutions corresponded to
27, 53, 106, 159, 212 and 265 ppb of free
benzidine after liberation of the amine by chemi-
cal reduction.

Chemical reduction of FD&C Yellow No. 5

A solution of 1.0 g of FD&C Yellow No. 5 in
30 ml of water was prepared in a round-bottom
flask and maintained at 80°C on a hot plate. The
pH of the solution was initially adjusted to
approximately 8.5 by adding 5 M NaOH. Sodi-
um dithionite was slowly added to the solution in
small portions until a 10% excess of dithionite
over the theoretical amount required for com-
plete reduction had been added (a molar ratio of
2.2 to 1 was employed). This usually required
the addition of approximately 0.9 g of dithionite.
The sodium dithionite was added in small (mg)
quantities until the pH dropped to 7.0. The pH
was then readjusted to 8.5 with 5 M NaOH.
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Nitrogen was bubbled through the solution dur-
ing the entire reduction procedure to prevent
oxidation before the extraction procedure.

Extraction

The extraction step was conducted as de-
scribed by Richfield-Fratz er al. [6] except that
the reduced-dye solution (approximately 30 ml)
was allowed to cool to room temperature while
nitrogen was gently bubbled through the solu-
tion. The solution containing the reduced color
additive and liberated aromatic amines was care-
fully poured into the Extrelut cartridge. A few
milliliters of water were added to wash the flask,
and the liquid was drained into the cartridge.
The cartridge was washed with four 25-ml por-
tions of chloroform, and the chloroform eluate
was collected in a 250-ml round-bottom flask. A
5-ml portion of 0.05 M H,SO, was added to the
chloroform extract instead of 5 ml of 0.005 M
H,SO,. Extracts that were not immediately
diazotized and coupled were stored in a stop-
pered round-bottom flask and refrigerated until
the following day.

Diazotization and coupling

The diazotization and coupling procedure used
was previously reported [5]. A 2-ml portion of
0.1% NaNO, was added to the flask, the con-
tents were gently swirled to rinse the flask walls
and the flask was chilled in an ice bath for 15
min. After 2 ml of the pyrazolone-T coupling
solution was added, exactly 13 drops of 0.1 M
NaOH were added to ensure an alkaline pH
during coupling. Each coupled extract was re-
dissolved in 5 ml of water before HPLC determi-
nation.

High-performance liquid chromatography

All HPLC determinations were performed
within 24 h of extraction, as previously described
[5]. A Waters Model 440 dual-channel UV-Vis
detector (Waters Chromatography, Division of
Millipore, Milford, MA, USA) (2 V output) was
set at 436 and at 600 nm to monitor the eluates.
A Biosil ODS S5-um column (25cm X 4.6 mm
I.D.) with a 250-u1 injection loop was used at
ambient temperature for all separations. A 3-ml

aliquot of coupled extract was used to flush the
loop before each injection of extract.

RESULTS AND DISCUSSION

The retention times of the products obtained
from chemical reduction and analysis of a
BZPYT reference solution were determined
(Fig. 2A). Although benzidine is usually de-
termined (as the benzidine—pyrazolone-T coup-
ling product) at a detector wavelength of 436
nm, other amine coupling products also absorb
at this wavelength and may interfere with the
determination. However, at 600 nm one major
peak appears at 20.6-20.8 min, the retention
time of the benzidine—pyrazolone-T coupling
product. Thus, the presence of a chromatograph-

A

! 600nm

S |

t 436nm

A
t 600nm

T T J
o} 5 10 15 20 25

TIME {MIN)

Fig. 2. (A) HPLC chromatograms from analysis of BZPYT
reference standard. Detection at 436 and 600 nm. Approxi-
mate retention time =20.7 min. (B) HPLC chromatogram
from analysis of FD&C Yellow No. 5 batch containing no
chemically bound benzidine or aniline. Detection at 600 nm.
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ic peak at both detection wavelengths and calcu-
lation of the response ratio (data not shown)
provide confirmation of identity during analysis.
The small peak appearing just after the major
response in the chromatograms in Fig. 2A is
probably the monoazo derivative formed when
only one benzidine amine group is diazotized.

Fig. 2B shows the HPLC chromatogram ob-
tained from analysis of a previously certified
batch of FD&C Yellow No. 5 that was found to
be free of both chemically bound benzidine and
aniline. (The large amount of aniline that may be
produced upon reduction of some commercial
batches of FD&C Yellow No. 5 may swamp the
HPLC response of the analyte [4,5].) All calibra-
tion solutions were chemically reduced and ana-
lyzed as described above, and the data were
evaluated statistically to measure the linearity of
response [7]. The correlation coefficient of 0.97
indicates sufficient linearity over the entire
calibration range to allow use of the regression
equation to estimate levels of combined ben-
zidine in commercial batches of color, especially
at the higher levels.

A total of 14 commercial samples of FD&C
Yellow No. 5 were analyzed for total benzidine
content by this procedure. The survey included
batches submitted for certification during 1985
before restrictions were imposed for aromatic
amine residues. The survey also included the
batch used in toxicological tests conducted to
establish the safety of the color additive. The
results of the survey are shown in Table I. The
HPLC chromatogram obtained from analysis of
the FD&C Yellow No. 5 pharmacology batch
(Fig. 3) shows one large peak, at a retention
time of approximately 17.5 min, corresponding to
aniline, which was liberated during reduction of
the color. The chromatogram has only a small
peak at the retention time expected for ben-
zidine, suggesting that the test sample does not
contain significant levels of combined benzidine.

Fig. 4 shows the HPLC chromatograms ob-
tained for a reduced and for an unreduced
commercial batch of FD&C Yellow No. 5 (sam-
ple 7 in Table I). Note that the unreduced color
produced only a small peak for aniline and no
detectable response for benzidine. However, the
reduced color produced a large peak for aniline

TABLE I

HPLC DETERMINATION OF TOTAL BENZIDINE IN
COMMERCIAL SAMPLES OF FD&C YELLOW NO. 5.

Sample Distributor Retention Benzidine
time (min) found (ppb)*
1 A 20.7 245
2 B 20.6 61
3 B 20.7 93
4 C 20.7 40
5 D 20.8 105
6 E 20.7 23
7 F 20.7 69
8 G 20.8 147
9 C 20.7 40
10 H 20.7 19
11 1 20.8 56
12 A 20.6 241
13 F 20.6 38
14 G 20.6 72

? Calculated as free benzidine.

and a small but detectable response at the
retention time of the benzidine coupling product.
The level of combined benzidine in this batch of
color, estimated from the calibration data, is 69
ppb calculated as free benzidine. Similar analysis

T

600nm

436nm

it

r T ) I 1
[0} 5 10 15 20 25

TIME (MIN}
Fig. 3. HPLC chromatogram from analysis of FD&C Yellow
No. 5 pharmacology sample. Detection at 436 and- 600 nm.
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Fig. 4. HPLC chromatograms from analysis of FD&C Yel-
low No. 5, sample 7: (A) without reduction; (B) with
reduction.

of sample 1 in Table I produced the equivalent
of 245 ppb of free benzidine, which is the highest
level of combined benzidine found in the survey.
Analysis of the corresponding unreduced sample
found no detectable free benzidine.

The results obtained in this study show that
commercial batches of FD&C Yellow No. 5 may
contain benzidine as a chemically bound, azo

subsidiary color. Although the estimated levels
of combined benzidine reported here exceed
those observed for free benzidine, the samples
surveyed in this study were all manufactured
before restrictions were imposed on allowable
levels of free aromatic amines. Additional work
is under way at the US Food and Drug Adminis-
tration to refine the analytical methodology used
for determining chemically bound benzidine and
to develop more complete HPLC characteriza-
tion of the benzidine analyte. The results pre-
sented here will allow an assessment of the effect
of restricting the level of free aromatic amine
content on the level of total aromatic amine
content in the widely used food color.
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ABSTRACT

The analysis of amines is greatly enhanced by the formation of derivatives with improved chromatographic properties. We have
used dansyl chloride, dabsyl chloride, and 7-chloro-4-nitrobenzoxazole to derivatise fourteen structurally diverse amines which
occur in biological systems, and have made a comparative study of their thin-layer chromatographic properties. Two-dimensional
TLC maps of derivatised amines are presented for the three different procedures, and some factors which influence sensitivity are
evaluated. On grounds of sensitivity of detection and chemical stability of the derivatives formed, dansyl chloride is the preferred
reagent for chromatographic analysis of complex mixtures of biogenic amines.

INTRODUCTION

Biogenic amines, which include mono-, di-,
and polyamines, catecholamines, indoleamines,
and imidazoles [1] are difficult to analyse by a
single chromatographic technique because of
their structural diversity and lack of an easily
detectable common chromophore. The usual
approach, therefore, has been to derivatise free
amines with an easily detected label group (for
reviews, see refs. 2 and 3).

* Corresponding author. Present address: The Complex
Carbohydrate Research Center, University of Georgia, 220
Riverbend Road, Athens, GA 30602 (USA).

0021-9673/93/$06.00

An ideal label should be specific for amino
groups, forming highly coloured or fluorescent
derivatives to allow sensitive detection. Excess
reagent and by-products should be colourless,
non-fluorescent, or easily eliminated. Non-polar
derivatives are desirable to improve chromato-
graphic properties. Chemically stable derivatives
suitable for NMR and mass spectroscopic identi-
fication are also advantageous.

Three of the more common derivatising
agents used are dansyl chloride [4,5], dabsyl
chloride [6], and 7-chloro-4-nitrobenzoxazole
(NBD chloride) [7]. Unlike fluorescamine [8] or
o-phthalaldehyde [9] these have the advantage of
forming derivatives with both primary and sec-
ondary amines, and all three give derivatives

© 1993 Elsevier Science Publishers B.V. All rights reserved
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stable enough for subsequent spectroscopic anal-
ysis [10,11].

Here we describe two-dimensional (2D) TLC
systems optimised to separate amines after de-
rivatisation with dansyl chloride, dabsyl chloride,
or NBD chloride. Thin-layer chromatography
has the advantage of being rapid, simple, and
economical. Although much has been published
on the TLC separation of dansylated amines
[12,13] far less information is available on dabsyl
or NBD derivatives, and no comparative study
has been previously undertaken.

EXPERIMENTAL

Materials

Chemicals were obtained from Aldrich (Poole,
UK). Amine hydrochlorides (100 pg/ml) were
prepared as standards. Silica 60 (250 pm) TLC
plates (20 X 20 ¢cm) were obtained from Sigma
(Poole, UK). Glass distilled water was used
throughout.

Derivatisation

For dansylation, aliquots of aqueous amine
solutions (=20 ug) were saturated with sodium
hydrogen carbonate and reacted for 15 h at room
temperature with dansyl chloride in acetone (800
wl, 5 mg/ml), then warmed (60°C, 10 min) to
complete the reaction and remove excess ace-
tone. After dilution to 1 ml with water the
dansylated amines were extracted with 3 X2 ml
toluene. When necessary the phases were sepa-
rated by centrifugation. The organic phases were
evaporated to dryness under a stream of air and
stored in the dark at —20°C.

Derivatisation with dabsyl chloride and NBD
chloride were similar to dansylation except that
the derivatising agents used were dabsyl chloride
in acetone (800 wl, 5 mg/ml), or NBD chloride
in ethanol (800 p1, 5 mg/ml). NBD-amines were
extracted with ethyl acetate rather than toluene.
At all stages exposure to light was kept to a
minimum.

Thin-layer chromatography

Derivatised amines were redissolved in ethyl
acetate and applied to TLC plates, which were
developed in the dark. Fluorescent spots were

visualised under 360 nm UV light. Where appro-
priate plates were sprayed with triethanolamine
in n-propanol (20%, v/v); glacial acetic acid in
n-propanol (20%, v/v); or hydrochloric acid in
methanol (3%, v/v).

Solvent systems used for TLC were as follows:
(1) ethyl acetate—cyclohexane (3:2, v/v); (2)
benzene-triethylamine (5:1, v/v); (3) ethanol-
15 M ammonia (1:1, v/v); (4) ethanol-acetic
acid (1:1, v/v); (5) toluene-acetic acid (1:1,
v/v); (6) n-butyl acetate; (7) toluene; (8)
toluene—acetic acid (2:1, v/v); (9) toluene—ace-
tone (4:1, v/v).

TLC plates eluted with aqueous pH buffers
were dried at 110°C and cooled before visualising
the spots under 360 nm UV light. Buffers were
prepared as follows: formic acid-acetic acid—
water (4:9:70, v/v/v; pH 2); aqueous potassium
hydrogen phthalate (10 g/1; pH 4); phosphate
(1.13 g/1 Na,HPO,; 8 g/1 K,HPO,; pH 6); and
borate (3 g/l boric acid; 1.5 g/l NaOH; pH 10).

pH dependent absorption maximum of dabsyl
hexanolamine

Dabsyl hexanolamine (4.88 mg, 10.9 wmol)
prepared from dansyl chloride and hexanolamine
hydrochloride was purified by two rounds of
preparative TLC on silica 60. The purity was
verified by proton NMR spectroscopy (data not
shown). This was dissolved in aqueous aceto-
nitrile (60%, v/v) and split into five equal
aliquots. Aqueous buffers were added (either pH
4,3,2.5,2o0r 1; 100 ul), and the concentrations
adjusted to 0.73 umol/ml with acetonitrile.
Absorbances were recorded between 390-530
nm on a Pye Unicam SP8100 UV visible spec-
trophotometer.

RESULTS AND DISCUSSION

The amines chosen for study (listed in Table I)
were derivatised with the appropriate reagents as
described in the experimental section. Chro-
matographic separation was initially evaluated by
the procedure of Alberts et al. [13]. Dansylated
and dabsylated derivatives were found to have
similar TLC properties and were adequately
resolved. NBD-amines, however, were resolved
satisfactorally in solvent 1, but not in solvent 2,
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TABLE 1

MOBILITIES OF NBD-AMINES ON SILICA 60 TLC
PLATES

NBD-derivatised Relative mobilities (R)"

amines
1 5 6 8 9

Ammonia 026 006 027 045 027
Methylamine 026 017 039 057 037
Ethylamine 0.38 024 052 0.63 0.45
Ethanolamine 007 0.02 012 030 0.14
n-Butylamine 0.55 0.33 069 071 0.54
Isobutylamine 0.55 0.32  0.69 0.71 0.54
Putrescine 0.09 020 0.38 0.31 0.20
Cadaverine 0.12 0.21 0.39 034 0.24
p-Tyramine 0.17 008 034 048 0.34
3-MeO-p-tyramine  0.17  0.08 0.34 048 0.34
Tryptamine 0.46 n.d. 0.65 0.55 0.36
Spermidine 0.09 n.d. 0.32 0.27  0.17
Spermine 0.09 n.d. 034 030 024
Histamine 0.00 n.d. n.d. 0.30 0.07

“ Numbers at the head of each column refer to the solvent
system used, as designated in the Experimental section.
n.d. = Not determined.

where only five spots moved at all (see Table I).
The NBD-amines were initially re-chromato-
graphed in solvent 3 and in solvent 4, to compare
the effects of basic and acidic conditions. Little
difference was seen between these two systems,
with all the spots running too fast. Mobilities in
toluene—acetic acid (solvent 5) were assessed to
determine the effect of a less polar solvent. Here
all the components ran slowly suggesting that
polarity rather than pH was the major factor
determining elution rate. This is perhaps con-
firmed by the R values obtained subsequently in
n-butyl acetate (solvent 6) and in toluene (sol-
vent 7). Elution was faster in the relatively polar
ester than in the more hydrophobic aromatic
solvent.

Solvent 8 [toluene-acetone 2:1 (v/v)] and
solvent 9 [toluene-acetone 4:1 (v/v)] were as-
sessed, and although both systems improved
resolution some spots eluted too fast in solvent
8. It was concluded that solvent 9 was the most
useful solvent mixture devised. R, values for
NBD-amines in the more useful solvent systems
tested are listed in Table 1.

An optimised 2D-TLC system for NBD-
amines was therefore assessed, run in the first
direction with solvent 1 and in the second with
solvent 9. R, values were measured and a 2D-
TLC map was constructed for this combination
(Fig. 1). Comparing the resolving power of this
new 2D-TLC system for NBD-amines with that
for dansyl-amines (Fig. 2) and dabsyl-amines
(Fig. 3) showed that of the fourteen amines
chosen for comparison ten were resolved as their
dansyl or NBD derivatives, and eight as their
dabsyl derivatives. A major problem with the
dansyl and dabsyl systems was inadequate sepa-
ration of the ammonia and polyamine derivatives
(especially spermidine, cadaverine and putres-
cine). NBD-polyamines were better resolved,
and completely separated from NBD-ammonia.
However, p-tyramine and 3-methoxy-p-tyramine
could not be resolved as their NBD derivatives,
but were separated by both the dansyl and
dabsyl systems. None of the 2D-TLC systems
investigated were able to separate the derivatives
of the two butylamine isomers.
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Fig. 1. Two-dimensional TLC map of NBD-amines on silica -
60. NBD-derivatives are referred to by number as follows:
1=NBD-OH; 2 = NBD-Cl; 3 = histamine; 4 = ethanolamine;
5 = spermidine; 6 = putrescine; 7 = spermine; 8 = cadaverine;
9 = p-tyramine; 10 = 3-methoxy-p-tyramine; 11 =ammonia;
12 = methylamine; 13 = ethylamine; 14 = tryptamine; 15 = n-
butylamine; 16 = isobutylamine. Derivatisation and chro-
matographic conditions are described in the text.
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Fig. 2. Two-dimensional TLC map of dansyl-amines on silica
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Fig. 3. Two-dimensional TLC map of dabsyl-amines on silica
60. Reference numbers are: 1= dabsyl-OH; and 2 = dabsyl-
Cl. Dabsylated amines are numbered as in Fig. 1.

Separation of NBD-amines with aqueous buffers

When separated in organic solvents NBD-
amines tended to distribute across plates as a
diagonal. However, their relatively high polarity
suggested the possibility of using aqueous pH
buffers as the second solvent for 2D-TLC, there-
by making the separation dependent on charge
rather than polarity. Dansyl and dabsyl deriva-

tives were too non-polar to be separated by
aqueous TLC systems.

NBD-amine derivatives were separated on
Silica 60 plates using four different buffers (pH
2, 4, 6 or 10). The results are presented in Table
II. The reagent blank gave a major non-fluores-
cent, yellow spot (presumably NBD-OH) that
ran with the mobile phase front during chroma-
tography. Most of the NBD-amines gave only
one fluorescent spot. However, several proved to
be non-fluorescent or had low fluorescent in-
tensity, and consequently were difficult to detect.
This, and the generally poor resolution obtained,
particularly at high pH, suggested that the proce-
dure was not useful for resolving NBD-amines.

Relative sensitivity of the derivatising reagents
To compare minimum detection levels spots of
derivatised ethylamine (0.2-5 ng) were eluted on
Silica 60 in solvent 1. Detection was assessed
visually either under 360 nm UV light or, in the
case of dabsylated ethylamine, under normal

TABLE II

pH-DEPENDENT TLC MOBILITIES OF NBD-AMINES
ELUTED WITH AQUEOUS BUFFERS

Chromatographs were run on Silica 60 plates eluted with
aqueous pH buffers. Buffers are described in the methods
section. Diethanolamine, ter:.-butylamine and di-N-butyl-
amine gave non-fluorescent derivatives.

Amine derivative Relative mobilities (R)

pH2 pH4 pH6 pHI10

Methylamine 0.66 0.28 0.37 streaked
Ethylamine 0.59 0.16 0.38 streaked
n-Propylamine 0.56 0.12 0.38 streaked
Isopropylamine 0.55 0.12 0.36 streaked
n-Butylamine 0.51 0.09 0.35 streaked
Isobutylamine 0.55 0.13 0.37 streaked
sec.-Butylamine 0.52 0.12 0.36 streaked
tert.-Butylamine - - - -

Isoamyllamine 0.49 0.12 0.36 streaked
n-Octylamine 0.34 0.09 0.03 streaked
Ethanolamine 0.32 0.06 0.02 streaked
Dimethylamine 0.47 0.19 0.35 streaked
Diethylamine 0.43 0.13 0.34 streaked
Di-N-butylamine - - - =

Diethanolamine - - - -
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daylight. The fluorescence from dansyl-
ethylamine and NBD-ethylamine was visible
down to 0.5 ng (approximately 27 pmol for either
compound). Dabsyl-ethylamine could be de-
tected by its yellow colour down to 3 ng (162
pmol), but this was extended to 1.5 ng (81 pmol)
after spraying with 3% (v/v) HCl in methanol.
Similar results were obtained for dansyl-
p-tyramine (lower detection limit 0.25-0.5 ng)
and for dabsyl-p-tyramine (5-12 ng) indicating
that dansyl- and NBD-ethylamine can be de-
tected about 3-5 times more sensitively than
dabsyl-ethylamines.

Sensitivity of detection of other amines was
assessed by visual comparison with the corre-
sponding ethylamine derivatives, dansyl-amines
or dabsyl-amines could all be detected at about
the same sensitivity. However, the fluorescent
intensities of NBD-amines were far more vari-
able. Bulky amines, such as tert.-butylamine,
di-n-butylamine, and di-ethanolamine gave non-
fluorescent NBD derivatives while aromatic
amine derivatives gave only low intensity fluores-
cence. Rather more surprisingly di- and poly-
amines also gave low intensity fluorescent NBD
derivatives. Ghosh and Whitehouse [14] have
suggested that the fluorescence of NBD-amines
decreases if the amine moiety is out of plane
with the NBD ring. Bulky amines or multi-de-
rivatised polyamines are too sterically crowded
to allow planarity and therefore only NBD-
alkylamines had fluorescent intensities approach-
ing those of the corresponding dansyl-amines.

The fluorescent intensities of dansyl-amines
are pH dependent, but can be stabilised by
spraying with n-propanol-triethanolamine (4:1,
v/v) [15]. This reagent had little effect on the
colours of dabsyl-amines and NBD-amines, al-
though the fluorescence of the NBD-amines
decreased in intensity. The intensity was restored
(but not enhanced) by subsequent spraying with
either acetic acid—n-propanol (20%, v/v), or
methanolic HCI (3%, v/v).

Acid-sprayed dabsylated amines all became
easier to detect as the orange-yellow spots
deepened in colour to red. To investigate this
further the absorption spectra of a known con-
centration of purified dabsyl-hexanolamine (0.73
pg) were measured in five different pH buffers.

1.600 -
1.400 A
1.200 4
1.000 -
0.800 1
0.600 1
0.400 1
0.200
0.000

Absorbonce

400 420 440 460 480 500 520
Wovelength (nm)

Fig. 4. pH-dependent shift of absorption maximum of
dabsyl-hexanolamine. Samples of dabsyl-hexanolamine dis-
solved in aqueous acetonitrile (60%, v/v) were adjusted to
the appropriate pH with the following buffers: (O0) pH 4:
potassium hydrogen phthalate (10.2 g/1); (®) pH 2: formic
acid—acetic acid-water (4:9:70 v/v/v); (O) pH 1: 0.1 M HCL.
(A) pH 3 and (A) pH 2.5 buffers were prepared by
acidifying pH 4 buffer with HCI. Absorbance measurements
were scanned from 390 to 530 nm.

The absorbance maximum changed sharply at
pH 2 from 450 nm to 505 nm (a shift from yellow
to red) and, at the same pH, the molar extinc-
tion coefficient increased by 50%, suggesting a
possible doubling of minimum detection limits
(Fig. 4). In fact spraying dabsyl-ethylamine on
TLC plates with the acidic reagents did lead to
an approximate two-fold increase of sensitivity
suggesting that the improvement in detection is
due to the increased absorptivity of protonated
dabsylated amines, rather than red spots simply
being an easier to distinguish against a white
background.

CONCLUSIONS

Two-dimensional thin-layer chromatography
has proved to be a very reliable method for
separating amine mixtures as their dansyl deriva-
tives [12,16]. Alberts et al. [13] have published
an extensive 2D-TLC map showing the positions
of 81 dansyl-amines after separation on silica.
However, dansyl chloride is not specific to
amines but will also derivatise phenols and thiol
compounds [15], and also gives rise to fluores-
cent by-products which can obscure spots of
interest. In particular dansyl-ammonia often
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elutes at the same rate as dansylated polyamines,
and can interfere with their analysis.

Less is known of the side reactions of dabsyla-
tion, but dabsyl chioride, its hydrolysis product
dabsyl-sulphonic acid (dabsyl-OH), and dabsyl-
ammonia are all coloured bright red and there-
fore potential sources of interference. Dabsyl
chloride also reacts with thiol and phenolic
compounds.

NBD chloride appears to have many advan-
tages as an analytical derivatising agent. It is
selective towards amines because although
phenols, anilines, and thiols also react they only
give weakly fluorescent derivatives. NBD
chloride itself is non-fluorescent, presumably
because the electron withdrawing chloro group
causes heavy ion quenching.

It was noted that NBD-amines tended to run
across 2D-TLC plates in a diagonal regardless of
the attempt described to find solvents capable of
breaking this pattern. Dansyl and dabsyl deriva-
tives were more randomly distributed when an
aliphatic solvent was used in the first direction,
and aromatic in the second. The elution rates of
the NBD-amines are apparently less sensitive to
the aromatic nature of the solvent system used,
presumably because the nitrobenzoxazole ring
system is less aromatic in character than either
the dansyl or dabsyl groups.

Here a comparative investigation of the thin-
layer chromatographic properties of various de-
rivatised amines is presented. New 2D-TLC
systems for dabsyl- and NBD-amines were de-
veloped, and new separating systems for NBD-
amines based on pH were investigated. On merit
dansyl chloride appears to be the most useful
derivatising agent for thin layer chromatographic
separation of amines. It fulfils the criteria out-
lined above, in terms of both sensitivity and, to a
lesser extent, resolution. Dabsyl chloride is less
suitable because detection was considerably less

sensitive, and NBD chloride because of the
variable fluorescent intensities, which were de-
pendent upon amine structure.
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ABSTRACT

A paper electrophoretic method is described for the study of equilibria in mixed ligand [nitrilotriacetate (NTA)-penicillamine]
complex systems in solution. The stability constants of Zn(II)~-NTA-penicillamine and Cd(II)-NTA-penicillamine complexes
were found to be 5.36 and 5.18 (log K values), respectively, at u =0.1 and 35°C.

INTRODUCTION

The properties and more important chemical
reactions of naturally occurring penicillamine
have already been subjected to wide investiga-
tions. The main biochemical aspects have been
reviewed by Jocelyn [1]. The biological impor-
tance is attributed to the capabilities of the
mercapto group to undergo various complex
formation processes, primarily in non-haem iron
proteins [2] and the blue copper proteins [3].
Sorensen [4] has demonstrated the anti-inflam-
matory activity of the copper—penicillamine com-
plex. The complexes of Zn(II) and Cd(II) with
penicillamine and other sulphur-containing
amino acids are of great importance because of
the interesting biological role of Zn(II) and the

* Corresponding author.

0021-9673/93/$06.00

toxic nature of Cd(II). The significance of in-
vestigations relating to these complexes is further
enhanced by the recognition that penicillamine can
be advantageously employed for the treatment
of metal ion poisoning (Pb, Hg, Cd, Zn, etc.).
A search of the literature [4-7] indicated that
there is only one report on Zn(II) and Cd(II)
binary complexes with penicillamine and no in-
formation on ternary (mixed complex) systems.

In view of this, attempts were made to estab-
lish the optimum conditions for metal (M)-
penicillamine, M-nitrilotriacetate (NTA) and
M-NTA-—penicillamine complex formation. In
addition, this paper describes an electrophoretic
method for the determination of the stability
constants of these complexes.

EXPERIMENTAL

Apparatus
A Systronic (Naroda, India) Model 604 elec-

© 1993 Elsevier Science Publishers B.V. All rights reserved
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trophoresis system was used. It has a built-in
power supply (a.c.—d.c.) that is fed directly to a
paper electophoresis tank. In order to maintain
the temperature constant, two hollow metallic
plates coated with thin plastic paper on the outer
surface were used for sandwiching paper strips
and thermostated water (35°C) was circulated
through these plates. pH measurements were
made with an Elico (Hyderabab, India) Model
L, .o pH meter using a glass electrode.

Chemicals

Zinc and cadmium perchlorate solutions were
prepared as described elsewhere [6]. Metal spots
were detected on the paper using dithizone in
carbon tetrachloride (BDH, Poole, UK) for
Zn(1I) and 1-(2-pyridylazo)-2-naphthol (PAN)
(Merck, Darmstadt, Germany) for Cd(II). A
saturated aqueous solution (0.9 ml) of silver
nitrate was diluted with acetoric to 20 ml. Glu-
cose, as a black spot, was detected by spraying
with this solution and then with 2% ethanolic
sodium hydroxide.

Background electrolyte

The background electrolytes used in the study
of binary complexes were 0.1 M perchloric acid
and 0.01 M penicillamine. For the study of
ternary system the background electrolytes used
were 0.1 M perchloric acid, 0.01 M NTA and
various amounts of 0.01 M penicillamine. The
ternary system was maintained at pH 8.5 by the
addition of sodium hydroxide.

Stock solutions of 9.0 M perchloric acid, 2.0 M
sodium hydroxide and 0.5 M penicillamine were
prepared from analytical-reagent grade chemi-
cals (BDH). A 0.01 M NTA solution was pre-
pared from the compound obtained from Merck.

Procedure

The hollow base plate in the instrument was
made horizontal with a spirit level. A 150-ml
volume of background electrolyte was placed in
each tank of the electrophoretic apparatus.
Paper strips (Whatman No. 1, 30X 1 cm) in
triplicate were then spotted with metal ion solu-
tions and glucose in the centre with a micropi-
pette and were subsequently placed on the base
plate and sandwiched under the upper hollow
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metallic plate with the ends of strips lying in the
two sides of the tank solutions. A 200-V potential
difference was then applied between the tank
solutions and electrophoresis was carried out for
60 min. Subsequently the strips were removed
and the spots were detected. The averages of
triplicate strips were noted for calculations and
the movement of the glucose spot was used as a
correction factor. It was found that the variation
in the movement was about 5%. The mobilities
were calculated by dividing the distance by the
potenltial gradient and are expressed in cem® V7!
min .

RESULTS AND' DISCUSSION

M(II)-penicillamine binary system

The plot of the ionophoretic mobility of a
metal spot against pH is a curve with a number
of plateaux, as shown in Fig. 1. The first corre-
sponds to a region in which metal ions are
uncomplexed. The second plateau in each in-
stance with zero mobility indicates the formation
of 1:1 neutral complexes. With a further increase
in pH the mobility decreases, giving rise to a
third plateau lying in negative region, indicating

Mobility (em? Vott™! min-110"3) ——

10—

Fig. 1. Mobility curves for the M-penicillamine systems.
@ = Zn(II)-penicillamine; O = Cd(II)—penicillamine.
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an anionic nature of the metal complexes. The
predominant liganding properties of unproto-
nated anionic species of penicillamine have also
been reported ruling out any such property of a
zwitterion [8]. In view of these observations, the
complexation of the metal ions with the penicil-
lamine anion [L*>"] can be represented as

K
M?* + L2 ==ML (1)
- 2 2-
ML +L?" =—=ML?2 @)

The metal spot on the paper is thus a combina-
tion of uncomplexed metal ions, a 1:1 complex
and a 1:2 complex. The overall mobility of these
is given by

Ut “1K1[L2_] + uzK1K2[L2—]2

1+ K, [L7]+ K KL )

where u,, u, and u, are the mobilities of the
uncomplexed metal ion, the 1:1 metal complex
and the 1:2 metal complexes, respectively.

For the calculation of the first stability con-
stant (K,), the region between the first and
second plateaux is pertinent. The overall mobili-
ty U will be equal to the arithmetic mean of the
mobility of uncomplexed metal ion, u,, and that
of first complex, u,, at a pH where K, = 1/[L* ]
With the help of the dissociation constants of
penicillamine (k, =10"*°, k,=10"% and k;=
10'%%), the concentration of the liganding

(3)

TABLE 1

173

penicillamine, [L>7], is calculated by
(Ly]
1+ [H]/k, + [H) T hoky + [H] 7k kK,
4)

L=

where [L] = total concentration.

The stability constant K, of the second com-
plex can be calculated by taking into considera-
tion the region between the second and third
plateaux of the mobility curve. The calculated
values of K, and K, are given in Table I.

M(1)-NTA binary system

Fig. 2 shows the overall mobilities of the metal
spots in the presence of NTA at different pH.
The mobility at the last plateau is negative,
showing the anionic nature of both the Zn(II)
and Cd(II) complexes. The stability constants
(K,) of these complexes were calculated using
the same method as described for the M—penicil-
lamine system (the dissociation constants for
NTA are k, = 10", k, =10 and k; =10""*)
and are presented in Table I. The complexation
may be represented as

2+ 3= % -
M“" + NTA’™ == [M-NTA] (5)
M—-NTA-penicillamine ternary system

This system was studied at pH 8.5. It is
observed from the mobility curves of the

STABILITY CONSTANTS OF BINARY AND TERNARY COMPLEXES OF Zn(II) AND Cd(II)

Tonic strength = 0.1; temperature = 35°C; NTA anion = N(CH,COO0):™; penicillamine anion = (CH,),C(S)CH(NH,)COO".

Values Metal ion Stability constant®
Log K, ml_ Log K, rr:L'z Log K, x-NTA Log K, ::‘(:::l[::—L
Calculated (this work) Zn(1D) 9.80 17.11 8.80 5.36
Cd(1I) 9.35 16.70 8.05 5.18
Literature values Zn(1T) 9.40 [9] 19.42 [9] 10.66 [9] -
9.42 [10] 19.44 [10] 10.00 [10] -
10.00 [11] 18.90 [11] - -
9.51 [11] 18.51 [11] - -
Cd(1I1) 10.89 [9] - 9.78 [9] -
11.40 [11] 18.50 [11] 9.40 11] -

K, M = [MLI/[MILL; K,Ne, = [ML,J/IML]L]; K;y_yra = [M-NTAV/[M][NTA]; K,\\1a- = [M-NTA-L)/[M-NTA][L);
M = metal cation; L = ligand (penicillamine); NTA = nitrilotriacetate.
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120

Cd(n)

MOBILITY (cm? Volt ™ mirn11073) —»

-6.0—

Fig. 2. Mobility curves for the M-NTA systems. @=
Zn(I1)-NTA; O = Cd(II)-NTA.

M--penicillamine and M-NTA binary systems
that binary complexes are formed at pH <8.5.
Therefore, it was considered necessary to study
the transformation of the [M-NTA]  binary
complex into the [M-NTA-penicillamine]’~
mixed complex at pH 8.5 to avoid any side
interaction. The plot of mobility against the
logarithm of the concentration of added penicil-
lamine gives a curve containing two plateaux
(Fig. 3). It is inferred that the moiety in the last

Mobility ( cm? Vott™ min-! 10°3) ——
1
(-]

1

-10 | ! | | 1
-6 ~2

~5 -4 -3
(Log - Penicillamine } ——»

Fig. 3. Mobility curves for the M-NTA-—penicillamine
systems. @ = Zn(II)-NTA-penicillamine; O = Cd(II)-
NTA-penicillamine.

S.K. Srivastava et al. | J. Chromatogr. 635 (1993) 171-175

plateau is due to coordination of penicillamine
anion to the [M-NTA] ™ moiety (1:1), resulting
in the formation of a 1:1:1 [M-NTA-penicil-
lamine]®~ mixed complex:

Ky
[M-NTA]™ +L*" = [M-NTA-L]*" (6)

where L is penicillamine.

In this electrophoretic study, the transforma-
tion of a simple complex into a mixed complex
takes place, hence the overall mobility (U) of
this complex is given by

U= uOfiM—NTA] + u]f[M—NTA—L] @)

where uy, u, and fiy_ntap fimonta-r) are the
mobilities and mole fractions of the [M-NTA]"~
and [M-NTA-L]*>~ complexes, respectively.

On adding values of the mole fractions, the
above equation becomes

U = (uo +u,K,[L /(1 + K [L*7]) (8)

where u, and u, are the mobilities in the region
of the two plateaux of the curve.

The concentration of penicillamine anion at
pH 8.5 was calculated. K, is obviously equal to
1/[L7%]. All these values of K, (stability con-
stants of mixed complexes) are given in Table I.

It can be concluded from these studies that
penicillamine and NTA can be used to reduce
the levels of Zn(II) and Cd(II) in biological
systems.
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Book Review

Thin-layer chromatography; reagents and detection methods; physical and chemical detection methods:
fundamentals, reagents I, Vol. 1a, by H. Jork, W. Funk, W. Fischer and H. Wimmer, VCH, Weinheim,
1990, 464 pp., ISBN 3-527-27834-6 (VCH, Weinheim) and 0-89573-876-7 (VCH, New York).

This is the English translation by Frank and
Jennifer Hampson of the first part of Volume 1
of the German text. Two more parts are in
preparation, to be followed by Volume 2 on
radiometric detection methods and Volume 3 on
biochemical and biological detection methods.

As one would expect from such old hands at
thin-layer chromatography (TLC) as, e.g., Jork,
who is at the University of Saarbriicken, Stahl’s
powerhouse of TLC, and Fischer, who is at
Merck, the premier manufacturer of TLC sup-
plies, this is an excellent book. Detection meth-
ods are not only described in all technical details
but also provided with chemical background
information and ample references to the litera-
ture. What is best is that the procedures have
been tested in the authors’ laboratories and that
their comments, such as helpful hints and pre-
cautions, are included.

The first part of the book deals with physical
and chemical methods of detection and docu-
mentation. Wisely, dipping procedures are given
preference over the messy and unsanitary spray-
ing procedures. Eighty individual reagents are
dealt with in the second part in the following
format: Reagent for..., Preparation of the

reagent, Reaction, Method, Procedure tested,
and References. A list of name reagents and
acronyms and an excellent subject index com-
plete this useful volume.

Physically, this book is very attractive, except
for the appearance of the paper, which, how-
ever, is acid-free. This is a soft-bound book with
durable cover and comes in a handy, small
format. It is profusely illustrated with photo-
graphs (partly in color), densitometer scans, and
chemical structures. It is also remarkably free of
technical errors and language problems.

TLC has largely been eclipsed by the (often
automated) column methods of chromatography.
However, it is still widely used, not only in
laboratories that cannot afford the apparatus
required for column chromatography, but also in
situations where parallel analyses, especially of
crude extracts, are routinely performed. All
practitioners of TLC will greatly profit from
having this reference and handbook at their
disposal. The introductory material will also be
of value to students of analytical chemistry and
beginners in TLC laboratory practice.

Orinda, CA (USA) Erich Heftmann
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Now available is the second
edition of a book which has
been described as “..an
exceptionally lucid, easy-to-
read presentation... would be
an excellent addition to the
collection of every analytical
chemist. | recommend it with
great enthusiasm."
(Analytical Chemistry).

N.R. Draper reviewed the
first edition in Publication of
the International Statistical
Institute “...discussion is
careful, sensible, amicable,
and modern and can be
recommended for the
intended readership.”

The scope of the first edition
has been revised, enlarged
and expanded. Approximately
30% of the text is new. The
book first introduces the
reader to the fundamentals
of experimental design.
Systems theory, response
surface concepts, and basic
statistics serve as a basis for
the further development of
matrix least squares.and
hypothesis testing. The
effects of different
experimental designs and
different models on the
variance-covariance matrix
and on the analysis of
variance (ANOVA) are
extensively discussed.
Applications and advanced
topics (such as confidence
bands, rotatability, and
confounding) complete the

text. Numerous worked
examples are presented.

The clear and practical
approach adopted by the
authors makes the book
applicable to a wide
audience. It will appeal
particularly to those who still
need to know efficient ways
of carrying out experiments.
It will also be an ideal text for
advanced undergraduate and
graduate students following
courses in chemometrics,
data acquisition and
treatment, and design of
experiments.

Contents:

1. System Theory.

2. Response Surfaces.

3. Basic Statistics.

4. One Experiment.

5. Two Experiments.

6. Hypothesis Testing.

7. The Variance-Covariance
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8. Three Experiments.

9. Analysis of Variance
(ANOVA) for Linear Models.
10. An Example of
Regression Analysis on
Existing Data.
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